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ABSTRACT

The tailings of the Shimen realgar mine have unique geochemical features. Arsenite oxidation is one of the major biogeochemi-
cal processes that occurs in the tailings. However, little is known about the functional and molecular aspects of the microbial
community involved in arsenite oxidation. Here, we fully explored the functional and molecular features of the microbial com-
munities from the tailings of the Shimen realgar mine. We collected six samples of tailings from sites A, B, C, D, E, and F. Micro-
cosm assays indicated that all of the six sites contain both chemoautotrophic and heterotrophic arsenite-oxidizing microorgan-
isms; their activities differed considerably from each other. The microbial arsenite-oxidizing activities show a positive
correlation with soluble arsenic concentrations. The microbial communities of the six sites contain 40 phyla of bacteria and 2
phyla of archaea that show extremely high diversity. Soluble arsenic, sulfate, pH, and total organic carbon (TOC) are the key en-
vironmental factors that shape the microbial communities. We further identified 114 unique arsenite oxidase genes from the
samples; all of them code for new or new-type arsenite oxidases. We also isolated 10 novel arsenite oxidizers from the samples, of
which 4 are chemoautotrophic and 6 are heterotrophic. These data highlight the unique diversities of the arsenite-oxidizing mi-
croorganisms and their oxidase genes from the tailings of the Shimen realgar mine. To the best of our knowledge, this is the first
report describing the functional and molecular features of microbial communities from the tailings of a realgar mine.

IMPORTANCE

This study focused on the functional and molecular characterizations of microbial communities from the tailings of the Shimen
realgar mine. We fully explored, for the first time, the arsenite-oxidizing activities and the functional gene diversities of mi-
croorganisms from the tailings, as well as the correlation of the microbial activities/diversities with environmental factors. The
findings of this study help us to better understand the diversities of the arsenite-oxidizing bacteria and the geochemical cycle of
arsenic in the tailings of the Shimen realgar mine and gain insights into the microbial mechanisms by which the secondary min-
erals of the tailings were formed. This work also offers a set of unique arsenite-oxidizing bacteria for basic research of the molec-
ular regulation of arsenite oxidation in bacterial cells and for the environmentally friendly bioremediation of arsenic-contami-
nated groundwater.

Arsenic is distributed ubiquitously in the earth’s crust and is
toxic to life in some forms. Levels of arsenic differ consider-

ably from one geographical region to another, depending on the
geochemical conditions of the sites and the anthropogenic activi-
ties carried out in the vicinity (1, 2). Arsenic occurs naturally in
organic and inorganic forms. Arsenic typically exists in one of the
following four oxidation states: As(V), As(III), As(�III), and
As(0). The dominant forms are As(III) (arsenite) and As(V) (ar-
senate). Arsenite is the most soluble form of arsenic and is domi-
nant in reducing environments, whereas arsenate, which is less
mobile than arsenite, is dominant in oxidizing conditions (3–5).
Arsenate and arsenite occur naturally in various soils, minerals,
and waters.

Various arsenic-oxidizing and arsenic-reducing microorgan-
isms are extensively involved in the redox reactions of arsenic
(4, 6–10). Under anaerobic conditions, As(V) can be directly
reduced into As(III) by dissimilatory arsenate-respiring pro-
karyotes (DARPs) using As(V) as an electron acceptor and other
inorganic or organic materials as electron donors (8, 11–13).
Many bacteria are also able to reduce arsenate as a means of de-
toxification using ArsC, an arsenate reductase that is capable of
converting intracellular arsenate into arsenite, which is further
transported out of the cell by an energy-dependent efflux process

(14–16). Arsenite-oxidizing bacteria (AOB) can oxidize As(III)
into As(V) under aerobic or anaerobic conditions (17–25). Under
aerobic conditions, AOB are able to convert As(III) into As(V) by
using As(III) as an electron donor and oxygen as an electron ac-
ceptor (19–23); under anaerobic conditions, some AOB can con-
vert As(III) into As(V) by using As(III) as an electron donor and
nitrate, selenate, or chlorate as an electron acceptor (18, 24–27).
AOB are either chemoautotrophic, using carbon dioxide as the
sole carbon source, or heterotrophic, using organic carbon as the
sole carbon source.
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Aerobic arsenite oxidation is catalyzed by arsenite oxidase,
which is generally an �1�1 heterodimer, consisting of a large cat-
alytic subunit (AioA) and a small subunit (AioB) (28, 29, 59). The
aioA gene is usually used as a valuable molecular marker for in-
vestigations of the diversity, evolution, and potential activity of
AOB (22, 29). Recent studies based on metagenomic DNA ex-
tracted from soils, sediments, water, minerals, tailings, and geo-
thermal mats with different chemical characteristics and various
levels of arsenic contamination suggested that the diversities of
AioA proteins differ considerably among these sampling sites (29–
37). Until now, the aioA genes have been identified from more
than 80 genera of bacteria and archaebacteria, which were isolated
from various arsenic-contaminated environments. Most of the
aioA genes belong to Alphaproteobacteria, Betaproteobacteria, or
Gammaproteobacteria (31–34, 36). However, little is known about
the microbial diversity and functional features of AOB from the
tailings of a realgar mine that are characteristic of high concentra-
tions of arsenic and sulfate.

The Shimen realgar mine in the Hunan Province of China was
the largest realgar mine in Asia for hundreds of years. Due to
severe environmental contamination caused by mining and in-
dustrial production, the Chinese Government closed the mine in
2011. A previous investigation indicated that different types of
As-bearing secondary minerals were present in the tailings of the
mine, including arsenic oxides, sulfur-bearing arsenates, As-gyp-
sum, and As-Fe minerals (38). Arsenite is more abundant in the
gray-white tailings than in the gray tailings, whereas the arsenate is
dominant in the gray tailing. This variation suggests that the for-
mation of the secondary minerals can be divided into the follow-
ing two stages: the As(III) stage and As(V) stage (38). These inves-
tigations strongly suggested that arsenite oxidation may be a
major biological process that occurred in the tailings of the Shi-
men realgar mine (37, 38).

In this work, we collected six samples from the representative
sites of the tailings of the Shimen realgar mine. The geochemical
features of the six sampling sites differ considerably. We system-
atically analyzed the arsenite-oxidizing activities, the oxidase gene
diversities, and the microorganism compositions of the microbial
communities from the tailings. It is interesting to see that the
chemoautotrophic and heterotrophic arsenite-oxidizing activities
of the samples show a positive correlation with the concentrations
of soluble arsenic. Soluble arsenic, sulfate, pH value, and total
organic carbon (TOC) were the key environmental factors that
shaped the microbial communities. Using an enrichment tech-
nique, we also isolated 10 novel AOB strains, which are either
chemoautotrophic or heterotrophic and possess high arsenite-
oxidizing activities. These data highlight the unique diversities of
the arsenite-oxidizing bacteria in the tailings of the Shimen realgar
mine. To the best of our knowledge, this is the first report of the
functional and molecular characterizations of the microbial com-
munities from the tailings of a realgar mine.

MATERIALS AND METHODS
Sample collection and geochemical analyses. We collected six samples
from the representative sites A, B, C, D, E, and F of the tailings of the
Shimen realgar mine in Hunan Province, China. The sampling sites are
located at 29°33=55.4=’N, 111°1=45.0=’E (see Fig. S1 in the supplemental
material). All samples were kept at 4°C in sterile 50-ml tubes for less than
2 days until the microbial and geochemical analyses were performed. Geo-
chemical analyses were performed as described previously (39–41). Soil

sulfate was measured using ion chromatography. Total organic carbon
(TOC) content was determined using a TOC analyzer (TOC-VCPH; Shi-
madzu Corporation, Japan). The concentrations of soluble As(III) and
As(V) were measured using high-performance liquid chromatography
coupled with inductively coupled plasma mass spectrometry (HPLC-ICP-
MS). Total arsenic was extracted from the tailing soils with aqua regia.
Bioavailable As(III) and As(V) were extracted from the samples using
1.0% HCl.

Functional analysis of the microbial communities. To detect the ar-
senite-oxidizing activity of the microbial community from a sample, ac-
tive microcosm was prepared in triplicate by inoculating 10.0 g of soils
into 90.0 ml of modified minimal salts (MMS) medium amended with 5.0
mM As(III) and 0.2% yeast extract or 10.0 mM NaHCO3 in a 250-ml flask
as described previously (42). Duplicate controls for each set of micro-
cosms were prepared by inoculating 10.0 g of soils into 90.0 ml of the same
medium without supplementing any carbon source. All of the flasks were
incubated at 30°C with shaking for 6 days. At an interval of 24 h, 1.0 ml of
the culture suspension was taken out from each of the flasks to measure
the concentrations of As(III) and As(V) using HPLC-ICP-MS.

Sequencing and analysis of microbial 16S rRNA genes. Microbial
genomic DNA from soils was prepared using the E.Z.N.A. soil DNA kit
(OMEGA Bio-tec, Inc., USA) according to manufacturer recommenda-
tions. The barcoded primers flanking the V4 region of the microbial 16S
rRNA gene were used for PCR amplification (Table 1) (43). The PCR
products were gel purified. Barcoded V4 amplicons were sequenced using
an Illumina MiSeq sequencing platform.

Raw reads were processed and assembled as described previously (44,
45). Sequences that were shorter than 110 bp or with an average Phred Q
value of less than 25 were discarded. The assembled sequences were up-
loaded into MG-RAST for taxonomy analysis. Sequences were assigned to
operational taxonomic units (OTUs) based on a threshold of 97% simi-
larity (46). Rarefaction analysis was performed using Qiime software (44).
The ACE, Chao1, Shannon, and Simpson indexes were calculated using
mothur (47).

Alpha diversity indices were further tested for their correlations with
geochemical data using the Mantel test. Analysis of similarity (ANOSIM)
was performed using the vegan package to test for the existence of differ-
ences in microbial community compositions among the six samples. The
unweighted pair group method with arithmetic means (UPGMA) cluster-
ing was used to analyze the microbial community similarity among the
samples. Principal-coordinate analysis (PCoA) was performed in mothur
software using Bray-Curtis as the distance index. Biota-environment
matching analysis (BIO-ENV; vegan package) was used to evaluate the
relationships between microbial community compositions and environ-
ment factors.

Enrichment and isolation of cultivable arsenite-oxidizing bacteria.
Approximately 5.0 g of soils was inoculated into 95.0 ml of MMS medium

TABLE 1 PCR primers employed in this study

Target gene Primer sequence Reference

aioA TGYATYGTNGGNTGYGGNTAYMA (forward) 33
TANCCYTCYTGRTGNCCNCC (reverse) 33
CCACTTCTGCATCGTGGGNTGYGGNTA (forward) 48
TGCCCCAGATGATGCCYTTYTCRWA (reverse) 48
TGTCGTTGCCCCAGATGADNCCYTTYTC (reverse) 48

T vector CGCCAGGGTTTTCCCAGTCACGAC (forward)
GAGCGGATAACAATTTCACACAGG (reverse)

16S rRNA V4 AYTGGGYDTAAAGNG (forward) 43
TACNVGGGTATCTAATCC (reverse) 43

16S rRNA AGAGTTTGATCCTGGCTCAG (forward) 58
TACGGCTACCTTGTTACGACTT (reverse) 58
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amended with 5.0 mM As(III) and 10.0 mM NaHCO3 or 0.2% yeast
extract. The mixture was incubated at 30°C with shaking until As(III) was
completely oxidized into As(V). About 5.0 ml of the culture was trans-
ferred into 95.0 ml of the same medium for further enrichment. After
As(III) was completely oxidized, 1.0 ml of the culture was serially diluted
and plated onto MMS agar plates amended with 5.0 mM As(III) and 10.0
mM NaHCO3 or 0.2% yeast extract. The plates were incubated at 30°C
until visible colonies appeared. Individual colonies were purified for fur-
ther analysis.

Cloning and analyses of arsenite oxidases from the microbial com-
munities. To detect the diversity of the arsenite oxidases in microbial
communities from the tailings of the Shimen realgar mine, three pairs of
primers were used to amplify the aioA genes from the metagenomic DNA
of the samples as described previously (Table 1) (33, 48). PCR products
were gel purified using the E.Z.N.A. gel extraction kit (Omega, USA).
Purified DNA was ligated into the pMD19-T vector (TaKaRa, Japan). An
aioA gene library was generated by transforming the ligated vectors into
Escherichia coli DH5�-competent cells. The DNA library was screened by
PCR amplification. Positive clones were selected for sequencing.

Phylogenetic analysis. Protein sequence homology searches against
the GenBank database were performed using the BLAST server (http:
//blast.ncbi.nlm.nih.gov/). Multiple sequence alignment was conducted
using ClustalW2 software. Phylogenetic trees of the AioA amino acid se-
quences were constructed using the maximum likelihood method imple-
mented in MEGA 6.0. The neighbor-joining (NJ) method was used for
comparison between the phylogenetic trees of the aioA genes and the 16S
rRNA genes.

Accession number(s). The aioA sequences from the tailings of the
Shimen realgar mine have been deposited into the GenBank database
under the accession numbers KT992226 to KT992324 and KT992340 to
KT992354. The 16S rRNA gene sequences of the cultivable arsenite-oxi-
dizing strains also have been deposited into the database under the acces-
sion numbers of KT992325 to KT992339.

RESULTS
Characteristics of the sampling sites. We collected six samples
(A, B, C, D, E, and F) from the representative points of the tailings
on 10 July 2014 (see Fig. S1 in the supplemental material). As
shown in Table 2, geochemical analysis indicated that the tailings
had a high content of arsenic (ranging from 0.06 to 117.47 g/kg)
and SO4

2� (ranging from 0.30 to 3.05 mmol/kg). The concentra-
tions of soluble arsenic and arsenite from the six sites varied from
0.07 to 6.37 g/kg and from 0.003 to 0.935 g/kg, respectively. The
concentrations of TOC varied from 5.6 to 59.0 g/kg. These data
suggest that the geochemical features of the six sampling points
differ from each other and differ considerably from other arsenic-
contaminated sites (40, 49, 50).

Arsenite-oxidizing activities of the microbial communities
and their correlations with geochemistry. The microcosm assays
showed that arsenite-oxidizing activities were detectable in all of
the six samples that were supplemented with 10.0 mM NaHCO3

or 0.2% yeast extract as a carbon source, and no significant arsen-
ite-oxidizing activities were detectable when no external carbon
source was added to the microcosms (Fig. 1).

The microbial arsenite-oxidizing activities of the six samples

FIG 1 Arsenite-oxidizing activities of the microbial communities from the
tailings of the Shimen realgar mine. (a) Arsenite oxidation curve of each mi-
crocosm supplemented with 0.2% yeast extract or 10.0 mM NaHCO3 as a
carbon source. Active microcosms of the six samples A, B, C, D, E, and F were
each inoculated into MMS medium. The medium was amended with 5.0 mM
NaAsO2 and supplemented with 0.2% yeast extract or 10.0 mM NaHCO3 as a
carbon source. Duplicate controls were the same microcosm without the ad-
dition of any carbon sources. (b) Comparison of the arsenite-oxidizing rates of
the microbial communities from the six samples. **, P � 0.01.

TABLE 2 Geochemical features of the six samples from the tailings of
the realgar mine

Parameter

Tailing sample

A B C D E F

Soil matrix Fill Fill Fill Clay Clay Clay
Moisture content (%) 9.50 2.63 6.82 18.52 22.79 8.29
pH 7.46 8.3 8.05 8.35 8.41 4.12
ECa (�S cm�1) 521 830 631 162 98 58
TOC (g/kg) 59.0 13.6 11.3 9.4 6.7 5.6
SO4

2� (mmol/kg) 3.05 2.33 1.27 0.30 0.81 0.65
Total As (g/kg) 117.47 14.49 8.26 0.32 0.28 0.06
Aqueous As (g/kg) 6.374 5.99 2.433 0.193 0.126 0.07
Aqueous As(III) (g/kg) 0.935 0.775 0.238 0.012 0.018 0.003
a EC, electrical conductivity.
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differ considerably from each other. When no external carbon
source was added to the microcosms of sites A and B, the concen-
trations of soluble As(III) increased from 5.0 to 8.3 mM in 4.0 days
and from 5.0 to 7.9 mM in 5.0 days, respectively (Fig. 1a). This
suggests that approximately 3.3 mM and 2.9 mM As(III) were
released from the microcosms A and B into the aqueous phase,
respectively. In comparison, when no external carbon source was
added to the microcosms of samples C, D, E, and F, no arsenic was
released. For all of the six microcosms, no As(III) oxidation
occurred without the addition of any external carbon source
(Fig. 1a).

As shown in Fig. 1a, when 10.0 mM NaHCO3 was added to the
microcosms of A, B, C, D, E, and F, As(III) was completely oxi-
dized into As(V) in 3.0, 2.0, 7.0, 9.0, 9.0, and �8.0 days, respec-
tively. When 0.2% yeast extract was supplemented to the six mi-
crocosms, 3.0, 3.0, 3.0, 5.0, 3.0, and 8.0 days were needed to
completely oxidize all As(III), respectively.

Taken together, these data suggest that both chemoautotrophic
and heterotrophic AOB are present in all of the sampling sites. The
arsenite-oxidizing activities of the six samples, expressed as the
oxidized concentration of As(III) per hour, differ considerably
from each other (Fig. 1b).

Correlation analysis indicated that the chemoautotrophic ar-
senite-oxidizing activities of the six samples show a positive cor-
relation with their soluble arsenic concentrations (r � 0.7688; P �
0.011). With the exception of site C, the heterotrophic arsenite-
oxidizing activities are moderately correlated with the soluble ar-
senic concentrations of the samples (r � 0.4406; P � 0.033).

Unique diversity of the microbial communities and their
correlations with geochemistry. We used Illumina MiSeq high-
throughput sequencing techniques to investigate the microbial
community compositions of the tailings of the Shimen realgar
mine. The results showed that a total of 354,797 high-quality 16S
rRNA gene sequences were obtained, among which 45,254,
91,218, 39,480, 54,718, 44,224, and 79,903 sequences were as-
signed to samples A, B, C, D, E, and F, respectively. About 99% of
the sequences are 225 bp long. These sequences were clustered
into OTUs at a similarity threshold of 97%, yielding 15,186 OTUs.
The numbers of OTUs that correspond to the sampling sites are
3,730 from the site A, 5,276 from B, 4,285 from C, 4,569 from D,
3,686 from E, and 1,447 from F. The rarefaction analysis using
Qiime indicated that these sequences cover 99.1% (site A), 99.5%
(B), 98.4% (C), 99.2% (D), 98.8% (E), and 99.9% (F) of the mi-
crobial diversities of the corresponding sites (Table 3; Fig. 2a).

Representative sequences of each OTU were classified into
phyla using RDP Classifier with a confidence threshold of 80%.
Only a small proportion of the sequences (2.0%) cannot be clas-
sified at the domain level. From the six samples, we identified 40

phyla of bacteria and 2 phyla of archaea. Figure S2 in the supple-
mental material shows the structures of the microbial communi-
ties from the six sampling sites. The dominant microbial phyla
on average are Proteobacteria (30.0% of the total microorgan-
isms), Actinobacteria (14.9%), Bacteroidetes (10.7%), Chloroflexi
(10.5%), Acidobacteria (9.9%), and Planctomycetes (8.7%); other
microorganisms are less abundant, including Verrucomicrobia
(3.5%), candidate division WS3 (2.8%), Gemmatimonadetes
(2.8%), candidate division OD1 (2%), Nitrospirae (1.1%), Chlo-
robi (0.9%), and Firmicutes (0.5%) (Fig. 2b). This microbial com-
munity composition considerably differs from those of other de-
scribed arsenic-contaminated sites (38, 47, 48). Although the
dominant phyla are present in all of the six sampling sites, their
abundances differ considerably from each other (Fig. 2b; see also
Fig. S2).

Many investigations indicated that Deltaproteobacteria were al-
ways associated with the sulfate-reducing ability of the microbial
community, and almost all of the cultivable sulfate-reducing bac-
teria belong to this group (51). The bacteria of Deltaproteobacteria
were dominant in all six sampling points, suggesting that micro-
bial reduction of sulfate may naturally occur in the sampling sites.

Among the total OTUs (15,186) obtained from the sampling
sites, only 78 OTUs or 0.5% were shared by the six sites. The
shared phyla are Proteobacteria (52.7% of the total shared micro-
organisms), Actinobacteria (29.0%), Chloroflexi (8.3%), Bacte-
roidetes (3.7%), Planctomycetes (3.2%), Acidobacteria (2.0%),
Gemmatimonadetes (0.6%), Nitrospirae (0.4%), and Firmicutes
(0.1%) (see Fig. S3 in the supplemental material); this highlights
the significant differences in the microbial compositions of the six
sampling sites.

We further analyzed the correlation between the microbial
community compositions and the environmental factors. Based
on the Bray-Curtis dissimilarity analysis using UPGMA, the six
samples can be grouped into four groups: I (A and B), II (C), III (D
and E), and IV (F) (Fig. 2b). PCoA showed that the microbial
communities of the tailing samples were divided into four distinct
groups as well (Fig. 2c). Pairwise comparison using ANOSIM in-
dicated that there are significant differences in the microbial com-
munity compositions among the six samples (r � 0.9231; P �
0.022). Mantel tests suggested that the diversity indices of the mi-
crobial communities showed a highly positive correlation with the
pH value of the samples (pH and Chao1, r � 0.9459 and P �
0.018; pH and ACE, r � 0.9426 and P � 0.017; pH and Shannon,
r � 0.8480 and P � 0.019). With the exception of site C, the
Shannon diversity was positively correlated with SO4

2� and TOC
concentrations (SO4

2� and Shannon, r � 0.9253 and r � 0.017;
TOC and Shannon, r � 0.454 and P � 0.042). BIO-ENV con-
firmed that soluble arsenic, sulfate, pH value, and TOC were the
key environmental factors that shaped the observed microbial
communities from the tailings of the realgar mine.

Enrichment of arsenite-oxidizing bacteria from the samples.
Ten arsenite-oxidizing bacterial strains were isolated from the six
samples using an enrichment strategy (Table 4). Their 16S rRNA
genes were cloned and sequenced. Phylogenetic analysis indicated
that the strains SM1, SM2, SM3, SM5, SM6, SM7, and SM8 are
affiliated with Alphaproteobacteria, SM11 belongs to Betaproteo-
bacteria, and SM13 and SM15 belong to Gammaproteobacteria
(Table 4).

Arsenite-oxidizing assays indicated that strains SM6, SM7,
SM8, SM11, SM13, and SM15 are heterotrophic; they are able to

TABLE 3 Diversity and richness of the microbial communities

Sample

Index
Coverage
(%)Chao1 ACE Simpson Shannon

A 2,112.5882 2,011.4302 0.015205 5.46897 99.08
B 3,085.1402 2,988.8199 0.017719 5.702957 99.52
C 2,951.8764 2,762.7773 0.006797 6.240306 98.43
D 3,026.5869 2,918.4281 0.003691 6.556586 99.16
E 2,809.125 2,722.6293 0.007258 6.165388 98.78
F 958.1176 932.6597 0.037507 4.504256 99.91
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completely oxidize As(III) into As(V) in 17.5, 17.5, 17.5, 21.5,
45.5, and 57.5 h, respectively (Fig. 3a). Strains SM1, SM2, SM3,
and SM5 are chemoautotrophic; they are able to completely oxi-
dize As(III) into As(V) in 94.5, 118.5, 34.5, and 142.5 h, respec-
tively (Fig. 3b).

As shown in Fig. 3a, the heterotrophic strains SM6, SM7, SM8,
SM11, SM13, and SM15 began to oxidize As(III) at the middle or
early stage of the log phase of the bacterial growth cycle. In con-

trast, SM13 started to oxidize As(III) at the decline phase of the
bacterial growth cycle. This observation suggests that about 10 to
21 h were required to induce the expression of arsenite oxidase
genes in the heterotrophic bacterial cells. Thus, the expression of
the arsenite oxidase gene is inducible in the cells of all of the het-
erotrophic bacterial strains.

Figure 3b illustrates the arsenite-oxidizing curves of the che-
moautotrophic bacterial strains, which differ considerably from

FIG 2 Microbial communities in the tailings from the Shimen realgar mine. (a) Rarefaction curves of the microbial communities of the tailing samples. (b) Relative
abundances of the dominant phyla in the microbial communities of the tailing samples from the Shimen realgar mine and UPGMA analysis of the microbial commu-
nities. (c) Principal-coordinate analysis (PCoA) of the microbial communities of the tailing samples.

TABLE 4 Cultivable arsenite oxidizers from the tailings of Shimen realgar mine

Strain
GenBank
accession no. Class

Heterotrophic/
autotrophic Closest relative

16S rRNA
identity (%)

SM1 KT992325 Alphaproteobacteria Autotrophic Gemmobacter aquatilis DSM 3857(T) 98.37
SM2 KT992335 Alphaproteobacteria Autotrophic Ensifer adhaerens LMG 20216(T) 99.56
SM3 KT992327 Alphaproteobacteria Autotrophic Shinella zoogloeoides ATCC 19623(T) 98.98
SM5 KT992326 Alphaproteobacteria Autotrophic Rhizobium nepotum 39/7(T) 98.30
SM6 KT992328 Alphaproteobacteria Heterotrophic Rhizobium daejeonense KCTC12121 98.24
SM7 KT992333 Alphaproteobacteria Heterotrophic Rhizobium leguminosarum USDA 2370(T) 98.91
SM8 KT992334 Alphaproteobacteria Heterotrophic Ochrobactrum pseudintermedium ADV31(T) 99.56
SM11 KT992332 Betaproteobacteria Heterotrophic Variovorax boronicumulans BAM-48(T) 99.71
SM13 KT992337 Gammaproteobacteria Heterotrophic Pseudomonas vancouverensis ATCC 700688(T) 99.51
SM15 KT992339 Gammaproteobacteria Heterotrophic Pseudomonas koreensis Ps 9-14(T) 99.33
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FIG 3 Arsenite-oxidizing activities of the cultivable isolates from the tailings of the Shimen realgar mine. (a) Arsenite-oxidizing curves of the new heterotrophic
strains. (b) Arsenite-oxidizing curves of the new chemoautotrophic strains. The chemoautotrophic strains SM1, SM2, SM3, and SM5 belong to the genera
Gemmobacter, Ensifer, Shinella, and Rhizobium, respectively; the heterotrophic strains SM6, SM7, SM8, SM11, SM13, and SM15 are affiliated with the genera
Rhizobium, Rhizobium, Ochrobactrum, Variovorax, Pseudomonas, and Pseudomonas, respectively.
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those of the heterotrophic bacterial strains. It is interesting to see
that all of the chemoautotrophic strains started to oxidize As(III)
as the cells began to proliferate, and the bacterial growth occurred
without a lag phase. This strongly suggests that the As(III) oxida-
tion was linked to bacterial growth for all four chemoautotrophic
strains. It is likely that the As(III) oxidation may be required for
the chemoautotrophic growth of these strains.

Unique diversity of arsenite oxidases from the microbial
communities. To understand the molecular basis of the arsenite-
oxidizing activities of the microbial communities from the tailings
of the Shimen realgar mine, we explored the diversity of the arsen-
ite oxidase genes present in the microbial communities by clon-
ing, sequencing, and analyzing the aioA sequences encoding the
catalytic subunits (AioAs) of the arsenite oxidases. The results
showed that we identified 114 novel AioA proteins, including 99
from the metagenomic DNA and 15 from the cultivable arsenite-
oxidizing bacteria. The AioA proteins identified from the meta-
genomic DNA were referred to as A1 to A13, B1 to B9, C1 to C19,
D1 to D15, E1 to E18, and F1 to F25 (A, B, C, D, E, and F refer to
the sampling sites).

The amino acid sequences of these AioA proteins were used as
queries to search against the GenBank database using the BLAST
server. We found that the AioA proteins from the tailings share 34
to 99% sequence identities with other known AioAs from bacteria
and archaea. We constructed a phylogenetic tree based on the
multiple sequence alignment of the AioA proteins from the tail-
ings and their closely related AioAs from bacteria and archaea. An
AioA sequence (BAB67500) from the archaeon Sulfolobus tokodaii
was chosen as an outgroup in the tree (Fig. 4).

The AioA proteins F1, F2, F3, F4, F5, and F6 from the realgar
tailings formed an independent basal branch in the phylogenetic
tree, which was located between the AioA protein of the outgroup
(archaeon) and those from the phyla Deinococcus-Thermus, Chlo-
roflexi, and Chlorobi (Fig. 4a). This suggests that the six new AioAs
constitute a novel family of AioA proteins that represent an evo-
lutionary intermediate between the AioAs of archaea and bacteria.

The AioA C1 shares the highest sequence homology (34%
identity) with the AioA from Thermus scotoductus, and it formed
an independent branch in the tree (Fig. 4a). This suggests that C1
is most likely the first member of a new family of bacterial AioA
proteins. F7 shows 62% sequence identity to the AioA from Scy-
tonema tolypothrichoides, suggesting that F7 is a new member of
the AioA family affiliated with the phylum Cyanobacteria.

The AioA proteins E1, B1, A1, A2, A3, and E2 from the tailings
share 71 to 76% and 73 to 75% sequence identities with the AioAs
from Rhodobacter capsulatus and Roceivivax isoporae, respectively.
All of these AioA proteins fell into the same branch in the tree (Fig.
4b); this suggests that E1, B1, A1, A2, A3, and E2 are six new
members of the AioA family affiliated with Alphaproteobacteria.
Two subgroups of novel AioA proteins, one including F8, F9, C2,
C3, E3, and D1 and the other comprising C4, E7, B2, C5, C6, and
C7, share 75 to 78% and 77 to 81% sequence identities, respec-
tively, with other known AioAs from the bacterial species of Alp-
haproteobacteria; moreover, they formed two independent
branches in the tree (Fig. 4b). This suggests that the two subgroups
of AioA proteins constitute two novel subfamilies of AioA pro-
teins affiliated with Alphaproteobacteria. Another two subgroups
of new AioA proteins from the tailings, one comprising D2, E4,
D3, E5, D4, E6, D5, and D6 and the other consisting of F10, C8,
D7, C9, D8, F11, F12, C10, D9, F13, F14, F15, F16, F17, C11, C12,

D10, F18, D11, C13, C14, D12, and D13, share 74 to 94% and 80 to
95% sequence identities, respectively, with other known AioAs
from Alphaproteobacteria. All of these new AioA proteins clus-
tered together with the known AioAs; this suggests that these
AioAs from the tailings are new members of the AioA family affil-
iated with Alphaproteobacteria (Fig. 4b).

As shown in Fig. 4c, E8, C15, E9, C16, D14, C17, and B3 formed
an independent branch that was located between the known AioA
proteins from the bacterial species of Gammaproteobacteria and
those from the species of Betaproteobacteria. This indicated that
the seven new AioA proteins constitute a novel family of AioAs
that represents an evolutionary intermediate between the AioAs
from Gammaproteobacteria and Betaproteobacteria. We also iden-
tified two novel subfamilies of AioA proteins affiliated with Beta-
proteobacteria, one comprising B4, A4, B5, E12, B6, and E13 and
the other comprising B7, A5, B8, B9, A6, A7, A8, A9, A10, A11,
E14, C18, A12, E15, A13, E16, and D15 (Fig. 4c). They share 75 to
77% and 72 to 77% sequence identities, respectively, with other
known AioA proteins from Betaproteobacteria and formed two
independent branches in the tree (Fig. 4c). Another two sub-
groups of AioA proteins, one comprising E10, F19, and E11 and
the other comprising F20, F21, F22, E17, C19, E18, F23, F24, and
F25, share 76 to 93% and 75 to 99% sequence identities, respec-
tively, with other known AioAs from Betaproteobacteria. All of
these new AioA proteins clustered together with the known AioAs
in the tree. This suggests that they are new members of the AioA
family affiliated with Betaproteobacteria (Fig. 4c).

Taken together, the new families/subfamilies of AioA proteins
are largely dominant in the total AioAs of the microbial commu-
nities from the tailings; this highlights the unique diversity of the
arsenite-oxidizing bacteria from the tailings of the Shimen realgar
mine.

Horizontal transfer of the aioA genes. To determine whether
horizontal and vertical transfers of the aioA genes occurred be-
tween different genera of bacteria and archaea, we compared the
phylogeny of the aioA genes with that of the corresponding bac-
terial 16S rRNA genes. The phylogenetic tree of the aioA genes was
constructed from the multiple sequence alignment of aioA genes
from the tailings of the Shimen realgar mine and closely related
known aioA genes from bacteria. The tree of 16S rRNA genes was
constructed from the multiple sequence alignment of the 16S
rRNA genes of the microorganisms bearing the aioA genes. We
found that horizontal transfer of the aioA genes may occur among
the microorganisms from the tailings of the Shimen realgar mine.

As shown in Fig. S4 in the supplemental material, comparison
of the phylogenetic tree of the 16S rRNA genes and that of the aioA
genes revealed apparent inconsistency between the microorgan-
ism and gene evolutionary histories. According to the horizontal
gene transfer (HGT) detection method described previously (52,
53), many HGT events likely occurred among the distant lineages.
For example, in the 16S rRNA gene-based tree, Rhizobium sp. SM4
fell into the branch of the genus Rhizobium; however, in the aioA
gene-based tree, it clustered together with a species from the genus
Gemmobacter. This inconsistency strongly suggests that Rhizo-
bium sp. SM4 may acquire its aioA via HGT. Similarly, the analy-
ses indicated that Variovorax sp. SM11, Shinella sp. SM3,
Stenotrophomonas sp. SM14, Pseudomonas sp. SM13, and Pseu-
domonas sp. SM15 may also acquire their aioA genes via HGT (see
Fig. S4).
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FIG 4 Phylogenetic analysis of arsenite oxidases from the tailings of the Shimen realgar mine using the catalytic subunits (AioA subunits) as molecular markers.
(a) Maximum likelihood tree constructed from the amino acid sequences of the bacterial and archaeal AioA proteins from the microbial communities of the
tailings and those of their closely related AioA proteins from the GenBank database, where groups I and II stand for two large independent branches. (b)
Unrooted trees of the group I. (c) Unrooted tree of group II. The AioA amino acid sequence from Sulfolobus tokodaii was chosen as an outgroup. All of the AioA
sequences in this study are shown in red. Numbers on the branches are bootstrap values based on 1,000 replicates. Only the bootstrap values larger than 50% are
shown. The scale bar represents the average number of substitutions per site.
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DISCUSSION

Realgar, �-As4S4, is an arsenic sulfide mineral. The Shimen realgar
mine was the largest in Asia and the third largest in the world. The
tailings of the mine have unique geochemical features that are
characteristic of high contents of arsenic and sulfate. It was found
that arsenite oxidation was one of the dominant biogeochemical
processes that occurred in the tailings of the realgar mine (38). In
this study, we fully explored the arsenite-oxidizing activities and
the functional basis of the microbial communities from the tail-
ings of the Shimen realgar mine. To the best of our knowledge, this
is the first work that described the functional and molecular fea-
tures of the microbial communities from the tailings of a realgar
mine.

In recent years, the microcosm strategy was used to investigate
the functions or activities of microbial communities (54–57). Us-
ing this technique, we detected the arsenite-oxidizing activities of
the microbial communities from the six sites of the tailings. This
raised an interesting issue: do the microbial communities affect
arsenic mobilization? Our observations suggested that the micro-
bial communities of sites A and B, rather than other sampling
sites, can promote arsenic mobilization under aerobic condition
(Fig. 1a and b).

In general, most of the autotrophic oxidizers tend to be
members of Alphaproteobacteria and the heterotrophic strains
belong to Betaproteobacteria (22, 24). Consistent with this ob-
servation, all of the four chemoautotrophic arsenite-oxidizing
strains isolated from the tailings belong to Alphaproteobacteria.
However, among the six heterotrophic oxidizers, three strains
are members of Alphaproteobacteria, one strain belongs to Beta-
proteobacteria, and two strains belong to Gammaproteobacteria.
This finding expanded the taxonomy of heterotrophic AOB.

We identified 114 new AioA proteins from the microbial
communities of the tailings, including a unique group of AioAs
that represents an evolutionary intermediate between the
AioAs of bacteria and archaea, seven novel families/subfamilies
of AioAs, and other novel AioAs affiliated with Chloroflexi, Al-
phaproteobacteria, and Betaproteobacteria. These results high-
light the unique diversities of the arsenite oxidase genes and the
arsenite-oxidizing microorganisms from the tailings of the Shi-
men realgar mine.

Using high-throughput sequencing, we identified 40 phyla of
bacteria and 2 phyla of archaea from the tailings. Bioinformatical
analysis suggested that a unique diversity of microorganisms was
present in the tailings. ANOSIM data indicated that there are sig-
nificant differences among the microbial community composi-
tions of the six samples. Remarkably, we found that soluble arse-
nic, sulfate, pH, and TOC were the key environmental factors that
shaped the microbial communities.

These data help us to better understand the interactions be-
tween the arsenite-oxidizing microorganisms and the environ-
ment and gain insights into the molecular mechanisms by which
the secondary minerals were formed in the tailings of the Shimen
realgar mine.
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