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accumulates or converts it to non toxic forms, but that incurred serious physiological and metabolic constraints in 
plants. This review is focused on promising aspects of physiolog
mechanism of plant response towards heavy metal stress. 
 
 

 

  

 

INTRODUCTION 
 
Natural processes such as volcanic eruptions, continental dusts and 
anthropogenic activities like mining, combustion of fossil fue
phosphate fertilizers, military activities, metal working industries etc. 
lead to emission and accumulation of heavy metals in ecosystem. 
Since the beginning of the industrial revolution, pollution of the 
biosphere with toxic metals has accelerated dram
such as Cu, Zn, Ni, Co, Fe, Mo and Mn are essential mineral 
nutrients, play a significant role in gene expression, biosynthesis of 
proteins, nucleic acids, growth substances, chlorophyll and secondary 
metabolites, and carbohydrate and lipid metabolism required in trace 
amounts[1]. Metal contaminated  soil with excess amount of  any or 
all type of heavy metals like Lead (Pb), Cadmium (Cd), Chromium 
(Cr), Arsenic (Ar) etc. in varying combinations and concentrations 
adversely affect the health of millions of people world wide. More 
than 400 million people are at the risk of arsenic poisoning in 
Bangladesh and West Bengal of India due to high level of arsenic in 
drinking water and soil. 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 [
concentrations, nickel reduce or inhibit shoot and root growth [
though low concentrations of nickel may also stimulate the 
germination and growth of various crop species [
of heavy metal pollutants from man-made sources are lead, mercury, 
cadmium, copper and arsenic. Cadmium (Cd) is a common 
environmental contaminant introduced into the soil through 
anthropogenic activity. While some metals are required for life, their 
excessive accumulation in living organisms is always toxic. The 
danger of Cd is aggravated by their almost indefinite persistence in 
the environment. For example lead, which is one of the more 
persistent metals, was estimated to have a soil retention time for 150
5000 years [7]. Potential threat is that heavy metals are not 
degradable and without intervention stay in soil for centuries. 
metals contamination has reached toxic levels in the air, 
water of many parts of the world [8], and clean up has become an
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ABSTRACT 

Heavy metals pollution to water and soils due to anthropogenic activities are threats to living organisms which 
needs to be tackled with a new emerging technology, referred as phytoremidiation, offers a cost
environmental friendly way for clean up of contaminated areas with exploitation of green plants, which either 
accumulates or converts it to non toxic forms, but that incurred serious physiological and metabolic constraints in 
plants. This review is focused on promising aspects of physiological, biochemical and molecular level to know the 
mechanism of plant response towards heavy metal stress.  
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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 and accumulation of heavy metals in ecosystem. 
Since the beginning of the industrial revolution, pollution of the 
biosphere with toxic metals has accelerated dramatically. Elements 
such as Cu, Zn, Ni, Co, Fe, Mo and Mn are essential mineral 
nutrients, play a significant role in gene expression, biosynthesis of 
proteins, nucleic acids, growth substances, chlorophyll and secondary 

pid metabolism required in trace 
]. Metal contaminated  soil with excess amount of  any or 

all type of heavy metals like Lead (Pb), Cadmium (Cd), Chromium 
(Cr), Arsenic (Ar) etc. in varying combinations and concentrations 

health of millions of people world wide. More 
than 400 million people are at the risk of arsenic poisoning in 
Bangladesh and West Bengal of India due to high level of arsenic in 
drinking water and soil. These heavy metals are toxic because they 

amage and their carcinogenic effects in animals and 
humans are probably caused by their mutagenic ability [2,3]. At high 
concentrations, nickel reduce or inhibit shoot and root growth [4,5], 
though low concentrations of nickel may also stimulate the 

ation and growth of various crop species [6]. High on the list 
made sources are lead, mercury, 

cadmium, copper and arsenic. Cadmium (Cd) is a common 
environmental contaminant introduced into the soil through 

activity. While some metals are required for life, their 
excessive accumulation in living organisms is always toxic. The 
danger of Cd is aggravated by their almost indefinite persistence in 
the environment. For example lead, which is one of the more 

stent metals, was estimated to have a soil retention time for 150–
Potential threat is that heavy metals are not 

degradable and without intervention stay in soil for centuries. Heavy 
metals contamination has reached toxic levels in the air, land and 

], and clean up has become an 

 
urgent problem to minimize the entry of toxic elements into the food 
chain. The conventional remediation technologies (other than 
bioremediation) used for in situ and ex situ remediation are typically 
expensive and destructive. They include solidification and 
stabilization, soil flushing, electro kinetics, chemical reduction/
oxidation, soil washing, low temperature thermal desorptio
incineration, vitrification, pneumatic fracturing, excavation/retrieval, 
landfill and disposal. Plants are one pathway for toxic metal 
mobilization into the human food chain, and paradoxically they may 
also provide an elegant means of reducing this spre
Phytoremediation, the use of plants to extract, sequester and/or 
detoxify heavy metals and other pollutants, may offer a cost
and ecologically sound alternative [
be a relatively less expensive, less invasive an
effective means of addressing existing heavy metal contamination 
than those currently practiced [10,11
exposure to heavy metal salts is ensured by a complex of cell
mechanisms, the most important of
synthesis of phytochelatins and metallothioneins, which bind heavy 
metals and thus withdraw them from active cell metabolism; (2) the 
synthesis of molecular chaperons, homologues of HSP70, HSP90, 
etc.; and (3) the formation and function of antioxidant systems [
 
Physiological response 
 
Majority of the response in relation to environmental stresses in 
plants are linked with growth, differentiation and physiological 
aspects such as photosynthesis, ions uptake and transport [
Under Cd stress plant shows no of symptoms like chlorosis, leaf 
rolling and stunting. In certain species it resulted in structural 
disorders and thereby growth restriction [
effect on metabolism have also been reported, such as 
nutrient uptake [21], changes in nitrogen metabolism [
water balance, and inhibition of stomatal opening [
Cd2+ ions might cause alterations in permeability of membranes by 
affecting lipid composition [18] and certai
membranes, such as H+-ATPase [
sensitive to Cd, which directly affects chlorophyll biosynthesis 
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to minimize the entry of toxic elements into the food 
The conventional remediation technologies (other than 

bioremediation) used for in situ and ex situ remediation are typically 
expensive and destructive. They include solidification and 
stabilization, soil flushing, electro kinetics, chemical reduction/ 
oxidation, soil washing, low temperature thermal desorption, 
incineration, vitrification, pneumatic fracturing, excavation/retrieval, 

Plants are one pathway for toxic metal 
mobilization into the human food chain, and paradoxically they may 
also provide an elegant means of reducing this spread. 
Phytoremediation, the use of plants to extract, sequester and/or 
detoxify heavy metals and other pollutants, may offer a cost-effective 
and ecologically sound alternative [9]. Phytoremediation appears to 
be a relatively less expensive, less invasive and potentially more 
effective means of addressing existing heavy metal contamination 

10,11]. The survival of plants under 
exposure to heavy metal salts is ensured by a complex of cell-defense 
mechanisms, the most important of which are (1) the de novo 
synthesis of phytochelatins and metallothioneins, which bind heavy 
metals and thus withdraw them from active cell metabolism; (2) the 
synthesis of molecular chaperons, homologues of HSP70, HSP90, 

unction of antioxidant systems [12]. 

Majority of the response in relation to environmental stresses in 
plants are linked with growth, differentiation and physiological 
aspects such as photosynthesis, ions uptake and transport [13,14]. 
Under Cd stress plant shows no of symptoms like chlorosis, leaf 
rolling and stunting. In certain species it resulted in structural 
disorders and thereby growth restriction [15,16,17,18, 19,20]. Its 
effect on metabolism have also been reported, such as decreased 

], changes in nitrogen metabolism [22], altering of 
water balance, and inhibition of stomatal opening [23]. Moreover, 

ions might cause alterations in permeability of membranes by 
] and certain enzymes associated with 

ATPase [24]. Net photosynthesis is also 
sensitive to Cd, which directly affects chlorophyll biosynthesis 
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[25,26] and proper development of chloroplasts [18,20]. It lead to 
decrease in shoot dry weight which was concomitant with a 
significant reduction in both length and diameter of the internodes as 
well as in leaf area and thickness but it is dependent on tissue age. 
The reduction of internode diameter is associated with significantly 
lower cortical and medullar tissue extends because of a disturbance of 
the cellular expansion, leading to organ contour distortions due to 
irregular cell division [27]. In certain spp, Cd interfered with the 
formation of regular cell rows and caused, in the most external layers, 
an enlargement of cells, which appeared the result of anomalous 
division planes. Simultaneously, Cd caused a significant reduction of 
the number and diameter of the xylem vessels. This response, 
commonly reported in other plant species like bean [16], could 
involve a restriction of water flow translocation to shoots, and thus 
contribute to the perturbation of the plant water balance. Among the 
most spectacular effects generated by metal stress at the stem level, 
was the appearance of “peculiar” formations, characterized by the 
presence of particular cells, delimiting a dense space, whose 
induction and localization remain tributary to the organ 
developmental stage and stress intensity [28]. Cadmium that reached 
the leaves resulted in further physiological and structural damages. 
Leaf growth was inhibited and blade thickness was diminished owing 
to the reduced enlargement of mesophyll cells, resulting in increasing 
tissue dry weight / fresh weight ratio, especially in young (third) 
leaves. Under Cd stress, stomatal conductance was found to sharply 
decline suggesting that stomatal functionality may be compromised 
[29]. Changes in plant water relations with a decline in the 
transpiration rate have been observed in other Cd-exposed species 
[30,27] and were ascribed to decreased leaf blade expansion [31]. 
Although the reduction in leaf surface area is a rather common 
consequence of exposure to Cd, data regarding Cd effects on leaf cell 
enlargement are somewhat contradictory. In Phaseolus vulgaris, Cd 
caused a decrease in cell size [32], whereas in both Brassica napus 
and Pisum sativum it led to an increase of the mesophyll cell 
dimensions [27,23]. Exposure of submerged leaves to Cd in the 
aquatic plant Elodea canadensis was found to inhibit cell division but 
induced a significant enlargement of only one of the two cell layers 
constituting the leaf blade [33]. This suggests that the changes in leaf 
cell enlargement caused by Cd may actually be due to specific 
morphogenetic effects rather than to impaired water balance [34]. 
Pisum sativum further showed an impaired photosynthesis due to 
lower PSII activity under metal stress conditions [35]. It is well-
known that leaves with high cell density have less efficient 
photosynthesis, and it affects the intensity of gas exchanges. 
Niinemets et al.[36] reported that leaf photosynthetic capacity scaled 
negatively with cell density. Furthermore, leaves with high cell 
density have a low intercellular space rate, which increases the 
resistance to gas diffusion into the tissues [37]. On the other hand, 
thick leaves have high photosynthetic potential [36] and an ample 
lacunar tissue, which favours the diffusion of gases in the mesophyll. 
Cell density can provide further information about the importance of 
the apoplastic fraction and, as an indirect result, on the detoxifying 
potential [38]. 
 
Anatomical response 
 
Copper or cadmium applied alone or in combination caused 
significant reduction in root diameter, width and thickness of leaf 
midrib, diameter of xylem vessels of all seedling organs, parenchyma 
cell area in the stem, leaf midrib and pith and cortex of root, 
dimensions of stem vascular bundles, number of xylem arms in root, 
and frequency of stomata on abaxial leaf surface and reduction in 
grain yield due to the heavy metal-induced changes in the structure 
and consequently the function of the vascular and stomatal apparatus 
[39]. The increase in number of xylem tissues due to increased rate of 
transpiration and thickening of cell wall with reduction in number of 
cells in the cortical region of the roots due to accumulation of heavy 
metals in the vacuoles of the cortical cells and the cell wall of the root 
was also reported under heavy metal stress [40].  

In plant cells, actin forms various structures that may undergo mutual 
transitions; it is present in the form of tight bundles of longitudinal 
filaments linked to one another and the cell membrane into a single 
network, a thin near membrane network formed by polymeric actin, 
and the pool of monomeric (unpolymerized) actin. Rearrangements in 
cell metabolism are often accompanied by changes in the 
organization of actin filaments and in the proportion of polymeric and 
monomeric forms of actin. The studies of the effect of heavy metals 
on the cytoskeleton of plant cells that have been performed so far are 
quite scanty. It was shown that cadmium caused disorganization and 
destruction of microfilaments and microtubules in the green alga 
Spirogyra and that aluminum induced formation of tight bundles of 
actin filaments in meristematic cells of Triticum turgidum root. It was 
also established that the resistance to aluminum of tobacco mutants 
was associated with a considerable increase in the total content of 
actin and especially in the proportion of tight bundles of actin 
filaments in leaf cells. It is well known that HSPs (or their analogues) 
are molecular chaperons that are involved in maintenance of the 
native structure of proteins and prevent their denaturation and 
aggregation. The interaction between HSP and actin may be of 
principal importance for maintenance of the cytoskeleton structure 
and survival of plants under exposure to heavy metals. Short term 
treatment of rape plants with 50 μM CuSO4 resulted in a considerable 
increase in the amount of polymeric actin in root cells and an increase 
in the amount of HSP70 and HSP60 associating with actin filaments. 
It assumed that HSP70 and HSP60, which interact with the polymeric 
actin under exposure to heavy metals, function as molecular 
chaperons and protect the actin cytoskeleton from damage [12]. 
 
Biochemical response 
 
As and when the plant encounters with either biotic or an abiotic 
stress the preliminary response of the all plant spp is generation of 
ROS which is due to the auto oxidation of redox-active heavy metal 
or cellular damage or may be due to displacement of ions. Reactive 
oxygen species (ROS) are continuously produced at low level during 
normal metabolic processes [41]. But in biological systems, 
increasing the synthesis of ROS is one of the initial responses to 
different stress factors [42]. ROS induce damage to the biomolecules 
through peroxidation of membrane lipids, alteration of protein 
functions, DNA mutation, damage to chlorophyll and disruption 
some of metabolic pathways (electron transport chain and ATP 
production) [43,44]. Plants have complex ROS scavenging 
mechanisms at the molecular and cellular levels. These mechanisms 
with inhibition or slow the oxidation of biomolecules and oxidative 
chain reactions [45] decrease the cellular oxidative damage and 
increase resistance to heavy metals. The plant antioxidant defense 
systems include antioxidant enzymes such as superoxide dismutase 
(SOD), peroxidase (POX), catalase (CAT), glutathione reductase 
(GR), monodehydroascorbate reductase (MDHAR) and 
dehydroascorbate reductase (DHAR) and low-molecular weight 
quenchers (cycteine, ascorbic acid, thiols, proline [42], α-tocopherol, 
glutation, carotenoids, phenolic and nitrogen compounds [45].  
 
Proline 
 
Proline is a heterocyclic amino acids found abundantly in basic 
proteins. Proline accumulation is an indicator of heavy metal 
tolerance under stress as it plays an essential role. The amino acid 
acts as an osmolyte by antioxidative, osmoprotection properties and 
metal chelator [46], takes part in reconstruction of chlorophyll [47], 
regulation of cytosolic acidity [48] tolerance to stress by 
osmoregulation and stabilization of protein synthesis [49], stabilize 
the macromolecules and organelles [50] the protection of enzymes 
from denaturation [48] and also serve as source of nitrogen and 
energy in recovery growth [51].The increment in proline level under 
abiotic stress may occurred due to increase of de novo synthesis or 
decrease degradation [52] and the effect of proline on the 
permeability of membrane [53]. It was also correlated that decrease 
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in the mitochondrial electron transport activity accompany increase in 
proline accumulation under environmental stresses [54].  
 
Ascorbic acid 
 
It is a sugar acid and an antiascorbutic required for formation of 
connective tissue collagen, hydroxylation of certain proline and 
lysine residues and for normal iron metabolism. It is a strong 
reducing agent losing hydrogen atom readily to become 
dehydroascorbic acid which has vitamin C activity in turn protects 
the cell membrane from the toxic action of powerful oxidizing 
agents. Ascorbic acid is universally present in plants as a constituent 
of oxidation –reduction systems and is actively involved in the plant 
growth, differentiation and development [55]. Ascorbic acid acts as 
potent antioxidant and the highly reactive oxyradicals promote the 
oxidation of ascorbic acid to dehydroxy ascorbic acid, leading to the 
reduction of ascorbic acid [56]. The retention of ascorbic content in 
the cotyledons may be due to its reduced translocation. Ascorbic acid 
oxidase is unlikely to be involved in scavenging system, since the 
reaction consumes molecular oxygen, rather than hydrogen peroxide 
[57]. Elevated level of ascorbic acid on exposure to the heavy metal 
stress in roots suggest that it plays an important role of detoxifying 
the ROS generated under heavy metal stress with scavenging of 
H2O2, a reaction catalyzed by APX [58]. 
 
Chlorophyll 
 
An essential component of photosynthesis present in chloroplast with 
porphyrin (tetrapyrrole) nucleus with a chelated magnesium atom at 
the centre and a long chain hydrocarbon (phytol) side chain attached 
through a carboxylic acid group. Regarding the green pigment 
content, heavy metal-treated plants showed a remarkable decrease of 
chlorophyll that causes photosynthesis rate enormously decrease in 
response to elevated heavy metal concentration. Reduction in 
chlorophyll content as a consequences of many metabolic reactions 
like inhibition of enzymes activity such as δ-aminolevulinic acid 
dehydratase (ALAdehydratase) [59] and protochlorophyllide 
reductase [60], replacement of Mg with heavy metals in chlorophyll 
structure [61], decrease in the source of essential metals that involved 
in chlorophyll synthesis such as Fe2+ and Zn2+ [60,62], destruction of 
chloroplast membrane by lipid peroxidation due to increase in 
peroxidase activity and lack of antioxidants such as carotenoids [63], 
decrease in density, size and the synthesis of chlorophyll and 
inhibition in the activity of some enzymes of Calvin cycle [27,64]. In 
another word, chloroplast contains many different parts that respond 
to heavy metal stress therefore any changes in chlorophyll synthesis 
and activity used as the index of direct toxic effects of heavy metals. 
In contrary to above findings an increase in chlorophyll ratio (a/b) in 
Co and Ag stress shows that chlorophyll ‘b’ is more sensitive to Co 
and Ag that disrupt the balance between energy trapping in 
photosystem II and cause a decrease in electron transport [65]. While 
decrease in chlorophyll ratio (a/b) in response to Cd and Pb 
treatments suggest that chlorophyll ‘a’ is more sensitive to Cd and 
Pb.  
 
Carotenoid 
 
Caratenoids are tetraterpeniod (C40) compounds widely distributed in 
plants, function as accessory pigments in photosynthesis and as 
colouring matters in flowers and fruits. Some of the commonly 
occurring carateniods are simple unsaturated hydrocarbons based on 
lycopene and their oxygenated derivatives known as xanthophylls. Β- 
carotene is the most common pigment in this group found in higher 
plants. Carotenoid is a non-enzymatic antioxidant pigment that 
protects chlorophyll, membrane and cell genetic composition against 
ROS under heavy metals stress [66]. In plant cell protective role of 
this pigment might be due to quenching triplet chlorophyll, replacing 
peroxidation and destruction of chloroplast membrane [67]. Decrease 
in carotenoid content is a common response to metal toxicity [68], 
but increase is due to important role of this pigment in detoxifying 

ROS [69, 70]. The carotenoid content decreased in response to heavy 
metals indicate a severe effect on cell and its component parts at first 
carotenoid content increased to protect the cell against these heavy 
metals, but in high concentration (100 μM) these heavy metals 
activate some mechanisms and degrade carotenoid pigments.  
 
Phenolic Compounds 
 
Plants contain a large no of aromatic compounds with hydroxyl 
groups which are collectively referred as phenolics or phenols. They 
are the derivatives of phenol molecule and are quite diverse in their 
chemical structure. It includes wide range of compounds such as 
catechol, cyaniding, caffeic acid, ferulic acid, tannins, flavonols, 
chlorogenic acid, lignins and capsaicin. The increase in phenolic 
content may be due to protective function of these compounds against 
heavy metal stress by metal chelation and ROS scavenging [71,72]. 
Under heavy metal stress the level of phenol content gets increased 
due to its antioxidative activity govern by their ability to chelating 
transition metal ion, the inhibition of superoxide-driven Fenton 
reaction [73,74] and membranes stability by decreasing membrane 
fluidity [75]. Phenolic compounds beside ascorbate can protect cell 
against oxidative stress by phenol-coupled APX reaction [76].  
 
Total Soluble Protein Content  
 
Lipids and proteins are important constituents of the cell that easily 
damage in environmental stress condition [77]. Hence, any change in 
these compounds can be considered as an important indicator of 
oxidative stress in plants It is thought that decrease in total soluble 
protein content under heavy metals stress may be due to increase in 
protease activity [78], various structural and functional modifications 
by the denaturation and fragmentation of proteins [79], DNA-protein 
cross-links [80], interaction with thiol residues of proteins and 
replacement them with heavy metals in metalloproteins [81]. It has 
been reported that cadmium is able to decrease protein content by 
inhibiting the uptake of Mg and K and promote posttranslational 
modification [82,83], decrease in synthesis or increase in protein 
degradation [84] and the prevention of Rubisco activity [85,86]. The 
increase in total soluble protein content under heavy metal stress may 
be related to induce the synthesis of stress proteins such as enzymes 
involved in Krebs cycle, glutathione and phytochelatin biosynthesis 
and some heat shock proteins [87,88]. 
 
SOD Activity 
 
Superoxide dismutase (SOD) is an essential component of plant 
antioxidation system that can be used as biomarker of environmental 
stress [89]. Superoxide dismutase is the first enzyme in ROS 
detoxifying process that with converting O2– to H2O2 in cytosol, 
chloroplast and mitochondria plays an axial role in cellular defense 
mechanisms against the risk of OH formation [90,91]. Increase in 
SOD activity under metal stress indicates high accumulation of ROS 
in order to activate antioxidative defense enzymes to inhibit oxygen 
radical accumulation. Increase in SOD activity appears to be 
probably attributed to superoxide radical accumulation, de-novo 
synthesis of the enzymatic proteins87 and induction the expression of 
genes encoding SOD [92]. Possible explanations for the decrease in 
SOD activity under 100 μM Ag treatments may be linked to 
inactivation of enzyme by the production of excess ROS and 
unspecific enzyme degradation [93] or the binding of nonessential 
heavy metals to the active center of the enzyme [94]. 
 
GPX Activity 
 
Peroxidases (POX) with large number isoenzymatic forms participate 
in a variety of cellular functions such as growth, development, 
differentiation, senescence, auxin catabolism, and lignifications [95]. 
SOD activity results in H2O2 production that should be detoxified by 
some other oxidative enzymes such as APX, GPX and CAT to H2O 
and O2 [96]. Although any change in GPX activity can consider as a 
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typical response to oxidative stress, but diversity in peroxidase 
activity under heavy metals stress depends on plant species 
(physiological status and genetic potential of plant), time of treatment 
and metal concentration [97,98]. The decrease in GPX activities may 
result in the cytotoxicity due to blocking of essential functional 
groups, replacement of essential metals with heavy metals, changes 
in structure or the integrity of proteins and the interruption of signal 
transduction pathways of antioxidant enzymes because of poisonous 
active oxygen species (AOS) derivatives [92,94,97]. In comparison 
with control, GPX activity increased in both levels of Cd treatments. 
Van Assche and Clijsters [60] demonstrated that increase in GPX 
activity might be a result of increase in de novo protein synthesis or 
the activation of enzymes already present in plant cells to diminish 
ROS deleterious effects. 
 
CAT Activity 
 
Increase in CAT activity was expected because increase in SOD 
activity lead to H2O2 generation that will be detoxified in further steps 
by CAT or POX to maintain the cellular redox state. There are two 
pathways in ROS scavenging: SOD/CAT and ascorbate-glutathione 
cycle [99]. CAT is one of the most important component of plant 
protective mechanisms that exist in mitochondria and peroxisomes 
[100] and has important role in scavenge free radicals specially H2O2 
generated during photorespiration [101] and stress condition 
[102,103]. This enzyme by catalyzing H2O2 to H2O and O2 via two-
electron transfer [104] prevent the generation of OH and protect 
proteins, nucleic acids and lipids against ROS [105]. CAT activity 
increased in all treatments except Pb and Ag (100 μM) which can be 
considered as a circumstantial evidence for role of CAT in 
detoxification of H2O2 that induced under heavy metals stress. Under 
Pb stress a significant dose-dependent decrease in activity was 
observed and enzyme activity at higher concentration (100 μM) was 
less than 50 μM and this indicate that increase in metal concentration 
cause the inhibition of enzyme activity because in high concentration 
of metal CAT is not properly able to protect cell against ROS. These 
results are in agreement with results of Verma and Dubey [87]. It has 
been reported that decrease in CAT activity under Pb treatment 
resulted in increase in lipid peroxidation because of decrease in H2O2 
detoxification [106]. It also reported that decrease in SOD and CAT 
activities cause increase in lipid peroxidation by convert Fe+3 to Fe2+ 
for generation OH. Some of the reasons for decrease in CAT activity 
under stress conditions are changes in the assembling of CAT 
subunits and enzyme inactivation or proteolytic degradation by 
peroxisomal protease [107,108], changes in enzyme structure due to 
binding non-essentional metals to them [109]. Also increase in GPX 
and decrease in CAT activity in Pb 50 μM support this hypothesis 
that most H2O2 produced by SOD, detoxified by peroxidase in 
oxidation processes. 
 
Oxylipin 
 
The lipid derived compounds have been identified very recently as 
signaling molecules in plants elicited by pathogens and are probably 
also responsible for heavy metal-induced defense responses as well. 
However, abiotic stress such as heavy metals or membrane integrity 
disturbing compounds can only partially mimic biotic interactions 
with respect to the activation of secondary metabolism initialized by 
ROS generation but still it has to be characterized for its role in signal 
transduction [110]. 
 
Molecular response 
 
Heavy metal ions play essential roles in many physiological 
processes. In trace amounts, several of these ions are required for 
metabolism, growth, and development. However, problems arise 
when cells are confronted with an excess of these vital ions or with 
non nutritional ions that lead to cellular damage [111,97,112,113]. 
Heavy metal toxicity comprises inactivation of biomolecules by 
either blocking essential functional groups or by displacement of 

essential metal ions [114]. In addition, autoxidation of redox-active 
heavy metals and production of reactive oxygen species (ROS) by the 
Fenton reaction causes cellular injury [115]. In response to toxic 
levels of heavy metals, plants synthesize Cys-rich, metal-binding 
peptides including phytochelatins and metallothioneins. Therefore, 
heavy metals can be detoxified by chelation and sequestration in the 
vacuole [116,117] and various membrane transport systems play an 
important role in metal ion homeostasis and tolerance [118]. 
Molecular response is also observed when plants encounter excessive 
amounts of heavy metals which are listed below. 
 
Metal transporters 
 
Metal cation homeostasis is essential for plant nutrition and 
resistance to toxic heavy metals. Therefore, heavy metal transport is a 
very exciting and developing field in plant biology. Although there is 
no direct evidence for a role for plasma membrane efflux transporters 
in heavy metal tolerance in plants, recent research has revealed that 
plants possess several classes of metal transporters that must be 
involved in metal uptake and homeostasis in general and, thus, could 
play a key role in tolerance. These include heavy metal (or CPx-type) 
ATPases that are involved in the overall metal ion homeostasis and 
tolerance in plants, the natural resistance- associated macrophage 
protein (Nramp) family of proteins, cation diffusion facilitator (CDF) 
family proteins [119] and the zinc-iron permease (ZIP) family [120]. 
Of course, many plant metal transporters remain to be identified at 
the molecular level. The CPx-type heavy metal ATPases have been 
identified in a wide range of organisms and have been implicated in 
the transport of essential, as well as potentially toxic, metals like Cu, 
Zn, Cd, and Pb across cell membranes [119]. Responsive-to-
antagonist 1 (RNA1), a functional CPx-ATPase, plays a key role in 
the operation of the ethylene signaling pathway in plants. Hirayama 
et al.[121] identified an Arabidopsis mutant RNA1 that shows 
ethylene phenotypes in response to treatment with trans-cyclooctene, 
a potent receptor antagonist. Genetic epistasis studies revealed an 
early requirement for RAN1 in the ethylene pathway. Functional 
evidence from yeast complementation studies suggested that RAN1 
transports copper and it was proposed that this CPx-ATPase may 
have a role in delivering copper to the secretory system, which is 
required in the production of functional hormone receptors. The CPx-
ATPases are thought to be important not only in obtaining sufficient 
amounts of heavy metal ions for essential cell functions, but also in 
preventing the accumulation of these ions to toxic levels. The Nramp 
family defines a novel family of related proteins that have been 
implicated in the transport of divalent metal ions. Thomine et al.[122] 
reported that Nramp proteins play a role in Fe and Cd uptake; 
interestingly, disruption of an AtNramps3 gene slightly increased Cd 
resistance, whereas overexpression resulted in Cd hypersensitivity in 
Arabidopsis. The CDF proteins are a family of heavy metal 
transporters implicated in the transport of Zn, Cd, and Co that have 
been identified in some plants. Certain members of the CDF family 
are thought to function in heavy metal uptake, whereas others 
catalyse efflux, and some are found in plasma membranes whereas 
others are located in intracellular membranes. The recent study by 
van der Zaal et al.[123] suggests that the protein zinc transporter of 
Arabidopsis thaliana (ZAT1) may have a role in zinc sequestration. 
Enhanced zinc resistance was observed in transgenic plants 
overexpressing ZAT1 and these plants showed an increase in the zinc 
content of the root under conditions of exposure to high 
concentrations of zinc. However, this transporter is not confined to 
root tissue; northern blotting analysis indicated that ZAT1 was 
constitutively expressed throughout the plant and was not induced by 
exposure to increasing concentrations of zinc. Until now, 15 
members of the ZIP gene family have been identified in the A. 
thaliana genome. Various members of the ZIP family are known to 
be able to transport iron, zinc, manganese, and cadmium. Pence et 
al.[124] cloned the transporter ZNT1, a ZIP gene homolog, in the 
Zn/Cd hyperaccumulator Thlaspi caerulescens. They found that 
ZNT1 mediates high-affinity Zn uptake as well as low-affinity Cd 
uptake. Northern blot analysis indicated that enhanced Zn transported 
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in T. caerulescens results from a constitutively high expression of 
ZNT1 in the roots and shoots. Sequence analysis of ZNT1 indicated 
that it is member of a recently discovered micronutrient transport 
gene family, which includes the Arabidopsis Fe transporter IRT1 and 
the ZIP Zn transporters [124]. Working with T. caerulescens from a 
different source population, Assuncao et al.[125] have also cloned 
two ZIP cDNA (ZNT1 and ZNT2) and, similarly, have found them to 
be highly expressed in root tissue. The fact that downregulation of 
transcript levels was not observed in response to high concentrations 
of zinc suggests that a constitutively high level of expression of these 
transporters may be a distinctive feature of hyperaccumulator plants. 
Lombi et al.[126] have also cloned an ortholog of the A. thaliana iron 
transporter IRT1 from T. caerulescens that also belongs to the ZIP 
gene family. Of course, many plant metal transporters remain to be 
identified at the molecular level and the transport function, 
specificity, and cellular location of most of these proteins in plants 
remains unknown. 
 
Amino acids and organic acids 
 
Plants produce a range of ligands for Cd, Cu, Ni, and Zn. Carboxylic 
acids and amino acids, such as citric, malic, and histidine (His), are 
potential ligands for heavy metals and, so, could play a role in 
tolerance and detoxification [127,128]. The Cd-and Zn-citrate 
complexes are prevalent in leaves, even though malate is more 
abundant. In the xylem sap moving from roots to leaves, citrate, and 
His are the principal ligands for Cu, Ni, and Zn. Recently, Salt et 
al.[129] identified putative Zn-His complexes in the roots of the 
closely related Zn hyperaccumulator T. caerulescens. Kramer et 
al.[130] observed a 36-fold increase in the concentration of free His 
in the xylem exudate of the Ni-hyperaccumulator Alyssum lesbiacum 
after exposure to Ni. However, no significant change was observed in 
the non-accumulator Alyssum montanum and a significant linear 
correlation in the xylem exudate concentrations of free His and Ni in 
several Ni-hyperaccumulators in the genus Alyssum was also 
observed [130]. Furthermore, the addition of equimolar 
concentrations of exogenous L-His to an Ni-amended hydroponic 
rooting medium enhanced Ni flux into the xylem in the non-
accumulator A. montanum, as well as in the non-accumulator 
Brassica juncea L. cv. vitasso. In B. juncea, reducing the entry of L-
His into the root by supplying D-His instead of L-His or L-His in the 
presence of a 10-fold excess of L-alanine did not affect root Ni 
uptake, but reduced Ni release into the xylem. Compared with B. 
juncea, root His concentrations were constitutively approximately 
4.4-fold higher in the hyperaccumulator A. lesbiacum and did not 
increase within 9 h of exposure to Ni [131]. However, no increase 
was observed in the concentration of free His in root, shoot, or xylem 
sap in the other Ni-hyperaccumulator Thlaspi goesingense in 
response to Ni exposure [132]. 
 
Phytochelatins 
 
Unique to plants and certain fungi, such as Schizosaccharomyces 
pombe, metal stress induces the synthesis of metal-binding peptides 
commonly known as phytochelatins (PCs). Derived from glutathione, 
PCs have the general structure of (g- Glu-Cys)nGly, where the 
number of g-Glu-Cys units extends up to 11 [133]. Some PC related 
peptides lack the carboxyl-terminal Gly or have instead b-Ala, Ser, or 
Glu [134]. However, these variant peptides are usually found in lower 
abundance. Many metals induce PC synthesis, but formation of PC-
metal complexes has largely been examined with Cd2+ and Cu2+. 
Several reports show that PCs also chelate Ag+, Hg2+, Pb2+ and Zn2+ 

[135,136,137,138]. In the case of Cd2+, two PC-metal complexes 
have been described: a low molecular weight (LMW) PC-Cd 
complex, and a more stable high molecular weight (HMW) PC-CdS 
complex that contains additional acid-labile sulfide [139,140]. 
Formation of the HMW complex reduces the Cys:Cd ratio from 4:1 
to a more economical ~2:1 [141]. The appearance and the location of 
the two complexes suggest that PC is a cytoplasmic Cd/metal 
scavenger that targets metals to the vacuole for storage as a stable 

HMW PCCdS complex. In addition to PCs, plants can synthesize 
small cysteine-rich proteins known as metallothioneins [142]. The 
role of plant metallothioneins in metal tolerance is not entirely 
elucidated, but the animal and fungal proteins appear to play an 
important role in metal tolerance [143]. There have been numerous 
reports of engineering animal metallothionein production in plants 
[144,145,146,147,148]. These proteins increase metal tolerance to 
varying degrees, but not with substantial increase in metal uptake. In 
addition, the tolerance effect depends on whether the PCs are given 
the chance to be synthesized. When a high amount of Cd is suddenly 
introduced to the seed or the plant, the metallothionein producing 
seedling or plants are better able to respond to the toxic metal. This is 
because of the already accumulated metallothioneins, whereas the 
control plants would have to induce de novo synthesis of the PC 
peptides. In field situations, however, plants rarely are challenged 
with a sudden influx of toxic metals. Rather, they slowly accumulate 
the metals as their roots extend into the rhizosphere. When given 
adequate induction of PCs, the additional synthesis of 
metallothioneins does not confer a significant advantage. The 
existence of metal hyperaccumulators reveals that two critical genetic 
traits exist [149]. First, there is genetic potential for 
overaccumulating toxic metals. For example, this has been shown for 
the Zn and Cd hyperaccumulator Thlaspi caerulescens, which has a 
higher Zn influx rate and more ZNT1 Zn-transporter RNA than the 
non accumulator Thlaspi arvensae [150]. Second, these plants must 
also have evolved hypertolerance mechanisms that accommodate 
their high metal content. Plants can produce cysteine-rich peptides 
such as GSH, PCs, or metallothioneins (MTs) for detoxification or 
homeostasis of heavy metals.  PCs include a family of small 
enzymatically synthesized peptides having a general structure of (-
Glu-Cys)n-Gly, and these peptides are rapidly synthesized in 
response to toxic levels of heavy metals in all tested plants  
 
Metallothioneins 
 
Detoxification of metals by the formation of complexes is used by 
most of the eukaryotes against heavy metal stress. Metallothioneins 
(MTs) are low molecular weight (6–7 kDa), cysteine-rich proteins 
found in animals, higher plants, eukaryotic microorganisms, and 
some prokaryotes [151]. They are divided into three different classes 
on the basis of their cysteine content and structure. The Cys-Cys, 
Cys-X-Cys and Cys-X-X-Cys motifs (in which X denotes any amino 
acid) are characteristic and invariant for metallothioneins. No 
aromatic amino acids or histidines are found in MTs. MTs found in a 
few higher plants are also low molecular weight proteins with a high 
cysteine content, but the cysteines distribute differently than they do 
in mammalian MTs; therefore, these proteins are designated class II 
(mammalian MTs comprise class I). The biosynthesis of MTs is 
regulated at the transcriptional level and is induced by several factors, 
such as hormones, cytotoxic agents, and metals, including Cd, Zn, 
Hg, Cu, Au, Ag, Co, Ni, and Bi [151]. Although it is believed that 
MTs could play a role in metal metabolism, the role of MTs in plants 
remains to be determined owing to a lack of information and their 
precise function is not clear [128]. 
 
Activation of Distinct Mitogen-Activated Protein Kinase 
Pathways 
 
To elucidate signal transduction events leading to the cellular 
response to heavy metal stress, analysis of protein phosphorylation 
induced by elevated levels of copper and cadmium ions as examples 
for heavy metals with different physiochemical properties and 
functions was done. Exposure of alfalfa (Medicago sativa) seedlings 
to excess copper or cadmium ions activated four distinct mitogen-
activated protein kinases (MAPKs): SIMK, MMK2, MMK3, and 
SAMK. Comparison of the kinetics of MAPK activation revealed that 
SIMK, MMK2,MMK3, and SAMK are very rapidly activated by 
copper ions, while cadmium ions induced delayed MAPK activation. 
In protoplasts, the MAPK kinase SIMKK specifically mediated 
activation of SIMK and SAMK but not of MMK2 and MMK3. 
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Moreover, SIMKK only conveyed MAPK activation by CuCl2 but 
not by CdCl2. These suggest that plants respond to heavy metal stress 
by induction of several distinct MAPK pathways and that excess 
amounts of copper and cadmium ions induce different cellular 
signaling mechanisms in roots [152]. 
 

 
 

Figure: Copper and cadmium-induced MAPK signaling pathways. 
Excess copper and cadmium ions induce distinct MAPK pathways with 
different kinetics. A, As a redox-active metal ion, copper leads to the 
production of ROS that might trigger SIMK and SAMK activation via 
SIMKK. B, Cadmium activates SIMK, MMK2, MMK3, and SAMK. The 
upstream components mediating MAPK activation by cadmium remain 
to be identified. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Heat shock proteins 
 

Heat shock proteins (HSPs) characteristically show increased 
expression in response to the growth of a variety of organisms at 
temperatures above their optimal growth temperature. They are found 
in all groups of living organisms, can be classified according to 
molecular size, and are now known to be expressed in response to a 
variety of stress conditions, including heavy metal stresses [153,154]. 
HSPs act as molecular chaperones in normal protein folding and 
assembly, but may also function in the protection and repair of 
proteins under stress conditions. Today, there have been a couple of 
reports of increased HSP expression in plants in response to heavy 
metal stress. Neumann et al.[155] observed that HSP17 is expressed 
in the roots of Armeria maritime plants grown on Cu-rich soils. It 
was also reported that a short heat stress given prior to heavy metal 
stress induces a tolerance effect by preventing membrane damage. 
 

Other metal-binding proteins 
 

Metal-binding proteins and peptides in plants can enhance metal 
tolerance/accumulation. These metalbinding peptides or proteins 
should be preferentially metal specific such that only the toxic metals 
(e.g. Cd, Hg, and Pb) are sequestered rather than essential trace 
metals, such as Zn and Cu. Ryu et al.[156] isolated and characterized 
a novel Cu-binding protein (BP) in the Asian periwinkle Littorina 

brevicula, which is highly resistant to a wide range of heavy metal 
concentrations and has its metal-binding protein(s) induced in the 
presence of Cd and An. In their study, following purification by 
Sephacryl S-100 chromatography, Ryu et al. [156] found that Cu-BP 
contained an equal amount of Zn in non-exposed physiological 
conditions. However, Zn is replaced by Cu at the binding site upon 
the addition of excess Cu (100 μmol/L CuCl2) to the cytosol or after a 
long period (60 d) of exposure of the periwinkles to the metal ion 
(150 μg/L CuCl2). Ryu et al. [156] also determined the molecular 
weight of the purified protein as 11.38 kDa using MALDI-TOF MS 
analyses. This Cu-BP is distinct from common mollusc MT in that it 
contains a significantly lower number of Cys (eight residues) and 
high levels of the aromatic amino acids Tyr and Phe. In addition, the 
protein contains His and Met, which are absent in the MT-like Cd-BP 
of L. brevicula. The Cu- BP of L. brevicula functions in the 
regulation of Zn as well as Cu, which is an essential component of 
hemocyanin under physiological conditions. This protein is possibly 
involved in the detoxification mechanism against a heavy burden of 
Cu (Table 1). 

 

Conclusion 
 

Under heavy metal stress plant adept itself by physiological, 
biochemical and molecular levels to combat the toxic effect which is 
important to be studies for the understanding of mechanism of plant 
response under stress to heavy metals, the present review is 
compilation of the heavy metal stress changes occurred in plants spp, 
which are worth to know for the engineering of the plant spp for the 
improvement of plant spp in terms of accumulation and its use for 
 phytoremediation of heavy metals contaminated sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

REFERENCES 

 
[1]. Rengel, Z., “Physiological mechanisms underlying 

differential nutrient efficiency of crop genotypes”, In Mineral 
nutrition of crops (ed Rengel Z), pp 231–269. Food Products 
Press, NY (1999). 

[2]. Knasmuller, S., Gottmann, E., Steinkellner, H., Fomin, A., 
Pickl, C., Paschke, A., God, R and Kundi, M., “Detection of 
genotoxic effects of heavy metal contaminated soils with 
plant bioassays”, Mutat Res, 420 (1998) 37.  

[3]. Baudouin, C., Charveron, M., Tarrouse, R and Gall, Y., 
“Environmental pollutants and skin cancer”, Cell Biol 
Toxicol, 18 (2002) 341. 

[4]. Lyngby, J E and Brix, H., “The uptake of heavy metals in 
eelgrasss Zostera marina and their effect on growth”, Ecol 
Bull, 36 (1984) 81. 

[5]. Brune, A and Dietz, K. J., “A comparative analysis of 
element composition of roots and leaves of barley seedlings 
grown in the presence of toxic cadmium-, molybdenum-, 
nickel- and zinc concentrations”, J Plant Nutri, 18 (1995) 
853. 

[6]. Mishra, D and Kar, M., “Nickel in plant growth and 
metabolism”, Botanical Review, 40 1974 395. 

 

085             International Journal of Current Research, Vol. 5, Issue, 01, pp. 080-089, January, 2013 

 



[7]. Friedland, A. J., “The movement of metals through soils and 
ecosystems. In Heavy Metals Tolerance in Plants: 
Evolutionary Aspects”. Ed. A J Shaw. pp. 7–19. CRC Press, 
Boca Raton, FL (1990). 

[8]. Nriagu, J. O., “A silent epidemic of environmental metal 
poisoning?” Environ Pollut, 50 (1988) 139. 

[9]. Raskin, I., “Plant genetic engineering may help with 
environmental cleanup”, PNAS, 93 (1996) 3164. 

[10]. Salt, D. E., Blaylock, M., Kumar, P. B. A. N., Dushenkov, 
V., Ensley, B. D., Chet, I and Raskin, I., “Phytoremediation: 
a novel strategy for the removal of toxic metals from the 
environment using plants”, Biotech, 13 (1995) 468. 

[11]. Cunningham, S. D., Anderson, T. A., Schwab, P and Hsu, F. 
C., “Phytoremediaiton of soils contaminated with organic 
pollutants”, Adv Agron, 56 (1996) 55. 

[12]. Kulikova, A. L., Kholodova, V P and Kuznetsov, V.V., 
“Actin Is Involved in Early Plant Responses to Heavy Metal 
Stress and Associates with Molecular Chaperons in Stress 
Environments”, Doklady Biol Sci, 424 (2009) 49. 

[13]. Orcutt, D M and Nilson, E. T., “Physiology of Plants Under 
Stress -- Soil and Biotic Factors”, John Wiley and Sons, INC, 
New York (2000). 

[14]. Cseh, E., “Metal permeability, transport and efflux in plants. 
In: M.N.V. Prasad and K. Strazalka, eds, Physiology and 
Biochemistry of Metal Toxicity and Tolerance in Plants”. 
London. Kluwer Academic Publishers: (2002) 1. 

[15]. Barcelo, J., Vazquez, M D and Poschenrieder, C. H., 
“Structural and ultrastructural disorders in cadmium-treated 
bush bean plants (Phaseolus vulgaris L.)”, New phytol, 108 
(1988a) 37. 

[16]. Barcelo, J., Vazquez, M D and Poschenrieder, C. H., 
“Cadmium- induced structural and ultrastuctural changes in 
the vascular system of bush bean stems”, Bot acta, 101 
(1988b)  254. 

[17]. Djebali, W., Chaïbi, W and Ghorbel, M. H., “Croissance, 
activité peroxydasique et modifications structurales et 
ultrastructurales induites par le cadmium dans la racine de 
tomate (Lycopersicon esculentum)”, Can J bot, 80 (2002) 
942. 

[18]. Djebali, W., Zarrouk ,M., Brouquisse, R., Kahoui, S. E.l., 
Limam, F., Ghorbel, MH and Chaïbi, W., “Ultrastructure and 
lipid alterations induced by cadmium in tomato 
(Lycopersicon esculentum) chloroplast membranes”, Plant 
biology, 7 (2005) 358. 

[19]. Zoghlami, Z. L., Djebali, W., Chaïbi, W and Ghorbel, M. H., 
“Modifications physiologiques et structurales induites par 
l’interaction cadmium-calcium chez la tomate (Lycopersicon 
esculentum)”, C. R. Bio, 329 (2006) 702. 

[20]. Jin, X., Yang, X., Islam, E., Liu, D and Mahmood, Q., 
“Effects of cadmium on ultrastructure and antioxidative 
defense system in hyperaccumulator and non-
hyperaccumulator ecotypes of Sedum alfredii Hance”, J 
Hazard Mater, 156 (2008) 387. 

[21]. Ghnaya, T., Slama, I., Messedi, D., Grignon, C., Ghorbel, M 
H and Abdelly, C., “Effects of Cd2+ on K+, Ca2+ and N 
uptake in two halophytes Sesuvium portulacastrum and 
Mesembryanthemum crystallinum: Consequences on 
growth”,  Hemosphere, 67 (2007) 72. 

[22]. Wang, L., Zhou, Q., Ding, L and Sun, Y., “Effect of 
cadmium toxicity on nitrogen metabolism in leaves of 
Solanum nigrum L. as a newly found cadmium 
hyperaccumulator”, J hazard mater. 154 (2008) 818. 

[23]. Sandalio, L. M., Dalurzo, H. C., Go´mez, M., Romero-
Puertas, M C and del Rio, L. A., “Cadmium-induced changes 
in the growth and oxidative metabolism of pea plants”, J Exp 
Bot, 52 (2001) 2115. 

[24]. Fodor, E., Szabo-Nagy, A and Erdei, L., “The effects of 
cadmium on the fluidity and H+-ATPase activity of plasma 
membrane from sunflower and wheat roots”, J Plant physiol, 
147 (1995) 87. 

[25]. Ekmekçi, Y., Tanyolaç, D and Ayhan, B., “Effects of 
cadmium on antioxidant enzyme and photosynthetic activities 
in leaves of two maize cultivars”, Plant physiol, 165 (2008) 
600. 

[26]. Li, M., Zhang, L. J., Tao, L and Li, W., “Ecophysiological 
responses of Jussiaea rapens to cadmium exposure”. Aquat 
Bot, 88 (2008) 347. 

[27]. Baryla, A., Carrier, P., Franck, F., Coulomb, C., Sahut, C and 
Havaux, M., “Leaf chlorosis in oilseed rape plants (Brassica 
napus) grown on cadmium-polluted soil: causes and 
consequences for photosynthesis and growth”, Planta, 212 
(2001) 696. 

[28]. Djebali, W., Hédiji, H., Abbes, Z., Barhoumi, Z., Yaakoubi, 
H., Boulila, zoghlami L and Chabi, W., “Aspects on growth 
and anatomy of internodes and leaves of cadmium-treated 
Solanum lycopersicum L. plants”, J Bio Res-Thessaloniki, 13 
(2010) 75. 

[29]. Perfus-Barbeoch, L., Leonhardt, N., Vavasseur, A and 
Forestier, C., “Heavy metal toxicity: cadmium permeates 
through calcium channels and disturbs the plant water status”, 
Plant J, 32 (2002) 539. 

[30]. Costa, G and Morel, J. L., “Water relations, gas exchange and 
amino acid content in Cd-treated lettuce”, Plant Physic 
Bioch, 32 (1994) 561. 

[31]. Haag-Kerwer, A., Schäfer, H. J., Heiss, S., Walter, C and 
Rausch, T., “Cadmium exposure in Brassica juncea causes a 
decline in transpiration rate and leaf expansion without effect 
on photosynthesis”, J Exp Bot, 50 (1999) 1827. 

[32]. Barcelo, J., Poschenrieder, C. H., Andreu, I and Gunsé, B., 
“Cadmium-induced decrease of water stress resistance in 
bush bean plants (Phaseolus vulgaris L. cv. Contender). I. 
Effects of Cd on water potential, relative water content, and 
cell wall elasticity”, J Plant Physiol, 125 (1986) 17. 

[33]. Dalla, Vecchia F., La Rocca N., Moro, I., De Faveri, S., 
Andreoli, C and Rascio, N., “Morphogenetic, ultrastructural 
and physiological damages suffered by submerged leaves of 
Elodea canadensis exposed to cadmium”, Plant sci, 168 
(2005) 329. 

[34]. Kovacˇevic, G., Kastori, R and Merkulov, L.J., “Dry matter 
and leaf structure in young wheat plants as affected by 
cadmium, lead and nickel”, Biol Plantarum, 42 (1999) 119. 

[35]. Chugh, L K and Sawhney, S. K., “Photosynthetic activities of 
Pisum sativum seedlings grown in presence of cadmium”, 
Plant Physiol Bioch, 37 (1999) 297. 

[36]. Niinemets, U., Söber, A., Kull, O., Hartung, W and 
Tenhunen, J.D., “Apparent controls on leaf conductance by 
soil water availability and via light-acclimation on foliage 
structural and physiological properties in a mixed deciduous, 
temperate forest”, Int J Plant Sci, 160 (1999) 707. 

[37]. Syvertsen, J. P., Lloyd, J., McConchie, C., Kriedemann, P E 
and Farquhar, G. D., “On the relationships between leaf 
anatomy and CO2 diffusion through the mesophyll of 
hypostomatous leaves”, Plant cell Environ, 18 (1995) 149. 

[38]. Lyons, T., Plochl, M., Turcsanyi, E and Barnes, J., 
“Extracellular antioxidants: a protective screen against 
ozone?” In: Agrawal SB, Agrawal M, eds. Environmental 
pollution and plant responses. Lewis Publishers, Boca Raton, 
USA (2000) 203. 

[39]. Kasim, W. A., “Changes Induced by Copper and Cadmium 
Stress in the Anatomy and Grain Yield of Sorghum bicolor 
(L.) Moench”, Int J Agr Biol, 8 (2006) 123. 

[40]. Rauser, W E and Ackerley, C. A., “Localization of cadmium 
in granules within differentiating and mature root cells”, Can 
J Bot, 65 (1987) 643. 

[41]. Arora, A., Sairam, R K and Srivastava, G. C., “Oxidative 
stress and antioxidative system in plants”, Curr Sci, 82 
(2002) 1227. 

[42]. Singh, S and Sinha, S., “Accumulation of metals and its 
effects in Brassica juncea (L.) Czern (cv. Rohini) grown on 

086             International Journal of Current Research, Vol. 5, Issue, 01, pp. 080-089, January, 2013 

 



various amendments of tannery waste”, Ecotox Environ Safe, 
62 (2005) 118. 

[43]. Ruley, A. T., Sharma, N C and Sahi, S. V., “Antioxidant 
defense in a lead accumulating plant, Sesbania drummondii”, 
Plant Physiol Bioch, 42 (2004) 899. 

[44]. Semane, B., Dupae, J., Cuypers, A., Noben, J. P., Tuomainen, 
M., Tervahauta, A., Kärenlampi, S., Belleghem, F. V., 
Smeets, K and Vangronsveld, J., “Leaf proteome responses of 
Arabidopsis thaliana exposed to mild cadmium stress”, Plant 
Physiol, 167 (2010) 247. 

[45]. Michalak, A., “Phenolic compounds and their antioxidant 
activity in plants growing under heavy metal stress”, Pol J 
Environ Stud, 15 (2006) 523. 

[46]. Farago, M E and Mullen, W. A., “Plants which accumulate 
metals. Part IV. A possible copper-proline complex from the 
roots of Armeria maritime”, Inorg Chim Acta, 32 (1979) L93. 

[47]. Carpena, R. O., Vazquez, S., Esteban, E., Fernandez-Pascual, 
M., Rosario de Felipe, M and Zornoza, P., “Cadmium–stress 
in white lupin: effects on nodule structure and functioning”, 
Plant Physiol Bioch, 161 (2003) 911. 

[48]. Gajewska, E and Skłodowska, M., “Differential biochemical 
responses of wheat shoots and roots to nickel stress: 
antioxidative reactions and proline accumulation”, Plant 
Growth Regul, 54 (2008) 179. 

[49]. Kuznetsov, V V and Shevyakova, N. I., “Stress responses of 
tobacco cells to high temperature and salinity. Proline 
accumulation and phosphorylation of polypeptides”, Physiol 
Plantarum, 100 (1997) 320. 

[50]. John, R., Ahmad, P., Gadgil, K and Sharma, S., “Effect of 
cadmium and lead on growth, biochemical parameters and 
uptake in Lemna polyrrhiza L”, Plant Soil Environ, 54 (2008)  
262. 

[51]. Chandrashekhar, K R and Sandhyarani, S., “Salinity induced 
chemical changes in Crotalaria striata DC”, Indian J Plant 
Physi, 1 (1996) 44. 

[52]. Kasai, Y., Kato, M., Aoyama, J and Hyodo, H., “Ethylene 
production and increase in 1-amino-cyclopropane-1- 
carboxylate oxidase activity during senescence of broccoli 
florets”, Acta Hort, 464 (1998) 153. 

[53]. Pesci, P and Reggiani, R., “The process of abscisic acid 
induced proline accumulation and the levels of polyamines 
and quaternary ammonium compounds in hydrated barley 
leaves”, Physiol Plantarum, 84 (1992) 134. 

[54]. Saradhi, P. P., AliaArora, S and Prasad, K. V.S. K., “Proline 
accumulates in plants exposed to UV radiation and protects 
them against UV induced peroxidation”, Biochem Biophy Res 
Commun, 209 (1995) 1. 

[55]. Chinoy, J. J., Singh, Y D and Gurumurthi, K., “Some aspects 
of the physiological role of ascorbic acid in plants”, Indian J 
Agr Sci, 15 (1971) 33. 

[56]. Nakavo, Y and Asada, K., “Spinach chloroplastscavenge 
hydrogen peroxide on illumination”, Plant Cell Physiol, 21 
(1980) 1295. 

[57]. Lin, L S and Varner, J. E., “Expression of ascorbic acid 
oxidase in Zucchini squash (Cucurbita Pepo L.)”, Plant 
physiol, 96 (1991) 159. 

[58]. Gallego, S. M., Benavides, M P and Tomaro, M. L., “Effect 
of heavy metal ion excess on sunflower leaves: evidence for 
involvement of oxidative stress”, Plant sci, 121 (1996) 151. 

[59]. Padmaja, K., Prasad, D D K and Prasad, A. R. K., “Inhibition 
of chlorophyll synthesis in Phaseolus vulgaris L. seedlings 
by cadmium acetate”, Photosynthetica, 24 (1990) 399. 

[60]. Van Assche, F and Clijsters, H., “Effects of metals on 
enzyme activity in plants”, Plant Cell Environ, 13 (1990) 
195. 

[61]. Küpper, H., Küpper, F and Spiller, M., “In situ detection of 
heavy metal substitution chlorophylls in water plants”, 
Photosynth. Res, 58 (1998) 123. 

[62]. Küpper, H., Küpper, F and Spiller, M., “Environmental 
relevance of heavy metal substituted chlorophylls using the 
example of water plants”, J Exp Bot, 47 (1996) 259. 

[63]. Prasad, M N V and Strzalka, K., “Impact of heavy metals on 
photosynthesis. In: Prasad MNV, Hagemeyer J (ed) heavy 
metal stress in plants: from molecules to ecosystems”. Spring, 
Berlin (1999). 

[64]. Benavides, M. P., Gallego, S M and Tomaro, M. L., 
“Cadmium toxicity in plants”, Braz J Plant Physiol, 17 
(2005) 21. 

[65]. Falkowski, P G and Raven, J. A., “Aquatic Photosynthesis”, 
2rd edn. Blackwell Science, London, UK (2007). 

[66]. Hou, W., Chen, X., Song, G., Wang, Q and Chang, C. C., 
“Effects of copper and cadmium on heavy metal polluted 
waterbody restoration by duckweed (Lemna minor)”, Plant 
Physiol Bioch, 45 (2007) 62. 

[67]. Kenneth, E., Pallett, K E and Young, A. J., “Carotenoids. In: 
Ruth GA, Hess JL (ed) Antioxidants in higher plants”. CRC 
Press, USA (2000). 

[68]. Rout, G. R., Samantaray, S and Das, P., “Aluminum toxicity 
in plants: a review”, Agronomie, 21 (2001) 3. 

[69]. Tewari, R. K., Kumar, P., Sharma, P N and Bisht, S. S., 
“Modulation of oxidative stress responsive enzymes by 
excess cobalt”, Plant Sci, 162 (2002) 381. 

[70]. Chandra, R., Bharagava, R. N., Yadav, S and Mohan, D., 
“Accumulation and distribution of toxic metals in wheat 
(Triticum aestivum L.) and Indian mustard (Brassica 
campestris L.) irrigated with distillery and tannery effluents”, 
J Hazard Mater, 162 (2009) 1514. 

[71]. Brown, J. E., Khodr, H., Hider, R C and Rice- Evans, C. A., 
“Structural dependence of flavonoid interactions with Cu2+ 
ions: implications for their antioxidant properties”, Biochem 
J, 330 (1998) 1173. 

[72]. Lavid, N., Schwartz, A., Yarden, O and Tel-Or, E., “The 
involvement of polyphenols and peroxidase activities in 
heavy metal accumulation by epidermal glands of the 
waterlily (Nymphaeaceae)”, Planta, 212 (2001) 323. 

[73]. Rice-Evans, C., Miller, N and Paganga, G., “Antioxidant 
properties of phenolic compounds”, Trends Plant Sci, 2 
(1997) 152. 

[74]. Arora, A., Nair, M G and Strasburg, G. M., “Structure-
activity relationships for antioxidant activities of a series of 
flavonoids in a liposomal system”, Free Radic Biol Med, 24 
(1998) 1355. 

[75]. Blokhina, O., Virolainen, E and Fagerstedt, K. V., 
“Antioxidants, oxidative damage and oxygen deprivation 
stress: a review”, Ann Bot, 91 (2003) 179. 

[76]. Polle, A., Otter, T and Sandermann, H. J., “Biochemistry and 
physiology of lignin synthesis. In: Rennenberg H, Escherich 
W, Ziegler H (ed) Trees: Contributions to modern tree 
physiology. Backhuys Publishers”, The Netherlands (1997). 

[77]. Prasad, T. K., “Mechanisms of chilling-induced oxidative 
stress injury and tolerance in developing maize seedlings: 
changes in antioxidant system, oxidation of proteins and 
lipids, and protease activities”, Plant J, 10 (1996) 1017. 

[78]. Palma, J. M., Sandalio, L. M., Corpas, F. J., Romero-Puertas, 
M. C., McCarthy, I and del Rio, L. A., “Plant proteases, 
protein degradation and oxidative stress: role of 
peroxisomes”, Plant Physiol Bioch, 40 (2002) 521. 

[79]. John, P., Ahmad, P., Gadgil, K and Sharma, S., “Heavy metal 
toxicity: Effect on plant growth, biochemicalparameters  and 
metal accumulation by Brassica juncea L”, Int J Plant Prod, 
3 (2009) 65. 

[80]. Atesi, I., Suzen, H. S., Aydin, A and Karakaya, A., “The 
oxidative DNA base damage in tests of rats after 
intraperitoneal cadmium injection”, Biometals, 17 (2004) 
371. 

[81]. Pál, M., Horváth, E., Janda, T., Páldi, E and Szalai, G., 
“Physiological changes and defense mechanisms induced by 

087             International Journal of Current Research, Vol. 5, Issue, 01, pp. 080-089, January, 2013 

 



cadmium stress in maize”, J Plant Nutr Soil Sci, 169 (2006) 
239. 

[82]. Gardea-Torresdey, J. L., Peralta-Videa, J. R., Montes, M., de 
la Rosa, G and Corral-Diaz, B., “Bioaccumulation of 
cadmium, chromium and copper by Convolvulus arvensis L.: 
impact on plant growth and uptake of nutritional elements”, 
Bioresource Technol, 92 (2004) 229. 

[83]. Romero-Puertas, M. C., Corpas, F. J., Rodríguez-Serrano, M., 
Gόmez, M., del Río, L A and Sandalio, L. M., “Differential 
expression and regulation of antioxidative enzymes by 
cadmium in pea plants”, Plant Physiol, 164 (2007) 1346. 

[84]. Monteiro, M. S., Santos, C., Soares, A and Mann, R. M., 
“Assessment of biomarkers of cadmium stress in lettuce”, 
Ecotox Environ Safe, 72 (2009) 811. 

[85]. Muthuchelian, K., Bertamini, M and Nedunchezhian, N., 
“Triacontanol can protect Erythrina variegata from cadmium 
toxicity”, Plant Physiol, 158 (2001) 1487. 

[86]. Siedlecka, A., Krupa, Z., Samuelsson, G., Öquist, G and 
Gardeström, P., “Primary carbon metabolismin Phaseolus 
vulgaris plants under Cd/Fe interaction”, Plant Physiol 
Bioch, 35 (1997) 951. 

[87]. Verma, S and Dubey R. S., “Lead toxicity induces lipid 
peroxidation and alters the activities of antioxidant enzymes 
in growing rice plants”, Plant Sci, 164 (2003) 645. 

[88]. Mishra, S., Srivastava, S., Tripathi, R. D., Kumar, R., Seth, C 
S and Gupta, D. K., “Lead detoxification by coontail 
(Ceratophyllum demersum L.) involves induction of 
phytochelatins and antioxidant system in response to its 
accumulation”, Chemosphere, 65 (2006) 1027. 

[89]. Dazy, M., Masfaraud, J F and Férard, J. F., “Induction of 
oxidative stress biomarkers associated with heavy metal 
stress in Fontinalis antipyretica Hedw”, Chemosphere, 75 
(2009) 297. 

[90]. Gratão, P. L., Polle, A., Lea, P J and Azevedo, R. A., 
“Making the life of heavy metal-stressed plants a little 
easier”, Funct Plant Biol, 32 (2005) 481. 

[91]. Salin, M. L., “Toxic oxygen species and protective systems 
of the chloroplast”, Physiol Plantarum, 72 (1988) 681. 

[92]. Alvarez, M E and Lamb, C., “Oxidative burst-mediated 
defense responses in plant disease resistance. In: Scandalios 
JG (ed) Oxidative stress and the molecular biology of 
antioxidant defenses”. Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, New York (1997). 

[93]. Filek, M., Keskinen, R., Hartikainen, H., Szarejko, I., Janiak, 
A., Miszalski, Z and Golda, A., “The protective role of 
selenium in rape seedlings subjected to cadmium stress”, J 
Plant Physiol 165 (2008) 833. 

[94]. Stroinski, A and Kozlowska, M., “Cadmium induced 
oxidative stress in potato tuber”, Acta Soc Bot Pol, 66 (1997) 
189. 

[95]. Cui, Y and Wang, Q., “Physiological responses of maize to 
elemental sulphur and cadmium stress”, Plant Soil Environ, 
11 (2006) 523. 

[96]. Anuradha, S and Rao, S. S. R., “The effect of 
brassinosteroids on radish (Raphanus sativus L.) seedlings 
growing under cadmium stress”, Plant Cell Environ, 53 
(2007) 465. 

[97]. Schützendübel, A and Polle, A., “Plant responses to abiotic 
stresses: heavy metal induced oxidative stress and protection 
by mycorrhization”, J Exp Bot, 53 (2002) 1351. 

[98]. Tamàs, L., Dudíková, J., Ďurčeková, K., Huttová, J., Mistrík, 
I and Zelinová, V., “The impact of heavy metals on the 
activity of some enzymes along the barley root”, Environ Exp 
Bot, 62 (2008) 86. 

[99]. Foyer, C. H., Lelandais, M and Kunert, K. J., “Photooxidative 
stress in plants”, Physiol Plantarum, 92 (1994) 696. 

[100]. Gupta, M., Sharma, P., Sarin, N B and Sinha, A. K., 
“Differential response of arsenic stress in two varieties of 
Brassica juncea L”, Chemosphere, 74 (2009) 1201. 

[101]. Bowler, C., Montagu, MV and Inzé, D., “Superoxide 
dismutase and stress tolerance”, Annu Rev Plant Physiol, 43 
(1992) 83. 

[102]. Mittler, R., “Oxidative stress, antioxidants and stress 
tolerance’”, Trends Plant Sci, 7 (2002) 405. 

[103]. Foyer, C H and Noctor, G., “Oxidant and antioxidant 
signalling in plants: a re-evaluation of the concept of 
oxidative stress in a physiological context”, Plant Cell and 
Environ, 28 (2005) 1056. 

[104]. Wang, Z., Zhang, Y., Huang, Z and Huang, L., 
“Antioxidative response of metal-accumulator and non-
accumulator plants under cadmium stress”, Plant Soil, 310 
(2008) 137. 

[105]. Imlay, J A and Linn, S., “DNA damage and oxygen radical 
toxicity”, Science, 240 (1988) 1302. 

[106]. Halliwell, B and Gutteridge, J. M. C., “Free radicals in 
biology and medicine”. Clarendon Press, Oxford UK (1985). 

[107]. MacRae, E A and Ferguson, I. B., “Changes in catalase 
activity and hydrogen peroxide concentration in plants in 
response to low temperature”, Physiol Plantarum, 65 (1985) 
51. 

[108]. Cakmak, I., “Possible roles of zinc in protecting plant cells 
from damage by reactive oxygen species”, New Phytol, 146 
(2000) 185. 

[109]. Florence, T M and Stauber, J. L., “Toxicity of copper 
complexes to the marine diatom Nitzschia closterium”, Aquat 
Toxicol, 8 (1986) 11. 

[110]. Mithofer, A., Schulze, B and Boland, W., “Biotic and heavy 
metal stress response in plants: evidence for common 
signals”, FEBS Lett, 566 (2004) 1. 

[111]. Avery, S. V., “Metal toxicity in yeasts and the role of 
oxidative stress”, Adv Appl Microbiol, 49 (2001) 111. 

[112]. Gaetke, L M and Chow, C. K., “Copper toxicity, oxidative 
stress, and antioxidant nutrients”, Toxicology, 189 (2003) 
147. 

[113]. Polle, A and Schu¨ tzendu¨ bel ,A., “Heavy metal signalling 
in plants: linking cellular and oganismic responses. In H Hirt, 
K Shinozaki, eds”, Plant Responses to Abiotic Stress, 4 
(2003) 187. 

[114]. Goyer, R. A., “Toxic and essential metal interactions”, Annu 
Rev Nutr, 17 (1997) 37. 

[115]. Stohs, S J and Bagchi, D., “Oxidative mechanisms in the 
toxicity of metal ions”, Free Radical Bio Med, 18 (1995) 321. 

[116]. Clemens, S., “Molecular mechanisms of plant metal tolerance 
and homeostasis”, Planta, 212 (2001) 475. 

[117]. Cobbett, C and Goldsbrough, P., “Phytochelatins and 
metallothioneins: roles in heavy metal detoxification and 
homeostasis”, Annu Rev Plant Bio, 53 (2002) 159. 

[118]. Hall, J L and Williams, L. E., “Transition metal transporters 
in plants”, J Exp Bot, 54 (2003) 2601. 

[119]. Williams, L. E., Pittman, J K and Hall, J. L., “Emerging 
mechanisms for heavy metal transport in plants”, Biochim 
Biophys Acta Biomembr, 1465 (2000) 104. 

[120]. Guerinot, M. L., “The ZIP family of metal transporters”, 
Biochim Biophys Acta Biomem, 1465 (2000) 190. 

[121]. Hirayama, T., Kieber, J. J., Hirayama, et al N, “Responsiveto- 
antagonist1, a Menkes/Wilson disease-related copper 
transporter, is required for ethylene signaling in 
Arabidopsis”, Cell, 97 (1999) 383. 

[122]. Thomine, S., Wang, R., Ward, J. M., Crawford, N M and 
Schroeder, J. I., “Cadmium and iron transport by members of 
a plant metal transporter family in Arabidopsis with 
homology to Nramp genes”, PNAS, 97 (2000) 4991. 

[123]. Van der Zaal, B. J., Neuteboom, L. W., Pinas, J. E. et al, 
“Overexpression of a novel Arabidopsis gene related to 
putative zinc-transporter genes from animals can lead to 
enhanced zinc resistance and accumulation”, Plant Physiol, 
119 (1999) 1047. 

088             International Journal of Current Research, Vol. 5, Issue, 01, pp. 080-089, January, 2013 

 



[124]. Pence, N. S., Larsen, P. B., Ebbs, S. D. et al, “The molecular 
physiology of heavy metal transport in the Zn/Cd 
hyperaccumulator”, PNAS, 97 (2000) 4956. 

[125]. Assuncao, A. G. L., Martins, P. D., de Folter, S., Vooijs, R., 
Schat, H., Aarts, M.G. M., “Elevated expression of metal 
transporter genes in three accessions of the metal 
hyperaccumulator Thlaspi caerulescens”, Plant Cell Environ, 
24 (2001) 217. 

[126]. Lombi, E., Tearall, K. L., Howarth, J. T., Zhao, F. J., 
Hawkesford, M J and McGrath, S. P., “Influence of iron 
status on cadmium and zinc uptake by different ecotypes of 
the hyperaccumulator Thlaspi caerulescens”, Plant Physiol, 
128 (2002) 1359.  

[127]. Rauser, R. W., “Structure and function of metal chelators 
produced by plants: The case for organic acids, amino acids, 
phytin and metallothioneins”, Cell Biochem Biophysics, 31 
(1999) 19. 

[128]. Hall, J. L., “Cellular mechanisms for heavy metal 
detoxification and tolerance”, J Exp Bot, 53 (2002) 1. 

[129]. Salt, D. E., Prince, R. C., Baker, A. J. M., Raskin, I and 
Pickering, I. J., “Zinc ligands in the metal hyperaccumulator 
Thlaspi caerulescens as determined using X-ray absorption 
spectroscopy”, Environ Sci Technol, 33 (1999) 713. 

[130]. Kramer, U., Cotter-Howells, J. D., Charnock, J. M., Baker, A 
J M and Smith, J. A. C., “Free histidine as a metal chelator in 
plants that accumulate nickel”, Nature, 379 (1996) 635. 

[131]. Kerkeb, L and Kramer, U., “The role of free histidine in 
xylem loading of nickel in Alyssum lesbiacum and Brassica 
juncea”, Plant Physiol, 131 (2003) 716. 

[132]. Persans, M. W., Yan, X. G., Patnoe Jean-Marc, M. L., 
Kramer, U and Salt, D. E., “Molecular dissection of the role 
of histidine in nickel hyperaccumulation in Thlaspi 
goesingense (Halacsy)”, Plant Physiol, 121 (1999) 1117. 

[133]. Grill, E., Winnacker, E L and Zenk, M. H., “Phytochelatins, a 
class of heavy-metal-binding peptides from plants, are 
functionally analogous to metallothioneins”, PNAS, 84 (1987)  
439. 

[134]. Rauser, W., “Phytochelatins and related peptides”, Plant 
Physiol, 109 (1995) 1141. 

[135]. Maitani, T., Kubota, H., Sato, K and Yamada, T., “The 
composition of metals bound to class III metallothionein 
(phytochelin and its desglycyl peptide) induced by various 
metals in root cultures of Rubia tinctorum”, Plant Physiol, 
110 (1996) 1145. 

[136]. Mehra, R. K., Kodati, V R and Abdullah, R., “Chain length-
dependent Pb(II)- coordination in phytochelatins”, Biochem 
Biophys Res Commun, 215 (1995) 730. 

[137]. Mehra, R. K., Miclat, J., Kodati, V. R., Abdullah, R., Hunter, 
T C and Muchandani, P., “Optimal spectroscropic and 
reverse-phase HPLC analysis of Hg(II) binding to 
phytochelatins”, Biochem J, 314 (1996) 73. 

[138]. Thumann, J., Grill, E., Winnacker, E L and Zenk, M. H., 
“Reactivation of metal-requiring apoenzymes by 
phytochelatin-metal complexes”. FEBS Lett, 284 (1991) 66. 

[139]. Dameron, C. T., Reese, R. N., Mehra, R. K., Kortan, A. R., 
Carroll, P. J., Steigerwald, M. L., Brus, L E and Winge, D. 
R., “Biosynthesis of cadmium sulphide quantum 
semiconductor crystallites”, Nature, 338 (1989) 596. 
 
 
 
 
 
 
 
 
 
 
 
 

[140]. Reese, R N and Winge, D. R., “Sulfide stabilization of the 
cadmium-�-glutamyl peptide complex of 
Schizosaccharomyces pombe”, J Biol Chem, 263 (1988) 
12832. 

[141]. Stasdeit, H., Duhme, A. K., Kneer, R., Zenk, M. H., Hermes, 
C and Nolting, H. F., “Evidence for discrete Cd (Scys) 4 units 
in cadmium phytochelatin complexes from EXAFS 
spectroscopy”, J Chem Soc Chem Commun, 16 (1991) 1129. 

[142]. Robinson, N. J., Tommey, A. M., Kuske, C and Jackson, P. 
J., “Plant metallothioneins”, Biochem J, 295 (1993) 1. 

[143]. Hamer, D. H., “Metallothioneins”, Annu Rev Bioch, 55 
(1986) 913. 

[144]. Elmayan, T and Tepfar, M., “Synthesis of a bifunctional 
metallothionein/betaglucuronidase fusion protein in 
transgenic tobacco plants as a means of reducing leaf 
cadmium levels”, Plant, 6 (1994) 433. 

[145]. Hattori, J., Labbe, H and Miki, B. L., “Construction and 
expression of a metallothionein-beta-glucuronidase gene 
fusion”, Genome, 37 (1994) 508. 

[146]. Misra, S and Gedamu, L., “Heavy metal tolerant transgenic 
Brassica napus L. and Nicotiana tabacum L. plants”, TAG, 
78 (1989) 161. 

[147]. Pan, A., Tie, F., Duau, Z., Yang, M., Wang, Z., Li, L., Chen, 
Z and Ru, B., “Alpha-Domain of human metallothionein I-A 
can bind to metals in transgenic tobacco plants”, Mol Gen 
Genet, 242 (1994) 666. 

[148]. Yeargan, R., Maiti, I. B., Nielsen, M. T., Hunt, A G and 
Wagner, G. J., “Tissue partitioning of cadmium in trangenic 
tobacco seedlings and field grown plants expressing the 
mouse metallothionein I gene”, Transgenic Res, 1(1992) 261. 

[149]. Baker, A J M and Brooks, R. R., “Terrestrial higher plants 
which hyperaccumulate metal elements - a review of their 
distribution, ecology, and phytochemistry”, Biorecovery, 
1(1989) 81. 

[150]. Lasat, M. M., Jiang,T., Pence, N. S., Letham, D L D and 
Kochian, L.V., “Molecular physiology of Zn transport 
regulation in the Zn hyperaccumulator, Thlaspi 
caerulescens”. (1999) ASPP supplement abstract 769 

[151]. Kägi, J. H. R., “Overview of metallothioneins”, Methods 
Enzymol, 205 (1991) 613. 

[152]. Claudia, J., Hirofumi, N and Heribert, H., “Heavy Metal 
Stress. Activation of Distinct Mitogen-Activated Protein 
Kinase Pathways by Copper and Cadmium”, Plant Physiol, 
136 (2004) 3276. 

[153]. Vierling, E., “The roles of heat shock proteins in plants”, 
Annu Rev Plant Physiol Plant Mol Bio, 42 (1991) 579. 

[154]. Lewis, S., Handy, R. D., Cordi, B., Billinghurst, Z and 
Depledge, M. H., “Stress proteins (HSPs): Methods of 
detection and their use as an environmental biomarker”, 
Ecotoxicology, 8 (1999) 351. 

[155]. Neumann, D., Nieden, U.Z., Lichtenberger, O and Leopold, 
I., “How does Armeria maritime tolerate high heavy metal 
concentrations?” J Plant Physiol, 146 (1995) 704. 

[156]. Ryu, S. K., Park, J S and Lee, I. S., “Purification and 
characterization of a copper-binding protein from Asian 
periwinkle Littorina brevicula”, Comp Biochem Phys 134 
(2003)  101. 

 
 
 

 
 

******* 

089             International Journal of Current Research, Vol. 5, Issue, 01, pp. 080-089, January, 2013 

 


