Chapter 1
Detoxification of Heavy Metals: State of Art

Jyoti Agrawal, Irena Sherameti, and Ajit Varma

1.1 Introduction

Land and water are precious natural resources on which rely the sustainability
of agriculture and the civilization of mankind. Unfortunately, they have been
subjected to maximum exploitation and are severely degraded or polluted due to
anthropogenic activities. The pollution includes point sources such as emission,
effluents, and solid discharge from industries, vehicle exhaustion, and metals from
smelting and mining, and nonpoint sources such as soluble salts (natural and
artificial), use of insecticides/pesticides, disposal of industrial and municipal wastes
in agriculture, and excessive use of fertilizers (McGrath et al. 2001; Nriagu and
Pacyna 1988; Schalscha and Ahumada 1998). Each source of contamination has its
own damaging effects to plants, animals, and ultimately to human health, but those
that add heavy metals to soil and water are of serious concern due to their
persistence in the environment and carcinogenicity to human beings. They cannot
be destroyed biologically but are only transformed from one oxidation state or
organic complex to another (Garbisu and Alkorta 2001; Gisbert et al. 2003).
Therefore, heavy metal pollution poses a great potential threat to the environment
and human health.

In order to maintain good quality of soil and water and keep them free from
contamination, continuous efforts have been made to develop technologies that are
easy to use, sustainable, and economically feasible. Physicochemical approaches
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have been widely used for remedying polluted soil and water, especially at a small
scale. However, they experience more difficulties for a large scale of remediation
because of high costs and side effects. Some microorganism-based remediation
techniques, such as bioremediation, show potential for their ability to degrade and
detoxify certain contaminants. Although these biological systems are less amenable
to environmental extremes than other traditional methods, they have the perceived
advantage of being more cost effective (Cunningham et al. 1997). The use of plant
species for cleaning polluted soil and water named as phytoremediation has gained
increasing attention since last decade, as an emerging cheaper technology. Many
studies have been conducted in this field in the last two decades. Numerous plant
species have been identified and tested for their traits in the uptake and accumula-
tion of different heavy metals. Mechanisms of metal uptake at whole plant and
cellular levels have been investigated. Progresses have been made in the mechanis-
tic and practical application aspects of bioremediation and phytoremediation. They
are reviewed in this chapter.

1.2 The Origin of Heavy Metals in Soil

1.2.1 Geochemical Origins of Heavy Metals

Ten ‘major elements’, O, Si, Al, Fe, Ca, Na, K, Mg, Ti, and P, constitute over 99%
of the total element content of the earth’s crust. The remaining elements of the
periodic table are called ‘trace elements’ and their individual concentrations do not
normally exceed 1,000 mg/kg (0.1%); in fact, most have average concentrations of
less than 100 mg/kg (Mitchell 1964).

Trace elements occur as trace constituents of primary minerals in igneous rocks
(which crystallize from molten magma). They become incorporated into these
minerals by isomorphously substituting in the crystal lattice for ions of one of the
major elements at the time of crystallization.

Sedimentary rocks comprise approximately 75% of the rocks outcropping at the
earth’s surface and are therefore more important than igneous as soil parent
materials. They are formed by the lithification of sediments comprising rock
fragments or resistant primary minerals, secondary minerals such as clays, or
chemical precipitates such as CaCOj;. In general, clays and shales tend to have
relatively high concentrations of many elements due to their ability to adsorb metal
ions. Black (or bituminous) shales contain high concentrations of several metals
and metalloids, including Ag, As, Cd, Cu, Pb, Mo, U, V, and Zn. The sediments
from which they are formed act both as an adsorbent for heavy metals and as a
substrate for microorganisms. The latter catalyzes the development of reducing
conditions, which lead to further heavy metal accumulation through the precipita-
tion of metal sulfides.
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1.2.2 Sources of Heavy Metals Contaminants in Soils

Although heavy metals are ubiquitous in soil parent materials, the major anthropo-
genic sources of metals to soils and the environment are given in the following
sections.

1.2.2.1 Metaliferous Mining and Materials

Metals utilized in manufacturing are obtained from either the mining of ore bodies
in the earth’s crust, or the recycling of scrap metal. Ores are naturally occurring
concentration of minerals with a sufficiently high concentration of metals to render
them economically worthwhile exploiting. With increase in demand for metals and
improvements in mineral extraction technology, a higher proportion of ore bodies
are being mined and consequently much greater quantities of waste are produced,
especially tailings (finely milled fragments of rock and residual particles of ore
not removed by the separation process). These tailing particles, which can be
transported by either wind or water, constitute a significant source of metal con-
tamination in soils surrounding the mines and in alluvial soils downstream.

Accidental flooding resulting from the failure of dams in tailing lagoons has
been responsible for many severe pollution events in several countries. Once in the
soil, the ore mineral fragments undergo oxidation and other weathering reactions
and as a consequence the metal ions become distributed within the soil system and
hence potentially bioavailable. Most ore minerals contain several other metals as
minor inclusions as shown in Table 1.1.

1.2.2.2 Agricultural and Horticultural Materials

Agricultural practices constitute very important nonpoint sources of metals which
make significant contributions to their total concentrations in soils in many parts of
the world, especially in regions of intensive farming. According to the data obtained
by the Lowestoft Laboratory of the Ministry of Agriculture, Fisheries and Food
(MAFF 1986), the main sources are as follows:

Impurities in fertilizers: Cd, Cr, Mo, Pb, U, V, and Zn

Sewage sludge: especially Cd, Ni, Cu, Pb, and Zn (and many other elements)
Manures from intensive animal production, especially pigs and poultry: Cu, As, and Zn
Pesticides: Cu, As, Hg, Pb, Mn, and Zn

Refuse derived composts (not widely used in agriculture): Cd, Cu, Ni, Pb, and Zn
Desiccants: As

Wood preservatives: As, Cu, and Cr

Corrosion of metal objects (galvanized metal roofs and wire fences): Zn and Cd



Table 1.1 Common ore minerals
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Metal Ore minerals

Associated heavy metals

Ag Ag,S, PbS Au, Cu, Sb, Zn, Pb, Se, Te
As FeAsS, AsS, Cu Ores Au, Ag, Sb, Hg, U, Bi, Mo, Sn, Cu
Au Au®, AuTe,, (Au, Ag)Te, Te, Ag, As, Sb, Hg, Se
Ba BaSO, Pb, Zn
Cd ZnS Pb, Zn, Cu
Cr FeCr,04 Ni, Co
Cu CuFeS,, CusFeS,, Cu,S, CuzAsS,, CuS, Cu* Zn, Cd, Pb, As, Se, Sb, Ni, Pt, Mo, Au, Te
Hg HgS, Hg?, Zn Ores Sb, Se, Te, Ag, Zn, Pb
Mn MnO, Fe, Co, Ni, Zn, Pb
Mo MoS, Cu, Re, W, Sn
Ni (Ni, Fe)oSg, NiAs, (Co,Ni)3S, Co, Cr, As, Pt, Se, Te
Pb PbS Ag, Zn, Cu, Cd, Sb, Ti, Se, Te
Sb Sb,S3, AgsSbS; Ag, Au, Hg, As
Se Cu Ores As, Sb, Cu, Ag, Au
Sn SnO,, Cu,(Fe, Zn)SnS, Nb, Ta, W, Rb
U,04 V, As, Mo, Se, Pb, Cu, Co, Ag
v C,0s5, VS, 8]
w WO;, CaWO, Mo, Sn, Nb
7Zn 7ZnS Cd, Cu, Pb, As, Se, Sb, Ag, Au, In

“Native metal deposits (adapted from Peters 1978)

It should be noted that not all of these sources relate to current practices and
materials.

Most agricultural and horticultural soils in technologically advanced countries
are regularly amended with fertilizers and many also receive organic manures
(usually based on livestock feces and urine) and lime. Typical ranges of heavy
metal concentrations found in these materials are given in Table 1.2 (Kabata-
Pendias and Pendias 1992; Webber et al. 1984).

1.2.2.3 Sewage Sludge

Sewage sludge is the residue produced from the treatment of domestic and indus-
trial wastewaters and large amounts are produced worldwide.

Sewage sludge are a significant source of plant nutrients and organic matter and
some specially treated sludge, such as those containing lime or cement kiln dust,
have useful liming properties as well. However, the beneficial properties of sludge
are limited by their contents of potentially harmful substances such as heavy metals
and organic micropollutants (PAHs, PCBs, and pesticides). Although all the sludge
contain a wide range of metals and other contaminants in varying concentrations,
those from industrial catchments generally have higher metal contents than those
from mainly suburban domestic areas. The heavy metals most likely to cause
problems for crop production on sludge-amended soils are Cd, Cu, Ni, and Zn
(Davis and Calton-Smith 1980; McGrath et al. 1994).
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Table 1.2 Typical ranges of heavy metal concentration in fertilizers, farmyard manure, lime, and
compost (mg/kg)

Metal Phosphate fertilizers Nitrate fertilizers Farmyard manure Lime Composted refuse
Ag - - - - -

As 2-1,200 2.2-120 3-25 0.1-25 2-52

B 5-115 - 0.3-0.6 10 —

Cd 0.1-170 0.05-8.5 0.1-0.8 0.04— 0.1 0.01-100
Co 1-12 5.4-12 0.3-24 0.4-3 -

Cr 66-245 3.2-19 1.1-55 10-15 1.8-410
Cu 1-300 - 2-172 2-125 13-3,580
Hg 0.01-1.2 0.3-2.9 0.01-0.36 0.05 0.09-21
Mn  40-2,000 - 30-969 40-1,200 -

Mo 0.1-60 1-7 0.05-3 0.1-15 -

Ni 7-38 7-34 2.1-30 1020 0.9-279
Pb 7-225 2-27 1.1-27 20-1,250 1.3-2,240
Sb <100 - — - —

Se 0.5 - 24 0.08-0.1 -

U 30-300 - - - -

\% 2-1,600 - - 20 -

Zn 50-1,450 1-42 15-566 10450 82-5,894

Adapted from Kabata-Pendias and Pendias (1992) and Webber et al. (1984)

Due to the relatively high concentrations of heavy metals, the sludges can be
major sources of heavy metals in the soil to which they are applied. Several authors
have shown that the transfer of heavy metals from sewage sludge-amended soils to
crops is significantly lower than those from inorganic sources, such as metal salts or
mining wastes (Alloway and Jackson 1991).

1.2.2.4 Fossil Fuel Combustion

In general, fossil fuel combustion results in the dispersion of a wide range of heavy
metals, which can include: Pb, Cd, Cr, Zn, As, Sb, Se, Ba, Cu, Mn, U, and V, over a
very large area, although not all these elements are present in significant
concentrations in all types of coal and petroleum. The metals accumulate in the
coal and petroleum deposits as they formed and are either emitted into the environ-
ment as airborne particles during combustion or accumulated in the ash which may
itself be transported and contaminate soils or waters or may be leached in situ. The
combustion of petrol (gasoline) containing Pb additives has been the largest source
of this metal in this environment and has affected soils over a high proportion of
the earth’s terrestrial surface. Pb is emitted in the exhaust of vehicles running on Pb
containing petrol as aerosol particles 0.01-0.1 pm in diameter, but these primary
particles can cluster to form large particles (0.3—1 pm). These particles comprise
mainly PbBrCl but can react with other air pollutants to form more complex
compounds such as a-2PbBrCI-NH,4CI.
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1.2.2.5 Metallurgical Industries

Metallurgical industries can contribute to soil pollution in several ways: (a) by the
emission of aerosols and dusts which are transported in air and eventually deposited
on soils or vegetation; (b) by liquid effluents which may pollute soils at times of
flooding; (c) by the creation of waste dumps in which metals become corroded and
leached into the underlying soils. Many heavy metals are used in specialist alloys
and steels — V, Mn, Pb, W, Mo, Cr, Ni, Cu, Zn, Sn, Si, Ti, Te, Ir, Ge, TI, Sb, In, Cd,
Be, Bi, Li, As, Ag, Sb, Pr, Os, Nb, Nd, and Gd (MAFF 1986). Hence, the
manufacture of these materials, their disposal, or recycling in scrap metal can
lead to environmental pollution by a wide range of metals.

1.2.2.6 Electronics

A large number of heavy metals are used in the manufacture of semiconductors,
cables, contacts, and other electrical components. These include: Cu, Zn, Au, Ag,
Pb, Sn, Y, W, Cr, Se, Sm, Ir, In, Ga, Ge, Re, Sn, Tb, Co, Mo, Hg, Sb, As, and Gd
(MAFF 1986). Environmental pollution can occur from the manufacture of the
components, their accidental contact with soils, and their disposal in waste. In
addition to metals, old electronic equipment may also often include capacitors and
transformers containing polychlorinated biphenyls (PCBs), which are persistent
organic pollutants in soils.

1.2.2.7 Chemical and Other Industrial Sources

Other significant sources of heavy metal pollution of soils and the environment can
be the manufacture and/or use and disposal of the following (MAFF 1986):

Chlorine manufacture, Hg

Batteries, Pb, Sb, Zn, Cd, Ni, and Hg

Pigments and paints, Pb, Cr, As, Sb, Se, Mo, Cd, Ba, Zn, and Co
Catalysts, Pt, Sm, Sb, Ru, Co, Rh, Re, Pd, Os, Ni, and Mo
Polymer stabilizers, Cd, Zn, Sn, and Pb

Printing and graphics, Se, Pb, Cd, Zn, Cr, and Ba

Medical Uses, Ag, Sn, Ba, Cu, Hg, Sb, Se, Pt, and Zn

Additives in fuels and lubricants, Se, Te, Pb, Mo, and Li

1.2.2.8 Waste Disposable

The disposal of household, municipal, and industrial wastes can lead to soil
pollution with heavy metals in various ways. The landfilling of municipal solid
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waste can lead to several metals including Cd, Cu, Pb, Sn, and Zn being dispersed
into soil, groundwater, and surface water in leachates if the landfill is not managed
properly. Temporary waste stockpiles can cause significant soil contamination
which may not be discovered until analysis at a later time when the land is no
longer used for this purpose. This has been the cause of metal contamination in
several urban allotment gardens in the UK.

1.3 Soil-Plant Relationships of Heavy Metals

1.3.1 Soil-Plant System

The major interrelationships affecting the dynamics of heavy metals between the
soil and the plant are shown in Fig. 1.1. The soil-plant system is an open system
subject to inputs, such as contaminants, fertilizers, and pesticides, and to losses,
such as the removal of metals in harvested plant material, leaching, erosion, and
vitalization.

CONTAMINANTS
Fertilizers, Pesticides, Sewage, Sludge, Atmospheric Deposits etc.

! ! ! !

Loss of B ,u‘ B 0 F’f"
volatiles - AR
¥ Foliage Seeds
Biomass
microorganisms ‘\\‘ /
R
: . Stem
\ ‘7 o \
o T l Stem
. Soil Solution - T Tuber
Weathering ion & - S
. al on Uptake Root
minerals complexes / € U<
. e
C o \ Complexes - Z
o-precipitation with humus + Root
Hydrous Fe, Mn, Al : . C Storage
Oxides, Carbonates, - - E
eachin
Phosphates etc loss g RHIZOSPHERE
| SOIL || PLANT

Fig. 1.1 The soil-plant system showing the key components concerned with the dynamics of
heavy metals (modified from Peterson and Alloway 1979)
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1.3.2 Plant Uptake of Metals

The factors affecting the amounts of metal absorbed by a plant are those
controlling: (a) the concentration and speciation of the metal in the soil solution,
(b) the movement of the metal from the bulk soil to the root surface, (c) the transport
of the metal from the root surface in the root, and (d) its translocation from the root
to the shoot (Peterson and Alloway 1979). Plant uptake of mobile ions present in the
soil solution is largely determined by the total quantity of this ion in the soil, but, in
the case of strongly absorbed ions, absorption is more dependent on the amount of
root produced (Krauskopf 1967). Mycorrhizae are symbiotic fungi which effec-
tively increase the absorptive area of the root and can assist in the uptake of nutrient
ions, such as orthophosphates and micronutrients.

Absorption of metals by plant roots can be by both passive and active processes.
Passive uptake involves diffusion of ions in the soil solution into the root endoder-
mis. On the other hand, active uptake takes place against a concentration gradient
but requires metabolic energy and can therefore be inhibited by toxins. The
mechanisms appear to differ between metals: for instance, Pb uptake is generally
considered to be passive, while that of Cu, Mo, and Zn is thought to be either active
metabolic uptake, or a combination of both active and passive uptake (Kabata-
Pendias and Pendias 1992).

Absorption mechanism can vary for different metal ions, but ions that are
absorbed in the roots by the same mechanism are likely to compete with each
other. For example, Zn absorption is inhibited by Cu and H", but not by Fe and Mn;
Cu absorption is inhibited by Zn, NH,", Ca, and K (Barber 1984).

The rhizosphere is the zone about 1-2 mm wide between plant roots and the
surrounding soil. It receives appreciable amounts of organic material from the
roots, including exudates, mucilage, sloughed-off cells, and their lysates
(Marschner 1986). These organic compounds give rise to intense microbiological
and biochemical activity in the rhizosphere, which enables roots to mobilize some
of the metals that are strongly absorbed in the soil, by acidification, redox changes,
or the formation of organic complexes.

The uptake of metals from soil is greater in plants grown in pots in greenhouse
than from the same soil in the field (Graham 1981; Marschner 1986). This is
probably due to differences in microclimate and soil moisture, and to the roots of
container-grown plants in contaminated soil, whereas those of field-grown plants
may reach down to less contaminated soil.

1.3.3 The Biological Essentiality of Trace Elements

There are three criteria to say whether a trace element is essential for the normal
growth of plants or not:
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Fig. 1.2 Typical dose-response curves for (a) essential trace elements (micronutrients) and
(b) nonessential trace elements (modified from Alloway 1995)

(a) The plant can neither grow nor complete its life cycle without an adequate
supply of the element.

(b) The element cannot be wholly replaced by any other element.

(c) The element has a direct influence on the plant and is involved in its metabolism
(Bowen 1979).

Apart from C, H, O, N, P, K, and S, the elements which have been shown to be
essential for plants are Al, B, Br, Ca, Cl, Co, Cu, F, Fe, I, K, Mg, Mn, Mo, Na, Ni,
Rb, Si, Ti, V, and Zn (Kabata-Pendias and Pendias 1992).

Essential trace elements are frequently referred to as micronutrients. If a plant
supply of a micronutrient is inadequate, its growth is adversely affected. At the
other extreme, an excessive supply of a micronutrient will cause toxicity. Typical
dose-response curves for micronutrients and for nonessential trace elements
(Fig. 1.2) show that when the supply of a micronutrient to a plant is inadequate,
growth and yield are severely reduced and symptoms of deficiency are manifested.
With an increasing supply of micronutrient, the yield reduction becomes progres-
sively lower and the symptoms are less marked. As the supply of the micronutrient
increases beyond the lower critical concentration, there is a zone of luxury con-
sumption with no effect on yield. The upper critical concentration heralds the
commencement of yield reductions due to toxicity, which becomes more severe
until the lethal dose is reached.

The curve of nonessential elements in Fig. 1.2 shows that there is no deficiency
effect with low concentration of the element; yield is not affected until the upper
concentration limit is reached, after which toxicity occurs in the same way as with
an excess of a micronutrient.
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1.3.4 Heavy Metal Toxicity in Plants

Excessive concentrations of both essential and nonessential metals result in
phytotoxicity. Kabata-Pendias and Pendias (1992) list the following possible causal
mechanisms:

1. Changes in the permeability of the cell membrane: Ag, Au, Br, Cd, Cu, F, Hg, I,
Pb, and UO,

2. Reaction of sulphydryl (—SH) groups with cations: Ag, Hg, and Pb

3. Competition for sites with essential metabolites: As, Sb, Se, Te, W, and F

4. Affinity for reacting with phosphate groups and active groups of ADP or ATP:

Al, Be, Y, Zr, lanthanides, and, possibly, all heavy metals

. Replacement of essential ions (mainly major cations): Cs, Li, Rb, Se, and Sr

6. Occupation of sites for essential groups such as phosphate and nitrate: arsenate,
fluorate, borate, bromate, selenate, tellurate, and tungstate.

W

In excessive amounts, the relative toxicity of different metals to plants can vary
with plant genotype and experimental conditions. The most toxic metals to higher
plants and microorganisms are Hg, Cu, Ni, Pb, Co, Cd, and possibly also Ag, Be,
and Sn (Mench and Martin 1991). Food plants which tolerate relatively high
concentrations of these potentially hazardous metals are likely to create a greater
health risk than those which are more sensitive and show definite symptoms of
toxicity.

1.3.5 Effects of Heavy Metals on the Soil Microbial Mass

Several authors have shown that high concentrations of various heavy metals in
soils had inhibitory effects on microbial activity. Tyler et al. (1989) reported that
the normal decomposition of conifer litter and recycling of plant nutrients were
inhibited in the forest surrounding a brass foundry which had emitted large amounts
of Cu, Zn, and other metals as aerosols over many years. The reason for the
inhibition of microbial activity was that the growth of trees in the area was retarded
due to deficiencies in plant macronutrients. However, other authors, such as Olson
and Thornton (1982), have reported that soils from severely metal contaminated
sites, such as Shipham in Somerset, contained bacteria that showed tolerance to
Cd relative to bacteria in uncontaminated soils. Doelman and Haanstra (1979)
showed that Pb inhibited both microbial respiration and dehydrogenase activity
in polluted soils. Although tolerant populations of microorganisms were found in
polluted soils, there was a change in the balance of the different types of the
microorganisms present which could have an impact on soil fertility.

It was found that the metals from sewage sludge had a marked inhibitory effect
on symbiotic nitrogen fixation in the roots of white clover due to toxicity affecting
Rhizobium leguminosum bv trifolii. Experiments conducted in vitro showed a
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decreasing order of toxicity as being: Cu > Cd > Ni > Zn (Chaudri et al. 1992).
Other workers studying rhizobia in more recent field experiments elsewhere in UK
concluded that the low number of these bacteria present was probably due to
inhibitory effect of Cd (Obbard and Jones 1993). An independent study in Japan
on the effects of Cd, Cr, Cu, Ni, and Pb on organic decomposition in gley and
adosol soils showed that all the metals inhibited the evolution of CO,. In this study,
Cd and Cu showed the highest inhibitory effect, while Pb showed the smallest one
(Hattori 1992).

1.4 Heavy Metal Detoxification of Soil

Lone et al. (2008) classified different approaches used to reclaim metal polluted
soils into physicochemical and biological ones.

1.4.1 Physiochemical Methods of Remediating Metal
Polluted Soil

The physiochemical approaches involved in soil remediation include as follows.

1.4.1.1 Excavation Method

This involves the excavation and reburial of polluted soils in special landfills
(Conder et al. 2001; Jing et al. 2007; Lombi et al. 2002; Neilson et al. 2003; Bennett
et al. 2003). Although the excavation method is the most used approach to reclaim
contaminated soils (Lombi et al. 2001), it does not remediate the soil (Neilson
et al. 2003).

1.4.1.2 Capping of the Polluted Soil

This involves top soiling of the polluted soils with uncontaminated soils from
offsite to a depth that would minimize uptake of heavy metals by vegetation
(Neilson et al. 2003; Okoronkwo et al. 2005). Still, this does not give a permanent
solution to the problem since the metal can still be leached into the underground
water.

1.4.1.3 Fixation and Inactivation (Stabilization) of the Polluted Soil

This involves the conversion of the heavy metals into those forms that are
less mobile and available for plants and microflora (Lone et al. 2008; Conder
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et al. 2001). Usually, the essence of stabilization is to reduce the amount of
phytoavailable metal and thus reduce their toxicities to plants, animals, and soil
organisms. Some commonly used chemical immobilization agents include zeolite,
gravel sludge, beringite, alkaline materials, organic materials (sewage sludge and
compost), phosphate (Conder et al. 2001), and lime stabilized municipal biosolids
(Stuczynski et al. 2007; Conder et al. 2001).

1.4.1.4 Soil Washing

This technique involves the use of acids (HCI and HNO;), chelators (EDTA,
Nitriloacetic acid, DTPA, etc.), and other anionic surfactant (biosurfactant)
(Neilson et al. 2003) to solubilize the polluting metals. It may take the form of in
situ treatment, which involves soil flushing with pumps (Neilson et al. 2003), or ex
situ treatment, which involves washing an excavated portion of the contaminated
site with these agents followed by the return of clean soil residue to the site (Lone
et al. 2008). This method is generally expensive and it is fraught with lots of
side effects (Lone et al. 2008).

Other physicochemical methods include: thermal treatment (Jing et al. 2007),
precipitation, or flocculation followed by sedimentation, ion exchanges, reverse
osmosis, and microfiltration (Lone et al. 2008). These physicochemical approaches
are not suitable for practical purposes because of their high cost, low efficiency,
destruction of soil structure, and fertility (Lone et al. 2008; Jing et al. 2007).

1.4.2 Biological Approaches of Remediating Metal
Polluted Soil

The biological approaches involved in soil remediation include:

¢ Use of microorganisms to detoxify metal by valence transformation, extracellu-
lar chemical precipitation, or volatilization (some microorganisms can enzymat-
ically reduce a variety of metals in metabolic processes that are not related to
metal assimilation) (Lone et al. 2008).

« Use of special type of plants to decontaminate soil or water by inactivating
metals in the rhizosphere or translocating them in their aerial parts. This
approach is called phytoremediation.

These new techniques are cheaper, efficient, and more environmental friendly
(Lone et al. 2008; Jing et al. 2007).
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1.4.2.1 Microorganism-Based Remediation

Selective pressures from a metal-containing environment have led to the develop-
ment of resistance systems in microorganisms to virtually all toxic metals (Rouch
et al. 1995). These systems are mostly plasmid-mediated and very specific and have
been found in virtually all eubacterial groups studied (Silver and Misra 1984;
Ji and Silver 1995). These reports included mostly aerobic microorganisms, with
prominent examples being resistance in Staphylococcus sp., Escherichia coli,
Pseudomonas aeruginosa, and Bacillus sp. (Nakahara et al. 1977; Marques et al.
1979; Harnett and Gyles 1984; Schwarz and Hobel 1989; Belliveau et al. 1991;
Wang and Shen 1995). Resistance has been reported for mercury [Hg(ID)]
and organomercurials in obligate anaerobes like Bacteroides and Clostridium
species.

There are differences between chromosomal and plasmid-based metal resistance
systems. Essential metal resistance systems are usually chromosome-based and
more complex than plasmid systems. Plasmid-encoded systems, on the other
hand, are usually toxic-ion efflux mechanism.

A cell may develop metal resistance systems in an attempt to protect sensitive
cellular components. Limiting metal access or altering cellular components
decreases their sensitivity to metals. Several factors determine the extent of resis-
tance in a microorganism: the type and number of mechanisms for metal uptake, the
role each metal plays in normal metabolism, and the presence of genes located
on plasmids, chromosomes, or transposons that control metal resistance. Six
mechanisms are postulated to be involved in resistance to metals (Silver 1992;
Rouch et al. 1995).

Metal Exclusion by Permeability Barrier

Alterations in the cell wall, membrane, or envelope of a microorganism are
examples of metal exclusion by permeability barrier. This mechanism is an attempt
by the organism to protect metal-sensitive, essential cellular components. A promi-
nent example is the exclusion of Cu(Il) resulting from altered production of the
membrane channel protein porin by E. coli B (Rouch et al. 1995). This is usually a
single gene mutation, which decreases the permeability of the membrane to metal
ions (Ji and Silver 1995). Another example is nonspecific binding of metals by the
outer membrane or envelope. This offers limited metal protection due to saturation
of binding sites (Beveridge and Murray 1976; Hoyle and Beveridge 1983).
Bacteria that naturally form an extracellular polysaccharide coating demonstrate
the ability to bioabsorb metal ions and prevent them from interacting with
vital cellular components (Scott et al. 1988; Scott and Palmer 1990). The
exopolysaccharide coating of these bacteria may provide sites for the attachment
of metal cations (Scott and Palmer 1988). Exopolysaccaride by itself is not as
efficient in binding Cd(II) as an organism with intact extracellular coating
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(Scott and Palmer 1988). This protective layer appears to prevent uptake, keeping
metal ions away from sensitive cellular components.

Periplasmic binding of Cu(Il) is found in Pseudomonas sp. where resistance
is coded for by an operon of four genes: copA, copB, copC, and copD; copA and
copB confer partial resistance with the addition of copC and copD, providing for
full Cu(Il) resistance (Silver and Walderhaug 1992; Silver and Ji 1994). In some
species of Staphylococcus aureus, penicillinase plasmids can mediate resistance by
changing cell membrane permeability to Cd(II) as well as to other metals. In this
case in the membrane appear conformational changes that prevent metal ions
from entering.

Active Transport of the Metal Away from the Microorganism

Active transport or efflux systems represent the largest category of metal resistance
systems. Microorganisms use active transport mechanisms to export toxic metals
from their cytoplasm. These mechanisms can be chromosomal or plasmid-encoded.
These efflux systems can be non-ATPase or ATPase-linked and highly specific
for the cation or anion they export (Silver et al. 1989; Nies and Silver 1995).
Evidence for ATP-dependence comes from the use of energy uncouplers and
ionophore antibiotics (Silver and Misra 1984; Rensing et al. 1998). Uncouplers
prevent the formation of ATP, which results in a decline in the efflux of cations or
anions. Prominent examples are inducible plasmid-encoded resistance for As(V),
arsenite [As(IIl)], and antimonite mediated by the ars operon in E. coli and
S. aureus; Cd(II) resistance encoded by the cad operon in S. aureus, Bacillus sp.,
and Listeria sp. or the czc operon found in Alcaligenes eutrophus; and Pb(II)
resistance mediated by ZntA in E. coli and CadA in S. aureus (Silver and
Walderhaug 1992; Ji and Silver 1995; Rensing et al. 1998).

Intracellular Sequestration of Metals by Protein Binding

Intracellular sequestration is the accumulation of metals within the cytoplasm to
prevent exposure to essential cellular components. Metals commonly sequestered
are Cd(II), Cu(Il), and Zn(II). Two examples exist for this form of metal resistance:
metallothionein production in Synechococcus sp. and cysteine-rich proteins in
Pseudomonas sp. (Rouch et al. 1995; Silver and Phung 1996). The metal resistance
system in Synechococcus sp. consists of two genes: smtA and smtB. smtA encodes a
metallothionein that binds to Cd(IT) and Zn(II) (Silver et al. 1989; Silver 1992).
Cysteine residues in SmtA metallothionein may act as a sink for excess toxic
cations.
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Extracellular Sequestration

Metal resistance based on extracellular sequestration has been hypothesized only in
bacteria, but it is found in several species of yeast and fungi (Joho et al. 1995). One
of the forms of Ni(II) resistance in yeast may be based on this mechanism.
Saccharomyces cerevisiae may reduce absorption of Ni(Il) by excreting large
amounts of glutathione (Murata et al. 1985). Glutathione binds with great affinity
to heavy metals. Yeast carrying the methylglyoxal resistance gene demonstrates the
ability to form extracellular metal glutathione complexes in metal-rich media
(Murata et al. 1985). Resistance results when the toxic metal is bound in a complex
and cannot enter the cell membrane. A similar mechanism exists in Cu(II)-resistant
fungi (Murphy and Levy 1983). These fungi secrete oxalate to form a metal-oxalate
complex.

Enzymatic Detoxification of a Metal to a Less Toxic Form

Mercury resistance is a model example of an enzymatic detoxification system
in microorganisms. Both Gram-positive (S. aureus, Bacillus sp.) and Gram-
negative bacteria (E. coli, P. aeruginosa, Serratia marcescens, and Thiobacillus
ferrooxidans) demonstrate resistance to Hg(Il) (Misra 1992). Mercury is toxic
because it binds to and inactivates essential thiols that are part of enzymes and
proteins. Some bacteria contain a set of genes that form a Hg(Il) (mer) resistance
operon. This operon not only detoxifies Hg(II) but also transports and self-regulates
resistance (Misra 1992; O’Halloran 1993; Ji and Silver 1995). The same set of
genes also encodes the production of a periplasmic binding protein and membrane-
associated transport proteins. The periplasmic binding protein collects Hg(II) in the
surrounding environment and transport proteins take it to the cytoplasm for
detoxification.

The Hg(II) resistance or mer operon codes for the production of two enzymes.
The first organomercurial lyase catalyzes the following reaction (Weiss et al. 1977,
Misra 1992):

RHgX + H" + X~ < RH + HgX,

Mercuric ion reductase catalyzes the following reaction (Weiss et al. 1977;
Misra 1992):

Hg(SR), + NADPH + H* < Hg(0) + NADP* + 2RSH

Another enzymatic detoxification system includes plasmid-mediated As(V)
resistance in B. subtilis, S. aureus, and E. coli species (Rouch et al. 1995; Tsutomu
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and Kobayashi 1998). The arsC gene of the ars operon codes for arsenate reductase,
which reduces intracellular As(V) to the more toxic As(III) form (Nies and Silver
1995). As(IIl) is then removed from the organism by an efflux pump encoded by
other genes in the ars operon (Wang and Shen 1995). This enzyme does not
function on its own; instead it requires a coupling protein to reduce arsenate.
These coupling proteins can vary among microorganisms; S. aureus, for example,
uses thioredoxin, whereas E. coli uses glutaredoxin (Silver and Walderhaug 1992).

Reduction in Metal Sensitivity of Cellular Targets

Some microorganisms adapt to the presence of toxic metals by altering the sensi-
tivity of essential cellular components; this provides a degree of natural protection
(Rouch et al. 1995). Protection is achieved by mutations that decrease sensitivity
but do not alter basic function or by increasing production of a particular cellular
component to keep ahead of metal inactivation. DNA repair mechanisms also
provide limited protection to plasmid and genomic DNA. The microorganism
may also protect itself by producing metal-resistant components or alternate
pathways in an effort to bypass sensitive components. Adaptation has been found
in E. coli. Upon exposure to Cd(II), unadapted E. coli demonstrate considerable
DNA damage; however, after subculture the same organisms show resistance
(McEntee et al. 1986; Mergeay 1991). Natural resistance can result from normal
cellular functions that give the organism a basic level of tolerance (Rouch et al.
1995). An example is glutathione, which may offer protection to metal ions such as
Ag(l), Cu(LII), Cd(Il), and Hg(I) (Ni’bhriain et al. 1983) by suppressing free
radical formation (Rouch et al. 1995).

1.4.2.2 Phytoremediation of Heavy Metal Polluted Soil

Phytoremediation is an integrated multidisciplinary approach to the cleanup of
contaminated soils, which combines the disciplines of plant physiology, soil chem-
istry, and soil microbiology (Cunningham and Ow 1996). These contaminants
include heavy metals, radionuclides, chlorinated solvents, petroleum hydrocarbons,
PCBs, PAHs, organophosphate insecticides, explosives, and surfactants (Khan
et al. 2004).

This technique involves the use of green plants to decontaminate soil, water, and
air. Its application spans through the remediation of both organic and inorganic
pollutants (Lone et al. 2008).

Certain species of higher plants can accumulate very high concentration of
metals in their tissues without showing toxicity (Klassen et al. 2000; Bennett
et al. 2003). Such plants can be used successfully to clean up heavy metal polluted
soils. For having a feasible cleanup method, the plants must (1) extract large
concentrations of heavy metals into their roots, (2) translocate the heavy metal



1 Detoxification of Heavy Metals: State of Art 17

into the surface biomass, and (3) produce a large quantity of plant biomass. In
addition, remediative plants must have mechanism(s) to detoxify and/or tolerate
high metal concentrations accumulated in their shoots. In the natural setting, certain
plants that have the potential of uptaking heavy metals have been identified. Indian
mustard (B. juncea) is a high biomass, rapidly growing plant that has an ability to
accumulate Ni and Cd in its shoots. It is a promising plant for phytoremediation
(Terry et al. 1992).

In the following section, we mention different categories of phytoremediation
such as phytoextraction, phytostabilization, rhizofiltration, and phytovolatilization
(Lone et al. 2008).

Phytoextraction

This technology involves the extraction of metals by plant roots and the transloca-
tion thereof to shoots. The roots and shoots are subsequently harvested to remove
the contaminants from the soil. With successive cropping and harvesting, the levels
of contaminants in the soil can be reduced (Vandenhove et al. 2001). Usually, the
shoot biomass is harvested for proper disposal in special site or is burnt to recover
the metal (Bennett et al. 2003; Islam et al. 2007; Peciulyté et al. 2006). Researchers
at the University of Florida have discovered the ability of the Chinese brake fern,
P. vittata, to hyperaccumulate arsenic (Ma et al. 2001a). Sunflower, Halianthus
annus, has proved effective in the remediation of radionuclides and certain other
heavy metals (Schnoor 1997).

Phytostabilization

Phytostabilization, also referred to as in-place inactivation, is primarily used for the
remediation of soil, sediment, and sludges (United States Protection Agency 2000).
It is the use of plant roots to limit contaminant mobility and bioavailability in the
soil. The plants’ primary purposes are to (1) decrease the amount of water
percolating through the soil matrix, which may result in the formation of a hazard-
ous leachate, (2) act as a barrier to prevent direct contact with the contaminated soil,
and (3) prevent soil erosion and the distribution of the toxic metal to other areas
(Raskin and Ensley 2000). Phytostabilization can occur through the sorption,
precipitation, complexation, or metal valence reduction. It is useful for the treat-
ment of lead (Pb) as well as arsenic (As), cadmium (Cd), chromium (Cr), copper
(Cu), and zinc (Zn). Some of the advantages associated with this technology are that
the disposal of hazardous material/biomass is not required (United States Protection
Agency 2000) and it is very effective when rapid immobilization is needed to
preserve groundwater and surface water.
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Rhizofiltration

Rhizofiltration is primarily used to remediate extracted groundwater, surface water,
and wastewater with low contaminant concentrations (Ensley 2000). It is defined as
the use of plants, both terrestrial and aquatic, to absorb, concentrate, and precipitate
contaminants from polluted aqueous sources in their roots. Rhizofiltration can
be used for Pb, Cd, Cu, Ni, Zn, and Cr, which are primarily retained within the
roots (United States Protection Agency 2000; Jing et al. 2007). The advantages
associated with rhizofiltration are the ability to use both terrestrial and aquatic
plants for either in situ or ex situ applications. Another advantage is that
contaminants do not have to be translocated to the shoots. Thus, species other
than hyperaccumulators may be used. Terrestrial plants are preferred because they
have a fibrous and much longer root system, increasing the amount of root area
(Raskin and Ensley 2000). Dushenkov et al. (1995) observed that roots of many
hydroponically grown terrestrial plants such as Indian mustard (B. juncea L.) and
sunflower (H. annuus L.) effectively removed the potentially toxic metals, Cu, Cd,
Cr, Ni, Pb, and Zn, from aqueous solutions. An experiment on rhizofiltration by
Karkhanis et al. (2005) was conducted in a greenhouse, using Pistia, duckweed, and
water hyacinth (Eichornia crassipes), to remediate aquatic environment con-
taminated by coal ash containing heavy metals.

Phytovolatilization

Phytovolatilization is the uptake and release into the atmosphere of volatile mate-
rial such as mercury or arsenic containing compound (Jing et al. 2007; Lone et al.
2008). It involves the use of plants to take up contaminants from the soil,
transforming them into volatile forms and transpiring them into the atmosphere
(United States Protection Agency 2000). This process primarily has been used to
remediate Hg”* contaminated soil. The advantage of this method is that the
contaminant, mercuric ion, may be transformed into a less toxic substance (i.e.,
elemental Hg). The disadvantage to this is that the mercury released into the
atmosphere is likely to be recycled by precipitation and then redeposited back
into lakes and oceans, repeating the production of methyl-mercury by anaerobic
bacteria. Indian mustard and canola (Brassica napus) may be effective for
phytovolatilization of selenium, and, in addition, accumulate the selenium
(Bafiuelos et al. 1997).

Lombi et al. (2001) suggested two approaches for the phytoextraction of heavy
metals. The first is the continuous or natural phytoextraction. This involves the use
of natural hyperaccumulator plants with exceptional metal accumulating capacity
to remediate the soil.

The second approach suggested (Lombi et al. 2001) is the chemically enhanced
phytoextraction. This involves the use of high biomass crops that are induced to
take up large amount of metals when their mobility in soil is enhanced by chemical
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treatment. The chemicals employed are mostly chelating agents such as EDTA,
NTA, and citric acid (Lombi et al. 2001).

1.5 Heavy Metal Tolerance Mechanism(s) in Plants

Heavy metals such as Cu and Zn are essential for normal plant growth, although
elevated concentrations of both essential and nonessential metals can result in
growth inhibition and toxicity symptoms. Some plant species, however, have
evolved tolerant races that can survive and thrive on such metalliferous soils,
presumably by adapting mechanisms that may also be involved in the general
homeostasis of, and constitutive tolerance to, essential metal ions as found in all
plants. Plants have a range of potential mechanisms at the cellular level that might
be involved in the detoxification and thus tolerance to heavy metal stress. The
strategies for avoiding heavy metal buildup are diverse. Extracellularly they include
roles for mycorrhizas and for cell wall and extracellular exudates. Tolerance could
also involve the plasma membrane, either by reducing the uptake of heavy metals or
by stimulating the efflux pumping of metals that have entered the cytosol. Within
the protoplast a variety of potential mechanisms exist, for example, for the repair of
stress-damaged proteins involving heat shock proteins or metallothioneins, and for
the chelation of metals by organic acids, amino acids, or peptides, or their compart-
mentation away from metabolic processes by transport into the vacuole. This range
of mechanisms is summarized in Fig. 1.3.

1.5.1 Extracellular Avoidance of Metal Buildup

1.5.1.1 Mycorrhizas

Although mycorrhizas are not always considered as plant metal tolerance
mechanisms, they, and particularly ectomycorrhizas that are characteristic of
trees and shrubs, can be effective in ameliorating the effects of metal toxicity on
the host plant (Marschner 1995; Hiittermann et al. 1999; Jentschke and Godbold
2000). However, the mechanisms involved in conferring this increase in tolerance
are difficult to understand as they may be quite diverse. Since large differences in
response to metals have been observed, both between fungal species and to differ-
ent metals within a species, these mechanisms show considerable species and metal
specificity (Hartley et al. 1997; Hiittermann et al. 1999). For example, Colpaert and
van Assche (1992) showed that the ectomycorrhizal fungus Paxillus involutus
retained Zn and that this reduced the Zn content of Pinus sylvestris, whereas another
species Thelephora terrestris retained little Zn and even increased the Zn content of
the host (Colpaert and van Assche 1992). The mechanisms employed by the fungi at
the cellular level to tolerate heavy metals are probably similar to some of the
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Fig. 1.3 Summary of potential cellular mechanisms available for metal detoxification and
tolerance in higher plants. 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 condition. 7. Transport of PC-Cd complex into the vacuole. 8. Transport and
accumulation of metals in vacuole (modified from Marschner 1995)

strategies employed by higher plants, namely binding to extracellular materials or
sequestration in the vacuolar compartment. Thus in the fungus Pisolithus tinctorius,
tolerance to Cu and Zn was achieved by binding to extrahyphal slime (Tam 1995),
whereas detoxification of Cd in P. involutus involved binding of Cd to the cell walls
and accumulation of Cd in the vacuole (Blaudez et al. 2000).

In relation to the role of ectomycorrhizas in metal tolerance by the host plant,
most mechanisms that have been proposed involve various exclusion processes that
restrict metal movement to the host roots. These have been extensively reviewed
and assessed (Jentschke and Godbold 2000) and include absorption of metals by the
hyphal sheath, reduced access to the apoplast due to the hydrophobicity of the
fungal sheath, chelation by fungal exudates, and adsorption onto the external
mycelium. Clearly, from the variation between species described above, these
different exclusion mechanisms are likely to vary in significance between different
plant and fungal interactions.

There are fewer reports on the role played by arbuscular mycorrhizas in metal
tolerance. Weissenhorn et al. (1995) showed that the effects of maize root coloni-
zation by arbuscular mycorrhiza could either reduce the heavy metal content of the
plants or increase metal absorption from polluted soils, depending on growth
conditions, the fungus, and the metal. However, a Glomus isolate (Brl) obtained
from zinc violets (Viola calaminaria) growing on a heavy metal soil was shown to
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support the growth of maize and alfalfa on heavy metal soils more effectively than a
commonly used Glomus isolate (Hildebrandt et al. 1999).

1.5.1.2 The Cell Wall and Root Exudates

The binding properties of the cell wall and the role on metal tolerance have been
controversial. Although the root cell wall is directly in contact with metals in the
soil solution, adsorption onto the cell wall must be of limited capacity and thus have
a limited effect on metal activity at the surface of the plasma membrane. It is also
difficult to explain metal-specific tolerance by such a mechanism (Ernst et al.
1992). However, Bringezu et al. (1999) reported that the heavy metal-tolerant
Silene vulgaris ssp. humilis accumulated a range of metals in the epidermal cell
walls, either bound to a protein or as silicates.

One related process concerns the role of root exudates in metal tolerance. Root
exudates have a variety of roles (Marschner 1995) including that of metal chelators
that may enhance the uptake of certain metals. In an investigation into the role of
Ni-chelating exudates in Ni-hyperaccumulating plants, it was observed that the
Ni-chelating histidine and citrate accumulated in the root exudates of nonhyper-
accumulating plants and thus could help to reduce Ni uptake and so play a role in a
Ni-detoxification strategy (Salt et al. 2000). Since the range of compounds exuded
is wide, other exudates could play a role in tolerance to other metals. The clearest
example of a role for root secretions in tolerance is in relation to organic acids
and the detoxification of the light metal Al (Ma et al. 2001b). Buckwheat,
for example, secretes oxalic acid from the roots in response to Al stress and
accumulates nontoxic Al-oxalate in the leaves (Ma et al. 1997); thus, detoxification
occurs both externally and internally.

1.5.1.3 Plasma Membrane

The plant plasma membrane may be regarded as the first ‘living’ structure that is a
target for heavy metal toxicity. Plasma membrane function may be rapidly affected
by heavy metals as seen by an increased leakage from cells in the presence of high
concentrations of metals, particularly of Cu. For example, it was shown that Cu, but
not Zn, caused increased K* efflux from excised roots of Agrostis capillaris (Wain-
wright and Woolhouse 1977). Similarly, others concluded that damage to the cell
membrane, monitored by ion leakage, was the primary cause of Cu toxicity in roots
of Silene vulgaris, Mimulus guttatus, and wheat, respectively (De Vos et al. 1991;
Strange and Macnair 1991; Quartacci et al. 2001). Certainly direct effects of Cu and
Cd treatments on the lipid composition of membranes have been reported (Ros et al.
1990; Fodor et al. 1995; Hernandez and Cooke 1997; Quartacci et al. 2001), which
may have a direct effect on membrane permeability. In addition, Cd treatments have
been shown to reduce the ATPase activity of the plasma membrane fraction of wheat
and sunflower roots (Fodor et al. 1995), while, in Nitella, Cu-induced changes in cell
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permeability were attributed to nonselective conductance increases and inhibition of
the light-stimulated H*-ATPase pump (Demidchik et al. 1997).

Thus, tolerance may involve the protection of plasma membrane integrity
against heavy metal damage that would produce increased leakage of solutes
from cells (De Vos et al. 1991; Strange and Macnair 1991; Meharg 1993). How-
ever, there is little evidence to show how this might be achieved. For example,
metal-tolerant plants do not appear to possess enhanced tolerance to free radicals or
reactive oxygen species, but rather rely on improved mechanisms for metal homeo-
stasis (Dietz et al. 1999). Again these effects on membranes are metal-specific
since, in contrast to Cu, Zn protects membranes against oxidation and generally
does not cause membrane leakage (Ernst et al. 1992; Cakmak 2000). Another factor
that may be involved in the maintenance of plasma membrane integrity in the
presence of heavy metals could be enhanced membrane repair after damage (Salt
et al. 1998). This could involve heat shock proteins or metallothioneins, and
evidence for this is discussed in the following sections.

Apart from tolerance involving a more resistant plasma membrane or improved
repair mechanisms, the cell membrane may play an important role in metal homeo-
stasis, either by preventing or reducing entry into the cell or through efflux
mechanisms. Many of these cations, of course, are essential and so complete
exclusion is not possible; selective efflux may be more realistic. In bacteria, most
resistance systems are based on the energy-dependent efflux of toxic ions (Silver
1996). It appears that the metabolic penalty for having more specific uptake
mechanisms, and thus restricting the entry of toxic ions, is greater than that of
having inducible efflux systems (Silver 1996).

The number of examples of exclusion or reduced uptake mechanisms in higher
plants is quite limited. The clearest example of reduced uptake as an adapted
tolerance mechanism is in relation to arsenic toxicity (Meharg and Macnair 1990,
1992). In Holcus lanatus roots, phosphate and arsenate appear to be taken up by the
same systems. However, an arsenate-tolerant genotype showed a much lower rate of
uptake for both anions than the nontolerant genotype, and also showed an absence of
the high-affinity uptake system. The altered phosphate and arsenate uptake system
was genetically correlated to arsenate tolerance (Meharg and Macnair 1992). More
recently, a plasma membrane transporter in tobacco that confers Ni tolerance and Pb
hypersensitivity has been described (Arazi et al. 1999). The transporter, designated
Nt CBP4, is a calmodulin-binding protein that is structurally similar to certain K*
and nonselective cation channels. Transgenic plants that overexpressed this trans-
porter showed improved Ni tolerance and hypersensitivity to Pb, which were
associated with reduced Ni accumulation and enhanced Pb accumulation.

An alternative strategy for controlling intracellular metal levels at the plasma
membrane involves the active efflux of metal ions; although there is no direct
evidence for a role for plasma membrane efflux transporters in heavy metal
tolerance in plants, recent research has revealed that plants possess several classes
of metal transporters that must be involved in metal uptake and homeostasis in
general and thus could play a key role in tolerance. These include the heavy metal
CPx-ATPases, the Nramps, and the CDF (cation diffusion facilitator) family
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(Williams et al. 2000), and the ZIP family (Guerinot 2000). Recently, a role for the
Nramps in Fe and Cd uptake has been reported (Thomine et al. 2000); interestingly,
disruption of an AtNramp 3 gene slightly increased Cd resistance, whereas
overexpression resulted in Cd hypersensitivity in Arabidopsis.

1.5.2 Intracellular Detoxification Pathways

1.5.2.1 Heat Shock Proteins

Heat shock proteins (HSPs) characteristically show increased expression in response
to the growth of a variety of organisms at temperatures above their optimal growth
temperature. They are found in all groups of living organisms, can be classified
according to molecular size, and are now known to be expressed in response to a
variety of stress conditions including heavy metals (Vierling 1991; Lewis et al.
1999); they act as molecular chaperones in normal protein folding and assembly, but
may also function in the protection and repair of proteins under stress conditions.

Several authors have reported an increase of HSP expression in plants in
response to heavy metal stress. Tseng et al. (1993) showed that, in rice, both heat
stress and heavy metal stress increased the levels of mRNAs for low molecular
mass HSPs (16-20 kDa), while Neumann et al. (1995) indicated that HSP17 is
expressed in roots of Armeria maritima plants grown on Cu-rich soils. Small heat
shock proteins (e.g., HSP17) were also shown to increase in cell cultures of Silene
vulgaris and Lycopersicon peruvianum in response to a range of heavy metal
treatments (Wollgiehn and Neumann 1999); however, no or very low amounts of
HSPs were found in plants growing on metalliferous soils, suggesting that HSPs are
not responsible for the heritable metal tolerance of Silene.

1.5.2.2 Phytochelatins

Chelation of metals in the cytosol by high-affinity ligands is potentially a very
important mechanism of heavy metal detoxification and tolerance. Potential ligands
include amino acids and organic acids, and two classes of peptides, the
phytochelatins and the metallothioneins (Rauser 1999; Clemens 2001). The
phytochelatins have been the most widely studied in plants, particularly in relation
to Cd tolerance (Cobbett 2000; Goldsbrough 2000).

The phytochelatins (PCs) are a family of metal complexing peptides that have a
general structure (y Glu Cys), Gly, where n = 2-11, and are rapidly induced in
plants by heavy metal treatments (Rauser 1995; Zenk 1996; Cobbett 2000;
Goldsbrough 2000). PCs are synthesized nontranslationally using glutathione as a
substrate by PC synthase (Grill et al. 1989; Rauser 1995), an enzyme that is
activated in the presence of metal ions (Cobbett 2000). The genes for PC synthase
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have now been identified in Arabidopsis and yeast (Clemens et al. 1999; Ha et al.
1999; Vatamaniuk et al. 1999).

It is shown that in Brassica juncea Cd accumulation is accompanied by a rapid
induction of PC biosynthesis and that the PC content is theoretically sufficient to
chelate all Cd taken up; this protects photosynthesis but did not prevent a decline in
transpiration rate (Haag-Kerwer et al. 1999). In Arabidopsis, Xiang and Oliver
(1998) showed that treatment with Cd and Cu resulted in increased transcription of
the genes for glutathione synthesis. Zhu et al. (1999) overexpressed the y-glutamyl-
cysteine synthetase gene from E. coli in Brassica juncea resulting in increased
biosynthesis of glutathione and PCs and an increased tolerance to Cd.

The final step in Cd detoxification, certainly in the fission yeast and probably in
higher plants, involves the accumulation of Cd and PCs in the vacuole (Salt et al.
1998; Schat et al. 2000). This accumulation appears to be mediated by Cd/H*
antiporter and an ATP-dependent ABC transporter, located at the tonoplast (Salt
and Wagner 1993; Salt and Rauser 1995; Rea et al. 1998); the stabilization of the
Cd-PC complex in the vacuole involves the incorporation of acid-labile sulfide.

1.5.2.3 Metallothioneins

Higher plants contain two major types of cysteine-rich metal binding peptides:
the metallothioneins (MTs) and the phytochelatins. MTs are gene-encoded
polypeptides that are usually classified into two groups. Class 1 MTs possess
cysteine residues that align with a mammalian (equine) renal MT; Class 2 MTs
also possess similar cysteine clusters, but these cannot be easily aligned with Class
1 MTs (de Miranda et al. 1989; Robinson et al. 1993; Prasad 1999). In plants, there
is a lack of information concerning the metals likely to be bound by MTs, although
Cu, Zn, and Cd have been the most widely studied (Tomsett and Thurman 1988;
Robinson et al. 1993; Goldsbrough 2000).

Although MTs can be induced by Cu treatments and there is evidence for a role
in heavy metal tolerance in fungi and animals (Hamer 1986), the role of MTs
in heavy metal detoxification in plants remains to be established (Zhou and
Goldsbrough 1994; Zenk 1996; Giritch et al. 1998; Schat et al. 2000). However,
it has been reported that MT2 mRNA was strongly induced in Arabidopsis
seedlings by Cu, but only slightly by Cd and Zn (Zhou and Goldsbrough 1994);
when genes for MT1 and MT2 from Arabidopsis were expressed in an MT-deficient
yeast mutant, both genes complemented the mutation and provided a high level of
resistance to Cu. Van Vliet et al. (1995) showed that MT genes can be induced by
Cu and that the expression of MT2 RNA is increased in a Cu-sensitive mutant
of Arabidopsis that accumulates high concentrations of Cu. In contrast, in a study of
the effects of Cd exposure on Brassica juncea, it was reported that MT2 expression
was delayed relative to PC synthesis (Haag-Kerwer et al. 1999) and they argued
against a role for MT?2 in Cd detoxification. MTs could clearly play a role in metal
metabolism, but their precise function is not clear; they may have distinct functions
for different metals (Hamer 1986).
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1.5.2.4 Organic Acids and Amino Acids

Carboxylic acids and amino acids such as citric, malic, and histidine are potential
ligands for heavy metals and so could play a role in tolerance and detoxification
(for reviews, see Rauser 1999; Clemens 2001); however, strong evidence for a
function in tolerance, such as a clear correlation between amounts of acid produced
and exposure to a metal, is not yet existing. For example, a 36-fold increase
was reported in the histidine content of the xylem sap on exposure to Ni in the
Ni-hyperaccumulating plant Alyssum lesbiacum (Kramer et al. 1996). In addition,
supplying histidine to a nonaccumulating species greatly increased both its Ni
tolerance and the capacity for Ni transport to the shoot. However, the histidine
response may not be a widespread mechanism of Ni tolerance since it was not
observed in another Ni hyperaccumulator, Thlaspi goesingense (Persans et al.
1999). A possible role of the histidine in the root exudates as a Ni detoxifying
agent has been discussed earlier (see Sect. 1.5.1.2).

1.5.2.5 Antioxidative Defense Mechanism

Buildup of toxic concentration of heavy metals within the plant tissues results, at some
stage of stress exposure, in an increased formation of reactive oxygen species (ROS)
(Shah et al. 2001; Verma and Dubey 2003). In general, ROS (O, OH, and H,0,) are
products of normal cellular metabolism, production of which is under tight control due
to cellular antioxidative defense system. Presence of ROS causes oxidative damage to
biomolecules such as lipids, proteins, nucleic acids, etc. (Shah et al. 2001; Blokhina
et al. 2003). Induction in the activities of antioxidative enzymes and increase in the
level of nonenzymic antioxidants are strategies that plants have adopted to scavenge
and to reduce oxidative damage caused due to ROS under heavy metal stress
(Shah et al. 2001; Fecht-Christoffers et al. 2003; Verma and Dubey 2003).

Recent reports suggest that though antioxidative defense system is not directly
involved in heavy metal detoxification, yet ROS play important role as intermediate
signaling molecules to regulate the expression of genes for plant’s defense system
(Orozco-Cardenas et al. 2001; Vranova et al. 2002).

1.5.2.6 Heavy Metal Sequestration
In Vacuoles

Various metabolites and ions are stored inside the vacuoles. Vacuolar sequestration
of a number of heavy metals such as Cd, Ni, As, and Zn is known, which diverts
metal ions from metabolically active compartments (cytosol, chloroplasts, and
mitochondria) and minimizes the harmful effects of metal ions to vital cellular
processes. Transporters are present in internal membranes to allow regulation of
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stored metals in organelles. Active accumulation of most of the metal ions is driven
by the electrochemical potential by electrogenic proton influxes via the vacuolar
H*-ATPase (Kakinuma et al. 1993). Cd is transported across the tonoplast by a
Cd*H* antiport mechanism (Carrier et al. 2003). Both vacuolar (Bidwell et al.
2004) and extravacuolar localization of Ni ion occurs via a pH-gradient-dependent
manner in yeast (Nishimura et al. 1998), whereas in Ni-hyperaccumulator plant
Thlaspi goesingense vacuolar metal transport proteins termed as metal-tolerance
proteins (TgMTPs) are involved in the compartmentalization of Ni in vacuoles
(Lombi et al. 2002). Transport of Zn to the vacuoles is mediated by ‘Zn-malate
shuttle’, malate being liberated in exchange for oxalate or citrate and is shuttled
back to cytoplasm (Ernst et al. 1992).

In Trichome and Hydropotes

Apart from vacuolar sequestration, plants possess additional morphological
features that are also involved in heavy metal sequestration and detoxification.
Several reports have confirmed the involvement of glandular trichomes and epider-
mal structures (hydropotes) in the chelation, sequestration, and detoxification of the
metals.

Trichomes are epidermal hairs present at the surface of plant leaves and have
diversified roles in exudation of various molecules, protection against wind and
sunlight, storage of metals, etc. Retardation in growth and about twofold increases
in the number of trichomes were observed in Cd-exposed tobacco seedlings
(Choti et al. 2001). A significant proportion of Ni has been found in trichomes of
Alyssum lesbiacum plants (Kramer et al. 1996). At the bases of Arabidopsis halleri
trichomes, elevated concentrations of Zn have been found (Sarret et al. 2002). Specific
overexpression of a gene coding for a metallothionein (MT2) has been reported in
trichomes (Garcia—Hernandez et al. 1998), which suggests that trichomes constitute
important sites for accumulation as well as detoxification of toxic metal ions.

In the semiaquatic and aquatic plants of the families Menyanthaceae and
Nymphaceae, hydropotes located on the abaxial epidermis of the leaf laminae
accumulate Cd (Lavid et al. 2001a). It is suggested that usual polymerization
of polyphenols by peroxidase in hydropotes gets enhanced after uptake of
heavy metals and thereby detoxification of metals occurs by their binding with
polyphenols in these glands (Lavid et al. 2001b, c).

1.6 Conclusion

The pollution of soil and water with heavy metals is an environmental concern
today. Metals and other inorganic contaminants are among the most prevalent
forms of contamination found at waste sites, and their remediation in soils and
sediments is among the most technically difficult. The high cost of existing cleanup
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technologies led to the search for new cleanup strategies that have the potential to
be low cost, low impact, visually benign, and environmentally sound.

Phytoremediation is a potential remediation strategy that can be used to decon-
taminate soils contaminated with inorganic pollutants. But phytoremediation tech-
nology is still in its early development stages and full-scale applications are still
limited. For widespread future use of this technique, it is important that public
awareness about this technology is considered and clear and precise information is
made available to the general public to enhance its acceptability as a global
sustainable technology to be widely used.

The recent advances in plant biotechnology have created a new hope for the
development of hyperaccumulating species. However, research work is needed in
this respect such as metal uptake studies at cellular level including efflux and influx
of different metal ions by different cell organelles and membranes. Rhizosphere
studies under the control and field conditions are also needed to examine the
antagonistic and synergistic effects of different metal ions in soil solution and
the polluted waters. In-depth soil microbial studies are required to identify the
microorganisms highly associated with metal solubility and/or precipitations. To
date, the available methods for the recovery of heavy metals from plant biomass of
hyperaccumulators are limited. Traditional disposal approaches such as burning
and ashing are not applicable to volatile metals; therefore, investigations are needed
to develop new methods and strategies for effective recovery of metals from the
hyperaccumulator plant biomass.

New approaches of genetic manipulation techniques increase the possibility of
creating super-accumulator bacteria or plants that can help decontaminate polluted
soils, water, and sewage.

References

Alloway BJ (1995) Heavy metals in soils. Blackie Academic and Professional, London

Alloway BJ, Jackson AP (1991) The behaviour of heavy metals in sewage sludge-amended soil.
Sci Total Environ 100:151-176

Arazi T, Sunkar R, Kaplan B, Fromm H (1999) A tobacco plasma membrane calmodulin-binding
transporter confers Ni** tolerance and Pb** hypersensitivity in transgenic plants. Plant J
20:171-182

Baiiuelos GS, Ajwa HA, Mackey B, Wu LL, Cook C, Akohoue S, Zambrzuski S (1997) Evaluation
of different plant species used for phytoremediation of high soil selenium. J Environ Qual
26(3):639-646

Barber SA (1984) Soil nutrient bioavailability. A mechanistic approach. Wiley, New York, pp
188-238

Belliveau BH, Staradub ME, Trevor JT (1991) Occurrence of antibiotic and metal resistance and
plasmids in Bacillus strains isolated from marine sediment. Can J Microbiol 37(5):513-520

Bennett LE, Burkhead JL, Hale KL, Terry N, Pilon M, Pilon-Smits EAH (2003) Bioremediation
and biodegradation: analysis of transgenic Indian mustard plant for phytoremediation of heavy
metal-contaminated mine tailings. J Environ Qual 32:432-440

Beveridge TJ, Murray GE (1976) Uptake and retention of metals by cell walls of Bacillus subtilis.
J Bacteriol 127:1502-1518



28 J. Agrawal et al.

Bidwell SD, Crawford SA, Woodrow IE, Sommer-Knudsen J, Marshall AT (2004) Subcellular
localization of Ni in the hyperaccumulator, Hybanthus floribundus (Lindely) F. Muell. Plant
Cell Environ 27:705-716

Blaudez D, Botton B, Chalot M (2000) Cadmium uptake and subcellular compartmentation in the
ectomycorrhizal fungus Paxillus involutus. Microbiology 146:1109-1117

Blokhina O, Virolainen E, Fegerstedt KV (2003) Antioxidants, oxidative damage and oxygen
deprivation stress: a review. Ann Bot 91:179-194

Bowen HIM (1979) Environmental chemistry of the elements, vol 147. Academic, London,
pp 6-10

Bringezu K, Lichtenberger O, Leopold I, Neumann D (1999) Heavy metal tolerance of Silene
vulgaris. J Plant Physiol 154:536-546

Cakmak I (2000) Possible roles of zinc in protecting plant cells from damage by reactive oxygen
species. New Phytol 146:185-205

Carrier P, Baryla A, Havaux M (2003) Cadmium distribution and microlocalization in oilseed rape
(Brassica napus) after long-term growth on cadmium-contaminated soil. Planta 216:939-950

Chaudri AM, McGrath SP, Giller KE (1992) Survival of the indigenous population of Rhizobium
leguminosarum biovar trifolii in soil spiked with Cd, Zn, Cu and Ni salts. Soil Biol Biochem
24:625-632

Choi YE, Harada E, Wada M, Tsuboi H, Morita Y, Kusano T, Sano H (2001) Detoxification of
cadmium in tobacco plants: formation and active excretion of crystals containing cadmium and
calcium through trichomes. Planta 213:45-50

Clemens S (2001) Molecular mechanisms of plant metal tolerance and homeostasis. Planta
212:475-486

Clemens S, Kim EJ, Neumann D, Schroeder JI (1999) Tolerance to toxic metals by a gene family
of phytochelatin synthases from plants and yeast. EMBO J 18:3325-3333

Cobbett CS (2000) Phytochelatin biosynthesis and function in heavy-metal detoxification. Curr
Opin Plant Biol 3:211-216

Colpaert J, van Assche J (1992) Zinc toxicity in ectomycorrhizal Pinus sylvestris. Plant Soil
143:201-211

Conder JM, Lanno RP, Basta NT (2001) Assessment of metal availability in smelter soil using
earthworms and chemical extractions. J Environ Qual 30:1231-1237

Cunningham SD, Ow DW (1996) Promises and prospects of root zone of crops phytoremediation.
Plant Physiol 110:715-719

Cunningham SD, Shann JR, Crowley DE, Anderson TA (1997) Phytoremediation of contaminated
water and soil. In: Kruger EL, Anderson TA, Coats JR (eds) Phytoremediation of soil and water
contaminants. ACS symposium series 664. American Chemical Society, Washington, DC, pp
2-19

Davis RD, Calton-Smith C (1980) Crop as indicators of the significance of contamination of soil
by heavy metals; Technical Report TR140. Water Research Centre, Stevenage, UK

de Miranda JR, Thomas MA, Thurman DA, Tomsett AB (1989) Metalliothionein genes from the
flowering plant Mimulus guttatus. FEBS Lett 260:277-280

De Vos CHR, Schat H, De Waal MAM, Vooijs R, Ernst WHO (1991) Increased resistance to
copper-induced damage of the root cell plasmalemma in copper tolerant Silene cucubalus.
Physiol Plant 82:523-528

Demidchik V, Sokolik A, Yurin V (1997) The effect of Cu®* on ion transport systems of the plant
cell plasmalemma. Plant Physiol 114:1313-1325

Dietz K-J, Baier M, Kramer U (1999) Free radicals and reactive oxygen species as mediators of
heavy metal toxicity in plants. In: Prasad MNV, Hagemeyer J (eds) Heavy metal stress in
plants: from molecules to ecosystems. Springer, Berlin, pp 73-97

Doelman P, Haanstra L (1979) Effect of lead on soil respiration and dehydrogenase activity. Soil
Biol Biochem 11:475-479

Dushenkov V, Nanda Kumar PBA, Motto H, Raskin I (1995) Rhizofiltration: the use of plants to
remove heavy metals from aqueous streams. Environ Sci Technol 29:1239-1245



1 Detoxification of Heavy Metals: State of Art 29

Ensley BD (2000) Rationale for the use of phytoremediation. In: Raskin I, Ensley B (eds)
Phytoremediation of toxic metals: using plants to clean-up the environment. Wiley, New
York, pp 3-11

Ernst WHO, Verkleij JAC, Schat H (1992) Metal tolerance in plants. Acta Bot Neerl 41:229-248

Fecht-Christoffers MM, Maier P, Horst WJ (2003) Apoplastic peroxidases and ascorbate are
involved in manganese toxicity and tolerance of Vigna unguiculata. Physiol Plant
117:237-244

Fodor E, Szab6-Nagy A, Erdei L (1995) The effects of cadmium on the fluidity and H*-ATPase
activity of plasma membrane from sunflower and wheat roots. J Plant Physiol 147:87-92

Garbisu C, Alkorta I (2001) Phytoextraction: a cost effective plant-based technology for the
removal of metals from the environment. Bioresour Technol 77(3):229-236

Garcia—Hernandez M, Murphy A, Taiz L (1998) Metallothioneins 1 and 2 have distinct but
overlapping expression patterns in Arabidopsis. Plant Physiol 118:387-397

Giritch A, Ganal M, Stephan UW, Baumlein H (1998) Structure, expression and chromosomal
localization of the metallothionein-like gene family of tomato. Plant Mol Biol 37:701-714

Gisbert C, Ros R, de Haro A, Walker DJ, Pilar Bernal M, Serrano R, Avino JN (2003) A plant
genetically modified that accumulates Pb is especially promising for phytoremediation.
Biochem Biophys Res Commun 303(2):440-445

Goldsbrough P (2000) Metal tolerance in plants: the role of phytochelatins and metallothioneins.
In: Terry N, Banuelos G (eds) Phytoremediation of contaminated soil and water. CRC, Boca
Raton, FL, pp 221-233

Graham RD (1981) Absorption of copper by plant roots. In: Loneragan JF, Robson AD, Graham
RD (eds) Copper in soils and plants. Academic, Sydney, pp 141-163

Grill E, Loffler S, Winnacker E-L, Zenk MH (1989) Phytochelatins, the heavy-metal-binding
peptides of plants are synthesized from glutathione by a specific y-glutamylcysteine dipeptidyl
transpeptidase (phytochelatin synthase). Proc Natl Acad Sci USA 86:6838-6842

Guerinot ML (2000) The ZIP family of metal transporters. Biochim Biophys Acta 1465:190-198

Ha SB, Smith AP, Howden R, Dietrich WM, Bugg S, O’Connell MJ, Goldsbrough PB, Cobbett CS
(1999) Phytochelatin synthase genes from Arabidopsis and the yeast Schizosaccharomyces
pombe. Plant Cell 11:1153-1163

Haag-Kerwer A, Schifer HJ, Heiss S, Walter C, Rausch T (1999) Cadmium exposure in Brassica
Jjuncea causes a decline in transpiration rate and leaf expansion without effect on photosynthe-
sis. J Exp Bot 50:1827-1835

Hamer DH (1986) Metallothionein. Annu Rev Biochem 55:913-951

Harnett NM, Gyles CL (1984) Resistance to drugs and heavy metals, colicin production, and
biochemical characteristics of selected bovine and porcine Escherichia coli strains. Appl
Environ Microbiol 48:930-945

Hartley J, Cairney JWG, Meharg AA (1997) Do ectomycorrhizal fungi exhibit adaptive tolerance
to potentially toxic metals in the environment? Plant Soil 189:303-319

Hattori H (1992) Influence of heavy metals on soil microbial activities. Soil Sci Plant Nutr 38
(1):93-100

Hernandez LE, Cooke DT (1997) Modification of the root plasma membrane lipid composition of
cadmium-treated Pisum sativum. J Exp Bot 48:1375-1381

Hildebrandt U, Kaldorf M, Bothe H (1999) The zinc violet and its colonization by arbuscular
mycorrhizal fungi. J Plant Physiol 154:709-711

Hoyle B, Beveridge TS (1983) Binding of metallic ions to the outer membrane of Escherichia coli.
Appl Environ Microbiol 46:749-752

Hiittermann A, Arduini I, Godbold DL (1999) Metal pollution and forest decline. In: Prasad NMV,
Hagemeyer J (eds) Heavy metal stress in plants: from molecules to ecosystems. Springer,
Berlin, pp 253-272

Islam E, Yang X, Li T, Liu D, Jin X, Meng F (2007) Effect of Pb toxicity on root morphology,
physiology and ultrastructure in the two ecotypes of Elsholtzia argyi. J Hazard Mater
147:806-816



30 J. Agrawal et al.

Jentschke G, Godbold DL (2000) Metal toxicity and ectomycorrhizas. Physiol Plant 109:107-116

Ji G, Silver S (1995) Bacterial resistance mechanism for heavy metals of environmental concern.
J Ind Microbiol 14:61-75

Jing Y, He Z, Yang X (2007) Role of soil rhizobacteria in phytoremediation of heavy metal
contaminated soils. J Zhejiang Univ Sci B 8:192-207

Joho M, Inouhe M, Tohoyama H, Murayama T (1995) Nickel resistance in yeast and other fungi.
J Ind Microbiol 14:64-168

Kabata-Pendias A, Pendias H (1992) Trace elements in soils and plants, 2nd edn. CRC, Boca
Raton, FL.

Kakinuma Y, Masuda N, Igarashi K (1993) Proton potential-dependent polyamine transport
system in vacuolar membrane vesicles of Saccharomyces cerevisiae. Biochim Biophys Acta
1107:126-130

Karkhanis M, Jadia CD, Fulekar MH (2005) Rhizofilteration of metals from coal ash leachate.
Asian J Water Environ Pollut 3(1):91-94

Khan FI, Hussain T, Hejazi R (2004) An overview and analysis of site remediation technologies.
J Environ Manage 71:95-122

Klassen SP, McLean JE, Grossel PR, Sims RC (2000) Fate and behavior of lead in soils planted
with metal-resistant species (River birch and smallwing sedge). J Environ Qual 29:1826-1834

Kramer U, Cotter-Howells JD, Charnock JM, Baker AJM, Smith JAC (1996) Free histidine as a
metal chelator in plants that accumulate nickel. Nature 379:635-638

Krauskopf KB (1967) Introduction to geochemistry. McGraw Hill, New York

Lavid N, Schwartz A, Lewinsohn E, Tel-Or E (2001a) Phenol and phenol oxidases are involved
in cadmium accumulation in the water plants Nymphoides peltata (Menyanthaceae) and
Nymphaeae (Nymphaeaeceae). Planta 214:189-195

Lavid N, Barkay Z, Tel-Or E (2001b) Accumulation of heavy metals in epidermal glands of the
waterlily (Nymphaeaeceae). Planta 212:313-322

Lavid N, Schwartz A, Yarden O, Tel-Or E (2001c) The involvement of polyphenols and
peroxidase activities in heavy-metal accumulation by epidermal glands of the waterlily
(Nymphaeaeceae). Planta 212:323-331

Lewis S, Handy RD, Cordi B, Billinghurst Z, Depledge MH (1999) Stress proteins (HSPs):
methods of detection and their use as an environmental biomarker. Ecotoxicology 8:351-368

Lombi E, Zhao FJ, Dunham SJ, McGrath SP (2001) Phytoremediation of heavy metal-
contaminated soils: natural hyperaccumulator versus chemically enhanced phytoextraction.
J Environ Qual 30:1919-1926

Lombi E, Zhao FJ, Fuhrman M, Ma L, McGrath SP (2002) Arsenic distribution and speciation in
the fronds of the hyperaccumulator Pteris vittata. New Phytol 156:195-203

Lone MI, He Z, Stoffella PJ, Yang X (2008) Phytoremediation of heavy metal polluted soils and
water: progress and perspectives. J Zhejiang Univ Sci B 9:210-220

Ma JF, Zheng SJ, Matsumoto H (1997) Detoxifying aluminium with buckwheat. Nature
390:569-570

Ma LQ, Komar KM, Tu C, Zhang W, Cai Y, Kennelley ED (2001a) A fern that hyperaccumulates
arsenic. Nature 409:579

Ma JF, Ryan PR, Delhaize E (2001b) Aluminium tolerance in plants and the complexing role of
organic acids. Trends Plant Sci 6:273-278

MAFF (1986) Advice on avoiding pollution from manures and other slurry wastes, Matf Booklet
2200. MAFF Publication, London

Marques AM, Congregado F, Simon-Pajol DM (1979) Antibiotic and heavy metal resistance of
Pseudomonas aeruginosa isolated form soils. J Appl Bacteriol 47:347-350

Marschner H (1986) Mineral nutrition in higher plants. Academic, London

Marschner H (1995) Mineral nutrition in higher plants, 2nd edn. Academic, London

McEntee JD, Woodrow JR, Quirk AV (1986) Investigation of cadmium resistance in Alcaligenes
sp. Appl Environ Microbiol 51:515-520



1 Detoxification of Heavy Metals: State of Art 31

McGrath SP, Chang AC, Page AL, Witter A (1994) Land application of sewage sludge: scientific
perspectives of heavy metal loading limits in Europe and the United States. Environ Rev
2:108-118

McGrath SP, Zhao FJ, Lombi E (2001) Plant and rhizosphere process involved in
phytoremediation of metal-contaminated soils. Plant Soil 232(1/2):207-214

Meharg AA (1993) The role of the plasmalemma in metal tolerance in angiosperms. Physiol Plant
88:191-198

Meharg AA, Macnair MR (1990) An altered phosphate uptake system in arsenate-tolerant Holcus
lanatus. New Phytol 116:29-35

Meharg AA, Macnair MR (1992) Genetic correlation between arsenate tolerance and the rate of
influx of arsenate and phosphate in Holcus lanatus. Heredity 69:336-341

Mench M, Martin E (1991) Mobilization of cadmium and other metals from two soils by root
exudates of Zea mays L., Nicotiana tobaccum L., and Nicotiana rustical.. Plant Soil
132:187-196

Mergeay M (1991) Towards an understanding of the genetics of bacterial metal resistance. Trends
Biotechnol 9:17-24

Misra TK (1992) Bacterial resistance to inorganic mercury salts and organomercurials. Plasmid
27:4-16

Mitchell RL (1964) Trace elements in soil. In: Bear FE (ed) Chemistry of the soil, 2nd edn.
Reinhold Publishing, New York, pp 320-368

Murata K, Fukuda Y, Shimosaka M, Wantanabe K, Saikusa T, Kimura A (1985) Phenotypic
character of the methylglycoxal resistance gene in Saccharomyces cerevisae: expression in
Escherichia coli and application to breeding wild-type yeast strains. Appl Environ Microbiol
50:1200-1207

Murphy RJ, Levy JF (1983) Production of copper oxalate by some copper tolerant fungi. Trans Br
Mycol Soc 81:165-168

Nakahara H, Ishikawa T, Yasunaga S, Kondo I, Kozukue H, Silver S (1977) Linkage of mercury,
cadmium, and arsenate and drug resistance in clinical isolates of Pseudomonas aeruginosa.
Appl Environ Microbiol 33:975-976

Neilson JW, Artiola JF, Maier RM (2003) Characterization of lead removal from contaminated
soils by non toxic washing agents. J Environ Qual 32:899-908

Neumann D, Nieden UZ, Lichtenberger O, Leopold I (1995) How does Armeria maritima tolerate
high heavy metal concentrations? J Plant Physiol 146:704-717

Ni’bhriain NN, Silver S, Foster TJ (1983) Tn5 insertion mutation in the mercuric ion resistance
genes derived from plasmid R100-1. J Bacteriol 155:690-703

Nies DH, Silver S (1995) Ion efflux systems involved in bacterial metal resistances. J Ind
Microbiol 14:189-199

Nishimura K, Igarashib K, Kakinuma Y (1998) Proton gradient driven nickel uptake by vacuolar
membrane vesicles of Saccharomyces cerevisiae. J Bacteriol 180:1962-1964

Nriagu JO, Pacyna JM (1988) Quantitative assessment of worldwide contamination of air water
and soils by trace metals. Nature 333(6169):134—-139

O’Halloran T (1993) Transition metals in control of gene expression. Science 261:715-725

Obbard JP, Jones KC (1993) The effect of heavy metals on dinitrogen fixation by Rhizobium —
white clover in a range of long-term sewage sludge amended and metal-contaminated soils.
Environ Pollut 79(2):105-112

Okoronkwo NE, Igwe JC, Onwuchekwa EC (2005) Risk and health implication of polluted soils
for crop production. Afr J Biotechnol 4:1521-1524

Olson BH, Thornton I (1982) The resistance patterns to metals of bacterial populations in
contaminated land. J Soil Sci 33:271-277

Orozco-Cardenas ML, Narvaez-Vasquez J, Ryan CA (2001) Hydrogen peroxide act as a second
messenger for the induction of defence genes in tomato plants in response to wounding,
systemin and methyl jasmonate. Plant Cell 13:179-191



32 J. Agrawal et al.

Peciulyté D, Repeckiené J, Levinskaité L, Lugauskas A, Motuzas A, Prosycevas I (2006) Growth
and metal accumulation ability of plants in soil polluted with Cu, Zn and Pb. Ekologija 1:48-52

Persans MW, Yan X, Patnoe J-MML, Kramer U, Salt DE (1999) Molecular dissection of the role
of histidine in nickel hyperaccumulation in Thlaspi goesingense (Halacsy). Plant Physiol
121:1117-1126

Peters WC (1978) Exploration and mining geology. Wiley, New York

Peterson PJ, Alloway BJ (1979) Cadmium in soils and vegetation. In: Webb M (ed) The chemistry,
biochemistry and biology of cadmium. Elsevier/North-Holland Biomedical Press, Amsterdam,
NY, pp 45-92

Prasad MNV (1999) Metallothioneins and metal binding complexes in plants. In: Prasad MNV,
Hagemeyer J (eds) Heavy metal stress in plants: from molecules to ecosystems. Springer,
Berlin, pp 51-72

Quartacci MF, Cosi E, Navari-Izzo F (2001) Lipids and NADPH-dependent superoxide production
in plasma membrane vesicles from roots of wheat grown under copper deficiency or excess.
J Exp Bot 52:77-84

Raskin I, Ensley BD (2000) Rationale for use of phytoremediation. In: Raskin I, Ensley BD (eds)
Phytoremediation of toxic metals: using plants to clean up the environment. Wiley, New York,
pp 53-70

Rauser WE (1995) Phytochelatins and related peptides. Structure, biosynthesis and function. Plant
Physiol 109:1141-1149

Rauser WE (1999) Structure and function of metal chelators produced by plants — the case for
organic acids, amino acids, phytin and metallothioneins. Cell Biochem Biophys 31:19—48

Rea PA, Li Z-S, Lu Y-P, Drozdowicz YM (1998) From vacuolar GS-X pumps to multispecific
ABC transporters. Annu Rev Plant Physiol Plant Mol Biol 49:727-760

Rensing C, Sun Y, Mitra B, Rosen BP (1998) Pb(Il) translocating p-type ATPases. J Biol Chem
273:32614-32617

Robinson NJ, Tommey AM, Kuske C, Jackson PJ (1993) Plant metallothioneins. Biochem J
295:1-10

Ros ROC, Cooke DT, Burden RS, James CS (1990) Effects of the herbicide MCPA and the heavy
metals, cadmium and nickel on the lipid composition, Mg?*~-ATPase activity and fluidity of
plasma membranes from rice, Oryza sativa (cv. Bahia) shoots. ] Exp Bot 41:457-462

Rouch DA, Lee BTD, Morby AP (1995) Understanding cellular responses to toxic agents: a model
for mechanism choice in bacterial metal resistance. J Ind Microbiol 14:132-141

Salt DE, Rauser WE (1995) MgATP-dependent transport of phytochelatins across the tonoplast of
oat roots. Plant Physiol 107:1293-1301

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

Salt DE, Smith RD, Raskin I (1998) Phytoremediation. Annu Rev Plant Physiol Plant Mol Biol
49:643-668

Salt DE, Kato N, Kramer U, Smith RD, Raskin I (2000) The role of root exudates in nickel
hyperaccumulation and tolerance in accumulator and nonaccumulator species of Thlaspi. In:
Terry N, Banuelos G (eds) Phytoremediation of contaminated soil and water. CRC, Boca
Raton, FL, pp 189-200

Sarret G, Saumitou-Laprade P, Bert V, Proux O, Hazemann JL, Traverse A, Marcus MA, Manceau
A (2002) Forms of zinc accumulated in the hyperaccumulator Arabidopsis halleri. Plant
Physiol 130:1815-1826

Schalscha BE, Ahumada TI (1998) Heavy metals in rivers and soils of central Chile. Water Sci
Technol 37(8):251-255

Schat H, Llugany M, Bernhard R (2000) Metal—specific patterns of tolerance, uptake and transport
of heavy metals in hyperaccumulating and nonhyperaccumulating metallophytes. In: Terry N,
Banuelos G (eds) Phytoremediation of contaminated soil and water. CRC, Boca Raton, FL,
pp 171-188



1 Detoxification of Heavy Metals: State of Art 33

Schnoor JL (1997) Phytoremediation. Ground-water remediation technology analysis center,
Technology evaluation report, TE-98-01. University of Lowa, Department of Civil and Envi-
ronmental Engineering and Center for Global and Regional Environmental Research Iowa
City, Iowa

Schwarz ST, Hobel H (1989) Plasmid and resistance to antimicrobial agents and heavy metals in
Staphylococcus hyicus from pigs and cattle. J] Vet Med 36:669-673

Scott JA, Palmer SJ (1988) Cadmium bio-sorption by bacterial exopolysaccharide. Biotechnol Lett
10:21-24

Scott JA, Palmer SJ (1990) Sites of cadmium uptake in bacteria used for biosorption. Appl
Microbiol Biotechnol 33:221-225

Scott JA, Sage GK, Palmer SJ (1988) Metal immobilization by microbial capsular coatings.
Biorecovery 1:51-58

Shah K, Kumar RG, Verma S, Dubey RS (2001) Effect of cadmium on lipid peroxidation,
superoxide anion generation and activities of antioxidant enzymes in growing rice seedlings.
Plant Sci 61:1135-1144

Silver S (1992) Plasmid-determined metal resistance mechanisms: range and overview. Plasmid
27:1-3

Silver S (1996) Bacterial resistance to toxic metal ions. A review. Gene 179:9-19

Silver S, Ji G (1994) Newer systems for bacterial resistance’s to toxic heavy metals. Environ
Health Perspect 102:107-113

Silver S, Misra TK (1984) Bacterial transformation of and resistances to heavy metals. Basic Life
Sci 28:23-46

Silver S, Phung LT (1996) Bacterial heavy metal resistance: new surprises. Annu Rev Microbiol
50:753-789

Silver S, Walderhaug M (1992) Gene regulation and chromosome determined inorganic ion
transport in bacteria. Microbiol Rev 56:195-228

Silver S, Nucifors G, Chu L, Misra TK (1989) Bacterial resistance ATPases: primary pumps for
exporting toxic cations and anions. Trends Biochem Sci 14:76-80

Strange J, Macnair MR (1991) Evidence for a role for the cell membrane in copper tolerance of
Mimulus guttatus Fischer ex DC. New Phytol 119:383-388

Stuczynski TI, Siebielec G, Daniels WL, McCarty GC, Chaney RL (2007) Biological aspects of
metal waste reclamation with sewage sludge. J Environ Qual 36:1154-1162

Tam PCF (1995) Heavy metal tolerance by ectomycorrhizal fungi and metal amelioration by
Pisolithus tinctorius. Mycorrhiza 5:181-187

Terry N, Carlson C, Raab TK, Zayed A (1992) Rates of Se volatilization among crop species.
J Environ Qual 21:341-344

Thomine S, Wang R, Ward JM, Crawford NM, Schroeder JI (2000) Cadmium and iron transport
by members of a plant metal transporter family in Arabidopsis with homology to Nramp genes.
Proc Natl Acad Sci USA 97:4991-4996

Tomsett AB, Thurman DA (1988) Molecular biology of metal tolerances of plants. Plant Cell
Environ 11:383-394

Tseng TS, Tzeng SS, Yeh CH, Chang FC, Chen YM, Lin CY (1993) The heat-shock response in
rice seedlings-isolation and expression of cDNAs that encode class-I low-molecular-weight
heat-shock proteins. Plant Cell Physiol 34:165-168

Tsutomu S, Kobayashi Y (1998) The ars operon in the skin element of Bacillus subtilis confers
resistance to arsenate and arsenite. J Bacteriol 180:1655-1661

Tyler G, Balsberg Pahlsson A-M, Bengtsson G, Baath E, Tranvik L (1989) Heavy-metal ecology
of terrestrial plants, microorganisms and invertebrates. Water Air Soil Pollut 47:189-215

United States Protection Agency (USPA) (2000) Introduction to phytoremediation. EPA 600/R-
99/107. US Environmental Protection Agency, Office of Research and Development,
Cincinnati, OH

van Vliet C, Anderson CR, Cobbett CS (1995) Copper-sensitive mutant of Arabidopsis thaliana.
Plant Physiol 109:871-878



34 J. Agrawal et al.

Vandenhove H, van Hees M, van Winkel S (2001) Feasibility of phytoextraction to clean up low-
level uranium-contaminated soil. Int J Phytoremediation 3:301-320

Vatamaniuk OK, Mari S, Lu Y-P, Rea PA (1999) AtPCS1, a phytochelatin synthase from
Arabidopsis: isolation and in vitro reconstitution. Proc Natl Acad Sci USA 96:7110-7115

Verma S, Dubey RS (2003) Lead toxicity induces lipid peroxidation and alerts the activities of
antioxidant enzymes in growing rice plants. Plant Sci 164:645-655

Vierling E (1991) The roles of heat shock proteins in plants. Annu Rev Plant Physiol Plant Mol
Biol 42:579-620

Vranova E, Inze D, Van Breusegem F (2002) Signal transduction during oxidative stress. J Exp
Bot 53:1227-1236

Wainwright SJ, Woolhouse HW (1977) Some physiological aspects of copper and zinc tolerance
in Agrostis tenuis Sibth.: cell elongation and membrane damage. J Exp Bot 28:1029-1036

Wang YT, Shen H (1995) Bacterial reduction of hexavalent chromium. J Ind Microbiol
14:159-163

Webber MD, Kloke A, Tjell JC (1984) A review of current sludge use guidelines for the control of
heavy metal contamination in soil. In: L’Hermite P, Ott H (eds) Processing and use of sewage
sludge. Reidel Publishing Company, Dordrecht, pp 371-386

Weiss A, Murphy S, Silver S (1977) Mercury and organomercurial resistance determined by
plasmids in Staphylococcus aureus. J Bacteriol 132:197-208

Weissenhorn I, Leyval C, Belgy G, Berthelin J (1995) Arbuscular mycorrhizal contribution to
heavy-metal uptake by maize (Zea mays L.) in pot culture with contaminated soil. Mycorrhiza
5:245-251

Williams LE, Pittman JK, Hall JL (2000) Emerging mechanisms for heavy metal transport in
plants. Biochim Biophys Acta 77803:1-23

Wollgiehn R, Neumann D (1999) Metal stress response and tolerance of cultured cells from
Silene vulgaris and Lycopersicon peruvianum: role of heat stress proteins. J Plant Physiol
154:547-553

Xiang C, Oliver DJ (1998) Glutathione metabolic genes coordinately respond to heavy metals and
jasmonic acid in Arabidopsis. Plant Cell 10:1539-1550

Zenk MH (1996) Heavy metal detoxification in higher plants — a review. Gene 179:21-30

Zhou J, Goldsbrough PB (1994) Functional homologs of fungal metallothionein genes from
Arabidopsis. Plant Cell 6:875-884

Zhu YL, Pilon-Smits EAH, Tarun AS, Weber SU, Jouanin L, Terry N (1999) Cadmium tolerance
and accumulation in Indian mustard is enhanced by overexpressing gamma-glutamylcysteine
synthetase. Plant Physiol 121:1169-1177



	Chapter 1: Detoxification of Heavy Metals: State of Art
	1.1 Introduction
	1.2 The Origin of Heavy Metals in Soil
	1.2.1 Geochemical Origins of Heavy Metals
	1.2.2 Sources of Heavy Metals Contaminants in Soils
	1.2.2.1 Metaliferous Mining and Materials
	1.2.2.2 Agricultural and Horticultural Materials
	1.2.2.3 Sewage Sludge
	1.2.2.4 Fossil Fuel Combustion
	1.2.2.5 Metallurgical Industries
	1.2.2.6 Electronics
	1.2.2.7 Chemical and Other Industrial Sources
	1.2.2.8 Waste Disposable


	1.3 Soil-Plant Relationships of Heavy Metals
	1.3.1 Soil-Plant System
	1.3.2 Plant Uptake of Metals
	1.3.3 The Biological Essentiality of Trace Elements
	1.3.4 Heavy Metal Toxicity in Plants
	1.3.5 Effects of Heavy Metals on the Soil Microbial Mass

	1.4 Heavy Metal Detoxification of Soil
	1.4.1 Physiochemical Methods of Remediating Metal Polluted Soil
	1.4.1.1 Excavation Method
	1.4.1.2 Capping of the Polluted Soil
	1.4.1.3 Fixation and Inactivation (Stabilization) of the Polluted Soil
	1.4.1.4 Soil Washing

	1.4.2 Biological Approaches of Remediating Metal Polluted Soil
	1.4.2.1 Microorganism-Based Remediation
	Metal Exclusion by Permeability Barrier
	Active Transport of the Metal Away from the Microorganism
	Intracellular Sequestration of Metals by Protein Binding
	Extracellular Sequestration
	Enzymatic Detoxification of a Metal to a Less Toxic Form
	Reduction in Metal Sensitivity of Cellular Targets

	1.4.2.2 Phytoremediation of Heavy Metal Polluted Soil
	Phytoextraction
	Phytostabilization
	Rhizofiltration
	Phytovolatilization



	1.5 Heavy Metal Tolerance Mechanism(s) in Plants
	1.5.1 Extracellular Avoidance of Metal Buildup
	1.5.1.1 Mycorrhizas
	1.5.1.2 The Cell Wall and Root Exudates
	1.5.1.3 Plasma Membrane

	1.5.2 Intracellular Detoxification Pathways
	1.5.2.1 Heat Shock Proteins
	1.5.2.2 Phytochelatins
	1.5.2.3 Metallothioneins
	1.5.2.4 Organic Acids and Amino Acids
	1.5.2.5 Antioxidative Defense Mechanism
	1.5.2.6 Heavy Metal Sequestration
	In Vacuoles
	In Trichome and Hydropotes



	1.6 Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


