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Introduction 
Heavy metal pollution due to various 

industrial, economic or social activities has 

become one of the most important global 

environmental problems. Metals and/ or 

metalloids having atomic density > 5 g/cm3 

and atomic weight > 20 are termed as heavy 

metal1. Some of the heavy metals like Cu, Co, 

Fe, Ni and Zn are essential micronutrients and 

are constituents of many plant enzymes and 

proteins. High concentrations of essential and 

non-essential heavy metals in the soils lead to 

toxicity symptoms inhibiting plant growth2. A 

variety of physiological and biochemical 

processes in plants are also affected by 

higher concentration of heavy metals. 

Severity of heavy metal contamination 

increases many fold due to their persistent 

nature and bio-magnification potential. Some 

plant species has naturally developed various 

extra and intra cellular mechanisms to 

tolerate and/or detoxify the heavy metals.  

According to Hall J.L., (2002)2 these 

mechanisms mainly focus on avoiding toxic 

concentration build up to prevent damaging 

effects. In recent years, extensive research 

has been conducted to understand the cellular 

or molecular mechanisms involved in metal 

tolerance. The present paper summarizes 

plant response towards heavy metal toxicity 

and mechanism of metal uptake, 

translocation and accumulation in plants. 

 

 

 

 

Plant Response to Heavy Metal Exposure  

 The plants utilize number of metal 

specific strategies to combat high external 

metal concentrations which are mainly 

classified into two categories, Avoidance 

(restriction to metal uptake) and Tolerance3.  

 

A) Avoidance:  

 This mechanism limits the uptake of 

heavy metals and prohibits their entry in 

plant tissues through root cells. The 

avoidance strategy is the first line of defense 

which mainly works at extracellular level 

through various mechanisms like 

immobilization by mycorrhizal association, 

complexation by root exudates, and 

modification of rhizosphere pH, exudation of 

metal-binding organic acids or formation of 

redox barrier.  

 

I. Immobilization by Mycorrhizal 

Associations: The presence of 

mycorrhizal associations between fungi 

and roots of host plants in metal 

contaminated soils indicate an important 

relationship in plant tolerance and 

accumulation4. However, the exact role 

was not established. Ectomycorrhizas 

(ECM) and Arbuscular Mycorrhizas (AM) 

are the two most common mycorrhizal 

associations in plants growing on heavy 

metal contaminated soils5. Mycorrhizas 

adopt absorption, adsorption or chelation 

mechanisms to restrict the entry of heavy 
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metals in to host plant2. They provide an 

effective exclusion barrier to metal 

uptake. 

 

II. Root Exudates: Roots releases variety of 

diffusates (like amino or organic acids, 

water, inorganic ions, sugars etc.), 

excretions (like bicarbonates, protons, 

carbon dioxide etc.) and secretions (like 

mucilage, siderophores, allelopathic 

compounds etc.) which collectively termed 

as root exudates and helped the plant to 

survive in metal contaminated areas6. The 

root exudates form stable heavy metal-

ligand complexes in the vicinity of the root 

thus making them unavailable and 

lessening the toxicity. Some root exudates 

increase the pH of rhizosphere which 

precipitates metals and limits their 

bioavailabilty.  

 

B) Tolerance:  

 Tolerance mechanism is capable of 

accumulating, storing and immobilizing heavy 

metals by binding them with amino acids, 

proteins or peptides7. It is plant’s second line 

of defense which mainly focuses on intra 

cellular metal detoxification. Metal tolerance 

is generally achieved by two strategies. Tong 

Y. et al., (2004)8 reported that on exposure to 

heavy metals plant firstly tries to prevent 

metal transport across the plasma membrane 

by binding or modification of metal ions. 

Secondly metal ions which enter the plant 

body were detoxify through inactivation or 

converted into less toxic form. 

 

I. Metal Binding to Cell Wall: Pectic sites, 

histidyl groups and extracellular 

carbohydrates present in cell wall caused 

immobilization of heavy metals and 

prevent their uptake in to cytosol9. Cell 

wall pectins consisting of polygalacturonic 

acid act as a cation exchanger. The heavy 

metals are bound to carboxylic groups of 

polygalacturonic acids restricting the plant 

uptake10. Studies indicated that the 

chemical properties of the cell wall might 

modulate metal uptake and consequently 

metal tolerance. The cell wall has little 

impact on metal tolerance due to 

inadequate number of metal absorption 

sites. However, the role of the cell wall in 

metal tolerance is not completely 

understood.  

 

II. Active Efflux Pumping at Plasma 

Membrane: Reichman S.M., (2002)3 

showed that active efflux of the metal 

which lowers the intracellular 

concentration to subtoxic levels is a 

frequently utilized strategy to produce 

tolerance. This mechanism is well 

documented in bacteria11 and animal 

cells12. P1B-ATPases which belongs to P-type 

ATPase superfamily and ATP-binding 

cassette (ABC) transporters are mainly 

worked as heavy metal efflux pumps in 

plants9,13. The two subfamilies of ABC 

transporters namely Multidrug Resistance-

associated Protein (MRP) and Pleiotropic 

Drug Resistance (PDR) are particularly 

active in the sequestration of chelated 

heavy metals9. Only a few evident 

indications of plasma membrane efflux 

transporters are reported in plants.  

 

III. Organic Acids: Organic acids within cells 

act to detoxify metals by complexing  and 

making them unavailable to the plant3. It 

acts as metabolic intermediates in the 

formation of ATP from carbohydrates in 

nitrogen metabolism and in ionic balance. 

Hence, metabolic abnormalities in any of 

these processes would be reflected by 

changes in the concentrations of organic 

acids. Therefore, an increase in organic 

acids with increasing supply of metals 

could imply a detoxification mechanism or 

conversely, disruption of metabolism 

resulting in the production of organic acids 

as a stress response to excess metal.  

 

IV. Inactivation of Toxic Metals: At 

cytoplasmic level phytochelatins and /or 

metallothioneins play major role to 

provide metal tolerance. The metal- 

phytochelatins/ metallothioneins complex 

is actively transported from the cytosol 

across the tonoplast into the vacuole 

where it is store without any toxicity8. 

 

a) Phytochelatins (PCs):  

Phytochelatins are derived from 

glutathione (GSH) and possess the general 

structure (γ-Glu-Cys) n-Gly (where n=2 to 

11)14. On activation in presence of heavy 

metals PC synthase enzyme produced PCs by 

trans-peptidation of γ-glutamyl-cysteinyl 

dipeptides from GSH15. The cystein part of 

PCs carry out metal co-ordination while thiol 

group and gluatmic acid provides water 

solubility to PCs16. Among the various heavy 

metals Cd is strongest inducer of PCs. Not all 

the metals which trigger the PCs synthesis 

are able to form complexes with it.  Generally 



Amita Dalvi and Satish Bhalerao: Annals of Plant Sciences, 2013, 02 (09), 362-368 

  Page | 364  
 

PCs are associated with both homeostasis and 

trafficking of essential metals as well as 

detoxification of heavy metals17,18.  

 

Once the PC-metal complex was 

formed, it transported to vacuoles by 

metal/H+ antiporters or ABC transporters 

isolating the toxic metals from metal sensitive 

enzymes14,19. In vacuoles, PC metal 

complexes become more resistant to 

proteolytic degradation on incorporation of 

inorganic sulfide and sulfite ions16,20. Under 

favorable conditions metals from PC-metal-

sulfide complexes are liberated causing PC 

degradation. 

 

b) Metallothioneins (MTs): 

Metallothioneins are cysteine rich 

proteins induced by various abiotic stresses 

having molecular weight between 5-20 kDa 

and mercaptide groups which causes metal 

ion binding with thiols. Based on structure 

and content of cysteine they are divided in to 

MT1 and MT29,21,22,23. Class 1 MTs contain 

cysteine motifs that align with mammalian 

MTs, whereas Class 2 MTs contain similar 

cysteine clusters but they do not align with 

Class1 MTs.  Hamer D.H., (1986)24 mentioned 

that MTs showed varied response to different 

heavy metals. It was observed that they 

participate in antioxidant protection and 

plasma membrane repair mechanism. There 

is no much information about exact role of 

MTs in detoxification of several of metals25. 

 

C) Other Alternatives:  

Under heavy metal stress plants also 

activate oxidative stress defense mechanisms 

and the synthesis of stress-related proteins 

such as heat shock proteins, reactive oxygen 

species and hormones. 

 

I. Stress related proteins: With heavy 

metal exposure, most of the plants 

trigger the synthesis of sets of novel 

proteins23. Most of the proteins endowed 

plasma membranes to act as barrier for 

metal inflow which leads to metal 

homeostasis and detoxification26. The 

common stress related Heat Shock 

Proteins (HSP), act as molecular 

chaperones and help in normal protein 

folding and assembly. It may also 

function in the protection and repair of 

proteins under stressful conditions23. 

The synthesis of HSP under heavy metal 

stress has been observed in different 

plants27 but its role is largely unknown. 

 

II. Antioxidant Defense and Reactive 

Oxygen Species: The increased 

synthesis of reactive oxygen species 

(ROS) like superoxide radicals (O2
.-), 

hydroxyl radicals (OH.) and hydrogen 

peroxide (H2O2) is one of the initial 

responses to heavy metal stress. These 

species are continuously produced at 

low level during normal metabolic 

processes28.  ROS, particularly H2O2 

plays an important role as intermediate 

signaling molecules to regulate defense 

system29,30. ROS have a dual function:  

higher concentrations, damages the 

cells; but at moderate levels, they help 

to adapt stress by induction of an 

antioxidant response31. A complex ROS 

scavenging mechanism at the molecular 

and cellular levels decreases oxidative 

damage with increased resistance to 

heavy metals32.  

 

III. Hormones:  Peleg Z. and Blumwald E., 

(2011)33 suggest that the regulation of 

hormone synthesis in presence of heavy 

metals indicates that plant hormones 

play a crucial role in the adaptation to 

metal stress. The hormones such as 

salicylic acid, jasmonic acid, ethylene, 

gibberellic acid are implicated in plant 

defense signaling pathways. Jasmonic 

acid treatment increased the capacity 

for glutathione synthesis which plays 

central role in protecting plants from 

heavy metal stress34. Salicylic acid 

activates defense related genes either 

by H2O2 mediated signal transduction 

pathway or by directly affecting 

mechanisms of metal detoxification by 

inhibiting35,36. Salicylic acid inhibits two 

major H2O2 scavanging enzymes 

catalase and ascorbate peroxidase which 

causes cellular H2O2 concentration to rise 

and subsequently acts as second 

messenger. Heavy metal stress induces 

ethylene biosynthesis37 acts as 

endogenous signal triggering the plant 

defense response. Summary of 

avoidance and tolerance mechanisms 

exhibited by plants exposed to elevated 

metal concentrations are depicted in 

Figure 1.  
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Figure.1: Summary of Heavy Metal 

Avoidance and Tolerance Mechanisms 

(Source: Hall J.L., 2002)2 

 
1. Restriction of metal movement to roots by 

mycorrhizas,  
2. Binding to cell wall and root exudates, 
3. Reduced influx across plasma membrane,  
4. Active efflux into apoplast, 
5. Chelation in cytosol by various ligands,  
6. Repair and protection of plasma membrane under 

stress conditions,  
7. Transport of PC-M complex into the vacuole,  
8. Transport and accumulation of metal in vacuole 

 

Categorization of Plants based on Heavy 

metal Response:   

Based on both avoidance and 

tolerance strategies, the plants are 

categorized into four different groups, such as 

Indicators, Excluder, Accumulator and 

Hyperaccumulator38.  

 

Indicators: Plants in which uptake and 

translocations reflect soil metal concentration 

and show toxic symptoms are known as 

Indicators. The growth of these plants 

reduced as soil concentrations increase.   

 

Excluders: The plants that restrict the 

uptake of toxic metals into above ground 

biomass are known as Excluder. Excluder 

plant has high levels of heavy metals in the 

roots and transfer factor or shoot/root 

quotients are less than 1. They are used to 

stabilize the soil and avoid further 

contamination. 

 

Accumulators: Plants in which uptake and 

translocation reflect background metal 

concentration without showing toxic 

symptoms are known as accumulators.   

 

Hyperaccmulators: Hyperaccumulators are 

species capable of accumulating metals at 

levels 100-fold greater than those typically 

measured in common non-accumulator 

plants.  

 

A plant is classified as a 

hyperaccumulator for heavy metals when it 

meets following four criteria: 

 

1. Transfer factor or shoot/root quotient 

(level of heavy metal in the shoot divide 

by level of heavy metal in the root) is 

more than 1 

2. Extraction coefficient (level of heavy metal 

in the shoot divide by total level of heavy 

metal in the growth medium) is more than 

1 

3. Higher levels of heavy metals of 10–500 

times the levels in normal or 

uncontaminated plants 

4. Metal accumulation exceeding a threshold 

value of shoot metal concentration of 1% 

or 10,000 (Zn, Mn), 0.1% or 1000 mg/kg 

(Ni, Co, Cr, Cu, Pb and Al), 0.01% or 100 

mg/kg (Cd and Se) of the dry weight plant 

biomass39.  

 

Heavy metal Uptake, Translocation and 

Accumulation within Plant 

To know the avoidance and tolerance 

mechanism in detail it is essential to study 

the heavy metal uptake in plants. 

Accumulation of metal is a function of uptake 

capacity and intracellular binding sites. 

Mobilization of metals, uptake from soil, 

compartmentation and sequestration, xylem 

loading, distribution in aerial parts and 

storage in leaf cells are the main steps 

involved in accumulation of metal in plants. 

At every level, concentration, affinities of 

chelating molecules and selectivity of 

transport activities affect metal accumulation 

rates40. Quantity and intensity factor along 

with reaction kinetics govern the transfer of 

heavy metals in plants41.  

 

For hyperaccumulation, the plant must 

possess the ability to solubilize metals from 

the soil, take up metal using specific ion 

transporter proteins and detoxify metal 

effects on cellular processes by chelation and 

compartmentation, thereby translocating 

metal even to sensitive regions of the plant, 

such as leaves, where many important 

metabolic processes occur42. The pathway of 

metal uptake in plants is presented in Figure 

2. 
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I. Mobilization of Metals: Metals in soil 

mostly exists as insoluble bound fraction 

and needs to be mobilized into the 

solution to make it available for plants. 

Natural hyperaccumulators solubalizes the 

soil bound metals by secretion of root 

exudates which causes acidification of 

rhizosphere43 and metal chelation by 

secretion of mugenic and aveic acid44. 

Though root exudates are important in 

metal mobilization and uptake, still its 

complete mechanism is not clear. 

 

II. Root Uptake: Bioavailable metal enters 

in plant either through inter cellular 

spaces (apoplastic pathway) or by 

crossing plasma membrane (symplastic 

pathway)45. The extracellular negatively 

charged sites (COO-) of the root cell walls 

where most of the metal ions are 

adsorbed, act as initial barrier for metal 

translocation. Additionally impermeable 

suberin layers in the cell wall also reduced 

transport of metals from root apoplast to 

root xylem46,47. Therefore, to cross this 

barrier and to reach the xylem, metals 

must move symplastically. Ghosh M. and 

Singh S.P., (2005)48 stated that inward 

movement of metals during symplastic 

pathway is possible due to strong 

electrochemical gradient provided by 

negative resting potential of 170 mV. 

Symplastic pathway is an energy 

dependent process mediated by specific or 

generic metal ion carriers or channels45.  

 

III. Root to Shoot Transport: Subsequent to 

metal uptake into the root symplasm, 

three processes govern the movement of 

metals from the root into the xylem: 

sequestration of metals inside root cells, 

symplastic transport into the stele and 

release into the xylem. The xylem loading 

is a tightly regulated process mediated by 

membrane transport proteins which 

remain to be identified40. Under normal 

condition the high cation exchange 

capacity of xylem cell walls restrict the 

further transport of metal ions, while in 

hyper accumulators complexation of 

metals with low molecular weight 

chelators allows easy translocation to 

shoot43. 

 

IV. Metal Unloading, Trafficking and 

Storage in Leaves: Mahmood T., 

(2010)43 indicated that transportation and 

distribution of metal in leaves occurs via 

apoplast or symplast. Trafficking of metals 

occurs inside every plant cell, maintaining 

the concentrations within the specific 

physiological ranges in each organelle and 

ensuring delivery of metals to metal-

requiring proteins40. In hyperaccumulators 

metal complexing with organic ligands 

provides high metal tolerance45. In the 

leaf tissues, metals are sequestered in 

extracellular or sub-cellular 

compartments. The cell types where 

metals are deposited vary with the metal 

as well as with the plant species.  

 

V. Sequestration: Sequestration in plant 

vacuole which prevents free concentration 

of metal ions in cytosol is final step of 

metal accumulation8. Peer W.A et al., 

(2006)45 indicate that metals may remain 

in cell wall due to interaction of polyvalent 

cations with negative charge sites. 

 

 
Figure.2: Pathway of Metal Uptake in Plants 

(Sources: Peer W.A. et al., 2006)45 

 

Conclusion 
Plants have developed various extra 

and intracellular defense mechanisms to fight 

against heavy metal toxicity. As first line of 

defense, plant attempts to prevent the entry 

of heavy metal in to root cells by 

immobilization through mycorrhizal 
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association, complexation by root exudates or 

modification of rhizosphere pH. Even then if 

metal manage to enter the root cell, second 

line of defense activates which includes 

binding of metal ions with cell wall or plasma 

membrane, use of phytochelatins and 

metallothiones or sequestration in vacuole. 

For systematic improvements in heavy metal 

phytormediation better understanding of 

cellular mechanisms involved in heavy metal 

avoidance, uptake, transport and 

accumulation is essential. The 

multidisciplinary approach combining plant 

biology, genetic engineering, soil chemistry, 

soil microbiology as well as agricultural and 

environmental engineering will help in 

optimization of plants for heavy metal 

detoxification.  
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