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Chapter 8
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Strategies for Fighting the Environmental 
Threat
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Abstract  Arsenic (As) is an abundant element found ubiquitously in nature, pri-
marily in the earth’s crust and also in the environment. Arsenic is necessary for 
living beings; however, it is also an emerging issue by virtue of the toxicity it causes 
in living beings, including humans and animals. Basically, the ground water is badly 
affected by As contamination, coming from sources including As-affected aquifers, 
and has severely threatened humanity around the world. Arsenic poisoning is worse 
in Bangladesh and Uttar Pradesh, where As(III) is found in higher concentrations in 
ground water, which is used by people. The dissolution process caused by oxidation 
and reduction reactions leads to the natural occurrence of As in groundwater. There 
are several review articles on As toxicity and exposure, but with scattered informa-
tion and no systematic knowledge in a combined way. However, in this chapter we 
try to compile all the information in systematic manner, which will be helpful for 
people who are working for As mitigation and removal from environment for sus-
tainable development. This chapter will be helpful in providing detailed knowledge 
on As occurrence, speciation, factors affecting As toxicity arising because of its 
biogeochemistry, and various physico-chemical and biological strategies for com-
bating the environmental threats.
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1  �Introduction

Arsenic is a harmful metal, found everywhere, i.e. in soil, water, air, and is highly 
toxic to all living beings. Its distribution among geochemical sources is irregular 
and is commonly found in the earth’s crust. It comes from both anthropogenic and 
geogenic sources (Smith et al. 1999; Juhasz et al. 2003). However, the worst con-
tamination conditions have been encountered in West Bengal (India) and neigh-
bouring countries such as Bangladesh, and have been created because of natural 
process (Tripathi et al. 2007). Arsenic is also reported to be invading the food chain, 
for instance rice, most probably due to contaminated ground water (Meharg et al. 
2009; Hare et al. 2017). Arsenic (As) persists in nature for a long time.

Arsenic is found in two forms (organic and inorganic) in nature, but the inorganic 
As shows higher toxicity than the organic form. Inorganic As is represented by two 
biological forms {Arsenate As(V) and arsenite As(III)} which can interconvert reg-
ulated by the environment, especially redox conditions. Arsenate As(V) interferes 
with necessary cellular processes such as oxidative phosphorylation and ATP syn-
thesis as it is a phosphate analogue and thus, the main route of arsenate uptake by 
the roots may be through the phosphate transport mechanism. A little is exported to 
the shoot through the xylem as the ox anions As(V) and As(III). The toxicity of 
arsenite is governed by its tendency to bind to sulfhydryl groups, with resultant 
harmful effects on protein functioning, and As(III) is transported in the neutral 
As(OH)3 form through aquaglyceroporins (Meharg 2004). Arsenic occurs as oxy-
anions in soils, predominantly as arsenite As(III) and arsenate As(V). In oxygen-
rich environments and well-drained soils, arsenate species dominate (H2AsO4

− in 
acidic soils and HAsO4

2− in alkaline ones), whereas in a reducing environment, for 
example, regularly flooded soils, As(III) is more stable (Gomez-Caminero et  al. 
2001). The relative prevalence of the various forms of As in soils depends on the 
type and amount of adsorbing component of the soil, pH and redox potential 
(Buschmann et  al. 2006). Materials with iron and aluminium oxide surfaces are 
capable of adsorbing arsenate and arsenite. Humic acids and fulvic acids in soil 
have been reported to show great affinity for As (Meunier et al. 2011). These may 
interfere strongly with As adsorption in some situations and As mobility may be 
increased in soil when they are present (Jackson and Miller 1999). This relationship 
is postulated to involve bridging metals and deprotonated functional groups within 
the humic acid (Warwick et  al. 2005). Increased As concentration retards usual 
growth and development of plants if present in irrigation water or in soil with toxic-
ity symptoms such as biomass reduction and yield decreases. Arsenic interferes 
with plant metabolic system and can inhibit growth, often leading to death when 
present in higher concentrations (Jiang and Singh 1994). There are several reports 
on the loss of fresh and dry biomass of roots and shoots, loss of yield and fruit pro-
duction, morphological changes if the plants were grown in soils treated with As 
(Mokgalaka-Matlala et al. 2008). Miteva (2002) reported a decrease in growth of 
the aerial parts and the root system of tomato plants at higher As concentrations. A 
disease known as “straight head” is a physiological disorder of rice (Oryzasativa L.) 
characterised by the sterility of florets/spikelets leading to a decreased crop yield.
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Singh et al. (2010) worked on the effect of As on rice crops in the Indo-Gangetic 
plains of north-western India and found a positive correlation between the rice 
growth and As in the irrigation water and soil. There are several reports revealing 
the positive correlation between rice crops and the fields versus As-contaminated 
irrigation water (Khan et al. 2009).

Arsenic that has accumulated in plants finally reaches human beings, causing 
potential health risks such as skin cancer as it become an integral part of the food 
chain. Arsenic is regarded as a group A human carcinogen by the United States (US) 
Environmental Protection Agency (EPA). The major health hazards include skin, 
lung, bladder, and liver cancers, and many other cardiovascular, neurological, hae-
matological, renal, and respiratory diseases (Halim et al. 2009; Johnson et al. 2010; 
Yadav et al. 2017), mostly ascribed to intake along with contaminated fresh drinking 
water. Arsenic toxicity in severe stages is marked by symptoms such as dermal 
lesions (e.g. hyperkeratosis, hyper pigmentation, desquamation and loss of hair 
(Zaloga et al. 1985), peripheral neuropathy, skin cancer and peripheral vascular dis-
ease. The most affected parts are those directly involved in absorption, accumulation 
and excretion of As, especially the gastrointestinal tract and liver (Yadav et al. 2017). 
Apart from this, the vascular system and other soft organs such as the heart and 
kidneys are very sensitive to As. The skin tissues are secondarily affected. The intes-
tinal epithelium is the first barrier against such exogenous inorganic As toxicity.

2  �Occurrence/Sources of Arsenic

Arsenic is the 20th most frequently occurring trace element in the soil, 14th in the 
seawater, and 12th in living systems (humans). Arsenic is abundantly distributed in 
nature and its derivatives are mobile in the environment. In the environment, the 
major sources of As include natural/geogenic and anthropogenic sources (Fig. 8.1).

2.1  �Natural/Geogenic Sources

Arsenic is ubiquitous in nature, and is distributed throughout the earth’s crust, soil, 
sediments, water, atmosphere and living organisms. Arsenic is reported to be found 
in soil in higher concentrations than in rocks. Arsenic is naturally found in more 
than 200 different mineral forms, which contain arsenates (60%), sulphides (20%), 
sulfosalts and the rest consist of arsenides, arsenites, oxides, silicates and elemental 
As (20%). On the land, the concentration of As present is around 1.5–3.0 mg kg−1. 
The concentrations of As in the earth crust of different nations are said to vary 
within the range from 0.1 to 40 mg kg−1 (mean 6 mg kg−1), 1–50 mg kg−1 (mean 
6 mg kg−1) and mean 5 mg kg−1, but varies considerably among geographic regions 
(Kabata and Pendias 1984). In natural waters, As is reported to be present at low 
concentrations. The seawater ordinarily contains 0.001–0.008  mgl−1 of As. The 
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maximum permissible limits of As in potable water is 50 μgl−1 and the recom-
mended value by the EPA and the WHO is 10 μgl−1 (WHO Arsenic Compounds 
2001; U.S. Environmental Protection Agency 1975). In air, As is present primarily 
absorbed on particulate matters, is found most of the time as a mixture of As(III) 
and As(V), with the organic species being of little significance except in areas where 
the application of As pesticides is frequent. The As content present in air is quite 
low and ranges from 0.4 to 30  ng m−3; therefore, through air humans generally 
encounter very low exposure. USEPA estimate that the general public is exposed to 
a range of approximately 40–90 ng per day by inhalation.

2.2  �Anthropogenic Sources

For As, the principal anthropogenic contributions to soils come from the ways of 
managing municipal solid waste, i.e. primarily combustion, the application of dif-
ferent agricultural support substances, including pesticides such as herbicides, fun-
gicides and insecticides, which contain As. Application of solid waste/sewage 
sludge into land, river and irrigation waters (Kabata-Pendias and Adriano 1995), the 
mining and smelting of As-containing ores, combustion of fossil fuels (especially 
coal), land filling of industrial wastes (pulp and paper, tannery, textile and distill-
ery), the release or disposal of chemical warfare agents (Chowdhary et al. 2017a, b, 
c; Goh and Lim 2005), manufacturing of metals and alloys, petroleum refining and 
pharmaceutical manufacturing (Ning 2002; Mishra and Bharagava 2016). 
Nowadays, for preserving wood chromated copper arsenate (CCA) has become 
popular, and is another potential source of As in soil (Bharagava and Mishra 2018).

Fig. 8.1  Sources of arsenic contamination in the environment
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Arsenic is used in various kinds of pesticides, such as lead arsenate, Ca3AsO4, 
copper acetoarsenite, Paris green (copper-acetoarsenite), H3AsO4, monosodium 
methanearsonate (MSMA), disodium methanearsonate (DSMA) and cacodylic acid 
are used in the production of cotton as pesticides. Arsenic is also used for wood 
preservatives such as fluor-chrome-arsenic-phenol (FCAP), CCA and ammoniacal 
copper arsenate (ACA) (U.S.  Department of Agriculture 1974). Many As com-
pounds are used for feed additives, such as H3AsO4, 3-nitro-4-hydroxy phenylar-
sonic acid and 4-nitrophenylarsonic acid.

3  �Accumulation and Transformation of Arsenic  
in Edible Crops

Plants vary significantly in their ability to accumulate As and the rice plant is more 
inclined to As accumulation than other cereals, as it is generally grown under flood 
conditions where As mobility is elevated. However, wide range of As-resistant 
microorganisms are present in nature; relatively few of the microorganisms are 
known to hyper-accumulate As (non-genetically engineered microorganisms) (Xie 
et al. 2013). Bioaccumulation refers to a process in which As is accumulated in cell 
membranes and cytoplasm, different from biosorption, in which accumulation takes 
place at the cell surface (Joshi et al. 2009; Xie et al. 2013). Arsenic transformation 
in the environment is predominantly biotic (Meng et al. 2011), abiotic transforma-
tion of As has been shown to be considerably slower and is believed to be less 
important than microbially mediated reduction (Jones et al. 2000). The transforma-
tion reactions of As include microbial reduction, oxidation, methylation and 
demethylation, which play a detrimental role in the environmental behaviour of As, 
because different types of mobility are shown by different chemical forms of As 
[Methyl As(III)>Methyl As(V)>As(III)>As(V)] (Lafferty and Loeppert 2005), tox-
icity [Methyl As(III)>As(III)>As(V)>Methyl As(V)] and susceptibility to plant 
uptake [e.g. uptake by the rice root As(III)>Monomethyl As(V)>Dimethyl As(V)].

3.1  �Conversion and Internalisation of Arsenate

In arsenate uptake, the phosphate transporters present in the plant roots play a key 
role. Confirmation is shown in different physiological and electrophysiological 
studies exhibiting that arsenate uptake causes an effective inhibition of phosphate, 
and recent reports show that A. thaliana mutants flawed in phosphate transport are 
more tolerant to arsenate. Reduction of As(V) usually demonstrates an enhance-
ment in the mobility of As in the natural environment, as As(III) has greater mobil-
ity than As(V) (Smedley and Kinniburgh 2002). Reduction of As (V) through 
microbes may occur via respiratory reduction, as microorganisms use arsenate as 
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the terminal electron acceptor in anaerobic respiration (Lloyd and Oremland 2006; 
Mukhopadhyay et al. 2002; Stolz et al. 2006). Detoxification is the other mecha-
nism of reduction of arsenate to arsenite through microbes (Langner and Inskeep 
2000; Stolz et  al. 2002). Arsenic detoxification/mitigation has been well docu-
mented in E. coli, Staphylococcus aureus and Staphylococcus xylosis and is con-
trolled by “ars” genes that encode for arsenate (Cervantes et al. 1994; Tamaki and 
Frankenberger 1992). Arsenates detoxifying reducing bacteria were found to play 
an important role in As mobilisation under oxic conditions. Under flooding condi-
tions, in soil amended with citrate, strong As mobilisation was observed at the com-
mencement of incubation when oxic conditions prevailed (Eh >250 mV) (Corsini 
et al. 2010).

3.2  �Conversion and Uptake of Arsenite

Uptake of arsenite by plant roots is mainly in the form of the neutral molecule 
As(OH)3. Arsenite enters through plant root cells via aquaglyceroporin channels. In 
higher plants, the nodulin 26-like intrinsic proteins (NIPs) are the structural and 
functional equivalents of the microbial and mammalian aqua-glyceroporins 
(Wallace et al. 2006). NIPs are a subfamily of the plant major intrinsic proteins, col-
lectively known as water channels or aquaporins, and arsenite permeability is wide-
spread in different subclasses of NIPs (Zhao et  al. 2009; Maurel et  al. 2008). 
Microorganisms tolerate higher As(III) levels by carrying out microbial As(III) oxi-
dation as an effective detoxification process (Paez-Espino et al. 2009; Tamaki and 
Frankenberger 1992). As(III) oxidation is catalysed by a wide range of microorgan-
isms, e.g. Alcaligenes faecalis, Hydrogenophaga sp., A. ferrooxidans, T. aquaticus, 
T. thermophilus. Stolz et  al. 2006; Wang and Zhao 2009). The major impact of 
microbial oxidation of As(III) to As(V) is to reduce As mobility in the environment, 
as the resemblance of As(V) to mineral solids is usually higher than that of As(III) 
(Dixit and Hering 2003; Huang et al. 2011; Smedley and Kinniburgh 2002).

3.3  �Methylation

Several aerobic and anaerobic microorganisms (Kuehnelt and Goessler 2003) estab-
lished As methylation. Microbial methylation allows the conversion of aqueous or 
solid associated inorganic As into gaseous arsines and leaves from the living medium, 
which is usually regarded as detoxification (Jia et  al. 2013). The gaseous arsines 
endure long distances as they are highly mobile in comparison to aqueous As and 
may easily travel in the environment (Mukai et  al. 1986). The lower adsorption 
capacity of methylated As than inorganic As has been reported and was considered 
to be mobilisation owing to the formation of aqueous trivalent and pentavalent methyl 
As (Huang and Matzner 2006; Lafferty and Loeppert 2005). Low redox potentials 
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(i.e. reducing conditions) encourage the production and mobilisation of methylated 
As (Frohne et al. 2011). Under reducing conditions, the reduction of As(V) to As(III) 
may enhance microbial methylation of As followed by enhanced levels of dissolved 
As in soils and sediments (Bennett et al. 2012; Du Laing et al. 2009).

3.4  �Demethylation

Demethylation may occur under oxic and anoxic conditions, but is usually faster 
under oxic conditions (Huang et al. 2007). Removal of the organic moieties not only 
induces the general toxicity of As, but also reduces its mobility. Arsenic demethyl-
ation usually refers to the degradation of aqueous methylated As. In the atmosphere, 
the gaseous methylated arsines undergo rapid photo oxidative degradation (Mestrot 
et al. 2013). Whether the microorganisms found in the environment are able to per-
form As demethylation is still an open question.

3.5  �Nitrate Reduction

Nitrate reduction may not only affect As(V) reduction, but can also influence As 
cycling under anoxic conditions. For example, nitrate-respiring sediments could 
reduce As(V) to As(III) once all of the nitrate has been removed (Gibney and 
Nusslein 2007; Dowdle et al. 1996). In urban lakes, microbial oxidation of Fe(II) 
and As(III) helped by nitrate may be an important process, leading to the arrange-
ment of particulate ferric-oxide and As(V); an important consequence of enriched 
nitrate is therefore the presence of As(V) associated with hydrous ferric oxide col-
loids (Senn and Hemond 2002). Introducing nitrate may support the anoxic oxida-
tion of Fe(II) and arsenite in the subsurface as a means of immobilising As in the 
form of As(V) adsorbed onto biogenic Fe(III) (hydr)oxides (Sun et al. 2009).

4  �Toxicity Profile of Arsenic

West Bengal is most affected by As and it was also first reported here in the 1990s 
when people started to build up arseniosis, starting with skin rashes and leading to 
fatal problems, with a toxic effect on organs, for instance, the lungs, kidneys, and 
bladder (Chowdhury et  al. 2000). Related issues were detected in Bangladesh, 
which is in close proximity to West Bengal and has a similar land pattern based on 
alluvial and deltaic sediments. Arsenic is not reported to act as nutrient and it is 
hazardous even at very minimal concentrations to plants and animals (Smedley and 
Kinniburgh 2002; Buschmann et  al. 2008). Toxicity of As could affect different 
varieties of organisms, including humans (Cervantes et al. 1994). As accumulation 
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in plants affects not only the growth, but also, over time, it becomes a part of the 
food chain, which eventually causes adverse health problems to human beings such 
as skin cancer. Arsenic toxicity is largely manifested in the cytoplasm and a com-
mon mechanism of detoxifying cytoplasmic metals and metalloids is complexation 
via sulphur bonds (Tripathi et al. 2007; Rosen 2002).

The chemical forms and oxidation states of As are more significant with regard 
to toxicity. The mode of toxicity differs between As species. As(V) interferes with 
phosphate metabolism such as phosphorylation and ATP synthesis, whereas As(III) 
binds to the vicinal sulfhydryl groups of proteins, affecting their structures or cata-
lytic functions. Because arsenate decreases to arsenite, much of the toxic effect of 
As(V) may actually be due to its reduction product arsenite. It has been reported that 
iAs(V) is less toxic than iAs(III) to both animal and humans, but can be toxic to 
plants. An element is most toxic when it inactivates the enzyme systems, which 
serves as a biological catalyst. iAs(V) does not react openly with the active sites of 
enzymes (Johnstone 1963). It first reduces to iAs(III) in vivo before exerting its 
toxic effect. The enzymes, which generated cellular energy in the citric acid cycle, 
are harmfully affected. The inhibitory action is based on inactivation of pyruvate 
dehydrogenase by complexation with iAs(III), whereby the generation of adenos-
ine-5-triphosphate (ATP) is prohibited. Arsenic can inhibit many enzymes, for 
example the pyruvate oxidase, S-aminoacid oxidase, choline oxidase, and transami-
nase. Although iAs(III) is regarded as the more toxic form of the element, iAs(V) as 
arsenate can be disruptive as it competes with phosphate. Arsenate is also capable 
of replacing the phosphorous group in the DNA molecule and this appears to inhibit 
the DNA repair mechanism. In environments where phosphate content is high, arse-
nate toxicity to flora and fauna is generally reduced. Arsenic seems to have antago-
nistic relation to selenium in the body and each counteracts the toxicity of the other. 
However, As may also interfere with the essential role in metabolism. Arsenic pre-
vents the biological role of selenium, which results in the apparent deficiency of the 
glutathione peroxidise system (selenium-dependent enzyme).

The Chronic effects of As are well documented. The worst affected organs are 
those that take part in As absorption, accumulation, and excretion. Chronic As tox-
icity causes symptoms such as dermal lesions, and loss of hair (Zaloga et al. 1985), 
peripheral neuropathy, skin cancer and peripheral vascular disease. These symp-
toms have been identified mostly in populations, used As-contaminated water 
(Tseng 1977; Zaldivar 1980; Cebrian et al. 1983; Smith et al. 2010). The skin is 
known to localise and store As because of its high keratin content, which contains 
several sulfhydryl groups to which As3+ may bind (Kitchin 2001). The hazardous 
health effects of As exposure to different internal and external organs are sum-
marised in Table 8.1.

V. Hare et al.
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Table 8.1  Toxicological effects of arsenic in living organisms

Effect Toxicity References

Respiratory 
effects

Tracheae, bronchitis, rhinitis, pharyngitis, shortness of 
breath, chest sounds, nasal congestion and perforation of 
the nasal septum

Morton et al. 
(1994)

Pulmonary 
effects

1. Non-malignant pulmonary disease Borgono et al. 
(1997)2. Abnormal skin pigmentation, complained of chronic 

cough
3. Restrictive lung disease

Cardiovascular 
effects

1. Cardiovascular abnormalities, Raynaud’s disease, 
myocardial infarction, myocardial depolarisation, cardiac 
arrhythmias and thickening of blood vessels

WHO Arsenic 
Compounds 
(2001)

Gastrointestinal 
effects

1. Sub-acute arsenic poisoning as dry mouth and throat, 
heartburn, nausea, abdominal pains and cramps, and 
moderate diarrhoea

Nagvi et al. 
(1994)

2. Chronic low-dose arsenic produces a mild oesophagitis, 
gastritis, or colitis with respective upper and lower 
abdominal discomfort

Haematological 
effects

1. Anaemia and leukopaenia is reported to result from 
acute, intermediate and chronic oral exposures

Franzblau and 
Lilis (1989)

2. High doses of arsenic are reported to cause bone 
marrow depression in humans

Environmental 
Protection 
Agency (1984)

Hepatic effects Chronic arsenic induced hepatic changes, including 
bleeding oesophageal varices, ascites, jaundice, or simply 
an enlarged tender liver, mitochondrial damage, impaired 
mitochondrial functions, and porphyrin metabolism, 
congestion, fatty infiltration, cholangitis, cholecystitis and 
acute yellow atrophy, and swollen and tender liver

Guha Mazumder 
(2001)
Santra et al. 
(1999)
Chakraborty and 
Saha (1987)

Renal effects 1. Sites of arsenic damage in the kidney include 
capillaries, tubules and glomeruli, which lead to 
haematuria and proteinuria, oliguria, shock and 
dehydration with a real risk of renal failure, cortical 
necrosis and cancer

Dermal effects 1. Chronic exposure to arsenic diffused and spotted 
melanosis, leukomelanosis, keratosis, hyperkeratosis, 
dorsum, Bowen’s disease and cancer

Southwick et al. 
(1981)

2. Chronic doses of 0.003–0.01 mg As kg−1 per day Valentine et al. 
(1985)

Neurological 
effects

1. Acute high exposure (1 mg As kg−1 per day) often 
causes encephalopathy with symptoms such as headache, 
lethargy, mental confusion, hallucination, seizures and 
coma

Grantham and 
Jones (1977)

Developmental 
effects

1. Babies born to women exposed to arsenic dusts during 
pregnancy have a higher than expected incidence of 
congenital malformations, below average birth weight

Nordstrom et al. 
(1979)

(continued)
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Table 8.1  (continued)

Effect Toxicity References

Reproductive 
effects

1. Inorganic arsenic readily crosses the placental barrier 
and affects fetal development

Squibb and 
Fowler (1983)

2. Organic arsenicals do not seem to cross the placenta so 
readily and are stored in the placenta and cause elevations 
in low birth weights, spontaneous abortions, still-birth, 
pre-eclampsia and congenital malformations

Immunological 
effects

1. Low doses of arsenite (2 × 10–6 M) and arsenate 
(5 × 10–6 M), phytohemagglutinin (PHA)-induced 
stimulation of cultured human lymphocytes is increased 
49% with arsenite and 19% with arsenate

McCabe et al. 
(1983)

2. High doses of arsenite (1.9 × 10–5 M) and arsenate 
(6 × 10–4 M), PHA-induced stimulation is completely 
inhibited with an impairment of immune response

Genotoxic 
effects

1. Trivalent forms are far more potent and genotoxic than 
the pentavalent forms

Barrett et al. 
(1989)

2. Dimesthylarsinic acid (DMA) is more toxic than 
monomethylarsonous acid (MMA) in assays using 
mammalian and human cells and trimethylarsine oxide 
(TMAO) is more potent at inducing both mitotic arrest and 
tetraploids

Moore et al. 
(1997)

Mutagenetic 
effects

Arsenic promoted genetic damage in large part by 
inhibiting DNA repair and may cause cancer or problems 
in the exposed generation

Hoffman (1991)

Carcinogenic 
effects

1. Patients who received chronic treatment with arsenical 
medications have greatly increased the incidence of both 
basal cell and squamous cell carcinomas of the skin

Hutchinson 
(1887)

Diabetes 
mellitus

1. Drinking water arsenic exposure Rahman et al. 
(1998–1999)2. The presence of keratosis as an indicator of arsenic 

exposure showed elevated risks for diabetes in those 
exposed to arsenic in their drinking water

5  �Removal Strategies of Arsenic from a Contaminated 
Environment

Several strategies of As remediation are reported. In-situ treatments are preferred at 
large sites and are given at the place of contamination itself, whereas ex-situ reme-
diation is done at another location, which involves different treatments of contami-
nated soil or water (Table 8.2) (Pierzynski et al. 2005).
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Table 8.2  Arsenic bioremediation proposed in the literature to date

Microbial 
process Comments References
Biosorption Fe(III) treated Baccilus subtulis has 11 times higher 

As(V) sorption capacity than that of the native bacteria
Yang et al. 
(2012)

The maximum biosorption capacity of living cells of 
Bacillus cereus for As(III) was found to be 32.42 mg g−1 
at pH 7.5, at optimal conditions of contact time of 30 min, 
biomass dosage of 6 g L−1, and temperature of 30 °C

Giri et al. 
(2013)

Bacillus cereus strain W2 retained As(III) and As(V) up 
to 1.87 mg As g−1 of dry cell weight and dry cell removal 
capacity up to 0.18 mg As g−1

Miyatake and 
Hayashi (2011) 
and Prasad et al. 
(2011)The biosorption capacity of the Rhodococcus sp. WB-12 

for As(III) was 77.3 mg g−1 at pH 7.0 using 1 g L−1 
biomass with the contact time of 30 min at 30 °C

Bioaccumulation Engineering of phytochelatin producing, As transporter 
GlpF co-expressing and an As efflux deletion Escherichia 
coli showed a 80-fold more As accumulation than a 
control strain, achieving an accumulation level of 
16.8 μmol g−1 (dry cell weight)

Singh et al. 
(2010)

Saccharomyces cerevisiae was engineered for 3- to 4-fold 
greater As(III) uptake and accumulation by 
overexpression of transporters genes FPS1 and HXT7 
responsible for the influx of the contaminant coupled with 
and without high-level production of cytosolic As 
sequestors (phytochelatins or bacterial ArsRp)

Shah et al. 
(2010)

Engineered Escherichia coli expressing ArsR 
accumulated 50–60 times higher As(III) and As(V) than 
control

Kostal et al. 
(2004)

Bioreduction The co-presence of anthraquinone-2,6-disulfonate with 
As(V) respiratory-reducing bacteria (Bacillus 
selenatarsenatis SF-1) improved the removal efficiency 
and can be an effective strategy for remediation of 
As-contaminated soils

Yamamura et al. 
(2008)

Biomethylation Engineering the soil bacterium Pseudomonas putida 
expressing the As(III) S-adenosylmethionine 
methyltransferase gene has the potential for 
bioremediation of environmental As

Chen et al. 
(2013)

Soil microorganism, e.g. Trichoderma sp., sterile mycelial 
strain, Neocosmospora sp. and Rhizopus sp. Fungal 
strains could be used for soil As bioremediation via 
biovolatilisation

Srivastava et al. 
(2011)

(continued)
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Table 8.2  (continued)

Microbial 
process Comments References
Biomineralisation The nitrate- and sulphate-plus-lactate-amended 

microcosms with sediment from an aquifer with naturally 
elevated As levels decreased effective soluble As levels 
from 3.9 to 0.01 and 0.41 μM via sorption onto freshly 
formed hydrous ferric oxide and iron sulphide

Omoregie et al. 
(2013)

The biogenic Mn oxides generated by Marinobacter sp. 
MnI7-9 oxidised the highly toxic As(III) to As(V) and 
decreased the concentration of As(III) from 55.02 to 
5.55 μM

Liao et al. 
(2013)

Arsenic immobilisation by biogenic Fe mineral formed by 
Acidovorax sp. BoFeN1, an anaerobic nitrate-reducing 
Fe(II)-oxidising ß-proteobacteria

Hitchcock et al. 
(2012)

Microbial calcite precipitated by an As(III) tolerant 
bacterium Sporosarcina ginsengisoli CR5 to retain As

Achal et al. 
(2012)

Bioremediation strategy based on injecting nitrate to 
support the anoxic oxidation of Fe(II) and As(III) in the 
subsurface as a means of immobilising As in the form of 
As(V) adsorbed onto biogenic Fe(III) (hydr)oxides

Sun et al. (2009)

Other process Comments
Phytoextraction This uses pollutant-accumulating plants to extract and 

translocate pollutants to the harvestable parts. It can be 
sub-divided into phytoextraction using hyperaccumulator 
plants and chemically induced phytoextraction for the 
accumulation of metals to plants. Induced 
phytoextraction, however, has not yet been applied to As

Fitz and Wenzel 
(2002) and Salt 
et al. (1998)

Phytostabilisation Uses pollutant-tolerant plants to mechanically stabilise 
polluted land to prevent bulk erosion, reduce air-borne 
transport and leaching of pollutants. In contrast to 
phytoextraction, plants are required to take up only small 
amounts of As and other metals to prevent transfer into 
the wild-life food chain

Fitz and Wenzel 
(2002)

Phyto-
immobilisation

The use of plants to decrease the mobility and 
bioavailability of pollutants by altering soil factors that 
lower pollutant mobility by formation of precipitates and 
insoluble compounds and by sorption on roots

Fitz and Wenzel 
(2002)

Volatilisation The use of plants to volatilise pollutants. Volatilisation of 
As is known to occur in the natural environments

Frankenberger 
Jr and Arshad 
(2002)

Rhizofiltration The use of plants with extensive root systems and high 
accumulation capacity for contaminants, to absorb and 
adsorb pollutants, mainly metals, from water and streams

Salt et al. (1998) 

Phytofiltration The use of plant uptake contaminants into the biomass, 
thus removing the pollutant

Raskin and 
Kumar (1994)

Rhizodegradation Transformation of the contaminant in the rhizosphere can 
occur in soil organisms such as fungi or bacteria or via 
enzymes exuded from microorganisms or plants

Schultz et al. 
(2001)
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5.1  �Physico-Chemical Strategies for Arsenic Remediation

5.1.1  �pH

Arsenic (V) adsorption reduces with increasing pH, and highest absorption occurs 
at above pH 8.5, adsorption of As(III) increases with increasing pH. The degree of 
influence of pH on As adsorption varies from soil to soil. The highest adsorption of 
As(V) is at pH 4, whereas for As(III) the adsorption maxima are found at approxi-
mately pH 7–8.5 (Fitz and Wenzel 2002; Mahimairaja et al. 2005).

5.1.2  �Phosphate

Phosphate (PO4
−3), an analogue of As(V), acts as an essential factor for the nature 

of As in oxygen-rich soils (Mahimairaja et  al. 2005; Williams et  al. 2006). The 
effect of PO4

−3 additions to aerobic soils on the uptake of As therefore dependS on 
the balance between competition for sorption sites and competition for uptake. 
As(III) is not an analogue of PO4

−3; hence, making the presence of PO4
−3 most likely 

less relevant to the behaviour of As under flooded conditions (Takahashi et al. 2004). 
The role of PO4

−3 in the rhizosphere is not known, where aerobic conditions may 
prevail under flooded situations. There are many factors that affect the biogeochem-
istry of As (Table 8.3).

5.1.3  �The Effect of Iron Hydroxides

As(V) and As(III) adsorb primarily to iron-hydroxides (FeOOH) of the soil and 
As(V) has stronger bonds compared with As(III). The behaviour of FeOOH primar-
ily depends on its redox conditions; thus, iron redox chemistry play as an important 
parameter in regulating As behaviour (Fitz and Wenzel 2002; Takahashi et al. 2004). 
Under anaerobic conditions, the dissolution of FeOOH readily occurs, which results 
in the release of As in the soil. Such As occurs chiefly as As(III) (Takahashi et al. 
2004). FeOOH serves as a sink for As and is quietly insoluble under aerobic condi-
tions. Fe and As behaviour is closely related and very dynamic in lowland paddy 
fields. In comparison with sandy soils, FeOOH more frequently occurs in clayey 
soil (Fitz and Wenzel 2002; Mahimairaja et al. 2005). At the same concentration, the 
clayey soils are found to be less toxic in comparison with sandy soils owing to the 
strong bond of As in clayey soils.

5.2  �Microbial-Based Arsenic Remediation

Arsenic is very toxic to the biological system, although microorganisms have 
evolved several mechanisms to deal with this problem. The key modes of microbial 
remediation of As-affected soils are: oxidation and reduction, biosorption, 
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complexation, biomethylation, sequestration, solubilisation, and microbe-mediated 
phytoremediation. Microbial oxidation and reduction involve various metal ions 
that drastically affect As mobility. Microbes evolved their biochemical pathways to 
utilise As oxyanions, either as an electron acceptor [e.g. As(V)] for anaerobic respi-
ration, or as an electron donor [e.g. As(III)] to support chemoautotrophic fixation of 
CO2 into cell carbon (Santini et al. 2000; Rhine et al. 2006).

5.2.1  �Arsenic Remediation by Bacteria

Bacterially mediated remediation involved the reduction of As oxyanions. Stolz and 
Oremland (1999) decode the stepwise reduction of As oxyanions that selected bac-
teria perform. Up to 80% As removal was reported by researchers. Many Gram-
negative and Gram-positive bacteria employ common ars operon (typically ars 
RDABC)-based mechanisms for resistance against As. The operon may be encoded 
either on chromosomes or on plasmids (Xu et al. 1998).

Table 8.3  Factors affecting the biogeochemistry of arsenic

Factor Effects

1. pH Arsenic mobility increases at a very low pH (pH <5). As(III) solubility 
increases as the pH decreases within the range (pH 3–9). In contrast, the 
pattern is reversed in the case of As(V)

2. Speciation As speciation in soil is essential to assess the As toxicity in plants. Among 
all species toxicity order of As: As(III) > As(V) > MMA > DMA

3. Redox 
condition

Increased solubility of As in reducing environment

4. Fe-plaque Fe-plaque decrease As uptake by plants
5. Organic 

matter
High amount of OM can reduce As solubility and lead to less As availability 
for plants

6. Soil texture Arsenic is five times more in sandy and loamy soils than in clay soils
7. Fe-Mn 

oxides
Under aerobic conditions, the Fe-Mn phases decrease As mobility. However, 
under flooding conditions, these phases can release As mobility, leading to 
more available As for plant uptake

8. Heavy 
metals

Heavy metals can form ternary complexes with arsenate on Fe and Al oxide 
surfaces, thus lowering the bioavailability of arsenic

9. Phosphate Phosphate PO4 is a chemical analogue of arsenate and its increasing 
concentration decreases As content in Fe-plaques

10. Silica High silica availability in soil reduces the arsenite uptake
11. Sulphate The application of sulphur significantly reduces As accumulation in rice
12. Nitrate Nitrate (NO3) is a strong oxidiser and its reduces As uptake
13. Irrigation 

practice
Under aerobic water management practices, rice takes up less As (0.23–
0.26 ppm) than under anaerobic practices (0.60–0.67 ppm)

14. Seasonal 
variation

Winter season crops have a high accumulation of As in comparison with 
monsoon season crops

15. Genotype The genotype variation in As uptake may be due to differences in root 
anatomy, which controls root aeration and Fe-plaque formation on the root 
surfaces or differences in the arsenic tolerance gene
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5.2.1.1  Oxidation/Reduction

The energy for microbial growth is derived from the oxidation process. Arsenite 
oxidase is the enzyme that plays a pivotal role in arsenite oxidation. The enzyme 
was identified and sequenced and found to belong to the DMSO reductase family. 
Like many arsenite oxidases, the one (AoxAB) isolated from Hydrogenophaga sp. 
strain NT-14 is made up of a heterodimer (from the gene aoxAB) containing iron 
and molybdenum as a part of their catalytic unit. The bio-oxidation contributes to 
As non-availability by immobilising it, alleviating its toxicity in flowing acidic 
water and neutralising it by environmental alkalinity.

The reduction or conversion of As(V) to As(III) in an anaerobic environment is 
mediated by mixed populations of anaerobes such as methanogens, fermentative, 
sulphate- and iron-reducing bacteria. Microbial reduction of As(V) could even 
occur when As is found bounded with iron hydroxides (Langner and Inskeep 2000). 
Zobrist et al. (2000) reported that the reduction of As(V) may lead to its mobilisa-
tion, without dissolving the sorbent phase. The anaerobically incubating As(V) is 
co-precipitated with Al hydroxide in the presence of Sulfurospirillum barnesii. 
Moreover, the microbial reduction of As(V) to As(III) under aerobic conditions in 
As-contaminated soils may occur relatively quickly, resulting in excessive As 
mobilisation and transport from contaminated soils to groundwater (Macur et al. 
2001). Arsenate reduction is a part of anaerobic arsenate respiration in some bacteria 
(e.g. Shewanella sp. strain ANA-3) (Krafft and Macy 1998), where arsenates serve 
as a terminal electron acceptor.

5.2.1.2  Methylation/Demethylation

The methylation of As occurs via the reduction of pentavalent As to trivalent As and 
the addition of a methyl group. The conversion of As (V) to small amounts of vola-
tile methylarsines was first described in Methanobacterium bryantii (McBride and 
Wolfe 1971). Methylation is considered to be detoxification. However, not all meth-
ylated As products are less toxic (Bentley and Chasteen 2002); As(V) can be reha-
bilitated to mono- and di-methylarsine by Achromobacter sp. and Enterobacter sp., 
and to mono-, di-, and trimethylarsine by Aeromonas sp. and Nocardia sp. (Cullen 
1989). Methylation and demethylation also play critical roles in the toxicity and 
availability of As in soils and groundwater (Wang and Mulligan 2006). Methylation 
of As(III) and As(V) sometimes forms volatile species, which lead to the escape of 
As from water and soil surfaces. The oxidation of methylated forms of As may con-
vert them back to the oxidised As(V); however, demethylation of mono- and 
microbes could use dimethyl As compounds and methylated arsenicals as possible 
carbon sources (Maki et al. 2004).
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5.2.1.3  Biofilm and Biosorption

There are several microorganisms that can form biofilms and in a biofilm, 
microniches could coexist with variable physiological needs, enabling the coexis-
tence of spatially separated conflicting redox processes simultaneously (Labrenz 
et al. 2000; Van Hullebusch et al. 2003). This is evident by the enrichment of As in 
biofilms. The As concentrations in rock biofilm may reach up to 60 mg kg−1 of dry 
weight (Drewniak et al. 2008).

5.2.1.4  Biostimulation and Bioaugmentation

Bioaugmentation is the process that exploits metal-immobilising microbial 
population(s) to convert highly toxic metal into a less toxic state at the site itself. In 
biostimulation, a stimulus is provided to microorganisms pre-existing at the site. 
The stimulus may be a nutrient, growth substrates with or without electron accep-
tors or donors. This could be achieved by delivering nutrients (biostimulation) or 
microbial populations (bioaugmentation) into the soil using biosurfactant foam 
technology (Hug et al. 2011). The biosurfactants enhance the availability of metal 
ion [Fe(III), As etc.] to the microorganisms by reducing the interfacial tension and 
formation of micelles.

5.2.1.5  Biomineralisation

In biomineralisation, the As is immobilised by its precipitation, e.g. scorodite and 
As sulphide. More than 300 compounds of As are known to occur in various envi-
ronments (Drahota and Filippi 2009). In As-contaminated suspended aquifer, the 
availability of free Ca2+ control the As mobility by digenetic precipitation of cal-
cium arsenates (Martinez-Villegas et al. 2013).

5.2.2  �Arsenic Remediation by Algae

Certain species of algae take up copper, cadmium, chromium, lead, and nickel 
(Qiming et al. 1999) from aqueous solutions by releasing a protein called metallo-
thioneins. Metallothioneins bind the metal as a defence mechanism to remove/miti-
gate the toxic effect of metal by its regular cellular activity. The biosorption by algae 
is a viable mechanism for the treatment of metal waste and could work efficiently 
for multi-component metal systems. Algae respond to metal ions by synthesising 
low molecular weight compounds such as glutathione and carotenoids, and initiate 
the synthesis of several antioxidants and enzymes (superoxide dismutase, catalase, 
glutathione peroxidise and ascorbate peroxidise). Chlorella and Scenedesmus are 
the two most frequently exploited species used for metal uptake. Scenedesmus sp. 
has much greater metal binding potentials than Chlorella sp.
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Suhendrayatna et al. (1999) exposed Chlorella sp. to various concentrations of 
arsenite ranging from 0 to 100 μg As cm−3. They found that the cell growth of 
Chlorella sp. was affected at concentrations higher than 50 μg As cm−3 At concen-
trations greater than 50 μg As cm−3 The cell growth of Chlorella was suppressed. 
There is a lack of studies on wastewater treatment plants where mixed bacteria 
culture or the alga Scenedesmus abundans was used for the removal of As. 
Available literature indicates that arsenite As(III) is a more toxic form and thus 
more difficult to remove using conventional treatment methods (Zouboulis and 
Katsoyiannis 2005).

5.2.3  �Arsenic Remediation by Yeast

In yeast, As(V) enters in the cells through high-affinity phosphate transporters such 
as Pho84, whereas As(III) influx occurs through the aquaglyceroporins Fps1 
(Wysocki et al. 2001). In addition, glucose permeases are also involved in As uptake 
by yeasts (Liu et al. 2004). Expression of yeast hexose carriers in mutant Dfps1 
restored As sensitivity, which was As(III)-tolerant earlier (Liu et al. 2006). Arsenic 
tolerance in yeast is encoded by the gene cluster ACR1, ACR2 and ACR3. ACR1 
encodes a putative transcription factor that regulates the transcription of ACR2 and 
ACR3, possibly by directly sensing cellular As levels. ACR2 encodes an arsenate 
reductase and ACR3 encodes a plasma membrane-expressed As(III) efflux trans-
porter. This gene cluster provides a process for the sensing, reduction and efflux of 
As. In addition, a second pathway is also present in yeasts, in the form of vacuoles. 
Cytosolic As(III) complex with glutathione can be sequestered through an ABC-
type transporter, YCF1, that also transports conjugates of other toxic compounds 
(Ghosh et al. 1999).

5.2.4  �Arsenic Remediation by Fungi

Fungi present in polluted soils play an important role in the maintenance of indig-
enous diversity and protect them against the uptake of toxic heavy metals (HMs) by 
plants. Sharples et  al. (2000) showed that the ericoid mycorrhizal fungus 
Hymenoscyphus ericae significantly reduces the uptake of As by Calluna vulgaris 
when grown in As-affected soil. Various mycorrhiza-based phosphate transporters 
have been reported to increase expression in arbuscular mycorrhizae (AM). They 
are StPT3 in Solanum tuberosum LePT3 and LePT4 in Lycopersicon esculentum 
(Nagy et al. 2005; Xu et al. 2007), and MtPT4 in Medicago truncatula (Javot et al. 
2007). Contradictorily, mycorrhizal association increases As accumulation in the 
fern P. vittata (Liu et al. 2005). The study by Uppanan (2000) exposed the Alcaligenes 
spp. from soil that could oxidise arsenite to arsenate and taken up by the plant via 
phosphate transporter (Meharg and Hartley-Whitaker 2002). In AM-mediated phy-
toremediation of As, contradictory results have been reported on As uptake by 
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plants, e.g. the addition of rhizo-fungi in As-contaminated soil, and the uptake and 
the accumulation of As were induced in P. vittata (Leung et al. 2006).

5.2.5  �Arsenic Remediation by Genetic Engineered Microbes

The genetically engineered microbes may serve as selective biosorbents and lay the 
foundation of green technology for the eco-friendly, low-cost, efficient removal of 
HMs such as (Singh et al. 2008a). For the development of As-metabolising/accumu-
lating microbe, the microbe should comprise the ability to modify its naturally 
occurring defence mechanisms and be able to develop a novel pathway. The bacte-
rial enzymes arsenate reductase (ArsC) and GSH synthase (g-ECS) were success-
fully expressed in the plant Arabidopsis thaliana. These enzyme systems confer the 
ability to accumulate arsenate as GSH–As complexes. In the same way, YCF1 pro-
tein of yeast expressed in A. thaliana enhanced As storage in the vacuole (Song 
et al. 2003). These reports open up the path of genetically engineered microbes and 
their metabolic pathways for successful As sequestration. The phytochelatin (PC) 
synthase of A. thaliana was expressed in E. coli (Sauge-Merle et al. 2003) and pro-
duced PC, leading to moderate levels of As accumulation. However, the level of 
GSH, a key precursor of PC, acts as a limiting factor for high PC production and As 
accumulation. The PC synthase of S. pombe (SpPCS) when expressed in E. coli 
resulted in higher As accumulation than the wild type (Singh et  al. 2008b). 
Significant levels of PC were obtained by co-expressing As transporter GlpF; this 
led to a 1.5-fold higher accumulation of As. On deletion of As efflux in the E. coli 
strain, the highest As accumulation of 16.8 mmol g−1 cells of E. coli was recorded.

Sulphur-reducing bacteria naturally precipitate As(V) by the formation of an 
insoluble sulphide complex with H2S (Rittle et al. 1995). Recently, a yeast strain 
was engineered that was coexpressing AtPCS and cysteine desulfhydrase, to elevate 
the accumulation of As by the formation of PC metal–sulphide complexes (Tsai 
et al. 2009). The approach to exploiting the resting cells of high-affinity biosorbent 
property for As had also been exploited. To achieve this, AtPCS were expressed in 
S. cerevisiae, which naturally has a higher level of GSH; the engineered yeast strain 
accumulated high levels of As in resting cell cultures (Singh et al. 2008b). Arsenic 
accumulation in E. coli was achieved by over-expressing the As-specific regulatory 
protein ArsR. These engineered resting cells were able to remove 50 ppb of As(III) 
per hour (Kostal et al. 2004). The concept has been extended to using a naturally 
occurring As-binding MT (Singh et  al. 2004). These resting cells were able to 
remove 35 ppb of As(III) in 20 min. New irrational approaches such as directed 
evolution, genome shuffling and metagenomic studies could also be used to develop 
new As-removing pathways suitable for As remediation. It was demonstrated by the 
modification of As resistance operon by DNA shuffling (Crameri et al. 1997). The 
cells with optimised operon can grow in 0.5 M arsenate, showing 40-fold enhance-
ment in As resistance. Meanwhile, Chauhan and coworkers constructed a metage-
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nomic library of sludge obtained from industrial effluent treatment plants, and 
identified a novel As(V) resistance gene (arsN) encoding a protein similar in action 
to acetyltransferases. Its over-expression resulted in higher As resistance in E. coli 
(Chauhan et al. 2009).

5.3  �Plant-Mediated Arsenic Remediation

Phytoremediation, the plant-mediated bioremediation of polluted soil, water and air, 
is an emerging cost-effective, non-invasive and widely accepted method for remov-
ing/mitigating environmental pollutants (Boyajian and Carreira 1997; Singh et al. 
2003; Bharagava et al. 2017). Plants have a natural ability to accumulate inorganic 
and organic contaminants. The organic pollutants are metabolised and microbial 
degradation of organic pollutants is promoted in the rhizosphere. Phytoremediation 
involved the cultivation of metal-tolerant plants able to concentrate the metal in 
their tissues. The plant biomass thus produced is harvested and dried and is depos-
ited in a landfill or added to smelter feed (Kramer 2005). The exceptional ability of 
Pteris vittata to accumulate As could be explored to design an efficient phytoreme-
diation strategy, although greenhouse studies demonstrate the promising potential 
of As extraction by P. vittata. However, the results of two small-scale field trials are 
less promising owing to low biomass production (<1  tonne dry biomass ha−1) 
(Salido et al. 2003). In 2 years of growth, the total As removal by P. vittata was 
about 1% of As in top soil (30 cm in depth) (Kertulis-Tartar et al. 2006).

6  �Challenges

•	 Chronic As poisoning is a major threat to large sections of the global population 
and food consumption is one of the biggest contributors to human As exposure.

•	 Contamination of As in paddy soils is a widespread problem because of the irri-
gation of As-laden groundwater in the south southeast, including India.

•	 Anaerobic conditions in flooded paddy soils are conducive to the mobilisation of 
As, leading to much enhanced As bioavailability to rice plants (Lee et al. 2008; 
Xu et al. 1998). Rice is a major source of inorganic As for populations based on 
a rice diet and not exposed to high As in drinking water (Kile et al. 2007; Meharg 
et al. 2009).

•	 Accumulation of As in paddy soil can cause phyto-toxicity to rice plants and a 
significant reduction in grain yield, thus threatening the long-term sustainability 
of the rice cropping system in the affected areas (Khan et al. 2009).

•	 Research concerning microbial As is still in its infancy; therefore, a thorough 
understanding of the true As behaviour in the surface and subsurface environ-
ments under the influence of microbial activities is still very challenging.
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7  �Conclusion

The following points have been concluded in this study:

•	 This chapter has attempted to summarise As content in edible crops, its relation-
ships with soil and irrigated groundwater and the factors controlling As mobilisa-
tion and uptake in edible crops.

•	 Arsenic accumulation in plants is largely influenced by a variety of factors, 
including soil physicochemical parameters; other elements such as iron, phos-
phorus, sulphur and silicon concentrations; and environmental conditions that 
control As availability and uptake in the soil–rhizosphere–plant system.

•	 Environmental conditions can be managed by changing irrigation practices. For 
example, the flooding of the paddy soil mobilises As in the soil solution and can 
increase As accumulation in rice.

•	 Therefore, changing agricultural practices to aerobic rice cultivation throughout 
the entire season may be a viable strategy for mitigating this problem. However, 
there are arguments in certain cases because of flood conditions.

•	 Arsenic is present as arsenite, which cannot compete with phosphate; further-
more, phosphate increases As mobility because it competes with arsenate for the 
adsorption site of Fe oxides/hydroxides.

•	 The use of vegetation directly or indirectly to remove contaminants from water 
or soil is an important innovative remediation technology potentially applicable 
to a variety of contaminated sites.

•	 Selection of the appropriate plant species is a critical process for the success of 
this technology.

•	 Approaches to reducing As uptake in crops, especially in the edible parts, would 
provide a viable alternative.

•	 Many natural substances are expected to exhibit substantial effects on the micro-
bial processes and subsequently change the environmental behaviour of As, 
either directly or indirectly.

•	 Researching microorganism–As interactions also provides the opportunity to 
study As remediation taking advantage of microbial activities.

•	 Arsenic concentration in the agricultural field soil was below 20.0 mg kg−1 (the 
maximum acceptable limit for agricultural soil, recommended by the European 
Community (EC)) and 1.0 mg kg−1 dry weight of As (the permissible limit of As 
in rice according to WHO recommendations).

•	 The total amount of As in raw rice is not taken into the human body because of 
its distribution in the following order: root>straw>husk>grain. An appreciably 
high efficiency in the translocation of As from shoot to grain was observed com-
pared with the translocation of As from root to shoot.

Thus, this chapter covers all As-oriented problems and their fate in the environment 
and treatment technology for the sustainable development of the environment and 
environmental safety.

V. Hare et al.



163

Acknowledgements  The fellowship awarded from the University Grant Commission (UGC), 
Government of India (GOI), New Delhi, to Mr. Vishvas Hare for his Ph.D. work is duly 
acknowledged.

References

Achal V, Pan XL, Fu QL, Zhang DY (2012) Biomineralization based remediation of As(III) con-
taminated soil by Sporosarcina ginsengisoli. J Hazard Mater 201:178–184

Barrett JC, Lamb PW, Wang TC, Lee TC (1989) Mechanisms of arsenic-induced cell transforma-
tion. Biol Trace Elem Res 21:421

Bennett WW, Teasdale PR, Panther JG, Welsh DT, Zhao HJ, Jolley DF (2012) Investigating arsenic 
speciation and mobilization in sediments with DGT and DET: a mesocosm evaluation of oxic-
anoxic transitions. Environ Sci Technol 46(7):3981–3989

Bentley R, Chasteen TG (2002) Microbial methylation of metalloids: arsenic, antimony, and bis-
muth. Microbiol Mol Biol Rev 66:250–271

Bharagava RN, Mishra S (2018) Hexavalent chromium reduction potential of Cellulosimicrobium 
sp. isolated from common effluent treatment industries. Ecotoxicol Environ Saf 147:102–109

Bharagava RN, Chowdhary P, Saxena G (2017) Bioremediation an eco-sustainable green tech-
nology, its applications and limitations Environmental pollutants and their bioremediation 
approaches, Bharagava, RN (ed)CRC Press, Taylor & Francis Group, Boca Raton, p. 1–22

Borgono JM, Vicent P, Venturino H et  al (1997) Arsenic in the drinking water of the city of 
Antofagasta: epidemiological and clinical study before and after the installation of a treatment 
plant. Environ Health Perspect 19:103–105

Boyajian GE, Carreira LH (1997) Phytoremediation: a clean transition from laboratory to market-
place? Nat Biotechnol 15:127–128

Buschmann J, Kappeler A, Lindauer U, Kistler D, Berg M, Sigg L (2006) Arsenite and arsenate 
binding to dissolved humic acids: influence of pH, type of humic acid, and aluminum. Environ 
Sci Technol 40:6015–6020

Buschmann J, Berg M, Stengel C, Winkel L, Sampson ML, Trang PTK, Viet PH (2008) 
Contamination of drinking water resources in the Mekong delta floodplains: arsenic and other 
trace metals pose serious health risks to population. Environ Int 34:756–764

Cebrian ME, Albores A, Aguilar M, Blakely E (1983) Chronic arsenic poisoning in the North of 
Mexico. Hum Toxicol 2:121–133

Cervantes C, Ji GY, Ramirez JL, Silver S (1994) Resistance to arsenic compounds in microorgan-
isms. FEMS Microbiol Rev 15(4):355–367

Chakraborty AK, Saha KC (1987) Arsenical dermatitis from tube well water in West Bengal. 
Indian J Med Res 85:326–334

Chauhan NS, Ranjan R, Purohit HJ, Kalia VC, Sharma R (2009) Identification of genes conferring 
arsenic resistance to Escherichia coli from an effluent treatment plant sludge. FEMS Microbiol 
Ecol 67:130–139

Chen J, Qin J, Zhu YG, de Lorenzo V, Rosen BP (2013) Engineering the soil bacterium 
Pseudomonas putida for arsenic methylation. Appl Environ Microbiol 79(14):4493–4495

Chowdhary P, Yadav A, Kaithwas G, Bharagava RN (2017a) Distillery wastewater: a major source 
of environmental pollution and its biological treatment for environmental safety. In: Singh R, 
Kumar S (eds) Green technologies and environmental sustainability. Springer International, 
Cham, pp 409–435

Chowdhary P, More N, Raj A, Bharagava RN (2017b) Characterization and identification of bacte-
rial pathogens from treated tannery wastewater. Microbiol Res Int 5(3):30–36

Chowdhury UK, Biswas BK, Chowdhury TR, Samanta G, Mandal BK, Bas GC, Chanda CR, Lodh 
D, Saha KC, Mukherjee SK, Kabir S, Quamruzzaman Q, Chakraborti D (2000) Groundwater 

8  Arsenic Toxicity and Its Remediation Strategies for Fighting the Environmental Threat



164

arsenic contamination in Bangladesh, West Bengal, and India. Environ Health Perspect 
108(5):393–397

Corsini A, Cavalca L, Crippa L, Zaccheo P, Andreoni V (2010) Impact of glucose on microbial 
community of a soil containing pyrite cinders: role of bacteria in arsenic mobilization under 
submerged condition. Soil Biol Biochem 42(5):699–707

Crameri A, Dawes G, Rodriguez E, Silver S, Stemmer WPC (1997) Molecular evolution of an 
arsenate detoxification pathway DNA shuffling. Nat Biotechnol 15:436

Cullen WR (1989) The metabolism of methyl arsine oxide and sulphide. Appl Organomet Chem 
3:71–78

Dixit S, Hering JG (2003) Comparison of arsenic(V) and arsenic(III) sorption onto iron oxide 
minerals: implications for arsenic mobility. Environ Sci Technol 37(18):4182–4189

Dowdle PR, Laverman AM, Oremland RS (1996) Bacterial dissimilatory reduction of arsenic(V) 
to arsenic(III) in anoxic sediments. Appl Environ Microbiol 62(5):1664–1669

Drahota P, Filippi M (2009) Secondary arsenic minerals in the environment: a review. Environ Int 
35(8):1243–1255

Drewniak L, Styczek A, Majder-Lopatka M, Sklodowska A (2008) Bacteria, hyper tolerant to 
arsenic in the rocks of an ancient gold mine, and their potential role in dissemination of arsenic 
pollution. Environ Pollut 156(3):1069–1074

Du Laing G, Chapagain SK, Dewispelaere M, Meers E, Kazama F, Tack FMG, Rinklebe J, Verloo 
MG (2009) Presence and mobility of arsenic in estuarine wetland soils of the Scheldt estuary 
(Belgium). J Environ Monit 11(4):873–881

Environmental Protection Agency (EPA) (1984) Health assessment document for inorganic arse-
nic, final report, EPA 600/8-83-021F. USEPA, Environmental Criteria and Assessment Office, 
Research Triangle Park

Fitz WJ, Wenzel WW (2002) Arsenic transformations in the soil-rhizosphere-plant system: funda-
mentals and potential application to phytoremediation. J Biotechnol 99:259–278

Frankenberger Jr WT, Arshad M (2002) Volatilisation of arsenic. In: Frankenberger Jr WT (ed) 
Environmental chemistry of arsenic. Marcel Dekker, New York, pp 363–380

Franzblau A, Lilis R (1989) Acute arsenic intoxication from environmental arsenic exposure. Arch 
Environ Health 44:385–390

Frohne T, Rinklebe J, Diaz-Bone RA, Du Laing G (2011) Controlled variation of redox conditions 
in a floodplain soil: impact on metal mobilization and biomethylation of arsenic and antimony. 
Geoderma 160(3–4):414–424

Ghosh M, Shen J, Rosen BP (1999) Pathways of As-III detoxification in Saccharomyces cerevi-
siae. Proc Natl Acad Sci U S A 96:5001–5006

Gibney BP, Nusslein K (2007) Arsenic sequestration by nitrate respiring microbial communities in 
urban lake sediments. Chemosphere 70(2):329–336

Giri AK, Patel RK, Mahapatra SS, Mishra PC (2013) Biosorption of arsenic (III) from aqueous 
solution by living cells of Bacillus cereus. Environ Sci Pollut Res 20(3):1281–1291

Goh KH, Lim TT (2005) Arsenic fractionation in a fine soil fraction and influence of various 
anions on its mobility in the subsurface environment. Appl Geochem 20:229–239

Gomez-Caminero A, Howe P, Hughes M, Kenyon E, Lewis DR, Moore M, Ng J, Aitio A, Beecking 
G (2001) Arsenic and arsenic compounds. The Environmental Health Criteria.2nd edn. World 
Health Organisation, Finland

Grantham DA, Jones JF (1977) Arsenic contamination of water wells in Nova Scotia. J Am Water 
Works Assoc 69:653–657

Guha Mazumder DN (2001) Arsenic and liver disease. J Indian Med Assoc 99(6):311–320
Halim MA, Majumder RK, Nessa SA, Hiroshiro Y, Uddin MJ, Shimada J, Jinno K (2009) 

Hydrogeochemistry and arsenic contamination of groundwater in the Ganges Delta plain. 
Bangladesh J Hazard Mater 164:1335–1345

Hare V, Chowdhary P, Baghel VS (2017) Influence of bacterial strains on Oryza sativa grown 
under arsenic tainted soil: accumulation and detoxification response. Plant Physiol Biochem 
119:93–102

V. Hare et al.



165

Hitchcock AP, Obst M, Wang J, Lu YS, Tyliszczak T (2012) Advances in the detection of As in 
environmental samples using low energy X-ray fluorescence in a scanning transmission X-ray 
microscope: arsenic immobilization by an Fe(II)-oxidizing freshwater bacteria. Environ Sci 
Technol 46(5):2821–2829

Hoffman GR (1991) Genetic toxicology. In: Amdur MO, Doull J, Klaassen CD (eds) Toxicology. 
Pergamon Press, New York, pp 201–225

Huang JH, Matzner E (2006) Dynamics of organic and inorganic arsenic in the solution phase of 
an acidic fen in Germany. Geochim Cosmochim Acta 70(8):2023–2033

Huang JH, Scherr F, Matzner E (2007) Demethylation of dimethylarsinic acid and arsenobetaine 
in different organic soils. Water Air Soil Pollut 182(1–4):31–41

Huang JH, Voegelin A, Pombo SA, Lazzaro A, Zeyer J, Kretzschmar R (2011) Influence of arse-
nate adsorption to ferrihydrite, goethite, and boehmite on the kinetics of arsenate reduction by 
Shewanella putrefaciens strain CN-32. Environ Sci Technol 45(18):7701–7709

Hug SMI, Sultana S, Chakraborty G, Chowdhury MTA (2011) A mitigation approach to alleviate 
arsenic accumulation in rice through balance fertilization. Appl Environ Soil Sci. https://doi.
org/10.1155/2011/835627

Hutchinson J (1887) Arsenic cance. Br Med J 2:1280
Jackson BP, Miller WP (1999) Soluble arsenic and selenium species in fly ash/organic waste-

amended soils using ion chromatography inductively coupled plasma spectrometry. Environ 
Sci Technol 33:270–275

Javot H, Penmetsa RV, Terzaghi N, Cook DR, Harrison MJ (2007) A Medicago truncatula phos-
phate transporter indispensable for the arbuscular mycorrhizal symbiosis. Proc Natl Acad Sci 
U S A 104:1720–1725

Jia Y, Huang H, Zhong M, Wang FH, Zhang LM, Zhu YG (2013) Microbial arsenic methylation in 
soil and rice rhizosphere. Environ Sci Technol 47(7):3141–3148

Jiang QQ, Singh BR (1994) Effect of different forms and sources of arsenic on crop yield and 
arsenic concentration. Water Air Soil Pollut 74:321–343

Johnnson MO, Cohly HHP, Isokpehi RD, Awofolu OR (2010) The case for visual analytic of arse-
nic concentrations in foods. Int J Environ Res Public Health 7:1970–1983

Johnstone RM (1963) Sulfhydryl agents: arsenicals. In: Hochster RM, Quastel JH (eds) Metabolic 
inhibitors: a comprehensive treatise, vol 2. Academic, New York, pp 99–118

Jones CA, Langner HW, Anderson K, McDermott TR, Inskeep WP (2000) Rates of microbially 
mediated arsenate reduction and solubilization. Soil Sci Soc Am J 64(2):600–608

Joshi DN, Flora SJS, Kalia K (2009) Bacillus sp. strain DJ-1, potent arsenic hyper tolerant bacte-
rium isolated from the industrial effluent of India. J Hazard Mater 166(2–3):1500–1505

Juhasz AL, Naidu R, Zhu YG, Wang LS, Jiang JY, Cao ZH (2003) Toxicity tissues associated 
with geogenic arsenic in the groundwater-soil-plant-human continuum. Bull Environ Contam 
Toxicol 71:1100–1107

Kabata-Pendias A, Adriano DC (1995) Trace metals. In: Rechcigl JE (ed) Soil amendments and 
environmental quality. CRC Press, Boca Raton, pp 139–167

Kabata-Pendias A, Pendias H (1984) Trace elements in soils and plants, vol 315. CRC Press, Boca 
Raton

Kertulis-Tartar GM, Ma LQ, Tu C, Chirenje T (2006) Phytoremediation of an arsenic-contaminated 
site using Pteris vitrata L.: a two-year study. Int J Phytoremediation 8:311–322

Khan MA, Islam MR, Panaullah GM, Duxbury JM, Jahiruddin M, Loeppert RH (2009) Fate of 
irrigation-water arsenic in rice soils of Bangladesh. Plant Soil 322:263–277

Kile ML, Houseman EA, Breton CV, Smith T, Quamruizzaman Q, Rahman M, Mahiuddin G, 
Christini DC (2007) Dietary arsenic exposure in Bangladesh. Environ Health Perspect 
115:889–893

Kitchin KT (2001) Recent advances in arsenic carcinogenesis: modes of action, animal model 
systems, and methylated arsenic metabolites. Toxicol Appl Pharmacol 172:249–261

Kostal J, Yang R, Wu CH, Mulchandani A, Chen W (2004) Enhanced arsenic accumulation in 
engineered bacterial cells expressing ArsR. Appl Environ Microbiol 70:4582–4587

8  Arsenic Toxicity and Its Remediation Strategies for Fighting the Environmental Threat

https://doi.org/10.1155/2011/835627
https://doi.org/10.1155/2011/835627


166

Krafft T, Macy JM (1998) Purification and characterization of the respiratory arsenate reductase of 
Chrysiogenes arsenatis. Eur J Biochem 255:647–653

Kramer U (2005) Phytoremediation: novel approaches to cleaning up polluted soils. Curr Opin 
Biotechnol 16:133–141

Kuehnelt D, Goessler W (2003) Organ arsenic compounds in the terrestrial environment. In: Craig 
PJ (ed) Organometallic compounds in the environment. Wiley, Heidelberg, pp 223–275

Labrenz M, Druschel GK, Thomsen-Ebert T, Gilbert B, Welch SA, Kemner KM, Logan GA, 
Summons RE, De Stasio G, Bond PL, Lai B, Kelly SD, Banfield JF (2000) Formation of sphalerite 
(ZnS) deposits in natural biofilms of sulfate-reducing bacteria. Science 290(5497):1744–1747

Lafferty BJ, Loeppert RH (2005) Methyl arsenic adsorption and desorption behavior on iron 
oxides. Environ Sci Technol 39(7):2120–2127

Langner HW, Inskeep WP (2000) Microbial reduction of arsenate in the presence of ferrihydrite. 
Environ Sci Technol 34:3131–3136

Lee JS, Lee SW, Chon HT, Kim KW (2008) Evaluation of human exposure to arsenic due to rice 
ingestion in the vicinity abandoned Myungbong Au-Ag mine site. Korea J Geochem Explor 
96:231–235

Leung HM, Ye ZH, Wong MH (2006) Interactions of mycorrhizal fungi with Pteris vittata (As 
hyperaccumulator) in As-contaminated soils. Environ Pollut 139:1–8

Liao SJ, Zhou JX, Wang H, Chen X, Wang HF, Wang GJ (2013) Arsenite oxidation using biogenic 
manganese oxides produced by a deep-sea manganese-oxidizing bacterium, Marinobacter sp 
MnI7-9. Geomicrobiol J 30(2):150–159

Liu WJ, Zhu YG, Smith FA, Smith SE (2004) Do phosphorus nutrition and iron plaque alter arse-
nate (As) uptake by rice seedlings in hydroponic culture? New Phytol 162:481–488

Liu Y, Zhu YG, Chen BD, Christie P, Li XL (2005) Influence of the arbuscular mycorrhizal fun-
gus Glomus mosseae on uptake of arsenate by the As hyperaccumulator fern Pteris vittata 
L. Mycorrhiza 15:187–192

Liu WJ, Zhu YG, Hu Y, Williams PN, Gault AG, Meharg AA, Charnock JM, Smith FA (2006) 
Arsenic sequestration in iron plaque, its accumulation and speciation in mature rice plants 
(Oryza sativa L.) Environ Sci Technol 40:5730–5736

Lloyd JR, Oremland RS (2006) Microbial transformations of arsenic in the environment: from 
soda lakes to aquifers. Elements 2(2):85–90

Macur PE, Wheeler JT, McDermott TR, Inskeep WP (2001) Microbial population associated 
with the reduction and enhanced mobilization of arsenic in mine tailings. Environ Sci Technol 
35:3676–3682

Mahimairaja S, Bolan NS, Adriano DC, Robinson B (2005) Arsenic contamination and its risk 
management in complex environmental settings. Adv Agron 86:1–82

Maki T, Hasegawa H, Watarai H, Ueda K (2004) Classification for dimethylarsenate-decomposing 
bacteria using a restrict fragment length polymorphism analysis of 16S rRNA genes. Anal Sci 
20:61–68

Martinez-Villegas N, Briones-Gallardo R, Ramos-Leal JA, Avalos-Borja M, Castanon-Sandoval 
AD, Razo-Flores E, Villalobos M (2013) Arsenic mobility controlled by solid calcium arse-
nates: a case study in Mexico showcasing a potentially widespread environmental problem. 
Environ Pollut 176:114–122

Maurel C, Verdoucq L, Luu DT, Santoni V (2008) Plant aquaporins: membrane channels with 
multiple integrated functions. Annu Rev Plant Biol 59:595–624

McBride BC, Wolfe RS (1971) Biosynthesis of dimethylasrine by a methanobacterium. 
Biochemistry 10:4312–4317

McCabe M, Maguire D, Nowak M (1983) The effects of arsenic compounds on human and bovine 
lymphocyte mitogenesis in vitro. Environ Res 31:323

Meharg AA (2004) Arsenic in rice-understanding a new disaster for South-East Asia. Trends Plant 
Sci 9:415–417

Meharg AA, Hartley-Whitaker J (2002) Arsenic uptake and metabolism in arsenic resistant and 
nonresistant plant species. New Phytol 154:29–43

V. Hare et al.



167

Meharg AA, Williams PN, Adomako E, Lawgali YY, Deacon C, Villada A, Cambell RCJ, Sun 
G, Zhu YG, Feldmann J, Raab A, Zhao FJ, Islam R, Hossain S, Yanai J (2009) Geographical 
variation in total and inorganic arsenic content of polished (white) rice. Environ Sci Technol 
43:1612–1617

Meng XY, Qin J, Wang LH, Duan GL, Sun GX, Wu HL, Chu CC, Ling HQ, Rosen BP, Zhu YG 
(2011) Arsenic biotransformation and volatilization in transgenic rice. New Phytol 191:49–56

Mestrot A, Planer-Friedrich B, Feldmann J (2013) Biovolatilisation: a poorly studied pathway of 
the arsenic biogeochemical cycle. Environ Sci: Processes Impacts 15(9):1639–1651

Meunier L, Koch I, Reimer KJ (2011) Effects of organic matter and ageing on the bioaccessibility 
of arsenic. Environ Pollut 159:2530–2536

Mishra S, Bharagava RN (2016) Toxic and genotoxic effects of hexavalent chromium in environ-
ment and its bioremediation strategies. J Environ Sci Health C 34(1):1–34

Miteva E (2002) Accumulation and effect of arsenic on tomatoes. Commun Soil Sci Plant Anal 
33(11):1917–1926

Miyatake M, Hayashi S (2011) Characteristics of arsenic removal by Bacillus cereus strain W2. 
Resour Process 58(3):101–107

Mokgalaka-Matlala NS, Flores-Tavizon E, Castillo-Michel H, Peralta-Videa JR, Gardea-Torresdey 
JL (2008) Toxicity of Arsenic(III) and (V) on plant growth, element uptake, and total amylo-
lytic activity of Mesquite (Prosopis Juliflora 9 P. Velutina). Int J Phytoremed 10(1):47–60

Moore MM, Harrington-Brock K, Doerr CL (1997) Relative genotoxic potency of arsenic and its 
methylated metabolites. Mutat Resuscitation 386:279

Morton WE, Dunnette DA, Nriagu JO (1994) Arsenic in the environment. II. human health and 
ecosystem effects. Wiley, New York, pp 17–34

Mukai H, Ambe Y, Muku T, Takeshita K, Fukuma T (1986) Seasonal-variation of methylarsenic 
compounds in airborne particulate matter. Nature 324(6094):239–241

Mukhopadhyay R, Rosen BP, Pung LT, Silver S (2002) Microbial arsenic: from geocycles to genes 
and enzymes. FEMS Microbiol Rev 26(3):311–325

Nagvi SM, Vaishnavi C, Singh H (1994) Toxicity and metabolism of arsenic in vertebrates. In: 
Nriagu JO (ed) Arsenic in the environment. Part II: human health and ecosystem effects. Wiley, 
New York, pp 55–91

Nagy R, Karandashov V, Chague V, Kalinkevich K, Tamasloukht M, Xu G, Jakobsen I, Levy 
AA, Amrhein N, Bucher M (2005) The characterization of novel mycorrhizaspecific phos-
phate transporters from Lycopersicon esculentum and Solanum tuberosum uncovers functional 
redundancy in symbiotic phosphate transporter in solanaceous species. Plant J 42:236–250

Ning RY (2002) Arsenic ermoval by reverse osmosis. Desalinisation 143:237–241
Nordstrom S, Beckman L, Nordenson I (1979) Occupational and environmental risks in and 

around a smelter in northern Sweden. Hereditas 90:297
Omoregie EO, Couture RM, Van Cappellen P, Corkhill CL, Charnock JM, Polya DA, Vaughan 

D, Vanbroekhoven K, Lloyd JR (2013) Arsenic bioremediation by biogenic iron oxides and 
sulfides. Appl Environ Microbiol 79(14):4325–4335

Paez-Espino D, Tamames J, de Lorenzo V, Canovas D (2009) Microbial responses to environmen-
tal arsenic. Biometals 22(1):117–130

Pierzynski GM, Sims JT, Vance GF (2005) Soils and environmental quality.3rd edn. CRC Press, 
Boca Raton, p 569

Prasad KS, Srivastava P, Subramanian V, Paul J (2011) Biosorption of As (III) ion on Rhodococcus 
sp. WB-12: biomass characterization and kinetic studies. Sep Sci Technol 46(16):2517–2525

Qiming Y, Matheickal Jose T, Yin P, Kaewsarn P (1999) Heavy metal uptake capacities of common 
marine macro algal biomas. Water Res 36(6):1534–1537

Raskin I, Kumar PBAN (1994) Bioconcentration of heavy metals by plants. Curr Opin Biotechnol 
5:285–290

Rhine ED, Phelps CD, Young LY (2006) Anaerobic arsenite oxidation by novel denitrifying iso-
lates. Environ Microbiol 8:889–908

8  Arsenic Toxicity and Its Remediation Strategies for Fighting the Environmental Threat



168

Rittle KA, Drever JI, Colberg PJS (1995) Precipitation of arsenic during bacterial sulfate reduc-
tion. Geomicrobiol J 13:1–11

Rosen B (2002) Biochemistry of arsenic detoxification. FEBS Lett 529:86–92
Salido AL, Hasty KL, Lim JM, Butcher DJ (2003) Phytoremediation of arsenic and lead in con-

taminated soil using Chinese Brake Ferns (Pteris vittata) and Indian mustard (Brassica jun-
cea). Int J Phytoremediation 5:89–103

Salt DE, Smith RD, Raskin I (1998) Phytoremediation. Annu Rev Plant Physiol Plant Mol Biol 
49:643–668

Santini JM, Sly LI, Schnagl RD, Macy JM (2000) A new chemolitoautotrophic arsenite oxidizing 
bacterium isolated from a gold-mine: phylogenetic, physiological, and preliminary biochemi-
cal studies. Appl Environ Microbiol 66:92–97

Santra A, Das Gupta J, De BK et al (1999) Hepatic damage caused by chronic arsenic toxicity in 
experimental animals. Ind Soc Gastroenterol 18:152

Sauge-Merle S, Cuine S, Carrier P, Lecomte-Pradines C, Luu DT, Peltier G (2003) Enhanced toxic 
metal accumulation in engineered bacterial cells expressing Arabidopsis thaliana phytochelatin 
synthase. Appl Environ Microbiol 69:490–494

Schultz A, Jonas U, Hammer E, Schauer F (2001) Dehalogenation of chlorinated hydroxybiphe-
nyls by fungal laccase. Appl Environ Microbiol 67:4377–4381

Senn DB, Hemond HF (2002) Nitrate controls on iron and arsenic in an urban lake. Science 
296(5577):2373–2376

Shah D, Shen MWY, Chen W, Da Silva NA (2010) Enhanced arsenic accumulation in Saccharomyces 
cerevisiae overexpressing transporters Fps1p or Hxt7p. J Biotechnol 150(1):101–107

Sharples JM, Meharg AA, Chambers SM, Cairney JWG (2000) Symbiotic solution to arsenic 
contamination. Nature 404:951–952

Singh OV, Labana S, Pandey G, Budhiraja R, Jain RK (2003) Phytoremediation: an overview of 
metallic ion decontamination from soil. Appl Microbiol Biotechnol 61:405–412

Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T (2004) Identification of human brain 
tumour initiating cells. Nature 432:396–401

Singh S, Lee W, DaSilva NA, Mulchandani A, Chen W (2008a) Enhanced arsenic accumulation 
by engineered yeast cells expressing Arabidopsis thaliana Phytochelatin synthase. Biotechnol 
Bioeng 99:333–340

Singh S, Mulchandani A, Chen W (2008b) Highly selective and rapid arsenic removal by meta-
bolically engineered Escherichia coli cells expressing Fucus vesiculosus metallothionein. Appl 
Environ Microbiol 74:2924–2927

Singh S, Kang SH, Lee W, Mulchandani A, Chen W (2010) Systematic engineering of phytochela-
tin synthesis and arsenic transport for enhanced arsenic accumulation in E. coli. Biotechnol 
Bioeng 105(4):780–785

Smedley PL, Kinniburgh DG (2002) A review of the source, behaviour and distribution of arsenic 
in natural waters. Appl Geochem 17:517–568

Smith E, Naidu R, Alston AM (1999) Chemistry of As in soil: I. Sorption of arsenate and arsenite 
by four Australian soils. J Environ Qual 28:1719–1726

Smith SE, Christophersen HM, Pope S, Smith FA (2010) Arsenic uptake and toxicity in plants: 
integrating mycorrhizal influences. Plant Soil 327:1–21

Song WY, Sohn EJ, Martinoia E, Lee YJ, Yang YY, Jasinski M, Forestier C, Hwang I, Lee Y 
(2003) Engineering tolerance and accumulation of lead and cadmium in transgenic plants. Nat 
Biotechnol 21:914–919

Southwick JW, Western AE, Beck MM (1981) Community health associated with arsenic in drink-
ing water in Millard Country, Utah, EPA-600/1-81-064, NTIS No. PB82-108374. USEPA, 
Health Effects Laboratory, Cincinnati

Squibb KS, Fowler BA (1983) The toxicity of arsenic and its compounds. In: Fowler BA (ed) 
Biological and environmental effects of arsenic. Elsevier, New York, pp 233–269

Srivastava PK, Vaish A, Dwivedi S, Chakrabarty D, Singh N, Tripathi RD (2011) Biological 
removal of arsenic pollution by soil fungi. Sci Total Environ 409(12):2430–2442

V. Hare et al.



169

Stolz JF, Oremland RS (1999) Bacterial respiration of arsenic and selenium. FEMS Microbiol Rev 
23:615–627

Stolz JF, Basu P, Oremland RS (2002) Microbial transformation of elements: the case of arsenic 
and selenium. Int Microbiol 5:201–207

Stolz JF, Basu P, Santini JM, Oremland RS (2006) Arsenic and selenium in microbial metabolism. 
Annu Rev Microbiol 60:107–130

Suhendrayatna A, Ohki TK, Maeda S (1999) Arsenic compounds in the freshwater green micro-
alga Chlorella vulgaris after exposure to arsenite. Appl Organomet Chem 13:127–133

Sun WJ, Sierra-Alvarez R, Milner L, Oremland R, Field JA (2009) Arsenite and ferrous iron oxi-
dation linked to chemo lithotrophic denitrification for the immobilization of arsenic in anoxic 
environments. Environ Sci Technol 43(17):6585–6591

Takahashi Y, Minamikawa R, Hattori KH, Kurishima K, Kiho N, Yuita K (2004) Arsenic behav-
iour in paddy elds during the cycle of ooded and non-ooded periods. Environ Sci Technol 
38:1038–1044

Tamaki S, Frankenberger WT (1992) Environmental biochemistry of arsenic. Rev Environ Contam 
Toxicol 124:79–110

Tripathi RD, Srivastava S, Mishra S, Singh N, Tuli R, Gupta DK, Maathuis FJM (2007) Arsenic 
hazards: strategies for tolerance and remediation by plants. Trends Biotechnol 25:158–165

Tsai SL, Singh S, Chen W (2009) Arsenic metabolism by microbes in nature and the impact on 
arsenic remediation. Curr Opin Biotechnol 20:659–667

Tseng WP (1977) Effects and dose–response relationships of skin cancer and Blackfoot disease 
with arsenic. Environ Health Perspect 19:109–119

Uppanan P (2000) Screening and characterization of bacteria capable of biotransformation of toxic 
arsenic compound in soil, M.Sc. Thesis, Mahidol University, Thailand

US Department of Agriculture (1974) Wood preservatives. In: The pesticide review. Washington, 
DC, p. 21

US Environmental Protection Agency (1975) Interim primary drinking water standards. Fed Regist 
40(11):990

Valentine JL, Reisbord LS, Kang HK, Schluchter MD (1985) Arsenic effects of population health 
histories. In: Mills CF, Bremner IM, Chesters KJ (eds) Trace elements in man and animals. 
Commonwealth Agricultural Bureau, Slough, pp 289–294

Van Hullebusch ED, Zandvoort MH, Lens PNL (2003) Metal immobilisation by biofilms: mecha-
nisms and analytical tools. Rev Environ Sci Biotechnol 2:9–33

Wallace IS, Choi WG, Roberts DM (2006) The structure, function and regulation of the nod-
ulin 26-like intrinsic protein family of plant aquaglyceroporins. Biochim Biophys Acta 
1758:1165–1175

Wang S, Mulligan CN (2006) Effect of natural organic matter on arsenic release from soil and 
sediments into groundwater. Environ Geochem Health 28:197–214

Wang SL, Zhao XY (2009) On the potential of biological treatment for arsenic contaminated soils 
and groundwater. J Environ Manag 90(8):2367–2376

Warwick P, Inam E, Evans N (2005) Arsenic’s interactions with humic acid. Environ Chem 
2:119–124

WHO Arsenic Compounds (2001) Environmental health criteria 224.2nd edn. World Health 
Organisation, Geneva

Williams PN, Islam MR, Adomako EE, Raab A, Hossain SA, Zhu YG, Feldmann J, Meharg AA 
(2006) Increase in rice grain arsenic for regions of Bangladesh irrigating paddies with elevated 
arsenic in ground waters. Environ Sci Technol 40:4903–4908

Wysocki R, Che’ry C, Wawrzycka D, Hulle VM, Cornelis R, Thevelein J, Tama’s M (2001) The 
glycerol channel Fps1p mediates the uptake of arsenite and antimonite in Saccharomyces cere-
visiae. Mol Microbiol 40(6):1391–1401

Xie ZM, Luo Y, Wang YX, Xie XJ, Su CL (2013) Arsenic resistance and bioaccumulation of 
an indigenous bacterium isolated from aquifer sediments of Datong Basin, northern China. 
Geomicrobiol J 30(6):549–556

8  Arsenic Toxicity and Its Remediation Strategies for Fighting the Environmental Threat



170

Xu C, Zhou TQ, Kuroda M, Rosen BP (1998) Metalloid resistance mechanisms in prokaryotes. 
J Biochem 123:16–23

Xu GH, Chague V, Melamed-Bessudo C, Kapulnik Y, Jain A, Raghothama KG, Levy AA, Silber 
A (2007) Functional characterization of LePT4: a phosphate transporter in tomato with 
mycorrhiza-enhanced expression. J Exp Bot 58:2491–2501

Yadav A, Chowdhary P, Kaithwas G, Bharagava RN (2017) Toxic metals in the environment, their 
threats on ecosystem and bioremediation approaches. In: Das S, Singh HR (eds) Handbook 
of metal-microbe interaction and bioremediation. CRC Press, Taylor & Francis Group, Boca 
Raton, pp 128–141

Yamamura S, Watanabe M, Kanzaki M, Soda S, Ike M (2008) Removal of arsenic from con-
taminated soils by microbial reduction of arsenate and quinone. Environ Sci Technol 
42(16):6154–6159

Yang T, Chen ML, Liu LH, Wang JH, Dasgupta PK (2012) Iron(III) modification of Bacillus sub-
tilis membranes provides record sorption capacity for arsenic and endows unusual selectivity 
for As(V). Environ Sci Technol 46(4):2251–2256

Zaldivar R (1980) A morbid condition involving cardiovascular, brochopulmonary, digestive 
and neural lesions in children and young adults after dietary arsenic exposure. Zentralbl 
Bacteriologie 1 Abt Originale B: Hyg Krankenhaushygiene Betriebshygiene Praventive Med 
170:44–56

Zaloga GP, Deal J, Spurling T, Richter J, Chernow B (1985) Case report: unusual manifestations 
of arsenic intoxication. Am J Med Sci 289:210–214

Zhao FJ, Ma JF, Meharg AA, McGrath SP (2009) Arsenic uptake and metabolism in plants. New 
Phytol 181, 777–7794

Zobrist J, Dowdle PR, Davis JA, Oremland RS (2000) Mobilization of arsenite by dissimilatory 
reduction of arsenate. Environ Sci Technol 34:4747–4753

Zouboulis AI, Katsoyiannis IA (2005) Recent advances in the bioremediation of arsenic- contami-
nated ground waters. Environ Int 31:213–219

V. Hare et al.


	Chapter 8: Arsenic Toxicity and Its Remediation Strategies for Fighting the Environmental Threat
	1 Introduction
	2 Occurrence/Sources of Arsenic
	2.1 Natural/Geogenic Sources
	2.2 Anthropogenic Sources

	3 Accumulation and Transformation of Arsenic in Edible Crops
	3.1 Conversion and Internalisation of Arsenate
	3.2 Conversion and Uptake of Arsenite
	3.3 Methylation
	3.4 Demethylation
	3.5 Nitrate Reduction

	4 Toxicity Profile of Arsenic
	5 Removal Strategies of Arsenic from a Contaminated Environment
	5.1 Physico-Chemical Strategies for Arsenic Remediation
	5.1.1 pH
	5.1.2 Phosphate
	5.1.3 The Effect of Iron Hydroxides

	5.2 Microbial-Based Arsenic Remediation
	5.2.1 Arsenic Remediation by Bacteria
	5.2.1.1 Oxidation/Reduction
	5.2.1.2 Methylation/Demethylation
	5.2.1.3 Biofilm and Biosorption
	5.2.1.4 Biostimulation and Bioaugmentation
	5.2.1.5 Biomineralisation

	5.2.2 Arsenic Remediation by Algae
	5.2.3 Arsenic Remediation by Yeast
	5.2.4 Arsenic Remediation by Fungi
	5.2.5 Arsenic Remediation by Genetic Engineered Microbes

	5.3 Plant-Mediated Arsenic Remediation

	6 Challenges
	7 Conclusion
	References


