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Chapter 1

General Introduction and scope of the thesis
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The importance of metal homeostasis

Plants require a range of heavy metals as essent@bnutrient for normal
growth and development. Different metals have irtgpdr roles in various
pathways in plants. For instance, iron (Fe) is v é@mponent of haem proteins
(e.g. cytochromes, catalase) and Fe-S proteins asidarredoxin and a range of
other enzymes. Copper (Cu) is an integral compoagnertain electron transfer
proteins in photosynthesis (e.g. plastocyanin) @esgiration (e.g. cytochrome c
oxidase) and is also involved in lignification (ase). Manganese (Mn), which is
less redox active than Cu, plays also a role ingdymthesis (e.g. £evolution)
(for details see Hall and Williams, 2003). NicksliX is a cofactor of urease and
other enzymes such as hydrogenases and Ni-superdigthutase (Dalton et al.,
1988; Watt et al., 1999). Zinc (Zn) ions are kewstural or catalytic components
in hydrolytic enzymes (e.g. Cu-Zn superoxide disasat alcohol dehydrogenase)
and DNA-binding proteins like RNA polymerase (Mdrser, 1995; Guerinot and
Eide, 1999; Broadley et al. 2007). However, unautgd binding of metals to
proteins can result in the inactivation of proteiRew other heavy metals like
cadmium (Cd), arsenic (As) and lead (Pb) are patintoxic to plants, due to
their similarity (especially in ionic radii) to s@ressential heavy metals, such as,
Zn and Fe. This implies that plants need to balane¢al uptake, intracellular
compartmentalisation and partitioning to the vasidissues and storage, to meet
the specific requirements of metals in differerssties. This tight control and
regulation of metal accumulation is called metahkostasis.

Metal homeostasis in plants is affected by the fmattion and uptake from the

soil, compartmentalisation and sequestration witthi@ root, the efficiency of
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xylem loading and transport, distribution betweegtahsinks in the aerial parts of

the plants and sequestration and storage in ldaf(€Gdemens et al 2002).

O

(d)
Storage and
detoxification

USE-_ O—-— O

Uptake

Symplastic Apoplastic
passage passage

BT O-_ —-—O T
Uptake Unloading Phloem
transpaort

Xylem
transport (c)
Kylem
loading

O e O

Symplastic
passage

Remabilization

(a) (b) Storage and
Mabilization Uptake detoxification

TRENDS in FPiant Science

Figure 1: The path of a transition metal from the soiltie sites of use and storage in the leaf. The
different processes governing metal accumulatien dmpicted in arrows. Red arrows highlight
current engineering targets. These include atterfg)téo enhance mobilization by secretion of
organic acids, (b) to increase uptake by overespasor deregulation of transporters, (c) to
stimulate uptake into the root and translocatian thie xylem by overproduction of intracellular
chelators, or (d) to increase the strength of metds in the leaves by overexpression of storage
and detoxification mechanisms. Processes thatrdiogpto our present knowledge, show distinct
molecular characteristics in hyperaccumulator glame represented by arrows of varying size. A
thicker arrow indicates a process displaying higimivity in metallophytes as compared to non-
metallophytes, for example, rates of uptake inte thots via plasma membrane-localised Zn
transporters. A thinner arrow indicates a procégslalying reduced activity in metallophytes. This

applies to sequestration of metals in root tisg@désmens et al., 2002)
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Micronutrient levels in plants are also importaat human health, as they are
used as primary sources of food for humans (GrasakDellapenna, 1999). The
most widespread nutritional problem in the worldrés deficiency (Maser, 2001).
Similarly, Zn deficiency is a significant problem agriculture, particularly in

cereals, limiting crop production and quality (Goet and Eide, 1999;

Hacisalihoglu et al, 2003). Increase of the abiitylants to provide higher levels
of minerals will therefore have a dramatic impactlmman health (Clemens et
al., 2002; Maser, 2001), especially when most & thet depends on plant
sources. Therefore, metal uptake/availability igelévance, both because of its
impact on plant growth where both deficiency andess reduce growth and
thereby crop yield, as well as because of its sglee for the nutritional quality of

food and feed.

Metal hyperaccumulating species

The quantitative requirements of the metals areiipeand vary greatly among
different tissues in a plant. Similarly, the regmmrent of the metals varies from
species to species and shows large differences gntba metal ‘non-
hyperaccumulator and the ‘hyperaccumulator speciéHyperaccumulator’
species are defined as plants having a Zn contiemtrabove 10,000 pg g dw,

Ni concentration higher than 1000 ug giw or Cd concentration above100 pg g
~! dw. In comparison, a non-accumulator plant cost&@-100 pg g* dw of Zn
and 1-10 pg g dw of Ni. A Cd concentration of more than 10 ug gdw is
toxic. Thlaspi caerulescens (Tc), a Zn/Cd/Ni hyperaccumulator species, can
accumulate up to 30,000 pg Z#H dgw foliar concentration (Brown et al., 1995),

4000 pg Ni § dw (Reeves and Brooks, 1983; McGrath et al., 199@) 2700 pg
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Cd g' dw (Lombi et al., 2000)T. caerulescens is the focus of this thesis.
Approximately, 400 species have been reported agi\iCd, Pb, Cu, Co and Mn
hyperaccumulators, which belong to a wide rangeiroklated families (Baker
and Brooks, 1989; Brooks 1994; Baker et al.,, 20@0nong these 400, 317
species are Ni hyperaccumulators and 12 are idgohtefs Zn hyperaccumulators
(Baker et al., 2000). Many Zn hyperaccumulatorsobglto the Brassicaceae
family; 11 of them areThlaspi species and one is afwrabidopsis species
(Arabidopsis halleri). They are mainly found on calamine soils enrichednnPb
and Cd, either naturally or due to mining or mstaklting in Southern, Western
and Central Europe. Furthermore the species igaleted in parts of Scandinavia
(Tutin et al.,, 1993). Like other hyperaccumulators, caerulescens exhibits
enhanced metal uptake, as well as enhanced mataldcation to the shoots
(Lasat et al., 1996; Shen et al., 1997; Schat.e@00).T. caerulescens has been
proposed to be a very convenient model plant speoiestudy many aspects of
this exciting research field and could provide amsno unresolved issues for two
major reasons (Assuncae al., 2003). The first is that the adaptive traits
associated with plant heavy metal hyperaccumuladioth tolerances are simply
not present in any of the current model speciese $hcond, and equally
important, reason is its close relatednesArabidopsis thaliana. The genetic and
technical resources that have already been dewklépeA. thaliana can be
applied for better understanding of the regulatibtraits inT. caerulescens (Peer
et al., 2006). In addition to these reasons, self-fgrtdnd sufficient seed setting
(Peer et al., 2006) also justifids caerulescens as a suitable model plant for the

study of metal accumulation.
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A great interest has developed recently in theaigerrestrial plants as a green
technology for the remediation of surface soilstaoninated with toxic heavy
metals (Pence et al., 2000). This developed the field of environmental
biotechnology, termed phytoremediation, which ugéents to extract heavy
metals from the soil and to concentrate them irvdstable shoot tissue (Salt et
al., 1995). The practical utility of many hyperasuuators for phytoremediation
may be limited, because many of these speciesudimg T. caerulescens, are
slow-growing and produce little shoot biomass, selye constraining their
potential for large scale decontamination of pelltsoils (Ebbs et al., 1997).
Transferring the genes responsible for the hyperaatating phenotype to higher
shoot-biomass-producing plants has been suggesteal potential avenue for
enhancing phytoremediation as a viable commereiehriology (Brown et al.,
1995). Progress toward this goal has been hindgyedlack of understanding of
the basic molecular, biochemical and physiologioechanisms involved in

heavy metal hyperaccumulation.

Metal uptake proteins

A primary control point for metal homeostasis appe@ be the regulation of
metal uptake across the plasma membrane into théGeerinot, 2000). Metal
ions are hydrophilic and do not cross cell membsaoe other organelle
membranes by passive diffusion (Cousins and McMal2@®0). Plants have
evolved mechanisms that allow the transport of mitas, through different
categories of metal transporters such as the ZF¥ (ZRT-like proteins) family

(Guerinot, 2000), cation diffusion facilitators (€B) (Williams et al., 2000),

heavy metal (or CPx-type) ATPases, the naturastasce-associated macrophage
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proteins (Nramps) and the cation antiporters (Qax& al., 2002), found to be

located in different organelles within the cell.

ZIP family transporters

The ZIPs are involved in the transport of Fe, Zm, &hd Cd with family members
differing in their substrate range and specifidi§uerinot, 2000; Maser et al,
2001). About 85 ZIP family members have now beemiified from bacteria,
archea and all types of eukaryotes, including 1Begein A. thaliana (Méaser,
2001).

The ZIP proteins are predicted to have eight traambrane (TM) domains with
the amino- and carboxyl- terminal ends situatethenouter surface of the plasma
membrane (Guerinot, 2000). The overall length wwelely, mostly because of a
variable region between TM-3 and TM-4. This regismredicted to be on the
cytoplasmic side and contains a potential metadibign domain, rich in histidine
residues. The most conserved region of these pmotkés in TM-4 and is
predicted to form an amphipathic helix containinfyldy conserved histidine that
may form part of an intra-membranous metal binditg involved in transport
(Guerinot, 2000; Méaser et al., 2001). Its transgdariction after heterologous
expression in yeast is eliminated when conservetdimes or certain adjacent
residues are replaced by different amino acids €Rogt al., 2000).

The first member ZIP family identified from plarEifle et al., 1996), watIRT1
(Iron-regulated transporter 1), cloned from thaliana and identified by
functional complementation of the Fe-uptake-defitigeast double mutariet3
fetd. AtIRT1 is now thought to be the major transporter fohhadfinity Fe uptake

by roots (Connolly et al., 2002; Vert et al., 200R)ants overexpressinglRT1
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also accumulate higher concentrations of Cd andhanm wild types under Fe
deficient conditions, indicating an additional ratethe transport of these metals
(Connolly et al., 2002). This is also supportedttaynsport studies in yeast (Eide
et al., 1996; Korshunova et al., 1999). Thd-1 A. thaliana knockout mutant is
chlorotic and shows severe growth defects that lmarrescued by exogenous
application of Fe (Vert et al.,, 2002)tIRT1 is expressed predominantly in the
external layers of the root under Fe-deficient doonas and the protein is
localized to the plasma membrane. MutantsABRT1 also showed significant
changes in photosynthetic efficiency and develogaietefects that are consistent
with a deficiency in Fe transport and homeostdsen(iques et al., 2002; Varotto
et al., 2002). InterestingltIRT2 is also expressed in root epidermal cells under
Fe deficiency. HowevelAtIRT2 cannot complement the loss AfIRT1 (Grotz
and Guerinot, 2002) and appears to have a greatmifigity to substrates.
Although the gene can complement Fe and Zn uptakiants, the protein does
not transport Cd or Mn in yeast (Vert et al.,, 200Ihis suggests that these
transporters have different functionsAinthaliana.

In tomatoLelRT1 and LelRT2 were studied and both genes were shown to be
expressed in roots (Eckhardt et al., 2001). Exprassf LelRT1 wasfound to be
strongly enhanced by Fe limitation, whereas this wat the case forelRT2.
LelRT1 was also up-regulated by P and K deficiencies enriot medium. This
suggests a possible co-regulation of the transpgeees for certain essential
minerals (Wang et al., 2002). Studies in yeast ssigthatLelRT1 and LelRT2
also have a broad range of substrate transporthédk et al., 2001)OsIRT1

from rice, which has high homology to ti#e thaliana AtIRT1 gene, is also
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predominantly expressed in roots and is inducedFby and Cu-deficiency
(Bughioet al., 2002).

Based largely on yeast complementation studiethduinformation is available
on the functional properties of other plant ZIP ngporters. The ZIP1-3
transporters fromA. thaliana restore Zn uptake in the yeast Zn uptake double
mutantzrtl zrt2 and were proposed to play a role in Zn transp@roiz et al.,
1998; Guerinot, 2000¢IP1, ZIP3 and ZIP4 are expressed in the roots of Zn-
deficient plants, whileZIP4 is also expressed in the shoots (Grotz et al.8;199
Guerinot, 2000). Wintz et al. (2003) demonstratext two ZIP genestZIP2 and
AtZIP4 are involved in copper transport.

The proposed role of ZIP transporters in Zn nutnitis supported by the
characterization of homologues from other spedemember of the ZIP family,
GmZIP1, has now been identified in soybean (Moretaai., 2002). By functional
complementation of thertl zrt2 yeast cells GmZIP1 was found to be highly
selective for Zn, while yeast Zn uptake was inkiitby Cd.GmzIP1 was
specifically expressed in the nodules and not ots;ostems or leaves, and the
protein was localized to the peribacteroid memhramicating a possible role in
the symbiosis (Moreau et al., 2002).

The yeast ZIPsZRT1 and ZRT2, were shown to be high and low affinity Zn
transporters, respectively (Eide, 1998; Guerin00@; ZRT1 is glycosylated and
present at the plasma membrane. A third ZIP homaom yeastZRT3, is
proposed to function in the mobilization of storeth from the vacuole
(MacDiarmid et al., 2000).

Why do plants need so many ZIPs? This diversity beyequired for a variety of

reasons: (1) to provide the high and low affinifgstems needed to cope with
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varying metal availability in the soil; (2) to pride the specific requirements for
transport at the different cellular and organetteambranes within the plant; and
(3) to respond to a variety of stress conditiongghkhffinity transporters are
selective for their target metals and are tightlgulated according to metal need.
Low-affinity transporters are less responsive tdaheeed and are somewhat less

selective for the metals they transport (Radisky ldaplan, 1999).

Metal efflux proteins

Plasma membrane controlled Zn regulation is noficeifit to control the free

metal concentration in the cells. The vacuole, Whaccupies most of the plant
cell volume, plays a major role in the regulatidnom homeostasis in the cell and
in detoxification of the cytosol (Marschner, 199Sgveral CDF genes involved in

sequestration of metals in the cell have beeniiilhin different plant species.

CDF family or cation efflux family

Over-expression of CDF family members are descriloedonfer Zn, Cd, Co or

Ni tolerance to plants (Paulsen and Saier, 199de,E1998). Several evidences
suggest that these transporters either sequesti mas within vacuoles or

export metal ions out of the cells (Paulsen anderSal997), though the

mechanisms underlying the transport are not weleustood for most of the CDF

proteins. Proteins of the CDF family from diverssuses have the following

features in common: (1) they share an N-terminghaure sequence that is
specific to the family; (2) the proteins possess tsans-membrane-spanning
regions; (3) they share a cation efflux domain; &hdmost of the eukaryotic

members possess an intracellular histidine-rich alonthat is absent from the
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prokaryotic members (Paulsen and Saier, 1997).r8e@DF family members
have been studied frorBaccharomyces cerevisiae, Escherichia coli, Bacillus
subtilis and Schizosaccharomyces pombe and were found to contribute to the
storage of and efflux of Zn and other metals frém ¢ell (Li and Kaplan, 1998;
MacDiarmid et al 2002; Miyabe et al 2001; Guffagttial, 2002; Chao et al, 2004,
Li and Kaplan, 2001; Clemens et al, 2002).

The genome ofA. thaliana encodes 12 putative CDF genes, which are highly
divergent in sequence, but share some charaateristiCDF family membrane
transport proteins (Blaudez et al., 2008)ZAT (Zn transporter ofA. thaliana)
later renamed a8tMTP1 (Metal Tolerance_Potein 1) was the first plant CDF,
identified as a cDNA (van der Zaal et al., 1999;skléet al, 2001). Under normal
or excess Zn supp¥tMTP1 transcripts were shown to be present at low lewvels
seedlings (van der Zaal et al., 19989S.: AtMTP1 transformedA. thaliana plants
resulted in enhanced Zn tolerance of transgenidlisgs and slightly increased
Zn accumulation in roots. Studies by Kobae et20048) suggestedtMTP1 to be

a potential Zn transporter & thaliana. A further study by Desbrosses-Fonrouge
et al. (2005) showed that AtMTP1 acts as a Zn parisr, localised in the
vacuolar membrane, mediating Zn detoxification &t Zn accumulation. Bd

et al (2002) expressedtMTP1 in E. coli and studied the purified protein in
reconstituted proteoliposomes. The protein trarisdoZn into proteoliposomes
by a mechanism that relied on the Zn gradient acttes membrane and not on a
proton gradient. Two of the 12 genes encoding m&taCDF proteins inA.
thaliana, AAIMTP2 andAtMTP3, are closely related #&tMTP1 (64.4% and 67.6%
identity respectively)AIMTP2 was shown by expression profiling to be induced

in a Zn deficiency condition (van de Mortel et &006). AtMTP3 was found to
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contribute to basic cellular Zn tolerance and walved in the control of Zn
partitioning (Arrivault et al., 2006). Silencing oAtMTP3 causes Zn
hypersensitivity and enhances Zn accumulation mvalground organs of plants
exposed to excess Zn or to Fe deficiency. Overesgion of PtdMTP1 from
hybrid poplar Populus trichocarpa x P. deltoides) in A. thaliana also conferred
Zn tolerance (Blaudez et al., 2003). Heterologaymrassion ofPtdMTP1 from
poplar in various yeast mutants was shown to caef@stance specifically to Zn,
possibly as a result of transport into the vaciétzhler et al., 2003).

Persans et al. (2001) isolated CDF member gefigbTPs) from the Ni-
hyperaccumulating speciefhlaspi goesingense. These genes conferred metal
tolerance toS cerevisae mutants defective in vacuol&OT1 and ZRC1 Zn
transporters. They suggested that TgMTP1 transpoetsis into the vacuolén
vivo and in vitro immunological staining of hemagglutinin (HA)-taghe
TgMTP1::HA revealed that the protein is localized in bothuadar and plasma
membranes 1% cerevisiae. It was assumed that TJMTP1 functions by enhancing
plasma membrane Zn efflux thereby conferring Zristasce inS cerevisiae.
Transient expression iA. thaliana protoplasts also revealed thegMTP1::GFP

is localized at the plasma membrane, suggestingTgTP1 may enhance the
Zn efflux in plants, which is different from thehetr endogenous. thaliana
CDFs. Delhaize et al. (2003) showed that $h®ITP1 cDNA from Stylosnathes
hamata, a tropical legume tolerant to acid soils with higimcentrations of Mn,
conferred Mn tolerance to yeast and plants by aharem that is likely to
involve the sequestration of Mn into internal orgdes. Expression studies on
AhMTP1 from A. halleri showed substantially higher transcript levels lie t

leaves and up-regulation upon exposure to highdfrcentrations in the roots of

20
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A. halleri and vacuolar localization leading to Zn accumalatin the plant

(Drager et al., 2004).

Metal transport in T. caerulescens

Lasatet al. (1996) described the physiological characterratf Zn uptake of.
caerulescens and T. arvense (a non-hyperaccumulator species). A concentration-
dependent Zfi influx into the root was recorded, using radiogracflux
techniques. In both species, there was a satucabiponent following Michaelis-
Menten kinetics. Wax Wwas much higher i. caerulescens than inT. arvense,
whereas the K values appeared similar for both species. Thigesig a higher
expression of functionally similar Zn transportersl. caerulescens compared to
T. arvense roots (Lasat and Kochian, 2000). Time-course amalys Zn
accumulation in roots and shoots supported thiiritn The Zn content in thé.
caerulescens roots was found to be two times higher than inTharvense roots
at the start of the experiment, despite a muchdriggte of Zn translocation to the
shoot later on (Lasatt al., 1996). Further, Lasat al. (2000) and Pencet al.
(2000) isolatedlcZNT1, a ZIP family Zn transporter gene froM caerulescens,
by functional complementation of the yeaky3 mutant, defective in Zn uptake
(Zhao & Eide, 1996). Assunca al. (2001) cloned th@cZNT1 gene as well as
an apparent paralogue, tiA&ZNT2 gene, based on the homology to the
thaliana AtZIP4 gene from accession La Calamine. In non-accumukgiecies,
like A. thaliana or T. arvense, the orthologues 0fcZNT1 are mainly expressed in
roots, but only under Zn deficiency conditions. f&rmal or elevated Zn supply
their transcription is strongly down-regulated (@ret al., 1998; Pencet al.,

2000; Assuncaet al., 2001). In contrast, iff. caerulescens both TcZNT1 and

21
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TcZNT2 are highly expressed in roots and at a lower l@veshoots, not only
under conditions of Zn deficiency, but also at nakror elevated Zn supply
(Penceet al., 2000; Assuncaet al., 2001). TcZNT1-mediated Zn uptake in yeast
showed a saturable component (Pesia#., 2000) with a I value very similar to
the one found fol. caerulescens (Lasatet al., 1996). Furthermore, the,\x of Zn
influx in roots of T. caerulescens grown under different Zn concentrations
correlated very well with the rodicZNT1 transcript levels and theKvalues
were very similar at all the Zn exposure levelsgeggPencet al., 2000). Similar
experiments were done to show evidence of Cd tahgp TcZNT1, concluding
that TcZNT1 mediates high-affinity Zn uptake as Ivesd low-affinity Cd uptake
(Penceet al., 2000).

Why these genes are apparently over-expressed. inaerulescens is still
unknown. An increased expression TwZNT1 and TcZNT2 may be one of the
evolutionary changes on the way from non-accumulébohyperaccumulator
(Assuncacet al., 2001). One possibility could be that a Zn-regdam element in
the TcZNT1 promoter has been altered, altering the Zn-impdsaascriptional
down regulation (Assuncas al., 2001). However, since two gends4NT1 and
TcZNT2) are over-expressed, an alteration in the Zn tecepnd signal
transduction machinery appears more plausible (Leisa., 2000; Pencet al.,
2000). Recently, a gene encoding a basic helix-logjx (bHLH) transcription
factor involved in the regulation of Fe status wientified in tomato. Mutation of
this gene leads to much lower expression of thenmait Fe transporter (Lingt
al., 2002). One can envision that a similar transicnpfactor inT. caerulescens
is involved in the regulation of Zn status. Modd#ion of one transcription factor

often changes the expression of several genesoasd te the case for the

22
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TcZNT1 and TcZNT2 paralogues (Assunca® al., 2001). Alternatively, if the Zn
sequestration machinery is much more efficient.ircaerulescens than in non-
accumulator species, this can create a state ofsiplogical Zn deficiency’
(Assuncéoet al., 2001). In this situation, cellular sensing maely does not
sense Zn at appropriate levels, even though thsugply rates and total cellular
Zn concentrations would be adequate or even toxicnbn-hyperaccumulator
plants (Assuncéet al., 2001).

Similar to the kinetics studies with Zn, Londtial. (2001) and Zhaet al. (2002)
also established the kinetic parameters of Cd anohifux into the roots of plants
from two calamin€l. caerulescens accessions, Prayon and Ganges, with different
Cd accumulation capacities (much higher in Gangéd)e non-saturable
component of the Cd influx was the same in botressions and the ) of the
saturable component was about five times high&anges than in Prayon, while
the maximum saturable Zn influx rates were aboutabqCd uptake in Prayon
was significantly suppressed in the presence ofnemjar concentrations of Zn
and Mn, suggesting that in Prayon Zn transportargely mediate Cd uptake.
However, a similar treatment did not affect Cd kptan Ganges, suggesting the
existence of a transporter with high selectivityad, as compared to Zn and Mn
at least, which would be much higher expressedang@s than in Prayon (Lombi
etal., 2001; Zhaet al., 2002).

Two related ZIP genes have been cloned from Ni fagoeimulatoiT. japonicum,
TjZNT1 and TjZNT2. Expressing in yeast eitheljZNT1 or TjZNT2 shows
increased resistance to?N{Mizuno et al., 2005), highlighting a potentialador
these genes in Ni tolerance. Further studies aressary to determine if or how

these proteins function to hyperaccumulate metajsants and to understand the
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differential regulation of the similar genes in thwyperaccumulator plants
compared with non-accumulator plants.

Assuncdo et al. (2001) showed constitutively higipression of TcZTP1 (Zn
Transmrter 1), a member of the CDF family T caerulescens. TcZTP1 is very
similar to AtMTPL1 of A. thaliana. It has90% identity at the DNA level and 75%
aa identity. A further study ohcZTP1 has been reported in this thesis (chapter 5).
Furthermore, it is fascinating thdt caerulescens and other hyperaccumulator
plants cope with such high Zn and other heavy masatentrations, which are
very toxic to other non-accumulator plants. Thismsy the hyperaccumulator
plants are assumed to have specific or higherigctv¥ mechanisms for root-to-
shoot transport, xylem loading and unloading (Lasaal, 1998) and vacuolar
sequestration of heavy metals, particularly inlda epidermal cells (Vazquez et
al, 1994; Kupper et al, 1999), trichomes (Kramealetl997), or stomatal guard
cells (Heath et al, 1997) compared to the non-actatng plants. Only few
studies have been carried out to understand thenan&ns behind. Further
researches are necessary to unravel the questions.

In this thesis, we tried to functionally characterithe gene3cZNT1,
TcZNT2 andTcZTP1 from T. caerulescens, accession La Calamine. We examined
the function of these three genies metal homeostasis by studying the over-
expression lines ofcZTP1, TcZNT1 andTcZNT2 in A. thaliana. A. thaliana was
chosen as a reference non-accumulator speciesvénage of 88.5% sequence
identity in transcript sequences betwddihaspi andArabidopsis was found in the
study of Rigola et al. (2006). This is in agreemeith the study of Peer et al.
(2006), which found 87-88% sequence identity fag thtergenic transcribed

spacer regions when severilaspi species were compared wifkrabidopsis.
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Such evidences and available genetic resourceseswakhaliana an obvious
choice as a comparative non-accumulator (Freemah, &004). This allowed the
comparisons between similar genes from hyperacatorsl and non-

accumulators overexpressing these genes (Freenaén 2004).
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Aim and Outline of the thesis

This thesis explores the function of the three Emgporters of the Zn/Cd/Ni
hyperaccumulator speciesThlaspi caerulescens and their regulation, in
comparison with the non-accumulator model spegiesbidopsis thaliana. The
close relatedness at caerulescens to A. thaliana provides us the opportunity to
study the genes from a hyperaccumulator in a ngetaccumulator, making use
of the genetic and technical resources that haeady been developed for tAe
thaliana genome. Previous studies on fieXTP1, TcZNT1 andTcZNT2 genes of
T. caerulescens reported higher expression levels of these gem#spendent of
the Zn status of the plant, whereas the homologgres from related non-
accumulator specied,. arvense and A. thaliana, show down-regulation under
high Zn conditions. The research presented in thésis is focused towards
understanding the function ofcZTP1, TcZNT1 and TcZNT2 genes, by
overexpressing the genesAnthaliana. This also leads towards the study of the
regulation of the gend,cZNT1 in comparison té&tZIP4, through the study of the
cis-elements in these gene promoters.

Chapter 1 summarises the current state of knowledge on thalrhemeostasis in
plants with a focus om. caerulescens.

In chapter 2 a physiological study of the response to ZrAirthaliana andT.
caerulescensis described

In chapter 3 a functional characterisation of the ZIPRYE, IRT-like proteins)
family member gene3cZNT1 and TcZNT2 is presented using the lines which

over-expressed these genedithaliana.
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In chapter 4 the regulation oTcZNT1 was studied in comparison #0ZIP4. The

cis elements of these two gene promoters were seardiedy comparative
deletion analysis of promoter induced GUS expressi@\. thaliana.

In chapter 5 functional characterisation of the cation diffusitacilitator (CDF)
family member gen@cZTP1 was performed using over-expression lines of this
gene inA. thaliana.

In chapter 6 the combined findings of chapter 2 through 5 aseussed and

suggestions for further research are proposed.
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Chapter 2

Physiological study ofArabidopsis thalianaand

Thlaspi caerulescens response to zinc

Sangita Talukdar, Mark GM Aarts

Abstract

The main objective of this research was to studg tkRsponse of
Arabidopsis thaliana and Thlaspi caerulescens to Zn deficiency and high
Zn.

TheA. thaliana plants were exposed to Zn-deficiency (0 and 0.052mn)
and compared to the plants grown on media contistandard Zn (2
UM). T. caerulescens plants were exposed to Zn-deficiency (0.05 UM Zn)
and high Zn (1000 uM Zn) and compared to plantsvgron standard Zn
media (100 uM Zn).

Both A. thaliana andT. caerulescens were found to be heavily affected by
Zn deficiency, showing retarded growth and reduceproduction.T.
caerulescens plants were similarly affected when grown on high Z
concentrations, as by Zn deficiency, with comparakdffects on

reproductive tissues.



Chapter 2

Introduction

Contamination of soils with heavy metals, either rtural causes or due to
pollution, often has pronounced effects on the tatgm, often characterised by
the appearance of metallophytes, heavy metal-ttleaad -hyperaccumulator
plants. The zinc (Zn) hyperaccumulator speciesdafed to accumulate higher
than 10,00Qug Zn g* of dry weight (dw) (1%, w/w) (Baker and Brooks,359,
whereas most plants contain between 30 andugy@n g' dw and concentrations
above 300pg Zn g' dw are generally toxic (Marschner, 1995hlaspi
caerulescens (Tc), is a model plant species to study metal hyperaotation and
tolerance (Assuncdo et al. (200Bhis species belongs to the Brassicaceae family
and is known as a Zn hyperaccumulator, showing&9t000 pg Zn §dw foliar
concentration (Brown et al., 1995). In additionpégaccumulation of Cd or Ni
has been reported for a number of natdralcaerulescens populations from
calamine and serpentine soils (Reeves and Bro®d&3; McGrath et al., 1993).
Cd is a non-essential and toxic element for pladtswvever, inT. caerulescens
foliar Cd concentrations up to 27Q® g* dw (Lombi et al., 2000) have been
found.

The model plant specieArabidopsis thaliana, a metal non-accumulator, also
belonging to the Brassicacae family, is the refeeespecies in this resear@n
average of 88.5% sequence identity in transcripjuseces betweer.
caerulescens andA. thaliana was found in the study of Rigola et al. (2006).sThi
is in agreement with the study of Peer et al. (20860 found 87-88% sequence
identity for the intergenic transcribed spacer@agiwhen severdlhlaspi species

were compared withArabidopsis. A. thaliana is a suitable species as a
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comparative non-accumulator, based on this moleaufailarity and because of
its available genetic resources (Freeman et &4 20

All plants, either being an accumulator or non-auglator, need micronutrients
for healthy growth and development. Zn is the sdcamst abundant transition
metal (after Fe) in biological systems, includinargs (Worlock and Smith,
2002). Zn is both stable and inert to oxidoredugtion contrast to the
neighbouring transition elements in the periodldegfor review see Vallee and
Auld, 1990; Vallee and Falchuk, 1993). This makes sfable in a biological
medium in which the redox potential is in constifunt. Zn is an essential element
that is employed in a wide range of biochemical &mnaphysical roles. It is
required to maintain the structural stability of ar@nolecules and to serve as a
cofactor for more than 300 metabolic enzymes reprtesl in all enzyme classes
(Broadley et al., 2007), including Cu-Zn superoxigksmutase, alcohol
dehydrogenase, RNA polymerase, etc. and DNA-bingirgeins (Marschner,
1995; Guerinot and Eide, 1999). It also plays arpnent role in gene expression
as a structural component in a large number of peddent transcription factors
(Worlock and Smith, 2002). Among these, the larggsiup of Zn-binding
proteins inA. thaliana are the Zn finger proteins (Broadley et al., 2007)

Zn available to plants is present in the soil sofutor is adsorbed in a labile
(easily desorbed) form. The soil factors affectihg availability of Zn to plants
are those which control the amount of Zn in thel smwlution and its
sorption/desorption from/into the soil solution.eBle factors include: the total Zn
content, pH, organic matter content, calcium caat®@montent, redox conditions,
microbial activity in the rhizosphere, soil moistwstatus, concentrations of other

trace elements, concentrations of macro-nutrieaspécially phosphorus) and
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climate (Broadley et al., 2007). The availability of Zn che limited in certain
soils, especially in the calcareous ones (Grus@9)l Severe Zn deficiency
generally leads to reduction in internodal growtithwva consequent rosette-like
development, small and discoloured leaves, podrfoymation and reduced seed
and fruit productior(Bergmann 1992; Marschner 1992n deficiency also leads to
an impaired response to oxidative stress, likelg thua reduction in superoxide
dismutase levels (Hacisalihoglu et al., 2003). &nthe most common crop
micronutrient deficiency (Broadley et al., 2007j)datherefore it is a significant
agricultural problem, particularly in cereals, ltmg crop production and quality
(Guerinot and Eide, 1999; Hascisalihoglu et al,30®n the other hand, excess
of Zn leads to Zn toxicity, which induces chlorosisyoung leaves, probably via
competition with Fe and Mg (Marschner, 1995), anest root and eventually
shoot growth. Additionally, plants have the ability accumulate non-essential,
but toxic metals resembling Zn, such as Cd and abisity could be used to
remove pollutant metals from the environment (GQuati2000).

In this study, the visible response on the plardawiin and development to
variations in Zn supply in the non-accumulatér. thaliana and the

hyperaccumulatof. caerulescens is described.
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Materials and methods

Plant growth conditions

To determine the response & thaliana (accession Columbia) and.
caerulescens (accession La Calamine) to Zn, the plants wergvgron modified
half Hoagland’s solution supplied with different @@, concentrations.A.
thaliana was supplied with 0, 0.05 and @ Zn and forT. caerulescens was
supplied with 0.05, 100 and 10QM Zn. The nutrient medium was refreshed
every weekA. thaliana, like any other non-accumulator, needs very lowpbu
of Zn, hence @M Zn (where Zn was left out of the media) was usedreate a
true Zn-deficient condition. In addition, plants reealso grown on half
Hoagland’s solution supplied with 0.Q8/ Zn to allow plants to be able to take
up low amount of Zn from the medium. In case ohpdagrown on M Zn, the
Zn content in the tissues are below the range tdctien by Atomic Absorption
Spectroscopy (AAS), which was used for the measengsn of metal
concentrations (Assuncao et al., 2003). In cas€. cherulescens (accession La
Calamine) 100 uM Zn was the concentration on which the plants grealthy.
0.05uM Zn was used as a low Zn concentration. In additm low and normal
supply, T. caerulescens was also exposed to high Zn (10081 Zn) supply, to
which it is supposed to be tolerant. Twelve pldotseach concentration of Zn
were grown and the data were collected based @ thiants. All the plants were
first grown for two weeks on plates with half MS kshige and Skoog, 1962)
media, containing 1% agar for normal growth andew#ten transferred to
hydroponics using solutions of half Hoagland’'s amdth different Zn

concentrations.
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Germination experiments were performed with aroomel month old seeds (from
Zn-deficient and Zn-sufficient plants) in Petri liks with water-imbibed filter
paper. The seeds were incubated in a climate-d@drgrowth cabinet (25°C
day; 16 h day with illumination at a light intensiof 120 umol rif s%), either

after cold-treatment of four days or no cold-tresitin

Results

Response of A. thaliana plants to low Zn

The A. thaliana plants grown for four weeks under Zn-deficiencyul@ Zn) are
chlorotic and shorter compared with plants growntfee same time under Zn-
sufficiency (2uM Zn) (Figure 1A, 1B). Average shoot weight wasueed by ~6-
fold and average root weight was reduced by ~4-Bldure 2A). Measuring the
length of the main axis (stem) and root length diree shows a seven-to-ten fold
difference at the end of an eight-week exposurgufei 2C, 2D). The middle
leaves were smaller in size, cripple and chlor(figure 1C, 1D) and the mean
leaf weight was reduced 2.7 fold (Figure 2B). Thesenptoms have been
described in other species as the ‘little leaf’drgme (Broadley et al., 2007). The
Zn deficient flower buds were yellow (Figure 1F)ngmared to those of the
control plants (Figure 1E) and their flowers weroy developed (Figure 1G,
1H). The Zn-deficient pistils were smaller in sidean the Zn-sufficient ones
(Figure 11, 1J). The siliques were shorter in lénidan the Zn-sufficient siliques
(Figure 1K) and the number of seeds per silique less (Figure 1L, 1M). Silique
length was reduced by two fold (Figure 2A) andgsié weight by three fold
(Figure 3B) compared to Zn-sufficient siliques. THa-deficient seeds were

smaller in size and weight (Figure 1N, 10) anddbamination percentage of Zn-
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deficient seeds was strongly reduced, probably usecdhese seeds were not

viable. The Zn contents of the Zn-deficient plawese significantly lower than

those of the Zn-sufficient plants in all tissueattivere analysed (Figure 4).

Figure 1: Phenotypic differences oA. thaliana grown under Zn-sufficient and Zn-deficient
conditions.

A, C, E, G, |, L and M show parts of Zn sufficigslants; B, D, F, H, J, M and O show parts of Zn
defiecient plantsA. thaliana plant grown under Zn-sufficiency (@M Zn) and Zn-deficiency (0
uM Zn) after four week¢A, B). The Zn-sufficient and Zn-deficient le@, D), flower bud(E, F),
flowers (G, H) pistil (I, J), silique (K), silique with seedsL( M) and seedgN, O).
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Response of T. caerulescens plants to Zn

The response ofl. caerulescens to different Zn supplies was studied in a similar
way as inA. thaliana. However, asT. caerulescens is a Zn hyperaccumulator
plant, Zn concentrations to which the plants weqgosed were increased except
for Zn deficiency. ForT. caerulescens, accession La Calamine, the optimal
hydroponic Zn concentration (in half Hoagland’susimin) for growth of healthy
plants on hydroponics is 1M Zn (van de Mortel et al, 2006). Zn defficiency
was created by growing plants on half Hoaglandisitean, supplied with 0.05
uM Zn. In addition to deficient and sufficient Zn,ewalso grew plants on a
medium with high Zn supply (100@M), to see if plants showed visible
phenotype. Overall plant size was smaller wherpthats were grown under Zn-
deficiency and high-Zn compared to sufficient Zndimae(Figure 5A). Shoot and
root weight was reduced by three-to-four fold undardeficiency and high Zn
conditions compared to 1Q0M Zn compared to the (Figure 6A). The leaves are
also smaller in plants grown on low and high Zrg(ife 5B). The leaves of high
Zn plants were darker green than those from @d@n plants and the leaves of
Zn-deficient plants were more chlorotic than the®from Zn-sufficient plants.
Reduction in leaf weight was 2.5-fold in Zn-defiooy and high Zn conditions,
compared to Zn-sufficient plants (Figure 6B). The-dgficient and high Zn
inflorescences are not as well developed and giyetdorotic compared to the
Zn-sufficient inflorescences (Figure 5C, D, E). total 12 plants grown on
standard 10QuM Zn produced 30 inflorescences after 16 weeks xpiosure,
whereas plants grown on Zn-deficiency made 10 iefioences and in case of

high Zn only four. The flower buds in the Zn-deént and high Zn plants were
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chlorotic (Figure 5F, 5H). Most of the flower-buitlsZn-deficient plants failed to

open. The siliques formed on Zn-deficient and h#yh plants were chlorotic

(Figure 5I, 5K), whereas in the Zn-sufficient pktihey were green (Figure 5J).
The numbers of seeds in these siliques were Idvear for the control plants. The
Zn contents of different plant tissues from Zn-dieint, Zn-sufficient and high Zn

plants were compared (Figure 6D). In each cas&itheontent in the shoots were
higher than in the roots. In the Zn-deficiency dtind the Zn content was in a
very low range. The Zn content in the roots of pent grown on high Zn was

2.3-fold higher after 16 weeks of exposure thah0&xuM Zn and in shoots it was

around three-fold higher. The shoot-to-root ratiteral6 weeks in 10M Zn

was 2.7 and in 1000M Zn it was 3.1.

Figure 5: Phenotypic differences oT. caerulescens plants in response to deficient,
sufficient and high ZnT. caerulescens plants grown hydroponically under Zn-deficiency
(0.05uM Zn) (A), Zn-sufficiency (10QuM Zn) and high Zn (100QM Zn) after 16 weeks.
Leaves(B); InflorescencegC, D, E) Flower buds(F, G, H); and Siliqueql, J, K) of T.
caerulescens plants grown in respectively Zn-deficigi@, F, 1), Zn-sufficient(D,G, J) and
high Zn(E,H,K) conditions .
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Discussion

The Zn-deficiency phenotypes M thaliana plants were studied in this research.
In general plants showed all the characteristicslescribed previously for Zn
deficient plants in several other species: redactib internodal growth with an
enhanced rosette-like development, small and discet leaves, poor root
formation and reduced seed and fruit productionrgBenn, 1992, Marschner
1995 and Broadley et al. 2007). The reduced ha§in-deficient plants (@M
Zn) compared with Zn-sufficient (2M Zn) plants could be due to a decrease of
the growth hormone auxin correlating with decreagedevels in the plants. A
previous study on the relationship of Zn and auas shown that a decrease in
auxin precedes the appearance of visible symptdn® aleficiency in tomato
and sunflower suggesting that Zn is required fotiraproduction. The effect of a
reduction in auxin levels was only observed in &ficent plants, whereas it was
not observed in the Mn-deficient and Cu-deficietdngs (Skoog, 1940). The
‘little leaf’ is typical for Zn-deficiency, as itsialso found in other plants. The
increasing chlorosis in the leaf is assumed tougetd the effect of decrease in Zn
in the photosynthetic enzymes. In Zn-deficient dahis also known to result in
an impaired response to oxidative stress, likelg thua reduction in superoxide
dismutase levels (Hacisalihoglu et al, 2003). Slaaeh al., (1995) showed a
requirement of Zn for stomatal opening in caulifeowZn-deficiency induced
increased epicuticular wax deposits, lamina thiskneegree of succulence, water
saturation deficit, diffusive resistance, and prelaccumulation and decreases in
carbonic anhydrase activity, water potential, stainaperture, and transpiration

in the leaves of caulifloweplants (Sharma et al.,, 1995). These phenomena
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together are assumed to lead to a severe imbatdrgrewth and development in
plants includingA. thaliana.

The reproductive tissues, the most important pafrthe plant, were found to be
heavily affected in the Zn-deficieAt thaliana plant. The Zn concentration in the
flowers is the second highest (after the roots)the Zn-sufficient plants,
indicating the importance of Zn for proper devel@mnand function of the
reproductive organs. In the Zn-deficient plantg, Zm content in flowers is much
lower than in Zn-sufficient plants, like in all parof the plants. Polar (1970)
showed that anthers, and especially pollen cordatine highest concentration of
Zn when compared to other parts\@€ia faba plants. This Zn is used during the
pollen tube growth and pollination. During the ejation of the pollen tubes
RNA is synthesised (Mascarenhas and Goralnick, Y19%hich needs RNA
polymerase that requires Zn to be functional. Bdise reasons together show why
the reproductive tissues are very affected by Zicémcy. In pea, the Zn-
deficient plants were found to have smaller silgjaad their seeds were generally
not well developed compared to Zn-sufficient plafReed, 1944). Failure to
produce good seeds was due to irregularities ingtbeith of the ovule and its
generative structures (Reed, 1944). Necrosis ¢ oethe funiculus and adjacent
portions of such ovules was frequently observed,osmded by areas in which
the cells were generally hypoplastic, vacuolatefiero showing evidence of
cytolysis which destroyed their protoplasmic intggfReed, 1944).

While a low Zn content affects plant developmertijgh Zn content in plants can
be toxic. Zn hyperaccumulator species seem to fawed a way to deal with a
high Zn content in the plant. How do such plantsposnd to Zn deficiency and

high Zn that is lethal to non-accumulator speci€s@refore we also studied the
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response of the hyperaccumulaiorcaerulescens to Zn deficiency and high Zn
compared it withA. thaliana. Both at high Zn (1000 uM Zn) and low Zn (0.05
UM Zn) the plants were found to be severely affdotdth reduced root and shoot
weight (Figure 6A). Similar toA. thaliana, the reproductive tissues ii.
caerulescens plants were affected at high and low Zn. A cleiffietence between
A. thaliana andT. caerulescence was the Zn content in the plants, when grown on
medium with Zn. InT. caerulescens, the Zn concentration was higher in shoots
compared to roots as also described in previoudiestu(Assungédo, 2003),
whereas inA. thaliana it was higher in roots than shoots. Hence, thidysghows
that high and low Zn both affect tie caerulescens plants in a similar way, but
probably by different mechanisms. The high Zn cotreion in the cell damages
the normal cellular functionality, which is causei@d binding of the cation at
inappropriate sites in proteins (Eide, 2003). Reastundies of the regulatory Zn
sensors that control expression of transportergesighatE. coli cells strive to
maintain essentially no free Zn in their cytoplasimder steady state growth
conditions (Outten and O’Halloran, 2001). Similarlin the cytoplasm of
eukaryotic cells, free Zn levels are estimated @oirbthe low nanomolar range
under steady state conditions (Sensi et al., 198Men the Zn concentration in
the plant cell is too high, the cell cannot detgittie high Zn concentration, the

tissues are observed to be affected and chlorstabaerved in our study.
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Chapter 3

Over-expression of theThlaspi caerulescen<ZIP
family transporter ZNT1, but not ZNT2, confers
higher Zn and Cd accumulation to Arabidopsis

thaliana

Sangita Talukdar, Ceasare Rietberg, Henk Schatk G
Aarts

Abstract

* The functional characterization of ZIP transportggnes TcZNT1 and
TcZNT2 from Thlaspi caerulescens (Tc) accession La Calamine is
presented.

» The response of the over-expression linesTAENT1 and TcZNT2 in
Arabidopsis thaliana was compared with non-transformed wild type plants
with respect to metal accumulation after differBntand Cd exposures. In
addition, TcZNT1, TcZNT2 and TcZNTL/TcZNT2 silencedT. caerulescens
plants were studied with respect to Zn accumulation

* Over-expression offcZNT1 showed a higher Zn concentration M
thaliana in shoots and roots and to a lower extent also TRZNT2.
TcZNT1 over-expression lines also contained more Cd. Theahtent of
TcZNT1- and TcZNT1/TcZNT2-silenced T. caerulescens roots was

significantly reduced compared to empty vectorgfarmed roots.
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Introduction

Zinc (Zn) plays a critical role in plants as anezg&l component of key enzymes
such as Cu-Zn superoxide dismutase, alcohol debgdase, RNA polymerase,
and DNA-binding proteins (Marschner, 1995; Gueriaind Eide, 1999). When Zn
supply is limited to the plants, a range of deficieg symptoms can appear
(Marschner, 1995, chapter 2). In addition, it resuh an impaired response to
oxidative stress, likely due to a reduction in sog&le dismutase levels
(Hacisalihoglu et al., 2003). Zn deficiency is gngficant agricultural problem,
particularly in cereals, limiting crop productiondaquality (Guerinot and Eide,
1999; Hascisalihoglu et al, 2003). On the otherdhanhigh concentration of Zn
in the cell can be toxic. So, the intracellular cemration of this essential but
potentially toxic metal must be carefully contrdllén a process called metal
homeostasis. The primary control point for metal feomeostasis appears to be
regulation of metal uptake across the plasma meamelg@uerinot, 2000).

Zn ions are hydrophilic and do not cross cell yamelle membranes by passive
diffusion (Cousins and McMahon, 2000). Plants havelved mechanisms that
allow transport of Zn ions across membranes, whigblve transporter proteins
such as heavy metal (or CPx-type) ATPases, natrgaistance-associated
macrophage proteins (Nramps), cation diffusionlifatbrs (CDFs) (Williams et
al., 2000), the ZIP family proteins (Guerinot, 2P0&nd cation antiporters
(Gaxiola et al., 2002). The ZIPZRT, IRT-like) proteins are involved in the
transport of Fe, Zn, Mn and Cd with family membdiffering in their substrate
range and specificity (Guerinot, 2000; Maser et2801). About 85 ZIP family
members have now been identified from bacteriaheae and eukaryotes,

including 15 genes idrabidopsis thaliana (Méaser, 2001). The ZIP proteins are
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predicted to have eight transmembrane domains (Wil the amino- and
carboxy- terminal ends situated on the outer serfaicthe plasma membrane
(Guerinot, 2000). They vary widely in overall lehgtdue to a variable region
between TM-3 and TM-4. This region is predictecdb&oon the cytoplasmic side
and is a potential metal-binding domain, rich irsticine residues. The most
conserved region of these proteins lies in TM-4 @&n@redicted to form an
amphipathic helix containing a fully conserved idiste that may form part of an
intra-membranous metal binding site involved im$@ort (Guerinot, 2000; Maser
et al., 2001). The transport function observed upeterologous expression in
yeast is eliminated when the conserved histidineestain adjacent residues are
replaced by mutation (Rogers et al., 2000).

AtIRT1 (Iron-regulated _riansporter 1), the first identified member of th#P Z
family (Eide et al., 1996), was cloned frorA. thaliana by functional
complementation of a Fe-uptake-deficient yeast Woaoiutant {et3 fetd). AtIRT1

is now thought to be the major transporter for kadinity Fe uptake by roots
(Connolly et al., 2002; Vert et al., 2002). Plaotger-expressingAtiRT1 also
accumulate higher concentrations of Cd and Zn tii&htypes under Fe-deficient
conditions, indicating an additional role in thartsport of these metals (Connolly
et al., 2002), which is supported by studies irsyégide et al., 1996; Korshunova
et al.,, 1999). ArA. thaliana knockoutirtl-1 mutant was chlorotic and showed
severe growth defects, which could be rescued &exogenous application of Fe
(Vert et al., 2002). The AtIRTfrotein is localized at the plasma membrane and,
under Fe-deficient conditions, expressed predontliyam the external epidermal
layers of the root. Mutants oAtIRT1 also showed significant changes in

photosynthetic efficiency and developmental defélotg were consistent with a
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deficiency in Fe transport and homeostasis (Hergat al., 2002; Varotto et al.,
2002). Interestingly, AtIRT2 (another ZIP protein) is also expressed in root
epidermal cells under Fe-deficiency. However, iroat substitute for the loss of
AtIRT1 (Grotz and Guerinot, 2002) and it appears to hawgreater substrate
specificity. Although it can complement Fe and Zrtake mutants in yeast, it
does not seem to transport Cd or Mn (Vert et &012, suggesting that AtIRT1
and AtIRT2 have different functions A thaliana.

Based largely on yeast complementation studiethduinformation is available
on the functional properties of plant ZIP transpmst The AtZIP1, 2, 3
transporters fromA. thaliana restore Zn uptake in the yeast Zn uptake mutant
zrtlzrt2 and are proposed to play a role in Zn transporotet al., 1998;
Guerinot, 2000)AtzIPs 1, 3 and 4 are expressed in the roots of Zndidefic
plants, whileAtZIP4 is also found in the shoots (Grotz et al., 1998g/Bot,
2000). The proposed role of ZIP transporters inndtrition is supported by the
characterization of homologues from other spedidisitz et al. (2003) suggested
that two ZIP genesA{ZIP2 andAtZIP4) are also involved in copper transport.
Still, the knowledge about all the ZIP transportersiot yet complete. Further
molecular studies of these transporters will previde answers to many of the
questions related to metal homeostasis in plardsv@ght be used to improve the
metal content of crops used for human and animéitiom. In addition, this
knowledge allows the further development of phytoediation, a technology
using plants to remove toxic elements from soil.

Recently, the regulation of the metal ions in Zrpénaccumulator plants has
drawn a lot of interest. The Zn hyperaccumulatoecggs are defined to

accumulate more than 10,009 Zn g of dry weight (dw) (1%, w/w) (Baker and
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Brooks, 1989), whereas most plants contain betv86eand 10Qug Zn g* dw and
concentrations above 3Qfy Zn g* dw are generally toxic (Marschner, 1995).
Thlaspi caerulescens (Tc) is a model plant species to study metal
hyperaccumulation and tolerance (Assunc¢éo et @32 This species belongs to
the Brassicaceae family and is known as a Zn hgparaulator, showing up to
30,000 pug Zn § dw foliar concentration (Brown et al., 1995). Hoee
hyperaccumulation of Cd or Ni also has been repdide a number of naturdl.
caerulescens populations from calamine or serpentine soils (Reeand Brooks,
1983; McGrath et al., 1993). Cd is a non-essehtialtoxic element for plants. In
T. caerulescens accession “Ganges”, foliar Cd concentrations u@#60 ug g*
dw were found (Lombi et al., 2000).

TcZNT1, a ZIP homologue, fromT. caerulescens was shown to mediate high-
affinity Zn uptake and low-affinity Cd uptake folling expression in yeast
(Pence et al.,, 2000). Based on sequence ide@¥NT1 is most likely an
orthologue ofAtZIP4. TcZNT1 shares 90% DNA identity and 76% aa identity
with AtZIP4 (Grotz et al., 1998)TcZNT2 resemble§cZNT1 but it is probably an
orthologue ofAtIRT3 of A. thaliana. TcZNT2 shares 86% DNA identity and 83%
aa identity withAtIRT3. Assuncéao et al. (2001) reported theZNT1 andTcZNT2
were predominantly expressed in roots and leshaots, and their expression
was barely Zn responsive. By contrast, in the ngmelaccumulatoil. arvense,
these genes were exclusively expressed under @malitof Zn-deficiency
(Assuncéo et al., 2001). IA. thaliana, AtZIP4 and AtRT3 were found to be
strongly induced under Zn-deficiency conditions pamed to Zn-sufficient

conditions (Grotz et al., 1998; van de Mortel et 2006)
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To investigate the role afcZNT1 andTcZNT2 in plants further, we functionally
characterised the genes by studying over-expredisies of TCZNT1 andTcZNT2

in A. thaliana and by silencing the genesTncaerulescens. An average of 88.5%
sequence identity in transcript sequences betWeeaerulescens andA. thaliana
was found by Rigola et al. (2006). This is in agneat with the study of Peer et
al. (2006), who found 87-88% sequence identitythar intergenic transcribed
spacer regions when severtlaspi species were compared wifkrabidopsis.
These evidences and available genetic resourcessAathaliana

a suitable choice as a comparative non-accumu{gteeman et al., 2004). This
provides the opportunity to compare similar gemesnf hyperaccumulator and
non-accumulator species by over-expressing the#einon-accumulator species
A. thaliana (Freeman et al., 2004). In this study, we examnie function of
TcZNT1 andTcZNT2 in metal homeostasis using lines over-expressieggenes

in A. thaliana.

Materials and Methods

Construction of GFP-fusion and over-expression piagls

DNA manipulation and cloning were performed usingngard procedures
(Sambrook et al., 1989). To make the over-exprassimstruct offcZNT1 (35S::
TcZNT1), a fragment of 1337 bp containing tEZNT1 cDNA (Genbank
accession number AF275751) was cut from a cDNAatiprclone (Assungao et
al., 2001), using BamHI and Xbal. The fragment wlased into the BamHI-Xbal
digested pEZR(H)-LN plasmid (kind gift of Dr. Gel&n de Boer, Ehrhardt
laboratory, Dept. of Plant Biology, Carnegie Ingitn of Washington, USA),
which was created by ligating the expression ctsdedtm pEZS-LN (David

Ehrhardt, Stanford University; http://deepgreemf&ted.edu/) into pCambia 1300
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(http://www.cambia.org/daisy/bios/585.html). BamHbnd Xbal digestion
removed the GFP gene from the vector and ligatfoime@TcZNT1 gene resulted
in a CaMV 35S promotefeZNT1 fusion. To make an over-expression construct
of TcZNT2 (35S:ZNT2), a fragment of 1623 bp ofcZNT2 cDNA (Genbank
accession number AF275752; Assuncdo et al., 20043 woned into the
pPEZR(H)-LN vector following the same method. To gmte a construct
encoding a chimeric fusion protein of N-terminal S&ndTcZNT1 (35S::ZNT1-
GFP), a TcZNT1 cDNA fragment of 1289 bp was amplified from the N/®
library clone using primers P1 and P2 and Pfu DN#Wymerase (MBI Fermentas,
St. Leon-Rot, Germany). The PCR fragment was dégestith Hindlll and Sall
and ligated into Hindlll/Sall digested pEZR(H)-LSimilarly, a 35S:TcZNT2-
GFP construct was made. A 1525-bp proof-reading PCR#éied fragment of
TcZNT2 cDNA was obtained by using primers P1 and P3 @dbland cloned
into pEZR(H)-LN using Hindlll and Sall sites. Thaserted fragments were
verified by DNA sequencing. The constructs weragfarmed toA. thaliana
accession Columbia (Col), byAgrobacterium tumefaciens-mediated flower

dipping transformation as described by Clough aaedtB$1998).

Plant growth conditions

Seedlings of T transformants containing th85S:TcZNT1 and 35S:TcZNT2
constructs were selected on 12x12 cm square plaigs half strength MS
medium (Murashige and Skoog, 1962) (Duchefa BiodbeBnV., Haarlem, The
Netherlands) containing 20 mg hygromycin B (Duchefa Biochem, Haarlem,
The Netherlands) to select 10 independently tranms#d lines for each construct,

which were propagated until homozygouslifies. Plates were incubated in a
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climate-controlled growth cabinet (25°C day; 16dy avith illumination at a light
intensity of 120 pmol fAs?).

Genomic DNA extraction and DNA blot

To confirm the presence of a T-DNA insert in thanggenic lines, DNA was
extracted from flowers of35S:TcZNT1 and 35S:TcZNT2 transformed A.
thaliana T, plants as described by Aarts et al. (2000). PCR was paddrto
amplify the fragments with the primers P2 and Pdb(€ 1) forTcZNT1 (fragment
size: 1238 bp) and P3 and P5 (Table 1)TZNT2 (fragment size: 1292 bp). To
determine the insertion number of T-DNA, DNA-blotadysis was performed of
10 independent transformants for each of two caotr35S:TcZNT1 and
35S:TcZNT2. The fragments obtained fofcZNT1 and TcZNT2 by PCR
amplification mentioned above, were used as probe the DNA-blot
hybridisations, according to Aarts et al. (2002heTtransgenic plants with a
single insertion were subsequently checked foresgion levels of the transgene

using semi-quantitative RT-PCR.

Isolation of total RNA and semi-quantitative Revergranscriptase-PCR (RT-

PCR)

Total RNA of leaves and roots was extracted witlzdlr(Invitrogen, Carlsbad,

CA, USA) according to manufacturer's protocol. Qe of total RNA was used
to synthesize cDNA using MMLV reverse transcriptgbevitrogen, Carlsbad,

CA, USA) and an oligo(dT) primer (Invitrogen, Cdmdsl, CA, USA). The RNA

quantity was estimated based on the spectrophotiznmaeasurements and its
quality was checked by agarose gel electrophoré&sis. RNA was treated with

DNase (MBI Fermentas, St. Leon-Rot, Germany) befdd®&A synthesis was
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performed. PCR was performed on cDNA ushigubulin (At1g04820) primers
P6 and P7 (Table I) as a constitutively expressadral gene to check for any
contamination with genomic DNA. To differentiatetlween amplifications from
genomic DNA and cDNA, these primers were desigmedpan an intron of the
genomic At-tubulin gene. The gene-specific PCR-amplification was qreréd
with primers P2 and P4 farcZNT1 andP3 and P5 foflcZNT2 (Table I). Three
transgenic lines for each construct, with the hegjlexpression level aicZNT1 or

TcZNT2 were chosen for further analysis.

Transient expression in Cowpea protoplast transfation
Cowpea protoplasts were prepared and transfectedessibed previously by

Shah et al. (2002).

Metal exposure

To determine the effect of exposure to heavy metalgrowth of seedlings, three
independent transgenic lines containing either3&t®: TcZNT1 or 35S.: TcZNT2
construct and the untransformed conttl thaliana (Col) line were grown
vertically on 12x12 cm square Petri plates withf Hd5 containing 1% agar
(Duchefa Biochemie B.V., Haarlem, The Netherlan@®)determine the response
of the transgenic and wild type plants to Zn or @& plants were exposed to
ZnSQ, (0, 15, 50, 75, 150, 250, 400, 500 pM) or C49M 25, 50, 75, 100, 150,
200, 250 uM) (Merck, Darmstadt, Germany). Platesewecubated in a climate-
controlled growth cabinet (25°C; 16 h day withfiination at a light intensity of
120 pmol nf s%). Root lengths of individual seedlings were meadutEach

experiment was repeated at least twice at differam@ points.
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In case there was difference in the root growtlrarisgenic lines and wild type,
further hydroponics experiments were done, to chdek root growth and
tolerance phenotype. Ten to fifteen plants for eaththe three independent
transformants oB5S:TcZNT1 and 35S.: TcZNT2 were grown on modified half
strength Hoagland’s nutrient solution (Schat etl#96) containing 2 UM ZnSQO
which is sufficient forA. thaliana, on Zn-deficiency medium (0 puM Zng@here
Zn is not added to the modified half Hoagland'sriemt solution, and 0.05 pM
ZnSQy) or on high-Zn medium (50 uM ZnQP Plants were grown in trays, each
containing about nine litre of hydroponic mediunar Feach concentration the
transgenic and control lines were grown in the samag to avoid an effect of
variation among the trays. Typically a maximum df @ants were grown per
tray. The plants were grown in a climate chambe0/1ZC day/night
temperatures; 250moles light i s* at plant level during 12 h/day; 75% RH) for
five weeks. The nutrient medium was refreshed eweegk. Root and shoot
tissues were harvested for metal content analizsish hydroponics experiment
was repeated twice at different time points keepithghe growth conditions the
same.

To determine the response 85S:TcZNT1 and 35S:TcZNT2 transformedA.
thaliana plants to Cd, the same transgenic lines were grioydroponically on
modified half Hoagland’s solution for two weeks ahédn transferred to the same
media but containing @M Cd-0 uM Zn, O uM Cd-2 uM Zn, 0.5uM Cd-0 uM
Zn, 0.5uM Cd-2 uM Zn, 5uM Cd-0O uM Zn or 5uM Cd-2 uM Zn, keeping the
rest of the minerals constant in the media. Theienit solution was refreshed
every week. For mineral content analysis the rootl &hoot tissues were

harvested individually at the end of two weeks exe.
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Agrobacterium rhizogenes-mediated T. caerulescaasisformation and RNAI
RNAI silencing constructs were made by PCR ampiifya 361-bp fragment of
TcZNT1 cDNA (bp 268-597 of the cDNA sequence (AF275751) an417-bp
fragment of TcZNT2 cDNA (bp 1160-1545 of the cDNA sequence (AF275752)
with primers P10, P11 and P12, P13 respectivelbl€rd) containing added
restriction sites. Fragments were cloned into teetar pREDRoot according to
Limpens et al. (2004) and transformed iAta hizogenes strain MSU440 (Sonti et
al., 1995). In order to silendeoth TcZNT1 andTcZNT2, a construct was made in
which the PCR amplified fragments froraZNT1 andTcZNT2 were ligated into a
778 bp fragment using Nsil and cloned into pREDRfmowing the steps
mentioned above. For transformation, roots of fieg-old vertically grownT.
caerulescens seedlings were removed from the hypocotyls and wioeinded
surface was inoculated witA. rhizogenes containing the binary plasmids. The
seedlings were co-cultivated wi rhizogenes for five days at 20°C (16h light-8
h darkness) and subsequently transferred to netesplaith half-strength MS
media containing 100 mg*I Ticarcillin (Duchefa Biochem, Haarlem, The
Netherlands). The plants were grown vertically dncin-square Petri plates for
five weeks and during these period new roots forrtted are potentially co-
transformed with the T-DNA of the binary vector.afsformed roots were
distinguished based on the expression of DsRERxpoessed on the pREDRoot
vector, and visualized by fluorescence using a deMZIll fluorescence
stereomicroscope and a Nikon Optiphot-2 coupled ato mercury-lamp.
Untransformed roots were cut off until no more ansformed roots appeared.
Plants transformed witlA. rhizogenes containingthe empty pRedRoot vector

were used as control for comparison to silencentpla
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After five weeks growing on plates these chimerensformed Thlaspi plants
were transferred to hydroponics pots (600 ml), plaat/pot. Each pot contained
modified half Hoagland’s nutrient solution contaigil00 uM ZnS@Q which is
sufficient forT. caerulescens. Plants were grown for three weeks. The planth wit
silenced expression ofcZNT1, TcZNT2 and TcZNTL/TcZNT2 in roots were
selected based on semi-quantitative RT-PCR (ugiinggps P14, P15 fofcZNT1
andP16, P17or TcZNT2) performed on the root tissue from each of thesetpla
The root and shoot tissues of the silenced plaet® vinarvested for Zn content

measurement.

Root and shoot metal accumulation assay

Root and shoot tissues were analysed for theirkE&n,Mn and Cd content as

described by Assuncéo et al. (2003).
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Table 1: Primers used for the PCR amplification

Primer | Sequence of oligonucleotides (5'-3") Purpose
name
P1 CCCAAGCTACCCAAAAAAAGAGATCGAATT Forward primer designed on cDNA clone pABAL4-2.1
vector with Hindlll site
P2 TAAAGTCGAGGCCCAAATGGCGAGTGC Reverse primer for tlieZNT1 cDNA
P3 CAGTGTCGARCCCAAATGGCAAGAGAAGA Reverse primer fofcZNT2 cDNA
P4 TTCCCATGATCATCGCCGAT Forward primer designedT@ZNT1 cDNA
P5 GCAATCGTAAGACCCCAATGT Forward primer designed Tc¥NT2 cDNA
P6 AAGCTTGCTGATAACTGTACTGGT Forward primer for PCR amplifiicat of At-tubulin
pP7 GGTTTGGAACTCAGTGACATCA Reverse primer for PCR amplifioatof At-tubulin
P8 CCTACGCACCAGTCATCTCT Forward primer for PCR amplifioatof Tc-tubulin
P9 CGAGATCACCTCCTGGAACA Reverse primer for PCR amplifioatdf Tc-tubulin
P10 GCQ@QCTAGT GGCGCGCAGGAAATCTCTTTGTAG | Forward primer fofTcZNT1 for silencing; containing Spe
CTGCTAAAGC and Ascl sites
P11 GCGGATCCATTTAAATT CACCAAACGCTTTGCT | Reverse primer forTcZNT1 for silencing; containing
ATCATTCC BamHI and Swal sites
P12 GCQ@CTAGT GGCGCGCGAACAAATCAGCAACCA | Forward primer folTcZNT2 for silencing; containing Spe
TCATGGC and Ascl sites
P13 GCCAGGATCCATTTAAAT GTGAAATTCGAGATTT | Reverse primer forTcZNT2 for silencing; containing
GATTGATTAT BamHI and Swal sites
P14 CCTTCAAACCGAAGGAAATCTCTTT Forward primer for semi quaative RT-PCR of the
TcZNT1 silenced plant
P15 GATGATGTCTCCTCAACAACAGCTG Reverse primer for semi qitative RT-PCR of the
TcZNT1 silenced plant
P16 GAACAAATCAGCAACCATCATGGC Forward primer for semi quantitat RT-PCR of the|
TcZNT2 silenced plant
P17 GAAATTCGAGATTTGATTGATTATG Reverse primer for semi quaatite RT-PCR of the
TcZNT2 silenced plant

Restriction sites incorporated in the primers ar@enlined and bold (if there are two sites on @mes primer).
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Results

Subcellular localization of 35S:: TcZNT1-GFP and 353cZNT2-GFP in
cowpea protoplast

To check the predicted plasma membrane localizaiiwnboth TcZNT1 and
TcZNT2 (Assuncgéo et al., 2001), the cDNAs of botimgs were fused at their C-
terminus in frame with a GFP gene. These fusionsitoots were transiently
expressed in cowpea protoplasts. The GFP fluoresceras localized to the
plasma membrane of the cowpea protoplasts. Thigates thatTcZNT1 and

TcZNT2 localise to the plasma membrane (Figure 1).

Figurel: A chimeric fusion protein transiently expresseahi (A) CaMV 35S.: TcZNT1-
GFP or (B) CaMV 35S:TcZNT2-GFP constructs localizes to the plasma membrane

(arrows) of cowpea protoplasts. The GFP signal masseen in the vacuolar membrane
or in the chloroplast membrane. The backgroundhistgiof cytoplasm is probably due to
the high expression of the construct due to trengtCaMV 35S promoter.

TcZNT1 and TcZNT2 over-expression lines confer aarflowering and
increased Zn content in roots and shoots

In order to understand the functionT@ZNT1 andTcZNT2, the35S: TcZNT1 and
35S::TcZNT2 transformedA. thaliana homozygous lines were grown on modified

half Hoagland’s nutrient solution containing stardl@n (2 uM), no Zn (OuM,
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i.e. no Zn added in the media to induce deficiemcygxcess Zn (50M, which is
toxic to Arabidopsis) for five weeks. The plantogn with 2 uM Zn showed
early flowering compared to the wild-type Col pkantFigure 2A, 2B). The
35S::TcZNT1 transgenic plants were also more sensitive to Zitidacy (0 uM
Zn) than the wild type plants (Figure 3A). The Zontent in the35S:: TcZNT1
plants grown with half Hoagland’s solution contami2 uM Zn and 0.05uM Zn
was significantly higher in shoots and roots thamvild type (Figure 2C, 2D and
3B, 3C respectively). The shoot Zn content 38S:TcZNT2 plants was
significantly higher but only by 1.2 fold comparts wild type when grown on
half Hoagland’s solution containing2 Zn, but not on medium with 0.05M
Zn (Figure 2C, 2D and 3B, 3C respectively).

The sameTcZNT1 overexpression lines grown on high Zn (@B Zn) had a
markedly higher Zn content in roots and shoots amexbto the wild type (Figure
3D, 3E). The effect oTcZNT2 overexpression was less clear and not significant

in roots.
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Figure 2. Flowering time and Zn content of transgerd8S:TcZNT1 and 35S:TcZNT2 A.

thaliana lines compared to non-transformed wild tyg8) Three independently transformed
35S:TcZNT1 and 35S:TcZNT2 A. thaliana lines grown in comparison to Col wild-type (WT)
plants onhalf Hoagland’s solution containing 2M Zn, show early flowering. Photograph was

taken after five weeks since seed sowif®). Flowering time in days after sowin¢C, D) Zn
content (umoles fdw; mean + SE of 15 replica) in shoots (C) andsd®) of the35S;: TcZNT1
and 35S:: TcZNT2 transformedA. thaliana lines compared to wild-type plants after five weel

growth in half Hoagland’s solution (containingu®1 Zn). The Zn content of three independent

transformant lines is shown. Significant differenbetween the transgenic line and WT is
indicated with * (p<0.05, Student’s t test).
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Figure 3: The response of transgerB8S:TcZNT1 and 35S:TcZNT2 A. thaliana lines to Zn
deficiency and Zn excess. Plants were grown hydrigadly on half Hoagland's media with

modified Zn supplementation.

(A) Phenotypes 085S:TcZNT1 and 35S:: TcZNT2 plants grown on Zn deficient medium (0 pM
ZnSQy) 35S:TcZNT1 plants shows the highest sensitivity to Zn compaoe85S:: TcZNT2 and
WT plants, with typical Zn deficiency symptoms bftfe leaf’ and chlorosis of leaves. Zn content

(umoles @ dw; mean + SE of 15 replicates) after five weekexposure to half Hoagland's
solution supplemented with 0.¢dd1 ZnSQ, (B, C) and 50uM ZnSQ, (D, E). The Zn contents of
three independent transformant lines have been rsh@&ignificant difference between the

transgenic line and WT is indicated with * (p<0.@&udent’s t test).

TcZNT1 over-expression lines show higher Cd contenshoots.

In order to determine the response of T&@NT1 and TcZNT2 over-expression

plants to Cd, the transgenic lines and wild typeengrown hydroponically on

modified half Hoagland’s solutions containing@ Cd-OuM Zn, OuM Cd-2 uM

Zn, 0.5uM Cd-OuM Zn, 0.5uM Cd-2uM Zn, 5uM Cd-OuM Zn and 5uM Cd-2
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uM Zn, keeping the other minerals constant in thelim@cZNT1 overexpressing
lines showed no visible phenotypic difference ® Wild type, but all contained a
significantly higher Cd content in shoots, while toot Cd content was lower in
the overexpression lines than in the wild type (Feg4A, B) Figure 4C and 4D
show the Zn and Cd contents in theéZNT1 over-expression line (transformant
number 1), grown on half Hoagland’s containing\ Zn, 5uM Cd-2 M Zn and

5 uM Cd-0 uM Zn. Similar results were observed also for twheottransgenic
lines (data not shown). The shoot Zn and Cd coritetfie transgenic plants under
2 uM Zn and 5uM Cd-2 uM Zn is significantly higher than wild type plants
(Figure 4C). But the Zn content in shoots of tramsg plants grown on pM Cd-

2 uM Zn is lower than in the plants grown onu®1 Zn, whereas in wild type
plants they show similar concentration. The Fe eotst in the roots and Mn
content in shoots of the transgenic plants in Qube&d wild type and transgenic
plants are higher than in the non-exposed planigu(& 4E, 4F). The over-
expression lines ofcZNT2 neither showed any visible phenotype nor a Zn or Cd
content difference compared to the wild type grammrthe same media.

The plants were also grown on Cu, Mn, and Co daiicplates with half MS/agar
media but no significant root growth difference qared to wild type was

observed (data not shown).
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Figure 4: Phenotypic analysis offcZNT1 and TcZNT2 overexpressingA. thaliana plants
compared to wild type when exposed to excess Cd.

(A, B) Cd content (uM gdw; mean + SE) in (A) shoots and (B) roots35S:TcZNT1 and
35S:: TcZNT2 transformedA. thaliana plants compared to wild typ® thaliana (Col) plants grown
hydroponically on half Hoagland’s media with 5 pM$, and 0 pM ZnSQ The Cd contents of
three independent transformants are shown withepca per genotypdC, D) Zn /Cd content
(uM g'dw; mean + SE of 15 replicélE, F) Fe/Mn content (uM ddw; mean + SE of nine replica)
content in roots and shoots of tB8S.: TcZNT1 transformedA. thaliana plants in comparison to
the wild type plants after two weeks exposure b Haagland's solution with @M Cd-2uM Zn,
5uM Cd-2uM Zn and 5uM Cd-0 uM Zn. The asterisk shows the difference in metaitent in

wild type and transgenic is significant (p<0.05)d&nt’s t test). umoles represents micromoles.
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Suppression of TcZNT1 and TcZNT2 transcript leveals T. caerulescens by
RNA interference results in reduction in Zn conteim roots

In order to silence theTcZNT1 and TcZNT2 genes inT. caerulescens,
Agrobacterium rhizogenes-mediated root transformation was performed on B50
caerulescens seedlings. 301 chimeric plantlets containing angfermed root
system were selected based@sRED1 red fluorescence screening. These plants
were grown with modified half Hoagland’s solutioontaining 100uM Zn for
three weeks. Semi-quantitative RT-PCR was performedwo independently
synthesised cDNAs of each seedling to check theessmn level ofcZNT1 and
TcZNT2 compared to control empty vector transformed glaNine plants for
TcZNT1, six for TcZNT2 and eleven folTcZNTL/TcZNT2 were found to have
silenced the target gene in roots (Table 2). Tisé séthe plants showed low to
moderate expression @tZNT1 and TcZNT2 transcripts. The Zn contents of the
roots of TcZNT1 andTcZNTL/TcZNT2 silenced plants were significantly (p<0.05)
lower than those of the empty vector transforriiedaerulescens plants (Figure
5). TheTcZNT2 silenced plants did not show a significant diffexe compared to

the control plants.
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Table 2: Overview of T. caerulescens plants with silencedZWd@1 and/or
TcZNT2 in roots

Genes Total no. of| No. of plants| No. of | Significance of
silenced plants used for| transformed | silenced Zn content
transformation plants (p<0.05)

TCcZNT1 120 94 9 Significantly
lower than
empty  vector
transformants

TcZNT2 120 79 6 Lower but nagt
significant

TcZNT1 and| 120 82 11 Significantly

TcZNT2 lower than
empty  vector
transformants

pREDRoot | 90 46 - -

(empty

vector)
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Figure 5: Silencing of TcZNT1 and TcZNT2 by RNA interference results in
Zn sensitivity.

The Zn content (umoles’gw; mean + SE) in roots dcZNT1, TcZNT2 and
both TcZNTL/TcZNT2 silencedT. caerulescens plants in comparison with
empty vector (pREDRoot) transformed plants, grown half Hoagland'’s
solution supplied with 10Q@M ZnSQ,. The asterisk shows the difference is
significant (p<0.05, Student’s t test). umoles esgnts micromoles.
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Discussion

To investigate the mechanism of the hyperaccunmiaphenomenon irr.
caerulescens, functional characterization dficZNT1 and TcZNT2 was performed
in this study. The data presented here suggestsTUENTL is involved in
transport of Zn inT. caerulescens. TcZNT1 is also involved in Cd transport in the
plant. The studies were done by over-expressinggdmes in a closely related
non-accumulator specie&, thaliana and in silenced lines &f. caerulescens.

Based on the sequence similaffigZNT1 andTcZNT2 both were predicted to be
members of ZIP family and assumed to be plasma memelocalised (Assunc¢éo
et al., 2001). This was confirmed in a cowpea piaist transfection experiment
with the TcZNT1-GFP andTcZNT2-GFP fusion proteins, which were found to be
localized in the plasma membrane (Figure 1).

To check the function of these transporters in tpléme TcZNT1 and TcZNT2
over-expression lines were grown on half Hoaglasdlsition. The Zn contents of
the over-expression lines were significantly higtiem the wild type ones grown
on the same media (Figure 3). This result, togetidr the plasma membrane
localization suggests that the Zn cations are taigeby theTcZNT1 transporter at
the plasma membrane of the plant cells. The studydénce et al. (2000) of
TcZNT1 showed that this gene complemented 8Saecharomyces cerevisiae
mutantzhy3, defective in the high- and low-affinity Zn tramspers, ZRT1 and
ZRT2 (Zhao and Eide, 1996) and provides evidenaeTtZNT1 can mediate a
high-affinity Zn uptake, but only in yeast. Our §ss suggests thalcZNT1
functions in the same way in plants. The effect$aNT2 are hardly detectable,
so that it either does not function in Zn transpartits effects in Zn content

measurement is so weak that it is not detecteldeiptesent experiments.
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The transgenic plants confer earlier flowering thithe control (Figure 2A).
Flowering in plants is a consequence of the trammsibf the shoot apex from
vegetative to reproductive growth in response t@irenmental and internal
signals (Colasanti et al., 1998). This transitisnmanifested as a change in
properties of the shoot apical meristem, which steducing leaves and instead
starts producing the floral meristems that give ris flowers. The observation
that over-expression aNT genes leads to early flowering, might be due ® th
altered Zn status, which initiates the floweringnsil through the zinc controlled
proteins, earlier in the transgenic plants thathenwild type plants.

It is often assumed that Cd, and other toxic heaeyals are taken up by several
transporters for essential elements, which laclstsate specificity (Lombi et al.,
2002). Clemens (1998) showed that in non-accummgaplants a Ca transport
pathway could be involved in the uptake of Cd, @lléth low affinity. In our
study the35S.: TcZNT1 transformedA. thaliana lines showed significantly higher
Cd content by around two fold in the shoots tha@ wild type, but the Cd
contents in the roots were lower than the wild t{fpigure 4). A few studies have
been performed about Cd transportAinthaliana (Howden and Cobbett, 1992;
Gong et al., 2003). Gong et al. (2003) showed exdeof long distance root-to-
shoot transport of phytochelatins (PCs) and CA.ithaliana. Our study suggests
TcZNT1 transports Cd into the plant cell and most propaBC-mediated
translocation to the shoot of the plant for saterage of the toxic elements. In
case ofTcZNT2, neither any visible phenotypic difference nor ghieir Cd uptake
was observed in the over-expression lines compsoethe wild type. So Cd

uptake is mediated specifically by TcZNT1. Thisadalso correlates with the
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previous study of Pence et al. (2000), which shoWwetNT1 as low-affinity Cd
uptake transporter in yeast.

Figures 4C and 4D show the effect of different corations of Zn and Cd supply
on the metal content incZNT1 over-expression line compared to the wild type.
The shoot Zn and Cd content in the transgenic plant2uM Zn and 5uM Cd-2
uM Zn is significantly higher than in wild type pksn(Figure 4C). But the Zn
content in shoots of transgenic plants grown uvbCd-2 uM Zn is lower than
that of the plants grown on 2M Zn, whereas in wild type plants they show
similar concentrations. This data strongly suggeshpetition of Zn and Cd by
the same uptake system. This observation agairosispihe study of Pence et al.
(2000), which reportedcZNT1 to be a high-affinity Zn transporter and low-
affinity Cd transporter. Interestingly, the Cd camit both in the shoots and roots
were higher in transgenic and wild type plants gram 5uM Cd-0 uM Zn than
those on .uM Cd-2 uM Zn. This suggests that in general the Zn trartspeican
accumulate higher Cd concentrations in the absencén. Strikingly, the Mn
content in shoots and Fe content in roots was highthe transgenic and the wild
type plants which were exposed to Cd, in contrasthe ones which were not
exposed (2:M Zn). These observations are not clearly undedstbat as similar
effects were observed in both wild type and tranggplants they are considered
to be a general effect of Cd in plants. Fe and Mith lare redox-active elements
and are important for many biological reactionglant. This is why probably Mn
is higher in the shoots to protect the plants ftbm unwanted substitution of the
essential photosynthetic enzymes. Fe is a key coergan a range of enzymes in

the plant, for which probably the plant tries totect itself from the Cd exposure.
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All these studies were done A thaliana expressing with thd. caerulescens
genes, as stable transformatiorTircaerulescens is not an easy processtill the
direct effect of the gene function can be shown rwhee targeted genes are
silenced inT. caerulescens. This is why we introduced afu rhizogenes-mediated
silencing method inT. caerulescens according to the procedure described by
Limpens et al. (2004) foh. thaliana and M. truncatula. Our study shows thah.
rhizogenes-mediated RNAI silencing is a fast and efficientItém knock down
genes in the roots of. caerulescens. TcZNT1 and TcZNT2 were silenced
individually and also in combination ifi. caerulescens. TcZNT1 silencedT.
caerulescens plants grown on 100M Zn showed a significantly lower Zn content
than the empty vector transformed plants (FigureTsiis shows directly that
TcZNT1 plays a role in Zn uptake infb caerulescens root cells Still, Figure 5
shows there is uptake of Zn into tfe caerulescens cells, when the individual
genes and even when both tpenes are silenced. This suggests TtaNT1 is
not the rate limiting step for Zn uptake in rooIsZNT2 silenced plants showed
slightly lower Zn content, but not significant, ththe empty vector transformed
plants. This observation, together with the ovepregsion study suggests that
TcZNT2 probably has a very minor role or no role in Znnsport. The
observation of reduced Zn content in TeNT1 silencedT. caerulescens plants,
together with the over-expression results establisENT1 as an impotant Zn

transporter irT. caerulescens.
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A comparative promoter study of ZIP4-like
transporter genes of Arabidopsis thaliana and

Thlaspi caerulescens
Sangita Talukdar, Ludmila Mlynarova, Mark GM Aarts

Abstract

* The main objective of this research was to do aparative study of the
Zn-deficiency-inducedZIP4 transporter promoters fromArabidopsis
thaliana and closely related species.

* TheZlP4 promoters were isolated froArabidopsis thaliana, Arabidopsis
lyrata, Arabidopsis halleri, Cochleria pyrenaica and Thlaspi caerulescens
and a sequence analysis was perfornié expression pattern AfZIP4
and TcZNT1 was studied inA. thaliana, using promoter-GUS reporter
constructs.

* Zn-deficient roots, shoots, flowers and seeds shasimilar GUS staining
in AtZIP4pro-GUS and TcZNT1pro-GUS transformedA. thaliana plants.
Putative cis elements in both promoters were identified by 5letien
analysis. FOAtZIP4 these were found between -263 bp and -115 bp from
the start codon and fdicZNT1 between -223 bp and -98 bp. The sequence
analysis performed on th&lP4 promoters shows short conserved
sequences in all five species, suggesting thatthes essential promoter
elements in both hyperaccumulator and non-accumigpecies. The
difference in expression between these speciepparantly not due to

differences in theis-elements of th&lP4-like gene promoters.
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Introduction

Regulation of transcription is a major mechanismctmtrol gene activity in
complex biological systems. A key step in the ragah of gene expression is the
sequence specific binding of transcription factfrfs; thetrans elements) to
their DNA recognition sites (thes elements orrainscription &ctor_binding stes;
TFBS). The expression of genes can be tightly etgdl depending on the
variation in cis element sequence, the number a$ elements and on the
expression of transcription factors. Changes inigpand temporal expression of
the transcription factor genes will affect the eegmion patterns of down-stream
target genes. On the other hand, differencexignelements will alter the
expression of orthologous genes in different spgecie has been observed in
several examples that the evolutionary differencethe cis or trans elements
according to their needs lead to evolution of npecges (de Folter and Angenent,
2006). Thiscis-trans interaction is an integral part of transcriptiomagulatory
networks and is fundamental for an understandinglbfiological processes
(reviewed in de Folter and Angenent, 2006; Takat$9P8).

The Arabidopsis thaliana genome codes for at least 1533 transcriptional
regulators, accounting for 5.9% of its estimatetdltaumber of genes, which is
1.3 times that oDrosophila melanogaster and 1.7 times that dfaenorhabditis
elegans or Saccharomyces cerevisiae (Riechmann et al., 2000Around 22% of
the A. thaliana transcription factors are zinc (Zn)-coordinatingoteins
(Riechmann et al., 2000; Broadley et al., 2007eré&fore, Zn plays a central role
in transcription. The first discovery of a Zn méiplotein was made by Hanas et
al. (1983), with the observation that transcriptitactor TFIIIA in Xenopus

oocytes was a Zn protein. This protein is necesarthe transcription of the 5S
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RNA gene by RNA polymerase lll, was a Zn proteirutdions in several genes
encoding for Zn-finger proteins in plants, contagispecific DNA binding
domains, have been found to cause profound deveogah aberrations or
defective responses to environmental signals (Bakafl998).

For healthy development, plants need to supply Zmlt tissues. For this, Zn
needs to be taken up from the soil and transpamtéae plant in a regulated way.
The Zn transporters located in the plasma membrané the organellar
membranes are the central points for this reguliadioZn homeostasis. In yeast,
Zn transporters are found to be regulated by Zbodih the transcriptional and
translational level (Radisky and Kaplan, 1999).nBa&iptional analysis showed
that the genes encoding Zn transport&1 and ZRT2 in yeast were highly
regulated by Zn with increased expression only urtedeficiency conditions.
The ZAP1 gene was identified as a Zn-regulated transcnptactor (Zhao and
Eide, 1997). WherZAP1 was deletedZRT1 and ZRT2 were not expressed,
resulting in severe Zn deficiency. Promoter analysvealed that ZAP1 binds to
specific zinc-responsive elements (ZRESs) locatetthimithe promoter regions of
eachZRT1 andZRT2. However, in general, limited or no informationargailable
on the transcriptional regulation of Zn transpatém plants, nor of theis
regulatory elements that should be present in tpeamoters. In barley Fe-
responsivecis elements IDE1 and IDE2 were identified in the poten of a Fe-
deficiency-inducible gen&DS2, by studying promoter deletions using promoter-
GUS fusions (Kobayashi et al., 2003).

The ZIP (ZRT and IRT-like proteins) gene family irA. thaliana encodes an
important group of metal transporters and showk Beguence similarity tdlP

genes in many other organisms, including yeastramdans. More than 100 P
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genes have been identified from bacteria, archedether eukaryotes, fifteen of
them in A. thaliana (Maser, 2001). In addition to Zn transport, ZIRe also
involved in the transport of Fe, Mn and Cd, thu$eding in their substrate range
and specificity (Guerinot, 2000; Maser et al, 2001)

AlthoughZIP genes are now identified in many different plapg@es, only a few
of them have been functionally characterized. Tay@year to play a crucial role in
so-called ‘heavy metal hyperaccumulator’ plant ggedHyperaccumulator plants
have developed the ability to tolerate and accutautagh metal contents in their
shoots.Thlaspi caerulescens (Tc), as described by Assuncgéo et al. (2003), is a
model plant species to study metal hyperaccumulatial tolerancelhis species
belongs to the Brassicaceae family and is knowra &n hyperaccumulator,
showing up to 30,000 pg Zn'gfoliar dw (Brown et al., 1995). ZIP gene
homologue, TcZNT1 was identified fromT. caerulescens (Pence et al., 2000;
Assuncdo et al., 200yvhich shares 90% DNA identity and 76% aa identitthw
the AtZIP4 gene (Grotz et al., 1998)cZNT1 has been shown to mediate high-
affinity Zn uptake and low-affinity Cd uptake folling expression in yeast
(Pence et al.,, 2000). Assungdo et al. (2001) regorthat TcZNT1 was
predominantly expressed in roots but also in shautd that its expression was
barely Zn-deficiency responsive, in contrast to T@&NT1 gene in the non-
hyperaccumulatofl. arvense and theAtZIP4 gene ofA. thaliana (Grotz et al.,
1998) which are strongly induced by Zn-deficiency.

An emerging picture is that many of the genes eimgpdIP proteins are induced
by Zn deficiency in non-accumulators but highly ammhstitutively expressed in
hyperaccumulators. This changed expressed mighd leaincreased metal

transport which could be a component of the hypemaeilation mechanism.
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Since transcription levels are controlled bothitayns andcis acting elements it is
important to investigate what determines the diffiee in expression of metal
transporters such as those of the ZIP family betwekated plant species.

Our objective was to study the regulationAtZIP4 and TcZNT1. We used the
model plantA. thaliana as a system for studying the regulation of botinymters.
The response of these two genes with respect t@xfrosure and the tissue
specific expression were studied. The locationsssientiakis elements of both
the genes were identified, using promoter deletioambined with the GUS

reporter gene.
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Materials and Methods

Isolation of AtZIP4 and TcZNT1 promoters by polymese chain reaction
(PCR)

Genomic DNA was extracted from flowers Af thaliana (accession Columbia)
andT. caerulescens (accession La Calamings described by Aarts et al. (2000).
To amplify the sequence containing tA&IP4 promoter, a PCR reaction was
performed on genomic DNA d&. thaliana using the primers P5 and P15 (Table
1). To amplify the sequence containing theZNT1 promoter, two forward
primers (P1 and P2; Table 1) were designed on #me gipstream oAtZIP4
(At1g10970) inA. thaliana. This gene, At1g10980, is predicted to encode a
“membrane protei®TM1 precursor isolog” by TAIR (www.arabidopsis.org).€rh
reverse primer (P3; Table 1) was designed on thgAcbf TcZNT1 (GenBank
acc. No. AF275751) of. caerulescens (Figure 1). Each fragment obtained by
PCR amplifications was cloned into the pGEMT-easytor (Promega, Leiden,
The Netherlands) and plasmids from several colofoeseach fragment were

sequenced to identify the sequence containinJ¢aBIT1 promoter.
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P1 P2
5 . o d A | P 3’
I = 1 1 A. thaliana
A. thaliana upstream gene AtZIP4 promoter AtZIP4

i TATA | P 7
5 —— | I 3" T caerulescens

L |
? TeZNTI promoter P3 TeZNTI P4

Figure 1: Scheme illustrating the isolation of thieZNT1 promoter by PCR

The rectangular bars represent thethaliana and T. caerulescens genomic fragment, with the
AtZIP4 andTcZNT1 genes on the right side of the bar. The upstreane,gAt1g10980, is shown
on the left side of thé. thaliana genome bar. The upstream genél@ZNT1 is not known, and
thus indicated with “?’. In betweeAtZIP4 or TcZNT1 and the upstream gene is the predicted
promoter of the corresponding geneslicating the putative TATA box with a grey bordathe
translational start site with the short right arrdewnstream of the TATA boxPrimers are
indicated with arrows: two arrows on the left salehe genome bar represent the forward primers
(P1 and P2), designed on the transcribed regioht§10980 and the arrow on the right side of
the genome bar represent the reverse primer (R3jgried on thélcZNT1 cDNA, used for
isolation of theTcZNT1 promoter. P4 is the primer designed at the 3'@frtie TcCZNT1 cDNA.

Isolation of the promoters of AtZIP4-like genes fmo Cochleria pyrenaica,
Arabidopsis halleriand Arabidopsis lyrata

In order to isolate th&lP4 promoters from three different speci€xchleria
pyrenaica (accession La Calamine, Belgiumdyabidopsis halleri (accession
Auby, France) andrabidopsis lyrata (accession Unhost, Central Bohemia, Czech
Republic; Macnair et al., 1999DNA of which was kindly provided by Dr. Pierre
Saumitou Laprade, the same primers as for amgiibicaf theTcZNT1 promoter
were used for PCR amplification on genomic DNAl@ége plants. Each fragment
obtained by the PCR amplifications was cloned ithte pGEM-T-Easy vector
(Promega, Leiden, The Netherlands) and plasmidse feveral colonies for each
fragment were sequenced to determine the sequent@iming the ZIP4-like

promoter.
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Construction of AtZIP4pro- and TcZNT1lpro- GUS plasds and plant
transformation

To make theAtZIP4pro-GUS construct, a 1048 bp fragment obtained by PCR,
using genomic DNA ofA. thaliana and primers P5 and P15 (Table 1), was
digested with Hindlll and Ncol and cloned at theebd of theuidA (GUS) gene

in the Hindlll-Ncol digested pCAMBIA1301 vector pt//www.cambia.org
/daisy/bios/585.html) (Ge et al., 2004). This veatontains the hygromycin B-
resistance gene for selection in plants. The Cad§ gromoter originally located
upstream of thauidA gene was removed from the vector upon digestiom wit
Hindlll and Ncol. ThisAtZIP4pro-GUS construct was named FO5 and the cloned
fragment was verified with DNA sequencing.

For construction oTcZNT1pro-GUS the TcZNT1 promoter cloned into pGEM-T-
Easy (www.promega.com) was reamplified with primei$ and P26 (Table 1),
from the cloned ~900 bp fragment into pGEM-T-Easyntaining theTcZNT1
promoter sequence. This fragment was used to mb&eTdZNT1lpro::GUS
reporter construct following the same steps a& @& and named F16.

Ten forward primers based on the promoter sequarfod®|P4 andTcZNT1 (P5
through P14 foAtZIP4 and P16 through P25 f@icZNT1) containing the Hindlll
and Ncol sites, were designedorder to generate 5’ deletions of the promoters
(Table 1) In total, 22 constructs, 11 frodtZIP4 and 11 fromTcZNT1, were
obtained following the same method, as describedealbor FO5 and F16. Each
construct was named after the forward primer. Twarerconstructs were made
by digestion of the FO5 and F16 vectors with Sall aubsequent self-ligation.

These constructs were named F26 in cas€cdNT1 and F15 for the construct
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with the AtZIP4 promoter. All these constructs were transformed Mtthaliana,

accession Columbia, by the flower dipping metholb(gh and Bent, 1998).

Plant growth conditions

T, transformants for all the constructs were selecegblates with half MS and
1% agar medium (Murashige and Skoog, 1962) comgiad mg T hygromycin.
In general six independent transformants were tdor each construct, and all
of them were propagated until homozygouyéries. For qualitative GUS analysis,
all homozygous lines were grown hydroponically omdified half strength
Hoagland’s nutrient solution (Schat et al., 199@)jch supplied sufficient Zn to
plant (2 puM ZnS@) and on Zn-deficiency medium (where Zn was noteald
Three of these lines for each construct were sadefcdr quantitative GUS assay,
based on the GUS expression results obtained weéhqtialitative GUS assay.
These three lines (six seedlings per line) werevgron vertical half MS and 1%
agar plates for two weeks and transferred to nommnal Zn deficient modified
half Hoagland’s nutrient solution (2 uM and 0 uMS®). Roots were collected
for quantitative GUS assay every week. The same d@we for all other
transformedA. thaliana plants with FO5 through F26 constructs, except tbats

were collected for quantitative GUS assay aftez¢tweeks only.
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Table 1: Primers used for the PCR amplification

Restriction sites incorporated in the primers ardeulined.

Primer | Sequence of oligonucleotides (5'-3’) Purpge

P1 5'-ATCGGCGATGATCATGGGAA-3 Forward primer foifcZNT1 promoter isolation; designed on At1g109géne
P2 5-CCTCTTTTGGCCTCCATCGGAA-3’ Forward primer focZNT1 promoter isolation; designed on At1g109§the
P3 5-TTATAAGATCAATCAATAATAACA-3’ Reverse primer fo TcZNT1 promoter isolation; designed on cDNATHZNT1
P4 5'- TAAAGTCGAGGCCCAAATGGCGAGTGC -3 Reverse primer icZNT1 cDNA

P5 5-GTAAGCTTTTGGAAAGTGAAGTGGATTG-3’ Forward primer foAtZIP4 promoter isolation

P6 5'-CCAAGCTTAGATCTTGTCTGTTTTGTACTAACATGT-3 Forward primer oAtZIP4

P7 5-ATAAGCTTTCCACTGCAGAAACCGGTA-3 Forward primer oAtZIP4

P8 5-TGAAGCTTCCCATCTTACAAAGTTACCG TCCT-3' Forward primer oAtZIP4 promoter

P9 5-TTAAGCTTCTTAAGCTACTCCTAATCATCCTTTTA-3 Forward primer oAtZIP4 promoter

P10 5-TTAAGCTTTAGACTTGACTTAATCGGATTTTCT-3' Forward primer oAtZIP4 promoter

P11 5-TGAAGCTITTTGGAACAAATTGATTTTCTGTTT-3' Forward primer orAtZIP4 promoter

P12 5-GAAAGCTTAATAACGCGAAAATGTCGACAT-3 Forward primer omAtZIP4 promoter

P13 5-TTAAGCTTAGTATAGACAAGATTGGGAAGCTCT-3’ Forward primer oitZIP4 promoter

P14 5-AGAAGCTTTCACTCTTTCTCCAAGTTGCCTCCT-3' Forward primer o&ZIP4 promoter

P15 5-ATCGACGAAGACCATGGSAACAAGAGT-3 Reverse primer foAtZIP4 promoter isolation

P16 5-ATATCAAGCTTTCTGACTCTTTATCTGGCCTTTTA-3 Forward primer oncZNT1 promoter

P17 5-TTAGAAGCTTAATACCTGATCTTGTCTG-3 Forward primer oficZNT1 promoter

P18 5-GGAAGCTITTACGTAGCTGAAATGGAGGATGA-3 Forward primer oficZNT1 promoter

P19 5-GGGAAGCTTGAAACAATCCAATCCTTAACC-3' Forward primer orfTcZNT1 promoter

P20 5-TTAAGCTTCCGGTTTAGTGTGTTGAAGTTGTTAA-3 Forward primer oMcZNT1 promoter

P21 5-TTAAGCTITCGTTTTTTTGTATTTCATGAACAA-3 Forward primer ofTcZNT1 promoter

P22 5-AGAAGCTICCATCATTACAATATTTTACTTGTCAAC-3 Forward primer orfTcZNT1 promoter

P23 5-TTAAGCTTAAAAGGTGAAAAGAGAGAATAACG-3 Forward primer onTcZNT1 promoter

P24 5-AAATAAGCTTGTGTACAAGTGCCACGGAGC-3’ Forward primer ofcZNT1 promoter

P25 5-ACAAGCTITCGCTCGTCGATTCCTTCTTTTT-3 Forward primer GicZNT1 promoter

P26 5-ATCGGCGATGACCATGGAACAAAGA-3’ Reverse primer ofTcZNT1 promoter
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GUS assay

(a) Qualitative GUS assay

For GUS staining the tissues were fixed with iccacetone for an hour and
rinsed three times with 0.1 M phosphate buffer sslwaway the acetone. The
staining was performed using 5-bromo-4-chloro-3slgH-p-D-glucuronide
(Duchefa Biochemie B.V., Haarlem, The Netherlaratsh substrate (Jefferson et
al., 1987) for maximum one hour at 37°C in 0.1M gptaate buffer each time. A
Nikon Diaphot DIC microscope was used to visuatise GUS staining and a

Sony 3 CCD video camera attached to it was uséak®images.

(b) Quantitative GUS assay

Kinetic GUS assays were performed as describeddpyetial. (1992)

Results

Isolation of the ZNT1 promoter from T. caerulescens

Two fragments of 600 bp and 900 bp respectivelyewastained from the PCR
amplifications using primers P1-P3 and P2-P3, omogec DNA of T.
caerulescens. The sequences from different colonies were fotntde the same
for each fragment. The sequences from both of kveed fragments (~600 and
~900 bp) were overlapping at their 3’ end. To wetlfe sequence as theZNT1
promoter fragment, a PCR fragment was obtained \pifilmers P2 and P4
(designed at the 3’ end of tHeZNT1 cDNA) and the fragment was sequenced.
The sequence obtained for the fragment amplifietth wie primers P2 and P3,
overlapped with the 5" end of the fragment ampdifigith the primers P2 and P4,

suggesting the sequence obtained contains the peowfdcZNTL1.
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Comparison of AtZIP4pro- and TcZNT1pro-GUS expressiin root and shoot
tissues

To study the response dAtZIP4 to metal deficiency, theAtZIP4pro-GUS
transformedA. thaliana plants were grown under deficiency of Zn, Fe, Cd,or
Mn. The qualitative GUS assay performed on theaatplgrown on hydroponics
did not show any staining at Zn-sufficiency (8 Zn) whereas under Zn-
deficiency (0 uM Zn) GUS staining was observed (Figure 3). A samil
experiment performed withfTcZNT1pro-GUS transformedA. thaliana plants
showed expression only under Zn-deficiencyu0Zn).

The roots of Zn-deficientAtZIP4pro-GUS transgenic plants showed strong
staining both in tap roots and lateral roots (FeguBA), specifically in the
endodermis (Figure 3B). A similar expression pattevas observed in
TcZNT1pro-GUS transformedA. thaliana plants in Zn-deficient roots (Figure 4A,
4B, 4C). For both of the transgenic lines AiZIP4pro-GUS and TcZNT1pro-
GUS, intense staining was observed at the root tiphénregion of maturation of
the root, in the rest of the root (Figure 3C and.4® staining was observed in
the elongation zone of the root. All these obséowat were similar for all six
independent transformants for both constructs. Wésamining later stages of
development, GUS expression was also observed ideHnient leaves, with
most intense staining at the leaf edges (Figure 812) in the trichomes (Figure
3E). Similar expression patterns in the Zn-defitieaves were also observed in

TcZNT1pro-GUStransformed plants (Figure 4D).
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Figure 3. AtZIP4pro-GUS expression in Zn deficieri. thaliana plant tissuesGUS staining in

(A) a detached lateral root; (B) close-up of (Apgfng endodermis staining; (C) root tip and root
hair zone; (D) leaf; (E) close up of (D) showinigliomes; (F) young inflorescence (G) close up of
(F) showing flower organs ; (H) siliques.

AtZIP4pro-GUS and TcZNT1pro-GUS expression in florgeand siliques

To investigate the role d&tZIP4 during the development of the inflorescence in
A. thaliana, GUS staining was performed on flowers AfZIP4pro-GUS
transformedA. thaliana plants grown under Zn-deficient (-Zn) and Zn-suéfit
conditions (+Zn). The expression pattern TZNT1pro-GUS in A. thaliana
transformed plants was compared AtZIP4-GUS staining. GUS staining was
observed only in the Zn-deficient flowers, wheréas Zn-sufficient tissues did
not give any staining, neither iTcZNT1lpro-GUS nor in AtZIP4pro-GUS
transformants. The highest staining intensity waseoved in the young buds

(Figure 3F). Strong staining was also observedéegistils of older buds, in all
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developmental stages, until just before flower apgnin the open flower (Figure
3G), the flower base is stained intensely in addito the anther filaments. After
fertilization, the siliques are typically stainedtie distal ends; most prominently
in young siliques (Figure 3H). Also the pediclee atained. In case @icZNT1,

the same expression pattern was observed in thedeftient A. thaliana

transgenic plants in all six independent transfantséFigure 4E, F).

Figure 4: TcZNT1pro::GUS expression in Zn deficiet. thaliana plant tissues.
GUS staining in (A) a detached lateral root (B) clege-of (A) showing endodermis and inner

cortex staining; (C) root tip and root hair zor®) (eaf (E) flowers (F) siliques.

Quantitative comparison of AtZIP4pro::GUS and TcZNpro::GUS in A.
thaliana shows highest expression in Zn-deficiemtats

To investigate the response of tA&IP4 and TcZNT1 promotersto Zn in A.
thaliana in a quantitative way the AtZIP4pro-GUS and TcZNT1pro-GUS
transgenic plants were grown for eight weeks inf Hébagland’s solution
containing a concentration series of Zn (0, 0.2, 0.5, 1, 2 uM) and the GUS

activity was measured quantitatively every week)(stirting from the first week
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of exposure (Figure 5). The plants were transfetoetie different Zn media after
growing the plants on half MS/agar plates for tweeks. Both irAtZIP4pro-GUS
and TcZNT1pro-GUS lines, the GUS activity in roots were induced by Zn
deficiency. The GUS activity was found to increggadually in wkl and wk2
after transfer to 0 uM Zn (Figure 5A). The higheatues were observed in the
wk3, and from wk4 onwards the expression was giaddacreasing. The GUS
activity at wk3 was increased by 31-fold comparglants grown on 2 uM Zn.
The plants grown on 0.1 uM Zn showed some GUS iacti@lthough to a lesser
extent than on 0 pM Zn. In plants grown on 0.2, @.Bnd 2 uM Zn hardly any
GUS activity could be detected. Comparable expoessivas observed for

TcZNT1pro-GUStransgenic plants (Figure 5B).
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Figure 5: Quantitative comparison of GUS expressioriAh AtZI P4pro-GUS and(B)
TcZNT1pro-GUS in A. thaliana roots. A time-course GUS assay was performed at
weekly intervals on the transgenic plants growrhali Hoagland’s solution containing
0,0.1,0.2,0.5,1, 2 uM Zn.
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5’ deletion analysis in A. thaliana roots under Zdeficient and Zn-sufficient
conditions

A 5’ deletion analysis of thétZIP4 and TcZNT1 promoters was performed to
identify thecis elements in these two promoters. Truncated prametere fused
to GUS and compared to the complétZlP4pro-GUS construct results. The
GUS activity was reduced significantly by ~200 folddragment F14 compared to
the values obtained from F5 through F12 (FigureT@)s indicates that there are
at least one or moms elements in the region of -263 bp to -115 bp fthmstart
codon ofAtZIP4. GUS activity is reduced by around ~25-fold fréih2 to F13
and ~9-fold from F13 to F14. This suggests thatethe an essentias element
located between -263 bp and -232 bp. Sequence sisaf/ the two promoters
AtZIP4 and TcZNT1 shows two conserved palindromic sequences. Thst fir
palindrome is 5’-ATGTCGACAT-3’ which is a true patiromic sequence and
the second sequence is 5-ATGTCGACAC-3’ which isramomplete palindrome
because of the last base (a C instead of T). dstiegly, the proposed first
palindrome is located in the region between -263abd -232 bp. However,
transcription is not completely inhibited upon rermbof this palindrome as
indicated by the residual GUS activity in the Fiahsgenic plants. This suggests
that there is anothecis element between -232 bp and -115 bp. This region
contains the second conserved palindromic sequienttee promoter. Fragment
F15 gives a GUS activity similar to the control.igfragment contains only part
of the second palindromic sequence as it lacksfiteethree bases of it. GUS
activity for this fragment is diminished, like fé¢t1l4, suggesting the complete
palindrome is required for transcription. This sgty suggests that the conserved

palindromic sequences in th&ZIP4 promoter are essentials elements for
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transcription ofAtZIP4. Similarly, the 5’ deletions of th€cZNT1 promoter show
that the GUS activity is reduced ~16-fold when canmg the fragment F23 of
220 bp to fragment F24 of 166 bp. GUS activity ustlier reduced by two fold
when comparing fragment F24 of 166 bp to fragme2s Bf 98 bp. Fragments
F26 of 103 bp (including only part of the secontinutome) and F25 of 98 bp (in
which the second palindrome is present excepthferfirst three bases) give the
same GUS activity as the empty vector transforn@urol values. In summary,
the 5’ deletion analysis suggests that esseniglklement(s) are localised in
between -263 bp and -115 bp from the start codo\idl P4; between -223 bp

and -105 bp fofcZNT1.

Isolation of the promoters of AtZIP4-like genes fmo Cochleria pyrenaica,
Arabidopsis halleriand Arabidopsis lyrata

In order to isolate th&lP4 promoters from three different speci€xchleria
pyrenaica, A. halleri andA. lyrata, the same primers used for amplification of the
TcZNT1 promoter were used for PCR amplification on theageic DNA of these
species. All these PCR amplifications gave singlads of different sizes from
around 600 to 1200 bp, except far halleri. For A. halleri, two bands were
obtained by PCR amplification for each primer pabstween (a) between 750
and 1000 bp (primer pair P1 and P3) (b) 500 andbgb(rimer pairs P2 and P3).
The PCR amplification fron€. pyrenaica resulted in a single band of around 600
bp only for the P1-P3 combination. The PCR amglifiun forA. lyrata resulted

in single bands of around 1200 bp (primer pair Rd B3) and 700 bp (primer
pairs P2 and P3). All these fragments were clon&al the pGEM-T-Easy vector

and sequenced. The sequences of these fragmemis dach species were
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overlapping and the larger fragments (exceptdopyrenaica of which only one
fragment was cloned) were used for further analyeie lengths of these DNA
sequences were 571 bp forpyrenaica, 905 bp and 746 bp for the two fragments

of A. halleri and 1189 bp foA. lyrata.

Sequence comparison among the ZIP4 promoters fromal#idopsis thaliana,
Arabidopsis lyrata, Arabidopsis halleriCochleria pyrenaicaand Thlaspi
caerulescens

The sequence comparison shows small segments wérseg similarity among the
promoter fragments, of different species. The shorélleri has a deletion of 154
bp compared to the long fragement, between -538-38d bp; the rest of the
sequence is nearly identical, except few bases ismatches and few single
nucleotide polymorphisms, suggesting that these fr@gments represent two
different alleles in this self-incompatible and geally heterozygous species.
Interestingly, the two palindromic sequences (5’&NICGACAT-3'" and 5'-
ATGTCGACAC-3) are conserved in th&dP4 promoters from all five species

(Figure 7). The location of the palindrome<Zif4 each species and the predicted

TATA boxes are summarised in Table 2.

Table 2: Summary of the ZIP4 promoters isolated

Species name Length of the | First palindrome Second palindrome | Predicted
promoter (bp) [5'- (bp) [5'- TATA box
fragment ATGTCGACAT- | ATGTCGACAC3] (bp)
isolated (bp) 3]

A. thaliana 1048 -246 to -236 -118 to -108 -59 to -55

T. caerulescens 902 -189to -179 -107 to -97 -70 to -66

C. pyrenaica 571 -235 t0 -225 -116 to -106 -59 to -55

A. halleri(long) 905 -221t0-211 -115to0 -105 -58 to -54

A. halleri(short) | 746 -221t0-211 -115to0 -105 -58 to -54

A lyrata 1189 -235 to -225 -116 to -106 -59 to -55
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Figure 6: The effect of 5’ deletions of th&tZIP4 andTcZNT1 promoters on GUS expression in

transgenicA. thaliana plants. The GUS activity (pmole/mjrd protein) was tested in roots of

transgenic plants exposed ta Zn.
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Figure 7: Schematic representation of théP4-like promoters of Arabidopsis thaliana,
Arabidopsis lyrata, Arabidopsis halleri, Cochleria pyrenaica and Thlaspi caerulescens. The black
diagram represents the promoter sequence for gacies. Two palindromic sequences (dark grey
boxes) (5'-ATGTCGACAT-3' and 5-ATGTCGACAC-3’) athe 3' end of the sequences were
found to be conserved in the promoters from ak fpecies. On the 5’ of the bar the conserved
parts of the predicted upstream genes are showm ligint grey and patterned boxes in five

species.

Discussion

We cloned the promoters of the orthologous Zn parters AtZIP4 from A.

thaliana and TcZNT1 from T. caerulescens. Although both genes probably
perform very similar functions in metal uptake orellular level (Pence et al.,
2000; Assuncéo et al., 2001; Chapter 3 of thisishetheir expression is very
different (van de Mortel et al., 2006). We analy#esl expression of both genes in
response to Zn-deficiency exposuusingA. thaliana plants stably transformed
with promoter-GUS fusion constructs. Stable trameftion was chosen over
transient assay systems for characterising the @emactivities, including tissue-
specific expression patterns and the responseetmtirient deficiencies. These

analyses showed that th&ZIP4 and TcZNT1 promoters are the first plant
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promoters to be fully responsive to Zn deficiendyew tested i\ thaliana. The
promoters are very specific to Zn deficiency anel ot responsive to Fe, Mn or
Cu-deficiencies. Previous microarray analysis ayemdicated that thé\tZIP4
promoter is strongly responsive to Zn-deficiencythwery little expression in
roots under normal Zn supply conditions comparedodeficient conditions
(van de Mortel et al. 2006), all in accordance vittle first studies on this Zn
transporter by Grotz et al. (1998).

Strong AtZIP4pro-GUS expression was found in the roots of the transgénic
thaliana plants. However, with the exception of the regidrihe tip of the roots,
where root hairs start to emerge, the GUS expressias restricted to the
endodermis of the roots and clearly not in the eqds of the root. Vert et al.,
2002 showed that thAtIRT1 gene is involved in Fe-uptake from the soil and
found to be localised in the epidermis Af thaliana roots. Our observations
suggest tha#tZIP4 is probably not directly involved in Zn uptake rintche soil,
but more in transporting Zn from the root cortexthe stele, where it can be
loaded into the xylem and transported to otherspairthe plant. The expression is
seen in the whole root system and not limited ® tip. AlthoughA. thaliana
roots are often not lignified, the expression idaermis at older parts of the root
where mineral uptake is less, it is beneficial tevent Zn from leaking out of the
stele and to ensure the full Zn supply for aboveugd tissues. The expression
exclusively under Zn deficiency also indicates tAH#P4 is not the major Zn
transporter gene iA. thaliana. The previously identifie&IP1, ZIP2 and ZIP3
genes are more likely candidates for general Zakgby the plant. Although
their expression is also enhanced by Zn deficietiogy all have a detectable

basal level of expression under sufficient Zn syg@rotz et al., 1998; Wintz et
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al., 2003; van de Mortel et al., 2006). It is notolwn when the genes are
expressed in the root.

AtZIP4pro-GUS staining was also observed in Zn-deficient leawesstly on the
edges of the leaf, but only in parts that did net ghow the chlorosis that is
typical for Zn deficiency. Remarkable was the iserGUS staining in the leaf
trichomes. Several studies have shown trichomdseta storage site for Zn in
plants when in excess. In Zn hyperaccumulatorshdrimes contain higher
amounts of Zn (Sarret et al., 2006; Sarret et24lQ2; Broadhurst et al., 2004;
Kipper et al., 2001; Kupper et al., 2000). Therefave assume that trichomes are
a strong sink for Zn, indicating higher Zn supplpieh results in stronger GUS
expression.

GUS staining was observed also in flowers in Zrieikeft transgenid. thaliana
plants (Figure 3F). Interestingly, the GUS locdlsain the flowers depends very
much on the developmental stage, with the youngsbhaving the highest
staining, probably because they need more Zn tharolder stages. Typical is
also the expression étZIP4 in the pistils of older flower buds, which is rapéd
by expression in the anther filaments upon openinthe buds, indicating non-
overlapping requirements for Zn in subsequent dgrmakntal stages. Zn ions are
the key structural or catalytic components in mamgortant enzymes like Cu-Zn
superoxide dismutase, alcohol dehydrogenase ang mAA-binding proteins
like RNA polymerase and Zn-finger transcriptionttas, which are essential for
the development of plants (Marschner, 1995; Gueamo Eide, 1999), hence the
higher expression, specially at the early stagé®e tip of the pedicel just below
the developing slilique is also intensely staingtereas the rest of the pedicel is

not stained. This suggests that the Zn supplyedldwers might be provided via
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AtZIP4. Staining was also found in the seeds, suggestiudeafor AtZIP4 in Zn
storage in the seeds, which is essential for seschigation. Therefore, the
AtZIP4 gene apperars to function in almost every tisétgam roots till seeds,
when the plant is Zn-limited.

In addition to the localisation study, the quatitiea GUS expression every week
from wkO through wk8 of exposure to Zn media shoths, induction and down-
regulation of AtZIP4 and TcZNT1 in A. thaliana plants (Figure 5). The GUS
activity was found to rapidly increase in wkl anki2nafter exposure to O uM Zn
(Figure 5A). The highest values were observed i8,vakd from wk4 onwards the
expression was gradually decreasing on 0 pM ZnntP&ells encounter a
changing environment in which nutrient concentragidluctuate. Cell survival
requires physiological responses to such changes. sEnsory systems detect
changes in nutrient levels and the resulting siaaé transduced into regulation
of gene expression, hence this differentiation e texpression pattern in
AtZIP4pro-GUS. As the highest requirements for the microelemengsia the
transition of developmental stages, the highestesgion ofAtZIP4 and TcZNT1

in the second and third week of the exposure nugiricide with the phase that
the plant actively develops its reproductive tissue

A similar expression pattern ofcZNT1 was observed infcZNT1lpro-GUS
transformedA. thaliana plants (Figure 3 and 4). This means that thens
elements required foktZIP4 expression irA. thaliana do not distinguish between
thecis elements in thdcZNT1 promoter. This also implies that both fheZNT1
and AtZIP4 promoter may have the saras elements. To check this hypothesis
further and in order to search for the specifis element(s) inAtZIP4 and

TcZNT1, the 5’ deletion analysis was performed for botlhofse promoters.
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The sequence comparison of the promoterétd@fP4 and TcZNT1 shows there
are only two short stretches of similar DNA sequspcwhich contain two
conserved palindromic sequences. Interestinghsetheo palindromic sequences
were found to be conserved in tBEP4 promoters isolated from the five related
Brassicaceae species. This suggests that thespalmaromic sequences might
be essentiatis elements for the ZIP4 gene in these five spefetetion of the
first palindrome in the fragment at -263 bp frone tstart site gives a 25 times
reduced GUS value, suggesting essesigatlements to be present in this region.
Still the transcription oAtZIP4 was not completely diminished. Deletion of the
second palindrome reduces the GUS activity ninegifurther. When both the
palindromic sequences were deleted, in fragmentdf 1499 bp, the GUS activity
was reduced to that of the empty vector transforemtrol plants, diminishing
the complete transcription @&tZIP4. This suggests that thas element(s) are
localised in between -263 bp and -115 bp from thg sodon. These data suggest
that the majorcis element is probably the first palindrome, whichaistrue
palindromic sequence. In case transcription utijzihe first palindrome fails, the
second palindrome is still utilized for rescuing thn-deficient plant for survival.
The similar 5’ deletion analysis dfcZNT1 promoter shows that essent@as
element(s) are located between -223 bp and -105nbagreement with the
hypothesis that the palindromic sequences are tapbessential elements in the
ZIP4 promoters explaining why they are conserved irfinadl species tested. Such
Zn-responsive elements (ZRE) have not been idedtifiefore in plants, whereas
few othercis elements have been identified in few other mictoent—responsive
promoters (Kobyashi et al., 2003). Hence our dathcate that these ZREs are

novel cis-acting elements that are needed for proper regpmn&n-deficiency in
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A. thaliana. The similar expression patternTZNT1 in A. thaliana suggests that
the trans elements in this non-accumulator plant do recagttigcis elements in

the TcZNT1 promoter from the hyperaccumulator. This implieattboth thecis
elements in thé&tZIP4 andTcZNT1 promoters are conserved, but either the mode
of cig/trans interaction or the expression profile of tinans genes has changed in

T. caerulescens. Most likely, the expression of the transcriptifattors in the
hyperaccumulator plants have changed, as an adeptadb the highly
contaminated soil as a new niche. This might haeetd the constitutive over-
expression of the geneZNT1 and subsequent higher uptake or sequestration of

the metals in the plant.
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Chapter 5

Over-expression of the Cation Diffusion Facilitator
geneZTP1 of Thlaspi caerulescengonfers Zn and
Cd tolerance and accumulation to Arabidopsis

thaliana

Sangita Talukdar and Mark GM Aarts

Abstract

* The functional characterization of the Cation Dsifan Facilitator family
geneZTP1 from T. caerulescens (Tc) accession La Calamine is presented.

* The response of the over-expression linesTaZTP1 in Arabidopsis
thaliana were investigated with respect to the accumulatiodn, Fe and
Cd in shoots and roots.

» Over-expression of th&cZTP1 of T. caerulescens confers Zn and Cd
tolerance and accumulation A thaliana. The over-expression lines also

show tolerance to low Fe.
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Introduction

Zinc (Zn) is an essential micronutrient elementgtants, though excess of it has
toxic effects. The optimal Zn concentration in sek controlled in a process
called Zn homeostasis, by which plants balance Zrake, intracellular
compartmentalisation and partitioning to the vasicargans (Clemens et al.,
2002). This is because free Zn in the cytoplasitoxgc and in eukaryotic cells
labile Zn levels are estimated to be in the lowamaalar range under steady state
conditions (Sensi et al. 1997). Toxicity due tohhign in the cell can be caused
via binding of the cations to inappropriate sitesproteins or co-factors (Eide,
2003). For example, excess Zn can interfere witlochiondrial aconitase activity
and thereby impair respiration (Costello et al.97)9 Zn toxicity in plants is
characterised by chlorosis in young leaves, prgbeaial competition with Fand
Mg resulting in growth reduction (Marschner, 199bherefore, the essential but
potentially toxic nature of Zn necessitates precisemeostatic control
mechanisms.

Uptake and excretion of Zn into or out of the plal is controlled by
transmembrane metal transporters, located at #wra membrane. Still, plasma
membrane controlled Zn regulation alone is not iciifit to control the Zn
concentration in the cells. The vacuole, which poesi most of the plant cell
volume, plays a major role in the regulation of lmmeostasis within the cell and
in detoxification of metals in the cytosol (Marseinn1995). In plant species,
several genes have been identified, which are waeblin the sequestration of
metals in the cell, mostly by metal export into #aeuoles. The CDF family (also
known as cation efflux family or metal transpotitgtance protein (MTP) family

(Hall and Williams, 2003) is described to confer, &, Cd, Co or Ni tolerance

98



Chapter 5

to plants by sequestering the metals in the vac{iotereview see Colangelo and
Guerinot, 2006). Several evidences suggest thaettransporters sequester metal
ions within the vacuoles (Paulsen and Saier, 1987@. mechanisms of transport
and the driving force that allows the metal ionsbt transported are not well
understood for most of the CDF proteins. CDF pritdiom diverse sources have
the following features in common: (1) they share Mfterminal signature
sequence that is specific to the family; (2) thet@ns possess six trans-
membrane-spanning regions; (3) they share a cafitux domain; and (4) most
of the eukaryotic members possess an intracelhiidine-rich domain that is
absent in prokaryotic members (Paulsen and S&&7)1 CDF family members
have been studied frorBaccharomyces cerevisiae, Escherichia coli, Bacillus
subtilis and Schizosaccharomyces pombe and were found to contribute to the
storage and efflux of Zn and other metals in thi @@ and Kaplan, 1998;
MacDiarmid et al 2002; Miyabe et al 2001; Guffagttial, 2002; Chao et al, 2004,
Li and Kaplan, 2001; Clemens et al, 2002).

The genome of the model plaAtabidopsis thaliana encodes 12 putative CDF
genes, which are highly divergent in sequenceshate some characteristics of
CDF family membrane transport proteins (Blaudeal e2003). The first reported
plant CDF protein, identified as a cDNA, wasZAT (Zinc transporter ofA.
thaliana), later renamed a&tMTP1 (Metal Tolerance Potein 1) (van der Zaal et
al., 1999; Méaser et al, 200AtMTP1 transcripts were shown to be present at low
levels in seedlings grown under normal or excessuiply (van der Zaal et al.,
1999). Ectopic over-expression of tAéMTP1 cDNA under the control of the
cauliflower mosaic virus 35S promoter resulted mhanced Zn tolerance of

transgenic seedlings and slightly increased Znraatation in roots (van der Zaal

99



Chapter 5

et al.,, 1999). BIp et al. (2002) expressedMTP1 in E. coli and studied the
purified protein in reconstituted proteoliposomeke protein transported Zn into
proteoliposomes by a mechanism that relied on thegeadient across the
membrane and not on a proton gradi€nirther studies by Desbrosses-Fonrouge
et al. (2005) and Kobae et al. (2004) showed th&#T®1 acts as a Zn
transporter, localised in the vacuolar membrane ragdiating Zn detoxification
and leaf Zn accumulation. Two other putative CDIet@ins of A. thaliana,
AtMTP2 and AtMTP3, are closely related t&tMTP1 (64.4% and 67.6% aa
identity respectively). Expression profiling show&tMTP2 to be induced under
Zn-deficiency conditions (van de Mortel et al., BRDOAIMTP3 was found to
contribute to basic cellular Zn tolerance and imedl in the control of Zn
partitioning (Arrivault et al., 2006). Heterologoegpression oPtdMTP1 from
hybrid poplarPopulus trichocarpa x Populus deltoides in various yeast mutants
conferred resistance specifically to Zn, which veasumed to be the result of
transport into the vacuole (Kohler et al, 2003)e@egxpression oPtdMTPL1 in A.
thaliana also led to Zn tolerance (Blaudez et al, 2003)lhBige et al. (2003)
showed that over-expression of &M TP1 cDNA from Stylosnathes hamata, a
tropical legume tolerant to acid soils with highncentrations of Mn, conferred
Mn tolerance to yeast and plants by a mechanisimishbkely to involve the
sequestration of Mn into internal organelles.

Recently, the regulation of the metal ions in Zpénaccumulator plants (Baker et
al., 1992; Brooks, 1994) has drawn a lot of inte(dssuncéo et al., 2003a). The
Zn hyperaccumulator species are found to accumniate than 10,00Qg Zn g*

of dry weight (dw) (1%, w/w) (Baker and Brooks, B98whereas most plants

contain between 30 and 108 Zn g* dw and concentrations above 3§ Zn g
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dw are generally toxic (Marschner, 1995). Few siadiave been performed to
unravel the mechanism of hyperaccumulation in glartd help understanding
why these plant species are growing happily in @mmated soils compared to
non-accumulator species. The hyperaccumulator epege in comparison to the
non-accumulating species, assumed to have spegifihigher activity of
mechanisms for uptake, xylem loading and unloadiragat et al., 1998) and
vacuolar sequestration of heavy metals, particularithe leaf epidermal cells
(Vazquez et al, 1994; Kupper et al, 1999) suchieBdmes (Kramer et al, 1997)
or stomatal guard cells (Heath et al, 1997). Trapgonal comparisons indicated
that often similar genes are present in metal remsaulating and accumulating
plants, but the transcriptional control of espdgiahetal homeostasis genes is
very different (Becher et al., 2004; Weber et2004; Hammond et al., 2006 and
Talke et al., 2006, van de Mortel et al., 2006).

Persans et al. (2001) isolated CDF gendgM({TPls) from the Ni-
hyperaccumulating speciekhlaspi goesingense. These genes conferred metal
tolerance toS cerevisae mutants defective in vacuol&@OT1 and ZRC1 Zn
transporters, suggesting that TgMTP1 transportaisi@ito the vacuole. In vivo
and in vitro immunological staining of hemagglutirHA)-taggedTgMTP1::HA
revealed that the protein is localized in both $heerevisiae vacuolar and plasma
membranes. It is assumed that TgMTP1 functions bpaecing plasma
membrane Zn efflux, thereby conferring Zn resiséatS cerevisiae. Expression
studies of AhMTP1 from the Zn/Cd hyperaccumulatoh. halleri showed
substantially higher transcript levels in the leagempared té\. thaliana andA.
lyrata. VacuolarAhMTPL1 is up-regulated in the roots &t halleri upon exposure

to high Zn concentrations (Dréger et al., 2004).
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Thlaspi caerulescens is a suitable model plant for the study of Zn/Cd/Ni
hyperaccumulation and tolerance (Assuncéo et @03&).Like T. goesingense
andA. halleri, this species belongs to the Brassicaceae famillyig known to
accumulate up to 30,000 pg Zit dw foliar concentration (Brown et al., 1995).
Hyperaccumulation of Cd or Ni also has been repldite a number of naturdl.
caerulescens populations from calamine and serpentine soils {Be@nd Brooks,
1983; McGrath et al., 1993). Although Cd is a nesemtial and toxic element for
plants, inT. caerulescens a foliar Cd concentration up to 270 Cd ¢g' dw has
been reported (Lombi et al., 2000). Assunc¢éo e2801) showed constitutively
high expression of the CDF family memh&fP1 (Zinc Transprter 1) inT.
caerulescens and suggested a role for this gene in Zn tolerad€P1l is most
similar to AtMTP1 of A. thaliana (90% DNA and 75% predicted protein identity).
In this study, we examine the function ®ZTP1 in metal homeostasis using
lines over-expressingcZTP1 in A. thaliana. Here we demonstrate that over-
expression of TcZTP1 in A. thaliana confers Zn and Cd tolerance and

accumulation

Materials and Methods

Construction over-expression plasmids and plantriséormation

DNA manipulation and cloning were performed usingndard procedures
(Sambrook et al., 1989). To make the over-expressmnstruct ofTcZTP1, a
fragment of 1352 bp containing theZTP1 cDNA (GenBank accession No.
AF275750) was cut from a cDNA library clone, deked in Assuncéo et al.
(2001), using BamHI and Xbal. This fragment wasnelb into pEZR(H)-LN,

which was a kind gift of Dr. Gert de Boer, Ehrhalalboratory, Dept. of Plant
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Biology, Carnegie Institution of Washington, USAgnd created by ligating the
expression cassette from pEZS-LN (David Ehrhardianferd University;
(http://deepgreen.stanford.edu/) into pCambia 13@dtp://www.cambia.org
/daisy/bios/585.html). BamHI and Xbal digestion oa@d the GFP gene from the
vector and ligation of thélcZTP1 gene resulted in a CaMV 35S promoter-
TcZNT1 fusion. The inserted fragments were verified by/fDBequencing. The
construct was transformed té. thaliana, accession Columbia (Col) by
Agrobacterium tumefaciens mediated flower dipping transformation as described

by Clough and Bent (1998).

Plant growth conditions

Seedlings of T transformants containing th&85S::TcZTP1 construct were
screened on plates with half strength MS mediumré@ghige and Skoog, 1962)
(Duchefa Biochemie B.V., Haarlem, The Netherlandeptaining 20 mg 1
Hygromycin (Duchefa Biochem, Haarlem, The Nethaignto select 10
independently transformed lines which were propagjaintii homozygous 3T
lines were obtained. Three homozygous lines wigh AcZTP1 expression were

selected by semi-quantitative RT-PCR analysis.

Genomic DNA extraction and DNA blot

To confirm the presence of a T-DNA insert in thensgenic plants in the; T
generation, DNA was extracted from flowers 28S.:TcZTP1-transformedA.
thaliana plants as described by Aarts et al. (2000) and PCR wa®meed to
amplify a fragment of 1175 bp with the primers P2l &3 (Table 1). In order to

check the insertion number, DNA blot analysis wasrfggmed with 10
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independent transformants 86S:TcZTP1 transformedA. thaliana plants. A
1352 bp fragment obtained by PCR amplification withmers P2 and P3 (Table
1) was used as probe for the DNA blot (Aarts et2000). The over-expression

lines with a single insertion were chosen for fartbxpression study.

RNA isolation and semi-quantitative Reverse Trangtase-PCR (RT-PCR)
Total RNA of leaves and roots 86S.: TcZTP1 plants in T and T; generation was
extracted with Trizol (Invitrogen, Carlsbad, CA, AJS according to the
manufacturer’s protocol. One pg of total RNA wagdido synthesize cDNA
using MMLV reverse transcriptase (Invitrogen, Chald, CA, USA) and an
oligo(dT) primer (Invitrogen, Carlsbad, CA, USA).h& RNA quantity was
determined spectrophotometrically and the qualigswhecked by agarose gel
electrophoresis. The RNA was treated with DNase I(M&8mentas, St. Leon-Rot,
Germany) before cDNA synthesis was performed. TN& Ras checked by PCR
using theAt-tubulin (At1g04820) primers P4 and P5 (Table 1) for angideal
genomic DNA. RT-PCR was performed with a cDNA atiqof 2 ul and gene-
specific primers P2 and P3 (Table I). To differatgibetween amplifications from
genomic DNA and cDNA, these primers were designpeohsing an intron of the
genomicAt-tubulin gene.

Table 1:Primers used for PCR amplifications.

Primer | Sequence (5’-3) Target Gene

P1 CCCAAGCTRCCCAAAAAAAGAGATC Sense primer designed drZTP1 pAD-
GAATT GAL4-2.1vector with Hindlll site

P2 TTGAGGTTAATGGAGGAAGATCTGA Sense primer facZTP1 cDNA

P3 CTTTGTCGACGCTCGATTTGTACGGTT| Antisense primer fofcZTP1 cDNA with
ACA Xbal site

P4 AAGCTTGCTGATAACTGTACTGGT Sense primer fat-tubulin (At1g04820)

P5 GGTTTGGAACTCAGTGACATCA Antisense primét-tubulin

Restriction sites incorporated in the primers aréeulined.
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Metal exposure

To check the response of the transgenic lines talmdransgenic and wild type
(Col) lines were grown vertically on 12x12 cm-sguafates containing 0.5 x MS
medium and 1% agar (Duchefa Biochemie B.V., Haarlehe Netherlands). The
response of transgenic lines exposed to Zn36, 50, 75, 100, 150, 250, 400 and
500 uM), CdSQ (50, 75, 100 and 204M) and Fe(Na)EDTA (0, 0.5, 50M)
(Merck, Darmstadt, Germany) added to the media, dedsrmined by measuring
the root length of individual seedlings. Three ipeledent transformants of
35S::TcZTP1 were used for each experiment. Plates were incdbate climate-
controlled growth cabinet (25°C day/night; 16 h dah illumination at a light
intensity of 120 umol i s*). Each experiment was repeated at three different
time points. The wild type and transgenic linesevgrown together on the same
MS/agar plate to minimize the effect of variationang plates.

In order to check the root growth and tolerancenphge, ten plants for each
three independenB85S.:TcZTP1 transformants were grown on modified half
Hoagland’s nutrient solution (Schat et al., 199@)jch supplies sufficient Zn to
A. thaliana plants (2 uM ZnSg), and on the same medium to which no Zn was
added, inducing Zn-deficiency to the plants. Plam&se grown in trays, each
containing about 9 L of hydroponic medium. A maximwf 81 plants were
grown per tray. For each Zn concentration the gang and control lines were
grown in the same tray to minimize the effect ofiaton among the trays. The
plants were grown in a climate chamber (201 %lay/night temperatures; 250
pmoles light nf st at plant level during 12 h/d; 75% RH) for five wee Root
and shoot tissues were harvested for the metal radation assay. Each

hydroponic experiment was performed three times.

105



Chapter 5

To determine the response 85S:TcZTP1 plants to Cd exposure, the same
transgenic lines were grown hydroponically on miedithalf Hoagland’s solution
for two weeks and then transferred to the same aneahtaining QM Cd-0 uM
Zn, OuM Cd-2 uM Zn, 0.5uM Cd-OuM Zn, 0.5uM Cd-2 uM Zn, 5uM Cd-0
uM Zn or 5uM Cd-2 uM Zn, keeping the concentration of the other mitsera
constant. The root and shoot tissues were harvestete end of two weeks
exposure for mineral content analysis.

In order to determine the response 38S:TcZTP1 plants to Fe, the same
transgenic lines were grown hydroponically on miedithalf Hoagland’s solution
for two weeks and then transferred to the same anledti containing 0.pM Fe
for another two weeks, keeping the concentratiothefother minerals the same.
The transgenic and wild type plants were also grawnhalf Hoagland’'s as a
control for four weeks in total. In all experimentse nutrient solution was
refreshed every week.

Root and shoot mineral content assay

The root and shoot tissues were analyzed for Zn,Mie and Cd content as
described by Assuncéo et al. (2003).

Sequence analysis of TcZTP1

The predicted coding region of tHEcZTP1 cDNA (GenBank accession no.
AAK69428) was compared to other closely related MPoteins obtained from
the NCBI database (http://www.ncbi.nlm.nih.gov/),sing CLUSTALW
(http://www.ebi.ac.uk/clustalw/) (Thompson et al994) to identify sequence
conservation. A BLAST search (http://www.ncbi.nlih.gov/BLAST/) using the
TcZTP1 protein sequence was performed to identifyPtlike proteins from

Thlaspi fendleri (AAR83905) Thlaspi goesingense (AAS67026) Arabidopsis
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halleri (CAD89013) Thlaspi arvense (AY483145), Arabidopsis thaliana
(NP_182203) Arabidopsis lyrata (CAG28982) Brassica juncea (AAR83910)
Populus trichocarpa x Populus deltoides (AAR23528) Nicotiana glauca
(BAD89561) Nicotiana tabacum (BAD89563) Medicago truncatula
(ABE83561) Eucalyptus grandis (AAL25646) andOryza sativa (AAU10745)
These proteins share between 63% and 91% aminoidendity with TcZTP1
(Table 2). Based on the amino acid sequence asadyghylogenetic tree was
constructed using the program MEGA 3.1 (Kumar et 2004) and Treeview
(http://taxonomy.zoology.gla.ac.uk/rod/treeview.htriAn unrooted phylogenetic
tree was constructed using the BLOSUM matrix arel tlP GMA tree-building
algorithm (Saitou et al., 1987). Bootstrap valuessdad upon 100 iterations

provided estimations of statistical support for tife.

Results

TcZTP1 over-expression enhances Zn tolerance and &ctumulation in A.
thaliana

To study the response 85S.:TcZTP1 transformedA. thaliana plants to high Zn,
three homozygous lines overexpressing Te&TP1 gene were generated and
grown in three replicates on vertical plates widif MS-agar media containing
15, 50, 75, 100, 150, 250, 400 or 504 Zn. A standard concentration of 1M

of Zn is sufficient for normal growth oA. thaliana. The over-expression plants
grown on 15, 50, 75 and 1M Zn did not show any difference compared to
wild type Columbia (Col) plants, whereas the ovepression plants grown on
150 and 25@M Zn formed longer roots than wild type plants (kg 1A, B). The

root growth difference between transgenic and wijge plants was statistically
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significant (p<0.05) on 150M Zn, in all three replicates. The transgenic and w
type plants were both similarly affected by Zn camications higher than 250M.
To study further the root growth phenotype of TfeZTPlover-expression lines,
the plants were grown on modified half Hoaglandysldfoponic media provided
with standard (1M ZnSQy) and high Zn (5@M ZnSQy). The transgenic plants
grown on 50uM Zn media showed better Zn excess tolerance thamitld type
plants: the transgenic plants had a larger rosetée(Figure 1C) and longer roots
after five weeks of exposure (Figure 1D). The freslight of the shoots and roots
(Figure 1E, 1F) and the mean rosette radius (Fig@g of the transgenic plants
were two-to-three fold larger than those of thedwiype plants. The Zn
concentration in the shoot and root samples oftridmesgenic lines grown on 50
uM Zn, were two-to-four fold higher than those ofldviype (p<0.001) (Figure
1H and 1l) in two independent experiments. The Zmcentration in the
transgenic plants grown with half Hoagland’s sant{2 uM Zn) showed only a
1.4 fold higher Zn concentration in roots. Howeweo, significant differences
between wild type and overexpression plants wetectled for Zn content in

shoots in this condition (data not shown).
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Figure 1. Phenotypic analysis of three independ®®.: TcZTP1 transformedA. thaliana lines (ZTP1-1,
ZTP1-2, ZTP1-3) overexpressinigZTPL in A. thaliana plants compared to wild type when exposed to
excess Zn(A) 35S:TcZTP1 transformedA. thaliana plants (right) compared to wild typ&. thaliana
Columbia (Col) (WT) plants (left) on vertical platavith half MS/agar media with additional suppli&s0

KM ZnSQ. Photograph was taken 14 days after germinaticeefis(B) Final root length in comparison to
wild type Col grown on 15, 50, 75, 100, 150, 2500 4nd 50QuM Zn containing half MS/agar platesC)
The 35S:TcZTP1 transformedA. thaliana plants (right) compared to wild type plants (lefth half
Hoagland's hydroponic solution containing pM ZnSQ, at five weeks after seed germinati¢b) Final
root length(E) Shoot biomasqF) Root biomass anfl5) mean radius of the rosette, after five weeks since
seed germination(H, 1) Zn concentration in shoots (H) and roots (I) afiee weeks of growth in half
Hoagland's solution with 5QuM Zn. The asterisk indicates that the differencéwieen the value for

transgenic line is significantly different from witype (p<0.05, Student’s t test).
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Over-expression of TcZTP1 enhances Cd tolerance &wlaccumulation in A. thaliana

To determine the response of Cd on TegTP1 over-expression lines, the same transgenic
lines were grown on vertical half MS/agar platetearing 0, 50, 75, 100 and 2QM CdSQ,.
After 14 days the transgenic plants grown on IB0OCd showed hardly any reduction in root
growth compared to plants grown on 75 uM Cd, wherde roots of wild type had
approximately 3.5-fold shorter roots compared snf grown on 75 uM Cd. The difference
in root length between over-expression lines antt wype was statistically significant
(p<0.05) (Figure 2A). To investigate this root gthvphenotype further, the same lines were
grown hydroponically on modified half Hoagland'slig®mn for two weeks and then
transferred to the same medium but containip$yl0Cd-0uM Zn, OuM Cd-2uM Zn, 0.5uM
Cd-0uM Zn, 0.5uM Cd-2 uyM Zn, 5 uM Cd-0O uM Zn and 5uM Cd-2 uM Zn, without
changing the content of other minerals in the mediu

TcZTP1 over-expression plants grown atuM Cd-2 uM Zn showed higher tolerance and
were larger in size with larger leaves comparewitd type plants (Figure 2C). The wild type
plants were severely affected by this high coneiotn of Cd and the leaves were very small.
The shoot and root fresh weights (Figure 2D, 2Ebhefover-expression plants were two-to-
three fold higher (significant at p<0.05) than #hao$ the wild type plants. Also the Cd content
in shoots and roots of all three over-expressioesliwas two-to-three fold higher than that of
wild type (Figure 2F, 2G). Exposing to 8M Cd-0 uM Zn reduced the Zn content and
increased the Cd content compared to exposure (tM 82d-2 uM Zn, but the difference
between wild type an85S: TcZTP1 plants were comparable (Figure 2H and 21). Remdykab
over-expression oAtMTP1 (ZAT) was not reported to show any effect on Cd accatioun or
tolerance (van der Zaal et al., 1999). Thereforecommpared th&5S:: AIMTP1 (35S: AtZAT)
over-expression lines and the corresponding wifgk tpn the same trays with hydroponic

medium with on€lcZTP1 overexpressing line and the corresponding wile: tyyo increased
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Cd tolerance was observed for tB8S:ZAT plants based on visible plant phenotype and
rosette diameter (data not shown), confirming tiigal observations by van der Zaal et al.
(1999) and showing that onlycZTP1, but not AtMTP1, over-expression confers Cd tolerance
and accumulation tA. thaliana.

The comparison of the Zn, Fe, Mn and Cd contenhéiTcZTP1 over-expression line with
the highest phenotypic effect (ZTP1-1) compareditd type grown on 21M Zn, 5uM Cd-2

uM Zn and 5uM Cd-0OpuM Zn, are shown in Figures 2H -K for shoots andsaespectively.
The other two independent transformant lines shoswedar results (data not shown). When
A. thaliana was grown on medium with Cd, the root Fe conceiatnatvas found to be
significantly higher (p < 0.05) than in plants growithout Cd. For this effect the transgenic
lines do not differ significantly from wild type. hE Mn concentration in shoots is
significantly higher in Cd exposed plants than tlom-exposed ones, which effects are also

similar for wild types and overexpression lines.
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Figure 2: Phenotypic analysis of three independent transfotsnéZTP1-1, ZTP1-2, ZTP1-3) overexpressifaZTP1 in A.
thaliana plants compared to wild type when exposed to ex@ek(A) The 35S :TcZTP1 transformedA. thaliana plants (right)
grown in comparison to wild typ&. thaliana Columbia (Col) (WT) plants (left) on vertical pbstwith half MS/agar media with
additional supplied 100 uM Cdg@fter 14 days since germination of seg@. Final root length after 14 days since seed
germination in comparison to the wild type plantsvegn on 0, 50, 75, 100 and 2@ Cd containing half MS/agar platd€)
The 35S: TcZTP1 transformedA. thaliana plants (below) exposed to Cd M CdSQ,) for two weeks after growing them on
half Hoagland's solution for two weeks in companigo wild type plants (above). Rofl®) and Shoot biomass (E) after two
weeks Cd exposure Cd concentration in sh@@tsnd rootqG) of treatment shown in Figure 2, |, J, K) Zn, Cd, Fe, and
Mn concentration in shoots and roots of 8&:: TcZTP1 transformedA. thaliana plants in comparison to the wild type plants
(Figure 2C). The asterisk indicates that the déffee between the value for transgenic line is Begmitly different from wild
type (p<0.05, Student’s t tesgmoles represents micromoles.
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TcZTP1 overexpressing A. thaliana plants reducesgtvity to Fe deficiency

Zn homeostasis is often correlated with Fe home@st®ver-expression dficZTP1 could
therefore have an affect on the ability to withstdmw Fe supply. To check the response to
low Fe, all threeTcZTP1 over-expression lines were grown on vertical h8/agar plates
containing 0 or 0.5uM Fe and compared to growth on plates with 50 pM Whbich is
standard in half MS medium. The over-expressioadliall showed longer roots, by around
1.5 fold compared to the wild type plants on 0 rieluM Fe, suggesting increased tolerance
to Fe deficiency (Figure 3A). The transgenic ligeswn with half MS (containing 50M Fe)

did not show a significant difference in root lémgto investigate the root growth phenotype
further, the same over-expression lines were grdwdroponically on modified half
Hoagland’s solution with low Fe supply (084 Fe) and compared to the wild type plants
grown at the standard 2M Fe. The over-expression plants grown on low Felimevere
larger in size (Figure 3C and 3D), also when gramnhydroponics and after two weeks of
exposure compared to wild type plants. When grownnormal half Hoagland’s solution
containing 0.5uM Fe, the Zn contents in shoots and roots werefggntly higher (Figure
3E, 3F), whereas no difference was found in thedfegent of these plants (data not shown).
The Zn concentration in the transgenic plants growith half Hoagland’'s solution
(containing 2QuM Fe) showed a 1.4 fold higher Zn concentrationoots (Figure 3H), but in
shoots the difference was not significant (Figug&.3

The plants were also grown on Cu, Mn, and Co daiicplates with half MS/agar media but

no significant root growth differences compareahtla type were observed (data not shown).
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Figure 3: Phenotypic analysis of three independently tramséal35S::ZTP1 lines, overexpressingcZTP1 in
A. thaliana plants, compared to wild type when exposed to Fmv(A) The 35S:TcZTP1 transformedA.
thaliana plants (right) grown in comparison to wild type thaliana (Columbia) (WT) plants (left) on vertical
plates with half MS/agar media with low (0.5 pM Réer 14 days since germination of the se@lsFinal root
length after 14 days since seed germinat{@). 35S:TcZTP1 transformedA. thaliana plants (top) grown in
comparison to wild type plants (bottom) balf Hoagland’s solution with low (0.p6M Fe) for two weeks after
growth for two weeks on half Hoagland’s solutiorthwnormal Fe (2QuM Fe). Mean radius of the rosefte),
Zn content (umolesg mean + SE of 10 replica) in sho@E) and rootgF), Zn content in shoot&) and roots
(H) after four weeks of growth on half Hoagland's $ioln (which contains standard 201 Fe). The asterisks
indicate that the transgenic line is significantlifferent from wild type (p<0.05, Student’s t testmoles

represents micromoles.
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Multiple alignment of TcZTP1 with related proteinsom other species

Considering the effect ofcZTP1 over-expression on Cd tolerance and accumulatioA.o
thaliana, compared t&AtMTP1 over-expression, we decided to compare the peatlicbding
region of theTcZTP1 cDNA of T. caerulescens to other MTP1 proteins obtained from
GenBank fttp://www.ncbi.nim.nih.gov/Genbank/index.hinthat may explain the apparent difference in
specificity. Multiple alignment of the TcZTP1 amiaaid sequence and related proteins from
Thlaspi fendleri (AAR83905) Thlaspi goesingense (AAS67026) Thlaspi arvense
(AY483145), Arabidopsis thaliana (NP_182203) Arabidopsis halleri (CAD89013)
Arabidopsis lyrata (CAG28982) Brassica juncea (AAR83910) Populus trichocarpa x
Populus deltoides (AAR23528) Nicotiana glauca (BAD89561) Nicotiana tabacum
(BAD89563) Medicago truncatula (ABE83561) Eucalyptus grandis (AAL25646) andOryza
sativa (AAU10745) shows considerable of sequence conservin the MTP1 proteins of
these 14 species (Figure 4). The percentages oioaacid identity of all these MTPL1 proteins
compared td'cZTPlare summarized in Table 2. A phylogenetic treeldegsn made based on
this protein sequence comparison (Figure 5), wklobws that TcZTP1 is in the same group
with other Thlaspi speciesT. fendleri and T. goesingense (a, b, c).T. goesingense is a Ni-
hyperaccumulator species aiid fendleri is a non-accumulator species (Kim et al., 2004;
Kipper et al., 2002; Koch et al., 2001). Few ottlesely related species, e.§.,thaliana, A.
lyrata and A. halleri are found to be clusterd together in this tree. Slgmificance of
branches in the tree is supported by the high baptvalues shown at the branch origin. But
the bootstrap values below 60 are not significant @nsidered not reliable.

Interestingly, the TcZTP1 sequence differs at iwaserved amino acids from the MTP1-like
sequences of all other species, with the excemiddil44, which is also found ih arvense

and T365, which is also found @. sativa (Figure 5). The alterations are not towards simila
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amino acids: A100 in the second transmembrane doie& in all other proteins; S144, just
after the 8 transmembrane domain is A, I, V in all other pirgeexcept for E irE. grandis
and except foll. arvense; T365 is K, R, M or | in all other proteins excdpt O. sativa; Q367

is D or E in the other proteins; and H375 is D anihe other proteins.

Table 2: Summary of the amino acid identity of MTHike sequences found in GenBank,
compared to TcZTP1

Species hame NCBI protein ID | Proteinlength (aa)| % identity with
TcZTP1 amino acid
sequence

Thlaspi caerulescens AAK69428 396 -

Thlaspi goesingense-a | AAS67024 390 87%

Thlaspi goesingense-b | AAS67025 390 88%

Thlaspi goesingense-c | AAS67026 396 91%

Thlaspi fendleri AAR83905 392 90%

Arabidopsis halleri CAD89013 389 78%

Arabidopsisthaliana NP_182203 398 81%

Arabidopsislyrata CAG28982 385 86%

Thlaspi arvense AY483145 396 78%

Brassica juncea AAR83910 385 76%

Populus trichocarpa x | AAR23528 393 69%

Populus deltoides

(Ptd)

Nicotiana glauca BAD89561 418 66%

Nicotiana tabacum BAD89563 418 64%

Medicago truncatula ABE83561 407 67%

Eucalyptus grandis AAL25646 421 63%

Oryza sativa AAU10745 418 65%
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MESSSPHHSHIVEVNVGKSDEERIIV-ASKVCGEAPCGFSDSKNASGDAH
——————————— VEVNVGKSEEERIIV-ASKVCGEAPCGFSDSKNASGDAQ
MESSSPHH----EVNVGKPDEERILA-ASKVCGEAPCGFSDSKNASGDAE
MESS----SHIVEVNVGKSEEERIIV-ASKVCGEAPCDFSDSKNASGDAK
MESS----SHITIEVNGGRSDEERRVV-ASKVCGEAPCGFSDAKNASGDAQ
MESS----SHIIEVNGGRSDEERRVV-ASKVCGEAPCGFSDAKNASGDAQ
MESS----SPHSEVNGGRSDEERRVV-ASKVCGEAPCGFSDAKNASGDAQ
MESS----SHITIEVNGGRSDEERRVV-ASKVCGEAPCGFSDAKNASGDAQ
MEPS----SHITIEVNGGRSDEERRAV-ASKVCGEAPCGFSDAKNVSGDTE
MASSSPQHSHIIEVNIAKPDEQRTALGASKACGEAPCGFSDLNNASGDAH

MDSHNSAPPQIAEVRMDISSSTSVAA-GNKVCRGAACDFSDSSNSSKDAR

MEAQNPQHGHPVEISVDILDGEMS -G-GSKGCGEAPCGFSDTGNNSKNAK
MEAQSAHHGQIIEISGELPD----- V-GRKICGEAPCEFSDAGSISKDSE
MDTONPERGHVIEVSCDIAAQEK----GTKVCGSAPCGFSDANTMSKDAQ
METQNLERGHVIEVRCDMAAQEK ----GTKICGSAPCGFSDVNTMSKDAQ

MSTHDSEHGHIIEVCQDVPAMETGQV-GSKVCAEAPCGFSDVRNSLKDAR
* . .

* ok * Kk ok kk .

1 5 5 5 2..
ERSASMRKLCIAVVLCLVFMSVEVVGGIKANSLAILTDAAHLLSDVAAFA
ERSAFMRKLCIAVVLCLVFMSVEVVGGIKANSLAILTDAAHLLSDVAAFA
ERTASMRKLCIAVVLCLLFMSVEVVGGIKANSLAILTDAAHLLSDVAAFA
ERSASMRKLSIAVVMCLVFMTVEVVGGIKANSLAILTDAAHLLSDVAAFA
ERNASMRKLCIAVVLCLVFMSVEVVGGVKANSLAIMTDAAHLLSDVAAFA
ERNVSMRKLCIAVVLCLVFMSVEVVGGIKANSLAIMTDAAHLLSDVAAFA
ERNASMRKLCIAVVLCLVEMTVEVVGGIKANSLAIMTDAAHLLSDVAAFA
ERNASMRKLCIAVVLCLVFMSVEVVGGVKANSLAIMTDAAHLLSDVAAFA
ERNASMRKLCIAVVLCLVFMSVEIVGGIKANSLAIMTDAAHLLSDVAAFA
ERNASMRKLCIAVVLCLLFMTVEVFGGIKANSLAILTDAAHLLSDVAAFA
ERMASMRKLIIAVILCIIFMAVEVVGGIKANSLAILTDAAHLLSDVAAFA
ERSASMRKLWISVALCIVFMSAEIAGGIEANSLAILTDAAHLLSDVAGFA
ERSTSMRKLFIAVTLCVIFMAVEVVGGIKANSLAILTDAAHLLSDVAAFA
ERSASMRKLCIAVVLCIIFMAVEVVGGIKANSLAILTDAAHLLSDVAAFA
ERSASMRKLCIAVVLCIIFMAVEVVGGIKANSLAILTDAAHLLSDVAAFA
ERSTSTKKLLIAVVLCIIFMSIEVFGGIEANSLAILTDAAHLLSDVAAYA

* * . :** *:* :*::**: *: *‘k::**‘k**‘k:**‘k‘k**‘k‘k**‘k.:*
E— 3

ISLFSLWAAGWEATPRQTYGFFRIEILGALVSIQLIWLLTGILVYEAIIR
ISLFSLWAAGWEATPRQTYGFFRIEILGALVSIQLIWLLTGILVYEAIIR
ISLFSLWAAGWEATPRQTYGFFRIEILGALVSIQLIWLLTGILVYEAISR
ISLFSLWAASWEATPTQTYGFFRIEILGALVSIQLIWLLTGILVYEAIIR
ISLFSLWAAGWEATPRQTYGFFRIEILGALVSIQLIWLLTGILVYEAIIR
ISLFSLWAAGWEATPRQTYGFFRIEILGALVSIQLIWLLTGILVYEAIIR
ISLFSLWAAGWEATPRQTYGFFRIEILGALVSIQLIWLLTGILVYEAIIR
ISLFSLWAAGWEATPRQTYGFFRIEILGALVSIQLIWLLTGILVYEAIIR
ISLEALWAAGWEATPRQTYGFFRIEILGALVSIQLIWLLTGILVYEATSR
ISLFSLWAAGWEATPRQTYGFFRIEILGALVSIQLIWLLTGILVYEAIIR
ISLFSLWAAGWEATPQQSYGFFRIEILGALVSIQLIWLLAGILVYEAIVR
ISLFSLWAAGWEATPRQSYGFFRIEILGALVSMQLIWLLAGILVYETIIR
ISLFSIWAGGWEPNPRQSFGFFRIEILGALVSMQLIWLLAGILVYEAIAR
ISLFSLWAAGWEANPRQSYGFFRIEILGALVSIQMIWLLAGILVYEAIAR
ISLFSLWAAGWEANPRQSYGFFRIEILGALVSIQMIWLLAGILVYEAIAR
ISLFSLWASGWEATPRQSYGFFRIEILGALVSIQIIWLLAGILVYEAIER

Kk KKk o o kK ** K ke e kKKK KAKKhKhKhhkhk Kk ok ok hh ke kAKX KK Xk X

4
IVTETSEVNGFLMFLVAAFGLVVNI IMAVLLGHDHGHSHGHGHGHGH--D
IVTETSEVNGFLMFLVAAFGLVVNIIMAVLLGHDHGHSHGHGHSHGH --D
LLTETSEVNGFLMFLVAAFGLVVNIIMAVLLGHDHGHSHGHGHGHGHGHD
IVTETSEVNGFLMFLVAVFGLVVNIIMAVLLGHDHGHSHGHGHSHSH---
LLTETSEVNGFLMYAVATFGLLVNIIMAVMLGHDHGHSHGHGHGHDHG -—
LLTETSEVNGFLMFAVATFGLLVNIIMAVMLGHDHGHSHGHGHGHDHG --
LLTETGEVDGFLMFAVATFGLLVNIVMAVMLGHDHGHSHGHGH--DHG--
LLTETSEVNGFLMFAVATFGLLVNIVMAVMLGHDHGHSHGHGH --DHG--
LLTETSEVNGFLMFAVATFGLLVNI IMAVMLGHDHGHSHGHGH -~ DHE-—
LLTETTEVNGFLMFLVAAFGLLVNIIMAVLLGHDHGHGHGHDH-HNHG--
LINESGEVQGSLMFAVSAFGLFVNIIMAVLLGHDHGHGHGHGHGHGHS ——
LIHGTSEVNGFLMFLVAAFGLLVNIIMALVLGHDHGPDHDHKHGT -----
LIAGPQEVDGFLMFVVAAFGLVVNIIMALVLGHDHGHGHGHDHGHGHDH-
LIHDTGEVQGFLMFVVSAFGLVVNLIMALLLGHDHGHGHGHSHGHDHG --
LIHDTGEVQGFLMFVVSAFGLVVNLIMALLLGHDHGHGHGHGHSHGHD ——
LINGTTEVHGFLMFIIAAFGLLVNIAMALLLGHDHSHGHGHDHGHGHS--

E S e kkKk kke Kkke s kKKKKK * Kk *

149
138
145
145
145
145
145
145
145
150
149
148
144
146
146
149

197
186
195
192
193
193
191
191
191
197
197
193
193
194
194
197
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HHNH----SHGVTVTTH--H------HHHDHEHGHSHGHGEDKHH-
HHNHGGNHSHGVTVTTH--H------ HHHDHEHDHSHGHGEDKHH-----
HHSHVGNHSHGVTVTTH--H------ HHHDHG----HSHGEDKHH-----
—————————— GVTDTTHPHD------HDHDHDHDHGHSHGEDQHH-----
------ NHSHDVTVTTHDHD--------HDHDDGHGHSHGEDKHDE - --—
—————— NHSHDVTVTTHDHDP--THDHDHDHDDGHGHSHGEDKHDE -——-—
—————— NHSHDVTVTTHGHD----HDHDHDHDDGHGHSHGEDKHDE ——-—--—
—————— NHSHDVTVTTHDHD------HDHDHDDGHGHSHGEDKHDE -—--—
—————— NHSHGVTVTTHDHDPTHDHDHDHDHDDGHGPSHGEDNQDE —--—
—————————— GVTVTTR---------HHHDHG----HTHGEDKHHH----
HDHDHGGSDHDHHHHEDQEHGHVHHHEDGHGNSITVNLHHHPGT -

-GHSHGTTVSTHN-----—-——-—-——— HHHVEHPKHDDNHHDHSNN
HGHSHGISVSTKHTDEHHHTHGDQTHHHDNEKHSHDEHHHTHDDV
————— HEHGHNHDEHAHSHSDHEHGHGEHTHIHGISVSRHHHHNEGPSSR
————— HEHGHNHGEHAHSNTDHEHGHGEHTHIHGISVSRHHHHNEGPSSR
————— HGHDDAHEHSDHAHSHEDHGD-LHTHGLTIKKHDHHHHGEDSKGH

—————— KSKTQVAAKEKRKRNINLQGAYLHVLG
—————— KSKTQVAAKEKRKRNINVQGAYLHVLG
—————— KSKPQIVDKEKRKRNINVQGAYLHVLG
—————— KSKTQVAAKEKRKRNINVQGAYLHVLG
-KPKQ---EKEKKKRNINVQGAYLHVLG
—————— KPKQ---QKEKKKRNINVQGAYLHVLG
—————— KPKQ---EKEKKKRNINVQGAYLHVLG
______ KPKQ---EKEKKKRNINVQGAYLHVLG
______ KPKQ---EKEKKKRNINLQGAYLHVLG
—————— KSKP---DKEKRKRNINVQGAYLHVLG

--—-GHHHHDAEEPLLKSDAGCDSTQSGAKDAKKARRNINVHSAYLHVLG
EHH-HAHED-HVEPLLD----KGEAMH----- EKKQRNINVQGAYLHVLG
HHHDHDHKE-VTEPLLG----ESKGRS----- EKK-RNINVHGAYLHVLG

DQHSHAHDGDHTEPLLKN-SCEGEGVP-EGEEKKKQRNINVQGAYLHVLG
DQHPHAHDGDHTVPLLKN-SCEGESVS-EGEKKKKQQONINVQGAYLHVIG
ADQLHGHETDQTEPLLQT-CSEAEGDSKLGAKQKQQRNINMQGAYLHVLG

. * * . :* :***::'*****:*

5 6
DSIQSVGVMIGGAIIWYNPEWKIVDLICTLAFSVIVLGTTINMIRNILEV
DSIQSVGVMIGGAIIWYNPEWKIVDLICTLVFSVIVLGTTINMIRNILEV
DSIQSVGVMIGGAVIWYKPEWKIVDLICTLVFSVIVLGTTINMIRSILEV
DSIQSVGVMIGGAIIWYNPEWKIVDLICTLVFSVIVMGTTINMSRNILEV
DSIQSVGVMIGGAAIWYNPKWKIIDLICTLVFSVIVLGTTINMIRSILEV
DSIQSVGVMIGGAAIWYNPKWKIIDLICTLVFSVIVLGTTINMIRSILEV
DSIQSVGVMIGGAAIWYNPKWKIIDLICTLVFSVIVLGTTINMIRSILEV
DSIQSVGVMIGGAAIWYNPKWKIIDLICTLVFSVIVLGTTINMIRSILEV
DSIQSVGVMIGGAAIWYNPKWKIIDLICTLAFSVIVLGTTINMIRNILEV
DSIQSVGVMIGGAVIWCNPEWKIVDLICTLVFSVIVLGTTINMIRSILEV
DSIQSIGVMIGGAIIWYKPEWKIIDLICTLIFSVIVLFTTIKMLRNILEV
DSIQSIGVMIGGAIIWYKPEWKIIDLICTLIFSVIVLGTTIKMLRNILEV
DSIQSIGVMIGGAIIWYKPEWKIVDLICTLIFSVIVLATTINMLRNILEV
DSIQSIGVMIGGAVIWYKPEWKIIDLICTLIFSVIVLGTTIRMLRSILEV
DSIQSIGVMIGGAIIWYKPEWKIIDLICTLIFSVIVLRTTIRMLRSILEV
DSIQSVGVMIGGAIIWIKPEWTIVDLICTLIFSVIVLGTTIRMLRNILEV

khkkhkKkokhhhhhhkh *k shkeok KeAkKKXKkKk K kkkko H*kk * * *khkkxk

LMESTPREIDATKLEKGLLEMEEVVAVHELHIWAITVGKVLLACHVNIRP
LMESTPREIDATKLEKGLLEMEEVVAVHELHIWAITVGKVLLACHVNIRP
LMESTPREVDATKLEEGLLEMEEVVAVHELHIWAITVGKVLLACHVNIRP
LMESTPREIDATKLEKGLLEMEEVVAVHELHIWAITVGKVLLACHVNIRP
LMESTPREIDATKLEKGLLEMEEVVAVHELHIWAITVGKVLLACHVNARP
LMESTPREIDATKLEKGLLEMEEVVAVHELHIWAITVGKVLLACHVNARP
LMESTPREIDATKLEKGLLEMEEVVAVHELHIWAITVGKVLLACHVNARP
LMESTPREIDATKLEKGLLEMEEVVAVHELHIWAITVGKVLLACHVNARP
LMESTPREIDATKLEKGLLEMEEVVAVHELHIWAITVGKVLLACHVNWMTP
LMESTPREIDATKLEEGLVEMEEVVAVHELHIWAITVGKVLLACHVNIRP
LMESTPREIDATSLENGLRDMDGVVAVHELHIWAITVGKVLLACHVTITQ
LMESTPREIDATKIEKGLLEMEEVMAIHELHIWAITVGKILLACHVKIMP
LMESTPREIDATQLOKGLLEMEEVVAVHELHIWAITVGKVLLACHVKVIP
LMESTPREIDATRLEKGLCEMEDVVAIHELHIWAITVGKVLLACHVKIKP
LMESTPREIDATRLEKGLCEMEDVVAIHELHIWAITVGKVLLACHVKIKS
LMESTPREIDATRLESGLCKMDEVIAVHELHIWAITVGKVLLACHVKIKR

Kkhkkhkhhhkhokkhkk oo KK Koo ke ke ok ok ok ok ok ok ok ok ok ok ok e ok ok ok ok ok ok

230
223
228
221
225
231
227
225
231
220
241
224
238
239
239
241

268
261
266
259
260
266
262
260
266
255
287
263
277
287
287
290

318
311
316
309
310
316
312
310
316
305
337
313
327
337
337
340

368
361
366
359
360
366
362
360
366
B85S
387
363
377
387
387
390
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A.thaliana EADADMVLNKVIDYIRREYNISHVTIQIER- 398
A.lyrata EADADMVLNKVIDYIRREYNISHV-—-—-—---— 385
T.arvense EADADMVLNKVIDYIRREYNISHVTIQIER- 396
A.halleri EADADMVLNKVMDYIRREYNISHVTIQIER- 389
T.goesingense-a DADADMVLNKVVDYIRREYNISHVTIQIER- 390
T.goesingense-c DADADMVLNKVVDYIRREYNISHVTIQIER- 396
T.fendleri EADADMVLNKVVDYIRREYNISHVTIQIER- 392
T.goesingense-b DADADMVLNKVVDYIRREYNISHVTIQIER- 390
T.caerulescens QADADMVIHKVVDYIRREYNISHVTIQIER- 396
B.juncea EADADMVLNKVIDYIRREYNISHVTIQIER- 385
O.sativa DADADQMLDKVIGYIKSEYNISHVTIQIERE 418
P.trichocarpaxP.deltoids EANADMVLDNVISYLRREYNISHVTIQIER- 393
M. truncatula EADADVMLDKVVDYIRRVHNISHVTIQIER- 407
N.glauca DADADTVLDKVIDYIKREYNISHVTIQIERE 418
N. tabacum DADADTVLDKVIDYIKREYNISHVTIQIERE 418
E.grandis DANADMVLDKVVDYIRREYKISHVTIQVERE 421

ek ekKk ek ke K IEE S 2]

Figure 4: Multiple ClustalW alignment of TcZTP1 froifhlaspi caerulescens compared to related proteins from
other species. MTP1-like amino acid sequences wWeund for Thlaspi fendleri (AAR83905) Thlaspi
goesingense (AAS67026) Arabidopsis halleri (CAD89013) Thalspi arvense (AY483145),Arabidopsis thaliana
(NP_182203) Arabidopsis lyrata (CAG28982) Brassica juncea (AAO83659) Populus trichocarpa x Populus
deltoides (Ptd) (AAR23528) Nicotiana glauca (BAD89561) Nicotiana tabacum (BAD89563) Medicago
truncatula (ABE83561) Eucalyptus grandis (AAL25646) andOryza sativa (AAU10745) Identical amino acids
in all sequences are indicated with *" below thiggeed columns, “’ indicates conserved substitoio®.’
indicates semi-conserved substitutions. The menebspanning domains fdicZTP1 (Assuncéo et al., 2001) are
shown as lines above the sequences. The distinetsidues inT. caerulescens identified are marked in grey
highlight.

60 A.thaliana
84 —|: Alyrata
53 - A.halleri
T.arvense
99 473: B.juncea

T.caerulecens

T.fendleri

58 99

T.goesingense-c

85
49 _|: T.goesingense-a

63 .
52 T.goesingense-b

P.trucgicaroaxP.deltoids

M.truncatula
O.sativa
66 N.glauca
—99|: N.tabacum
E.grandis

Figure 5: Phylogenetic tree based on the amino acid sequeid@P1 of the 14 species.
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Discussion

A major objective in studying metal hyperaccumulats to identify the mechanisms that
confer metal tolerance and accumulation to theseisp. ThelcZTP1 over-expressing plants
were found to have enhanced Zn tolerance and adationuin A. thaliana plants while
grown on 5QuM Zn, which is comparable to the Zn level also fdun Zn contaminated soil
solution (Pence et al., 2000). Similar results wads® found in previous studies ectopically
over-expressing MTP1 proteins like AtMTP1 and PtdMTin A. thaliana, suggesting that
their normal function is most likely to create aksifor Zn in the vacuoles of plant cells in
case of intracellular Zn excess (Blaudez et alb320an der Zaal et al., 1999, Arrivault et al.,
2006; Desbrosses-Fonrouge et al., 2005; Blaudeal.,e2003; Kobae et al., 2004). Over-
expression oAtMTP3, another CDF family member, also increased Zn &xtalerance ir.
thaliana and accumulation of Zn in roots as well as in tieskeaves (Arrivault et al., 2006),
similarly as we found for over-expression TdZTP1. Constitutively elevated expression of
MTP1-like genes has previously been shown to occunemtetal hyper-accumulators species
T. caerulescens, T. goesingense andA. halleri, compared to the non-accumulat®rsarvense,

A. thaliana andB. juncea (Assuncéo et al., 2001; Dréager et al., 2004; Pared al., 2001).
Based on these studies, it was suggested that dxglression ofMTP1 is important for
especially Zn hypertolerance and accumulation (Agda et al., 2001; Drager et al., 2004;
Persans et al., 2001). In line with this, the obson forTcZTP1 suggests Zn hypertolerance
and accumulation probably occurs through detoxificeof Zn in the vacuolar compartments.
A novel observation for the function dicZTP1 was that the over-expression also has an
effect on Cd tolerance and accumulation and orsta@sie to low Fe nutrition iA. thaliana.

T. caerulescens is one of the few known Cd hyperaccumulating sge¢Baker et al., 2000),
but this characteristic is not found in all accessiof the species. For instance the accession

La Calamine (LC), from which we isolated theZTP1 cDNA, is very tolerant to Cd, but
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does not hyperaccumulate this element. This inrashto several accessions from the south
of France, which are both Cd tolerant and Cd acdatimg (Assuncéo et al., 2003b; Reeves et
al., 2001). Marqués et al. (2004) found very higld aonstitutive Zn tolerance and inducible
Cd tolerance at the cellular level in the accessBanges, one of the southern Frafce
caerulescens accessions, accompanied with enhanced Zn sedimstia the vacuoles. Cd
sequestration was not tested. Several studies baem performed to understand the
mechanism behind Cd hyperaccumulation, and theons&p of non-accumulators to Cd.
Phytochelatin synthase (PCS) is induced in resptmged exposure i\. thaliana and the
accumulated phytochelatins (PCs) detoxify Cd is tmon-accumulator species (Gong et al.,
2003). However, PC accumulation is found not torégponsible for Cd tolerance in the
tolerant accession of. caerulescens (Cobbett and Goldsbrough, 2002; Ebbs et al., 2002;
Schat et al.,, 2001). Therefore, this hyperaccuraulats developed other mechanisms for
internal detoxification of Cd to shield it from radéblically active cellular sites (Clemens et
al. 2002; Hall 2002). Zn was found to be sequedtpredominantly in the epidermal vacuoles
in the leaves of. caerulescens (Kupper et al. 1999), while in another Zn-hyperanalator,

A. halleri, Zn was localized in the base of trichomes as aglin mesophyll cells (Kipper et
al. 2000). Thus;TcZTP1 is likely to play a similar role infl. caerulescens in which it is
constitutively overexpressed compared to the nawvaclatorsT. arvense and A. thaliana
(Assuncao et al., 2001; van de Mortel et al., 2006View of the localization of AtMTP1,
AtMTP3 and PtdMTP1 to the plant vacuolar membraare] the similar effect ofcZTP1
over-expression on Zn/Cd tolerance and accumulatiof. thaliana compare to the other
three constructs, we assume that also TcZTP1 ialited in the vacuolar membrane,
effluxing Zn into the vacuole. The correlation beem Cd tolerance and Cd accumulation in
A. thaliana upon over-expression of this gene suggests thaTHt itself is able to transport

Cd into plant vacuoles. Enhanced Cd tolerance d¢sresequence of the ability to detoxify
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more Cd than wild type plants, by storing it in wales. This characteristic is not known for
any other plant MTP protein, also not for AhMTP@&nfrA. halleri, which is also Cd tolerant.
However in naturé\. halleri is not Cd hyperaccumulating, which may explain ékelution

of the Cd transport function of TcZTP1 in this spec

We tried to identify possible amino acid changesattitcan contribute to the novel
characteristics with other MTPs. Surprisingly, thare several amino acid residues that are
generally conserved among MTP1-like proteins, bhictv are different in TcZTP1 (Figure
4). Studies by Rogers et al. (2000) identified anbar of conserved residues near or in the
transmembrane domains that appear to be essemtall tfransport function and important for
substrate selection, in AtIRT1, by heterologousresgion in yeast. Amino acid substitution
experiments are necessary to confirm a crucial sblinese altered “conserved” amino acids
in Cd transport.

The mechanisms that control Fe, Mn content in Wiftk and over-expression plants exposed
to Cd, are not completely understood. Cd toxicép be caused by improper binding of Cd in
the essential enzymes in the plant. The higher drtent in shoots and Fe content in the roots
in the wild type and over-expression lines mayemdfithe response of the plants to the toxic
concentration of Cd. Fe and Mn are known as impontadox elements for photosynthesis.
This is why probably Mn is higher in the shootspmtect the plants from the unwanted
substitution of the essential photosynthetic enainke is a key component in a range of
enzymes in the plant, for which probably the plaies to protect itself from the Cd exposure.
The samercZTP1 over-expression lines were found to be more toterargrow on media
with low (0.5 uM) Fe nutrition compared to wild gygFigure 3). Several studies have been
done to understand the effects Anthaliana and other species when they are supplied with
low Fe (Connolly et al., 2003; Vert et al., 2002¢. is an essential element for plant and when

plants are grown under low Fe supply, plants sudften chlorosis of leaves and retardation in
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growth (Varotto et al., 2002; Connolly et al., 2DOBe limitation, either due to actual soll
deficiency or due to reduced bioavailability at malior basic pH, causing many agricultural
problems. This problem can be reduced when plasteare tolerant to low Fe (Guerinot and
Yi, 1994). In this study, the transgenic plants égher Zn content compared to wild-type
plants. Previously we found that Zn and Fe congest often correlated in (wild-type) A.
thaliana (van de Mortel et al., 2006). Under Fe deficienthe increased demand for Fe
induces expression of high affinity Fe transportées AtIRT1 and AtIRT2 in A. thaliana,
which are low affinity Zn transporters (Korshunatzaal., 1999; Vert et al., 2001). This causes
inadvertent increased uptake of Zn without anyaaee in capacity to store for maintenance
of Zn (and Fe) homeostasiscZTP1 overexpression provides extra Zn storage capagity i
vacuoles, thus improving the ability to withstanel dreficiency conditions much better than
wild-type plants. This additional effect ®€ZTP1 overexpression, and probably that of other
MTP1-like genes as well, can be interesting for phytwdiation and Fe efficiency
application improvements. When there is severeFmitleficiency, over-expression MfTP1
genes will probably not be so effective, as thengslawill not be able to compensate the Fe

deficiency by enhancing uptake capacity and thcis &d Fe will be limiting growth.
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General discussion
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Pollution due to metals is a global environmentadbfem that has resulted from mining,
industrial, agricultural and military practices {&gu and Pacyna, 1988). Soil and water
contamination by heavy metals is widespread in dtastturope, and is increasingly
recognized as dramatic in large parts of the dgwedpworld, especially in India (Meharg,
2004) and China (Cheng, 2003). Many pollutants exdate in the food chain and threaten
human health (Kramer, 2005).

A great interest has developed recently in theofiserrestrial plants as a green technology for
the remediation of contaminated soils with toxiahe metals, which may help to reduce or
even reverse these pollution problems (Pence eR@00). This developed a new field of
environmental biotechnology, termed phytoremedmtiwhich uses plants to extract heavy
metals from the soil and to concentrate them irhdm@estable shoot tissue (Salt et al., 1995).
Several criteria must be met before a plant is idened to be well-suited for
phytoremediation (Song et al., 2003). An ‘ideal'ymitemediator should be fast growing,
develop a large biomass, be tolerant to and acatmbigh concentrations of toxic metals in
the shoot, and be easily cultivated and harvesdtiough natural hyperaccumulators can
tolerate and accumulate high concentration of taxietals, they usually produce little
biomass, they grow slowly and cannot be easilyivailtd. Now with the advent of molecular
biology, scientists can use genetic engineeringhfwove the metal accumulation capacity of
fast-growing and high-biomass plants.

Several researchers have focused their attentiovanaus metal hyperaccumulator species,
including Thlaspi caerulescens. T. caerulescens has been proposed as a very convenient
model plant species, to study the molecular phggipbf this research field (Assuncéioal.,
2003). With theA. thaliana genome sequence now available, focus on closedyectimetal
hyperaccumulator species opened up the powerfubappes of both genetics and genomics,

to study the mechanism of metal hyperaccumulatrahtalerance in plants. In addition, self-
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fertility, good seed setting and competence fondfarmation at least wittAgrobacterium
rhizogenes in T. caerulescens made it the model of choice.

In this thesis, the reasons for metal hyperaccutionlaf T. caerulescens were investigated,
focusing mainly on functional characterization bfete Zn transporters. The genexTP1,
TcZNT1 and TcZNT2 were reported to be highly and constitutively egsed inT.
caerulescens, regardless of the Zn status of the plant (Assurgtéal., 2003). The structural
and functional analyses of the members of thesgatrsporters could provide us clues about
the molecular bases underlying the transport mestraaf CDF and ZIP family members. In
addition, this research is likely to catalyze aidgmogress towards engineering of an ‘ideal’
hyperaccumulator.

In this study, the non-accumulator model planthaliana was chosen as the reference plant.
The study by Rigola et al. (2006) showed an avetdd®8.5% sequence identity betwekn
caerulescens andA. thaliana in transcribed sequencekhis is in agreement with the analysis
of Peer et al. (2006), who found 87-88% sequeneatity for the intergenic transcribed
spacer regions when comparing sevelallaspi species withArabidopsis. Based on this
relative strong homology and available genetic ueses,A. thaliana is an obvious choice as
comparative non-accumulator species (Freeman,e2@4). This allows comparisons to be
made between hyperaccumulator and non-accumulateesgby over-expressing them in a
non-accumulator (Freeman et al., 2004).

At least three different engineering approachesrtbance metal uptake can be envisioned
(Clemens 2002). (i) The number of uptake sites c&dé increased, (ii) the specificity of
uptake systems could be altered, so that the camopeamong the unwanted cations is
reduced, and (iii) the sequestration capacity cdadcenhanced by increasing the number of
intracellular high-affinity binding sites or thetea of transport into organelles (Clemens

2002).
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The study described in this thesis dealing with dlier-expression ofcZTP1, TcZNT1 and
TcZNT2 in A. thaliana brought molecular insights into the methods to amplied for
improving phytoremediation technologiekcZNT1 is an uptake transporter, localized in the
plasma membrane and its over-expressioA. ithaliana results in a higher uptake of Zn and
Cd into the plant, compared to its wild type (clesy®). Because no significant effects could
be detected iTcZNT2 overexpressors, this gene could have only a minaro role in Zn
transport.

Because free Zn ions in the cytosol are toxic, tglame stressed when they are exposed to
high Zn and when they accumulate high Zn conceatrat This can be improved when the
non-accumulator is engineered to cope better with @accumulated metal ions better. The
over-expression ofcZTP1 in A. thaliana shows three-to-five fold higher Zn content and the
plants were much more tolerant compared to wildetypuggesting improvement in the
sequestration of the metals into plant storagermiigs like vacuoles (chapter 5). Hence, if
the plants are modified to be equipped with medmasifor proper storage of the metal ions,
preceded by increased uptake system; it can makeléimt more suitable as phytoremediator.
For this reason combining overexpression of theussmation geneTcZTP1l with
overexpression of uptake genes suchZB$1 in the same plant, might increase both the
uptake and sequestration in the plant.

Improving the efficiency of metal uptake of a plaanother goal in relation to improvement
of plant nutrition. This can help a plant to sueviin Zn/Fe deficient soil, which is an
important agricultural problem in this world. Both thaliana and T. caerulescens are
sensitive for Zn deficiency (chapter 2) and therefoan act as a suitable model to study this
phenomenon and to find solutiof€ZTP1 over-expression iA. thaliana plants resulted in a
higher amount of Zn when plants were grown on Recidat media, whereas the Fe content

was not different from wild type (chapter 5). Thisding could help in the engineering of Fe-
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efficient plants using this and other Zn transgmmtes. Thus, the same plant variety can be
used for different purposes: cleaning up the soiZm polluted soils and an efficient metal
uptake from Fe deficient soils.

Furthermore, substrate specificity of the transgsricould be increased by engineering the
genes, as proposed by Clemens et al. (2002). IkbWmialso useful to increase the specificity
of the transporters, in such a way that it woulthlip or sequester more than one metal. For
example, Zn can be taken up together with otheict@ements, like Cd, collectively
depending on the human need. In our study, we khesvn that over-expressoo$ both
TcZNT1 and TcZTP1 in A. thaliana mediate highly efficient uptake and sequestratibhoth

Zn and Cd. This would be useful for practical pwg®in phytoextraction of both Zn and Cd
using the same plant. To our knowledge this isfitisé study to show a CDF family member
to transport both Zn and Cd. The over-expressioesliof TcZTP1, TcZNT1 or TcZNT2 in A.
thaliana did not show any effect for other metals like Nip,CCu, suggesting these
transporters are specific for Zn and Cd.

The sequences of MTP1 @val Transporter_Bdteins) genes belonging to CDF family,
including TcZTP1, from 13 related species ®f caerulescens has been analysed, in order to
study the conservation of the amino acids in thegims (chapter 5). Compared to 13 other
species, several amino acids were found to be eniguthe TcZTP1 protein sequence,
suggestingTcZTP1 as a unique transporter among the group. Theseoaagids can be
studied further, to see the specific roles of thesé&ues in the functions atZTP1. AtIRT1
was studied by substituting various conserved vesidvith alanine. This produces mutant
versions ofAtIRT1, which apparently no longer could transport'Fend Mrf*, yet retained
Zn?* and Cd" transport activity (Rogers et al., 2000). Simjlathe conserved and the distinct
amino acids inl. caerulescens and other related species can be studied usiagdsicted

mutagenesis to find the essential amino acids#transporters.
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In addition, the regulation of the Zn transportiemsn hyperaccumulatof. caerulescens and
non-accumulatorA. thaliana was studied in this thesis (chapter #HtZIP4pro-GUS
transformedA. thaliana plants were tested when grown on Zn-deficiency amgufficiency
media. The Zn-sufficient plants did not show GUSirshg, but the Zn-deficient plants
showed staining in different tissues indicatingttit@ese genes are Zn induced. Strong
AtZIP4pro-GUS expression was found in the endodermis of the yamftshe transgeni@.
thaliana plants, suggesting thaktZIP4 has a role in Zn transport in rootatZIP4-GUS
staining observed in the Zn-deficient leaves anchdmes, suggests supply and storage
possibility of Zn in these tissues. Interestingthe GUS localisation in the flower is
developmental stage specific. Strong staining wifftowers was observed in the pistil in all
developmental stages, except in the fully develof)eder. In the completely developed
flowers, the anther filaments were typically stan&iliques were stained distinctly at the
bottom and at the top. This study showZlP4 gene could function in almost every tissue,
especially the reproductive tissues, includingseeds of. thaliana, suggesting an important
role for Zn translocation and storage in the eralpct of a plant. In nature, the role of every
species is to pass on its genes to the next gemerdipparently, even when the plant is Zn-
deficient, it will try to supply the crucial micrteenent Zn, required for DNA replication, at
least to the reproductive tissues, to make reptomtupossible. This information can be used
further for improvement of Zn storage in the seedsther tissues requiring high Zn content.
The expression pattern of tW¢ZIP4 from non-accumulatoA. thaliana andTcZNT1 from T.
caerulescens, was studied using reporter GUS constructs angithelements of these genes
were searched for. Transforming theZNT1 promoter-GUS from the hyperaccumulator and
AtZIP4promoter-GUS of A. thaliana into the non-accumulatdk. thaliana showed a similar
expression pattern. This reveals thist elements in both the related species are simidr a

can be recognized in a similar way by thehaliana transcription factors. Thes element(s)
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of AtZIP4 are located between -263 bp and -115 bp from tie sodon and folfcZNT1
between -223 bp and -98 bp. Further characterizaifothe promoters to find the specific
bases which are essential for thetrans interaction can be done by point mutations indilse
elements found in this study. The knowledge of diseelements of thé\tZIP4 and TcZNT1
promoters can also be used for searching of theegmonding trans-acting elements that
should interact with these promoters. Change irtiapand temporal expression of the
transcription factor genes may control the expoespatterns of down-stream target genes. In
this case, it looks that the expression or actibrthe transcriptional elements makes the
difference between the hyperaccumulator and theacsomulator. The expression profile of
the transcription factors in the hyperaccumulatan{s may have changed, in order to adapt
to the highly contaminated soil as a new nichesThight have led to the constitutive over-
expression of the genes liReZTP1 andTcZNT1 or TcZNT2, and subsequent higher uptake
or sequestration of the metals in the plant. Hawrerot all over-expressed genes might have

a functional role (or limiting factor) in accumdulay heavy metals.
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Summary

Heavy metal hyperaccumulation in plants is a pootyderstood phenomenon.
Transmembrane metal transporters are assumed yoapkey role in this process. In the
research described in this thesis, genes encodintyafisporters oThlaspi caerulescens, a
heavy metal hyperaccumulator plant, are studied emmpared to their orthologues in
Arabidopsisthaliana, a non-hyperaccumulator plant.

The TcZNT1 andTcZNT2 genes off. caerulescens are members of the Zrt, IiZIP)-like gene
family and show 89% and 87% similarity with thA&ZlP4 and AtIRT3 genes ofA. thaliana,
respectively. AtZIP4 and AtIRT3 genes are induced exclusively by Zn-deficiency in
Arabidopsis. In limiting Zn conditions botArabidopsis and Thlaspi show characteristic
symptoms of Zn deficiency manifested both in vetjggaand reproductive tissues. However,
in T. caerulescens, TcZNT1 and TcZNT2 are constitutively and highly expressed in roots,
irrespective of the Zn concentration in the medidrhis observation suggested a role for
these genes in Zn uptake and possibly in explaitiagZn hyperaccumulation trait irnlaspi.
The proteins are localized in the plasma membrem&gerring zinc uptake into the cytoplasm.
TcZTP1, another Zn transporter gene shows 85% sequendarsiynin its coding region with
the AtZAT/MTP1 of A. thaliana and is assumed to be localized in the vacuolar lonene.
This gene belongs to the Cation Diffusion FacititgtCDF) family.

The responses of the over-expression line$oaNT1, TcZNT2 and TcZTP1 in A. thaliana
were investigated with respect to deficiency andicity of Zn, Fe and Cd. Over-expression of
TcZNT1 showed higher Zn accumulationAnthaliana, whereas this effect was small and not
significant for TcZNT2. TcZNT1l over-expression lines also showed increased Cd
accumulation. In addition, theTcZNT1, TcZNT2 and TcZNTL/TcZNT2 silenced T.
caerulescens showed reduced Zn content in roots. These regodgther with the plasma
membrane localisation dfcZNT1 andTcZNT2 in cowpea protoplast, suggest a role in metal
uptake of these two proteins in the plant. Overreggion of thelcZTP1 confers Zn and Cd
tolerance and accumulation # thaliana. The regulation of expression of these genes was
studied in comparison to the orthologous genes thaliana by the study of th&cZNT1 and
AtZIP4 promoter. ThacZNT1 promoter was isolated by PCR using forward printesigned
on theA. thaliana gene upstream oAtZIP4 and a reverse primer on tffe caerulescens
TcZNT1 cDNA). The promoters aflP4 orthologues were isolated by a similar method from
Arabidopsis halleri, Arabidopsis Iyrata and Cochleria pyrenaica. The sequence analysis

performed on thezZIP4 promoters shows the presence of two conservechdrahic
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sequences in all five species, suggesting thaethes essential promoter elements for both
the hyperaccumulators and non-accumulators. Usthglefed) promoter: GUS fusions
transformed taA. thaliana, the cis elements @itZIP4 were identified between -263 bp and -
115 bp from the start codon and fl@ZNT1 between -223 bp and -98 bp by 5’ deletion study
of the promoters. These regions also contain the palindromic sequences in both
promoters, indicating the importance of these cooesk palindromes in the
hyperaccumulators and non-accumulators. P&IP4pro-GUS transformedA. thaliana
plants showed high expression in Zn-deficient rostsoots, flowers and seeds. Similar
expression pattern was observedToZNT1pro-GUS transformedA. thaliana plants. This
suggests both the cis elements inAb& P4 andTcZNT1 promoters are conserved. To explain
the high expression @icZNT1 in T. caerulescens, the mode of cis/trans interaction and/or the
expression profiles of the trans genes in both ispeceed to be studied. Most likely, the
expression profile of the transcription factors aodsequently many other genes functioning
in metal uptake, transport and sequestration haen lthanged, in the hyperaccumulator
plants as an adaptation strategy to survive inhiglly contaminated soil. The knowledge
obtained can be used to design strategies to gengeaetically engineered plants that can be

used for phytoremediation and/or that have an ingulanutritional quality.
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Samenvatting

Accumulatie van zware metalen is een fenomeen waarmog weinig bekend is.
Transmembraan metaaltransporteiwitten lijken edarlggijke rol te spelen in dit proces. In
het onderzoek beschreven in dit proefschrift zint&nsporteiwitten onderzocht vahlaspi
caerulescens, een plantensoort die zware metalen hyperaccumulea vergeleken met
overeenkomstige genen éitabidopsis thaliana, een niet-hyperaccumulerende plantensoort.
De TcZNT1 en TcZNT2 genen vari. caerulescens maken onderdeel uit van de Zrt, [&P)
familie van Zn transporteiwitten. Ze zijn 89% er?81dentiek met respectievelijk dgZIP4
enAtIRT3 genen varh. thaliana. De expressie vaAtZIP4 enAtIRT3 genen wordt uitsluitend
geinduceerd door Zn-deficiéntie. De bijbehorendevitein bevinden zich in de
plasmamembraan van de cel, waarbij ze zorgen viagogname in het cytoplasma. Onder
Zn-beperkte omstandigheden laten zowedbidopsis als Thlaspi verschijnselen van Zn-
deficiéntie zien, zichtbaar aan zowel vegetatidgeganeratieve weefsels. Th caerulescens
komen de TcZNT1 en TcZNT2 genen constitutief en hoog tot expressie in wsrtel
onafhankelijk van de Zn concentratie in het medil®ze observatie suggereert een rol voor
deze genen in de opname van Zn, en is een mogedijkéaring voor de Zn-hyperaccumulatie
eigenschap vamhlaspi.

Het TcZTP1 gen, coderend voor een ander Zn transporteiwit aceaerulescens, is 85%
identiek aan heAtZAT/MTP1 gen vanA. thaliana in het eiwitcoderende gebied van het gen.
Dit transporteiwit bevindt zich hoogstwaarschijlip het vacuolemembraan van de cel. Het
TcZTP1 gen behoort tot de familie van “Cation Diffusioadditator” (CDF) genen.

De respons vaA. thaliana-lijnen die deTcZNT1, TcZNT2 of TcZTP1 genen tot overexpressie
brengen zijn onderzocht voor wat betreft gevoeligiweor Zn-, Fe- en Cd-deficiéntie en Zn-
en Cd-overmaat. Overexpressie VEGZNT1 zorgde voor een hogere Zn-accumulatieAin
thaliana vergeleken met wildtype planten. Het effect varerexpressie vaifcZNT2 was
daarentegen gering en niet significant. Lijnen oetrexpressie vamcZNT1 lieten ook een
verhoogde Cd-accumulatie zien. Daarnaast ligtexaer ulescens planten waarin de expressie
vanTcZNT1, TcZNT2 of TcZNTL/TcZNT2 in de wortels sterk gereduceerd werd, een veragin
van het Zn-gehalte in de wortels zien. Deze rewmuita gevoegd bij de
plasmamembraanlokalisatie van TcZNT1 en TcZNT2 <oahangetoond in
ogenboonprotoplasten, suggereren een rol van deze ¢iwitten bij metaalopname in de
plant. Overexpressie vairtZTP1 zorgt voor verhoogde Zn- en Cd-tolerantie en -audatie

in A. thaliana vergeleken met wildtype planten.
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De regulatie van expressie van deze genen is lmsuldaan de hand van
promotorvergelijkingen van ddcZNT1 en AtZIP4 genen. DeTcZNT1 promotor werd
geisoleerd door middel van PCR, waarbij primersg&bzijn deels ontworpen voor hét
thaliana gen dat stroomopwaarts van B¢ZIP4 gen ligt, en deels ontworpen op basis van de
cDNA-volgorde van heTcZNT1 gen vanT. caerulescens. Op een soortgelijke manier zijn
ook de promotors van d&lP4 genen vanArabidopsis halleri, Arabidopsis lyrata en
Cochlearia pyrenaica geisoleerd. De analyse van de DNA-volgorde varverschillende
ZIP4 promotors toonde de aanwezigheid aan van tweengeoeeerde palindrome DNA
motieven in alle vijf de promotors. Dit suggereest dit essentiéle promotorelementen zijn
voor zowel hyperaccumulator- als niet-accumulatorem. Door middel van 5
promotordeletie studies in promotor-GUS fusiecargan zijn decis elementen van de
AtZIP4 (tussen de posities -263 en -115 baseparen (k) hét translatie startcodon), en
TcZNT1 (tussen de posities -223 en -98 bp) bepaald. Dega’s bevatten ook beide
geconserveerde palindrome motieven, hetgeen hetndpeVan deze motieven voor de
expressie varZlP4/ZNT1 genen in hyperaccumulator en niet-accumulator tenoverder
onderschrijft. A. thaliana planten die getransformeerd waren met A&ZIP4pro-GUS
construct lieten hoge expressie zien in Zn-defieiénortels, scheuten, bloemen en zaden.
Vergelijkbare expressie werd gezien W thaliana planten getransformeerd met het
TcZNT1pro-GUS construct. Dit suggereert dat de@s elementen in beide promoters
geconserveerd zijn. Om de hoge expressie /e#NT1 in T. caerulescens afdoende te
verklaren is het nodig om de interactie tussemen trans elementen en/of het expressie
profiel vantrans-werkende transcriptiefactorgenen te bestudereresiMeaarschijnlijk is dat
het expressieprofiel van de transcriptiefactoreeénhyperaccumulatorplanten veranderd is,
en als gevolg daarvan de expressie van veel argaren betrokken bij metaalopname, -
transport en —verdeling over de plant, als een aBipg voor overleving in sterk vervuilde
grond.

Naar verwachting kan de kennis die in het bescremederzoek verkregen is gebruikt
worden om genetische gemodificeerde planten te ikkélen die gebruikt kunnen worden
voor fytoremediatie van met Zn en Cd vervuilde groDaarnaast kan deze kennis ook
gebruikt worden om de Zn-mineraalgehaltes van plante verhogen waardoor de
voedingswaarde stijgt.
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Chapter 3, Figure 1
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Chapter 5, Figure 1
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Chapter 5, Figure 2
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Chapter 5, Figure 3
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