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Abstract

The phytoremediation is an environment friendly, green technology that is cost effective and energetically inexpensive.
Metal hyperaccumulator plants are used to remove metal from terrestrial as well as aquatic ecosystems. The technique
makes use of the intrinsic capacity of plants to accumulate metal and transport them to shoots, ability to form
phytochelatins in roots and sequester the metal ions. Harbouring the genes that are considered as signatures for the
tolerance and hyperaccumulation from identified hyperaccumulator plant species into the transgenic plants provide a
platform to develop the technology with the help of genetic engineering. This would result in transgenics that may have
large biomass and fast growth a quality essential for removal of metal from soil quickly and in large quantities. Despite
so much of a potential, the progress in the field of developing transgenic phytoremediator plant species is rather slow.
This can be attributed to the lack of our understanding of complex interactions in the soil and indigenous mechanisms in
the plants that allow metal translocation, accumulation and removal from a site. The review focuses on the work carried
out in the field of metal phytoremediation from contaminated soil. The paper concludes with an assessment of the
current status of technology development and its future prospects with emphasis on a combinatorial approach.
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Introduction

With an increase in anthropological practices, more and
more toxic metal ions are being added to the natural
environment disrupting the ecosystem. Metals like Cd,
Pb, Zn, Cr, etc. when present in high concentration in soil
show potential toxic effects on overall growth and
metabolism of plants (Shah and Dubey 1998, Agrawal
and Sharma 2006). Bioaccumulation of such toxic metals
in the plants poses a risk to human and animal health
(Wang et al. 2003). Removal of excess of metal ions,
from the contaminated site is brought about by chemical
as well as biological means. Chemical remediation
involves the use of chemicals to clean the natural
environment but is not universal i.e. one chemical cannot
be used for all metal ions (Chaney et al. 1997). Moreover,
the existence of many classes and type of chemical
species make the removal of the toxic metals from the
environment very complicated.

The use of biological means to clean the natural
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environment includes bioremediation techniques. The
technology is based on the use of naturally occurring or
genetically engineered microorganisms (GEMS) to
restore contaminated sites and protect the environment
(Baker ef al. 2000). Other than microorganisms, certain
plant species that accumulate high concentrations of
heavy metals also have a potential towards restoration of
environment. The rate of bioremediation is directly
proportional to plant growth rate and the total amount of
bioremediation is correlated with a plant total biomass,
making the process very slow. This necessitates the
identification of a fast growing (largest potential biomass
and greatest nutrient responses) and more strongly metal-
accumulating genotypes.

The present review gives an update on the cellular and
molecular detoxification of metal ions, identified metal-
hyperaccumulators and their possible role in the
bioremediation process.

EDTA - ethylenediamine-

Acknowledgements: Authors are grateful for the project grant no. SR/FT/L-75/2003 from the Department of Science and Technology,

Government of India, New Delhi under FTYS program.

* Author for correspondence; fax: (+91)-542-2369695, e-mail: kavitashah@bhu.ac.in

618



METAL HYPERACCUMULATORS

Cellular balance, tolerance and detoxification of metal ions

Heavy metals such as Cu, Zn, efc. are essential for normal
plant growth and development, as they form part of many
enzymes and proteins. Elevated contents of both essential
and non-essential metals in the soil lead to toxicity
symptoms and growth inhibition in plants which might
result from binding of metal to SH-group of proteins
resulting in the inhibition of their activities or disruption
of structure (Shah and Dubey 1998), displacement of an
essential element resulting in deficiency effects
(Van Assche and Clijster 1990), and stimulation of the
formation of free radicals and reactive oxygen species,
causing oxidative stress (Dietz et al. 1999, Shah et al.
2001).

Tolerance to heavy metal in plants may be defined as
the ability to survive in a soil that is toxic to other plants
and is manifested by an interaction between a genotype
and its environment (McNair et al. 2000). The term
tolerance is however, more widely used in the literature
to include changes that may occur experimentally in the
sensitive response to heavy metals. In a number of
thorough genetic studies, the adaptive metal tolerance has
been shown to be governed by a small number of major
genes and perhaps contribution of some minor modifier

Transporter mediated uptake of metal ions

In recent years the molecular understanding of entry of
both essential and non-essential metal ions in plant cells
have been greatly advanced. Several plant metal
transporters are known and more remain to be identified.
The transporters identified so far include ZIP1-4, ZNT1,
IRT1, COPTI, AtVrampl/3/4 and LCT1 on the plasma
membrane-cytosol interface; ZAT, ABC type, AtMRP,
HMTI1, CAX2 seen in vacuoles; RANI seen in Golgi
bodies (Table 1). Manipulations of these transporters to
achieve removal of metal ions from the cell holds great
potential (Tong et al. 2004).

Fe and Zn uptake is mediated by a group of
transporters belonging to the ZIP family i.e. ZRT, IRT

Table 1. Metal ion transporters in plants (data from S. Clemens
2001)

Localization Transporter Metal ions

Cytosol ZIP1-4 Zn*, cd**
ZNTI Zn*t, Cd**
IRT1 Fe*', Mn*", Zn*", Cd*"
COPT1 Cu
AtVramp1/3/4 Fe?', cd*
LCTI Ccd*', ca*

Vacuole ZATI1 Zn?
At MRP Cd-PC
HMTI1 Cd-PC
CAX2 cd*

Golgi RAN1 Cu complex

genes (McNair 1993, McNair et al. 2000, Schat et al.
2002). Perhaps it is this adaptive metal tolerance that
gears a plant species for hyperaccumulation. A genetic
analysis of copper tolerance with Cu-tolerant and
susceptible lines of Mimulus guttatus showed that a
modifier gene that is active only in presence of the
tolerance gene is responsible for the difference in
Cu-tolerance in this species (Smith and McNair 1998).
Similar studies with Zn-hyperaccumulator Arabidopsis
halleri and the non-accumulator Arabidopsis petrea
suggested that Zn-tolerance is also controlled by a single
major gene (McNair et al. 2000).

To protect themselves from metal poisoning, plants
must have developed a mechanism by which the heavy
metal entering the cytosol of the cell, is either
immediately excluded or complexed and inactivated, thus
preventing the metal from inactivating catalytically active
or structural proteins, presumably by adapting mechanism
that may also be involved in the general homeostasis of
essential mineral ions, and tolerate them. In this section
of the review the transporters, chelators and proteins
involved in metal homeostasis at the cellular level is
discussed.

related proteins (Fox and Guerinot 1998, Saier 2000).
IRT1 is isolated from Arabidopsis and its transcription is
induced in Arabidopsis roots by iron starvation, which
makes this transporter a likely candidate for mediating
Fe(Il) uptake from soil. IRT1 shows a broad substrate
range and also transport Mn”*, Zn**, and possibly Cd*"
(Korshunova et al. 1999). ZIP-transporters 1-3 confer
Zn*" uptake activity (Grotz et al. 1988, Guerinot and Eide
1999). Characterization of new metal transporters in
Medicago truncatula with high similarities with the ZIP
family (MtZIP) revealed their functions as metal
transporters (Lopez-Millan et al. 2004). All six proteins
contained conserved ZIP signature motifs. MtZIP4 and
MtZIP7 protein restored yeast growth in Mn-limited
media however, the transcript levels of MtZIP3 and
MtZIP4 were down-regulated. MtZIP5 expression was
up-regulated under Mn-limiting conditions in leaves but
in roots it appeared to be down-regulated. MtZIP6 and
MtZIP7 expression, remained unaffected by metal
concentration (Lopez-Millan et al. 2004).

The Zn transporter gene ZTP1 is highly similar to the
Arabidopsis ZAT gene. It probably is an allele of the
recently cloned ZNT1 and its close homologue Zn72 gene
from Thlaspi caerulescens (Pence et al. 2000). All three
zinc transporter genes show increased expression in
T. caerulescens compared with the non-hyperaccumulator
congener T. arvense, suggesting an important role in
heavy metal hyperaccumulation. ZNT! and ZNT2 are
predominantly expressed in roots and Z7P/ is mainly
expressed in leaves but also in roots. In 7. arvense, ZNT1
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and ZNT2 are exclusively expressed under conditions of
Zn deficiency. Their expression in 7. caerulescens is
barely Zn-responsive, suggesting that Zn hyperaccumu-
lation might rely on a decreased Zn-induced
transcriptional down-regulation of these genes. ZTPI
expression was higher in plants from calamine soil than
in plants from serpentine or normal soil. The calamine
plants were also the most Zn tolerant, suggesting that
high ZTPI expression might contribute towards Zn
tolerance (Pence et al. 2000).

Kampfenkel et al. (1995) hypothesized that
Arabidopsis COPT 1 is a Cu transporter as it rescues the
Cu uptake deficiency of Saccharomyces cerevisiae
mutants ctrl-3, however the mRNA for COPT 1 are not
detectable in the roots, indicating the possibility of an
unidentified transporter for Cu in roots, yet to be known.

The natural resistance associated macrophage proteins
(Nramp) family of transporters has been recently
characterized from rice and Arabidopsis. Based on
sequence comparison the family is divided into two
classes of transporters. One comprising of AtNramp1 and
OsNramp1 and the other of AtNramp2-5 and OsNramp2.
AtNramp3 is involved in Cd*" uptake. Disruption of this
gene enhanced Cd tolerance whereas its over-expression
led to Cd hypersensitivity in the above plants (Curie ef al.
2001). The expression of another transporter LCT1 that
enhances uptake of Cd, elevates the protective action of
calcium against cadmium toxicity in tobacco (Clemens
et al. 1998, Antosiewicz and Hennig 2004). Another
member of Nramp family of divalent metal ion
transporter, SMF1 is shown to transport Mn in yeast
(Celliar et al. 1995).

The HMT1 is a protein with similarity to ABC type
transporters in Schizosaccharomyces pombe which is

Metal chelation and detoxification

Chelators contribute to metal detoxification by buffering
cytosolic metal concentrations, whereas chaperones
specifically deliver metal ions to organelles and metal-
requiring proteins (Fig. 1). In plants the principal classes
of metal chelators include phytochelatins, metallothio-
neins, organic acids and amino acids.

Phytochelatins (PCs) are small metal-binding peptides
found in plants and are well documented in literature
(Grill et al. 1986a, Mehra and Winge 1988, Meuwley
et al. 1995, Klapheck et al. 1994, Chen et al. 1997). PC
formation uses glutathione (Grill ef al. 1989), homo-
glutathione, hydroxymethyl-glutathione (Klapheck et al.
1995) or y-glutamylcysteine (Hayashi ef al. 1991). It is
catalyzed by phytochelatin synthase (PCS), a consti-
tutive enzyme requiring post-translational activation by
heavy metals and/or metalloids, in particular Cd, Ag, Pb,
Cu, Hg, Zn, Sn, As and Au both in vivo and in vitro (Grill
et al. 1987, Grill et al. 1989, DeKnecht et al. 1995,
Klapheck et al.1995, Maitani et al. 1996, Chen et al.
1997, Wojcik and Tukiendorf 2005).

Iso-PCs, a series of PC-like homologous chelating
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localized in the vacuolar membrane and mediates
Mg-ATP, vanadate-inhibitable transport of PC-Cd
complexes and apo-PC (Ortiz et al. 1995). Similar
activities have been observed in the tonoplast of the oat
roots, indicating the operation of an HMTI like
mechanism in plant cells (Salt and Rauser 1995). Since
very few HMT]1 sequences are known in plants, AtMRPs
are considered as probable transporters of PC-Cd across
the tonoplast (Rea et al. 1998).

YCF1 is a MgATP-energized vacuolar transporter
responsible for sequestration of compounds after their
S-conjugation with glutathione from S. cerevisiae
(Tommasini et al. 1998). Over-expression of the YCF!
gene in A. thaliana exhibited a 4-fold higher rate of
glutathione-Cd uptake in YCF-1 transgenics than those of
wild-type plants, indicating that its expression strongly
increases Cd transport. Tolerance and resistance in
transgenics improved both for Cd and Pb as desired for
effective phytoremediation (Song ef al. 2003).

The members of the cation diffusion facilitator (CDF)
family of transporters have been reported in plants
(Paulsen and Saier 1997, Van der Zaal et al. 1999) and
their substrates include Zn and Cd ions. The CzcD from
Ralstonia eutropha mediates Zn*" efflux (Anton et al.
1999) and the proteins COT1 and ZRCl from
S. cerevisiae when over-expressed, confer Co and Zn/Cd
tolerance in these plants, respectively (Kamizono et al.
1989, Conklin et al. 1992). Both these proteins are
located in the tonoplast suggesting their role in metal
sequestration (Li and Kaplan 1998).

CAX2 transporter characterized from Arabidopsis is
considered to be a high affinity, high capacity H'/heavy
metal cation antiporter (Hirschi et al. 1996, 2000).

peptides are reported with varying terminal amino acids
like alanine (Grill et al. 1986b), serine (Klapheck et al.
1992), glutamic acid (Meuwly et al. 1995), glutamine
(glu; Maitani ef al. 1999) and have a C-terminal modified
residue other than glycine (gly; Gekeler et al. 1989).

Peptides lacking the C-terminal amino acid are
reported by Bernhard and Kagi (1987) in Zea mays.
These have the formula (y-glu-cysteine), and are called
desGly-PC. The PC and iso-PC molecules form
complexes with heavy metals like Cd. Low molecular
mass cytosolic PC-metal complex are then transported
into the vacuole where high molecular complexes are
formed with incorporation of S*. In addition to PC-Cd
complex other PC-metal-complexes include Ag, Cu
(Maitani ef al. 1996) and As (Schmoger ef al. 2000).

In vitro experiments have shown that a series of
metal-sensitive plant enzymes can tolerate a 10- to
1000-fold concentration of Cd in the form of a PC
complex than as free radical ion (Kneer and Zenk 1992).
PC reactivate metal poisoned plant enzymes such as
nitrate reductase up to 1000-fold better than chelators



such as glutathione (GSH) or citrate, showing again the
extraordinary sequestering potential of these peptides.
Howden et al. (1995) succeeded in isolating a
cadl-mutant of Arabidopsis thaliana sensitive to Cd ions
and deficient in its ability to form Cd-PC complexes. In
view of the fact that Arabidopsis has only single pathway
for PC synthesis the finding of the Cd-sensitive mutant
(impaired in PC synthesis) when challenged to Cd
confirmed the role of PC in Cd detoxification and the
authors concluded that cadl gene is likely the structural
gene for PC synthase (Howden ef al. 1995).

As-tolerant Holcus lanatus L is shown to synthesize
high concentrations of PCs than As-intolerant species
(Hartley-Whitaker et al. 2002). Studies on the effect of
As on phosphorous content in soybean revealed a
decrease in level of P, however no test for PC synthesis
was done in these plants (Milivojevic et al. 2006).

Aside from detoxification, PCs also play a role in
homeostasis of heavy metal in plants. On one hand, they
complex the metal ions to inactivate and store them in the
vacuole and on the other, they transfer the essential metal
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to the newly synthesized apoenzymes that require Cu®" or
n®" for catalytic activity or to nucleic acid structures
such as Zn-fingers (Thumann ef al. 1991).

On screening of plants for genes of metal tolerance a
wheat cDNA, TaPCS1, was identified which stimulated
the tolerance to Cd, in S. cerevisiae (Clemens et al. 1999,
Vatamaniuk ez al. 1999).

Metallothioneins (MTs) are ubiquitous low molecular
mass cysteine (cys)-rich proteins, that bind metal ions in
metal-thiolate clusters identified in mature embryos of
wheat plants as early cys-labeled protein (Ec; Hamer
1986). It was shown to bind to Zn**. More than 50 MTs
are reported in different plants categorized in four classes
of MT proteins (Cobbett and Goldsbrough 2002). In
plants, a wide range of MT genes from various sources
have been over-expressed including those from human
(Misra and Gedamu 1989), mouse (Maiti et al. 1991, Pan
et al. 1994), Chinese hamster (Hattori et al. 1994) and
yeast (Hasegawa et al. 1997, Thomas et al. 2003). The
over-expression of copper inducible MT cup I enhances
Cu tolerance in plants (Hamer et al. 1986).
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Fig. 1. A model of the mechanisms that occur

in plant cell upon exposure to metals: metal ion uptake, chelation, transport,

sequestration, signalling and signal transduction. The diagram shows the uptake of metal ions by K" efflux and transporter proteins,
their sequestration by formation of PCs by enzyme PC synthase and GSH in Vacuoles the subsequent degradatlon of PC-peptides by

peptidases to release GSH, the generation of ROI species, the contribution of Ca®*

towards activation of Ca*/calmodulin kinase(s)

and MAP kinase(s) cascade leading to defense gene activation in nucleus, the effect of ROI on natural plant defense pathways like
octadecanoid pathway (JA) and phenyl propanoid pathway (SA) biosynthesis that lead to defense and cell protectant gene activation
is also included to correlate the induced metal stress defense with natural plant defense mechanism. AOS - allene oxide synthase;
APX - ascorbate peroxidase; BA - benzoic acid; BA-2H - benzoic acid 2-hydroxylase; CAT - catalase; GSH - glutathione; JA -
jasmonic acid; M*" - metal ions; MAPK - mitogen activated protein kinase; 12-oxo PDA reductase - 12-oxo-cis-10,15-phytodienoic
acid reductase; PC - phyochelatm PL - phospholipase; POX - peroxidase; SA - salicylic acid; SOD - superoxide dismutase.
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Organic acids and amino acids are suggestive
potential ligands for chelation, owing to the capacity of
metal ions to react with S, N and O. Citrate, malate, and
oxalate have been implicated in a range of processes,
including differential metal tolerance, metal transport
through xylem and vacuolar metal sequestration
(reviewed in Rauser 1995). Citric acid has been hypo-
thesized to be a major Cd*" ligand at low Cd*'
concentrations (Wagner 1993), has been shown to form
complexes with Ni*" in Ni-accumulating plants (Sagner
et al. 1998) and suggested to contribute to Zn accu-
mulation and tolerance (Goldbold ef al. 1984). Similarly
malate is proposed as a cytosolic Zn chelator in Zn
tolerant plants (Mathys 1997). Salicylic acid is also
reported to have a role in maintainence of ionic
homeostasis in Medicago sativa seedlings treated with Cd
or Fe (Drazi¢ et al. 2006). Oven et al. (2002) reported an
increase in the level of citric acid upon exposure to cobalt
ions. The role of histidine in metal chelation was also
studied and the histidine content of the xylem sap on
exposure to Ni in Ni-hyperaccumulator Alyssum
lesbiacum was reported to increase 36-fold (Kramer et al.
1996). Supplying His to a non-accumulating species
greatly increased both its Ni tolerance and the capacity to
transport Ni to the shoot. However, the His response

Metal hyperaccumulators

The term hyperaccumulation was first described by Jaffre
et al. (1976) when they observed the accumulation of Ni
in Sebertia accumulata. Metal-hyperaccumulation is a
phenomenon defined as uptake and sequestration of
exceptional concentrations of heavy metal in the
aboveground parts of a plant under field conditions
(Pollard 2000). The definition is based on comparative
surveys, indicating that on metalliferous soils most plants
accumulate low concentrations of metal ions in their
shoots while a few species, endemic to metalliferous sites
accumulate distinctly high amounts (Baker and Brooks
1989). For a plant to be identified as a hyperaccumulator,
the species can accumulate 0.1 % of dry mass [%(d.m.)]

Natural hyperaccumulators

Nearly 450 hyperaccumulator plants also known as
metallophytes have been described belonging to a wide
range of taxa, ranging from annual herbs to perennial,
geographically distributed in all continents, both in
temperate and tropical environments (Table 2). Notable
centres of distribution are for Ni: New Caledonia, Cuba,
SE Asia, Brazil, Southern Europe and Asia Minor; Zn
and Pb: NW Europe; Co and Cu: South-central Africa.
Some families and genera are particularly well
represented; e.g., for Ni: Brassicaceae (Alyssum and
Thiaspi), Euphorbiaceae (Phyllanthus), Leucocroton and
Asteraceae (Senecio, Pentacalia); Zn: Brassicaceae
(Thlaspi); Cu and Co: Lamiaceae, Scrophulariaceae
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seem to be a species specific mechanism of Ni tolerance
as it was not observed in another Ni-hyperaccumulator,
Thlaspi geosingenses (Persans et al. 1999). Recently,
Nakazawa and coworkers (2004) selected and
characterized nickel-tolerant cells from tobacco and
suggested the correlation of Ni tolerance to the
concentration of histidine in these cells.

Copper chaperones are essential in providing the
copper atoms for several copper-requiring proteins. They
can compete for Cu with other chelators and metal
sequestering processes at extremely low cytosolic
concentrations of free Cu ions. With the recent
identification of Cu chaperones and Cu transporters from
S. cerevisiae and human, intracellular metal trafficking
pathways are emerging (reviewed by O’Halloran and
Cullota 2000). The cytosolic Cu chaperones COX17
delivers Cu to cytochrome ¢ oxidase complex (Glerum
et al. 1996). ATX1 is involved in Cu transfer to post-
Golgi vesicles via interaction with a Cu-pumping P-type
ATPase, a class of copper chaperone protein CCC2,
residing in the membrane of the post-Golgi vesicles (Fu
et al. 1995, Pufahl et al. 1997). Thus it is quite evident
that metal trafficking is mediated by specific metal ion
chaperons, however still more remains to be known about
them in plants.

of elements such as Ni, Co or Pb; 1 %(d.m.) of Zn, Mn
and 0.01 %(d.m.) of Cd. Such plants are resistant to
certain metal ions suggesting their potential use for
cleaning of contaminated soil (Chaney et al. 1997). Use
of hyperaccumulators open a new branch of bioreme-
diation technology termed as phytoremediation — an eco-
friendly and scientific approach to remove, extract or
inactivate metal ions in the soil using plants (Chaney
1983, 1993, Cunningham and Berti 1993, Baker et al.
1994, Raskin 1996, Cunningham ef al. 1995, Lasat 2002,
McGrath 1998, Salt er al. 1998). Metal hyperaccu-
mulators are natural or purposely engineered for hyper-
accumulation.

(Baker and Brooks 1989, Chaney et al. 1997, Brooks
1998, Clemens 2001, Broadhurst et al. 2004, Gratao et al.
2005, Prasad 2005, Vinterhalter and Vinterhalter 2005).
Interestingly 75 % of the identified hyperaccumu-lators
accumulate Ni and are termed as nickelophilous plants
(Baker and Brooks 1989, Prasad 2005). Of the wide range
of families of wvascular plants the natural hyper-
accumulating plant species are well represented by the
members of Brassicaceae (Reeves and Baker 2000,
Prasad and Freitas 2003, Gratao er al. 2005). Natural
hyperaccumulators can grow in their natural habitat
alone, have slow growth, low-biomass and very often are
selective for an individual metal (Kamnev and
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Table 2. Few natural plant metal-hyperaccumulator species and their bioaccumulation potential.

Metals Plant species Amount [g kg (d.m.)] Reference

As Pteris vittata 22.6 Ma et al. 2001

Cd Thlaspi caerulescens 10.0 Lombi et al. 2001

Cr Salsola kali 2.9 Gardea-Torresdey et al. 2005
Co Haumaniastrum robertii 10.2 Brooks 1977

Cu Ipomea alpina 12.3 Baker and Walker 1990

Pb Thlaspi rotundifolium 0.13-8.2 Reeves and Brook 1983

Mn Phytolacca acinosa 19.3 Xue et al. 2004

Ni Alyssum betolonni >10.0 Morrison et al. 1 980

Se Brassica juncea 2.0 Orser et al. 1999

Zn Thlaspi caerulescens 30.0 Baker and Walker 1990

Van der Lelie 2000, Clemens et al. 2002). hyperaccumulator fern Azolla  caroliniana  Wild.

Among the earliest known natural metal hyper-
accumulators are a group of small, weedy alpine flowers
called Alpine pennycress (Thlaspi spp.) which lack the
standard pathogen defense mechanism. Thlaspi spp.
exhibit large interspecific and intraspecific variations
which make it an important plant to study
hyperaccumulation. Predominantly Thlaspi grow on
nickel contaminated sites and accumulates = 3 % of its
d.m. as metal. Other than 7. arvense (non-accumulator
species) various species of Thlaspi are known to
hyperaccumulate more than one metal. 7. caerulescens
accumulate Cd, Ni, Pb and Zn; T. goesingense and
T. ochroleucum accumulate Ni and Zn and
T. rotundifolium accumulates Ni, Pb and Zn (Baker and
Brooks 1989, Baker and Walker 1990, Kramer et al.
1996, Prasad 2005). Thlaspi caerulescens has a
remarkable capacity to accumulate extremely high levels
of nonlabile zinc and cadmium in its shoots,
39.6 g(Zn) kg'(d.m.) and 10.0 g(Cd) kg'(d.m.), and has
been the subject of intense research to gain a better
understanding of heavy metal hyperaccumulation and
tolerance mechanisms (Baker and Walker 1990, Lasat
2002). It has also been used as a source of genes for
developing plant species better suited for the phyto-
remediation of metal-contaminated soils (Lombi ef al.
2001). Kramer (2005) demonstrated that an altered
tonoplast Zn transport in root cells stimulated Zn uptake
in leaf thus playing a role in Zn hyperaccumulation in
T. caerulescens.

Pistia stratiotes is used for phytoremediation of
wastewater or natural water bodies polluted with heavy
metals. The species exhibit different patterns of response
to Ag, Cd, Cr, Cu, Hg, Ni, Pb and Zn. A 5 mM
concentration of each of these metals, resulted in distinct
levels of growth inhibition and biomass production in
P. stratiotes, with almost all the elements being
accumulated at high concentrations in the root system.
The plant species exhibited highest tolerance index (the
ratio of the d.m. of plant in polluted soil at a particular
level of metal to the d.m. of the same plant in non-
polluted soil at zero level of metal) to Zn and lowest to
Hg (Odjegba and Fasidi 2004, Rabie 2005).

According to Bennicelli e al. (2003), the water

(Azollaceae) accumulates high amounts of Hg and Cr
with the capacity to purify waters polluted by these
metals. Spartina are 3-fold more tolerant to Hg than
tobacco plants, owing to their ability to absorb organic
Hg and transform it into an inorganic form (Hg®, Hg*").
The inorganic Hg then accumulates in the underground
parts of the plant and is re-transferred to the soil by
diffusion and permeation, indicating that this natural
hyper-tolerance towards Hg could be used in the
phytoremediation of Hg polluted environment (Tian et al.
2004). A Cr-hyperaccumulator plant species Salsola kali
has recently been reported to accumulate 0.6 - 2.9 g(Cr)
kg'(d.m.) of hexavalent Cr in aerial parts of the plant
suggesting its potential as a new option for phyto-
remediation of Cr-contaminated soil (Gardea-Torresdey
et al. 2005).

The oldest natural hyperaccumulator reported for Pb
is Thlaspi rotundifolium. It can accumulate 0.13 - 8.2
g(Pb) kg'(dm.) in leaves (Reeves and Brook 1983).
Helianthus annuus has been known to concentrate Pb in
its leaf and stem and can be used as a hyperaccumulator
to restore abandoned mines and factory sites conta-
minated with elevated Pb levels (Boonyapookana et al.
2005). Recently another Pb hyperaccumulating species
Hemidesmus indicus has been reported to accumulate Pb
in roots and shoots proving itself to be a potential
candidate for Pb removal from soil (Chandrashekhar et
al. 2005). The hyperaccumulator Sesbania drummondii is
shown to accumulate Pb as lead acetate in roots and
leaves, lead sulfate in leaves and lead sulfide in root and
shoot both (Sharma et al. 2004) indicating its ability to
biotransform lead nitrate to lead acetate and lead sulfate
in its tissues. This complexation of Pb with acetate and
sulfate perhaps forms a part of Pb-detoxification strategy
in these plants (Sharma et al. 2004).

Arsenic accumulation has been demonstrated in
Lemna gibba and the species is warranted to be a
preliminary bioindicator for As. It is used to monitor
removal of As in mine tailing waters because of its high
accumulation capacity (Mkandawire and Dudel 2005).
Pickering et al. (2000) studied accumulation of As in
B. juncea. These workers reported that As”" is transported
as a phosphate analogue in roots, which subsequently is
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reduced to As*" in shoots and stored as As**-tris-thiolate.
Pteris vittata can also hyperaccumulate As from naturally
contaminated soils, but is suitable for phytoremediation
only in the moderately contaminated soils (Ma et al.
2001, Bondada and Ma 2003, Caille et al. 2004). In
addition to P. vittata, P. cretica, P. longifolia and
P. umbrosa are also able to hyperaccumulate As to a
similar extent (Zhao et al. 2002).

Astragalus bisulcatus and the perennial Stanleya
pinnata (Brassicaceae) grow on seleniferous soils and
hyperaccumulate Se in their shoots. Parker et al. (2003)
determined that 16 diverse populations of S. pinnata each
absorb selenate preferentially over sulfate. Most of the Se
in S. pinnata shoots occur in the form of soluble amino
acids that may serve as direct precursors of volatile forms
of Se such as dimethylselenide. The most widely studied
Se-hyperaccumulator is  Brassica juncea  which
concentrates nearly 2.0 g(Se) kg'(dm.) in leaves

Transgenic hyperaccumulators

Though several natural hyperaccumulators are known, the
plants ideal for green technology to clean up soil should
posses multiple traits. They must have deep roots, rapid
growth, high biomass, be easily harvested, and must
tolerate and accumulate a large range of heavy metals in
their above-ground parts. No plant is known to have all of
the above traits. The development of engineered plants
(transgenic) harboring the required traits for bioreme-
diation is perhaps the only alternative.

Over-expression and introduction of hyperaccumu-
lating genes into a non-hyperaccumulator plant could be a
possible way to enhance metal uptake and accumulation,
tolerance and detoxification process (Clemens et al.
2002). The over-expression of a gene encoding a rate-
limiting gene product would be expected to lead a faster
overall rate of the pathway and to more efficient
phytoremediation (Pilon-Smits and Pilon 2001). Besides
this, the repression of an endogenous gene, by inserting a
gene of reverse orientation (antisense technology) can
also result in enhanced metal uptake by plants. Several
reports on bioengineered plant tolerant to the presence of
toxic levels of metals like Se (Berken ef al. 2002), Cd
(Kawashima et al. 2004), As (Lee et al. 2003a), Zn, Cr,
Cu and Pb (Bennett et al. 2003), etc. have appeared in the
literature in the recent years. In most of the studies the
over-expression of the genes encoding for the enzymes of
S-metabolism, glutathione, phytochelatin synthase, ACC
deaminase, Hg2+-reductase, arsenate reductase, aldolase/
aldehyde reductase, enzymes of histidine biosynthesis
and metallothionein (MT)-genes have been carried out.
The engineering of transporter genes to manipulate the
transport of metal ions inside the cell has also been
exploited effectively and a combination of some of these
genes in rapidly growing plant species have led to a few
promising results (Lee et al. 2003a,b, Song ef al. 2004,
Verret et al. 2004).

A well known example

of transgenic metal
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(Orser et al. 1999).

Plant species differ considerably in their normal Mn
leaf concentration: 0.30 - 5.0 g(Mn) kg™'(d.m.), Clarkson
1988, Ducic and Polle 2005). Recently a new Mn-hyper-
accumulator plant Phytolacca acinosa has been identified
(Xue et al. 2004). This perennial herb can accumulate
19.3 g(Mn) kg'(d.m.) when grown on Mn-rich soil.
Authors warranted that P. acinosa grows rapidly, has
substantial biomass, is widely distributed with a broad
ecological amplitude and has potential for use in phyto-
remediation of Mn-contaminated soils (Xue et al. 2004).

Brassica oleracea var. acephala and Iberis intermedia
are natural hyperaccumulators for thallium. These two
species have been studied for mobility of Tl and its
uptake (Al-Najar e al 2005). Unusually high
accumulation of TI, 0.4 and 1.5 %(d.m.) in Iberis
intermedia and Biscutella laevigata, respectively, are
reported (Anderson ef al. 1999).

hyperaccumulator is Brassica juncea, which over-express
ATP sulphurylase. It shows higher uptake of Se and
enhanced Se tolerance compared to wild type when
grown in the presence of selenate in either hydroponic
conditions or in soil (Pilon-Smits et al. 1999, Van
Huysen ef al. 2004). These transgenic plants can also
tolerate Cd, Zn, Cu, Hg, As (III, IV). Transgenic Indian
mustard over-expresssing cystathione- y-synthase (CGS)
had low shoot Se concentration with enhanced Se
volatilization rate as well as Se tolerance than the wild
type plants grown either hydroponically or in soil (Van
Huysen er al. 2003, 2004). Astralagus bisulcatus is a
seleniferous plant and accumulates Se, but it has a slow
growth rate. Se-Cys, the form in which Se has deleterious
effects that results from the coupling of selenide with
O-acetyl-Ser in a reaction catalyzed by the action of
Cys-synthase (Terry et al. 2000). Since Se toxicity stems
mostly from the incorporation of Se-Cys into proteins in
the place of Cys, it has been shown that over-expressing
the enzyme selenocysteine methyltransferase (SMT) that
specifically methylates selenocysteine (SeCys) to produce
the non-protein amino acid methylselenocysteine
(MetSeCys) in A. bisculatus, led to a reduction in the
intracellular concentrations of SeCys and selenomethio-
nine (SeMet), thus preventing their incorrect insertion
into protein, thereby increasing tolerance to Se
compounds, in particular selenite (Le Duc ef al. 2004).

In an attempt to improve the potential for removal of
metals using plants, Brewer et al. (1999) created somatic
hybrids between Thlaspi caerulescens (Zn-hyper-
accumulator) and Brassica napus. Accumulation of high
levels of Zn was observed in hybrids, which otherwise
are toxic for B. napus. Somatic hybrids obtained from
T. caerulescens and B. juncea have been shown to
remove significant amounts of Pb (Gleba ef al. 1999).

Arabidopsis plants transformed with an E. coli gene
Znt A that encodes for Pb**, Cd*" and Zn*" transport had



improved resistance to Pb>" and Cd** (Lee et al. 2003b)
and the ZntA was located at the plasma membrane (Lee
et al. 2003b). Expression of a pea (Pisum sativum) MT
gene PsMTA in Arabidopsis thaliana, accumulated more
Cu (several-fold in some plants) in the roots of
transformed plants as compared to controls (Evans et al.
1992). Similarly when a type 2 MT gene, tyMT, cloned
from Typha latifolia, a wetland plant with constitutional
tolerance, was introduced into A. thaliana, the transgenic
plant showed an increased tolerance to both Cu’" and
Cd*" (Zhang et al. 2004). The introduction of metallo-
thionien proteins AtMT2a and AtMT3 from A. thaliana
as fluorescent protein-fused forms into the guard cells of
Vicia faba resulted in transgenic plants which had guard
cells protected from degradation upon exposure to Cd
brought about by reducing the reactive oxygen species.
The authors concluded that the Cd stays bound to the MT
in the cytoplasm and is not sequestered into the vacuole
instead it gets detoxified by phytochelatins (PCs) in
V. faba cells (Lee et al. 2003b).

Transgenic tomato plants expressing the bacterial
gene l-aminocyclopropane-1-carboxylic acid (ACC)
deaminase showed enhanced metal accumulation and
tolerance levels for a range of heavy metals (Cd, Cu, Ni,
Mg, Pb and Zn) than untransformed plants (Grichko et al.
2000). The expression of partial peptides from the
C terminus of the TcHMA4 (the Thlaspi heavy metal
ATPase) protein, which contains numerous possible
heavy metal-binding His and Cys repeats residues, confer
an extremely high level of Cd tolerance and hyper-
accumulation in yeast. The possibilities for enhancing the

Phytoremediation techniques

The phytoremediation technology involves several
techniques like phytoextraction, phytomining, phytovola-
tilization, phytofiltration, etc. all of which employ plants
for cleaning of contaminants from the soil.

Phytoextraction is the extraction of metals from soil
and is used to clean up heavy metals, pesticides and
xenobiotics (Suresh and Ravishankar 2004), organic
compounds (Newman and Reynolds 2004), toxic
aromatic pollutants (Singh and Jain 2003), radionuclides
(Soudek et al. 2004) and acid mine drainage (Archer and
Caldwell 2004). A plant ability to phytoextract certain
metals is a result of its dependence upon the absorption of
metals such as zinc, manganese, nickel, and copper to
maintain natural function (Lasat 2000, 2002). Research
show that the hyperaccumulators often do not exclude
non-essential metals in the absorption process, thus
resulting in plants that can extract high contents of
pollutants (1 - 2 % of their biomass) from contaminated
soil (Lasat 2000, 2002). It is believed that plants initially
developed the ability to hyperaccumulate non-essential
metallic compounds as a means of self-protection from
herbivorous predators, who would experience toxic side
effects from ingestion of the hyperaccumulator’s foliage
(Pollard and Baker 1997).
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metal tolerance and phytoremediation potential of higher
plants via expression of TcHMA4 hold great potential in
metal remediation studies (Papoyan and Kochian 2004).

Arsenic poisoning is a serious problem (Dondon et al.
2005) and Dhankher et al. (2002) examined the effects of
co-expressing two bacterial genes for arsenate reductase
(arsC) and y-glutamylcysteine synthetase (y-ECS) in
Arabidopsis plants. They observed that plants expressing
SRS1p/ArsC and ACT2p/y-ECS together showed
substantially greater arsenic tolerance than wild-type
plants or plants expressing y-ECS alone. In addition,
when grown on arsenic, these plants accumulated
4 to 17-fold greater fresh shoot mass and accumulated 2
to 3-fold more arsenic per gram of tissue than wild-type
plants or plants expressing y-ECS or ArsC alone.

Other than plants the potential model phytoreme-
diators for As now include various genotypes of
transgenic trees, e.g., Austromyrtus bidwilli (Sjaan et al.
2002). Trees are ideal in the remediation of heavy metals
as they can withstand and accumulate higher
concentration of pollutants owing to their large biomass
and size, can reach a huge area and great depths for their
extensive rootings and can stabilize an area. They prevent
erosion, and the spread of the contaminant, because of
their perennial presence (Sykes et al. 1999). Researchers
are now trying to extend this technology to cottonwood
trees, which are potential effective remediators (Dondon
et al. 2005). Once the trees accumulate sufficient
quantities of arsenic they could be harvested and removed
from the site, taking with them large quantities of As
(Sykes et al. 1999, Che et al. 2003, Dondon et al. 2005).

Two approaches proposed for phytoextraction are
continuous or natural phytoextraction and chemically
enhanced phytoextraction (Salt ef al. 1998). The former is
based on the use of natural hyperaccumulator plants with
exceptional metal-accumulating capacity, but have slow
growth and take years or decades to clean up a
contaminated site. McGrath et al. (1993), using field data,
calculated that nine croppings of 7. caerulescens would
be required to decrease Zn concentration in the soil from
0.30 to 0.44 g(Zn) kg'. Similarly, Brown et al. (1994)
estimated that 28 years of 7. caerulescens cultivation
would be necessary to remove all the Zn from a soil
containing 2.1 g(Zn) kg™

Phytoextraction has attracted attention in recent years
for the low cost of implementation and environmental
benefits. Metal as Pb are largely immobile in soil and
their extraction rate is limited by solubility and diffusion
to root surface. Chemically enhanced phytoextraction has
been developed to overcome these problems (Huang and
Cunningham 1996, Blaylock er al. 1997, Huang et al.
1998, Blaylock 2000). Sites are treated by acid leaching,
physical separation of the contaminants or electro-
chemical processes (Alshawabkeh and Bricka 2000). This
approach makes use of high-biomass crops that are
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induced to take up large amount of metals when their
mobility in soil is enhanced by chemical treatments.
Several chelating agents, such as citric acid, ethylene-
diamine-tetraacetic acid (EDTA), diethylene-triamine-
pentaacetic acid (DTPA), ethylene-bis[oxyethylene-
trinitrilo] tetraacetic acid (EGTA), nitriloacetate (NTA)
and other synthetic chelators, have been studied for their
ability to mobilize metals and increase accumulation of
metal as Pb (Blaylock ef al. 1997, Huang et al. 1997), U
(Huang et al. 1998), *'Cs (Lasat et al. 1998), and Au
(Anderson et al. 1998) in different plant species. An
increase in the accumulation of gold was observed in
Indian mustard grown in soil treated with ammonium
thiocyanate (Anderson ef al. 1999). At present, the most
promising application of phytoextraction 1is the
remediation of Pb-contaminated soils using Indian
mustard in combination with EDTA (Blaylock 2000).
Despite the success of this technology, concerns have
been expressed regarding the enhanced metal to soil
mobility and their potential risk of leaching to ground
water (Cooper et al. 1999). However, no detailed studies
regarding the persistence of metal-EDTA complexes in
contaminated soils have been conducted.

Soils contaminated with multiple heavy metals can
present a difficult challenge for both approaches to
phytoextraction. Although some hyperaccumulators
appear to be capable of accumulating -elevated
concentrations of several heavy metals simultaneously,
there still remains considerable specificity in metal
hyperaccumulation (Baker et al. 2000). For chemically
enhanced phytoextraction, establishment of a high-
biomass crop is required before chelate application. This
is difficult to achieve if the soil is heavily contaminated
with metals like Zn, Cd, and Cu, which are usually much
more bioavailable, and thus more phytotoxic, than Pb.

Phytofiltration is similar to phytoextraction, and
plants are essentially used to clean-up contaminated
groundwater rather than soil. For cleanup the plants are
raised in greenhouses with their roots in water.
Contaminated water is either collected from a waste site
and brought to the plants or the plants are planted in the
contaminated area. As the roots are saturated with
contaminants, they are harvested. Sunflowers were
successfully used to remove radioactive contaminants
from pond water in a test at Chernobyl, Ukraine.
Effective removal of Cr by water-plant Spirodela
polyrhiza has been reported by Appenroth et al. (2000).

Phytostabilization or phytorestoration is the use of
certain plant species to immobilize contaminants in the
soil and groundwater through absorption and
accumulation by roots, adsorption onto roots, or
precipitation within the root zone of plants. The plants
that exclude metal ions have a low potential for metal
chelation, but they can be used for stabilizing the soil and
preventing further contamination spread due to erosion.
Agrostis tenius has been reported to avoid Cd, Cu, Zn and
Pb uptake by precipitating the metal in the rhizosphere
(Dahmani-Muller ef al. 2000). The technology does not
achieve a clean up of the soil, but changes mobility of the
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contaminant and prevents migration to the groundwater
or air, and also reduces bioavailability for entry into the
food chain. It can be used to re-establish a vegetative
cover at sites where natural vegetation is lacking due to
high metal concentrations in surface soil or physical
disturbances to surficial materials. Phytoremediation of
Pb contaminated soils involve both phytostabilization and
phytoextraction techniques (Lasat 2000, 2002).

Phytomining is the harvesting of plant tissues from
hyperaccumulators that have accumulated high amount of
toxic metals, for metal recovery and reuse. This demands
a proper selection of hyperaccumulator species and
cultivars suitable for a particular metal or region (Alkorta
et al. 2004). The technique is in demand with investors
for recovery of precious metals as ~ 0.57g(Au) kg (d.m.)
was observed to accumulate in Indian mustard (Anderson
et al. 1999).

Phytovolitization is the uptake and vaporization of a
solid or liquid contaminant to an airborne vapour by a
plant either as the pure pollutant, or as the metabolized
pollutant before it is vaporized, as in the case of mercury,
lead and selenium (Black 1999, Boyajian and Carriera,
1997, Saxena et al. 1999, LeDuc et al. 2004). The metal
can be rendered harmless by either enzymatic reduction
or by incorporation into less toxic organic/metal
compounds which occur naturally. This can be exploited
for genetic manipulation by introducing genes coding for
the enzymes responsible for the underlying biochemical
reactions. A well-known example of such manipulation is
the transfer and expression of a modified E. coli
Hg* -reductase gene (merA9pe) in transgenic Arabidopsis
thaliana plants (Rugh et al 1996, 1998). Bacteria
possessing merA are capable of converting highly toxic,
Hg*, to less toxic elemental Hg. Thus, expression of
merA in transgenic plants helps the removal of elemental
Hg as vapours through natural mechanisms of respiration.
Rugh et al. (1998) also examined the ability of yellow
poplar (Liriodendron tulipifera) tissue cultures and
plantlets to express modified mercuric reductase (merA)
gene constructs. Certain plants can also volatilize Se in a
similar way, with the help of Se-methylation enzymes
(LeDuc et al. 2004). Tagmount et al. (2002) identified
S-adenosyl-L-Met:L-Met S-methyltransferase (MMT), an
enzyme involved in the methylation of Se-Met to
Se-methyl-met. This enzymatic step is an important rate-
limiting step in the Se phytovolatization process.
Arabidopsis T-DNA knockout mutants lacking MMT
activity exhibited almost no capability to volatilize Se.
Phytovolatization potentially offers a low-cost alternative
for Se removal from soil and water. During the process of
Se phytovolatization, plants metabolize various inorganic
or organic species of Se (e.g. selenate, selenite, and Se-
Met [Met]) into a gaseous form (Berken er al. 2002).
Dimethyl selenide, the major volatile form of Se, is more
than 600 times less toxic than inorganic forms (Berken et
al. 2002). Indian mustard (Brassica juncea) has a high
rate of Se accumulation and volatilization, and a fast
growth rate, making it a promising species for Se
remediation (Pilon-Smits ez al. 1999, Pilon-Smits 2005).



Phytodegradation is metabolization of pollutants by
plants after the contaminant has been drawn into the
plant. The pollutant assimilates into plant tissue and is
degraded by plant-derived enzymes such as nitrate-
reductase, laccase, dehalogenase, and nitrilase, as
demonstrated in field studies (Boyajian and Carriera
1997). The daughter compounds can be either volatized

Advantages and disadvantages of bioremediation

The biggest advantage of using plants for cleaning the
environment is the utilization of their inherent agronomic
traits and benefits of plants like high biomass, extensive
root systems, ability to withstand environmental stress,
etc. (Bizily et al. 1999). Plant-facilitated bioremediation
is aesthetically pleasing and makes the environment green
and clean. As the entire process is solar energy driven, no
artificial source of energy is required to drive the
bioremediation process, making it cost-effective and
environmental friendly (Bizily ef al. 1999). Plants offer a
permanent, in sifu, non-intrusive, self sustaining method
of removal of soil contaminant. Planting vegetation on a
contaminated site also reduces erosion by wind and
water. Phytoextraction enables to reclaim and recycle
precious metals and other useful materials from the soil
making the process economically beneficial for investors
(Moffat 1995). In addition, plants used in bioremediation
do not disturb the topsoil thus conserving its utility
(Sykes et al. 1999).

Few concerns regarding the phytoremediation
technology are the slow speed of the process when
compared to mechanical methods. Plants can take many
growing seasons to clean up a site due to slow growth
pertaining to climatic restrictions and species variations.

Concluding remarks and future outlook

The present situation of metal pollution affects the whole
ecosystem. Using genetic modifications, scientists have
been able to expand the role of plants in the environment.
In order to restore environmental balance the
bioremediation technique evidently does indicate several
benefits and is one of the most preferred methods to deal
with this problem. However, the efficiency of the method
lies in the fact that to implement a specific
bioremediation method, a scientific and well formulated
strategy must be adopted taking into consideration the
type of metal ions, geographical location, biomass of the
hyperaccumulator plant, ezc. Detailed studies in the field
of bioremediation have improved the methods and
practice, however, further improvements are required to
reduce the limitations of the existing protocols so that
they may be utilized with less negative output.

The various studies of metal-ion homeostasis in
human, yeast and plants suggest that there exists a
complex regulated network for metal ion transport,
chelation and sequestration. Although some information
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or stored in the plant. If the daughter compounds are
relatively benign, the plants can still be used in traditional
applications. If the daughter compounds are less harmful
than the parent compound, but not benign, then the plants
can be burned or used in alternate applications (Boyajian
and Carriera 1997).

Hyperaccumulator plants with short roots can clean up
soil or groundwater near the surface in situ, but cannot
remediate deep aquifers without further design work
(Sykes et al.1999). Plants that absorb toxic materials may
contaminate the food chain, as animals inhabiting the
contaminated area might consume these plants (Moffat
1995). Phytoremediation technique is less efficient for
hydrophobic contaminants, which bind tightly to soil
(Bizily et al. 1999). Also the volitization of compounds
can transform a groundwater pollution problem to an air
pollution problem (Raskin 1996). The greatest problem
lies in the fact that after phytoremediation of one site
what would eventually be the fate of the plants used for
the purpose and which are now rich in that particular
contaminant? Their biodegradation or recycling makes
the contaminants either fully or partially re-enter the soil
(Gratao et al. 2005). The answer to this question is yet to
be resolved.

The public opposition to developing genetically
modified plant species or crops however, remain the most
crucial hindrance in the advancement of phyto-
remediation technique and development of transgenic
hyperaccumulator plant species.

regarding genes controlling the synthesis of peptides that
sequester metals, like phytochelatins (e.g. the
Arabidopsis cadl gene, Howden et al. 1995), genes
encoding transport proteins, such as the Arabidopsis IRT1
gene that encodes a protein that regulates the uptake of
iron and other metals (Eide ef al. 1996) or genes encoding
enzymes that change the oxidation state of heavy metals,
like the bacterial merd gene encoding mercuric oxide
reductase (Rugh et al. 1996) are currently being used to
improve metal hyperaccumulation in plants, further
identification of plant genes encoding metal-ion/metal-
complex transporters and their molecular components
could be of immense use for bioremediation studies.
Further manipulations of these genes would prove useful
to determine plant metal hypertolerance and hyper-
accumulation. The strategy could be thus used as a tool to
specifically select several more plant species fit for
phytoremediation studies (Fig. 2).

Screening of mutagenized Arabidopsis populations
identified mutants tolerant to Mn (Delhaize et al. 1993),
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P (Delhaize et al. 1995) and Pb (Chen et al. 1997).
Further identification of other mutants for biochemical,
molecular and physiological analysis and important
molecules involved in tolerance and metal hyper-
accumulation in plants is required to develop ideal
transgenic hyper-accumulators.

Isolation of metal-sensors that sense the metal status
of the cell and to elucidate the subsequent regulatory
steps in terms of up-regulation and down-regulation of
metal-responsive genes, the signal transduction pathway
and the metal responsive transcription factors would also
be of immense use for developing effective phyto-
remediators.

Strategies for enhancing phytoremediation of organics
are potentially more straightforward. Genes encoding
biodegradative enzymes can be introduced and/or over-
expressed in transgenic plants, leading to enhanced
biodegradative abilities. Such genes can be of any origin
(bacterial, plant or even animal) or can even be synthetic,
perhaps making use of advanced techniques of protein
engineering or directed mutagenesis to create optimized

catalytic proteins.

Metal hyperaccumulator plants are relatively rare,
often occurring in remote areas geographically and
threatened by devastation from mining activities.
Population sizes can be extremely small. There is thus an
urgent need to collect these materials, bring them into
cultivation and establish a germplasm facility for large-
scale production of hyperaccumulator species for future
research, development and trial work.

The cleaning of the metal-contaminated environment
might be feasible with a combinatorial approach, i.e.,
integrate and use different bioremediation methods
simultaneously and target the technology both
qualitatively as well as statistically. Plant biologists,
microbiologists, agronomists and engineers will have to
integrate their efforts for the bioremediation of a specific
site contaminated with specific heavy metal(s). It is
important to proceed with caution and implement the
technology at the larger scale only after longitudinal
studies are conducted.

Strategy for improvement of phytoremediation

v

introduction of genes

v v
general improvement in improvement for metal
hyperaccumulator species hyperaccumulation
mercuric reductase N
genes for enhanced enzyme (mer A) genes to change the
growth rate/biomass oxidation states of [
production metals
selenium methylation
genes for enhanced eneyme genes to enhance |
root depth metal chelators and |
transporters
genes for stimulation -
of rhizosphere genes encoding |
microflora metal-sequestering
proteins
| genes for pest/disease genes encoding
resistance, better transport proteins [¢
> genes for bio-
degradative enzymes v A v
membrane-cytosol vacuolar golgi
. interface transporters transporters transporters
.PCs-Phytochelatins eg. ZIP, IRT1 eg. At MRP, ZAT eg. RAN1
MTs-Metallothioneins

Fig. 2. Strategies for improvement of hyperaccumulators using genetic engineering.
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