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Abstract Metal contamination issues are becoming

increasingly common in India and elsewhere, with many

documented cases of metal toxicity in mining industries,

foundries, smelters, coal-burning power plants and agri-

culture. Heavy metals, such as cadmium, copper, lead,

chromium and mercury are major environmental pollu-

tants, particularly in areas with high anthropogenic pres-

sure. Heavy metal accumulation in soils is of concern in

agricultural production due to the adverse effects on food

safety and marketability, crop growth due to phytotoxicity,

and environmental health of soil organisms. The influence

of plants and their metabolic activities affects the geo-

logical and biological redistribution of heavy metals

through pollution of the air, water and soil. This article

details the range of heavy metals, their occurrence and

toxicity for plants. Metal toxicity has high impact and

relevance to plants and consequently it affects the eco-

system, where the plants form an integral component.

Plants growing in metal-polluted sites exhibit altered

metabolism, growth reduction, lower biomass production

and metal accumulation. Various physiological and bio-

chemical processes in plants are affected by metals. The

contemporary investigations into toxicity and tolerance in

metal-stressed plants are prompted by the growing metal

pollution in the environment. A few metals, including

copper, manganese, cobalt, zinc and chromium are, how-

ever, essential to plant metabolism in trace amounts. It is

only when metals are present in bioavailable forms and at

excessive levels, they have the potential to become toxic to

plants. This review focuses mainly on zinc, cadmium,

copper, mercury, chromium, lead, arsenic, cobalt, nickel,

manganese and iron.
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Introduction

Heavy metals are significant environmental pollutants, and

their toxicity is a problem of increasing significance for

ecological, evolutionary, nutritional and environmental

reasons. The term ‘‘heavy metals’’ refers to any metallic

element that has a relatively high density and is toxic or

poisonous even at low concentration (Lenntech Water

Treatment and Air Purification 2004). ‘‘Heavy metals’’ in a

general collective term, which applies to the group of

metals and metalloids with atomic density greater than

4 g/cm3, or 5 times or more, greater than water (Hawkes

1997). However, chemical properties of the heavy metals are

the most influencing factors compared to their density.

Heavy metals include lead (Pb), cadmium (Cd), nickel (Ni),

cobalt (Co), iron (Fe), zinc (Zn), chromium (Cr), iron (Fe),

arsenic (As), silver (Ag) and the platinum group elements.

Environment is defined as totally circumstances surrounding

an organism or group of organisms especially, the combi-

nation of external physical conditions that affect and influ-

ence the growth, development and survival of organisms

(Farlex Incorporated 2005). The environment is considered

in food, and the less tangible, through no less important, the

communities we live in (Gore 1997). A pollutant is any

substance in the environment, which causes objectionable
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effects, impairing the welfare of the environment, reducing

the quality of life and may eventually cause death. Such a

substance has to be present in the environment beyond a set

or tolerance limit. Hence, environmental pollution is the

presence of a pollutant in the environment air, water and soil,

which may be poisonous or toxic and will cause harm to

living things in the polluted environment.

Heavy metals are largely found in dispersed form in

rock formations. Industrialization and urbanization have

increased the anthropogenic contribution of heavy metals

in biosphere. Heavy metals have largest availability in soil

and aquatic ecosystems and to a relatively smaller pro-

portion in atmosphere as particulate or vapors. Heavy metal

toxicity in plants varies with plant species, specific metal,

concentration, chemical form and soil composition and pH,

as many heavy metals are considered to be essential for

plant growth. Some of these heavy metals like Cu and Zn

either serve as cofactor and activators of enzyme reactions

e.g., informing enzymes/substrate metal complex (Mildvan

1970) or exert a catalytic property such as prosthetic group

in metalloproteins. These essential trace metal nutrients

take part in redox reactions, electron transfer and structural

functions in nucleic acid metabolism. Some of the heavy

metal such as Cd, Hg and As are strongly poisonous to

metal-sensitive enzymes, resulting in growth inhibition and

death of organisms.

An alternative classification of metals based on their

coordination chemistry, categorizes heavy metals as class

B metals that come under non-essential trace elements,

which are highly toxic elements such as Hg, Ag, Pb, Ni

(Nieboer and Richardson 1980). Some of these heavy

metals are bioaccumulative, and they neither break down in

the environment nor easily metabolized. Such metals

accumulate in ecological food chain through uptake at

primary producer level and then through consumption at

consumer levels. Plants are stationary, and roots of a plant

are the primary contact site for heavy metal ions. In aquatic

systems, whole plant body is exposed to these ions. Heavy

metals are also absorbed directly to the leaves due to par-

ticles deposited on the foliar surfaces.

Essential heavy metals

Some of heavy metals (Fe, Cu and Zn) are essential for

plants (Table 1) and animals (Wintz et al. 2002). The

availability of heavy metals in medium varies, and metals

such as Cu, Zn, Fe, Mn, Mo, Ni and Co are essential

micronutrients (Reeves and Baker 2000), whose uptake in

excess to the plant requirements result in toxic effects

(Monni et al. 2000; Blaylock and Huang 2000). They are

also called as trace elements due to their presence in trace

(10 mg kg-1, or mg L-1) or in ultra trace (1 lg kg-1,

or lg L-1) quantities in the environmental matrices.

The essential heavy metals (Cu, Zn, Fe, Mn and Mo) play

biochemical and physiological functions in plants and

animals. Two major functions of essential heavy metals are

the following: (a) Participation in redox reaction, and (b)

Direct participation, being an integral part of several

enzymes.

Copper is an essential heavy metal for higher plants and

algae, particularly for photosynthesis (Mahmood and Islam

2006; Chatterjee et al. 2006). Cu is a constituent of primary

electron donor in photosystem 1 of plants. Because Cu can

readily gain and lose an electron, it is a cofactor of oxidase,

mono- and di-oxygenase (e.g., amine oxidases, ammonia

monoxidase, ceruloplasmin, lysyl oxidase) and of enzymes

involved in the elimination of superoxide radicals (e.g.,

superoxide dismutase and ascorbate oxidase). Several

enzymes contain Zn, such as carbonic anhydrase, alcohol

dehydrogenase, superoxide dismutase and RNA polymer-

ase. Zinc is required to maintain the integrity of ribosome.

It takes part in the formation of carbohydrates and cata-

lyzes the oxidation processes in plants. Zinc also provides a

structural role in many transcription factors and is a

cofactor of RNA polymerase.

Nickel is recognized as another essential micronutrient

for living organisms and is a component of the enzyme

urease, which is essential for its functioning and thereby

good health in animals. Manganese plays an important role

in reactions of enzymes like mallic dehydrogenase and

oxalosuccinic decarboxylase. It is also needed for water

splitting at photosystem II and for superoxide disumutase.

In plants, Co complex is found in the form of vitamin B12.

Iron is an essential element in many metabolic processes

and is indispensable for all organisms. It is a component of

heme-containing protein such as hemoglobin, myoglobin

Table 1 Range of a few environmentally important heavy metals in

plants (Misra and Mani 1991)

Elements Land plants

(lg g-1 dry wt)

As 0.02–7

Cd 0.1–2.4

Hg 0.005–0.02

Pb 1–13

Sb 0.02–0.06

Co 0.05–0.5

Cr 0.2–1

Cu 4.15

Fe 140

Mn 15–100

Mo 1–10

Ni 1

Sr 0.30

Zn 8–100
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and cytochrome, and innumerable non-heme iron-contain-

ing proteins with vital functions in many metabolic pro-

cesses. Iron and copper are found as components of protein

and catalyze redox reactions.

Nature of heavy metals

No organic life can develop and survive without the par-

ticipation of metal ions. Current research has revealed that

life is as much inorganic as organic. Generally, the term

trace element is rather loosely used in current literature to

designate the elements which occur in small concentrations

in natural biologic systems. The growing public concern

over the deteriorating quality of the environment has led to

a generalized usage when referring to trace elements. Thus,

for all practical purposes, other terms such as ‘‘trace met-

als’’, ‘‘trace inorganics’’, ‘‘heavy metals’’, ‘‘micro ele-

ments’’ and ‘‘micronutrients’’ have been treated as

synonyms with the term trace elements. The elementary

constituents of plant, animal and human life may be clas-

sified as major and trace elements, the latter group com-

prising both essential and non-essential elements

(including toxic elements).

Source of contamination

There are different sources of heavy metals in the envi-

ronment such as (1) natural sources, (2) agricultural sour-

ces, (3) industrial sources, (4) domestic effluent, (5)

atmospheric sources and (6) other sources.

Heavy metal pollution can originate from both natural

and anthropogenic sources. Activities such as mining and

smelting operations and agriculture have contaminated

extensive areas of world such as Japan, Indonesia and

China mostly by heavy metals such as Cd, Cu and Zn

(Herawati et al. 2000), Cu, Cd and Pb in North Greece

(Zanthopolous et al. 1999), in Albania (Shallari et al. 1998)

and Cr, Pb, Cu, Ni, Zn and Cd in Australia (Smith 1996).

Heavy metals originate within the Earth’s crust; hence their

natural occurrence in soil is simply a product of weathering

process.

Natural sources of heavy metals

The most important natural source of heavy metals is

geologic parent material or rock outcroppings (Table 2).

The composition and concentration of heavy metals depend

on the rock type and environmental conditions, activating

the weathering process. The geologic plant materials gen-

erally have high concentrations of Cr, Mn, Co, Ni, Cu, Zn,

Cd, Sn, Hg and Pb. However, class-wise the heavy metal

concentrations vary with in the rocks. Soil formation takes

place mostly from sedimentary rock, but is only a small

source of heavy metals, since it is not generally or easily

weathered. However, many igneous rocks such as olivine,

augite and hornblende contribute considerable amounts of

Mn, Co, Ni, Cu and Zn to the soils. Within the class of

sedimentary rocks, shale has highest concentrations of Cr,

Mn, Co, Ni, Cu, Zn, Cd, Sn, Hg and Pb followed by

limestone and sand stone.

Volcanoes have been reported to emit high levels of Al,

Zn, Mn, Pb, Ni, Cu and Hg along with toxic and harmful

gases (Seaward and Richardson 1990). World wide data on

emission of heavy metals from natural sources are partic-

ularly scanty, but a summary of literature survey has been

prepared (Table 3) (Pacyna 1986). Wind-blown dusts and

volcanic eruptions are of particulate relevance to ecosys-

tem inventories and budgets of heavy metals. Wind dust,

which arises from desert region such as Sahara, has high

levels of Fe and lesser amounts of Mn, Zn, Cr, Ni and Pb

(Ross 1994). Marine aerosols and forest fires also exert a

major influence in the transport of some heavy metals in

many environments. While the long range transport of

dusts, particularly from the Sahara, has received consid-

erable recent attention, (SCOPE 1974), the transport of

dusts originating in Asia and elsewhere to the Pacific,

Arctic and Antarctic has also been investigated (Davidson

et al. 1985). Some major eruptions have more far-reaching

Table 2 Range of heavy metal concentrations (ppm) in igneous and sedimentary rocks (Cannon et al. 1978)

Metals Basaltic igneous Granite igneous Shales and Clays Black shales Sand stone

As 0.2–10 0.2–13.8 – – 0.6–9.7

Cd 0.006–0.6 0.003–0.18 0.0–11 \0.3–8.4 –

Cr 40–600 2–90 30–590 26–1,000 –

Co 24–90 1–15 5–25 7–100 –

Cu 30–160 4–30 18–120 20–200 –

Pb 2–18 6–30 16–50 7–150 \1–31

Mo 09–7 1–6 – 1–300 –

Ni 45–410 2–20 20–250 10–500 –

Zn 48–240 5–140 18–180 34–1,500 2–41

Environ Chem Lett (2010) 8:199–216 201

123



effects e.g., emissions from Mount Etna, Sicily include

10 9 106 kg per year -1 of Cd, as well as Cr, Cu, Mn and

Zn (Climino and Ziino 1983). The activity of this volcano

also significantly enhanced the Hg content of plants and

soil in the surrounding area (Barghiani et al. 1987).

The contribution to ecosystem of elements from sea

sprays and mists. Often transported many kilometers in

land is widely recognized. Cu and Mn (Vermette and

Bingham 1986) from such marine sources have been

detected in rain water input to terrestrial environments. The

natural process of ‘bubble bursting’ is a source of airborne

Cd, Cu, Ni, Pb and Zn via sea salt particles (Pacyna 1986).

Airborne emissions of heavy metals originate from forest

and prairie fires (Ross 1994). Volatile heavy metals such as

Hg and Se are part of carbonaceous matter produced during

the fire. Natural vegetation emits heavy metals into the soil

and atmosphere through leaching from leaves and stems,

decomposition and volatilization. Many heavy metals have

been detected in inland coastal areas due to sea sprays and

aerosols produced in oceanic activities.

Agricultural sources of heavy metals

The inorganic and organic fertilizers (Fertilizer is a sub-

stance added to soil to improve plants growth and yield.)

are the most important sources of heavy metals to agri-

cultural soil include liming, sewage sludge, irrigation

waters and pesticides, sources of heavy metals in the

agricultural soils (Tables 4, 5). Others, particularly fun-

gicides, inorganic fertilizers and phosphate fertilizers have

variable levels of Cd, Cr, Ni, Pb and Zn depending on

their sources. Cadmium is of particular concern in plants

since it accumulates in leaves at very high levels, which

may be consumed by animals or human being. Cadmium

enrichment also occurs due to the application of sewage

sludge, manure and limes (Nriagu 1988; Yanqun et al.

2005). Although the levels of heavy metals in agricultural

soil are very small, but repeated use of phosphate fertilizer

and the long persistence, time for metals, there may be

dangerously high accumulation of some metals (Verkleji

1993).

Animal manure enriches the soil by the addition of Mn,

Zn, Cu and Co and sewage sludge by Zn, Cr, Pb, Ni, Cd

and Cu (Verkleji 1993). The increase in heavy metal

contamination of agricultural soil depends on the rate of

application of the contributors with its elemental concen-

tration and soil characteristics to which it is applied. Heavy

metal accumulation in soil is also due to application of soil

amendments such as compost refusing and nitrate fertiliz-

ers (Ross 1994). Liming increases the heavy metal levels in

the soil more than the nitrate fertilizers and compost refuse.

Sewage sludge is one of the most important sources of

heavy metal contamination to the soil (Ross 1994)

(Table 6). Several heavy metal–based pesticides (Pesti-

cides kill unwanted pests) are used to control the diseases

of grain and fruit crops and vegetables and are sources of

heavy metal pollution to the soil (Verkleji 1993; Ross

1994). The orchards where these compounds have been

used frequently resulted into contamination of orchard soil

with high levels of heavy metals such as Cu, As, Pb, Zn,

Fe, Mn and Hg (Ross 1994). Pesticides such as lead arse-

nate were used in Canadian orchards for more than six

decades and were found to be enriched with Pb, As and Zn

having greater consequences for food contamination.

Continued irrigation of agricultural soil can lead to

Table 3 Worldwide emissions of heavy metals from natural sources (Pacyna 1986)

Sources Global production Annual emission (kg 9 106)

Cd Co Cu Cr Hg Mn Ni Pb Zn

Windblown dust 6–1,100 0.25 4 12 5 0.03 425 20 10 25

Volcanogenic particles 6.5–150 0.5 1.4 4 3.9 0.03 82 3.8 6.4 10

Forest wild fires 2–200 0.01 – 0.3 – 0.1 – 0.6 0.5 0.5

Vegetation 75–1,000 0.2 – 2.5 – – 5 1.6 1.6 10

Sea salt 300–2,000 0.002 – 0.1 – 0.003 4 0.04 0.1 0.02

Total 0.96 5.4 18.9 8.9 0.16 516 26 18.6 45.52

Table 4 Heavy metal composition of typical uncontaminated soils

and agricultural crops (Modified from Allaway 1968)

Heavy metals Range in soil

(ppm d.wt)

Range in agricultural

crops(ppm d.wt)

Cd 0.01–0.7 0.2–0.8

Co 1–40 0.05–0.5

Cr 5–3,000 0.2–1.0

Cu 2–100 4–15

Fe 7,000–55,000 –

Mn 100–4,000 15–100

Mo 0.2–5 1–100

Ni 10–00 1.0

Pb 2–200 0.1–10

Zn 10–300 15–200
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accumulation of heavy metals such as Pb and Cd. The

contamination of soil by heavy metals may also be from

irrigation water sources such as deep wells, rivers, lakes or

irrigation canals (Ross 1994).

Industrial sources of heavy metals

Industrial sources of heavy metals include mining, refine-

ment (spoil heaps and tailings, transport of ores, smelting

and metal finishing and recycling of metals). Mining

operation emits different heavy metals depending on the

type of mining (Table 7). For example, coalmines are

sources of As, Cd, Fe, etc., which enrich the soil around

the coalfield directly or indirectly. The utilization of Hg in

gold mining and the mobilization of significantly high

amounts of Hg from old mines have become a significant

source of this pollutant to the environment (Lacerda 1997).

This traditional practice had been nearly forgotten since

1960. Presently, it is rapidly spreading through out the

tropics, particularly in Latin America and Asia involving

over 10 million people (Lacerda 1997). High temperature

processing of metals such as smelting and castings emit

metals in particulate and vapor forms. Vapor form of

heavy metals such as As, Cd, Cu, Pb, Sn and Zn combine

with water in the atmosphere to form aerosols. These may

be either dispersed by wind (dry deposition) or precipitated

in rainfall (wet deposition) causing contamination of soil

or water bodies. Contamination of soil and water bodies

can also occur through runoff from erosion of mine wastes,

dusts produced during the transport of crude ores, corro-

sion of metals and leaching of heavy metals to soil and

ground water. Soil contamination of heavy metals occurs

due to different types of processing in refineries. Energy-

supplying power stations such as coal burning power

plants, petroleum combustion, nuclear power stations and

high tension lines contribute many heavy metals such as

Se, B, Cd, Cu, Zn, Cs and Ni to the environment (Verkleji 1993).

Other industrial sources include processing of plastics,

textiles, microelectronics, wood preservation and paper

processing. Contamination of plants growing beneath the

power line with high concentration of Cu is reported to be

toxic to the grazing animals (Kraal and Ernst 1976).

Domestic effluents

These waste waters probably constitute the largest single

source of elevated metal values in rivers and lakes.

Domestic effluents may consists of (1) untreated or solely

mechanically treated waste waters (2) substances which

have passed through the filters of biological treatment

plants (3) waste substances passed over sewage outfalls and

discharged to receiving water bodies often end up into the

sea from coastal residential areas (Table 7).

The use of detergents creates a possible pollution haz-

ard, since common house hold detergent products can

affect the water quality. Angino et al. (1970) found that

most enzyme detergents contained trace amounts of the

elements Fe, Mn, Cr, Co, Zn, Sr and B.

With regard to pollution resulting from urbanized areas,

there is an increasing awareness that urban runoff presents

a serious problem of heavy metal contamination. A sta-

tistical summary by Bradford (1997) revealed that urban

storm water runoff has long been recognized as a major

source of pollutants to surface waters. Studies by Bolter

et al. (1974) indicate that lead is leached by humic and

other acids, thus increasing its availability for runoff rather

than seepage into the upper soil layer.

Table 5 Guideline for safe limits of heavy metals

Sample Standards Cd Cu Pb Zn Mn Ni Cr

Agricultural soil (lg g-1) Indian standard (Awashthi 2000) 3–6 135–270 250–500 300–600 – 75–150 –

WHO/FAO (2007) – – – – – – –

European union standards (EU 2002) 3 140 300 300 – 75 150

Table 6 Heavy metal concentrations (lg g-1) in agricultural amendments (Modified from Ross 1994)

Metals Agricultural amendments

Sewage sludge Compost refuse Farmyard manure Phosphate fertilizers Nitrate fertilizers Lime Pesticides

Cr 8.40–600 1.8–410 1.1–55 66–245 3.2–19 10–15 –

Ni 6–5,300 0.9–279 2.1–30 7–38 7–34 10–20 –

Cu 50–8,000 13–3,580 2–172 1–300 – 2–125 –

Zn 91–49,000 82–5,894 15–556 50–1,450 1–42 10–450 –

Cd \1–3,410 0.01–100 0.1–0.8 0.1–190 0.05–8.5 0.04–0.1 –

Pb 2–7,000 1.3–2,240 0.4–27 4–1,000 2–120 20–1,250 11–26
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Atmospheric sources

Natural and man-made processes have been shown to result

in metal containing airborne particulates. Depending on

prevailing climatic conditions, these particulates may

become wind-blown over great distances; nonetheless, they

are subjected to the fate that they are ultimately returned to

the lithosphere as precipitations by rain or snowfall.

Additional sources of atmospheric metal enrichment, such

as the high temperature anthropogenic sources, are of

special importance on a global scale. Geothermal sources,

such as volcanic eruptions, have caused significant atmo-

spheric pollution (Eshleman et al. 1971).

Other sources

Other sources of heavy metals include refuse incineration,

landfills and transportation (automobiles, diesel-spowered

vehicles and aircraft). Two main anthropogenic sources

that contaminate the soil are fly ash produced due to coal

burning and the corrosion of commercial waste products,

which add Cr, Cu, Pb and galvanized metals (primarily Zn)

into the environment (Al-Hiyaly et al. 1988). Coal burning

adds heavy metals such as Cd, Hg, Mn, Ni, Al, Fe and Ti

into the soils (Verkleji 1993). Oil burning contributes V,

Fe, Pb and Ni to the environment. Metal emission during

the transportation of vehicles includes Ni and Zn from

tires, Al from catalyst, Cd and Cu primarily from diesel

engines and Ni and Zn from aerosol emissions. Lubricants,

which are antiwear protectants for vehicles, emit Cd, Cr,

Hg, Ni, Pb and Zn, particularly incase of inefficient

engines. The burning of leaded gasoline has been an

important source of Pb in the environment. Incinerations of

municipal wastes generate significant concentrations of Zn,

Pb, Al, Sn, Fe and Cu.

Heavy metal emission

Heavy metals can be emitted into the environment by both

natural and anthropogenic activities. The major causes of

emission are the anthropogenic sources specifically mining

operations (Nriagu 1989). In some cases, even long after

the mining activities have ceased, the emitted metals con-

tinue to persist in the environment. Peplow (1999) reported

that hard rock mines operate from 5–15 years until the

minerals are depleted, but metal contamination that occurs

as a consequence of hard rock mining persist for hundreds

of years after the cessation of mining operations. Apart

from mining operations, mercury is introduced to the

environment through cosmetic products as well as manu-

facturing processes like making of sodium hydroxide.

Heavy metals are emitted both in elemental and in

compound (organic and inorganic) forms. Anthropogenic

sources of emission are the various industrial point sources

including former and present mining sites, foundries and

smelters, combustion by-products and traffics (UNEP/GPA

2004). Cadmium is released as a by-product of zinc (and

Table 7 Occurrence of metals or their compounds in effluents from various industries

Industry Metals

Al Ag As Au Ba Be Bi Cd Co Cr Cu Fe Ga Hg In Mn Mo Os Pb Pd Ni Sb Sn Ta Ti Tl U V W Zn

Mining operations

and ore processing

X X X X X X X X X

Metallurgy and

electroplating

X X X X X X X X X X X X X

Chemical industries X X X X X X X X X X X X X X X X

Dyes and pigments X X X X X X X X X

Ink manufacturing X X X X X

Pottery and poccelain X X X X

Alloys X X X X X X

Print X X X X X X

Photography X X X X X X X

Glass X X X X X X

Paper mills X X X X X X X X X

Leather training X X X X X X X X

Pharmaceuticals X X X X X X X

Textiles X X X X X X X X X X

Nuclear technology X X X X

Fertilizers X X X X X X X X X X X

Chlor-alkali production X X X X X X X X X X

Petroleum refining X X X X X X X X X X
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occasionally lead) refining; lead is emitted during its mining

and smelting activities, from automobile exhausts (by

combustion of petroleum fuels treated with tetraethyl lead

antiknock) and from old lead paints; mercury is emitted by

the degassing of the earth’s crust. Generally, metals are

emitted during their mining and processing activities

(Lenntech Water Treatment and Air Purification 2004).

Environmental pollution by heavy metals is very

prominent in areas of mining, and old mine sites and pol-

lution reduces with increasing distance away from mining

sites (Peplow 1999). These metals are leached out and in

sloppy areas are carried by acid water downstream or run

off to the sea. Through mining activities, water bodies are

most emphatically polluted (Garbarino et al. 1995; INE-

CAR 2000). The potential for contamination is increased

when mining exposes metal-bearing ores rather than nat-

ural exposure of ore bodies through erosion (Garbarino

et al. 1995), and when mined ores are dumped on the earth

surfaces in manual decreasing processes. Through rivers

and streams, the metals are transported as either dissolved

species in water or an integral part of suspended sediments,

(dissolved species in water have the greatest potential of

causing the most deleterious effects). They may then be

stored in river bed sediments or seep into the underground

water thereby contaminating water from underground

sources, particularly wells, and the extent of contamination

will depend on the nearness of the well to the mining site.

Wells located near mining sites have been reported to

contain heavy metals at levels that exceed drinking water

criteria (Garbarino et al. 1995; Peplow 1999). The toler-

ance limits of some heavy metals are shown in Table 8.

Chemistry of heavy metal pollution

Mining activities and other geochemical process often

result in the generation of acid mine drainage (AMD), a

phenomenon commonly associated with mining activities.

It is generated when pyrite (FeS2) and other sulfide min-

erals in the aquifer and present and former mining sites are

exposed to air and water in the presence of oxidizing

bacteria, such as Thiobacillus ferrooxidans, and oxidized to

produce metal ions, sulfate and acidity (Ogwuegbu and

Muhanga 2005).

2FeS2 þ 7O2 þ 2H2O! 2FeSO4 þ 2H2SO4

2FeSO4 þ 2H2SO4 ! Fe2ðSO4Þ3 þ SO2 þ 2H2O

Fe2ðSO4Þ3 þ 2FeAsSþ 9=2O2 þ 3H2O

! 2H3AsO4 þ 4FeSO4 þ S

Literature survey shows that heavy metals (M) at mining

sites are leached and carried by acidic water downstream.

They can be acted upon by bacterial activity and methylated

to yield organic forms, such as monomethyl mercury and

dimethylcladium. This conversion is effected by bacteria in

water, in the presence of organic matter, according to the

following simplified equation

M + organic matter ��������!H2 O bacteria �CH3 and (CH3)2 M

In the non-biological conversions, the following

reactions have been identified for mercury

Hg2þ

ðEutrophicconditionÞ
������!H2S

HgS
lesssoluble

������!aeration
Hg2SO4
moresoluble

! CH3Hgþ

methylmercury

These organic forms have been reported to be very toxic

and adversely affect water qualities by seepage to pollute

under ground water source. Low pH values do not need to be

established for some metals to be released from mine wastes

at adverse concentration, because near neutral pH (pH 6–7)

have been established for some metals, such as Zn, Cd, and

As (INECAR 2000; Lenntech Water Treatment and Air

Purification 2004). Factors such as downstream distances

from the mining sites, colloid loads, pH perturbations and

dilution ultimately control the quality of water sources.

Factors influencing heavy metal uptake

Anthropogenic activities greatly influence the availability

of heavy metals in the environment. Heavy metals interfere

with physiological processes such as gaseous exchange,

CO2 fixation, respiration and nutrient absorption. Heavy

metal uptake is not linear in response to the increasing

concentrations. Many factors influence the uptake of metals

and include the growing environment, such as temperature,

soil pH, soil aeration, Eh condition (particularly of aquatic

environment) and fertilization, competition between

the plant species, the type of plant its size, the root system,

the availability of the elements in the soil or foliar deposits,

Table 8 Indian standards for heavy metals in soil, food and drinking

water (Awashthi 2000)

Heavy metal Soil (mg/kg) Food (mg/kg) Water (mg/L)

Cd 3–6 1.5 0.01

Cr – 20 0.05

Cu 135–270 30 0.05

Fe – – 0.03

Ni 75–150 1.5 –

Pb 250–500 2.5 0.1

Zn 300–600 50 5.0

As – 1.1 0.05

Mn – – 0.1

Environ Chem Lett (2010) 8:199–216 205

123



the type of leaves, soil moisture and plant energy supply to

the roots and leaves (Yamamoto and Kozlowski 1987). As

far as the growing environment is concerned the increase in

pH, i.e., the environment becoming more alkaline, and

decrease in Eh (redox potential), i.e., the environment

becoming more reducing, result in decrease in availability

of heavy metals, or metals in general to plants (Misra and

Mani 1991). However, under a given environmental con-

dition, the uptake of a metal by a plant can be estimated

from the biological absorption coefficient.

BAC ¼ Mp½ �= Ms½ �

where [Mp] is concentration of the element in the plant,

and [Ms] is its concentration in the soil (Fergusson 1990).

However, in field conditions, the relationship works best

only when the concentration of the metal in the soil is not

too high (Shaw and Panigrahi 1986).

Because of the influence of environmental factors and

the type of plant itself, the levels of heavy metals in plants

(both terrestrial and aquatic) vary widely (Wong 1996).

The range of heavy metals observed in plants is presented

in Table 1. If the other facts are constants, the uptake of a

metal by different plant species may be compared.

Effects of heavy metals on plants

Like all living organisms, plants are often sensitive both to

the deficiency and to the excess availability of some heavy

metal ions as essential micronutrient, while the same at

higher concentrations and even more ions such as Cd, Hg,

As are strongly poisonous to the metabolic activities.

Researches have been conducted throughout the world to

determine the effects of toxic heavy metals on plants

(Reeves and Baker 2000; Fernandes and Henriques 1991).

Contamination of agricultural soil by heavy metals has

become a critical environmental concern due to their

potential adverse ecological effects. Such toxic elements

are considered as soil pollutants due to their widespread

occurrence and their acute and chronic toxic effect on

plants grown of such soils.

Zinc effects on plants

Zinc (Zn) is an essential micronutrient that affects several

metabolic processes of plants (Cakmak and Marshner

1993) and has a long biological half-life. The phytotoxicity

of Zn and Cd is indicated by decrease in growth and

development, metabolism and an induction of oxidative

damage in various plant species such as Phaseolus vulgaris

(Cakmak and Marshner 1993) and Brassica juncea (Prasad

et al. 1999). Cd and Zn have reported to cause alternation

in catalytic efficiency of enzymes in Phaseolus vulgaris

(Van Assche et al. 1988; Somasekharaiah et al. 1992) and

pea plants (Romero-Puertas et al. 2004). Concentrations of

Zn found in contaminated soils frequently exceed to those

required as nutrients and may cause phytotoxicity. Zn

concentrations in the range of 150–300 mg/kg have been

measured in polluted soils (Devries et al. 2002; Warne

et al. 2008). High levels of Zn in soil inhibit many plant

metabolic functions, result in retarded growth and cause

senescence. Zinc toxicity in plants limited the growth of

both root and shoot (Choi et al. 1996; Ebbs and Kochian

1997; Fontes and Cox 1998). Zinc toxicity also causes

chlorosis in the younger leaves, which can extend to older

leaves after prolonged exposure to high soil Zn levels

(Ebbs and Kochian 1997). The chlorosis may arise partly

from an induced iron (Fe) deficiency as hydrated Zn?2 and

Fe?2 ions have similar radii (Marschner 1986). Excess Zn

can also give rise to manganese (Mn) and copper (Cu)

deficiencies in plant shoots. Such deficiencies have been

ascribed to a hindered transfer of these micronutrients from

root to shoot. This hindrance is based on the fact that the Fe

and Mn concentrations in plants grown in Zn-rich media

are greater in the root than in the shoot (Ebbs and Kochian

1997). Another typical effect of Zn toxicity is the appear-

ance of a purplish-red color in leaves, which is ascribed to

phosphorus (P) deficiency (Lee et al. 1996).

Cadmium effects on plants

The regulatory limit of cadmium (Cd) in agricultural soil is

100 mg/kg soil (Salt et al. 1995). Plants grown in soil

containing high levels of Cd show visible symptoms of

injury reflected in terms of chlorosis, growth inhibition,

browning of root tips and finally death (Sanita di Toppi and

Gabbrielli 1999; Wojcik and Tukiendorf 2004; Mohanpuria

et al. 2007; Guo et al. 2008). The inhibition of root Fe(III)

reductase induced by Cd led to Fe(II) deficiency, and it

seriously affected photosynthesis (Alcantara et al. 1994). In

general, Cd has been shown to interfere with the uptake,

transport and use of several elements (Ca, Mg, P and K)

and water by plants (Das et al. 1997). Cd also reduced the

absorption of nitrate and its transport from roots to shoots,

by inhibiting the nitrate reductase activity in the shoots

(Hernandez et al. 1996). Appreciable inhibition of the

nitrate reductase activity was also found in plants of Silene

cucubalus (Mathys 1975). Nitrogen fixation and primary

ammonia assimilation decreased in nodules of soybean

plants during Cd treatments (Balestrasse et al. 2003). Metal

toxicity can affect the plasma membrane permeability,

causing a reduction in water content; in particular, Cd has

been reported to interact with the water balance (Costa and

Morel 1994). Cadmium treatments have been shown to

reduce ATPase activity of the plasma membrane fraction of

wheat and sunflower roots (Fodor et al. 1995). Cadmium
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produces alterations in the functionality of membranes by

inducing lipid peroxidation (Fodor et al. 1995) and dis-

turbances in chloroplast metabolism by inhibiting chloro-

phyll biosynthesis and reducing the activity of enzymes

involved in CO2 fixation (De Filippis and Ziegler 1993).

Copper effects on plants

Copper (Cu) is considered as a micronutrient for plants

(Thomas et al. 1998) and plays important role in CO2

assimilation and ATP synthesis. Cu is also an essential

component of various proteins like plastocyanin of photo-

synthetic system and cytochrome oxidase of respiratory

electron transport chain (Demirevska-kepova et al. 2004).

But enhanced industrial and mining activities have con-

tributed to the increasing occurrence of Cu in ecosystems.

Cu is also added to soils from different human activities

including mining and smelting of Cu-containing ores.

Mining activities generate a large amount of waste rocks

and tailings, which get deposited at the surface. Excess of

Cu in soil plays a cytotoxic role, induces stress and causes

injury to plants. This leads to plant growth retardation and

leaf chlorosis (Lewis et al. 2001). Exposure of plants to

excess Cu generates oxidative stress and ROS (Stadtman

and Oliver 1991). Oxidative stress causes disturbance of

metabolic pathways and damage to macromolecules (He-

gedus et al. 2001). Copper toxicity affected the growth of

Alyssum montanum (Ouzounidou 1994) and Cd of

cucumber (Moreno-Caselles et al. 2000) and Brassica

juncea (Singh and Tewari 2003). Copper and Cd in com-

bination have affected adversely the germination, seedling

length and number of lateral roots in Solanum melongena

(Neelima and Reddy 2002).

Mercury effects on plants

The large input of mercury (Hg) into the arable lands has

resulted in the widespread occurrence of mercury con-

tamination in the entire food chain. Hg is a unique metal

due to its existence in different forms e.g., HgS, Hg2?, Hg�
and methyl-Hg. However, in agricultural soil, ionic form

(Hg2?) is predominant (Han et al. 2006). Hg released to the

soil mainly remains in solid phase through adsorption onto

sulfides, clay particles and organic matters. Increasing

evidence has shown that Hg2? can readily accumulate in

higher and aquatic plants (Kamal et al. 2004; Wang and

Greger 2004; Israr et al. 2006). High level of Hg2? is

strongly phytotoxic to plant cells. Toxic level of Hg2? can

induce visible injuries and physiological disorders in plants

(Zhou et al. 2007). For example, Hg2? can bind to water

channel proteins, thus inducing leaf stomata to close and

physical obstruction of water flow in plants (Zhang and

Tyerman 1999). High level of Hg2? interfere the

mitochondrial activity and induces oxidative stress by

triggering the generation of ROS. This leads to the dis-

ruption of biomembrane lipids and cellular metabolism in

plants (Messer et al. 2005; Cargnelutti et al. 2006).

Chromium effects on plants

Chromium (Cr) compounds are highly toxic to plants and

are detrimental to their growth and development. Although

some crops are not affected by low Cr (3.8 9 10-4lM)

concentrations (Huffman and Allaway 1973a, b), Cr is

toxic to most higher plants at 100 l kg-1 dry weight

(Davies et al. 2002). Since seed germination is the first

physiological process affected by Cr, the ability of a seed

to germinate in a medium containing Cr would be indica-

tive of its level of tolerance to this metal (Peralta et al.

2001). Seed germination of the weed Echinochloa colona

was reduced to 25% with 200 lM Cr (Rout et al. 2000).

High levels (500 ppm) of hexavalent Cr in soil reduced

germination up to 48% in the bush bean Phaseolus vulgaris

(Parr and Taylor 1982). Peralta et al. (2001) found that

40 ppm of Cr(VI) reduced by 23% the ability of seeds of

Lucerne (Medicago sativa cv. Malone) to germinate and

grow in the contaminated medium. Reductions of 32–57%

in sugarcane bud germination were observed with 20 and

80 ppm Cr, respectively (Jain et al. 2000). The reduced

germination of seeds under Cr stress could be a depressive

effect of Cr on the activity of amylases and on the sub-

sequent transport of sugars to the embryo axes (Zeid 2001).

Protease activity, on the other hand, increases with the Cr

treatment, which could also contribute to the reduction in

germination of Cr-treated seeds (Zeid 2001). Decrease in

root growth is a well-documented effect due to heavy

metals in trees and crops (Tang et al. 2001). Prasad et al.

(2001) reported that the order of metal toxicity to new root

primordia in Salix viminalis is Cd [ Cr [ Pb, whereas root

length was more affected by Cr than by other heavy metals

studied. Chromium stress is one of the important factors

that affect photosynthesis in terms of CO2 fixation, electron

transport, photophosphorylation and enzyme activities

(Clijsters and Van Assche 1985). In higher plants and trees,

the effect of Cr on photosynthesis is well documented (Van

Assche and Clijsters 1983). However, it is not well

understood to what extent Cr-induced inhibition of photo-

synthesis is due to disorganization of chloroplasts’ ultra

structure (Vazques et al. 1987), inhibition of electron

transport or the influence of Cr on the enzymes of the

Calvin cycle. Chromate is used as a Hill reagent by isolated

chloroplast (Desmet et al. 1975). The more pronounced

effect of Cr(VI) on PS I than on PS II activity in isolated

chloroplasts has been reported by Bishnoi et al. (1993a, b)

in peas. Nevertheless, in whole plants, both the photosys-

tems were affected. Chromium stress can induce three
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possible types of metabolic modification in plants: (i)

alteration in the production of pigments, which are

involved in the life sustenance of plants (e.g., chlorophyll,

anthocyanin) (Boonyapookana et al. 2002) (ii) increased

production of metabolites (e.g., glutathione, ascorbic acid)

as a direct response to Cr stress, which may cause damage

to the plants (Shanker et al. 2003b) and (iii) alterations in

the metabolic pool to channelise the production of new

biochemically related metabolites, which may confer

resistance or tolerance to Cr stress (e.g., phytochelatins,

histidine) (Schmfger 2001). Induction and activation of

superoxide dismutase (SOD) and of antioxidant catalase

are some of the major metal detoxification mechanisms in

plants (Shanker et al. 2003a). Gwozdz et al. (1997) found

that at lower heavy metal concentrations, activity of anti-

oxidant enzymes increased, whereas at higher concentra-

tions, the SOD activity did not increase further and catalase

activity decreased.

Lead effects on plants

Lead (Pb) is one of the ubiquitously distributed most

abundant toxic elements in the soil. It exerts adverse effect

on morphology, growth and photosynthetic processes of

plants. Lead is known to inhibit seed germination of

Spartiana alterniflora (Morzck and Funicclli 1982), Pinus

helipensis (Nakos 1979). Inhibition of germination may

result from the interference of lead with important

enzymes. Mukherji and Maitra (1976) observed 60 lM

lead acetate inhibited protease and amylase by about 50%

in rice endosperm. Early seedling growth was also inhib-

ited by lead in soya bean (Huang et al. 1974), rice (Mu-

kherji and Maitra 1976), maize (Miller et al. 1975), barley

(Stiborova et al. 1987), tomato, egg plant (Khan and Khan

1983) and certain legumes (Sudhakar et al. 1992). Lead

also inhibited root and srem elongation and leaf expansion

in Allium species (Gruenhage and Jager 1985), barley

(Juwarkar and Shende 1986) and Raphanus sativas. The

degree to which root elongation is inhibited depends upon

the concentration of lead and ionic composition and pH of

the medium (Goldbold and Hutterman 1986). Concentra-

tion-dependent inhibition of root growth has been observed

in Sesamum indicum (Kumar et al. 1992). A high lead level

in soil induces abnormal morphology in many plant spe-

cies. For example, lead causes irregular radial thickening in

pea roots, cell walls of the endodermis and lignification of

cortical parenchyma (Paivoke 1983). Lead also induces

proliferation effects on the repair process of vascular plants

(Kaji et al. 1995). Lead administrated to potted sugar beet

plants at rates of 100–200 ppm caused chlorosis and

growth reduction (Hewilt 1953). In contrast, there was no

visual symptoms of lead toxicity in alfa alfa plants exposed

to 100 mg/mL (Porter and Cheridan 1981). Low amounts

of lead (0.005 ppm) caused significant reduction in growth

of lettuce and carrot roots (Baker 1972). Inhibitory effects

of Pb2? on growth and biomass production may possibly

derive from effects on metabolic plant processes (Van

Assche and Clijsters 1990). The primary cause of cell

growth inhibition arises from a lead-induced simulation of

indol-3 acetic acid (IAA) oxidation. Lead is also known to

affect photosynthesis by inhibiting activity of carboxylat-

ing enzymes (Stiborova et al. 1987). High level of Pb also

causes inhibition of enzyme activities (Sinha et al. 1988a,

b), water imbalance, alterations in membrane permeability

and disturbs mineral nutrition (Sharma and Dubey 2005).

Pb inhibits the activity of enzymes at cellular level by

reacting with their sulfhydril groups. High Pb concentra-

tion also induces oxidative stress by increasing the pro-

duction of ROS in plants (Reddy et al. 2005)

Arsenic effects on plants

Arsenate (As) is an analog of phosphate (P) and competes

forth same uptake carriers in the root plasmalemma of

plants (Meharg and Macnair 1992). The As tolerance has

been identified in a number of plant species (Meharg 1994;

Sharples et al. 2000). The As tolerance in grasses results

from suppression of a high-affinity P/As uptake system

(Meharg and Macnair 1992). This suppression reduces As

influx to a level at which plant can easily detoxify it,

presumably by constitutive mechanisms (Meharg 1994).

The As tolerance is achieved by a single gene encoding for

the suppressed P/As transport (Meharg and Macnair 1992).

Despite this clear understanding of the process controlling

decrease in As uptake, tolerant grasses still assimilate As,

albeit at much lower rate compared with non-tolerant.

Nevertheless, assimilation over the life history of plants

growing on contaminated soil can result in a very high As

concentration, e.g., 3,470 mg/g As in Agrostis tenuis and

560 mg/g As in Holcus lanatus (Porter and Peterson 1975).

The As also undergoes transformation within plant cells to

other less phytotoxic As species (Meharg 1994). In phy-

toplankton and macro algae, As is converted to arsenite,

dimethylarsinic acid (DMA) and mono methyl arsenicacid

(MMA). Such methylated forms of As are then metabo-

lized to organo phospholipids and arsenosugars (Phillips

1990). Previously, terrestrial plants have been documented

only for the presence of arsenate and arsenite (arsenate ion;

arsenite is a chemical compound containing an arsenic

oxoanion where arsenic has oxidation state ?3 arsenic

atom in arsenate has a valency of 5) (Meharg 1994; Van

den Broeck et al. 1998). However, a later study on a range

of terrestrial plants has also reported low concentrations of

methylated As species such as MMA and DMA (Koch

et al. 2000).

208 Environ Chem Lett (2010) 8:199–216

123



Cobalt effects on plants

Cobalt (Co) naturally occurs in the earth’s crust as cobaltite

[CoAsS], erythrite [Co3(AsO4)2] and smaltite [CoAs2].

Plants can accumulate small amount of Co from the soil.

The uptake and distribution of Co in plants is species-

dependent and controlled by different mechanisms (Kukier

et al. 2004; Li et al. 2004; Bakkaus et al. 2005). Very little

information is available regarding the phytotoxic effect of

excess Co. Phytotoxicity study of Co in barley (Hordeum

vulgare L.), oilseed rape (Brassica napus L.) and tomato

(Lycopersicon esculentum L.) has recently shown the

adverse effect on shoot growth and biomass (Li et al.

2009). In addition to biomass, excess of Co restricted the

concentration of Fe, chlorophyll, protein and catalase

activity in leaves of cauliflower. Further, high level of Co

also affected the translocation of P, S, Mn, Zn and Cu from

roots to tops in cauliflower. In contrast to excess Cu or Cr,

Co significantly decreased water potential and transpiration

rate. While diffusive resistance and relative water content

increased in leaves of cauliflower upon exposure to excess

Co (Chatterjee and Chatterjee 2000).

Nickel effects on plants

Nickel (Ni) is a transition metal and found in natural soils

at trace concentrations except in ultramafic or serpentinic

soils. However, Ni2? concentration is increasing in certain

areas by human activities such as mining works, emission

of smelters, burning of coal and oil, sewage, phosphate

fertilizers and pesticides (Gimeno-Garcia et al. 1996). Ni2?

concentration in polluted soil may range from 20- to 30-

fold (200–26,000 mg/kg) higher than the overall range

(10–1,000 mg/kg) found in natural soil (Izosimova 2005).

Excess of Ni2? in soil causes various physiological alter-

ations and diverse toxicity symptoms such as chlorosis and

necrosis in different plant species (Zornoza et al. 1999;

Pandey and Sharma 2002; Rahman et al. 2005), including

rice (Das et al. 1997). Plants grown in high-Ni2?-contain-

ing soil showed impairment of nutrient balance and resul-

ted in disorder of cell membrane functions. Thus, Ni2?

affected the lipid composition and H-ATPase activity of

the plasma membrane as reported in Oryza sativa shoots

(Ros et al. 1992). Exposure of wheat to high level of Ni2?

enhanced MDA concentration (Pandolfini et al. 1992).

Moreover, Gonnelli et al. (2001) reported an increase in

MDA concentration of Ni2?-sensitive plants compared to a

Ni2?-tolerant saline. Such changes might disturb mem-

brane functionality and ion balance in the cytoplasm, par-

ticularly of K?, the most mobile ion across plant cell

membrane. Other symptoms observed in Ni2?-treated

plants were related with changes in water balance. High

uptake of Ni2? induced a decline in water content of dicot

and monocot plant species. The decrease in water uptake is

used as an indicator of the progression of Ni2? toxicity in

plants (Pandey and Sharma 2002; Gajewska et al. 2006).

Manganese effects on plants

Accumulation of excessive manganese (Mn) in leaves

causes a reduction of photosynthetic rate (Kitao et al.

1997a, b). Mn is readily transported from root to shoot

through the transpiration stream, but not readily remobi-

lized through phloem to other organs after reaching the

leaves (Loneragan 1988). Necrotic brown spotting on

leaves, petioles and stems is a common symptom of Mn

toxicity (Wu 1994). This spotting starts on the lower leaves

and progresses with time toward the upper leaves (Horig-

uchi 1988). With time, the speckles can increase in both

number and size resulting in necrotic lesions, leaf browning

and death (Elamin and Wilcox 1986a, b). General leaf

bronzing and shortening of internodes has been docu-

mented in Cucumis sativus (cucumber) (Crawford et al.

1989). Another common symptom is known as ‘‘crinkle-

leaf’’, and it occurs in the youngest leaf, stem and petiole

tissue. It is also associated with chlorosis and browning of

these tissues (Wu 1994; Bachman and Miller 1995). Roots

exhibiting Mn toxicity are commonly brown in color (Le

Bot et al. 1990; Foy et al. 1995) and sometimes crack (Foy

et al. 1995). Chlorosis in younger leaves by Mn toxicity is

thought to be caused through Mn-induced Fe deficiency

(Horst 1988). Excess Mn is reported to inhibit synthesis of

chlorophyll by blocking a Fe-concerning process (Clari-

mont et al. 1986). Manganese toxicity in some species

starts with chlorosis of older leaves moving toward the

younger leaves with time (Bachman and Miller 1995). This

symptom starts at the leaf margins progressing to the in-

terveinal areas and if the toxicity is acute, the symptom

progresses to marginal and interveinal necrosis of leaves

(Bachman and Miller 1995). In the only research on Mn

toxicity of Australian native trees, Eucalyptus gummifera

(red blood wood) displayed small, chlorotic leaves that

were often distorted in shape and death of terminal buds

(Winterhalder 1963).

Iron effects on plants

Iron as an essential element for all plants has many

important biological roles in the processes as diverse as

photosynthesis, chloroplast development and chlorophyll

biosynthesis. Iron is a major constituent of the cell redox

systems such as heme proteins including cytochromes,

catalase, peroxidase and leghemoglobin and iron sulfur

proteins including ferredoxin, acontiase and superoxide

disumutase (SOD) (Marschner 1995).
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Although most mineral soils are rich in iron, the

expression of iron toxicity symptoms in leaf tissues occurs

only under flooded conditions, which involves the micro-

bial reduction of insoluble Fe3? insoluble Fe2? (Becker

and Asch 2005). The appearance of iron toxicity in plants

is related to high Fe2? uptake by roots and its transporta-

tion to leaves and via transpiration stream. The Fe2? excess

causes free radical production that impairs cellular struc-

ture irreversibly and damages membranes, DNA and pro-

teins (Arora et al. 2002; de Dorlodot et al. 2005). Iron

toxicity in tobacco, canola, soybean and Hydrilla verticil-

lata are accompanied with reduction of plant photosyn-

thesis and yield and the increase in oxidative stress and

ascorbate peroxidise activity (Sinha et al. 1997).

Mechanisms of plants to cope with metal toxicity

Activation of reduced forms of oxygen and associated

biochemical damage

Oxygen free radicals are produced when molecular oxy-

gen accepts electrons from other molecules, and many

intracellular reactions reduce oxygen to superoxide (O��2 )

or hydrogen peroxide (H2O2). Although these molecules

are not very reactive, they can form hydroxyl radicals (–

OH), which are probably responsible for most of the

oxidative damage in biological systems (Cadenas 1989;

Halliwell and Cutteridge 1990). The one electron reduc-

tion of molecular oxygen to the superoxide radical is

thermodynamically unfavorable (Illan et al. 1976), but can

nevertheless take place by interaction with another para-

magnetic centre. Transition metals such as iron and cop-

per (M) have frequently unpaired electrons and are,

therefore, very good catalysts of oxygen reduction,

following the reaction:

Mn þ O2Mnþ1 þ O��2 :

In aqueous solutions at neutral pH, O��2 can generate

H2O2, which can subsequently decompose to produce .OH

by the Haber–Weiss reaction, copper or iron (M) being

again involved as follow:

Mnþ1 þ O��2 ! Mn þ O2

Mn þ H2O2 ! Mnþ1 þ OH� þ�OH:

These reactions are usually summarized as

O�2 þ H2O2 ! O2 þ OH� þ�OH:

When iron is the transition metal in the Haber–Weiss

reaction, it is called the Fenton reaction. Hydroxyl radicals

(�OH) produced by the Haber–Weiss reaction can oxidize

biological molecules, leading to major cellular damages,

and ultimately to cell death. Hydroxyl radicals can be

produced in close proximity to DNA, adding or removing

H atoms to DNA bases or the DNA backbone, respectively

(Pryor 1988). Their action could be responsible for 104–105

DNA base modifications per cell per day (Ames et al.

1991). Fe2? ions either complexed to a phosphate residue

or coordinated with ring nitrogens, or free in solution are

involved in these hydroxyl radical–mediated DNA

alterations (Luo et al. 1994).

Metal ions, through Haber–Weiss reaction, also play an

important role in the oxidative modifications of free amino

acids and proteins, and this aspect has been reviewed by

Stadtman (1993). Histidine, arginine, lysine, proline,

methionine and cysteine residues are the most common

sites of oxidation in proteins, and their major oxidation

products have been identified. Frequently, only one arnino

acid residue in a given protein is modified by oxidation.

These modifications correspond to site-specific processes,

amino acid residues at metal binding sites being specific

targets. A major consequence of oxygen free radical

damage to proteins is to target them for degradation by

proteases (Roseman and Levine 1987). Release of Fe2?

from [4Fe-4S] clusters of some dehydratases such as

aconitases is’ also another important aspect of protein

oxidation (Goldstein and Czapski 1986).

Finally, oxygen and transition metals (in particular iron)

are implicated in lipid peroxidation, and biological mem-

branes rich in polyunsaturated fatty acids are extremely

susceptible to these reactions. Ascorbic acid is known to

quench lipid peroxy and alkoxy radicals in the aqueous

phase. However, ascorbate can also function as a prooxi-

dant by reducing Fe3? or Cu2?, allowing the metal-cata-

lyzed transition of lipid hydro peroxides to radical species

(Scholz et al. 1990).

Genotoxicity

Metal binding to the cell nucleus causes promutagenic

damage including DNA base modifications, inter- and

intra-molecular cross-linkage of DNA and proteins, DNA

strand breaks, rearrangements and de-purination. Chemical

reactions driving this damage, and the resulting mutations,

are characteristics of an oxidative DNA attack (Kasprzak

1995). Metal-mediated production of reactive oxygen

species in the DNA vicinity generates principally the pro-

mutagenic adduct 8-0xoG (7,8-dihydro-8-oxoguanine) that

could miss pair with adenine in the absence of DNA repair,

resulting in C to T transversion mutations (Cunningham

1997).

Although oxidative damage explains most of the

mechanisms involved in metal-mediated carcinogenicity

and acute toxicity, other pathways also have to be
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considered. DNA methylation aberration has been shown

to play an important role in tumorigenesis (Zingg and Jones

1997). Cell treatment with carcinogenic nickel can cause

chromatin condensation through competition with magne-

sium ions. This condensed chromatin is hypermethylated,

leading to silencing of putative anti-oncogenic gene

expression, thus driving treated cells to a carcinogenic state

(Lee et al. 1995).

Most of the cellular and molecular aspects of metal

toxicity in plants are unknown, even though deleterious

effects on crop production have long been recognized.

Preliminary observations on putative metal genotoxic

effects in plant are scarce. At the organ level, this symptom

is common to numerous metals (Punz and Sieghardt 1993).

Nickel accumulation in maize root apex reduces meristem

mitotic activity, and this could be due to the lack of

integrity of root meristems (L’Huillier et al. 1996). Con-

centration- and time-dependant cadmium, copper and

nickel clastogenic effects were observed in Helianthus

annuus (Chakravarty and Srivastava 1992). Taken together,

these observations suggest that genotoxic effects could be

in part responsible for metal phytotoxicity, deserving more

work to elucidate the underlying mechanisms.

Effects on antioxidant activity

Heavy metal toxicity is reported to increase the activity of

enzymes such as, glucose-6-phosphate dehydrogenase and

peroxidase in the leaf of plants grown in polluted soil

(Fig. 1) (Van Assche and Clijsters 1987). Metal ions play

an important role in the antioxidant network, as these are

essential cofactors of most antioxidant enzymes. For

example, all isoforms of super oxide dismutase (SOD)

contain bound heavy metal ions. Cu and Zn constitute the

cofactor of the Cu/Zn-SOD associated with chloroplast,

glyoxisomes contain Mn-SOD. Fe-SOD has been found in

the chloroplast of some plants. Metals are involved in the

direct or indirect generation of free radicals (FR) and

reactive oxygen species (ROS) in the following ways:

1. direct transfer of electron in single electron reduction,

2. disturbance of metabolic pathways resulting in an

increase in the rate of FR and ROS formation, 3. inactivation

and down regulation of the enzymes of the antioxidative

defense system and 4. depletion of low molecular weight

antioxidants (Aust et al. 1985). The ROS produced in leaf

cells are removed by complex enzymes catalase (CAT),

ascorbate peroxidases (APX), glutathione peroxidases

(GPX), superoxide disumutase (SOD) and glutathione

reductases (GR)) of antioxidant systems (Fig. 2). Heavy

metals induced oxidative damage in senescing oat leaf cells

(Luna and Gonzalez 1994), primary leaves of mung bean

(Weckex and Clijsters 1997) and in wheat leaves (Panda

and Patra 2000). Proline is known to play a role in the

detoxification of active oxygen in Brassic juncea and

Cajanus cajan under heavy metal stress (Alia Prasad and

Pardha Saradhi 1995). Accumulation of proline has been

observed in various plant species subjected to heavy metal

stress (Shah and Dubey 1998). It is reported that antioxi-

dant enzyme activities increase under Zn stress in Brassica

juncea (Prasad et al. 1999). Verma and Dubey (2003) have

reported that with increase in the level of Pb treatment,

antioxidant enzymes such as guaiacol peroxidase, SOD,

APX and GR activities increased compared to control in

rice plants. It has been further suggested that SOD and GR
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membrane changes play a major
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Hagmeyer 1999)
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play a pivotal role in combining oxidative stress in rice

plants and Pb toxicity.

Thus, it is evident from the several research reports that

judicious use and presence of heavy metals have toxic

effects on plants, animals and other living organisms and

affects the same after certain limits. Therefore, it is well

needed to intensify the research programmes for better

understanding of heavy metal toxicity on plants and allied

areas to maintain the ecological harmony of the globe.
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