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Arsenic is present in many environments and is released by various natural
processes and anthropogenic actions. Although arsenic is recognized to cause
a wide range of adverse health effectsin humans, diverse bacteria can metabolize
it by detoxification and energy conservation reactions. This review highlights the
current understanding of the ecology, biochemistry and genomics of these
bacteria, and their potential application in the treatment of arsenic-polluted water.

Arsenic is widely distributed in soil, minerals,
water and biota [1]. Natural processes, as well
as anthropogenic activities, are responsible for
the release of arsenic into the environment. For
instance, arsenic in soil comes from human
inputs, such as sewage, insecticides, fertilizers,
atmospheric fallout of smelters and fossil fuel
combustion. Arsenic belongs to the ‘nitrogen’
family of the periodic table and has similar prop-
erties to nitrogen, phosphorus, antimony and
bismuth. Arsenic occurs with valence states of
-3 (arsine, AsH,), 0 (metallic, As’), +3 (arsenite,
As[OH],) and +5 (arsenate, AsO,”) depending
on the environmental conditions. In soil, the first
two valence states (-3 and 0) occur rarely and
only under very reduced conditions; moreover,
these forms are often transiently present due
to their volatility and high reactivity. Arsenate
(As[V]) is the predominant form in soil and
surface water, while arsenite (As[III]) prevails
in reducing conditions in anaerobic groundwa-
ter. However, both forms exist in terrestrial and
aquatic environments regardless of pH and redox
potential (Eh), since chemical redox reactions
between As(V) and As(III) are relatively slow.
The reduction of As(V) to As(III) is involved
in the solubilization of arsenic, resulting in the
contamination of water supplies [2].

The concentration of arsenic in aquifers
depends on the local geological characteristics
and the chemical conditions. Generally, arsenic
has been found at higher levels in groundwa-
ter than in surface water [3]. In groundwater,
the physicochemical conditions favor the solu-
bilization of the metalloid, especially when
it is present as As(IlI). In surface waters, the
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arsenic concentrations are usually moder-
ate (0.2-2 mg/l), although in some particular
habitats, such as geothermal and mine drainage
systems, levels up to 1000 mg/l can be found.

Contamination of aquifers with arsenic can
be due to several processes, including anthropo-
genic sources, anion competition for adsorption/
desorption sites on metal hydroxides, aging of
iron hydroxides, complexation with dissolved
organic species, release from sulfide minerals
(i.e., arsenopyrite) and from phosphate fertiliz-
ers. The concentration of arsenic in aquifers is
further affected by the interaction of microorgan-
isms with minerals that may change surface prop-
erties of minerals and modify the solid-solution
partition of arsenic.

Arsenic & health-related problems

Although arsenic compounds have been used
for many centuries as medicinal agents for the
treatment of diseases, such as psoriasis, syphilis,
rheumatosis and, more recently, cancer [4], it is
considered to be one of the most toxic elements
on Earth for humans. The toxicity of As(III)
lies in its ability to bind to sulfthydryl groups of
cysteine residues in proteins and to inactivate
them. Long-term exposure to even small concen-
trations of inorganic arsenic can cause various
health effects, such as ‘arsenicosis’ (Ficure 1) and
cancer due to DNA damage [5]. Generally, inor-
ganic forms are more toxic than organo-arsenic
species, and As(III) is more toxic than As(V).
Humans are exposed to arsenic through skin
contact with arsenic-polluted soil or water, and
through ingestion of contaminated food (i.e.,
crops and seafood). However, the major threat is
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Figure 1. Example of ‘arsenicosis’ or arsenic
poisoning. Chronic exposure to arsenic can
lead to melanosis and lesions.

Reproduced with permission from [201].

contaminated drinking water [6]. Although, the
WHO recommended a maximum concentration
of arsenic in drinking water of 10 pg/l [7], more
that 50 million people in Bangladesh and west
Bengal (India) are exposed to groundwater with
arsenic contents of more than 50 pg/l. However,
the problem exists in many countries, where
populations are at risk of drinking water with
arsenic levels above 10 pg/l (6). As a consequence,
there is a great demand for efficient methods to
remove arsenic from drinking water.

The microbiology of arsenic

Numerous phylogenetically diverse prokaryotes
are capable in transforming As(V) and As(III)
in a variety of terrestrial and aquatic habitats,
and at a wide range of environmental conditions
(Fieure 2) [8-10]. Arsenic-rich environments, such
as acid mine drainage, are rich in specialized
bacteria that can gain energy from redox trans-
formation of arsenic. In particular, the isola-
tion of phototrophic anaerobic bacteria that are
able to use As(III) as an electron donor [11,12]
and the characterization of ArxA as a new type
of As(III) oxidase enzyme [13,14] have enabled
the clarification of aspects regarding the ori-
gins of microbial arsenic metabolism and have
strengthened the idea that in the Achaean era
As(V) was generated in the absence of oxygen
by phototrophic processes [1s]. It was recently
claimed that arsenic could replace phosphorous
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in macromolecules of a bacterial strain [16], but
those findings were rapidly disclaimed by the
scientific community (Box 1).

Due to the natural abundance of arsenic in the
environment, many prokaryotes have evolved
mechanisms to utilize arsenic for metabolic
purposes or to modify the metalloid valence
in order to detoxify the cell. Arsenic can enter
the cell through existing transporters due to the
analogy of arsenic species to other molecules [17].
As(V) enters the cell via phosphate transporters,
and can then interfere with oxidative phosphory-
lation by replacing phosphate [18]. Entrance of
As(II) into cells (at neutral pH) is mediated by
so-called ‘aqua-glyceroporins’, membrane chan-
nels for water and small nonionic solutes, such as
glycerol. Prokaryotes are able to transform arse-
nic by oxidation or reduction [19]. Arsenotrophy,
defined as the oxidation of As(III) or reduction
of As(V) as part of respiratory or phototrophic
processes (Ficurs 34), requires membrane-associ-
ated proteins that transfer electrons from or to
arsenic (AioBA and ArrAB, respectively). A more
common phenomenon in many different bacte-
ria is resistance to arsenic based on the presence
of an ‘Ars’ detoxification systems (Ficure 3B). In
this process, As(V) is reduced intracellularly to
As(III) by ArsC, a small protein of 13-16 kDa.
As(I1I) is then extruded out of the cell by an
efflux pump, namely ArsB or ACR3.

The biogeochemical cycle of arsenic, how-
ever, is often more complicated than described
above, because environmental and biotic fac-
tors may critically control arsenic speciation.
For instance, iron-reducing bacteria can reduce
arsenic-containing iron and aluminium oxides
with the release of As(V) in solution, which sub-
sequently can be reduced to the more mobile
As(IIT) by As(V)-reducing bacteria [20,21]. In
addition, phosphorous acquisition from arsenic-
bearing minerals by Burkholderia fungorum was
demonstrated as a mechanism of arsenic release
[22]. Some microorganisms can also methylate
inorganic arsenic or demethylate organic forms
(19]. Moreover, a selenium- and sulfur-mediated
pathway for arsenic detoxification has been
proposed [23], although it remains to be further
studied in detail.

Microbiology & biochemistry of As(lll)
oxidation

Many heterotrophic bacteria oxidize As(III) to
detoxify their immediate environment, while
other bacteria are able to use As(III) as an elec-
tron donor. Chemoautotrophic As(I1I) oxidation
has been found to occur via aerobic oxidation,
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In 2011, Wolfe-Simon and coworkers published a controversial paper in Science, in
which they claimed to have isolated a bacterium, strain GFAJ-1, which was able to
substitute arsenic for phosphorus [16]. The authors grew the bacterium in a culture
medium in which phosphate was replaced by arsenate (As[V]), and showed
evidence that As(V) was incorporated into macromolecules that normally contain
phosphate, such as DNA, proteins, phospholipids and small-molecular-weight
metabolites, such as ATP. The publication created an avalanche of comments from
other scientists criticizing the results. Subsequently, Rosen et al. wrote an interesting
paper [112] in which they carefully examined and evaluated the data and conclusions
of Wolfe-Simon et al. [16]. They concluded that, in principle, it would be possible
that As(V) could replace phosphate in macromolecules, such as DNA, but that these
molecules would be unstable and rapidly fall apart, and so ‘arsenic life’ would be
unlikely. Recently, the group of Rosemary Redfield, one of the main criticizers of the
results of Wolfe-Simon et al. [16], repeated the original experiments and could not
find any As(V) in the DNA of strain GFAJ-1 [113]. The report of Erb et al., which
appeared in the same issue of Science as that of Redfield’s report, demonstrated
that the C6 sugar arsenates detected in cell extracts of strain GFAJ-1 were formed

abiotically [114].
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CH,0

2

As(V)

anaerobic nitrate- and selenate-dependent res-
piration [8,11,24] or phototrophy (Ficure 34) [25].
By transforming the more toxic As(III) into less
toxic As(V), and concomitantly gaining energy,

As(V)

0,, NO,", Se?, Fe(lll)
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Figure 3. Different microbial transformations of arsenic. (A) As(lll) oxidation
(aerobic, anaerobic and anoxygenic phototrophy) and As(V) reduction as
mechanisms to gain energy. (B) As(V) detoxification mechanisms. As(V) is reduced
by ArsC to As(lll), which is then extruded from the cells by the specific arsenic

transporters ArsB or ACR3.

As(lll): Arsenite; As(V): Arsenate.
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these bacteria may have an ecological advantage
over other microorganisms.

As(III) oxidase, the enzyme catalyzing As(III)
oxidation, has been characterized in both auto-
trophic and heterotrophic bacteria [26,27]. The
genes encoding As(III) oxidase show a great
degree of divergence, and the sequences of the
As(III) oxidase genes found in autotrophic
As(III) oxidizers are phylogenetically distinct
from those found in heterotrophic As(III) oxi-
dizers [28]. The name of the gene coding for
As(III) oxidase has been changed over time
from aox to aro, and recently it was unified as
aio 29] (note that, within this article, we are
using ‘zioA’ for the As[III] oxidase gene). Aio
genes have been identified in bacteria isolated
from various arsenic-rich environments [30].
Bacteria carrying aio belong to Alpha-, Beta-
and Gamma-proteobacteria [28,31-34] as well as
to Deinococcus—Thermus (Ficure 2). Homologs of
As(IIT) oxidase have also been identified in the
genomes of the Crenarcheota Aeropyrum pernix
and Sulfolobus rokodaii 133).

As(III) oxidase contains two heterologous
subunits: a large catalytic subunit (AioA) that
contains the molybdenum cofactor together
with a 3Fe—4S cluster, and a small subunit
(AioB) that contains a Rieske 2Fe—2S cluster
(36). The inducible As(III) oxidation system of
Ralstonia sp. 22 possesses a soluble ¢554 cyto-
chrome as a second electron acceptor, in addi-
tion to the heterodimeric membrane-associated
enzyme [27]. Interestingly, the As(III) oxidase
activity in Ralstonia sp. 22 was found to be
inhibited by sulfite and sulfide, thus support-
ing the idea that sulfur and arsenic metabolism
are tightly linked. To date, only four species
(Agrobacterium tumefaciens SA, Thiomonas sp.
3As, Herminiimonas arsenicoxydans and Ochro-
bactrum tritici) have been reported to have a
cytochrome C gene cotranscribed with the
aioBA genes [37-40].

The enzymology of AioA has some features
in common with the As(V) respiratory reduc-
tase, ArrA. A novel type of As(III) oxidase gene
(arxA) in the genome of the chemolithotrophic
organism Alkalilimnicola ehrlichii MLHE-1, iso-
lated from the halo-alkaline Mono Lake (CA,
USA) [11], showed a higher sequence similarity
to arrA than to aioA 113]. ArxA of MLHE-1 is
implicated in reversible As(IlI) oxidation and
As(V) reduction in vitro. MLHE-1 can couple
As(IIT) oxidation with nitrate reduction [11].
On the basis of comparative sequence analysis,
ArrA and AioA form distinct phylogenetic clades
within the dimethyl sulfoxide reductase family

future science group
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of proteins, which probably evolved separately
from a common ancestor [41]. Recently, an arx
operon similar to that of MLHE-1 was identified
in the genome of Ecrothiorhodospira sp. strain
PHS-1 (14]. This is a photosynthetic purple sulfur
bacterium isolated from hydrothermal waters of
the halo-alkaline Mono Lake and it is able to
use As(III) as an electron donor in anoxygenic
phototrophy [12]. In addition to these, strain
ML-SRAO has been isolated from Mono Lake,
which is able to oxidize As(III) anaerobically,
while reducing selenite [42]. This strain is dif-
ferent from MLHE-1, because it cannot grow
autotrophically and can only grow heterotrophi-
cally on lactate in the presence of As(V) as the
electron acceptor. The lack of amplification of
the As(III) oxidase gene and the positive ampli-
fication of the #r7A gene from strain ML-SRAO
is indicative that this ArrA, similarly to that of
MLHE-1, acts as an oxidoreductase, although
further research is necessary to confirm this
finding.

This new mechanism of As(III) oxidation
enables biological oxidation of arsenic in other
environments including other soda lakes, hydro-
thermal vents or metal-polluted soils and waters.
Comparison between the sequences of As(III)
oxidase and those of other proteins involved in
electron transfer reactions has suggested that this
enzyme might be a very ancient protein [3s]. Col-
onization of primeval anoxic, arsenic-rich envi-
ronments by bacteria using As(I1I) as an electron
source and transforming it into the less toxic
As(V) may have resulted in a partial detoxifica-
tion of these inhospitable environments, making
it possible for other microorganisms to survive
and proliferate.

Microbiology & biochemistry of As(V)
reduction

Some microorganisms can use As(V) as an elec-
tron acceptor in anaerobic respiration (dissimi-
latory As[V]-respiring prokaryotes [DARPs])
or can reduce As(V) to As(III) as a means
of detoxification (As[V]-resistant microbes
[ARMs]). ARMs were discovered first, and
their resistance mechanisms encoded by the
ars operon have been extensively studied. The
configuration of the operon is different for dif-
ferent strains [19]; the most simple configura-
tion (arsRBC) consists of the regulatory pro-
tein ArsR, which possesses an As(I1I)-specific
binding site, the As(V) reductase ArsC and the
As(III) efflux pump ArsB (Fieure 4). ArsC medi-
ates the reduction of As(V) with glutaredoxin,
glutathione or thioredoxin. This detoxification
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system requires energy in the form of ATP [43].
ArsC is localized in the cytoplasm and it can
only reduce As(V) that has entered the cells,
whereas it is unable to reduce As(V) adsorbed
to Fe(III) (44]. Two families of transmem-
brane efflux pumps are known: the ArsB and
the ACR3 families. The ACR3 type is more
widespread in nature, being found in bacteria,
animals and plants, while ArsB is only present
in bacteria [45]. A second operon configuration
(arsRDABC) contains the additional presence
of the ATPase ArsA, which provides energy for
ArsB, which is a chaperone for arsenic efflux
through ArsAB. In a third operon configura-
tion, the ars genes are arranged in two oper-
ons (arsRC and arsBH) transcribed in opposite
directions. The function of ArsH is not com-
pletely clear: it is present in almost all of the
Gram-negative bacteria that carry an a7s operon
and it is absent in Gram-positive bacteria. It
was demonstrated that, in Ochrobactrum tritici
strain SCII24T, arsH confers the ability to grow
at high arsenic concentrations [46).

While ARMs are widespread in all of the
different bacterial phyla, DARPs are found in
the Firmicutes, Gamma-, Delta- and Epsilon-
proteobacteria, Aquificae, Deferribacteres,
Chryosiogenetes and in the Archaea (Ficure2). In
the case of DARPs, the key enzyme is an As(V)
reductase, ArrA. The arr operon comprises two
genes, arrA and arrB, encoding large and small
subunits, respectively [47]. A third component,
arrC, has been retrieved in some organisms
(i.e., Desulfitobacterium hafniense, Alkaliphilus
metalliredigens and Wollinella succinogenes).
An additional arrD, coding for a chaperone, is
present in Alkaliphilus oremlandii, Bacillus sel-
enitireducens MLS10, strain MLMS-1, Geobacter
lovleyi, D. hafniense and Halarsenatibacter sil-
vermanii (48]. The expression and activity of the
respiratory As(V) reductase were assessed for
Shewanella sp. strain ANA-3 [49]. Arr is a het-
erodimer periplasmic protein that is functional
only when the two subunits ArrA and ArrB
are expressed together. Arr of strain ANA-3 is
expressed at the beginning of the exponential
growth phase and expression persists throughout
the stationary phase, when it is released from
the cell. Electron acceptors, such as antimonite,
nitrate, selenate and sulfur, do not switch on
the activity of the protein. Specific induction of
ArrA in the presence of As(V) and acetate was
recently demonstrated for the Fe(IIl)-reducing
G. lovleyi [50], demonstrating the role of such
bacteria in the release of arsenic from ground-
water sediments. Microorganisms that are able
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® arsAY arsB

D arsC> Escherichia coli K12

arsI;\ arsD\

arsB \ arsc> E.coli R773

—_—
© arsH | arsR arsB \ ars(> Serratia marcescens R478
\

Figure 4. Organization of genes involved in arsenic resistance. (A) Three-gene operon
consisting of arsRBC, such as that which is present in the genome of Escherichia coli K12. (B) Five-
gene operon consisting of arsRDABC, such as that which is present on a plasmid of E. coli R733.
(C) Four-gene operon consisting of arsHRBC, such as that which is present on a plasmid of Serratia

marcescens.
Adapted with permission from [43].

to respire As(V) often respire selenium [51].
Extremophiles from soda lakes have also been
characterized recently, and they can use a differ-
ent range of electron acceptors. Desulfuribacillus
alkaliarsenatis can reduce As(V) and elemental
sulfur completely, and thiosulfate incompletely
(52]. D. alkaliarsenatis was shown to preferentially
respire As(V) over sulfate [53]. Anaerobic bacte-
ria can display As(V) reduction abilities both
as As(V)-respiring heterotrophs gaining energy
from the oxidation of small organic molecules
[54] or aromatic compounds [55], and as chemo-
lithoautotrophs gaining energy from hydrogen
and sulfide [15].

ArrA, characterized by a molybdenum center
and (Fe-S) clusters, is a biochemically revers-
ible enzyme [s¢), acting as an oxidase or reduc-
tase depending on its electron potential and the
constituents of the electron transfer chain. It
performs as an As(I1I) oxidase in the chemolith-
oautotroph A. ehrlichii, which couples the oxida-
tion of As(III) to the reduction of nitrate and is
incapable of respiring As(V) (11]. The same revers-
ible ability was also demonstrated for two As(V)-
respiring bacteria, Alkaliphilus oremlandii [24) and
Shewanella sp. ANA-3 [57]. The expression of both
reductive and oxidative activities in one and the
same organism is quite rare. As(V) reductase
activity was evidenced in the As(III)-oxidizing
strain A. tumefaciens when the strain lost As(III)
oxidation capability [37). Among DARPs, As(III)
oxidase activity has been observed in Marino-
bacter santoriniensis (58], Thermus sp. HR13 [59]
and in strain ML-SRAO [42].

Differently from ArsC, ArrA can reduce either
soluble or adsorbed As(V). The first evidence
for this came from the study of Zobrist ez al.,
in which Sulfurospirillum barnesii strain SES-3,
capable of anaerobic respiration of either Fe(III)
and As(V), was demonstrated to be able to
reduce As(V) when the oxyanion was dissolved

Future Microbiol. (2013) 8(6) (Epub ahead of print)

in solution and when adsorbed onto ferrihydrite
and aluminum hydroxide [60]. These experiments
also demonstrated that the As(V) reduction
was not linked to the reductive dissolution of
the adsorbent mineral phase. In Shewanella sp.
ANA-3, which possesses both ArsC and ArrA
(57, only ArrA reduced As(V) in the presence
of As(V)-saturated ferric (hydr)oxide [61]. The
environmental implication in the arsenic cycle
is very different: the release of arsenic from sedi-
ments to groundwater is mainly due to reductive
reactions of DARDPs and Fe(III) reducers instead
to those of ARMs. The former are involved in a
process of mineral dissolution and bioreduction
of adsorbed As(V) in aquifer materials, whereby
DARPs are fueled by the oxidation of organic
substrates, passing their electrons either to As(V)
or Fe(III) [62,63].

Detection & distribution of arsenic
bacteria

Apart from colorimetric [64] and cultivation-
based methods, such as the most-probable-
number approach [65], molecular markers have
been used to detect and identify arsenic bacte-
ria in environmental samples. The most used
marker is the 16S rRNA gene (see Taste 1 for an
overview), although this gene is not specific for
arsenic bacteria, and so other bacteria present in
the samples are detected as well.

Molecular markers involved in arsenic metab-
olism, however, are more efficient in detecting
arsenic bacteria and in studying their diversity
and distribution (Taste 1). For example, Inskeep
and coworkers were the first to develop and
apply a specific PCR for As(III) oxidase genes
(aioAlaroAlasoAlaoxB) [(66]. With this PCR
technique, they successfully amplified @ioA-like
sequences from different arsenic-contaminated
environments, including soils, sediments and hot
spring microbial mats. In addition, they were
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Molecular marker Method Environment Ref.
16S rRNA PCR, DGGE, cloning, sequencing Groundwater storage tank (115]
Pyrosequencing Soil (70]
PCR, cloning, sequencing Creek sediments (89]
PCR, cloning, sequencing Marine hydrothermal sediments Bl
PCR, DGGE, sequencing Tin mine soil (116]
PCR, DGGE, cloning, sequencing Deep-sea sediments (117]
PCR, DGGE, cloning, sequencing Tube well water (118]
PCR, cloning, sequencing Hot springs (119]
PCR, cloning, sequencing Mine sediments [77]
PCR, DGGE, cloning, sequencing Hot springs (120]
PCR, T-RFLP, cloning, sequencing Acid mine drainage (121]
aioA PCR, cloning, sequencing Soils, sediments, hot springs (66,67
PCR, DGGE, sequencing, qPCR Surface water and groundwater (68]
PCR, cloning, sequencing Creek sediments [69]
arsB PCR, sequencing Isolates (45,30]
PCR, cloning, sequencing Soil (70]
arsC gPCR Bioreactor and mine soil (71]
PCR, sequencing Isolates (72]
ACR3 PCR, sequencing Isolates (45.30]
PCR, cloning, sequencing Soil (70]
arrA PCR, DGGE, sequencing Soda lake sediments [73,74]
PCR, cloning, sequencing Estuary sediments (7]
PCR, cloning, sequencing Agquifer sediments [20]
RT-PCR, cloning, sequencing Groundwater [50]
arxA PCR, cloning, sequencing Sediments [14]
Functional genes GeoChip 3.0 Soil (76]

DGGE: Denaturing gradient gel electrophoresis; gPCR: Quantitative real-time PCR; RT-PCR: Reverse transcriptase PCR;

T-RFLP: Terminal restriction fragment length polymorphism.

able to detect the expression of As(III) oxidase
in some of these environments. In a subsequent
paper, the authors redesigned the primers for
aioA-like sequences, and so could detect addi-
tional sequences associated with members of the
Aquificales in various hot springs of Yellowstone
National Park (WY, USA) (67]. Quéméneur et al.
used denaturing gradient gel electrophoresis
and quantitative real-time PCR of azioA genes
to study the diversity and abundance of As(11I)-
oxidizing bacteria along a gradient of arsenic pol-
lution in waters of the Upper Isle River Basin
in France [68]. They observed different dena-
turing gradient gel electrophoresis profiles for
different samples and found the highest num-
ber of aioA genes in the most arsenic-polluted
surface waters. Heinrich-Salmeron ez a/. used
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the ai0A gene to investigate the diversity and
distribution of As(III) oxidizers in sediments
of a creek that received water from a mine [69].
The authors could amplify 2704 from DNA of
different bacterial strains isolated from the sedi-
ment, as well as from DNA extracted from the
sediment directly. By comparative analysis of the
16S rRNA and ai04 sequences of the isolates, the
authors concluded that various bacteria obtained
their 2i0A gene by horizontal gene transfer,
indicating that #ioA is not a good phylogenetic
marker. A molecular survey of anaerobic As(III)
oxidase gene arxA was recently performed on
sediments from the different sites of Mono Lake
and Hot Creek (CA, USA) using degenerate
PCR primers [14]. The authors were able to detect
arxA genes in the top sediment layers, possibly
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hosting photosynthetic As(III) oxidizers. Most
sequences were similar to those of A. ehrlichii
MLHE-1, Ectothiorhodospira sp. PHS1 and of
Halorhodospira halophila SL1.

Other specific markers are genes encoding
As(III) transporters (or efflux pumps), such
the ars and ACR genes. Achour and cowork-
ers designed primers for arsB, ARC3(1) and
ARC3(2) and studied the diversity of arsenic-
resistant bacteria isolated from soil [45]. In
another study, Cai ez al. used the same prim-
ers, as well as primers for the As(III) oxidase
gene aioA, to study the diversity and distribu-
tion of As(III)-resistant bacteria isolated from
arsenic-contaminated soil [30]. They found that
bacteria containing genes for both As(III) oxida-
tion (aioA) and As(III) transportation (ARC3
or arsB) could tolerate higher concentrations
of arsenic than bacteria with genes for As(III)
transporters only. In addition, they found a
higher diversity of arsenic-resistant bacteria
in soils that had a long-term exposure to high
concentrations of arsenic, which was probably
caused by horizontal gene transfer of ARC3(2)
and arsB. Sheik and coworkers found the oppo-
site for the diversity of ARC3 (i.e., a decreasing
diversity of ARC3 with an increase in arsenic
pollution), although some of the samples were
also contaminated with chromium [70]. They
found a similar result as Cai et a/. for the hori-
zontal transfer of arsenic-resistance genes in
isolates [30].

In addition to the application of the molecu-
lar markers mentioned above, the gene encod-
ing As(V) reductase (arsC) was also used for
the detection and diversity analysis of arsenic-
resistant bacteria. Sun and coworkers developed
a quantitative real-time PCR assay to quantify
the abundance of arsC genes in environmental
samples contaminated with arsenic (71]. Kaur
et al. used the same molecular marker to study
the diversity of arsC genes in arsenic-resistant
Escherichia coli strains [72).

Finally, the ar7A gene, encoding the o-sub-
unit of the As(V) respiratory reductase, was
used as a molecular marker to detect and moni-
tor uncultured DARDPs in sediments of Mono
Lake and Searles Lake [73.74], Chesapeake Bay
(75], in aquifer sediments [20] and in groundwater
during 77 situ uranium bioremediation (s0].

Xiong and coworkers used GeoChip 3.0 to
study the microbial communities in arsenic-
contaminated soil from the rhizosphere of
Pteris vittata, the Chinese brake fern, which
can accumulate large amounts of arsenic [76].

GeoChip 3.0 is a DNA microarray with a high

Future Microbiol. (2013) 8(6) (Epub ahead of print)

density of oligonucleotide probes that are spe-
cific for 2594 functional genes [77]. By using this
microarray, the authors found that the microbial
diversity was reduced in arsenic-contaminated
soil compared with noncontaminated soil, and
that genes for arsenic resistance, sulfur reduc-
tion, phosphorus utilization and denitrification
were different between soil samples from the
rhizosphere and non-rhizosphere, and between
contaminated and noncontaminated soils.

Apart from the detection of arsenic bacte-
ria, bacteria equipped with arsenic genes have
been used as biosensors to detect the presence
of arsenic in the environment [78,79].

‘Arsenomics’

Over the last 5 years, the genomes of many
different arsenic bacteria were sequenced.
Muller and coworkers sequenced the genome
of H. arsenicoxydans [39], a heterotrophic bac-
terium isolated from a plant treating industrial
waste water contaminated with arsenic, copper,
lead and silver [80]. The authors not only found
genes that were directly involved in detoxifica-
tion of arsenic, such as genes involved in the
oxidation (az0A) and extrusion (ars) of As(III),
but also genes involved in chemotaxis and
motility, genes necessary to sense arsenic and
to move towards it, genes encoding the pro-
duction of exopolysaccharides to bind arsenic
and genes involved in DNA repair to heal the
damage caused by As(III). A few years later,
the same research group sequenced the genome
of Thiomonas sp. 3As [81], a facultative chemo-
lithoautotroph, which was isolated from acid
mine drainage containing high concentrations
of arsenic. The authors reconstructed the dif-
ferent metabolic pathways, including that of
arsenic metabolism, which was encoded by
genes for arsenic resistance (a7sC, arsA, arsB and
arsR) and As(I1I) oxidation (ai0BA). Compara-
tive analysis of the genomes of eight different
Thiomonas strains showed that the evolution of
the Thiomonas genome resulted from the loss
and gain of so-called ‘genomic islands’, which
were influenced by the extreme conditions of
the habitat. Li and coworkers sequenced the
genome of Achromobacter arsenitoxydans SY8,
which was isolated from arsenic-contaminated
soil of a pig farm, and could oxidize As(III) to
As(V) very efficiently [82). The genome con-
tained an ‘arsenic island’ with genes for arsenic
resistance (ars operon), As(I1I) oxidation (aio
operon) and phosphate uptake (psz operon).
In addition, genes encoding metal transport-
ers were present. The same research group
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also sequenced the genomes of Halomonas sp.
strain HALI (83) and Acidovorax sp. strain NO1
[21], which were both isolated from arsenic-
contaminated soil of a gold mine, and found
similar operons to A. arsenitoxydans. Hao et al.
sequenced the genome of the As(III)-oxidizing
strain A. tumefaciens strain 5A and detected an
aio operon involved in As(III)-oxidation, of
which the expression was regulated by a two-
component signal transduction system and by
quorum sensing [84].

To study the expression of different genes in
bacteria when growing with arsenic, Srivastava
et al. performed comparative proteome analysis
of Staphylococcus sp. strain NBRIEAG-8, which
was isolated from arsenic-contaminated rhizo-
spheric soil of west Bengal, India [8s]. They com-
pared the total protein profiles of cells grown
with and without As(V) and found 14 proteins
that were significantly up- or down-regulated.
Proteomic analysis showed that these proteins
were involved in protein synthesis, signaling,
phosphate transport, energy generation and car-
bon metabolism. Bryan ez /. used proteomics
to study carbon and arsenic metabolism in five
Thiomonas strains [86]. They found that in the
presence of arsenic, genes involved in arsenic
metabolism and carbon assimilation were both
expressed in 7. arsenivorans, but that in Thi-
omonas sp. 3As, the genes in carbon assimilation
were repressed, indicating the strong linkage
between these two processes.

The same research group also used microar-
rays to study gene expression in H. arsenicoxy-
dans during arsenic stress [87]. They found a rapid
induction (i.e., after 15 min) of genes involved in
general stress, while genes that were specific for
arsenic were induced only after 8 h.

Apart from sequencing the genomes of pure
cultures of arsenic bacteria, the metagenomes of
microbial communities from arsenic-contami-
nated environments were also sequenced and
characterized (88-90]. By using metagenomics
and metaproteomics, Bertin er al. could infer
the structure and function of a microbial com-
munity in acid mine drainage that was highly
contaminated with arsenic [90]. They could dis-
criminate seven organisms: five were affiliated
to Thiomonas, Acidithiobacillus, Acidobacteria,
Thiobacillus and Gallionella, and two organisms
named ‘Candidatus Fodinabacter communificans’
were attributed to a new phylum. By using this
combined metagenomics and metaproteomics
approach, the authors could deduce the different
metabolic pathways that were present and active
in these microorganisms and could present a
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conceptual model of the community consisting
of autotrophic, mixotrophic and heterotrophic
microorganisms.

Arsenic removal from waters:

the biological step

Many technologies are now available for arsenic
removal that have been specifically developed
for industrial-scale plants; among these, the best
available technologies include anion exchange,
activated alumina, reverse osmosis, modified
coagulation/filtration, modified lime soften-
ing and oxidation/filtration [o1]. It is difficult
to compare the costs of various treatment tech-
nologies as the efficiency depends on different
parameters (i.e., maximum contaminant level,
co-occurrence of solutes, quality of the source
water, operations and maintenance expendi-
tures, permission requirements and waste-
disposal issues). However, Mondal ez a/. made
a cost comparison among the most used tech-
nologies for arsenic removal, considering the
daily cost of the treatment of 1 million gallons
water of the same quality [91]. They concluded
that coagulation/filtration and lime-softening
techniques are the cheapest (treatment cost
<US$20,000), but with the lowest efficiency
(<90% of arsenic removal). Among the removal
processes with the highest efficiency (>95% of
arsenic removal), those using sorbents such as
activated alumina turned out to be the cheap-
est (treatment cost <US$85,000). Other com-
monly used sorbents with high arsenic removal
efficiency (>95%) are based on iron compounds
(92]. These sorbents are not regenerable and their
adoption remains expensive for poor countries.
For this reason, research for cost-effective and
efficient alternative sorbents (or surface-coated
sorbents) is still in progress [91].

Moreover, any effective treatment of arsenic-
contaminated water has to remove both As(III)
and As(V) forms, but sometimes classical tech-
nologies are not efficient enough in the removal
of As(III). For example, adsorbents used in the
most common treatment technologies often
require preoxidation of As(III) to As(V), as
As(III) is more difficult to remove by the posi-
tively charged surfaces of adsorbents. This is a
crucial point, because the new arsenic drinking
water standard imposes a reduction of arsenic
to 10 pg/l and, consequently, there is a dra-
matic demand for oxidation technologies that
effectively convert As(Ill) into As(V) prior to
its removal.

Biological water treatment methods are con-
sidered to be a suitable approach to overcome
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these problems and they have attracted consider-
able research interest over recent years. Removal
of arsenic can be performed by using natural
consortia, pure cultures of arsenic resistant bac-
teria or iron- and manganese-oxidizing bacteria
that can transform and/or capture arsenic forms
indirectly (TABLE 2).

An innovative technology for arsenic removal
uses biocolumn reactors consisting of immobi-
lized bacterial cells capable of arsenic adsorption.
A novel, cost-effective biocomposite — granules
of cement coated with cysts of Azorobacter — has
been used for arsenic removal from drinking
water (93]. This biocomposite removed approxi-
mately 96% of arsenic, probably due to the pres-
ence of polysaccharides and other macromole-
cules that interact with arsenic. Mondal ez al.
utilized cells of Ralstonia eutropha immobilized
on a granular, activated carbon bed in a column
reactor to remove arsenic from a synthetic indus-
trial effluent (94). After an initial stage of adapta-
tion and biofilm formation, the cells were able to
capture both As(III) and As(V).

Bioremoval processes involve both the direct
adsorption of arsenic by microbial biomass and
the adsorption and coprecipitation of arsenic
with biogenic iron or manganese hydroxides
(95]. The application of biological processes for
the oxidation and removal of dissolved iron
and manganese has been proposed as another
efficient means for the simultaneous removal
of arsenic and iron [96]. The main product of
biological oxidation of iron is usually a mixture
of poorly ordered iron oxides with significant
amounts of organic matter. Arsenic can be
removed by direct adsorption or by coprecipi-
tation on the preformed biogenic iron oxides,
whereas there is also an indication of As(III)
oxidation by iron-oxidizing bacteria, leading to
improved overall removal efficiency. Katsoyi-
annis and Zouboulis investigated the removal
of arsenic during biological iron oxidation in
a fixed-bed upflow filtration unit containing
polystyrene beads [97]. They reported that iron
oxides were deposited in the filter medium,
along with the iron-oxidizing bacteria Gallio-
nella ferruginea and Leprothrix ochracea, offer-
ing a favorable environment for arsenic to be
adsorbed and consequently removed from the
aqueous streams. The authors also demonstrated
that, under the experimental conditions used,
As(III) was oxidized by microorganisms that
colonized the filter medium, contributing to an
overall increase of arsenic removal (up to 95%),
even when initial arsenic concentrations were

up to 200 pg/L

Future Microbiol. (2013) 8(6) (Epub ahead of print)

As(V) reducers were thought to increase the
element’s mobility until the discovery of Desul-
Jfosporosinus auripigmenti, an As(V)- and sulfur-
respiring microorganism that precipitates arsenic
trisulfide (As,S,), leading to the biogeogenic for-
mation of auripigment [98]. More recently, pho-
toactive As—S (‘realgar’) nanotubes have been
shown to be produced by Shewanella sp. strain
HN-41, an anaerobic bacterium that uses S,0,*
as an electron acceptor and lactate as an elec-
tron donor, and concomitantly reduces As(V) to
As(III) for detoxification purposes [99].

Besides bioremoval of arsenic and biogeogenic
mineral formation, bacterial oxidation of As(III)
to As(V) is a promising approach to treat con-
taminated water instead of using conventional
oxidants (i.e., potassium permanganate, chlo-
rine, ozone, hydrogen peroxide or manganese
oxides).

In recent years, several studies have been con-
ducted to assess the As(I1I) oxidation efficiency
of different As(III)-oxidizing bacteria attached
on immobilized materials. Ito ez a/. developed a
bioreactor with Ensifer adhaerens cells immobi-
lized on polyvinyl alcohol gel droplets to study
the As(III) oxidation efficiency of the strain in
synthetic groundwater containing 1 mg/l of
As(IIT) 100]. The authors demonstrated that
As(III) was oxidized to As(V) over the com-
plete time course of the experiment, resulting
in a removal efficiency of 90%.

In a paper by Bag ez al., a packed-bed column
of a continuous flow reactor with Rhodococcus
equi cells immobilized on rice husks was used
both to investigate the As(IlI)-oxidizing per-
formance of the reactor, and also to develop a
deterministic mathematical model for explain-
ing the trend of arsenic removal [101]. Simulated
arsenic-laden water and naturally occurring
water with arsenic concentrations ranging from
50 to 100 ppb were used. The cells were able
to detoxify the simulated arsenic water in the
tested range and a maximum As(III) removal
efficiency value of 95% was obtained in these
processes. Finally, the authors stated that the
simulated results were satisfactorily comparable
to the experimental results. Similarly, Dasti-
dar and Wang developed a modeling analysis of
autotrophic As(I1I) oxidation in a biofilm reac-
tor using 7. arsenivorans strain b6 under dif-
ferent As(III) concentrations (500—4000 mg/])
102]. The authors concluded that the As(III)
oxidation efficiency rate of the reactor ranges
from 48.2 to 99.3% and the observed and
predicted As(III) flux data exhibited good

agreement.
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As(III) oxidation can not only be performed
by pure cultures, but also by bacterial consor-
tia, as reported by several authors [103,104]. In
both of these papers, the authors investigated
the formation and activity of an As(I1I)-oxidiz-
ing biofilm developed by the CAsO1 bacterial
consortium in a bioreactor using pozzolana
(volcanic material) as growth support. In par-
ticular, Michel and coauthors stated that the
biofilm structure of both a consortium and a
pure culture of 7. arsenivorans was a physical
barrier decreasing As(III) access to sessile cells
and the induction of As(III) oxidase activity
(103]. Nevertheless, they pointed out that the
efficiency of the reactor needed to be enhanced
by optimizing and controlling several param-
eters affecting biofilm formation, such as tem-
perature and the addition of extracellular poly-
meric substances. Michon ez a/. showed that
the CAsO1 consortium was able to oxidize not
only in the range of the ‘mg/I order of magni-
tude’, but also in the concentration scale of the
‘ng/l order of magnitude’ [104].

After the biological oxidation of As(III), it
is necessary to remove the produced As(V)
by using sorbents. The combined processes
of biological oxidation and chemical removal
onto synthetic sorbents in one- and two-step
processes have been investigated by several
authors. In one of the first applications of this
technique, Li¢vremont ez a/. found that two
mineral phases, kutnahorite and chabazite,
showed different abilities in adsorbing arsenic
after its biological oxidation and in performing
abiotic oxidation [10s5]. Their results also showed

Arsenic & health-related problems
Exposure to arsenic can cause dramatic health effects, such as ‘arsenicosis’ and cancer.
The WHO recommend a maximum concentration of arsenic in drinking water of 10 pg/I.

The microbiology of arsenic

that the studied bacterial strain performed a
fast oxidation of As(III) at high arsenic con-
centrations in the presence of chabazite, and
that As(V) was efficiently removed by kutna-
horite. A two-phase detoxification process was
therefore suggested.

By using a mixed culture of heterotrophic
As(III) oxidizers, Tke et al. showed that arse-
nic removal by activated alumina was greatly
enhanced by bacterial oxidation of As(III) to
As(V), suggesting that the two processes must
be performed consecutively for the attainment of
optimum conditions in each step [106].

More recently, Wan and colleagues set up
two reactors, one filled with sand and cells of
T. arsenivorans, and the other with zero-valent
iron (ZVI) 1107]. The process was shown to be
successful in terms of biological As(III) oxida-
tion, and the chemical removal of arsenic was
enhanced by ZV1, even though a decrease in
adsorbing power was observed during the bio-
logical oxidation peak, probably due to biofilm
formation on the ZVI surface and changes in
the physicochemical conditions.

The possibility that arsenic-oxidizing bacteria
have a negative effect on arsenic retention by sor-
bents can be related to the reactive microbial sur-
faces and to extracellular polymeric substances.
Huang and coauthors highlighted the competi-
tive interactions between phosphate and car-
boxylate groups of the cell surface of Shewanella
putrefaciens, and As(V) was sorbed to goethite
and ferrihydrite, leading to a mobilization of
arsenic [108]. Conversely, Kim and coworkers
reported only a minimal effect of a mixture of

Bacteria can cope with arsenic either by detoxification or by gaining energy from inorganic arsenic.

Primordial, anoxic, arsenic-rich environments were colonized by bacteria that were able to oxidize arsenite into the less toxic arsenate,
leading to partial detoxification of the inhospitable environment, and so allowing other microorganisms to proliferate.

Arsenic is released in aquifers by reductive reactions catalyzed by different dissimilatory respiring microbes.

Detection & distribution of arsenic bacteria

Molecular markers involved in arsenic metabolism (i.e., aioA, arrA, arsC and arxA) are efficient at detecting arsenic bacteria and for
studying their diversity, distribution and function.

‘Arsenomics’

The use of different ‘omic’ techniques on both pure cultures and microbial communities makes it possible to study the presence and
expression of different genes involved in arsenic metabolism and detoxification in great detail.

Arsenic removal from waters: the biological step
Bacterial oxidation of arsenite to the more easily sorbed arsenate is a promising approach for the treatment of contaminated water.
The combination of bacterial oxidation and chemical adsorption is an efficient method of removing arsenic from polluted water.

doi:10.2217/FMB.13.38
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E. coli, Enterococcus faecalis and Bacillus sub-
tilis on arsenic removal by iron-impregnated,
granular-activated carbon [109].

Future perspective
Research on microbial transformations of arse-
nic is interesting both from a fundamental and
an applied point of view. One of the topics that
will certainly draw more attention is the origin
and evolution of arsenic metabolism. Decreas-
ing prices of DNA sequencing make it possible
to sequence the genomes of many different bac-

terial strains and so to study the evolution of

arsenic metabolism. In addition, next-generation
sequencing will be used to sequence complete
microbial communities from arsenic-contami-
nated environments, and to study the expression
of genes in their constituting bacteria. The avail-
ability of this enormous amount of genomic data
makes it possible to study microbial communities
with a systems biology approach and, eventu-
ally, to predict their behavior under different
environmental conditions [110,111].

In addition to curiosity-driven research, the
removal of arsenic from contaminated ground-
water, which is often used as a source of drinking
water or for irrigation of crops, requires further
research. Although pure culture experiments
have shown good results regarding the removal
of arsenic from groundwater, we strongly believe
that large-scale purification can only be achieved
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