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Chapter 1
General Introduction

The importance of micronutrients

Micronutrients are essential trace minerals andnvihs that are needed in a small amount for
various physiological functions of organisms. Tharfeen essential trace minerals comprise Fe, Co,
Cr, Cu, I, Mn, Se, Zn, Mg, Ni, Mo, Si, V and B. ufBcient supply of these mineral elements results
in disturbed physiological process in organismsweher, the micromineral deficiency is a prevalent
nutritional problem for human due to the unbalanded as well as for crops because of the poor
availability of these elements in soils. More tl&abillion people worldwide suffer iron deficiency,
1.5 billion have a shortage of iodine, and 250 iomillpre-school children are deficient in vitamin A
(Graham et al., 2001). Although there is no figusaghe extent of Zn deficiency because of the lack
of a simple clinical screening procedure, sped&his Zn nutrition consider Zn and Fe deficiencies
equally important (Graham et al., 2001). Insufintiéntake of these three elements together with
vitamin A deficiency is of high priority in primarigealth care. Other micronutrient deficiencies of
importance to human health include selenium andrbaleficiency, though their roles in human

nutrition are only emerging.
Zn deficiency and human health

A search for genes in the human genome encodingréideins with a Zn-binding domain revealed
that 10% of all proteins potentially bind Zn (Anahieet al., 2006), and as a consequence in humans,
as in all organisms, Zn is the most abundant triansmetal after Fe (Broadley et al., 2007). Zinc
(Zn) is an essential component of many enzymeslvedoin virtually all aspects of metabolism,
gene expression and structure stabilization ofgmetand nucleic acids (Vallee and Auld, 1990;
Broadley et al., 2007). In humans Zn deficiency West identified in the 1960s in the Middle East
(Prasad et al., 1963). According to the estimatibthe WHO, the percentage of the population at
risk for low Zn intake ranges from 1-13% in Eurogped North Amercia to 68-95% in South and
Southeast Asia, Africa, and regions in the eadtégditerranean. Globally, nearly half of the world’s
population is at risk for inadequate Zn intake (MWdfealth Organization, 1996). Zn in diet comes
directly from plants or indirectly, through animaburces. Plant breeding strategies hold great

promise for making a significant low-cost and sunstale improvement of the intake of bioavailable
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Zn in human populations (Ruel and Bouis, 1998js kasy to see that ensuring that plants take up
adequate amounts of Zn will help to solve a majaman health problem. In addition, it can also

significantly improve crop productivity.
Zinc deficiency and crop production

Zn available to plants is present in the soil sotubr is adsorbed to the roots in a labile formaryi
soil factors affect the availability of Zn to planiThese include the total Zn content, pH, organic
matter content, calcium carbonate content, redaditions, microbial activity in the rhizosphere,
soil moisture status and concentration of otheramatrients and macro-elements (Alloway, 2004).
Zn deficiency is common in a wide range of soilégpincluding high pH calcareous soils, sandy
soils and high phosphorous-containing fertilizedss(Marschner, 1995). In total about 30% of the
soils in the world are affected by Zn deficiencyill@®paa, 1990). Plant tolerance to
micronutrient-deficient soils, termed micronutriersie efficiency, is a genetic trait that charazesi
the adaptation of a genotype to micronutrient-defitsoils compared to the average cultivar of the
species (Graham, 1984). Within crop species, iddi varieties can often vary considerably in their
response to Zn deficiency (Hacisalihoglu and Kochia003). Growing Zn-efficient plants on
Zn-deficient soils represents a strategy of “taigrthe plant to fit the soil” in contrast with the
alternative strategy of “tailoring the soil to fite plant” (Ruel and Bouis, 1998), and will be areno

environmental friendly and sustainable approach.

The metal homeostasis network in plant

Essential metal accumulation is tightly controléed regulated at the level of the whole organism as
well as at the cellular level. A coordinate funoiity of uptake, buffering, translocation and sterag
processes is required to maintain necessary, butaxic, metal concentrations in different tissues

and cell compartments.
Mobilization

The availability of essential metals is affectedngny soil factors. Generally their bioavailabilisy
low due to the low solubility of metals in oxygeedtwater and strong binding to soil particles.
Active acquisition processes are needed. The bestribed active mobilization of an essential
element is for Fe, which is either reduced from'Fe F&"* by ferric-reductases or chelated ad*Fe

upon extrusion of phytosiderophores (Marschner5198Iso soil microorganisms play a role as they



were found to significantly enhance Zn accumulatiothe shoots of the hyperaccumulaitiaspi
caerulescens(Whiting et al., 2001). Both acidification of théhizosphere and exudation of
carboxylates are considered as potential ways léontg to enhance metal mobilization (Clemens et

al., 2002).
Uptake and sequestration

Following mobilization, a metal ion has to be captuby root cells. Metals are first bound by the
cell wall before they are transported across tlasmph membrane through active transport systems.
Zn is acquired from the soil solution primarily 28", but also as complexes with organic ligands.
Transition metals can be transported symplastichiiyn the root epidermal and cortical cells
through the endodermal cells into the root xylermorupvhich they are transported to other parts of
the plant (Lasat et al., 1996). A lack of spediiaf uptake and distribution systems can leachéo t

accumulation of nonessential and toxic metals stisc@d or As, which pose a threat to the plant.
Xylem transport

In general, solutes have to be taken up into tbeggmplast before they can enter the xylem (Tester
and Leigh, 2001). Metal uptake into the xylem iwead several steps: sequestration of metals inside
root cells, symplastic transport into the stele egidase into the xylem. The transport of ions th®
xylem is a tightly controlled process mediated bgnmbrane transporters (Clemens et al., 2001).
AtHMA4 has been demonstrated as one of the tratesgoinvolved in this process (Verret et al.,
2005). In addition, chelation of metals with camthgands, for instance, citrate (Senden et ab5)9
nicotianamine (Pich et al., 1994), histidine (Krarmae al., 1996), appears to be required for xylem
transport. Xylem unloading processes are the §itsps that allow the controlled distribution and

detoxification of metals in shoot, as well as ipassible re-distribution of metals via the phloem.
Unloading, trafficking and storage

Metals reach the apoplast of leaves via the xylam Bom where they have to be delivered to leaf
cells (Marschner, 1995). Transporter mediated wptaid distribution within the leaf occurs via the
apoplast or the symplast (Karley et al., 2001). dWatafficking systems are therefore essential in
ensuring delivery of sufficient metal ions to thigirget proteins within specific compartments @& th
cells. The excess of essential metals and the seenéial metals are sequestered in leaf cell vasuol

(Vogeli-Lange and Wagner, 1990). Some metal accatimgl species prefer to store metals in



epidermal or trichome cells, which thus appearl&y @ major role in storage and detoxification of

metals (Salt et al., 1995; Kipper et al., 1999; p@ipet al., 2000).

Heavy metal transporters in plants

Recent studies revealed key roles of transporteBystin plant metal ion homeostasis. The
coordinated action of uptake and secretion systaade up by metal transporters enables the proper
metal homeostasis. Plant genomes encode diffenehbféen large families of metal transporters that
vary in their substrates specificities, expresgiatierns and sub-cellular localization to goverraine
translocation throughout the plant. According te tlirection of metal movement from the cytoplasm
these transporter families can be divided into kptand efflux proteins (Colangelo and Guerinot,
2006). The uptake proteins have roles either imkgtt the plasma membrane or in remobilization
metals from intracellular organelles. They incluble ZIP, NRAMP, COPT and YSL gene families.
In contrast, the efflux proteins are involved intadeefflux from the cytoplasm either by movement
across the plasma membrane or into organelles. iHodyde the B-ATPase, ZIF (MFP) and CDF

families.
ZI P family transporters

The ZIP (RT, IRT- like Rotein) transporters are involved in the transmdra variety of cations,
including Fe, Zn, Mn and Cd, with family memberfating in their substrate range and specificity
(Guerinot, 2000; Maser et al., 2001). The ZIP prstdnave several common features such as: eight
transmembrane domains (TM) with the amino- and @eyb terminal ends situated on the outer
surface of the plasma membrane; a variable reggonden TM3 and TM4 rich in histidine residues,
which is predicted to be a potential metal bindilggnain, and a fully conserved histidine that may
form part of an intramembranous metal binding sit@lved in transport (Guerinot, 2000; Maser et
al., 2001).

AtIRT]1, the first metal transporter gene identified inambs, was cloned by functional
complementation of a Fe-uptake deficient yeast niuaide et al., 1996), and was demonstrated to
be the major transporter for high affinity Fe umgtddy roots (Connolly et al., 2002; Vert et al., 20
The protein encoded MAtIRT1localizes to the plasma membrane of predomindh#éyexternal cell
layers of the rootAtIRT2 a homologue ofAtIRT1, has a narrower substrate range and cannot
substitute for the loss &tIRT1(Grotz and Guerinot, 2002). HomologuesAdfiRT1 have also been

identified in a number of other plant species, sashice OsIRT) (Bughio et al., 2002) and tomato
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(LelRT1 and LelRT2 (Eckhardt et al.,, 2001). All could functionallyormplement the Fe-uptake
deficient mutant of yeast, and encode for protwiitls a similar role as AtIRT1.

ZIP proteins also contribute to Zn homeostasidamipAtZIP1, 2and3 were isolated by their ability
to complement a Zn uptake deficient mutant in y¢@sotz et al., 1998) along with an incomplete
AtZIP4 gene that did not confer Zn uptake activity in ste@Grotz et al., 1998). However, its
homologue, theTcZNT1 gene from the Zn hyperaccumulator speciédaspi caerulescensvas
isolated by functional complementation of a yeastuptake deficient mutant (Pence et al., 2000).
TcZNT1 and the closely relatedcZNT2 is overexpressed if. caerulescenscompared with
nonhyperaccumulator congenér arvense suggesting an important role for these protem&nm
hyperaccumulation (Assuncéao et al., 20@3ZIP4 a member of the ZIP family in rice, showed a
selective transport activity of Zn in yeast compégnation experiments and its mRNA accumulated

under Zn deficiency in the phloem and apical menisbf roots and shoots (Ishimaru et al., 2005).
NRAMP family transporters

The NRAMP (Natural Resistance Asociated Mcrophage m@teins) family is a highly conserved
family of integral membrane proteins that are ineol in metal ion transport in a wide range of
organisms, including bacteria, fungi, plants aninafs. In plants, this family was first identifieal
rice where three NRAMPs (OsNRAMP1-3) were repor(Belouchi et al., 1995, 1997). Plant
NRAMP family members have been implicated in tlaasport of several divalent cations, including
Fe and Cd. Six members BIRAMP have been identified in Arabidopsis based on wiygleome
sequencing, among whicAtNRAMP1 AtNRAMP3 and AtNRAMP4 encode proteins that are
functionally characterized as vacuolar membranaliped Fe/Cd/Mn transporters (Thomine et al.,
2000). Over-expression &tNRAMP1lleads to resistance to Fe toxicity (Curie et 2000). The
nramp3 nramp4louble mutant was shown to have arrested seedrggiom under low Fe nutrition
although the Fe content in seed is the same addrtype. This phenotype was fully rescued by high
Fe supply (Lanquar et al., 2005). These resultcate that AANRAMP3 and AtNRAMP4 function
redundantly in the mobilization of Fe from the valeuduring early seedling development. An
AtNRAMP4homologue TjiNramp4was cloned from the Ni hyperaccumulaiojaponicumand was

suggested to contribute to Ni tolerance based astyexpression studies (Mizuno et al., 2005).
COPT family transporters

The COPT (COper Transporter) family of high-affinity Cu uptake prote are found throughout
9



eukaryotes, including five membersAnthaliananamed a€OPTXCOPT5(Sancenon et al., 2003).

All members of the COPT family contain three préglictransmembrane segments and most possess
an amino-terminal Met and a His-rich putative mdiaiding domain (Puig and Thiele, 2002).
COPT1has been identified frorA. thaliana as a putative Cu influx transporter gene by fuori
complementation of a yeast mutant (Kampfenkel .etl895).COPT1showed its highest expression

in leaves and low expression in stems and flowbtd, the gene was not expressed in roots
(Kampfenkel et al., 1995). Sancenon et al. (2008)mlemented a yeast high Cu affinity transporter
mutant byCOPT1, 2, 3and5, althoughCOPT1andCOPT2were most efficient in complementing
the mutant compared to the other family members. gltysiological function of COPT1 was further
shown by the decreased uptake of C.C@PT1antisense transgenic seedlings, and a dramatically

increased root length which was completely revelsedopper addition (Sancenon et al., 2004).
YSL family transporters

The YSL (Yellow Sripe-Like) gene family encodes plant-specific transpsrt#&SL proteins have
been identified based on the sequence similaritthéo maizeYellow Stripe 1(YS) gene which
encodes a transporter responsible for the primptgke of iron from the soil (Curie et al., 2001;
Schaaf et al., 2004). YS1 transports iron complaxgghytosiderophores (PS), while in non-grass
species YSL family members transport Fe, and phssilu, Ni and Zn, which is chelated by
nicotianamine (NA), a metal chelator which is stanally similar to PS and which is found in all
higher plants (Didonato et al., 2004). Based onséguence similarity, eight YSL family members
are predicted in thA. thalianagenome (Didonato et al., 200#4tYSL2is one of the members which
has been studied in detail and is suggested taifumn the lateral movement of metals in the
vascular system (Didonato et al., 2004). Recentyndpe et al. (2007) identified thr&&SL genes
from T. caerulescensvhere one of thenT¢YSL3J is a nicotianamine-Fe/Ni influx transporter tisat

expressed at equal levels in roots, shoots ancefiaw
P1s-ATPase family transporters

P-type ATPase transporters are representativesuber family which uses ATP to pump a variety of
charged substrates across biological membranesgdine family has been divided into five groups
according to their substrate specificity. Heavy ahefATPases have been classified as type
Pis-ATPases (Axelsen and Palmgen, 2001; Williams ailtM2005). They have also been described

as CPx-ATPases as they share a conserved intrameedus
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cysteine-proline-cysteine/histidine/serine motifP¢Cmotif), which is thought to function in heavy
metal transduction. The eightdPATPases inA. thaliana are designated Heavy Metal transporting
P-type ATPaseH{MAL1-8. The first P-type ATPase gene reported in plarasPAAL (AtHMAG) from

A. thaliana (Tabata et al., 1997), which was reported to fiencin the transport of copper to the
chloroplast (Shikanai et al., 2005).Four family niems HMA1-4) group with the Zn/Cd/Pb/Co
divalent cation transporter class of P-type ATPassbereas HMA5-HMAS8 encode Cu/Ag
monovalent cation transporters (Axelsen and Patm@801; Williams and Mills, 2005). Metal
transport studies cAtHMA2 and AtHMA4 in yeast (Eren and Arguello, 2004; Mills et alQ03;
Verret et al., 2005) and th& thaliana double mutant (Hussain et al., 2004) provided evig of
their role in xylem loading of Zn for long distant@nsport to the shoot. By contrast AtHMA3
localized at the vacuolar membrane with a rolehm influx of Cd into the vacuolar compartment
(Gravot et al., 2004)TcHMA4 isolated fromT. caerulescensnediates metal tolerance in yeast via
efflux out of cells of a variety of metals (Cd, Z”), Cu). However, iif. caerulesceng may play a
role in Zn hyperaccumulation, rather than Zn tales as a transporter involved in xylem loading,
based on the tissue-specific and metal-responsipeession of the gene (Papoyan and Kochian,

2004).
CDF (MTP) family transporters

Members of the ubiquitous CDF (Cation Diffusion #teator) family of metal transporters, also
called MTPs (metal tolerance proteins), contain tsensmembrane domains. They act as proton
antiporter that efflux heavy metals out of the gyasm (Hall and Williams, 2003). The first CDF
transporter gene that was identifiedAnthaliana was designatedAT (zinc transporteArabidopsis
thaliang van der Zaal et al., 1999). Over-expressiorZAfl led to a significant increase in Zn
tolerance and a strongly increased Zn contentatsronder exposure to high Zn (van der Zaal et al.,
1999). The protein was shown to localizing in thacwlar membrane (Kobae et al, 2004;
Desbrosses-Fonrouge et al., 2005). More recentt)) TR3 has been identified as a vacuolar
membrane transporter and functions in metal horasissby mediating Zn exclusion from the shoot
under Fe deficiency and Zn oversupply (Arrivaultaét 2006). Therefore the CDF proteins were
proposed to be involved in the vesicular/vacuolaquestration of Zn and have a role in Zn
homeostasis and tolerance. Twelve CDF membersradicped to occur in Arabidopsis based on its

genome sequence (Delhaize et al., 2003). CDF geaes also been identified from other plant
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species, such a&&ZTP1from T. caerulescengAssuncéo et al, 200I)gMTP1from T. goesingense
(Persans et al, 2001) ar®hMTP1from Stylosanthes hamatéDelhaize et al., 2003), which are

involved in hyperaccumulation of or tolerance tq Kinand Mn respectively.
ZIF (MFP) family transporters

ZIF (Zinc Induced facilitator) is a novel transparfamily identified recently from characterization
of Zn sensitive Arabidopsigifl mutants (Hussain et al., 2004; Haydon and CobB6éfy).ZIF1
encodes a Major Facilitator Superfamily (MFS) traorser with low similarity to any previously
characterized proteins. ZIF1 localizes to vacuat@mbrane and conferred increased Zn tolerance
and caused interveinal leaf chlorosis when it wetepcally over-expressed. Although ZIF1 and
ZTP1 both contribute to Zn tolerance and localizehe vacuolar membrane, the functions of the
proteins encoded by them seem via independent mischs, due to the different phenotypes
observed irmtpl andzifl mutants. The ZIF1 protein seems functions in aehavechanism of Zn

sequestration, possibly by transport of a Zn ligand Zn ligand complex into vacuoles.

Thlaspi caerulescens

Thlaspi caerulescen3. & C. Presl, a herbaceous annual, biennial ortdived perennial, has been
known for a long time to hyperaccumulate zinc up3t@o6 Zn of dry matter in shoots without
suffering from toxicity (Brown et al., 1995; Shenat. 1997). It belongs to Brassicaceae family and
shares 88% DNA identity witlA\. thaliana in coding region (Rigola et al., 2006). These desd
make T. caerulescens very interesting experimental system for stugymechanisms for heavy
metal transport and accumulation in plants. Zn hgpaumulation is a constitutive trait in.
caerulescengMeerts and van Isacker, 1997). In addition tch¥peraccumulationl. caerulescens
one of the three known Cd hyperaccumulators besiddwmlleri and Sedum alfrediiZhao et al.,
2002; Xiong et al., 2004). However, unlike Zn acealation, Cd and Ni accumulation are not

constitutive at the species levellincaerulescengAssuncao et al., 2003a).
Physiological mechanism of Zn hyperaccumulation

T. caerulescengonsistently exhibits extremely high foliar Zn centrations, regardless of the soil
Zn status in the field. Zn transport is stimulattdmultiple sites along the metal absorption and
translocation pathway, including Zn influx into hotoot and leaf cells, and Zn loading into the

xylem, contributing to the hyperaccumulation trajtsasat et al., 2000; Cosio et al., 200%).
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caerulescenss effective in mobilizing Zn from less solubleadtions in the soil (McGrath et al.,
1997). However, rhizosphere acidification (McGrathal., 1997) or the production of root exudates
(Zhao et al.,, 2001) was not the main mechanismtlier hyperaccumulation. Similar to other
hyperaccumulators, metal is mainly stored in tlaés, while keeping the root metal concentrations
at levels comparable to, or even lower than in hgperaccumulators (Lasat et al., 1996). The
4.5-fold higher maximum initial velocity for Zfiinflux in T. caerulescensoots cells than if.
arvenseindicated that enhanced absorption into the reaine of the mechanisms involved in Zn
hyperaccumulation (Lasat et al., 1996), while apspbinding seems not to be the reason for the
increase (Zhao et al., 2002). Studies of the kigeatif Zn influx showed similar Kvalues in roots
betweenT. caerulescengndT. arvense while Vinax Was much higher iff. caerulescenshan inT.
avense suggesting a higher expression of functionallyyveimilar transporters in both species
(Lasat and Kochian, 2000). Lasat et al. (1998) fdsad that Zn efflux out of vacuoles of roots sell
of T. caerulescensvas faster compared 10 arvense Time course studies exhibited a 10-fold greater
Zn translocation to the shoot as compared withnihie-hyperaccumulatoF. arvense(Lasat et al.,
1996), which was correlated with a 5-fold increas&n in xylem sap (Lasat et al., 1998). Kochian
et al. (2002) hypothesized that the increased pamtgould result in a stimulated metal influx e&&so
the leaf cell plasma membrane and an enhanced gstoma the leaf vacuole. Vacuolar
compartmentalization or cell wall binding in leavés supposed to play a major role in
hyperaccumulation of heavy metals (Kipper et &04.

Salt et al. (1999) reported that the majority dfranellular Zn in roots ofl. caerulescensvas
associated with histidine, whereas in leaves Zn wssociated with organic acids. Cd and Zn
complexation inT. caerulescensre tissue and age dependent, with high concemtsain mature
and senescent leaves. Oxygen ligands (e.g. watgganic acid such as citrate or malate) dominated,
while in young and mature tissues (leaves, petiatesstems), a higher percentage of Cd was bound
by S-ligands (e.g. phytochelatins, metallothiongensd other Cys-rich peptides) than in senescent

tissues. S-ligands are not involved in Zn tolerandgyperaccumulator plants (Klpper et al., 2004).
Genetics of Zn hyperaccumulation and tolerance

Although Zn hyperaccumulation is a constitutive apecies-wide trait iff. caerulescensthere is
still considerable variation between different plagions (Baker et al., 1994; Meerts and van Isgcker

1997; Assuncéacet al., 2003b). This provides a possibility for thenetic dissection of Zn
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hyperaccumulation withifl. caerulescensGenetic analysis the F2 and F3 progeny from ascro
between a calamine and a non-metallicoldusaerulescenpopulation (Assuncéo et al., 2003c) or
between metallicolous and non-metallicolous popaat (Frerot et al., 2005) showed that Zn
accumulation and tolerance segregated largely smtgntly, although there was a significantly
degree of association between low accumulation laigt tolerance. Using an F3 population,
Assuncao et al. (2006) identified two quantitativet loci (QTLs) for root Zn accumulation. The
phenotype distribution of shoot Zn concentratiorthie F3 families was more or less continuous,
suggesting Zn accumulation is under the contrahofe than one gene. Zha et al. (2004) reported
that F2s from a cross of high (Ganges) and low y@ta Cd accumulating ecotypes showed
continuous variation in shoot Zn and Cd concerdmtiwith significant transgression for Zn,
indicating that Cd and Zn accumulation is govergdmultiple genes. QTL mapping was also
performed for an F2 population obtained after drass T. caerulescensow Zn/Cd accumulation
accession (La Calamine) and a high accumulatioessten (Ganges) (Deniau et al., 2006). Two
QTLs were identified respectively for root Zn and €ncentrations, three QTLs were mapped for
shoot Zn concentration and one QTL was detectegHoot Cd concentration. Among these QTLSs,
co-localization was found for the loci related witte concentration of the two elements, as well as

co-localization of loci for concentrations in sh®aind roots of each element (Deniau et al., 2006).
Molecular mechanism of Zn hyperaccumulation

Zn accumulation inT. caerulescensias been studied at the molecular le¥&T1was the first Zn
transporter gene identified i caerulescensusing functional complementation of a yeast Ztake
defective mutant (Pence et al., 200\ T1and its paraloguENT2are highly expressed in roots and
at a lower level in shoots under normal and elevagwell as Zn deficient conditions, in contrast t
their orthologues i\ thalianaandT. arvense which aremainly expressed in roots and only under
Zn deficiency (Assuncao et al., 2001; van de Maetedl., 2006). This is also observedAinhalleri
another Zn/Cd hyperaccumulator ( Becher et al.,4200he mechanism causing the higher
expression of these genes in hyperaccumulatorepecstill unknown. The ideas so far hypothesize
on either alterations in Zn-responsive elementsed@ahent binding transcription factors in tET1
promoter (Assuncao et al., 2001), or on alteratiarthe Zn receptor and signal transduction (Lasat
et al., 2000; Pence et al., 2000).

In addition to high expression of Zn uptake tramsgg, a much more efficient Zn sequestration
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could contribute to the hyperaccumulation traitg@scao et al., 2003a)jcZTP1lis the homologue of
ZAT belonging to CDF family, which is predicted to &ize to vacuolar membrane and involved in
cation influx into vacuole. ZTP1 is overexpressed inT. caerulescenscompared to
nonhyperaccumulatofl. arvense Together with its predominant expression in teavées this
suggests the contribution A P1expression to Zn tolerance.

T. caerulescenshares 88% sequence identity wikhthaliana (Rigola et al., 2006), which means
that many molecular tools developed farthaliana can be used to some extend for heterologous
purposes inT. caerulescens By using A. thaliana microarrays, heterologous comparative
transcriptional analysis was performed for root§ ofaerulescengndA. thaliana revealing more
than 2,200 genes that were significantly differahti expressed (van de Mortel et al., 2006). An
additional shoot transcription profile comparisosing A. thaliana ATH1 arrays revealed 5,000
genes to be differentially expressed betw@encaerulescensand T. arvense including genes

involved in Zn transport and compartmentalizatisiarhmond et al., 2006).

Brassica rapa

Brassicais a genus in the family Brassicacea and incledaamber of crops with wide adaptation
under different agroclimatic conditions. The geneglation of the majoBrassicaspecies used as
crop plants has been well studied and is refeoestU’s triangle (U, 1935). These, include the¢hr
diploidsB. rapa (synonymB. campestrisgenome AA, 2n=208. nigra (genome BB, 2n=16) ariél
oleracea(genome CC, 2n=18), and the three amphiploidetéhaploidsB. juncea(AABB, 2n=36),

B. napus(AACC, 2n=38) and. carinata(BBCC, 2n=34).

Economic importance and health benefits of B. rapa

Brassica vegetables include important and highiemdified cultivar groups grown world wide that
belong mainly to the speci&s oleraceaandB. rapa. In the western hemisphere, including Europe,
B. oleraceais most important. However, in Asid. rapa is the most cultivated species as
exemplified by the great importance of Chinese agkbln addition to its use as a vegetable dBop,
rapais also used as an oil crop, although it is insiregly replaced as oil seed crop Bynapus As
vegetable crop, different edible parts, such li@etr(turnip), leaves (Chinese cabbage, Pak choi),
inflorescence stems and flowers (Caixin) can beduse China, Chinese cabbage is the most
important vegetable with the highest cultivatioreaarand production (Chinese annual data of

agriculture, 2003) compared to other cultivar gum the recent years, Pak choi is gaining
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increasing popularity in Western diets (Rochfortaét 2006). Thes®. rapa vegetables provide
dietary fiber, vitamine C and other possible sahs factors as anticancer glucosinolates (Fahey
and Talalay, 1995) and also a potentially importsoiirce of dietary flavonols (Rochfort et al.,

2006).
Genetic structure of B. rapa in comparison with itsrelatives

The haploid genome equivalent Bf rapa is about 529 Mb (Johnston et al., 2005). The g3es
relatively closely related with the reference plapecies Arabidopsis (125 Mb haploid genome
equivalent), which has been whole genome sequerfsehidopsis and Brassica are speciated
around 14.5-20.4 million years ago from one comrancestor (Bowers et al., 2003). Comparative
genomic analyses and cytogenetic analysis (revieye&nowdon, 2007) has revealed co-linear
chromosome segments (Schmidt et al., 2001) in tresdcacea family and conserved linkage
arrangements between Arabidopsis and Brassicadfiieotand Osborn, 1994; Parkin et al., 2005).
However these studies also revealed Bratssicachromosomes show a complex rearrangement in
comparison to the Arabidopsis genome and have goderextra rounds of polyploidisation with as
a consequence that syntenic regions are oftenctipt in Brassica, with some gene loss in the
individual synthenic regions. A detailed comparatgenetic map between the chromosomeA.of
thalianaandB. napuswas generated by Parkin et al. (2005) by locaémabf orthologous sequences
from mappedB. napusRFLP markers to the corresponding map positioné\.irthaliana The
relationship betweeA. thalianaand its relatives in the Brassica genus was readeoy Schranz et al.
(2006) who showed that 24 chromosomal blocks cbelddentified that allowed the reconstruction
of basic chromosome structures in these speciesselhew insights in synteny will allow a direct
use of the model speciés thalianafor the identification of genes and gene funciiomelated crop
plants such aBrassicaspecies by navigating between the Arabidopsis esezpiand the Brassica

genomes (Lim et al 2006; Snowdon, 2007).
Genetic studiesin B. rapa

The high degree of neutral DNA polymorphism of mBedssicaspecies (Figdore et al., 1988) has
facilitated the development of molecular linkagepsiawith at least twenty described to dateBor
rapa (Song et al., 1991; Chyi et al., 1992; Teutonind ®&sborn, 19948. oleracea(Slocum et al.,
1990; Kianian and Quiros, 1992; Lan et al., 20@yigra (Lagercrantz, 1998B. juncea(Cheung

et al., 1997; Pradhan et al., 2003) &dapus(Landry et al., 1991; Uzunova et al., 1995). Tle t
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most recent linkage maps d. rapa were constructed by Kim et al. (2006) using 545
sequence-tagged loci and by Suwabe et al. (2000) based their map on 113 simple sequence
repeat (SSR) markers. Using a common marker getcesdly of SSR markers (Suwabe et al., 2002;
Lowe et al., 2004), allows comparison of linkageugrs for different mapping populations. This led
to a common nomenclature (Parkin et al., 2005; $eved al., 2006) foBrassicalinkage groups that

is now generally accepted. Thus tBenapuslinkage groups N1-N10 representing the A genome
correspond tdB. rapa groups R1-R10, and linkage groups N11-N19 reptesgrihe C genome
correspond td. oleraceaO1-09. With these linkage maps, QTL analysis Hasen described for a
wide variety of morphological and physiologicalitsasuch as seed color, pubescence, erucic acid
content (Teutonico and Osborn, 1994; Soetg al, 1995; Nozakiet al, 1997), oleic acid
concentration (Tanhuanpaaal, 1996), linolenic acid content (Tanhuanpaa & $olam, 2002), and

clubroot resistance (Suwabeal., 2006).

Engineering metal accumulation in plants

The understanding of metal accumulation in plabhtfi@ molecular levels enables the manipulation
of mineral content of plants through genetic engimg. This offers an opportunity to address
human mineral deficiency by biofortifying foods be¢ harvest and an opportunity to improve crop
productivity, which is often limited by plant mirs@rdeficiencies. Heterogeneous expression has
been used to test the effect of metal transpodae gver-expression to increase crop Zn efficiency
or for increasing the Zn content in seeds (Ramdshl.e 2004). Over-expression @&tZIP1 in
Hordeum vulgarencreased seed Zn and Fe content and Zn upta&ezftdeprivation (Ramesh et
al., 2004). Another exciting example is the transi@ation of rice with a soybeaferritin gene,
encoding for the major plant Fe-binding proteinjahhresulted in a higher Fe and Zn concentration
in the endosperm of the grain (Goto et al., 1998cdncelos et al., 2003) and enhanced tolerance to
low Fe availability (Takahashi et al., 2001). Téagpression of thierritin gene in lettuce enhanced
Fe content in leaves, growth rate and biomass (@&btal., 2000). However, an even higher
expression level of the sarferritin gene driven by a stronger promoter did not in@dgs content

in rice seed as much as was expected by the ircadahe ferritin protein level (Qu et al., 2005).
This indicates the importance of coordination & #nhancement of mineral uptake, transport and
storage in genetic engineering for high micronatreontent crops.

Outline of the thesis
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In this thesis the potential for genetic improvemeh mineral, especially Zn, Fe and Mn,
accumulation inB. rapa vegetable crops by classical breeding as well exsetic modification
approaches was explored. The natural variatioeaflylZn, Fe and Mn concentrationBnrapa and
tolerance to Zn toxicity and to Zn deficiency strés described in chapter 2. Chapter 3 describes
QTL analysis of the content of 11 mineralsBnrapa leaves and of the shoot biomass yield under
different zinc nutrition conditions using a doubledploid population. The cloning and functional
analysis of two ZIP transporter genecANT5and TcZNT§ of T. caerulescenss described in
chapter 4, and that of tWdRAMPtransporter geneFENRAMP3andTcNRAMP4 in chapter 5. The
main results described in the previous chaptersliaoeissed in chapter 6, with perspective for ®itur

research.
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Chapter 2
Characterization of natural variation for zinc, iro n and manganese

accumulation and zinc exposure response fBrassicarapa L.

Jian Wu, Henk Schat, Rifei Sun, Maarten Koornneef ,
Xiaowu Wang Mark Aarts

Abstract
Brassica rapal. is an important vegetable crop in eastern ASle objective of this study was to

investigate the genetic variation in leaf Zn, Fe &mn accumulation, Zn toxicity tolerance and Zn
efficiency inB. rapa In total 188 accessions were screened for theirefated characteristics in
hydroponic culture. In experiment 1, mineral assagslll accessions grown under sufficient Zn
supply (2uM ZnSQy) revealed a variation range of 23.2-155.9 [fgdgy weight (d. wt) for Zn,
60.3-350.1 pg g d. wt for Fe and 20.9-53.3 ug-gl. wt for the Mn concentration in shoot. The
investigation of tolerance to excessive Zn (800 ENBQ;) on 158 accessions, by using visual
toxicity symptom parameters, identified differeatvéls of tolerance iB. rapa In experiment 2, a
selected sub-set of accessions from experimentslcwaracterized in more detail for their mineral
accumulation and tolerance to excessive Zn sud@l9 ({M and 300 uM ZnSQ In this experiment
Zn tolerance determined by relative root or shagt lmomass varied about 2-fold. The same six
accessions were also examined for Zn efficiencigrdgned as relative growth under 0 uM ZnSO
compared to 2uM ZnSOZn efficiency varied 1.8-fold based on shoot Bigmass and 2.6-fold
variation based on root dry biomass. Zn accumulatias strongly correlated with Mn and Fe
accumulation both under sufficient and deficient Zmpply. In conclusion, there is substantial
variation for Zn accumulation, Zn toxicity toleranand Zn efficiency iBrassica rapalL., which

would allow selective breeding for these traits.

Keywords Brassica rapa.., mineral accumulation, Zn excess toleranceefficiency

This chapter has been published in Plant and 3007) 291: 167-180
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Introduction

Zinc (Zn) is an essential micronutrient requiredaliyorganisms for its role in many physiological
processes as a structural or catalytic componegmtadéins. Unfortunately Zn deficiency is a
widespread problem by affecting humans in casendglrtage in food. About 20 % of rural

children are at risk of inadequate Zn intake inMf@hiMa et al., 2007). Zn deficiency is also affiegti
crops in case of poor Zn availability in soil. Ihi@a Zn deficiency is prevalent on calcareousisoll
North China and calcareous alluvial soils of theltlé and Lower Yangtse River valley (Liu, 1994).
Breeding and growing of crops with high Zn contantl Zn efficiency are promising and sustainable
approaches to solve the Zn deficiency problemaimdns and soil (Cakmak et al., 1996).
Knowledge on genetic variation of Zn accumulatiod &n efficiency is the prerequisite for

breeding of Zn content/efficiency-improved croptimars. Previous studies on genetic variation of
micronutrients were mainly limited to staple foads, including wheat (Graham et al., 1997), rice
(Graham et al., 1999), bean (Beebe et al., 200D y@aize (Banziger et al., 2000). Little is known
about micronutrient content in leaves, which isrite@n edible organ of leafy vegetables (Kopsell et
al., 2004). The ability of a genotype to grow aield/well in soils that are too deficient in Zn far
standard cultivar to grow and yield well, is defirees Zn efficiency (Graham et al., 1992). Progress
has been made in screening Zn efficient genotypesiaderstanding the physiological and
biochemical mechanisms of Zn efficiency (Reviewedacisalihoglu and Kochian, 2003). However,
knowledge on Zn efficiency in vegetables is limi{eéthcisalihoglu et al., 2004).

Brassica rapa Lcomprises several cultivar types producing edibtgs, stems, leaves, buds or
flowers as vegetables (Gomez-Campo and PrakasB).198me of these are the most important
vegetables in eastern Asia, especially in Chinag@nd Japan, both in terms of production and per
capita consumption (Opena et al., 1988). As vedgsadre one of the main micronutrient sources of
the population in China (Ma et al., 2007), we stdd. rapavegetables to collect more information
on the extent of genotypic variation for Zn accuatioin and Zn efficiency and their potential for
genetic improvement of these traits.

While a shortage of Zn is a problem for plant grioven excess of Zn is even more detrimental. Zn
heavy metal pollution is prevalent in China’s ingliadized areas (Liu et al., 2005; Nan et al., 2000
B. rapais not known to be a metal hyperaccumulator amveld a significant decrease in biomass

with increased root and shoot Zn concentration ug@osure to toxic Zn levels (Ebbs and Kochian,
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1997; Coolong et al., 2003; He et al., 2004). Hosvein general only one accession was tested in
each case. We therefore intended to determineatugal variation for excess Zn tolerance amBng
rapagermplasm.

The objective of this study is to characterize gemotypic variation for Zn accumulation and Zn
response inB. rapa upon exposure to different Zn concentrations. Usideding the range of
genotypic variation in Zn accumulation and respaisgn nutritional stress will provide a genetic
basis for micronutrient and Zn stress tolerancedirg ofB. rapavegetables and for further genetic

studies on Zn accumulation and tolerance to Zntiaral stress

Materials and Methods

Plant Material

To determine the genetic variation of Zn accumatatand response to Zn stress, a total of 188
Brassica rapaaccessions belonging to nine cultivar groups @dblwere screened. 184 accessions
were obtained from the Institute of Vegetables Bloivers of the Chinese Academy of Agricultural
Sciences (IVF-CAAS); two were obtained from the @uCrop Genetic Resources Centre (CGN) in
Wageningen, and the other two were obtained fronTDDsborn (University of Wisconsin, Madison,
USA). 111 accessions were used for shoot (abovagrtissue) mineral analysis and 158 lines were
screened for their tolerance to Zn excess stressh©basis of their performance in this largeescal
screening experiment (experiment 1), 15 accessi@rs selected for a detailed accumulation and
tolerance testing (experiment 2) as described bdlowxperiment 2, six additional accessions were
added, which are the parents of additional doulilegloid (DH) populations that are under
development.

Table 1 Overview of B. rapa accessions, according to cultivar group used in dbscribed
experiments. ZA: Zn accumulation experiment; ZT: dferance experiment; ZE: Zn efficiency

experiment; Exp 1: experiment 1; Exp 2: experingnt

No. of accessions

Cultivar group Total ZA ZT ZE

Expl Exp2 Expl Exp2

Chinese cabbage (gpekinensik 69 45 7 46 1 1
Pak Choi (spchinensi} 64 39 6 61 2 2
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Caixin (sp.parachinensis 23 15 1 23 1 1
Turnip (sp.rapa) 11 6 1 10

Wutacai (spnarinosg 8 4 1 8 1 1
ZiCaitai (sp.chinensisvar. purpureg 5 2 1 5

Mizuna (sphipposinicg 6 4 2 5 1 1
Oil seed (Yellow Sarson) (spicolaris) 1 1 1

Rapid cycling 1 1 1

Total 188 117 21 158 6 6

Plant Culture

For experiment 1, three plants for each accessiere wrown in a greenhouse without climate
control in Beijing, China, from mid March till MayThe environmental conditions were
20-30°C/10-15°C (day/night temperature), 30,00®4@0,Lux light intensity and 50-60 % relative
humidity. Seeds were germinated in vermiculite avatered every three days with half-strength
Hoagland’s nutrient solution after germination.efLl4 days (mineral accumulation experiment) or 7
days (Zn tolerance experiment) seedlings were fearesl to hydroponic culture trays each
containing three individuals from 24 accession20nL half-strength Hoagland’s nutrient solution.
The solution was buffered with 2 mM MES (2-morphokthanesulphonic acid) at pH 5.5. A
concentration of 2 uM ZnSQwas used as sufficient Zn supply. Nutrient sohgiavere replaced
once a week until harvesting. After 7 days at sigfit Zn, plants for the Zn tolerance experiment
were transferred to excess Zn nutrient solutiortaining 800 uM ZnSQ) and were exposed for 14
days. The solution was refreshed after one week

For experiment 2, plants were grown in a climatetamled growth cabinet set at 75 % humidity and
22/16 °C (16h/8h) day/night temperature regime. Seed werminated in fertilized potting soll
watered with tap water. Seedlings were transfetoethydroponic solution after 14 days for the
mineral accumulation experiment or after 7 dayslierZn tolerance and Zn efficiency experiments.
For the mineral accumulation experiment plants wgoevn for 14 days in medium with sufficient
Zn (2 pM ZnSQ). For the Zn tolerance experiment plants werd firewn for 7 days in medium
with sufficient Zn (2 UM ZnSg) before exposure to excess Zn for 14 days. Insté#iae very high

concentration of 800 uM zZnSPOplants were transferred to 100 and 300 uM Zn&©Oexcess Zn
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concentrations and to 2 uM Zng@s the sufficient Zn control. For the Zn efficigrexperiments,
one-week-old germinated seedlings were transfatiredtly to a nutrient solution without ZnOr
with 2 uM ZnSQ as control and grown for 15 days before assessiieneach line three pots were
used with one plant per pot for the mineral accatioh experiment and three plants per pot for the
Zn efficiency and Zn tolerance experiments. Inth#se experiments the nutrient solutions were

refreshed twice a week.
Mineral Determination

In experiment 1, shoots were harvested from phaaits a similar size after 27 to 36 days of growth.
For each accession shoots from 2-3 individual plamre combined in one sample. Harvested shoots
were washed with de-ionized water and lyophiliz8dmples were ground by mortar and pestle
before wet-digestion in concentrated HN®ICIO, (87 : 13, V/V) subsequently at 60 °C for 3 hours,
100 °C for 1 hour, 120 °C for 1 hour and 195 °C2d hours. The digests were diluted with 5 ml
20% HCI and deionized 4@ to a final volume of 20 ml before analysis by untively coupled
plasma — atomic emission spectrometer (ICP-AESgifian-DRE DR6009, USA) at the IVF-CAAS

in Beijing.

In experiment 2, shoots and roots were harvesigarately per plant. After oven-drying at 65 °C for

3 days, shoot and root dry biomass were measuhsbht Samples were ground by mortar and pestle
before wet-digestion in concentrated HCI : HNQ : 4, V/V) at 140 °C for 7 hours. Mineral assays
were performed by using a flame Atomic Absorptiope&rometer (AAS) (model 1100,
Perkin-Elmer) at the Vrije Universiteit, AmsterdaBeed mineral content of the 21 accessions used
for experiment 2 was determined in samples of ab@@ mg ground seeds. Seed mineral

determination assays were as described for shoots.
Zn efficiency and tolerance

Shoots and roots were harvested separately and akrié5 °C for three days to determine their dry
biomass. Zn efficiency (ZE) was calculated for gkoand roots based on relative biomass
production using the following calculatioBE (%) = [dry biomass at 0 uM Zn/ dry biomass atM

Zn] * 100%.

In the first Zn tolerance (ZT) experiment, a ranised of five Toxicity Symptom Parameters (TSPSs)
representing different levels of deterioration bé tleaves was used to score plant response after

exposure to 800 uM ZnS0O1=slight chlorosis of leaves, plant is still giiag; 2=chlorosis of leaves;
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3=severe chlorosis of leaves, leaves started wintped=most of the leaves seared; 5=plant has died.
Accessions with mean TSP values below 2 were @ledsis Zn tolerant and above 4 as Zn sensitive.
For the second ZT experiment, ZT was calculatetivin different ways. One calculation was made
based on dry root or shoot bioma&3iomas{%) = [dry biomass at toxic level Zn/ dry biomads a
2UM Zn] * 100%. Another calculation was based on root elongatianing exposure. For this
analysis, roots were dyed with active charcoal lgefeansferring plants to excess Zn medium. Root
elongation during exposure (non-stained part ofrtfze) was measured according to Schat and Ten

Bookum (1992)ZT.0t (%) = [root elongation at toxic level Zn/ root elgation at 2uM Zn] * 100%.
Statistics

Statistical analyses of metal concentration and keegth were conducted using one-way ANOVA
followed by the Student-Neuman-Keuls posthoc amal{SigmaStat, SPSS Science, Chicago, IL,
USA). The variation within the mean is presentedh@sstandard error. Significance of correlation

was determined using simple linear regression. dsidered differences significant at@P05.

Results

Zn, Fe and Mn accumulation

When examining the shoot Zn concentration for 1ddeasions, belonging to seven cultivar groups
of B. rapa grown in hydroponic culture with sufficient Zn pply for about four weeks, large
variations were found between accessions, rangiomg £3.2 to 155.9 pug Zn'gd. wt (Fig 1A).
Accessions with a Zn concentration lower than 50gjtgl. wt, between 50-100 pg'gl. wt and
above 100 pg4d. wt accounted for respectively 37%, 56% and 7%heftotal. The same samples
were used to determine the Fe and Mn concentratibims Fe concentration varied from 60.3 to
350.1 ug g d. wt (Fig 1B). Accessions with a Fe concentratmmer than 100 pg4d. wt, between
100-200 ug g d. wt and above 200 pg-gl. wt accounted respectively for 28%, 71% and I%he
total. The Mn concentration ranged from 20.9 to35@8g ¢' d. wt (Fig 1C). The proportions of
accessions with a Mn concentration lower than 3@fid. wt, between 30-50 pg'd. wt and above
50 pg g'd. wt were respectively 28%, 69% and 3% of thel tdtaere was no significant difference
in average Zn or Fe concentration between therdiftecultivar groups, however the average Mn
concentrations in Wutacai and Mizuna accessiong wignificantly higher compared to those of the
other cultivar groups (Table 2). Zn concentratiamied most in Wutacai with a variation coefficient
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as high as 60%.
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Fig 1 Genotypic variation of shoot Zn (a) , Fe (b) anah Kt) concentrations of 11B. rapa
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accessions grown in half-strength Hoagland’s natreslution containing 2 uM Zn for 27-36 days.
Data are based on a mixed sample of 2-3 plantagmssion. Accessions are ordered according to

increasing mineral content.

Table 2Average Zn, Fe and Mn concentrations (jigdg wt.) in shoots of a number & rapa
accessions (No. acc.) according to cultivar grodfigolants were grown in half-strength Hoagland’s
nutrient solution containing 2 UM Zn3OData are presented as means + S.E. Only for Mn
significant differences (0.001) were found between the cultivar groups dgcated by different

letters. Significance was determined by ANOVA feled by Student Neuman-Keuls posthoc

analysis.

Cultivar group No. acc. Zn Fe Mn
Chinese cabbage(gpekinensip 44 60+£30 142+50 32%7b
Pak Choi (spchinensi} 37 69+24 118+46 34t5b
Caixin (sp.parachinensis 15 60+21 125+72 37%5b
Wutacai (spnarinosg 4 83+50 153+48 45+7a
Turnip (sp.rapa) 5 44+10 145+48 39x6b
Mizuna (sp.nipposinicg 3 75+10 142+37 44+5a
ZiCaitai (sp. chinensis var. 2 80+15 185+67 34+0b
purpured

Five accessions with low Zn concentration (on ayerd0 pg g d. wt), four accessions with
moderate Zn concentration (on average 67 [fgdgwt) and six accessions with high Zn
concentration (on average 135 piddy wt) were selected for further confirmation irs@bsequent
experiment, with plants grown under climate-comémeblconditions (Experiment 2). Six additional
accessions, which are the parents of recently dpedl DH populations, were also included. In
experiment 2, the range of Zn concentration waghsli less (43.5-135.0 pg™gd. wt) than in
experiment 1 (Table 3). The mean Zn concentratias @mparable in both experiments. In general,
the Fe concentration was lower in experiment 2 ameg to experiment 1 (ranging from 40.4-70.6
ng g'd. wt), whereas it was the reverse for the Mn cotreéion (ranging from 44.5-113.4 pd d.

wt). The data from the two experiments were nonifitantly correlated (R 0.10 for Zn, 0.06 for
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Fe and 0.24 for Mn). When comparing the 21 accassidthe Fe concentrations were not
significantly different, but there were significatifferences for the Zn and Mn concentrations (éabl
3). The Zn, Fe and Mn concentrations of these gowes were positively correlated (Fig 2). The
correlation between zZn and Mn %9.58, X0.001) was much higher than that of Zn and Fe
(R?=0.19, & 0.05), however, when excluding the data of outlietession L144 from the data set,
the correlation between Zn and Fe concentrations significant at 20.005 (R=0.47). Omitting
this accession from the correlation analysis ditlaftect the significance level for the correlation
between Zn and Mn concentrations’¢R.67, *0.001) or Fe and Mn concentrations’¢R.43,
P<0.005). In addition to shoot mineral concentratitve, seed weight, seed mineral content and plant
biomass were determined for these accessions (Tbl&Vhen comparing the shoot mineral
concentration to the dry shoot or root biomass lgfa), shoot Fe concentration was positively
correlated with dry shoot biomass?®R.32, R0.05) and root biomass {8.34, &0.05), while
neither Zn concentration nor Mn concentration wasretated with biomass. There was no
significant correlation between shoot concentratmal content per seed for Zn and Fe (Table 4),
however, a significant correlation was found foedevin content and shoot Mn concentration

(R’=0.25, R0.05).
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Fig 2 Correlations between shoot Zn, Fe and Mn concegoiiaof 21 selected accessions grown in
half-strength Hoagland’s nutrient solution with M ZnSQ, for 14 days. (a) Correlation between
shoot Zn and Fe concentrations. (b) Correlatiorwben shoot Zn and Mn concentrations. (c)
Correlation between shoot Fe and Mn concentrati@mrelation between shoot Zn and Fe
concentrations was significant at B.005 (R=0.47) when excluding the low Fe outlier L144. *, *

and *** are statistically significant at<®.05, K0.005 and R0.001 levels respectively. Significance

was determined by simple linear regressiof Sjuared linear regression coefficient.

Table 3Comparison of Zn, Fe and Mn concentrations (fgigwt) in shoots of 21 select® rapa
accessions (Acc.) for experiments 1 and 2. Thesatmes are arranged according to cultivar groups
and in declining order of Zn concentration in expent 2. Data in experiment 1 are values of mixed
samples of 2-3 individual plants; data in experitrizare presented as meanS.E, n=3. All plants

were grown in half-strength Hoagland’s nutrientusioin containing 2 puM ZnSQ Different letters
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indicate significant differences ak@®.001. Significance was determined by ANOVA follavby
Student Neuman-Keuls posthoc analysis. The squamdelation coefficients (Correl) were

determined between data in the two experimentedoh mineral by linear regression.
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Cultivar Zn Fe Mn
group Acc Exp 1 Exp 2 Exp 1 Exp 2 Expl Exp 2
Chinese L107w 104 127 + 1ab 244 77+6a 40 84 £ 10 ae
Cabbage L113w 160 107 =7 ae 127 68+ 6a 38 86 +5 ad
L64w 57 80+ 6 ae 90 62+3a 29 75+2ce
L127w 120 79 +16 ae 203 57+1a 28 59 +6ce
L140w 156 72 £ 3 be 87 59t+4a 40 64 £5ce
L23w 48 52 + 3 de 134 45+3 a 37 47 £ 0 de
L146 n.d. 46+ 3 e n.d. 64 13 a n.d. 46 £ 7 de
Pak L196w 156 135+12a 151 70+x5a 47 113+2a
Choi L86w 64 123+10ac 168 67+2a 50 106 + 4 ab
L66w 48 123 + 4 ac 160 68+5a 38 82+ 3 ae
L175 n.d. 115+21ac n.d. 57+4a n.d. 72 +2 be
L67w 115 110+ 13 ad 157 62+7a 34 73+ 7 be
L78w 23 90+1ae 98 71+0a 23 84 +7 ae
Mizuna L203w 42 68 + 1 ce 160 58*+4a 39 61+2ce
L19 n.d. 44+6e n.d. 50+6a n.d. 45+ 4 e
Wutacai  L56w 41 88 +2 ae 110 66 +3a 38 88 +3 ac
Caixin L58w 71 73 £ 4 be 117 64+2a 34 83 +7ae
Zi Caitai L62w 76 84 +5 ae 90 60+x6a 37 77 €5 a
Yellow L143 n.d. 77+7 ae n.d. 54+5a n.d. 89+ 10 ac
Sarson
Rapid L144 n.d. 117+ 6 ac n.d. 40+ 2 a n.d. 64 + 10 ce
Cycling
Turnip  L115 n.d. 47+t6 e n.d. 58+5a n.d. 51@e3
Correl 0.10 0.06 0.24
Mean 85 89 102 61 37 74
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Table 4Seed weight (mg per 100 seeds), seed mineralrtomg seed) and dry biomass (mg
plant') after 28 days of growth under sufficient Zn syppl the 21B. rapaaccessions used in

experiment 2.

Cultivar group  Acc. Seed weight  Zn Fe Mn Dry shodry root

biomass biomass

Chinese L107w 428 199 289 153 880+65 55*6
Cabbage L113w 154 107 145 67 380+x68 32+4
L64w 267 238 309 91 517+42 46+*6
L127w 248 139 153 87 645+47 36%2
L140w 233 124 214 87 345+44 23+4
L23w 218 179 227 74 175+ 54 9+4
L146 246 245 237 112 754+101 484
Pak Choi L196w 266 176 278 124 474+98 347
L86w 318 222 314 140 422+29 364
Leéw 306 189 246 138 601+10 43*1
L175 199 134 209 83 321+41 22+4
L67w 179 143 229 102 361+14 21%5
L78w 287 242 391 173 449+38 34+6
Mizuna L203w 297 221 332 117 413+117 22+6
L19 123 73 222 74 606+97 409
Woutacai L56w 203 137 202 96 182 + 21 11+1
Caixin L58w 189 85 201 80 465 + 56 35+6
Zi Caitai L62w 202 128 173 92 356 + 70 291
Yellow Sarson L143 448 261 469 187 342 +41 40+6
Rapid Cycling L144 124 94 88 101 5717 51

Turnip L115 183 141 206 74 434 + 3 28+2




Zn tolerance

Although B. rapais not known to be particularly tolerant to exc@ssexposure, we assessed the
initial set of 158 accessions for their tolerane800 uM ZnSQ exposure for 14 days (Experiment
1). Tolerance was determined using Toxicity SympRamameters (TSPs), and tolerant, average and
sensitive accessions accounted for respectively 8386 and 46 % of the total (Fig 3). Exposure to
800 uM ZnSQ is rarely encountered by plants in the field. ®edmine if comparable results could
be obtained when exposing plants to less extremeodoentrations, two tolerant accessions (L56w
and L86w), three average accessions (L58w, L64wlL2@Bw) and one sensitive accession (L66w)
were used in experiment 2. In this experiment, {glavere exposed to 2 uM Zngs normal Zn
supply) and.00 and 300 uM ZnS{as excess Zn supply. Zn tolerance (ZT) was detenin terms

of dry biomass production rather than with TSPI@®). As expected, biomass was reduced when
plants were grown at high Zn concentrations andgiteevth inhibition increased along with the
increase in Zn concentration (Table 5). ZT basedlaot dry biomass varied almost 2-fold among
accessions at both 100 uM and 300 uM Zp@Ccomparable range was found for ZT based on root
dry biomass. In line with the initial selection bdson TSP values, the two tolerant accessions L56w
and L86w maintained a high relative shoot growtl8@® uM Zn (94 %), whereas the sensitive
accession L66w showed only 50 % relative shoot groat 300 uM Zn (Table 5). The range of
relative growth was different between roots andosh¢Table 5). The 300 uM Zn treatment induced
a drastic decrease in root biomass by 65- 82 %ewihis induced only a moderate reduction in shoot

biomass of between 6 to 50%.
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Fig 3 Excess Zn stress response of B58apaaccessions grown in half-strength Hoagland’s
nutrient solution with 800 uM Zn for 14 days. TI®Xic Symptom Parameter): 1=slight chlorosis,
still growing; 2=chlorosis; 3=severe chlorosis Mes started withering; 4=most of the leaves seared,

5= dead. Values are means of two or three plamtaquession.

Table 5Average dry shoot and root biomass (mg pthand Zn tolerance (ZT) of shoots and roots
of six accessions (Acc.) grown for 14 days in lsteéngth Hoagland’s nutrient solution containing 2
UM, 100 uM or 300 uM ZnSO ZT (in %) is calculated as relative biomass comagao 2 uM

ZnSQ,. Data are presented as means + S.E., n = 9.

2 UM 100 pM 300 pM

Acc. shoot root shoot ZT root ZT shoot ZT root ZT

LS6w 247+49 205 25728 104 15+3 74 2310+B4 7+1 35
L86w 441 +58 71+10 354+40 80 465 65 417+®4 18+1 26
L58w 476+62 62+12 341+29 72 375 59 312+3%6 13+2 21
L6dw 688+77 73+6 49167 71 487 66 429+@&@2 14+3 19
L203w 660 +44 109+11440+95 67 37+11 34 391+50 59 20+18
Lé6w 516+38 58+6 274+34 53 24+3 41 256460 11+2 19
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When determining ZT in terms of root elongatiorhecame clear that the effect on root biomass was
not reflected by an effect on root length (Tablea®) the relative growth calculated for the inceeas
of maximum root length is not consistent with thevously determined ZT based on root dry
biomass. Root elongation of accessions L56w andu.86at showed the highest relative root dry
biomass with respectively 35 % and 26 % of the mdnwvas strongly inhibited at 300 pM Zn to
respectively 11 % and 9 % of the control. Root ghdion of all six accessions was inhibited at 100
UM Zn and this inhibition was enhanced at 300 uM Hme difference in root elongation between
accessions decreased with increased Zn concentréltfiben plants were grown at 300 uM Zn there
was no significant difference in the mean root ghiion among the six accessions.

Table 6 Comparison of rootlongation (RE; in mm) and relative root growth (R@ %) of six
accessions (Acc.) grown in half-strength Hoaglamdigrient solution with 100 uM or 300 uM Zn
supply for 14 days. RG is expressed as percentatiee growth at 2 uM Zn. Data are presented as
means +* S.E, n=9. Values followed by different dest are significantly different at<B.05.

Significance is determined by ANOVA followed by 8ant Neuman-Keuls posthoc analysis.

Acc. 2 UM 100 uM 300 uM

RE RE RG RE RG
L56w 1713 ¢c 13+3Db 77 2t1a 11
L86w 33t6ab 17+3b 52 3x3a 9
L58w 16+3cC 13+4b 82 5+2a 31
L64w 49+ 8 a 35+4a 72 4+1a 8
L203w 45+9a 19+5Db 42 11+4a 24
L66w 29+ 6 ab 12+5b 41 7*4a 24
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Zn efficiency

In experiment 2, the six accessions (L56w, L58wAw6 L66w, L86w, L203w) used in ZT
experiment were also examined for their Zn efficieiZE), i.e. the ability to grow under low Zn
supply. Plants began to show typical symptoms ofdg&ficiency, such as interveinal chlorosis, a
purple stem and reduced growth, already after grg\ior one week in Zn deficient medium. After
two weeks, the difference in phenotype comparasthtceated accessions was easily distinguished by
eye with the exception of accessions L64w and q@deily L56w, which appeared comparatively
healthy (Fig 4).

Both root and shoot dry matter production was redua all accessions due to Zn deficiency (Table
7), but this reduction was much less in L64w fothbshoot (69.8 %) and root (98.0 %) . L64w is
therefore considered to be the most zinc efficatession of the six accessions tested. ZE varied
more for shoot biomass (2.6-fold) than for rootrbass (1.8-fold). In addition to ZE we also
examined the relative root:shoot biomass ratio (RBRthe six accessions. Zn deficiency enhanced
the RSR in most accessions and thus has a streffget on shoot biomass production than on root
biomass production. However, since the most Zriefiit accession L64w has a very similar RSR as
the least Zn efficient accession L86w, there damsseem to be a very strong correlation between
ZE and RSR. When comparing ZE based on shoot b&mast biomass or RSR with seed weight

and mineral content per seed (Table 4), no sigmificorrelation was found (data not shown).

L58 L203  L86  L66

Fig 4 Visible phenotypic response Bf rapaaccessions to Zn deficiency. Plants were grown in

half-strength Hoagland’s nutrient solution for 1&yd with (2 uM Zn; + Zn) or without ZnSO
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supply (O uM Zn; - Zn).

Table 7Average dry biomass (in mg plat Zn efficiency (ZE; in %) of roots and shoots ahe

relative root:shoot biomass ratio (RSR) of six asgens (Acc.) grown for 15 days in half-strength

Hoagland’s nutrient solution without (0 uM) or wifB puM) Zn supply. ZE is determined as the

biomass at 0 uM Zn compared to 2 pM Zn (in %). RSRletermined as the root:shoot ratio

(Root:Shoot) at 0 uM Zn compared to 2 uM Zn (in Zta are presented as means + S.E., n = 3.

Root Shoot Root:Shoot
Acc. OpM  2uM ZE 0O puM 2 uM ZE OpM  2uM RSR
L6dw 44+1 45+6 98.0 379126 543+32 69.80.113 0.083 14
L6éw 15+2 25+4 60.0 140+12 290+31 485 0.107 0.086 1.2
L56w 19+1 29+3 66.0 160+11 352+11 45.40.094 0.082 1.2
L203w 20+1 52+4 38.7 276 +30 647+49 4290.072 0.080 0.9
L58w 23+4 53+6 434 175+40 434+42 42.70.131 0.122 1.1
L86w 24+3 48+2 506 197+23 529+6 37.20.122 0.091 1.3

36



Shoot Zn concentration did not differ among the aixessions after plants were grown under Zn
deficient condition for 15 days with a reduction#f %-84 % (Table 8). There was no significant
correlation between ZE and the shoot Zn conceotradi OuM or 2 UM Zn (data not shown). In
general, both shoot Fe and Mn concentrations wareeased under Zn deficient condition when
compared to Zn sufficient condition (Table 8). Faut of six accessions showed a significant
increase in shoot Mn concentration, while two afsih accessions also increased significantly in Fe
concentration. There was no correlation betweenadé shoot Mn or Fe concentration of plants

grown at 0 or 2 uM Zn (data not shown).

Table 8 Shoot Zn, Fe and Mn concentrations (u§ @ wt) of plants grown for 15 days in
half-strength Hoagland’s nutrient solution withg@® uM) or with (2 uM) Zn supply. Data are
presented as means = S.E., n = 3. * significantferént from 2 pM Zn supply &0.05).
Significance is determined by one-way ANOVA.

Acc n Fe Mn
0 KM 2 I 0 KM 2 0 KM 2 I

L64w 6 £ 0% 33 £ 1 90 £ 17 45 £ 2 51 £ 2 53 £ 2
L66w 8 £ 1% 41 £ 2 297 £ 135 43 £ 1 164 + 30% 43 £ 1
L56w 7+ 1% 43 + 3 131 = 29% 45 + 2 128 + 18% 656 £ 1
L203w 6 £ 1% 27 £ 1 59 £ 8 45 £ 2 656 £ 5 % 46 £ 3
L58w 7T+ 1% 36 £ 2 99 £ 54 52 £ 1 88 £ 16 66 £ 1
L86w 6 £ 0% 32 £ 1 84 £ 6% 50 £ 4 123 £ 9 * 50 £ 4
Discussion

In total 117B. rapaaccessions were screened for Zn, Mn and Fe acatinptulcharacteristics as a
general survey for genotypic variation amdgrapavegetables. This survey showed that there is
considerable genotypic variation for shoot Zn, Nt &e concentration iB. rapa This variation is

not limited to one or a few cultivar groups andréhés also no clear correlation between mineral
concentration and cultivar group. When the sele@edessions were re-examined at a second
location, different results were obtained for soohéhese accessions and in general the correlation
between locations was lower than expected. This daé reflect errors in sampling or measuring

mineral concentrations, but largely illustrates th#iculty associated with studying a trait that i
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easily affected by genotype x environment intecasj which is often the case for mineral
accumulation. Genetic variation within accessianariother factor that may have caused differences
in mineral concentration. Although the accessioad been propagated for some generations in the
resource collection they originated from, the ooence of self-incompatibility, which is common in
B. rapa is expected to maintain some genetic variatidhiwieach accession.

Previous studies revealed variation ranges of 1Q:$@" for Zn and 10-90 pgYfor Fe in seeds
(Beebe et al., 2000; Graham et al., 1999; Grahaah.,e1997; Banziger et al., 2000). Kopsell et al.
(2004) reported that leaf Zn concentration basedresh weight ranged from 29.1 to 71.9 mg
kg'and Fe concentration ranged from 53.1-114.2 myjikgB. oleraceavegetables. In the present
study a wider variation range (7-fold) and highgyhlest concentration were found for Zn and Fe in
B. rapashoots. Of course this may reflect a physiologdiéference in the accumulation process
between shoot and seed. Shoot accumulation ladmgbends on xylem transport, whereas seed
accumulation requires additional phloem transpédso different from screening plants in
hydroponic culture, as was done in our study, theestigations on above staple crops were all
carried out in soil, which might cause lower minexaailability. Seed weight and mineral content
influence plant growth at the early vegetative stéigengel and Graham, 1995a) and therefore affect
shoot mineral accumulation. In the present studydbrrelation of Mn concentration in shoot and
Mn content in seed supports the previous conclydiomever, there was no correlation between
shoot concentration and seed content for Zn and Ikes, the variation for Zn and Fe concentration
as observed in this study suggests that therefigisnt genetic variation to dissect the genetic
mechanism controlling shoot Zn and Fe accumulabgnquantitative trait locus (QTL) analysis
and/or to improve Zn and Fe contenBinrapavegetables by breeding.

In addition to growth under sufficient Zn supply w&so studied the response to Zn excess and
deficiency inB. rapa Both relative shoot and root growth have beergsstgd as good indices of
tolerance to excess Zn in different species (Begl.e 2000; Escarre et al., 2000; Meerts and Van
Isacker, 1997; Schat and Ten Bookum, 1992; Yara).e2004). The comparable range in variation
of Zn tolerance we observed, which was based oshipgt and root biomass, suggests that the same
holds forB. rapa However, Zn tolerance determined by maximum roogjile did not correlate with
the Zn tolerance determined by dry biomass, althdogth root elongation and biomass increase

were inhibited in a concentration-dependent mamtegn exposed to toxic Zn concentrations. Our
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results thus support the suggestion by Ebbs antikng1997) that the toxic effect of excess Zn on
the root development iBrassicassp. has more effect on lateral root elongation tira lateral root
density.

To examine the response to deficient Zn exposetative shoot growth was reported as a suitable
index to determine Zn efficiency (Cakmak al., 1999; Grewal et al., 1997; Hacisalihogluakt
2004; Rengel and Rémheld, 2000), although alsoreletive root:shoot biomass ratio (RSR) has
been suggested to be adequate (Rengel and GraB8bh)1In the present study, both the relative
shoot and relative root biomass index were effectivdistinguishing differences in Zn efficiency.
Accession L64w clearly stood out as the least &dtéby low Zn supply when compared to the other
accessions. The RSR generally increases under ffiietiey as an initial response to Zn deficiency
(Grewalet al., 1997; Khan et al., 1998; Loneragan et1#87). Higher RSRs correlating with Zn
efficiency have also been reported BirnapusandB. juncea(Grewal et al., 1997). A comparable
result was obtained in the present study, withekeeption that, based on biomass production, the
relatively Zn inefficient accession L86w had a sarly high RSR as the Zn efficient accession
L64w. Considering this, the RSR does not seem thdeptimal Zn efficiency index fd. rapa

While variation for both Zn tolerance and Zn effiecy was observed among the six accessions,
there was no significant correlation between theaigs. The absence of correlation between Zn
efficiency and seed weight, seed mineral conterghmot mineral concentration also indicates that
Zn efficiency is genetically independent from théssts. When grown under Zn deficiency, the
limited Zn supply resulted in an almost uniform sh@n concentration for all accessions that was
below 10 pug g d. wt. Since a leaf Zn concentration below 10-#j5 d. wt is considered to be the
critical Zn deficiency level for normal plant grdw{Marschner, 1995), this explains the negative
effect of the Zn deficiency treatment on growtliteB. rapaaccessions.

In addition to an effect on Zn concentration, weirfd that when plants were grown under Zn
deficient conditions, both Fe and especially Mn aaniration in shoots increased, comparable to
what has been found in wheat (Rengel and Graha®86)18r Arabidopsis (van de Mortel et al.,
2006). Most of the known metal transporters belnarge gene families covering a broad range of
metal specificities. Several of the Zn transportens also transport Fe or Mn (Connolly et al., 2002
Mills et al., 2003; Vert et al.,, 2001). Decreasdmws Fe and Mn concentration was found for

Brassicaplants grown in high level Zn conditions (Ebbs &wthian, 1997). This is also in line with
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the correlations we observed between shoot ZnnBHevin concentrations when plants were grown
under sufficient Zn supply (Fig 2). In both expeemts (sufficient and deficient Zn supply), the
strongest correlation was found between Zn and ggesting that Zn and Mn accumulation share
more common elements than Fe and Mn or Fe and @nradation.

Another observation was that the difference in Ziiciency based on biomass was not fully
reflected in the visual appearance of the accessibocessions L64w and L56w seemed to suffer
little from deficient Zn supply in terms of plankze and degree of leaf senescence or yellowing of
the leaves (Fig 4). However, when scored for biamasduction, L56w did not perform better than
the other accessions with a comparable ZE valusinflar difference in visible appearance and
biomass production was previously found for wh&sr{c and McDonald, 2004). This suggests that
the plant response to low zinc can act at diffefew¢ls and the effect on biomass production is not
always easily visible by eye. It also shows thausai selection of Zn efficient plant genotypes by
breeders may be misleading with respect to yield.

Based on the screening of a large setBofrapa accessions, we conclude there is substantial
genotypic variation for Zn, Fe and Mn accumulatamd for tolerance to excessive or deficiency
inducing levels of Zn. Relative shoot and root gitowalculated on dry biomass yield are suitable
indices both for the evaluation of excess Zn taoleeaand for Zn efficiency. There is a close
relationship between Zn, Mn and Fe accumulatiorr. i®sults underline that breeding for improved
Zn content, whether or not in combination with emted fertilization with Zn, is likely to
substantially increase the Zn content Bf rapa vegetables and thus offer a desirable Zn

supplementation to a vegetarian human diet.
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Chapter 3
Mapping QTLs for mineral accumulation and shoot dry biomass yield
under different Zn nutritional conditions in Chinese cabbage Brassica

rapa L. ssp.pekinensis)

Jian Wu, Jianjun Zhag Xiaofei Song Ying Li, Xiaonan Li, Rifei Sun,

Maarten Koornneef, Mark G.M. Aarts, Xiaowu Wang

Abstract

Chinese cabbagBrassica rapd.. ssp.pekinensisis one of the most important vegetables in China.
Genetic dissection on leaf mineral accumulation &olérance to Zn stress is important for
nutritional breeding of Chinese cabbage. A mappogulation with 183 doubled haploid (DH) lines
was used to study the genetics of mineral accuibnlaand the growth response to Zn. The
concentration of 11 minerals was determined indsaor 142 DH lines grown in an open field. In
addition shoot dry biomass production (SDB) underndrmal, deficient and excessive nutritional
conditions were investigated in hydroponics expernta. A genetic map was constructed based on
226 AFLPs and 31 SSRs. Seven QTLs, explaining 18.2-% of Na, Mg, P, Mn, Zn, Sr
concentration variance, were identified by mult@€L model (MQM) mapping. One common
QTL was found affecting SDB under normal, deficiand excessive Zn nutritional condition. An
additional QTL was detected for SDB under Zn exatisss only. These results offer insight into the
genetic basis of leaf mineral accumulation and tptaowth under Zn stress condition in Chinese

cabbage, and should be useful for future markestasisselection.

Keywords Brassica rapa.. ssp.pekinensisquantitative trait loci (QTL), minerals, zinc pesse.

This chapter has been submitted.

41



Introduction

Chinese cabbag@rassica rapal. ssp.pekinensisis one of the most important vegetable crops in
China with, among vegetable crops, the largesivetibn area and per capita consumption. It is a
main source of mineral nutrients for the Chinesgutettion (Ma et al.2007), and therefore elevating
the amount of beneficial minerals in Chinese cabbagn contribute to the reduction of
micronutrient malnutrition in China, especially wheneat supply is limited. The improvement of
mineral content by plant breeding is a recent dgweknt that requires knowledge about the genetic
variation for this trait and genetic markers linkedrelevant genes (reviewed in Ghandilyan et al.,
2006). However, genetic studies on mineral contentops have been limited mainly to seeds, such
as for bean (Beebe et al., 2000; Islam et al., g2 (Gregorio et al., 2000), wheat (Monastetio
al., 2000), maize (Banziger and Long, 2000) and ale model specieérabidopsis thaliana
(Vreugdenhil et al., 2004). QTLs were also ideatfifor mineral concentrations in leaves for P
(Bentsink et al., 2003), Cs (Payne et al., 2004) kariHarada and Leigh, 2006) A thalianaand for

Zn in Thlaspi caerulescen (Assungédo et al., 2006; Deniau et al.,, 2006).s&hstudies have
demonstrated the presence of allelic variationctifig mineral content, although the identity of the
underlying genes remains unknown. However, vetielis known about the genetics of mineral
content in leafy vegetables, such as Chinese cabbag

Zn is an essential micronutrient as it plays bathctional and structural roles in enzyme reactions
(Vallee and Auld, 1990). However, both Zn deficigramd Zn toxicity occur worldwide, including
China, depending on Zn content and availabilityhi@ soils (Hacisalihoglu and Kochian, 2003; Liu
et al., 2005; Nan et al., 2000). In addition toused yield due to Zn deficiency or toxicity, the
transfer of excess Zn from soils to plants is apdrtant contribution to human health exposure to Zn
and more importantly the Cd that goes along witlfFiiberg and Nordberg, 1986). A potential
solution is to breed crop cultivars which are mawkerant to high Zn exposure and thus grow
relatively well with an acceptable level of Zn aguation in the leaves.

In Brassica rapavegetables, about 8-, 6- and 2.5-fold genotypigatian was observed for
respectively shoot Zn, Fe and Mn concentration, 24#fiold variation for relative shoot or root dry
biomass production under Zn deficient or toxic dbads (Wu et al., 2007). Two-fold genotypic
variation was reported for Ca, Mg, K, Fe, Zn conaion amond. oleraceavegetables (Kopsell et
al., 2004) and shoot dry biomass ratio-based Zoieficy forB. napusandB. juncea(Grewal et al.,
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1997). The observed natural variation for thes#stia Brassicacrops suggests the possibility to
analyze these traits genetically.

Mineral accumulation in aboveground organs is a mlem trait controlled by a series of
processes, including mobilization from the soiltakg by the roots, translocation and redistribution
within the plant, and import and deposition in tirgans (Clemens, 2001). This is also the case for
plant growth under stressful nutrition conditiorechuse different aspects such as availability kepta
and utilization of nutrient elements can be affd@ed as a consequence growth, development, and
yield of the crop will alter (Gupta, 2005). Quaative trait locus (QTL) mapping allows the
identification of individual chromosomal regions n¢aining genetic factors that contribute to
variation in a complex trait (Alonso-Blanco and Kowoeef, 2000). Molecular mapping Bf rapa
was initiated by Song et al. (1991) using RFLP raeskand a segregating population. Several
subsequent maps were constructed based on diffadatular markers and,FRecombinant Inbred
Line (RIL) populations (Chyi et al., 1992; Teutomiand Osborn, 1994; Kole et al., 1997; Suwabe et
al., 2006; Kim et al., 2006). The recent developirarBrassicaSimple Sequence Repeat (SSR)
markers facilitates the anchoring of linkage grotp®ne common reference map and allows the
comparison of map positions in studies involvindfedent populations (Suwabe et al., 2006).
Furthermore the syntenic relationship with the texlagenusArabidopsisis now well established
(reviewed by Schranz et al., 2006) and allows tiragarison of map positions betweRrassicaand
Arabidopsis In B. rapa QTL analysis has been described for a wide vaétgnorphological and
physiological traits such as seed colour, pubesgeancicic acid content (Teutonico and Osborn 1994;
Song et al., 1995; Nozaki et al., 1997), oleic amdcentration (Tanhuanpaa et al., 1996), linolenic
acid content (Tanhuanpaa and Schulman, 2002), labdoot resistance (Suwabe et al., 2006). As
microspore culture can be applied efficientlyBrassicaspecies, doubled haploid (DH) populations
are presently the preferred mapping populationsQ¥ot. studies because of their immortality and
homozygosity which allows replicated experiments.

In the present paper we describe the constructicen molecular linkage map containing 226
Amplified Fragment Length Polymorphism (AFLP) maikeand 31 SSRs using 183 DH lines
derived from a cross between two Chinese cabbagedimidd. Plants from this population were
analyzed for the concentration of 11 elementsawds, including four essential micro-elements (Fe,

Zn, Mn and Cu), five macro-elements (Na, Ca, Kng Mg), and also for two toxic elements (Al
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and Sr). QTL analysis was performed for mineraluamglation and for shoot dry biomass (SDB)

yield under normal, deficient and excessive Zn tooms.

Materials and methods

Mapping population and DNA isolation

The BrlIVFhn mapping population of 183 DH lines wderived from a cross between two DH
Chinese cabbage lines. Y177 originated from a wityyge Japanese cultivar ‘Jianchun’ and Y195 is
derived from a summer type Chinese cultivar ‘Xiayarrhe two cultivars show differences in
bolting time, seed colour, trichome density andvéo colour. DNA from the parents and the DH

plants was isolated from the mature leaves as itbesicby Wang et al. (2005).
AFLP analysis

AFLP markers were analyzed following Vos et al.98)9 using fluorescent labellétoR andMsd
primers with three selective nucleotides as desdriy Zhao et al. (2005). AFLPs were scored on
the basis of the presence or absence of the bafid? Anarkers were named using a code for each

EcoR andMsd primer followed by the band number in ascendirgjenular-weight order (Table 1).
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Table 1AFLP primer combinations used fBr rapassp.pekinensidinkage map construction.

Primer 3’ selective nucleotides No. of polymorphic
combination bands
EcoRlI Msd
E32M61 AAC CTG 6
E33M3z AAG AAC 12
E33M4¢ AAG CAC 8
E33M4¢ AAG CAG 1C
E33M5( AAG CAT 6
E33M5] AAG CCA 1C
E33M5: AAG CCC 3
E33M5¢ AAG CCT 4
E33M5¢ AAG CGA 2
E33M6( AAG CTC 8
E34M3E AAT AAT 15
E35M5Z ACA CCC 7
E35M5¢€ ACA CCT 2
E36M3] ACC AAA 8
E36M3z ACC AAC 12
E36M3E ACC ACA 6
E36M3¢ ACC ACC 4
E36M47 ACC CAA 5
E36M5( ACC CAT 13
E36M5: ACC CCA 2
E36M5¢ ACC CTA 5
E37M3Z ACG AAC 12
E37M4¢ ACG CAG 4
E37M5¢€ ACG CGA 2
E38M3E ACT ACA 9
E38M5( ACT CAT 1C
E38M5] ACT CCA 11
E38M5¢€ ACT CGA 3
E40M3¢ AGC ACT 6
E40M5] AGC CCA 6
E41M5] AGG CCA 9
E41M5¢ AGG CGA 6
SSR analysis

A total of 202 SSR markers derived fr@nrapa B. nigra B. oleraceaandB. napugGe et al. 2005;
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Kim et al. 2006; Lowe et al. 2004; Suwale¢ al. 2002, 2004, 2006; T. Osborn, personal
communication; G. King, personal communication; B&Bnnema, personal communication) were
screened for their polymorphism between the twemat lines. PCRs were performed in 20 pl 1 X
PCR buffer, containing 20 ng DNA template, 1 U TadA polymerase, 0.25 mM of each dNTP, and
40 ng of each primer. Thermocycling was starte@4atC for 5 min and followed by 35 cycles of 94
°C for 1 min, 55 °C for 1 min, 72 °C for 1 min aadfinal extension at 72 °C for 10 min before
holding at 12 °C. The PCR products were separate® &o denaturing polyacrylamide gels and
visualized by silver staining. The polymorphic S®RBrkers with clear bands were used to screen 64

DH lines of the mapping population.
Segregation analysis and map construction

The segregation of each marker and linkage analysie performed using JoinMap version 3.0

(http://www.kyazma.n). Segregating data were sorted by orderirmfividual genot. fre.value

supplied by Joinmap 3.0. The linkage groups (LGsjendetermined using a LOD threshaldl.O
and a maximum recombination fraction of 0.4. Thes&mbi mapping function (Kosambi, 1944) was

used to convert recombination frequencies into thsfances.
Field trial and phenotypic measurement

The leaf mineral concentration was analyzed forgheents and 142 DH lines growing in an open
field of the Henan Academy of Agricultural ScienaesZhengzhou China in the autumn of 2004.
Seeds were first sown in pots (10 cm) with ferstizpotting soil. Thirty days after sowing, plants
were transplanted to an open field in a randomtrexiblock design. Soil analysis was carried out
according to the method of Agro Services IntermatidASI) of Orange City, Florida, U.S.A (Table
2). Basal fertilizer (750 kg Di-ammonium phosph#ig') was applied to plots at the time of
transplanting; 375 kg N Han the form of urea was applied at late rosetigest

The second fully grown head leaf was harvested fmmplants per DH line with each from a
different block when plants had been grown for @9<din open field. Harvested leaves were washed
with de-ionized water and lyophilized for three gdapamples were ground by mortar and pestle
before being ash-digested at 300 °C for 1 hours=°C for 6 hours. The digests were dissolved in
1.5ml 8 M HNQ and doubled de-ionized,8 to a final volume of 25 ml. Mineral concentratvas
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analyzed by inductively coupled plasma — atomicssion spectrometer (ICP-AES) (Shimadzu
1000II, Japan).

To investigate Shoot Dry Biomass (SDB) yield wheéanfs were grown under Zn nutritional
stress condition, the parental lines and randonmdjecsed 140 DH lines were cultivated
hydroponically in a greenhouse without climate cointn March (experiment 1: Zn deficiency
experiment) and April 2006 (experiment 2: Zn toxicéxperiment) in Beijing. The environmental
conditions were 15-25°C/8-12°C in March and 20-3@8c15°C in April (day/night temperature),
30,000-40,000 Lux light intensity and 50-60 % rekathumidity. Each experiment included Zn
stress treatment (without supplying ZnSIO create Zn deficiency or supplying 100 uM ZnSQr
Zn toxicity) and normal Zn supply (2 uM Zn@OHalf strength Hoagland’s nutrition solution (pH
5.5), buffered with 2 mM MES (2-morpholinoethang$wnic acid) was used for plant cultivation.
In both experiments three replicates were useddoh Zn treatment. Seeds were germinated on agar
in 1.5-ml eppendorf tubes of which the bottom thpsd been being cut off and put directly in
hydroponic culture trays. Each tray contained 71 IDids with one plant per line. The trays were
shuffled twice a week to reduce a possible effédbcation in the greenhouse. Complete shoots
(aboveground tissue) were harvested after 21 daystly and oven-dried at 65 °C for three days for
SDB analysis.

Table 2Soil mineral contents for the open field trialplData are presented as mear.B., n=6.

pH Element K Ca Mg P Cu Fe Mn Zn

7.97 +|Content 58.7#10. 1568+18 209+33. 75.3#12. 2.04#0.1 34.34.0 12.32. 3.2404

0.1 (ppm) 2 5 5 2 8

Statistical analysis and QTL mapping

For each DH line, the mean values of 11 minerateatrations were lgg-transformed to improve
normality of the distribution. Transformed minemddta were used for QTL analysis. For QTL
analysis of SDB under normal Zn supply, data fromtivo experiments were first standardized, and
the mean values of the two experiments were use@id. analysis. Detection of QTL for SDB
under deficient and excessive Zn conditions waslgoted with untransformed data. The software
package MAPQTL version 5.0 was used to identify kwhte QTL on the linkage map by using
interval mapping (IM) and multiple-QTL model (MQMnapping methods as described in its
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reference manual (http://www.kyazma.nl). A sequerrocedure was used for QTL detection. The
first step involves finding putative QTLs using I&halysis (Van Ooijen, 1992). The significance
thresholds accepting the presence of QTLs wererdated by permutation tests (1,000 replications)
(Churchill and Doerge, 1994) for each trait atgn#icance level ofx = 0.05. For different traits, the
genome wide significance threshold varied betwe8rt@3.1. Therefore QTLs with a LOD scere
3.1 were considered to be significant. Markerdhasé QTLs were taken as cofactors (significant at
P<0.02 level) to include the effect of the genetmackground in MQM analysis
(http://www.kyazma.nl). A mapping step size of 1 eMs used for both IM and MQM analyses. The
QTL positions were estimated as the position witaximum LOD score on a linkage group.
Two-LOD support intervals were established as 96o¥fidence intervals (Van Ooijen, 1992) using
MQM mapping implemented with MAPQTL 5.0. For therrabation coefficient (r) test between
mineral concentrations for 11 elements, a Bonfercomrection to adjust the 0.05 or 0.01 threshold
of significance was applied. Broad sense heritgbivas estimated for each trait by using the
following equation: h, = VG / (VG + VE); where VG is the variance betwe®2H lines and VE is
the variance within DH lines.

The interaction between the QTLs identified for faene trait was tested by analysis of variance
(ANOVA) using the corresponding two markers asdifactors and the trait as dependent variable at
a significance level R 0.05. For the interaction between genotype andr@atment, ANOVA was
tested using corresponding markers and Zn treatmeriixed factor and the SDBs as dependent
variable. The calculations were carried out by gdime general linear model module of the SPSS

version 12.0.1 statistical package (SPSS Inc.,agucIL, USA).

Results

Construction of the BrIVFhn linkage map

Out of the 211 AFLP primer combinations testedtwn parental lines, 32 that each generated over 8
polymorphic markers were selected for genotypirggBnVFhn mapping population (Table 1). After
removing ambiguous markers, in total 226 polymargdands were used for mapping. Among these,
123 bands were provided by parent Y177 and 103dogrpp Y195. In addition, a total of 202 SSR
markers were screened for polymorphisms betweepdhental lines. 43 displayed a polymorphism
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and out of these, 31 SSRs that could be easilyedcosing silver stained gels were chosen for
genotyping the mapping population.

In total 257 markers (226 AFLPs and 31 SSRs) wssegaed to ten linkage groups (LGs) with
a LOD score> 4.0 (Fig 1). The total length of the map is 1142 gvhich represents on average one
marker for every 4.4 cM. By using the 17 SSRs Witlbwn map positions on the commBnrapa
reference map (Kim et al., 2006; Lowe et al., 20®dyabe et al., 2006), 9 LGs could be assigned to
their corresponding reference LGs. The remaining W@ich did not contain a SSR marker, we
deduced to be R8, also since none of the avaiRBI&SR markers was polymorphic between the
two parents. The individual LGs ranged from 158 foMR3 with the highest number of markers (40)
to 29 cM for R7 with the least markers (10). Orilyee map-intervals with markers separated more
than 20 cM were observed on respectively R1, R5 R8dThe distribution of markers and the
marker density make this map a useful frameworlgt@ntitative trait loci identification.

Based on & test for goodness-of-fit to the expected 1:1 Mdindesegregation ratio, skewed
segregation was detected for 165 AFLP loci and 3R $ci (70.4 %) at P<0.05. For 136 out 181
skewed markers the Y195 allele was in excess. Msautkat showed skewedness were clustered in
specific regions on LGs R1, R3, R6, R7, R8, R9 RAd, containing clusters of markers with an
excess of Y195 alleles, and for LGs R4 and R5wlais the case for Y177 alleles (Fig.1). LG R2 had
markers with segregation distortion of alleles frbath parents but located in separate regionseof th

LG.
Trait analysis

Transgression beyond the parental values was adabdov nearly all tested elements, including K,
Zn and P concentrations for which parental valuaslliy differed (Table 3, Figure 2). Differences

between DH lines were from about 2-fold for P t&-tald for Fe. In most cases the extent of
transgressive variation was more to the lower tleahigher values. Correlations between mineral
concentrations are shown in Table 3. The highest \a@ry significant correlations were found

between Ca, Mg and Sr concentrations, which weé (Ca/Mg), 0.86 (Ca/Sr) and 0.84 (Mg/Sr)

respectively (Table 4). In this population, Mn centration was significantly correlated with all

other elements, except for K. In all cases sigaiftccorrelations were positive except for Na/K.

For the DH lines grown under different Zn condisptthe distribution of the SDB is wide and
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there is transgression towards lower as well akdnigDB (Table 3). Parental line Y177 has a
considerably higher SDB than Y195 under all thested Zn conditions. In order to clarify whether
the QTL for SDB detected under Zn excess stresgitton is same locus involved in tolerance to the
Zn deficiency stress, we also investigated SDB umademal Zn condition in both Zn excess and
deficiency experiments. On average we found a rdiffee in the SDB of plants growing under
normal Zn between experiment 1 and experiment &) lgss biomass for plants in experiment 1,
which was carried out earlier in spring. Nevertks/ghe correlation of the SDB of DH lines under 2
UM Zn in two experiments was significant (r = 0.£3; 0.01).

Broad sense heritability of the shoot mineral comxaion was high, ranging from 0.56 for Mg
to 0.74 for Mn, respectively (Table 3). The herilip of SDB under different Zn nutritional
conditions was lower compared with that of mine@htent, with heritabilities varying from 0.30 to
0.60.

Table 3Variation of leaf mineral concentration and Shbog Biomass (SDB) of the parents (Y177
and Y195) and the DH population (Range, Mean) growam open field or, for determination of

SDB, under 0, 2 and 100 pM Zn supply.

Trait Parents Range Mean Heritability

Macro mineral content (mg'gDW)
K 35.8 344 25.3-58.2 36.7 0.70
Na 8.6 141 2.4-15.7 7.5 0.70
Ca 17.5 30.3 10.1-26.0 15.2 0.60
Mg 3.4 5.1 2.1-53 3.2 0.56
P 8.8 8.3 5.0-9.6 7.2 0.64

Micro mineral content (ugyDW)
Al 77.0 1715 38.9-175.0 88.3 0.60
Cu 6.0 775 38- 79 56 0.68
Mn 27.2 30.2 139-34.6 20.0 0.74
Fe 89.0 183.1 46.5-224.2109.2 0.69
Zn 51.4 53.8 31.1-72.3 48.2 0.69
Sr 81.8 145.4 44.2-150.2 78.1 0.63
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SDB (mg plarit)

SDB0O® 130 70 20.0-165.079.1 0.46
SDB2-F 189 84 37.5-254.0135.9 0.60
SDB2-? 120 85 25.0-176.784.1 0.30
SDB100 107 59 21.0-144.386.0 0.59

?Data in experiment F;Data in experiment 2.

Table 4Pearson correlation coefficients of the mineralosmrations in the second head leaf.

Pearson correlation

Mineral -\ Ca Mg P Al Cu Mn Fe zZn St

K -0.30** 0.02 0.14 0.41** 0.33** 0.33** 0.20 0.36** 0.37** -0.12

Na 0.38* 0.38** 0.05 0.11 0.17 0.33**0.13 0.03 0.43*
Ca 0.84** -0.07 0.56** 0.17 0.63** 0.46** -0.02 0.86**
Mg -0.04  0.61** 0.17 0.62** 0.57** 0.02 0.84**
P -0.05 0.57** 0.31** 0.04 0.64** -0.18
Al 0.03 0.49** 0.68** 0.02  0.48**
Cu 0.34** 0.22 0.70** -0.02
Mn 0.44** 0.25* 0.47*
Fe 0.23 0.41**
Zn -0.20

*significant at P<0.05 level, **significant at P<. level

Detection of QTLs

To identify the genetic loci involved in establisgileaf mineral concentration in Chinese cabbage
and shoot dry biomass production under Zn nutrdictress, QTL mapping was performed for the
tested 11 minerals and SDBs under different Znitrarial conditions.

Seven QTLs were mapped on four LGs for Na, Mg, R, Bh and Sr concentrations, while no
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QTL was detected for K, Ca, Al, Fe and Cu conceigina in this population (Fig 1; Table 5). The
most significant of these QTLS, localizing on Réplained 18.2 % of the Zn concentration variance.
Another QTL for Zn was detected on R6, explainiig31% of the phenotypic variance. These two
QTLs together explained 22.2 % of the Zn conceiotnavariance. When tested by ANOVA, no
significant interaction was found between the twil.® For the concentration of Na, Mg, P, Mn and
Sr, only one QTL was found for each element. QTdraMlg and Sr co-localized on R8 and explained
11.4 % for Mg and 12.9 % for Sr phenotypic variantiee QTL for Na concentration was detected
on R4, accounting for 16.3 % of the phenotypicamee. For Mn concentration, one QTL was found
on R5 which explained 15.1 % of the variance. THEL Qor P concentration localized on R6,
explaining 11.1 % of the phenotypic variance.

QTLs related to SDB were only identified on R3 &@. The QTL detected on R3 for SDB
under Zn excess or deficiency co-localized with &L for SDB under normal Zn supply,
explaining 15.4 %, 14.6 % and 13.1 % of the phgpiotyariance for SDB yield under Zn excess,
deficiency and normal conditions respectively. Whested by ANOVA, no significant interaction
between genotype and Zn conditions was found foB $Denotypic variance at this locus. This
suggests that this QTL is involved in SDB yieldasatjess of the Zn supply. A QTL was also found
on R6 for SDB under Zn excess condition, accounftorgl13.0 % of the phenotypic variance.
Although this locus was only detected under Zn sgamndition, the interaction between genotype
and Zn conditions was not significant. The two Idetected for SDB under excessive Zn supply do

not show significant interactions. No QTL specffic SDB at Zn deficiency was detected.

Table 5Quantitative trait loci (QTL) affecting mineral meentration in leaves and shoot dry biomass

(SDB) under different Zn nutrition conditions oBarapassp.pekinensiDH population

QTL? LOD Peak Marker® 2-LOD Exp  Add

interval  (%)¢ ¢

(cM)
Na4d 41 81 38M51-9-- E38M35-7 80-84 16.30.15
Mg8 3.1 6 E36M35-6--E33M51-5 0-14 11.4-0.06
P6 3.5 59 E36M59-5 56-60 11.1-0.04
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Mn5 45 42 E33M54-4--E41M56-1  40-43 15.1-0.06

Zn4 5.7 77 E36M36-6--E36M31-10 31-39 18.2 0.07
Zn6 3.8 95 BC51-E40M51-2 92-96 11.3-0.05
Sr8 3.2 4 E36M25-6-E33M51-5 0-15 129 -0.1
Zn2SDB3 3.8 16 E38M51-5 12-19 13.1 0.73
Zn0SDB3 3.8 16 E38M51-5 14-18 14.6 10.3
Zn100SDB3 3.9 19 E38M51-5-E36M31-8  16-21 154 9.9
Zn100SDB6 3.2 65 E41M51-7 62-66 13.0 -9.3

2 QTL names are indicated as element followed bgmiasome numbetPeak marker or the marker

interval. Explained variancé.Additive effect of the Y177 allele.

Discussion

This study reports the construction of a genetikdge map for a segregating population of B33
rapa DH lines and the first analysis of genetic contwbleaf mineral accumulation iB. rapaand

shoot dry biomass yield under different Zn nutntmonditions.

Linkage map of B. rapa

The present linkage map includes 226 AFLP markeds3d SSR markers. These markers were
grouped into 10 LGs covering a total map distarfcéld2 cM, comparable to the 1005.5 cM of a
recently published SSR-based map (Suwabe et @l6)20hd 1287 cM of a sequence-tag-based map
(Kim et al., 2006). Nine LGs have been anchoretthéocorresponding LGs in the common reference
map by using published SSR markers. These LGsamparable with the recently published maps
both in length and marker density, except for RicWwhs shorter and seems to lack some markers.
No available SSR markers previously anchored orwB& polymorphic between both parents and
this LG could therefore not be assigned to a L&hepresented map. As the LG without any SSR is
not linked to the shortest LG R7 and it is comphera length with that of R8 in the reference map,
we assume that this LG is R8. Further work willdo@e to confirm this assumption and improve the
present map by adding more anchored SSR markers.

A high percentage of skewed markers (70.4 %) weseiwved in our study. This is comparable
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with a proportion of 64 % AFLP and RFLP markersideng from a 1:1 ratio as observed by
Voorrips et al. (1997) in B. oleraceaDH mapping population. Skewed segregation ratinseloften

been observed in populations of doubled haploidtpléor many other plant species (Graner et al.,
1991), and are most likely due to selection durigrospore culture (Foisset et al., 1996).
Segregation of skewed markers may generate emdiskiage analysis, resulting in map stretching
or a false order of markers on linkage groups. H@aresimply deleting the markers which show
skewed segregation from the map would result imgpsll of the skewed segments for trait QTL

analysis and thus we decided to include markeits skéwed segregation in the map.

QTLs for mineral accumulation

We analyzed leaf mineral concentration in the magmopulation and found transgression for
all 11 elements. However no QTL was detected foe fof these elements including K, which
showed transgressive variation to both sides op#rental values. The failure of detection of QTLs
associated with transgressed traits has also beported for RIL populations of tomato
(Saliba-Colombani et al., 2001) and tobacco (Jeti@l., 2006). Transgressive segregation that is
observed in a population is normally due to thespnee of complementary QTL alleles in the two
parental lines. However when there are several Qiricsthe QTL effects are relatively small they
may not be detected.

The trait analysis showed that significant positteerelations existed among the tested minerals.
This is also the case for seed mineral contenbmmon bean (Beebe et al., 2000) and Arabidopsis
(Vreugdenhil et al., 2004). The correlation betwebffierent minerals implicated pleiotropy for
genes controlling accumulation of these mineralslase linkage of genes. Therefore consideration
must be taken in a breeding program for mineraltemdnimprovement, especially when toxic
minerals are involved. However we did not find aanyn as co-localized QTLs as we found
significant correlations between concentrations different minerals. Co-localization of QTL
involved in different minerals was reported prewiyufor Arabidopsis seed mineral content
(Vreugdenhil et al., 2004), with most of these goalization of K/Ca and K/Ca/Mn QTLs. Instead
we found co-localization of a QTL for Mg and Sridtfrequently observed that the Ca: Sr: Ba ratio
in the shoot is identical to that of the solutianvthich roots are exposed, and therefore a close

correlation had been found between the accumulati@a, Sr and Ba by plant species grown in the
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same substrate (reviewed by White, 2001). The tegul this study further indicate that the
accumulations of Ca, Mg and Sr share common meshmniand are therefore under the same
genetic control. It was reported for rice that aL@ffecting K concentrations under saline condsion
coincided withQsHKT8 a Na transporter (Ren et al., 2005). AlthoughQid. was detected for K
concentration in the present study, the significeegative correlation between K and Na implies that
there could be a similar competition of their acalation inB. rapa

Although the heritabilities for most mineral contations were not low, only one or two QTLs
with an explained variance per locus varying frdirl118.2 % were detected for individual minerals,
suggesting that most QTLs had small effects andresd undetected. The observation that no major
QTL (explaining more than 30 % of the phenotypidatace) was detected for mineral accumulation

indicates that it is under complex genetic contrd®. rapa

QTL for SDB

We carried out two independent experiments fortp&PB analysis under Zn deficiency and Zn
excess conditions. Relative shoot growth based mnbtbmass was previously identified as a
suitable parameter for tolerance evaluatioBi@ssicacrops to Zn stress (Grewal et al., 1997; Wu et
al., 2007). Therefore in the present study we itigated SDB under deficient and excess Zn supply.
Considering that SDB represents a complex traiuging production-related characters as well as
adaptive traits that must be changed in plantsrderoto adapt to (a)biotic stress (Ronnberg -
Wastljung and Gullberg, 1999), we also analyzed $DBer normal Zn supply as a reference to the
SDB obtained after Zn deficiency and excess treatseOnly few QTLs were detected for SDB,
with low explained variance<(15 %). This is consistent with previous reportst e analyses of
plant responses to environmental stress are ggnesakaling only few major QTL (Koyama et al.,
2001), indicating that a large number of genesrdmute to the overall phenotype.

A QTL for SDB was mapped on R3 under different Zrition conditions and did not show a
significant interaction between the genotype o$ tloicus and the Zn treatment. This suggests that
this locus controls plant SDB in general. For ZTd00SDBBQTL on R6, which wasgdentified for
excessive Zn condition only, the interaction betweagenotype and Zn conditions is also not
significant. As the LOD score of this locus wag jalsove threshold for QTL determination and with

a low explained variance, this minor QTL might haascaped QTL detection under normal Zn
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condition. The much higher effect of Zn conditid’®0(© %) on SDB than that of genotype of this
locus (4.5 %), as revealed by ANOVA, indicates thanetic improvement on Zn stress tolerance
needs integration of a large number of genes.itiefit detection of major QTL, specifically related
with SDB under Zn stress conditions in the pressntly is most likely due to the multi-genic
inheritance of the trait, which has also been regbfor QTL mapping of rice tolerance to Zn
deficiency (Wissuwa et al., 2006). More detailed/gblogical studies that distinguish between

sub-processes may allow an improved genetic dissech tolerance to Zn stress.

Conclusion

In the present study, QTLs were identified for simeral concentrations in leaves and one QTL
for shoot dry biomass yield was specifically detectinder Zn excess conditions. These results will
contribute to the understanding of mineral accutiwieand plant tolerance to Zn nutrition stress in
B. rapa These QTLs will be validated in practical markssisted selection iB. rapavegetables

breeding for high nutritional quality.
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Fig 1 Genetic linkage map based on a population of 183liDét of B. rapa ssp.pekinesis and
positions of QTLs associated with the concentrabbsix minerals in leaves and with Shoot Dry
Biomass (SDB). Marker loci are listed to the rigimd recombination distances (cM) to the left of
each linkage group. Skewed marker loci are indecatéh + (skewed to Y177) or * (skewed to
Y195), the number of * or + indicates the level ignificance with one symbol indicating
significance at P&.05; two at P@.01; three at F005; and four at Fx001. Locations of QTLs are
indicated by bars to the right of the linkage gmuphe length of a bar indicates the two-LOD
confidence interval. The direction of the arrow dhéadicates the relative effect of the Y177 allele

with upward for increasing and downward for decirggas

Fig 2 Frequency distributions of non-normalized datatf@r concentration of six minerals in leaves
for which QTLs are identified in the DH populatiohB. rapa ssp.pekinesisThe parental values are
the mean value of two replicates, indicated withaarow for each parent. The horizontal bars

represent the range of the parental values.
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Chapter 4

Identification and functional analysis of two ZIP metal transporters of

Thlaspi caerulescens

Jian Wu , Xiaowu Wang , Mark G. M. Aarts

Abstract

A cDNA library of Thlaspi caerulescenwas screened to clone highly expressed putativialme
transporters of the ZIP family. Two full-length cBNclones highly similar respectively to the
Arabidopsis thalianagenesZIP5 and ZIP6 were isolated and were nam&dZNT5and TcZNT6
Transcript level analysis revealed the constitlyivieigh expression of these two genesTin
caerulescensompared to its Arabidopsis orthologue®5 andZIP6. The expression ofcZNT5in
roots was higher in the La Calamine (LC) accessibil. caerulescenshan in the Ganges (GA)
accession, regardless of Zn and Cd supply, anduwyasgulated in roots by Zn deficiency both in
LC and GA. The expression @tZNT6was consistently high in GA roots regardless ofaZrCd
level, but was expressed at a lower level in LGg@nd down-regulated upon Cd exposure. Loss of
function of theAtZIP5 gene in Arabidopsis increased its tolerance to liid, overexpression of
TcZNT5in Arabidopsis did not lead to any change in plygo®. In contrast, loss of function of
AtZIP6in Arabidopsis did not change its phenotype, brexpression ofcZNT6increased the Cd
sensitivity of Arabidopsis as measured by reduced growth. In conclusionfcZNT5and TcZNT6
expressions respond to changes in Zn or Cd expoasiréo the expressions AfZIP5 and AtZIP6,

but a clear function for these two orthologous gese¢s in metal homeostasis could not be

established.

Keywords ZIP, Thlaspi caerulescensnetal transport
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Introdution

The molecular understanding of zinc (Zn) transpertnd their role in plant metal homeostasis is
important because Zn is essential for all organifonsts key structural and catalytic role in many
protein and enzymes. Human Zn deficiency ranksdtlifter Fe and vitamine A deficiency in
significance of nutritional diseases (HambridgeD@0 Food Zn content is very important for human
Zn intake, because the supplementation of minesmlseften difficult to achieve, especially in
developing countries when the diet is based manlycereals. Therefore, breeding of crops with
increased Zn content has been proposed as a rnsegstrto reduce Zn deficiency (Graham et al.,
1999; Welch and Graham, 1999). Molecular knowlede Zn accumulation, for which Zn
transporters are assumed to be crucial, will tleeefhave very important biotechnological
applications in creating crops with high Zn cont@amesh et al., 2004).

Using molecular genetics techniques, a wide rariggene families have been identified in plants
that are involved in metal transport (see reviewHsll and Williams, 2003). Members of the
ZRT-IRT-like Protein (ZIP) family were the first ria transporters to be identified in plants (Eide e
al., 1996). Fifteen ZIP genes have been identifiredrabidopsis so far, based on whole genome
sequencing. Some of them have been characterizdhaown to be involved in metal uptake and
transport in plants (Maser et al.,, 2001). Genesoding ZIPs have also been identified and
characterized from other plant species. In geriemVIPs have the capacity to transport a variéty o
divalent cations including Zf F€*, Mn** and Cd* (Guerinot, 2000) and the expressionZdP
genes is regulated by environmental metal levetst@Get al., 1998)AtIRT1andAtIRT2 have been
described to have an essential role in maintenahaen homeostasis (Vert et al., 2001, Vert et al.
2002; Connolly et al., 2002; Varotto et al., 20B2nriques et al., 2002AtZIP1, AtZIP2 andAtZIP3
confer Zn uptake activity in yeast (Grotz et a@98). GmZIP1 a homologue oAtZIP1in soybean,
was identified as a Zn transporter (Moreau et241Q2). MtZIP2 was shown to be a Zn transporter
localized at the plasma membrane in roots and stérivedicago truncatulawith up-regulation in
roots by Zn fertilization (Burleigh et al., 2003).

Thlaspi caerulescens Zn/Cd/Ni hyperaccumulator, has been used asdenspecies for dissection
of the genetic and molecular mechanism of metalimctation and homeostasis (Assuncéo et al.,
2003).TcZNT1andTcZNT2 the proposed. caerulescensrthologues of the Arabidops#g¢ZIP4and
AtIRT3 genes respectively, are constitutively over-exggdsin roots even when exposed to 1 mM
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Zn** (Assuncdo et al., 2001; Pence et al., 2006¥NT1was shown to mediate high-affinity Zn
uptake and low-affinity Cd uptake (Pence et alJ®0Homologous gend§ZNT1landTjZNT2were
isolated from the Ni hyperaccumulatdr japonicaand were shown to be able to transport Zn, Cd
and Mn (Mizuno et al., 2005). Two copies TifIRT1were detected in two accessions (Gangs and
Prayon) of T. caerulescenswith predominant full-length transcript in Gangesd truncated
transcript in Prayon (Plaza et al., 2007). The esgion ofTcIRT1was induced by Fe deficiency or
by exposure to Cd, whiléclRT1showed less effect in mediate Cd sensitivity insgghanAtIRT1
Expression offcZNT5was also compared for the two accessions showiaigitZNT5was mainly
expressed in roots and the expression level waé mmgber in Prayon than in Ganges.

Transcript profiling has been used to investigatee tmolecular mechanism of metal
hyperaccumulation (Weber et al., 2004; Becher.e2804; Hammond et al., 2006; van de Mortel et
al., 2006), assuming that genes involved in meyakeraccumulation will be higher expressed and
differently regulated than those in non-hyperacdamous. Comparative transcript profiling of the
Zn/Cd hyperaccumulatok. halleri andA. thaliana showed similar expression levels in roots of the
two species foZIP5 andZIP6 (Weber et al., 2004). However, transcriptionZt®6 in shoots was
substantially higher i\ halleri than inA. thaliana (Becher et al., 2004). Expression&P5 was
upregulated in roots dh. thalianaupon Zn deficiency and if. caerulescenthis gene was higher
expressed compared to Arabidopsis (van de Morital.e2006). These studies indicate thHS5 and
ZIP6 and their orthologues are likely to have a promedginrole as possible Zn/Cd transporters in Zn
homeostasis and Zn/Cd hyperaccumulation.

Here we report the cloning of full-length cDNAs tio new ZIP members of. caerulenscens
accession La Calamine (LC), which were nariedNT5andTcZNT6based on their high similarity
to the A. thaliana genesAtZIP5 and AtZIP6 respectively. Transcription levels of the twio
caerulescengienes were compared with their presurdedhalianaorthologues and by comparing
the T. caerulescensaccessions LC and GA, which differ in Cd hyperacalation potential.
Additional evidence for a functional role in Zn heastasis was sought in studying T-DNA insertion
knock-out mutants oAtZIP5andAtZIP6 and Arabidopsis plants over-expressitgNT5or TCZNT6G

for their phenotypic response to growth on medit different Zn and/or Cd supply.
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Materials and methods

Library screening

A cDNA library made from roots ofhlaspi caerulescenss described by Assuncéo et al. (2001)
was used for full-length cDNA cloning. Partial cDNé&lones RR9nr066 and RR8nr089 in a
pAD-GAL4-2.1 vector had been identified as putatirthologues ofAtZIP5 and AtZIP6 (Rigola et
al., 2006). cDNA fragments (approximately 500bp foe ZIP5 homologue and 650bp f&IP6
homologue) cut from the pAD-GAL4-2.1 plasmid BgoR andXhd were used as probes for cONA
library screening. The probes were labeled witfi’P]dATP using the Hexalad& DNA labeling kit
(Fermentas, http://www.fermentas.com/). The isdlat®NA clones were sequenced by ABI PRISM
BigDye terminator cycle sequencing technology va€gording to the manufacturer’s instruction

(Applied Biosystems;http://www.appliedbiosystems.con using an ABI3700 DNA analyzer.

Sequence analysis was performed wusing the standBrAST sequence comparison

(http://www.ncbi.nlm.nih.gov/BLAST). Transmembrane domains were defined according to

TMHMM ( http://www.cbs.dtu.dk/services/TMHMMlintracellular localization was predicted using

PSORT (www.psort.nibb.ac.jp Sequence alignment was conducted by MegAlign ABtr,

Madison WI). Phylogenetic analysis was conductedguSIEGA version 3.1 (Kumar et al., 2004)

Plant material

Seedof A. thaliana Columbia-0 andl. caerulenscemJ. & C. Presl accession LC were germinated
on garden peat soil (Jongkind BV, The Netherlandibyee-week-old seedlings were transferred to
hydroponics, three plants per pot filled with 1 lodified half-strength Hoagland nutrient solution
(van de Mortel et al., 2006). After growth for threveeks on this solution, the caerulenscens
plants were transferred to the same nutrient swiutiith a deficient (uM), sufficient (100uM), or
high (1000 uM) ZnSQy concentration on which they were grown for 7 adddl days. The
Arabidopsis plants were transferred to the samaemitsolution with deficient (M), sufficient (2
uM) or high (25uM) ZnSQ.. The nutrient solution was replaced once a weelnduhe first three
weeks and thereafter twice a week.

For comparison of transcription levels TdZNT5and TcZNT6betweenT. caerulescensccessions
LC and GA, plants were grown as described abovedintg two additional cadmium treatments (Zn
100puM + Cd uM and Zn 10QuM + Cd 10uM).
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DNA blot analysis

Genomic DNA was extracted from thré&ecaerulescensiccessions: LC, Monte Prinzera (MP), GA
and Austria; and foumhlaspi species:T. japonicum T. praecox T. minimumand T. perfoliatum
using a modified CTAB method (Fulton et al., 199Bjigestion of genomic DNA, TAE gel
electrophoresis, DNA blotting, prehybridization,bhiglization and washing were all performed as
described by Assuncad et al. (2001). Partial cDkggrinents digested from the pAD-GAL4-2.1
vector plasmid containing full-length cDNAs usiigcoR and Xhd for TcZNT5 (1032 bp) and
TcZNT6(1310 bp) were used as probes and labeled askssabove.

Semi-quantitative RT-PCR

Leaves or roots of one pot containing three Arabsitoor thred. caerulescenglants per treatment
were pooled and homogenized in liquid nitrogenalf&NA of leaves or roots was extracted with
Trizol (Invitrogen) following the manufacturer’s stiuctions. Five micrograms of total RNA was
used to synthesize cDNA with MLV reverse transesgt (Invitrogen) and oligo(dT) as a primer
(Invitrogen). The PCR amplification was performeihwa 2-pl cDNA aliquot. ThétZIP5 forward
primer was 5-ATGAGAATCACACAAAACGTCAAGC-3' and the reverse primer was
5-TGGGATTCACCAGATTCCAC-3; the TCcZNT5 forward primer was
5-ACCGGAGCCGAGTTGTG-3' and the reverse primer WE#sTGGGCCATGATTTGAAGC-3’;
the AtZIP6 forward primer was 5-GTCACCGGAACAGAGGCAGCAA-3 arttle reverse primer
was 5-TTCACCGCAAGTCGTCAGCATCTT-3; the TcZNT6 forward primer was
5-AGAGACGGAGACGCGGCGG-3 and the reverse primer swa
5-CTGATGAAACGAAAGAGTAGCG-3'. Primer pairs forTubulin were used as a control for
using similar cDNA gquantities for each sample. Porthaliana the forwardTubulin primer was
5-AAGCTTGCTGATAACTGTACTGGT-3 and the reverse pren was
5GGTTTGGAACTCAGTGACATCA-3'; for T. caerulescens the forward primer was
5-CTACGCACCAGTCATCTCT-3 and the reverse primer wa
5-CGAGATCACCTCCTGGAACA-3'. 25 cycles were perforeheor Tubulin PCR amplification
from Arabidopsis andl. caerulescenssamples. PCR fragments were separated on an wethidi

bromide stained 1 % agarose TAE gel.
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Construction of expression vectors
The full-length cDNAs ofTcZNT5and TcZNT6were amplified from the pAD-GAL4-2.1 vector
plasmids by PCR. Gateway primers were used for PQ@R forward primer was

5-GGGGACAAGTTTGTACAAAAAAGCAGGCTGATCGAATTAGGATCOCTGC-3,,

containing the attB1 sequence (underlined) arBaaHI site (italic) in pAD-GAL4-2.1, and the
reverse primer was 5'- GGGGACCACTTTGTACAAGA

AAGCTGGGTCTAATGGGCTCGARGTCGAC-3', containing the attB2 sequence (undedin

and anXhd site (italic) in pAD-GAL4-2.1. The PCRs were panined with the proofreading Pfu
polymerase (Fermentas, http://www.fermentas.comB&tC for 5 min, followed by 30 cycles of 93
°C for 1 min, 55 °C for 1 min and 68 °C for 3 mamd finished by an extension at 68 °C for 10 min.
PCR products were recombined into pDONR207 (Ingigrghttp://www.invitrogen.com) in a 1(}

BP Clonase (Invitrogen) reaction following the meawturer’s instruction. The fragments were
transferred from their donor constructs to the hyirever-expression vector pGD625 (de Folter et al.,
2006), under the control of the double 35S CaMVamader, in a 1Qd LR Clonase (Invitrogen)
reaction following the manufacturer’s instructiobhe binary constructs were introduced i#o

tumefacienstrain AGLO by electroporation.

Plant transformation

The binary constructs with full-length cDNAs ®€ZNT5and TcZNT6were used to transfori.
thaliana Columbia-0 (Col) by the standard flower dip meti{Gtbugh and Bent, 1998). The primary
T1 transformants were selected on 0.5 X MS mediwntaining kanamycin (50 mg/ml).
Kanamycin-resistant plants were transferred tq soidl the T2 seeds resulting from self-fertilizatio
were collected. The T2 seeds were plated on the smhection medium and scored for kanamycin
resistance. Transgenic lines that displayed a 8gregation ratio for kanamycin resistance :
sensitivity in the T2 generation indicating a sengtDNA insertion locus were selected for further
analysis. In the T3 generation, because of silgncinresistance to kanamycin in all the selected
lines, we tested 12 T3 progeny plants from ten Thts each by PCR using the gene specific
primers forTcZNT5and TcZNT6designed for the semi-quantitative RT-PCR. GenodWA was
isolated using a modified CTAB method (Fulton et 40995). The lines for with all the 12 T3
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progenies contained a T-DNA were deemed to be hpgous transgenic lines. T4 seeds from these
plants were used for further experiments. The esgioa levels ofTcZNT5and TcZNT6in the
transgenic lines were determined by RT-PCR usiny&ade from T4 plants grown in soil for 30

days.

Selection of homozygous T-DNA insertion plants

SALK_ 009007 and SALK 116013 Arabidopsis T-DNA irtsan lines were obtained from the
Nottingham Arabidopsis Stock Centre (NASC). SALK9007 carries a T-DNA insert
approximately 357 bp downstream of the start offittseé exon ofAtZIP5 (At1g05300), while

SALK_ 116013 carries a T-DNA insert approximatel\83fp downstream of the start of the first
exon ofAtZIP6 (At2g30080) (Alonso et al., 2003). Genomic DNA visdated from eight plants of
SALK 009007 and 16 plants of SALK_116013. Homozygoutants were identified by PCR using
genomic DNA as template and separated combinatibpemer LBb1, designed to fit the left border
of the T-DNA insert (5- GCGTGGACCGCTTGCTGCAACT-3(http://signal.salk.edu), and

AtZIP5 or AtZIP6 specific primer pairs. The gene specific primdrgpaere same as those used in
semi-quantitative RT-PCR fétZIP5andAtZIP6, only except the reverse primer #iZIP6 was 5'-
TGCAACCACCAAGACCCAAA-3'. Seeds harvested from tlientified homozygous T-DNA
insertion plants and homozygous wild-type plantgegating in the respective SALK lines, were

used for further phenotype screening.

Metal tolerance screening

Seeds were sterilized and sown on 0.5 X MS mediomaining deficient or high Zn (@M or 200
uM), deficient Fe (0.uM), Cd (50uM) and Fe deficient (0.5M) medium supplemented with Cd
(50 uM). 0.5 X MS medium was used as control. For eaeatinent, five replicates were used for
each line with 20 seeds sown in each replicateerAfeing sown on media, seeds were kept at 4 °C
for 4 days in the dark to synchronize germinati®eedlings were grown in a 14 h light, 10 h dark
cycle at 20 °C day and 15 °C night temperatures. fditenotypes were studied on 15-day-old plants

by measuring root length.
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Results

Cloning of full-length cDNA clones encodinglcZNT5 and TcZNT6

A cDNA library prepared from roots of. caerulescenglants from accession La Calamine (LC),
grown hydroponically in 1M Zn (Assuncao et al., 2001), was screened to ctbeefull-length
cDNAs forT. caerulescengenes orthologous #itZIP5 (At1g05300) anditZIP6 (At2g30080). Two
partial T. caerulescensDNA clones (RR9nr066 and RR8nr089) previously idiexd to have high
identity respectively tAtZIP5 and AtZIP6 (Rigola et al., 2006), were used as probes toesctiee
cDNA library. Three positive clones were obtained €ach probe. Nucleotide sequence analysis
revealed that one of the three positive clonesctiedewith the RR9nr066 probe had an open reading
frame of 1068 bp covering the full predict&tZIP5 ORF and encoding a predicted protein of 355
amino acids and 37 KDa. It contains eight transnramd domains (TMs) (Fig. 1). The sequence has
86% DNA identity and 85% amino acid identity withtZIP5 and was provisionally named
TcZNT5-LC There is a putative metal binding domain contajna series of repeated histidine
residues (HVHAHGHAHG) between TM3 and TM4, andlgcahas the conserved histidine residue
in TM4 found in many members of the ZIP family. Acding to TAIR (www.arabidopsis.org), both
AtZIP5 and the related protein AtZIP3 are targetedthe plasmamembrane. Considering the
similarity in sequence also TcZNT5-LC has a cledvalrterminal signal sequence of 25 residues
(PSORT) and will be targeted to the plasma membrdahere are three other full-length cDNA
sequences ofcZNT5from T. caerulescensccessions GA and Prayon (PR) deposited in theINCB
genebank. Remarkable is that the protein predicidze encoded bycZNT5-GAlacks three amino
acids close to the N-terminus. It is not cleahi$twill interfere with protein localization.

The sequence of the longest of three positive slodentified by the RR8nr089 probe contains an
open reading frame of 1023 bp encoding a prediptetein of 340 amino acids, with a molecular
weight of 35 KDa. The protein contains eight paeniMs (Fig 2), a cleavable N-terminal signal

sequence of 44 residues. This protein is also gedlito be targeted to the plasma membrane,

although Swiss-Prottp://www.ebi.ac.uk/swissprgtséuggests localization to the plastid membrane.
The cDNA sequence has 86% DNA identity and 90% araiid identity withAtZIP6 and therefore
the sequence was provisionally nanf@@NT6-LC In contrast to most members of the ZIP family,
TcZNT6-LCcontains only two histidine residues as potentiatal binding motifs in the variable

region between TM3 and TM4. However, it contains tdonserved histidine residue in TM4. The
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predicted amino acid sequenceJOZNT5-LCandTcZNT6-LCwere aligned with the other members
of the ZIP gene family (Fig 3). Phylogenetic analysevealedTcZNT5is closest toAtZIP5 as
expected based on BLAST analysis, and both areslgiaglated toAtZIP3 whereasTcZNT6is
closest toAtZIP6 and both are more distantly related to the othBrfamily members. According to
the previous studies on ZIP family membersTircaerulescensind the nomenclature used before
(Pence et al., 2000; Assuncéo et al., 2001), wpga® to maintain the provisional names for these
two genes a$cZNT5andTcZNT6

DNA blot analysis was performed to try and deteertime copy number of tHEeZNT5andTcZNT6
genes in thel. caerulescenggenome and in those of relatdthlaspi species (Fig 4). We used
restriction enzymekcoR andXbad (the latter only fofTcZNTH for genomic DNA digestion, which
cut once Ecarl) or not Kbd) in the TcZNT5cDNA sequence and not in theEeZNT6 cDNA
sequence. There were always at least two banded&coR and Xba digestions inT. caerulescens
accessions hybridized with the TcZNT5 probe (Fiy,4&uggesting there are at least two copies with
similarity to the probe. Considering the close fnily of AtZIP5andAtZIP3 (stretches of over 85%
DNA similarity) and the much lower band intensitiytbe second (or third) band, this is likely to be
cross-hybridization to a gene with homologyAtZIP3 (TcZNTJ rather than a strong indication of
an additional copy of &cZNT5like gene. Similar cross-hybridization was prewlyufound for
TcZNTlandTcZNT2(Assuncéo et al., 2001).

As was previously found fddRAMPgenes, there is much stronger hybridization of2AN&5 probe

to the lanes withl. japonicumgenomic DNA. As the amount of genomics DNA loadeaachT.
japonicumlane was comparable to those of thecaerulescentanes (data not shown) it looks like
duplications of th@jZNT5gene have occurred in this species. Considerimdptli number of bands,
these duplications are likely to be very similaesxh other.

For theTcZNT6hybridization, there were accessions with only byleridizing fragment, suggesting
there is only one copy of this gene within caerulescengFig 4b). Since there are also in
Arabidopsis no closely related ZIP family member&\tZIP6, this supports the cross-hybridization
of the TcZNT5probe to the putativ8cZNT3 TjZNT6 does not seem to be duplicated to the same

extent ad[jZNT5in T. japonicum

Analysis of TcCZNT5 and TcZNT6 transcript levels
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The role of TcZNT5and TcZNT6in metal accumulation and homeostasisTincaerulescensvas
firstly evaluated by their expression upon expogarearious metal conditions. Transcript levels of
TcZNT5and TcZNT6in leaves and roots were compared to those of tréiologuesAtZIP5 and
AtZIP6 in the non-hyperaccumulatéx. thaliana using semi-quantitative RT-PCR on in 4-week-old,
hydroponically grown plants. BoticZNT5and TcZNT6were more or less constitutively expressed
in leaves and roots, whereas expressiot@iP5 and AtZIP6 is clearly different in response to
changes in Zn supply (Fig 5). In general, expressiblcZNT5and TcZNT6is higher than that of
AtZIP5 andAtZIP6. Expression oAtZIP5was induced under Zn deficiency both in roots simabts,
while expression oAtZIP6 was induced by high Zn supply. The transcript lesfeTcZNT5was
higher in roots than in leaves, whileZNT6was expressed at a similar level in leaves antsroo
under the tested Zn levels. In Arabidop&igIP5is only slightly higher expressed in roots leaves.
This difference is much more pronouncedA¢ZIP6 expression.

As T. caerulescenss a Zn/Cd hyperccumulator, we further testeddi@nges of transcript levels of
TcZNT5and TcZNT6in roots and leaves upon different Zn and Cd stébwn two T. caerulescens
accessions, LC and GA. These two accessions araisimZn/Cd tolerance, but GA accumulates
more Zn and Cd than LC (Assuncdo et al., 2003bjni-$eantitative RT-PCR analyses were
conducted on the plants grown under deficieniND), sufficient (10uM and 100uM) and high Zn
(1000 uM) together with sufficient Zn (10QM) in the presence of low Cd {@M) or high Cd (10
uM). As shown beforefcZNT5was predominantly expressed in roots in both awoes (Fig 6), but
with a higher expression in LC compared to GA. altgh much less than what we observed for
AtZIP5, expression offcZNT5was also slightly up-regulated in roots under &ficdency in both
accessions. Cd treatment did not alter the expnessvel ofTcZNT5in LC roots, whereas in GA the
expression is marginally up-regulated at 1 pM Cd.@® puM Zn), but down-regulated at 10 uM Cd
(+ 100 pM Zn) compared to 100 uM Zn in the abseoté&€d. There was more difference in
expression officZNT6between two accessions, especially in roit€NT6was expressed at similar
levels in shoot of both accessions, irrespectivthefmetal supply. In GA this was also the case for
root, but in LC the expression in roots was loweartin GA, and down-regulated in response to 10

UM Cd (+100 uM Zn).

Root growth of zip5 and zip6 loss of function mutant
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Investigating the function ofcZNT5andTcZNT6in T. caerulescens cumbersome in the absence of
a collection of T-DNA insertion mutants like in Axidopsis. Therefore we analyzed T-DNA insertion
mutants of their orthologues in Arabidopsis. Hongiays T-DNA insert plants and wild-type sister
(WT) plants were isolated by PCR screening (datashown). RT-PCR confirmed the expression of
the genes in the WT plants. No expression was t#eten the mutants (data not shown) indicating
that the T-DNA is not spliced from the transcripidathe insertion is likely to cause a null allele.
When grown in soil, the knock-out mutants showedvisibly different morphological phenotype
compared to wild type. When screened for root ghowh vertical plates, there was only a
statistically significant difference betweeip5 and WT plants when grown on medium containing
Cd, with zip5 plants growing longer roots, suggesting increa€etl tolerance. However this
difference disappeared when plants were grown atfiunewith low Fe supply (0.56M ) even in the
presence of Cd (Fig 9). For tlp6 mutant plants, no significant differences in réarigth were
found when compared to WT plants, irrespectivenefrnetal exposures, suggesting this gene has no

role in conferring metal tolerance to act highlguadant or not.

Transgenic Arabidopsis lines overexpressingcZNT6 exhibit increased sensitivity to Cd

T. caerulescenss very tolerant to high Zn and Cd exposure antlang hyperaccumulator of Zn and,
in the case of accession GA, also of Cd. In gen#ralexpression ofcZNT5and TcZNT6is much
higher inT. caerulescenthan that of theé\tZIP5 andAtZIP6 orthologues in Arabidopsis, and tie
caerulescengxpression of these genes is not so much influebgeaitered metal supply as it is in
Arabidopsis. Thus, it could be that the strong f@taumulation and/or tolerance Bfcaerulescens

is partly caused by a higicZNTexpression. To test this further, we transformAethaliana Col-0
with the TcZNT5and TcZNT6full-length cDNAs controlled by the strong and stitutive CaMV
35S promoter. Three independent homozygous singlgs| transgenic overexpression lines were
obtained for each gene. For thEZNTS5 overexpressor lines, the transgene expression was
comparable, as confirmed by RT-PCR. However, fer itZNT6 construct, only one of the three
lines had a similarly high expression of the tramgas for th8cZNT5overexpressors, with two
other lines still showing higher expression thapested for thé\tZIP6 gene (Fig 8).

Like for the zip5 and zip6 knock-out plants, plants expressifigZNT5and TcZNT6did not show

obvious morphological alterations when they weaagr in soil. These transgenic lines were further
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examined for their tolerance to metal stressesdlBggs were grown for 15 days on vertical plates
with different metal levels before the root growtlas measuredicZNT5overexpression seems to
induce marginally longer roots at low Zn, low Fedamgh Cd supply, although these differences
were not statistically significant (Fig. 9a). Higherexpression ofcZNT6resulted in significantly
reduced root length compared to the WT plants dadtg with modesTcZNT60overexpression on
medium supplemented with Cd (pM), either under sufficient and deficient Fe supglyggesting a
generally increased Cd sensitivity (Fig 9b, c¢). Bxposures to Zn deficiency or excess Zn showed

no significant differences in root length (Fig 9b).

Discussion

Screening of a. caerulescensoot cDNA library identified full-length cDNA clags of two ZIP
family members, TcZNT5 and TcZNT6 the latter of which had not yet been identified Ti.
caerulescendefore. The predicted proteins encoded by the dewwes share all common features
found in ZIP proteins: they have eight putativensmembrane domains (TM); they contain a
histidine repeat in the variable region between Tan8 TM4 which has been proposed as the metal
binding and/or sensing site (Grossoehme et al.6R@hd they have the conserved histidine residue
in TM4 which is predicted to occupy the polar famethe amphipathic helix and has a role in
substrate transport through the membrane (Eng,et98; Guerinot, 2000).

The N-termini of the predicted protein sequencesth&f four identified TcZNTS5 alleles from
accessions LC, GA and PR (two alleles) are diffefeam the predicted protein sequence of the
ArabidopsisAtZIP5 gene. AllT. caerulescenslleles seem to lack one of the codons encoding a
phenylalanine residue. However, when comparingAtZ®P5 predicted protein sequence to that of
the related genAtZIP3 it shows that this sequence is also lacking tienplalanine residue and an
adjacent leucine residue, suggesting that the segumay not be critical in terms of providing
proper protein function. Also within the thrde caerulescensilleles there are some differences.
Most striking is the absence of three codons emgpdys8-Leu9-Leul0 in th&cZNT5-GApredicted
protein sequence. In principle this deletion cadikturb the subcellular localization of the TcZNT5
protein in GA, but since no other non-sense mutatiare present in the sequence, it is likely this
allele encodes a functional protein targeted tostwme subcellular position as the protein for the

other accessions. It will be interesting to deteerihe subcellular localization experimentally gsin
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a GFP protein fusion.

Both TcZNT5and TcZNT6are more or less constitutively expressed.icaerulenscenswith both
root and shoot expression staying constant overda vange of Zn supplies (0-100d), which
differs from the Zn status-dependent regulatiorthef expression of their orthologud$ZIP5 and
AtZIP6in A. thaliana (Fig 5). A similarly high and constitutive express compared t@\. thaliana
was previously reported for tHEeZNT1 TcZNT2 TgMTP1 andAhMTP1genes inl. caerulescens
and other metal hyperaccumulator speciegyoesingenseand A. halleri (Pence et al., 2000;
Assuncao et al., 2001; Persans et al., 2001; Drégai., 2004). As Zn hyperaccumulationTin
caerulescends a constitutive trait involving strongly enhadcenetal uptake and root to shoot
translocation (Assuncéo et al., 2003a), highewooatiansport capacity will be needed for taking up
metals from soil or for intracellular storage atidaation (Lasat et al. 1996]. caerulescenseems

to have dealt with the demand for higher transpagacity in increasing the expression of the
available zinc transporter genes.

Both TcZNT5and TcZNT6are expressed at a higher leveTircaerulescenthan inA. thaliana The
RT-PCR results confirm the root micro-array expi@sslata forTcZNT5andAtZIP5 as determined
by van de Mortel et al. (2006). They did not repbg higher root expression 66ZNT6compared to
AtZIP6 as it probably did not exceed the 5-fold thresHelatl they used. The higher expression of
TcZNT6 in leaves ofT. caerulescensvas also observed foAhZIP6 in leaves of the Zn/Cd
hyperaccumulatoA. halleri (Becher et al., 2004). The main difference betw&ebidopsis and its
hyperaccumulating relatives is a higher accumutatibmetals in the shoots. Therefore the stronger
expression offcZNT6/AhZIPGn leaves and the increased expressioAtdtP6 upon increasing Zn
conditions suggests these genes play a role innadation or storage of Zn, for instance in
increased uptake in the mesophyl or epidermal oéllg/peraccumulator species that are considered
to be especially enriched with Zn (Ma et al., 20Bbao et al., 2000). It will be interesting to stud
the expression of ZIP6promoter::GUS or ZNT6promd&yS fusion constructs to determine the
tissue in which this gene is expressed in the aglegpecies. Alternatively, ZIP6/ZNT6 may not be
transporting Zn, but another metal. Enhanced Zrogsue may lead to the induction of deficiency
responses for other minerals such as Fe, as waobterved by van de Mortel et al. (2006). To
study this further it will be helpful to determitiee metal specificity of ZIP6/ZNT6 in heterologous

yeast expression studies.
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The strongly reduced differential regulation TdZNT5 and TcZNT6 expression in response to
different Zn supply compared to Arabidopsis is ¢stent with the hypothesis that an alteration & th
regulation of Zn transport by Zn status plays & nol enhanced Zn uptake and accumulation. In
order to further identify the function of both genan metal homeostasis, we first performed a
phylogenetic analysis of thHEeZNT5and TcZNT6genes and determined their copy numbers before
the subsequent analysis of Arabidopsis overexmmesand mutant analysis. The phylogenetic
comparison is in line with previous analysis by &gt al. (2001) for Arabidopsis ZIPs, and
confirmed the close similarity ofcZNT5and TcZNT6to Arabidopsis geneAtZIP5 and AtZIP6
respectively. It also showed thatZIP5 is most similar toAtZIP3 (Fig 3), probably explaining the
cross-hybridization to another ZIP-like gene asolvserved upon DNA blot analysis (Fig AYZIP3

is also induced by Zn deficiency in roots and hesnbshown to mediate Zn uptake across the plasma
membrane (Grotz et al., 1998). LikeZNT5the T. caerulescensrthologue ofAtZIP3 (TCZNTJ is
only marginally induced by Zn deficiency conditioms the roots (van de Mortel et al., 2006).
Although the expression dtcZNT5is much less up-regulated under Zn deficiency tahP5 (Fig

5 and Fig 6), the similarities in protein sequeand predominant expression in roots provide further
evidence to a presumed function TZNT5in Zn uptake in roots. Unfortunately the Arabidigps
knock-outzip5 mutant did not show a clear aberrant phenotypenvexposed to different Zn or Fe
supplies, but only a mild mutant phenotype of iasexl root growth under Cd supply. This suggests
that the protein has some affinity for Cd uptakeibulargely redundant as far as Zn and Fe uptske i
concerned, as was previously also found. Induckmression of iron uptake transporters such as
AtIRTZ, which has a low affinity for Cd transport (Khowstova et al., 1999), by growing plants on
low Fe supply will complement the reduced Cd uptakéity, as was observed when growing the
zip5 plants on Cd medium under low Fe supply (Fig 7)névial content analysis @ip5 mutant
plants supplied with Cd should be performed tohfeirtconfirm this.

When comparing the two accessionsTofcaerulescensexpression offlcZNT5in roots is only
slightly higher in LC than in GA, also under Cd egpre conditions. Very recently Plaza et al. (2007)
reported the lower expression level TEZNT5in GA than in PR. As GA is a much better Cd
hyperaccumulator than LC (Assuncao et al., 200BtINT5is unlikely to play a dominant role in
Cd uptake inT. caerulescensoots. The fact that overexpression TfZNT5 did not lead to

significantly different root growth upon metal exgowe suggests the possible functiomf@NT5in
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mediating Cd efflux from cytoplasm to the apoplagtjch has been proposed by Plaza et al. (2007).
Also we cannot rule out that the gene is overexgaesat the transcript level, but not at the protein
level, the exact function afcZNT5still needs to be elucidated.

Comparison of th&dcZNT6expression in GA and LC showed a lower expressidrC compared to
GA roots at equal Zn supply and a clear down-reguian the presence of high Cd. Knowing that
GA is a slightly better Zn hyperaccumulator and acim better Cd hyperaccumulator than LC
(Assuncéo et al. 2003b), this support the previopsbposed role for this protein in shoot Zn sterag
and suggests some ability to transport Cd. Addiligupport for this hypothesis can be found in
previous studies revealing that Cd uptake was asibnificantly suppressed at equimolar
concentrations of Zn in accession PR, which likei&@w in accumulating Cd (Lombi et al., 2001b),
but not in accession GA. This indicated the presesfca highly selective Cd uptake system in GA
roots, presumably caused by high expression of¢lRT1gene in GA and not in PR (Lombi et al.,
2001a, 2002; Zhao et al., 2002). Therefore, uniderconditions tested (100 uM Zn, 1 and 10 pM
Cd), GA will be readily taking up Cd at both Cd egpres, but LC will try to avoid taking up Cd in
the roots and the transport to the shoots. Ouitsesuggest thatcZNT6may be involved in this
process. Based on the high expressioM@aNT6/AhZIPGn shoots, the function of the encoded
proteins is perhaps not in the initial uptake of f@un the soil, but rather in its further transptart
the xylem for translocation to the shoot and in dipéake into shoot mesophyl and epidermal cells.
Further support for this is found in the overexpr@s phenotypes of 353cZNT6 Arabidopsis
plants, which show increased Cd sensitivity (Fig @A. Analysis of the mineral content of these
plants would be needed to verify this. Unfortunated phenotypic alterations were found in root
growth of Arabidopsizip6 mutant plants when compared to WT plants growingvertical agar
plates with additional Cd and Zn supply, illustngtionce more the redundancy amosdkpP
transporters in Arabidopsis.

In conclusion, TcZNT5and TcZNT6,two ZIP genes cloned frorm. caerulescenslikely encode
Zn/Cd transporters, similar to the previously cldieZNT1landTcZNT2genes described by Pence
et al., (2000) and Assuncéo et al. (2001). Wheled®T5may be involved in the transport of Zn
and Cd from cytoplasm to apoplastZNT6is more likely to be involved in root to shootrtsport
and distribution in the shoot. Additional studies aeeded to further elucidate the function of ¢hes

two genes and their exact role in plant mineral éostasis and metal hyperaccumulation.
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AtZI1P5 MRITQNVKLLLFFFFEISFLETAVSAGESKCECSHEDDEANKAGAKKYKTAATPSYLAAG 60
TcZNT5_GA  MKITQNV. .. V. FEFFISLLFIAVSAGESKCECSHEGDEENKAGARKYKTAATPCVLASG 56
TcZNT5 PR MKITQNVKLLV. FEFFISLLFIAVSAGESKCKCSHEGDQKNKAGARKYKTAATPCVLASG 59
TcZNT5 _LC MKITQNVKLLV. FEFFISLLFIAVSAGESKCKCSHEGDQKNKAGARKYKTAATPCVLASG 59

3

AtZ1P5 VIGVMFPLLGKFFPSLKPETTFFEVTKAFAAGVILATGFMHVLPEGYEKLTSPCLKGEAW 120
TcZNT5 _GA  VIGVLFPLSGKYFPSLKPETNFFFVTKAFAAGVILATGEMHVLPEGYEKLTSPCLEGGAW 116
TcZNT5 PR VIGVLFPLLGKYFPSLKPETNFFFVTKAFAAGVILATGEMHVLPEGYEKLTSPCLEGGAW 119
TczZNT5 LC  VIGVLFPLLGKYFPSLKPETNFFFVTKAFAAGVILATGEMHVLPEGYEKLTSPCLEGGAW 119

4

AtZ1P5 EFPFTGFIAMVAATLTLSVDSFATSYFHKAHFKTSKRIGDGEEQDAGGGGGGGDELGLHV 180
TcZNT5_GA  EFPFTGFIAMVAAILTLSVDSFATSYFYRLHFKPSKKIGDGEER. . . . SGGGGDELGLHV 172
TcZNT5 PR EFPFTGFIAMVAAILTLSVDSFATSYFYRLHLKPSKKIGDGEER. . . . SGGGGDELGLHV 175
TcZNT5 _LC EFPFTGFIAMVAAILTLSVDSFATSYFYRLHLKPSKKIGDGEER. . . . SGGGGDELGLHV 175

5

AtZIP5 HAHGHTHGIVGVESGESQVQLHRTRVVAQVLEVGIIVHSVVIGISLGASQSPDTAKAiEK.240
TcZNT5 _GA  HAHGHAHGIVGVDSGGSEVQTHRSRVVAQVLEVGIIVHSVVIGISLGASQSPDTAKALFA 232
TcZNT5 PR HAHGHAHGIVGVDSGGSEVQTHRSRVVAQVLEVGITVHSWVIGISLGASQSPDTAKALFA 235
TcZNT5 LC HAHGHAHGIVGVDSGGSEVQTHRSRVVAQVLEVGITVHSWVIGISLGASQSPDTAKALFA 235

6 7

AtZIP5 ALMFHQCFEGLGLGGCIAQGNFNCMSITIMSIFFSVTTPVGIAVGMAISSSYDDSSﬁEKE 300
TcZNT5 GA  ALMFHQCFEGLGLGGCIAQGNENCTSITIMSILESVITPIGIAVGMGIANSYDESSPTAL 292
TcZNT5_PR  ALMFHQCFEGLGLGGCTAQGNENRMWITIMSILESVTTPIGIAVGMGIANSYDSSSSTAL 295
TcZNT5_LC  ALMFHQCFEGLGLGGCTAQGNENRMWITIMSILESVTTPIGIAVGMGIANSYDSSSSTAL 295

8 9

AtZI1P5 IVQGVLNAASAGILIYMSLVDFLAADEMHPKMQSNTRLQIMAHISLLVGAGVMSLLAKWA 360
TcZNT5 GA  IMQGVLNSASAGILIYMSLVDFLAADFMHPKMQSNTGLQIMAHISLLVGAGIMSLLAKWA 352
TcZNT5 PR IMQGVLNSASAGILIYMSLVDFLAADFMHPKMQSNTGLQIMAHISLLVGAGIMSLLAKWA 355
TcZNT5 LC  IMQGVLNSASAGILIYMSLVDFLAADFMHPKMQSNTGLQIMAHISLLVGAGIMSLLAKWA 355

Fig 1. Sequence alignment of predicted protein sequenicE&sZNT5-LCfrom T. caerulenscenand
those of two additiondl. caerulescenalleles (GeneBank accessions AJ937739 (GA) and 2629
(PR) and ofAtZIP5 from A. thaliana (At1g05300, GeneBank accession AC000098). Sequesree
aligned using the ClustalW method. Identical resglof TcZNT5 and AtZIP5 are shaded. The
putative transmembrane domains (TM) are numberddaarlined. A conserved stretch of repeated
histidine residues between TM3 and TM4 and a caeskhistidine residue in TM4 are highlighted
in bold.
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1
AtZI1P6 MASCVTGTEAAIRAAACRDGEEASHLKIVAVFATFLTSVFGVWGPVLLAKYFHGKPLYDK 60

TcZNT6 MASCVIGTEAATRAAACRDGDAAAHLKLISVEVIFLTSVEGISAPVFLARYFHGKPVYDK 60
2 3

AtZIP6 AILVIKCFAAGVILSTSLVHVLPEAFESLADCQVSSRHPWKDFPFAGLVIMIGAITALLV 120

TcZNT6  AILVIKCFAAGVILSTSLVHVLPEAFESLADCQVSSRHPWRDFPFAGLVTIMMGVIMALLV 120

AtZI1P6 DLTASEHMGHGGGGGGDGGMEYMPVGKAVGGLEMKEGKCGADLEIQENSEEETVKMKQRL 180
TcZNT6  DLTAGEHMGHGGGGGGGGGMEYMPM. TAVGGLEMEEGKFGADLEIQESSEEELVKMKQRL 179
4 5
AtZIP6 VSQVLEIGIIFHSVIIGVTMGMSQNKCTIRPLIAALSFHQIFEGLGLGGCIAQAGFKAGT 240
TcZNT6  VSQVLEIGIIFHSVIIGVTMGMSQNQCTIRPLIATLSFHQIFEGLGLGGCIAQAGFKAGT 239

6 7
AtZIP6  VVYMCLMFAVTTPLGIVLGMVIFAATGYDDQNPNALIMEGLLGSFSSGILIYMALVDLIA 300
TcZNT6  VVYMCLMFAVTTPLGIVLGMVIFAATGYDDHNPNALIMEGLLGSLSSGILIYMALVDLIA 299

— 8
AtZI1P6 LDFFHNKMLTTCGESGSRLKKLCFVALVLGSASMSLLALWA 341

TcZNT6  LDFFHNKMLTTAGESGSRLKKLCFVALVLGSASMSLLALWA 340

Fig 2. Sequence alignment of predicted protein sequesicEsZNT6-LCfrom T. caerulenscenand

of AtZIP6 from Arabidopsis (At2g30080, GeneBank accessiod@4680). Sequences are aligned
using ClustalW. ldentical residues are shaded. putive transmembrane domains (TM) are
numbered and overlined. A conserved stretch ofategehistidine residues between TM3 and TM4,

and a conserved histidine residue in TM4 are hygitéid in bold.
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Fig 3
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The bottom bar indicates genetic distance as nuoflgrbstitutions per unit time.

Fig 3. Phylogenetic comparison of TCZNT5 and TcZNT6 vitie predicted protein sequences of 22
ZIP family members fromArabidopsis thalianaA. halleri, Thlaspi caerulescersndT. japonicum
The phylogenetic analysis was conducted using ME@®ion 3.1 (Kumar et al., 2004). GenBank
accession numbers ar8tIRT1 (NM_118089), AtIRT2 (NM_001036593) AtIRT3 (NM_104776),
AtZIP1(NM_112111) AtZIP2 (NM_125344) AtZIP3 (NM_128786) AtZIP4 (NM_100972) AtZIP5
(NM_100409) AtZIP6 (NM_128563), AtZIP7 (NM_126440), AtZIP8 (NM_148089), AtZIP9
(NM_119456), AtZIP10 (NM_102864), AtZIP11 (NM_104468),AtZIP12 (NM_125609), AhZIP6
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(AJ580315) TcZNT1 (AF275751), TcZNT2 (AF275752), TcZNT5-PR (AF292029), TcZNT5-GA
(AJ937739) TjZNT1(AB206397), TiZNT2(AB175740).
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Fig 4 DNA blot analysis ofT. caerulescensaccessions andhlaspi species. Genomic DNA was
digested withEcoR or Xba as indicated and the blots were hybridized witAicZNT5 (A) or
TcZNT6 (B) specific cDNA probe. The numbers above theetamlesignated the differefit
caerulescensiccessions: La Calamine (1), Monte Prinzera (2ndes (3) Austria (7); orThlaspi
species:T. japonica (4), T. praecox(5), T. minimum(6) andT. perfoliatum (8). Size markers at

shown on the left.
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T. caerulescens A. thaliana

Leaves Roots Leaves Roots

Zn con (uUM) 0 100 1000 O 100 1000 O 2 25 0 2 25

TcZNTS/ALZIPS

TCZNT6/ALZIP6

Tubulin

Fig 5. Semi-quantitative RT-PCR analysis ©f caerulescens TcZNTé&nd TcZNT6 and theirA.
thaliana orthologuesAtZIP5 and AtZIP6. Leaves and roots of each species were used, gtants
grown at 0, 100 and 1000 uM Zn for caerulescensr physiologically comparable 0, 2 and 25 pM
Zn for A. thaliana RT-PCR was performed using specific primer peorseach gene. RT-PCR (30
cycles) was used to amplify a 424-bp fragmenfENT5 a 605-bp fragment foOfFcZNT6G a 593-bp
fragment forAtZIP5 and a 679-bp fragment féxtZIP6. Tubulin amplification (25 cycles) was used

as control for equal use of cDNA.
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Fig 6

Leaves Roots
Zn con (uUM) 0 100 1000 100 100 0 100 1000 100 100
Cd con (uM) : - - 1 10 - - - 1 10
Ganges
TcZNT5
La Calamine
Ganges
TcZNT6
La Calamine
Ganges
Tubulin
La Calamine

Fig 6 Zn and Cd exposure effects @eZNT5and TcZNT6 transcript levels inl. caerulescens
accessions Ganges and La Calamine. Leaves and abetsch accession were used from plants
grown at 0, 100 and 1000 pM Zn, or 100 uM Zn sumgleted with 1 or 10 uM Cd. RT-PCR was
performed (25 cycles) using gene specific primeramplify a 424-bp fragment froficZNT5and
605-bp fragment fromTcZNT6 Tubulin amplification (25 cycles) was used as a controegfial
cDNA use.
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Fig 7 Average root length ( SE) of 15-day-old Arabidigpseedlings of wild-type (WT) arap5 or
Zip6 mutant plants germinated and grown on 0.5 x MSiameaontaining different concentrations of
Zn, Fe and Cd. (A)zip5 (B) zip6, * significantly different at P<0.05. Significaneedetermined by

one-way ANOVA. Five replicates with each 12 to 2@dlings were measured for each treatment.
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35S:ZNT5 35S:ZNT6

11 14 18 WT

2 4 6
ZNTS/ZNTO | e S . s e 25 cycles

ZNT5/ZNT6 . 21 cycles

Tubulin 21 cycles

Fig 8 Semi-quantitative RT-PCR analysis TiZNT5o0r TcZNT6expression of wild-type (WT) and
homozygous transgeni. thaliana lines transformed with a CaMV 35%ZNT5(ZNTH or CaMV
35S:TcZNT6 (ZNTH construct.Tubulin amplification was used as a control of equal cDigE.

RT-PCR was performed at 21 and 25 cycles for allinee genes.
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11 14 18 WT

Cd 5QM
Fe 0.5M

Cd 5QM

Fig 9 Average root length (£ SE) of 15-day-old seedliggswn on 0.5 x MS medium containing
different concentrations of Zn, Fe and Cd (indidate uM). (A): Wild-type (WT) plants and three
35S::TcZNT5overexpression lines (2, 4, 6); (B) Wild-type (Wplants and thre®@5S::TcZNT6
overexpression lines (11, 14, 18), * indicates isiggntly different at P<0.001 as determined by
one-way ANOVA; (C): phenotype of transgenic plawotgerexpressinglcZNT6 growing on Fe
deficient medium (0.;M) supplemented with Cd (50M) or 0.5 x MS medium containing Cd (50
uM). The bar represents 1 cm. Five replicates, @atth12 to 20 seedlings, were measured for each

treatment.
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Chapter 5

Functional characterization of NRAMP3 and NRAMP4 from
the metal hyperaccumulator Thlaspi caerulescens: @xession

and role in heavy metal tolerance

Ronald J.F.J. OomenJian WU, Francoise Lelievre, Héléne Barbier-Brygoo,
Mark G.M. Aarts, Sébastien Thomine.

Abstract

The ability to tolerate and accumulate heavy mebglanetal hyperaccumulating plant species is
likely the result of an adapted metal homeost®dBAMP metal transporters play an important role
in Fe mobilization inArabidopsis thalianaand were found to be highly expressed in metal
hyperaccumulating plants such &klaspi caerulescenand Arabidopsis halleri.Here, we identify
and characterize thE caerulescensrthologues of AINRAMP3 and AtINRAMP4. BolltNRAMP3
and 4 are expressed at a higher level than teithaliana orthologues. Additionally, expression
analysis in twarl. caerulescenaccessions with contrasting Cd accumulation shbetsdifference in
Cd accumulation ability is associated with diffezes in the regulation of NRAMP expression. In
contrast, our study did not reveal functional difeces between the caerulescenandA. thaliana
NRAMPs: they transport the same metals when hetgooisly expressed in yeast and are all four
localized at the vacuolar membrane. Here, we shmat inactivation of both AINRAMP3 and
AtNRAMP4 results in strong Cd and Zn hypersengigiin A. thaliana nramp3nramp4mutant

hypersensitivity to Cd and Zn is readily rescuedy TONRAMP3 expression. Nevertheless, neither
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nramp3nramp4lants overexpressing TcNRAMP3, nor wild type pdaoverexpressing TCNRAMP4
show enhanced Zn or Cd tolerance compared to wjd A. thaliana Our data thus indicate that
enhanced expression of TCNRAMP3 and 4, with fumetigroperties similar to AANRAMP3 and 4,
may be important to maintain metal homeostasis. icaerulescensxposed to high levels of Zn or

Cd.

Key Words NRAMP, T. caerulescendyperaccumulator, Zn, Cd, metal transport

* Both authors contributed equally to this work
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Introduction

Among the plant species adapted to environmenttacong high levels of transition metals, some
species called hyperaccumulators have developedxbeptional ability to accumulate metals to
levels 10 to 100 times higher than other speciemyWi hyperaccumulators have been identified (>
300 species; Baker et al., 2000) while only ab&usfecies display Zn hyperaccumulation (Baker et
al., 1992; Brooks, 1994). These Zn hyperaccumwusatmre mostly identified on Zn, Cd and/or Pb
contaminated industrial or mining sites, even thotar some species likehlaspi caerulescerand
Arabidopsis halleri non-metallicolous accessions have also beentexp@veerts and Van Isacker,
1997; Bert et al.,, 2000; Schat et al., 2000). Cgengccumulation is even more rare and only
identified in someTl. caerulescenandA. halleri accessions and ifhlaspi praecoXBrown et al.,
1995; Kupper et al., 2000; Lombi et al., 2000; Megikus et al., 2006). Hyperaccumulation likely
results from an adapted metal homeostasis rendéhese plants tolerant to heavy metals and
allowing their enhanced accumulation. Such an adbptetal homeostasis requires functional and/or
transcriptional modification of metal transportemsgtal chelators and other proteins to maintain a
balance between plant metal uptake, distributiom atorage. Initial studies performed in
Arabidopsis thalianded to the identification of several genes encgdimostly metal transporters
and chelators (reviewed by Clemens, 2001; Cobbdt@oldsbrough, 2002; Maser et al., 2001).
Elevated transcript levels for some of these gamés halleriandT. caerulescen@Bert et al., 2000;
Assuncadoet al., 2003b), provided first hints about theivdlvement in metal tolerance and
accumulation. Further global transcriptomic studssmparing hyperaccumulating species with
thaliana by usingA. thalianamicroarrays resulted in the identification of salerandidate genes
putatively involved in metal tolerance and hypetswalation (Becher et al., 2004; Van de Mortel et
al., 2006; Talke et al., 2006; Weber et al., 20@Bgveral genes identified in these studies had
previously been reported as transporters or chralataZn and Cd and are thus very likely to play an
important role in the tolerance to and accumulatminZn and/or Cd in these plants. The
identification of elevated expression levels of geithat are associated with homeostasis of other
metals than Zn and Cd suggests that these mayapialg in adapting the general metal homeostasis
in the plant to the altered levels of Zn and Cgdlant tissues (Talke et al., 2006).

Among other genes, transcriptomic studies idewtifMRAMP as one of the gene families that is

highly expressed in hyperaccumulating plants arfteréntly regulated by variations in the Zn
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concentrations around plants. Weber et al. (200dyved thalNRAMP3displays constitutively high
expression irA. halleri compared tdA. thalianaand van de Mortel et al. (2006) showed thafT.in
caerulescendNRAMP3expression is generally higher thanAinthalianabut is also induced by Zn
deficiency and excess, which is not found An thaliana Mouse Nrampl (natural resistance
associated macrophage protein), the first NRAMP ilflarmember, was discovered as a gene
responsible for resistance to infection by mycotéwaa. Since then, homologues have been
identified in many organisms from bacteria to mamey have been shown to play important roles in
metal ion homeostasis, especially iron uptake aggaling in mammals and Mn uptake in yeast and
bacteria. Most NRAMPs, however, are able to trartspailtiple metal ions such as Mn, Zn, Cu, Fe,
Cd, Ni and Co (reviewed in Nevo and Nelson, 20083AMPs have been identified in many plant
species including Arabidopsis, rice, tomato, soybesnd Thlaspi japonicum(Curie et al., 2000;
Lanquar et al., 2005; Belouchi et al., 1997; Bekgazt al., 2003; Kaiser et al., 2003 and Mizuno et
al., 2005). The first studies on NRAMP functionspiants already indicated a putative role in Fe
homeostasis based on their Fe-transport activifseast, their regulation by environmental Fe levels
and the observation of an enhanced tolerance twf RRAMP1 overexpressing plants (Curie et al.,
2000; Thomine et al., 2000 and 2003). Furthermibre analysis of thé. thaliananramp3nramp4
double mutant demonstrated the importance of tipesteins in the mobilization of vacuolar Fe
during germination (Lanquar et al., 2005). The lm@¢ data thus clearly point to roles of NRAMPL1,
NRAMP3 and NRAMP4 in Fe homeostasisplanta On the other hand, expression of AINRAMP1,
AtNRAMP3 and AtNRAMP4 in yeast showed that thesetgins are able to transport Cd and that
AtNRAMP4 is able to transport Zn. In addition, oxexpression of AINRAMP3 or AINRAMPA4 IA.
thalianaleads to a slight increase in Cd sensitivity withany modification of Cd content (Thomine
et al., 2000, Lanquar et al., 2004).

In this work, we further investigated a possibldermf NRAMPs in metal tolerance and
hyperaccumulation focusing on the hyperaccumul@taraerulescensSicNRAMP3and TcNRAMP4
cDNAs (Rigola et al., 2006), highly similar t&tNRAMP3 and AtNRAMP4 respectively, were
isolated fromT. caerulescenga Calamine. We show that these tN®RAMP genes are differently
expressed betweeA. thalianaand T. caerulescensbut also betweeil. caerulescensccessions
when treated with specific Zn and Cd concentratide compared the metal transport abilities of

TcNRAMPs with theirA. thalianahomologues by heterologous expression in yaaetshow that
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TcNRAMP3 and 4, like their AINRAMP homologues, doealized on the vacuolar membrane. To
provide indication about a possible function of NRR3 and NRAMP4 in metal accumulation or
tolerance, we analyzed. thaliana nramp3nramp4mutant sensitivity to Cd and Zn. Further,
TcNRAMPswere expressed iA. thaliana using wild-type plants as well as tmeamp3nramp4

double mutant background.

Materials and methods

Library screening

cDNA libraries made from roots dthlaspi caerulescen$. & C. Presl (accession La-Calamine) as
described in Rigola et al. (2006) were used forlerigth cDNA cloning. The partial cDNA clone
RR23nr019 had been identified as AtNRAMP3homologue (Rigola et al. 2006). A 1-kb cDNA
fragment cut from the pAD-GAL4-2.1 vector plasming EcoR andXhd was used as probe in the
cDNA library screening. The probe was labeled with*’P]dATP using the Hexalab&l DNA
labeling kit (Fermentas). Eight positive clones evebtained. The three longest cDNA clones were
sequenced by ABI PRISM BigDye terminator cycle ssgung technology v2.0, according to the

manufacturer’s instruction (Applied Biosystemisttp://www.appliedbiosystems.com using an

ABI3700 DNA analyzer. Sequence analysis was perornusing standard BLAST method

(http://www.ncbi.nlm.nih.gov/BLAST)/and revealed that one of the three positive dpoentaining

a 1539-bp open reading frame, was homologouattdRAMP3and one, with a 1494-bp open

reading frame, was homologousAtNRAMP4and that both open reading frames were full-length

Southern blot analysis

Genomic DNA was extracted from foulr caerulescensccessions: La Calamine, Monte Prinzera,
Ganges and Austria, and fodihlaspi species:T. japonicum T. praecox T. minimum and T.
perfoliatumusing the CTAB method. Digestion of gDNA, TAE gdéctrophoresis, Southern blot,
prehybridization, hybridization and washing wasf@ened as described in Assuncad et al. (2001).
cDNA fragments from digested full-length cDNA clenasingXhad for Tc(NRAMP3(462bp) and
Sal for TcNRAMP4(248bp) were used as probes and labeled as dedaiiove.
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Plant material for RT-PCR analysis

Arabidopsis thalianaColumbia-0 andThlaspi caerulescenaccession La Calamine seeds were germinated on
garden peat soil (Jongkind BV). Three-week-old Begd were transferred to hydroponics, three pla@s pot
filled with 1L modified half-strength Hoagland nigint solution (van de Mortel et al., 2006). Aftarde weekd.
caerulescenglants were transferred to the same nutrient ssiutiith a deficient (0 uM), sufficient (100 uM), or
excess (1000 uM) ZnS@oncentration for 7 dayé. thalianaplants were transferred to the same nutrient isolut
with deficient (0 uM), sufficient (2 uM) or excegsi(25 pM) ZnSQ Nutrient solution was replaced once a week
during the first three weeks and thereafter twizeeak. For comparison of transcription levelSTONRAMP3and
TcNRAMP4betweenT. caerulescensiccessions La Calamine and Ganges, plants wevengas described above,

including two additional cadmium treatments (ZnSMO0 uM + CdS® 1 uM and ZnSE 100 pM + CdS@ 10
HM).
Semi-quantitative RT-PCR

Leaves or roots of one pot containing three Arabsito or thre€l. caerulescenglants per treatment were pooled
and homogenized in liquid nitrogen. Total RNA ades or roots was extracted with Trizol (Invitropésilowing
the manufacturer’s instructions. 5 g of total RWAs used to synthesize cDNA with MLV reverse traipsase
(Invitrogen) and oligo(dT) as a primer (Invitrogeithe PCR amplification was performed with a cDN&j@ot
(2ul) using the following primers; AtNRAMP3F 5-CCTTTGGGCTGGTGTTG-3' and AtNRAMP3R
5'-ACACACCGCCTCCATATTTC-3’; TcNRAMP3F 5-TCTCTGGGCEGTGTCAT-3' and TcNRAMP3R
5-AGCCGCCTCCATACTTG-3'; AINRAMP4F 5-TTTGGGCTGGTGIGTTATCACT-3 and AtNRAMP4R
5-TCCGCTATCTCTGTCCCGTAAAAC-3’; TcNRAMP4F 5-TCTGGGTGGAGTTGTAATCACC-3' and
TcNRAMP4R 5-TCCGCTATGTCCGTCCCGTAAAAG-3'. Primer pa for Tubulin or Actin were used as a
control for similar cDNA quantity between the sasgl For A. thaliana TubulinF 5-AAGC
TTGCTGATAACTGTACTGGT-3 and TubulinR 5-GGTTTGGAACTAGTGACATCA-3, ActinF
5-GGTAACATTGTGCTCAGTGGTGG-3' and ActinR 5-AACGACTTAATCTTCATGCTGC-3; for T.
caerulenscensTubulinF 5-CTACGCACCAGTCATCTCT-3', TubulinR 5-CAGATCACCTCCTGGAACA-3'.
25 cycles were performed f@ubulin amplification fromA. thaliana andT. caerulescensamples, and 20 cycles
for Actin from A. thaliana Twenty microliter from the fifty microliter redon was separated on an ethidium

bromide stained 1 % agarose gel.

Construction of expression vectors
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TcNRAMP3and TcNRAMP4were amplified from cDNA clones by PCR using Gagwprimers.
Forward primer was 5-GGGGACAAGTTTGTACAAAAAAGCAGGCT

GATCGAATTAGGATCAOCTGC-3, containing the attB1 sequence (underljreead a BamHI site
(italic), and the reverse primer was 5-

GGGGACCACTTTGTACAAGAAAGCTGGGTTAATGGGCTCGARGTCGACS3,, containing

the attB2 sequence (underlined) and dmol site (italic). PCRs were performed with the Pfu
polymerase (Fermentas) at 93 °C for 5 min, followsgd30 cycles 93 °C for 1 min, 55 °C for 1 min
and 68 °C for 3 min, and finished by an extensior6& °C for 10 min. PCR products were
recombined into pDONOR207 (Invitrogen) in a 10-1® Blonase (Invitrogen) reaction following
the manufacturer’s instruction. A similar procedwas used foAtNRAMP3and AtNRAMP4from
the plasmids pGEM-T-easy AINRAMP3 and pGEM-T easlNRAMP4 (Thomine et al., 2000)
using the primers AINRAMP3 Forward
5'-GGAGATAGAACCATGCCACAACTCGAGAACAACG-3 and Reverse

5-CAAGAAAGCTGGGTCTCAATGACTAGACTCCGCTTTG-3' and AtNRAMP4 Forward

5'-GGAGATAGAACCATGTCGGAGACTGATAGAGAGC and Reverse

5-CAAGAAAGCTGGGTCTCACTCATCATCCCTCTGTGG-3 followed by nested PCR thvi

universal Gateway extension primers attB1
5-GGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG-3' and attB2
5-GGGGACCACTTTGTACAAGAAAGCTGGGTC-3'. For plant tresformation, theTcNRAMP
fragments were transferred from their donor comssruto the binary over-expression vector
pGD625™ (De Folter et al., 2006), containing thaulle 35S CaMV enhancer, in a 10-ul LR
Clonase (Invitrogen) reaction following the manueier’s instruction. The binary constructs were
introduced into theA. tumefaciensstrain AGLO by electroporation. For the generatmfnyeast
expression vectors a similar LR reaction was peréat using theAtINRAMP and TcNRAMP
fragments to generate pDR195gtw constructs (pDR®5gpnstructed by Andeol Falcon de

Longevialle).

Yeast experiments
The yeast strains used in this study were DEY14&8fet4 Eide et al., 1996), ZHY3z(t1zrt2
Zhao and Eide, 1996) asthf1(Supek et al., 1996; Thomine et al., 2000). Yea#s were grown (at
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30°C) on yeast extract/peptone/dextrose (supplexdenith 0.2 mM FeG| 0.1 mM ZnSQ or 0.1
mM MnClI, for the three strains respectively) before trams&dion and on synthetic dextrose-URA
(with the same metal additions) after transfornmati¥east cells were transformed according to
standard procedures (Invitrogegt3fet4and smfl complementation was tested by drop spotting
assays, spotting diluted cultures of individuahsf@rmants on synthetic dextrose-URA agar plates
with 80 uM BPS and 3uM FeCk or 200uM FeCk for fet3fetdand plates with 10 mM EGTA with
or without 0.1 mM MnC] for smfl zrtlzrt2 complementation was tested by measuring the,§D
5-ml cultures of so-called Low Zinc Medium (Zhaddagide, 1996b) with 1M ZnSQ, inoculated
with 50 pl synthetic dextrose-URA pre-culture at g@B1. Cd sensitivity was tested by measuring
the Oy of fet3fetdtransformants grown in 5-ml cultures of syntheléxtrose-URA (pH 5.5) with
or without 10 uM CdCl after inoculation with 15Qul synthetic dextrose-URA pre-culture at
ODeoo=1.

GFP fusion and intracellular localization

To construct a cDNA encoding a translational fudi@ween TcNRAMP3 or TcNRAMP4 and the
green fluorescent protein, RSsm-GFP (Davis andstfigr 1998), thelcNRAMPfragments were

transferred from their donor constructs, by a 1@-RIClonase (Invitrogen) reaction following the
manufacturer’s instruction, into the plant transienexpression vector CD3-327

(http://aims.cps.msu.edu/aims/menu/search2)hadapted to Gateway cloning by L. Gissot. This

generated TcCNRAMP3 or TcNRAMP4 fusion proteins witie green fluorescent protein as an
additional carboxy terminal domain, under the aamntof the 35S CaMV promoter. The
AtNRAMP4::GFP fusion construct or the empty vec@b3-327 were transiently expressed in
Arabidopsis protoplasts through polyethylene glycokdiated transformation. The walls of
Arabidopsis suspension cells were digested in Gaggo®5 medium supplemented with 0.17 M
glucose, 0.17 M mannitol, 1% cellulase and 0.2% er@myme. Protoplasts were purified by
floatation in Gamborg’s B5 medium supplemented WitB8M sucrose. For transformation, 0.2
million cells were mixed with 5 mg of plasmid DNA ia solution containing PEG 6000 25%,
mannitol 0.45 M, Ca(Ng), pH 9 and incubated in the dark for 20 min. Thée, PEG was washed
twice with 0.275 M Ca(Ng), and the protoplasts were resuspended in Gamb8fg'snedium

supplemented with 0.17 M glucose, 0.17 M mannitol which they were maintained until
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microscopic observation. After 24 to 48 hrs, fllsment cells were imaged by confocal microscopy
(Leica TCS SP2) with excitation at 488 nm and therkescence emission signal recovery between
495 and 535 nm for GFP fusion proteins and exoiatit 543 nm and the fluorescence emission

signal recovery between 578 and 707 nm for DsR&Hartine et al., 2003).

Plant transformation

The constructs with full-length cDNAs dctNRAMP3and TcNRAMP4were used to transfori.
thaliana Columbia-0 otA. thalianaaccession W&ramp3nrampsy the flower dip method (Clough,
2005). For Columbia-0 transformants the primarytfBhsformants were selected on MS/2 medium
containing kanamycin (50mg/ml). Kanamycin-resistplants were transferred to soil, and the T2
seeds resulting from self-fertilization were colezt The T2 seeds were plated on the same selection
medium and scored for kanamycin resistance. Tramsdi@es that displayed 3:1 segregation ratio
for resistance to sensitivity in the T2 generatiere selected for further analysis. In T3 genematio
because of silencing of resistance to kanamycailithe selected lines, we tested T3 progeny from
ten T2 plants, 12 T3 progenies for each T2 pldy$CR using gene specific primersToNRAMP3
andTcNRAMP4used in semi-quantitative RT-PCR. Genomic DNA vga$ated using CTAB method.
The lines with all the tested 12 T3 progenies afiepli with correct product were deemed as
homozygous transgenic lines. T4 seeds from thesetplere used for further experimems.
thaliana WS-nramp3nramp4 transformants were selected in a similar procedouwé using
complementation of tharamp3nramp4phenotype on low Fe medium as a criterion. Seegl® w
sown on plates containing ABIS medium with adjustedconcentration and 50 pg/ml Kanamycin
(2.5 mM HPQy, 5 mM KNG;, 2mM MgSQ, 1mM Ca(NQ),, Murashige and Skoog microelements,
1% sucrose, 0.7% agar, 1ImM MES adjusted with KOpH®.1 and 0.p\M FeHBED).

The expression levels of transgenic lines werelarby RT-PCR using the total RNA isolated from;
(Columbia-0Olines) T4 plants grown in soil for 30 days, or (W&mp3nrampdlines) T4 plants
grownin vitro on ABIS medium with 5quM FeHBED, using the RT-PCR procedure as described

above.

Growth assays of transformed plants

Arabidopsis(T3 or T4) seedlings were grown as previously dbed by Lanquaet al (2005) using
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the same media with varying levels of FeHBED, Zn&@d CdC] as indicated in the figure legends.

Results

T. caerulescens NRAMP3 and NRAMP4 show strong similarity to their A. thaliana homologues

The EST collection off. caerulescenaccession La Calamine (Rigola et 2006) contained one
AtNRAMP3homologous partial cDNA (RR23nr019). This pargBINA was used to re-screen the
caerulescenxDNA library (Assuncdo et alkk001) and resulted in the cloning of tiRAMP
homologues. As shown in figure 1, theseNRAMPsshow a 96.5% and 95.1% similarity to
AtNRAMP3and AtNRAMP4which resulted in their annotation 8NRAMP3and TcNRAMP4
respectively. As these tWwdRAMPsare the closest relatives AINRAMP3and AtNRAMP4isolated
so far, we consider them tfie caerulescenerthologues. The™ closest relative i§j]NRAMP4from
Thlaspi japonicuma Ni-hyperaccumulating species related.toaerulescens

We performed genomic DNA blot analysis to determimeether NRAMP3 and NRAMP4 are
present as single or multi-copy genes in severaherulescenaccessions and oth€hlaspispecies
(Figure 2). For digestion of the genomic DNA we dig&al and EcoR| which do not cut in the
isolatedT. caerulescencNRAMP3and TcNRAMP4cDNAs. In most digests we identified single
bands hybridizing with thdcNRAMP probes indicating thalRAMP3 (Figure 2a) andNRAMP4
(Figure 2b) are present as single copy gendslaspi(as inA. thaliang. The presence of more than
one band fofl. caerulescenMonte PrinzeraNRAMP4, T. praecox(NRAMP3+ NRAMP4 andT.
perfoliatum (NRAMP3J is most likely the result of the presence ofXwal (NRAMP3J or EcoRI
(NRAMPJ restriction site in the genomic sequences dueNé polymorphisms. This is in contrast
to the result forT. japonicumwhich shows a complex hybridization pattern of wplg bands for
NRAMP3as well asNRAMP4indicating that multipleNRAMP copies are present in thihlaspi

species.

NRAMP3 and NRAMP4 are differently expressed betweer. thaliana and T. caerulescens, but

also between. caerulescens accessions La Calamine and Ganges

Based on the available Arabidopsis cDNA sequencdsawly identifiedNRAMP3andNRAMPAT.
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caerulescenscDNA sequences, we compared their expression dewvelroots and shoots Gk.
thaliana and T. caerulescend.a Calamine exposed to deficient, sufficient anadtess Zn in
hydroponic solutions (Figure 3a). Note that physyidally equivalent sufficient and excess Zn
concentrations, resulting in Zn sufficiency andetess symptoms, respectively, are different for
the two species: 2 (sufficient) and 25 pM (exc@&5Q, and 100 (sufficient), and 1000 uM (excess)
ZnSQ, were used folA. thalianaand T. caerulescensrespectively (Van de Mortel et al., 2006).
Independent of Zn statuBgNRAMP3shows a much higher overall expression level BliNRAMP3

In A. thaliang NRAMP3and NRAMP4expression in roots is not modified by varying umpply
while in leaves botiAtNRAMPsare up-regulated by Zn deficiency as well as Zcesg. This is in
contrast toTcNRAMP3and TcNRAMP4expression, which does not appear to be alteramh up
alterations in Zn concentration. It must be nothkdyever, that when lowering the number of
amplification cycles (Figure 3b) a small up-regigiatof TCNRAMP4(La Calamine) is detectable in
deficient Zn (leaves and roots) and excess Zn €€agonditions. Taking into account the genomic
DNA blots, which show thaNRAMP3and NRAMP4 are single copy-genes iii caerulescens
accession La Calamine, we conclude that the diffsxe in expression pattern with thalianaresult
from a different regulation of these genes in the $pecies.

We then comparelRAMP expression levels between thecaerulescenaccessions La Calamine
and Ganges. These accessions show equal levels twletance and accumulation, but the Ganges
accession displays stronger Cd tolerance and adationu (Assuncéo et aP003a, Deniau et al
2006). For both accessions root and leaf matera analysed from plants grown hydroponically at
deficient and excess Zn, and at sufficient Zn withvithout the addition of Cd (Figure 3b). Notettha
lower PCR cycle numbers than for the interspeaifienparison were used to reveal differences
between accessions that strongly expmd8AMP3 and NRAMP4 Both TcNRAMP3as well as
TcNRAMP4expression patterns differ between the tWocaerulescensccessionsTC(NRAMP3
shows generally higher expression in La Calamimepared to Ganges. However, upon Cd addition,
TcNRAMP3and TcNRAMP4expression in roots remains constant or increas€anges while it is
obviously reduced in La Calamine. In contrast,eaviesTcNRAMP4expression is enhanced in both
accessions by an excess of Cd or Zn. It thus apptkat the differences in Cd and Zn accumulation
and tolerance betwedn caerulescenaccessions La Calamine and Ganges are parallglethtked

differences in the regulation ®NRAMP3andTcNRAMP4expression.
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T. caerulescens NRAMP3 and NRAMP4 show similar metal transport speificities to their A.

thaliana homologues when expressed in yeast

To test for functional differences between NRAMP3daNRAMP4 from A. thaliana and T.
caerulescenswe expressed them in yeast metal uptake defiomnants allowing determination of
their metal transport specificity (Pinner, 1997pfrhne et al., 2000; Lanquar et al., 2004, Curiel et
2000). We tested Fe, Mn, Zn and Cd transport agtiof the T. caerulescendNRAMP3 and
NRAMP4 proteins and compared it to thairthalianaorthologues (Figure 4). In a first experiment,
we investigated the ability of TCNRAMP3 and TcNRAMB transport Fe and Mn by testing for the
complementation dfet3fet4andsmflyeast mutant phenotypes. Tie¢3fet4strain is defective in its
low- and high-affinity Fe uptake systems and ishl@ao grow on a low Fe medium (Dix et al.,
1994). Thesmflstrain is disrupted iIi8sMF], a yeastNRAMP gene essential for high affinity Mn
uptake.smflis unable to grow on synthetic media containinghhtoncentrations of the divalent
cation chelator EGTA (Supek et al., 1996) and tinswth defect is specifically rescued by Mn
supplementation (Figure 4B). We have expregddhRAMP3 AINRAMP4 TcNRAMP3 TcNRAMP4
andIRT1, a metal transporter with a broad substrate rgldgeshunova et al., 1999) iiet3fet4and
checked their ability to grow on high and low Fedmen (Figure 4a). All fouNRAMPsas well as
the IRT1 control complementet3fet4 without any marked difference. ExpressionToNRAMPs
AtINRAMPsandIRT1 also rescued growth of tlsenflstrain on synthetic medium with 10 mM EGTA
with no major difference between the different sorters (Figure 4b). These data indicate that, lik
their A. thalianaorthologues, TcCNRAMPs are able to transport FeMnd

SinceT. caerulescenandA. thalianadiffer greatly in their tolerance and accumulatasrzn and Cd,
we have used a more quantitative experimental gebwassess Zn and Cd transport capabilities of
the NRAMP3 and 4 proteins from these two specid® Zrtlzrt2 double mutant yeast strain is
deficient in high ZRT) and low ZRT2 affinity Zn transport systems (Zhao and Eide, 88%).
This strain cannot grow on synthetic media withitwat addition of extra Zn. Thatlzrt2 strain was
transformed with the fouNRAMPsor an empty vector (control), and grown in Low ZiMedium
(Zhao and Eide, 1996b) supplemented with 10 uM ZnSanly AtNRAMP4and particularly
TcNRAMPAwere able to significantly rescaetlzrt2growth (Figure 4c). In contrastrtlzrt2 strains
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expressindAtNRAMP3and TcCNRAMP3do not grow significantly better thamt1zrt2 empty vector
control strain. When these yeast strains were giliavihe same medium supplemented with 100 uM
ZnSQ, they showed equal growth (data not shown).

The Cd transport activity of the NRAMPs was tedbgdusing their general ability to enhance Cd
sensitivity in yeast, revealed by a reduced grosvtliCd containing medium (Thomine et al., 2000).
The four NRAMPs IRT1 a strong Cd transporter (Guerinot, 2000) and amptgmector were
introduced in thefet3fetd4 yeast strain and twin cultures, with or without i@ CdCh, were
inoculated from pre-cultures of individual transf@ants. Compared to the empty-vector control,
expression of all fouNRAMPslead to a significant increase in Cd sensitivitpwever, none of
them increased yeast Cd sensitivity as muchRasl (figure 4d). The differences become more
obvious when growing the culture for a longer ti(h8h compared to 12h). This result indicates that
all four NRAMPs are able to transport Cd. Neverhs| as for Zn transport (figure 4c), we find a
difference between NRAMP3 and NRAMP4 proteins: espion ofNRAMP4leads to significantly
higher yeast Cd sensitivity compared to expres©ibriNRAMP3 but no significant difference

betweem$AtNRAMP4andTcNRAMP4is observed.

TcNRAMP3 and TcNRAMPA4 proteins are targeted to thevacuolar membrane

To test whether the Tc(NRAMP3 and TcNRAMP4 intradell localization is similar to that of
AINRAMP3 and AtNRAMP4, we expressed TcNRAMP trantps fused to GFP in protoplasts
made from an Arabidopsis cell suspension (two iedédpnt experiments). Free DsRed2 was
co-transformed in the same cells (one experim@&kPR and DsRed?2 fluorescence were imaged by
confocal microscopy. Figure 5 shows that while D&Rdluorescence was homogenous in the
cytosol and nucleus, GFP fluorescence consistéimiéyg the vacuolar membrane when GFP was
fused to the carboxy-terminal end of either TCNRAM® TcNRAMP4. These results indicate that,
like their A. thalianacounterparts, the NRAMP3 and NRAMP4 framcaerulescengeside on the

vacuolar membrane.

A. thaliana nramp3nramp4 double mutant seedlings are hypersensitive to Zma Cd

The yeast assays did not indicate strong differeroetween the metal transport capacities of
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AtNRAMP3, AtNRAMP4 and theiiT. caerulescensrthologues. Nevertheless, our expression study
and previous transcriptome data in other metal lagoeimulating plant species such/ashalleri
(Becher et al., 2004; Weber et al., 2004; Talkalet2006) do suggest a function of NRAMPs in
metal tolerance or accumulation. Therefore we teatpossible role of NRAMP3 and NRAMP4 in
Zn and Cd tolerance iA. thaliana TheA. thaliana nramp3nrampdouble mutant (Lanquar et al.,
2005) shows a reduced seedling development undeefi@ent conditions, which can be rescued
completely by the addition of sufficient Fe. In t@st, supplementation with Zn or Mn results in an
inhibition of early plant development, which is ragrronounced for theramp3nramp4mutant than
for wild-type plants. To further investigate thi$eet, we sowedramp3nramp4and wild-type seeds
on normal growth medium supplemented with 50 uMFeIBED (which rescues the Fe-deficiency
phenotype of the double mutant) and subsequentjedethe effect of supplying different
concentrations of Cd or Zn (Figure 6). Addition @ah and Cd inhibited plant growth in a
concentration dependent manner An thaliana accession WS (Figure 6a and c). Root length
measurements revealed that tiramp3nrampdis strongly hypersensitive to both Cd and Zn. In
contrast, singlewramp3or nramp4 mutants display little difference in Cd sensigvih comparison
with wild-type seedlings (Thomine et al., 2000, faar et al., unpublished). This effect is not due t
nramp3nramp4hypersensitivity to Fe deficiency that would beeyented by addition of 50 pM
FeHBED in the medium (Figure 6b and c). The complatation of nramp3nramp4with
AtNRAMP3or AtNRAMP4both restored its Fe-deficiency phenotype (Lancpial., 2005) as well
as its sensitivity to Zn and Cd (data not showmede results indicate that AtNRAMP3 and
AtNRAMP4 function redundantly in Zn and Cd tolerannA. thaliana

TcNRAMP3 expression complementaramp3nramp4 Zn and Cd hypersensitivities

The RT-PCR analysis (figure 3) showed a particulaigh expression ofcNRAMP3compared to
AtNRAMP3 Therefore we decided to study the effect of itimng theTcNRAMP3cDNA (driven

by the 35S promoter) in theramp3nramp4double mutant on its sensitivity to Zn and Cd. €hr
homozygous single insertion lines were selectede@fter referred to asr3nr4 3-1, 3-2 and 3-7)
and used for further analysis. Semi-quantitativeP®R analysis showed a strong expression of
TcNRAMP3in all three lines with little variation in expiaen level (Figure 7a). We also found that

expression levels correlated well with TCNRAMP3tpio levels, identified by Western blots using
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an AtNRAMP3 specific antibody (data not shown).

The three transformants as well as un-transformmachp3nramp4and wild type were sown on ABIS
medium supplemented with 0.3 puM FeHBED and grownlfb days. Under these conditions the
nramp3nramp4mutant is unable to develop, in contrast to thelsybe control plants, which grow
normally and have a root length of about 80 mMicNRAMP3expression fully complements the
nramp3nramp4mutant growth defect on low Fe in all three lineswild-type-like phenotypes
(Figure 7b).

To examine if TctNRAMP3 also rescues plant toleranceZn and Cd, thenramp3nramp4
TcNRAMP3expressing lines were grown on Zn and Cd contgimedium. Figure 7c shows the root
length of plants grown on normal (30 uM) and exd@€® and 300 uM) Zn containing medium. As
shown in figure 6 the presence of excess Zn inhigpibwth of thenramp3nramp4mutant stronger
than that of the wild-type control. The expressdbAicNRAMP3 complements this growth inhibition
phenotype. However, strong constitutive expresssdbnflcNRAMP3 driven by the 35S CaMV
promoter did not lead to an increase of Zn toleeaabove the wild type level (Figure 7c). The
analysis of these lines on Cd containing media gavaparable results (Figure 7dcNRAMP3
expression imramp3nramp4rescues its hypersensitivity to Cd but does nqirawe its tolerance
above that of wild-type plants. These results iagicchat NRAMPs are certainly important #r
thalianatolerance to Zn and Cd but that TC(NRAMP3 is fummedilly equivalent to AtNRAMP3 and

does not lead to higher Zn and Cd tolerance levels.

TcNRAMP4 expression in a wild-typeA. thaliana Col background does not affect Zn or Cd
tolerance

Replacement oAtNRAMP3and4 by TcNRAMP3in A. thalianadid not result in enhanced levels of
Zn or Cd tolerance. Based on the ability of TcNRAMB transport Zn and Cd in yeast, we tested
the effect of over-expressiigNRAMPA4driven by the 35S CaMV promoter in wild-type thaliana
(Columbia) on Zn and Cd tolerance. Homozygous foanged lines with a single insertion locus
were selected and expression levels of the intredubcNRAMP4 gene were studied by
semi-quantitative RT-PCR analysis. Figure 8a shivmpresence aicNRAMP4ranscript at various
levels in all three selected lines (Further refgéteas Col_4-1, 4-2 and 4-7). These three lineagwe

used for analysing their growth on media containmgeasing concentrations of Zn or Cd. Figure
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8b shows that Zn excess (100 and 300 pM) redueg development ofcNRAMP4expressing
lines to a similar degree as in wild-type planthieff we analysed the tolerance to Cd of these plants
we found comparable results (Figure 8c). These raxpats indicate that increased expression of

TcNRAMPA4in wild type background does not result in eleddeels of Zn or Cd tolerance.

Disscusion

In this study, we report the identification and dtional characterization of the homologuesAof
thalianaNRAMP3andNRAMP4in the metal hyperaccumulating plantcaerulescens NRAMP3
andNRAMP4are single copy genes in caerulescendn comparison t@. thaliana NRAMPZnd
NRAMP4, TcNRAMPand, to a lesser extenicNRAMP4show enhanced expression levels. By
analysing differentT. caerulescensaccessions, we find that contrasting Cd accunaraand
tolerance features are paralleled by different gpagt of TCNRAMP regulation. Expression of
TcNRAMP3and TcNRAMP4in several yeast mutants impaired in metal trarispmows functional
properties similar to thei. thalianacounterparts. To investigate the possible funetisignificance

of the strongNRAMP3and NRAMP4expression ifl. caerulescensve analyze their role in metal
tolerance irA. thaliana In agreement with a function of NRAMP3 and NRAMiR4netal tolerance,
we show that Arabidopsisramp3nramp4double knockout mutants are hypersensitive to i@hzn
excess. Expression @ctNRAMP3in nramp3nramp4does rescue these phenotypes even though

expression ofTcNRAMP4in wild-typeA. thalianadoes not alter Cd or Zn sensitivity.

NRAMP expression is enhanced ifii. caerulescens

We show here thaictNRAMP3and to a lesser exteitNRAMP4are upregulated in comparison with
AtNRAMP3 and AtNRAMP4 These results are in agreement with transcriptamalysis ofT.
caerulescens(van de Mortel et al., 2006). Interestingly, pms cross-species microarray
experiments had shown th&iRAMP3expression is also enhanced in another hyperadating
plant, Arabidopis halleri(Becher et al., 2004; Weber et al., 2004; Filaaébwal., 2006; Talke et al.,
2006). The upregulation of other metal homeosigsiges inl. caerulescenkas also been shown for

ZNTL ZNT2 ZTP1, HMA4 andMT3 (Assuncgad et al., 2001; Bernard et al., 2004; Ros<t al.,
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2004). A previous study of the metal tolerance garotMTP1 inA. halleri has shown a relation
between its expression levels and the number af gepies (Drager et al., 2004). Their data suggest
duplications of an ancestr®ITP1 gene resulting in multiple copies, some of whitdyma particular
role in Zn detoxification.In contrast, our DNA blot experiments show tHEtNRAMP3and
TcNRAMP4are single copy genes. The stronger expressioicBiRAMP3and 4 is thus not

associated with gene duplication.

TcNRAMP3 and TcNRAMP4 are differently expressed betweer. caerulescens accessions with

different Cd and Zn hyperaccumulation capabilities

TcNRAMP3andTcNRAMP4are differently expressed in tiiecaerulescenaccessions La Calamine
and Ganges. ThE caerulescen&anges accession is more tolerant and is a straegemulator of
Cd. This stronger accumulation and tolerance obgZ&anges is correlated with enhantdRAMP3
and NRAMP4expression levels in roots when Cd is supplieth®d medium. In contrast, the less
tolerant accession La Calamine shows a decrea®AMP expression in roots upon Cd addition.
These results are in agreement with a function RAMP proteins in roots associated with higher
Cd tolerance and/or accumulation. Previously, Rosset al. (2004) already showed such a
correlation between elevated expressiod@T3and the Cd tolerance/accumulation of spedific
caerulescensaccessions. Furthermor@clRT1 was shown to be specifically induced upon Fe
deficiency only in Ganges and not in weaker Cd andatingT. caerulescenaccessions like Prayon
(Lombi et al., 2002).

Since genomic DNA blots show single copies of bblIRAMP3and NRAMP4 in the two T.
caerulescensaccessions La Calamine and Ganges, our resulgesughat thel. caerulescens
specific - and their accession specific - expresgiatterns are most likely due to promoter
differences with thé\. thalianahomologous genes or betweEncaerulescenaccessions. Of course
it may also be due to upstream changes in metalepgon or stress signalling as previously
suggested by Assuncad et al. (2003b).

Functional differences between NRAMP3 and NRAMP4 ntal transport abilities

Our results show that caerulescenBlRAMPs have, overall, the same transport abilitiggheirA.
thaliana orthologues when expressed in yeast and the satnaeellular localization in plant cells.

Finally, the complementation of theramp3nramp4Arabidopsis mutant by TcNRAMP3 also
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indicates functional similarity between AINRAMP3iMRAMP4 and TcNRAMP3. It thus appears
unlikely that theT. caerulescen®NRAMPs have developed a specific function différéiom A.
thaliana, which would play a specific role in metal tolecanor accumulation. Our results however
confirm a difference in Zn transport ability: NRAMRransports Zn while NRAMP3 does not. A
different ability to transport Zn between AINRAMR$d AINRAMP4 was reported before by
Lanquar et al. (2004). Since NRAMP3 and NRAMP4 dosely related, the functional comparison
of their sequences could help defining the speafitino acid residues that are involved in Zn
transport in NRAMP proteins. A difference in mesalectivity within a metal transporter family is
not unusual. It has also been described in thef&ikly: A. thalianalRT1 transports Mn and Cd
while IRT2 does not (Korshunova et al., 1999; \&ral., 2001) and rice ZIP3 transports Cd while
ZIP2 does not (Ramesh et al., 2003). In additicNRAMP4expression rescues the growth of
zrtlzrt2 significantly more efficiently thal\tNRAMP4 Quantitative assays for Cd transport ability
suggest that, apart from the difference in Zn fpans NRAMP3 is also a weaker Cd transporter than
NRAMP4 both inA. thalianaandT. caerulescenddence, inability to transport Zn may be assodiate
with decreased ability to transport Cd. In conirAsNRAMP4 and TcNRAMPA4 abilities to transport
Cd, estimated from the induced increase in Cd #eitgi are not significantly different. This
indicates a modest but specific increase in Znspart ability in TCNRAMP4 compared with
AINRAMPA4.

The conserved metal transport properties betweBiRAMP3 and AINRAMP3 on the one hand and,
AtNRAMP4 and TcNRAMP4 on the other hand, contrasirgyly with the highly divergent function
reported for TINRAMP4 by Mizuno et al. (2005). Thegported that TINRAMP4 from the Ni
hyperaccumulatoiT. japonicumspecifically enhances Ni sensitivity and Ni acclation when
expressed in yeast. TINRAMP4 is however unableotopiement yeast strains deficient in Fe, Mn
and Zn uptake, in contrast to AtNRAMP4 (Thomineakt 2000; Lanquar et al., 2004)e did not
find a similar enhanced Ni sensitivity when expiegsheA. thalianaandT. caerulescensRAMP3
andNRAMPA4in yeast (data not shown). Interestingly, our Dblét experiments show the presence
of multiple NRAMP3andNRAMP4gene copies in the Ni hyperaccumulafojaponicumThis may

be an example of gene amplification similar to whas$ been described for sevekalhalleri metal
homeostasis genes (Talke et al., 2006). In thie itds possible that specialization in Ni trangpor

the particular cDNA reported by Mizuno et al. (2D@&sulted in the loss of its other metal transport
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abilities.
A. thaliana nramp3nramp4 mutant is hypersensitive to Cd and Zn

The nramp3nramp4double mutant shows strong hypersensitivity toadd Zn compared to wild
type. This phenotype is comparable to the stronGeshypersensitive mutants reported so far such
ascadlandcad2 (Howden et al., 1995a and 1995b). We previouslynteg that 353tNRAMP3
and 35SAtNRAMP4over-expressing plants also showed an enhancesi@itivity (Thomine et al.,
2000; Lanquar et al., 2004). However, this phemotyas much weaker than the one we describe
here for thearamp3nramp4nutant and differs by two major points: its depamgk on iron nutrition
and its specificity. Whilamramp3nrampsypersensitivity to Cd and Zn is observed evereutnigh

Fe nutrition, 35S-AtNRAMP4 plant hypersensitivity €d is apparent only under low Fe nutrition
and is abolished at elevated Fe nutrition (Langaiaal., 2004). In addition, 35S-AtNRAMP4 plant
hypersensitivity to metal is specific to @dZn (Lanquar et al., 2004), whiteamp3nramp4lisplay
hypersensitivity to both Cd and Zn.

These different features of metal hypersensitiabserved innramp3nramp4double mutants or
triggered byAtNRAMP3or AtNRAMP4over-expression suggest that they originate frafferent
mechanisms. Cadmium hypersensitivity inducecdAByRAMP3or AtNRAMP4over-expression was
proposed to be due to increased Cd remobilizatiom fthe vacuole (Thomine et al., 2003). In
contrast, nramp3nramp4 pleiotropic metal hypersensitivity may be the tesof a globally

unbalanced metal homeostasis.

TcNRAMP3 expression restores Cd and Zn tolerance inramp3nramp4

In this work, we show that Cd and Zn sensitivitynbthmp3nramp4can be successfully restored by
the expression ofcNRAMP3(Figure 7). This result further supports the itlet NRAMPSs play an
important role in Cd and Zn tolerance, and is ireagient with our finding that TCNRAMP3 shares
the same metal transport selectivity and the samecellular membrane localization with
AINRAMP3.

It is noteworthy that, in yeasticNRAMP3expression does not complement #r&lzrt2 double
mutant phenotype (Figure 4) likely because TcNRAMBANot mediate sufficient Zn transport into

yeast cells. Although there may be differences rnotgin function between yeast and plants, the
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restoration of Zn tolerance in tmeamp3nramp4double mutant byffcNRAMP3expression is likely
not the effect of a re-introduced Zn transport fiorc An alternative explanation is that in
nramp3nramp4knockout plants the general metal homeostasisrisusly disturbed, rendering the
plants more sensitive to external supply of hightaineoncentrations. Therefore, we propose that
nramp3nramp4hypersensitivity to Zn and Cd is related to a gaheefect in mobilization of

essential metals from the vacuole, which woulddapiired for tolerance to metals.

Does elevatedNRAMP expression contribute to metal tolerance in hyperecumulating plants?

The Zn and Cd sensitivity of theramp3nramp4double mutant and its rescue by TcNRAMP3
clearly support a role in metal tolerance for NRAMMPteins. Nevertheless, our yeast expression
data do not indicate any strong functional diffees betweerA. thalianaand T. caerulescens
NRAMPs. Our experiments could not reveal any speiinctional feature of TcNRAMPS. In line
with the data from yeast expressi@tNRAMP3expression imramp3nramp4restores Cd and Zn
tolerance to a level comparable with wild-type Adampsis but does not result in highly tolerant
plants comparable td. caerulescensFurthermore, TcCNRAMP4over-expression in wild-typd.
thalianadoes not alter its Cd or Zn sensitivity under ¢baditions tested. In addition, QTL analysis
for Zn and Cd accumulation, using a cross betwkeil t caerulescenaccessions La Calamine and
Ganges, did not indicate a role fitNRAMP3or 4 in metal accumulation, although a role in metal
tolerance still cannot be excluded (Deniau et 2006). The difference iTcNRAMPexpression
between La Calamine and Ganges under Cd expostirerefore probably not directly related to Zn
or Cd transport, but to maintaining general metethbostasis, possibly through Fe mobilization from

the vacuole.

Enhanced expression of NRAMP3 and NRAMP4 is coestst observed in metal
hyperaccumulating plants compared to non-accunmgigtiants. Nevertheless, over expression of
NRAMPs alone is not sufficient to enhance metarahce in A. thaliana. Enhanced metal tolerance
and accumulation would most likely require elevaggg@ression of a whole set of genes. Increased
levels of NRAMPs may be needed to maintain intlata@l Fe/Mn/Zn homeostasis in metal

hyperaccumulating plants when they are exposedigb kevels of Zn, Cd or Ni. To test this
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hypothesis, future studies should aim at generasiadple T. caerulescens RNAI lines to down

regulate NRAMP expression in this hyperaccumulagiant.
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Fig 1 Phylogenetic tree of thHRAMP gene family showing the close relatedness ofNRAMPs
from A. thalianaandT. caerulescensThe following sequences were us@dthaliang AINRAMP1
(AF165125), AtNRAMP2 (AF141204), AtINRAMP3 (AF2025839 AtNRAMP4 (AF202540),
AtNRAMPS5 (At4g18790), AINRAMP6 (At1g15960), EIN-NRAWP (BAB08388, N-ter only)T.
caerulescens Tc(NRAMP3 (EF639294), TcNRAMP4 (EF639295], japonicum TjNRAMP4
(AB115423), rice; OsSNRAMP1 (L41217), OSNRAMP2 (L&P), OSNRAMP3 (460767), tomato;
LeNRAMP1 (AY196092), LeNRAMP3 (AY196091), yeast; M (U15929), SMF2 (U00062),
SMF3 (XP455861), mouse; MmNRAMP1 (L13732), MmMNRAMP@233415), rat; DCT1
(AF008439), Drosophila; DmMVL1 (U23948); bacteri@aMntH1 (AF161319), PaMntH2

(AF161320), StMntH (Af161317), EcMntH (AF161318);{NntH (AE002012). The tree was drawn
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using PHYLIP drawtree (Felsenstein 1993) at

http://bioweb.pasteur.fr/seqanal/interfaces/dragvsienple.html after comparison of the deduced

protein sequences with clustalwtdtp://www.ebi.ac.uk/clustalw/
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Fig 2 DNA blot analysis of severdl caerulescenaccessions arbhlaspispecies.

Genomic DNA was digested witKbal (a) andEcoRI (b), and blots were hybridized with a
TcNRAMP3(a) orTcNRAMP4(b) cDNA probe. The numbers above the lanes dateghe different
Thlaspi caerulescenaccessions; La Calamine (1), Monte Prinzera (2ndes (3), Austria (7), or

Thlaspispecies. japonicum(4), T. praecoxX5), T. minimum(6), T. perfoliatum(8).
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Fig 3
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Fig 3 Expression analysis diRAMP3 and NRAMP4 expression levels iA. thaliana and T.
caerulescensand their regulation by Zn and Cd.

(a). Semi-quantitative RT-PCR analysisMRAMP3 NRAMP4and Tubulin (control) expression in
leaves and roots df. caerulescenglLa Calamine) and\. thaliana Plant seeds were sown on sail,
transferred to hydroponic culture and subsequerdlysferred to nutrient solutions with deficient (O
uM), sufficient (100 or 2 uM), or excess (1000 &r 2M) ZnSQ concentrations for 7 days before
separation of roots and leaves followed by RNAaotion. PCR reactions of SNRAMP3J, 27
(NRAMP4 and 25 {ubulin) cycles were performed before migration and EtiBualization in a 1%
agarose gel.

(b) Semi-quantitative RT-PCR analysis on leaf amat material fromrl. caerulescenaccessions La
Calamine and Ganges grown on hydroponic culturedefitient (0 pM), sufficient (100 uM), or
excess (1000 pM) ZnSConcentrations and on 100 uM ZnSWith the addition of 1 or 10 uM
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CdCl,. PCR reactions of 23 cycles were usedN®&AMP3andNRAMP4 while 25 cycles were used

for the Tubulin control.
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Fig 4
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Fig 4 In yeast, TCNRAMP3 as well as TcNRAMP4 transport e, and Cd, like AtNRAMP3 and
AtNRAMP4, but only the NRAMP4 proteins are ablettansport Zn. AINRAMP3, AtNRAMP4,
TcNRAMP3, TcNRAMP4 and IRT1 (control) were exprebse thefet3fet4 smfl, zrtlzrt2 yeast
mutants (deficient in Fe, Mn and Zn uptake respebt) and subsequently studied for their ability to
rescue the mutant phenotype.

(a) Growth of transformeéet3fetdyeast cells on synthetic dextrose-URA (pH 5.5)pdeimented
with 80uM BPS and 200 uM Fe{HFe, left) or 30 uM FeGl(-Fe, right). Pre-cultured yeasts were

diluted to OQy= 10° (left) or 10* (right) and 10 pl of each sample was spotted andhated at

30°C for 4 days. (b) Growth of transformethfl yeast cells on synthetic dextrose-URA (pH 6)
supplemented with 10 mM EGTA and 0.1 mM MaGkMn, left) or no added Mn (-Mn, right).

Yeast pre-cultures were diluted to QB 10° (left) or 10° (right) and 10 pl of each sample was

spotted and incubated at 30°C for 4 days. (c) Giafttransformeartlzrt2 yeast cells in low zinc
medium (pH 6) supplemented with 10 pM Zn5@D600 was measured 13, 16, 19 and 22h after
inoculation of 5 ml cultures (at 30°C) with 50 |flaoyeast pre-culture (at Qf= 1). Mann-Whitney
tests indicate that AINRAMP4 and TcNRAMP4 signifidg rescuezrtlzrt2growth (p<0,001) while
AtNRAMP3 and TcNRAMP3 do not. (d) The ability ofdiNRAMP proteins to transport Cd was
tested by their effect to enhance Cd sensitivityrahsformedet3fetdyeast cells. 5-ml cultures of
synthetic dextrose-URA (pH 5.5) with or without 1M CdClL were inoculated with 150 ul
pre-culture (OlRy,= 1) and grown at 30°C. The Qfg was measured after 12, 15 and 18h and the
growth in the Cd containing culture was expressed percentage of the growth in its control culture
without Cd. Mann-Whitney tests indicate that AtNRRBI and 4, and TcNRAMP3 and 4
significantly increase yeast Cd sensitivity complai@ control (p<0,001) and that AINRAMP4 and
TcNRAMP4 increase Cd sensitivity significantly mahan AINRAMP3 and TcNRAMP3 (p<0,001).
Figure ¢ and d show representative results of drieun experiments that gave qualitatively similar

results. Bars show the mean of duplicate cultuneistibe arrow bars represent the SD.
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Fig 5
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Fig 5 TcNRAMP3::GFP and TcNRAMP4:.:GFP fusion proteins deegeted to the vacuolar

membraneArabidopsisprotoplasts transformed with TC(NRAMP3::GFP (a-d)TONRAMP4:.GFP
(e-h) and DsRed2. Confocal cross sections showflaBRescence (a, e, excitation 488 nm, emission
measured between 495 and 535 nm) DsRed2 fluoresc@mncf, excitation 543 nm, emission
measured between 578 nm and 707 nm) and overlB\rR&MP- and free DsRed2 fluorescence (c,
g). d, h transmission images of the correspondirmoplasts. GFP fluorescence delimitates the

vacuole lumen (black) and the cytosol (red) indigatvacuolar membrane localization. Scale bar 10

um.
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Fig 6
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Fig 6 Thenramp3nramp4double mutant shows an enhanced sensitivity foash Cd compared to
its A. thaliana(WS) wild-type background. Root growth hyperseawisit to Zn and CdA. thaliana
wild-type (a) anchramp3nramp4double mutant (b) seedlings were grown verticldly11l days on
ABIS medium containing 50 uM FeHBED or on the samedium supplemented with 3, 10 or 30
UM CdChL or 100 or 300 uM ZnS£)instead of the regular 30 uM ZnQOPictures represent the
result of a representative experiment out of f¢cr.Average root length of seedlings, grown in the
same conditions as in figure a and b, was detedriayemeasuring ~70 plants per genotype. Arrow

bars represent the SD.

116



Fig 7
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Fig 7 Expression offlcNRAMP3in the nramp3nramp4double mutant complements its phenotypes
on Fe-deficiency and Zn and Cd-excess.

(a) Semi-quantitative RT-PCR GtNRAMP3and Actin (RNA concentration control) expressian i
the threenramp3nramp4 35S::TcNRAMPihes, a wild-type anchramp3nramp4control. PCR
reactions of 22 (TcCNRAMP3) and 20 (Actin) cyclesravg@erformed and visualised as before. (b)
Seeds of the threeramp3nramp4 35S:: TcNRAMHMBes were sawn on Fe-deficient medium (ABIS
with 0.3 uM FeHBED), together with wild-type WS assitive control anchramp3nramp4as
negative control and grown vertically for 11 dafs) Root length of the same genotypes grown
vertically for 11 days on ABIS containing 50 uM FRED and 30 (normal), 100 or 300 pM Zn§SO
Values are the average of measurements on 10-12and bars represent SD. (d) Root length of the
same genotypes grown vertically for 11 days on A&8taining 50 uM FeHBED and 0, 3, 10 or 30

UM CdCb. Values are the average of measurements on 10ei2 and bars represent SD.
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Fig 8
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Fig 8 35S::TcNRAMPZ4xpression irA. thaliana(Columbia) results in unaltered tolerance to Cd or

Zn excess. (a) Semi-quantitative RT-PCR analysikBiRAMP4andTubulin (as control) expression

in the 35S:: TcNRAMPZxpressing lines and a Col wild-type control. $eedlings of the wild type
119



and TcCRNAMP4expressing lines were grown vertically on reguds!S medium containing 30
(normal), 100 or 300 uM ZnSORoot growth was measured for 10-12 plants peotype per
condition. The graph shows the percentage of romiviy on 100 and 300 pM of ZngQwith the
root length on 30 UM ZnS(set at 100%. Bars represent SD. (c) Root growtseadlings of wild
type andTcNRAMP4expressing lines on medium containing 3, 10, 30 @ACL expressed as a
percentage of the growth per genotype on no Cdaging medium. For each genotype the root

length of 10-12 plants was measured and bars epr&d.
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Chapter 6

General discussion

The content of essential micronutrient minerals chops is very important for reduction of
micronutrient malnutrition in the human diet. Miakaccumulation in plant is a rather complex
physiological trait under complex genetic contnotiareatly influenced by the environment, e.g. the
mineral content and bioavailability of the soil. icocontents will be easier leading to mineral
deficiencies and high contents will lead to minexaticities in plants. Considering the complex
genetic control of mineral homeostasis in plartsre is likely to be substantial genetic variation
this control, which means that the improvement aferal accumulation and tolerance to low or
excess mineral stress can be achieved by cladsieadling or genetic engineering. The studies
reported in this thesis mainly aimed at explorirenefic potentials for the improvement of Zn
accumulation irB. rapa vegetable crops for these three aspects. To imisvee performed natural
variation screening and quantitative trait analysrsmineral content and Zn stress toleranc®.in

rapaand cloning of Zn transporter genes from hyperandator Thlaspi caerulescens

Genetics of Zn accumulation inB. rapa

The genetic variation of micronutrient content irogs is one of the most powerful tools for
achieving a nutrient balance in a given diet orar@d scale (Graham et al., 2001). The natural
variation was initially investigated in a large ggrlasm collection with accessions from nine cultiva
groups covering most of the geographic distributadnB. rapa vegetables in China. With the
screening, we showed that there is markedly gemotypariation for leaf Zn, Fe and Mn
concentration and tolerance to Zn nutrition stri@esB. rapa (Chapter 2). The natural variation in
metal accumulation and tolerance to Zn stress gesvgenetic material for breeding programs and
also the opportunity for further dissection of genetics of these traits. We showed that therenoas
correlation between Zn concentration under normalcgndition and tolerance to high or low Zn
stress, which was in constant with the absenc®-dbcalization of quantitative trait loci (QTL) for
these traits in the genetic analysis dB.aapa ssp.pekinesisDH population (Chapter 3). This fits

with observations made for the hyperaccumulatantdpecied. caerulescenandA. hallerithat Zn
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accumulation and tolerance are under independamgtigecontrol (Macnair and Smirnoff, 1999;
Assuncdao et al., 2003a; Filatov et al., 2006; Wibeet al., 2007).

The QTL analysis of th8. rapaDH population was used to further dissect the demetf mineral
accumulation irB. rapa (Chapter 3). Seven QTLs related to Na, Mg, P, Ein,Sr concentrations in
leaves were identified, while no QTL was found KgrCa, Al, Fe and Cu. This together with the fact
that no major QTL (with an explained variance exitleg 30% of the genetic variance) was detected
in the present study underlines the complex genetintrol involving many loci with low
contribution to mineral accumulation iB. rapa. Furthermore this indicates that the genetic
improvement of these traits by classical breediiljbe very complicated requiring combination of
many genes contributing to the traits. Taking iatmount the strong effect of environment on the
expression of traits as was also observed for Agisis (A. Ghandilyan and M.G.M. Aarts,
unpublished data), this may well run into practi¢ahitations prohibiting breeding progress
altogether.

However, part of our inability to discover QTLs fesme mineral accumulations may well be caused
by the nature of the mapping population that wasiug/e used a DH population in our study, which
has the advantage over F2 or F3 populations tavakkpeated phenotypic testing of genotypes due to
their genetic homozygosity. However, the two paakimes are both of the “Chinese cabbage™-type,
which means they are fairly closely related andefme the low range of variation within the
population does not improve the efficiency in QTetettion in this study. Furthermore there was a
large amount of markers ( 70%) showed skewed satioegwhich is also believed to reduce the
power of QTL detection and to affect the estimdt®dL effects, because it reduces the effective
size of the progeny by reducing the size of onetygric class (Bradshaw et al., 1998).

One of the possible advantages of QTL analysB.irapaover species from other families is that it
is related to the general plant reference spe&iabidopsis thaliangArabidopsis) of which the full
genome has been sequenced. With increasing knogledgthe synteny between this crop and
Arabidopsis it may allow the recognition of similci on the bases of map position. The recent
advances in comparative genomics in the Brassieataaily are paving the way for a unified
comparative genomic framework (Schranz et al., 20B8@wever, at the moment there is not yet
sufficient genome synteny information availabletmpare thé. rapa QTLs detected in this thesis

with previous reports on mineral accumulation asidraince in Arabidopsis (Vreugdenhtlal, 2004;
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Harada and Leigh, 2006; Reymond et al., 2006) Hndspi caerulescenfAssuncéo et al. 2006;
Deniau et al. 2006). With the development of theparative mapping in Brassicaceae species, the
updated framework will accelerate the transfernébrimation from model species like Arabidopsis

andT. caerulescent Brassicacrops and the integration of the knowledge fronttedkse species.

Cloning and functional analysis of metal transportes

Metal transporters play a key role in metal accamoih and homeostasis in plants (Nelson, 1999).
Comparing metal hyperaccumulator and non-accumufaemt species offers a good approach for
dissection of metal accumulation and homeostasik bo the physiological/biochemical and the
molecular level (Assuncédo et al, 2003b). Therefoitklength cDNAs of metal transporters were
cloned from the Zn/Cd/Mn hyperaccumulaforcaerulescengo explore the possibility of genetic
engineering for micronutrient accumulation and rahee to excess soil mineral stress in crops
(Chapter 4 and 5). It has been proposed that theragcumulation is more likely due to the altered
regulation of metal homeostasis genes rather tmashiing genes with new functions (Pence et al.,
2000). This hypothesis is largely based on thetfadtsome metal transporters genes identified from
the hyperaccumulators. caerulescen®r A. halleri are constitutively higher expressed compared
with their orthologues in related non-accumulaeaes (Pence et al., 2000; Assuncéo et al., 2001;
Drager et al., 2004). However, recent analysis stsiwed that the metal specificity of a transporter
can be altered iff. caerulescensompared to Arabidopsis (Talukdar S, 2007). In f@&a4 and
Chapter 5 we showed that twdP genes TcZNT5and TcZNT§ and twoNRAMPgenes NRAMP3
andNRAMP4 are much higher expressedTincaerulescenshan their respective orthologuesAn
thalianaregardless of the external Zn or Cd supply. Thiengly suggests a function of the proteins
encoded by these genes in metal hyperaccumulaticlerance inT. caerulescensDNA blot
analysis revealed that the different expressioal$eare unlikely to be caused by a much higher copy
number of these genes in the hyperaccumulatordiffezential regulation of metal transporter genes
in the hyperaccumulator species indicates thatetiteanced expression of these genes by genetic
engineering is a feasible option for improvementnetal content in crops.

To further characterize the function of these genesetal homeostasis and to try to mimic the high
expression of these genes in the metal hyperaceatonulve overexpressed cDNAs for the identified

metal transporters in Arabidopsis. Unfortunatelp, phenotypic change in root growth under
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stressful Fe, Zn or Cd conditions was observedhemnoverexpression lines of the tNRAMPgenes
and TcZNT5 This suggests that enhancing the expression tdwhgle transporter genes will have
little effect on improving the total metal accunmida of the plant. Most likely the general network
of metal homeostasis is sufficiently robust to witnd relatively minor rearrangements of the
homeostasis machinery. As the network of metal lostasis in plant is tightly controlled at the
organismal as well as the cellular level (Clem&@€)1), only enhancing the expression of genes at
rate limiting steps will potentially generate olhwsophenotypes.

In contrast to the absence of a phenotypic chamgené over-expression ®ENRAMP3TcNRAMP4
and TCZNTS the over-expression ofcZNT6 increased the sensitivity to Cd as shown by a
significantly reduced root length when comparedild type (Chapter 4). The reports so far on plant
ZIP proteins showed they function at the plasma branme to influx cations to cytoplasm (reviewed
in Hall and Williams, 2003). Nevertheless, the ZRir8tein in yeast was proposed to function in
mobilization of stored Zn from the vacuole (MacDmed et al., 2000). Although such vacuolar ZIPs
have not been reported for plants yet, we cannduidg that ZIP6/ZNT6 has a vacuolar localization.
We can hardly propose the exact function and lonatif ZNT5 and ZNT6 from the result in this
thesis, however, the ongoing analysis of mineraluamlation in the over expression lines of
TcZNT5 and TcZNT6 will be helpful in clarifying the function of thestwo proteins in metal
homeostasis. The sub-cellular targeting of TcZNm& &cZNT6 is also very important for declaring

their functions in metal transport.

Molecular strategy for improvement of mineral accunulation and tolerance

The achievements in genetic engineering of new q@nts hold the promise of dramatic
improvement in the nutritional balance (Grahamlgt2001), while a major potential problem for
genetic improvement of plants for essential mictdants is that the lack of metal specificity of
uptake and distribution systems could lead to tbeumulation of nonessential and even toxic
elements (Clemens et al., 2002). The genes encadingporters specific for one or more essential
mineral elements are the most favourable candidatesther genetic engineering or marker assisted
breeding. Unfortunately Fe transporters often partsCd as well. However, there are exceptions,
like the vacuolar membrane transporter VIT1 whishan iron transporter without Cd transport

capacity (Kim et al., 2006). Also the plasma membraransporter IRT1 of Arabidopsis can be
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engineered to lose its Cd transporting ability (Bsget al., 2000), therefore there are good praspec
of biotechnological applications of metal specédgsential mineral transporters in crops.
As the complete genome sequencind@dssica rapas on its way (Multinational Brassica Genome

Project, http://www.brassica.infp the sequence information d&. rapa will soon facilitate the

identification of metal transporters based on thailable molecular genetic knowledge from
Arabidopsis and’. caerulescensThis will be a very important step towards imgrmythe mineral
content inB. rapa crops either by development of gene specific marfer the marker assisted
selection or by genetic engineering, both impori@omnponents of molecular breeding strategies.
The integration of information obtained from genorapproaches with genetic-based breeding will
accelerate the success for metal accumulationad@dhnce to external mineral stress.

However, experience of others (Sreenivasulu et28l07) and ourselves in overexpressing single
genes taught us that in most cases constitutiveerpeession of stress-tolerance genes is likely to
cause unwanted effects if any. Therefore the imgmeant of mineral content for crops by genetic
engineering may require a much more coordinatedgmaf different processes of the whole metal
homeostasis network, including uptake, bufferimgnslocation and storage. This will require the
alteration of expression of more genes and onlgentain tissues or at certain developmental stages
of in response to certain environmental stimuliheatthan constitutively in the whole plant.
Therefore, it is highly desirable to obtain relevamgan-specific and stress-responsive specific
promoters. Such promoters could also be used wepteggene silencing when gene pyramiding is
sought as a feasible strategy to obtain higheraot® levels. To this end, a better understanding o
the mechanisms underlying functional diversitylw tnetal transporters is certainly required.

More knowledge on the regulation of specific geiseanother prerequisite for genetic engineering.
The accumulation of most minerals in plant is tigltontrolled because they are hazardous when
present in too high or too low cytoplasmis concaidn because they resemble toxic elements, such
as Cd. IRT1, the major Fe transporter in plantspistrolled at the level of transcription and pnote
accumulation (Connolly et al., 2002). In the cade tlee post-translational regulation, the
over-expression of certain transporter genes willgenerate phenotypic changes because the protein
degraded soon after the translation. Thereforeatengethe complex regulatory networks controlling
mineral accumulation mechanisms is certainly reglirfor genetic engineering of mineral

accumulation improvement, which means that theséillsa long way ahead to realize this aim.
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In summary, the research in this thesis revealed etkistence of genetic variation on mineral
accumulation and tolerance to Zn stresB.irapa, and led to the identification of QTLs relatedwit
mineral accumulation and Zn stress tolerance. ptosides clues for a genetic approach to improve
these traits irB. rapa vegetables. Several candidate genes for geneginesring of tolerance to
external metal stress were also analyzed in tleisishalthough more studies need to be done, such a
the subcellular location of these proteins, théyleaineral concentration in the over-expressioedin
and the phenotypic change by combining overexmassr preferentially temporary, spatially or
environmentally controlled expression of severatahgansporter genes. The development oBhe
rapa sequencing program and the increasing knowledgeaécular basis of metal homeostasis
network in plants will provide a more concert bafis molecular breeding of improved mineral

content inB. rapa vegetables.
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Summary

Paving the way for genetic improvement for Zn accumlation in Brassica

rapa

Brassica rapal. comprises several vegetable crops, some oftware among the most important
vegetables in China, serving as one of the maiouress of mineral nutrition for Chinese people.
However, the knowledge on the genetics of microentraccumulation, including Zn, Fe and Mn, is
lacking inB. rapa By exploring the genetic potential for the impeavent of Zn accumulation B.
rapavegetables | expect to contribute to the reduadiomicronutrient malnutrition in China.

To characterize the natural variation of Zn accwatioh and Zn response upon exposure to different
Zn concentrations, | screened a large collectiorg@implasm representing nine cultivar groups
covering the geographic distribution Bf rapavegetables in China (Chapter 2). The result rexeal
that there was marked variation in accumulatioZf(23.2-159.9 pg 9, Fe (60.3-350.1 g9
and Mn (20.9-53.3 pgY in B. rapa Zn accumulation correlated with Fe or Mn accuriataboth
under normal and deficient Zn supply. No significaarrelation was detected for the accumulation
of these three elements with cultivar groups. A-feld variation was found for dry-biomass based
tolerance to Zn deficiency or excessive Zn. Theewidtural variation provides a base for the genetic
dissection by quantitative trait locus (QTL) an#&ysr for developing breeding programs for
improved mineral content.

QTL analysis is a powerful tool in dissection ofrqdex genetic traits. A doubled haploid (DH)
population developed from two Chinese cabb&jedpa ssp.pekinesiyvarieties was used for QTL
analysis of the accumulation of 11 minerals in é&saand for tolerance to deficient or toxic Zn
supplies (Chapter 3). The trait analysis showeditgntly positive correlations between the leaf
concentrations of the tested minerals, indicatiteg this must be taken into consideration in bregdi
programs, especially when toxic minerals (Cd, Asg)iavolved. Seven QTLs were detected for Na,
Mg, P, Mn, Zn and Sr leaf concentrations, with aplaned variance ranging from 11.1 % to 18.2
% . The tolerance to Zn stress was evaluated bysldopt biomass of plants grown under different

Zn supplies. One common QTL was found affecting ddhdry Biomass (SDB) under normal,
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deficient and excessive Zn supply conditions. Adigmhal QTL was detected for SDB only under
Zn excess stress, with an explained variance df 4@. The fact that no major QTL was detected
indicates the complexity of the genetic controtha# traits, probably involving many loci, each with
a limited contribution to mineral accumulationBnrapa. Furthermore this indicates that the genetic
improvement of these traits by classical breedinly e very complicated, as it will require a
combination of favourable alleles at many of theagecontributing to the traits. Screening additiona
populations for larger effect QTLs may provide éeraative.

Metal transporters play important roles in maintagnmetal homeostasis in plants and are involved
in processes of metal uptake, internal transpaodt storage.Thlaspi caerulescend&C Presl. is a
Zn/Cd/Ni hyperaccumulator, which has been usedrasdgel for plant metal homeostasis research. It
has been proposed that the hyperaccumulation i$ likelyy due to the different regulation of the
metal homeostasis genes rather than involving geritbs novel functions (Van de Mortel et al.,
2006). | cloned four metal transporter full-lengtBDNAs by screeningl. caerulescenDNA
libraries, encoding two ZIP transportefBecZNT5and TcZNT6 in Chapter 4) and two so-called
NRAMP transporter§TcCNRAMP3andTcNRAMP4in Chapter 5). These four genes showed strongly
increased expression T caerulescensas compared to the non-accumulaoabidopsis thalianan

a wide range of Zn supplies or in the presence dyfi@icated that these genes were involved in
metal hyperaccumulation or toleranceTincaerulescen€Expression analysis in twh caerulescens
accessions with contrasting Cd accumulation (Lea@ale and Ganges) further revealed that their
difference in Cd accumulation ability was assodateith differences in the regulation of the
expression of ZNTs and NRAMPs .

Loss of function of théAtZIP5 gene in Arabidopsis increased its tolerance to €dnaasured by
reduced root growth, but overexpression of TheaerulescensrthologueTcZNT5in Arabidopsis
did not lead to any change in phenotype. In copttass of function ofAtZIP6in Arabidopsis did
not change its phenotype, but overexpression of Tthecaerulescensorthologue TCZNT6 in
Arabidopsis increased Cd sensitivity.

The Arabidopsis double mutantramp3 nramp4showed hypersensitivity to Cd and toxic Zn, in
addition to its previously reported hypersensijivio Fe deficiency. Our study did not reveal
functional differences between tfie caerulescenandA. thalianaNRAMPs, which transport the

same metals when heterologously expressed in yeubtall four are localized at the vacuolar
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membrane in plants. Furthermore the phenotype dalngehe inactivation of th&tNRAMP3and
AtNRAMPA4genes in Arabidopsis can be rescued by expressiceNRAMP3 Nevertheless, neither
nramp3 nramp4lants expressingcNRAMP3 nor wild-type plants expressiigNRAMP4at high
levels show enhanced Zn or Cd tolerance comparedddype Arabidopsis.

The data presented in this thesis indicate thatmerdd Zn accumulation, Zn tolerance or Cd
tolerance probably requires elevated and contradbguression of a set of genes, rather than only

single metal transporter genes.
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Samenvatting

Op weg naar genetische verbetering van Zn accumuiatin Brassica rapa

Brassica rapal. omvat verschillende groentegewassen, waaroeidezle van de meest belangrijke
groentes in China. Deze dienen als een belandsije van mineralen in het dieet van een groot deel
van de Chinese bevolking. De genetische kennisdeasmccumulatie van micronutriénten, zoals zink
(Zn), ijzer (Fe) en mangaan (Mn), B rapais echter zeer spaarzaam. Door het genetischatesk
voor de verbetering van Zn accumulatieBinrapagroentes te onderzoeken verwacht ik een nuttige
bijdrage te kunnen leveren aan het verminderermiaronutriént ondervoeding in China.

Om de natuurlijke variatie van Zn accumulatie errepons op blootstelling aan verschillende Zn
concentraties te karakteriseren, heb ik een grateatie vanB. rapagroenteaccessies onderzocht.
Deze collectie omvatte vertegenwoordigers van alégen cultivargroepen die de volledige
geografische distributie vad. rapain China bestrijken (Hoofdstuk 2). Uit dit ondeekdbleek dat er
een duidelijke variatie aanwezig is B rapavoor de accumulatie van Zn (23.2-159.9 if), ¢e
(60.3-350.1 pg Q) en Mn (20.9-53.3 pg Y. Accumulatie van Zn correleert met die van Fevem
zowel onder normale Zn gift als onder Zn tekortd@maat Zn). Er werd geen significante correlatie
gevonden voor de accumulatie van deze drie elememtet de verschillende cultivargroepen.
Twee-voudige variatie werd gevonden voor toleramtier ondermaat of overmaat Zn op basis van
de hoeveelheid droge stof. De gevonden brede rigkawrariatie voor Zn accumulatie en tolerantie
biedt de basis voor genetische ontrafeling van eéggenschappen middels de genetisch analyse van
loci voor quantitative eigenschappen (QTL) of vbat ontwikkelen van veredelingsprogramma’s
voor verbetering van mineraalgehaltes.

QTL analyse is een efficiénte methode om complexretische eigenschappen te ontrafelen. Voor de
QTL analyses van de accumulatie van 11 mineraldaith en voor de QTL analyse van de tolerantie
voor ondermaat of overmaat Zn gift is gebruik gekbaan een verdubbelde haploid (DH) populatie
afgeleid van een kruising tussen twee Chinese lapiéfeiten B. rapassp.pekinensisHoofdstuk 3).

De analyse van de accumulaties liet significanitigy® correlaties zien tussen de bladconcentraties
van de geteste mineralen. Dit is nuttige informater het ontwikkelen van veredelingsprogramma’s,
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vooral in verband met het voorkomen van ongeweostaccumulatie van toxische mineralen (Cd,
As). Zeven QTLs zijn gevonden voor Na, Mg, P, Mm &n Sr-accumulatie in blad, met een
verklaarde variantie van 11.1-18.2 %. De tolerawnier Zn stress (te veel of te weinig Zn) is begaal
aan de hand van de droge stof opbrengst van plaegmeid onder verschillende Zn giften. Er is
€én gemeenschappelijke QTL gevonden voor drogerstfheut (SDB) onder normale, ondermaat
en overmaat Zn en één additionele QTL uitsluiteoon\SDB onder Zn overmaat met een verklaarde
variantie van 13.0 %. Er is geen majeure QTL geeondhetgeen waarschijnlijk veroorzaakt wordt
door de genetische complexiteit van mineraalaccatiajlwaar veel genetische loci bij betrokken
lijken te zijn, elk met een relatief klein effeqh de mineraalaccumulatie B rapa Tevens geeft dit
aan dat verbetering van mineraalaccumulatie doassktke veredeling zeer moeilijk zal zijn,
aangezien een moeilijk te verkrijgen combinatie ganstige allelen op verschillende loci nodig zal
zijn. Het onderzoeken van splitsende populatiebageerd op andere ouderlijnen, voor QTLs met
een groter effect kan hiervoor een uitkomst bieden.

Metaaltransporteiwitten betrokken bij metaalopnamisrn metaaltransport en metaalopslag spelen
een belangrijke rol bij het handhaven van metaaustase in een planthlaspi caerulescen3&C
Presl. is een Zn/Cd/Ni hyperaccumulatorsoort, dieelvgebruikt wordt als model voor
metaalhnomeostase onderzoek in planten. Eerdersisggereerd dat de hyperaccumulatie in deze
soort waarschijnlijk veroorzaakt wordt door diffeti€le regulatie van algemeen voorkomende
metaalhomeostasegenen en niet zozeer door de agheidzvan geheel nieuwe genen specifiek
voor de metaalhyperaccumulator (Van de Mortel e2806). Ik heb vier volledige metaaltransporter
cDNAs gekloneerd na het doorzoeken van EBeraerulescensDNA bank. Deze coderen voor twee
ZIP transportereiwitten TEZNT5 en TcZNT6 Hoofdstuk 4) en twee NRAMP transportereiwitten
(TctNRAMP3enTcNRAMP4 Hoofdstuk 5). Deze vier genen laten een sterka@yde expressie zien
in T. caerulescenyergeleken met dezelfde genen in de niet-accuolatabidopsis thaliana
(Arabidopsis). Deze verhoogde expressie wordt nijk&éreinvioed door de concentratie Zn in het
groeimedium of door de aanwezigheid van Cd, diegenstelling tot de expressie van Arabidopsis
genen, hetgeen een sterke aanwijzing is dat dazendaetrokken zijn bij Zn hyperaccumulatie of
hypertolerantie ifT. caerulescens/ergelijkende analyse van de expressie van deazergin twed.
caerulescensccessies (La Calamine en Ganges) met een végsdalCd- accumulatie liet verder

zien dat dit verschil in Cd accumulatie sterk geemserd is met verschillen in de regulatie van
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expressie van dezZNT enNRAMPgenen.

Uitschakeling van heAtZIP5gen in Arabidopsis verhoogde de tolerantie voorZodls bepaald aan
de hand van wortelgroei, maar overexpressie vanTdeaerulescensortholoog TcZNTS in
Arabidopsis leidde helaas niet tot een verandeiimgfenotype. Dit in tegenstelling tot de
overexpressie van h&t caerulescens TcZNT#&n dat zorgde voor een verhoogde gevoeligheid voo
Cd in Arabidopsis, terwijl uitschakeling van hetrmioge AtZIP6 gen in Arabidopsis niet tot een
verandering in fenotype leidde.

De Arabidopsismramp3nramp4dubbelmutant vertoont een overgevoeligheid voormeat Cd of

Zn, bovenop de eerder aangetoonde overgevoeligioeideen tekort aan Fe. Ons onderzoek bracht
geen functionele verschillen tussenTecaerulescensn Arabidopsis NRAMP transporters aan het
licht. De orthologe eiwitten transporteren dezelfdeeralen als ze tot heterologe expressie gebracht
worden in gist. Alle vier de eiwitten bevinden ziobrmaliter in de vacuolaire membraan in een
plantencel. Uitschakeling van de ArabidopatSiIRAMP3en AtNRAMP4genen kan gecompenseerd
worden door expressie van h&NRAMP3gen. Echter sterke expressie VAONRAMP3in
Arabidopsisnramp3nramp4dubbelmutanten, noch sterke expressie VaNRAMP4in wildtype
planten, leidde tot een verhoogde tolerantie voor & Cd overmaat in vergelijking met
ongetransformeerde wildtype controleplanten.

De resultaten van de experimenten die in dit poheit beschreven worden geven aan dat het
verhogen van Zn accumulatie of tolerantie voor &kwott of Zn/Cd overmaat waarschijnlijk alleen
bereikt kan worden door de verhoogde en gecontadeexpressie van een set genen in plaats van

een enkel metaaltransporter gen.
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