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Cadmium in soils is known to originate from geogenic (natural)
and anthropogenic (industrial) sources. Cadmium in soils is known
to be more mobile and readily absorbed and incorporated into plant
tissues compared with lead and mercury. Due to inherent genetic
and physiological characteristics plants have long been known to
accumulate cadmium from soils. Some plants known as hyper-
accumulators are able to tolerate high levels of elements in the root
and shoot cells. The ability to both tolerate elevated levels of heavy
metals and to accumulate them to unusually high concentrations is
the result of various biological mechanisms which plants have de-
veloped during evolution. Phytoremediation is the use of specially
selected and engineered metal accumulating plants for environmen-
tal clean-up.
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INTRODUCTION

Cadmium is one of the components of the earth’s crust and present everywhere
in the environment. The natural occurrence of cadmium in the environment results
mainly from gradual phenomena such as rock erosion and abrasion that estimates
for 15,000 mt per annum'. Naturally existing concentration of cadmium in
atmosphere is 0.1-0.5 ng/m’, in earth’s crust is 0.1-0.5 pg/g but much higher
levels may accumulate in sedimentary rocks and marine phosphates. The wide-
spread use of cadmium is based on its unique physical and chemical properties.
It is highly resistant to chemicals, high temperature and ultraviolet light?.
Cadmium is widely used in special alloys, pigments coatings, stabilizers and
above all (almost 70% of its use) in Ni-Cd batteries>. It can enter air from the
burning of coal, household waste and metal mining as well as refining-process
which may increase the level of cadmium in the soil varying from 100-600 mg/kg
dry wt.* > or more®. The general trend of metal enrichment appears to be urban
> rural > remote location. '
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Some countries have set tolerance limits on heavy metal additions to soil
because their long-term effects are unknown. These limits are usually set for
plough layer of soil where most of the root activity occurs. The value of
potentially toxic elements (PTE) proposed by Council of European Economic
Committee’ for cadmium concentration in soil is 1.0-3.0 mg/kg of dry soil and
maximum annual addition of total cadmium to soils® is 150 g ha™.

Cadmium appears to be absorbed passively’ and translocated freely. The
uptake of cadmium from soil to above ground parts depends upon many factors
including (a) the position of the total cadmium that is available to the plant root
system and (b) the pH. Optimum cadmium mobility is achieved'®!! at pH 4.5-5.5.
The absorption of cadmium almost doubled for each increase of 0.5 units'? in the
pH from 4-7.

Cadmium accumulation in plants: Most of the cadmium that enters the
plant system accumulates in the roots and only a small portion is translocated to
stem, leaves, pods and seeds'*. Accumulation of Cd is directly proportional to the
concentration of cadmium supplied to the growing plant as well as the phonolog-
ical stage at which cadmium is supplied. However, the actual accumulations are
influenced by the plant species and soil properties'* 13, Vassilev et al.'® observed
10 times higher Cd accumulation in roots than over ground parts. Cadmium
retention in the roots might be due to the cross linking of Cd to carboxyl groups
of cell wall proteins'” and/or an interaction with the thiol groups of soluble
proteins and non-proteins thiol operating as a tolerating mechanism in root cells'®.
There are some plants (e.g., Alyssum spp., T. carrulescens) that accumulate
maximum cadmium in their biomass than the surrounding environmental concen-
trations in which they grow. These are called hypcr—accumulators'g' 2

Mechanism of tolerance: All organisms possess mechanisms that regulate
metal ion accumulation and, thus, avoid their toxicity2'. The mechanisms that
provide tolerance in plants are largely unknown®*. Since plants generally have no
choice about where to germinate and grow, they must develop some specific
physiology to collectively enable them to adapt to unfavourable environmental
conditions to survive® %,

Binding of metal to cell wall

In nature, the root system of plants acts usually as the first barrier to heavy
metals in the soil. In spite of differential mobility of metals in plants, root system
accumulates them to a significantly higher extent'®. At the first barrier, cadmium
can be immobilized by means of cell wall* ?® and extra-cellular carbohydrates
like mucilage and callose*” 2. In some cases, Cd ions seem to be mostly bound
by pectic sites and hystidyl groups of cell wall?®, The tolerance imparted by these
mechanisms is primarily dependent on the concentrations of cadmium supplied™.

Immobilization of metal through phytochelatin

Once cadmium has entered the cytosol, a system strictly related to sulphur
metabolism is promptly activated, finally resulting in the production of import-
ant complexing agents termed as phytochelatins®'*. They form a family of
struCtures with increasing repetition of the (y-Glu-Cys ),-Gly where n has been
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reported to be as high as 11, but is generally in the range of 2-5. Phytochelatins
form various complexes with cadmium (with molecular mass of about 2500 or
3600), due to the presence of thiol groups of Cys, which chelate cadmium, and
as a result prevent it from circulating as a free Cd** inside the cytosol®. The
production of phytochelatins is a widespread mechanism of cadmium detoxifica-
tion in higher plants®* 3637,

Metallothioneins

It has been documented that in animals and certain fungi metal uptake induces
the production of small cysteine-rich proteins known as metallothioneins (MTs).
Metallothioneins are low-molecular-weight, cysteine-rich proteins that have high
affinity for binding metal cations”, such as Cd, Cu and Zn. In plants
metallothioneins have been identified only in wheat® and Arabidopsis. These are
small gene coded cys rich polypeptides, generally lacking aromatic amino acids*
and have a high metal content in coordination of metal thiolate clusters. Their
molecular weight varies*! from 8-14 K Da and are thought to be aggregates of
phytochelatins. MTs from many species, although differing in some respects, are
remarkably similar in structure and retain a high degree of homology at the protein
leve!*? implying important biological functions. A critical and essential biological
function for MTs, individually or collectively, has yet to be identified. However,
a number of roles associated with cellular and tissue stress has been attributed to
MT. These roles include the detoxification of heavy metals, homeostatic regula-
tion of essential metals and protection of tissues against various forms of oxidative
injury“. MTs behave similarly as'PCs and often metal complexation duties
shared between MTs and PCs as seen in Datura and Zea mays‘“.

Vacuolar compartmentalization

A very significant role in detoxification and tolerance is played by vacuolar
compartmentalization. It prevents free circulation of Cd ions in the cytosol and
forces them into a limited area®. Cadmium, free and complexed, is sequestered
in vacuole of root cells in most species. It is actively transported from cytosol
into vacuole across the tonoplast via an H'/Cd" antiport or an ATP-dependent
phytochelatin transporter* 46, Cd-Pc complexes as well as apo-chelatin are
transported against the concentration gradient across the tonoplast by means of
specific carriers. They accumulate inside tonoplast vesicle up to 38 times more
than external solution®’. In the vacuole because of acidic pH, these complexes
dissociate and cadmium can be complexed by vacuolar organic acids like citrate,
oxalate and malate*® and possibly by amino acids. Apo-phytochelatins may be
degraded by vacuolar hydrolysis and/or return to the cytosol, where they can
continue to carry out their shuttle role.

Stress proteins

Plants when subjected to cadmium show the induction of several classes of
heat shock proteins (hsps) (hsp 100, hsp 90, hsp 70, hsp 60) or stress proteins or
hsp cognates®. It has been demonstrated that the DNA of CD stressed cells
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produces specific mRNA transcripts, which regulate the synthesis of stress
proteinsso' 3! In several species, Cadmium exposure induces the synthesis of stress
proteins with molecular mass ranging®” ** from 10,000-70,000 Da. Rivetta et al’
demonstrated that cadmium binds to calmodulin and competes with calcium in
this binding.

Stress ethylene and stress triterpenes

Cadmium has shown to stimulate ethylene biosynthesis through methione-S-
adenosyl methionine, 1-aminocyclopropane-1-carboxylic acid ethylene (MSEA)
pathway>. Production of stress ethylene increased the activity of guaiacol
peroxidases and accumulation of soluble and insoluble phenolics® and it was
hypothesized that this increase in ethylene production could be contributed to
cadmium sequestration, which diminished the cadmium stress.

Phytoremediation

The use of specially selected and engineered metal accumulating plants for

environmental clean up is an emerging technology called phytoremediation®™%.

Phytoremediation of metal contaminated sites offers a low cost method for soil
remediation and some extracted metals may be recycled for value. Because cost
of growing-a crop is minimal compared to those of soil removal and replacement,
so the use of plants to remediate hazardous soils is seen as having great promise.
Other recent reviews on many aspects of soil phytoremediation are avail-
able’” 61764, Phytoremediation is the use of plants to make soil contaminants
non-toxic and is also often referred to as bioremediation, botanical bioremediati 1
or Green Remediation. The idea of using rare plants which hyperaccumulate
metals to selectively remove and recycle excessive soil metals was introduced by
Chaney et al.% and has increasingly been examined as a potential practice and a
more cost-effective technology than soil replacement, solidification or washing
strategies presently used$? 66,

Strategies of Phytoremediation

Rhizosphere biodegradation: In this process, the plant releases natural
substances through roots that supply nutrients to microorganisms in the soil. The
microorganisms enhance degradation®?. ‘

Phytostabilization: In phytostabilization, chemical compounds released by
the plants immobilize contaminants rather than degrading them®.

Phytoextraction: Plant roots absorb the contaminants along with other
nutrients and water. The contaminant mass is not destroyed but ends up in the
shoots and leaves. This method is used primarily for wastes containing metals®’.

Rhizofiltration: It is similar to phytoaccumulation, but the plants used for
cleanup are raised in greenhouses with their roots in water. As the roots become
saturated with contaminant, they are harvested and disposed®®,

Phytovolatilization: Here plants take up water containing organic conta-
minants and release the contaminants into the air through their leaves.
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Phytodegradation: Phytodegradation involves metabolization and destruc-
tion of contaminants within the plant tissues.

Plant assisted bioremediation in which plant roots in conjunction with their
rhizophoric microorganisms are used to remediate soils contaminated with
organics.

The best hyperaccumulators®> 7" have (a) high accumulation rate, even at low
environmental concentration of the contaminant; (b) ability to accumulate very
high levels of contaminants; (c) ability to accumulate several metals; (d) fast
growth; (e) High biomass production and (f) Resistance to diseases and pests.

Genetic engineering for phytoremediation

Improvement of plants by genetic engineering, i.e., by modifying characteris-
tics like metal uptake, transport and accumulation as well as tolerance, opens up
new possibilities for phytoremediation??. This also yields insights into the
molecular regulation and control of plant heavy metal and micronutrient accu-
mulation and homeostasis, as well as provides information that will contribute
for the improvement of phytoremediation. Enhancing rhizophoric detoxification
by enlarging root mass may be effected by using Agrobacterium tumefaciens and
Agrobacterium rhizogenes which can mediate DNA transfer from bacterium to
plant cells”".

It has been found that cadmium tolerance and accumulation is enhanced by
overexpression of gamma-glutamylecysteine synthctascn. Indian mustard (Bras-
sica junceae) was genetically engineered to over—express. the Escherichia coli gshl
gene encoding gamma-glutamylcysteine synthetase (y-ECS). y-ECS transgenic
seedlings showed increased tolerance to cadmium and higher concentration of
PCs, gamma-GluCys, glutathione and total non-protein thiols compared with wild
type seedlings. In spite of their higher tissue cadmium concentration, y-ECS plants
grew better in the presence of cadmium than wild type. Thus, over-expression of
y-ECS appears to be a promising strategy for the production of plants with
superior heavy metal phytoremediation capacity. Metal chelating characteristics
of synthetically prepared phytochelatin analog peptide (Glu-Cys),Gly to deter-
mine if a gene encoding such a peptide might be useful in phytoremediation were
studied by Bae et al.”® Studies with Cd(II), Hg(1I) and Pb(II) show that synthetic
(Glu-Cys),Gly peptides exhibits metal-chelating properties similar to the phy-
tochelatin (y-Glu-Cys),Gly. GSH-bound metals were also shown to be quantita-
tively transferred to (Glu-Cys),Gly. The Cd(II)-form of the synthetic
(Glu-Cys),Gly peptide-like PCs was able to form stable complexes with sulfide.
The spectroscopic properties of (Glu-Cys),Gly-coated complexes of CdS were
comparable to those exhibited by (y-Glu-Cys),Gly-coated CdS particles. Both
(Y-Glu-Cys),Gly and (Glu-Cys),Gly exhibited a Cd-binding stoichiometry of 0.5
Cd per peptide molecule. UV-Visible, HPLC and mass spectral analyses indicated
that one Hg(Il) ion was chelated by each molecule of (y-Glu-Cys),Gly or
(Glu-Cys),Gly. Each molecule of (y-Glu-Cys), or (Glu-Cys),Gly bound to one
atom of Pb(I)”>.
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Conclusion

Phytoremediation of metal polluted soils to be successful, a strategy should be

considered that combines rapid screening of plant species possessing ability to
tolerate and accumulate heavy metals with agronomic practices that enhance
shoot biomass production and/or increase metal bioavailability in the
rhizophore’. However, biology alone cannot make phytoremediation work. The
highly integrated nature of phytoremediation requires synergy with many other

disciplines.
VARIOUS SPECIES OF PHYTOREMEDIATORS
Plant Cd supplied Root Shoot Reference
Maize 15 10 76 75
Pea 15 10 64 75
Cucumber 25 1.58 8.68 76
Barley 45 17 196 16
Thlapsi 500 2700 — 5
Tobaccoo 18 120 — 77
Silene 5.5 19 — 65
Radish 40 13 3 75
Cowpea 2 1.1 79 78

® N s
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