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Commentary

 

Heavy metals and plants – 
model systems and 
hyperaccumulators

 

Understanding how plants accumulate and store metal ions
is relevant to two important applications: metal nutrition –
for humans and in agriculture; and metal detoxification –
using plants as biological detoxification systems for the
‘phytoremediation’ of metal contamination in the environ-
ment. Metal ions, such as Cu, Fe, Zn and Se, are essential
nutrients for which deficiencies in animal and human diets
cause significant disorders. These, in addition to other non-
essential metals, such as Cd, Hg, Pb, Al and As, can cause
toxicities when present in excess. Knowing how organisms
regulate essential metal ion metabolism will contribute to
improvements in essential metal ion nutrition for animals
and humans. Similarly, knowledge of the mechanisms by
which metals, both essential and nonessential, can be seques-
tered, stored and detoxified in various organisms may contri-
bute to the optimisation of phytoremediation processes
(Clemens 

 

et al

 

., 2002). In plants these two aspects of metal
metabolism have been described as opposite sides of the
same coin (Guerinot & Salt, 2001).

This issue of 

 

New Phytologist

 

 highlights research in
the field of metal metabolism and detoxification in plants.
It includes a number of articles spanning the breadth of
research in the field, from reviews of nonplant model organ-
isms used to inform aspects of plant biology, to the genetic
and physiological analysis of metal hyperaccumulation and
tolerance, to investigations of ecological aspects of metal
accumulation. Often neglected is an understanding, not of
the mechanisms of metal tolerance, but of the precise mech-
anisms of metal toxicity. This is illustrated in a Tansley
review by Rengel & Zhang (pp. 295–314), which provides
comprehensive coverage of the effects of Al toxicity on the
important functions of Ca ions in plants. Other papers
explore the potential use of poplars in phytoremediation
(see Di Baccio 

 

et al

 

., pp. 443–452), important ecological
aspects of metal accumulation and toxicity, particularly
the influence of metal hyperaccumulation on herbivory
(Huitson & Macnair, pp. 453–459, Hanson 

 

et al

 

., pp. 461–
469) and a rare study of developmental asymmetry as a
possible measure of environmental metal toxicity (Batterham

 

et al

 

., 471–477). Here, I will focus on recent developments
in the molecular genetic analysis of metal metabolism in
plants.

 

Arabidopsis

 

 and other model organisms

 

Numerous aspects of plant biology, not least metal metabo-
lism, have advanced dramatically with the adoption of 

 

Ara-
bidopsis thaliana

 

 as a model organism for molecular genetic
studies, especially over the past 15 years. Genes important in
various aspects of metal metabolism have been identified
using a range of approaches. Among these the complemen-
tation of mutants in yeast or 

 

E. coli

 

 and the identification
of genes homologous to those from other organisms known
to be involved in metal metabolism have been prominent.
With the completion of the 

 

Arabidopsis

 

 genome sequence
inventories of various gene families known or expected to be
involved in aspects of metal metabolism have been compiled
(Maser 

 

et al

 

., 2001). One such family, the heavy metal
transporting P-type ATPases, well studied in prokaryotes,
yeast and mammals, is reviewed in this issue (Cobbett 

 

et al

 

.,
pp. 315–321). Insights into the roles of different members
of such gene families can come from studies of differential
expression, both tissue-specific and in response to environ-
mental stimuli. This is illustrated here with a study of the
expression of members of the metallothionein (MT) gene
family in 

 

Arabidopsis

 

 (Guo 

 

et al

 

., pp. 369–381). Individual
T-DNA or transposable element mutations have been iden-
tified in many 

 

Arabidopsis

 

 genes and we are well on the way
to having a (nearly) complete set of mutants representing a
knock-out of every known gene in the genome. Thus, mutants
are (or will soon) be readily available for investigating roles
for particular genes in metal metabolism in 

 

Arabidopsis

 

.

 

More mutants

 

There is no question that the identification of 

 

Arabidopsis

 

genes through sequence comparisons with genes involved in
metal metabolism in other organisms or by their capacity
functionally to complement particular yeast or 

 

E. coli

 

 mutants
has vastly increased our understanding of metal metabolism
in plants. As a result, however, many plant genes, and now
their corresponding knock-out mutants, have been studied
based on what we know of metal metabolism in other organ-
isms. Such approaches may overlook plant-specific functions.
This is not entirely true for the functional complementation
of mutants where new classes of genes carrying out comple-
mentary functions can be identified. However, for the most
part, the outcome of such selections is limited by the mutants
available in the single-celled host. It is interesting that the
foremost strength of 

 

Arabidopsis

 

 as a model organism, the
ease with which mutants can be identified solely on the basis
of phenotype, has been used relatively little in the analysis of
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aspects of metal metabolism and detoxification. There are
few published examples where mutants with a phenotype
have been isolated, let alone used to identify new genes
important in, and possibly specific to, metal metabolism in
plants. Strategies for identifying mutants for the analysis of
metal metabolism and detoxification have included screens
for mutants with increased or decreased resistance or assays
for changes in metal content independent of phenotype
(Murphy & Taiz, 1995; Delhaize, 1996; Larsen 

 

et al

 

., 1996).
New approaches for large-scale screens for mutants with
altered metal ion content are being developed (Kraemer,
2003). Although these ‘forward’ genetic approaches have
been limited thus far, and few mutants have led to the iden-
tification of the genes involved, there have been promising
examples where functions not previously identified from
another organism have been discovered. In one example,
mutants constitutively expressing ferric reductase, identified
by direct staining for root-specific enzyme activity, led to
the isolation of a member of a family of efflux proteins
(Rogers & Guerinot, 2002). In another example, the
identification of Cd-sensitive mutants deficient in the
biosynthesis of the heavy metal binding peptides,
phytochelatins (PCs), led to the isolation of the PC synthase
gene (Ha 

 

et al

 

., 1999).

 

Nonplant models inform plant biology

 

For greater understanding of aspects of metal metabolism
and detoxification at the cellular level unicellular model
systems are being more extensively developed. In addition to

 

S. cerevisiae

 

, which continues to yield data relevant to many
other systems, studies with 

 

Schizosaccharomyces pombe

 

 and
the unicellular green alga, 

 

Chlamydomonas rheinhardtii

 

, are
being used to reinforce those in 

 

Arabidopsis

 

 (Clemens &
Sim, pp. 323–330; Hanikenne, pp. 331–340). 

 

S. pombe

 

 is
of particular interest because, unlike 

 

S. cerevisiae

 

, it expresses
PCs as a major mechanism of Cd-detoxification. 

 

S. pombe

 

thus allows the relationships between the roles of PCs
and other potential mechanisms of metal detoxification or
metabolism to be explored in greater detail at a cellular level.
Although PCs are also expressed in 

 

Chlamydomonas

 

, a more
significant advantage of this organism is as a single-celled
photosynthetic organism in which the role of essential metal
metabolism, particularly Cu and Fe, in photosynthesis can
be explored.

 

Molecular genetics and plant physiology

 

The molecular genetics of model organisms can lend much
to our understanding of the basic components of essential
metal metabolism in plants. Already numerous functions
in Cu, Zn, and Fe metabolism have been identified. By con-
trast, a review by Hacisalihoglu & Kochian (pp. 341–350)
examines aspects of Zn efficiency in crop plants. This review

highlights the depth of physiological and biochemical
analysis and the sparsity of genetic and molecular tools in
this field, and the authors argue for a molecular genetic
model, perhaps in 

 

Arabidopsis

 

, to reinforce these studies.
Many studies in 

 

Arabidopsis

 

 use its strengths in molecular
and genetic analysis but may lack the depth and sophi-
stication of physiological analysis. As we move beyond the
era of gene identification, clearly determining the roles of
various functions involved in metal metabolism in plants
will require a concerted and sophisticated physiological
analysis of 

 

Arabidopsis

 

 mutants. No doubt some species
are more amenable to physiological analysis and others
are more amenable to molecular genetics. However, I
suspect the technical difficulties in using 

 

Arabidopsis

 

 for
physiological studies are less of an impediment than the
absence of a sufficiently strong alliance between molecular
geneticists and plant physiologists in pursuing these
outcomes.

 

Metal hyperaccumulators …

 

Much attention is being paid to metal accumulating plants
that may be used for the phytoremediation of contaminated
soils (Baker & Whiting, 2002). Some plants can accumulate
remarkable levels of metals – 100–1000-fold the levels
normally accumulated in most species. Metal hyperaccumu-
lating species have been identified in at least 45 plant families
and individual species (or even populations) can accumulate
different metals such Zn, Cd, Cu, Co, Ni, Se and As or
particular combinations of these (Reeves & Baker, 1999).
New metal hyperaccumulating species or populations continue
to be identified (Kraemer, 2003). This issue includes studies
of Zn, Cu and Ni accumulation and tolerance in different

 

Thlaspi caerulescens

 

 accessions (Assunção 

 

et al

 

., pp. 411–
419) and Se uptake and tolerance in a range of species
(Goodson 

 

et al

 

., pp. 391–401). A focus of other recent
publications in 

 

New Phytologist

 

 has been the identification
of As hyperaccumulator species (Meharg, 2002; Zhao 

 

et al

 

.,
2002; Bleeker 

 

et al

 

., 2003; Meharg & Hartley-Whitaker,
2002).

Physiological, biochemical and in some cases molecular
approaches continue to be applied to identifying the under-
lying mechanisms of metal hyperaccumulation and/or toler-
ance in these species. For example, we know from work in
model species that PCs are essential for Cd and As detoxifi-
cation 

 

in vivo

 

. This has led to studies investigating whether
or not PCs are responsible for Cd and/or As accumulation or
tolerance in some hyperaccumulators (Zhao 

 

et al

 

., pp. 403–
410; Hartley-Whitaker 

 

et al

 

., 2001; Ebbs 

 

et al

 

., 2002).
Hyperaccumulation implies mechanisms of metal tolerance
and these two characters may be genetically distinguishable
in a hyperaccumulator species (Assunção 

 

et al

 

., pp. 383–390,
in this issue; Bert 

 

et al

 

., 2003). A thorough genetic analysis
of different hyperaccumulator species or populations
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may allow the genetic basis for both hyperaccumulation
and tolerance to be teased apart. The genetics of these traits
may be complex (Pollard 

 

et al

 

., 2002). One challenge
will be in establishing (near) uniform approaches for the
measurement of the various parameters used to define metal
tolerance and accumulation in order to make sensible
comparisons across different studies with the same or related
organisms.

 

… and new model species

 

Some hyperaccumulator species, including 

 

Arabidopsis halleri

 

and 

 

Thlaspi caerulescens

 

, are members of the Brassicaceae
family. The availability of genomics and functional genomics
tools in 

 

Arabidopsis thaliana

 

 has led a number of groups
to develop these related species as new models for the
molecular genetic analysis of metal hyperaccumulation and
tolerance. In this issue, Assunção 

 

et al

 

. (pp. 351–360) review
the advantages of 

 

Thlaspi caerulescens

 

 as a model organism.
In a parallel vein Peer 

 

et al

 

. (421–430) have assessed a panel
of 

 

Brassica

 

 species and accessions – mainly 

 

Thlaspi

 

 – according
to a number of criteria in order to determine their likely
suitability as new model species. These criteria include
growth habit, flowering time, self-fertility, seed set, genome
size and transformation efficiency. This work also points to

 

T. caerulescens

 

 as best fulfilling those criteria. Personally, I
am excited by the prospect of developing hyperaccumulator
species as new models to study the genetic basis for hyper-
accumulation and tolerance. What might we expect to learn
from such new models?

The fundamental functions underlying metal accumula-
tion and tolerance are likely to be no different in, say, 

 

Thlaspi

 

than 

 

Arabidopsis thaliana

 

. Essentially the same suite of genes
will function in both and the physiological differences will
likely depend on differences in patterns of gene expression
and protein activity. This assumption clearly underlies the
application of 

 

Arabidopsis

 

 cDNA arrays to the analysis of
gene expression in related 

 

Brassica

 

 species. Nonetheless, par-
ticular gene duplications allowing the evolution of variant
(although not fundamentally different) functions may be
important, as has been observed with the amplification of an
MT gene in a Cu-tolerant population of 

 

Silene vulgaris

 

 (van
Hoof 

 

et al

 

., 2001). In addition, new models may identify
mechanisms that cannot be identified through the isolation
or characterisation of mutants in 

 

Arabidopsis

 

 because they
play a relatively minor role in the latter and mutants have no
discernible phenotype or alternatively require mutation of
two or more genes to generate a phenotype. It is also impor-
tant to consider that, in terms of understanding the funda-
mental basis for metal hyper-accumulation and/or tolerance,
perhaps no one hyper-accumulating 

 

Brassica

 

 species is a
‘model’ for any other. It is likely that different species, or
even populations, have evolved different mechanisms for
metal hyperaccumulation and tolerance.

The isolation of mutants in a genetically defined back-
ground will be a fruitful approach in these new models as it
is in 

 

Arabidopsis

 

. Indeed, a high frequency of T-DNA trans-
formation using applications of 

 

Agrobacterium

 

 to intact
plants is an important criterion in the adoption of these
models. A challenging task will be to distinguish between
functions that may be essential for hyper-accumulation
and the primary genetic difference/s that may underlie the
hyperaccumulation trait. For example, increased expression
of a root-specific Zn transporter, as observed in the hyper-
accumulator 

 

T. caerulescens

 

 (Pence 

 

et al

 

., 2000), may be
essential for hyper-accumulation. However, this may be
caused by a genetic difference that results, for example, in
altered expression of a transcriptional regulator influenc-
ing the expression of a suite of Zn-responsive genes.
Distinguishing between these will require a thorough
analysis of the genetic basis of hyper-accumulation and
tolerance independent of, but integrated with, mutant
identification.

 

Manipulating metal accumulation and tolerance 
for phytoremediation

 

Knowledge of the basic processes of metal transport, accumu-
lation and tolerance in both plants and other organisms is
leading to ingenious strategies for the manipulation of these
traits in transgenic plants with the aim of maximising the
capacity of plants for phytoremediation. Various strategies
have been reviewed recently (Pilon-Smits & Pilon, 2002).
For example, Dhankher 

 

et al

 

. (2002) have used the combined
expression of bacterial enzymes involved in glutathione
biosynthesis and arsenate reduction significantly to enhance
both arsenic accumulation and tolerance. A parallel paper
from the same group in this issue (Dhankher 

 

et al

 

.,
pp. 431–441) demonstrates that the expression of arsenate
reductase unexpectedly results in accumulation and tolerance
of Cd.

 

Future prospects

 

Our knowledge of various aspects of metal metabolism in
plants is increasing steadily, enhanced by the use of current
model systems. However, I argue that greater use can be made
of the ‘forward’ genetic approach through the isolation and
analysis of mutants based solely on phenotype. The increasing
identification and study of the remarkable natural variation
in the capacity of plants to accumulate and tolerate metals is
and will continue to provide a wealth of information to
further enhance our understanding of these processes.
The application of molecular genetic tools to new model
organisms among these hyperaccumulating species and the
more sophisticated application of physiological experimen-
tation to current models such as 

 

Arabidopsis

 

 will further
enhance these endeavours. Collectively, these approaches can
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be expected to lead to new applications in the areas of mineral
nutrition and phytoremediation.

 

Christopher Cobbett

 

Department of Genetics, University of Melbourne, Australia
3010 (tel +61 3 83446240; fax +61 3 83445139;

email ccobbett@unimelb.edu.au)
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