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ABSTRACT

Phytoremediation of metals and other environmental pollutants is gaining importance as a cost-effective method for pollution mitigation
and envisages sustainable development. This paper envisages prospects of phytoremediation for mitigation of heavy metal pollutants from
the environment, with particular reference to arsenic (As) and chromium (Cr). Genetically engineered tailor-made plants have much
potential for selective uptake, accumulation and sequestration of heavy metals. Recent developments in this area and state-of-the-art
technology foresee genetically engineered plants with an ability to prevent accumulation of As in aerial parts of experimental plant
systems, which could be extrapolated to edible plants such as rice, wheat and others. Similarly, hyperaccumulation in plant biomass is
another important approach for removal of these toxic metals from the land and water ecosystems and mitigation of As and Cr pollution.
The mechanisms of As hyperaccumulation by the hyperaccumulator plants has opened up scope for genetic engineering other prospective
plant species to enhance hyperaccumulation of toxic metals in their aerial biomass. This review enumerates the mechanisms of
hyperaccumulation in the plant systems, the potential genes that could be engineered to develop tailor made genetically engineered plants
aimed for phytoremediation of As and Cr and other metals in general.
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INTRODUCTION

Phytoremediation, using plant species to clean up soil and
water, is gaining importance in recent times (Salt et al.
1995a; Schnoor 2002; Suresh and Ravishankar 2004; Pilon-
Smits 2005; Erakhrumen 2007). It is a cost effective, pro-
mising and environmental friendly technology (Smith ez al.
1995; EPA 1996, 1999; Ghosh and Singh 2005; UNEP un-
dated). Plants have unique ability to concentrate essential
and nonessential elements from the soil through the roots
(EPA 2000a; Verbruggen et al. 2009). Phytoremediation in-
cludes several subaspects such as, phytoextraction, phyto-
stabilization, rhizofiltration and phytovolatilization (Raskin
and Ensley 2002; Pulford and Watson 2003; LeDuc et al.
2004). The phytoextraction process uses metal accumulating
plants that absorb metals from soils, and further transport
and concentrate them in the aboveground plant biomass that
could be harvested by conventional methods (Brooks 1998;
Li et al. 2003; Shah and Nongkynrih 2007). The plant spe-
cies potential for phytoremediation are desired to possess
following preferred characteristics: (1) ability to accumulate
metals preferably in the aboveground parts, (2) tolerance to

the accumulated metal concentration, (3) fast growth and
high biomass, (4) widespread highly branched root system,
(5) easy harvestability (EPA 2000a; Barcel6 and Poschen-
rieder 2003). Genetically transformed plant species with
ability to detoxify/accumulate mercury (Hg), cadmium (Cd),
lead (Pb), selenium (Se) and arsenic (As) have been deve-
loped (Rugh et al. 1996, 2000; Grichko ef al. 2000; Lin et
al. 2000; Pilon-Smits et al. 2000; Harada et al. 2001,
Berken et al. 2002; Dhankher et al. 2002; Pilon-Smits and
Pilon 2002; Barcel6 and Poschenrieder 2003; Gisbert et al.
2003; Kawashima et al. 2004; Eapen and D’Souza 2005;
Dhankher et al. 2006). A better understanding of the mecha-
nisms of rhizosphere interaction (Singer 2006), uptake,
transport and sequestration of metals in hyperaccumulator
plants will be helpful in designing transgenic plants with
improved remediation traits (Krdmer and Chardormens
2001; Verbruggen et al. 2009). More genes and regulatory
mechanisms related to metal metabolism are being dis-
covered (Becher et al. 2004; Viswanathan et al. 2004; Valli-
yodan and Nguyen 2006; Sreenivasulu et al. 2007), which
have opened up new possibilities for development of effici-
ent transgenic plants for phytoremediation application (Pol-
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lard and Baker 1996; Baker and Whiting 2002; Inui and
Ohkawa 2005; Shah and Nongkynrih 2007). Plants, pros-
pective for genetic engineering for phytoremediation appli-
cation should be a high biomass plant, preferably with short
duration of lifecycle with inherent capability for phytoex-
traction, and amenable to genetic transformation protocols
(Macek et al. 2000; Pilon-Smits 2005).

An ideal plant for environmental cleanup can be envisi-
oned as one with high biomass production, combined with
superior capacity for tolerance, accumulation, and/or deg-
radation of the pollutant depending on the type of pollutant
(Clemens et al. 2002; Eapen et al. 2007). With the use of
genetic engineering, it is feasible to manipulate a plant’s
capacity to tolerate, accumulate, and/or metabolize pol-
lutants, and thus to create the ideal plant for environmental
cleanup (Karenlampi et al. 2000; Aken 2008). The plant for
metal phytoremediation should possess important charac-
teristics such as; metal tolerance and accumulation deter-
mined by metal uptake, root-shoot translocation, intra-
cellular sequestration, chemical modification, and general
stress resistance. With the knowledge of the mechanisms in-
volved in the tolerance and accumulation processes (Pilon-
Smits 2005; Singer 2006) and the genes that control these
mechanisms (Rigola ef al. 2006; Eapen et al. 2007; Ver-
bruggen et al. 2009), it could be possible to manipulate the
traits and exploit these plants for phytoremediation to its
maximum. Several reviews have enumerated the mecha-
nisms of plant metal tolerance and accumulation, and high-
lighted possible strategies for genetic engineering of plants
for metal phytoremediation (Pilon-Smits and Pilon 2002;
Barceld and Poschenrieder 2003; Inui and Ohkawa 2005;
Reeves 2006; Tripathi et al. 2007; Eapen et al. 2007; Shah
and Nongkynrih 2007; Verbruggen et al. 2009).

Enhanced metal tolerance and accumulation have been
achieved by overproducing metal chelating molecules [cit-
rate, phytochelatins (PC), metallothioneins (MT), phyto-
siderophores, ferritin] or by the overexpression of metal
transporter proteins (Lee ef al. 1978; Cobbett 2000; Cobbett
and Goldsbrough 2002; Flocco et al. 2004; Roosens et al.
2004; Freeman et al. 2005; Ingle et al. 2005; Kim et al.
2005; Raab et al. 2005; Callahan et al. 2006; Callahan et al.
2007; Durrett et al. 2007; Haydon and Cobbett 2007; Sun et

al. 2007; van de Mortel ef al. 2008; Verbruggen et al. 2009).

The typical enhancement in metal accumulation in plant, as
the result of genetic engineering approaches is 2- to 3-fold,
which could potentially enhance phytoremediation effici-
ency by the same factor (Pilon-Smits and Pilon 2002; Shah
and Nongkynrih 2007). Some hyperaccumulator plants for
which regeneration protocols are already developed in-
cludes; Indian mustard (Brassica juncea), sunflower (Heli-
anthus annuus), tomato (Lycopersicon esculentum) and yel-
low poplar (Liriodendron tulipifera). Many of the candidate
plants for phytoremediation are crop plants and use of these
plants renders them unsuitable for humans and animals con-
sumption. Therefore, high biomass noncrop plants species,
which are repulsive to herbivores and natural hyperaccumu-
lators are preferred for phytoremediation use (Glebert ez al.
2003; Reeves 2006; Eapen et al. 2007; Shah and Nongkyn-
rih 2007). The applicability of the transgenics for environ-
mental cleanup, results from laboratory and greenhouse stu-
dies look promising for several of these transgenics (Song
et al. 2003; Dhankher et al. 2006; Eapen et al. 2007; Ra-
thinasabapathi et al. 2007; Verbruggen et al. 2009). This
paper enumerates the progress in manipulation of plant
metal metabolism for phytoremediation of metals, with em-
phasis on hyperaccumulation of As and Cr in the plant bio-
mass.

SCOPE FOR GENETIC ENGINEERING OF PLANTS

In transgenic plant a recombinant DNA is incorporated into
the host genome to ensure formation of the gene product
(usually a protein) that mediates metal hyperaccumulation
or detoxification (Grichko ef al. 2000; Sharma and Dietz
2006; Eapen et al. 2007; Aken 2008). The gene product can
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be targeted to certain cellular compartments (e.g. chloro-
plast, vacuole, mitochondrion, or apoplast) (Mari et al.
2006) and the expression pattern of the gene may be prog-
rammed to be only in certain tissue types (e.g. roots, vas-
cular tissue, shoot) (Dhankher ef al. 2006; Sreenivasulu et
al. 2007), or under certain environmental conditions (stress-
induced, light-induced) (Summers 1996; Kasuga et al.
1999; Sreenivasulu et al. 2007). Besides overexpressing a
gene, it is also possible to repress the expression of an en-
dogenous gene, by inserting a copy of that gene in reverse
orientation (antisense technology) (Dominguez-Solis et al.
2001; Xiang et al. 2001; Dhankher et al. 2002; Li et al.
2004; Meagher et al. 2005). The selected species can be
bred further to enhance efficiency of the desired property,
either through classic breeding or via genetic engineering,
and the latter is useful for introducing remote genes (Inui
and Ohkawa 2005) aimed at enhancing phytoremediation
potential for metals.

Other approaches for enhancing metal phytoremediation
efficiency include; identification of suitable plant species
for metal remediation, delineation of agronomic practices
for the selected species to maximize biomass production
and metal uptake (e.g. planting density and fertilization to
enhance plant productivity (Chaney et al. 2000), and using
soil amendments such as organic acids or synthetic chela-
tors to enhance metal uptake (Salt and Kramer 2000; Blay-
lock and Huang 2000; Meers ef al. 2004; Haydon and Cob-
bett 2007).

BIOCHEMICAL MECHANISMS OF METAL
ACCUMULATION AND TOLERANCE BY PLANTS

Uptake

Roots compete with soil particle cation/anion exchange
sites for ions and the bioavailable metal ions are taken up
by plant root system. The uptake of metals requires trans-
port across the root cell membrane into the symplast. This
process involves specific membrane transporter proteins.
Membrane transport of cations has been reported in several
reviews (Fox and Guerinot 1998; Williams et al. 2000;
Miser et al. 2001; Axelsen and Palmgren 2001; Meharg and
Jardine 2003; Kréamer ef al. 2007). The genome of the model
species Arabidopsis thaliana encodes for over 150 dif-
ferent cation transporters in at least nine different families.
Membranes serve to separate compartments in which metal
concentrations can be regulated with the aid of transporters
(Nelson 1999; Roosens et al. 2004; van de Mortel et al.
2006). Often, more than one transport system exists for one
metal. In A. thaliana and Thalaspi arvense several transpor-
ters of the NRAMP (natural resistance associated macro-
phage) family, ZIP (zinc-regulated transporter) family, YSL
(vellow stripel like) family and members of IRT (ZIP
family of metal transporters) family are capable of transpor-
ting Fe, Zn, Cd, into cells (Curie et al. 2000, 2001; Méser et
al. 2001; van de Mortel et al. 2006; Kriamer et al. 2007; van
de Mortel et al. 2008). The presence of several transporters
permits uptake systems with different affinities and capa-
cities (Verbruggen et al. 2009). In addition, transporters are
present in internal membranes to allow and regulate the
storage of metals in organelles such as vacuoles (Tong ef al.
2004; Bleeker et al. 2006). Transporters may be specific for
a certain cell type and can transport more than one metal
ion. For instance, the FER1 (ferritin binding), IRT and ZIP
family metal transporters mediates uptake of Fe, Zn, Cd
(van de Mortel et al. 2006; Plaza et al. 2007; van de Mortel
et al. 2008) and Phl;1 and Phl;4 phosphate transporters
(Shin et al. 2004).

Translocation

For root-shoot translocation of metals, metal transporters
export metal ions out of the root symplast into the xylem
apoplast (Marschner 1995; Mills et al. 2003, 2005; Verret et
al. 2005; Xing et al. 2008). Different chelators may be in-
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volved in translocation of metal cations through the xylem
(Pilon-Smits and Pilon 2002; Kim et al. 2005), such as
organic chelators (e.g. malate, citrate, histidine) (Salt et al.
1995b; Kriamer et al. 1996; Von Wiren et al. 1999; Sharma
and Dietz 2006; Kriamer et al. 2007) or nicotianamine (NA)
(Stephan et al. 1996; Von Wiren ef al. 1999). Nicotianamine
function as a chelator for translocation of metals in the
phloem (Von Wiren ef al. 1999; Mari et al. 2006). Similarly,
uptake of metal ions from the xylem apoplast into the shoot
symplast is mediated by metal transporters present in the
shoot cell membrane.

Sequestration

Inside the cells, the metal ions are translocated to final
destination for storage and chelation involving membrane
metal transporters and metal-binding proteins (Kim e al.
2006; Hassinen et al. 2007; Verbruggen et al. 2009). Dif-
ferent classes of metal binding proteins have been identified,
such as; ATP-binding cassette (ABC) (Song ef al. 2003; van
de Mortel et al. 2008), cation diffusion facilitators (CDF)
(Peiter et al. 2007), zinc transporter of 4. thaliana (HMA,
ZAT renamed as AtMTP1) (Becher et al. 2004; Willems et
al. 2007) and Ca®'/cation antiporter (CaCA/CAX) super-
family MHX (Elbaz et al. 2006).

Metallothioneins are the class of metal chelating mole-
cules that play in sequestration and its production is upreg-
ulated under conditions of high metal availability (Murphy
and Taiz 1995; Guo ef al. 2008). Metallothioneins are small
(~3.5-14 kDa) cysteine-rich metal-binding proteins that
occur in all organisms (Cobbett and Goldsbrough 2000). Al-
though the exact role of MTs is still not clear (Hassinen et
al. 2007), they mostly play a role in homeostasis of essen-
tial metals (Filatov et al. 2006) and are likely involved in
the tolerance to nonessential metals (Zhou and Goldsbrough
1995; Guo et al. 2008). Metal chaperones are a different
class of proteins that bring metals to specific targets in the
cell, i.e. the ATX (yeast copper homeostasis gene) protein,
which is upregulated under Cu deficiency (Himelblau ef al.
1998; Roosens et al. 2004). Toxic levels of essential or
nonessential metals are stored inside cellular location where
the metal can do the least harm to vital cellular processes.
This may involve storage in special cellular compartments
such as the vacuole by means of specialized transporters
such as ZAT1, a CDF-type transporter (Van der Zaal et al.
1999; Verbruggen et al. 2009). Sequestration may also be in
the apoplast, or in specialized cell types, such as epidermal
cells and trichomes (Heath ef al. 1997; Coleman ef al. 1997,
Kiipper et al. 1999; Salt and Krdmer 2000; Hale ef al. 2001;
Choi et al. 2001; Yang et al. 2005a; Peiter et al. 2007,
Verbruggen et al. 2009). Certain metals are complexed by
PC for storage in the vacuole (Zenk 1996; Pickering et al.
2000).

Phytochelatins are small cysteine-rich metal-binding
peptides (5 to 23 amino acids) that occur in all plants tested
so far (Rauser 1995; Zenk 1996; Cobbett 2000; Clemens
2006), as well as in some fungi and animals (Vatamaniuk e?
al. 2001). Phytochelatins are induced only under metal stress
and mainly function in tolerance to toxic metals (Golds-
brough 2000; Cobbett and Goldsbrough 2000). They are
synthesized enzymatically from glutathione (GSH). Com-
plexes of metals bound by GSH or PC are shuttled to the
vacuole by an ABC-type transporter protein in the tonoplast
(Lu et al. 1997; Ghosh et al. 1999; Kim et al. 2006). The
same type of transporter is involved in shuttling GSH-con-
jugated anthocyanins to the vacuole (Marrs 1996). Antho-
cyanins can also bind metals (Takeda ef al. 1985; Everest
and Hall 1921; Kondo ef al. 1992), and suggested playing a
role in metal sequestration (Hale et al. 2001); similarly, or-
ganic acid molecules are involved in metal complexation in
the vacuole (Krdamer et al. 2000; Haydon and Cobbett 2007).
Excess iron, in contrast to other metals, is stored in chloro-
plasts, bound to the protein ferritin (Theil 1987; Goto 1999).
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Chemical modification

Metal-modifying enzymes may also be involved in assim-
ilation of metals into organic molecules (e.g. selenate is
metabolized to dimethylselenide (Pilon-Smits ez al. 1999,
De Souza et al. 2000; Van Huysen et al. 2004), or in chan-
ging the oxidation state of metals (e.g. toxic Cr(VI) is
reduced to nontoxic Cr(IIl) (Lytle ef al. 1998); As(V) to As
(IIT) (Dhankher et al. 2002; Sundaram ef al. 2008) and in
dicots Fe, Cd, Hg and possibly also Cu is reduced by a re-
ductase at the root cell membrane before uptake (Robinson
et al. 1999; Pilon-Smits et al. 2000; Che et al. 2003; Talke
et al. 2006).

Stress resistance

Metal stress activates antioxidative systems composed of
free radical scavenging molecules such as; proline, betaines,
polyamines, ascorbate, GSH and PC and several enzymes
are involved in their biosynthesis and reduction (Noctor and
Foyer 1998; Nanjo ef al. 1999; Sharma and Dietz 2006;
Mishra et al. 2008). Other molecules involved in preventing
oxidative stress are the superoxide dismutase enzymes
(Matysik et al. 2002), which themselves require Cu/Zn, Mn,
Fe as cofactors (Bowler et al. 1994; Bertrand and Poirier
2005). The overproduction of any of these components may
lead to higher metal stress tolerance (Berducci ef al. 2004;
Chakrabarty et al. 2009). Alternatively, overexpression of a
regulatory gene that regulates the activation of many metal-
induced genes may be the most efficient way to enhance
metal tolerance (Viswanathan et al. 2004; Sreenivasulu et al.
2007). The iron dependant cis-regulatory element was iden-
tified in maize that mediates repression of ferritin genes
under low iron conditions (Petit ez al. 2001). Further, trans-
cription factors that mediate salt, drought, and freezing tol-
erance have also been identified (Su et al. 1998; Kasuga et
al. 1999; Valliyodan and Nguyen 2006).

Hyperaccumulation

Metal hyperaccumulators accumulate ~100-fold higher
levels of metal than nonaccumulator species (Brooks 1998)
for example; 1% dry weight (DW) Mn and Zn, 0.1% DW
Cu and Ni and 0.01% DW Cd (Baker ef al. 2000) and 2.3%
As (Ma et al. 2001; Wang et al. 2002; Tu et al. 2004).
Hyperaccumulators are usually slow growing, low biomass
species. They hyperaccumulate metals from low external
metal concentrations and most of the metal are translocated
to the shoot (Salt and Kramer 2000). At the root membrane
level, metal uptake is unusually high in hyperaccumulators.
This may be due to constitutive high expression of a metal
transporter in the plasma membrane, as found for the Zn,
Cd and As hyperaccumulators (Pence et al. 2000; Ma et al.
2001; Lombi et al. 2001, 2002a, 2002b; Meharg and Jardine
2003; Roosens et al. 2004; Kramer et al. 2007). The uptake
of metals in hyperaccumulators could be further enhanced
by metal chelators like histidine (Krédmer et al. 1996; Calla-
han et al. 2006), NA (Callahan et al. 2007), organic acids
(citrate, malate) (Ueno et al. 2005; Montarges-Pelletier ef al.
2008), GSH (Freeman et al. 2004; van de Mortel 2008), PC
(Raab et al. 2005; Clemens 2006; Pickering et al. 2006;
Schulz et al. 2008), MT (Guo et al. 2008), and/or by rhizo-
sphere microbes (Khan 2005; Shah and Nongkynrih 2007)
capable of mobilizing nonlabile soil metals (Khan ef al.
2000; Whiting et al. 2001; McGrath et al. 2001). Hyperac-
cumulators shows reduced metal accumulation in root vacu-
oles, enhanced root-shoot translocation, enhanced uptake
into leaf cells, and higher metal tolerance (Brooks 1998;
Lasat et al. 2000; Ma et al. 2001; Macnair 2003; Verbrug-
gen et al. 2009). The high metal tolerance may in part be
due to highly efficient intracellular compartmentalization.
Moreover, efficient chelation is one of the key factors for
metal tolerance and accumulation in hyperaccumulators
(Persans et al. 2001; Sharma and Dietz 2006; Haydon and
Cobbett 2007; Verbruggen ef al. 2009).
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SOURCE, OXIDATION STATE, TOXICITY AND
PROBLEMS: ARSENIC AND CHROMIUM

Arsenic: source, occurrence and toxicity problem

The terrestrial abundance of As is around 1.5-3 mg kg™
mass (Sheppard 1992; Nriagu 1994a; EPA 2000b). Arsenic
arises in the environment from natural and anthropogenic
sources (Maggs and Moorcroft 2000; Welch et al. 2000;
WHO 2001a; Brammer and Ravenscroft 2009). In nature,
As is distributed ubiquitously throughout earth crusts, soil,
sediments, water, air and living organisms in over 200 dif-
ferent mineral forms, of which approximately 60% are arse-
nates, 20% sulfides and sulfosalts and the remaining 20%
includes arsenides, arsenites, oxides, silicates and elemental
As (Bowell 1994; Mondal and Suzuki 2002; Oremland and
Stolz 2005; Mukherjee et al. 2008; Kim et al. 2009) Un-
contaminated soils usually contain 1-40 mg As kg™, with
lowest concentrations in sandy soils and those derived from
granites, whereas larger concentrations are found in alluvial
and organic soils (Kabata-Pendias and Pendias 1992; WHO
2001b).

Arsenic is a toxic element and a proven carcinogen
(National Research Council 2000; WHO 2001a; Abernathy
et al. 2003; Petrusevski et al. 2007). Arsenic contamination
is associated with; mining and ore processing (Nriagu
1994b; WHO 2001a), usage of As-based pesticides, herbi-
cides, insecticides for crop protection (Meharg and Hartley-
Whitaker 2002) and As contaminated ground water as
outcome of depletion of ground water table (Nickson et al.
1998). It has become a serious environmental hazard
throughout the world (Mondal and Suzuki 2002; Petrusev-

ski et al. 2007) and a crisis in South-East Asia (West Bengal,

Bangladesh and Vietnam) (Christen 2001; Wikipedia). Mil-
lions of people have been exposed to high levels of As
through drinking water (Petrusevski et al. 2007; Brammer
and Ravenscroft 2009). Consequently; remediation of As
pollution from the land and water ecosystems has received
increasing attention.

Because of the proven and widespread negative health
effects on humans, in 1993, the World Health Organization
(WHO) lowered the health-based provisional guideline for a
“safe” limit for As concentration in drinking water from 50
to 10 pg/L (i.e. from 0.05 to 0.01 mg/l). WHO retained this
provisional guideline level in the latest edition of its stan-
dards (WHO 2004). The guideline value for As is provisio-
nal, because there was clear evidence of hazard but uncer-
tainty about the actual risk from long-term exposure to very
low As concentrations. Recently, strong adverse effect on
health was discovered to be associated with long-term ex-
posure to even very low As concentrations (Abernathy ef al.
2003; Petrusevski et al. 2007). Drinking water is now rec-
ognized as the major source of human intake of As in its
most toxic (inorganic) forms. The WHO provisional guide-
line of 10 pg/L has been adopted as a national standard by
most countries, including Japan, Jordan, Laos, Mongolia,
Namibia, Syria and the USA, and by the European Union
(EU). In practical aspects implementation of the new WHO
guideline value of 10 pg/L is currently not feasible for a
number of countries strongly affected by the As problem,
including Bangladesh and India, which retain the 50 ng/L
limit. Other countries such as; Bahrain, Bolivia, China,
Egypt, Indonesia, Oman, Philippines, Saudi Arabia, Sri
Lanka, Vietnam and Zimbabwe have not updated their drin-
king water standards and retain the older WHO guideline of
50 pg/L (UN 2001). Remediation of As pollution from land
and water ecosystems is an important area of research and
development.

Since, As is ubiquitously encountered in the environ-
ment it enters the biotic and in organisms (Cullen and Rei-
mer 1989). It is present both as arsenite (AslII) and arsenate
(AsV) in the environment, the latter being more prevalent in
soils and water (Oremland and Stolz 2003; Caussy 2003).
Plants face arsenical compounds mainly in the form of the
anions As(IIl) and As(V); the latter competes with phos-
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phate and is readily taken up (Warren et al. 1964; Ullrich-
EberiusSanz 1989). Arsenate is an analogue of phosphate
and interferes with essential cellular processes such as oxi-
dative phosphorylation and ATP synthesis, whereas the toxi-
city of As(IIl) is due to its propensity to bind to sulthydryl
groups, with consequent detrimental effects on general
protein functioning (http://en.wikipedia.org/wiki/Arsenic;
Rosen 1999; Bernstam and Nriagu 2000; EPA 2000b;
Hazardous Waste Consultant 2002; Tripathi et al. 2007,
Sundaram et al. 2008). Nearly every organism from Esche-
richia coli to humans has mechanisms for As detoxification,
most of which involve transport systems that catalyze extru-
sion from the cytosol (Rosen 2002; Mukhopadhyay and
Rosen 2002; Bhattacharjee and Rosen 2007). In majority of
bacterial species As(IIl) is detoxified through removal from
the cytosol using the ars operon consisting of three genes
arsRBC (Rosen 1999). The cytosolic As(Ill) is a product of
As(V) reductase [by the transcript of ArsC that converts
As(V) to As(Ill)] following uptake via aquaglyceroporin
(Mukhopadhyay ef al. 2003). Subsequently, the As(III) is
extruded using ArsB gene, which is an As(OH);/H" antipor-
ter that extrudes As(IIl) (Meng et al. 2004) and ArsR is an
As(IIT)-responsive transcriptional repressor. Some bacteria
have these three genes (arsRBC) in the operon and extrude
As(Ill) by ArsB alone, while others have five-gene
arsRDABC in the operon and use the ArsAB pump (Rosen
1999) for As extrusion. In the bacteria with ars operons
(arsRDABC) with two additional genes arsD and arsA, the
arsA transcript is co-expressed with arsB, and the ArsAB
complex catalyzes ATP-driven As(IIl) efflux. This carrier-
mediated efflux of As(IIl) via an carrier protein mediated
through As(III)-translocating ATPase confer more resistance
to As(V) and As(IIl) than those organisms without ArsA
(Dey and Rosen 1995a). ArsD is an As metallochaperone
that transfers As(IIl) to ArsA, increasing its ability to ex-
trude As(III) (Lin et al. 2006). In eukaryotes As(III) resis-
tance is conferred by members of the MRP (multidrug resis-
tance-associated protein) group of the ABC superfamily of
transport ATPases (Cole et al. 1994; Rosen 2002; Mukho-
padhyay and Rosen 2002). In Saccharomyces cerevisiae an
MRP homolog Ycflp (ABC superfamily of drug resistance-
pumps) also confer Cd(II) resistance by pumping Cd(GS),
into the vacuole (Li et al. 1996). It has been demonstrated
that Ycflp transports As(GS); into the vacuole and confers
As(IIT) resistance in yeast (Ghosh ef al. 1999; Rosen 2002).

Chromium: source, occurrence and problem

Chromium occurs in nature in bound forms at about 100—
300 mg kg ' of soil (Zayed and Terry 2003) and widely dis-
tributed in rocks, fresh water and seawater. In natural soil,
Cr concentration ranges from 1050 mg kg ' (Shanker et al.
2005). Chromium has several oxidation states ranging from
Cr(—1I) to Cr(+VI) (Kotas and Stasicka 2000). The trivalent
and hexavalent states are the most stable, although Cr with
valences of I, II, IV and V exist in a number of compounds
(James and Bartlett 1983; Zayed and Terry 2003). The
recommended guidelines for Cr are; freshwater life 0.001
mg L™ for Cr(VI) and 0.008 mg L' for Cr(HI) marine life
0.001 mg L™ for Cr(VI) and 0.005 mg L™ for Cr(III), 1rr1—
gation water 0.008 mg L' for Cr(VI) and 0.005 mg L' for
Cr(IIT) and drinking water 0.05 mg L' for Cr(VI) (Krishna-
murthy and Wilkens 1994; Pawlisz et al. 1997).

Chromium is an essential trace element in the metabo-
lism of human beings and animals (Shrivastava et al. 2002).
Although, low concentration of Cr enhance growth of plants,
excess Cr is highly toxic to animals and plants and may
induce cancer and teratism (Shanker et al. 2005). Cr(VI) is
more toxic to plants than Cr(Ill) (Panda and Patra 1997,
Han ef al. 2004; Vernay et al. 2008) and both are toxic at
higher concentrations, i.e. > 50 mg kg ' of soil (Zayed and
Terry 2003; Panda and Choudhury 2005). Under hydro-
ponic condltlons Cr toxicity occurred when supplied at 1-2
mg kg ' (Soane and Saunder 1959; Terry 1981). In soil ex-
periments, 75-100 mg kg ' soil exerted plant toxicity (Verry
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and Vermette 1991). The critical leaf Cr concentratlon in
most plants is between 1 and 10 mg kg ' dry weight
(Kabata-Pendias and Adriano 1995; Zayed and Terry 2003).
In barley and rape plants Cr accumulation in leaves were up
to 3000-5000 mg kg’ when exposed to 100 mg L~ Cr(VI?
and up to 300-400 mg kg ' when exposed to 100 mg L
Cr(IIT) under hydroponic treatment (Hauschild 1993). These
levels of accumulation caused root growth reduction, leaf
chlorosis, induction of leaf chitinase activity, and, later,
reduced shoot growth and lowered water content in leaves,
All plants exposed to 100 mg L™ Cr(VI) died within 10
days, while plants exposed to Cr(II) did not die but only
showed stress symptoms (Kleiman and Cogliatti 1998).
Although Cr(III) at lower concentrations is not a significant
hazard in itself, the potential for oxidation to Cr(VI) can
make its risk tantamount to that of the hexavalent form
(McGrath 1982; Panda and Choudhury 2005).

The Cr(V]) is a strong oxidizer to cause oxidative dam-
age to the cells (Vazquez et al. 1987; Shanker et al. 2005;
Scoccianti et al. 2006). This cause malfunctions in the up-
take of mineral nutrients viz. selective mechanisms for con-
trol of inorganic up of root cells is destroyed, permitting
large amounts of Cr(VI) to enter the root passively (Haus-
child 1993). This probably explain the reason for higher
Cr(VI) uptake by plant compared to Cr(II) and occurrance
of Cr in the above ground parts (Zayed and Terry 2003;
Shanker et al. 2005). Cr(IIl) stress induces lesser produc-
tion of ROS (reactive oxygen species) and consequently
lesser toxicity due to less oxidizing potential. However,
under appropriate conditions, H,O, can act as an oxidizing
agent and may oxidize Cr(Ill) to Cr(VI) through endoge-
nous oxidation. On the other hand, Cr(IlI) can be endoge-
nously reduced to Cr(Il) by biological reductants such as
cysteine and NADPH. The newly formed Cr(II) could react
with H,O, producing hydroxyl radicals and causes tissue
damage. Thus, one of the challenges to Cr toxicity is to
understand the interconversion of the Cr species within the
plant system after its uptake, on a time course with empha-
sis at different stages of plant development.

Studies (Yu and Gu 2007) on Cr removal by hybrid wil-
lows (Salix matsudana Koidz 3 alba L.) from hydroponic
solution 1nd1cated that high doses of Cr(III) concentrations
(2-30 mg L") did not cause deleterious effects on plant
physiological functions during 8 days exposure. The para-
meters susceptible to Cr(Ill) supply were in following
order; CAT (catalses) > POD (peroxidases) > transpiration
rate > SOD (superoxide dismutase)> chlorophyll a > solu-
ble protein > chlorophyll . Hauschild (1993) reported some
other sequence of Cr toxicity symptoms; induction of stress
compounds (e.g., putrescine, chitinase) > root growth >
visible damage symptoms > leaf growth > leaf water con-
tent. The total amount of Cr accumulated in plant biomass
of hybrid willows (Yu and Gu 2007) indicated that Cr con-
centrations had no direct influence on Cr accumulation in
plant materials. At low-exposure concentrations, roots were
the major sink for Cr accumulation, whereas stems were the
accumulated reservoir at higher Cr supply, and Cr translo-
cation from stems to leaves is limited. A strong correlation
was found between transpiration rate and accumulated Cr,
which indicated that Cr accumulated in plant materials is
highly dependent on the transpiration of plants. However,
further studies are required to establish the biochemical
pathway or mechanism Cr(IIl) transport into plant tissues.
High sensitivity of CAT to Cr(III) has been proposed as bio-
chemical indicator for Cr-contaminated environmental
media (Panda and Choudhury 2005; Yu and Gu 2007).

Labra et al. (2004) has shown that potassium dichro-
mate induce genetic and DNA methylation alteration in B.
napus L. plants. The amplified fragment length polymor-
phism (AFLP) and selective amplification of polymorphic
loci (SAMPL) tests revealed dose-related 1ncreases in se-
quence alterations under exposure to 10-200 mg L™ potas-
sium dichromate suggesting random DNA mutation. DNA
methylation changes in the genome of B. napus in response
to potassium dichromate treatment were evaluated using
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immunolabelling and methylation-sensitive amplified poly-
morphism (MSAP). The results revealed cytosine-hyper-
methylation, extensive methylation changes in CCGG-se-
quences and genome-wide hypermethylation. These results
showed that Cr effect was dose-dependent and DNA poly-
morphism could be used as a tool for evaluating the pol-
lutant concentration in plants. The impact of Cr(VI) and tri-
valent Cr(III) on photosynthetic gas exchange, photosystem
II (PSII) activity, Cr translocation and accumulation, proline
content and alkaloids production (scopolamine and hyos-
cyamine) in Datura innoxia (Vernay et al. 2008) indicated
that Cr uptake was influenced by its oxidation state and its
concentration in growth medium. The plant roots were the
main organ of Cr accumulation. Cr(VI) reduced plant bio-
mass and net photosynthesis more than Cr(III). Plants
stressed with Cr(VI), show down regulation of PSII activity
with an 1mpa1rment of photochem1cal activity. The effects
of 0.052 mg L™, 0.52 mg L™ and 5.2 mg L™ Cr(VI) on
minerals (Mn, Fe Cu and Zn) uptake, lipid peroxidation,
antioxidant enzymes activities, photosynthetic function, and
chlorophyll fluorescence characteristics in hydroponically
grown Amaranthus viridis L. (Liu et al. 2008) indicated that
chromium was accumulated primarily in roots. Cr content
in the roots and shoots increased with the increasing Cr(VI)
concentrations, and induced decrease of Mn, Fe, Cu and Zn.
Cr(VI) induced oxidation stress and lipid peroxidation and
MDA (malonyldialdehyde) concentration was increased.

MECHANISMS OF ARSENIC AND CHROMIUM
DETOXIFICATION

Arsenic detoxification in bacteria and yeast

Arsenic uptake and detoxification in biological systems has
been illustrated by Rosen (2002) (Fig. 1). In prokaryotes E.
coli and unicellular eukaryots yeast As(V) is taken up by
phosphate transporters (Willsky and Malamy 1980; Yom-
pakdee et al. 1996), and As(II]) is taken up by aquaglycero-
porins (GIpF in E. coli, Fpslp and Aqp7 in yeast) (Sanders
et al. 1997; Borgnia ef al. 1999; Wysocki et al. 2001; Tri-
pathi ef al. 2007). In bacteria, As detoxification is under the
control of the ars operon containing three genes, arsR, B
and C: ArsR encodes a trans-acting repressor that senses
As(IIT) and controls the expression of ArsB and ArsC; ArsC
encodes a reductase that reduces As(V) to As(IIl) using
GSH as reductant; and ArsB extrudes AslII from the cells
by functioning as an As(OH);—H" antiporter. In both E. coli
and yeast, As(V) is reduced to As(III) by the bacterial ArsC
(Rosen 1999) or yeast Acr2p enzymes (Bobrowicz et al.
1997; Mukhopadhyay and Rosen 1998). In both organisms,
GSH and glutaredoxin serve as the source of reducing
potential (Shi ef al. 1999; Mukhopadhyay et al. 2000). In E.
coli, As(Ill) is extruded from the cells by ArsB alone or by
the ArsAB ATPase (Dey and Rosen 1995b; Rosen 2002). In
some bacteria, the ars operon contains five genes, arsR, D,
A, B, and C, that encode two additional proteins: ArsA is an
ATPase that binds to ArsB and converts the As(IIl) carrier
protein into a primary ATP-driven AslII extrusion pump;
ArsD exhibits weak As(III) responsive transcriptional rep-
ressor activity (Rosen 1999, 2002).

In yeasts, As tolerance is provided by three contiguous
genes in the cluster ACRI, ACR2 and ACR3 (Bobrowicz et
al. 1997): ACRI encodes a putative transcription factor;
ACR?2 encodes an As(V) reductase; and ACR3 encodes a
plasma membrane As(IIl)-efflux transporter. The Acr3p
(Wysocki ef al. 1997, 2001) is a plasma membrane As(III)
efflux protein. This mechanism ensures As(V) reduction
and its removal from the cytosol to the external medium
(Fig. 1). A second mechanism operates in yeast for the
removal of cytosolic As to vacuole through an ABC-type
transporter yeast cadmium factor (Ycflp), which is located
at the vacuolar membrane and sequesters GSH conjugates
of As(III) (AsIII-GS;) into the vacuole (Ghosh et al. 1999).
The Ycflp is a member of the MRP (multidrug resistance-
associated protein) family of the ABC superfamily of drug-
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Fig. 1 Arsenical detoxification in bacteria and yeast (based on Rosen et al. 2002). In E. coli, PhoS, PstC, PstB are phosphate and As(V) transporters,
and GIpF (aquaglyceroporins) is As(Ill) transporter. As(V) is reduced to As(Ill) by ArsC transcript using glutathione, and effluxed by ArsA and ArsB
transcripts. In S. cerevisiae, Pho87p is phosphate and As(V) transporter, Fpslp (aquaglyceroporins) is As(IIl) transporter. As(V) is reduced to As(IlI) by
Acr2p (arsenate reductase) using glutathione. Acr3p is a plasma membrane arsenite efflux protein, and Ycflp (a member of the MRP family of the ABC
superfamily of drug-resistance pumps) transports As(GS)3 into the vacuole.
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Fig. 1A Arsenical volatilization in bacteria and detoxification in yeast (based on Quin et al. 2006; Tripathi ez al. 2007). In prokaryotic and
eukaryotic cell, Pi/AsV are phosphate transporters for As(V) take up, and aquaglyceroporins is As(Ill) transporter. GSH is glutathione GSSG is
glutathione oxidized. ATP is adenosine triphosphate and ADP is the oxidized form. In prokaryotic cell RM and RABC depicts gene ArsM and genes R, 4,
B, C of ars operon, respectively. arsR, B and C are genes; arsR encodes trans-acting repressor controlling expression of B and C, arsC encodes arsenate
reduct