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14.1 INTRODUCTION

The use of plants beyond the necessity of food and fiber is the beginning of environmental
biogeotechnology. Toxic metal pollution of the biosphere has accelerated rapidly since the onset
of the Industrial Revolution and heavy metal toxicity poses major environmental and health prob-
lems. In this regard, plants that accumulate and/or exclude metals are increasingly considered for
phytoremediation and phytostabilization. Lead is one of the most frequently encountered heavy
metals in polluted environments. The primary sources of this metal include mining and smelting
of metalliferous ores; burning of leaded gasoline; disposal of municipal sewage and industrial
wastes enriched in Pb; and use of Pb-based paint [1].

The threat that heavy metals pose to human and animal health is aggravated by their long-term
persistence in the environment. For instance, Pb is one of the more persistent metals and has been
estimated to have a soil retention time of 150 to 5000 years. Also, the average biological half-life
of cadmium has been estimated to be about 18 years. The use of biological materials to clean up
heavy metal-contaminated soils has been targeted as an efficient and affordable form of bioreme-
diation [2]. One affordable solution might be expressing metal-accumulating genes in nonaccumu-
lating plants showing interesting skills for bioremediation in order to turn them into hyperaccumu-
lators.
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254 Trace Elements in the Environment
14.2 MOLECULAR/ADAPTIVE PHYSIOLOGY AND GENETICS OF 
METAL HYPERACCUMULATION IN PLANTS

Cloning and characterization of metallothionein (MT) gene families in plants has progressed
considerably in the last decade (Table 14.1). MTs and phytochelatins in plants contain a high
percentage of cysteine sulfhydryl groups, which bind and sequester heavy metal ions in very stable
complexes. Phytochelatins bind Cu and Cd with high affinity and are induced by various metals
[62,63]. Phytochelatins may play a role in plant Cd tolerance. Howden and Cobbett [64] have
isolated Arabidopsis mutants with increased sensitivity to Cd while Cu tolerance was almost
unchanged [65,66]. These cad1 mutants were deficient in PC synthesis and showed greatly reduced
levels of PC synthase activity.

MTs not only bind to metals but also regulate intracellular concentrations and detoxify lethal
concentrations of metals [59,67]. Various MT genes, such as mouse MTI; human MTIA (alpha
domain); human MTII; Chinese hamster MTII; yeast CUP1; and pea PsMTA, have been transferred
to Nicotiana sp., Brassica sp., or A. thaliana [20–23,68–77]. As a result, varying degrees of
constitutively enhanced Cd tolerance have been achieved compared with the control. Metal uptake
was not markedly altered; in some cases, no differences were present and, in others, maximally
70% less or 60% more Cd was taken up by the shoots or leaves.

Only one study has been reported on a transgenic plant generated with MT of plant origin.
When pea (Pisum sativum) MT-like gene PsMTA was expressed in A. thaliana, more Cu (several-
fold in some plants) accumulated in the roots of transformed plants than in those of controls [22].
S. Karenlampi (Finland) and her associates have isolated an MT gene from metal-tolerant Silene
vulgaris and transferred it into several metal-sensitive yeasts. Increases in Cd and Cu tolerance
were observed in the modified yeasts. These studies suggest that the MT gene may be useful in
improving metal tolerance of plants. 

The hyperaccumulator Thlaspi caerulescens and the related nonaccumulator T. arvense differ
in their transcriptional regulation of ZNT1 (zinc transporter 1) capable of conferring uptake of Cd2+

and Zn2+ [78]. Expression of ZNT1 and root zinc uptake rates is elevated in T. caerulescens when
compared to T. arvense. Zinc-mediated down-regulation of ZNT1 transcript levels in the hyperac-
cumulator occurs at about 50-fold higher external metal concentrations compared to the nonhyper-
accumulator. In several nickel hyperaccumulators, metal exposure elicits a large and dose-dependent
increase in the concentrations of free histidine, which can act as a specific chelator able to detoxify
Ni2+ and which enhances the rate of nickel translocation from the rooting medium into the xylem
for transport into the shoot via the transpiration stream.

In the shoots of hyperaccumulating plants, metal detoxification is achieved by metal chelation
and subcellular compartmentalization into the vacuole and the apoplast [79–83] and by sequestration
within specific tissues, e.g., in the epidermis or in trichomes. The plant detoxification systems
remain to be characterized at the molecular level. The generation and analysis of crosses between
hyperaccumulators and related nonhyperaccumulators will be one key tool in identifying the genes
responsible for the metal hyperaccumulator phenotype.

Based on a preliminary genetic analysis of a number of F2 progeny from crosses between the
cadmium- and zinc-tolerant zinc hyperaccumulator Arabidopsis halleri ssp. halleri (L.) and the closely
related, nontolerant nonaccumulator A. lyrata ssp. petraea (L.), it was postulated that only a small
number of major genes were involved in zinc hyperaccumulation and zinc tolerance in A. halleri [34,84].

14.3 PLANT METALLOTHIONEIN GENES AND GENETIC 
ENGINEERING FOR PHYTOREMEDIATION OF TOXIC METALS

The development of a phytoremediation technology for some trace elements requires the transfer
of genes into plants across species borders. The molecular basis of trace element detoxification
and hyperaccumulation in plants has been increasingly investigated [20,85–87].
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Plant Metallothionein Genes and Genetic Engineering 255
TABLE 14.1
Cloning and Characterization of Metallothionein (MT) Gene 
Families in Plants Including cDNA Encoding for Metallothinoein-
like proteins

Plant Name Protein/Gene/Gene Family Reference

Type 1
Mimulus 3
Pea PsMTA 4
Barley ids-1 5

6
Maize 7

8
Wheat wali1 9
White clover 10
Arabidopsis MT1/MT1a 11–13

MT1c 12 
Brassica napus 14
Rice OsMT-1 15,16
Cotton MT1-A 17
Vicia faba (fava bean) MT1a 18

MT1b

Red fescue 19
Brassica napus, Nicotiana tabacum MT2 20 
Nicotiana tabacum MTl 21
Pisum sativum PsMT A 22
Yeast CUP1 23
Arabidopsis Glutathione-S-transferase (parB) 24
Glycine max (soybean) Ferritin 25

ZAT (AtMTP1) 26
Arabidopsis thaliana (CAX2) 27
Nicotiana tabacum (NtCBP4) 28
FRE1 and FRE2 29
Arabidopsis thaliana (AtNramp1) 30
Arabidopsis thaliana (AtNramp3) 31
Arabidopsis thaliana (merA) 32
Arabidopsis thaliana (merB) 33
AHA2 34

Type 2
Soyabean 35
Arabidopsis 36

MT2/MT2a 11,12
MT2b 12

Ricinus communis (castor bean) 37
Vicia faba (fava bean) 38
Kiwi fruit PLIWI504 39
Coffee 40
Chinese cabbage 41
Sambucus 37
Nicitiana Tabacum (tobacco) 42

43
Trifolium repens (white clover) 44
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256 Trace Elements in the Environment
Despite the difficulty in predicting the effects of microbial genes in a complex multicellular
organism like a plant, the successful introduction of a modified bacterial mercuric ion-reductase
gene into yellow poplar (Liriodendron tulipifera) and Nicotiana tabacum demonstrates that bacterial
genes may be extremely valuable in phytoremediation. Two Arabidopsis mutants resistant to high
levels of aluminum have been characterized [34]. The genes have yet to be cloned, but one of the
mutants, on chromosome 1, secretes organic acids to bind Al in the soil before it enters the plant.
The second mutant, mapped to chromosome 4, increases the flux of hydrogen outside the root,
changing the pH, which transforms the Al3+ ions into aluminum hydroxides and aluminum precip-
itates. These forms are incapable of entering the plant via the roots.

The Arabidopsis transgenic plants with mer (mercury) operon have conferred tolerance to gold
[86ñ88]. Implications for the glutathione, phytochelatin synthetase pathways in transgenics for
remediations is increasingly gaining the attention of scientists [88,89]. Metallothioneins (low
molecular weight proteins with high cysteine content and a high affinity for binding metal cations
such as those of cadmium, copper, and zinc) from animal sources were introduced into plants in

TABLE 14.1
Cloning and Characterization of Metallothionein (MT) Gene 
Families in Plants Including cDNA Encoding for Metallothionein-
like Proteins (continued)

Plant Name Protein/Gene/Gene Family Reference
Brassica campestris 45
Rice OsMT-2 46
Tomato (three sequences) LeMTA 47

LeMTB 48
48

Brassica napus 49
Brassica juncea (five sequences) 50
Apricot 51
Common rice plant 52

Type 3
Rice 53

54
16

Type 4
Kiwi fruit Clone 503 39
Apple 55
Papaya 56
Banana Clone3-6 57
Rice(two sequences) 16
Sweet cherry 58

Others
Arabidopsis MTIb 12
Arabidopsis MT3 59
Tomato 47
Brassica campestris 45
Douglas fir PM 2.1 60
Strawberry FMET1 61
Banana Clone 3-23 57
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Plant Metallothionein Genes and Genetic Engineering 257
a transgenic approach, mainly to reduce metal accumulation in shoots by trapping the metal in the
roots. Expression of a mammalian MT in N. tabacum L. under the control of a constitutive promoter
was able to reduce the translocation of cadmium into the shoots. Following exposure to a low
cadmium concentration (0.02 μM) in the rooting medium, leaf cadmium concentrations were 20%
lower in the transgenics than in wild-type plants. However, under field conditions, a consistent
difference between transgenic and control plants could not be observed in leaf cadmium content
or plant growth.

These results demonstrate that trace element uptake observed on nonsoil substrates under
glasshouse or growth chamber conditions may not be extrapolated to predict the performance of
transgenic plants on soil substrates or under field conditions. Plants overexpressing mammalian
MTs were reported to be unaffected by concentrations of 100 to 200 μM cadmium, whereas
growth of N. tabacum control plants was severely inhibited at external cadmium concentrations
of 10 μM [20].

After thorough examination of a number of wild plant species growing on soils highly con-
taminated by heavy metals in eastern Spain, Nicotiana glauca R. Graham (shrub tobacco) was
selected for biotechnological modification because it showed the most appropriate properties for
phytoremediation [90]. This plant has a wide geographic distribution, grows fast with a high
biomass, and is repulsive to herbivores. Following Agrobacterium-mediated transformation, the
induction and overexpression of a wheat gene encoding phytochelatin synthase (TaPCS1) in this
particular plant greatly increased its tolerance to metals such as Pb and Cd; it developed seedling
roots 160% longer than those of wild-type plants. In addition, seedlings of transformed plants
grown in mining soils containing high levels of Pb (1572 ppm) accumulated double the concen-
tration of this heavy metal than that in wild-type plants. These results indicate that the transformed
N. glauca represents a highly promising new tool for use in phytoremediation efforts.

It has been suggested that phytoremediation would rapidly become commercially available if
metal-removal properties of hyperaccumulator plants, such as T. caerulescens, could be transferred
to high biomass-producing species, such as Indian mustard (Brassica juncea) or maize (Zea mays)
[91]. Biotechnology has already been successfully employed to manipulate metal uptake and
tolerance properties in several species. For example, in tobacco (Nicotiana tabacum), increased
metal tolerance has been obtained by expressing the mammalian metallothionein, metal-binding
proteins, and genes [68,71].

Possibly, the most spectacular application of biotechnology for environmental restoration has
been the bioengineering of plants capable of volatilizing mercury from soil contaminated with
methylmercury. Methylmercury is a strong neurotoxic agent that is biosynthesized in Hg-contam-
inated soils. To detoxify this toxin, transgenic plants (Arabidopsis and tobacco) were engineered
to express bacterial genes merB and merA. In these modified plants, merB catalyzes the protonolysis
of the carbon–mercury bond with the generation of Hg2+, a less mobile mercury species. Subse-
quently, merA converts Hg(II) to Hg(0), a less toxic, volatile element, which is released into the
atmosphere [87,92].

Although regulatory concerns restrict the use of plants modified with merA and merB, this
research illustrates the tremendous potential of biotechnology for environmental restoration. In an
effort to address regulatory concerns related to phytovolatilization of mercury, Bizili et al. [33]
demonstrated that plants engineered to express MerB (an organomercurial lyase under the control
of a plant promoter) may be used to degrade methylmercury and subsequently remove ionic mercury
via extraction. Despite recent advances in biotechnology, little is known about the genetics of metal
hyperaccumulation in plants. In particular, the heredity of relevant plant mechanisms, such as metal
transport and storage [93] and metal tolerance [94], must be better understood. Recently, Chaney
et al. [95] proposed the use of traditional breeding approaches for improving metal hyperaccumu-
lator species and possibly incorporating significant traits, such as metal tolerance and uptake
characteristics, into high biomass-producing plants. Experiments have been conducted with genet-
ically engineered plants for enhanced uptake of metals. 
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258 Trace Elements in the Environment
14.3.1 MERCURIC ION REDUCTION AND RESISTANCE

Bacteria have the ability to reduce a number of heavy metals to less toxic forms. Mercury resistance
in Gram-negative bacteria is encoded by an operon, which includes mercuric ion reductase gene
(merA) among them. MerA is a soluble NADPH-dependent, FAD-containing disulfide oxidoreduc-
tase. This enzyme converts toxic Hg2+ to the less toxic metallic mercury (Hg0). Escherichia coli
cells expressing the merA gene were shown to possess a weak reduction activity toward Au3+ and
Ag+ in addition to reduction of Hg2+ [96]. The merA gene also weakly increased Hg2+ tolerance of
Saccharomyces cerevisiae [97]. These studies suggested that the merA gene might affect metal
tolerance when expressed in plant.

Initial attempts to express the bacterial merA gene from Tn21 in plants to produce Hg2+

resistance were unsuccessful in spite of the use of very efficient plant expression systems. No full-
length merA RNA or merA-encoded protein was detected. The original bacterial merA sequence
is rich in CpG dinucleotide having a highly skewed codon usage, both of which are particularly
unfavorable to efficient expression in plants because they are exposed to methylation and subsequent
gene silencing [87,98]. Therefore, a mutagenized merA sequence (merApe9) was constructed,
modifying 9% of the coding region, and was transformed to Arabidopsis thaliana. The seeds
germinated and the seedlings grew on medium containing up to 100 mM Hg, although the transgenic
plants expressed only low levels of merA mRNA. Transgenic seedlings evolved two to three times
the amount of Hg0 compared to control plants. Plants were also resistant to toxic levels of Au3+.

Rugh et al. [97] give a good example of a successful modification of a bacterial metal tolerance
gene for expression in plants. Recently, Rugh and coworkers [98] reported on the development of
transgenic yellow poplar (Liriodendron tulipifera) for mercury phytoremediation using merA gene
(merA18) modified even further to optimize the codon usage in the plant. Transgenic plants evolved
ten times the amount of Hg0 compared to control plants. Thus far, this system has not been tested
in field conditions. This is a convincing indication that genetic engineering may improve a plant’s
capacity to phytoremediate metal-polluted soils.

Partial success has been reported in the literature. For example, in an effort to correct for the
small size of hyperaccumulator plants, Brewer [99] generated somatic hybrids between T. caerule-
scens (a Zn hyperaccumulator) and Brassica napus (canola) followed by hybrid selection for Zn
tolerance. High biomass hybrids with superior Zn tolerance were recovered. These authors have
also advocated a coordinated effort to collect and preserve germ plasm of accumulator species.
Initially, phytoremediation trials were performed using plants known to accumulate metals and/or
to possess metal tolerance — Silene vulgaris (Moench) Garcke L.; Brassicaceae plants Brassica
oleracea and Raphanus sativus; and metal hyperaccumulators like Thlaspi caerulescens and Alys-
sum L. spp. [100]. Metal hyperaccumulators were most efficient at metal removal in these field trials.

In order to clean up a moderately contaminated soil, 6 and 130 croppings would be needed for
zinc and cadmium, respectively. In pot trials, a low rate of biomass production, common to most
hyperaccumulators, was shown to limit zinc removal from a contaminated soil by T. caerulescens.
High biomass nonaccumulator Brassica crops were more effective [101]. For phytoextraction to
become a viable technology, dramatic improvements would be required in hyperaccumulator bio-
mass yield or nonaccumulator metal accumulation [102]. Plants able to tolerate and accumulate
several metals are required; polluted soils often contain high levels of several contaminant trace
elements. Soils polluted with arsenic, cadmium, lead, or mercury provide major targets for reme-
diation. To date, no plants that reproducibly hyperaccumulate lead or mercury have been identified.
In most naturally occurring tolerant plants studied to date, tolerance to arsenic or lead appears to
be based on exclusion from the plant [103–108].

The development of a phytoremediation technology for some trace elements is thus likely to
require the transfer of genes into plants across species borders. Although little is known about the
molecular basis of trace element detoxification and hyperaccumulation in plants, a number of trace
element detoxification systems from bacteria and yeast have been characterized genetically and
© 2006 by Taylor & Francis Group, LLC
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functionally at the molecular level for the detoxification of metals [108]. Despite the difficulty in
predicting the effects of microbial genes in a complex multicellular organism like a plant, the
successful introduction of a modified bacterial mercuric ion-reductase gene into yellow poplar
(Liriodendron tulipifera) and Nicotiana tabacum demonstrates that bacterial genes may be
extremely valuable in phytoremediation [92,98]. 

Furthermore, ZIP genes that confer Zn uptake activities in yeast have also recently been
described. Moffat [34] reported the characterization of two Arabidopsis mutants that were resistant
to high levels of aluminum. The genes have yet to be cloned, but one of the mutants, on chromosome
1, secretes organic acids to bind Al in the soil before it enters the plant. The second mutant, mapped
to chromosome 4, increased the flux of hydrogen outside the root, changing the pH, which
transformed the Al3+ ions into aluminum hydroxides and aluminum precipitates. These forms are
incapable of entering the plant via the roots.

Rate-limiting steps in selenium assimilation and volatilization have been deduced in Indian
mustard. ATP sulfurylase was determined to be involved in selenate reduction and, when overex-
pressed in Indian mustard, conferred Se accumulation, tolerance, and volatilization. The Arabidopsis
transgenic plants with mer operon have conferred tolerance to gold. Schmöger et al. (2000) [87]
demonstrated that phytochelatins are involved in detoxification of arsenic. This has important
implications for the glutathione, phytochelatin synthetase metabolic pathway transgenics.

Vatamaniuk et al. (1999) [108] identified an Arabidopsis cDNA named AtPCS1. Expression of
AtPCS1 protein mediated an increase in Cd accumulation, pointing to a possible role in Cd chelation
or sequestration. Clemens et al. 1999 [83] identified a wheat cDNA, TaPCS1, that increased Cd
resistance in wild-type yeast. Just like AtPCS1, tl resistance mediated by TaPCS1 was associated
with an increase in Cd accumulation and was dependent on GSH. Both AtPCS1 and TaPCS1 metal
tolerance is GSH dependent. For further evidence of the role of PCs, refer to chapter 16 in this
book. Overexpression of glutathione synthetase and g-glutamyl cysteine synthetase enhances cad-
mium accumulation and tolerance in Indian mustard plants (Zhu et al., 1999 a, b) [109, 110]. These
studies show that the manipulation of GSHa concentrations has significant potential for increasing
the plant accumulation of metals (Meagher 2000) [111].

Because most metal hyperaccumulators are slow growing and have low biomass, bioengineering
of nonaccumulators is essential for effective phytoremediation. Conventional breeding approaches
have also been proposed to improve plants for metal extraction. However, the success of this
approach is doubtful due to sexual incompatibility between the parent lines [93]. Biotechnology
has the potential of overcoming this limitation. However, comprehensive knowledge of the genetic
basis for hyperaccumulation is essential for effective use of biotechnology to design transgenic
plants capable of efficient phytoremediation.

14.4 ZINC-TRANSPORTING GENES IN PLANTS

Zinc is a constituent of several enzymes: carbonic anhydrase dehydrogenases; aldolases; Cu/Zn
superoxide dismutase; isomerases; transphosphory-lases; and RNA and DNA polymerases. There-
fore, Zn deficiency results in malfunction or no function of these enzymes. Zn-metalloproteins (Zn-
finger motif) are regulators of gene expression (DNA-binding transcription factors). In the absence
of these, RNA polymerase cannot complete its function of transcribing genetic information from
DNA into RNA. Zinc is a cofactor of more than 200 enzymes, such as oxidoreductases, hydrolases,
transferases, lyases, isomerases, and ligases. Many of the metalloenzymes are involved in the
synthesis of DNA and RNA and protein synthesis and metabolism.

Metal-transporting genes have been identified in Arabidopsis (Brassicaceae). Overexpression
of an Arabidopsis zinc transporter cation diffusion facilitator (CDF) gene enhanced resistance to
Zn accumulation. Transgenic plants showed increased Zn uptake and tolerance and antisense of
this gene led to wild-type Zn tolerance in transgenic plants. Zinc transporters can be manipulated
to increase selectivity and accumulation of metal ions. In Brassicaceae, about 21 species belonging
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260 Trace Elements in the Environment
to three genera (Cochlearia, Arabidopsis, and Thlaspi) are reported to be zinc hyperaccumulators.
Zhao et al. [112] isolated and identified the gene ZNT1 as one of the micronutrient transport genes
with high sequence homology with other Zn transport genes isolated from yeast.

A family of zinc transporter genes that responds to zinc deficiency has also been identified in
Arabidopsis. Zn hyperaccumulation in Thlaspi caerulescens is because of the ZNT1 gene, which
encodes a high-affinity Zn transporter. This gene is constitutively expressed at a much higher level
in T. caerulescens than in T. arvense, where its expression is stimulated by Zn deficiency. In fact,
plant Zn status is shown to alter the normal regulation of Zn transporter genes in T. caerulescens.
An important aspect of Zn hyperaccumulation and tolerance in T. caerulescens is also the production
of low molecular weight compounds involved in Zn detoxification in the cell (cytoplasm and
vacuole) and in the long-distance transport of Zn in the xylem vessels.

Citrate was not shown to play an important role in Zn chelation and malate had constitutively
high concentrations in the shoots of the accumulator T. caerulescens and the nonaccumulator T.
ochroleucum. More recently, direct measurements of the in vivo speciation of Zn in T. caerulescens
using the noninvasive technique of x-ray absorption have revealed that histidine is responsible for
the transport of Zn within the cell, whereas organic acids (citrate and oxalate) chelate Zn during
long-distance transport and storage. Another constitutive aspect of T. caerulescens is the high Zn
requirement for maximum growth, compared to other species. This probably depends on the strong
expression of the metal sequestration mechanism, which would subtract a large amount of
intracellular Zn to normal physiological processes even when the Zn supply is low.

Several transporters implicated in the uptake of divalent nutrient cations like Ca2+, Fe2+, or Zn2+

appear to be able to transport other divalent cations. For example, heterologous expression in yeast
of IRT1 from A. thaliana, an iron-repressed transporter in the ZIP family of metal transporters,
suggests a broad-range specificity of transport for Cd2+, Fe2+, Mn2+, Zn2+, and possibly other divalent
cations (TC 2.A.5.1). 

The expression of IRT1 is strongly induced in plants under conditions of iron deficiency and
is repressed in iron-replete plants. This correlates well with the finding that cadmium uptake is
enhanced in iron-deficient pea seedlings. However, these transporters are tightly regulated at the
transcriptional and post-transcriptional levels, and, to date, no reports on plants engineered to
overexpress transporters of the ZIP family have been issued. Tobacco plants engineered to contain
increased amounts of NtCBP4 protein (TC 1.A.1.5.1), a putative cyclic-nucleotide and calmodulin-
regulated cation channel in the plasma membrane, displayed an increased sensitivity to lead, a 1.5-
to 2.0-fold shoot accumulation of lead, and an increased nickel tolerance. Yeast cells expressing
the wheat LCT1 cDNA (TC 9.A.20.1.1), encoding a low-affinity cation transporter, were hyper-
sensitive to Cd2+ and accumulated increased amounts of cadmium [84]. Plants overexpressing
AtNramp3 (TC 2.A.55), a member of the Nramp family of metal transporters, were hypersensitive
to Cd2+, but enhanced cadmium accumulation was not observed.

In phytoremediation, it must be considered that a transporter capable of transporting a specific
contaminant metal cation is capable of transporting other competing cations, like Ca2+ or Zn2+,
under natural soil conditions if the latter ions are present in large excess. Therefore, it is desirable
to better understand what governs the specificity of membrane transporters, in order to generate
mutated transporters with altered specificities [84]. Understanding the regulation of ZIP family
members in T. caerulescens and analyzing Arabidopsis mutants with altered metal responses will
also help to identify novel target genes and strategies for the generation of plants with enhanced
metal uptake [93]. 

To date, numerous examples have been demonstrated to have the potential for phytoremediation
— for example, Pb, Ni, Zn, Al, Se, Au, and As. Arazi et al. [28] have described a tobacco plasma
membrane calmodulin-binding transporter that confers Ni2+ tolerance and Pb2+ hypersensitivity. Zinc-
transporter To investigate the in vivo role of this gene, transgenic plants with the ZAT coding sequence
exhibited increased Zn resistance and accumulation in the roots at high Zn concentrations [114]. 
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In maize, zinc accumulation was found to be genetically controlled and affected by additive
genes [115]. Four genes were found to be the minimum segregation factors in the (high × low)
crosses for Zn accumulation. Zinc deficiency also increases root exudation of amino acids, sugars,
and phenolic substances at different degrees in different species [116].

Three wheat genotypes (Triticum aestivum and T. turgidum) differed in their root-growth
response to low zinc levels [117]. The zinc-efficient genotype increased root and shoot dry matter
and developed longer and thinner roots (a greater proportion of fine roots with diameter of 0.2 mm)
compared with the less efficient genotype. Due to a larger root surface area, the efficiency of zinc
uptake increased. In wheat, Zn can be remobilized from leaves under Zn deficiency. Also, spinach,
potato, navy bean, tomato, sorghum, and maize show great variations in Zn efficiency [118,119].

Arabidopsis thaliana has multiple Zn transporters designated ZIP1, ZIP2, ZIP3, and ZIP4.
Grotz et al. [119] demonstrated the specificities of each of the ZIP genes with their experiments.
They tested other metal ions for their ability to inhibit Zn uptake mediated by these proteins. Zn
uptake by ZIP1 was not inhibited by a tenfold excess of Mn, Ni, Fe, and Co. Zn was the most
potent competitor, demonstrating that ZIP1 prefers Zn as its substrate over theses metal ions. Cd
and Cu also inhibited Zn uptake, but to a lesser extent. This suggests that Cd and Cu may also be
substrates for ZIP1. 

The ZIP family members have 309 to 476 aa; this range is largely due to variation in the number
of residues between transmembrane domains III and IV, a domain designated as “variable.” The
amino acid sequences of all the known ZIP family members were aligned, and a dendrogram
describing their sequence similarities was generated [120]. ZNT1 is 379 aa in length and shares
the same structural features exhibited by the other members of the ZIP family, including eight
putative transmembrane domains and a highly hydrophilic cytoplasmic region predicted to reside
between transmembrane domains three and four. The putative cytoplasmic domain contains a series
of histidine repeats, which may define a metal-binding region for the transporter. Zinc transporters
can be manipulated to increase selectivity and accumulation of metal ions. 

Pence et al. [113] reported on the cloning and characterization of a high-affinity Zn2+ transporter
cDNA, ZNT1, from the Zn/Cd-hyperaccumulating plant, Thlaspi caerulescens. Through compari-
sons to a closely related, nonaccumulator species, Thlaspi arvense, the researchers determined that
the elevated ability of T. caerulescens to take up Zn and Cd was due, in part, to an enhanced level
of expression of Zn transporters. Previous physiological studies by the group indicated that the
hyperaccumulating ability of T. caerulescens was linked to Zn transport at a number of sites in the
plant. The researchers transformed a Zn transport-deficient strain of yeast, ZHY3, with a cDNA
library from T. caerulescens. By screening for growth on low-Zn medium, they were able to isolate
seven clones, five of which represented a 1.2-kb cDNA designated ZNT1 (for Zn transporter) that
restored the yeast’s ability to grow under low-Zn conditions. The ZNT1 gene displayed considerable
identity to two Arabidopsis thaliana metal transporter genes, ZIP4 (for transporting Zn) and IRT1
(for transporting Fe).

For purposes of comparison, they then cloned the homolog of ZNT1 (designated ZNT1-arvense)
from the nonhyperaccumulator species T. arvense. Expression studies using northern blots of RNA
isolated from the roots and shoots of both Thlaspi species revealed that ZNT1 is expressed in T.
caerulescens at extremely high levels. In contrast, expression of ZNT1 in T. arvense could only be
detected at a very low level in shoots and roots, and then only when the plants had been exposed
to conditions of Zn deficiency. To further explore the role of Zn status on ZNT1 expression, Pence
et al. [113] exposed both species to a range of Zn concentrations. They found that when T.
caerulescens was grown in a nutrient solution containing an excess of Zn (50 μM), the transcript
level of ZNT1 decreased, indicating that ZNT1 is not expressed constitutively in T. caerulescens.
ZNT1 transcript levels in T. arvense appeared to be unaffected by exposure to excess Zn. 

Transport studies in T. caerulescens show that ZNT1 mediates high-affinity Zn transport. In
many plant species, the induction of a high-affinity transporter is characteristic of a nutrient-
deficiency response and would correlate with the expression pattern observed for ZNT1 in T. arvense.
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The authors speculate that the hyperaccumulation phenotype in T. caerulescens may then be due
to a mutation in the plant’s ability to sense or respond to Zn levels — that is, these plants may be
functioning as if they are constantly experiencing Zn deficiency. They propose that this is likely
the result of a change in global regulation linked to the plant’s overall Zn status; this supports the
concept that the Zn hyperaccumulation phenotype, at least in this species, is due to a change in
the regulation and not the constitutive expression of a single gene. 

Several mutants with altered response to heavy metals have been isolated from A. thaliana.
Cadmium-hypersensitive mutants with defects in phytochelatin synthetase and possibly in g-
glutamylcysteine synthetase and glutathione synthetase have been isolated by Howden et al. [65,66].
Chen and Goldsbrough [120] found an increased activity of g-glutamylcysteine synthetase in tomato
cells selected for cadmium tolerance. Some of these genes may prove useful in modifying suitable
target plants for phytoremediation, although there are doubts about the usefulness of genes involved
in phytochelatin synthesis [122].

14.5 FERRITIN EXPRESSION IN RICE

Ferritin is an iron storage protein found in animals, plants, and bacteria. It comprises 24 subunits,
which may surround in a micellar up to 4500 ferric atoms [123]. It provides iron for the synthesis
of iron proteins such as ferredoxin and cytochromes. It also prevents damage from free radicals
produced by iron/dioxygen interactions. Ferritin has been found to provide an iron source for
treatment of anemia. It was thus proposed that increase of the ferritin content of cereals by genetic
modification may help to solve the problem of dietary iron deficiency. To increase the Fe content
of rice, Goto et al. [25] transferred soybean ferritin gene into the plant. Using the rice seed storage
protein glutelin promoter (GluB-1), they could target the expression of ferritin in developing seeds.
The Fe content in transformed seeds was threefold compared to that in control seeds.

14.6 GENETIC MANIPULATION OF ORGANIC ACID 
BIOSYNTHESIS

It has been proposed that metal tolerance could be based on the organic acid-formed complexes.
Ernst [123] observed high malate concentrations in Zn- and Cu-tolerant plants; also the content of
citrate was increased. Hyperaccumulators are heavily loaded with these acids and acid anions might
have some function in metal storage or plant internal metal transport. Free histidine has been found
as a metal chelator in xylem exudates in plants that accumulate Ni and the amount of free histidine
increases in Ni exposure [80]. By modifying histidine metabolism, it might be possible to increase
the Ni-accumulating capacity of plants.

During the past few years, several metal transporters have been isolated from Arabidopsis: Zn
transporters ZIP1, 3, 4 [120]; Fe transporter IRT1 [125]; and Cu transporter COPT1 [126, 127].
Several transporters, like ZIP1, ZIP3 and IRT1, are expressed in response to metal deficiency. IRT1
may also play a role in the uptake of other metals because Cd, Zn, Co, and Mn inhibited Fe uptake
of IRT1 [125]. Changing the regulation of the expression of these transporters may modify the
uptake of metals to the cells or organelles in a useful way.

Most of the studies aimed at determining the role of organic acid excretion have been carried
out by comparing different plant species or nonisogenic lines of the same plant species. Plant
transformation allows the production of genetically identical plants that differ only in one or a few
genes. Taking advantage of this technology, the author’s research group produced transgenic plants
with an enhanced capacity to synthesize and excrete citrate. It was reasoned that, by overproducing
citrate (one of the most powerful cation chelators in the organic acid group), the actual relevance
of organic acids in several aspects of the plant–soil relationship could be elucidated.
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To produce citrate-overproducing (CSb) plants, the coding sequence of the bacterial citrate
synthase gene was placed under control of the 35S CaMV promoter and the nopaline synthase 3%
end sequence (35S–CSb). This construct was used to transform tobacco and papaya plants. To
determine whether the expression of a citrate synthase in plant cells leads to an increase in their
citrate content, total and root extracts of transgenic lines were examined by HPLC and compared
to control plants. It was found that the tobacco lines expressing the 35S–CSb construct had up to
tenfold higher levels of citrate in their root tissue. The amount of citrate exuded by the roots of
these transgenic lines was also increased up to fourfold as compared to control plants [81].

De la Fuente et al. [81] characterized the novel transgenic CSb lines to determine whether
these plants were tolerant to aluminum. Experimental evidence suggests that the citrate-overpro-
ducing plants could tolerate a tenfold higher Al concentration than control plants. A mitochondrial
citrate synthase of Arabidopsis thaliana was introduced into carrot (Daucus carota) cells by
Agrobacterium tumefaciens. Several transgenic carrot cell lines that produced the Arabidopsis
CS polypeptides and had high CS activity were identified. The increase in CS expression resulted
in an enhanced capacity of phosphate uptake from insoluble sources of P in these transgenic
cells [81,88].

More recently, this research group has shown that transgenic Arabidopsis plants that express
high levels of the carrot citrate synthase have an enhanced aluminum tolerance. It has been reported
that organic acid excretion by lupin plants constitutes a drain of 5 to 25% of the total fixed C;
however, this does not appear to affect dry matter production significantly. This fact has also been
confirmed in transgenic tobacco plants that overproduce citrate, which grow efficiently even at high
levels of P-fertilization [83]. The insights obtained from transgenic models highlight the potential
of organic acid manipulation to generate novel crops more efficient in the use of soil P and well
adapted for growth in marginal soils [89].

14.7 MOLECULAR GENETIC AND TRANSGENIC STRATEGIES FOR 
PHYTOREMEDIATION HYPERACUMULATION 

Transgenic plants capable of tolerating high levels of accumulated cadmium and lead have been
developed recently [128]. These plants take up heavy metals more rapidly than traditional biore-
mediation plants do, thus making them potential hyperaccumulators with application for phytoex-
traction and rhizofiltration in the field [129-131]. 

Observing that certain Saccharomyces cerevisiae, which possess the YCF1, or yeast cadmium
factor 1 protein, are known to pump cadmium [Cd(II)] into vacuoles, Li et al. [129] tested whether
YCF1 would also confer resistance to lead [Pb(II)]. Also known as vacuolar glutathione S-conjugate
transporter, YCF1 belongs to the ATP-binding cassette superfamily [2,3]. Li’s team confirmed that
YCF1 gene expression permitted S. cerevisiae to withstand the toxic effects of 3 mM lead (Pb II)
and 0.1 mM cadmium (Cd II) concentrations in growth media. This protection against lead and
cadmium toxicity was due to the uptake and storage of the heavy metals in yeast vacuoles.

Next, Li’s group attempted to determine whether YCF1 expression in plants produced the same
results. Arabidopsis thaliana was investigated as a model for YCF1 expression. First, the YCF1
gene was created using RT-PCR from YCF1 expressing yeast. For expression in A. thaliana, Li and
colleagues subcloned the YCF1 gene into two vectors: PBI121 and pCambia1302. To enhance
expression in plants, the pCambia1302 vector was cloned with four copies of the CaMV 35S
promoter. Agrobacterium tumefaciens was used for transformation of A. thaliana. Green fluorescent
protein tagged to YCF1, used as an expression reporter, indicated the presence of YCF1 protein in
the vacuolar as well as in the plasma membrane of the transformed Arabidopsis cells.

Li and coworkers investigated the uptake and sequestering of lead and cadmium in the plants.
Transformed A. thaliana was grown on gravel supplemented with half-concentration Murash-
ige–Skoog agar medium containing 0.75 mM lead or 70 μM cadmium. After 3 weeks, the plant
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tissues were analyzed for metal uptake using atomic absorption spectroscopy. Li’s findings showed
that the transgenic plants were as effective as naturally occurring hyperaccumulators. Although the
transgenic plants accumulated less than twofold higher concentrations of Cd and Pb compared to
wild-type, this is likely much less than the hyperaccumulator plants (mentioned earlier). Plants that
exclude heavy metals have been demonstrated by expressing bacterial heavy metal transporter in
Arabidopsis that enhances resistance to and decreases uptake of heavy metals [131].

Genetic strategies and transgenic plant and microbe production and field trials will fetch
phytoremediation field applications [20,104,114,132–134]. Mercury is a worldwide problem as a
result of its many diverse uses in industry. Mercury has been used in bleaching operations (chlorine
production, paper, textiles, etc.); as a catalyst; as a pigment for paints; for gold mining; and as a
fungicide and antibacterial agent in seeds and bulbs. Elemental mercury, Hg(0), can be a problem
because it is oxidized to Hg2+ by biological systems and subsequently is leached into wetlands,
waterways, and estuaries. Additionally, mercury can accumulate in animals as methylmercury
(CH3–Hg+), dimethylmercury (CH3)2–Hg) or other organomercury salts. Organic mercury produced
by some anaerobic bacteria is one to two orders of magnitude more toxic in some eukaryotes; it
is more likely to biomagnify than ionic mercury and efficiently permeates biological membranes.
Monomethyl–Hg is responsible for severe neurological degeneration in birds, cats, and humans. 

Certain bacteria are capable of pumping metals out of their cells and/or oxidizing, reducing,
or modifying the metal ions to less toxic species. One example is the mer operon, which contains
genes that sense mercury (merB); transport mercury (merT); sequester mercury to the periplasmic
space (merP); and reduce mercury (merA). MerB is a subset of the mer operon and is capable of
catalyzing the breakdown of various forms of organic mercury to Hg2+. MerB encodes an enzyme,
organomercurial lyase, that catalyses the protonolysis of the carbon–mercury bond. One of the
products of this reaction is ionic mercury [92,135]: 

Hg2+. R–CH2–Hg+ ----merB---->R–CH3 + Hg(II) 

Hg(II) + NADPH ----merA---->Hg(0) + NADP+ + H+ 

Hg(0) (elemental mercury) can be volatilized by the cell.

14.8 CONCLUSIONS

Tree crop improvement through biotechnology is important for the remediation of contaminated
environments because trees have extensive root systems to ensure an efficient uptake of pollutants
(cadmium, mercury, pesticides) from soil and provide the possibility of several cycles of decon-
tamination with the same plants. Transgenic trees with increased tolerance to heavy metals might
be a solution towards sustainable development. Therefore, if overexpressed in annual and perennial
crops in combination with bacterial enzymes for GSH synthesis, specific glutathione-S-transferases
and phytochelatin synthase might go a long way. The genetic manipulation of organic acid metab-
olism could be used to develop transgenic varieties more adapted to marginal soils and more efficient
in the assimilation of nutrients.

Alkaline soils of semiarid climates, which have traditionally sustained traditional rain-fed cul-
tivation — however low P or Fe availability may be (even when fertilizers have been used) — have
strongly limited more productive crop management [85,87]. The knowledge of organic acid biosyn-
thesis, its universal occurrence in plants, and the effectiveness of organic acid exudation in conferring
Al tolerance and enhanced P uptake from sparingly soluble P compounds makes the organic acid
pathway a promising target to develop transgenic varieties better adapted to grow in marginal soils.
A major opportunity is to modify the quality and quantity of these organic compounds to target the
rhizosphere; in this way, genetic manipulation can contribute to a better understanding of the specific
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carbon substrates preferred by beneficial microorganisms, such as N2-fixing soil bacteria and myc-
orrhizal fungi.

Currently, many different genes involved in organic acid biosynthesis have been cloned from
several organisms. Through genetic engineering, it could be possible to overexpress these genes
under the regulation of strong and tissue-specific plant promoters. The incorporation of transgenic
crops into integrated plant management and land use strategies could represent a promissory option
for agricultural expansion with a lower environmental cost. It is certainly a research priority to
achieve a more sustainable agriculture for future generations.

REFERENCES

1. Shaw, B.P., Sahu, S.K., and Mishra R.K. Heavy metal induced oxidative damage in terrestrial plants,
in Heavy Metal Stress in Plants — from Biomolecules to Ecosystems, Prasad, M.N.V. (Ed.).
Springer–Verlag, Heidelberg, 2004, chap. 4.

2. Ross, S.M. Toxic Metals in Soil Plant Systems, John Wiley & Sons, Chichester, U.K., 469, 1994.
3. De Miranda, J.R. et al. Metallothionein genes from the flowering plant Mimulus guttatus, FEBS Lett.,

260, 277, 1990.
4. Evans, I.M. et al. A gene from pea (Pisum sativum L.) with homology to metallothionein genes, FEBS

Lett., 262, 29, 1990.
5. Okumura, N. et al. An iron deficiency-specific cDNA from barley roots having two homologous

cysteine-rich MT domains, Plant Mol. Biol., 17, 531, 1991.
6. Nakanishi, H. et al. A plant metallothionein-like gene from iron deficiency barley roots. GenBank

accession no. D50641, 1995.
7. De Framond, A.J. A metallothionein-like gene from maize (Zea mays). Cloning and characterization,

FEBS Lett., 290, 103, 1991.
8. Chevalier, C. et al. Molecular cloning and characterization of six cDNAs expressed during glucose

starvation in excised maize (Zea mays L.) root tips, Plant Mol. Biol., 28, 473, 1995.
9. Snowden, K.C. and Gardner, R.C. Five genes induced by aluminum in wheat (Triticum aestivum L.)

roots, Plant Physiol., 103, 855, 1993.
10. Ellison, N.W. Sequence analysis of two cDNA clones encoding metallothionein-like proteins from

white clover (Trifolium repens L.), GenBank accession no. Z26493, 1993.
11. Zhou, J. and Goldsbrough, P.B. Functional homologs of full gal metallothionein genes from Arabi-

dopsis, Plant Cell, 6, 875, 1994.
12. Zhou, J. and Goldsbrough, P.B. Structure, organization and expression of the metallothionein gene

family in Arabidopsis, Mol. Gen. Genet., 248, 318, 1995. 
13. Yeh, S-C., Hsieh, H-M., and Huang, P.C. Transcripts of metallothionein genes in Arabidopsis thaliana.

DNA sequence, J. Seq. Map, 5, 141, 1995.
14. Buchanan–Wollaston, V. Isolation of cDNA clones for genes that are expressed during leaf senescence

in Brassica napus. Identification of a gene encoding a senescence-specific metal lothionein-like
protein, Plant Physiol., 105, 839, 1994.

15. Hsieh, H-M., Liu, W-K., and Huang, P.C. A novel stress-inducible metallocell biochemistry and
biophysics thionein-like gene from rice, Plant Mol. Biol., 28, 381, 1995.

16. Lee, M.C., Kim, C.S., and Eun, M.Y. Characterization of metallothionein-like protein from rice,
GenBank accession no. AFO17366, 1997.

17. Hudspeth, R.L. et al. Characterization and expression of metallothionein-like genes in cotton, Plant
Mol. Biol., 31, 701, 1996.

18. Foley, R.C., Liang, Z.M., and Singh, K.B. Analysis of type 1 metallothionein cDNAs in Vicia faba,
Plant Mol. Biol., 33, 583, 1997.

19. Ma, M. et al. Cloning and sequencing of the thetaliothionein-like cDNA from Festuca rubra cv.
Merlin, GenBank accession no. U96646, 1997.

20. Misra, S. and Gedamu, L. Heavy metal tolerant transgenic Brassica napus L. and Nicotiana tabacum
L. plants, Theor. Appl. Genet., 78, 161, 1989.
© 2006 by Taylor & Francis Group, LLC



266 Trace Elements in the Environment
21. Pan, A. Alpha-domain of human metallothionein IA can bind to metals in transgenic tobacco plants,
Molecular Gen. Genet., 242, 666, 1994.

22. Evans, K.M. et al. Expression of the pea metallothionein-like gene PsMTA in Escherichia coli and
Arabidopsis thaliana and analysis of trace metal ion accumulation: implications for PsMTA function,
Plant Mol. Biol., 20, 1019, 1992. 

23. Hasegawa, I. et al. Genetic improvement of heavy metal tolerance in plants by transfer of the yeast
metallothionein gene (CUP1), Plant Soil, 196, 277, 1997.

24. Ezaki, B. et al. Expression of aluminum-induced genes in transgenic Arabidopsis plants can ameliorate
aluminum stress and/or oxidative stress, Plant Physiol., 122, 657, 2000.

25. Goto, F., Yoshihara, T., Shigemoto, N., and Toki Sand Takaiwa, F. Iron fortification of rice seed by
the soybean ferritin gene, Nat. Biotechnol., 17, 282, 1998.

26. Van der Zaal, B. J. et al. Overexpression of a novel Arabidopsis gene related to putative zinc-transporter
genes from animals can lead to enhanced zinc resistance and accumulation, Plant Physio1., 119,
1047–1055, 1999.

27. Hirschi, K.D. et al. Expression of Arabidopsis CAX2 in tobacco altered metal accumulation and
increased manganese tolerance, Plant Physiol., 124, 125, 1999.

28. Arazi, T. et al. A tobacco plasma membrane calmodulin-binding transporter confers Ni2+ tolerance
and Pb2+ hypersensitivity in transgenic plants, Plant J., 20, 171, 1999.

29. Samuelsen, A.I., Martin, R.C., Mok, D.W.S., and Machteld, C.M. Expression of the yeast FRE genes
in transgenic tobacco, Plant Physiol., 118, 51, 1998.

30. Curie, C. et al. Involvement of Nramp1 from Arabidopsis thaliana in iron transport, Biochem. J., 347,
749, 2000.

31. Thomine, S. et al. 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, 2000.

32. Rugh, C.L., Bizily, S.P., and Meagher, R.B. Phytoreduction of environmental pollution, in Phytore-
mediation of Toxic Metal Metals Using Plants to Clean up the Environment, Raskin I. and Ensley,
B.D., Eds. John Wiley & Sons, New York, 2000, 151–171.

33. Bizily, S.P. Phytoremediation of methylmercury pollution: merB expression in Arabidopsis thaliana
confers resistance to organomercurials, Proc. Natl. Acad. Sci. USA, 96, 6808, 1999. 

34. Moffat, A.S. Engineering plants to cope with metals, Science, 285, 369, 1999. 
35. Kawashima, I. et al. Isolation of a gene for a metallothionein-like protein from soybean, Plant Cell

Physiol., 32, 913, 1991.
36. Takahashi, K. GenBank accession no.X62818, 1991.
37. Weig, A. and Komor, E. Isolation of a class II metallothionein cDNA from Ricinus communis L.,

GenBank accession no. L02306, 1992.
38. Foley, R.C. and Singh, K.B. Isolation of a Vicia faba metallothionein-like gene, expression in foliar

trichomes, Plant Mol. Biol., 26, 435, 1994.
39. Ledger, S.E. and Gardner, R.C. Cloning and characterization of five cDNAs for genes differentially

expressed during fruit development of kiwifruit (Actinidia deliciosa var. deliciosa), Plant Mol. Biol.,
25, 877, 1994.

40. Moisyadi, S. and Stiles, J.I. A cDNA encoding a metallothionein I-like protein from coffee leaves
(Coffea arabica), Plant Physiol., 107, 295, 1995.

41. Kim, H.U. et al. Nucleotide sequence of cDNA clone encoding a metallothionein-like protein from
Chinese cabbage, Plant Physiol., 108, 863, 1995.

42. LaRosa, P.C. and Smigocki, A.C. A plant metallothionein is modulated by cytokinin. GenBank
accession no. U35225, 1995.

43. Choi, D. et al. Molecular cloning of a metallothionein-like gene from Nicotiana glutinosa L. and its
induction by wounding and tobacco mosaic virus infection, Plant Physiol., 112, 353, 1996.

44. Ellison, N.W. and White, D.W.R. Isolation of two cDNA clones encoding metallothionein-like proteins
from Trifolium repens L., Plant Physiol., 112, 446. GenBank accession no. Z26492, 1996.

45. Kitashiba, H. et al. Identification of genes expressed in the shoot apex of Brassica campestris during
floral transition, Sex. Plant Reprod., 9, 186, 1996.

46. Hsieh, H.M. et al. RNA expression patterns of a type 2 metallothionein-like gene from rice, Plant
Mol. Biol., 32, 525, 1996.
© 2006 by Taylor & Francis Group, LLC



Plant Metallothionein Genes and Genetic Engineering 267
47. Giritch, A. et al. Cloning and characterization of metallothionein-like genes family from tomato,
GenBank accession nos. Z68138, Z68309, Z6831O, 1995, 1998.

48. Whitelaw, C.A. et al. The isolation and characterization of type II metallothionein-like genes from
tomato (Lycopersicon esculenturn L.), Plant Mol. Biol., 33, 504, 1997.

49. Buchanan–Wollaston, V. and Ainsworth, C. Leaf senescence in Brassica napus, cloning of senescence
related genes by subtractive hybridization, Plant Mol. Biol., 33, 821, 1997.

50. Schaefer, H.J., Haag–Kerwer, A., and Rausch, T. cDNA cloning and expression analysis of genes
encoding GSH synthesis in roots of the heavy metal accumulator Brassica juncea L., evidence for
Cd-induction of putative mitochondrial γ-glutamylcysteine synthetase isoform, GenBank accession
nos. Y10849, Y10850, Y10851, Y1O852, 1997.

51. Mbeguie, A., Mbeguie, D., Gomez, R-M., and Fils–Lycaon, B. Molecular cloning and nucleotide
sequence of an abscisic acid-, ripening-induced (ASR)-like protein from apricot fruit (accession no.
093164). Gene expression during fruit ripening, Plant Physiol., 115, 1288, 1997.

52. Davies, E.C. and Thomas, J.C. A metallothionein from a facultative halophyte confers copper toler-
ance, GenBank accession no. AFOO0935, 1997.

53. Lee, M.C. et al. Molecular cloning and characterization of metallothionein-like protein in rice,
GenBank accession nos. Y08529, 077294, 1996.

54. Yu, L. et al. Characterization of a novel metallothionein-like protein gene with strong expression in
the stem of rice, GenBank accession no. ABO02820, 1997.

55. Reid, S.J. and Ross, G.S. Two cDNA clones encoding metallothionein-like proteins in apple are
upregulated during cool storage, GenBank accession no. 061974, 1996.

56. Rosenfield, C.L., Kiss, E., and Hrazdina, G. MdACS-2 (Accession No. 073815) and MdACS-3
(Accession No. 073816), two new 1-aminocyclopropane-1-carboxylate synthase in ripening apple
fruit, Plant Physiol., 112, 1735. GenBank accession no. Y08322, 1996.

57. Clendennen, S.K. and May, G.D. Differential gene expression in ripening banana fruit, Plant Physiol.,
115, 463, 1997.

58. Wiersma, P.A., Wil, Z., and Wilson, S.M. A fruit-related metallothionein-like cDNA clone from sweet
cherry (accession no. AF028013) corresponds to fruit genes from diverse species, Plant Physiol., 116,
867, 1998.

59. Murphy, A. et al. Purification and immunological identification of metallothioneins 1 and 2 from
Arabidopsis thaliana, Plant Physiol., 113, 1293, 1997.

60. Chatthai, M. The isolation of a novel metallothionein-related cDNA expressed in somatic and zygotic
embryos of Douglas fir, regulation by ABA, osmoticum, and metal ions, Plant Mol. Biol., 34, 243,
1997.

61. Aguilar, M. et al. Isolation of a cDNA encoding metallothionein-like protein (Accession No. 081041)
from strawberry fruit, Plant Physiol., 113, 664, 1997.

62. Prasad, M.N.V. (Ed.). Heavy Metal Stress in Plants: from Biomolecules to Ecosystems. Springer–Ver-
lag, Heidelberg. 2nd ed., 462, xiv, 2004.

63. Sanità Di Toppi, L., Gremigni, P., Pawlik Skowronska B., Prasad, M.N.V., and Cobbett C.S. Responses
to heavy metals in plants — molecular approach, in Abiotic Stresses in Plants. Sanità Di Toppi, L.
and Pawlik Skowronska, B. (Eds.). Kluwer Academic Publishers, Dordrecht, 133–156, 2003. 

64. Howden, R. and Cobbett, C.S. Cadmium-sensitive mutants of Arabidopsis thaliana, Plant Physiol.,
99, 100, 1992.

65. Howden, R. et al. A cadmium-sensitive, glutathione-deficient mutant of Arabidopsis thaliana, Plant
Physiol., 107, 1067, 1995.

66. Howden, R. Cadmium-sensitive, cad1 mutants of Arabidopsis thaliana are phytochelatin deficient,
Plant Physiol., 107, 1059, 1995.

67. Murphy, A. and Taiz, L. Comparison of metallothionein gene expression and nonproteithiolsinten
Arabidopsis ecotypes, Plant Physiol., 109, 945, 1995.

68. Lefebvre, D. D. et al. Mammalian metallothioneins functions in plants, BioTechnology, 5, 1053, 1987.
69. Maiti, I.B., Hunt, A.G., and Wagner, G.J. Seed-transmissible expression of mammalian metallothionein

in transgenic tobacco, Biochem. Biophys. Res. Commun., 150, 640, 1988.
70. Maiti, I.B. Inheritance and expression of the mouse metallothionein gene in tobacco, Plant Physiol.,

91, 1020, 1989.
© 2006 by Taylor & Francis Group, LLC



268 Trace Elements in the Environment
71. Maiti, I.B. Light-inducible and tissue-specific expression of a chimeric mouse metallothionein cDNA
gene in tobacco, Plant Sci., 76, 99, 1991.

72. Yeargan, R. et al. Tissue partitioning of cadmium in transgenic tobacco seedlings and field grown
plants expressing the mouse metallothionein I gene, Transgenic Res., 1, 261, 1992.

73. Brandle, J.E. Field performance and heavy metal concentrations of transgenic ue-cured tobacco
expressing a mammalian metallothionein-β-glucuronidase gene fusion, Genome, 36, 255, 1993.

74. Pan, A. Construction of multiple copy of alpha-domain gene fragment of human liver metallothionein
IA in tandem arrays and its expression in transgenic tobacco plants, Prot. Eng., 6, 755, 1993.

75. Pan, A. Expression of mouse metallothionein-I gene confers cadmium resistance in transgenic tobacco
plants, Plant Mol. Biol., 24, 341, 1994.

76. Elmayan, T. and Tepfer, M. Synthesis of a bifunctional metallothionein β-glucuronidase fusion protein
in transgenic tobacco plants as a means of reducing leaf cadmium levels, Plant J., 6, 433, 1994. 

77. Hattori, J., Labbe, H., and Miki, B.L. Construction and expression of a metallothionein-beta-glucu-
ronidase gene fusion, Genome, 37, 508, 1994. 

78. Kramer, U. Cadmium for all meals — plants with an unusual appetite, New Phytol., 145, 1, 2000.
79. Chardonnens, A.N. et al. Properties of enhanced tonoplast zinc transport in naturally selected zinc-

tolerant Silene vulgaris, Plant Physiol., 120, 779, 1999.
80. Kramer, U. Free histidine as a metal chelator in plants that accumulate nickel, Nature, 373, 635, 1996. 
81. De La Fuente, J. M. et al. Aluminum Tolerance in Transgenic Plants by Alteration of Citrate Synthesis,

Science, 276, 1566-1568, 1997. 
82. Vazquez, M.D. et al. Compartmentalization of zinc in roots and leaves of the zinc hyperaccumulator

Thlaspi caerulescens J. & C. Presl., Bot. Acta, 107, 243, 1994.
83. Clemens, S. et al. Tolerance to toxic metals by a gene family of phytochelatin synthases from plants

and yeast, EMBO J., 18, 3325, 1999.
84. Zenk, M.H. Heavy metal detoxification in higher plants — a review, Gene, 179, 21, 1996.
85. Sanità Di Toppi, L., Prasad, M.N.V., and Ottonello, S. Metal chelating peptides and proteins in plants,

in Physiology and Biochemistry of Metal Toxicity and Tolerance in Plants, Prasad, M.N.V. and Strzaka,
K. (Eds.), Kluwer Academic Publishers, Dordrecht, 2002, 59–93.

86. Leustek, T. et al. Pathways and regulation of sulfur metabolism revealed through molecular and genetic
studies, Annu. Rev. Plant Physiol. Mol. Biol., 51, 141, 2000.

87. Schmöger, M.E.A., Oven, M., and Grill, E. Detoxification of arsenic by phytochelatins in plants, Plant
Physiol., 122, 793, 2000.

88. Hartley–Whitaker, J. et al., Phytochelatins are involved in differential arsenate tolerance in Holcus
lanatus, Plant Physiol., 126, 299, 2001. 

89. Gisbert, C. et al. A plant genetically modified that accumulates Pb is especially promising for
phytoremediation, Biochem. Biophys. Res. Commun., 303, 440, 2003.

90. Brown, S.L., Zinc and cadmium uptake by Thlaspi caerulescens and Silene vulgaris grown on sludge-
amended soils in relation to total soil metals and soil pH, Environ. Sci. Technol., 29, 1581, 1995.

91. Heaton, A.C.P. et al. Phytoremediation of mercury- and methylmercury-polluted soils using genetically
engineered plants, J. Soil Contamination, 7, 497, 1998.

92. Lasat, M.M. et al. Molecular physiology of zinc transport in the Zn hyperaccumulator Thlaspi
caerulescens, J. Exp. Bot., 51, 71, 2000.

93. Ortiz, D.F. et al. Transport of metal-binding peptides by HMT1, a fission yeast ABC-type vacuolar
membrane protein, J. Biol. Chem., 270, 4721, 1995.

94. Chaney, R.L. et al. Improving metal hyperaccumulator wild plants to develop commercial phytoex-
traction systems: approaches and progress, in Terry, N. and Bañuelos, G.S. (Eds.). Phytoremediation
of Contaminated Soil and Water. CRC Press, Boca Raton, FL, 1999. 

95. Summers, A.O. and Sugarman, L.I. Cell-free mercury(II) reducing activity in a plasmid-bearing strain
of Escherichia coli, J. Bacteriol., 119, 242, 1974.

96. Rensing, C., Expression of bacterial mercuric ion reductase in Saccharomyces cerevisiae, J. Bacteriol.,
174, 1288, 1992. 

97. Rugh, C.L. et al. Development of transgenic yellow poplar for mercury phytoremediation, Nat.
Biotechnol. 16, 925, 1998.

98. Brewer E. P. et al. Somatic hybridization between the zinc accumulator Thlaspi caerulescens and
Brassica napus. Theoretical and Applied Genetics, 99, 761, 1999.
© 2006 by Taylor & Francis Group, LLC



Plant Metallothionein Genes and Genetic Engineering 269
99. Brown, S.L. et al. Phytoremediation potential of Thlaspi caerulescens and bladder campion for zinc-
and cadmium-contaminated soils, J. Environ. Qual., 23, 1151, 1994. 

100. Ebbs, S.D. Heavy metals in the environment. Phytoextraction of cadmium and zinc from a contami-
nated soil, J. Environ. Qual., 26, 1424, 1997.

101. Chaney, R.L. et al. Improving metal hyperaccumulator wild plants to develop commercial phytoex-
traction systems: approaches and progress, in Phytoremediation of Contaminated Soil and Water,
Terry, N., Banuelos, G., and Vangronsveld, J. (Eds.). CRC Press, Boca Raton, FL, 2000, 129. 

102. Macnair, M.R., Tansley review no. 49. The genetics of metal tolerance in vascular plants, New Phytol.,
124, 541, 1993.

103. Stomp, A.M., Han, K.H., Wilbert, S., Gordon, M.P., and Cunningham, S.D. Genetic strategies for
enhancing phytoremediation, Ann. NY Acad. Sci., 721, 481, 1994.

104. Raskin, I. Plant genetic engineering may help with environmental cleanup, Proc. Natl. Acad. Sci.
USA, 93 3164, 1996.

105. Barcelo, J. and Poschenrieder, C. Phytoremediation: principles and perspectives, Contrib. Sci., 2, 333,
2003, Institit d’Estudis Catalans, Barcelona.

106. Arisi, A.C.M. et al. Responses to cadmium in leaves of transformed poplars overexpressing γ-
glutamylcysteine synthetase, Plant Physiol., 109, 143, 2000.

107. Raskin, I. and Ensley, B.P. Phytoremediation of Toxic Metals — Using Plants to Clean up the
Environment, John Wiley & Sons, New York, 2000.

108. Vatamaniuk, O.K. et al. AtPCS1, a phytochelatin synthase from Arabidopsis: isolation and in vitro
reconstitution, Proc. Natl. Acad. Sci. USA, 96, 7110, 1999.

109. Zhu, Y.L. et al. Overexpression of glutathione synthetase in Indian mustard enhances cadmium
accumulation and tolerance, Plant Physiol., 119, 73, 1999. 

110. Zhu, Y.L. et al. Cadmium tolerance and accumulation in Indian mustard is enhanced by overexpressing
γ-glutamyl cysteine synthetase, Plant Physiol., 121, 1169, 1999. 

111. Meagher, R.B. Phytoremediaiton of toxic elemental and organic pollutants, Curr. Opin. Plant Biol.,
3, 153, 2000.

112. Zhao, H. et al. The yeast ZRT1 gene encodes the zinc transporter protein of a high affinity uptake
system induced by zinc limitation, Proc. Natl. Acad. Sci. USA, 93, 2454, 1996.

113. Pence, N.S. et al. The molecular physiology of heavy metal transport in the Zn/Cd hyperaccumulator
Thlaspi caerulescens, Proc. Natl. Acad. Sci. USA, 97, 4956, 2000. 

114. El-Bendary, A.A. et al. Mode of inheritance of zinc accumulation in maize, J. Plant Nutr., 16, 2043,
1993.

115. Zhang, F.S. Mobilization of iron and manganese by plant-borne and synthetic metal chelators, in Plant
Nutrition — from Genetic Engineering to Field Practice, Barrow, N.J. (Ed.). Kluwer Academic
Publishers, Dordrecht, 1993, 115–118.

116. Dong, B., Rengel, Z., and Graham, R.D. Root morphology of wheat genotypes differing in zinc
efficiency, J. Plant Nutr., 18, 2761, 1995.

117. Graham, R.D. and Rengel, Z. Genotypic variation in zinc uptake and utilization by plants, in Zinc in
Soils and Plants, Robson A.D., (Ed.). Kluwer Academic Publishers, Dordrecht, 1993, 107–118.

118. Pearson, J.N. and Rengel, Z. Mechanisms of plant resistance to nutrient deficiency stresses, in
Mechanisms of Environmental Stress Resistance in Plants, Basra, A.S. and Basra, R.K. (Eds.). Har-
wood Academic Publishers, The Netherlands, 1997, 213–240.

119. Grotz N. et al. Identification of a family of zinc transporter genes from Arabidopsis thaliana that
respond to zinc deficiency, Proc. Natl. Acad. Sci. USA, 95, 7220, 1998.

120. Chen, J. and Goldsbrough, P.B. Increased activity of γ-glutamylcysteine synthetase in tomato cells
selected for cadmium tolerance, Plant Physiol., 106, 233, 1994.

121. De Knecht, J.A. et al. Synthesis and degradation of phytochelatins in cadmium-sensitive and cadmium-
tolerant Silene vulgaris, Plant Sci., 106, 9, 1995.

122. Theil, E.C. Ferritin: structure, gene regulation, and cellular function in animals, plants, and microor-
ganisms, Annu. Rev. Biochem., 56, 289, 1987.

123. Ernst, W.H.O. Physiological and biochemical aspects of metal tolerance, in Effects of Air Pollutants
on Plants Mansfield, T.A., (Ed.), Cambridge University Press, Cambridge, 115, 1976. 

124. Eide, D. et al. A novel, iron-regulated metal transporter from plants identified by functional expression
in yeast, Proc. Natl. Acad. Sci. USA, 93, 5624, 1996.
© 2006 by Taylor & Francis Group, LLC



270 Trace Elements in the Environment
125. Kampfenkel, K. et al. Molecular characterization of a putative Arabidopsis thaliana copper transporter
and its yeast homologue, J. Biol.Chem., 270, 28, 479, 1995.

126. Eng, B.H. et al. Sequence analyses and phylogenetic characterization of the ZIP family of metal ion
transport proteins, J. Membrane Biol., 166, 1, 1998.

127. Song, W-Y. et al. Engineering tolerance and accumulation of lead and cadmium in transgenic plants,
Nat. Biotechnol., 21, 914, 2003.

128. Lee, J. et al. Functional expression of a bacterial heavy metal transporter in Arabidopsis enhances
resistance to and decreases uptake of heavy metals, Plant Physiol., 133, 589, 2003.

129. Henry, J.R. An overview of the phytoremediation of lead and mercury. A report prepared for the U.S.
Environmental Protection Agency Office of Solid Waste and Emergency Response Technology Inno-
vation Office. http://www.clu-in.org/download/remed/henry.pdf, 2003.

130. Li, Z-S. et al. The yeast cadmium factor protein (YCF1) is a vacuolar glutathione s-conjugate pump,
J. Biological Chem., 271, 6509, 1996.

131. Arazi, T., Sunkar, R., Kaplan, B., and Fromm, H.A. Tobacco plasma membrane calmodulin-binding
transporter confers Ni2+ tolerance and Pb2+ hypersensitivity in transgenic plants, Plant J., 20, 171–182,
1999. 

132. Cai, X.H., Bown, C., Adhiya, J., Traina, S.J., and Sayre, R.T. Growth and heavy metal binding
properties of transgenic Chlamydomonas expressing a foreign metallothionein, Int. J. Phytorem., 1,
53–65, 1999.

133. Palmer, E.F., Warwick, F., and Keller, W. Brassicaceae (Cruciferae) family, plant biotechnology and
phytoremediation, Int. J. Phytoremediation, 3, 245–287, 2001.

134. Pilon–Smits, E.A.H. and Pilon, M. Breeding mercury-breathing plants for environmental cleanup,
Trends Plant Sci., 5, 235–236, 2000.

135. Rugh, C.L., Bizily, S.P., and Meagher, R.B. Phytoreduction of environmental mercury pollution, in
Phytoremediation of Toxic Metals — Using Plants to Clean up the Environment, Raskin, I. and Ensley,
B.D. (Eds.). John Wiley & Sons, Inc., New York, 151–170, 2000.
© 2006 by Taylor & Francis Group, LLC

http://www.clu-in.org/download/remed/henry.pdf

	TRACE ELEMENTS in the ENVIRONMENT: Biogeochemistry, Biotechnology, and Bioremediation
	Table of Contents
	Chapter 14: Plant Metallothionein Genes and Genetic Engineering for the Cleanup of Toxic Trace Elements
	14.1 Introduction
	14.2 Molecular/Adaptive Physiology and Genetics of Metal Hyperaccumulation in Plants
	14.3 Plant Metallothionein Genes and Genetic Engineering for Phytoremediation of Toxic Metals
	14.3.1 Mercuric Ion Reduction and Resistance

	14.4 Zinc-Transporting Genes in Plants
	14.5 Ferritin Expression in Rice
	14.6 Genetic Manipulation of Organic Acid Biosynthesis
	14.7 Molecular Genetic and Transgenic Strategies for Phytoremediation Hyperacumulation
	14.8 Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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.)
  >>
  /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 [612.000 792.000]
>> setpagedevice


