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Abstract The specific transport of metal ions, mediated

by membrane-localized metal transporters, is of funda-

mental importance in all eukaryotes. Genome-wide

analysis of metal transporters was undertaken, making use

of whole genome sequences of the green alga Chlamydo-

monas reinhardtii, the moss Physcomitrella patens, the

lycophyte Selaginella moellendorffii, the monocots rice and

sorghum, and the dicots Arabidopsis thaliana, poplar,

grapevine, as well as of the yeast Saccharomyces cerevi-

siae. A repertoire of 430 metal transporters was found in

total across eight photosynthetic plants, as well as in

S. cerevisiae. Seventy-two full-length metal transporter

genes were identified in the Populus genome alone, which

is the largest number of metal transporters genes identified

in any single species to date. Diversification of some

transporter family gene clusters appears to have occurred in

a lineage-specific manner. Expression analysis of Populus

metal transporters indicates that some family members

show tissue-specific transcript abundance. Taken together,

the data provide a picture into the diversification of these

important gene families.
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Introduction

Copper, iron, zinc, cobalt, nickel, and manganese are metal

cations essential for cellular processes, since they act as

important cofactors for many enzymes, are components of

transcription factors and other proteins, and are essential

for both mitochondrial and chloroplast functions. However,

when present at high concentrations, along with non-

essential metals such as cadmium, mercury, silver, and

lead, essential metals can become extremely toxic, since

they can cause oxidative damage or compete with other

essential ions. Heavy metals are present in soil as natural

components or as a result of human activity. The primary

sources of metal pollution are the burning of fossil fuels,

mining and smelting of metalliferous ores, downwash from

power lines, municipal wastes, fertilizers, pesticides, and

sewage. Most existing remediation physicochemical
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technologies (chemical reduction/oxidation, soil washing,

and excavation) are meant primarily for intensive in situ or

ex situ treatment of relatively highly polluted sites, and

thus are not very suitable for the remediation of vast, dif-

fusely polluted areas where pollutants occur only at

relatively low concentrations and superficially [1].

Interestingly enough, in the last few years, the possi-

bility of planting metal hyperaccumulator crops or large

biomass producers and then harvesting and incinerating the

biomass used for bioenergy production has appeared as an

alternative technology [2]. According to some authors [3],

trees potentially are the lowest-cost plant type to use for

phytoremediation. A number of tree species can grow on

land of marginal quality. This allows establishment of trees

on sites with low fertility and poor soil structure, keeping

costs low for plant establishment. Besides, trees have the

most massive root systems of all plants, which penetrate

the soil for several meters, farther than most herbaceous

plants [3]. In some tree species, such as members of the

Salicacea family (Populus and Salix species), above-

ground biomass can be harvested, and trees will resprout

without disturbance of the site.

Plant growth on metal-polluted soils usually depends on

their tolerance level to metals at the cellular level. Toler-

ance to metals is based on multiple mechanisms such as

cell-wall binding, active transport of ions into the vacuole,

and formation of complexes with organic acids or peptides.

A growing knowledge of these factors important to phy-

toremediation can provide a basis for genetic modification

of plants for improved performance. Trees hardly accu-

mulate metal at the level of hyperaccumulator plants [4]. In

order to increase metal accumulation capacities by trees,

one way would be to increase the number of uptake pro-

teins for the metal of interest in a model tree. Alternatively,

the specificity of uptake proteins could be manipulated to

take up only the metal of interest, to the exclusion of

otherwise competitive substrates, reducing the overall

metal load. Employing these methods predictably requires

a thorough knowledge of transport proteins involved in

metal uptake and sequestration in trees.

Over the past decade, significant progress has been made

in elucidating the molecular basis of metal uptake into plant

cells [5]. In addition to the transport of inorganic forms of

metals [6], a number of studies have been dedicated to the

study of chelate-based transport systems [7, 8], some of

which are key determinants in metal homeostasis and tol-

erance in plants [9, 10]. Metal transporters play crucial roles

in many aspects of essential and toxic metal distribution in

plants. They are involved in the uptake of metals from the

soil to root epidermal and cortical cells [11–14]. Subse-

quently, they are necessary to load metals to the xylem

vessels and therefore for metal transfer from roots to shoots

and leaves [15]. Within cells, transporters are important for

metal storage or sequestration into the vacuole [16–20] as

well as their distribution to organelles [21] such as mito-

chondria [22] and plastids [23, 24]. However, metal

transport proteins in perennial species have only been rarely

investigated [16, 21]. A better understanding of the bio-

chemical processes involved in tree heavy metal uptake,

transport, accumulation, and tolerance will help to sys-

tematically improve phytoremediation using molecular

genetic approaches. Systematic screening of plant species

and genotypes for metal accumulation and resistance will

broaden the spectra of genetic material available for opti-

mization and transfer. Therefore, long-term efforts should

be directed toward the development of a ‘‘gene repertoire’’

composed of genes valuable for phytoremediation. The

availability of the full-genome sequence of poplar (Populus

trichocarpa) provides the opportunity to investigate the

metal transporter families in this organism [25]. It is

worthwhile because functions for metal transporters not

detectable in Arabidopsis thaliana could occur in poplar in

view of its different life cycle. Poplar is a perennial species

and nutrient remobilization preceding the loss of leaves

requires metal transport. Furthermore, comparison of

members of one gene family between evolutionary related

plants may provide some interesting biological insights.

Specific transporters, encoded by multigenic families, are

responsible for the uptake and secretion of metal ions, and

for their sequestration into organelles [6, 26, 27].

In this context, the present paper describes a survey of

metal transporters from the copper transporter (CTR), cation

diffusion facilitator (CDF), zinc–iron permease (ZIP), cation

exchanger (CAX), natural resistance-associated macrophage

protein (NRAMP), and heavy metal ATPases (HM-ATPase)

families performed in eight plant genome sequences, broadly

sampling the plant evolutionary tree (green alga Chlamydo-

monas reinhardtii, non-vascular moss Physcomitrella patens,

lycophyte Selaginella moellendorffii, monocots rice and

sorghum, and dicots Arabidopsis thaliana, poplar and

grapevine), as well as with members of the S. cerevisiae

genome. Finally, based on a search in available EST and

Affymetrix data, we describe poplar expression profiles.

Although chelate-based transport systems are of importance

in plants for tolerance mechanisms, we have limited the

present study to transport mechanisms of inorganic com-

pounds to keep a reasonable size.

Materials and methods

In silico genome automatic annotation and manual

curation

A HMM seed alignment of representative protein sequences

of diverse organisms was retrieved from http://pfam.
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sanger.ac.uk/ for each transporter family using selected

Pfam domains and used to search a customized database

containing the genome annotations of Arabidopsis (Ara-

bidopsis thaliana; TAIR release 7; http://www.arabidopsis.

org/), Chlamydomonas (Chlamydomonas reinhardtii; JGI

release 4; http://genome.jgi-psf.org/Chlre4/Chlre4.home.

html), rice (Oryza sativa; TIGR release 6.1); http://rice.

plantbiology.msu.edu/), Physcomitrella (Physcomitrella

patens ssp. patens; JGI release 1.1; http://genome.jgi-psf.

org/Phypa1_1/Phypa1_1.home.html), poplar (Populus

trichocarpa; JGI release 1.1; http://genome.jgi-psf.org/

Poptr1_1/Poptr1_1.home.html), sorgho (Sorghum bicolor);

JGI release 1.0; http://genome.jgi-psf.org/Sorbi1/Sorbi1.

home.html), Selaginella (Selaginella moellendorffii; JGI

release 1.0; http://genome.jgi-psf.org/Selmo1/Selmo1.

home.html), vine (Vitis vinifera; http://www.genoscope.

cns.fr/spip/Vitis-vinifera-e.html) and yeast (Saccharo-

myces cerevisiae; http://www.yeastgenome.org/). The final

gene models were chosen based on the criteria of full

length (with start and stop codons), longer transcript/cod-

ing region, and, most importantly, highly similar with

Arabidopsis proteins. Retrieved sequences were corrected

when a portion of protein was missing due to a wrong gene

model prediction. These corrections were supported by

EST sequences when possible or were guided by the

alignments with homologous proteins. Sequences showing

huge truncations and that could not be completed among

others by BLAST search were excluded for phylogenetic

analyses.

Phylogenetic tree construction

Full-length amino acid sequences were aligned by

CLUSTALW and imported into the Molecular Evolu-

tionary Genetics Analysis (MEGA) package version 4

[28]. Phylogenetic analyses were conducted using the

neighbor-joining (NJ) method implemented in MEGA,

with the pairwise deletion option for handling alignment

gaps, and with the equal input correction model with

heterogeneous pattern among lineages for distance com-

putation. The bootstrap consensus tree inferred from

1,000 replicates is taken to represent the evolutionary

history of the taxa analyzed [29]. The phylogenetic trees

were drawn to scale, with branch lengths in the same

units as those of the evolutionary distances [30]. The

evolutionary distances are in the units of the number of

amino acid substitutions per site. For the ZIP family, a

Poisson correction model for distance computation was

also used (homogeneous substitution pattern among lin-

eages), to infer phylogeny on all lineages, since several

pairwise distances could not be assigned with the equal

input correction model (see below).

EST-based expression analysis

For EST-based expression analysis, BLAST search was

performed using the cDNA sequences of poplar transporter

genes against the EST database (http://www.ncbi.nlm.

nih.gov/dbEST/index.html) available at NCBI (Supple-

mental Table S1). The expression evidence from EST or

full-length cDNA for Populus genes was determined by

minimal 97% identity over an alignment of at least 100 bp

and at least 80% length of the shorter sequences [31]. Note

that the ESTs were identified in libraries from different

poplar species (P. trichocarpa, P. nigra, P. tremula) and

hybrids (P. trichocarpa 9 P. deltoides; P. tremula 9

P. tremuloides).

Populus microarray analysis

Transcript accumulation patterns of all Populus metal

transporter genes were analyzed using data from Pop-

GenExpress (http://www.bar.utoronto.ca)––an Affymetrix

GeneChip-based resource for poplar transcriptome analy-

sis [32]. The expression data are also available for

download from the Gene Expression Omnibus (http://

ncbi.nlm.nih.gov/geo) as accession number GSE13990.

As Affymetrix microarray data have been ‘‘validated’’ by

qPCR countless times (e.g., [32]) and discrepancies in the

order of magnitude of transcript abundance are so small

as to be negligible, Affymetrix data should merely be

viewed as yet another form of transcript abundance data,

akin to Northern blot or qPCR. As the manuscript focuses

on trends in difference in transcript abundance (i.e.,

increase in one tissue, decrease in another), and not on the

absolute order of magnitude difference in transcript

abundance, a second method of transcript abundance

analysis was not undertaken. Details of the plant material

and data analysis are described in Wilkins [32]. Briefly,

all tissues were collected from P. balsamifera trees and

total RNA was hybridized to the Affymetrix poplar gen-

ome array. All measurements were performed in

biological triplicate. GeneChip analysis was performed

using the BioConductor Suite in R [33] using the Affy

package [34]. The arrays were pre-processed using

GC-robust multiarray analysis [35], which uses the intensity

of all probes across all arrays to normalize both for probe-

specific and array-specific binding effects. Probe sets

corresponding to the putative Populus metal transporter

gene models were identified using the Probe Match tool

on the NetAffx Analysis Center website (http://www.

affymetrix.com/analysis/index.affx). Hierarchical cluster-

ing, based on Pearson correlation coefficients of transcript

accumulations patterns for all probe sets, was performed

to group genes with similar transcript accumulation pat-

terns together. The Heatplus package was used to
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generate heatmaps to display the transcript accumulation

patterns.

Supplemental data

Locus name, protein length, CDS length, strand, chromo-

some, start and end positions (Supplemental Table S2)

were found on specific databases: http://www.arabidopsis.

org/, http://genome.jgi-psf.org/Chlre4/Chlre4.home.html,

http://rice.plantbiology.msu.edu/, http://genome.jgi-psf.org/

Phypa1_1/Phypa1_1.home.html, http://genome.jgi-psf.org/

Poptr1_1/Poptr1_1.home.html, http://genome.jgi-psf.org/

Sorbi1/Sorbi1.home.html, http://genome.jgi-psf.org/Selmo1/

Selmo1.home.html, http://www.genoscope.cns.fr/spip/

Vitis-vinifera-e.html and http://www.yeastgenome.org/.

Results and discussion

Table 1 lists the six metal transporter families to which

belong the 410 metal transporters that we have identified in

the eight plants (and the additional 20 genes in S. cerevi-

siae). These metal transporters represent between 1.17 and

2.1% of the total number of coding genes in each of the

plant genomes [25, 36–41], which is lower than that found

for S. cerevisiae [42]. Here below we describe the metal

transporter families. Evolutionary relationships within each

transporter family were examined using phylogenetic trees

that allow classification in different clusters. Affymetrix

Poplar Genome Arrays were used to assess the transcript

abundance of metal transporter-encoding genes.

The copper transporter (CTR) family (TC 1.A.56)

Copper is an essential micronutrient for most organisms,

especially in respiring eukaryotes, as it is a cofactor in

electron transfer proteins and in enzymes that catalyse

redox reactions or oxygen chemistry, such as cytochrome

oxidase, ferroxidases, and Cu/Zn superoxide dismutases.

Copper deficiency is a challenge encountered by most of

the organisms, a challenge they have met through the

evolution of sophisticated adaptive mechanisms. Whereas

some P-type ATPases function in copper distribution (see

below), the CTR family copper transporters function in

copper acquisition from the environment or from cellular

storage compartments. CTR transporters are constituted by

transmembrane polypeptides, containing several copper-

binding sequences of functional and/or regulatory value,

Table 1 Evolution of the plant

metal transporters

On the top side, the phylogenic

tree of selected plants is

represented. On the bottom side,

the number of metal transporter

genes from the CTR, CDF, ZIP,

CAX, NRAMP, and HMA is

given, as well as the genome

size and the contribution of

metal transporters to the total

predicted number of genes for

each organism. References for

genome data are: At [37], Pt

[25], Vv [36], Os [40], Sb [41],

Sm (http://genome.

jgi-psf.org/Selmo1/

Selmo1.home.html), Pp [39], Cr

[38], Sc [42]

Total
CTR 6 7 6 7 4 8 2 3 3 46
CDF 12 19 12 8 9 9 11 5 6 91
ZIP 18 20 20 16 17 9 9 11 5 125
CAX 6 7 4 6 6 1 5 2 1 38
NRAMP 7 9 6 7 10 7 6 3 3 58
HMA 8 10 9 9 9 12 9 4 2 72
Total 57 72 57 53 55 46 42 28 20 430
Genome size (Mb) 157 485 505 490 730 212 511 112 12
Coding genes 26819 45555 29585 31752 27640 22285 35938 15143 5885
ä 2.13 1.60 1.99 1.67 2.03 2.06 1.17 1.85 3.40
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and assembling as trimers [43]. The CTR family copper

transporters were recently included within the channel-

type facilitators (http://www.tcdb.org). Copper is trans-

ported down a concentration gradient because intracellular

copper is immediately sequestered, notably by Cu

chaperones.

CTR family copper transporters were first discovered

in yeast [44]. Ctr1p and Ctr3p, localized to the plasma

membrane, are functionally redundant [45]. A third CTR-

type transporter, Ctr2p, mobilizes stored copper from the

vacuole under conditions of copper deficiency [17]. CTR

transporters are also present in animal and plant cells.

Six CTR members (named AtCOPT1-6) were identified

in A. thaliana. AtCOPT1, 2, 3, and 5 were functionally

characterized [46]. Similarly, three genes were identified

and characterized from the alga C. reinhardtii [11].

All these proteins could rescue the mutant phenotype of

ctr1 and were described as functional plant Cu

transporters.

The search for genes encoding CTRs enabled the dis-

covery of a relatively conserved number of genes in the

genome of angiosperms (Table 1), with six gene models in

A. thaliana and V. vinifera genomes, and seven gene

models in P. trichocarpa and O. sativa genomes. However

in the genome of S. bicolor, four gene models could only

be found. Surprisingly the lycophyte S. moellendorffii

genome contains eight gene models. Cluster I includes

angiosperm sequences whereas C. reinhardtii, P. patens

and S. moellendorffii obviously lacked counterparts in this

cluster (Fig. 1). Cluster III includes C. reinhardtii and

S. moellendorffii homologues. These C. reinhardtii and

S. moellendorffii homologues grouped together with S. cere-

visiae CTRs, suggesting a relatively high sequence diver-

gence of these proteins with those from the other

photosynthetic organisms. Conversely SmCOPT5 was

present in cluster II consisting of either one (A. thaliana and

S. bicolor) or two (O. sativa, P. trichocarpa, P. patens, and V.

vinifera) CTR members. Group I of CTRs contains between

three (for S. bicolor) to five (for O. sativa, P. trichocarpa, and

A. thaliana) members.

Subcellular localization of higher plant CTRs has not yet

been reported. Based on localization to the plasma mem-

brane and ability to rescue a yeast mutant defective in high-

affinity copper transport, two CTRs from C. reinhardtii

were proposed as the assimilatory Cu transporters of this

alga [11]. Further studies dealing with the localization of

CTR proteins from higher plants are needed to better

understand the role of these transporters in Cu homeostasis

in model plants.

Each CTR gene is expressed in poplar as revealed by

the analysis of EST databases (Fig. 2a). A few ESTs

could only be found for PtCOPT3-4,6, whereas PtC-

OPT1 and PtCOPT5.1 are the CTR transcripts that are

the most highly represented in the databases. Interest-

ingly, among the different families of metal transporters,

PtCOPT5.1 is the second most highly expressed gene

(after PtZIP11.1) with up to 45 ESTs identified. PtC-

OPT6, PtCOPT4, and PtCOPT3 are the predominant

COPT members expressed in xylem, root, and catkins,

respectively (Fig. 3). AtCOPT1 functions in soil Cu

uptake when Cu becomes limited and it is expressed in

both primary and secondary root tips [47]. According to

its high level of transcript accumulation in root tissues, it

would be tempting to point out a similar role to PtC-

OPT4. AtCOPT1 is also involved in pollen development

[47], a function that may also predominate for its close

poplar homologues PtCOPT3 and PtCOPT6, since these

genes are highly expressed in poplar male catkins

(Fig. 3). The PtCOPT1 transcript is most abundant in

leaves, whatever the light treatment.

Fig. 1 An unrooted, neighbor-joining (NJ)-based tree of the copper

transporter (Ctr) family in selected plants. The analysis was

performed as described in the ‘‘Materials and methods’’ section and

the tree was generated using MEGA version 4.1 [28] after sequence

alignment. Bootstrap values are indicated (1,000 replicates). Branch

lengths are proportional to phylogenetic distances. Corresponding

gene loci are given in a supplemental file. Names of the species are

abbreviated with a two-letter code (At, Arabidopsis thaliana; Cr,

Chlamydomonas reinhardtii; Pp, Physcomitrella patens; Pt, Populus
trichocarpa; Os, Oryza sativa; Sb, Sorghum bicolor; Sc, Saccharo-
myces cerevisiae; Sm, Selaginella moellendorffii; Vv, Vitis vinifera)
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The cation diffusion facilitator (CDF) family

(TC 2.A.4)

The CDF transporters first identified by Nies and Silver

[27], are ubiquitous, spanning all three kingdoms of life:

Archaea, Eubacteria, and Eukaryotes. Studies on CDF

transporters may inform strategies for bioremediation and

human nutrition and health [6, 27]. CDFs are Me2?/H?

(K?) antiporters that catalyse the efflux of transition metal

cations, including Zn2?, Co2?, Fe2?, Cd2?, Ni2?, or Mn2?,

from the cytoplasm to the outside of the cell or into sub-

cellular compartments [6, 18, 27, 48]. Phylogenetic

analysis classified CDF members into three major groups,

which have different selectivity towards the principally

transported metal (Zn-, Fe/Zn-, and Mn-CDF), plus one

group with unknown metal specificity [49]. The majority of

CDF proteins possess six putative transmembrane domains,

with cytoplasmic N and C termini, however, some CDF

members exhibit different types of secondary structure, like

the Msc2 protein of S. cerevisiae, which is predicted to

have 12 transmembrane domains. Plant CDF are usually

called MTP, for metal tolerance protein.

Our phylogenetic analysis, performed on yeast, alga,

moss, lycophyte, and several monocotyledons and

dicotyledons, confirms the existence of these major

groups since all characterized CDF transporters specific

for the same cation(s) clustered together (Fig. 4). Cluster

I, corresponding to Zn-CDF members, contains the

highest number of genes, can be divided into two sub-

clusters typified by the A. thaliana AtMTP1–4 and by

AtMTP5 and AtMTP12, respectively. The first subcluster

is restricted to photosynthetic organisms since it contains
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Fig. 2 EST-based expression analysis for Populus metal transporter

genes. BLAST search was performed using the cDNA sequences of

poplar transporter genes against the EST database (http://www.

ncbi.nlm.nih.gov/dbEST/index.html) available at NCBI. The expres-

sion evidence from ESTs or full-length cDNAs for Populus genes was

determined as described in the ‘‘Materials and methods’’ section
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no sequences from fungi as confirmed by previous

observations [49]. S. bicolor, O. sativa, and P. patens

possess one or two homologues while A. thaliana,

V. vinifera, and S. moellendorffii possess three or four

homologues and P. trichocarpa possess six homologues.

Moreover, we can underline that MTP1, MTP2, and

MTP3 proteins of higher plants are very similar and

present a sequence identity comprised between 61 and

86%. AtMTP1, AtMTP3, and PtMTP1 have been char-

acterized as Zn transporters and are associated with Zn

tolerance by facilitating the Zn transfer into the vacuole

[16, 48, 50–52]. All these transporters possess a histi-

dine-rich region between TMD IV and TMD V, which is

responsible for Zn binding. With the exception of

O. sativa, each plant possesses at least one MTP5 and

one MTP12 homologues in the second subcluster. Like

ScMSC2, all MTP12 homologues share a 12-transmem-

brane domain topology. It can be noticed that two MTP5

and two MTP12 members are present in

S. moellendorffii, suggesting that a duplication event

occurred in this plant during evolution.

Cluster II includes AtMTP6 homologues from all

organisms analyzed. The only exceptions are from

P. patens, with two MTP6 homologues and C. reinhardtii

with no MTP6 homolog excepted alga. Members of cluster

II are Fe and Zn transporters, and correspond to the Fe/Zn-

CDF group as described previously [49]. It has been

demonstrated that ScMMT1 and ScMMT2 were mito-

chondrial Fe transporters [22]. To date, no experimental

data concerning MTP6 homologues of photosynthetic

organisms are available.

Cluster III corresponds to the Mn-CDF group, including

homologues from all organisms with the exception of

yeasts as previously described [49]. It can be noticed that

poplar possesses eight putative Mn transporters whereas

the other species possess between four and six Mn-CDF

homologues. It may be suggested that duplication events

occurred in P. trichocarpa, on MTP8, MTP10, and MTP11

Fig. 3 Expression of Populus metal transporter genes across a range

of tissues, organs, and treatments. The patterns of relative transcript

accumulation of each of 65 metal transporter genes as determined by

microarray analysis are presented as a heat map, with red indicating

higher levels and green indicating lower levels of transcript accumu-

lation. Each column represents the average of three biological

replicates. Represented tissues are as follows: CL Seedlings grown in

continuous light, DL seedlings grown in continuous darkness and then

transferred to light for 3 h, CD seedlings grown in continuous

darkness, YL young leaf, ML mature leaf, RT root, XY differentiating

xylem, FC female catkins, MC male catkins. Data are normalized

within each row
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homologues. In particular, MTP8 and MTP10 tandem

repeats can be recognized on three linkage groups: LG I

(MTP8.2 and MTP8.3), and LG X (MTP10.1, MTP10.2,

and MTP10.3), while MTP11 locate on two different LGs

on syntenic regions. To date, AtMTP8, AtMTP11,

PtMTP11.1, and PtMTP11.2 were demonstrated to be

involved in Mn transport, and MTP11 homologues were

shown to be localized in Golgi apparatus [18, 21]. The

three C. reinhardtii members CrMTP2-4 are included in

this group. Another phylogenetic study of the CDF mem-

bers from alga suggested that they are related to the

AtMTP8-11 cluster [53]. The yeast Zn transporter ScZrg17

has homologues only among fungi, so no plant sequence

cluster with this ER-localized CDF, and was very distantly

related to CDF members [49]. In fact, distances between

ScZrg17 and several other members could not be calcu-

lated with and it was not included in the tree. AtMTP7

homologues are also present in plants, but to date, there is

no biochemical study that could suggest a metal specificity

for these members.

We identified 76 ESTs for 12 MTP genes (out of 19)

from poplar tissues, revealing that at least two-thirds of the

MTP genes are functional in poplar (Fig. 2b). The libraries

contained a much higher number of ESTs for PtMTP1 (15

ESTs), PtMTP3.1 (12 ESTs) and PtMTP11.1 (14 ESTs).

These data were supported by microarray analysis (Fig. 3).

For example, PtMTP8.3 and PtMTP9 had the highest

transcript abundance relative to other MTP genes in roots

and in xylem, respectively. A subset of five genes

(PtMTP1/2, 3.2, 5.4, 6, and 8.1) had the greatest transcript

abundance in seedlings relative to other tissues or condi-

tions. Interestingly, PtMTP6 had the highest transcript

abundance in leaves under continuous darkness, suggesting

a function in metal redistribution under low carbon.

Although we could not differentiate PtMTP1 and PtMTP2

on microarrays, the lack of PtMTP2 in EST databases

suggest that signals obtained in microarray correspond to

PtMTP1, PtMTP4.1, 4.2, 11.1, and 11.2 may be involved in

the developmental processes occurring in reproductive

organs, as highlighted by their strong expression in these

tissues. PtMTP1 and PtMTP11 functions have been well

described both in poplar and Arabidopsis [16, 18, 21].

Although genomics has suggested rapid expansion of the

CDF family, functional data are lacking for many of the

gene family members. The specific expression patterns of

some of the poplar CDF members (in xylem, root, or cat-

kins for instance) may help to highlight the function and

distribution of these CDF members.

Fig. 4 An unrooted, neighbor-

joining (NJ)-based tree of the

cation diffusion facilitator

(CDF) family in selected plants.

Details are given in the legend

of Fig. 1. Clusters I, II, and III

correspond to Zn-CDF, Zn/Fe-

CDF, and Mn-CDF,

respectively. For cluster IV no

data on metal preference are

available
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The zinc–iron permeases (ZIP) family (TC 2.A.5)

The ZIP family includes the well-characterized members

ZRT1 and ZRT2 (zinc-regulated transporter), the high- and

the low-affinity zinc transporters from S. cerevisiae and

IRT1, the A. thaliana iron-regulated transporter, which is a

cation transporter expressed in roots of iron-deficient plants

[54]. It has been demonstrated that these proteins transport

zinc and/or other metal ion substrates from the extracellular

space or organellar lumen into the cytoplasm. ZIP trans-

porters are found in all phylogenetic levels including

bacteria, fungi, plants, and mammals [26, 54]. Most ZIP

proteins have eight predicted transmembrane domains and

similar predicted topologies with the N- and C-termini of

the protein located on the extracytoplasmic face of the

membrane. ZIP proteins range from 309 to 476 amino

acids, this difference is largely due to the length between

transmembrane domain III and IV, designated the ‘‘vari-

able region’’. In most cases, the variable region contains a

potential metal-binding domain rich in histidine residues

that is predicted to be cytoplasmic. The strong sequence

heterogeneity within this loop prevented distance calcula-

tions for four proteins (ScZRT3, SmZIP7, CrZIP7, and

CrZIP11). Therefore, evolutionary relationships using

heterogeneous pattern among lineages were inferred by

eliminating these sequences. A tree based on the Poisson

correction model for distance computation revealed that

these proteins belonged to cluster IV (Fig. S1).

ZIP proteins of eukaryotes have been previously classi-

fied into clusters I and II [54]. Cluster I consisted largely of

fungal and plant members whereas cluster II was a smaller

group of nematodes proteins. Another analysis of over 85

ZIP members identified two additional clusters [26]. The

first one, the GUFA cluster (Myxococcus xanthus) includes

ZRT3, a zinc transporter from S. cerevisiae. The presence of

ZRT3 in the GUFA cluster of proteins clearly links this

cluster to potential function in metal ion transport [26]. The

LIV-1 subfamily constitutes the second new cluster. As

observed in both ZIP and CDF proteins, LIV-1 proteins

present a high abundance of histidine residues, suggesting

that LIV-1 proteins may play a role in metal ion transport

[26]. Several studies have demonstrated that ZIP homo-

logues of cluster II are principally expressed in roots and

up-regulated in Fe-deficient roots (i.e., OsIRT1, AtIRT1,

and AtIRT2) [12, 55]. Interestingly, AtZIP7 is expressed in

both roots and shoots of Arabidopsis under Zn-deficiency

treatment [56]. In addition it has been demonstrated that

OsIRT2 encodes an Fe transporter of lower affinity than

OsIRT1 [13]. Little is known about the cluster III members

but it has been shown that AtZIP4 was predominantly

expressed in the roots of Zn-deficient [56], OsZIP7.1 was

up-regulated in rice shoots by Zn deficiency and OsZIP7.2

was up-regulated in roots under Fe deficiency [57].

As revealed by the phylogenetic analysis (Table 1), the

number of ZIP homologues is greater in angiosperms

(comprised between 16 and 20) in comparison to P. patens,

S. moellendorffii, and C. reinhardtii, which possess nine,

nine, and 11 ZIP genes, respectively. The number of ZIP

genes in S. cerevisiae is even lower than in plants. In

angiosperms, the high number of ZIP transporters would

facilitate the absorption of metal ions from the soil and the

distribution throughout the plant. Moreover, it is presumed

that some of the ZIP proteins will be found to locate to

different membranes facilitating the exchange between

intracellular components. Our analysis, performed on

yeast, alga, moss, lycophytes, and several monocotyledons

and dicotyledons confirms the existence of the four clusters

described above (Fig. 5).

Cluster I, typified by the A. thaliana ZIP1 and IRT1,

includes sequences from most organisms, although the

S. cerevisiae and C. reinhardtii ZIP are more distantly

related to the other sequences. This cluster corresponds to

subfamily I, as previously described [53], and it can be

further divided into four subclusters. Phylogenetic analysis

reveals that three of these subclusters are restricted to

higher plants since they contain no sequences from

P. patens, S. moellendorffii, and C. reinhardtii. It can be

hypothesized that these clusters appeared later during

evolution of the green lineage [53]. The first subgroup is

composed of ZIP homologues from monocots and dicots.

The number of ZIP homologues is relatively conserved

and ranges from four in A. thaliana to six in P. tricho-

carpa. Few studies on A. thaliana and O. sativa

homologues revealed that AtZIP1 and AtZIP3 were pre-

dominantly expressed in the roots of Zn-deficient

Arabidopsis [56], while OsZIP1, OsZIP3, and OsZIP4

were up-regulated in rice roots and shoots after Zn

deprivation. On the contrary, OsZIP2 was up-regulated in

rice roots by Zn deficiency and OsZIP5 was only

up-regulated in rice shoots by Zn deficiency [55].

The number of subcluster II homologues also is rela-

tively conserved and ranges from two in O. sativa to four in

P. trichocarpa. Surprisingly, A. thaliana possesses five ZIP

isoforms suggesting that a duplication event occurred in

A. thaliana. Several studies have demonstrated that ZIP

homologues of this subcluster are principally expressed in

roots and up-regulated in Fe-deficient roots (i.e., OsIRT1,

AtIRT1, and AtIRT2) [12, 55]. Interestingly, AtZIP7 was

expressed in both roots and shoots of Arabidopsis under

Zn-deficiency treatment [56]. In addition, it has been

demonstrated that OsIRT2 encodes an Fe transporter of

lower affinity than OsIRT1 [13].

The third subcluster is restricted to land plants since it

does not contain C. reinhardtii ZIP homologues suggesting

that this subgroup appeared after the split with green alga.

Interestingly, S. moellendorffii and P. patens contain two
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and three ZIP homologues, respectively, whereas monocots

and dicots only possess two and one ZIP homologues,

respectively. Except for A. thaliana, which possesses three

homologues, it seems that the number of ZIP homologues

decreased during evolution and more particular in dicots.

Little is known about the cluster III members but it has

been shown that AtZIP4 was predominantly expressed in

the roots of Zn-deficient [56]. OsZIP7.1 was up-regulated

in rice shoots by Zn deficiency and OsZIP7.2 was up-

regulated in roots under Fe deficiency [57]. The forth

subcluster only contains between 1 and 2 ZIP homologues

of each higher plant analyzed. It can be noticed that

duplication events occurred in P. trichocarpa and

V. vinifera during evolution.

Cluster II, typified by the A. thaliana ZIP2 and ZIP11

proteins also includes representatives from most of the

organisms studied, except S. cerevisiae and C. reinhardtii,

which lacked obvious counterparts in this cluster. It may be

suggested that duplication events occurred in P. tricho-

carpa and more particular in V. vinifera, which possess

four ZIP11 genes that are in tandem on the genomic

sequence. Cluster III is made of AtIAR1 and other plant

Fig. 5 An unrooted, neighbor-joining (NJ)-based tree of the zinc–

iron permeases (ZIP) family in selected plants. The analysis was

performed as described in the ‘‘Materials and methods’’ section and

the tree was generated using MEGA version 4.1 [28] after sequence

alignment. Bootstrap values are indicated (1,000 replicates). Branch

lengths are proportional to phylogenetic distances. Corresponding

gene loci are given in a supplemental file. Names of the species are

given in the legend of Fig. 1
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homologues but lacks C. reinhardtii homologues (Fig. 5).

The members of this cluster are related to the S. cerevisiae

LIV1, a zinc exporter localized to the endoplasmic retic-

ulum, found in all eukaryotes [58] and the S. cerevisiae

ATX2, which is involved in manganese homeostasis [59].

Cluster IV contains ZIP homologues from all photosyn-

thetic organisms, including the A. thaliana ZIP13 and

GUFA (Fig. 5). All photosynthetic organisms analyzed

possess at least one ZIP13 homologue and one GUFA

homologues. P. trichocarpa has two ZIP13 and two GUFA

homologues derived from a duplication event. Phyloge-

netic analysis reveals that ScZRT3, which functions in the

transport of Zn from the vacuole into the cytoplasm [60],

belongs to this cluster (Fig S1). The strong conservation of

ZIP13 homologues between the different photosynthetic

organisms may reveal an important function of ZIP13 in

plant physiology. C. reinhardtii has an unusually high

number of ZIP (six) belonging to this cluster (Figs. 5, S1),

which was correlated with previous studies [53].

We identified ESTs corresponding to 11 different PtZIPs

suggesting that at least half of poplar ZIPs were expressed

(Fig. 2c), with PtZIP11.1 having the highest number of

EST retrieved for the 72 putative metal transporter genes

identified in the Populus genome. Microarray analysis

further revealed that ZIP gene transcripts were identified in

all of the plant tissues surveyed (Fig. 3). A group of four

ZIP genes were highly expressed in the root (PtZIP2, 5.2,

10.1, and 10.2) and another group of genes were charac-

terized by high accumulation in xylem (PtZIP1, 12, and

13.2) tissues, suggesting a key role of PtZIP homologues in

the uptake of metal from the soil solution and further

transfer to shoots. The Arabidopsis AtZIP2 and AtIRT2,

which are close homologues of PtZIP2 and PtZIP10.2 have

key function in root metal uptake [12, 61], which is con-

cordant with our data. The specific location of PtZIP10.2 in

root tissues is exemplified in Fig. 6. A subset of seven

PtZIP genes (PtZIP3, 6.1, 6.2, 8, 9.2, 11.1, 11.2) that were

expressed in leaves may indicate a strong involvement of

PtZIPs in the control of metal distribution in shoots. A set

of 65 ESTs corresponding to PtZIP11.1 retrieved from

poplar leaf databases confirms its predominant function in

leaf tissues.

The cation exchanger (CAX) subfamily (TC 2.A.19)

CAX proteins belong to the CaCA (for Ca2?: cation anti-

porter) family. CaCA proteins are integral proteins that

transport Ca2? or other cations using either the H? or K?

gradient formed by the activity of primary transporters.

CAX genes have been found in bacteria, amoeba, lower

vertebrates, fungi, and plants. As previously found for the

yeast CAX VCX1p, most of the plant CAX proteins

(AtCAX1–4, OsCAX1a) are integral proteins of the vacu-

olar membrane [62]. Two CAXs, namely GmCAX1 and

Fig. 6 eFP display of transcript

accumulation patterns across a

variety of Populus organs and

treatments. Poplar eFP browser

presents the transcript

accumulation pattern of

PtZIP10.2 in a variety of tissues

and organs. In all cases, red
indicates higher levels of

transcript accumulation and

yellow indicates a lower level of

transcript accumulation
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OsCAX3, are present on the plasma membrane [63, 64].

Many plant CAXs are involved in Ca2? transport and

homeostasis, but some of them are also involved in metal

homeostasis, especially Mn2? [62]. Moreover, it has been

recently shown that AtCAX4 was required for root devel-

opment under metal stress [14].

When analyzing 138 full-length CAX polypeptides from

species of different kingdoms, three major types (type-I to

III) could be identified within this subfamily [62]. The

type-I CAXs include members from plants, fungi, and

bacteria. Type-II CAXs are found in fungi, Dyctiostelium,

and lower vertebrates. Type-III CAXs seem to be more

specific to the bacterial kingdom. Within type-I, eight

clusters could be identified. Arabidopsis CAXs all clus-

tered either in cluster I (AtCAX1,3,4) or cluster II

(AtCAX2,5,6) [62]. In the model plant Arabidopsis, 11

CAX genes were initially named as CAX transporters [52].

However, a recent phylogenetic study revealed that only

six of these genes (AtCAX1-6) could be considered as true

CAXs [62]. AtCAX7-11 displayed indeed limited primary

amino-acid sequence homology with any CAX, suggesting

that they likely have different biochemical properties from

those of other CAX proteins. Therefore, AtCAX7-11 were

renamed as AtCCX1-5 (for Cation Calcium eXchanger).

Even if we cannot rule out a possible role of AtCCXs in

metal transport, since there is no available information on

function for AtCCX1-5, CCX-like genes were not consid-

ered in the present study.

A search in the genome of selected plant species

revealed a similar number of CAX genes among monocots

and dicots (Table 1). O. sativa, A. thaliana, and S. bicolor

genomes contain six members, three in each cluster I and II

(Fig. 7). Poplar, with seven members, possesses an addi-

tional gene in cluster I. According to Tuskan [25], it has to

be noted that an event of ancient duplication for PtCAX3.1

and PtCAX1.1 occurred as well as three other recent

duplication events for PtCAX1.1 and PtCAX1.2, PtCAX2.1,

and PtCAX2.2, PtCAX3.1 and PtCAX3.2. Four members

were identified in the V. vinifera genome. A similar number

of CAX genes (five) were found in the genome of the moss

P. patens whereas a single gene (SmCAX1) was identified

in the lycophyte S. moellendorffii (Fig. 7). The CAX

members for these two latter organisms are found in cluster

II, whereas cluster I lacks sequences from these two

organisms. Two members identified in the alga C. rein-

hardtii are more distantly related to other members of

photosynthetic organisms and more closely related to the

yeast VCX1. Within cluster II, AtCAX5 and AtCAX6 are

located in tandem on chromosome 1, a feature not found

for CAXs in the other studied genomes. The close prox-

imity of AtCAX5 and AtCAX6 is therefore likely due to a

recent tandem duplication that occurred after the diver-

gence of the Arabidopsis and dicots lineages. AtCAX5 was

recently characterized [65] but data are lacking for

AtCAX6. Consequently, conclusions about a putative

redundancy between these two genes cannot be drawn.

Fig. 7 An unrooted, neighbor-

joining (NJ)-based tree of the

CAX (CAtion eXchanger)

subfamily in selected plants.

The analysis was performed as

described in the ‘‘Materials and

methods’’ section and the tree

was generated using MEGA

version 4.1 [28] after sequence

alignment. Bootstrap values are

indicated (1,000 replicates).

Branch lengths are proportional

to phylogenetic distances.

Corresponding gene loci are

given in a supplemental file and

names of the species are given

in the legend of Fig. 1
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The dichotomy of plant CAXs may be due to different

substrate specificities. For instance AtCAX1 (cluster I) is

considered to be a specialized calcium transporter, whereas

AtCAX2 (cluster II) transports multiple cations including

Ca2?, Cd2?, and Mn2? [66]. Other AtCAX2-like proteins

(AtCAX5, HvCAX2, LeCAX2) could also transport Ca2?

and Mn2? [65]. AtCAX1 is a high-capacity, low-affinity

Ca2?/H? antiporter involved in both signaling events and

tolerance to excess Ca2? [66, 67]. Knockout analysis

showed that AtCAX2 (with a lower affinity for Ca2?

transport than AtCAX1) did not have a major physiological

role in Ca2? homeostasis but is important for vacuolar

Mn2? accumulation [68]. However, OsCAX1a (cluster I)

could also transport both Ca2? and Mn2? [69]. Further

exhaustive tests will have to be performed with members of

various species to determine whether a broad metal sub-

strate range is a common characteristic to all plant CAXs or

solely to CAXs of cluster I.

An alternative hypothesis to explain the dichotomy of

plant CAXs emerges from different studies showing dif-

ferent modes of regulation. AtCAX1 is highly expressed in

leaf and floral tissues [70] and is induced by elevated Ca2?

[71]. Conversely, AtCAX2 is only expressed at low levels

in all tissues and highly induced by any metal [66]. CAXs

are also regulated post-translationally. Ca2? transport

activity of AtCAX1 is regulated by a domain on the

N-terminal tail through an autoinhibitory process [72].

AtCAX2 is also regulated through a similar autoinhibitory

process. However, AtCAX2-like proteins from different

plant species including tomato and barley, and also At-

CAX5, showed a significant diversity in their functional

characteristics, particularly with regard to regulatory

mechanisms [65]. Therefore the first hypothesis given

above might be more consistent. However, further func-

tional studies are needed to shed light on the origin of this

dichotomy in plant CAXs.

In databases, ESTs could be found for all poplar CAX

genes suggesting that all of the PtCAX genes identified

were expressed (Fig. 2d), which was further confirmed by

microarray analysis (Fig. 3). We found a large number of

ESTs for PtCAX2.2 (19), PtCAX3.1 (29), and PtCAX3.2

(30). Four sequences belonging to PtCAX2.1 could only be

found in databases. A similar finding was found for

PtCAX1.1, PtCAX1.2, and PtCAX4, suggesting a low rate

of transcript synthesis or expression in specific conditions/

cell types. The total number of EST for PtCAX in libraries

made from root tissues was relatively low (three EST on a

total of 86 retrieved from databases), which was confirmed

by the overall low level of expression in roots for these

family members (Fig. 3). These observations would sug-

gest that PtCAXs made a minor contribution to Ca2? or

metal homeostasis in poplar roots. However, AtCAX4 was

highly upregulated under metal stress conditions and

played an important function for root growth under such

conditions [14]. PtCAX2.1 and PtCAX2.2 were mostly

expressed in reproductive tissues, indicating potential roles

of these genes in floral development and/or fruit/seed for-

mation/maturation. PtCAX1.1 and PtCAX1.2 were strongly

expressed in leaves, which agreed with the predominant

expression of their Arabidopsis closest homolog AtCAX1 in

leaves [70].

The natural resistance-associated macrophage protein

(NRAMP) family (TC 2.A.55)

The NRAMP family members function as divalent metal

transporters in a wide range of organisms, from bacteria to

Homo sapiens [73]. Plant NRAMPs also transport a range

of divalent metal cations including iron, manganese,

cadmium, and zinc [74–80]. Arabidopsis NRAMP1,

NRAMP3, and NRAMP4 as well as tomato and apple tree

NRAMP1 are up-regulated under iron deficiency [19, 74,

75, 77, 81, 82]. AtNRAMP3 and AtNRAMP4 play a crit-

ical role in the mobilization of iron stores during seed

germination [83]. They are also involved in Mn export

from the vacuoles in mesophyll cells [84]. Arabidopsis

plants lacking AtNRAMP3 and AtNRAMP4 are hyper-

sensitive to Cd and Zn [79]. Interestingly, NRAMP3 is

constitutively highly expressed in two Zn and Cd hyper-

accumulating species, Thlaspi caerulescens and A. halleri

[79, 80, 85, 86]. This suggests that NRAMP3 might be

involved in increased metal tolerance or accumulation. In

addition, AtNRAMP6 was found to modulate Cd sensi-

tivity [78]. Arabidopsis plants lacking AtNRAMP6 are

more resistant to Cd than the wild-type, indicating that

AtNRAMP6 enhances Cd sensitivity. Recently, it was

demonstrated that AtNRAMP1 encodes the high-affinity

Mn uptake system in Arabidopsis roots [87]. The decreased

Cd sensitivity of nramp1 knockout plant suggests that

AtNRAMP1 could also represent a Cd import pathway in

Arabidopsis roots.

A database search for genes encoding NRAMP proteins

in photosynthetic organisms identified between six and 10

gene models in embryophytes, whereas the unicellular

organisms C. reinhardtii and S. cerevisiae have only three

NRAMP (Table 1). In poplar, six of the nine NRAMP

homologues were identified as pairs of closely related

genes (NRAMP1.1 and 1.2, 3.1 and 3.2, 7.1 and 7.2), with

the members of the pair located about 20 kb apart in the

genomic sequence. This genomic organization suggests

recent duplications.

Plant NRAMP split in two evolutionary clusters I and II

[88]. Cluster I includes the closely related pair AtNRAMP1

and AtNRAMP6 from Arabidopsis thaliana and their

homologues from monocotyledonous and dicotyledonous

plants (Fig. 8). Cluster II includes the four Arabidopsis
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genes NRAMP2-5 and their related homologues from the

other plants. NRAMP proteins from the unicellular

organism C. reinhardtii and S. cerevisiae form separate

clusters indicating a diversification of NRAMP transporters

after the separation between the embryophytes. Interest-

ingly, the genome of the moss P. patens contains 2

NRAMP sequences that fall within cluster II, close to

NRAMP from higher plants and S. mollendorfii and one

that clusters with NRAMP from the unicellular alga,

C. reinhardtii, in agreement with the intermediate position

of mosses in the evolutionary tree. By contrast, all NRAMP

sequences from S. mollendorfii, the next node in the evo-

lutionary tree, fall within cluster I or II, together with

higher plant NRAMP. Cluster III is defined by sequences

related to the Arabidopsis EIN2 (Ethylene Insensitive)

gene (Fig. 8). EIN2 homologues have been shown to be

necessary for the perception of the plant hormone, ethyl-

ene, in several plant species including A. thaliana, rice,

petunia, and Medicago truncatula [89]. EIN2 proteins

contain a transmembrane moiety fused with a large glob-

ular domain. The transmembrane moiety displays overall

homology with NRAMP. Within the EIN2 cluster, EIN2

homologues from monocots, dicots, and mosses constitute

separate subclusters. The function of moss and S. mol-

lendorfii EIN2 homologues has not yet been reported.

For the analysis of the NRAMP metal transporter

expression in poplar, we have not considered poplar EIN2

homologues because there is no evidence that they encode

metal transporters but they rather encode proteins involved

in ethylene signal transduction. A database search identi-

fied three ESTs for PtNRAMP1, five ESTs for PtNRAMP2,

16 ESTs for PtNRAMP3, and 11 ESTs for PtNRAMP7

(Fig. 2e). ESTs corresponding to NRAMP genes made the

lowest contribution to the whole set of ESTs retrieved for

poplar metal transporters. This is confirmed by the overall

low level of expression of poplar NRAMP genes (Fig. 3).

When the ESTs were sequenced from tissue-specific

libraries, their origin (data not shown) was generally in

good agreement with the micro-array data. The PtN-

RAMP3.1 and 3.2 were highly expressed in poplar roots

and xylem. This observation partially agrees with the

expression pattern of their closest homologues in

Fig. 8 An unrooted, neighbor-joining (NJ)-based tree of the NRAMP

family in selected plants. The analysis was performed as described in

the ‘‘Materials and methods’’ section and the tree was generated using

MEGA version 4.1 [28] after sequence alignment. Bootstrap values

are indicated (1,000 replicates). Branch lengths are proportional to

phylogenetic distances. Corresponding gene loci are given in a

supplemental file. Names of the species are given in the legend of

Fig. 1
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Arabidopsis AtNRAMP3 and AtNRAMP4, which are

expressed in the vascular bundles of roots, stems, and

leaves [19, 83]. In addition, the strong expression of PtN-

RAMP3.2 in seedlings is concordant with the high

expression of AtNRAMP3 and AtNRAMP4 in germinating

seeds [83]. The predominant expression of PtNRAMP2 in

male and female catkins is reminiscent of the expression

pattern of their homologue AtNRAMP5, which expressed

exclusively in Arabidopsis flowers [88]. AtNRAMP1

expression is localized in roots [74]. Its closest homologues

in poplar, PtNRAMP1.1 and 1.2 are expressed at a higher

level in roots than in leaves but their highest expression is

found in xylem. Moreover, PtNRAM7.1 and 7.2, which

have no close homologues in Arabidopsis but belong to the

same phylogenetic group as AtNRAMP1, are also highly

expressed in roots (1.1) and xylem (1.2). The microarray

data indicate a general conservation of NRAMP expression

patterns between Arabidopsis and poplar with overlapping

but distinct expression patterns for each member of the

highly homologous pair of poplar NRAMP genes.

The heavy metal ATPases (HMA) family (TC 3.A.3.5)

Heavy metal ATPases (HMAs) have been classified in the

type 1B-ATPase group of the P-ATPase family (TC

3.A3.5) [90]. They can be divided into two subgroups

corresponding to the various transported metals, either

Cu?/Ag? or Zn2?/Cd2?/Pb2?/Co2? [91, 92]. The first

subgroup is represented in a wide range of organisms from

bacteria to human whereas the presence of HMAs

belonging to the second subgroup is restricted to bacteria

and plants [92–95]. The present phylogenetic study indi-

cated that the number of HMA homologues is in the same

order in all studied organisms except the unicellular ones,

photosynthetic or not, C. reinhardtii and S. cerevisiae.

After the annotation of the A. thaliana and rice gen-

omes, based on sequence comparisons, Baxter [95]

classified the 16 HMAs (now a ninth HMA has been found

in the rice genome) in six clusters. We extend the search

for HMAs to the genome of other six plant organisms and

to S. cerevisiae. The number of HMA genes is rather

conserved among embryophyte plants (between 8 and 11)

whereas C. reinhardtii and S. cerevisiae possess a much

lower number of HMA genes (Table 1). All HMAs of the

various organisms included in the present study get in the

six clusters defined by the Baxter classification (Fig. 9),

although HMAs from both unicellular organisms are more

or less apart, as in the case of the ZIP transporters (Fig. 5).

Five of the six clusters present the same distribution of

HMAs. Each can be divided into two subclusters. The first

subcluster contains monocot and dicot proteins; this sub-

cluster could be separated in two branches. The second

subcluster is defined with moss and lycophyte transporters.

The members of cluster I, P1B-1-ATPases in the Baxter

classification, are related to HMA1 from A. thaliana.

AtHMA1 presents two properties relatively apart from all

other HMAs. AtHMA1 is expressed at the inner envelope

membrane of the chloroplast and is involved in the loading

of copper in the stroma. Plants defective for AtHMA1

exhibit a reduced chloroplastic Cu/Zn superoxide dismu-

tase (Cu/Zn-SOD) level and a high light photosensitivity

phenotype [23]. By heterologous expression in yeast, it has

been demonstrated that AtHMA1 also transported Cd, and

more surprisingly calcium [96]. Phylogenetic analysis

reveals that this cluster includes one member from each

photosynthetic organism (two sequences for P. patens).

The five higher plants HMA1 are closely related (Fig. 9).

The S. moellendorffii and P. patens homologues are more

distant. The C. reinhardtii sequence (it presents the char-

acteristic SPC motif) is largely apart from the other. The

only non-photosynthetic organism, the yeast S. cerevisiae,

does not present any transporter related to this cluster.

The P1B-2-ATPase cluster II contains the 16 Zn/Cd/Co/

Pb divalent cation transporters, in reference to the metal

specificity found for the A. thaliana ones. Three A. thaliana

proteins, AtHMA2, AtHMA3, and AtHMA4, belong to this

second cluster (Fig. 9). AtHMA2 and AtHMA4 are closely

related to the prokaryotic Cd/Zn efflux pumps CadA or

ZntA. AtHMA4 is expressed at the plasma membrane and

is involved in the Zn and Cd xylem loading and in the

translocation of these metals from the roots to the shoot

[15, 97]. The characterization of AtHMA2 in planta has

demonstrated a large functional redundancy with those of

AtHMA4 in Zn transport [97]; AtHMA3 likely plays a role

in the detoxification of biological (Zn) and non-biological

heavy metals (Cd, Co, and Pb) by participating in their

vacuolar sequestration [20]. P. trichocarpa possesses only

one transporter belonging to this cluster. The protein

sequence presents 63.5–72% identity with the three AtH-

MAs of this cluster. The more related protein seems to be

AtHMA2 in respect of size and sequence identity; so we

named it PtHMA2. S. moellendorffii, with four proteins, is

the most represented organism within this cluster.

Although it was demonstrated that ScPCA1 was a Cd

transporter, it is situated very far and does not belong to the

P1B-2-ATPase cluster.

The other four clusters contain HMAs transporting only

monovalent copper (and predicted to transport Ag?).

Cluster III (P1B-3-ATPases) is the larger one, comprising 17

transporters from all land plants (Fig. 9). It is the only

cluster where the distribution of HMAs in various subcl-

usters is slightly different, presenting a fourth subcluster,

containing two HMAs from dicots (PtHMA5.4 and

VvHMA5.4) and two from monocots. PtHMA5.1,

PtHMA5.2, and PtHMA5.3 proteins are very closely rela-

ted (sequence identity comprised between 79 and 91%,
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whereas PtHMA5.4 only presented 57% identity with

PtHMA5.1). The genes encoding PtHMA5.1 and

PtHMA5.3 are nearly located on the chromosome III,

suggesting that a duplication event has occurred. Never-

theless, the gene coding for PtHMA5.2, which is more

closely related to PtHMA5.1, is located on another chro-

mosome. The case of HMA5.1 to HMA5.3 from V. vinifera

is very similar. The three proteins are closely related and

their respective genes are nearly located on the same

chromosome (probably a double duplication event). No

protein of P. patens is present in this cluster. Only AtH-

MA5 has been functionally characterized today. AtHMA5

is mostly expressed at the plasma membrane of root cells

and is required for Cu compartmentalization and detoxifi-

cation in roots under conditions of copper excess [98].

Cluster IV (P1B-4 ATPases in the Baxter classification)

contains 11 proteins, including two isoforms from

P. trichocarpa (Fig. 9). PtHMA7.1 and PtHMA7.2 protein

sequences present 91% identity, but their genes are not

nearly located in the genome. Two transporters from

C. reinhardtii, CrHMA7.1 and CrHMA7.2, and ScCCC2

from S. cerevisiae are situated on the same branch of the

phylogenetic tree, but so far that it is difficult to include

them in this cluster. P. trichocarpa presents two HMA

proteins, PtHMA6.1 and PtHMA6.2, belonging to P1B-5

ATPase cluster V (Fig. 9). These two transporters are

Fig. 9 An unrooted, neighbor-

joining (NJ)-based tree of the

HMA (heavy metal ATPases)

family in selected plants. The

analysis was performed as

described in the ‘‘Materials and

methods’’ section and the tree

was generated using MEGA

version 4.1 [28] after sequence

alignment. Bootstrap values are

indicated (1,000 replicates).

Branch lengths are proportional

to phylogenetic distances.

Corresponding gene loci are

given in a supplemental file.

Names of the species are given

in the legend of Fig. 1
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located on different chromosomes; their protein sequences

present 87% identity, indicating probably that a duplication

event occurred. AtHMA6 is a copper transporter into the

chloroplast, localized at the inner envelope membrane and

implicated in the Cu? import to the stroma. AtHMA6 is

involved in metal delivery to the Cu/Zn-SOD and is nec-

essary for a correct assembly of plastocyanin [24]. The last

cluster VI (P1B-6 ATPases) is the smallest one containing

six enzymes, restricted to higher plants except P. tricho-

carpa, which does not present a protein in this cluster

(Fig. 9). As AtHMA1 and AtHMA6, AtHMA8 is a copper

transporter into the chloroplast, inserted in the thylakoid

membrane. AtHMA8 seems to function in tandem with

AtHMA6. It delivers copper into the lumen and is also

necessary to obtain a functional plastocyanin [24].

Interestingly, a set of 72 ESTs was identified in EST

databases for the P. trichocarpa HMAs evidencing that all

poplar HMA gene models are functional genes (Fig. 2f).

PtHMA7.1 had the highest expression level of all micro-

array data and its expression was restricted to xylem tissues

(Figs 3, 10). The close homolog PtHMA7.2 was essentially

expressed in roots. It could be a case of subfunctionaliza-

tion. The PtHMA5.1 and 5.3 were strongly expressed in

roots, which correlates with the seven corresponding ESTs

made root tissues found for these gene models in libraries.

This is also in agreement with the function of its closest

Arabidopsis homologue (AtHMA5, Fig. 9), which was

primarily expressed in roots [98]. The only Zn/Cd/Co/Pb

HMA found in P. trichocarpa PtHMA2 was mostly

expressed in catkins, and in a lesser extent in roots. The

expression profile of its Arabidopsis homolog AtHMA2 is

also strongly expressed in these organs. On the contrary,

the expression profiles of PtHMA1 and AtHMA1 are not

the same. PtHMA1 is strongly expressed is root tissues,

which is in contradiction with the well-described function

of its closest Arabidopsis AtHMA1 which contributes to

Zn(II) detoxification by reducing the Zn content of Ara-

bidopsis thaliana plastids [99].

Conclusions

In this work, we present a repertoire of 430 metal trans-

porters found in eight photosynthetic plants as well as in

the yeast model S. cerevisiae. This provides a global esti-

mate of the conservation, amplification, or reduction of

these families during evolution. When comparing the

present data with those from Tuskan [25], a difference in

gene numbers for three of the described families exists. It

appears that 20 & 10 gene models are listed in the present

study whereas 22 & 8 were reported by Tuskan et al. [25],

for the ZIP & NRAMP families, respectively. This dis-

crepancy lies in the different versions of the JGI poplar

genome version that were used. Data from the Tuskan

paper originated from version 1.0 and the present data from

version 1.1. The better assembly and automatic predictions

of gene models of the second version allowed us to remove

or add gene models for these families. For instance, we

Fig. 10 eFP display of

transcript accumulation patterns

across a variety of Populus
organs and treatments. Poplar

eFP browser presents the

transcript accumulation pattern

of PtHMA7.1 in a variety of

tissues and organs. In all cases,

red indicates higher levels of

transcript accumulation and

yellow indicates a lower level of

transcript accumulation
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found that pseudogenes were present and were removed

within the ZIP family. Conversely, gene models, initially

suspected to be pseudogenes, could be fully reconstructed

and were further kept in the present analysis. The fact that

transporter representatives are found in the moss P. patens

for the six transporters families examined in this work

suggests that metal transporter proteins have evolved early

in the transition of plants to the terrestrial environment and

were present in the most recent common ancestor of bry-

ophytes and vascular plants. Some data showed further

conservation of transporter gene in lineages for some

family clusters (CDF cluster II with one to three members,

ZIP cluster IV), suggesting possible conservation of func-

tion within these lineages.

Conversely, diversification of gene numbers in some

transporter clusters has occurred in a lineage-specific

manner, suggesting possible diversification of function.

The total number of genes in a given species (Table 1)

indicates for instance a considerable expansion of CDF,

NRAMP, and HMA in land plants as compared to the

unicellular alga C. reinhardtii. This is also exemplified by

the lack of C. reinhardtii representatives in many clusters

(ZIP clusters I, II, and III; CAX cluster II; NRAMP cluster

II). C. reinhardtii sequences often clustered apart from

other plant species, but very often with S. cerevisiae

sequences. Vascular species showed a higher number of

CTR sequences (between 4 and 8) than their non-vascular

counterparts (2 or 3 sequences). More specifically, the

NRAMP cluster I lacks the non-vascular species P. patens

and C. reinhardtii, suggesting an important function of

NRAMP proteins in metal translocation processes in the

vascular system. A strong expansion within the angiosperm

lineage is evidenced by the total number of ZIP sequences

in angiosperms (between 16 and 20), much higher than the

5–9 sequences found in non-angiosperm species (Table 1).

This is further highlighted in the CAX cluster I that lacks

C. reinhardtii, P. patens, and S. moellendorffii sequences,

and in the ZIP cluster I, in which the number of sequences

in much lower for P. patens and S. moellendorffii (three

and four sequences, respectively), as compared to angio-

sperm species (between ten and 13 sequences). The CTR

cluster I also indicates a considerable expansion of these

transporters in angiosperm species (between four and seven

sequences), as compared to non-angiosperm species (one

or two sequences). Specific features are also identified

within the dicotyledon lineage, for example, in the CDF

cluster I where the number of sequences is doubled that all

other species. In cluster III of the CDF family, further

specialization is observed for the perennial species

V. vinifera and P. trichocarpa, where the number of

sequences is also twice that identified for non-perennial

species. This might be indicative of specialized functions

linked to the perennial status of these two species.

On the whole, P. trichocarpa possess a much higher

number of metal transporter genes than any other plant

species, including the other perennial V. vinifera. Due to

whole-genome duplication events, the number of protein-

coding genes in Populus is more than that observed in

Arabidopsis [25]. In the present study, we have found 72

Populus genes and this is much higher compared to the

total of 57 Arabidopsis genes, that is *1.4 times trans-

porter genes than those found in Arabidopsis. This agrees

with the reported observation, based on comparative

genomics studies, that for each Arabidopsis gene, 1.4–1.6

putative Populus homologues are found [25]. A specific

expansion of gene number was found for the CDF family,

especially for cluster III (11 genes for Populus compared to

a maximum of five genes in Vitis or Oryza). EST evidence

was found for 52 out of the 72 sequences identified.

Affymetrix Poplar Genome Arrays confirm transcript

abundance for 65 metal transporter-encoding genes. The

expression patterns obtained may help to approach the

function of some metal transporters, especially in those

families (CDF, ZIP), where most members have not yet

been characterized in plants. The transcript abundance data

described in this manuscript identified differentiating

xylem as a cell population in which a subset of poplar

metal transport genes were likely expressed. Xylem com-

prises the conduits that enable the transport of water and

solutes from the roots to the aerial tissues. The expression

of metal transporters in the cells would facilitate the

transport of metals through this important tissue, largely

comprised of dead, passively conducting cells, thereby

providing soil-derived metals to the aerial portion of the

plant body. It is also plausible that metal transporters

function in the cells of the other vascular cell types that

make up the phloem, where they might participate in the

active transport processes that move sugars and amino

acids around the plant body. For this particular research,

transcript abundance data were unavailable as a first step

in testing the hypothesis that metal transporters were

active in phloem, but this could be the subject of future

research.

The presence of several hundreds of transporter

sequences suggests that plants may have rich potential to

mobilize and detoxify metals in their environment within

their tissues and organs. This work should provide a basis

for further experimental molecular and genomic studies of

metal homeostasis and tolerance in photosynthetic plants.

Genomic and proteomic information gained from these

sequenced plant species will greatly accelerate the phyto-

remediation process in situ. Further developments of

phytoremediation will require an integrated multidisci-

plinary research effort that combines plant biology, genetic

engineering, soil chemistry, soil microbiology, ecology, as

well as agricultural and environmental engineering.
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Luo Y, MartÃnez D, Ngau WCA, Otillar B, Poliakov A, Porter

A, Szajkowski L, Werner G, Zhou K (2007) The Chlamydomonas
genome reveals the evolution of key animal and plant functions.

Science 318:245–251

39. Rensing SA, Lang D, Zimmer AD, Terry A, Salamov A, Shapiro

H, Nishiyama T, Perroud PF, Lindquist EA, Kamisugi Y,

Tanahashi T, Sakakibara K, Fujita T, Oishi K, Shin-I T, Kuroki

Y, Toyoda A, Suzuki Y, Hashimoto SI, Yamaguchi K, Sugano S,

Kohara Y, Fujiyama A, Anterola A, Aoki S, Ashton N, Barbazuk

WB, Barker E, Bennetzen JL, Blankenship R, Sung HC, Dutcher

SK, Estelle M, Fawcett JA, Gundlach H, Hanada K, Heyl A,

Hicks KA, Hughes J, Lohr M, Mayer K, Melkozernov A, Murata

T, Nelson DR, Pils B, Prigge M, Reiss B, Renner T, Rombauts S,

Rushton PJ, Sanderfoot A, Schween G, Shiu SH, Stueber K,

Theodoulou FL, Tu H, Van De Peer Y, Verrier PJ, Waters E,

Wood A, Yang L, Cove D, Cuming AC, Hasebe M, Lucas S,

Mishler BD, Reski R, Grigoriev IV, Quatrano RS, Boore JL

(2008) The Physcomitrella genome reveals evolutionary insights

into the conquest of land by plants. Science 319:64–69
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