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Abstract Microorganisms have evolved dynamic

mechanisms for facing the toxicity of arsenic in the

environment. In this sense, arsenic speciation and

mobility is also affected by the microbial metabolism

that participates in the biogeochemical cycle of the

element. The ars operon constitutes the most ubiq-

uitous and important scheme of arsenic tolerance

in bacteria. This system mediates the extrusion of

arsenite out of the cells. There are also other

microbial activities that alter the chemical character-

istics of arsenic: some strains are able to oxidize

arsenite or reduce arsenate as part of their respiratory

processes. These type of microorganisms require

membrane associated proteins that transfer electrons

from or to arsenic (AoxAB and ArrAB, respectively).

Other enzymatic transformations, such as methyla-

tion-demethylation reactions, exchange inorganic

arsenic into organic forms contributing to its complex

environmental turnover. This short review highlights

recent studies in ecology, biochemistry and molecular

biology of these processes in bacteria, and also

provides some examples of genetic engineering for

enhanced arsenic accumulation based on phytochel-

atins or metallothionein-like proteins.
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Introduction

Arsenic was one of the first chemicals recognized as

carcinogen (Rosen 1971). However, the mechanisms

responsible for its oncogenic effects are known only

in part (Pott et al. 2001). As a consequence, the levels

of environmental arsenic assigned to mortality risk

are subject to occasional re-evaluations. For instance,

while 50 lg/l of arsenic in water was considered for

some time the reference contaminant level causing a

cancer incidence of 1%, the figure was recently

lowered by the US Environmental Protection Agency

to 10 lg/l (Smith et al. 2002; Singh et al. 2007), thus

reflecting some uncertainties on the matter. An esti-

mated over 40 million people in the world are at risk

from drinking arsenic-contaminated water (Nordstrom

2002). One of the reasons is that the management of

arsenic wastes is difficult. The fact that arsenic has a

variety of valence states (?V, ?III, 0, -III) hinders
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the treatment and/or removal of the compound. In

addition, arsenic is highly abundant and worldwide

distributed through the Earth crust. As an example,

many geothermal waters contain high concentrations

of arsenic i.e. in Kamchatka, New Zealand, Japan,

and USA. The main sources of arsenic are natural

(organic-rich or black shales, mineralized and mined

areas, volcanogenic areas, thermal springs…) and

also originates as the result of human activities

(mining activities, waste processing, pesticides,

industrial activity; Nordstrom 2002). Most of arsenic

uses in agriculture and industry have been discontin-

ued nowadays, but residues from such activities have

left a heritage of arsenic-contaminated sites (Leist

et al. 2000). This is dramatized by the fact that

arsenic is often associated to pyrite, one of the most

ubiquitous minerals, and is commonly concentrated

in mineral deposits containing sulfides. Under anoxic

conditions, nitrate influences the As cycling by

oxidizing ferrous iron to produce As-sorbing particles

of hydrous ferric oxides and increasing the more

particle-reactive As(V) (Senn and Hemond 2002).

However, depending on the physico-chemical condi-

tions, the arsenic in these particles can be easily

solubilized in ground waters (Oremland and Stolz

2005). Therefore, a case-by-case study is required

prior to the selection of the appropriate remediation

strategy. For example, the pentavalent form of the

element is the arsenic species that is most effectively

removed by coagulation with iron (Leist et al. 2000).

Not only most living organisms have developed

arsenic resistance mechanisms but some of them are

able to utilize, or even require arsenic for their ordinary

physiology (see Fig. 1 for a summary of microbial-

mediated biochemistry of arsenic). These can use As

for respiration (Macy et al. 1996; Newman et al. 1997b,

c; Stolz and Oremland 1999; Macy et al. 2000; Silver

and Phung 2005) and/or as electron donor (Santini et al.

2000; Gihring and Banfield 2001; Silver and Phung

2005). Apart of altering the redox state of arsenic, some

microbes can also methylate inorganic species (Qin

et al. 2006) or demethylate organic counterparts (Silver

and Misra 1984; Cullen and Reimer 1989; Silver and

Phung 2005). Such microbial activities in water and

Fig.1 Diagram of the different microbial processes involved

in arsenic biochemistry in the environment. (1) Arsenic enters

the cells through the phosphate transporters (arsenate) or the

aqua-glyceroporins (arsenite). (2) Once inside the cells,

arsenate is reduced to arsenite by ArsC, which further extruded

out of the cell by the specific pump ArsB. (3) Arsenite can also

be detoxified by complexation with Cys-rich peptides. In

addition, (4) arsenite can serve as electron donor by oxidation

to arsenate. (5) Arsenate can be used as the ultimate electron

acceptor during respiration. (6) Inorganic arsenic can also be

transformed into organic species in a methylation cascade
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sediments strongly influence the speciation and bio-

availability of arsenic (Oremland and Stolz 2005),

participating actively in its environmental cycle.

Although yeast and fungi do display intriguing

biological responses to As exposure (Cánovas et al.

2004; Cánovas and de Lorenzo 2007), this short review

will deal predominantly with bacteria in view of their

potential as environmental bioremediation agents.

Speciation and biochemistry of arsenic

in the environment

Arsenic in Nature can occur in four oxidation states,

arsenate As(V), arsenite As(III), elemental As(0) and

arsenide (As-III). The two highest oxidation states are

the most common in nature, whereas the two lowest

are rare (Rosen 2002; Oremland and Stolz 2003).

There are several reports that clearly establish a direct

link between microbial activities and the arsenic

speciation in the environment. Depending on the

physico-chemical characteristics of the site and the

structure of the microbial population, distinct arsenic

species may predominate. For example, in Meager

Creek hot springs, (BC, Canada) the major arsenic

species found in the microbial mats were arsenate and

arsenite along with small amounts of arsenosugars

(Koch et al. 1999). In other niches, for instance, the

rhizosphere, accumulation of arsenic in wetland

plants originates the formation of iron oxyhydroxides

precipitates on the surface of the roots, thereby

forming distinctive structures called iron plaques

(Otte et al. 1995).

The geothermal springs in Yellowstone National

Park, USA, often contains arsenic concentrations of

10–40 lM. One acid thermal spring (pH 3.1, 58–62�C)

in this park exhibited rapid rates of arsenite oxidation

between 2.7 and 5.6 m downstream from the spring

source, corresponding to a brown Fe/As-rich mat. It

was found that the filamentous microbial mat con-

tained iron (III) oxyhidroxide co-precipitated with

As(V) (Langner et al. 2001). In this site, changes in the

microbial community developed along with the arse-

nite oxidation activity. The appearance of archeal 16S

rDNA sequences belonging to Crenarchaeota and

Euryarchaeota was simultaneous with the start of

arsenite oxidation, suggesting that these microorgan-

isms are responsible of such an activity. These microbial

communities were dominated by microorganisms

phylogenetically related to Hydrogenobacter acidoph-

ilus and Desulphurella sp. (Jackson et al. 2001). In a

different environment, denaturing gradient gel elec-

trophoresis (DGGE) coupled to 16S rDNA sequencing

was instrumental for revealing that exposure to mine

tailings stimulated the numbers of Caulobacter-like,

Sphingomonas-like, and Rhizobium-like populations.

Contrary to what happens in the geothermal springs

above, these communities have the ability to reduce

arsenate rapidly (Macur et al. 2001). This arsenate-

respiring bacteria are able to release arsenite from

sediments (Hemond 1995) and from arsenate-contain-

ing minerals (Newman et al. 1997b, c) or from

adsorptive sites of aluminum oxides or ferrihydrite

(Appelo et al. 2002). Furthermore in an interesting

case, Alcalilimnicola ehrlichei strain MLHE-1 was

described as a bacterium capable of nitrate and arsenate

reduction coupled to arsenite oxidation (Oremland

et al. 2002).

Laboratory studies have also shed some light on the

various microbial activities on environmental arsenic.

In one interesting case, leaching and run-off of arsenic

from a contaminated soil was analyzed in soil-water-

sediment mesocosms. 7.5% of the total load of arsenic

in this instance remained in water as As(V); 44%

settled down to the shallow sediment zone as As(V)

together with some dimethyl arsenic acid (DMAA);

and 48% went to the deeper sediment zone which

corresponded mainly to As(III) (Ruokolainen et al.

2000). In a separate study, five environmental bacterial

isolates were found to transform arsenate into arsenite

and volatile methylarsines. The strains belong to the

Proteus, Escherichia, Flavobacterium, Corynebacte-

rium and Pseudomonas genera (Shariatpanahi et al.

1981). This documents the widespread ability of

diverse bacteria to act on arsenic with many different

biochemical results.

Arsenic can also appear naturally in the form of

organic derivatives, which implies the presence of

C-As bounds. A number of microorganisms are able

to methylate arsenic giving rise to mono-, di-, and/or

tri-methyl derivatives. One example of this is Rho-

dopseudomonas palustris (Qin et al. 2006). Strains of

this species are able to catalyze the formation of a

number of methylated intermediates from As(III),

with trimethylarsine as the end product. Reduced

methylated species are volatile, and therefore

released to the atmosphere upon biosynthesis.

Although these species are more genotoxic than the
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other derivatives (inorganic and organic), they are

rapidly converted to their corresponding oxidized

derivatives, which are less noxious (Table 1). But

organoarsenicals can also be demethylated (Notti

et al. 2007). For example, strain ASV2, an uniden-

tified Gram-negative bacterium, was found to utilize

arsonoacetate or arsonochloroacetate as sole carbon

and energy sources. The end arsenic species in this

case is likely to be arsenite because an inducible

arsenite-oxidizing activity was found in the strain as

well (Quinn and McMullan 1995). Finally, conver-

sion of arsenobetaine into trimethyl arsine oxide

(TMAO; Kaise et al. 1985) was found in some

bottom sediments collected from coastal waters.

Arsenic uptake in bacteria

Despite its utilization by some bacteria as electron

donor or acceptor (see above), As does not play any

metabolic or nutritional role in the cell cytoplasm.

Thus, cells do not require intracellular arsenate or

arsenite (the two most frequent oxidation states in

nature), and therefore they have not developed any

dedicated arsenic uptake system. Instead, arsenic

enters the cells through existing transporters due to

the analogy of its chemical species to other molecules

(Rosen and Liu 2008). Specifically, arsenate is an

oxianion very close chemically to the widespread and

life-essential phosphate. It thus comes as no surprise

that the Pit (phosphate transporter) and the Pst

(specific phosphate transporter) systems of E. coli

(Harold and Baarda 1966; Rosenberg et al. 1977;

Rosen 2002) turn out also to be the major conduits for

arsenate uptake in this bacterium (Willsky and

Malamy 1980), with a strong preference for the Pit

system. On the other hand, at physiological pH

arsenite is present as non-charged As(OH)3 rather

than as its oxianionic form (Ramirez-Solis et al.

2004). In this case, aqua-glycerolporin (GlpF in

E.coli)—a branch of the aquaporin superfamily of

transporters—was found to bring arsenite inside the

cells (Meng et al. 2004). E. coli GlpF homologues

have been also described in other organisms such as

Leishmania major (Gourbal et al. 2004) or Pseudo-

monas putida (Páez-Espino, unpublished) and they

are likely to transport arsenite as well. In addition,

some types of sugar uptake systems transport arsenite

in yeast (hexose permeases; Liu et al. 2004) and

mammalian cells (glucose permeases; Liu et al.

Table 1 Toxicity of the different arsenic species

Arsenic species LD50 (g/kg)a Genotoxic

response

(lg/ml)b

In vitro

genotoxicity

(mM)c

Chemical structure

Inorganic

Arsine 0.003d AsH3

Arsenite 0.014d, 0.034e 1–2 [300 mM AsO2H

Arsenate 0.020d, 0.041e 10–14 [1,000 mM AsO4H3

Methylarsine (MMA) 30 mM CH3AsH2

Dimethylarsine (DMA) 150 lM (CH3)2AsH

Trimethylarsine (TMA) 7.87g (CH3)3As

Organic

Methylarsonic acid (MMAA) 0.7–1.8d, 0.7e 2,500–5,000 [3,000 mM CH3AsO(OH)2

Dimethylarsinic acid (DMAA) 0.7–2.6d, 3.3e 10,000 [300 mM (CH3)2AsO(OH)

Trimethylarsine oxide (TMAO) [10e (CH3)3AsO

Tetramethylarsonium ion (TMA?) 0.89e (CH3)4As?

Arsenocholine [10e (CH3)3As?CH2CH2OH

Arsenobetaine [10e,f,g (CH3)3As?CH2COOH

a Lethal Dose 50; b Moore et al. (1997); c Mass et al. (2001); d Tamaki and Frankenberger (1992); e Eguchi et al. (1997); f Kaise

et al. (1985); g Yamauchi et al. (1990)
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2006). These observations leave the possibility open

that other transport systems for thus far unidentified

solutes can be operative in bacteria for surrogate

arsenite uptake.

Arsenite oxidation

Arsenite is more noxious to cells than arsenate

(Table 1). Due to its avidity for thiol groups, arsenite

binds to cysteine residues in enzymes. In this context,

it generally believed that biological oxidation of

arsenite could be a detoxification mechanism (Tamaki

and Frankenberger 1992), linked to an ancient origin

of arsenite oxidases (Lebrun et al. 2003). Under certain

physico-chemical conditions, microbial-mediated oxi-

dation of arsenite can be crucial for the deliberate

removal of arsenic in solution: arsenite is more soluble

than arsenate, and arsenate is much more effectively

removed than arsenite by coagulation with Fe(III)

(Leist et al. 2000).

In addition, arsenite oxidation can serve as an

electron donor. A strain belonging to the Agrobac-

terium/Rhizobium branch of a-Proteobacteria can

utilize arsenite as the sole source of electrons with

a doubling time of 7.6 h. This strain was found to be

the most rapidly growing chemolitotrophic arsenite

oxidizer known. The microorganism was isolated

from a gold mine in the Northern Territory of

Australia (Santini et al. 2000). Arsenite oxidizers

include one chemoorganotrophic Gram-negative

motile rod, exhibiting a high minimum inhibitory

concentration for As(III) of 6.65 mM (Weeger et al.

1999). Also, Thermus aquaticus and T. thermophilus

were able to oxidize arsenite to arsenate 100-fold

faster than abiotic controls in laboratory experiments.

On this basis, it was suggested that such species could

play an important role in the speciation and bioav-

aliability of arsenic in thermal environments (Gihring

and Banfield 2001; Gihring et al. 2001). Yet another

Thermus strain was found to both oxidize and reduce

(for respiration) arsenic. However, no energy was

obtained out of arsenite oxidation in this case

(Gihring and Banfield 2001).

The intimate mechanism of oxidation of arsenite is

becoming clear owing to the growing availability of

arsenite oxidase structures. The one from Alcaligenes

faecalis was crystalized and the structure solved in

2001 (Ellis et al. 2001). Similar enzymes were later

purified from Rhizobium sp. strain NT-26 (Santini and

vanden Hoven 2004) and Hydrogenophaga sp. strain

NT-14 (vanden Hoven and Santini 2004). Regardless

of the origin, the enzyme is a member of the DMSO

reductase family of molybdenum enzymes with two

subunits, one large (AoxB, *90 kDa) containing a

Mo atom bound to two pyranopterin cofactors and a

small subunit containing a Rieske-type site [2Fe-S]

(AoxA, *14 kDa) carrying a TAT leader sequence

(Ellis et al. 2001). The predicted binding site for of

arsenite places the ion adjacent to the Mo center in the

large subunit. After the reduction of the Mo from

Mo(VI) to Mo(IV), the electrons are transferred to

the [3Fe–4S] center of the large subunit, then to the

[2Fe–2S] center of the small subunit, and finally to

the first coupling protein of the respiratory chain

(Anderson et al. 1992; Ellis et al. 2001).

The genes encoding the arsenite oxidase subunits

have been identified in the genomes of different

microorganisms. Unfortunately, different authors

assign unlike names to otherwise homologous genes

and enzymes. While the designation aoxA/aoxB

has been kept for Cenibacterium arsenoxidans strain

ULPAs1 (Muller et al. 2003) and Agrobacterium

tumefaciens (Kashyap et al. 2006), alternative

nomenclatures have been given to the enzymes/genes

of Alcaligenes faecalis (asoB/asoA; Stolz et al. 2006)

and the Rhizobium sp. strain NT-26 (aroB/aroA;

Santini and vanden Hoven 2004). In the known

operons, the relative gene order aoxAB is always

kept, but the gene pair is associated, extra ORFs and

regulatory genes in the same operon depending of the

species. For instance, one aoxRSABC operon was

identified in both A. tumefaciens (Kashyap et al.

2006) and Rhizobium sp. strain NT-26 (Santini and

vanden Hoven 2004). While aoxC is the gene for a

c2-type cytocrome isoform, aoxR encodes a NtrC-like

protein acting as a regulator of the system, and aoxS

determines a periplasmic arsenite-binding receptor

which is the sensor histidine kinase of the system.

Arsenate reduction

Two different arsenic reduction activities have been

found in bacteria. One is the dissimilatory reduction

for anaerobic respiration, which involves arsenate as

the terminal acceptor of electrons. The second one

has the purpose of detoxifying arsenic by converting
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arsenate to arsenite, which is the substrate of the

arsenic efflux pumps (see below). The rapid appear-

ance of arsenate-respiring bacteria in enrichment

cultures suggest that they are widespread and meta-

bolically active in nature. The first report of an

arsenic-respiring strain was MIT-13 strain, a micro-

organism displaying the shape of a vibrio (Ahmann

et al. 1994) and later named Geospirillum arsenophi-

lus (Lovley and Coates 1997). Lactate disappearance

in the culture medium was observed to be propertional

to the conversion of As(V) to As(III). Sediment

samples from the site where MIT-13 was isolated

caused the dissolution of solid iron arsenate and the

reduction of arsenate to arsenite (Ahmann et al. 1994).

After this report on MIT-13, the number of known

arsenic-respiring microorganisms has grown consid-

erably. The isolation of arsenate-respiring bacteria

belonging to different phylogenetic groups (Gram-

positive, b-, c- and e-proteobacteria and Chrysiogenes

arsenatis) suggests that they are spread throughout the

whole bacterial domain (Macy et al. 1996; Newman

et al. 1997c; Stolz and Oremland 1999; Silver and

Phung 2005). The electron donor used for arsenic

respiration varies from one species to the other (Stolz

and Oremland 1999). Strains belonging to the Aqu-

ificales order were isolated from a subsurface hot

aquifer of a Japanese gold mine and found to display

versatile energy-generating systems including the

utilization of arsenate, selenate or molecular oxygen

as electron acceptors. These isolates dominated the

ecosystem, perhaps reflecting the geochemical condi-

tions of their habitat (Takai et al. 2002). An obligate

anaerobic, hyperthermophilic arsenic-respiring

microorganism, named Pyrobaculum arsenaticum,

was isolated from a hot spring at the Pisciarelli

solfatara, Naples, Italy. It could respire arsenate,

forming arsenite, as well as sulfur or thiosulfate,

originating sulfide. Interestingly, this strain was able

to precipitate As2S2/As4S4 (a mineral called realgar)

when grown on arsenate and thiosulfate or L-cysteine.

Another member of the genus, P. aerophilum, was

also able to grow on arsenate as electron acceptor

(Huber et al. 2000). One Thermus species isolated

from arsenic-rich terrestrial geothermal environment

was able to both oxidize and reduce arsenic. Under

aerobic conditions, this strain oxidizes As(III) at a rate

100-fold greater than abiotic rates without gaining

metabolic energy. In the absence of oxygen, the strain

can utilize arsenate as electron acceptor with lactate

oxidation (Gihring et al. 2001). Other extremophiles

capable of arsenic respiration are Bacillus arseni-

coselenatis and Bacillus selenitireducens isolated

from the anoxic muds of Mono Lake, California, an

alkaline, hypersaline, arsenic-rich water body. Both

isolates are alkaliphiles and halophiles and could also

grow by dissimilatory reduction of Se(VI) or (IV)

(Switzer Blum et al. 1998). Many other bacteria with

respiratory arsenate reductase activity have been

recently described: Shewanella sp. strain ANA-3

(Malasarn et al. 2008), Sulfurospirillum barnesii

(Malasarn et al. 2004), Desulfuroporosinus sp. strain

Y5 (Perez-Jimenez et al. 2005), Wollinella succinog-

enes (Stolz et al. 2006), Alkaliphilus metalliredigenes

(Stolz et al. 2006), Clostridium sp. strain OhILAs

(Stolz et al. 2006), Alkaliphilus oremlandii (Fisher

et al. 2008), the vibrio shaped bacteria Sulfurospiril-

lum barnessi and S. arsenophilum (Stolz et al. 1999),

and Desulfotomaculum auripigmentum a Gram-

positive bacterium with a hexagonal S-layer on its

cell wall (Newman et al. 1997a).

In the cases where the issue has been examined in

detail, arsenate reduction is carried out by a mem-

brane-bound enzyme (Macy et al. 2000) encoded in

the arr operon which always includes the arrA and B

genes in its genomic configuration. To date, only the

respiratory arsenate reductase (Arr) from C. arsenatis

and B. selenitireducens have been purified and

characterized (Krafft and Macy 1998; Afkar et al.

2003). C. arsenatis was isolated from a reed bed at

Ballarat Goldfields in Australia. It is a strictly

anaerobe microorganism, able to respire arsenate

and nitrate but not sulfate (Macy et al. 1996). The

respiratory arsenate reductase of C. arsenatis is a

heterodimer periplasmic protein composed of two

subunits (ArrA, 87 kDa and ArrB, 29 kDa). The

larger subunit is a molybdopterin subunit containing

an iron–sulfur center [4Fe–4S], and the smaller one

contains a [Fe–S] center protein (Krafft and Macy

1998), and it seems to be a protein related to DmsB of

DMSO reductase and NrfC of nitrite reductase. The

enzyme is very specific for its substrate and does not

use nitrate, sulfate, selenate or fumarate. Little is

known re. the genetic control of expression of these

enzymes. Genome data have shown a considerable

diversity in the genes that cluster adjacent to the arr

operons, some of them are likely to be regulatory.

Furthermore, some strains, i.e. D. hafniense,

A. metalliredigens or W. succinogenes, posses a third
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membrane integral subunit (ArrC). In the case of the

Gram-positive B. selenitireducens the structure of the

respiratory arsenate reductase ArrA/ArrB heterodimer

is basically the same than that of C. arsenatis

although the catalytic subunit shares only a 47% of

identity. In this example, the reductase is also a

membrane-associated protein and can inter alia

reduce arsenite, selenate and selenite (Afkar et al.

2003).

The concomitant reduction of sulfate and arsenate

is not frequent, as only a fraction of the microbial

isolates tested to that end are able to do it. The

importance of such a joint reduction resides in that

stimulating sulfate reduction and the ensuing gener-

ation of sulfide is an effective mechanism for

precipitation of metals, including arsenite. However,

the stability of As2S3 is highly dependent on the pH

and the concentration of sulfide. If sulfate reduction

occurs too quickly, this could result in the lack of

arsenic precipitation. Therefore, not all microorgan-

isms capable of sulfate reduction can successfully

precipitate arsenic trisulfide (Newman et al. 1997b).

Others, however, run the process very effectively. For

instance, Desulfomicrobium strain Ben-RB and

Desulfotomaculum auripigmentum can reduce con-

comitantly, As(V) to As(III) and S(VI) to S(II),

through which they form both intracellular and

extracellular arsenic trisulfide precipitates (Newman

et al. 1997b).

In addition to the properties of the arsenic-

respiring microorganisms just described, other strains

display additional interesting activities. For example,

some Desulfitobacterium-type strains posses the

ability of reducing As(V), Fe(III), Se(VI), Mn(IV)

and a variety of oxidized sulfur species, and reduc-

tively dechlorinating chlorophenols (Niggemyer et al.

2001). These properties may open new possibilities

of biological remediation of sites co-contaminated

with arsenic and chlorophenols.

Bacterial arsenic tolerance mechanisms:

the ars operon

The ars operons, encoding arsenic resistance/toler-

ance in bacteria, have been extensively studied

(Wu ?tul?> and Rosen 1993; Rosen 1995; Oremland

and Stolz 2003). The ars genes are widespread in

nature and appear systematically co-transcribed by a

large variety of genomic configurations arranged in

a fashion that depends on the specific strain (Fig. 2).

The core genes of the system include the transcrip-

tional repressor ArsR, the arsenite efflux pump

ArsB, and the arsenate reductase ArsC (Xu et al.

1998).

ars genes have been found in chromosomal

locations and/or plasmid-encoded in a large number

of Gram-negative bacteria belonging to the a- and

c-Proteobacteria as well as in Gram-positive Firmi-

cutes. The minimal gene set arranged in one operon

arsRBC is found in the chromosome of E. coli (Carlin

et al. 1995; Diorio et al. 1995) and P. fluorescens

MSP3 (Prithivirajsingh et al. 2001b; Prithivirajsingh

et al. 2001a), as well as in the Staphylococcus

plasmids pI258 and pSX267 (Silver 1998). An

enlarged version of the core genes is found in some

plasmids of E. coli (R773 and R46; Silver 1998) and

Acidophulus multivurum AIU301, (pKW301; Suzuki

et al. 1997; Suzuki et al. 1998). These enlarged

operons are arranged as a gene cluster arsRDABC.

ArsA is an ATPase that provides energy to ArsB for

the extrusion of arsenite and antimonite. ArsD is

identified as an arsenic chaperone for the ArsAB

pump, transferring the trivalent metalloids As(III)

and Sb(III) to the ArsA subunit of the pump (Lin

et al. 2007) and increasing the affinity of ArsA for

As(III). ArsD is a homodimer with three vicinal

cysteine pairs in each monomer. Other strains harbor

the core ars genes in different arrangements (Fig. 2).

In the case of Acidithiobacillus ferroxidans, an

acidophilic, chemolithoautotrophic, bio-mining bac-

terium the ars genes are arranged in two divergently

transcribed operons, arsRC and arsBH. The gene

arsH was not required for and did not enhance arsenic

resistance when expressed in E. coli (Butcher et al.

2000). On the other hand, the arsH gene of the

Tn2502 transposon of the Yersinia virulence plasmid

pYV was required to confer full arsenic resistance. In

this transposon, arsH was transcribed divergently

from the arsBC genes. No definitive role for ArsH

has been established so far in direct connection to

arsenic resistance. Crystallization of the protein from

Shigella flexneri and Sinorhizobium meliloti exposed

its ability of NADPH:FMN-dependent reduction of

molecular O2 to hydrogen peroxide and its catalysis

of the reduction of azo dyes (Vorontsov et al. 2007;

Ye et al. 2007). P. putida ArsH was found to show

the same NADPH:FMN-dependent oxydoreduction
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activity (Páez-Espino, unpublished). The arsRBCH

operons of P. putida and P. aeruginosa display

an organization different of that found either in

A. ferroxidans or in the Yersinia plasmid pYV.

Instead, the Pseudomonas genes look more similar to

those of E. coli in that all genes are co-transcribed in

Fig. 2 Phylogenetic tree of bacteria harboring the ars genes.

The phylogenetic tree was constructed with the 16S ribosomal

DNA gene sequences by using Clustalw alignments. Diagrams

depicting the organization of the ars operons for each species are

shown. Color code: arsR in blue, arsB in light green, ACR3-like

in yellow, arsC (glutaredoxin-coupled) in orange, arsC (thio-

redoxin-coupled) in red, arsH in purple. Other genes found in or

adjacent to the ars clusters are shown as empty boxes
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the same orientation (Canovas et al. 2003). Whether

ArsH is required to confer full arsenic resistance in

Pseudomonas (as in Yersinia) or not (as in A. ferrox-

idans) is not known yet. Interestingly, as shown in

Fig. 2, arsH gene is present in almost all Gram-

negative bacteria that contain the ars operon but there

is no evidence of its presence in Gram-positives.

P. aeruginosa harbors one chromosomal ars operon

homologous to the arsRBC system of E. coli.

Transcription of such ars orperons is activated by

arsenite in E. coli (Cai et al. 1998) and P. putida

(Páez-Espino, unpublished data).

In prokaryotes two different families of efflux

pumps can be found, the so-called ArsB protein and

also the ACR3 arsenite carrier gene family. There is a

prevalence of arsB genes in Firmicutes and Gamma-

proteobacteria, while ACR3 are mostly present in

Actinobacteria and Alphaproteobacteria (Achour

et al. 2007; Fig. 2). Something similar happens to

the cytoplasmic arsenate reductases in that there are

two major protein families that differ in their

structures, reduction mechanisms and the location

of their catalytic cysteine residues. On one hand,

there is the thioredoxin-coupled arsenate reductase

class includes the ArsC proteins borne by Staphylo-

coccus aureus plasmid pI258, Bacillus subtilis, and

P. putida. The second major type of reductases use

glutaredoxin (not thioredoxin) in the corresponding

biochemical reaction. Within this group, ArsC from

the E. coli plasmid R773 and the eukaryotic ACR2p

reductase from Saccharomyces cerevisiae represent

two distinct enzyme classes (Fig. 2). Regardless of

their specific type and origin all arsenate reductases

are small cytoplasmic redox enzymes that convert

arsenate to arsenite by the sequential involvement of

three different thiolate nucleophiles that function as a

redox cascade (Messens and Silver 2006).

Arsenic methylation

Methylation of arsenic is a widespread phenomenon

in nature. From bacteria to humans, many organisms

can methylate the element to different extents. Yet,

while arsenic methylation by fungi and other eukaryo-

tes has been well documented, less is known in

bacteria. Yet, the methylation pathway(s) proposed

for prokaryotes are the same as those described in the

early studies (Challenger 1951) on the subject with

the fungus Scopulariopsis brevicaulis. The general

picture is that methylation pathway(s) involve a

series of steps in which the reduction of the

pentavalent form of As is followed by the oxidative

addition of a methyl group (Dombrowski et al. 2005)

thereby generating a growingly methylated series

of As chemical species: methyl arsenite (MMA),

dimethyl arsenate (DMA-V), dimethyl arsenite

(DMA-III) and trimethyl arsine oxide (TMAO). While

glutathione and other thiol-containing compounds

participate in the reduction steps, anaerobic bacteria

may use methylcobalamin as the electron donor

(Krautler 1990; Stupperich 1993). The methylation

reactions do require otherwise S-adenosylmethionine

(SAM) as the source of methyl groups.

The environmental significance of As methylation

and its potential for bioremediation of polluted sites

through volatilization is still under considerable

debate. In one study (Turpeinen et al. 2002) the

speciation of arsenic in contaminated soil was

examined under laboratory conditions and corrobo-

rated in a field study of a waste area. It was concluded

that microbial transformation of As(V) to As(III),

MMAA, DMAA and TMA by the microbial species

which were dominant in the site was less than 0.5%.

Regardless of this somewhat poor performance in

situ, arsenic methylation has been found in aerobic

and anaerobic bacteria (Bentley and Chasteen 2002),

including Clostridium collagenovorans, Desulfovib-

rio vulgaris and Desulfovibrio gigas (which produce

measurable amounts of TMA; Michalke et al. 2000)

and Methanobacterium formicium (arsine). A distinct

gene (arsM) determining all the SAM-dependent

methylation steps in bacteria has been recently

identified in more than 120 prokaryotic species (and

different archaea), and further characterized in Rho-

dopseudomonas palustris (Qin et al. 2006). Since

soluble methylated compounds are much less noxious

than inorganic arsenic, these microorganisms have

obviously a potential for bioremediation/biomitiga-

tion strategies based on the methylation and ensuing

mobilization of the target pollutant (Yamanaka et al.

1989, 1997; Yamauchi et al. 1990; Moore and Kukuk

2002; Mass et al. 2001). However, the approach has

evident downsides as well. The lifetime of volatile

arsines in air is short, as they are quickly oxidized

back to water-soluble species. Unfortunately, mono-

and dimethylated arsines are very genotoxic (see

Table 1). They target directly DNA without the
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concourse of any other compounds (Mass et al.

2001). Despite these caveats, volatilization is con-

sidered a possible strategy for bioremediation of other

toxic metals such as mercury (Rugh et al. 1998;

Bizily et al. 2000) and has also been proven as a

cheap and effective method for decontamination of

industrial wastes in bioreactors (Essa et al. 2002).

Whether or note the same will apply to arsenic

remains an open question.

Engineering bacteria for enhanced accumulation

of arsenic

One attractive possibility for removing arsenic from

waste water or for immobilizing the element in a non-

bioactive form is the use of microbial biomass as an

adsorbant specific for the various As forms. Although

bacteria generally accumulate very low arsenic levels

because of the highly efficient ars export systems

(Silver and Phung 1996; see above), some genetic

strategies have been proposed to enhance this

otherwise appealing possibility. In one case, the

phytochelatin (PC) synthase of Arabidopsis thaliana

(AtPCS) was successfully expressed in E. coli cells

(Sauge-Merle et al. 2003). Phytochelatins are thiol-

rich small molecules consisting of 2–5 repeats of the

c-Glu-Cys dipeptide with a terminal Gly residue.

Their production is one of the mechanisms used by

plants (and other eukaryotes) for neutralizing arsenite

inside the cells (Schmoger et al. 2000). Expression

of such PCs in the bacterial host increased the

accumulation of intracellular arsenic by 50-fold by

sequestering arsenic ions (likely arsenite) in a non-

toxic form and competing with the arsenic efflux

transporter. Another scenario for increasing As

accumulation in bacterial cells involves expression

of arsenic-binding proteins with metallothionein

(MT)-like properties. Bona fide MTs are low-molec-

ular-weight Cys-rich proteins, which bind metal ions

such as Zn2?, Cd2?, Cu2?, Hg2? and Ag2? (Hamer

1986). Some As-binding MTs have been occasionally

described, e.g. in the As-tolerant marine alga Fucus

vesiculosus (Merrifield et al. 2004), but none thus far

in bacteria. However, the transcriptional regulator

arsR present in the bacterial ars operon (see above)

can be considered a As-specific metallothionein-

like protein endowed with an unambiguous binding

site for arsenite. It was thus logical that ArsR

overexpression in E. coli allowed intracellular accu-

mulation of As(III) and As(V) to an extent 13–60 fold

higher than control cells (Kostal et al. 2004). The

approach is not devoid of precedents, as overexpres-

sion of the metallo-regulatory protein MerR has been

also reported for the sequestration of mercury (Bae

et al. 2003). In the case of ArsR, the success of this

strategy is due to the high binding affinity of the ArsR

dimer for intracellular arsenite. Similarly to the

instance with PCs discussed above, ArsR also seems

to compete with the extrusion system for available

arsenite in the cell cytoplasm. The difference of this

system (in contrast with the synthesis of PCs above)

is the high degree of specificity and affinity for

arsenic. The concept of using metallothioneins for As

removal has been recently upgraded by combining in

E. coli the above mentioned As-binding MT of Fucus

vesiculosus (Merrifield et al. 2004) with overexpres-

sion of the specific As transporter GlpF (Singh et al.

2008). These results open the possibility of designing

As-specific bioadsorbants by merging dedicated

transport systems with naturally-occurring or evolved

intracellular As-binding polypeptides. The interesting

part is that the thereby engineered resting cells can be

used to completely remove 35 ppb of As(III) in

20 min, making this a low-cost option for arsenic

removal from water (Singh et al. 2008).

Conclusion

Environmental pollution by arsenic brought about

global and local geochemical cycles to many places of

Earth has been often enhanced by irresponsible

industrial and mining practices in given sites. Yet,

intrinsic toxicity of Arsenic is one of the earlier

challenges that biological systems had to cope with

since the emergence of Life in the Biosphere. The

amazing diversity of microbial responses to environ-

mental As species just sketched in this short (and by no

means exhaustive) review cannot thus come as a

surprise. The most pressing challenge is how to

translate the fundamental knowledge derived from

the many studies carried out on this element into

science-based interventions to combat its noxious

effects on humans and the wider ecosystem. Despite

the somewhat timid attempts discussed above on

possible prevention and remediation strategies using

bacteria, most advances are still in a very small-scale
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stage. Fortunately, the room for improving the prop-

erties of biological agents for multi-scale As removal

or neutralization is still ample, and new conceptual

frameworks such as Systems and Synthetic Biology

(de Lorenzo 2008) will surely help to this end.
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