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Heavy metal pollution of water and soil resulting in toxicity has become a 
major issue for crop development and yield. This has been exacerbated by 
cumulative population growth and increasing food requirements. As with 
other organisms, plants have acquired a range of mechanisms for the 
detoxification of heavy metals. These include: signal transduction; 
adherence of metal compounds to the cell wall and root secretions; metal 
efflux from the plasma membrane; sequestration within vacuoles by metal 
binding ligands, such as phytochelatins and metallothioneins; and 
antioxidant enzymes and heat shock proteins. Substantial progress has 
been made in recent years to develop transgenic plants for the removal of 
heavy metals from the environment. This chapter presents an updated 
understanding of the uptake, accumulation, and detoxification of heavy 
metals in plants. 

Introduction 

Over the course of the last few years, the intensification of human 
activity—rapid industrial development and contemporary agricultural 
approaches—has resulted in widespread heavy metal pollution, which 
induces toxicity in living entities (Eapen and D’souza, 2005; Kavamura 
and Esposito, 2010; Miransari, 2011). Soils have been contaminated with 
heavy metals through the application of pesticides, fertilizers, and sewage 
sludge, as well as the poor disposal of heavy metal wastes from smelting 
and mine tailings (Yang et al., 2005). Though heavy metals are naturally 
found elements, difficulties emerge when they are discharged in excess 
into the surroundings due to human activity. Categorised according to their 
density (>5 g/cm3), the 53 d-block elements have been characterized as 
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“heavy metals” (Jarup, 2003). Macro and micronutrients play essential 
roles in fundamental plant processes, such as sugar metabolism, nitrogen 
fixation, chlorophyll biosynthesis, photosynthesis, DNA synthesis, protein 
modification, and redox reactions. For instance, Zn is a cofactor for 
approx. 300 enzymes and 200 transcription factors related to the 
maintenance of membrane integrity, auxin metabolism, and reproduction 
(Ricachenevsky et al., 2013).  

Nevertheless, at higher concentrations, heavy metals make plants show 
symptoms of toxicity. As such, their uptake is highly regulated by plant 
cells (Fidalgo et al., 2013). Some non-essential heavy metals, such as Cd, 
As, Cr, Pb, Al, and Hg, are toxic even at low concentrations and may 
inhibit the physiological metabolism of plants (Garzón et al., 2011; 
Chong-qing et al., 2013). Heavy metals have many detrimental effects 
directly impacting growth, photosynthesis, chlorosis, the plant water 
balance, nutrient absorption, senescence, and even triggering plant death. 

In addition to their toxic effects on plants, heavy metals also pose a threat 
to human health due to their persistence in nature. For instance, Pb is a 
highly toxic heavy metal with a soil retention time of 150-5,000 years and 
is reported to maintain high concentrations for as long as 150 years (Yang 
et al., 2005). Plants growing in heavy metal-contaminated sites generally 
accumulate higher amounts of heavy metals and thus contamination of the 
food chain occurs. Contaminated food chains are a primary route for the 
entry of heavy metals into animal and human tissues, causing a number of 
diseases ranging from dermatitis to various cancers (McLaughlin et al., 
1999). This problem can become even worse if sufficient measures are not 
taken at the right time. Therefore, research in this area is driven by the 
goal of decreasing the entry of heavy metals into crop plants, thereby 
reducing the risk of contamination of animals and human beings. 

Due to this toxicity, heavy metal contamination in the environment 
remains a matter of great concern. Several studies reporting the potential 
of phytoremediation have highlighted the molecular and genetic basis for 
detoxification of heavy metals in genetically modified plants on heavy 
metal polluted sites (Yan et al. 2020). This chapter presents current 
knowledge on heavy metal metabolism, including their uptake, 
accumulation, and detoxification in plants. 
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Plant responses to heavy metal stress 

As plants are sessile in nature, they cannot move away from environmental 
stresses. Heavy metal exposure generates wide-ranging physiological and 
biochemical alterations and plants employ various strategies to survive 
heavy metal toxicity. Plants counter heavy metal stress through 
mechanisms that can be characterized as follows: (i) perceiving external 
stress stimuli; (ii) signal transduction; and (iii) eliciting suitable actions to 
combat the adverse effects of stress by controlling the physiological, 
biochemical, and molecular status of cells. It is challenging to identify 
variations in signal transduction after plants have been subjected to heavy 
metal stress at the level of the entire plant. However, studying early 
impacts, for instance oxidative stress, transcriptomic and proteomic 
alterations, and metabolite accumulation, can help us examine signal 
transduction changes when plants are exposed to stress. For example, 
overexpression of genes related to dehydration stress in barley after 
exposure to Cd and Hg was reported by Tamás et al. (2010). In the same 
way, during heavy metal exposure, oxidative stress and glutathione 
reduction can be used as early signals of sensing and signal transduction in 
alfalfa roots, as reported by Hernandez et al. (2012). Zhang et al. (2002) 
studied how seed germination and seedling growth in wheat was 
suppressed when exposed to high arsenic concentrations. Likewise, a 
decline in plumule and radicle length of Helainthus annuus L. plantlets 
after As exposure was reported by Imran et al. (2013). Furthermore, it has 
been found that arsenic causes a decline in the photosynthetic pigment, 
impairs the chloroplast membrane, and reduces enzyme activity by binding 
with the sulfhydryl group of proteins; it has also been reported that it 
modifies the nutrient balance and protein metabolism (Ahsan et al., 2010). 
It has been suggested that heavy metals cause toxicity in plants through 
four mechanisms. These consist of: (i) resemblance with nutrient cations, 
which creates competition for entry at the root surface; (ii) binding of 
heavy metals to the sulfhydryl group (SH), leading to the disruption of the 
structure and function of proteins, which renders them inactive; (iii) 
dislocation of vital cations from precise binding sites leading to reduced 
activity; and (iv) overproduction of reactive oxygen species (ROS), which 
subsequently impair important biomolecules (Sharma and Dietz, 2009). To 
examine the effect of this stressor, plant roots, the first point of contact 
with heavy metals, have been extensively used. Plants growing in heavy 
metal polluted areas show reduced growth, performance, and yield 
(Keunen et al., 2011; Anjum et al., 2014). Root development relies on cell 
division and elongation and inhibited root growth due to a reduction in the 
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mitotic process has been found in numerous plants upon heavy metal 
exposure (Thounaojam et al., 2012). A higher toxic effect on cell division 
during Cr (VI) stress in comparison to Cr (III) treatment was reported by 
Liu et al. (1992), while Sundaramoorthy et al. (2010) reported that Cr (VI) 
triggered a delay in the cell cycle that tended to decrease root growth due 
to the suppression of cell division. Pena et al. (2012) examined how Cd 
toxicity and ROS production alters the G1/S transition and progression 
through the S phase by inhibited cyclin dependent kinase (CDK) 
expression. It has been observed that higher concentrations of Cu 
influence both elongation and meristem zones by modifying auxin supply 
through the PINFORMED1 (PIN1) protein (Yuan et al., 2013). Likewise, 
Petö et al. (2011) confirmed that superfluous Cu hinders root length and 
modifies root structure by causing changes in auxin concentration, which 
disturbs nitric oxide function. The plant cytoskeleton is also a target of 
heavy metal stress, as shown by a reduction in root growth with an 
increase in root diameter (Zobel et al., 2007). As such, much research has 
proposed that heavy metals produce a reduction in root growth that 
disturbs water and nutrient uptake, thus disturbing their movement to the 
above-ground plant parts, adversely influencing shoot development, and 
lessening biomass accumulation. Roots apply numerous approaches to 
address these issues. These include the production and deposition of 
callose to reduce or avoid heavy metal toxicity by constraining the entry of 
heavy metals and intensifying the elasticity of the root framework. To 
improve plant tolerance to HM stress, roots also permit their uptake and 
transport to above ground plant parts for vacuole compartmentalization 
(Fahr et al., 2013). Plasma membranes function as an extremely restrictive 
entry check point for undesirable elements into cells. Kenderešová et al. 
(2012) examined the greater resistence of Arabidopsis halleri and 
Arabidopsis arenosa to metal toxicity in comparison to Arabidopsis 
thaliana on account of their lower membrane depolarization, signifying 
that fluctuations in the membrane’s electric potential would be a good 
means of checking the effects of heavy metal toxicity. After entering the 
cell, heavy metals modify metabolic activities, inducing decreased growth 
and a decline in biomass cumulation (Nagajyoti et al., 2010). Tinted stem 
and root length, as well as chlorosis in younger leaves, may result due to 
metal stress and this can spread to mature leaves after extended exposure 
(Srivastava et al., 2012). Heavy metals are extremely toxic and affect the 
cellular and molecular mechanism of plants, causing modifications in their 
physiological and biochemical processes. They can negatively impact seed 
growth, photosynthesis, gas exchange, and respiration; denature enzymes; 
inactivate important molecules by blocking their functional groups; and 
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alter hormone proportions, nutrient absorption, and protein and DNA 
synthesis (Singh et al., 2013). Their toxic effects have been investigated in 
relation to several photosynthetic indicators, such as photosynthetic rate 
(Pn) and intracellular CO2 concentration (Ci) in tomato plantlets under Cd 
exposure (Dong et al., 2005). Substantial decay in chlorophyll levels, 
followed by a decrease in the photochemical proficiency of photosystem II 
(PSII), was confirmed by Maleva et al. (2012) with Mn, Cu, Cd, Zn, and 
Ni stress in Elodea Densa. Li et al. (2012) investigated the reduced 
chlorophyll and carotenoids levels and the quantum yield of PSII in 
Thalassia hemprichii under Cu, Zn, Pb, and Cd exposure, suggesting that 
photosynthesis is highly affected by metal toxicity. In addition, heavy 
metals reduce CO2 absorption by either lessening the activity of RUBP 
carboxylase, or by binding with the thiol group of RUBISCO. For 
example, Monnet et al. (2001) reported that Zn impeded the activity of 
RUBISCO in Phaseolusvulgaris by exchanging Zn+2 for Mg+2. Decreased 
RUBISCO activity was also observed by Muthuchelian et al. (2001) 
during Cd stress in Erythrina variegate. These scientists also found 
diminished CO2 fixation, which may be due to a reduction in ATP 
(Husaini and Rai, 1991), as Cd ions decrease the proton source for 
reduction reactions (Ferretti et al., 1993). Likewise, it was found that Cu 
decreases RUBISCO activity in Chenopodium rubrum (Schafer et al., 
1992) by reacting with the essential cysteine residue of the enzyme 
(Siborova, 1988). This reduction in gas exchange, pigments, photosynthetic 
level, quantum yield of PSII, stomatal conductivity, and CO2 absorption is 
possibly due to structural alterations prompted by metal toxicity. The 
impacts emerging as a result of such structural changes have been stated 
by numerous research studies (Sánchez-Pardo et al., 2012). Furthermore, 
heavy metals also exhibit destructive consequences on other physiological 
practices, such as nitrogen metabolism, thus interfering with plant growth. 
Increased protease activity has been reported to be a consequence of heavy 
metal toxicity (Chaffei et al., 2003), minimizing the function of enzymes 
associated with nitrate and ammonia assimilation. It has been shown that 
nitrogen assimilation is affected by Cd stress in terms of nitrate uptake and 
transportation, nitrate reductase, and GS activity inhibition (Lea and 
Miflin, 2004). Heavy metal-facilitated modification of hormonal 
proportions is related to their cytotoxicity in plants (Wilkinson et al., 
2012). As an example, remarkable alterations have been detected in auxin 
intensity—indole-3-acetic acid (IAA), indole-3-butyricacid (IBA), and 
naphthalene acetic acid (NAA)—and in the expression of about 69 
microRNAs in Brassica juncea under As stress (Srivastava et al., 2013). 
Conversely, B. juncea growth was improved with additional delivery of 
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IAA during As exposure, suggesting an approach to counterbalance the 
impact of As stress by regulation of the hormone level. 

Heavy metal uptake and transport 

Hyperaccumulator plants have a phenomenal capability to take up heavy 
metals from the soil (Yang et al., 2002). However, the uptake of heavy 
metals by hyperaccumulators is influenced by numerous factors, such as 
water content, pH, and organic constituents. Likewise, metals need an 
appropriate transportation mode to enter the plant. A number of 
investigators have studied how pH influences proton excretion by roots, 
which acidify the rhizosphere, hence improving metal disintegration, as 
well as the development of metal-accumulator plants (Kuriakose and 
Prasad, 2008). Organic materials discharged from the roots affect the 
growth of hyperaccumulator plants. Krishnamurti et al. (1997) found that 
Cd solubility was affected by organic acids released via Cd complex 
formation. Heavy metal mobilization and enhanced absorption results due 
to the release of pH and organic substances from the rhizosphere of the 
hyperaccumulating plant (Peng et al., 2005). Elevated heavy metal uptake 
has also been connected to boosted root propagation (Whiting et al., 2000) 
and has been attributed to the upregulation of certain genes. To pinpoint 
the genes involved in overexpression, numerous experiments have been 
undertaken using the hyperaccumulator species Arabidopsis halleri and 
Thlapsi caerulescens and congener non-hyperaccumulating species. 
Studies on T. caerulescens and A. halleri have revealed that increased Zn 
uptake is due to overexpression of genes belonging to the ZIP (zinc/iron-
regulated transporter-like proteins) family encoding plasma membrane-
located transporters (Assunção et al., 2001). These are ZTN1 and ZTN2 in 
T. caerulescens and ZIP6 and ZIP9 in A. halleri. The decreased uptake of 
Cd at increasing Zn concentrations has been noted in both genera. This 
clearly demonstrates that expression of the ZIP genes is Zn regulated 
(Assunção et al., 2010) and Cd influx is mainly due to Zn transporters 
having a strong preference for Zn over Cd (Weber et al., 2006). Evidence 
exists that As, being a chemical analog of phosphate, enters the plant cell 
via phosphate transporters (Kanoun-Boulé et al., 2009). Similarly, a study 
of the As hyperaccumulator Pteris vittata and non-hyperaccumulator 
Pteris tremula showed that the plasma membranes in root cells of P. 
vittata had a higher density of phosphate/arsenate transporters than P. 
tremula (Caille et al., 2005), which is possibly due to constitutive gene 
overexpression. In addition, a study into the Se hyperaccumulators 
Astragalus bisulcatus (Fabaceae) and Stanleya pinnata (Brassicaceae) 
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revealed that there was a higher Se/S ratio in the shoots of the Se 
hyperaccumulator species in comparison to the non-hyperaccumulator 
sister species. This observation is also supported by the fact that enhanced 
Se uptake used sulfate transporters (Galeas et al., 2007). 

Root-to-shoot translocation of heavy metals 

In contrast to non-hyperaccumulator plants, hyperaccumulators do not 
retain heavy metals absorbed through the roots but translocate them from 
root to shoot efficiently via the xylem. There are various proteins that help 
in this translocation: heavy metal-transporting ATPases (CPx-type, P1B-
type); cation diffusion facilitator (CDF) proteins; natural resistance-
associated macrophage proteins (Nramp); MATE (multidrug and toxin 
efflux) proteins; and zinc–iron permease (ZIP) proteins. Different proteins 
have roles in the uptake of various heavy metals. The CPx-type ATPases 
are involved in transporting toxic metals like Cd, Cu, Zn, and Pb using 
ATP across cell membranes (Williams et al., 2000). The P1B-type 
ATPases have a comparable role transporting heavy metals, but they 
regulate metal homeostasis as well as tolerance (Axelsen and Palmgren, 
1998). Studies have shown the upregulation of these heavy metal ATPases 
in hyperaccumulator plants in comparison to non-accumulator plants, 
suggesting their importance for hyperaccumulation (Papoyan and Kochian, 
2004). Along with these HMAs, another class of proteins, Nramp, has also 
been shown to be involved in transporting heavy metal ions. In rice, three 
Nramps—OsNramp1, OsNramp2, and OsNramp3—have been found to be 
expressed in different tissues and transport distinct, but related ions 
(Belouchi et al., 1997). Cation diffusion facilitators (CDF) have been 
found to be involved in the transportation of Zn, Co, and Cd, as well as 
regulating the efflux of cations out from the cytoplasmic compartment 
(Mäser et al., 2001). ZNT1, a member of the ZIP family, has been found to 
be expressed at high levels in the roots and shoots of T. caerulescens 
(Pence et al., 2000). In the root tissues of Arabidopsis the another ZN 
transporter ZAT1 was found to be expressed at higher level. (Van der Zaal 
et al., 1999). Members of the MATE family has also been found to be 
involved in the transport of heavy metals: FDR3, a MATE protein, was 
found to be expressed in the roots tissues of T. caerulescens and A. halleri 
(Talke et al., 2006). The above mentioned studies all provide strong 
evidence that multiple transporter proteins are involved in the translocation 
of heavy metals. 
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Different strategies used by plants to detoxify heavy 
metals 

1. Heavy metals and signal transduction in plants 

To deal with heavy metal stress, different strategies are used by plants, 
including compartmentalization and metal export among others. When a 
plant senses increased heavy metal concentrations in its vicinity, a 
complicated signal transduction network is activated. Stress signaling 
molecules and stress-related proteins are synthesized. As a result, specific 
genes are transcriptionally activated that are specific to metal stress, hence 
the response to heavy metals is epigenetically controlled (Cicatelli et al., 
2013). This mechanism requires the coordination of complex biochemical 
and physiological processes. Generally, the signaling pathway consists of 
a sequential strategy: perception of a heavy metal concentration; activation 
of signaling molecules like lipids; and the modulation of endocytic 
pathways (Galvan‐Ampudia and Testerink, 2011). Along with plant 
developmental processes, stress responses are also mediated by other 
signaling molecules like jasmonates (lipid derived signals) and annexins, 
etc. (Jami et al., 2010). Different heavy metals induce different responses 
with different signaling molecule cascades, but a general signal transduction 
pathway involves the following: ROS; signaling pathway; calcium‐
calmodulin system; phosphorylation cascade; mitogen‐activated protein 
(MAP) kinase; and certain hormones (DalCorso et al. 2010). 

2. Phosphorylation cascades  

In many cellular processes, phosphorylation is a major event (Chen et al. 
2013). Under stress, different proteins of the thylakoid membranes 
undergo phosphorylation or dephosphorylation in response to biotic or 
abiotic stresses (Tikkanen and Aro, 2012). In most cases, phosphorylation 
occurs on threonine and serine residues, but it can also occur on tyrosine 
residues resulting in many developmental and stress responses (Sasabe et 
al., 2011). Alteration of cytokinesis involves the activation of MAPKKK 
and proteins like mitotic kinesin. This activation is done by cyclin 
dependent kinases (Sasabe et al., 2011). 

3. MAP kinase  

Downstream signaling events after sensing ROS in plant cells include 
calmodulin (the Ca-binding protein) and the activation of phospholipid 
signaling and G‐proteins, ultimately leading to the accretion of 
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phosphatidic acid and/or activation of MAPK pathways (De Pinto et al. 
2012). In this signaling mechanism, the pathway has three kinases that are 
activated sequentially: MAPK kinase kinase (MAPKK); MAPK kinase 
(MAPKK or MKK); and MAP kinases (MAPK or MPK) (Opdenakker et 
al., 2012). These kinases then phosphorylate different cellular compartments. 
This signaling pathway has been shown to be initiated as a result of 
different stresses (DalCorso et al., 2010). In reaction to a type of stress, 
e.g. cold in plants, the MAP kinase cascade is activated. In turn, this 
activates other signaling pathways, resulting in an adaptative response to 
the stress (Yang et al., 2010). Thanks to this pathway, as the concentration 
of stress causing agents increases, the plant’s growth, cell division, and 
differentiation decrease (Smekalova et al., 2013). A study showed that 
MPK3 and MPK6 are activated in A. thaliana in response to short term 
exposure to CdCl2 at low concentrations (1 μM), following the 
accumulation of ROS (Liu et al., 2010). In another study, a rice MAPK 
cascade called Oryza sativa MAPKK (OSMKK4 and OSMKK3) was 
analyzed. When exposed to arsenite, rice plants showed elevated 
transcription levels of OSMKK3 in leaves and roots after 30 minutes, 
while levels of OSMKK4 were raised after 3 hours (Rao et al., 2011). This 
cascade plays diverse roles in signaling and transferring information from 
sensors to responders and controlling processes like proliferation, 
differentiation, and death. Different biotic and abiotic stresses produce 
different responses; these stresses include temperature extremes, heavy 
metals, salinity, high/low osmolarity, and drought etc. (Pitzschke and Hirt, 
2010). 

4. Calcium‐calmodulin system 

This system uses proteins as secondary messengers for plant responses to 
the presence of heavy metals. Under stress conditions, the concentration of 
calcium greatly increases in the cell, stimulating calmodulin proteins. This 
system regulates a variety of mechanisms including the regulation of 
certain genes, transport of ions across the membranes, metabolic 
processes, and tolerance of different metals (Dal Corso et al., 2010). This 
system is primarily activated in response to stress and has a significant role 
in cold tolerance and acclimatization in coordination with other signaling 
pathways (Yang et al., 2010). It has been found that some heavy metals, 
such as Cd and Cu, disturb intracellular levels of Ca, impairing the 
calmodulin signaling pathway, which regulates Cd tolerance mechanisms. 
It was found that transgenic tobacco plants overexpressing calmodulin 
were effectively able to resist Ni and Pb toxicity (Lindberg et al. 2012). A 
regulated member of this family, CRLK1 (calcium‐calmodulin receptor 



The Effects of Heavy Metal Pollution on Plants and their Tolerance 
Mechanisms 

113 

like kinase 1), enhances cold tolerance in plants even under freezing 
conditions (Yang et al., 2010a). 

5. The role of hormones in heavy metal stress 

During heavy metal signaling, particular hormones have a very important 
role in the regulation of plant development, growth, and reproduction, as 
well as key functions in the regulation of defense mechanisms against 
biotic and abiotic stresses (Pieterse et al., 2012). This regulation is in 
response to concentrations of different metals (DalCorso et al., 2010). 
Recently, plant hormones such as indole‐3‐acetic acid (IAA), also known 
as auxins, brassinosteroids (BR), and abscisic acid (ABA), have been 
found to play a vital role in stress management (Vázquez et al., 2013). 
Auxins seem to play an important role in stress regulation as shown by 
exogenous ABA inducing overproduction of phytochelatins (PC) under 
Cd, Zn, and Cu stress in Prosopis juliflora (Usha et al., 2009). Steroid 
hormones, also known as brassinosteroids (BR), are critical to developmental 
and detoxification processes—they promote the formation of PCs, which 
chelate heavy metal ions accumulated in plant cells (Choudhary et al., 
2010). In another study, the effects of exogenous application of BRs on 
raddish and mustard plants under copper stress were studied. It was found 
that BR promoted shoot and root growth by overcoming copper toxicity—
BRs were found to be responsible for antioxidant activity and increased 
PC formation (Choudhary et al., 2011a). When combined, secondary 
messengers, like hormones and MAPK, ensure effective transcription and 
signaling under stress conditions (Smekalova et al., 2013). Ethylene is a 
hormone normally produced in response to age-related stresses (Khan et 
al., 2014). Jasmonic acid and salicylic acid are also produced. The 
hormone signaling pathway has positive and negative regulators that are 
crucial to hormonal crosstalk in stress and defense mechanisms. Auxins, 
cytokinins, ABA, and brassinosteroids, etc. adapt to changes and outcomes 
in antagonistic and synergistic connections that play important roles in 
abiotic stress tolerances (Ha et al., 2012). In a recent study, various 
concentrations of EBL (24‐epibrassinolide), a brassinosteroid obtained 
from Brassica juncea, were applied to seeds of the same species 8 hours 
prior to sowing. These seeds were then exposed to Ni stress and showed 
improved growth with lower uptake of Ni ions (Kanwar et al., 2013). The 
use of an EBL foliar spray also improved the antioxidant system by 
promoting the formation of catalase, superoxide dismutase, proline, and 
peroxidase in bean plants with Cd toxicity (Rady, 2011). Choudhary et al. 
(2011b) studied the influence of EBL on other hormones and found that, 
under Cr stress, EBL increased the formation of IAA to promote seedling 
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growth in raddish plants. It was also seen to enhance the production of 
ABA, increasing Cr tolerance (Choudhary et al., 2011b). 

6. Formation of metal complexes 

Another important strategy for heavy metal detoxification is heavy metal 
chelation by high affinity ligands. In plants, two types of metal binding 
peptides are produced—phytochelatins (PC) and metallothioneins (MT). 
Besides these, many other small molecules are also used in metal chelation 
inside the cytosol. 

7. Phytochelatins 

Phytochelatins (PC) are a family of polypeptides that are rich in cysteine. 
PCs are synthesized from GSH (glutathione) and are found in plants and 
fungi. The enzyme, PC synthase, is activated when metal ions bind to it, 
converting GSH to PC. Heavy metals ions, such as Hg, Cu, Ni, Au, Zn, 
and Cd, induce the biosynthesis of PCs; Cd is known to be the strongest 
PC inducer. The PC‐Cd complex is formed by the attachment of Cd to PC 
through the thiolic group (‐SH) of the cysteine residue. These complexes 
are sequestered into the vacuole by ABC proteins, as mentioned above. 
Plants are unable to metabolize or neutralize Cd. Rather, they limit Cd 
circulation in the cytosol or transport it away through the xylem and 
phloem. PCs also contribute to homeostasis of Cu and Zn by providing 
transitory storage for the ions. It has been found that both heavy metal 
resistant and heavy metal susceptible plants produce PCs. The process of 
detoxification is not limited to metal chelation: after the chelated metal 
complex is transported into the vacuole, it is stabilized there by the 
formation of complexes with organic acids or sulfides. As part of this 
complex mechanism, PCs also transport metal ions. 

8. Metallothioneins 

Like PCs, metallothioneins (MT) are a major family of cysteine rich, metal 
binding low molecular weight peptides found in many organisms. 
Although the structure of plant MTs is different to those found in other 
organisms, they interact with heavy metals through the thiolic group of 
their cysteine residues. It has been suggested that they are involved in 
homeostasis and the sequestering of important heavy metal ions 
(Coldsbrough, 2010). They also provide protection against intracellular 
oxidative damage. Based on the arrangement of cysteine residues, MTs 
can be divided into three classes. Different isoforms of MTs exist and their 
capability to bind and confiscate heavy metals also varies. Hormones, 
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cytotoxic agents, and heavy metal ions, such as Cu, Au, Zn, Hg, Ni, Co, 
and Cd, are MT inducers. A study showed three B. rapa MT genes 
(BrMT1‐BrMT3) to be differentially regulated in various heavy metal 
stresses and the expression of all 3 genes was variable when the seedlings 
were treated with Fe. Upon Cu exposure, BrMT1 expression was increased 
compared to BrMT2, whereas BrMT3 expression remained unchanged 
(Ahn et al., 2012). The tonoplast ABC transporter protein was also up‐
regulated in transgenic OsMT1 plants, which sequestered Cd metal ions 
inside the vacuole, thus assisting Cd detoxification (Yang and Chu, 2011). 
Although animal and fungal MTs have a clear role in heavy metal 
detoxification, the precise relationship between plant MTs and heavy 
metals remains unclear. 

9. Amino acids, organic acids, and phosphate derivatives 

Organic acids, including malate, citrate, and oxalate, have the ability to 
bind metals and are therefore deployed in heavy metal tolerance 
mechanisms. Organic acids confer metal tolerance in two ways—external 
exclusion and internal tolerance. In the former, organic acids are secreted 
from plant roots and make a stable metal‐ligand complex with metal, thus 
hindering metal ions from entering and accumulating in sensitive sites in 
the roots (Sharma and Dietz, 2009). Citrate is synthesized in plants by the 
citrate synthase enzyme, which has higher affinity for metals compared to 
malate and oxalate. It has been found that citrate plays a principal role in 
Fe chelation, although other heavy metal ions, like Zn, Ni, Cd, and Co, 
also have high affinity for citrate. The amount of citrate produced depends 
greatly on Ni exposure (Hassan and Aarts, 2011). 

Amino acids and derivatives chelate metals thus conferring plant 
resistance against toxic metals. Histidine is considered the most important 
free amino acid in heavy metal metabolism. The presence of putative 
carboxyl, amino, and imidazole groups makes histidine a versatile metal 
chelator (Krämer, 2010). It has been found that histidine plays a major role 
in tolerance to nickel. In Ni hyperaccumulator species Alyssum and N. 
goesingense, the concentration of histidine in the xylem exudate is higher 
compared to closely related nonaccumulator species (McNear et al., 2010). 
Nicotianamine (NA) is a non‐proteogenic and low molecular weight 
amino acid that is found in root and leaf cells and also in the phloem 
(Hassan and Aarts, 2011). It is synthesized as a result of a condensation 
reaction of three S‐adenosyl‐Lmethionine molecules catalyzed by NA 
synthase (Talke et al., 2006). NA chelates Cu, Fe, and Zn by complex 
formation, before storing them in the vacuole. In A. thaliana and other 
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plants, NA is involved in the influx and efflux of Cu, Zn, and Fe by 
transporting metals from one cell to another (Klatte et al., 2009). The 
membrane YSL transporter family transports the metal‐NA complexes; 
such complexes are substrates for these transporters (Gendre et al., 2007). 
Phytate is a principal form of stored phosphorus in plant cells. The 
molecule consists of six phosphate groups, which allow the chelation of 
various cations, including Ca, Mg, Fe, Mn, and K (Kumar et al., 2010). 

10. Oxidative stress defense and damaged proteins repair mechanisms 

If the intracellular concentration of metal ions overwhelms the plant’s 
defense mechanisms and strategies, it begins to suffer oxidative stress due 
to the inhibition of metal dependent antioxidant enzyme and the 
production of methylglyoxal (MG) and reactive oxygen species (ROS) 
(Hossain and Fujita, 2010). This includes the induction of enzymes such as 
catalase (CAT) and superoxide dismutase (SOD), and the production of 
non‐enzymatic free radical scavengers. The literature shows many cases of 
such induction. For example, APX and CAT production were found to be 
induced in response to excess Fe exposure in the leaves of Nicotiana 
plumbaginifolia. Similarly, CAT3 was induced in B. juncea plants in 
response to Cd exposure (Minglin et al., 2005). Cd has been show to cause 
oxidation of CAT in pea plants, reducing plant activity. The plant responds 
by upregulating the transcription of the CAT gene (Romero‐Puertas et al., 
2007). SOD activity was shown to increase in response to prolonged 
activity of metals and wheat leaves were shown to respond to excess Cd 
by increasing SOD levels (Lin et al., 2007). 

11. Glutathione (GSH) 

Production of ROS also encourages the activation of the ascorbic acid 
glutathione scavenging system. GSH is a low molecular weight, non‐
enzymatic antioxidant; it is a major redox buffer and antioxidant found 
abundantly in all plant cell compartments (Yadav, 2010). GSH plays a role 
in the control of H2O2 levels and up‐regulation of GSH is of crucial 
importance because it induces defensive strategies against ROS and MG 
through various pathways, including the activation and expression of 
enzymes associated with GSH and argininosuccinate (AsA) (Hossain et 
al., 2012). GSH plays a key role in responding to various environmental 
stresses, metal tolerance, and metal chelation because it acts as an ROS 
scavenger and a substrate for PC biosynthesis (Krämer, 2010). GSH 
shields proteins against denaturation triggered by oxidation under stress 
conditions. It is also indirectly involved in protecting membranes by 
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maintaining a reduced state of zeaxanthin and α‐tocopherol (Hossain and 
Fujita, 2011). GSH (Glu‐Cys‐Gly) is the major intracellular antioxidant 
inside cells and is a precursor to PCs; it also forms complexes with heavy 
metals, such as Cd (Wójcik and Tukiendorf, 2011). Nevertheless, the role 
of GSH as an antioxidant depends on its intracellular concentration and 
varies substantially under Cd toxicity. It has been observed in relation to 
B. juncea and B. campestris that an increase in Cd concentration increases 
the GSH concentration in response (Anjum et al., 2008). In Phaseolus 
vulagaris and Pisum sativum, Cd treatment induces ascorbate peroxidase 
(APX) (Romero‐Puertas et al., 2007). An elevation in GSH concentration 
in the leaves, roots, and stems under various metal stresses (Hg, Cd, and 
Pb) was reported by Huang et al. (2010). In Holcus lanatus, an As tolerant 
species, GSH levels increased significantly, induced by As, compared to 
species that were As-sensitive (Verbruggen et al., 2009). Recent studies 
have demonstrated that nitric oxide (NO) influences GSH synthesis, as 
revealed in a study with Medicago truncatula in which increased NO in 
the roots increased GSH and glutathione (GS) gene expression (Xu et al., 
2011). S‐nitrosoglutathione (GSNO) is formed during the interaction of 
GSH with NO, possibly interconnecting the reactive nitrogen and ROS 
based signaling pathways (Xiong et al., 2010). 

12. Glutathione S‐transferases (GST) 

GSTs belong to a superfamily of multifunctional phase II metabolic 
isoenzymes, which are best known for their ability to detoxify xenobiotics. 
GSTs catalyze the conjugation of a reduced form of GSH with various 
compounds to form derivatives that can be sequestered in the vacuole or 
secreted from the cell. In addition, they also defend against oxidants and 
abiotic induced oxidative stress (Hossain et al., 2012b). Increased GST 
activity was seen in barley (Hordeum vulgare) when subjected to Cu, Hg, 
Co, Cd, Pb, and Zn (Valentovičová et al., 2009). Another study on rice 
seedlings showed increased activity of GST in response to Cd stress (50 
μM Cd, 7 days) (Hu et al., 2009). GST activity was shown to increase 
substantially in the callus of onions in response to Cd stress (1 mM CdCl 
2) (Rohman et al., 2010). Time and dose affects GST levels in plants and 
thus it is likely that, in the case of severe toxicity and when basal 
antioxidant mechanisms are used up and depleted, more effective 
responses like GST are activated, (Hossain et al., 2010). Astudy by Dixit 
et al. (2011) observed that tobacco plants with upregulated GST gene 
expression show less lipid peroxidation due to reduced Cd accumulation 
than wild type plants, indicating better Cd tolerance. 
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13. Glutathione peroxidases (GPX)  

GPXs belong to family of enzymes with peroxidase activity. They are an 
important part of the antioxidant network of plants and found in different 
cellular organelles. Their primary activity is the catalyzation of the 
reduction process of free H2O2 to water, ROOHs (organic hydroperoxidases), 
and lipid hydroperoxidases to alcohol in the presence of GSH and other 
reducing agents (Foyer and Noctor, 2011). Mammalian glutathione 
peroxidases possess higher affinity to lipid peroxidases than H2O2 and are 
homologous to most of the plant’s GPX genes. A. thaliana exposed to Cd 
stress (11 and 10 μM for 7 days) showed an increase in GPX activity, 
indicating protection by GPX against lipid peroxidases (Semane et al., 
2007). Additionally, it was found that Cu, Hg, and Ni induced increased 
GPX activity, whereas Co, Zn, and Pb exposure had no substantial effect 
on activity (Valentovičová et al., 2009). It was reported that GPX activity 
is induced under As stress in other plants (Gupta et al., 2009). 

14. Dehydroascorbate reductase (DHAR) 

DHAR is an important enzyme required in the AsA‐GSH (ascorbate‐
glutathione) reaction in higher plants. Ascorbic acid is oxidized through 
spontaneous disproportion to form dehydroascorbic acid (DHA). DHAR 
then reduces DHA to AsA using GSH (Yang et al., 2009). It was observed 
that the enzyme activity of DHA reductase increased in two barley 
genotypes when exposed to Cd stress for 1‐25 days (Chen et al., 2010). In 
the same way, DHA reductase activity was amplified in wheat leaves and 
roots when exposed to different concentrations of Cd (Paradiso et al., 
2008). Under Ni stress, its activity was shown to increase in rice roots and 
shoots, showing that Ni maintains elevated levels of AsA by activating the 
AsA regenerating system (Maheshwari and Dubey, 2009). An increase in 
DHAR activity was seen in two tomato cultivars, “Josefina” and 
“Kosaco”, when subjected to boron stress, in addition to a reduction in 
AsA content, indicating that enzyme activity increases to reduce oxidative 
stress (Cervilla et al., 2007). When exposed to Cd stress transgenic, A. 
thaliana plants, in which genes for CAT and GST were overexpressed, 
saw a considerable increase in DHA reductase activity was seen; however, 
it was reduced in non‐transgenic plants (Zhao et al., 2009). 

15. Glutathione reductase (GR) 

GR belongs to an enzyme family that catalyzes the reduction of GSSG to 
GSG using NADPH. Heavy metals, in particular Cd, reduce the GSH/GSSG 
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ratio and activate antioxidant enzymes, such as GR and SOD. The cysthiol 
group of reduced glutathione (GSH) is oxidized and glutathione reductase 
(GR) catalyzes the reverse reaction using NADPH, thus acting as a 
defense mechanism against Cd‐generated oxidative stress (Yannarelli et 
al., 2007). GR helps cells to resist toxicity caused by RO metabolites. It 
maintains the reduced form of GSH and ascorbate in cells, which 
sequentially retain the cellular redox state of heavy metal stress (Hossain 
et al., 2011). In their study, Nouairi et al. (2009) reported significantly 
increased glutathione reductase activity in B. napus at lower concentrations 
of Cd ions, which dropped when concentrations were raised after 15 days 
of treatment. In B. juncea leaves, GR enzyme activity levels were 
unaffected by variable concentrations of Cd ions. In a study on two 
cultivars of mung beans, GR activity was increased in both Cd tolerant and 
Cd sensitive genotypes in response to Cd stress (Anjum et al., 2011). 
However, in another study it was observed that GR activity decreases 
considerably in response to Cd stress on mung bean seedlings (Hossain et 
al., 2010), indicating that GR activity is greatly influenced by genotypic 
differences. Another study reported that GR enzymatic activity in B. napus 
roots decreased, while in leaves the glutathione reductase buildup was 
comparatively high when exposed to Cu (Russo et al., 2008). Upregulation 
of GR contributes to the maintenance of the GSH/GSSG ratio and higher 
GSH levels under heavy metal stress, which are, in turn, used by many 
enzymes that depend on GSH involved in ROS and MG metabolism 
(Hossain et al., 2012). 

16. Heat shock proteins (HSP) 

Heat shock proteins are signaling molecules released in response to metal 
induced and other forms of abiotic stress. HSPs are found in all types of 
cell and are not just expressed in response to elevated temperatures, but in 
response to other stresses as well (Dubey, 2011). They protect and repair 
proteins and act as molecular chaperons to ensure correct folding. The 
induction of HSPs by several heavy metal ions (Al, Cu, Hg, Cd, and Zn) 
has been reported (Dubey, 2011). 

Conclusion 

With the growth in the human population, different human activities have 
resulted in the increase of toxic compounds in soil that are not naturally 
present. Heavy metal pollution brings various health problems and risks 
and can result in accumulation of heavy metals in the food chain of both 
plants and animals. Plants have developed certain defense mechanisms to 
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shield themselves and respond to stimuli to minimize the risks. 
Antioxidant systems, both enzymatic and nonenzymatic, symptoms, and 
tolerance mechanisms vary from plant to plant. This chapter has explained 
the different mechanisms used by plants to defend themselves against 
various toxic heavy metals. 
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