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Located in Southwest China, the Chahe watershed has been severely contaminated by upstream active antimony
(Sb) mines. The extremely high concentrations of Sb make the Chahe watershed an excellent model to elucidate
the response of indigenous microbial activities within a severe Sb-contaminated environment. In this study,
water and surface sediments from six locations in the Chahe watershed with different levels of Sb contamination
were analyzed. Illumina sequencing of 16S rRNA amplicons revealed more than 40 phyla from the domain Bac-
teria and 2 phyla from the domain Archaea. Sequences assigned to the genera Flavobacterium, Sulfuricurvum,
Halomonas, Shewanella, Lactobacillus, Acinetobacter, and Geobacter demonstrated high relative abundances in
all sequencing libraries. Spearman's rank correlations indicated that a number of microbial phylotypes were pos-
itively correlated with different speciation of Sb, suggesting potential roles of these phylotypes in microbial Sb
cycling. Canonical correspondence analysis further demonstrated that geochemical parameters, including
water temperature, pH, total Fe, sulfate, aqueous Sb, and Eh, significantly structured the overall microbial com-
munity in Chahe watershed samples. Our findings offer a direct and reliable reference to the diversity of microbial
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communities in the presence of extremely high Sb concentrations, and may have potential implications for in situ
bioremediation strategies of Sb contaminated sites.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Antimony (Sb) is a naturally occurring toxic metalloid belonging to
Group 15 of the periodic table that has been classified as a suspected
carcinogen (Gebel, 1997; Hammel et al., 2000) as well as a pollutant
of priority interest by the US Environmental Protection Agency
(USEPA). The USEPA sets its maximum contaminant level (MCL) for
Sb in drinking water at 6 pg/L (USEPA, 1979), while the Council of the
European Communities (1976) and China (He et al., 2012) sets 5 pg/L
as the maximum admissible concentration of Sb in drinking water. Sb
and its compounds can be released into surface water, soils, and sedi-
ments by natural processes or by anthropogenic activities such as indus-
try or mining (He et al., 2012; Okkenhaug et al., 2011), leading to a
range of environmental and human health concerns. Wastewaters pro-
duced from Sb mining activities contaminated the surrounding aquatic
environment, resulting in high concentration of Sb in both water and
sediment in Goesdorf, Luxembourg (Filella et al., 2009). The elevated
concentration of Sb in contaminated water can reach up to hundreds
to thousand times of nature water (<1 pg/L) (Filella et al., 2002),
which pose adverse impact on local ecosystem (He et al., 2012; Wang
et al.,, 2011). Moreover, Sb can have far-reaching impacts because of
its strong mobility and complexation reactions in water and sediments
(Fawcett and Jamieson, 2011; Filella, 2011). Sb contamination has been
reported to pose health risks to exposed populations globally (Migon
etal., 1995; Villarroel et al., 2006), especially in China, which is the larg-
est Sb producer in the world with 114 Sb mines and approximately 90%
of the world's production (He et al., 2012). Human exposure to Sb is pri-
marily through contaminated water and food (Belzile et al., 2011), caus-
ing damage to the liver, lungs and cardiovascular system (Feng et al.,
2013; Gebel, 1997). Environmental exposure to antimony from contam-
inated sites is a suspected cause of morbidity in some localities in China.
He and Yang reported the potential role of the elevated Sb levels in in-
creased incidence of dermatitis and pneumoconiosis in residents living
near the Xikuangshan (XKS) Sb mine in Hunan Province (He and Yang,
1999).

Despite the toxicity of Sb, a wide range of microorganisms can sur-
vive and thrive in Sb-contaminated environments. Microbial transfor-
mations of Sb that promote precipitation and immobilization in situ
are promising strategies for remediation of contaminated sediments
and waters. Microbial Sb cycling is mainly mediated through reduction,
oxidation and methylation. Luo et al. utilized metagenomics and real-
time PCR to characterize the microbial gene expression in arsenic (As)
and Sb in As- and Sb-contaminated soils (Luo et al., 2014). They showed
that the distribution, diversity, and abundance of functional genes related
to As and Sb cycling (e.g., arsC, arrA, aioA, and arsB) were positively corre-
lated with both As and Sb concentrations (Luo et al., 2014). These obser-
vations suggest that dynamic Sb biogeochemical cycling may occur in
contaminated sites. It is unclear whether these reports of microbial Sb ox-
idation, reduction and methylation are related to respiration or detoxifi-
cation. However, high abundances of several bacterial genera including
Sphingomonas, Caulobacter, Janthinobacterium, Geobacter, Rhodoferax,
and Sulfuricurvum, have been found in Sb-rich mine tailings (Majzlan
et al,, 2011), suggesting tolerance, if not utilization, of Sb.

Although Sb and As have some physical, toxicological and chemical
similarities (Gebel, 1997), our current knowledge of Sb biotransformation
is still very limited in comparison to the extensive studies on the genetics
and biochemistry of microbial As cycling. It is still unclear how microbial
populations shift in response to long-term Sb pollution and what geo-
chemical factors affect the microbial community composition in Sb-
contaminated environments. Dissolved and adsorbed metal(loid)s in

sediments are easily exchangeable and generally thought to be the most
bioaccessible fractions (Filella et al., 2007; Savonina et al., 2012), whereas
metal(loid)s occluded in minerals are believed to be less bioaccessible
and relatively immobile (Okkenhaug et al., 2011; Savonina et al., 2012).
Unfortunately, previous reports of Sb effects on microbial communities
in aquatic environments have failed to distinguish different Sb sequential
extraction fractions (Majzlan et al., 2011). The lack of comprehensive un-
derstanding of these linkages has thus been a barrier to progress in natu-
ral attenuation and/or bioremediation of Sb pollution.

The Chahe watershed (Fig. 1), located in Guizhou Province, South-
west China, provides an excellent opportunity to investigate the interac-
tion between microorganisms and elevated Sb concentrations in
sediments and surface water. Two major rivers, the Dajiagou River
and the Chahe River, comprise the watershed. These rivers are located
downstream of a large active Sb mine. Extensive mining has resulted
in high concentrations of metal(loid)s, particularly Sb, being discharged
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Fig. 1. Map of locations of six sampling sites (A-F) in the Chahe watershed. The Sb mining
area and dressing plant are also illustrated. Sediment samples are denoted as AS-FS and
water samples are denoted as AW-FW corresponding to their respective sampling sites.
Boundary stands for township boundary. The blue arrow indicated water flow. Insert
map shows the general map of China. The insert map of China and map of Chahe water-
shed were created by AutoCAD 2014 (Autodesk, Mill Valley, USA).
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into the rivers, with concentrations of Sb reaching 3248 pg/L in surface
water and 16,071 mg/kg in sediments as measured in the current study.
Developing efficient bioremediation strategies requires comprehensive
understanding of the geochemical factors influencing community
structures and the metabolic potentials of the indigenous microbial com-
munities. For this reason, we integrated molecular approaches and
geochemical analytical methods to decipher the microbial community
structure in response to elevated Sb concentrations. More specifically,
our aims were to (1) characterize spatial dynamics of the microbial com-
munity structure and composition in response to different Sb contamina-
tion gradients; and (2) to study the interaction and correlation between
microorganisms and different Sb fractions in sediments as well as other
environmental physiochemical variables.

2. Materials and methods
2.1. Site locations and sample collection

Representative sampling locations were selected for geochemical
and microbial community analyses. Because the riverbed of Dajiagou
River is mainly composed of big rock, only four locations in Dajiagou
River were found to have accumulated sufficient fine-grained sediment
for further chemical and microbiological analyses (Fig. 1). Two other
representative sampling locations from Chahe River were selected as
well: One site (site E) in Chahe River downstream of its confluence
with Dajiagou River, and one site (site F) within Chahe River that was
impacted by the upstream ore dressing plant. At each sampling site,
water (denoted as AW-FW) and sediment (AS-FS) samples were col-
lected in October, 2013. For water samples, about 5 L of water from
each sampling site was immediately filtered through a 0.45 pm sterile
membrane (Jinjing, Shanghai, China). The filtered water was preserved
with ultrapure 37% HCl to prevent Fe(II) oxidation and stored at 4 °C in
darkness for subsequent geochemical analysis. Approximately 300 g of
surface sediment was collected by skimming the upper 1-2 cm sedi-
ment with a wide mouth container. Samples were immediately trans-
ferred to sterile plastic bottles and were immediately stored at —20 °C
until further analysis.

2.2. Geochemical parameters

Water quality parameters including temperature (T), pH, salinity
(Sal), conductivity (Con), total dissolved solid (TDS) and redox potential
(Eh) were measured onsite by a calibrated HACH HQ30d pH meter
(HACH, Loveland, CO, USA). Major and trace elements in water samples
were measured by inductively coupled plasma-optical emission spec-
trometry (ICP-OES) (Vista MPX, Varian, USA) and inductively coupled
plasma mass spectrometry (ICP-MS) (Agilent, 7700, Santa Clara, CA,
USA), respectively. Anions and total organic carbon (TOC) were mea-
sured by ion chromatography (Dionex, ICS-90, Sunnyvale, CA, USA)
and a high TOC Il analyzer (Elementar, Hanau, Germany), respectively.

Sediment samples were air-dried and thoroughly ground using a
mortar and pestle before passing through a 200-mesh sieve. To measure
pH in sediments, 4 g of dry sediment was mixed with 10 mL distilled
water, shaken for 5 min, and left to equilibrate for 20 min. The pH of
the resulting slurry was measured by a calibrated HACH HQ30d pH
meter. To measure anions in sediments, 2 g of dry sediment was
mixed with 10 mL of distilled water, shaken for 5 min, and left to equil-
ibrate for 4 h. The supernatant was then centrifuged 3500 x g for 15 min
and filtered with a 0.45-um filter membrane. The filtered sample was
then used for the determination of anions using ion chromatography
(DIONEX ICS-1500, Sunnyvale, USA). Total sulfur, soluble sulfur, TOC,
and total inorganic carbon (TIC) in sediments were measured by an el-
emental analyzer (Elementar, Hanau, Germany) (Schumacher, 2002).
The sediment samples were fully digested with HF and HNOs (5:1 in
v/v) (Edgell, 1989) and then the major and trace elements were

determined by ICP-OES (Vista MPX, Varian, USA) and ICP-MS (Agilent,
7700 x, California, USA), respectively.

2.3. Sequential extraction analysis of metal(loid)s in sediment samples

A three-stage sequential extraction, adapted from the previous pro-
cedure for As by Wenzel et al. (2001) and Gault et al. (2003), was per-
formed to target a range of metal(loid)s phases in the sediments.
Briefly, 1 g of sediment was placed in a 50 mL centrifugation tube. The
“easily exchangeable fraction” was extracted through the addition of
10 mL of 0.05 M (NH4)»SO4 solution followed by constant agitation for
4 h. Next, the “specifically-sorbed surface-bound fraction” was extract-
ed by shaking the residual sediment with 10 mL of 0.05 M NH4H,PO,4
for 16 h. Finally, a fraction containing “amorphous hydrous oxides of
iron (and aluminum)” was targeted by the addition of 10 mL of 0.2 M
ammonium oxalate buffer (pH 3.0), followed by a 4 h reaction time in
the dark. All equipment was acid-washed and all reagents were analyt-
ical grade (Kemoiou, Tianjing, China). Extractions were performed at
room temperature (~20 °C) in 50 mL centrifugation tubes and all shak-
ing was done at 200 rpm. After each extraction stage, samples were cen-
trifuged at 3000 rpm for 15 min and the supernatant was removed and
analyzed by ICP-MS (Agilent, 7700 x, California, USA). The detection
limits for Sb, calculated as the average of ten times the standard devia-
tion of the ion counts obtained from the individual procedural reagent
blanks (prepared in the same way as the sample decomposition),
were 0.2 pg/L and 1 mg/kg for water and sediment samples, respective-
ly. The certified reference materials (SLRS-5 (Fornieles et al., 2011;
Rueda-Holgado et al.,, 2012)) and internal standards (Rh at 500 pg/L
(Ning et al., 2015)) were used for accuracy testing. The standard refer-
ence material GBWO07310 (Chinese National Standard) was used for an-
alytical quality control. The measured total Sb concentration in
GBWO07310 was 6.46 4 0.8 mg/kg, which is comparable to the certified
value of 6.3 £ 0.9 mg/kg.

2.4. Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectrometer (EDS)

SEM analysis was used to determine the presence and morphology
of minerals in the sediments based on a protocol described previously
(McBeth et al., 2013). SEM images were taken on a field-emission scan-
ning electron microscope (JSM-6460LV, JEOL, Tokyo, Japan) with an
EDAX energy-dispersive X-ray spectrometer (EDAX-GENESIS, Mahwah,
USA). The SEM was operated at 15 kV with a working distance of
10 mm. For X-ray analysis, an accelerating voltage of 20 kV was used
to obtain sufficient X-ray counts.

2.5. High-throughput sequencing of the V4 region of 16S rRNA genes

Total genomic DNA was extracted from 10 g of homogenized sedi-
ment samples using the FastDNA® spin kit (MP bio, Santa Ana, USA) fol-
lowing the manufacturer's protocol. All DNA extracts were stored at
—80 °C until further analysis. DNA concentration and purity was
monitored on 1% agarose gels. The V4 region of 16S rRNA genes was am-
plified using the 515f/806r primer set (Caporaso et al., 2011). 16S rRNA
tag-encoded ultra-high-throughput sequencing was carried out on the
[llumina MiSeq platform at Novogene (Beijing, China). Sequences
were analyzed with the Quantitative Insights Into Microbial Ecology
(QIIME) software and UPARSE pipeline (Caporaso et al., 2010). Paired-
end reads were merged using FLASH (Mago¢ and Salzberg, 2011). The
merged reads were then assigned to samples based on the barcodes
and truncated by cutting off the barcode and primer sequences. The
raw reads were filtered using split_libraries_fastq.py in QIIME(V1.7.0)
with the following criteria: maximum number of consecutive low qual-
ity base calls = 3; minimum number of consecutive high quality base
calls as a fraction of the read length = 0.75, no base calls with Phred
score <3 (Bokulich et al., 2013; Caporaso et al., 2010). The tags were
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then compared with the reference database (Gold database, http://
drive5.com/uchime/uchime_download.html) using UCHIME (http://
www.drive5.com/usearch/manual/uchime_algo.html) to detect and re-
move chimera sequences (Haas et al., 2011). UPARSE was used to clus-
ter operational taxonomic units (OTUs) at 97% similarity and the RDP
classifier (Version 2.2, http://sourceforge.net/projects/rdp-classifier/)
was used to assign taxonomy (DeSantis et al., 2006; Wang et al.,
2007) based on the Green Genes Database (http://greengenes.lbl.gov/
cgi-bin/nph-index.cgi). Chaol and Shannon indices were used to esti-
mate species richness for the six libraries (Schloss et al., 2009).The
reads were deposited into the NCBI short reads archive database
under accession number of SRP056490.

2.6. Data analyses

The similarity of microbial communities among different sedi-
ment samples was determined using both weighted and unweighted
UniFrac. UPGMA (Unweighted Pair Group Method with Arithmetic
mean) clustering was conducted on weighted UniFrac (Kuczynski
et al, 2012). The distribution of the dominant phyla was visualized
by using Circos software (Krzywinski et al., 2009), and the Circos
graphs were produced via Circos software online (http://circos.ca/).
Canonical correspondence analysis (CCA) performed by CANOCO
4.5 (Microcomputer Power, Ithacha, NY) was used to measure chem-
ical properties that had the most significant influence on microbial
community structure. CCA is a robust multivariate method for direct-
ly correlating the environmental data with species. CCA was done on
abundant bacteria genera (i.e., relative abundance >1% in at least one
sequencing library) and selective environmental parameters. A
symbol's position in relation to a vector head indicates the correla-
tion between the community and the environmental factors. The
length of a vector reflects the relative importance of those environ-
mental factors in discriminating the overall microbial community
within one library (Zhang et al., 2008). Manual forward selection
with Monte Carlo permutation tests was then performed to deter-
mine the significance of the environmental variables with 999 per-
mutations (Leps and Smilauer, 2003). CCA was performed focusing
on interspecies difference. The CCA bipolar were generated by
CanoDraw 4.0 (Microcomputer Power, Ithacha, NY). Two CCA were
performed in the current study: one to correlate water geochemical
data with species and one to correlate sediment geochemical data
with species. The correlations between geochemical parameters
and the relative abundances of different phyla or genera were deter-
mined by Spearman's rank correlation using SPSS (v19) package. Un-
less stated, p values <0.05 were considered significant. Spearman'’s
rank correlation coefficient is a nonparametric method to evaluate
the relationship between two independent variables without nor-
mality assumption of the raw data (Corder and Foreman, 2014).
Only microbial genera that represented >1% of the total community
in at least one sequencing and the major geochemical parameters
of interest (Sb and As fractions, metal(loid)s showing high concen-
trations, parameters showing significant correlations by CCA) were
selected for this analysis.

3. Results
3.1. Analysis of the environmental data set

The physicochemical characteristics of the water samples were de-
termined at six sampling sites as shown in Tables 1 and S1. The pH of
water samples ranged from 6.97 at EW to 10.82 at CW (Table 1). Aque-
ous sulfate concentrations were relatively higher in Dajiagou River,
ranging from 135 to 427 mg/L, compared to 95 to 208 mg/L in Chahe
River (Table 1). Redox potential (Eh) varied between 62.5 and
99.4 mV in Dajiagou River and decreased to —3.6 to —23.6 mV in the
Chahe River, located downstream. The highest TOC concentration was
found at the most upstream sampling site (AW, 24.9 mg/L) and de-
creased downstream. Aqueous nitrate concentrations were relatively
constant in the watershed, ranging from 4.02 (BW) to 7.05 mg/L (CW).

Geochemical parameters for the sediment samples are shown in
Tables 2 and S2. Total Fe in the sediment ranged from 14.9 (FS) to
33.7 g/kg (ES). All sediment samples showed pH values greater than 7
with the exception of BS (pH = 3.02). The maximum sulfate concentra-
tion occurred at sample location CS with a value of 2084 mg/L. Sulfate
concentrations gradually decreased downstream with a minimum con-
centration of 474 mg/L at ES. Other geochemical parameters such as
TOC, total S, nitrate, total N, and total C were also determined, as
shown in Table 2. Like TOC in the water, the highest TOC concentration
was found at AS but decreased downstream. Sulfate concentrations
were relatively higher in upstream sites while sulfate concentrations
decreased in downstream samples.

3.2. Sb and As fractions in water and sediments

Aqueous Sb concentrations (Sb,q) in all samples were at least 29
times greater than the maximum contaminant level goal (MCLG) and
maximum contaminant level (MCL) of 6 pg/L, as established by the
USEPA (1979). Specifically, Sb,q ranged from 172 (FW) to 3248 pg/L
(AW) (Table 3). Sb,q decreased in Chahe River due to dilution with un-
contaminated water from tributaries. In comparison, total Sb concentra-
tions in the sediments (Sbseq) ranged from 1849 to 16,071 mg/kg. The
highest Sb concentration was detected in the sediment from Chahe
River (ES), followed by one sample (DS) in Dajiagou River. The lowest
Sbseq concentration was also detected from a site in the Chahe River
(FS), located downstream of the ore dressing plant, with a concentra-
tion of 1849 mg/kg.

Sequential extractions were used to infer specific Sb association with
the aim of providing useful information on potential metalloid mobility
and bioavailability in the sediments. The fractionation of Sb and other
targeted metal(loid)s (Tables 3, S3-S5) were measured in sediment
samples. Sequential extractions demonstrated that the exchangeable
Sb fractions (Sbexc) varied between 0.003% (ratio of Sb fractions to
Sbgeq, hereafter) (AS) and 1.7% (FS). Specifically-sorbed surface-bound
Sb fractions (Sbsp) ranged between 0.3% (BS) and 8.7% (CS). Sbamr,
which represents the poorly mobilizable and bioaccessible Sb fraction
(Buanuam and Wennrich, 2010; Savonina et al., 2012), demonstrated
higher concentrations in AS-CS (11% to 15%), but decreased in DS and

Table 1

Chemical and physical parameters of the river water samples (sampled at the surface) from each site.
Sample pH T(°C) Eh (mV) Con (pS/cm) TDS (mg/L) Sal (%) TOC (mg/L) F~ (mg/L) Cl™ (mg/L) NO3 (mg/L) S03~ (mg/L)
AW 9.7 115 80.8 577 380 0.38 249 1.0+ 04 2.03 £ 0.04 6.73 £ 0.29 427 £ 16
BW 9.23 119 934 399 254 0.25 5.2 043 + 0.12 2.43 £+ 0.06 402 +1 262 + 14.7
cw 10.82 114 62.5 349 226 0.23 44 0.27 4+ 0.07 24+ 14 7.05 + 0.68 135 £ 58
DW 8.95 10.8 99.4 396 259 0.26 29 0.26 + 0.02 2.01 £ 0.09 4.38 £+ 0.26 247 £58
EW 6.97 19.6 —23.6 455 241 0.24 1.5 0.26 + 0.02 5.16 + 0.12 514 1.22 208 £5.3
FW 8.1 19.5 —36 219 172.3 0.17 3.6 0.1 £0.02 7.56 + 0.56 4.71 + 1.81 95+ 8.2

Abbreviation: T, temperature; Con, conductivity; TDS, total dissolved solids; Sal, salinity.
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Table 2
Physicochemical parameters of the river sediments from each site.

Sample pH Total Fe (g/kg) Total N(%) Total C(%) TOC (%) Cl™ (mg/kg) NO3 (mg/kg) S03~ (mg/kg)
AS 10.16 283 + 1.7 0.06 + 0.01 43 +09 0.2 + 0.07 2.8 +£0.02 34423 1449 + 10

BS 3.02 294+ 0.2 0.15 + 0.005 0.8 + 0.01 0.5+ 0.16 3.8 + 047 49+ 1.2 1122 + 30

CS 7.21 16.7 £ 0.2 0.10 + 0.001 09+ 0.1 0.7 + 0.02 21409 0.7+ 0.3 2084 + 124
DS 7.41 228 +04 0.07 + 0.002 0.6+0.3 0.1 £ 0.001 3.7+ 1.05 <0.01 683 + 114
ES 7.73 33.7+02 0.05 + 0.005 0.8 +0.1 0.1 £ 0.001 1.3 +£0.02 33+16 474 4+ 14

FS 7.69 149 £ 0.3 0.06 + 0.006 0.7 £ 0.1 0.1 4 0.004 2.1 +0.07 40+ 20 900 + 28

FS (0.3% to 3%). For the poorly bioaccessible Sb fractions, only amor-
phous Fe and Al oxide-bonding Sb (Sb,) was measured. Other metal(-
loid)s such as Zn, As, and Ba demonstrated higher concentrations than
other tested metal(loid)s (Tables S3-S5). SEM-EDS analyses showed
that Sb was one of the major components in the mineralized structures
of sediments (Fig. 2). Interestingly, the presence of Sb peaks was collo-
cated with S and O peaks, suggesting that potential Sb minerals may
have been the Sb bearing sulfides and/or oxides such as stibnite
(Sbh,S3) and valentinite (Sb,03). However, Sb was not evenly distributed
in the sediment particles: semi-quantitative analysis of the SEM-EDS
showed that some particles with high Sb content were adjacent to the
ones exhibiting low Sb or even no Sb peaks (Fig. S1).

3.3. General analyses of the Illumina-derived dataset

In total, approximately 403,938 raw sequence reads of the 16S rRNA
gene spanning the hyper variable V4 region were obtained from the six
sediment samples. After filtering the low quality reads and chimeras, a
total of 336,003 valid reads (average read length 255 bp) were used
for subsequent downstream analyses. The numbers of tags for phyloge-
netic analysis and OTUs (97% similarity) were summarized in Fig. S2 and
Table 4. The library derived from sampling site ES had the greatest num-
ber of OTUs (3641) while that from FS had the least number of OTUs
(1458). It is notable that a large number of reads (23.4% of total reads)
only occurred once across all samples (Fig. S2).

3.4. Taxonomic profile

Altogether, more than 40 phyla were recovered from the six sedi-
ment samples. The weighted UPGMA tree showed that microbial com-
munities in Dajiagou River more closely resembled each other than
those taken from Chahe River (Fig. 3). The general taxonomic pattern
was mainly driven by differences in the abundances of major taxonomic
groups. The majority of these reads were affiliated with known mem-
bers of Proteobacteria. This phylum accounted for 60.8% of total reads
(35.9% to 83.3% in the six libraries) and was more abundant in Chahe
River than Dajiagou River (Fig. 4). Firmicutes was the second most abun-
dant phylum (9% of total reads), accounting for 4.2%-29.3% of total valid
reads in each sample. Other major phyla included Bacteroidetes (3.5%—
16.5%), Actinobacteria (2.2%-11%), Acidobacteria (1.4%-5.5%), and
Cyanobacteria (0.5%-4.3%). Within Proteobacteria, Betaproteobacteria
was the most abundant class, accounting for 27.2% of total reads, follow-
ed by Gammaproteobacteria (17.5%), Alphaproteobacteria (7.5%), and
Deltaproteobacteria (5.9%). Betaproteobacteria constituted a substantial
portion of the library for FS but was less abundant in libraries of AS

and DS. Gammaproteobacteria had greater abundance in the libraries de-
rived from Dajiagou River (BS and CS) but was less abundant in that of
FS. Other classes that occurred in all the sediment samples included
Clostridia, Bacilli, Bacteroidia, Actinobacteria, Sphingobacteriia, and
Flavobacteriia (Table 5). As indicated by a previous study, the 515f/
806r primer pair is nearly universal to archaea and bacteria (Walters
et al, 2011). In accordance with this, archaeal phyla were also detected
in all samples (Fig. S3), accounting for 1.3% of total valid reads. The ar-
chaeal phyla detected were Crenarchaeota (91.3% of all archaeal reads)
and Euryarchaeota. At the genus level, the microbial composition dif-
fered substantially in the six sequencing libraries. Some genera showed
relatively high abundances in sequencing libraries derived from Dajiagou
River while some genera demonstrated higher reads in libraries derived
from Chahe River. Therefore, a graph of abundance of various microbial
groups in both Chahe and Dajiagou Rivers was constructed to visualize
this difference (Fig. 5). As illustrated from this graph, Acidovorax,
Sulfuricurvum, Flavobacterium, Geobacter, Thiobacillus, Dechloromonas,
Rhodobacter, and Hydrogenophaga were more abundant in the sequencing
libraries from sediments of Chahe River. In contrast, Shewanella, Lactoba-
cillus, Clostridium, and Acinetobacter occurred at high levels in libraries de-
rived from sediments of Dajiagou River. Detailed information about the
relative abundances of dominant genera in each sample is provided in
the heat map (Fig. S4).

3.5. Relationship between microbial community and the environment

Canonical correspondence analysis (CCA) was performed to discern
possible linkages between the microbial communities and geochemical
parameters from either water (Fig. 6(a)) or sediments (Fig. 6(b)). In Fig.
6(a), CCA axis 1 was positively correlated with water temperature, but
was negatively correlated with aqueous sulfate, Eh, pH, Sb and TOC.
The relatively low magnitude of Mn, As, and nitrate vectors indicated
that these aqueous factors were not as strongly correlated to communi-
ty composition as other tested factors. In Fig. 6(b), CCA axis 1 was pos-
itively correlated with total Fe and nitrate in sediments, but was
negatively correlated with pH. Sulfate, Mn, and TOC in sediments
were also strongly linked to bacterial community variance. In addition,
Sbexc and Sb,m, were significantly linked to microbial community com-
pared to Sbg, and Sbeq.

To test the interaction between community members and Sb con-
tamination, Spearman's rank correlation was used to compare the cor-
relation between bacterial taxa (phyla and genera) and different Sb
fractions as well as other geochemical parameters. As indicated by
Spearman's rank correlation, many microbial taxa (phyla and genera)
that were abundant (relative abundance >1% in at least one sample)

Table 3

Aqueous Sb concentrations (pg/L) and different Sb extraction fractions (mg/kg) in six sampling sites.
Operationally defined phase AS (mg/kg) BS (mg/kg) CS (mg/kg) DS (mg/kg) ES (mg/kg) FS (mg/kg)
Total digest (Sbsed) 3945 4+ 196.9 4561 2148 + 304 9751 4+ 204.2 16,071 + 454.7 1849 + 117.5
Easily exchangeable (Sbexc) 0.11 4 0.02 3.6 + 0.04 239 +1.97 10.2 +£0.28 299 4+ 1.71 31.2 £ 0.55
Specifically sorbed (Sbsp) 18.1 4 0.52 122+ 039 187.2 +18.7 282+ 145 46.5 £+ 2.09 492 + 233
Amorphous crystalline hydrous oxides of Fe and Al (Sbamr) 440 + 205 5779 + 183 3228 £ 15.1 449 + 2.80 53.7 + 4.56 54.8 +0.29

AW (pg/L) BW (ug/L) CW (pg/L) DW (ug/L) EW (ug/L) FW (ug/L)

Aqueous (Sb,q) 3248 +11.8 2512 4+ 5.0 3051 4+ 31.9 2689 4 37.2 1144 + 104 1724+ 05
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Fig. 2. Representative SEM images (left panel) and the corresponding EDS spectra (right panel) of the sediment samples. Sampling sites were labeled on the top of each figure.

Table 4
Summary of sequencing parameters of six [llumina sequencing libraries.

Sample No. of No. of No. of no Average Chao1®*  Shannon®

sites raw reads qualified chimerareads length (bp)

reads
AS 61,683 51,933 50,587 253 2842.51 9.393
BS 104,514 104,042 103,288 253 2888.64 8274
(& 40,103 37,496 36,917 253 223347 8.745
DS 62,083 55,288 54,157 255 2828.12 9.73
ES 135,555 134,995 134,088 255 34549 8.118
FS 100,046 99,051 97,952 257 1495.06 7.237

2 OTU were defined at 97% sequence similarity.

had significant correlations (p < 0.05, hereafter) with different Sb frac-
tions (Fig. 7). At the phylum level, Sbeyxc Was positively correlated with
Betaproteobacteria (r = 0.829) while Sbgeq was positively correlated
with Cyanobacteria (r = 0.829). At the genus level, Acinetobacter (r =
0.943), Sphingomonas (r = 0.943), Geobacter (r = 0.928), and
Kaistobacter (r = 0.829) had positive correlations with Sb,q while
Sulfuricurvum (r = —0.928) was negatively correlated with Sb,q. In ad-
dition, Sbseq had a positive correlation with Staphylococcus (r = 0.829)
and Rhodoplanes (r = 0.812). Sbexc Was positively correlated with
Rhodoferax (r = 0.829), Acidovorax (r = 0.829), and Hydrogenophaga
(r = 0.899) but was negatively correlated with Escherichia
(r = —0.829), Nitrosopumilus (r = —0.943), and Streptophyta
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Fig. 4. Distributions of dominant phyla in total sequences in the 6 sediment samples. The data were visualized via Circos software (http://circos.ca/). The length of the bars on the outer ring
and the number on the inner ring represent the percentage of the phyla to total effective reads and the amount of reads of the corresponding phyla in each sample, respectively. The bands

with different colors demonstrate the source of different phyla. Abbreviation: Actino, Actinobacteria; Acido, Acidobacteria; Cya, Cyanobacteria; and Uncla, Unclassified.
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Table 5

Microbial community composition as shown as relative abundance in the Chahe water-

shed at class level.

Taxonomy AS BS (& DS ES FS

Gammaproteobacteria 18.1 30.1 26.6 15.7 114 9.0
Clostridia 18.0 14 114 164 1.1 1.6
Betaproteobacteria 9.3 10.7 252 9.0 34.0 54.8
Bacilli 8.6 5.1 2.8 4.7 0.7 2.1
Bacteroidia 7.4 1.8 4.1 39 4.8 0.4
Alphaproteobacteria 5.4 10.0 8.7 9.1 5.9 7.1
Thaumarchaeota 5.0 0.8 1.2 2.6 03 0.0
Deltaproteobacteria 2.7 6.1 1.6 2.2 8.0 7.4
Actinobacteria 2.1 4.8 2.1 3.9 1.8 1.5
Fusobacteria 2.1 0.0 0.4 0.8 0.0 0.0
Sphingobacteriia 1.6 1.9 3.1 2.6 2.8 1.8
Acidimicrobiia 15 0.5 13 29 0.5 0.7
Chloroplast 1.1 3.8 0.5 1.5 1.2 0.5
Planctomycetia 1.0 1.8 0.5 13 0.5 0.2
Verrucomicrobiae 0.8 0.1 0.6 0.3 0.0 0.1
Anaerolineae 0.6 32 0.5 0.5 1.6 0.2
Chloracidobacteria 0.5 0.4 0.3 1.5 0.2 0.0
Flavobacteriia 0.5 1.2 0.4 0.8 8.5 0.9
Nitrospira 0.4 2.0 0.4 0.4 1.7 0.3
Epsilonproteobacteria 03 0.6 0.2 0.2 42 49
Nitriliruptoria 03 0.0 03 1.9 0.0 0.0
Oscillatoriophycideae 0.0 0.3 0.0 0.0 2.1 0.0
Deltaproteobacteria 2.7 6.1 1.6 22 8.0 7.4

(r = —0.812). Sby, was positively correlated with Comamonas (r =

0.812) and Rhodobacter (r = 0.886), but was negatively correlated
with Streptophyta (r = — 0.843). Sb,, was only positively correlated
with Halomonas (r = 0.886). Various As fractions were also significantly
correlated with bacterial taxa. Detailed information is presented in
Table S6. Other environmental variables had a statistically significant ef-
fect on microbial populations as well. For instance, Eh had a negative
correlation with Rhodoferax (r = —0.886), Hydrogenophaga
(r= —0.841), and Gallionella (r = — 0.886) but was positively correlat-
ed with Streptophyta (r = 0.843). Detailed information of the
Spearman's rank correlation is presented in Table S7 (phylum level)
and S8 (genus level).

Relative Abundance (%)

4. Discussion

The elevated Sb concentrations in water and sediments make Chahe
watershed a good object to study microbial responses to high Sb envi-
ronments. Total concentrations of Sb in Chahe sediments were remark-
ably higher than the background concentration of Sb in China's soils
(0.8-3.00 mg/kg) (He et al., 2012). Among all six sediment samples,
ES displayed the highest Sbs.q concentration (16,071 mg/kg), possibly
due to the reception of Sb-rich sludge from the ore dressing plant and
the mining activities along the Dajiagou River. Typical aqueous Sb con-
centrations in unpolluted water are less than 1 pg/L according to the
survey of water geochemistry worldwide (Filella et al., 2002). However,
due to mining activities, Sb,q reached up to 3250 times the natural con-
centration and was 540 times greater than the MCLG set by USEPA. Spe-
cifically, Sb,q was higher in Dajiagou River but decreased in Chahe River
mainly due to dilution by uncontaminated tributaries.

In general, the mobility, bioaccessibility, and potential toxicity of
metals and metalloids in sediments were strongly correlated with the
forms in which they occur and the type of binding with the sample ma-
trix (Savonina et al., 2012). The co-occurrence of Sb, as well as S and/or
O peaks in SEM-EDS analysis, indicated that Sb may be present in the
form of sulfides and oxides in the sediment, suggesting existence of
minerals such as stibnite (Sb,S3), valentinite (Sb,05), and cervantite
(Sby04), all of which have commonly been found in the earth's crust
(Wilson et al., 2010). Sequential chemical extractions were employed
to infer metal(loid)s association with specific phases such as minerals
or organic compounds. Among these sequential extractions, Sbey and
Sbsrp were considered as bioaccessible Sb fractions while amorphous
Fe and Al oxide-bound Sb (Sb,:) and crystalline Fe and Al oxide-
bonding Sb (not measured in this study) were considered as poorly bio-
accessible fractions (Buanuam and Wennrich, 2010; Savonina et al.,
2012). Exchangeable or weakly bound Sb typically constituted only a
small proportion of the total soil concentration (Wilson et al., 2010)
and in the current study, the Sbey and Sy, fractions constituted only
0.5%-10.96% of total Sbseq. This suggests that the mobility and bioacces-
sibility of Sb is low in Chahe watershed despite the elevated total Sb
concentrations, which is in accordance with previous studies (Filella
et al,, 2002). The Sbexc and Sbg;, accounted for higher proportion in
downstream samples compared to upstream samples (AS and BS).

= Dajiagou River

® Chahe River

Fig. 5. Profile visualizing the 17 most abundant genera among six sequencing libraries derived from sediment samples. Sequencing libraries were divided into two groups based on which
river they were taken from. These figures represented the relative abundances of a genus in the group from Dajiagou River or Chahe River.
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concentration of Fe in sediments).

This may be due to the fact that Sb is oxidized along the Dajiagou River
and finally precipitated in downstream sediment. These oxidized forms
of Sb may be more bioaccessible than mineral-bound Sb (Johnson et al.,
2005). The co-occurrence of Sb and Fe peaks (Figs. 2 and S1) indicated a
potential adsorption of Sb by Fe oxyhydroxides, which is confirmed by
the detection of Sb,,, along the watershed. Fe oxyhydroxides are
major carrier phases for Sb and such adsorption is a common phenom-
enon as reported previously (Ashley et al., 2003).

Although a large portion of the Sb was associated with immobile Sb
fractions, the geochemical parameters still affected the overall microbial
communities as well as the individual bacterial taxa according to the re-
sults of CCA and Spearman's rank correlation. Specifically, CCA indicated
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a considerable relationship between the microbial community structure
and three Sb fractions, Sbaq, Sbexc, and Sbam (Fig. 6), indicating these Sb
fractions may act as stressors to influence the composition and diversity
of sediment microbial community. Since both the Dajiagou and Chahe
Rivers have only shallow (~3 cm) sediment layers on top of the rocky
river bed, only surface sediment samples were collected. Due to this shal-
low sediment layer, Sb,q may be easily accessible by microorganisms and
thus, have an impact on overall microbial communities. Sbey is consid-
ered easily mobilizable and bioaccessible and thus may influence the
overall microbial communities (Savonina et al., 2012). However, Sbay,, is
much less mobilizable and accessible to microorganisms (Savonina
et al., 2012). This correlation may require further investigations. In

Sbsrp
Sbaq
l Sbsed

0.5 1.0

Fig. 7. Heat maps of Spearman's rank correlations coefficients and cluster analysis between the different Sb forms and the relative abundance of bacterial phylum with relative abundances
>5% in at least one sample (a) or genera with relative abundances >1% in at least one sample (b). The correlation coefficients are indicated by hue. *, significant correlations (at p < 0.05).
Abbreviations: Sbexc (easily exchangeable forms of Sb); Sbsrp (specifically sorbed forms of Sb); Sbamr (amorphous hydrous oxides of Fe and Al); Sbaq (aqueous Sb); and Sbsed (total Sb in

the sediments).
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contrast, the relatively small magnitude of the Sbseq and Sby,;, vectors (Fig.
6(b)) indicate these two Sb fractions were not as strongly correlated with
community composition as Sbaq, Sbexe, O Sbamr. Based on the measure-
ments, Sbseq primarily consisted of poorly bioaccessible Sb fractions
(>70%), which may not significantly affect microbial composition.

Other geochemical parameters exhibited strong correlations with
overall community composition. pH along the Chahe watershed was
mostly greater than 7, and in particular, pH in Dajiagou River was higher
than Chahe River. CCA identified both pH in the water and sediment as a
major environmental factor in affecting microbial communities. The pH
gradient might exert as a direct selecting pressure by enriching the acid-
ophiles, neutrophiles, or alkaliphiles according to the pH along the wa-
tershed. However, more likely, the pH gradient in Chahe watershed may
affect the mobility of Sb and other metal(loid)s (Nakamaru et al., 2006).
This pH-dependent mobility may affect the adsorption of major metal-
loids (i.e. Sb and As) on minerals and bacterial cells and thus shape
the innate microbial communities (Pokrovsky et al., 2014). Meanwhile,
redox potential (Eh) is also recognized as an important parameter for
structuring the community structure and changed dramatically along
the watershed. It is noteworthy that metalloid oxidation state and mo-
bility are mainly determined by system Eh (Sadiq, 1997). The solubility
of Sb was correlated with the redox potentials as oxidizing conditions
favor higher Sb solubility while lower Sb solubility was found in reduc-
ing conditions (Ashley et al., 2003). Therefore, the variation of these
factors may result in difference in metalloid oxidation state and bioac-
cessibility, consequently driving changes in composition and diversity
of sediment microbial community. Aqueous nitrate and sulfate concen-
trations, TOC, and water temperatures were also substantially correlat-
ed with the microbial communities, indicating that the overall microbial
communities were shaped by a suite of geochemical variables.

The significant changes of several geochemical parameters such as
Sbag and Sb,yy in the Dajiagou and Chahe River create pollution gradi-
ents, which in turn structure the microbial composition and diversity.
Therefore, Spearman's rank correlation was used to evaluate the corre-
lation between abundant taxonomic groups and geochemical parame-
ters. In general, excessive concentrations of heavy metal(loid)s can be
toxic to microorganisms and disrupt their growth. In this study, howev-
er, many bacterial phylotypes were positively correlated with different
Sb fractions, suggesting that the elevated Sb did not inhibit them as
much as other microbial taxa. Another remarkable finding was that
many genera positively correlated with different Sb fractions have
been reported previously as As-metabolizing bacteria such as Geobacter
(Giloteaux et al., 2012) and Sphingomonas (Kinegam et al., 2008). This
suggests that organisms may exhibit similar physiological traits in re-
sponse to the contaminants with similar chemical properties.

Some genera which contain species that are able to metabolize or re-
sist Sb were positively correlated with different Sb fractions. Among
these genera, Acinetobacter contains some species, such as Acinetobacter
sp. JL7 (Li et al,, 2013), which are able to oxidize Sb(III) (Li et al., 2013;
Shi et al., 2013) while Sphingomonas spp. are known for their ability to
reduce As(V) or oxidize As(Ill) (Kinegam et al., 2008; Macur et al.,
2004). Given the broad similarities between As and Sb, it was hypothe-
sized that Sphingomonas and Acinetobacter may be able to carry out Sb
reactions. Recently, Shi et al. isolated Sphingopyxis-like isolates
that were able to oxidize Sb(IIl) (Shi et al., 2013) from different
mining soils (both Sphingomonas and Sphingopyxis are in the family
Sphingomonadaceae.). In addition, 16S rRNA genes closely related to
Sphingomonas were detected in high abundances in a Sb- and As-rich
mine drainage tailings in Slovakia (Majzlan et al., 2011). Sequences
assigned to Flavobacterium were highly enriched in Chahe River,
especially in ES (7.4%). Jenkins et al. found that pure cultures of
Flavobacterium sp. were able to biomethylate Sb(IIlI) (Jenkins et al.,
2002). In addition, bacteria affiliated with Flavobacterium were isolated
from As-contaminated soils in Thailand and identified as As-oxidizing
bacteria (Kinegam et al., 2008), indicating a linkage of this genus with
the Sb-As-rich environments. Sbs.q Was positively correlated with

Staphylococcus, a genus containing several species with resistance to
heavy metals, including Sb and As (Corbisier et al., 1993; Endo and
Silver, 1995). For example, plasmids in Staphylococcus aureus contain
an “operon” that provides resistance to As(IIl), As(V), and Sb(III) salts
(Silver et al., 1981), while Staphylococcus xylosus contains plasmid
pSX267 that similarly contains an As(IIl), As(V), and Sb(III) resistance
region (Kreutz and Gotz, 1984). This resistance to Sb may explain the
positive correlation between Staphylococcus and Sbeq.

Genera containing species that participate in As cycling were also
found to be positively correlated with various Sb fractions. Both
Acidovorax and Hydrogenophaga are positively correlated with Sbey. and
contain As-oxidizing species (Huang et al., 2012; vanden Hoven and
Santini, 2004). The genus Acidovorax, which contains both As(1II)-oxidiz-
ing (Huang et al,, 2012) and As(V)-reducing species (Lear et al., 2007),
was highly enriched in ES (7%) and FS (7.9%). Like Acidovorax,
Hydrogenophaga spp. were detected in high numbers in Chahe River (ES
(1.9%), FS (5.6%)). Hydrogenophaga contains As(Ill)-oxidizing strains
such as Hydrogenophaga sp. str. NT-14 (vanden Hoven and Santini,
2004). Hydrogenophaga was also detected in As-rich deltaic aquifers and
identified as the major As-oxidizing bacterial genus (Ghosh et al., 2014).
Halomonas was positively correlated with Sb,,, and was highly enriched
along the watershed. Halomonas contains strains that are able to oxidize
As(Ill) (Hamamura et al., 2014; Lin et al., 2012). In a recent study, a
Halomonas strain from an alkaline saline lake in Khovsgol, Mongolia was
found to contain a novel arsenite oxidase (Hamamura et al., 2014).Al-
though direct evidence of Sb respiration was not found in these bacteria,
the involvement of these bacterial genera in As metabolism indicates that
they may play an ecological role in Sb cycling. These potential Sb- and As-
oxidizing bacteria hold the likelihood to oxidize more toxic Sb(Ill) to less
toxic Sb(V) (Wilson et al., 2010), which would be beneficial to the clean-
up of Sb-contaminated sites.

Shewanella, Rhodoferax, and Geobacter, enriched along the water-
shed, are Fe(Ill)-reducing bacteria (FeRB) and may play a major role in
the mobilization of Sb and As, which may subsequently be reduced by
As- and Sb-reducing bacteria. However, we could not exclude the possi-
bility of these FeRB in reduction of Sb. Many FeRB are capable of respir-
ing using other metal(loid)s as electron acceptors(Liu et al., 2002;
Lovley et al., 1993). For example, Shewanella was able to reduce Fe,
Mn, and As under different redox conditions (Fredrickson et al., 2002;
Heidelberg et al., 2002; Saltikov et al., 2005). Geobacter, which is posi-
tively correlated with Sb,g, is also well known for its ability to reduce
metals (Lovley et al., 1993, 2004). Giloteaux et al. found that arrA,
which encodes for the dissimilatory As(V) reductase, and acr3, which
encodes for the arsenic pump protein Acr3, were most similar to
Geobacter lovleyi and Geobacter uraniireducens, indicating Geobacter
species may play a significant role in As biogeochemistry (Giloteaux
et al., 2012). In this study, Geobacter demonstrated high relative abun-
dances in sediments with elevated Sb contents, suggesting Geobacter
may also tolerate or metabolize Sb as they do on As compounds. The
genus Rhodoferax, which is positively correlated with Sbey., contains
some dissimilatory Fe(Ill)-reducing species (Finneran et al., 2003). In
addition to being FeRB, the genome of Rhodoferax ferrireducens contains
a cluster of genes related to As metabolism (Risso et al., 2009). These re-
sults collectively suggest a possible role of these FeRB in
Sb(V) reduction.

A number of sulfate reducing bacteria (SRB) were detected along the
watershed. Among them, Clostridium demonstrated higher abundance
in Dajiagou River, which is in consistent with the observation of greater
concentrations of sulfate. Clostridium collagenovorans has been shown to
biomethylate Sb in anaerobic digestion of sewage sludge (Michalke
et al., 2000). Sulfate reduction could generate sulfide as a reaction prod-
uct to precipitate heavy metals, including Sb (Johnson and Hallberg,
2005). Wang et al. reported the removal of Sb(V) from Sb mine waters
by SRB. They found that sulfides resulting from biological sulfate reduc-
tion were able to reduce Sb(V) to Sb(III) and to form Sb,S; (Wang et al.,
2013). Thus, SRB may have the potential for site remediation in the
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contaminated sites with elevated Sb concentrations. SRB may further
influence Sb mobility by direct enzymatic Sb reduction. SRB can trans-
form a wide variety of metalloids (As, Se and Ti), transition metals
(Au, Co, Cr, Fe, Hg, Mo, Mn, Ni, Pb, Pd, Pt, Re, Rh, Tc, V, and Zn), and ac-
tinides (Pu and U) (Barton et al., 2015).Therefore, we cannot rule out
the metabolic versatility of SRB in direct enzymatic Sb reduction.

5. Conclusions

In summary, microbial community was characterized and the corre-
lation between microbial community and geochemical profiles was in-
vestigated. CCA indicated that Sb,q and Sbexc had a considerable
impact on overall microbial community structure. Moreover, other geo-
chemical parameters such as pH, Eh, As, sulfate, and water temperature
also had significant impact on the indigenous microbial community, in-
dicating the importance of a combination of in situ geochemical param-
eters in shaping the microbial communities. In addition, this study
provided the first evidence of selective enrichment of several bacterial
clades with elevated Sb in the sediment and water column. The present
work provides novel knowledge of the interactions of microorganisms
with Sb and other geochemical parameters, expanding our understand-
ing of microbial metabolism of Sb. Future investigations are needed to
isolate these phylotypes to enable testing of their capabilities in Sb
transformation as well as to profile the metagenomics to understand
the functional genes that are vital to biogeochemical Sb cycling and
resistance.
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