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Introduction
Contamination of ground water by arsenic is a major problem in 

many countries throughout the world.1 This potentially geogenic origin 
toxin, carcinogen and teratogen gains entry into human food chain via 
contaminated drinking water or food crops cultivated in contaminated 
soils.2 Several regions of the world like are affected by groundwater 
and pollution of arsenic. Concentration of arsenic in aquifers from 
Argentina, Bangladesh, Chile, China, Hungary, India (West Bengal), 
Mexico, Romania, Vietnam, Nepal, Myanmar, Cambodia, and the 
United States, have been reported to possess arsenic at concentrations 
above 0.05mg/L.3 Among these, about 105,000 square km region 
in deltaic plains of India and Bangladesh has been reported to be 
worstly affected by this geogenic pollution.4 About 70million people 
residing in this region are exposed to various As related chronic 
health problems from drinking As-rich groundwater.5 Groundwater 
obtained from the Holocene-aged-aquifers in Bangladesh have much 
higher level of arsenic.6 Apart from Bangladesh and India, several 
countries around the world has reported elevated concentrations of As 
in groundwater such as Taiwan,7 PR China (e.g. Shanxi, Xinjiang, and 
Inner Mongolia),8,9 Vietnam,10 USA (New Jersey).11

Aquifers are deep subsurface layers of rocks, sand or soil capable 
of storing and transmitting water. Sources of groundwater includes 
horizontal flow within an aquifer, vertical flow between adjacent 
aquifers, point and line sources and diffuse recharge of aquifers.12

Arsenic occurs with valence states of-3 (arsine, AsH3), 0 (metallic, 
As0), +3 (arsenite, As[OH]3) and +5 (arsenate, AsO4-3) depending on 
the environmental conditions. Arsenate (As[V]) is the predominant 
form in soil and surface water, while reducing conditions in anaerobic 
groundwater favours the occurance of arsenite (As[III]). Reduction 
of AsV to AsIII results in solubilization of arsenic from sediments 
leading to arsenic contamination of groundwater.13

Among the various factors like various anthropogenic sources, 
competitive adsorption/desorption of anions on metal hydroxides 
release from sulfide minerals (i.e., arsenopyrite) and from phosphate 
fertilizers,14 microorganisms like metal-reducing bacteria had often 
been related to arsenic release from soils and sediments.13 Among 
the several proposed mechanisms of arsenic release from soil and 
sediments, dissimilatory arsenate reduction is considered to be the 
principle one under anoxic condition such as deep aquifer ecosystem,15 
a source point of groundwater.

Two types of arsenate reductase have been reported in prokaryotes. 
Cytoplasmic arsenate reductase is a detoxifying enzyme that reduces 
AsV to AsIII followed by extrusion of arsenite from the cell. Microbes 
harbouring this type of cytoplasmic arsenate reductase was first 
arsenate reducers to be discovered and being one of the resistant 
mechanisms adopted, such group of microbes were referred to as 
arsenate resistant microbes (ARM). Further molecular analysis of 
this process revealed the role of ars RBCoperon system performing 
arsenate binding (ArsR), arsenate reductase (ArsB) and arsenite efflux 
(ArsC) respectively.14 However, this system is active only on AsV that 
has entered the cell and not on those that remain adsorbed to Fe(III) 
in sediments.16

Dissimilatory arsenate reduction is carried out by a group of 
arsenic metabolizing bacteria called dissimilatory arsenate reducing 
prokaryotes (DARP)17 which carries out anaerobic respiration by 
using AsV as terminal electron acceptor. The first arsenate-respiring 
bacterium (strain MIT-1) was isolated from anoxic sediments of 
Aberjona watershed in eastern Massachusetts,18 was later identified as 
Geospirillumarsenophilus19 and was the first member of dissimilatory 
arsenate respiring prokaryotes (DARPs) to be reported.

DARPs represents to diverse phylogenetic groups such as 
Firmicutes, Gamma-, Delta- and Epsilonproteobacteria, Aquificae, 
Deferribacteres, Chryosiogenetes and in the Archaea.14 Molecular 
analysis revealed that anaerobic dissimilatory As(V) reduction is 
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Abstract

Arsenic (As) contamination of ground water is a potential threat to human population 
in several countries throughout the world. Subsurface aquifer sediments act as the 
principle source point of arsenic pollution in ground water. Microbial activities 
have been reported to influence As release and speciation in the groundwater from 
the subsurface sediments. One of the most important group of microorganisms 
responsible is the dissimilatory arsenate reducing prokaryotes (DARP) which use 
arsenate as electron acceptor and solubilize arsenic from sediments. Several genes 
are responsible for metabolism of As (III/V) and thus to release of As from sediments, 
such as arr (dissimilatory arsenate reductase gene) and ars genes (arsenate reductase). 
These genes have been found to be distributed across diverse phylogenetic population. 
Several recent studies have also pointed to the role of organic matter in the release 
of As from the sediments, which has led to a huge scope for research in relation to 
metatranscriptomic analysis of arsenate reduction. 
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catalyzed by the periplasmic arsenate respiratory reductase (Arr) 
complex, which consists of a large catalytic subunit (ArrA) and a small 
subunit (ArrB).20 As per Malasarn et al.,21 the arrA gene encoding large 
subunit of the reductase can be used as a reliable marker for arsenate 
respiration. Uniquely, the Arr enzyme also has been demonstrated 
to bebidirectional; it shows both arsenate reductase and arsenite 
oxidase activity in vitro depending on its electron potential and the 
constituents of the electron transfer chain.22 Figure 1 depicts various 
microbial gene products in arsenic species transformation. 

(ArrA: Dissimilatory Respiratory Arsenate Reductase; ArsC: Cytoplasmic 
Arsenate Reductase)

Figure 1 Biochemical transformations of arsenic oxyanions by microbial cells.

The release of arsenic from aquifer sediments is most commonly 
associated with a transition from oxic to anoxic conditions.23,15 Anoxic 
and chemically-reducing conditions promote the reductive dissolution 
of iron oxide minerals that adsorb As, and also promote bacterially-
mediated reduction of sediment-bound As from the more sorptive 
pentavalent oxyanion arsenate [As(V)] to the more soluble and mobile 
trivalent form, arsenite [As(III)] (Figure 2). 

Figure 2 Bacteria mediated reduction and release of sediment-bound As.

In natural settings, the reductive dissolution of Fe-oxide minerals 
and reductive mobilization of As(III) are largely mediated by 
phylogenetically and physiologically diverse prokaryotes that obtain 
metabolic energy by coupling the reduction of Fe(III) or As(V) to 
dissolved organic matter or chemoautotrophic electron donors such 
as sulfide.24,25  Hence, in addition to the detoxifying cytoplasmic 
arsenate reduction and expulsion, geomicrobiological Fe(III) and 
As(V) reduction by DAPR, thereby act both individually and in 
combination to release As from sediments to the dissolved phase of 
ground water.26,27 Expression of arrA was first studied in Shewanella 
sp. strain ANA-3, wherein the protein was expressed at the beginning 
of the exponential phase and persist till the end of stationary phase.28 
Induction of ArrA expression was observed in presence of arsenate 
and acetate but no such activity was observed in presence of electron 
donors like antimonite, nitrate, selanate or Sulphur. This study was 
carried out in Fe(III) reducing bacteria Geobacterlovleyi indicating 
its possible role in release of arsenic from aquifer sediments into 
groundwater.29

Recent investigations indicated organic matter as a determining 
factor for abundance and diversity of arsenate respiring bacteria in 
sediments. In a microcosm based study on Pleistocene and Holocene 
sediments, addition 13C-acetate and 13C-lactate exhibited abundance 
of different active bacterial community and also difference in 
quantitative arsenic release from sediments.30 At sites with varying 
hydrology, utilization of relatively young carbon sources by the 
subsurface microbial community was recently reported. These young 
carbon sources drive microbial metabolism that induced Fe reduction 
with concomitant release of As from sediments implied introduction 
of such carbon sources to unaffected sediments could stimulate 
microbial communities thereby favoring arsenic release.31

Several culture independent studies depicting metagenomics 
distribution and abundance of arrA gene in diverse ecological habitats 
has been carried out.32–34 However, most of the studies related to 
activity and expression of arrA gene had been confined to culture based 
pure culture techniques which does not depicts the real picture in real 
ecological niches. An alternate and more logical approach would be 
analysis of the transcription profile of arrA gene of the whole DARP 
community in situ in various aquifer ecosystems. Hence culture 
independent metatranscriptomic (analysis of whole community gene 
expression profile) approaches are to be undertaken to reveal the real 
picture and determine the governing ecological factors for arsenic 
release from aquifer sediments to ground water.
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