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Abstract 
 

Arsenic, a toxic metalloid is nearly ubiquitous in its distribution in the environment causing major health 
concern throughout the world. Arsenic resistance in the microbes revealed presence of arsenic-resistance 
genes clustered in arsenic resistance operon. Evolutionarily the earliest cells may possess the ability to 
detoxify arsenic present abundantly on primordial earth surface. The presence of arsenic resistance (ars) 
operon in the microbial genome illustrates that ars genes must be ancient. Primordial high environmental 
arsenic concentration created the selective pressure that maintained these arsenic resistance genes in 
present-day organisms as the genetic adaptation. Present-day selective pressure for metalloid resistance 
also comes from the volcanic activities, mining activities, coal burning and anthropogenic sources. Thus, an 
understanding of the primordial emergence and selection of the ars operon is fundamental to our 
understanding of the arsenic resistance biology.  
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INTRODUCTION 
 

Origin and evolution of life is truly a scientific 
enigma. First organisms speculated to evolve 
approximately 3.5–3.8 billion years ago and the 
earliest ecosystems existed in an anoxic world ruled 
by anaerobic metabolism (Canfield et al. 2006). It 
has been speculated that life evolved in an 
environment rich in arsenite [As(III)], assuming the 
ancient atmosphere did not contain oxygen for at 
least one billion years. Life if originated in anoxic, 
metal-confluent waters of hot springs, then the 
resistance to toxic metal species in the prevailing 
anoxic reducing environment would have been 
essential to the evolution of early life forms (Rensing 
et al. 1999; Rosen 1999), thus the evolution of metal 
detoxification may be of biological certainty. Our 
archean ancestors must have developed mechanisms 
to avert arsenic toxicity quite early. It has also been 
acknowledged that chromosomal metal resistance 
genes are likely the precursors of genes of plasmid 
(Carlin et al. 1995). Study of the arsenic resistance 
(ars) operon located on the chromosomes of archaea 
and bacteria may therefore provide an insight to the 
evolutionary origin of the arsenic-resistance genes. 
 

It may be considered an evolutionary legacy, that 
organisms has one or more As(III) detoxification 
pathway (Bhattacharjee and Rosen 2007) living in 
arsenic rich environmental niche. In bacteria and 
archaea, being closer to the direct line with the last  
 
 
 

unified common ancestor (LUCA), arsenic resistance 
(ars) genes are organized in operons conferring 
arsenic tolerance. Nearly all bacteria and archaea 
have arsenic-resistance (ars) operons conferring 
resistance to different species of arsenic (Rosen 
1999). To date more than 400 ars operons have 
been identified (Ajees et al. 2011). The widespread 
occurrence of ars genes reflects the ubiquity of 
arsenic as environmental toxic metal.  
 

The resistance to metalloid arsenic is conferred by the 
arsenic resistance operon in prokaryotes. Arsenic 
resistance operon includes genes encoding for ArsR 
(arsenite-sensitive regulator) and ArsB (passive 
arsenite-tranporter protein). Evolutionary findings of 
ArsB homologues across various taxonomic groups 
indicated a clear relationship, with 16S rRNA 
evolutionary lines, supporting a hypothesis of arsenic 
resistance developing early in the evolution of life 
(Gihring et al. 2003). 
 

Biogeochemistry of Arsenic 
 

Arsenic, the 20th abundant element of earth crust 
(0.0005%), was more abundant on geologically 
ancient times on earth surface. This is due to the 
original accretion material containing phosphorus-rich 
meteorites (Olsen et al. 1999; Hamaguchi et al. 
1969) which thought to contain up to 0.1% arsenic. 
High concentration of arsenic in primordial earth was  
probably linked to early means of energy generation 
on the ancient earth (Oremland et al. 2009).   
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Depletion of volatile elements from the juvenile earth 
crust shaped the contemporary lower concentration 
of arsenic (Kargel and Lewis 1993). During the 
cooling and differentiation phase of earth, As were 
significantly concentrated within its core and mantle, 
due to the sinking of these denser metal(loid)-sulfides. 
Arsenic is brought back to surface by volcanism, 
during Archean (∼3.8 Ga) times (Oremland et al. 
2009), thus creating a biochemical opportunity for 
the early emergent life.   
 

The metalloid arsenic bears toxic and therapeutic 
properties, exemplified by the use of realgar, an 
arsenic sulfide mineral for the treatment of ulcer and 
the use of salvarsan, an organoarsenical, as a 
treatment for syphilis by Nobel laureate Paul Ehrlich. 
Arsenic toxicity, a well reputed phenomenon, 
depends on both its chemical form, whether inorganic 
or organic, and its oxidation state. Arsenic occurs in 
four oxidation states, arsenite [As(III)], arsenate 
[As(V)], elemental arsenic [As(0)], and arsenide [As(-
III)], with As(V) and As(III) are in higher abundance in 
nature. Arsenate [As(V)], a phosphate analogue, can 
enter bacterial cells via phosphate transport systems 
(Pst and Pit). As a Group 15 element, arsenic is an 
analogue of phosphorous (Oremland et al. 2009) 
and thus once inside, arsenate uncouples oxidative 
phosphorylation from energy production and also 
interferes with glycolysis (Stolz et al. 2010). Arsenite 
[As(III)] enters cells at neutral pH via aqua-
glyceroporins, binds with sulfhydryl groups (as well 
as with free sulfide ions), and thereby inactivates 
essential enzymes, including some involved in aerobic 
respiration (Oremland et al. 2009) causing 
respiratory failure and resulting death, low chronic 
exposures cause cardiovascular stress, liver disease, 
and cancers (Stolz et al. 2010). Arsenite with its 
greater hydrologic mobility and toxicity than As(V), 
become less absorbed to more mineral surfaces than 
As(V). Thus arsenate is less mobile than As(III) in 
fluvial environments like subsurface aquifers 
(Oremland et al. 2009). Although only 0.0001% of 
environmental arsenic is present in earth crust, arsenic 
is distributed widely in volcanic rocks, sedimentary 
rocks, fossil deposits, iron hydroxides, and in realgar, 
orpiment, and arsenopyrite. Anthropogenic sources 
include mine drainage, combustion of fossil fuels, 
irrigation water runoff from farm lands treated with 
arsenic-containing pesticide, waste products from the 
glass manufacturing, pigments, and medicinals, and 
wood preservatives. The arsenic in Bangladeshi 
drinking water, for example, derives from eroded 
Himalayan sediments (Stolz et al. 2010). Arsenic 
contamination from both geogenic and anthropogenic 
sources literally affects millions of people around the 
globe, but is especially marked in the deltaic regions 

of south Asia (e.g., Bangladesh; West Bengal, India) 
and surrounding regions (e.g., Taiwan, Cambodia) 
(Oremland et al. 2009).   
 
 

Microbial activities are either directly involved or 
enhance these processes. For example, in Mono and 
Searles Lakes in California, arsenic concentrations are 
high enough to support a biogeochemical cycle. At 
the heart of the cycle are oxidation reduction 
reactions involving As(V) and As(III) as well as 
methylated and thioarsenicals. Because As(V) 
reduction can be coupled to sulfide oxidation and 
As(III) oxidation to nitrate reduction, these reactions 
do not depend on oxygen (Stolz et al. 2010). 
 

Microbial arsenic resistance and arsenic resistance 
operon 
 

In bacteria, arsenic resistance genes are organized 
as ars operons. The majority have three genes 
operon, arsRBC. ArsR is an As(III)- responsive 
transcriptional repressor (Xu and Rosen 1999), ArsB is 
an As(OH)3/H+ antiporter that extrudes As(III), 
conferring resistance (Meng et al. 2004), and ArsC is 
an arsenate reductase that converts As(V) to As(III), 
the substrate of ArsB, extending the range of 
resistance to include As(V) (Mukhopadhyay and Rosen 
2002). Few operons have two more genes, arsD and 
arsA, constructing the arsRDABC operon in E. coli 
plasmid R773. ArsA and ArsB forms the ArsAB 
complex, a pump utilizing the energy of ATP 
hydrolysis for As(III) extrusion (Dey et al. 1994a, b). 
Cells expressing the five genes arsRDABC are more 
resistant to arsenate and arsenite than those 
expressing only the arsRBC genes (Ajees et al. 2011). 
Although the resistance genes were originally 
discovered on plasmids, they have also been found 
on the chromosomes of a diverse group of organisms, 
including archaea, bacteria, yeasts, and protoctists. 
Three systems, exemplified by Escherichia coli, 
Staphylococcus, and yeast, evolved through 
evolutionary convergence. Each system has three 
components: the arsenate reductase ArsC (or ACR2), 
a low-molecular mass protein (13–15 kDa) related to 
tyrosine phosphate phosphatases; ArsB (or ACR3), the 
arsenite-specific transporter or efflux pump; and a 
source of reducing equivalents provided by either 
reduced thioredoxin or glutaredoxin. Additional 
components include an ATPase (ArsA), which forms an 
ArsAB complex, and regulatory elements (ArsR, ArsD). 
The microbial oxidation of arsenite was first 
documented in a bacillus in 1918. Established as a 
mechanism for detoxification, it has been recently 
linked to energy generation. Also phylogenetically 
widespread, arsenite oxidation occurs in more than 
30 strains belonging to about 9 genera, including 
members of the Crenarcheaota, Aquificales, and 
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Thermus, as well as α-, β-, and γ- proteobacteria. In 
most cases, the organisms are aerobic heterotrophs 
or chemolithautotrophs, using oxygen as the electron 
acceptor for arsenite oxidation (Stolz et al. 2010). 
 

Microorganisms beyond phylogenetic boundaries 
have evolved the capacity to function in arsenic rich 
environments for their adaptation of As-resistance. 
This can be achieved either by oxidizing uncharged 
arsenite ions to arsenate on the cell surface so as to 
preclude their passive uptake by aquaglycerol 
porins, or in the case of cytoplasmic accumulations of 
arsenate, its reduction to arsenite through the ArsC 
system to facilitate As export out of the cell in a 
reaction that consumes ATP (Oremland et al. 2009).  
 

Evolution of the arsenic resistance (ars) operon 
arsR  
 

The transcriptional regulator of the ars operon is the 
ArsR/SmtB family of metal(loid)-responsive 
transcriptional repressors. The 117-residue As(III)- 
responsive ArsR repressor encoded by the arsRDABC 
operon of gram-negative bacteria (Wu and Rosen 
1991, 1993b; Shi et al. 1994; Rosen 1999) and the 
arsRBC operon of E. coli (Rosen 1999). The number of 
identified members of this family has reported to be 
198, with 192 homologues in Gram-positive and 
negative bacteria, and six homologues in archaea. 
ArsR are homodimers in structure and repress 
transcription by binding to DNA in the absence of 
As(III), which dissociate from the DNA during arsenite 
abundance conferring arsenic resistance. 
 

arsB 
 

Removal of arsenite from the cell interior is the most 
straightforward way to arsenic resistance, and nearly 
every prokaryote has membrane transport proteins 
(ArsB) catalyzing the As(III) efflux from the cytosol 
(Yang et al. 2012). Evolutionary analysis of ArsB 
homologues across various taxonomic groups 
indicated a clear relationship with 16S rRNA 
evolutionary lines supporting a hypothesis of arsenic 
resistance developing early in the evolution of life 
(Gihring et al 2003). 
 

arsC 
 

It is thought that arsenate reductase arose 
independently three times by evolutionary 
convergence, which shows the essential role of this 
protein in arsenic rich environment. Three families of 
reductase are reported. The Staphylococcus aureus 
plasmid pI258 reported to encode arsC gene 
product, was found to be homologous to low 
molecular weight protein phosphotyrosine 
phoshatase. The other two are Escherichia coli 
plasmid R773 arsC arsenate reductase and 
Saccharomyces cerevisae Acr2p arsenate reductase. 

The only known eukaryotic arsenate reductase. Acr2p 
is homologous to cdc25a cell cycle protein tyrosine 
phosphatase and to Rhodanase-a thiosulfate 
sulfurtransferase. 
 

arsA 
 

ArsA is a 583-amino acid ATPase architecturally 
containing two pseudo-symmetric halves named A1 
and A2 having consensus nucleotide-binding domains 
(NBDs) at their interface (Zhou et al. 2000) and 
connected together by a short linker. The metalloid 
binding domain (MBD) binds As(III) (Zhou et al. 2001, 
2000) using conserved cystine residues (Ruan et al. 
2006). Nucleotide binding at the NBDs stimulates 
metalloid binding which further stimulates ATP 
hydrolysis. 
 

A gene encoding for an ArsA relative located apart 
from the two gene arsRB operon was identified. 
Phylogenetic analyses of ArsA-related proteins 
suggest separate evolutionary lineages for these 
proteins and offering insights into the formation of the 
arsA gene (Gihring et al. 2003). 
 

arsD 
 

ArsD is a metallochaperone that transfers As(III) to 
ArsA (Lin et al. 2006). ArsD is a homodimer of two 
120-residue subunits (Chen and Rosen 1997). The 
metallochaperone ArsD exhibits moderate to low 
repressor activity, its primary function is as an arsenic 
chaperone (Chen and Rosen 1997; Lin et al. 2006; 
Wu and Rosen 1993a). ArsD has three conserved 
cysteine residues, Cys12, Cys13 and Cys18 (Lin et al. 
2007a; Yang et al. 2010). These form a high affinity 
As(III) binding site required for ArsD to deliver 
arsenite to the ArsA. Thus the affinity of ArsA for 
As(III) is increased, producing increased efflux and 
resistance (Lin et al. 2007b; Yang et al. 2010). The 
three conserved sites of ArsD is similar in nature but 
not sequence to the ArsA As(III) binding site 
(Bhattacharjee et al. 1995) and the three sites of 
three different ArsR repressors that have evolved 
through evolutionary convergence (Shi et al. 1996; 
Qin et al. 2007; Ordóñez et al. 2008). 
 

Arsenic rich environment provides bacterial and 
archaeal ars operons containing arsD gene a survival 
advantage. It has been noted that the arsA and arsD 
are nearly always tandem to each other. Tandem 
organization may indicate coevolution of arsA and 
arsD gene followed by shifting as a unit into ars 
operon (Ajees et al. 2011), or speculated to have 
linked biochemical functions in arsenic detoxification. 
The sole cause of the evolution at the first place is yet 
to be known. 
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arsM 
 

Methylation of environmental arsenic by conversion to 
soluble and gaseous methylated species is a 
detoxifying process that contributing to the global 
cycling of arsenic. In the organization of arsenic 
resistance operon, there are a subset of these genes 
called arsM and their protein product ArsM, 
abbreviated for As(III) S-adenosylmethyltransferase. 
The uniqueness of these arsM genes among other 
homologues is that they are each downstream of the 
regulatory arsR gene, encoding the arsenic-
responsive transcriptional repressor that controls 
expression of ars operons (Bhattacharjee et al. 1995; 
Bhattacharjee and Rosen 2007) suggesting that these 
ArsMs evolved to confer arsenic resistance. 
 

DISCUSSION  
 

All three kinds of arsenic metabolizing enzymes, 
arsenate reductases, phosphatases and 
sulfurtransferases utilize anions as their substrate. 
Thus parsimonious evolutionary principle indicates the 
probable existence of the common ancestor with 
oxyanion binding site for the possible exploitation of 
arsenic modification and therefore optimum arsenic 
utilization in the physiological context of the common 
ancestor. Further this common ancestors is 
contemporary to the last universal common ancestor 
shortly LUCA or before the existence of LUCA is not 
settled yet. 
 

Once the atmosphere became oxidizing, the majority 
of aqueous arsenite started to get oxidized to 
arsenate [As(V)]. This was an evolutionarily crisis 
period for the variety of organisms that could 
detoxify As(III) but not As(V), leading to the purifying 
selection in favor of microbes that had already 
evolved strategies to handle inorganic arsenate. 
These organisms evolved biochemical circuitry as the 
adaptation that can reduce intracellular arsenate to 
more toxic arsenite, for which they already had 
mechanisms for cytosolic removal, leading towards 
the emergence of three families of small arsenate 
reductase enzymes for detoxifying arsenate 
(Mukhopadhyay & Rosen 2002). 
 

Arsenate reductase is unconventional among well 
studied enzyme classes in that there is not a single 
family of evolutionarily related sequences, which 
eventually rules out the duplication and divergence 
as the underlying evolutionary mechanism. There are 
several independent families and from the 
evolutionary standpoint may be considered as 
clades, rather than trees. The gene arsC encoding the 
enzyme arsenate reductase have originated several 
times indicating the strong selection pressure on 
microbes for these function. 

Rosen (1999) speculated that, the origin and 
diversification of arsenical resistance genes involved 
a series of gradual steps resulting in the ‘‘present-
day’’ ars operon. Therefore the evolutionary trend of 
ars operon may be additive and undergoing positive 
selection in relation to the survival and therefore 
increment of reproductive fitness of the possessing life 
form. It was assumed that shortly after the evolution 
of the arsB gene, arsR joined to form the arsRB 
operon (Gihring et al, 2003). Following the 
development of arsRB operon, it was thought that 
arsC was added to confer resistance to both arsenate 
and arsenite. Finally, the addition of arsDA may have 
ensured a higher degree of As resistance and 
resulted in the modern arsRDABC operon in gram 
positive bacteria (Rosen 1999). 
 

As(III)-linked anoxygenic photosynthesis provide new 
insight into the origins of microbial arsenic resistance. 
As(III) was probably the predominant form of arsenic 
in the early Archaean period. Geologically arsenate 
reduction could arise only after sufficient As(V) 
became available presumably after aerobic 
oxidation of arsenite. The utilization of arsenite as the 
electron donor in anoxygenic phototrophy, however, 
provides a mechanism for generating arsenate in the 
absence of oxygen prevailed atmosphere. Thus 
arsenic appeared to play an important factor during 
evolution. 
 

There still remain many unanswered questions relating 
to the nature of geological environments that first led 
to the origin and progressive diversification of arsenic 
resistance operon. It is also an important question that 
the proteins conferring arsenic resistance evolved for 
arsenic detoxification or for another unrelated 
function and later adopted for the resistance 
purpose. 
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