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Summary

Successful phytoremediation of toxic trace elements depend on many factors: plant
genotype, the environment and the interactions between the plant genotype and its
environment. Potential of plant genetic engineering is here discussed primarily in the
framework of improving phytoextraction efficiency. Efforts to optimize remediation of
Cd and Hg, two of the most harmful heavy metals and environmental threats, are
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emphasized. Potential targets that have been or might be manipulated to improve
transport, sequestration or detoxification processes are reviewed. Targets of genetic
engineering include genes involved in the uptake of trace elements from the soil to the
root, translocation from the root to the shoot, vacuolar sequestration, and chelation.
Successes in genetically modifying plants to phytoextract Se or Hg are detailed.

1. General Introduction

The term phytoremediation simply means using plants and their associated microbes to
clean up toxic substances in the environment (Terry et al., 2000). The many possible
ways in which plants can achieve this include phytoextraction, phytovolatilization,
detoxification, and sequestration. Phytoextraction and phytovolatilization are
particularly attractive in that their use has the potential of moving the contaminants
from the local ecosystem altogether. In phytoextraction, plants take up the contaminant
of interest from soil, sediment, or water, and accumulate it. In order to achieve this, the
plant may need some mechanism of protecting itself from the toxic effects of the
contaminant. As such, phytoextraction often involves phytodetoxification — the
conversion of a contaminant from a more toxic to less toxic form — or a means of
internal sequestration to a less sensitive part of the plant, such as the vacuole.
Phytoextraction is most successful when the plant is able to transport the contaminant
from the roots to the shoots. In such a case, harvesting the aboveground biomass
succeeds in removing the contaminant from the local ecosystem. Phytovolatilization is
relevant to those trace element contaminants that can be metabolized to a volatile form.
Well-studied examples are selenium (Se), volatile forms of which include
dimethylselenide and dimethyldiselenide amongst several others, and mercury (Hg),
which is volatile in its elemental form (Terry et al., 2000; Rugh et al., 1996). The
advantage of phytovolatilization is clear — the plant does the work of synthesizing the
volatile form and releases it to the atmosphere where it is diluted and joins the global
cycle of the corresponding element.

It is important to remember that these processes occur naturally in plants, with wide
variation observed depending on plant species (and ecotype), trace element
contaminant, and geologic and environmental conditions. The primary advantages of
phytoremediation are its low cost and low management requirements (Bafiuelos et al.,
2002). Growing plants is much cheaper than the excavating, removing, soil-washing, or
capping technologies often used (Cunningham et al., 2000). Management of a
phytoremediation plot becomes a matter of farming — fertilization, perhaps, and
irrigation when needed, whereas bacteria-based bioremediation (biopiles) requires
constant amendments (Cookson, 1995). The disadvantage is the long timescale that
would be necessary for natural, phytoremediation processes to remediate a local
environment.

Spurred on by the potential benefits of widespread implementation of phytoremediation,
researchers have sought plant species that could remove contaminants at especially fast
rates. Plants suitable for phytoextraction should possess exceptional qualities such as
high capacities for absorption, root/shoot translocation, and detoxification of the metals
or non-metals to be extracted and, last but not least, a high biomass and preferably a
rapid growth rate.
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High levels of tolerance to specific metals are known to occur but the majority of metal
tolerant species are excluders. The combination of high tolerance and high accumulation
of heavy metals can be found in a rare class of plants called hyperaccumulators. These
species (more than 400 have been identified) can accumulate exceptional concentrations
of heavy metals in their aerial parts without visible toxicity symptoms. Brooks defined a
hyperaccumulator as a plant able to accumulate high concentrations of heavy metals in
the shoot. The concentrations accumulated are about 100 times those that occur in non-
accumulator plants growing in the same substrates (Brooks, 1998). Levels to define
hyperaccumulators are 1% of shoot dry weight (SDW) for zinc (Zn), 0.1 % SDW for
nickel (Ni), lead (Pb), copper (Cu), and cobalt (Co); and 0.01% SDW for cadmium
(Cd). Hyperaccumulators of non-metal toxic trace elements like Se have also been
identified (> 0.1% SDW). However, most hyperaccumulators do not develop sufficient
biomass, even in the absence of high concentrations of heavy metals to be useful in
phytoextraction and/or are not amenable to agronomic practices (mechanical harvest).
However this argument does not apply to all hyperaccumulator species. Some of the
300 Ni hyperaccumulators identified, such as Alyssum murale, seem to develop
sufficient biomass and consequently important mineral mass (Li et al. 2003, Chaney et
al. 1997, 2005). Stanleya pinnata is a selenium hyperaccumulator that could also be
used in phytoremediation as well (Feist and Parker 2001; Parker et al. 2003).

For other metals, hyperaccumulating plants have not yet been identified or seem to be
very rare. With respect to Cd, for instance, only three low biomass, slow growing
Brassicacae species (Thlaspi caerulescens, Thlaspi praecox and Arabidopsis halleri)
have been described as hyperaccumulators. Moreover, their development of leaves in
rosettes at the ground level impedes mechanical harvest. Nevertheless, some authors
believed in the potential of the polymetallic hyperaccumulator, Thlaspi caerulescens,
for direct use in phytoremediation (Chaney et al. 2005) because of its exceptional
capacity of heavy metal (Zn, Cd, and Ni) accumulation.

To create suitable plants for phytoremediation, one possibility is the selection of high
biomass plants like poplar, Brassica juncea, or tobacco with the highest tolerance and
accumulation capacities, provided that the species displays sufficient genetic variation
for those characteristics. Another avenue of recent research is the association of metal
tolerant micro-organisms like bacteria or fungi to enhance tolerance. In this alternative,
the genetic engineering of plant-associated bacteria seems promising (Barac et al. 2004;
Taghavi et al. 2005 ; van der Lelie et al. 2005). Improvement of hyperaccumulator
biomass is also envisaged by the genetic manipulation of plant hormone levels (Eapen
and D’Souza 2005). However, no concrete example has been published up to now.

Finally, genetic engineering of plants can substantially improve phytoremediation
efficiency of plants. This review will focus on the genetic engineering of plants to
improve the efficiency of phytoextraction of heavy metals and Se (which is a non-
metal) from contaminated soils. Of major concern with respect to health and
environment concerns are the metalloids, arsenic and selenium, and the metals,
cadmium and mercury. Genetic manipulation has aimed to improve accumulation,
tolerance and detoxification capacities of high biomass and rapid growing plants in
order to optimise the phytoextraction process.
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2. General Consideration in Choosing Target Genes for Phytoremediation

Heavy metal tolerance is not a monogenic trait. Some researchers have proposed that
there is no correlation between metal accumulation and tolerance and that these
characters are independent, which means that several genes may have to be transferred
to optimize phytoremediation performance (Baker and Walker 1990; Bert et al. 2003;
Macnair et al. 1999). The choice of genes to be transferred is difficult. Many genes are
involved in metal uptake, translocation, and sequestration. The genes to be transferred
depend on the heavy metal to be extracted from the soil. At least three categories of
genes are generally considered: transporters, proteins involved in metal chelation, and
metabolic enzymes involved in detoxification. Transgenic plants with improved metal
uptake and/or sequestration have been developed for cadmium, zinc, lead, mercury,
arsenic and selenium.

The genes that have been transferred, thus far, are mainly cloned from micro-organisms
for which the tolerance or detoxification mechanisms were known or from the non-
tolerant, non-accumulator model plant species, Arabidopsis thaliana but usually not
from hyperaccumulators. A lack of understanding of the mechanisms involved and
responsible genes has impeded rapid progress. A common strategy to identify genes
necessary to tolerate heavy metals or non-metals is to study plants that are naturally
adapted to those toxic trace elements. Hyperaccumulators constitute an exceptional
biological material and gene reservoir to understand adaptation to extreme metallic
environments. Recently transcriptomic studies on hyperaccumulators have provided
novel insights into the molecular mechanisms underlying metal tolerance and
accumulation as well as access to the identification of a large array of genes which are
constitutively (in the absence of excess of metallic ions) overexpressed and are thought
to be involved in the hyperaccumulation trait (Weber et al. 2004; Weber et al. 2006;
Becher et al. 2004; Talke et al. 2006; Craciun et al. 2006; van de Mortel et al. 2006,
Filatov et al. 2006). Classic genetic studies and recent QTL analysis of
hyperaccumulators support the existence of only few genes that are responsible for
tolerance or accumulation (Assuncdo et al. 2006; Deniau et al. 2006, Courbot et al.
2007, Willems et al. 2007). Only one gene co-localizing with a QTL for Cd tolerance
and Zn tolerance has been published (Courbot et al. 2007, Willems et al. 2007). Not
understood is the origin of constitutive gene overexpression in hyperaccumulators.
Interestingly, constitutive expression of existing genes seems to be a common process in
the adaptation of plants to extreme environments (Taji et al. 2004).

Here we will focus on genes encoding for transporters or involved in metal chelation
whose overexpression already conferred higher tolerance or accumulation to heavy
metals and some non-metals or are thought to be good candidate genes to improve those
traits in high biomass plants. Many proof of concept studies have been published with
the model plant Arabidopsis thaliana, awaiting validation in plant species more
amenable for phytoremediation. Up to now, the constitutive 35S CaMV promoter was
extensively used. However to fine-tune toxic elements accumulation, targeted
expression of genes encoding transporters or enzymes involved in chelation will be
necessary in order to avoid futile cycles. For example, the constitutive overexpression
(in all tissues of the plant), of a plasma membrane pump or transporter involved in the
efflux of a toxic trace element may result in futile cycling inside the plant without
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substantial accumulation in harvestable parts. Novel powerful tools to control the
timing, the location and the level of transgene expression are expected from the
characterization of native promoters of hyperaccumulators.

3. Genetic Engineering of Metal Transporters

Transport mechanisms of metal or metalloid ions are extremely complex and diverse.
Metal uptake, metal partitioning to plant organs and cell types, and metal delivery in
sub-cellular localizations including metal storage in vacuoles require metal transporters.
For simplicity, the processes to be considered are either localized at the soil — root
passage, root to shoot translocation, or at the cellular level, the storage to the vacuole
from the cytoplasm. Depending on the limiting steps for the envisaged metals, one, two,
or all three processes may need to be enhanced. Metal transporters that we will consider
here in light of their relevance to phytoremediation are involved in

(1) uptake of metal from the soil to the root
(2) translocation from the root to the shoot
(3) detoxification by storage in the vacuoles

3.1. Uptake of Metal from the Soil to the Root

Several genes encoding transporters at the plasma membrane of root epidermal cells
have been identified. There is to our knowledge no published example of genetic
manipulation within the framework of phytoremediation to enhance that transport
system in order to increase absorption of toxic metals or metalloids from the soil
solution to the roots.

Toxic trace elements that we consider in this review (e.g. Cd, Hg, As, and Se) enter
plant cells via uptake systems for essential ions. Some of the transporters of these
essential ions have been identified, for example, by virtue of their induction upon
mineral deficiency conditions, like Zn or Fe deficiency. For example, several ZIP (zinc-
regulated transporter, iron-regulated transporter protein) transporters are induced upon
deficiency and are involved in the cellular uptake of Zn across plasma membrane.
Interestingly, several ZIP members are overexpressed in A. halleri and T. caerulescens
(ZIP 3, 4,6, 9, and 10 and IRT3) and are thought to play a role in the enhanced root
metal uptake of those Zn hyperaccumulators (Kramer et al 2007). IRT1, one of the first
discovered members of the large ZIP family, is involved in the uptake of Fe?* from the
soil. IRT1 is induced upon Fe deficiency and also is responsible for the uptake of heavy
metals such as zinc, manganese, cobalt, and cadmium. Plants overexpressing IRT1,
engineered to improve Fe nutrition, also accumulated more cadmium (Connolly et al.
2002).

Unless specific modifications of the transporters would increase their affinity towards
the pollutants, overproduction of uptake systems for essential ions might deplete the soil
in those nutrients. Nevertheless, there are several examples of enhanced absorption of
metals as a result of increased capacity to sequester them in the vacuoles (see point 3 of
this section).
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3.2. Translocation from the Root to the Shoot

Translocation from the root to the shoot is a major step for phytoextraction, as above-
ground biomass will be harvested. Efficient translocation of metal ions to the shoot
requires radial symplastic passage, an active loading into the xylem, and the availability
of suitable ligands in the xylem (Clemens, 2006).

The study of Zn and Cd hyperaccumulators has allowed the identification of P-ATPase
as an important player for the passage from the cytosol of root cells into the vascular
tissues.

-P-ATPase-HMA

The Pig-type ATPases, also known as the Heavy Metal transporting ATPases (HMAS),
play an important role in transporting transition metal ions against their electrochemical
gradient using the energy provided by ATP hydrolysis. They have been identified in all
living organisms from archaea to humans, including yeast and plants. The HMAs
cluster into two classes: those transporting monovalent cations (Cu/Ag group) and those
transporting divalent cations (Zn/Co/Cd/Pb group: Axelsen and Palmgren 2001).
Although all classes of P;g-type ATPases have been detected in prokaryotes (Rensing et
al. 1999), in non-plant eukaryotes only Cu/Ag P1g-type ATPases have been identified to
date. A. thaliana and Oryza sativa contain eight HMA genes (Baxter et al. 2003),
suggesting that these enzymes play important roles in the transport of metals in plants.
In A. thaliana, analysis of the complete genome sequence predicts the distribution of
these eight HMAs in two classes: HMAL1-4 for the transport of Zn/Co/Cd/Pb, and
HMADS5-8 for Cu/Ag.

HMAA4 was the first plant P,g-type ATPase of the divalent transport group to be cloned
and characterized in A. thaliana (Mills et al. 2003). A role for HMA4 in Zn
homeostasis, Cd detoxification, and in the translocation of these metals from the root to
the shoot has been demonstrated in A. thaliana (Hussain et al. 2004; Mills et al. 2003,
2005; Verret et al. 2004, 2005). In the Cd/Zn hyperaccumulators, A. halleri and T.
caerulescens, HMA4 is more highly expressed in both roots and shoots compared with
Cd/Zn-sensitive close relatives (Bernard et al. 2004, Papoyan et al. 2004, Talke et al.
2006, Courbot et al. 2007). The elevated expression of HMA4 in two different Zn/Cd
hyperaccumulator species that evolved independently strongly supports the idea that
HMA4 plays an important role in tolerance to both metals. In A. halleri at least, this
hypothesis is reinforced by the QTL analysis of Cd and Zn tolerance performed,
indicating the co-localization of major QTLs of Zn and Cd tolerance with the HMA4
gene (Willems et al. 2007; Courbot et al. 2007). HMAA4 is currently the only gene for
which there is genetic evidence for a role in both Zn and Cd tolerance. HMA4 would be
involved in the detoxification of roots by translocating Cd and Zn to the shoot. As
observed in AtHMA4-overexpressing lines (Verret et al. 2004), which translocate more
Cd and Zn to the shoot and are also more tolerant to Cd and Zn excess, the increased
expression of HMA4 in A. halleri or T. caerulescens might be related to the increased
Cd and Zn tolerance and hyperaccumulation phenotype of these species (Bernard et al.
2004, Courbot et al. 2007, Popayan et al. 2004, Talke et al. 2006 and Willems et al.
2007).
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The study of hyperaccumulators has also revealed the overexpression of metal ligands
or metal-ligand complexes transporters, which are thought to play a role in metal long-
distance transport

MATE

MATE is a large family of multi-drug and toxin extrusion (or efflux) membrane
proteins. Some members of the family were shown to function as drug/cation antiporters
that remove toxic compounds and secondary metabolites from the cytosol by exporting
them out of the cell or sequestering them to the vacuole (Delhaize et al. 2007). FRD3 is
a member of the MATE subfamily, which is thought to efflux citrate in the root
vasculature. Citrate is necessary for the transport of Fe and most likely also that of Zn
(Durrett et al. 2007). Interestingly FRD3 is constitutively overexpressed in A. halleri
compared to its close relative A. thaliana and may play a role in Zn translocation (Talke
et al. 2006). Few MATE members have been characterized in plants up to now. MATE
members other than FRD3 might be involved in metal transport.

OPT:

OPT is a superfamily of oligopeptide transporters including the yellow-stripe 1-like
(YSL) subfamily. The AtYSL gene family was identified in Arabidopsis following
cloning and characterization of maize YS1. YS1 is a plasma membrane-localized
transporter protein that is necessary for acquisition of Fe by uptake of Fe(lll)-
phytosiderophores (Curie et al.,, 2001). Dicotyledons do not synthesize
phytosiderophores, but the structurally related non-protein amino acid nicotianamine
(NA). Some YSL transporters are involved in the loading and unloading of
nicotianamine-metal chelates. There is evidence for a role of YSL transporters in the Zn
and Ni hyperaccumulation of Thlaspi caerulescens, especially for TcYSL3 and TcYSL7
expressed around the root vascular tissues (Gendre et al. 2007). YSL3 was shown to
transport Ni-NA chelates.

Other OPT members may be involved in the transport of metal chelates, such as
AtOPT6, which is able to transport glutathione derivatives and Cd-glutathione
complexes (Cagnac et al. 2004). However no demonstration of a clear role relevant to
phytoextraction has been published up to now.

3.3. Vacuolar Transporters

For metals that cannot be volatilised, vacuolar storage in the leaves is thought to be the
main pathway of detoxification, and this process is usually limiting in non-tolerant
species.

CDF-MTP:

The family of Cation Diffusion Facilitators also named in plants Metal Transporter
Proteins contains members involved in the transport of Zn**, Fe**, Cd**, Co®*, and
Mn®*not only from cytoplasm to organelles or apoplasm, but also from the cytoplasm to
the endoplasmic reticulum (Peiter et al. 2007). ZAT (Zinc transporter of Arabidopsis
thaliana) recently renamed AtMTP1 encodes a Zn transporter suggested to be involved
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in vacuolar sequestration in Arabidopsis thaliana. Overproduction of the Zn transporter
ZAT in A. thaliana resulted in higher Zn tolerance and a 2-fold higher Zn accumulation
in roots (Van der Zaal et al. 1999). ShAMTP is involved in the vacuolar storage of Mn in
the Mn tolerant Stylosanthes hamata, which is a tropical legume. ShMTP conferred
higher tolerance and accumulation of Mn when overexpressed in Arabidopsis thaliana
(Delhaize et al. 2003).

CAX:

CAX is the acronym of CAtion eXchanger. It is a large family of membrane proteins,
which was recently subdivided in “true” CAX and CCH (calcium cation exchanger).
Some of the CAX members of A. thaliana have been characterized, and all seem to be
involved in metal vacuolar sequestration up to now. In vitro studies have shown a
Cd*/H" antiport activity in tonoplast-enriched vesicles from oat roots with a Ky, of 5.5
UM (Salt and Wagner 1993). In his review, Clemens questioned the availability of Cd**
ions in the micromolar range (Clemens, 2006). Still, there is experimental evidence that
AtCAX2 and AtCAX4 can transport Cd?* in the vacuoles. Under the activity of the
constitutive 35S CaMV promoter, expression of AtCAX2 and AtCAX4 resulted in higher
accumulation of Cd in the root vacuoles (Korenkov et al. 2007). It would be interesting
to test overexpression of CAX vacuolar transporters using a leaf specific promoter to
see whether it can also increase Cd accumulation in the leaves.

ABC:

The superfamily of ABC (ATP-Binding Cassette) transporters is involved in many
physiological processes. Some of the ABC transporters are involved in vacuolar
sequestration of various metals or xenobiotics. In two subfamilies, MRP and PRD,
members are involved in the transport of chelated heavy metals or in the organic acid
necessary for the transport of heavy metals.

Overexpression of the YCF1 MRP member of Saccharomyces cerevisiae conferred
higher capacity of lead and cadmium accumulation in Arabidopsis thaliana by enhanced
transport of Cd-GS2 in the vacuoles (Song et al. 2003).

Hmtl is the transporter (ABC half-size family) of PC-Cd complexes in the vacuoles of
S. pombe (Ortiz et al. 1995). Enhancing this process may be relevant in the framework
of optimizing phytoremediation efficiency. However, there is no true homolog of Hmt1
identified in any plant up to now, and overexpression of Hmtl in plants has not been
reported thus far. The closest homolog in plant is the mitochondrial ATM3, also
involved in Cd tolerance (Hanikenne et al. 2005; Kim et al. 2006)
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cerevisiae on toxic cadmium concentration and the identification of a pump able to transport Cd ™" ]

Bert V., Meerts P., Saumitou-Laprade P., Salis P., Gruber W., Verbruggen N. (2003) Genetic basis of Cd
tolerance and hyperaccumulation in Arabidopsis halleri. Plant Soil 249: 9-18. [This article presents a first
genetic analysis of Cd accumulation and Cd tolerance characteristics in a Cd hyperaccumulator ecotype
of Arabidopsis halleri.]

Bizily S.P., Rugh C.L., Summers A.O., Meagher R.B. (1999) Phytoremediation of methylmercury
pollution: merB expression in Arabidopsis thaliana confers resistance to organomercurials. Proc. Natl.
Acad. Sci. USA 96: 6808-6813. [This manuscript demonstrates that the overexpression of merB in plants
results in increased tolerance to organomercurials. ]

Bizily S., Rugh C.L., Meagher R.B. (2000) Phytodetoxification of hazardous organomercurials by
genetically engineered plants. Nat. Biotechnol. 18: 213-217. [This represents the first construction and
characterization of plants overexpressing both merA and merB from the bacterial mer operon.]

Bizily S.P., Kim T., Kandasamy M.K., Meagher, R.B. (2003) Subcellular targeting of methylmercury
lyase enhances its specific activity for organic mercury detoxification in plants. Plant Physiology 131:
463-471. [This paper suggests that judicious localization of protein expression through modification of
the transgene can result in huge gains in metal detoxification.]

Brandle J. E., Labbe H., Hattori J., Miki B.L. (1993) Field performance and heavy metal concentrations
of transgenic flue-cured tobacco expressing a mammalian metallothionein-beta-glucuronidase gene
fusion. Genome 36: 255-260. [This reference reports on results of a field test in Canada with tobacco
plants expressing a mammalian metallothionein fused to B-glucuronidase under the activity of a
constitutive 35S promoter. The paper highlights the need to test performance of transgenic plants in field
conditions.]

Brooks R.R. (1998) Plants that hyperaccumulate heavy metals. CAB International Wallingford 379.
[Brooks has been one of the major botanists to work on hyperaccumulation. This book is an overview of
the phenomenology, biology and applications of hyperaccumulation]

Burnell J.N. (1981) Selenium metabolism in Neptunia amplexicaulis. Plant Physiology 67: 316-324.
[This paper suggested that selenium metabolism parallels, in many instances, that of sulfur such that
selenate can also serve as a substrate for the enzyme ATP sulfurylase.]

Cagnac O., Bourbouloux A., Chakrabarty D., Zhang M.Y., Delrot S. (2004) AtOPT6 transports
glutathione derivatives and is induced by primisulfuron. Plant Physiology 135: 1378-1387. [Results
presented in this manuscript support a role for the OPT6 Arabidopsis transporter in the uptake of
glutathione derivatives and metal complexes, in addition to peptide transport.]

Chaney R., Malik M., Li Y. M., Brown S.L., Brewer E.P., Angle J.S., Baker A.J.M. (1997)
Phytoremediation of soil metals. Curr. Opin. Biotechnol. 8: 279-284. [This review highlights the unique
properties of metal hyperaccumulators and the biotechnology approaches to develop phytoremediation
plants.]

Chaney R.L., Angle J.S., McIntosh M.S., Reeves R.D., Li Y.M., Brewer E.P., Chen K.Y., Roseberg R.J.,
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Perner H., Synkowski E.C., Broadhurst C.L., Wang S., Baker A.J. (2005) Using hyperaccumulator plants
to phytoextract soil Ni and Cd. Z. Naturforsch 60:190-198. [This review explains the phytoremediation
assays of Cd with efficient Southern France populations of Thlaspi caerulescens and of Ni with Alyssum
murale.]

Che D., Meagher R. B., Heaton A. C. P., Lima A., Rugh C. L., Merkle S. A. (2003) Expression of
mercuric ion reductase in Eastern cottonwood (Populus deltoides) confers mercuric ion reduction and
resistance. Plant Biotechnology Journal 1 (4) , 311-319. [This paper explains the genetic engineering and
analysis of merA cottonwood plants.]

Chen A., Komives E.A., Schroeder 1.J. (2006) An improved grafting technique for mature Arabidopsis
plants demonstrates long-distance shoot-to-root transport of phytochelatins in Arabidopsis. Plant
Physiology 141: 108-120. [The article shows the analysis of the phytochelatin deficient cadl mutant
expressing the wheat phytochelatin synthase 1 gene in the shoot. Results support a role for PC in long-
distance shoot-to-root transport.]

Chen Y., Leustek T., Lee S. (1997) Analysis of ATP sulfurylase overexpression in Arabidopsis thaliana
(abstract no. 702). Plant Physiology 117: 1487-1494. [This seminal abstract demonstrating how ATP
sulfurylase expression varied under conditions such as sulfur deficiency provided the motivation for
overexpressing ATP sulfurylase to improve plants’ phytoremediation potential]

Clark D.L., Weiss A.A., Silver S. (1977) Mercury and organomercurial resistances determined by
plasmids in Pseudomonas. J. Bacteriol. 132: 186-196. [This manuscript demonstrates that mercury
resistance in Pseudomonas is due to the presence of plasmids encoding mercury-detoxification enzymes.]

Clarkson T.W. (1994) In The Toxicology of Mercury and Its Compounds, eds. Watras, C.J. and Huckabee,
J.W. (Lewis, Ann Arbor, MI): 631-642. [This book provides a review and comparison of the extent and
mechanism of toxicity of different mercury compounds.]

Clemens S., Kim E.J., Neumann D., Schroeder J.L. (1999) Tolerance to toxic metals by a gene family of
phytochelatin synthases from plants and yeast. EMBO J. 18: 3325-3333. [This article reports on the
cloning of a wheat phytochelatin synthase 1 gene by a screen in Saccharomyces cerevisiae on cadmium.]

Clemens S. (2006) Toxic metal accumulation, responses to exposure and mechanisms of tolerance in
plants. Biochimie 88: 1707-1719. [This review discusses the molecular mechanisms of toxic metal
accumulation and tolerance with a main emphasis on cadmium.]

Compeau G.C., Bartha R. (1985) Sulfate-reducing bacteria: principal methylators of mercury in anoxic
estuarine sediment. Appl. Environ. Microbiol. 50: 498-502. [This paper is the first to identify sulfate-
reducing bacteria, in this case, Desulfovibrio desulfuricans, as responsible for methylating mercury.]

Cobbett C.S. and Goldsbrough P.B. (2000) Mechanisms of metal resistance: Phytochelatins and
metallothioneins. p. 247-271. In I. Raskin and B.D. Ensly (ed.) Phytoremediation of toxic metals — Using
plants to clean up the environment. John Wiley & Sons, New York. [This book chapter reviews how
metal toxicity is decreased through chelation of the thiol-containing phytochelatins and metallothioneins.]

Connolly E.L., Fett J.P., Guerinot M.L. (2002) Expression of the IRT1 metal transporter is controlled by
metals at the levels of transcript and protein accumulation. The Plant Cell 14: 1347-1357. [The results of
the Fe root transporter IRT overexpression highlight the complexity of IRT1 expression regulation.]

Cookson J.T. (1995) Bioremediation Engineering, Design and Application. New York, McGraw-Hill,
Inc. [This book describes the advantages, disadvantages, and potential applications of bacteria-based
bioremediation strategies.]

Courbot M., Willems G., Motte P., Arvidsson S., Roosens N., Saumitou-Laprade P., Verbruggen N.
(2007) A major quantitative trait locus for cadmium tolerance in Arabidopsis halleri colocalizes with
HMAA4, a gene encoding a heavy metal ATPase. Plant Physiology 144: 1052-1065. [This article shows
the identification of 3 QTL for Cd tolerance in Arabidopsis halleri and the functional characterization of a
gene encoding a Cd/Zn pump, co-localizing with the peak of the major QTL.]

Craciun A., Courbot M., Bourgis F., Salis P., Saumitou Laprade P., Verbruggen N. (2006) Comparative
cDNA-AFLP analysis of Cd-tolerant and -sensitive genotypes derived from crosses between the Cd
hyperaccumulator Arabidopsis halleri and Arabidopsis lyrata ssp. petraea. Journal of Experimental
Botany 57: 2967-2983. [This article reports on a global transcriptomic analysis of a cross segregating for
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Cd tolerance, between the Cd hyperaccumulator, Arabidopsis halleri, and the non-tolerant, non-
accumulator, Arabidopsis lyrata ssp petrae. The results support constitutive (under normal growth
conditions) expression of many members of gene families, not only those directly involved in metal
homeostasis.]

Cunningham S.D. and Berti W.R. (2000) Phytoextraction and phytostabilization: technical, economic and
regulatory considerations of the soil-lead issue. In Phytoremediation of Contaminated Soil and Water,
CRC Press: Boca Raton, FL. [This book chapter compares phytoremediation with other remediation
strategies in terms of cost, requirements, and potential for effective toxin clean up.]

Curie C., Panaviene Z., Loulergue C, Dellaporta S.L., Briat J.F., Walker E.L. (2001) Maize yellow stripel
encodes a membrane protein directly involved in Fe(lll) uptake. Nature 409: 346-349. [The manuscript
presents the cloning of the first iron-phytosiderophore transporter in a monocotyledon.]

Czakd M., Feng X., He Y., Liang D., Mérton L. (2006) Transgenic Spartina alterniflora for
phytoremediation. Environ. Geochem. Health 28: 103-110. [This paper reports the successful
transformation of the wetland plant, Spartina alterniflora, with the merA/merB genes which is especially
critical since wetlands environments are in most need of mercury remediation.]

Daniell H., Muthukumar B., Lee, S.B. (2001) Marker free transgenic plants: engineering the chloroplast
genome without the use of antibiotic selection. Curr. Genet. 39: 109-116. [This paper discusses progress
made in creating chloroplast-engineered plants without using antibiotic markers, eliminating one of the
primary public concerns about transgenic plants.]

Daniell H., Khan K.S., Allison L. (2002) Milestones in chloroplast genetic engineering: an
environmentally friendly era in biotechnology. Trends Plant Sci. 7: 84-89. [This paper reviews how the
use of chloroplast engineering to make transgenic plants may limit potential negative impacts, such as the
spread of transgenes.]

Dhankher O.P., Li Y., Rosen B.P., Shi J., Salt D., Senecoff J.F., Sashti N.A., Meagher R.B. (2002)
Engineering tolerance and hyperaccumulation of arsenic in plants by combining arsenate reductase and
gamma-glutamylcysteine synthetase expression. Nat Biotechnol. 20:1140-1145. [Arabidopsis thaliana
transgenic plants, expressing the Escherichia coli arsenate reductase (ArsC) gene, which catalyzes the
glutathione (GSH)-coupled reduction of arsenate to arsenite and the E. coli gene encoding gamma-
glutamylcysteine synthetase (gamma-ECS) showed arsenic tolerance. When grown on arsenic, these
plants accumulated 4- to 17-fold greater fresh shoot weight and accumulated 2- to 3-fold more arsenic per
gram of tissue than wild type or plants expressing gamma-ECS or ArsC alone.]

Delhaize E., Kataoka T., Hebb D.M., White R.G., Ryan P.R. (2003) Genes encoding proteins of the
cation diffusion facilitator family that confer manganese tolerance. The Plant Cell 15: 1131-1142. [The
paper describes the identification of a member of the cation diffusion facilitator family in the

Mn " tolerant tropical legume Stylosanthes hamata that is able to increase Mn™" tolerance by
sequestering Mn ™" into vacuoles.]

Delhaize E., Gruber B.D., Ryan P.R. (2007) The roles of organic anion permeases in aluminium
resistance and mineral nutrition. FEBS Letters 581: 2255-2262. [This review highlights the roles of
ALMT and MATE transporters in aluminium resistance and mineral nutrition.]

Deniau A., Pieper B., Ten Bookum W.M., Lindhout P., Aarts M.G.M., Schat H. (2006) QTL analysis of
cadmium and zinc accumulation in the heavy metal hyperaccumulator Thlaspi caerulescens. Theor. Appl.
Genet. 113: 907-920. [The identification of 2 QTL for Cd accumulation in root, 3 QTLs for Zn
accumulation in shoot and one QTL for Cd accumulation in shoot are reported in this study.]

de Souza M.P., Pilon-Smits E.A.H., Lytle C.M., Hwang S., Tai J., Honma T.S.U., Yeh, L., Terry N.
(1998) Rate-limiting steps in selenium assimilation and volatilization by Indian mustard. Plant
Physiology 117: 1487-1494. [This paper identified the enzymatic step catalysed by ATP sulfurylase as
being rate-limiting for selenium assimilation in Indian mustard, spurring on the construction and
characterization of APS transgenic plants.]

Dilworth G.L. and Bandurski R.S. (1977) Activation of selenate by adenosine 5’-triphosphate sulfurylase
from Saccharomyces cerevisiae. Biochem. J. 163: 521-529. [This paper reports that selenate, in addition
to sulfate, serves as a substrate for ATP sulfurylase.]
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Dominguez-Solis J.R., Lopez-Martin C., Ager F.J., Ynsa D., Romero L.C., Gotor C. (2004) Increased
cysteine availability is essential for cadmium tolerance and accumulation in Arabidopsis thaliana. Plant
Biotechnology Journal 2: 469-476. [This manuscript reports on the enhancement of cysteine synthesis.]

Douchkov D., Gryczka C., Stephan U.W., Hell R., Balmlein H. (2005) Ectopic expression of
nicotianamine synthase genes results in improved iron accumulation and increased nickel tolerance in
transgenic tobacco. Plant, Cell & Environment 28: 365-374. [The paper explains the genetic engineering
of tobacco plants to produce elevated levels of nicotianamine and reports on their analysis.]

Durrett T.P., Gassmann W., Rogers E.E. (2007) The FRD3-Mediated efflux of citrate into the root
vasculature is necessary for efficient iron translocation. Plant Physiology 144: 197-205. [FRD3 is a
member of the MATE (multidrug and toxin efflux) family of transporters. The analysis of a frd3 mutant
and of the FRD3 gene shows that FRD3 is involved in the efflux of citrate and the long-distance transport
of Fe as ferric-citrate complex from the root to the shoot.]

Eapen S., D’Souza S.F. (2005) Prospects of genetic engineering of plants for phytoremediation of toxic
metals. Biotechnology Advances 23: 97-114. [This is a review about the potential of plant genetic
engineering in the remediation of metallic and non-metallic toxic elements in soils.]

Elmayan T., Tepfer M. (1994) Synthesis of a bifunctional metallothionein/B-glucuronidase fusion protein
in transgenic tobacco plants as a means of reducing leaf cadmium levels. The Plant Journal 6: 433-440.
[This paper reports on the engineering and analysis of tobacco plant expressing a mammalian
metallothionein-p-glucuronidase fusion under the activity of a constitutive strong promoter.]

Ernst W.H.O., Krauss G.-J., Verkleij J. A.C., Wesenberg D. (2008) Interaction of heavy metals with the
sulphur metabolism in angiosperms from an ecological point of view. Plant Cell and Environment 31:
123-143. [The metabolism of sulfur in angiosperms is reviewed under the aspect of exposure to
ecologically relevant concentrations of sulphur, heavy metals and metalloids.]

Evans K.M., Gatehouse J.A., Lindsay W.P., Shi J., Tommey A.M., Robinson N.J. (1992) Expression of
the pea metallothionein like gene Ps MTA in Escherichia coli and Arabidopsis thaliana and analysis of
trace metal ion accumulation: implications of Ps MTA function. Plant Mol Biol 20: 1019-1028. [This
manuscript shows that a metallothionein gene from pea, overexpressed in Escherichia coli cells and in
Avrabidopsis thaliana plants, can increase Cu accumulation in bacterial cells in roots of transgenic plants
compared to their respective controls.]

Farago S. and Brunold C. (1990) Regulation of assimilatory sulfate reduction by herbicide safeners in Zea
mays L. Plant Physiology 94: 1808-1812. [In this paper, the increase in cysteine and glutathione
concentrations induced by certain herbicide safeners is correlated with increased ATP sulfurylase
expression.]

Feist L.J., Parker D.R. (2001) Ecotypic variation in selenium accumulation among populations of
Stanleya pinnata. New Phytol. 149: 61-69. [This manuscript reports on selenium hyperaccumulation
among the Brassicaceae Stanleya pinnata and on perspectives in phytoremediation.]

Filatov V., Dowdle J., Smirnoff N., Ford-Lloyd B., Newbury H.J., Macnair M.M. (2006) Comparison of
gene expression in segregating families identifies genes and genomic regions involved in a novel
adaptation, zinc hyperaccumulation. Mol Ecol 15: 3045-3059. [The article presents a combination of
genomics (transcriptional profile) and classical genetics (QTL analysis) to identify genes involved in the
Zn hyperaccumulation character of Arabidopsis halleri.]

Foster T.J. (1983) Plasmid-determined resistance to antimicrobial drugs and toxic metal ions in bacteria.
Microbiol. Rev. 47: 361-409. [This comprehensive review discusses the information known about
plasmid-located enzymes in bacteria and their role in resistance to antibiotics and metals, with a section
specifically about mercury.]

Foster T.J. and Brown N.L. (1985) Identification of the merR gene of R100 by using mer-lac gene and
operon fusions. J. Bacteriol. 163:1153-1157. [This paper corrects the reading frame and sequence of the
merR gene in the pBR322 plasmid.]

Fox B. and Walsh C.T. (1982) Mercuric reductase. Purification and characterization of a transposon-
encoded flavoprotein containing an oxidation-reduction-active disulfide. J. Biol. Chem. 257: 2498-2503.
[This paper reports the first purification of a mercuric reductase, in this case from Pseudomonas
aeruginosa PAO9501 carrying the plasmid pVS1.]
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Gallego S.M., Benavides M.P., Tomaro M.L. (1996) Effect of heavy metal ion excess on sunflower
leaves: evidence for involvement of oxidative stress. Plant Sci. 121: 151-159. [This paper studies the
effect of Fe?*, Cu?*, and Cd** on superoxide dismutase, other antioxidant enzymes, chlorophyll content,
and glutathione demonstrating that these metals induce oxidative stress in plants.]

Gendre D., Czernic P., Conéjéro G., Pianelli K., Briat J.-F., Lebrun M., Mari S. (2007) TcYSL3, a
member of the YSL gene family from the hyper-accumulator Thlaspi caerulescens, encodes a
nicotianamine-Ni/Fe transporter. The Plant Journal 49:1-15. [YSL transporters are involved in the
loading and unloading of nicotianamine-metal chelates. This manuscript provides strong support for a
role for YSL transporters in the overall scheme of NA and NA-metal, particularly NA-Ni, circulation in
the Zn, Ni hyperaccumulator plant, Thlaspi caerulescens.]

Gilmour C.C., Henry E.A., Mitchell R. (1992) Sulfate stimulation of mercury methylation in freshwater
sediments. Environ. Sci. Technol. 26: 2281-2287. [This paper demonstrates that experimentally added
sulfate stimulated mercury methylation by sulfate-reducing bacteria.]

Gorinova N., Nedkovska M., Todorovska E., Simova-StoilovalL., Stoyanova Z., Georgieva K.,
Demirevska-Kepova K., Atanassov A., Herzig R. (2007) Improved phytoaccumulation of cadmium by
genetically modified tobacco plants (Nicotiana tabacum L.). Physiological and biochemical response of
the transformants to cadmium toxicity. Environmental Pollution 145: 161-170. The article presents the
analysis of Cd tolerance and Cd accumulation of tobacco plants overexpressing a metallothionein gene
from Silene vulgaris.

Gray D.H. and Sotir R.B. (1996) Biotechnical and soil bioengineering stabilization. John Wiley & Sons,
New York. [This book includes a relevant discussion about the inherent advantages trees possess in
phytoremediation applications.]

Grill E., Loffler S., Winnacker E.L., Zenk M.H. (1989) Phytochelatins, the heavy-metal-binding peptides
of plants, are synthesized from glutathione by a specific gamma glutamylcysteine dipeptidyl
transpeptidase (phytochelatin synthase), Proc. Natl. Acad. Sci. USA 86: 6838-6842. [This is a study of
the activity of phytochelatin synthase in Silene cucubalus cell suspension cultures upon different metallic

treatments. It shows that Cd *" is by far the best metal activator of the enzyme.]

Grill E., Winnacker E.L., Zenk M.H. (1985) Phytochelatins: the principal heavy-metal complexing
peptides of higher plants. Science 230: 674-676. [The manuscript is a landmark in the study of
phytochelatins and reports on the isolation of novel heavy-metal complexing peptides, which are induced
upon heavy metal treatment.]

Ha S.B., Smith A.P., Howden R., Dietrich W.M., Bugg S., O’Connell M.J., Goldsbrough P.B., Cobbett
C.S. (1999) Phytochelatin synthase genes from Arabidopsis and the yeast Schizosaccharomyces pombe.
Plant Cell 11: 1153-1163. This is one of the first papers to report cloning of a phytochelatin synthase
gene from plants.

Hamlett N.V., Landale E.C., Davis B.H., Summers A.O. (1992) Roles of the Tn21 merT, merP, and merC
gene products in mercury resistance and mercury binding. J. Bacteriol. 174: 6377-6385. [This paper
defines roles in mercury binding and transport for the merT and merP gene products but leaves the
function of merC undetermined.]

Hanikenne M., Kramer U., Demoulin V., Baurain D. (2005) A comparative inventory of metal
transporters in the green alga Chlamydomonas reinhardtii and the red alga Cyanidioschizon merolae.
Plant Physiology 137: 428-446. [This article is an overview of plant metal transporters, with an inventory
of putative metal transporters in two unicellular algal models, the green alga Chlamydomonas reinhardtii
and the red alga Cyanidioschizon merolae.]

Hansen D., Duda P., Zayed A.M., Terry N. (1998) Selenium removal by constructed wetlands: role of
biological volatilization. Environ. Sci. Technol. 32: 591-597. [The authors studied a wetland filled with
effluent from a Chevron oil refinery containing selenite and found that a significant portion of the
incoming selenium ends up being volatilized.]

Harada M. (1995) Minamata disease: methylmercury poisoning in Japan caused by environmental
pollution. Crit. Rev. Toxicol. 25: 1-24. [This review describes the classic story of methylmercury
poisoning in Japan, the study of which has likely contributed the most to our understanding of its toxicity
in the environment and man.]
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Hatzfeld Y., Cathala N., Grignon C., Davidian J.-C. (1998) Effect of ATP sulfurylase overexpression in
bright yellow 2 tobacco cells. Plant Physiology 116: 1307-1313. [This paper examines the effects of ATP
sulfurylase expression in a culture of tobacco cells and finds, in contrast to later work in Brassica juncea,
no increase in sulfate uptake or selenate tolerance.]

Hatzfeld Y., Lee S., Lee M., Leustek T., Saito K. (2000) Functional characterization of a gene encoding a
fourth ATP sulfurylase isoform from Arabidopsis thaliana. Gene 248: 51-58. [The authors describe a
fourth plastid-localized ATP sulfurylase isoform from Arabidopsis thaliana whose expression is not
induced by sulfur starvation or treatment with O-acetylserine.]

Heiss S., Schafer H.J., Haag-Kerwer A., Rausch T. (1999) Cloning sulfur assimilation genes of Brassica
juncea L.: cadmium differentially affects the expression of a putative low-affinity sulfate transporter and
isoforms of ATP sulfurylase and APS reductase. Plant Mol. Biol. 39:847-857. [The authors report the
cloning of genes encoding a sulfate transporter, ATP sulfurylase, and APS reductase from Brassica juncea
and demonstrated that expression of the latter two are induced by cadmium.]

Hussain D., Haydon M.J., Wang Y., Wong E., Sherson S.M., Young J., Camakaris J., Harper J.F.,
Cobbetta C.S. (2004) P-Type ATPase heavy metal transporters with roles in essential zinc homeostasis in
Arabidopsis. The Plant Cell 16: 1327-1339. [This paper demonstrates the essential role of HMA2 and
HMAA4 in Zn translocation from the root to the shoot in Arabidopsis thaliana.]

Hussein H. S., Ruiz O.N., Terry N., Daniell H. (2007) Phytoremediation of mercury and
organomercurials in chloroplast transgenic plants: enhanced root uptake, translocation to shoots, and
volatilization. Environ. Sci. Technol. 41: 8439-8446. [The authors investigate Hg uptake and
translocation in chloroplast transgenic tobacco plants expressed the merA,B operon.]

Ingle R.A., Mugford S.T., Rees J.D., Campbell M.M., Smith J.A.C. (2005) Constitutively high expression
of the histidine biosynthetic pathway contributes to nickel tolerance in hyperaccumulator plants. The
Plant Cell 17: 2089-2106. [This study further demonstrates the importance of histidine for the Ni
hyperaccumulation in Alyssum lesbiacum and the effect of enhancing histidine biosynthesis by genetic
transformation in the non- accumulator Arabidopsis thaliana.]

Jensen S. and Jernelov A. (1969) Biological methylation of mercury in aquatic organisms. Nature
223:753. [This paper reports the discovery that methylation of mercury was due to anaerobic
microorganisms.]

Kim D.Y, Bovet L., Kushnir S., Noh E.W., Martinoia E., Lee Y. (2006) AtATM3 is involved in heavy
metal resistance in Arabidopsis. Plant Physiology 140: 922-932. [Results of the paper support the idea
that ATM3 is an ABC transporter in the inner mitochondrial membrane that is able to export glutathione-
cadmium complexes.]

Klonus, D., Hofgen, R., Willmitzer, L., and Riesmeier, J.W. (1994) Isolation and characterization of two
cDNA clones encoding ATP-sulfurylases from potato by complementation of a yeast mutant. Plant J. 6:
105-112. [Two cDNA sequences encoding potato ATP-sulfurylases were cloned and found to be
expressed in roots, stems, and leaves.]

Klonus D., Riesmeier J.W., Willmitzer L. (1995) A cDNA clone for an ATP-sulfurylase from
Arabidopsis thaliana. Plant Physiology 107: 653-654. [The authors report the cloning of the third
discovered ATP sulfurylase in Arabidopsis thaliana with similarities to the first two cloned.]

Kondo N., Imai K., Isobe M., Goto T., Murasugi A., Wada- Nakagawa A., Hayashi Y. (1984) Cadystin A
and B, major unit peptides comprising cadmium binding peptides induced in a fission yeast—separation,
revision of structures and synthesis. Tetrahed Lett 25: 3869-3872. [This is the first report of
phytochelatins in Schizosaccharomyces pombe.]

Korenkov V., Park S.H., Cheng N.H., Sreevidya C., JLachmansingh J., Morris J., Hirschi K., Wagner
G.J. (2007) Enhanced Cd?* selective root-tonoplast-transport in tobaccos expressing Arabidopsis cation
exchangers. Planta 225: 403-411. [This paper is a study of several CAtion eXchangers (CAX) that are

involved in the vacuolar sequestration of Cd 2 ]

Kramer U., Cotter-Howells J.D., Charnock J.M., Baker A.J.M., Smith J.A.C. (1996) Free histidine as a
metal chelator in plants that accumulate nickel. Nature 379: 635-638. [The manuscript is the first
demonstration of the role of histidine in nickel hyperaccumulation.]
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Kramer U., Talke I., Hanikenne M. (2007) Transition metal transport. FEBS Letters 581: 2263-2272.
[This review summarizes current knowledge on transition metal transporters and on the adaptation of
metal hyperaccumulator plants to extreme metalliferous environment.]

Lappartient A.G. and Touraine B. (1997) Glutathione-mediated regulation of ATP sulfurylase activity,
S0, uptake, and oxidative stress response in intact canola roots. Plant Physiology 114:177-183. [The
authors experiment with hydrogen peroxide challenge and glutathione treatments to conclude that
expression of ATP sulfurylase is distinct from oxidative stress but related to glutathione status.]

LeDuc, D.L., Tarun, A.S., Montes-Bayén, M., Meija, J., AbdelSamie, M., Wu, C.P., Malit, M.F., Chang,
C.-Y., Tagmount, A., de Souza, M., Neuhierl, B., Bock, A., Caruso, J., and Terry, N. (2004)
Overexpression of selenocysteine methyltransferase in Arabidopsis thaliana and Brassica juncea
increases selenium tolerance and accumulation. Plant Physiology 135:377-383. [Using genetic
engineering, the authors demonstrated the important role that selenocysteine methyltransferase plays in
selenium hyperaccumulation.]

LeDuc D.L., AbdelSamie M., Montes-Bayon M., Wu C.P., Reisinger S.J., Terry N. (2006)
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Environ Microbiol 71: 8500-8505. [This article is a landmark in the potential use of horizontal gene
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little but significant impact on cadmium tolerance and accumulation.]
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