
fmicb-09-01389 July 4, 2018 Time: 19:4 # 1

ORIGINAL RESEARCH
published: 06 July 2018

doi: 10.3389/fmicb.2018.01389

Edited by:
Qiaoyun Huang,

Huazhong Agricultural University,
China

Reviewed by:
Christopher Rensing,

Fujian Agriculture and Forestry
University, China

Marina Hery,
Montpellier 2 University, France

*Correspondence:
Xian-Chun Zeng

xianchun.zeng@gmail.com;
xianchun_zeng@hotmail.com

†These authors have contributed
equally to this work.

Specialty section:
This article was submitted to

Microbiotechnology, Ecotoxicology
and Bioremediation,

a section of the journal
Frontiers in Microbiology

Received: 29 January 2018
Accepted: 06 June 2018
Published: 06 July 2018

Citation:
Zeng X-C, Yang Y, Shi W, Peng Z,

Chen X, Zhu X and Wang Y (2018)
Microbially Mediated Methylation

of Arsenic in the Arsenic-Rich Soils
and Sediments of Jianghan Plain.

Front. Microbiol. 9:1389.
doi: 10.3389/fmicb.2018.01389

Microbially Mediated Methylation of
Arsenic in the Arsenic-Rich Soils and
Sediments of Jianghan Plain
Xian-Chun Zeng1*†, Ye Yang1,2†, Wanxia Shi1†, Zhaofeng Peng1, Xiaoming Chen1,
Xianbin Zhu1 and Yanxin Wang1

1 State Key Laboratory of Biogeology and Environmental Geology, School of Environmental Studies, China University of
Geosciences, Wuhan, China, 2 School of Life Sciences, Wuchang University of Technology, Wuhan, China

Almost nothing is known about the activities and diversities of microbial communities
involved in As methylation in arsenic-rich shallow and deep sediments; the correlations
between As biomethylation and environmental parameters also remain to be elucidated.
To address these issues, we collected 9 arsenic-rich soil/sediment samples from the
depths of 1, 30, 65, 95, 114, 135, 175, 200, and 223 m in Jianghan Plain, China.
We used microcosm assays to determine the As-methylating activities of the microbial
communities in the samples. To exclude false negative results, we amended the
microcosms with 0.2 mM As(III) and 20.0 mM lactate. The results indicated that the
microbial communities in all of the samples significantly catalyzed arsenic methylation.
The arsM genes were detectable from all the samples with the exception of 175 m,
and 90 different arsM genes were identified. All of these genes code for new or new-
type ArsM proteins, suggesting that new As-methylating microorganisms are widely
distributed in the samples from shallow to deep sediments. To determine whether
microbial biomethylation of As occurs in the sediments under natural geochemical
conditions, we conducted microcosm assays without exogenous As and carbons. After
80.0 days of incubation, approximately 4.5–15.5 µg/L DMAsV were detected in all
of the microcosms with the exception of that from 30 m, and 2.0–9.0 µg/L MMAsV

were detected in the microcosms of 65, 114, 135, 175, 200, and 223 m; moreover,
approximately 18.7–151.5 µg/L soluble As(V) were detected from the nine sediment
samples. This suggests that approximately 5.3, 0, 8.1, 28.9, 18.0, 8.7, 13.8, 10.2,
and 14.9% of total dissolved As were methylated by the microbial communities in the
sediment samples from 1, 30, 65, 95, 114, 135, 175, 200, and 223 m, respectively.
The concentrations of biogenic DMAsV show significant positive correlations with the
depths of sediments, and negative correlations with the environmental NH4

+ and
NaCl concentrations, but show no significant correlations with other environmental
parameters, such as NO3

−, SO4
2+, TOC, TON, Fe, Sb, Cu, K, Ca, Mg, Mn, and Al. This

work helps to better understand the biogeochemical cycles of arsenic in arsenic-rich
shallow and deep sediments.

Keywords: arsenic methylation, ArsM, dimethylarsinic acid (DMAsV), monomethylarsonic acid (MMAsV), arsenite-
methylating bacteria, Jianghan Plain
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INTRODUCTION

Arsenic is widely distributed in the Earth’s crust at an average
concentration of 2.0 mg/kg. It occurs in more than 200 minerals,
usually in combination with sulfur and metals (Nordstrom,
2002). Levels of arsenic differ considerably from one geographic
site to another, depending on the biogeochemical conditions
of the sites and the anthropogenic activities carried out
in the vicinity. Arsenic deposited in sediments, rocks and
minerals is usually insoluble. However, problems have arisen
when the mineral arsenic was mobilized and released into
groundwater (Polizzotto et al., 2008; Stuckey et al., 2016).
Arsenic-contaminated groundwater exists in more than 70
countries worldwide, including Bangladesh, India, Pakistan,
Burma, Nepal, Vietnam, Cambodia, China, and United States
(Kirk et al., 2004; Gu and Wang, 2012; Shao et al., 2016). Natural
processes, biochemical reactions, and anthropogenic activities
are responsible for the dissolution and release of arsenic from
minerals into groundwater (Fendorf et al., 2010).

Increasing evidences suggest that the microbial communities
play major roles in the transformation, mobilization or
immobilization of arsenic in the arsenic-rich sediments (Das
et al., 2016; Chen et al., 2017). Diverse AOB and DARPs catalyze
the redox reactions of arsenic in the sediments (Oremland and
Stolz, 2003; Rhine et al., 2005; Islam et al., 2013; Kulp, 2014).
AOB can oxidize As(III) into As(V) using oxygen as the terminal
electron acceptor under aerobic conditions, or using nitrate,
selenate, or chlorate as the terminal electron acceptor under
anaerobic conditions (Silver and Phung, 2005; Stolz et al., 2006;
Van der Zee and Cervantes, 2009; Kumari and Jagadevan, 2016;
Zeng et al., 2016; Yang et al., 2017). As(V) can also be directly
reduced into As(III) by DARPs using lactate, pyruvate, acetate,
or other organic/inorganic materials as the sole electron donor
(Sierra-Alvarez et al., 2005; Lear et al., 2007; Song et al., 2009;
Kudo et al., 2013; Ohtsuka et al., 2013; Osborne et al., 2015).
DARPs were found to be the major driver of the dissolution and
release of arsenic from sediments into groundwater (Kudo et al.,
2013; Ohtsuka et al., 2013; Osborne et al., 2015; Chen et al., 2017;
Wang et al., 2017).

In addition to the microorganisms-catalyzed redox reactions
of arsenic, it was recently found that biomethylation of
arsenic occurred in the arsenic-rich sediments of the southern
Willamette Basin, near the Eugene-Springfield area of Oregon,
United States (Maguffin et al., 2015). An aquifer injection
test indicated that tentative biomethylation could produce
dimethylarsinate at a rate of approximately 0.09% of total
dissolved arsenic per day, comparable to rates of dimethylarsinate
production in surface environments. It was estimated that global
biomethylation of arsenic in aquifers has a potential to transform

Abbreviations: AFS, atomic fluorescence spectrometry; AOB, arsenite-oxidizing
bacteria; ArsM, As(III)-S-adenosylmethionine methyltransferase; DARPs,
dissimilatory arsenate-respiring prokaryotes; DMAsV, dimethylarsinic acid; EC,
electrical conductivity; HPLC-ICP-MS, high-performance liquid chromatography
linked to inductively coupled plasma-mass spectrometry; ICP-AES, inductively
coupled plasma-atomic emission spectrometry; MMAsV, monomethylarsonic
acid; TMAO, trimethylarsine oxide; TMAsIII, trimethylarsine; TOC, total organic
carbon; TON, total organic nitrogen.

100 tons of inorganic arsenic into methylated arsenic species
per year (Maguffin et al., 2015). This suggests that microbial
methylation of arsenic in the arsenic-rich sediments may play
a key role in the global biogeochemical cycles of arsenic.
Actually, the methylarsenicals have been detected in groundwater
worldwide since 1973 (Braman and Foreback, 1973; Del Razo
et al., 1990; Lin et al., 1998, 2002; Shraim et al., 2002; Xie et al.,
2009; Watts et al., 2010; Christodoulidou et al., 2012). However,
the substantial links between arsenic methylation and microbial
communities, as well as the correlations between arsenic
methylation activities of indigenous microbial communities and
environmental parameters in the arsenic-rich sediments remain
to be elucidated.

Many bacteria, archaea, fungi, and animals are able to
methylate As (Zhu et al., 2014). Arsenic methylation was
catalyzed by ArsM (Ajees et al., 2012). The first arsM gene
was cloned from the soil bacterium Rhodopseudomonas palustris
(Qin et al., 2006). It codes for a protein with 283 amino acid
residues. ArsM proteins exist in both prokaryotic and eukaryotic
microorganisms (Zhu et al., 2017). Purified ArsM can convert
As(III) into DMAsV, TMAO, and volatile TMAsIII (Qin et al.,
2006, 2009; Slyemi and Bonnefoy, 2012; Chen et al., 2014; Zhu
et al., 2014). The arsM gene can be used as a molecular marker
for investigations of the diversities of As-methylating microbes
(Jia et al., 2013). Recently, some single bacterial strains with
significant As-methylating activities were isolated from paddy
soils, wastewater ponds, and microbial mats (Kuramata et al.,
2015; Zhang J. et al., 2015; Huang et al., 2016; Wang et al.,
2016). Functional analyses suggest that ArsMs play a role in the
detoxification of As(III) and could be exploited in bioremediation
of arsenic-contaminated groundwater (Qin et al., 2006).

Jianghan Plain is an alluvial plain located in the middle
and south of the Hubei Province, China. Geochemical surveys
indicated that groundwater in some areas in Jianghan Plain
was contaminated by arsenic (Gan et al., 2014). Previously, we
found that DARPs widely exist in the deep sediments of this
plain, and significantly catalyze the dissolution, reduction, and
release of arsenic from sediments into groundwater (Chen et al.,
2017). Our group also found that sulfate markedly enhances the
DARPs-mediated dissolution, reduction and release of arsenic
and iron from mineral phase into groundwater (Wang et al.,
2017). This study aimed to explore the diversity and functions of
the arsenic-methylating bacteria from the arsenic-rich sediments
in Jianghan Plain.

MATERIALS AND METHODS

Sampling
The sampling site (113◦36′35.028′′E, 30◦8′34.944′′N) was near a
paddy field, located in the Jiahe village that is affiliated to the
Shahu town of Xiantao city, Hubei province, China (Figure 1).
Xiantao area is one of the most important food production
regions in China. Jiahe is a little rural village that lies in the
riverside of a rivulet, approximately 1.9 km from the Tongshun
River. A borehole with a depth of 230 m was drilled using
the direct-mud rotary drilling technique as described elsewhere

Frontiers in Microbiology | www.frontiersin.org 2 July 2018 | Volume 9 | Article 1389

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01389 July 4, 2018 Time: 19:4 # 3

Zeng et al. Biomethylation of Arsenic in Sediments

FIGURE 1 | Illustrations of the sampling site. (A) Geographical map of the sampling location in the Jiahe village of the Shahu town in Jianghan Plain. (B) Satellite map
of the sampling site.

(Keely and Boateng, 1987). Soil and sediment samples were
collected from the depths of 1, 30, 65, 95, 114, 135, 175, 200,
and 223 m. The external layers of the sediment cores were
carefully removed to avoid contaminations and oxidation by
oxygen. The samples were placed in sterilized tubes that were put
in an anaerobic bag buried in the ice. All of the samples were
transported into the laboratory in 12.0 h.

Geochemical Analyses
To determine the total arsenic content, one gram of dried sample
powders was mixed with 20.0 mL of aqua regia. After 2.0 h of
incubation at 100◦C, the mixture was centrifuged at 10,000 g/min
for 5.0 min, and the supernatant was collected for determination
of the arsenic concentration using AFS (AFS-9600, Haiguang,
Beijing, China). Soluble arsenic species, including total soluble
As, MMAsV, and DMAsV, were determined by high-performance
liquid chromatography linked to AFS (HPLC-ICP-MS) (LC-20A,
Shimadzu, Japan; ELAN, DRC-e, PerkinElmer, United States).
An anion-exchange column (PRP-X100, Hamilton; 4.1 mm
i.d × 250 mm, 10 µm) was used for the measurement. The
mobile phase consisted of 10.0 mM (NH4)2HPO4 and 10.0 mM

NH4NO3, adjusted to pH 6.0 with 4% formic acid. The mobile
phase was pumped through the column at a flow rate of 1.0 mL
min−1.

Total organic carbon was determined with a TOC analyzer
(multiN/C 3100, Analytik Jena, Germany). Concentrations of
anions were measured using ion chromatography (DX-120,
Dionex, United States). Concentrations of metal ions were
determined using ICP-AES (IRIS Intrepid II XSP, Thermo Fisher
Scientific, United States).

Determination of As-Methylating
Activities of the Sediment Samples
To detect the As-methylating activity of the microbial community
from different sediment samples, active microcosms were
prepared in triplicate by inoculating 8.0 g of samples into
20.0 mL of simulated groundwater (Wang et al., 2017) amended
with 0.2 mM As(III) and 20.0 mM lactate in a 50-mL flask.
Triplicate controls were each prepared by mixing 8.0 g of
autoclaved samples with 20.0 mL of simulated groundwater. All
of the mixtures were incubated at 30◦C without shaking, under
microaerobic conditions. After 80.0 days, approximately 1.0 mL
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of cultures was removed from each flask for determination of the
concentrations of MMAsV and DMAsV using HPLC-ICP-MS.

Methylated As Release Assay in the
Absence of Exogenous As and Carbon
Source
To determine if the As-methylating microbes can catalyze the
release of methylated As from the arsenic-rich sediments under
natural conditions, we performed microcosm assays with the
sediment samples in the absence of exogenous As and organic
carbon. An active microcosm was prepared by mixing 8.0 g of
the sediment samples with 20.0 mL of simulated groundwater in
a 50-mL flask. All of the microcosms were incubated at 30◦C for
80.0 days without shaking, under microaerobic conditions. After
80.0 days of incubation, approximately 1.0 mL of slurries was
removed from the flaks for measurement of the concentrations
of soluble As, MMAsV and DMAsV.

Analysis of the Correlations Between
Methylated As and Geochemical
Parameters
The Spearman’s Rank Correlation Coefficient was used to
determine the correlations between the concentrations of
methylated As species produced by microbial communities,
and the geochemical parameters in the environment. The SPSS
software was used for statistical analyses. Correlations were
considered to be statistically significant at a 95% confidence level
(P < 0.05).

Amplification, Cloning, and Analysis of
arsM Genes From Genomic DNAs of the
Samples
To detect the diversity of As-methylating microbes from the
samples, three pairs of primers were used to amplify arsM genes
from the genomic DNA of each sample. The primers were listed
in Table 1. Metagenomic DNA was extracted from the samples
using the MiniBEST Bacterial Genomic DNA Extraction Kit
(TaKaRa, Japan). Nested PCR technique was used to amplify
the arsM genes from the genomic DNA. The first run of PCR
was performed using the primers arsMF1 and arsMR2; the PCR
products from the first run were purified and used as templates

for the second run with the primers arsMF2 and arsMR1 or
arsMF3 and arsMR1. The predicted lengths of the PCR products
using the three sets of primers are 340, 230, and 210 bp,
respectively. PCR amplifications were carried out in a reaction
volume of 50 µL containing 2 µL of bacterial genomic DNA
as template, 1.0 unit of Taq DNA polymerase (TaKaRa, Japan),
10 pmol of each primers and 0.2 mM dNTPs. Reaction conditions
were as follows: pre-denaturing at 94◦C for 5 min, 30 cycles of
94◦C for 30 s, 65◦C for 30 s, and 72◦C for 30 s, and ended
with a final extension phase at 72◦C for 10 min. PCR products
were gel purified using the E.Z.N.A gel extraction kit (Omega,
United States). Purified DNA was ligated into a T vector. An
arsM gene library was generated by introducing the recombinant
plasmids into Escherichia coli DH5α competent cells. All of the
clones from the library were sequenced and analyzed as described
previously (Zhong et al., 2017).

The obtained different arsM genes were translated into amino
acid sequences using the ExPASy server. A protein sequence
homology search against the GenBank database was performed
using the BLAST server. Multiple sequence alignments were
conducted using the ClustalW2 software as described elsewhere
(Zhang et al., 2015; Mu et al., 2016a). A phylogenetic tree of
the obtained ArsMs and their closely related homologues was
constructed using the maximum likelihood method implemented
in MEGA 6.0 as described previously (Xu et al., 2014; Mu et al.,
2016b).

Accession Number(s)
The arsM sequences from the Jianghan Plain have been deposited
into the GenBank database under the accession numbers
MH177487 to MH177576.

RESULTS

Characterization of the Sampling Site
We collected nine sediment samples from the depths of 1, 30,
65, 95, 114, 135, 175, 200, and 223 m, respectively. Geochemical
analyses indicated that the sediments contain high contents
of total As (ranging from 6.74 to 42.11 mg/kg) and soluble
As (ranging from 1.9 to 100.7 µg/L). The arsenic contents
show no correlations with the depths of the sediments. The
concentrations of total arsenic also show no correlations with

TABLE 1 | PCR primers employed in this study.

Target Primer name Length Positiona Reference

arsM arsMF1: TCYCTCGGCTGCGGCAAYCCVAC 23 187–209 Jia et al., 2013

arsMF2: GTGCTCGAYCTSGGCWCCGGC 21 241–261 Jia et al., 2013

arsMF3: GGCATCGACGTGCTKCTBTCSGC 23 319–341 Jia et al., 2013

arsMR1: AGGTTGATGACRCAGTTWGAGAT 23 451–473 Jia et al., 2013

arsMR2: CGWCCGCCWGGCTTWAGYACCCG 23 511–533 Jia et al., 2013

arsMR3: GCGCCGGCRAWGCAGCCWACCCA 23 611–633 Jia et al., 2013

T vector M13-47: CGCCAGGGTTTTCCCAGTCACGAC 24 – Wang et al., 2017

RV-M: GAGCGGATAACAATTTCACACAGG 24 – Wang et al., 2017

aThe position in the arsM gene of Rhodopseudomonas palustris CGA009.
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FIGURE 2 | Arsenic methylation activities of the microbial communities of the nine samples collected from the arsenic-rich shallow and deep sediments in Jianghan
Plain. (A) HPLC-ICP-MS chromatograms of the methylated As species produced by the microbial communities of the samples from 1 to 223 m after 80.0 days of
incubation. Curve 1, standards of DMAsV and MMAsV; curve 2, DMAsV and MMAsV concentrations in the microcosms amended with 0.23 mM As(III) as the
substrates of ArsM enzymes, and 20.0 mM lactate as the carbon source after 80.0 days of incubation. (B) Concentrations of the methylated As in the microcosms of
the samples from 1 to 223 m after 80.0 days of incubation.

those of soluble arsenic; this suggests that multiple factors
controlled the arsenic dissolution and release from the sediments.
The sediment samples contain 0.27–8.37 g/kg TOC and 0.18–
1.26 g/kg TON; these substances could provide essential carbon
and nitrogen sources for the growth of microorganisms in

the sediments. The sediments also contain relatively high
contents of sulfate (ranging from 14.53 to 863.87 mg/kg),
and relatively low contents of ammonium (ranging from
3.12 to 52.77 mg/kg) and nitrate (ranging from 0.23 to
3.03 mg/kg).
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As-Methylating Activities of the Microbial
Communities From the Sediments
Microcosm assay was used to determine the As-methylating
activities of the nine sediment samples. The microcosms were
amended with 0.23 mM As(III) as the substrate of ArsM enzymes,
and 20.0 mM lactate as the carbon source. The results showed
that no detectable amounts of methylated arsenic species were
observed in the autoclaved sediment slurries. In contrast, when
the sediment microcosms were not autoclaved, 2.06, 35.53, 18.83,
53.99, 121.86, 7.54, 7.00, 260.38, and 3.02 µg/L DMAsV were
detected in the microcosms from 1, 30, 65, 95, 114, 135, 175,
200, and 223 m, respectively (Figures 2A,B). No significant
amounts of MMAsV were detectable in all of the sediment
samples with the exception of that from the depth of 135 m,
in which 3.30 µg/L of biogenic MMAsV was produced. This
suggests that the microbial communities in the nine sediment
samples were able to significantly catalyze As methylation, and
the dominant products were DMAsV.

Methylated As Release From the
Sediments
To determine if the As-methylating microbes catalyze the release
of methylated As from the arsenic-rich sediments under natural
conditions, we performed methylated As release assay using the
microcosms in the absence of any exogenous organic carbon
and As(III) compounds. We found that 4.5, 7.0, 10.5, 7.0, 8.5,
7.0, 15.5, 12.5 µg/L DMAsV were released from the slurries of
the samples from the depths 1, 65, 95, 114, 135, 175, 200, and
223 m, respectively, and no significant amount of DMAsV were
detected from the microcosm of 30 m (Figure 3A). In contrast,
6.5, 2.0, 2.0, 6.5, 5.5, 9.0 µg/L MMAsV were detected in the
slurries of the samples from the depths 65, 114, 135, 175, 200,
and 223 m, respectively, and no detectable MMAsV was found
from the slurries of other sediment samples. This suggests that
significant amount of DMAsV were generated in the sediment
samples after 80.0 days of incubation without shaking, even
though no exogenous carbons and As(III) were added to the
microcosms.

We also examined the concentrations of soluble As in the
sediment samples after 80.0 days of incubation. The results
showed that approximately 85.05, 18.69, 86.64, 36.36, 39.00,
97.20, 50.79, 151.53, and 84.09 µg/L of soluble As(V) were
detected in the slurries of the samples from 1, 30, 65, 95, 114, 135,
175, 200, and 223 m, respectively (Figure 3B). This suggests that
5.29, 0, 8.08, 28.87, 17.95, 8.74, 13.78, 10.23, and 14.87% of total
soluble As were methylated by the microbial communities in the
microcosms of the samples from 1, 30, 65, 95, 114, 135, 175, 200,
and 223 m, respectively.

Correlations of the Methylated As
Species and Some Geochemical
Parameters
The Spearman’s Rank Correlation Coefficient was used to
determine the correlations between methylated As species and
geochemical parameters. We found that the concentrations of
biogenic DMAsV from the sediments of different depths show

FIGURE 3 | The microbial communities-catalyzed methylation and dissolution
of arsenic in the microcosms prepared from the sediment samples of the
depths 1 to 223 m in the absence of exogenous As and carbon source.
(A) Concentrations of biogenic methylated As after 80.0 days of incubation.
(B) Concentrations of biogenic soluble As after 80.0 days of incubation.

significant positive correlations with the depths of the sediments
(r = 0.78565; p = 0.01209) (Figure 4A), and negative correlations
with the contents of NH4

+ (r = −0.60782; p = 0.0825), Na+
(r =−0.78529; p = 0.01215), and Cl− (r =−0.67712; p = 0.04512)
in the environment (Figures 4B–D).

In comparison, the concentrations of biogenic
DMAsV/MMAsV show no significant correlations with
other geochemical parameters, including TOC (r = 0.19646;
p = 0.61243), TON (r = −0.0307; p = 0.9375), Sb
(r = −0.30677; p = 0.422), Fe (r = −0.30099; p = 0.43126),
Cu (r =−0.2516; p = 0.51372), K (r =−0.27796; p = 0.46895), Ca
(r = 0.41564; p = 0.26588), Mg (r = 0.08841; p = 0.82105),
Mn (r = 0.47185; p = 0.19972), Al (r = −0.21077;
p = 0.58619), NO3

− (r = 0.28976; p = 0.44946), and SO4
2−

(r =−0.08394; p = 0.83).

Diversities of As-Methylating Microbes in
the Sediment Samples
To understand the microbial basis of the As-methylating
activities of the nine sediment samples, we explored the
diversities of the As-methylating microbes present in the
microbial communities by cloning, sequencing and analyzing
the arsM genes from the metagenomic DNAs of the samples.
The arsM genes were detectable from all of the samples with
the exception of the sample from the depth of 175 m. A total
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FIGURE 4 | Correlations between arsenic biomethylation and some environmental parameters. The red and blue triangles represent two different assays.
(A) Correlation between biogenic DMAsV and sediment depths (r = 0.78565, p = 0.01209); (B) Correlation between biogenic DMAsV and concentrations of
environmental NH4

+ (r = –0.60782, p = 0.0825); (C) Correlation between biogenic DMAsV and concentrations of environmental Na+ (r = –0.78529, p = 0.01215);
(D) Correlation between biogenic DMAsV and concentrations of environmental Cl- (r = –0.67712, p = 0.04512).

of 524 clones were obtained from the DNA libraries, including
83, 100, 53, 49, 47, 95, 49, and 48 clones from the samples of
the depths 1, 30, 65, 95, 114, 135, 200, and 223 m, respectively.
All of the clones were picked for sequencing. We identified 90
different ArsM proteins from the microbial communities of the
eight samples, including 20, 23, 8, 10, 4, 5, 13, and 7 different
ArsMs from the samples of 1, 30, 65, 95, 114, 135, 200, and
223 m, respectively (Supplementary Figure S1). The lengths of
these arsM genes are either 233 bp (for the genes from the depths
1, 65, 95, 135, 200, and 223 m) or 209 bp (for the genes from the
depths of 30 and 114 m). They share 25–98% sequence identities
with each other. This suggests that the As-methylating microbes
widely exist in the arsenic-rich shallow and deep sediments. We
did not detect any arsM gene from the genomic DNA of the
sample from 175 m; this does not mean that there are no arsM
genes in the microbial community of the sample. It is most
likely that the primers used in this study is not complementary
to the specific regions of the arsM genes from the sample of
175 m.

The amino acid sequences of the obtained ArsM proteins were
each used as queries to search against the GenBank database
using the BLAST sever. We found that these ArsMs share 35–
98% sequence homology with other known ArsMs from bacteria
and archaea. A phylogenetic tree was constructed based on the
multiple alignments of the ArsM proteins from this study and
their closely related ArsMs from other known microorganisms

(Figure 5). An ArsM sequence from archaea was chosen as the
outgroup.

If a group of ArsMs from the sediments shares less
than 60% maximal homology with other known ArsMs
from microorganisms, and they form an independent cluster
in the tree, we classified them as a new subfamily of
ArsMs. The tree illustrates that we identified eight novel
subfamilies of ArsM proteins from the sediments of Jianghan
Plain: subfamily 1 (M200-4, M200-2, M200-1, M95-7, M95-
6, M1-10, M200-9), 2 (M1-19, M1-1), 3 (M60-4, M1-18),
4 (M1-9, M1-2, M1-17), 5 (M30-1), 6 (M30-2, M223-
4, M30-11, M223-6, M60-8, M60-6, M200-7, M95-8, M1-
11, M30-21, M30-16, M1-15), 7 (M200-10), and 8 (M95-4,
M95-3, M95-1) (Figure 5). Other ArsM proteins from this
study are clustered together with ArsMs from the bacterial
taxa γ-Proteobacteria, Chlorobi, Acidobacteria, α-Proteobacteria,
Nitrospirae, and archaea Euryarchaeota. This highlights the
diversities of the As-methylating microorganisms from the
arsenic-rich sediments in Jianghan Plain.

It is interesting to see that ArsM proteins M200-4, M200-2,
M200-1, M95-7, M95-6, M1-10, M200-9, M1-16, M1-14, M1-
19, M1-1, M223-3, M223-1 are affiliated to the cluster that
is located between the ArsMs from archaea Thaumarchaeota
and Euryarcheota; this suggests that these arsenic-methylating
microbes belong to archaea, or bacteria acquired arsM genes from
archaea by gene horizontal transfer in the sediments.
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FIGURE 5 | Characterization of the ArsM proteins identified from microbial communities of the sediment samples from Jianghan Plain. Maximum likelihood tree
constructed from the multiple sequence alignments of the obtained ArsM proteins from the sediment samples and their closely related homologues from other
known microorganisms. All of the ArsM sequences in this study are shown in red; numbers on the branches are bootstrap values based on 1000 replicates; the
scale bar represents the average number of substitutions per site.
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DISCUSSIONS

Global arsenic transformation includes the redox reactions, and
methylation/thiolation cycles (Zhu et al., 2014). Despite the fact
that As is toxic to microorganisms, diverse prokaryotes and
eukaryotes obtain their energy from oxidation of As(III), or
reduction of As(V). Some microorganisms also detoxify As by
oxidizing As(III) to less toxic As(V), or by using arsC gene operon
capable of converting intracellular As(V) into As(III) that is
further transported out of the cell by an energy-dependent efflux
pathway (Slyemi and Bonnefoy, 2012).

As methylation is regarded as another As detoxification
mechanism for both prokaryotic and eukaryotic microbes.
However, some compounds of the pathway were shown to be
more toxic than the inorganic forms of arsenic (Li H. et al.,
2016). It is likely that the production of MMAs(III) or DMAs(III)
doesn’t only have a role in detoxification, but also acts as a
primordial antibiotic to attack other species (Li J. et al., 2016).
Biomethylation of As is widespread in nature, and has been
widely observed in bacteria, archaea, fungi, algae, plants, animals,
and humans (Zhu et al., 2014). It was estimated that biological
methylation of arsenic causes approximately 2.1 × 107 kg As per
year to be volatilized and released into the atmosphere (Srivastava
et al., 2011; Mestrot et al., 2013).

During the last decade, the investigations of microbial As
methylation have focused on three aspects: (i) environmental
diversity of arsM genes; (ii) isolation and characterization
of cultivable As-methylating bacteria; (iii) construction of
engineered bacterial strains expressing high levels of arsM genes,
for bioremediation of As contaminations in the environment. As-
methylating bacteria widely exist in As-contaminated paddy soils

and rice rhizosphere (Jia et al., 2013; Zhao et al., 2013; Zhang S.Y.
et al., 2015; Reid et al., 2017), activated sludges (Cai et al., 2013),
contaminated aquatic ecosystems (Desoeuvre et al., 2016), copper
mine (Xiao et al., 2016), composting manure (Zhai et al., 2017),
and estuarine wetland (Zhang et al., 2017). It was found that
there is a significant correlation between arsC and arsM genes
in the paddy soils; this suggests that the two genes coexist well
in the microbial As resistance system (Zhang S.Y. et al., 2015).
Until now, at least seven cultivable As-methylating bacteria,
including Clostridium sp. BXM, Rhodopseudomonas palustris,
Arsenicibacter rosenii, Cytophagaceae. sp. SM-1, Shewanella
oneidensis MR-1, Pseudomonas alcaligenes NBRC14159, and
Streptomyces sp.GSRB54, have been isolated from different As-
contaminated environments (Qin et al., 2006; Kuramata et al.,
2015; Wang et al., 2015, 2016; Zhang J. et al., 2015; Huang et al.,
2016, 2017). They possess significant As-methylating activities
under aerobic, anaerobic, or microaerobic conditions. Moreover,
several engineered As-methylating bacterial strains expressing
high levels of ArsM proteins, such as Pseudomonas putida and
Bacillus subtilis, were constructed for bioremediation of As-
containing soils and organic manure (Chen et al., 2013; Huang
et al., 2015); however, all these efforts were in the laboratory.

Recently, it was found that microbial methylation of arsenic
could also occur in the arsenic-rich aquifers of the depths 20–
40 m in the Southern Willamette Basin, Oregon, United States
(Maguffin et al., 2015). However, little is known about
the distributions, diversities, and activities of As-methylating
microbes in the arsenic-rich sediments from different depths.
In this study, we found that there is a large diversity of
As-methylating microorganisms distributed in the arsenic-rich
sediments from the depths of 1–223 m in Jianghan Plain in the

TABLE 2 | Geochemical features of the nine samples from the Jianghan Plain.

Parameters Sediment samples

1 m 30 m 65 m 95 m 114 m 135 m 175 m 200 m 223 m

pH 7.24 7.25 7.11 7.19 7.29 7.41 7.37 7.35 7.67

EC (µS × cm−1) 242 267 250 289 367 241 213 223 271

TOC (g/kg) 1.4 0.56 0.51 0.32 8.37 0.69 0.30 0.27 1.62

TON (g/kg) 1.26 0.40 0.65 0.23 1.05 0.18 0.22 0.30 0.21

Total As (mg/kg) 7.60 8.00 30.42 23.41 42.11 9.70 9.90 6.74 10.48

Soluble As (µg/L) 13.9 100.7 9.5 1.9 41.9 2.0 17.7 30.5 14.5

SO4
2− (mg/kg) 14.53 40.62 863.87 422.46 532.11 446.11 115.67 98.31 94.58

NO3
− (mg/kg) 0.59 1.91 0.42 0.39 0.58 3.03 2.18 2.55 0.23

NH4
+ (mg/kg) 38.10 11.76 12.32 8.84 8.94 52.77 28.22 3.12 22.76

Cl− (mg/kg) 11.26 511.76 17.17 18.65 16.37 16.95 4.21 3.88 13.71

K (g/kg) 26.40 17.65 11.42 9.32 13.98 9.03 9.27 11.44 20.44

Na (g/kg) 6.33 14.60 4.50 3.95 3.79 3.20 2.64 2.80 2.77

Ca (g/kg) 6.80 12.56 32.34 19.95 23.46 24.75 18.04 26.55 10.30

Mg (g/kg) 12.22 7.40 3.91 6.65 6.00 7.51 6.30 7.75 2.33

Fe (g/kg) 62.50 23.23 18.64 48.29 20.48 34.68 17.44 16.68 12.13

Mn (g/kg) 1.07 0.34 0.42 1.59 0.46 1.03 2.23 2.28 0.28

Al (g/kg) 99.15 53.10 22.89 26.75 27.11 29.78 27.32 33.52 28.33

Cu (mg/kg) 40.70 8.90 4.80 12.80 6.80 9.70 8.30 9.40 11.00

Sb (mg/kg) 1.20 0.40 0.50 0.20 0.40 0.20 0.20 0.20 0.30
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FIGURE 6 | A comparison between the As-methylating activities in the presence and absence of exogenous As and organic carbon.

FIGURE 7 | Schematic representation of the metabolic pathway for arsenic biomethylation reactions in the arsenic-rich sediments.

central China. All of the sediment samples possess significant
As-methylating activities. We also found that the microbial
communities in the sediments catalyzed As dissolution and
methylation in the absence of exogenous carbon source and
As. To the best of our knowledge, this is the first report on
the diversities and functions of As-methylating microbes from
arsenic-rich sediments. This work also provided direct evidences
that the microbial communities in the deep sediments extensively
involve in global arsenic methylation reactions.

As shown in Supplementary Figure S1, we failed to detect the
presence of arsM gene in the sample from the depth of 175 m;
however, the As-methylating activity was really detectable in this
sample (Figure 3A). We also observed that the diversities of the
arsM genes are not always consistent with the concentrations of
the methylated As in different samples. This inconsistence should
be attributed to that there are other arsM-like genes that we
failed to detect because of mismatch by the primers used for PCR
amplifications.
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It is interesting to see that the concentrations of biogenic
DMAsV from the sediments show significant positive correlations
with the depths of the sediments. This suggests that pressure may
be beneficial to the microbial As-methylating reactions. We also
found that the concentrations of DMAsV generated by microbial
reactions show significant negative correlations with those of
NaCl and NH4

+ in the sediments. However, the mechanism
for this observation remains to be elucidated. Because the civil
wastewater always contains high concentrations of NaCl and
NH4

+, it can be inferred that anthropogenic activities could
decrease the As methylation in the sediments. Considering that
the sampling site of this study was located in a paddy field,
and the groundwater in the area contains high concentrations of
NH4

+ (Gan et al., 2014), it is no surprise that the groundwater in
Jianghan Plain contained little methylated As.

As shown in Table 2 and Figure 3B, a comparison between the
soluble As in the original sediment samples and in the incubated
samples indicated that in some cases, the latter is higher, in other
cases, it is lower. This observation was attributed to that the
microbial communities from different depths have different As
mobilization/immobilization activities.

Arsenic-rich groundwater is widely distributed in more
than 70 countries in the world. Our work clearly indicated
that As-methylating microorganisms ubiquitously exist in the
arsenic-rich sediments from 1 to 223 m, and possess apparent
biomethylation activities. This suggests that the microbial
communities in the arsenic-rich sediments play important roles
in the global transformations of inorganic As into organic forms,
and the amount of released methylated As from the sediments
as predicated by Maguffin et al. (2015), may be significantly
underestimated; however, many in situ experiments are required
to achieve accurate prediction.

As shown in Figure 6, a comparison between the As-
methylating activities in the presence or absence of exogenous As
and organic carbon indicated that addition of exogenous As and
C markedly stimulated the methylation activities of the microbial
communities in the sediments from the depths of 30, 65, 95, 114,
175, and 200 m. In comparison, exogenous As and C inhibited the
microbial arsenic-methylating activities of the sediments from
other depths; this could be attributed to that the supplemented As
and C dominantly promoted the growth of non-As-methylating
microbes in the sediments, which competitively inhibited the
growth of As-methylating microbes.

Based on the data of this study and related knowledge (Carlin
et al., 1995; Qin et al., 2006; Ye et al., 2012; Yang and Rosen, 2016),
we proposed a conceptual model for the microbes-catalyzed
methylation of As in the arsenic-rich sediments (Figure 7).
The microbial reactions started from microbial communities-
catalyzed weathering, dissolution and release of As(III) and
As(V) from the sediments under microaerobic conditions (1).
Bacterial ArsC catalyzes the reduction of As(V) into As(III)
(2).The released and produced As(III) binds to the repressor
(ArsR) of bacterial arsM-arsC-arsH gene operon (3), and thus
activate the expression of the arsM, arsC and arsH genes
(4). ArsM catalyzes As methylation by converting As(III) into
MMAV (5) that is further converted into DMAsV via reduction
and methylation reactions catalyzed by ArsH and ArsM (6).

Finally, DMAsV is converted into TMA and TMAO by ArsM and
ArsH (7).

CONCLUSION

Methylation of As plays important roles in the global
biogeochemical cycles of arsenic. However, little is known
about whether biomethylation of As occurs in arsenic-rich
shallow and deep sediments; the activities and diversities of
microorganisms involved in As methylation in the sediments also
remain to be elucidated. In this study, we found that the microbial
communities from the sediments of 1–223 m in Jianghan Plain
have efficient As-methylating activities. They can significantly
catalyze the dissolution and methylation of As in the absence
of exogenous As and carbon source. Functional gene analyses
indicated that there are large diversities of novel As-methylating
microbes widely existing in all of the samples from 1 to 223 m
sediments with the exception of 175 m. The concentrations
of biogenic DMAsV show significant positive correlations with
the depths of sediments, and negative correlations with the
environmental NH4

+ and NaCl. This suggests that anaerobic
or microaerobic conditions and pressure could be favorable for
the microbial biomethylation reactions of As. These findings
for the first time provided direct evidences that the microbial
communities in the arsenic-rich shallow and deep sediments
catalyze arsenic methylation, and thus play key roles in the global
transformation of arsenic from inorganic to organic form. The
data of this study also strongly suggest that the global arsenic
methylation in the arsenic-rich sediments may be significantly
underestimated because previous investigation only focused the
biomethylation occurred in the sediments from the depths 20–
40 m. This work also is useful for us to better understand the
biogeochemical cycles of arsenic in the arsenic-rich sediments.

AUTHOR CONTRIBUTIONS

YY, WS, ZP, XC, and XZ conducted the experiments. X-CZ, YY,
WS, and YW analyzed the data. X-CZ conceived and designed the
experiments, wrote the paper, contributed the reagents, materials,
and analysis tools.

FUNDING

This work was financially supported by the General Programs
(Grant No. 41472219), and the Foundation for Innovative
Research Groups (Grant No. 41521001) from the National
Natural Science Foundation of China.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2018.01389/full#supplementary-material

Frontiers in Microbiology | www.frontiersin.org 11 July 2018 | Volume 9 | Article 1389

https://www.frontiersin.org/articles/10.3389/fmicb.2018.01389/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01389/full#supplementary-material
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01389 July 4, 2018 Time: 19:4 # 12

Zeng et al. Biomethylation of Arsenic in Sediments

REFERENCES
Ajees, A. A., Marapakala, K., Packianathan, C., Sankaran, B., and Rosen,

B. P. (2012). Structure of an As(III) S-adenosylmethionine methyltransferase:
insights into the mechanism of arsenic biotransformation. Biochemistry 51,
5476–5485. doi: 10.1021/bi3004632

Braman, R. S., and Foreback, C. C. (1973). Methylated forms of arsenic in the
environment. Science 182, 1247–1249. doi: 10.1126/science.182.4118.1247

Cai, L., Yu, K., Yang, Y., Chen, B. W., Li, X. D., and Zhang, T. (2013).
Metagenomic exploration reveals high levels of microbial arsenic metabolism
genes in activated sludge and coastal sediments. Appl. Microbiol. Biotechnol. 97,
9579–9588. doi: 10.1007/s00253-012-4678-8

Carlin, A., Shi, W., Dey, S., and Rosen, B. P. (1995). The ars operon of Escherichia
coli confers arsenical and antimonial resistance. J. Bacteriol. 177, 981–986.
doi: 10.1128/jb.177.4.981-986

Chen, J., Qin, J., Zhu, Y. G., De, L. V., and Rosen, B. P. (2013). Engineering
the soil bacterium Pseudomonas putida for arsenic methylation. Appl. Environ.
Microbiol. 79, 4493–4495. doi: 10.1128/AEM.01133-13

Chen, J., Sun, G. X., Wang, X. X., Lorenzo, V. D., Rosen, B. P., and Zhu,
Y. G. (2014). Volatilization of arsenic from polluted soil by Pseudomonas
putida engineered for expression of the arsM arsenic(III) S-adenosine
methyltransferase gene. Environ. Sci. Technol. 48, 10337–10344. doi: 10.1021/
es502230b

Chen, X., Zeng, X. C., Wang, J., Deng, Y., Ma, T., Guoji, E., et al. (2017).
Microbial communities involved in arsenic mobilization and release from the
deep sediments into groundwater in Jianghan plain, Central China. Sci. Total
Environ. 579, 989–999. doi: 10.1016/j.scitotenv.2016.11.024

Christodoulidou, M., Charalambous, C., Aletrari, M., Kanari, P. N., Petronda, A.,
and Ward, N. I. (2012). Arsenic concentrations in groundwaters of cyprus.
J. Hydrol. 46, 94–100. doi: 10.1016/j.jhydrol.2012.08.019

Das, S., Liu, C. C., Jean, J. S., Lee, C. C., and Yang, H. J. (2016). Effects of microbially
induced transformations and shift in bacterial community on arsenic mobility
in arsenic-rich deep aquifer sediments. J. Hazard. Mater 310, 11–19.
doi: 10.1016/j.jhazmat.2016.02.019

Del Razo, L. M., Arellano, M. A., and Cebrián, M. E. (1990). The oxidation states
of arsenic in well-water from a chronic arsenicism area of Northern Mexico.
Environ. Pollut. 64, 143–153. doi: 10.1016/0269-7491(90)90111-O

Desoeuvre, A., Casiot, C., and Héry, M. (2016). Diversity and distribution of
arsenic-related genes along a pollution gradient in a river affected by acid mine
drainage. Microb. Ecol. 71, 672–685. doi: 10.1007/s00248-015-0710-8

Fendorf, S., Michael, H. A., and van Geen, A. (2010). Spatial and temporal
variations of groundwater arsenic in south and southeast Asia. Science 328,
1123–1127. doi: 10.1126/science.1172974

Gan, Y., Wang, Y., Duan, Y., Deng, Y., Guo, X., and Ding, X. (2014).
Hydrogeochemistry and arsenic contamination of groundwater in the Jianghan
Plain, central China. J. Geochem. Explor. 138, 81–93. doi: 10.1016/j.gexplo.2013.
12.013

Gu, J. D., and Wang, Y. (2012). Environmental feedback: lessons from pollution
problems in China. Ecotoxicology 21, 1583–1584. doi: 10.1007/s10646-012-
0954-8

Huang, K., Chen, C., Shen, Q., Rosen, B. P., and Zhao, F. J. (2015). Genetically
engineering bacillus subtilis with a heat-resistant arsenite methyltransferase
for bioremediation of arsenic-contaminated organic waste. Appl. Environ.
Microbiol. 81, 6718–6724. doi: 10.1128/AEM.01535-15

Huang, K., Chen, C., Zhang, J., Tang, Z., Shen, Q., Rosen, B. P., et al. (2016).
Efficient arsenic methylation and volatilization mediated by a novel bacterium
from an arsenic-contaminated paddy soil. Environ. Sci. Technol. 50, 6389–6396.
doi: 10.1021/acs.est.6b01974

Huang, K., Xu, Y., Zhang, J., Chen, C., Gao, F., and Zhao, F. J. (2017).Arsenicibacter
rosenii gen. nov. sp. nov. an efficient arsenic methylating and volatilizing
bacterium isolated from an arsenic-contaminated paddy soil. Int. J. Syst. Evol.
Microbiol. 67, 3186–3191. doi: 10.1099/ijsem.0.002068

Islam, A. B., Maity, J. P., Bundschuh, J., Chen, C. Y., Bhowmik, B. K., and
Tazaki, K. (2013). Arsenic mineral dissolution and possible mobilization in
mineral-microbe-groundwater environment. J. Hazard. Mater 262, 989–996.
doi: 10.1016/j.jhazmat.2012.07.022

Jia, Y., Huang, H., Zhong, M., Wang, F. H., Zhang, L. M., and Zhu, Y. G.
(2013). Microbial arsenic methylation in soil and rice rhizosphere. Environ. Sci.
Technol. 47, 3141–3148. doi: 10.1021/es303649

Keely, J. F., and Boateng, K. (1987). Monitoring well installation, purging, and
sampling techniques-part 1: conceptualizations. Groundwater 25, 300–313.
doi: 10.1111/j.1745-6584.1987.tb02134.x

Kirk, M. F., Holm, T. R., Park, J., Jin, Q. S., Sanford, R. A., Fouke, B. W., et al. (2004).
Bacterial sulfate reduction limits natural arsenic contamination in groundwater.
Geology 32, 953–956. doi: 10.1130/G20842.1

Kudo, K., Yamaguchi, N., Makino, T., Ohtsuka, T., Kimura, K., Dong, D. T., et al.
(2013). Release of arsenic from soil by a novel dissimilatory arsenate-reducing
bacterium, Anaeromyxobacter sp. strain PSR-1. Appl. Environ. Microbiol. 79,
4635–4642. doi: 10.1128/AEM.00693-13

Kulp, T. R. (2014). Early earth: arsenic and primordial life. Nat. Geosci. 7, 785–786.
doi: 10.1038/ngeo2275

Kumari, N., and Jagadevan, S. (2016). Genetic identification of arsenate reductase
and arsenite oxidase in redox transformations carried out by arsenic
metabolising prokaryotes-A comprehensive review.Chemosphere 163, 400–412.
doi: 10.1016/j.chemosphere.2016.08.044

Kuramata, M., Sakakibara, F., Kataoka, R., Abe, T., Asano, M., Baba, K.,
et al. (2015). Arsenic biotransformation by Streptomyces sp. isolated from
rice rhizosphere. Environ. Microbiol. 17, 1897–1909. doi: 10.1111/1462-2920.
12572

Lear, G., Song, B., Gault, A. G., Polya, D. A., and Lloyd, J. R. (2007). Molecular
analysis of arsenate-reducing bacteria within Cambodian sediments following
amendment with acetate. Appl. Environ. Microbiol. 73, 1041–1048. doi: 10.1128/
AEM.01654-06

Li, H., Zeng, X. C., He, Z., Chen, X., Guoji, E., Han, Y., et al. (2016). Long-term
performance of rapid oxidation of arsenite in simulated groundwater using a
population of arsenite-oxidizing microorganisms in a bioreactor. Water Res.
101, 393–401. doi: 10.1016/j.watres.2016.05.058

Li, J., Pawitwar, S. S., and Rosen, B. P. (2016). The organoarsenical biocycle and the
primordial antibiotic methylarsenite. Metallomics 8, 1047–1055. doi: 10.1039/
c6mt00168h

Lin, N. F., Tang, J., and Bian, J. M. (2002). Characteristics of environmental
geochemistry in the arseniasis area of the Inner Mongolia of China.
Environ. Geochem. Health 24, 249–259. doi: 10.1023/A:1016079
216654

Lin, T. H., Huang, Y. L., and Ming-Yuh, W. (1998). Arsenic species in drinking
water, hair, fingernails, and urine of patients with blackfoot disease. J. Toxicol.
Environ. Health A 53, 85–93. doi: 10.1080/00984109815937

Maguffin, S. C., Kirk, M. F., Daigle, A. R., Hinkle, S. R., and Jin, Q. (2015).
Substantial contribution of biomethylation to aquifer arsenic cycling. Nat.
Geosci. 8, 290–293. doi: 10.1038/ngeo2383

Mestrot, A., Planer-Friedrich, B., and Feldmann, J. (2013). Biovolatilisation: a
poorly studied pathway of the arsenic biogeochemical cycle. Environ. Sci.
Process. Impacts 15, 1639–1651. doi: 10.1039/c3em00105a

Mu, Y., Pan, Y., Shi, W., Liu, L., Jiang, Z., Luo, X., et al. (2016a). Luteimonas
arsenica sp. nov. an arsenic-tolerant bacterium isolated from arsenic-
contaminated soil. Int. J. Syst. Evol. Microbiol. 66, 2291–2296. doi: 10.1099/
ijsem.0.001024

Mu, Y., Zhou, L., Zeng, X. C., Liu, L., Pan, Y., Chen, X., et al. (2016b). Arsenicitalea
aurantiaca gen. nov. sp. nov. a new member of the family Hyphomicrobiaceae,
isolated from the high-arsenic sediment in Jianghan plain. Int. J. Syst. Evol.
Microbiol. 66, 5478–5484. doi: 10.1099/ijsem.0.001543

Nordstrom, D. K. (2002). Worldwide occurrences of arsenic in ground water.
Science 296, 2143–2145. doi: 10.1126/science.1072375

Ohtsuka, T., Yamaguchi, N., Makino, T., Sakurai, K., Kimura, K., Kudo, K.,
et al. (2013). Arsenic dissolution from Japanese paddy soil by a dissimilatory
arsenate-reducing bacterium Geobacter sp. OR-1. Environ. Sci. Technol. 47,
6263–6271. doi: 10.1021/es400231x

Oremland, R. S., and Stolz, J. F. (2003). The ecology of arsenic. Science 300,
939–944. doi: 10.1002/chin.200335257

Osborne, T. H., McArthur, J. M., Sikdar, P. K., and Santini, J. M. (2015). Isolation
of an arsenate-respiring bacterium from a redox front in an arsenic-polluted
aquifer in West Bengal, Bengal Basin. Environ. Sci. Technol. 49, 4193–4199.
doi: 10.1021/es504707x

Polizzotto, M. L., Kocar, B. D., Benner, S. G., Sampson, M., and Fendorf, S. (2008).
Near-surface wetland sediments as a source of arsenic release to ground water
in Asia. Nature 454, 505–508. doi: 10.1038/nature07093

Qin, J., Lehr, C. R., Yuan, C., Le, X. C., McDermott, T. R., and Rosen, B. P.
(2009). Biotransformation of arsenic by a Yellowstone thermoacidophilic

Frontiers in Microbiology | www.frontiersin.org 12 July 2018 | Volume 9 | Article 1389

https://doi.org/10.1021/bi3004632
https://doi.org/10.1126/science.182.4118.1247
https://doi.org/10.1007/s00253-012-4678-8
https://doi.org/10.1128/jb.177.4.981-986
https://doi.org/10.1128/AEM.01133-13
https://doi.org/10.1021/es502230b
https://doi.org/10.1021/es502230b
https://doi.org/10.1016/j.scitotenv.2016.11.024
https://doi.org/10.1016/j.jhydrol.2012.08.019
https://doi.org/10.1016/j.jhazmat.2016.02.019
https://doi.org/10.1016/0269-7491(90)90111-O
https://doi.org/10.1007/s00248-015-0710-8
https://doi.org/10.1126/science.1172974
https://doi.org/10.1016/j.gexplo.2013.12.013
https://doi.org/10.1016/j.gexplo.2013.12.013
https://doi.org/10.1007/s10646-012-0954-8
https://doi.org/10.1007/s10646-012-0954-8
https://doi.org/10.1128/AEM.01535-15
https://doi.org/10.1021/acs.est.6b01974
https://doi.org/10.1099/ijsem.0.002068
https://doi.org/10.1016/j.jhazmat.2012.07.022
https://doi.org/10.1021/es303649
https://doi.org/10.1111/j.1745-6584.1987.tb02134.x
https://doi.org/10.1130/G20842.1
https://doi.org/10.1128/AEM.00693-13
https://doi.org/10.1038/ngeo2275
https://doi.org/10.1016/j.chemosphere.2016.08.044
https://doi.org/10.1111/1462-2920.12572
https://doi.org/10.1111/1462-2920.12572
https://doi.org/10.1128/AEM.01654-06
https://doi.org/10.1128/AEM.01654-06
https://doi.org/10.1016/j.watres.2016.05.058
https://doi.org/10.1039/c6mt00168h
https://doi.org/10.1039/c6mt00168h
https://doi.org/10.1023/A:1016079216654
https://doi.org/10.1023/A:1016079216654
https://doi.org/10.1080/00984109815937
https://doi.org/10.1038/ngeo2383
https://doi.org/10.1039/c3em00105a
https://doi.org/10.1099/ijsem.0.001024
https://doi.org/10.1099/ijsem.0.001024
https://doi.org/10.1099/ijsem.0.001543
https://doi.org/10.1126/science.1072375
https://doi.org/10.1021/es400231x
https://doi.org/10.1002/chin.200335257
https://doi.org/10.1021/es504707x
https://doi.org/10.1038/nature07093
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01389 July 4, 2018 Time: 19:4 # 13

Zeng et al. Biomethylation of Arsenic in Sediments

eukaryotic alga. Proc. Natl. Acad. Sci. U.S.A. 106, 5213–5217. doi: 10.1073/pnas.
0900238106

Qin, J., Rosen, B. P., Zhang, Y., Wang, G., Franke, S., and Rensing, C. (2006).
Arsenic detoxification and evolution of trimethylarsine gas by a microbial
arsenite S-adenosylmethionine methyltransferase. Proc. Natl. Acad. Sci. U.S.A.
103, 2075–2080. doi: 10.1073/pnas.0506836103

Reid, M. C., Maillard, J., Bagnoud, A., Falquet, L., Le, V. P., and Bernierlatmani, R.
(2017). Arsenic methylation dynamics in a rice paddy soil anaerobic enrichment
culture. Environ. Sci. Technol. 51, 10546–10554. doi: 10.1021/acs.est.7b02970

Rhine, E. D., Garcia-Dominguez, E., Phelps, C. D., and Young, L. Y. (2005).
Environmental microbes can speciate and cycle arsenic. Environ. Sci. Technol.
39, 9569–9573. doi: 10.1021/es051047t

Shao, J., He, Y., Zhang, H., Chen, A., Lei, M., Chen, J., et al. (2016). Silica
fertilization and nano-mno2 amendment on bacterial community composition
in high arsenic paddy soils. Appl. Microbiol. Biotechnol. 100, 2429–2437.
doi: 10.1007/s00253-015-7131-y

Shraim, A., Sekaran, N. C., Anuradha, C. D., and Hirano, S. (2002). Speciation
of arsenic in tube-well water samples collected from West Bengal, India, by
high-performance liquid chromatography-inductively coupled plasma mass
spectrometry. Appl. Organomet. Chem. 16, 202–209. doi: 10.1002/aoc.279

Sierra-Alvarez, R., Field, J. A., Cortinas, I., Feijoo, G., Moreira, M. T., Kopplin, M.,
et al. (2005). Anaerobic microbial mobilization and biotransformation of
arsenate adsorbed onto activated alumina.Water Res. 39, 199–209. doi: 10.1016/
j.watres.2004.09.014

Silver, S., and Phung, L. T. (2005). Genes and enzymes involved in bacterial
oxidation and reduction of inorganic arsenic. Appl. Environ. Microbiol. 71,
599–608. doi: 10.1128/AEM.71.2.599-608.2005

Slyemi, D., and Bonnefoy, V. (2012). How prokaryotes deal with arsenic. Environ.
Microbiol. Rep. 4, 571–586. doi: 10.1111/j.1758-2229.2011.00300.x

Song, B., Chyun, E., Jaffé, P. R., and Ward, B. B. (2009). Molecular methods
to detect and monitor dissimilatory arsenate-respiring bacteria (DARB) in
sediments. FEMS Microbial. Ecol. 68, 108–117. doi: 10.1111/j.1574-6941.2009.
00657.x

Srivastava, P. K., Vaish, A., Dwivedi, S., Chakrabarty, D., Singh, N., and Tripathi,
R. D. (2011). Biological removal of arsenic pollution by soil fungi. Sci. Total
Environ. 409, 2430–2442. doi: 10.1016/j.scitotenv.2011.03.002

Stolz, J. F., Basu, P., Santini, J. M., and Oremland, R. S. (2006). Arsenic
and selenium in microbial metabolism. Annu. Rev. Microbiol. 60, 107–130.
doi: 10.1146/annurev.micro.60.080805.142053

Stuckey, J. W., Schaefer, M. V., Kocar, B. D., Benner, S. G., and Fendorf, S. (2016).
Arsenic release metabolically limited to permanently water-saturated soil in
Mekong Delta. Nat. Geosci. 9, 70–76. doi: 10.1038/NGEO2589

Van der Zee, F. P., and Cervantes, F. J. (2009). Impact and application of
electron shuttles on the redox (bio) transformation of contaminants: a review.
Biotechnol. Adv. 27, 256–277. doi: 10.1016/j.biotechadv.2009.01.004

Wang, J., Wu, M., Gan, L., and Si, Y. (2016). Biotransformation and biomethylation
of arsenic by Shewanella oneidensis MR-1. Chemosphere 145, 329–335.
doi: 10.1016/j.chemosphere.2015.11.107

Wang, J., Zeng, X. C., Zhu, X., Chen, X., Zeng, X., Mu, Y., et al. (2017).
Sulfate enhances the dissimilatory arsenate-respiring prokaryotes-mediated
mobilization, reduction and release of insoluble arsenic and iron from the
arsenic-rich sediments into groundwater. J. Hazard. Mater. 339, 409–417.
doi: 10.1016/j.jhazmat.2017.06.052

Wang, P. P., Bao, P., and Sun, G. X. (2015). Identification and catalytic residues of
the arsenite methyltransferase from a sulfate-reducing bacterium, Clostridium
sp. BXM. FEMS Microbiol. Lett. 362, 1–8. doi: 10.1093/femsle/fnu003

Watts, M. J., O’Reilly, J., Marcilla, A. L., Shaw, R. A., and Ward, N. I. (2010). Field
based speciation of arsenic in UK and Argentinean water samples. Environ.
Geochem. Health 32, 479–490. doi: 10.1007/s10653-010-9321-y

Xiao, Y., Liu, X., Liang, Y., Niu, J., Zhang, X., Ma, L., et al. (2016). Insights
into functional genes and taxonomical/phylogenetic diversity of microbial
communities in biological heap leaching system and their correlation with
functions. Appl. Microbiol. Biotechnol. 100, 1–12. doi: 10.1007/s00253-016-
7819-7

Xie, X., Ellis, A., Wang, Y., Xie, Z., Duan, M., and Su, C. (2009). Geochemistry
of redox-sensitive elements and sulfur isotopes in the high arsenic groundwater
system of Datong basin, china. Sci. Total Environ. 407, 3823–3835. doi: 10.1016/
j.scitotenv.2009.01.041

Xu, L., Zeng, X. C., Nie, Y., Luo, X., Zhou, E., Zhou, L., et al. (2014). Pontibacter
diazotrophicus sp. nov., a novel nitrogen-fixing bacterium of the family
Cytophagaceae. PLoS One 9:e92294. doi: 10.1371/journal.pone.0092294

Yang, H. C., and Rosen, B. P. (2016). New mechanisms of bacterial arsenic
resistance. Biomed. J. 39, 5–13. doi: 10.1016/j.bj.2015.08.003

Yang, Y., Mu, Y., Zeng, X. C., Wu, W., Yuan, J., Liu, Y., et al. (2017). Functional
genes and thermophilic microorganisms responsible for arsenite oxidation
from the shallow sediment of an untraversed hot spring outlet. Ecotoxicology
26, 490–501. doi: 10.1007/s10646-017-1779-2

Ye, J., Rensing, C., Rosen, B. P., and Zhu, Y. G. (2012). Arsenic biomethylation by
photosynthetic organisms. Trends Plant Sci. 17, 155–162. doi: 10.1016/j.tplants.
2011.12.003

Zeng, X. C., Guoji, E., Wang, J., Wang, N., Chen, X., Mu, Y., et al. (2016).
Functions and unique diversity of genes and microorganisms involved in
arsenite oxidation from the tailings of a realgar mine. Appl. Environ. Microbiol.
82, 7019–7029. doi: 10.1128/AEM.02190-16

Zhai, W., Wong, M. T., Luo, F., Hashmi, M. Z., Liu, X., Edwards, E. A., et al. (2017).
Arsenic methylation and its relationship to abundance and diversity of ARSM
genes in composting manure. Sci. Rep. 7:42198. doi: 10.1038/srep42198

Zhang, L., Shi, W., Zeng, X. C., Ge, F., Yang, M., Nie, Y., et al. (2015).
Unique diversity of the venom peptides from the scorpion Androctonus bicolor
revealed by transcriptomic and proteomic analysis. J. Proteomics 128, 231–250.
doi: 10.1016/j.jprot.2015.07.030

Zhang, J., Cao, T., Tang, Z., Shen, Q., Rosen, B. P., and Zhao, F. J. (2015).
Arsenic methylation and volatilization by arsenite S-adenosylmethionine
methyltransferase in Pseudomonas alcaligenes NBRC14159. Appl. Environ.
Microbiol. 81, 2852–2860. doi: 10.1128/AEM.03804-14

Zhang, S. Y., Zhao, F. J., Sun, G. X., Su, J. Q., Yang, X. R., Li, H., et al. (2015).
Diversity and abundance of arsenic biotransformation genes in paddy soils
from southern China. Environ. Sci. Technol. 49, 4138–4146. doi: 10.1021/acs.
est.5b00028

Zhang, S. Y., Su, J. Q., Sun, G. X., Yang, Y., Zhao, Y., Ding, J., et al. (2017). Land scale
biogeography of arsenic biotransformation genes in estuarine wetland. Environ.
Microbiol. 19, 2468–2482. doi: 10.1111/1462-2920.13775

Zhao, F. J., Harris, E., Yan, J., Ma, J., Wu, L., Liu, W., et al. (2013). Arsenic
methylation in soils and its relationship with microbial ARSM abundance
and diversity, and as speciation in rice. Environ. Sci. Technol. 47, 7147–7154.
doi: 10.1021/es304977m

Zhong, J., Zeng, X. C., Zeng, X., Nie, Y., Zhang, L., Wu, S., et al. (2017).
Transcriptomic analysis of the venom glands from the scorpion Hadogenes
troglodytes revealed unique and extremely high diversity of the venom peptides.
J. Proteomics 150, 40–62. doi: 10.1016/j.jprot.2016.08.004

Zhu, Y. G., Xue, X. M., Kappler, A., Rosen, B. P., and Meharg, A. A. (2017). Linking
genes to microbial biogeochemical cycling: lessons from arsenic. Environ. Sci.
Technol. 51, 7326–7339. doi: 10.1021/acs.est.7b0068

Zhu, Y. G., Yoshinaga, M., Zhao, F. J., and Rosen, B. P. (2014). Earth
abides arsenic biotransformations. Annu. Rev. Earth Planet. Sci. 42, 443–467.
doi: 10.1146/annurev-earth-060313-054942

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Zeng, Yang, Shi, Peng, Chen, Zhu andWang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Microbiology | www.frontiersin.org 13 July 2018 | Volume 9 | Article 1389

https://doi.org/10.1073/pnas.0900238106
https://doi.org/10.1073/pnas.0900238106
https://doi.org/10.1073/pnas.0506836103
https://doi.org/10.1021/acs.est.7b02970
https://doi.org/10.1021/es051047t
https://doi.org/10.1007/s00253-015-7131-y
https://doi.org/10.1002/aoc.279
https://doi.org/10.1016/j.watres.2004.09.014
https://doi.org/10.1016/j.watres.2004.09.014
https://doi.org/10.1128/AEM.71.2.599-608.2005
https://doi.org/10.1111/j.1758-2229.2011.00300.x
https://doi.org/10.1111/j.1574-6941.2009.00657.x
https://doi.org/10.1111/j.1574-6941.2009.00657.x
https://doi.org/10.1016/j.scitotenv.2011.03.002
https://doi.org/10.1146/annurev.micro.60.080805.142053
https://doi.org/10.1038/NGEO2589
https://doi.org/10.1016/j.biotechadv.2009.01.004
https://doi.org/10.1016/j.chemosphere.2015.11.107
https://doi.org/10.1016/j.jhazmat.2017.06.052
https://doi.org/10.1093/femsle/fnu003
https://doi.org/10.1007/s10653-010-9321-y
https://doi.org/10.1007/s00253-016-7819-7
https://doi.org/10.1007/s00253-016-7819-7
https://doi.org/10.1016/j.scitotenv.2009.01.041
https://doi.org/10.1016/j.scitotenv.2009.01.041
https://doi.org/10.1371/journal.pone.0092294
https://doi.org/10.1016/j.bj.2015.08.003
https://doi.org/10.1007/s10646-017-1779-2
https://doi.org/10.1016/j.tplants.2011.12.003
https://doi.org/10.1016/j.tplants.2011.12.003
https://doi.org/10.1128/AEM.02190-16
https://doi.org/10.1038/srep42198
https://doi.org/10.1016/j.jprot.2015.07.030
https://doi.org/10.1128/AEM.03804-14
https://doi.org/10.1021/acs.est.5b00028
https://doi.org/10.1021/acs.est.5b00028
https://doi.org/10.1111/1462-2920.13775
https://doi.org/10.1021/es304977m
https://doi.org/10.1016/j.jprot.2016.08.004
https://doi.org/10.1021/acs.est.7b0068
https://doi.org/10.1146/annurev-earth-060313-054942
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Microbially Mediated Methylation of Arsenic in the Arsenic-Rich Soils and Sediments of Jianghan Plain
	Introduction
	Materials and Methods
	Sampling
	Geochemical Analyses
	Determination of As-Methylating Activities of the Sediment Samples
	Methylated As Release Assay in the Absence of Exogenous As and Carbon Source
	Analysis of the Correlations Between Methylated As and Geochemical Parameters
	Amplification, Cloning, and Analysis of arsM Genes From Genomic DNAs of the Samples
	Accession Number(s)

	Results
	Characterization of the Sampling Site
	As-Methylating Activities of the Microbial Communities From the Sediments
	Methylated As Release From the Sediments
	Correlations of the Methylated As Species and Some Geochemical Parameters
	Diversities of As-Methylating Microbes in the Sediment Samples

	Discussions
	Conclusion
	Author Contributions
	Funding
	Supplementary Material
	References


