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Abstract
Significant amounts of heavy metals have been added to the soils globally due to the natural as well as anthropogenic 

activities. The heavy metal accumulation in crops may cause serious disorders in plants as well as in human beings. 
Therefore, investigation on heavy metals toxicity is remaining an area of scientific interest. In order to increase crop 
productivity and minimizing health hazards of heavy metals toxicities it is necessary to understand their mechanisms 
of toxicity. In this way, osmolytes such as proline is endogenous organic substance which regulates normal growth and 
development of plants, grown under metal contaminated urban and peri-urban areas. Therefore, application of proline 
and/or manipulation of gene(s) enhance the activity of enzyme(s) and their biosynthetic pathways have also been 
found to be much effective in mitigating heavy metal toxicity. In this review, impact of heavy metal toxicity on plants and 
adaptation strategies of plants with special role of proline have briefly been discussed.   
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Introduction
The ever increasing population, urbanization and industrialization 

have liberated massive volumes of waste water, which is increasingly 
utilized as a resource for irrigation in urban and peri-urban 
agricultural areas. Irrigation through this waste water carried a 
bulk amount of heavy metals and easily entered into the food chain 
through soil accumulation and subsequent plant uptake. Heavy metal 
contamination may severely inhibit the plant growth and productivity, 
and also increase the risk of damage in animal and human health via the 
biomagnification process [1-4]. Kidneys, bones and liver are the prone 
sites where heavy metals get stored due to the non-biodegradable and 
persistent in nature, leading to the malfunctioning of these vital organs 
and thus cause numerous serious health disorders [5]. A number of 
heavy metals such as Zn, Cu, Pb, Mn, Ni, Cr, Cd, As are wandering 
with the waste water and dispersed in the environment for the long 
time and cause serious threat to different level of food chains [3]. On 
the one hand, heavy metals cause different disorder in humans and 
plants while on the other hand among different heavy metals, some 
are essential for plant growth and development at their concentrations 
of acceptable limit [6]. The deleterious effects of heavy metals in plants 
are associated with the inhibition of basic physiological processes 
including photosynthesis, mineral nutrition and water relation [6-8] 
(Table 1) and also by the over production of different reactive oxygen 
species (ROS) [3,6,9]. In order to alleviate the heavy metals toxicities, 
chemical application and agronomical crop management practices 
have been used with a little bit of success. In the similar practices, 
exogenous application of osmolytes such as proline, glycine betaeins, 
polyamines etc. has emerged an alternative strategy to induce the 
capability within plants to face successfully the detrimental situation 
of heavy metals toxicities. Proline is a multifunctional amino acid, 
behaving like a signaling molecule and initiates the cascade of signaling 
processes [10]. It regulates the osmotic pressure inside the cell, prevents 
denaturation of proteins, membrane integrity, stabilization of enzymes, 
and quenching the toxic ROS [11] (Table 2 and Figure 1). Evidences 
showed that exogenous application of proline may improve the health 
of plants against cadmium [12] and selenium [13] (Table 2). Taking 
together previous studies, it appears that proline plays an important 
role in enhancing plant stress tolerance and may also help to reduce 

adverse effects caused by different heavy metals toxicities. Thus, heavy 
metals exert the adverse pressure from molecular to whole plant level 
and seriously limit growth and productivity. Therefore, investigation 
on heavy metals toxicities is remaining an area of scientific interest and 
further needed to understand their toxicity mechanisms as well as how 
to minimize health hazards by regulating their entry into crop plants. 
In this short review, we discuss adaptation strategies of plants with 
special reference of proline in combating heavy metals toxicities. We 
also examine recent advances in putative mechanisms whereby proline 
helps plants to deal with such environmental fluctuations. 

Sources and Levels of Heavy Metals Contamination in 
the Environment

A huge amount of heavy metals have been inserted into the 
environment through both natural as well as  anthropogenic activities 
including the geogenic process, weathering from the parental rocks, 
frequent irrigation, improper agricultural practices, industrial effluents, 
refuse burning, organic wastes, transport, combustion of fuels and 
power generation [14] (Table 3). Environmental contamination by 
heavy metals is a matter of global concern, which is directly related 
to anthropogenic actions (Table 3). Industrialization and urbanization 
have amplified the anthropogenic contribution of heavy metals 
pollution [2] and their increased level in the biosphere (Table 4).  An 
improper disposal technique of municipal solid waste is well thought-
out one of the major sources of heavy metals in soil [15]. Similar to 
the municipal solid waste, industrial discharge may also carry a huge 
amount of heavy metals that exerts pressure on aquatic as well as 
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Figure 1: A schematic representation of Cd2+ metal uptake and their translocation in root cell through  xylem loading, Cd2+ ions are apparently taken up into plant 
cells by Fe2+/Zn2+ transporters (belong to ZIP family transporters) and Ca2+ transporters/channels which present on root cell membrane. Cadmium ion transferred/
accumulates in vacuole from cytosol by Cd2+/H+ antiport channel. Metal-sequestering pathways in root cells likely play a key role in determining the rate of translocation 
to the aerial parts of the plant. At the same time, endogenous proline synthesized in cytosol, help in osmotic adjustment, redox balancing, signaling and synthesis of 
protein by translation which also detoxified Cd or metal toxicity (about proline adapted from Szabados and Savour) [11]. 

 

Heavy metal Plant Heavy metal induced disturbance in plants Reference

Arsenic
Carrot,

Lettuce, Spinach and  
Sun flower

Decline in growth, photosynthetic pigments, increased 
production of stress biomarkers [7,75]

Cadmium Tobacco An accumulation of Cd,  increased lipid peroxidation and 
decreased superoxide dismutase and catalase activity  [12]

Chromium Radish Disrupt the metabolic activity and translocations of nutrients  [16]

Nickel Triticum aestivum Disturbed the growth and nitrogen metabolism  [76]

Lead Brassica species Decline in growth due to hyper accumulation  [77]

Table 1: Effect of heavy metal on plants

Osmolyte  Plant Work Against heavy 
metal Reference

Proline

Microalgae, Tobacco, 
Chickpea, Brinjal

Protect membranes, enhance growth, reduce oxidative stress through antioxidant mechanism, 
provide molecular mechanisms of proline-mediated tolerance Cadmium

 [12,60]

  [9,46]

Bean signaling molecule, redox balancing reduces phytotoxic effects by minimising oxidative stress Selenium  [13]

Sunflower Protection by scavenging hydroxyl radical and reducing metal uptake As treatment increased 
endogenous proline Arsenic  [7]

Indian senna involved in stress-resistance mechanisms Lead  [78]

Ocimum tenuiflorum Detoxify by mechanism of improve antioxidant system chromium  [79]

Rice proline lower water potential and involved in the Hg2+ tolerance Mercury  [80]

Wheat Play osmoprotective role and  protect plants from Ni stress Nickel  [81]

Table 2: Significance of proline in plants under heavy metal stress
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terrestrial ecosystems including the agricultural fields in adjacent 
regions of industrial complexes [16]. 

Factors Influencing Heavy Metal Uptake
Anthropogenic activities may seriously influence the accessibility 

of heavy metals in the environment. Heavy metals may abruptly 
damage the vital physiological process of the cells including the gaseous 
exchange, CO2 fixation, respiration and nutrient absorption potential. 
A number of biotic as well as abiotic factors such as temperature, soil 
pH, soil aeration, moisture, type of plants their size and root systems, 
competition between the plants and the accessibility of elements in soil 
highly influence metals uptake rates in plants [2,17]. 

Mobilization of Heavy Metals in Plants
The acidification of rhizosphere and exudation of carboxylates are 

thought to be potential targets for enhancing metal accumulation in 
plants. In the process of heavy metal mobilization, primarily a metal 
has to be captured by root cells and got bound to the outer cell wall. 
Secondarily, various transporter proteins with their higher affinity to 
different binding sites help metals uptake across the plasma membrane. 
Furthermore, the secondary transporters such as channel proteins 
and/or H+ coupled carrier proteins accelerate the metals uptake and 
their accumulation. These secondary transporters get energy from the 
fluctuations of membrane potential of the plasma membrane and root 
epidermal cells [18]. It has been shown that metal transporters acting 
as foremost role for the maintaining of intracellular metal homeostasis 
[19]. At the same time, transporter proteins may also involved in metal 
detoxification via the regulation of metals uptake from root cells and 
their translocation from the cytosol to the vacuolar compartment [20] 
(Figure 1). Moreover, these proteins may also boost the antioxidant 
system, osmolytes concentration, genetic or ion homeostasis. Similarly, 
Verbruggen et al. [21] have also reported the influx of arsenate is driven 
by phosphate transporters while arsenite is taken up by the aquaporin 
nodulin 26-like intrinsic proteins. From the another point of view, 
heavy metals such as copper, manganese and zinc etc. act as essential 
micronutrients for a range of plant physiological processes via the 
action of Cu, Mn and Zn dependent enzymes. Thus plants have evolved 
a suite of mechanisms that control and respond to the uptake and 
accumulation of both essential and non-essential heavy metals [22]. 

Effects of Heavy Metal on plants
Heavy metal toxicity is considered one of the major abiotic 

stresses leading to reduced crop yield and productivity. The higher 
accumulation of these heavy metals such as As, Cd, Pb, Cr, Zn, Cu and 
Ni in cells have resulted in different alterations at the physiological, 
biochemical and cellular level leading to the severe damage to plant 
[6,9,12,23,24] (Table 1). Panda et al. [25] have reported Cr induced 
chlorosis in young leaves of wheat, damage to root cells, impaired 
photosynthesis, altered enzymatic function, stunted growth, and 
consequently plant death.  Similarly, Sangwan et al. [26] observed Cr 
induced decline in growth of cluster bean due to arrest in activities of 
nitrogenase, nitrate reductase, nitrite reductase, glutamine synthetase, 
and glutamate dehydrogenase enzymes. In another finding Yadav et al. 
[7] have observed the replacement of central atom (Mg) of chlorophyll 
molecule with As leading to the dismantle of chlorophyll resulting 
in the breakdown of photosynthesis and growth of the sunflower 
seedlings under As stress. It is also reported that, arsenic has great 
potential to block various metabolic processes in cell, and may interact 
with sulphydryl groups of the proteins, and also replace the phosphate 
group of ATP. Similar to As, Hg also interacts with the -SH groups 
and form the S-Hg-S bridge, disrupting the stability of the group and 
consequently affects seed’s germination and embryo’s growth [27]. 

Further, study showed that Cr stress declined biomass accumulation 
in barley plants by causing ultrastructure disorders in leaves such as 
uneven thickening and swelling of chloroplast, increased amount of 
plastoglobuli and disintegrated thylakoid membrane which resulted 
into decline in net stomatal conductance, cellular CO2 concentration, 
transpiration rate, photochemical efficiency and net photosynthetic 
rate [8]. In another finding, Hg reduces the plant growth due to its 
higher affinity to bind with-SH groups of proteins and causes uneven 
modification in protein structure [23]. It has been observed that 
brinjal plant when exposed to Cd showed restricted growth, leaf area, 
photosynthetic pigment and chlorophyll fluorescence [9]. Similarly, 
Shahid et al. [28] have reported that the growth and photosynthetic 
pigments of Vicia faba got inhibited under Pb stress. The decrease in 
growth was associated with the loss of photosynthetic pigments due 
to modification of chloroplast ultrastructure and higher affinity of 
Pb for S- and N-ligands of protein, restriction of plastoquinone and 

Heavy metal Sources Reference
Arsenic Volcanic eruptions, smelting operations, fossil-fuel combustion and  uses of pesticides and herbicides  [3,61]

Cadmium  by-product of zinc (occasionally lead) refining [2,62]

Nickel atmospheric fall out, biological cycles, dissolution of rocks and soil, industrial processes, diesel oil and fuel oil, dental or orthopaedic 
implants, stainless steel kitchen utensils  [63,64] 

Lead Industrial application,  fuel additive, paint, food, beverages, mining and smelting activities, automobile exhausts  [2,62,65]
Chromium mining and smelting, battery manufacturing, chrome plating, pigments, tanning of animal skins, dyes and wood [66,67]

Table 3: Sources of heavy metal in environment

Heavy metal Soil Fresh water Sea water Reference

Arsenic 50-15000 
(mg kg-1)

1-10
μg L−1. > 2 μg L−1  [68-70]

Cadmium 3-6 
(mg kg-1) 0.01 mg L−1 _  [71]

Nickel 3-1000 
(mg kg-1) > 10 µg L−1 0.1- 0.5

µg L−1  [63,64,72]

Lead 250-500 
(mg kg-1) 0.1 mg L−1 _ [71]

Cromium 0.05-125 
(g kg−1)

0.1-117
μg L−1

0.2-0.5
μg L−1  [73,74]

Table 4: Concentration of heavy metals in soil and water
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carotenoids synthesis pathway, impairment in electron transport 
chain and membrane permeability, insufficient supply of CO2 and 
inactivation of numerous enzymes [28,29]. 

The fate of cells functioning depends on the production of reactive 
oxygen species (ROS). Over production of ROS than acceptable limit 
in different compartment of cells and their accumulation may lead 
damage to various essential macromolecules including peroxidation of 
lipids and proteins, DNA damage and several other vital constituents 
of the plants cell (Table 1). Evidence shows that, ROS directly formed 
through Haber-Weiss reaction lead to the oxidative stress during 
heavy metal stress [30]. The foremost generation sites of ROS are 
the chloroplasts, mitochondrion and plasma membrane which are 
interconnected to electron transport system hence ROS are produced 
as by products during oxygen metabolism [31]. Keeping the biological 
significance of heavy metals in mind, they have been classified in two 
groups namely redox active and redox inactive element [32]. On the 
one hand, redox active elements may directly participate in redox 
reaction processes in cells and consequently lead to the formation 
of ROS such as superoxide radical (O2

•¯), hydrogen peroxide (H2O2) 
and after this most lethal hydroxyl radicals (•OH) via the combined 
Haber-Weiss and Fenton reactions [31] while on the other hand, redox 
inactive elements may disrupt the electron transport chains and also 
accelerated the ROS generation inside the cells [32,33]. Extensive 
studies have been performed on different heavy metals interaction with 
a wide variety of plants on oxidative stress biomarkers such as Cr in rice 
seedlings [26], Hg in alfalfa seedlings [23], Zn in wheat plants [6], Cd 
in brinjal seedlings [9], As in sunflower seedlings [7] and Ni in soybean 
seedlings [33] (Table 1).  

Effect of Heavy Metal on Human
In order to acquire vitamins, minerals and fibers, human beings 

are dependent on vegetables and fruits as they are the rich sources 
for them. At the same time, these plants also carry a good amount 
of toxic metals. It is well established that plants easily take up these 
metals by absorbing them from contaminated soils as well as from 
deposits on aerial parts of the plants exposed to the ambient air from 
polluted environments. Hyper accumulation of heavy metals in plants 
may cause serious complications in human beings especially of the 
cardiovascular, renal, nervous, skeletal systems and some other like 
carcinogenesis, mutagenesis and teratogenesis [34]. Moreover, it has 
been reported that inorganic form of arsenic (As) is most lethal as it 
is known as epigenetic carcinogen metalloid. In this way, trivalent 
arsenite (As+3) has more carcinogenic properties than the pentavalent 
arsenate (As+5). In humans, trivalent arsenite (As+3) induces the 
carcinogenesis in skin, lung, bladder, and kidney tissues by disrupting 
the multiple signaling pathway [35]. Similarly, the ionic forms of 
Ni2+ taken up by the cell have great affinity to bind with proteins and 
amino acids induce carcinogenesis through several processes including 
DNA hyper methylation (H3K9 mono and dimethylation), DNMT 
inhibition, DNA mutation, ROS generation, inhibiting histone H2A, 
H2B, H3 and H4 acetylation, modifying the tumor inhibitor genes to 
the heterochromatin, and substantial increase of the ubiquitination of 
H2A and H2B. Moreover, nickel ion also swaps essential metal ions that 
are generally required for the proper functioning of many enzymes, 
leading to their dysfunction [36]. 

Proline
Proline has been considered as one of the important osmoticum 

found in the cellular system exposed to water stress, saline stress, metal 
stress etc. In recent years, the role of proline has also been characterized 

as scavenger of ROS, generated during stress condition [37]. Proline 
synthesization takes place with glutamate involving two consecutive 
reductions catalyzed by pyrroline-5-carboxylate synthase (P5CS) 
and pyrroline-5-carboxylate reductase (P5CR), respectively. Another 
alternative precursor for proline biosynthesis is ornithine (Orn), which 
can be transaminated to P5C by Orn-d-aminotransferase (OAT), 
enzyme to be found in mitochondrion however, in animals proline 
can be synthesized from either arginine or glutamate [38]. The relative 
contributions of these two precursors to proline synthesis in various 
tissues have not been explored much and needs further investigation. 
Moreover, proline may also acts as molecular chaperon stabilizing the 
structures of protein and regulates the cytosolic pH which helps to 
balance the redox status of cell. In addition to its role as an osmolyte, 
proline also prevents the disruption of proteins and membranes by 
forming clusters with H2O molecules and stabilized their structures 
[37,39]. Furthermore, in Arabidopsis, the overexpression of an 
antisense proline dehydrogenase cDNA has been shown to accelerate 
the proline accumulation and that improves the resistance potential of 
plant against the freezing and hyper salinity condition [40]. Similarly, 
Su and Wu [41] showed that the over expression of P5CS gene from 
mothbean enhanced the accumulation of P5CS mRNA and proline 
level in transgenic rice which enhances the tolerance capacity of the 
plant against drought and salt stress. However, in case of human cells 
proline catabolism is implicated in mitochondria-dependent signaling 
that regulates the programmed cell death and apoptosis. Evidences 
showed that, proline application may efficiently remove the toxic ROS 
in fungi and yeast, thus preventing programmed cell death [42] and 
also protects human’s cell from carcinogenic oxidative stress [43]. 

Plant Defense Mechanisms against Heavy Metal 
Antioxidant defense system

Plants develop a number of strategies to overcome with the adverse 
impacts imposed by heavy metals. In plants, heavy metal toxicity 
may lead to the over production of ROS, resulting in peroxidation of 
many vital constituents of the cell. In this way, plants have an efficient 
defense system comprising a set of enzymatic as well as non-enzymatic 
antioxidants. A wide variety of enzymatic antioxidants consisting 
of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT) 
and glutathione-s-transferase (GST) which may efficiently convert 
the superoxide radicals into hydrogen peroxide and subsequently 
water and oxygen whereas low molecular weight non-enzymatic 
antioxidants consisting the proline, ascorbic acid and glutathione may 
directly detoxify the ROS [7,9,44]. These two groups of antioxidants 
may professionally quench a wide range of toxic oxygen derivatives 
and prevent the cells from oxidative stress. Depending upon their 
localization at the different compartments of the cell their quenching 
mechanism also differs. In this way, SODs are a group of metalo-
enzymes that accelerate the conversion of superoxide radical (SOR, 
O2

•¯) into hydrogen peroxide (H2O2) whereas CAT, guaiacol peroxidase 
(GPX), and a variety of general PODs catalyze the breakdown of H2O2 
[31]. Similarly, GST is capable to catalyze the conjugation of different 
electrophilic substrates with reduced glutathione. Moreover, several 
studies report that under stress condition proline acts as an osmolyte 
and may increase antioxidant enzymes to minimize the adverse 
effect of oxidative stress [37,45] (Table 2 and Figure 1). In another 
finding, Islam et al. [12] reported that proline behaves like a plant 
growth regulators and maintains the osmotic adjustments, protects 
cells against ROS accumulation under Cd stress. In the similar way, 
exogenous application of proline reduces phytotoxic effects of selenium 
by minimizing oxidative stress and also improves growth in Phaseolus 
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vulgaris L. Seedlings [13]. Moreover, Hayat et al. [46] showed that the 
exogenous application of proline alleviates the damaging effects of Cd 
in plants and thereby enhances the growth and photosynthesis.  At the 
same time, heavy metal stress cause in a down regulating of leaf water 
potential on the other side it get recovered by the exogenous application 
of proline and enhanced the leaf water potential thereby protecting the 
membranes from metal induced injuries [46,47].

Cellular homeostasis

Proline may accumulate in cytosol under various biotic and 
abiotic stress conditions [37,45,48]. Hayat et al. [46] observed that the 
exogenous application of proline may enhance the endogenous proline 
level under heavy metal stress conditions which helps to maintain 
intracellular redox homeostasis potential [49] (Figure 1) protects 
enzymes [12], 3-D structure of proteins [50] and vital organelles 
including the cell membranes and also reducing the risk of peroxidation 
of lipids and proteins [47]. Proline may enhance the tolerance potential 
of plants by chelating heavy metals in the cytoplasm [51], regulating 
the water potential which is often impaired by heavy metals [52] 
maintain osmotic adjustment through cellular homeostasis and reduce 
metal uptake [53]. Wu et al. [54] also observed the minimum efflux 
of K ions in Anacystis nidulans after the application of proline under 
Cu stress suggesting the protective role of proline which protects the 
plasma membrane from Cu toxicity.

Role of genes in metal uptake and their transportation

a number of genes may express under the heavy metal stress which 
activate the specific enzymes to overcome with negative response. It 
has been reported that the genetically modified tobacco callus showed 
more resistance to methyl mercury (CH3Hg+) than the wild-type 
one. The merB gene encoded the MerB enzyme that dissociates the 
CH3Hg+ to Hg2+ which is less toxic and accumulated in the form of 
Hg-polyP complex in tobacco cells [55]. Moreover, the over expression 
of AtPCS1 and CePCS genes also enhanced the detoxification 
potential of tobacco plants under As and Cd stress with the increase 
in phytochelatins (PC) level [56,57]. In another study, Clemens [58] 
showed that Cd ions are apparently entered into the plant cell by Fe2+/
Zn2+ transporters of ZIP family and possibly by Ca2+ transporters or 
channels (Figure 1). Furthermore, there are also some genes which 
expressed in hyper accumulator phenotypes such as HMA4 gene under 
heavy metal stress. At the same time, some orthologous genes are also 
consistently over-expressed in Cd and Zn hypertolerant accessions in 
non-hyper accumulator metallophytes, e.g. SvHMA4 and SpHMA4 
in Silene vulgaris and S. paradoxa (Arnetoli and Schat unpublished 
data). Likewise, MT2b-orthologous genes are over-expressed in hyper 
accumulators, particularly in metallicolous accessions [59]. In this 
way, proline has recently been demonstrated to enhance the tolerance 
capacity of transgenic alga Chlamydomonas reinhardtii under hyper 
dose of cadmium [60]. In this study, a gene encoding moth bean 
D1-pyrroline-5-carboxylate synthetase (P5CS), initiates the proline 
synthesis, and introduced into the nuclear genome of green microalga 
Chlamydomonas reinhardtii. The transgenic alga produced 80% higher 
proline levels than the wild-type cells and grew more rapidly under 
higher Cd concentrations [60].

Conclusion and Future Perspective
The above study concludes that ROS are formed as by products 

during normal metabolic processes in aerobic life and involved in 
regulation of many physiological processes, however, their enhanced 
levels have been responsible for many complications in plants. This 

situation is further get more worsened with the increasing metal 
pollution due to the enhanced anthropogenic activities. The direct effect 
of heavy metal may be appeared as over generation of ROS in stressed 
plant which subsequently cause damage to essential macromolecules 
such as lipids, proteins, and nucleic acids, and thus, constrain crop 
productivity. Therefore, to engineer more metal tolerant plants, it is 
important to find out the key components of the plant metal tolerance 
network. These components include various genes, transcription 
factors, proteins and metabolites (osmolytes, phytohormones, lipids, 
etc.) which may be used to engineer plants for their increased metal 
tolerance. Despite the availability of ample literature, the understanding 
of relationship between metal stress and proline interaction at the 
physiological, biochemical as well as molecular level are still an area of 
scientific thrust. 
Acknowledgements

Authors are grateful to the UGC for providing financial support. One of the 
authors Jitendra Kumar is also thankful to UGC for providing financial assistance 
as JRF under the Rajiv Gandhi National Fellowship scheme (RGNF-2012-13-SC-
UTT-33185) 

References

1.	 Sharma I (2012) Arsenic induced oxidative stress in plants. Biologia 3: 447-453. 

2.	 Nagajyoti PC, Lee KD, Sreekanth TVM (2010) Heavy metals, occurrence and 
toxicity for plants: A review. Environ Chem Lett 8: 199-216. 

3.	 Singh A, Sharma RK, Agrawal M, Marshall FM (2010) Health risk assessment 
of heavy metals via dietary intake of foodstuffs from the wastewater irrigated 
site of a dry tropical area of India. Food Chem Toxicol 48: 611-619.

4.	 Vinodhini R, Narayanan M (2009) Heavy metal induced histopathological 
alterations in selected organs of the Cyprinus carpio L (Common Carp). Int J 
Environ Res 1: 95-100. 

5.	 Duruibe JO, Ogwuegbu MOC, Egwurugwu JN (2007) Heavy metal pollution 
and human biotoxic effects. Int J Phys Sci 5: 112-118. 

6.	 Li X, Yang Y, Jia L, Chen H, Wei X (2013) Zinc-induced oxidative damage, 
antioxidant enzyme response and proline metabolism in roots and leaves of 
wheat plants. Ecotoxicol Environ Saf 89: 150-157.

7.	 Yadav G, Srivastava PK, Singh VP, Prasad SM (2014) Light intensity alters the 
extent of arsenic toxicity in Helianthus annuus L. seedlings. Biol Trace Elem 
Res 158: 410-421.

8.	 Ali S, Farooq MA, Yasmeen T, Hussain S, Arif MS, et al. (2013) The influence 
of silicon on barley growth, photosynthesis and ultra-structure under chromium 
stress. Ecotoxicol Environ Saf 89: 66-72.

9.	 Singh S, Prasad SM (2014) Growth photosynthesis and oxidative responses 
of Solanum melongena L. seedlings to cadmium stress: Mechanism of toxicity 
amelioration by kinetin. Sci Hortic 176: 1-10. 

10.	Yang SL, Lan SS, Gong M (2009) Hydrogen peroxide-induced proline and 
metabolic pathway of its accumulation in maize seedlings. J Plant Physiol 166: 
1694-1699.

11.	Szabados L, Savouré A (2010) Proline: a multifunctional amino acid. Trends 
Plant Sci 15: 89-97.

12.	Islam MM, Hoque Md A, Okuma E, Banu MNA, Shimoishi Y, et al. (2009) 
Exogenous proline and glycine betaine increase antioxidant enzyme activities 
and confer tolerance to cadmium stress in cultured tobacco cells. J Plant 
Physiol 166: 1587-1597. 

13.	Aggarwa M, Sharma S, Kaur N, Pathania D, Bhandhari K, et al. (2011) 
Exogenous proline application reduces phytotoxic effects of selenium by 
minimising oxidative stress and improves growth in bean (Phaseolus vulgaris 
L.) seedlings. Biol Trace Elem Res 140: 354-367.

14.	Caglieri A, Goldoni M, Acampa O, Andreoli R, Vettori MV, et al. (2006) The 
effect of inhaled chromium on different exhaled breath condensate biomarkers 
among chrome-plating workers. Environ Health Perspect 114: 542-546.

15.	Singh A, Prasad SM (2011) Reduction of heavy metal load in food chain: 
technology assessment. Rev Environ Sci Biotechnol 10: 199-214. 

http://link.springer.com/article/10.2478%2Fs11756-012-0024-y#page-1
http://link.springer.com/article/10.1007%2Fs10311-010-0297-8#page-1
http://link.springer.com/article/10.1007%2Fs10311-010-0297-8#page-1
http://www.ncbi.nlm.nih.gov/pubmed/19941927
http://www.ncbi.nlm.nih.gov/pubmed/19941927
http://www.ncbi.nlm.nih.gov/pubmed/19941927
http://www.academicjournals.org/article/article1380209337_Duruibe et al.pdf
http://www.academicjournals.org/article/article1380209337_Duruibe et al.pdf
http://www.ncbi.nlm.nih.gov/pubmed/23260180
http://www.ncbi.nlm.nih.gov/pubmed/23260180
http://www.ncbi.nlm.nih.gov/pubmed/23260180
http://www.ncbi.nlm.nih.gov/pubmed/24699829
http://www.ncbi.nlm.nih.gov/pubmed/24699829
http://www.ncbi.nlm.nih.gov/pubmed/24699829
http://www.ncbi.nlm.nih.gov/pubmed/23260243
http://www.ncbi.nlm.nih.gov/pubmed/23260243
http://www.ncbi.nlm.nih.gov/pubmed/23260243
http://www.sciencedirect.com/science/article/pii/S0304423814003380
http://www.sciencedirect.com/science/article/pii/S0304423814003380
http://www.sciencedirect.com/science/article/pii/S0304423814003380
http://www.ncbi.nlm.nih.gov/pubmed/19446917
http://www.ncbi.nlm.nih.gov/pubmed/19446917
http://www.ncbi.nlm.nih.gov/pubmed/19446917
http://www.ncbi.nlm.nih.gov/pubmed/20036181
http://www.ncbi.nlm.nih.gov/pubmed/20036181
http://www.ncbi.nlm.nih.gov/pubmed/19423184
http://www.ncbi.nlm.nih.gov/pubmed/19423184
http://www.ncbi.nlm.nih.gov/pubmed/19423184
http://www.ncbi.nlm.nih.gov/pubmed/19423184
http://www.ncbi.nlm.nih.gov/pubmed/20455031
http://www.ncbi.nlm.nih.gov/pubmed/20455031
http://www.ncbi.nlm.nih.gov/pubmed/20455031
http://www.ncbi.nlm.nih.gov/pubmed/20455031
http://www.ncbi.nlm.nih.gov/pubmed/16581543
http://www.ncbi.nlm.nih.gov/pubmed/16581543
http://www.ncbi.nlm.nih.gov/pubmed/16581543
http://link.springer.com/article/10.1007%2Fs11157-011-9241-z#page-1
http://link.springer.com/article/10.1007%2Fs11157-011-9241-z#page-1


Citation: Singh M, Kumar J, Singh S, Singh VP, Prasad SM, et al. (2015) Adaptation Strategies of Plants against Heavy Metal Toxicity: A Short Review. 
Biochem Pharmacol (Los Angel) 4: 161. doi:10.4172/2167-0501.1000161

Page 6 of 7

Volume 4 • Issue 2 • 1000161
Biochem Pharmacol (Los Angel), an open access journal
ISSN:2167-0501 

16.	Tiwari KK, Singh NK, Rai UN (2013) Chromium phytotoxicity in radish 
(Raphanus sativus): effects on metabolism and nutrient uptake. Bull Environ 
Contam Toxicol 91: 339-344.

17.	Yamamoto F, Kozlowski TT (1987) Effect of flooding, tilting of stem, and 
ethrel application on growth, stem anatomy, and ethylene production of Acer 
platanoides seedlings. Scand J For Res 2: 141-156. 

18.	Hirsch RE, Lewis BD, Spalding EP, Sussman MR (1998) A role for the AKT1 
potassium channel in plant nutrition. Science 280: 918-921.

19.	Pilon M, Cohu CM, Ravet K, Abdel-Ghany SE, Gaymard F (2009) Essential 
transition metal homeostasis in plants. Curr Opin Plant Biol 12: 347-357.

20.	Salt DE, Wagner GJ (1993) Cadmium transport across tonoplast of vesicles 
from oat roots. Evidence for a Cd2+/H+ antiport activity. J Biol Chem 268: 12297-
12302.

21.	Verbruggen N, Hermans C, Schat H (2009) Mechanisms to cope with arsenic 
or cadmium excess in plants. Curr Opin Plant Biol 12: 364-372.

22.	Mendoza-Cózatl DG, Jobe TO, Hauser F, Schroeder JI (2011) Long-distance 
transport, vacuolar sequestration, tolerance, and transcriptional responses 
induced by cadmium and arsenic. Curr Opin Plant Biol 14: 554-562.

23.	Cui W, Fang P, Zhu K, Mao Y, Gao C, et al. (2014) Hydrogen-rich water confers 
plant tolerance to mercury toxicity in alfalfa seedlings. Ecotoxicol Environ Saf 
105: 103-111.

24.	Beesley L, Inneh OS, Norton GJ, Moreno-Jimenez E, Pardo T, et al. (2014) 
Assessing the influence of compost and biochar amendments on the mobility 
and toxicity of metals and arsenic in a naturally contaminated mine soil. Environ 
Pollut 186: 195-202.

25.	Panda SK, Chaudhury I, Khan MH (2003) Heavy metals induce lipid peroxidation 
and affect antioxidants in wheat leaves. Biol Plantarum 2: 289-294. 

26.	Sangwan P, Kumar V, Joshi UN (2014) Effect of Chromium(VI) Toxicity on 
Enzymes of Nitrogen Metabolism in Clusterbean (Cyamopsis tetragonoloba 
L.). Enzyme Res 2014: 784036.

27.	Patra M, Bhowmik N, Bandopadhyay B, Sharma A (2004) Comparison of 
mercury, lead and arsenic with respect to genotoxic effects on plant systems 
and the development of genetic tolerance. Environ Exp Bot 3: 199-223. 

28.	Shahid M, Dumat C, Pourrut B, Sabir M, Pinelli E (2014) Assessing the effect 
of metal speciation on lead toxicity to Vicia faba pigment contents. Journal of 
Geochemical Exploration 144: 290-297. 

29.	Pourrut B, Shahid M, Douay F, Dumat C, Pinelli E (2013) Molecular mechanisms 
involved in lead uptake, toxicity and detoxification in higher plants. In: Gupta 
DK, Corpas FJ, Palma JM (Eds.), Heavy metal stress in plants. Springer, Berlin 
Heidelberg 121-147. 

30.	Mithöfer A, Schulze B, Boland W (2004) Biotic and heavy metal stress response 
in plants: evidence for common signals. FEBS Lett 566: 1-5.

31.	Gill SS, Tuteja N (2010) Reactive oxygen species and antioxidant machinery 
in abiotic stress tolerance in crop plants. Plant Physiol Biochem 48: 909-930.

32.	Schützendübel A, Polle A (2002) Plant responses to abiotic stresses: heavy 
metal-induced oxidative stress and protection by mycorrhization. J Exp Bot 53: 
1351-1365.

33.	Prasad SM, Dwivedi R, Zeeshan M (2005) Growth, photosynthetic electron 
transport, and antioxidant responses of young soybean seedlings to 
simultaneous exposure of nickel and UV-B stress. Photosynthetica 2: 177-185. 

34.	Radwan MA, Salama AK (2006) Market basket survey for some heavy metals 
in Egyptian fruits and vegetables. Food Chem Toxicol 44: 1273-1278.

35.	Jensen TJ, Wozniak RJ, Eblin KE, Wnek SM, Gandolfi AJ, et al. (2009) 
Epigenetic mediated transcriptional activation of WNT5A participates in 
arsenical-associated malignant transformation. Toxicol Applied Pharmacol 1: 
39-46. 

36.	Ke Q, Ellen TP, Costa M (2008) Nickel compounds induce histone ubiquitination 
by inhibiting histone deubiquitinating enzyme activity. Toxicol Applied 
Pharmacol 228: 190-199. 

37.	Ashraf M, Foolad MR (2007) Roles of glycine betaine and proline in improving 
plant abiotic stress resistance. Environ Exp Bot 59: 206-216. 

38.	Wu G1, Bazer FW, Burghardt RC, Johnson GA, Kim SW, et al. (2011) Proline 
and hydroxyproline metabolism: implications for animal and human nutrition. 
Amino Acids 40: 1053-1063.

39.	Koca M, Bor M, Ozdemir F, Turkan I (2007) The effect of salt stress on lipid 
peroxidation, antioxidative enzymes and proline content of sesame cultivars. 
Environ Exp Bot 60: 344-351. 

40.	Nanjo T1, Fujita M, Seki M, Kato T, Tabata S, et al. (2003) Toxicity of free 
proline revealed in an arabidopsis T-DNA-tagged mutant deficient in proline 
dehydrogenase. Plant Cell Physiol 44: 541-548.

41.	Su J, Wu R (2004) Stress-inducible synthesis of proline in transgenic rice 
confers faster growth under stress conditions than that with constitutive 
synthesis. Plant Sci 166: 941-948. 

42.	Chen C, Dickman MB (2005) Proline suppresses apoptosis in the fungal 
pathogen Colletotrichum trifolii. Proc Natl Acad Sci U S A 102: 3459-3464.

43.	Krishnan N, Dickman MB, Becker DF (2008) Proline modulates the intracellular 
redox environment and protects mammalian cells against oxidative stress. Free 
Radic Biol Med 44: 671-681.

44.	Xu J, Yin H, Li X (2009) Protective effects of proline against cadmium toxicity 
in micropropagated hyperaccumulator, Solanum nigrum L. Plant Cell Rep 28: 
325-333.

45.	Parida AK, Das AB (2005) Salt tolerance and salinity effects on plants: a 
review. Ecotoxicol Environ Saf 60: 324-349.

46.	Hayat S, Hayat Q, Alyemeni MN, Ahmad A (2013) Proline enhances 
antioxidative enzyme activity, photosynthesis and yield of Cicer arietinum L. 
exposed to cadmium stress. Acta Bot Croat 2: 323-335. 

47.	Okuma E, Murakami Y, Shimoishi Y, Tada M, Murata Y (2004) Effects of 
exogenous application of proline and betaine on the growth of tobacco cultured 
cells under saline conditions. Soil Sci Plant Nutr 50: 1301-1305. 

48.	Hare PD, Cress WA (1997) Metabolic implications of stress induced proline 
accumulation in plants. Plant Growth Regul 21: 79-102. 

49.	Hoque MA, Banu MNA, Nakamura Y, Shimoishi Y, Murata Y (2008) Proline and 
glycinebetaine enhance antioxidant defense and methylglyoxal detoxification 
systems and reduce NaCl-induced damage in cultured tobacco cells. J Plant 
Physiol 165: 813-824. 

50.	Paleg LG, Doughlas TJ, Vandaal A, Keech DB (1981) Proline and betaine 
protect enzymes against heat inactivation. Aust J Plant Physiol 8: 107-114. 

51.	Farago ME, Mullen WA (1979) Plants which accumulate metals. Part IV. A 
possible copper-proline complex from the roots of Armeria maritima. Chim Acta 
32: L93-L94. 

52.	Costa G, Morel JL (1994) Water relations, gas exchange and amino acid 
content in cadmium-treated lettuce. Plant Physiol Biochem 32: 561-570. 

53.	Wu JT, Hsieh MT, Kow LC (1998) Role of proline accumulation in response 
to toxic copper in Chlorella sp. (Chlorophyceae) cells. J Phycol 34: 113-117. 

54.	Wu JT, Chang SC, Chen KS (1995) Enhancement of intracellular proline 
level in cells of Anacystis nidulans (Cyanobacteria) exposed to deleterious 
concentrations of copper. J Phycol 31: 376-379. 

55.	Nagata T, Morita H, Akizawa T, Pan-Hou H (2010) Development of a transgenic 
tobacco plant for phytoremediation of methylmercury pollution. Appl Microbiol 
Biotechnol 87: 781-786.

56.	Wojas S, Clemens S, Hennig J, Sklodowska A, Kopera E, et al. (2008) 
Overexpression of phytochelatin synthase in tobacco: distinctive effects of 
AtPCS1 and CePCS genes on plant response to cadmium. J Exp Bot 59: 2205-
2219.

57.	Wojas S, Clemens S, SkÅ‚odowska A, Maria Antosiewicz D (2010) Arsenic 
response of AtPCS1- and CePCS-expressing plants - effects of external 
As(V) concentration on As-accumulation pattern and NPT metabolism. J Plant 
Physiol 167: 169-175.

58.	Clemens S (2006) Toxic metal accumulation, responses to exposure and 
mechanisms of tolerance in plants. Biochimie 88: 1707-1719.

59.	Hassinen VH, Tuomainen M, Peräniemi S, Schat H, Kärenlampi SO, et al. 
(2009) Metallothioneins 2 and 3 contribute to the metal-adapted phenotype 
but are not directly linked to Zn accumulation in the metal hyperaccumulator, 
Thlaspi caerulescens. J Exp Bot 60: 187-196.

60.	Siripornadulsil S, Traina S, Verma DP, Sayre RT (2002) Molecular mechanisms 
of proline-mediated tolerance to toxic heavy metals in transgenic microalgae. 
Plant Cell 14: 2837-2847.

http://www.ncbi.nlm.nih.gov/pubmed/23818061
http://www.ncbi.nlm.nih.gov/pubmed/23818061
http://www.ncbi.nlm.nih.gov/pubmed/23818061
http://www.ncbi.nlm.nih.gov/pubmed/9572739
http://www.ncbi.nlm.nih.gov/pubmed/9572739
http://www.ncbi.nlm.nih.gov/pubmed/19481497
http://www.ncbi.nlm.nih.gov/pubmed/19481497
http://www.ncbi.nlm.nih.gov/pubmed/8509367
http://www.ncbi.nlm.nih.gov/pubmed/8509367
http://www.ncbi.nlm.nih.gov/pubmed/8509367
http://www.ncbi.nlm.nih.gov/pubmed/19501016
http://www.ncbi.nlm.nih.gov/pubmed/19501016
http://www.ncbi.nlm.nih.gov/pubmed/21820943
http://www.ncbi.nlm.nih.gov/pubmed/21820943
http://www.ncbi.nlm.nih.gov/pubmed/21820943
http://www.ncbi.nlm.nih.gov/pubmed/24793520
http://www.ncbi.nlm.nih.gov/pubmed/24793520
http://www.ncbi.nlm.nih.gov/pubmed/24793520
http://www.ncbi.nlm.nih.gov/pubmed/24388869
http://www.ncbi.nlm.nih.gov/pubmed/24388869
http://www.ncbi.nlm.nih.gov/pubmed/24388869
http://www.ncbi.nlm.nih.gov/pubmed/24388869
http://link.springer.com/article/10.1023%2FA%3A1022871131698#page-1
http://link.springer.com/article/10.1023%2FA%3A1022871131698#page-1
http://www.ncbi.nlm.nih.gov/pubmed/24744916
http://www.ncbi.nlm.nih.gov/pubmed/24744916
http://www.ncbi.nlm.nih.gov/pubmed/24744916
http://www.sciencedirect.com/science/article/pii/S0098847204000346
http://www.sciencedirect.com/science/article/pii/S0098847204000346
http://www.sciencedirect.com/science/article/pii/S0098847204000346
http://www.sciencedirect.com/science/article/pii/S0375674214000053
http://www.sciencedirect.com/science/article/pii/S0375674214000053
http://www.sciencedirect.com/science/article/pii/S0375674214000053
http://link.springer.com/chapter/10.1007%2F978-3-642-38469-1_7#page-1
http://link.springer.com/chapter/10.1007%2F978-3-642-38469-1_7#page-1
http://link.springer.com/chapter/10.1007%2F978-3-642-38469-1_7#page-1
http://link.springer.com/chapter/10.1007%2F978-3-642-38469-1_7#page-1
http://www.ncbi.nlm.nih.gov/pubmed/15147858
http://www.ncbi.nlm.nih.gov/pubmed/15147858
http://www.ncbi.nlm.nih.gov/pubmed/20870416
http://www.ncbi.nlm.nih.gov/pubmed/20870416
http://link.springer.com/article/10.1007/s11099-005-0031-0#page-1
http://link.springer.com/article/10.1007/s11099-005-0031-0#page-1
http://link.springer.com/article/10.1007/s11099-005-0031-0#page-1
http://www.ncbi.nlm.nih.gov/pubmed/16600459
http://www.ncbi.nlm.nih.gov/pubmed/16600459
http://www.ncbi.nlm.nih.gov/pubmed/19061910
http://www.ncbi.nlm.nih.gov/pubmed/19061910
http://www.ncbi.nlm.nih.gov/pubmed/19061910
http://www.ncbi.nlm.nih.gov/pubmed/19061910
http://www.ncbi.nlm.nih.gov/pubmed/18279901
http://www.ncbi.nlm.nih.gov/pubmed/18279901
http://www.ncbi.nlm.nih.gov/pubmed/18279901
http://www.sciencedirect.com/science/article/pii/S0098847206000268
http://www.sciencedirect.com/science/article/pii/S0098847206000268
http://www.ncbi.nlm.nih.gov/pubmed/20697752
http://www.ncbi.nlm.nih.gov/pubmed/20697752
http://www.ncbi.nlm.nih.gov/pubmed/20697752
http://www.sciencedirect.com/science/article/pii/S0098847207000032
http://www.sciencedirect.com/science/article/pii/S0098847207000032
http://www.sciencedirect.com/science/article/pii/S0098847207000032
http://www.ncbi.nlm.nih.gov/pubmed/12773641
http://www.ncbi.nlm.nih.gov/pubmed/12773641
http://www.ncbi.nlm.nih.gov/pubmed/12773641
http://www.sciencedirect.com/science/article/pii/S0168945203005119
http://www.sciencedirect.com/science/article/pii/S0168945203005119
http://www.sciencedirect.com/science/article/pii/S0168945203005119
http://www.ncbi.nlm.nih.gov/pubmed/15699356
http://www.ncbi.nlm.nih.gov/pubmed/15699356
http://www.ncbi.nlm.nih.gov/pubmed/18036351
http://www.ncbi.nlm.nih.gov/pubmed/18036351
http://www.ncbi.nlm.nih.gov/pubmed/18036351
http://www.ncbi.nlm.nih.gov/pubmed/19043719
http://www.ncbi.nlm.nih.gov/pubmed/19043719
http://www.ncbi.nlm.nih.gov/pubmed/19043719
http://www.ncbi.nlm.nih.gov/pubmed/15590011
http://www.ncbi.nlm.nih.gov/pubmed/15590011
http://www.abc.botanic.hr/index.php/abc/article/view/703
http://www.abc.botanic.hr/index.php/abc/article/view/703
http://www.abc.botanic.hr/index.php/abc/article/view/703
http://link.springer.com/article/10.1023%2FA%3A1005703923347#page-1
http://link.springer.com/article/10.1023%2FA%3A1005703923347#page-1
http://www.ncbi.nlm.nih.gov/pubmed/17920727
http://www.ncbi.nlm.nih.gov/pubmed/17920727
http://www.ncbi.nlm.nih.gov/pubmed/17920727
http://www.ncbi.nlm.nih.gov/pubmed/17920727
http://www.researchgate.net/publication/230794045_Water_relations_gas-exchange_and_amino-acid_content_in_Cd-treated_lettuce
http://www.researchgate.net/publication/230794045_Water_relations_gas-exchange_and_amino-acid_content_in_Cd-treated_lettuce
http://onlinelibrary.wiley.com/doi/10.1046/j.1529-8817.1998.340113.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1529-8817.1998.340113.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.0022-3646.1995.00376.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.0022-3646.1995.00376.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.0022-3646.1995.00376.x/abstract
http://www.ncbi.nlm.nih.gov/pubmed/20393701
http://www.ncbi.nlm.nih.gov/pubmed/20393701
http://www.ncbi.nlm.nih.gov/pubmed/20393701
http://www.ncbi.nlm.nih.gov/pubmed/18467325
http://www.ncbi.nlm.nih.gov/pubmed/18467325
http://www.ncbi.nlm.nih.gov/pubmed/18467325
http://www.ncbi.nlm.nih.gov/pubmed/18467325
http://www.ncbi.nlm.nih.gov/pubmed/19765857
http://www.ncbi.nlm.nih.gov/pubmed/19765857
http://www.ncbi.nlm.nih.gov/pubmed/19765857
http://www.ncbi.nlm.nih.gov/pubmed/19765857
http://www.ncbi.nlm.nih.gov/pubmed/16914250
http://www.ncbi.nlm.nih.gov/pubmed/16914250
http://www.ncbi.nlm.nih.gov/pubmed/19033549
http://www.ncbi.nlm.nih.gov/pubmed/19033549
http://www.ncbi.nlm.nih.gov/pubmed/19033549
http://www.ncbi.nlm.nih.gov/pubmed/19033549
http://www.ncbi.nlm.nih.gov/pubmed/12417705
http://www.ncbi.nlm.nih.gov/pubmed/12417705
http://www.ncbi.nlm.nih.gov/pubmed/12417705


Citation: Singh M, Kumar J, Singh S, Singh VP, Prasad SM, et al. (2015) Adaptation Strategies of Plants against Heavy Metal Toxicity: A Short Review. 
Biochem Pharmacol (Los Angel) 4: 161. doi:10.4172/2167-0501.1000161

Page 7 of 7

Volume 4 • Issue 2 • 1000161
Biochem Pharmacol (Los Angel), an open access journal
ISSN:2167-0501 

61.	Zhao FJ, McGrath SP, Meharg AA (2010) Arsenic as a food chain contaminant: 
mechanisms of plant uptake and metabolism and mitigation strategies. Annu 
Rev Plant Biol 61: 535-559.

62.	Lenntech Water Treatment and Air Purification (2004) Water treatment. 
Lenntech, Rotterdamseweg, Netherlands.

63.	Von Burg R (1997) Nickel and some nickel compounds. J Appl Toxicol 17: 
425-431.

64.	Cempel M, Nikel G (2006) Nickel: a review of its sources and environmental 
toxicology. Polish J Environ Stud 3: 375-382. 

65.	Mahaffey KR (1995) Nutrition and lead: strategies for public health. Environ 
Health Perspect 103 Suppl 6: 191-196.

66.	Beccaloni E, Vanni F, Beccaloni M, Carere M (2013) Concentrations of arsenic, 
cadmium, lead and zinc in homegrown vegetables and fruits: estimated intake 
by population in an industrialized area of Sardinia, Italy. Microchemical Journal 
107: 190-195. 

67.	ATSDR (Agency for Toxic Substances and Disease Registry) (2000) 
Toxicological Profile for Chromium. Atlanta, GA. 

68.	Ellice MC, Dowling K, Smith J, Smith E, Naidu R (2001) Abandoned mine 
tailings with high arsenic concentrations: a case study with implications for 
regional Victoria. Proceedings of Arsenic in the Asia-Pacific Region: Managing 
Arsenic for our Future, 20-23 November 2001, Adelaide, South Australia; 2001 
124. 

69.	Sharma VK, Sohn M (2009) Aquatic arsenic: toxicity, speciation, transformations, 
and remediation. Environ Int 35: 743-759.

70.	Ng JC (2005) Environmental contamination of arsenic and its toxicological 
impact on humans. Environ Chem 2: 146-160. 

71.	Awashthi SK (2000) Prevention of Food Adulteration Act no 37 of 1954. Central 
and State Rules as Amended for 1999. Ashoka Law House, New Delhi. 

72.	Szefer P (2002) Trace Metals in the Environment 5. Metals, Metalloids and 
Radionuclides in the Baltic sea Ecosystem. Elsevier london, 699-703. 

73.	Perlman GD, Berman L, Leann K, Bing L (2012) Agency for Toxic Substances 
and Disease Registry Brownfields/ land-reuse site tool. J Environ Health 75: 
30-34.

74.	Pawlisz AV, Kent RA, Schneider UA, Jefferson C (1997) Canadian water 
quality guidelines for chromium. Environ Toxicol Water Qual 12: 123-183. 

75.	Bergqvist C, Herbert R, Persson I, Greger M (2014) Plants influence on arsenic 
availability and speciation in the rhizosphere, roots and shoots of three different 
vegetables. Environ Pollut 184: 540-546.

76.	Gajewska E, Skodowska M (2009) Nickel-induced changes in nitrogen 
metabolism in wheat shoots. J Plant Physiol 166: 1034-1044.

77.	Zhu YG, Chen SB, Yang JC (2004) Effects of soil amendments on lead uptake 
by two vegetable crops from a lead-contaminated soil from Anhui, China. 
Environ Int 30: 351-356.

78.	Qureshi MI, Abdin MZ, Qadir S Iqbal M (2007) Lead-induced oxidative stress 
and metabolic alterations In Cassia angustifolia Vahl. Biol Plantarum 1: 121-
128. 

79.	Rai V, Vajpayee P, Singh SN, Mehrotra S (2004) Effect of chromium 
accumulation on photosynthetic pigments, oxidative stress defense system, 
nitrate reduction, proline level and eugenol content of Ocimum tenuiflorum L. 
Plant Sci 167: 1159-1169. 

80.	Wang F, Zeng B, Sun Z, Zhu C (2009) Relationship between proline and Hg2+-
induced oxidative stress in a tolerant rice mutant. Arch Environ Contam Toxicol 
56: 723-731.

81.	Gajewska E, Sk odowska M (2008) Differential biochemical responses of 
wheat shoots and roots to nickel stress: antioxidative reactions and proline 
accumulation. Plant Growth Regul 54: 179-188.

http://www.ncbi.nlm.nih.gov/pubmed/20192735
http://www.ncbi.nlm.nih.gov/pubmed/20192735
http://www.ncbi.nlm.nih.gov/pubmed/20192735
http://www.ncbi.nlm.nih.gov/pubmed/9418953
http://www.ncbi.nlm.nih.gov/pubmed/9418953
http://www.pjoes.com/abstracts/2006/Vol15/No03/02.html
http://www.pjoes.com/abstracts/2006/Vol15/No03/02.html
http://www.ncbi.nlm.nih.gov/pubmed/8549473
http://www.ncbi.nlm.nih.gov/pubmed/8549473
http://www.sciencedirect.com/science/article/pii/S0026265X12001671
http://www.sciencedirect.com/science/article/pii/S0026265X12001671
http://www.sciencedirect.com/science/article/pii/S0026265X12001671
http://www.sciencedirect.com/science/article/pii/S0026265X12001671
http://www.ncbi.nlm.nih.gov/pubmed/19232730
http://www.ncbi.nlm.nih.gov/pubmed/19232730
http://www.researchgate.net/publication/263026350_Environmental_Contamination_of_Arsenic_and_its_Toxicological_Impact_on_Humans
http://www.researchgate.net/publication/263026350_Environmental_Contamination_of_Arsenic_and_its_Toxicological_Impact_on_Humans
http://www.ncbi.nlm.nih.gov/pubmed/23270111
http://www.ncbi.nlm.nih.gov/pubmed/23270111
http://www.ncbi.nlm.nih.gov/pubmed/23270111
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291098-2256%281997%2912:2%3C123::AID-TOX4%3E3.0.CO;2-A/abstract
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291098-2256%281997%2912:2%3C123::AID-TOX4%3E3.0.CO;2-A/abstract
http://www.ncbi.nlm.nih.gov/pubmed/24184375
http://www.ncbi.nlm.nih.gov/pubmed/24184375
http://www.ncbi.nlm.nih.gov/pubmed/24184375
http://www.ncbi.nlm.nih.gov/pubmed/19185388
http://www.ncbi.nlm.nih.gov/pubmed/19185388
http://www.ncbi.nlm.nih.gov/pubmed/14987865
http://www.ncbi.nlm.nih.gov/pubmed/14987865
http://www.ncbi.nlm.nih.gov/pubmed/14987865
http://link.springer.com/article/10.1007%2Fs10535-007-0024-x#page-1
http://link.springer.com/article/10.1007%2Fs10535-007-0024-x#page-1
http://link.springer.com/article/10.1007%2Fs10535-007-0024-x#page-1
http://www.sciencedirect.com/science/article/pii/S0168945204002742
http://www.sciencedirect.com/science/article/pii/S0168945204002742
http://www.sciencedirect.com/science/article/pii/S0168945204002742
http://www.sciencedirect.com/science/article/pii/S0168945204002742
http://www.ncbi.nlm.nih.gov/pubmed/18787889
http://www.ncbi.nlm.nih.gov/pubmed/18787889
http://www.ncbi.nlm.nih.gov/pubmed/18787889
http://link.springer.com/article/10.1007%2Fs10725-007-9240-9#page-1
http://link.springer.com/article/10.1007%2Fs10725-007-9240-9#page-1
http://link.springer.com/article/10.1007%2Fs10725-007-9240-9#page-1

	Title
	Corresponding author
	Abstract 
	Keywords
	Introduction
	Sources and Levels of Heavy Metals Contamination in the Environment 
	Factors Influencing Heavy Metal Uptake 
	Mobilization of Heavy Metals in Plants 
	Effects of Heavy Metal on plants 
	Effect of Heavy Metal on Human 
	Proline 
	Plant Defense Mechanisms against Heavy Metal  
	Cellular homeostasis 
	Role of Genes in Metal Uptake and their Transportation 

	Conclusion and Future Perspective 
	Acknowledgements 
	Figure 1
	Table 1
	Table 2
	Table 3
	Table 4
	References

