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Abstract Growing industrialisation, urbanisation and technological advancements
have been endlessly increasing the environmentally contaminating heavy metals
load. Arsenic contamination as an environmental pollutant has transcended as a
major global concern to address. Arsenic contamination of air, soil, water, sediment
and crops due to the various anthropogenic (agricultural) and geogenic (geochem-
ical) sources is a major global threat, including India, owing to its hazardous and
toxic nature. Primarily, the three and five valency arsenic cause severe human health
concerns at an elevated concentration (>0.05 mg/l) affecting millions of people
worldwide year-after-year. Generally non-biodegradable, arsenic can be transformed
into less toxic forms by adopting chemical, biological and/or composite techniques
involving oxidation-reduction, methylation, complexation, precipitation,
immobilisation through sorption, etc. Microbial and phyto-remediation of arsenic
through adsorption, absorption, extracellular entrapment, precipitation and
oxidation-reduction reactions are gaining global attention due to their greater advan-
tages. While phytoremediation includes phytoextraction and phytovolatilisation,
microbial biomass remediates through active/passive/combined arsenic binding.
The chapter embodies the underlying arsenic toxicity and bioremediation
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mechanisms for a cleaner and healthier environment. It details the chemical and
biological remediation of arsenic highlighting the advantages of biological
approaches.

Keywords Pollution · Arsenic contamination · Methylation · Bioremediation ·
Phytoextraction

8.1 Introduction

The delicate environmental balance has been upset due to excess load of numerous
inorganics including heavy metals generated through mining, rapid industrialisation,
and urbanisation. Amongst the heavy metals, environmental pollution caused due to
arsenic contamination is considered as vital for its severe toxicity and potential
associated health risks. Arsenic could generate multiple adverse health effects
because of its many (inorganic and organic) chemical forms, the most common
inorganic trivalent arsenic forms being arsenic trioxide, sodium arsenite, and arsenic
trichloride (Adeniji 2004). The acute symptoms of arsenic poisoning, as a conse-
quence of consuming it above the maximum tolerable limit of 0.05 mg/l, are skin
discoloration, skin thickening and ultimately skin cancer (Khan et al. 2000; Dey
et al. 2017; Banerjee et al. 2011). Arsenic is a metalloid (considered a heavy metal)
under group ‘V’ element of the periodic table (Satyapal et al. 2016). It is found in
four different oxidation states, i.e., +5, +3, 0, and � 3 in nature. Of these, the
pentavalent (AsV; Arsenate) and trivalent (AsIII; Arsenite) exist mostly in inorganic
forms (Satyapal et al. 2018). Although both pentavalent and trivalent forms are
poisonous but AsIII due to its high mobility is 1000-fold more toxic than its
counterpart (Satyapal et al. 2018; Dey et al. 2016). Organic arsenicals derived
from pesticides, herbicides and preservatives are also encountered in the environ-
ment (Satyapal et al. 2018).

Heavy metals like lead, arsenic, nickel, mercury, and cadmium are not at all
beneficial to plants, affecting the plant wellbeing negatively through reduced pho-
tosynthesis, nutrient uptake and certain enzymatic malfunctioning (Lim et al. 2014).
Low concentration of heavy metals leads to cytotoxicity and higher concentration to
cancer (Tak et al. 2013). It occurs due to contamination in food chain at a point and
bioaccumulation inside the living organisms (Tak et al. 2013). The cellular damage
happens due to the reactive oxygen species ROS, mainly oxygen radicals, damaging
the DNA (Chibuike and Obiora 2014). The sources of arsenic contamination, both
natural and anthropogenic, have resulted in wide arsenic contamination of the soil,
water, air and crops (Satyapal et al. 2016). In certain geographical regions, the
animals and humans are constantly exposed to high arsenic concentrations through
contaminated drinking water and food crops (Satyapal et al. 2018; Dey et al. 2016).
As per World Health Organisation (WHO), the maximum permissible limit for
arsenic contaminant in drinking water is 0.01 mg/l (WHO 2011; Aksornchu et al.
2008).

220 P. K. Parhi et al.



Arsenic’s notoriety is most predominant in groundwater systems as toxic metal-
loid. The greatest mass poisoning in human history was reportedly due to the
drinking of arsenic contaminated groundwater in millions of people (Dey et al.
2017). Various anthropogenic activities have further accelerated arsenic contamina-
tion, especially in the South East Asia region. It was estimated that more than six
million people in West Bengal, India (Dey et al. 2016; Anyanwu and Ugwu 2010)
and 46 million people in Bangladesh are at a risk of arsenic poisoning due to
drinking water (Dey et al. 2016; Bachate and L Cavalca 2009). Arsenic contamina-
tion in groundwater is at an alarming situation in Indian states of West Bengal,
Chhattisgarh, Bihar, Telangana and Uttar Pradesh.

Removing the contaminating heavy metals through (micro)biological means is
widely accepted as the most efficient, cost effective, and eco- and health-friendly
(Ekperusi and Aigbodion 2015; Ayangbenro and Babalola 2017). The capacity
of microbes to remove heavy metals and metalloids is dependent on the suitability
of the abiotic factors, such as, temperature, pH, physical and chemical properties of
soil, and moisture (Verma and Jaiswal 2016). The chapter deliberates on the
chemical and biological remediation of arsenic from contaminated soils, and the
phytological/microbial mechanisms involved in heavy metals decontamination.

8.2 Sources of Arsenic Contamination

Arsenic in the environment (air, soil, water, and sediment) originates from both
natural (geogenic) and anthropogenic sources (Satyapal et al. 2018; Fig. 8.1). The
key origin points of arsenic flow from the natural geogenic sources include volcanic
eruptions, weathering, fossil fuels, minerals, parent/sedimentary rock bearing arsenic
(Mohapatra et al. 2017a). Various anthropogenic activities like agriculture, mining,
smelting, refining, electroplating, coal combustion, painting and chemical
manufacturing have added to the arsenic release to the environment (Mohapatra
et al. 2017a; Dey et al. 2016; Akhtar et al. 2013). Manufacturing of agricultural
chemicals (e.g. pesticides, herbicides, fertilisers, wood preservatives, etc.), dying
materials and medical products, are other major sources of arsenic contamination
(Mohapatra et al. 2017a; Vishnoi and Singh 2014).

8.3 Arsenic Toxicity

Presence of Arsenic in the environment beyond the permissible limit of 0.01 mg/l
can generate multiple acute and chronic health disorders (Dey et al. 2016). AsIII

compound such as arsenic trioxide, sodium arsenite and arsenic trichloride could
cause neurotoxicity of both the peripheral and the central nervous system (Adeniji
2004). On the other hand, AsV inorganic forms such as arsenic pentoxide, arsenic
acid and Arsenates could also affect the enzyme activity of human metabolism
(Klaassen and Watkins III 2003). Trivalent or pentavalent organoarsenic, specially
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the methylated, forms cause biomethylation and are potential health hazards in
humans, animals and other higher living organisms as they enter the food chain
(Mateos et al. 2006; Adeniji 2004). Excess exposure to arsenic even at a low
concentration could create acute health issues including skin itching, skin discolor-
ation, hyperkeratosis, skin thickening leading to skin cancer, fever, anorexia,
melanosis, weight loss, appetite loss, gastrointestinal disorders (e.g. nausea,
anorexia, stomach irritation, abdominal pain, enlarged liver and spleen), anaemia,
weakness, lethargy, granulocyopenia cardiac arrhythmia, and cardiovascular failure
(Mohapatra et al. 2017a; Taran et al. 2013; Cavalca et al. 2013; Dey et al. 2016).
Long-term arsenic exposure could cause chronic respiratory disorders, lungs irrita-
tion, immune-suppression, arsenicosis, sensory loss, changes in skin epithelium,
ultimately leading to cancer due to DNA damage (Mohapatra et al. 2017a; Adeniji
2004). High arsenic intake could cause infertility, fatal health issues, miscarriages in
women, type-II diabetes, brain damage, cardiovascular problems including hyper-
tension, coronary artery diseases, peripheral vascular disease and atherosclerosis
(Mohapatra et al. 2017a). AsIII could also cease protein functions by binding to the
sulfhydryl groups of cysteine residues (Cavalca et al. 2013).

8.4 Soil Reclamation Strategies

The various remediation measure for heavy metal contamination are functional now
days (Fig. 8.2). The measures for removal of arsenic from the contaminated envi-
ronment should follow several minimal technical standards that consists

Fig. 8.1 Schematic representation of Biogeochemical cycle of arsenic in the atmosphere
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effectiveness, no adverse impact on the environment, and no health hazard for the
neighbouring organism or the system. Presently, three main reclamation practices
are functional namely, physical, chemical, and biological/bioremediation (Lim et al.
2014; Duarte et al. 2009). There are varieties of conventional methods have been
used for removal of arsenic from the contaminated aqueous system such as mem-
brane filtration, precipitation, reverse osmosis, coagulation, oxidation-reduction,
adsorption etc. (Dey et al. 2017; Dey et al. 2016; Bahar et al. 2012). In addition to
these physicochemical remediation processes, microbial bioremediation is also
proven as a potential eco-friendly approach for clean-up of the arsenic contaminated
area because of its low operation cost, less energy requirements, non and high
removal efficiency (Voica et al. 2016; Dey et al. 2017; Das and Dash 2014).

Complex make of the microbial cell and their metabolic specialities make them
potential agents to address arsenic toxicity by transforming it to a less-toxic form,
and/or remove them during the cellular metabolic process, biosorption and accumu-
lation phenomena (Mohapatra et al. 2017a; Dey et al. 2016). Table 8.1 describes the
advantages and disadvantages of some of the reported physicochemical and biolog-
ical arsenic remediation approaches.

8.4.1 Arsenic Removal from Contaminated Waters

Conventional and advanced successful treatment approaches to remove arsenic from
groundwater under both laboratory and field conditions have been reported, which
include: (i) coagulation/flocculation, (ii) adsorption, (iii) ion-exchange and
(iv) membrane processes (Mondal et al. 2013). A potentially scalable bioremediation
technology involving green synthesis of nano-adsorbents using bacteria, yeasts,
fungi and plant extracts is also reported (Mondal et al. 2006; Bahar et al. 2012).

Fig. 8.2 Schematic representation of scalable technologies (physical, chemical and biological)
currently available for arsenic remediation from contaminated surfaces
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Table 8.1 Various physicochemical and biological techniques in arsenic remediation

Technique
Approach
(es) employed

Speciality of approach
(es) Reference(s)

Physical Coagulation, precipita-
tion, sedimentation, etc.

Well accepted; high
operational cost, useful
in small-scale opera-
tions. Up to 30–90%
AsIII and > 95% of AsV

removal efficiency

Mahimairaja et al.
(2005) and Fazi et al.
(2016)Adsorption by acti-

vated carbon and/or
alumina

Ion exchange using
anionic resins

Membrane filtration

Chemical Coagulation, complex-
ation and precipitation
using ferric chloride,
sulphates of aluminium,
copper and ammonia

Economical but could
be expensive to reme-
diate a larger area. Up
to 30% AsIII and 90–
95% AsV removal
efficiency

Duarte et al. (2009),
Komárek et al. (2013)
and Lim et al. (2014)

Adsorption using gran-
ular iron hydroxide,
iron impregnated poly-
mer resins, iron oxide
impregnated activated
alumina, etc.

Widely applicable and
economical. Up to 30–
60% AsIII and > 95%
AsV removal efficiency

Shrivastava et al.
(2015) and Fazi et al.
(2016)

Phytoremediation Phytoremediation using
plants

Widely accepted
ecofriendly approach
useful primarily in large
field applications

Porter and Peterson
(1975), Chakraborti
et al. (2001), Mishra
et al. (2000), Silva
et al. (2006) and Yang
et al. (2012a, 2012b)

Microbial
biosorption

Immobilisation of As in
the solid phase using
microbial (bacterial,
fungal and algal)
biomass

Cost-effective and
ecofriendly; cellular
and microbiological/
molecular analyses
needed

Mahimairaja et al.
2005, Ahmed et al.
(2005) and Lim et al.
(2014)

Microbial
(RedOx)
transformation

Microbial transforma-
tion of toxic arsenic to
lesser toxic forms
through oxidation-
reduction, by hetero-
trophs and
chemoautotrophs; arse-
nate can be reduced to
arsenite by microbial
dissimilatory reduction
mechanism

For controlled environ-
mental condition. Arse-
nic reduction is carried
out in anaerobic condi-
tion using facultative or
obligate anaerobes

Xiong et al. (2006),
Chipirom et al. (2012)
and Leiva et al. (2014)

Microbial
methylation

Biomethylation of arse-
nic by microbes with
cellular enzymes like
As(III)-S-adenosyl
methionine methyl-
transferase

An effective and highly
efficient biological pro-
cess to remediate arse-
nic contaminated
aquatic bodies

Mahimairaja et al.
(2005) and Lim et al.
(2014)
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8.4.2 Arsenic Removal from Contaminated Soils

There are many arsenic removal approaches that could be divided primarily into
three categories, physical, chemical, and biological (Lim et al. 2014).

8.4.3 Physical Approach

One of the popular approaches is, mixing both the uncontaminated and contaminated
soils together till the arsenic concentration reaches an acceptable level (Lim et al.
2014; Mahimairaja et al. 2005). Soil washing is a physicochemical approach
whereby the soil contaminated with arsenic is washed in presence of chemicals
such as sulphuric/nitric/phosphoric acids, and/or hydrogen bromide (Lim et al.
2014).

8.4.4 Chemical Approach

The chemical approach employed for the purpose as extractant is costly and often is
restricted to soil washing at smaller-scale operations (Mahimairaja et al. 2005).
Cement could also immobilise soluble Arsenites and has been successfully used to
stabilise arsenic-rich sludge (Sullivan et al. 2010). Furthermore, additives, such as,
surfactants, cosolvents, etc. could also enhance the soil flushing efficiencies using
aqueous solutions. Surfactant alone was about 80–85% efficient in laboratory
conditions, while more complex processes such as polymer injection enhanced the
efficiency (Atteia et al. 2013). Available chemical remediation approaches involve
methods such as adsorption by using specific media, immobilisation, modified
coagulation along with filtration, precipitations, immobilisations and complexation
(Duarte et al. 2009; Mahimairaja et al. 2005). Coagulation along with filtration for
arsenic removal is quite economical but often displayed lower (<90%) efficiencies
(Lim et al. 2014).

8.4.5 Biological Approach

Biological measures are broadly distinguished as phytoremediation and microbially-
mediated remediation. Plants and microbes, especially the ones thriving in arsenic-
rich environment, have evolved themselves to sustain and metabolise arsenic and
their metalloids. Some bacteria convert the inorganic and organic arsenic to
trimethyl-arsine (less toxic gaseous arsenic), particularly under anaerobic conditions.
This could be accomplished through various ways including biomethylation,
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biotransformation and biooxidation (Srivastava et al. 2011; Liu et al. 2009; Casarett
et al. 2008). With several limitations of non-biological approaches, biological
approach is gaining popularity, particularly due to its cost effectiveness. Biological
remediation approach is primarily divided into two subcategories, intrinsic and
engineered. Intrinsic bioremediation is mainly meant to address low-level contam-
ination by specialised natural/wild microbes, whereas engineered bioremediation is
useful in addressing critically contaminated soils by engineered microbes (Lim et al.
2014) (Fig. 8.3).

8.4.5.1 Phytoremediation

Phytoremediation is an efficient way to bioremediate contaminated soils and water
bodies (Mishra et al. 2000). Several hyperaccumulating plant varieties (1 kg biomass
accumulating up to one-gram arsenic) are reported. The cheapest technology for
heavy metal removal, this approach is time saving and also decreases the volume of
the contaminated biomass (Chattopadhyay et al. 2017). Phosphorus helped in
mobilising and enhancing the uptake capacity of arsenic in sunflower which could
sustain 250 mg of arsenic/kg plant biomass in soil, whereas Chinese brake (Pteris
vittata L.) could tolerate up to 22,600 mg of arsenic/kg plant biomass on a dry weight
basis (Jang et al. 2016). The nonprotein thiols, phytochelatins, phytochelatins and
glutathione produced by plants as a defense mechanism help in decontaminating
arsenic-rich soil (Dixit et al. 2016). The mechanisms involved arsenic decontami-
nation involve phytoextraction, rhizofiltration and phytovolatilization (Fig. 8.4).

Fig. 8.3 Schematic representation of process involved in arsenic decontamination using plant/
plant–microbe interactions
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Microbial associations with plants often play an important role as the facilitator in
arsenic cycling.

The internal resistant mechanisms to reduce metal toxicity in plants include
sequestration of metals and phytochelatins. Phytochelatins are cysteine rich peptides
formed by glutathione at high arsenic concentration (Mesa et al. 2017). Further,
plants are divided into the following groups on the basis of their metal removal
efficiencies.

Excluders

These group of plants restrict the uptake and translocation of arsenic on the terminal
parts by tolerating the existing high concentration of arsenic through intracellular
chelators. The excess arsenic segregated and is stored in the non-sensitive plant
parts, a phenomenon known as compartmentalisation (Sun et al. 2009).

Accumulators

Accumulator plant performs remediation via the uptake and translocation arsenic
into the terminal parts without any discernible plant symptoms. These can uptake
upto 1000 mg As/kg dry shoot.

8.4.5.2 Microbially-Mediated Remediation

Microbes (bacteria, fungi and algae) are very effective and efficient bioremediating
agents. Their small life span and adaptative abilities help thrive well even in harsh

Fig. 8.4 Schematic representation of bacterial remediation of Arsenic through oxidation-reduction
pathway (MMA Monomethylarsinic acid, DMA Dimethylarsinic acid)
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environments. Below is an account of the usefulness of each group as bioremedia-
tion agents.

Bacterial Remediation

Bacteria possess multiple bioremediation potentials and hence certainly are benefi-
cial agents, from both environmental and economic point of view, for toxic pollut-
ants cleanup. Such bioremediation (of toxic pollutants including metals/metalloids)
is achieved by using native bacteria isolated from the contaminated sites and
stimulating their detoxification ability by process and product engineering (Das
and Dash 2014). The use of suitable non-native and/or genetically engineered
microbes suited for arsenic bioremediation has been successfully demonstrated at
least at research-scale if not at field-scale (Das and Dash 2014).

Mechanism of Arsenic Bioremediation

The mechanisms in arsenic bioremediation are majorly biotransformation and
biosorption.

Biotransformation Mechanism

In this, the microbes could decrease the toxicity of the contaminants by using them
as energy sources while transforming them through the energy-yielding oxidation-
reduction reactions utilising oxygen, carbon dioxide, nitrates, sulphate acetate,
lactate and glucose as electron acceptors/donors during metabolism (Dey et al.
2017; Akhtar et al. 2013). Dey et al. (2017) reported that the bacteria having the
capacity to resist toxic metals can chemically transform heavy metals/metalloids
through their common cellular metabolism through oxidation, reduction, methyla-
tion, demethylation, precipitation etc. Bacteria could exploit arsenic in their meta-
bolic process either as an electron acceptor as in case of anaerobic respiration or as an
electron donor as in case of chemoautotrophic fixation of CO2 into cell carbon
(Akhtar et al. 2013). Dissimilatory arsenate-reducing bacteria use arsenate as an
electron acceptor and reduce it to arsenite. Chemoautotrophic arsenite oxidising
bacteria use CO2 as the carbon source and arsenite as an electron acceptor, oxidising
it to arsenate for energy, whereas heterotrophic arsenite oxidisers use oxygen as an
electron acceptor to oxidise arsenite to arsenate (Fig. 8.3; Akhtar et al. 2013).

Biosorption of Arsenic

Microbial arsenic biosorption involves the sorption of arsenate ions (sorbate) present
in aqueous form on to the surface of a solid microbial biomass (biosorbent). Due to
their higher affinity towards charged ions which further dependent on the chemical
constituents of the cell wall, biosorbents facilitate the binding of the contaminant
ions. Further, the degree of biosorption differs according to the distribution of
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arsenic ions between the solid biosorbent and the liquid (aqueous) phase. This
process continues till establishment of equilibrium between the amount of
contaminant-bound biosorbent and the free ions in the solution. The extracellular
polymeric substances (EPSs) such as the peptidoglycan, phospholipids, lipopoly-
saccharides, proteins, teichoic and teichuronic acids of the bacterial cell, primarily
having a role in quorum sensing, play a key role in binding and adsorption of the
toxic arsenic ions. Several (carboxylic, amino, thiol, hydroxyl and hydrocarboxylic)
functional groups present in the biomass also actively participate in the binding
process (Mohapatra et al. 2017a, b).

Biochemistry of Bacterial Arsenic Removal

Studies have demonstrated that plant could sustain in high arsenic contaminated soils
when the phosphorus concentration was also high (Rosen et al. 2011). The arsenic in
soil and water occurring naturally generally enters the plant via phosphate trans-
porters and facilitate bacterial survival under arsenic stress condition. A common
bacterial defence mechanism is the three detoxifying operons, ArsR, ArsC, and ArsB
(Musingarimi et al. 2010; Yang et al. 2012a, b). The transportation of arsenate to cell
and its reduction to arsenite is accomplished by ArsC gene and the outward
transportation of arsenite from cell by ArsB gene (Musingarimi et al. 2010).

Arsenic-tolerant bacteria Acinetobacter from the rhizospheric soil of Pteris
vittata, a fern, oxidises AsIII, whereas a few others (Flavobacterium, Pseudomonas,
and Staphylococcus) could oxidise as well as reduce arsenic (Wang et al. 2012).
Agrobacterium radiobacter in the roots of Populus deltoids makes the plant tolerant
to 300 mg/kg Arsenic in soil, with a 54% removal efficiency (Wang et al. 2011).
Reports suggest volatilisation (Sphingomonas desiccabilis and Cyanobacteria),
adsorption (Ralstonia eutropha) and oxidation (Rhodococcus equi, Thiomonas
arsenivorans and Ensifer adhaerens) of arsenic from the contaminated soil
(Table 8.2; Liu et al. 2011; Mondal et al. 2008; Yin et al. 2011; Bag et al. 2010;
Dastidar and Wang 2012; Ito et al. 2012). A few of the siderophore-producing
arsenic-tolerant bacteria are Pseudomonas fluorescens, Micrococcus luteus and
Bacillus licheniformis. They are also active in solubilising phosphorus and fixing
nitrogen (Ivan et al. 2017). A genetically modified Rhizobium leguminosarum
incorporated with AsIII S-adenosylmethionine methyltrasnferase gene (CrarsM)
from Chlamydomonas reinhardtii was useful in arsenic detoxification through the
methylation of AsIII (Zhang et al. 2017). Some microbial mechanisms enhance the
plant growth by producing indole-3-acetic and other organic acids. These metabo-
lites metabolise the heavy metal through the bacterial 1-ammino-cyclopropane-1-
carboxylic acid deaminase (Ma et al. 2011).

Algal Remediation

Algae from the groups Cyanophyta and Chlorophyta help in absorption and accu-
mulation of arsenic from contaminated water (Mitra et al. 2017). The prokaryotic
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(such as cyanobacteria) and eukaryotic (such as Chlorella) algae usually
bioremediate arsenic (arsenate and arsenite) via the phosphate transportation and
plasma membrane-based hexose permeases and aqua-glyceroporins pathways
(Zhang et al. 2014). Arsenate is transported by competitive inhibition of phosphate
due to their chemical similarity (between AsO4

3� and PO4
3�). The different func-

tional groups present on the cell wall of algae help in adsorbing the metal. Wang
et al. (2013) and Zhang et al. (2013) reported more than 60% of arsenic removal by
algae from contaminated water through adsorption. With regard the biochemistry of
arsenic biotransformation to reduce its toxicity, the two biochemical conversion
pathways occurring inside the algal cells, viz. oxidation and methylation, are
discussed below.

Oxidation of Arsenic

Few algae such as Synechocystis and Cynidiales could oxidise AsIII to AsIV inside
the cells. Zhang et al. (2011) reported a process of detoxification through the uptake,
accumulation and transformation of arsenic in Synechocystis sp. inside the cell. A
few other reports confirm that the oxidation of AsIII happens outside with the help of
extracellular phosphatases (Mitra et al. 2017). The role of the enzyme involved in the
process particularly in the oxidation process is hitherto obscure (Mitra et al. 2017;
Zhang et al. 2014).

Methylation of Arsenic

This mechanism involves the conversion of toxic AsIII arsenic to a less toxic
monomethyl and dimethyl arsenates with the help of arsenite methyltransferases
(Ye et al. 2012). Qin et al. (2009) confirmed that Cyanidioschyzon
sp. (an extremophilic alga) could alone oxidise AsIII to AsV, reduce AsV to AsIII

and methylate AsV to monomethyl arsenate and dimethyl arsenate.

Fungal Remediation

In terms of bioactive compound production, fungi are the most prominent and potent
biomass in soil. The fungal cell wall is made up of polysaccharide molecules and

Table 8.2 Reported bacterial species and their modes of action on arsenic-contaminated soil

Sl. No. Microorganism Mechanism Reference

1. Sphingomonas desiccabilis Volatilisation Liu et al. (2011)

2. Ralstonia eutropha Adsorption Mondal et al. (2008)

3. Cyanobacteria Volatilisation Yin et al. (2011)

4. Rhodococcus equi Oxidation Bag et al. (2010)

5. Thiomonas arsenivorans Oxidation Dastidar and Wang et al. (2012)

6. Ensifer adhaerens Oxidation Ito et al. (2012)
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proteins with hydroxyl, phosphate, sulphate and amino functional groups that could
bind to the metal ions and metalloids relatively easily (Maheswari and Murugesan
2011). Most fungi, viz., Trichoderma, Candida, Aspergillus, Fusarium and Penicil-
lium, help in methylating inorganic arsenic to its organic counterpart (Upadhyay
et al. 2018). The advantages of fungi over bacteria as bioremediation agents are their
longer life-span, higher biomass content and a complex hyphal network (Singh et al.
2016). Additionally, metal savouring fungi can compete with native bacteria in
relatively inhospitable conditions (Sun et al. 2012).

Trichoderma is another filamentous Ascomycete fungus of great significance in
plant growth promotion (Waghunde et al. 2016). It improves soil fertility and has the
ability to induce stress-tolerance, a peculiar characteristic unlike the competing
neighbouring rhizospheric microbes. It could promote hormone production, nutrient
release from the soil, and rhizosphere development (de Souza et al. 2017). It contains
a variety of functional groups on the outer layer of cell wall that could bind to metal
ions and metalloids (Tripathi et al. 2017). Westerdykella aurantiaca, a soil fungus,
bears arsenic methyl-transferase (WaarsM) gene which could be expressed in Sac-
charomyces cerevisiae (Verma and Jaiswal 2016). Such bioengineered yeasts capa-
ble of expressing the WaarsM gene demonstrated a higher arsenic methylation
property. Laboratory studies confirmed an enhanced arsenic tolerance in paddy
when such yeast cells were cocultured/inoculated in paddy (Verma and Jaiswal
2016).

8.5 Approach Involving Plant-Microbe Associations

Phytoremediation is a selective way used by plants to clean heavy metals from the
environment through modified rhizospheric PGPR and PGPM. Several studies have
been performed to select hyper-accumulating plants to assess the consequence of
metal stress on the useful rhizospheric microbes (PGPMs) that can further facilitate
the development of a more promising bioremediation strategy (Tak et al. 2013). The
efficacy of phytoremediation is limited by the major factors, such as, tolerance level
for the contaminant by the plant, selection of the plant variety to be employed for
bioremediation, and its capacity to uptake and translocate the heavy metals (Jutsz
and Gnida 2015). Phytoremediation, as indicated earlier, is an economically feasible
bioremediation strategy as it produces the utilisable biomass while removing the
toxic metals (Angelova et al. 2016).

Most plant species harbour vesicular-arbuscular mycorrhizae (VAM) that primar-
ily help in phosphate solubilisation and uptake thereby enhancing their stress
tolerance ability (Sharma et al. 2017). Upadhyay et al. (2018) reported that VAM
supplementation helped overcome arsenic-induced phosphate deficiency in wheat.
VAM also helps in maintaining a good ratio of arsenic and phosphate by
translocating arsenic to inside the plant cells, particularly in soils with low arsenic
contamination. In a similar study, Li et al. (2016) observed a decrease in the
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inorganic and organic ratio of arsenic in seeds when rice was inoculated with
Rhizophagus irregularis.

It is important to note that arsenic volatilisation and methylation depends on the
structure, organic content, the degree of the contamination and the chemical status of
the soil (Mestrot et al. 2011). Upadhyay et al. (2018) recorded an annual
0.002–0.13% of net arsenic biovolatilisation in rice fields, with an about 4 μg/kg/
year rate of volatilisation.

8.6 Challenges in Field-Scale Replication of the Strategy

The challenges met particularly by the translational (lab-to-land) researchers are
manifold. These challenges include ecological, environmental, biotic and abiotic.
For instance, in situ bioremediation could be a huge challenge when the arsenic
concentration and the soil characteristics are adversely positioned. As every tech-
nology has an associated risk so is the bioremeation. For example, useful more
efficient genetically modified microbes and plants could be employed to remediate
arsenic contamination but its on-field application remains a topic of concern with
biosafety consequences. The pollens of the genetically engineered plants and the
plasmid of the genetically modified microbes could be major challenges to address
the biosafety concern.

8.7 Future Research Directions

The role of genetically modified microbes in expediting the removal and remediation
of contaminating arsenic and their survival when transferred for in situ bioremedi-
ation need to be addressed. Factors like temperature, lesser available nutrients and
other related factors that are not easy to restore, may impact bioremediation potential
negatively (Freitas et al. 2013). Furthermore, access to the genetically engineered
plants and microbes to evaluate their role in heavy metals decontamination needs to
be more focussed. Hyperaccumulative plants producing high biomass must be
identified and could be further improved genetically to enhance their remediation
efficiency. Similarly, the bioremediation ability of the these microbes to compete
with the indigenous microbiota for efficient bioremediation by demonstrating an
upper hand in the competitive-exclusion ecological principle calls for technological
insights.
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8.8 Conclusion

Several mechanisms and biochemical interactions, and their role in bioremediation
have been detailed, with an attempt to expose the practicality of chemical- and
bio-remediation strategies and their effect on the scaled-up remediation processes.
As it is time consuming, generates harmful byproducts, and a costly proposition,
chemical approach has slowly taken a backseat in the recent technological advance-
ments. In that place, biological strategies for arsenic removal are slowly gaining
popularity as they are eco-friendly. Plants and microbes have their own adaptive
mechanisms to survive and sustain in contaminated soils and waters. Microbes
bioremediate by oxidation, reduction, biosorption, and degradation of metals with
the help of extracellular transformation and phytoremediation is based on
phytoextraction and phytovolatilisation which have been very useful. Nevertheless,
a bioremediation to be better accomplished would require friendly environmental
conditions. Phytoremediation depends on the concentration of the contaminant, and
the physical and chemical properties of soil.
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