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Abstract: Phytoremediation is an emerging technology, which uses plants and their associated rhizospheric microorganisms to remove pollutants from
contaminated sites. This plant based technology has gained acceptance in the past ten years as a cheap, efficient and environment friendly technology
especially for removing toxic metals. Plant based technologies for metal decontamination are extraction, volatilization, stabilization and rhizofiltration.
Various soil and plant factors such as soil’s physical and chemical properties, plant and microbial exudates, metal bioavailability, plant's ability to
uptake, accumulate, translocate, sequester and detoxify metal amounts for phytoremediation efficiency. Use of transgenics to enhance phytoremediation
potential seems promising. Despite several advantages, phytoremediation has not yet become a commercially available technology. Progress in the
field is hindered by lack of understanding of complex interactions in the rhizosphere and plant based mechanisms which allow metal translocation and
accumulation in plants. The review concludes with suggestions for future phytoremediation research.
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Introduction

Natural processes such as volcanic eruptions, continental
dusts and anthropogenic activities like mining, combustion of fossil
fuel, phosphate fertilizers, military activities, metal working
industries etc. lead to emission of heavy metals and accumulation
of these chemicals in ecosystem. These heavy metals are toxic
because they cause DNA damage and their carcinogenic effects
in animals and humans are probably caused by their mutagenic
ability (Knasmuller et al., 1998; Baudouin et al., 2002). Potential
threat is that heavy metals are not degradable and without
intervention stay in soil for centuries. The cleanup of most of the
contaminated sites is mandatory in order to reclaim the area and
to minimize the entry of toxic elements into the food chain. Various
engineering — based methods such as soil excavation, soil
washing or burning or pump and treat systems are already being
used to remediate metal contaminated soils. However, these non
biological techniques are not fully acceptable as they destroy
the biotic components of soil and are technically difficult and
expensive to implement. Since last decade phytoremediation has
emerged out as a new low-tech cost effective technology that
uses plants and their associated microbial flora for environmental
clean up (Raskin et al., 1994; Salt et al., 1995a; Salt et al., 1998).

Phytoremediation takes advantage of the unique,
selective and naturally occurring uptake capabilities of plant root
systems, together with the translocation, bioaccumulation and
pollutant storage/degradation abilities of the entire plant body.
Besides being aesthetically pleasing, phytoremediation is on
average tenfold cheaper than other physical, chemical or thermal
remediation methods since it is performed in situ, is solar driven
and can function with minimal maintenance once established.
Phytoremediation market is growing rapidly in U.S. comprising

~$ 100-150 million per year. Although there is no significant
commercial use of phytoremediation in developing countries, it
may become a technology of choice for remediation projects due
to its cost efficiency and ease of implementation.
Phytoremediation of soil metals has been successfully carried
out at military sites, agricultural fields, industrial sites and mine
trailings (Bafiuelos, 2000; Winter Sydnor and Redente, 2002).
Inorganic pollutants that can be phytoremediated include plant
macronutrients such as nitrate and phosphate (Horne, 2000),
plant trace elements such as Cr, Cu, Fe, Mn, Mo and Zn (Lytle,
et al., 1998), nonessential elements such as Cd, Co, Fe, Hg, Se,
Pb, V and W (Horne, 2000; Blaylock and Huang, 2000) and
radioactive isotopes such as U, *’Cs and *Sr (Dushenkoyv,
2003; Dushenkov and Kapulnik, 2000).

Limitations of the technology include the potential for
introducing the contaminant into food chain, long clean up times
required, bioavailability of contaminant and toxicity encountered
in establishing and maintaining vegetation at waste sites. The
use of phytoremediation is also limited by the climatic and geologic
conditions of the site to be cleaned, the temperature, soil type
and the accessibility for agriculture equipment (Salt and Kramer,
2000; Schmoger et al., 2000). Moreover, mechanisms of most of
the biological processes underlying phytoremediation such as
plant metal uptake, translocation, accumulation and /or
degradation and plant microbe interactions, are poorly understood
and need further research.

The present review presents an overview of
phytoremediation of metals from polluted soils and water. Various
phytoremediation technologies (Phytoextraction, Phyto-
volatilization, Phytostabilization and Rhizofiltration and soil and
plant factors affecting phytoremediation have been reviewed in

*Corresponding author: E-Mail: vinitahooda@yahoo.co.in, Tel.: 01262-256699, 9416515444

Journal of Environmental Biology o April, 20070



368

the context of phytoremediation. Before concluding
phytoremediation potential of transgenics and future requirements
have been discussed.

Phytoremediation technologies

Phytoremediation exploits plant’s innate biological mechanisms
for human benefit. Four subsets of this technology as applicable
to toxic metal remediation from soil and water are: (i)
Phytoextraction — the use of metal — accumulating plants to
remove toxic metals from sail, (ii) Phytovolatilization — evaporation
of certain metals from aerial parts of the plant, (iii)
Phytostabilitzation the use of plants to eliminate the bioavailability
of toxic metals in soils and (iv) Rhizofiltration - the use of plant
roots to remove toxic metals from polluted waters.

Phytoextraction:

Metal phytoextraction relies on metal-accumulating plants
to transport and concentrate polluting metals from soil into the
harvestable aboveground shoots (Salt et al., 1998; Vassil et al.,
1998). The plant material can subsequently be used for nonfood
purposes (e.g. wood, cardboard) or ashed, followed by disposal
in a landfill or, in the case of valuable metals, the accumulated
element can be recycled. The latter is termed phytomining
(Chaney et al., 2000). Popular species for phytoextraction are
Indian mustard and sunflower because of their fast growth, high
biomass, and high tolerance and accumulation of metals and
other inorganics (Blaylock and Huang, 2000; Salt et al., 1995b).

Although, it has been known since the late 1800s that a
special category of plants, the so called hyperaccumulators can
accumulate extraordinary levels of metals, the idea of using these
plants for phytoextraction only appeared in the literature in the
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last 20 years. At present, at least 45 plant families are known to
contain metal-accumulating species (Reeves and Baker, 2000).
Such plants can accumulate As, Cu, Co, Cd, Mn, Ni, Se, Pb or
Zn upto levels that are 100 to 1,000 times of those normally
accumulated by plants grown under the same conditions (Baker
et al., 2000; Ma et al., 2001; Brooks, 1998). A number of these
species are members of Brassicaceae, including a species of
Arabidopsis, A. halleri, which can hyperaccumulate Zn in its
shoots (Reeves and Backer, 2000). Recently, Sonchus asperand
Corydalis pterygopetata grown on lead — zinc mining area in
China have been identified as heavy metal hyperaccumulators
(Yanqun et al., 2005). Environment Canada has developed a
database (PHYTOREM) of 775 plants with capabilities to
accumulate or hyperaccumulate one or several key metallic
elements. Table 1 lists some important hyperaccumulators
including the recently discovered ones. Despite these properties
hyperaccumulators are of limited use for large scale applications
because they are often slow growing and attain low biomass. So
far only one hyperaccumulator species, the Ni hyperaccumulator.
Alyssum bertolonii, has been used for phytoremediation in the
field (Chaney et al., 2000; Li et al., 2003). Pteris vittata, an As
hyperaccumulating fern may also show promise for
phytoextraction of As (Ma et al., 2001). However, in the coming
years, mining of the genomic sequences from Arabidopsis
thaliana and rice and availability of new genomic technologies
should lead to identification of novel genes important for heavy
metal remediation. The relevant genes from these
hyperaccumulators may then be introduced into higher biomass
producing non-accumulators for an improved phytoremediation
potential, making it a commercially viable technology.

Table - 1: Several metal hyperaccumulator species with respective metal accumulated

S.No.  Plant species Metal References

1. Thlaspi caerulescens Zn, Cd Reeves and Brooks (1983); Baker and Walker (1990)
2. Ipomea alpina Cu Baker and Walker (1990)

3. Sebertia acuminata Ni Jaffre et al. (1976)

4, Haumaniastrum robertii Co Brooks (1977)

5. Astragalus racemosus Se Beath et al. (2002)

6. Arabidopsis thaliana Zn, Cu, Pb, Mn, P Lasat (2002b)

7. Thlaspi goesingens Ni Kramer et al. (2000)

8. Brassica oleracea Cd Salt et al. (1995b)

9. Arabidopsis halleri Zn, Cd Reeves and Baker (2000); Cosio et al. (2004)

10. Sonchus asper Pb, Zn Yanqun et al. (2005)

1. Corydalis pterygopetala Zn, Cd Yanqun et al. (2005)

12. Alyssum bertolonii Ni Li et al. (2003); Chaney et al. (2000)

13. Astragalus bisulcatus Se Vallini et al. (2005)

14, Stackhousia tryonii Ni Bhatia et al. (2005)

15. Hemidesmus indicus Pb Chandra Sekhar et al. (2005)

16. Salsola kali Cd de la Rosa et al. (2004)

17. Sedum alfredii Pb, Zn Li et al. (2005)

18. Pteris vittata As Ma et al. (2001); Zhang et al. (2004); Tu and Ma (2005)
19. Helianthus anus Cd, Cr, Ni Turgut et al. (2004)
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Phytovolatilization:

Phytovolatilization is the release of pollutants from the
plant to the atmosphere as a gas. Although it works well for
organics, this can be used for a few inorganics that can exist in
versuie orm 1.6 S€, Hg and As (Hansen et al., 1998; Rugh et
al., 1996). Members of the Brassica genus and some
microorganisms are particularly good volatilizers of Se (Terry et
al., 1992). Among the aquatic species, rice, rabbit foot grass,
Azolla and pickle weed are the best Se volatilizers (Hansen et
al., 1998; Lin et al., 2000; Pilon-Smits et al., 1999; Zayad et al.,
2000). Volatilization of Se involves assimilation of inorganic Se
into the organic selenoaminoacids selenocysteine (SeCys) and
selenomethionine (SeMet). The latter can be methylated to form
dimethylselenide (DMSe), which is volatile (Terry et al., 2000).
Volatilization of As and Hg has been demonstrated for
microorganisms, but these elements do not appear to be
volatilized to significant levels by nontransgenic plants (Rugh et
al., 1996). In Hg-contaminated soils and sediments, microbial
activity converts the highly toxic Hg (Il) into organomercurials
and, under optimum conditions, elemental Hg (which is far less
toxic) enters the global biogeochemical cycle upon volatilization
(Bizily et al., 2000). Because volatilization completely removes
the pollutant from the site as a gas, without need for plant
harvesting and disposal, this is an attractive technology. A risk
assessment study for volatile Se and Hg reported that the pollutant
was dispersed and diluted to such an extent that it did not pose a
threat (Lin et al., 2000; Meagher et al., 2000). Although
phytovolatilization is a passive process, it may be maximized by
using plant species with high transpiration rates, by
overexpression of enzymes such as cystathionine-V-synthase
that mediates S/Se volatilization (Van Huysen et al., 2003) and
by transferring gene for Se volatilization from hyperaccumulators
to nonaccumulators (Le Duc et al., 2004).

Phytostabilization:

The term denotes the use of plants to stabilize pollutants
in soil (Berti and Cunningham, 2000). Phytostabilization of metals
may employ plants to reduce leaching, runoff, and erosion via
stabilization of soil by plant roots or root exudates may cause
metals to precipitate, converting them to less bioavailable form
(Berti and Cunningham, 2000; Burken et al., 2000; Kramer and
Chardonnens, 2001). For phytostabilization of metals a
combination of trees and grasses work best. Fast-transpiring trees
such as ‘Poplar’ maintain an upward flow to prevent downward
leaching, while grasses prevent wind erosion and lateral runoff
with thin dense root system. Further, grasses do not accumulate
as much metals in their shoots as dicot species, minimizing
exposure of wildlife to toxic elements (Pilon Smits, 2005).

Rhizofiltration:

In rhizofiltration plant roots grown in water absorb,
concentrate and precipitate toxic metals and organic chemicals
from polluted effluents (Schmoger et al., 2000). The plants can
be used asfilters in constructed wetlands (Horne, 2000; Lytle et
al., 1998) or in a hydroponic setup (Raskin et al., 1997),
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comprising a complex ecosystem of plants, microbes and
sediment that together act as a biogeochemical filter, efficiently
removing contaminants from wastewater. Constructed wetlands
are useful for filtering large volumes of wastewater whereas
hydroponic set up is an indoor, contained setup which is relatively
expensive to implement and therefore most useful for relatively
small volumes of wastewater containing hazardous inorganics
such as radionuclides (Negri and Hinchman, 2000; Dushenkov
and Kapulnik, 2000). Constructed wetlands have been used for
a wide range of inorganics including metals, Se, perchlorate,
cyanide, nitrate and phosphate (Hansen et al., 1998; Home, 2000;
Nzengung and McCutcheon, 2003). Recently two bacterial
strains, Bacillus mycoides and Stenotrophomonas maltophilia
have shown potential to detoxify Se and a model system for Se
rhizofiltration based on Astragalus bisulcatus — rhizobacteria
interactions has also been proposed by Vallini et al. (2005).

In constructed wetlands water hyacinth, Azolla and
duckweed are popular because they are good metal accumulators
and can be harvested easily. Cattail and poplar are also used
because they are tolerant, grow fast and attain large biomass.
Hydroponic system involves aeration and therefore is not limited
to aquatic species; it often makes use of terrestrial species with
large roots and good capacity to accumulate inorganics, such as
Helianthus annuus (Dushenkov and Kapulnik, 2000) or Phaseolus
vulgaris (Piechalak et al., 2002).

Different phytoremediation technologies make use of
different plant properties and are suitable for different classes of
pollutants. Finally all such processes, which either decontaminate
the soil or stabilize the pollutant within it, are not mutually exclusive
and occur simultaneously, in an effort to totally decontaminate
the environment. For example accumulation, stabilization and
volatilization of Se has been reported to occur simultaneously in
a constructed wetland (Hansen et al., 1998).

Factors affecting phytoremediation

The success of phytoremediation as an environmental
clean up technology depends on several factors including
bioavailability of metals in soil, plant’s ability to uptake, translocate
and accumulate metals in shoots and plant-microbe interactions.
To dismay, the underlying biological mechanisms of plant
decontamination processes are poorly understood and much still
remains to be known.

Metal bioavailability:

For plants and their associated microbes to remediate
pollutants, they must be in contact with them and able to act on
them. Therefore, the bioavailability of a pollutant is important for
its remediation. Pollutant bioavailability depends on the chemical
properties of the pollutant, soil properties, environmental
conditions and biological activity. Soils with small particle size
(clay) hold more water than sandy soils, and have more binding
sites for ions, especially cations (CEC) (Taiz and Zeiger, 2002).
The concentration of humus in soil is also positively correlated
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with CEC because humus mainly consists of dead plant material,
and plant cell walls have negatively charged groups that bind
cations, as well as lignin that binds hydrophobic compounds
(Burken, 2003).

Metals are usually present as charged cations or anions,
and thus are hydrophilic. The bioavailability of cations is inversely
correlated with soil CEC. At lower soil pH, the bioavailability of
cations generally increases due to replacement of cations on
soil CEC sites by H* ions (Taiz and Zeiger, 2002). The
bioavailability of ions is also affected by the redox conditions.
Most terrestrial soils have oxidizing conditions, and elements that
can exist in different oxidation states will be in their most oxidized
form. In aquatic habits more reducing conditions exist, which
favour more reduced elemental forms. The oxidation state of an
element may affect its bioavailability (e.g. its solubility), its ability
to be taken up by plants, as well as its toxicity. Other physical
conditions that affect metal bioavailability are temperature and
moisture. Higher temperatures accelerate physical, chemical and
biological processes in general. Precipitation stimulates general
plant growth and higher soil moisture increases migration of
water-soluble pollutants. Bioavailability of metals is also enhanced
by metal chelators that are released in rhizosphere by plants
and bacteria chelators such as siderophores, organic acids, and
phenalics can release metal cations from soil particles (Taiz and
Zeiger, 2002) which makes the metals more available for plant
uptake. Furthermore, plants extrude H* via ATPases, which
replace cations at soil CEC sites, making metal cations more
bioavailable (Taiz and Zeiger, 2002).

Understanding the process affecting pollutant
bioavailability can help optimize phytoremediation efficiency. Aged
soils are more difficult to phytoremediate as pollutants in aged
polluted soils tend to be less bioavailable and more recalcitrant
than pollutants in soil that is newly contaminated. In such cases,
amendments may be added to soil that make metal cations more
bioavailable for plant uptake. For instance, adding the natural
organic acids citrate or malate will lower the pH of soil particles
and consequently will enhance cation bioavailability. Recently
malate has been identified as a ligand for Ni, supporting
detoxification/transport and storage of this heavy metal in
Stackhousia tryonii (Bhatia et al., 2005). The synthetic metal
chelator EDTA (Ethylene di-amine tetra acetic acid) is also
extremely efficient at releasing metals from soil. This principle is
used in chelate assisted phytoextraction where EDTA is added
to soil shortly before plant harvesting, greatly increasing plant
metal uptake (Salt et al., 1998). A recent study indicated that
EDTA addition can increase the potential and efficiency of Cu
phytoextraction by Elsholtzia splendens in polluted soils (Jiang
and Yang, 2004). EDTA and citric acid (Turgut et al., 2004) as
well as EDTA and HEDTA (Chen and Cutright, 2001) combination
can also enhance Cd, Cr and Ni uptake in Helianthus annus.
Before chelate assisted phytoextraction is used in the field, it is
important to do a risk assessment study to determine possible
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effects of the chelator on metal leaching. In other situations it
may be desirable to decrease metal bioavailability if metals are
present at phytotoxic levels or in phytostabilization. In such cases
lime may be mixed with the soil to increase the pH or organic
matter to bind metals (Bennett et al., 2003; Brown et al., 2003).

Plant uptake and translocation:

Access of heavy metals to bare roots is confined to the
first few millimeters of the root tip. Uptake and transport across
root cellular membrane is an important process which initiates
metal absorption into plant tissues. Two different uptake routes
have been reported: (a) passive uptake driven only by the
concentration gradient across the membrane, and (b) inducible
substrate-specific and energy dependent uptake mediated by
membrane protein with transport functions (Nies, 1999; Williams
et al., 2000). Either through passive or active uptake, root cells
capture metals from soil that remain bound by their cell wall and
then transported across the membrane. But the electrical charge
on metal ions prevents their diffusion freely across the lipophilic
cellular membranes into the cytosol. Therefore, metal transport
into cells is also driven by ATP — dependent protein pumps that
catalize H* extrusion across the membrane.

For most elements multiple transporters exist in plants.
The model plant Arabidopsis thaliana, for instance, has 150
different cation transporters (Axelsen and Palmgren, 2001) and
14 transporters for sulfate alone (Hawkesford, 2003). Individual
transporter proteins have unique properties with respect to
transport rate, substrate specificity, substrate affinity (low affinity
transporters tend to be more promiscuous) and follow Michaelis
Menton kinetics (Marschner, 1995). These properties may be
subjected to regulation by metabolic levels or regulatory proteins
(e.g. Kinases). Furthermore, the abundance of each transporter
varies with tissue type and environmental conditions, which may
be regulated at the transcription level or via endocytosis. As a
consequence, uptake and movement of inorganics in plants are
complex species and conditions dependent processes (Williams
et al., 2000; Pilon-Smits, 2005). Table 2 list some important
transport proteins along with their source and function.

Plant microbe interactions:

The limited bioavailability of various metallic ions, due to
their low solubility in water and strong binding to soil particles,
restricts their uptake/accumulation by plants. However, root
colonizing bacteria and mycorrhiza can significantly increase the
bicavailability of various heavy metal ions for uptake. Some
bacteria are known to release biosurfactants (e.g. rhamnolipids)
that make hydrophobic pollutants more water soluble (Volkering
et al., 1998). Soil microorganism’s organic exudates stimulate
bioavailability and facilitate root absorption of a variety of metal
ions including Fe* (Crowley et al., 1991; Burkal et al., 2000),
Mn? (Barberand Lee, 1974) and Possibly Cd? (Salt et al., 1995a).
Root exudates which feed the microorganisms by providing
carbohydrates, also contain lipophilic compounds and natural
chelating agents (citric, acetic and other organic acids) that
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Table - 2: List of important transport proteins with their respective sources and functions

3N

S.No. Transport protein Source

Function

References

1. CPx — ATPases Arabidopsis, Chlamyelomonas

(PAA1, RAN1) reinhardtii

2. CDFICE Bacteria, archea, Eukaryotes,

Chlamyelomonas reinhardtii

3. Nramp (Natural resistance Bacteria, yeast, insects, humans,
associated macrophage plants, Algae
proteins

4, YSI Maize, Arabidopsis

5. ZIP Medicago sp., Truncatula sp.

6. Cation transporters Arabidopsis

Heavy metal transport
and trafficking

Zn, Co, Cu transport,
sequestracton, catablyzes

Williams et al., 2000

Paulsen and Saier, 1997;
Van der Zaal et al., 1999.

metal efflux

Belouchi et al., 1997;
Williams et al., 2000

Bivalent metal ion transport

Curie et al., 2001

Lopez-Millan et al., 2004;
Guerinot, 2000;
Maiser et al., 2001

Schuurink et al., 1998; Arazi
et al., 1999; White et al., 2002.

Fe transporter

Cd, Zn, Mn, Fe, transporter

Manovalent and divalent
cation transport

increase ion mobility in soil or promote biosurfactant — producing
microbial populations. Plant roots and rhizosphere microorganisms
have complex feedback mechanisms that permit them to adapt to
changing soil conditions as they grow. In some plants growing in
phosphorus deficient sail, the root exudates contain large amounts
of cifric acid, in an attempt to mobilize any phosphorous component
present in the soil. Some rhizosphere microorganisms, also secrete
plant hormones that increase root growth and thereby the secretion
of root exudates.

Some bacterial strains also aid in pollutant detoxification
Xanthomonas maltophyla (Blake et al., 1993), Escherichia coli
and Pseudomonas putida (Lasat, 2002a) catalyze reduction and
precipitation of highly mobile and environmentally less hazardous
compounds.

Mycorrhiza, a well documented fungal symbiotic
association with roots of majority of plants has also been reported
in plants growing on heavy metal contaminated soil (Shetty et
al., 1994; Chaudhry et al., 1998, 1999). Fungal symbiotic
associations have the potential to enhance root absorption upto
47 —fold (Smith and Reed, 1997) and stimulate the acquisition
of plant nutrients including metal ions (Khan et al., 2000).
However, contradictory reports as to the effect of mycorrhizae
on metal uptake are also available. An inhibition of Zn, Cu
(Scheupp et al., 1987; Heggo et al., 1990) and Cd accumulation
(Schutzendubel et al., 2002; Weissenhorn and Leyval, 1995;
Jonerand Leyval, 1997) in mycorrhizae plants has been reported.
Thilaspi praecox colonized with arbuscular mycorrhizae fungi also
showed reduced heavy metal (Cd and Pb) uptake (Vogel-Mikus
et al., 2005). Inhibition of metal accumulation also suggests a
role of mycorrhizae in protecting the plants from heavy metal
toxicity, although the mechanism of protection is unclear. In
addition to the effect on metal root uptake, mycorrhizae has also
been reported to affect metal transport within plant. For example,

mycorrhizae has been shown to alter the pattern of Zn
translocation from root to shoot in the grass Andropogon gerardii
and maize seedling (Khan et al., 2000). However, this effect
appeared to be species specific since mycorrhizae did not affect
Zn translocation pattern in Festuca arrundinaceae (Shetty et al.,
1994). Mycorrhizal fungi can both enhance uptake of essential
metals when metal levels are low and decrease plant metal uptake
when metals are present at phytotoxic levels (Frey et al., 2000).

The mechanisms of three plant microbe interactions are
still largely unclear; microbe mediated enhanced plant uptake
may be due to a stimulatory effect on root growth, microbial
production of metabolites that affect plant gene expression of
transporter proteins or microbial effect on bioavailability of the
element (DeSouza et al., 2000).

Role of metal chelators:

As mentioned earlier, the complex root secretions from
plants contain natural chelating agents that affect pollutant
solubility and uptake. Inside plant tissues such chelator
compounds also play a role in tolerance, sequestration and
transport (Ross, 1994). Phytosiderophores are chelators that
facilitate uptake of Fe and perhaps other metals in grasses
(Higuchi et al., 1999). Organic acids (e.g. citrate, malate, acetate)
not only can facilitate uptake of metals with roots but also play a
role in transport, sequestration, and tolerance of metals (Salt et
al., 1995b; Von Wiren et al., 1999). As a tolerance and
detoxification mechanism, chelated metals are effluxed from
cytoplasm and sequestered in the vacuolar compartment, which
excludes them from cellular sites where processes such as cell
division and respiration occur, thus providing an effective
protective mechanism (Chaney et al., 1997; Hall, 2002).
Detoxification of Cd and Zn in Thlaspi caerulescens is achieved
by vacuolar compartmentalization (Ma et al., 2005). Role of
cysteine rich metallothioneins (MTs) (Hamer, 1986; Cobbett and
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Table - 3: Some genetically engineered plants with the respective gene transferred, gene product, gene source and improved frait

S.No. Transgenic plant

Transgene and its product Gene source

Trait enhanced References

1. S. cerevisiae Cup1 gene: MT’s A. thaliana Zn & Cu tolerance Robinson et al., 1996
2. S. cerevisiae TaPCSl gene: PC’s Wheat Cd tolerance Vatamaniuk et al., 1999
3. N. tobaccum and merA: Hg(ll) reductase Gram-ve bacteria Hg tolerance and
Liriodendron tulipifera volatilization Heaton et al., 1998
4. A. thaliana merA: Hg(ll) reductase ; Gram-ve bacteria Hg tolerance and
merB: organomercurial lyase volatilization Rugh et al., 1996
5. Brassica juncea APs gene: ATP-sulfurylase  A. thaliana Se hyperaccumulation ~ Banuelos et al., 2005
6. Lycopersicon ACC gene: 1-amino- bacteria Cd, Co, Cu, Mg, Ni, Gricheko et al., 2000
esculentum cyclopropane 1-carboxilic Pb, Zn tolerance
acid deaminase
7. A. thaliana PsMTA gene: MTs Peas Cu tolerance Evans et al., 1992
8. Brassica juncea gshl gene: g-glutamylcysteine E.coli Cd tolerance Zhuetal., 1999 a,b
9. N. tobaccum MT-1 gene: MT's Mouse Cd tolerance Thomine et al., 2000
10. N. tobaccum, Citrate synthase gene Pseudomonas High levels of citrate de la Fuente et al., 1997
Carcia papaya aeruginosa
1. N. tobaccum FRE1, FRE2: Ferric S. cerevisiae Ni hyperaccumulation Samuelsen et al., 1998

reductass

Goldsbrough, 2000) and thiol rich phytochelatins (PCs) as metal
chelators is also well documented.

Metallothioneins are produced in animals and certain
fungi in response to metal uptake (Hamer, 1986). In plants, MT
proteins have been identified only in wheat (Lane et al., 1987)
and Arabidopsis (Murphy et al., 1997). Although detection of
plant MTs has been problematic, evidence suggests that they
have high affinity for binding metal cations, such as Cd, Cu and
Zn (Schmoger et al., 2000; Cobbett and Goldsbrough, 2002).
There are reports that MTs also play a role in heavy metal
detoxification as overexpression of Fe or Cu chelating MTs and
ferritin protects against metal induced oxidative injury (Fabisiak
et al., 1999). Phytochelatins (PCs) are also a family of metal-
complexing peptides which are rapidly induced on overexposure
to metals or metalloids in plants, animals and some yeasts
(Schmoger et al., 2000; Cobbett and Goldsbrough, 2002). PCs
have been shown to be primarily involved in Cd and Cu tolerance
(Rauser, 1995; Ow, 1996) but Schmoger et al. (2000) suggested
that PCs may also be involved in arsenic detoxification as they
possess high affinity to sulfhydryl groups. After chelation by PCs,
the metal chelate complex s actively transported to the vacuole,
where it is further complexed by sulfide (Cobbett and
Goldsbrough, 2000; Lu et al., 1997). However, more precise role
of these different chelators in transport and detoxification of metals
remains to be established.

Transgenic plants in phytoremediation: The plant species
currently being developed for phytoremediation seem capable
of effective bioaccumulation of targeted contaminant, but
efficiency might be improved through the use of transgenic
(genetically engineered) plants. Naturally occurring plant species

that can be genetically engineered for improved phytoremediation
include Brassica juncea for phytoremediation of heavy metals
from soil (Dushenkov et al., 1995), Helianthus anus (Dushenkov
et al., 1995) and Chenopodium amaranticolor (Eapen et al., 2003)
for rhizofiltration of uranium. In general, any dicotyledon plant
species can be genetically engineered using the Agrobacterium
vector system, while most monocotyledon plants can be
transformed using particle gun or electroporation techniques.
Some promising transgenics that show higher tolerance,
accumulation, and /or degradation capacity for various pollutants
have been developed. This was achieved either by overproducing
metal chelating molecules such as citrate (de la Fuente et al.,
1997), PCs (Zhu et al., 1999 a,b), MTs (Evans et al., 1992;
Hasegawa et al., 1997) or ferritin (Goto et al., 1999) or by
overexpression of metal transporter proteins (Samuelsen et al.,
1998; Arazi et al., 1999; Van der Zaal et al., 1999; Curie et al.,
2001). Mercury volatilization and tolerance was also achieved in
tobacco by introduction 3of a bacterial pathway (Rugh et al.,
1996; Bizily et al., 2000; Kramer and Chardonnens, 2001 ; Pilon-
Smits and Pilon, 2000). Table 3 lists some genetically engineered
plants with the respective genes transferred, gene source and
the improved trait of transgenics.

The increase in metal accumulation as the result of these
genetic engineering approaches in typically two to threefold more
metal per plant, which potentially enhances phytoremediation
efficiency by the same factor. It is not yet clear how applicable
these transgenics are for environmental clean up, since no field
studies have been reported except one using transgenic Indian
mustard plant that overexpresses enzymes involved in sulfate/
selenate reduction. (Pilon Smits et al., 1999; Zhu et al., 1999
a,b). Potential environmental impacts of transgenics such as
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competitiveness of transgenic to wild type, effect on birds, insects,
etc., that might feed on plant biomass containing high
concentration of toxic metals and possibility of gene transfer to
other plants by pollination require continuous monitoring. Genetic
engineering of the chloroplast genome offers a novel way to obtain
high expression without the risk of spreading the transgene via
pollen (Ruiz et al., 2003). In future, as more data on field trials
and associated risk assessment would be available, transgenics
will play an important role in commercial phytoremediation.

Future requirements for phytoremediation:

Since last decade phytoremediation has gained
acceptance as a technology and has been acknowledged as an
important area of research. Phytoremediation’s basic processes
are still largely not clear and hence require further basic and
applied research to optimize its field performance. Information
collected from basic research at physiological, biochemical and
genetic level in plants will be helpful in understanding the
processes of passive adsorption, active uptake, translocation,
accumulation and chelation mechanisms. Research aimed at
better understanding of the interactive roles among plants roots
and microbes will help scientists to utilize theirintegrative capacity
for soil decontamination. Further, genetic evaluation of
hyperaccumulators growing in metal contaminated soil and
associated microbes would provide the researchers with a gene
pool to be used in genetic manipulation of other non accumulators
and production of transgenics.

However, new knowledge and plant material obtained
from research is already being implemented for phytoremediation
in the field. The first field tests with transgenics are showing
promising results. As more results demonstrating the
effectiveness of phytoremediation become available, its use may
continue to grow, reducing clean up costs and enabling the clean
up of more sites with the limited funds available (Rock, 2003).
Currently a great deal of research is in progress in this direction
and its impact will soon be felt in phytoremediation market.

Aninteresting development in phytoremediation could be
the adoption of an integrated approach both for research and
commercial purposes. Presently phytoremediation research is
carried out by scientists with expertise in only certain fields e.g.
plant molecular biology, plant biochemistry, plant physiology,
ecology, plant biochemistry, plant physiology, ecology, toxicology
or microbiology but phytoremediation being an integrated
technology will be benefited more by a team of researchers with
different backgrounds. Commercially to enhance public
acceptance phytoremediation can be integrated with landscape
architecture such as remediation of partially contaminated urban
sites may be combined with an attractive design so that the area
may be used as a park or some other recreational place by the
public after the remediation process (Pilon-Smits, 2005).

It is obvious that phytoremediation is an effective
technology for removing and detoxifying metals and metalloids
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such as Cd, Se and As from environment for recultivation and
reclamation of polluted sites. Phytoremediatoin works best when
supplemented by non biological remediation technologies for
decontamination of most polluted sites. Because pollutant
distribution and concentration are heterogeneous for sites, the
most efficient and cost effective remediation solution may be a
combination of different technologies such as excavation of the
most contaminated spots followed by polishing the site with the
use of plants. The identification of unique genes from natural
hyperaccumulators and their subsequent transfer to fast growing
species is another promising approach. To improve
phytoremediation a number of agronomic enhancements are also
possible ranging from traditional crop management techniques
(use of pesticides, soil amendments, fertilizers efc.) to approaches
more specific to phytoremediation such as improving metal
solubility in soils through the use of chelators. Finally, advances
in optimizing plants for phytoremediation will depend on gaining
new knowledge about the fate and transport of metals/ metalloids
in plants and innovative technologies to improve the acceptability
of transgenic plants for phytoremediation.
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