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I. INTRODUCTION
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I.1. Plants and heavy metals

Plants acquire mineral nutrients dissolved in the soil solution. The root system has the ability to absorb mineral elements in the surrounding soil in order for the plant to survive and reproduce. Nowadays, 17 elements are recognized as essential for optimal growth and development, with six of these elements being transition metals, namely: manganese (Mn), molybdenum (Mo), zinc (Zn), copper (Cu), iron (Fe) and nickel (Ni).

Among them, Ni is the most recently discovered essential element [START_REF] Brown | Nickel: A Micronutrient Essential for Higher Plants[END_REF].

Heavy metals serve for a range of essential functions in plant. For example: manganese (Mn) has an important role in photosynthesis. Mn deficiency leads to interveinal chlorosis in young leaves, similar to the symptoms of iron deficiency [START_REF] Marschner | 11 -Relationships between Mineral Nutrition and Plant Diseases and Pests[END_REF][START_REF] Pittman | Managing the manganese: molecular mechanisms of manganese transport and homeostasis[END_REF]. Mn also acts as a cofactor in various enzymes, such as Mn 2+ -dependent superoxide dismutase (SOD), catalase and pyruvate carboxylase (Furini, 2012). Zinc plays a central role in the metabolism of proteins and carbohydrates, lipids and nucleic acids and as a structural component in regulatory proteins. It has a role in formation of chlorophyll and carbohydrate and in the regulation of starch accumulation. It is also a cofactor in antioxidant enzymes, such as Cu/Zn SOD (Furini, 2012). Copper is an essential nutrient that plays important roles for plant growth as a redox active transition metals. As a cofactor in enzymes, it is involved in a variety of metabolic processes; its main role is in chloroplasts and mitochondria electron transport. Cu deficiency leads to chlorosis and necrosis at leaf tip, with leaf twisting (Furini, 2012). Iron has a crucial role in photosynthetic electron transport, oxidative stress tolerance as well as hormone synthesis (Furini, 2012). Iron is required for chlorophyll synthesis. Fe mobilization and uptake from the soil occur through different mechanisms in mono and dicotyledonous plants. Iron deficiency leads to interveinal chlorosis on the young leaves [START_REF] Curie | Iron Transport and Signaling in Plants[END_REF].

Nickel holds a special place among heavy metals. Nickel is considered as a primarily essential plant nutrient due to its function as an irreplaceable component of urea
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PhD Thesis 2015 Université Paris Sud 2 hydrolyzing enzyme urease [START_REF] Gerendás | Significance of nickel for plant growth and metabolism[END_REF]. Nickel is an essential element for some plants when it is present at low concentrations. However, similar to other heavy metals, high nickel concentrations become toxic to plants [START_REF] Seregin | Physiological role of nickel and its toxic effects on higher plants[END_REF]. Therefore, metal uptake and efflux at the cellular level has to be tightly regulated, to maintain certain metal concentrations within the cell or within cellular compartments [START_REF] Marschner | 11 -Relationships between Mineral Nutrition and Plant Diseases and Pests[END_REF].

Besides these essential heavy metals for plants, there are some non-essential heavy metals like cadmium (Cd), lead (Pb) or mercury (Hg), which at very low concentrations already are toxic to plants and disturb plant metabolism.

Metal pollution may be caused by metal mining and smelting, industrial and urban wastes, fertilizers … [START_REF] Wuana | Heavy Metals in Contaminated Soils: A Review of Sources, Chemistry, Risks and Best Available Strategies for Remediation[END_REF]. Heavy metal contamination, when it reaches toxic level, causes risks to human health, animals and plants. Metal toxicity can affect metabolism and development. For example: Cu is an essential micronutrient required for the development of plants and animals, but at high concentration, it causes anemia, liver and kidney damage, stomach and intestinal irritation in animals [START_REF] Wuana | Heavy Metals in Contaminated Soils: A Review of Sources, Chemistry, Risks and Best Available Strategies for Remediation[END_REF]. In plants, Cu toxicity may be due to oxidative damage to tissues, Cu excess causes dramatic breakdown in the photosynthetic parameters and decreases in chlorophyll concentration [START_REF] Stohs | Oxidative mechanisms in the toxicity of metal ions[END_REF]. Zn toxicity results in chlorosis, anthocyanin accumulation and also inhibits root growth [START_REF] Rout | Effect of Metal Toxicity on Plant Growth and Metabolism: I[END_REF]. In humans, Zn at high concentrations leads to health problems, while Zn deficiency results in birth defects [START_REF] Wuana | Heavy Metals in Contaminated Soils: A Review of Sources, Chemistry, Risks and Best Available Strategies for Remediation[END_REF]. Ni toxicity in humans causes essential metal imbalance, disrupts enzyme action and regulation, and contributes to oxidative stress [START_REF] Das | Nickel, its adverse health effects & oxidative stress[END_REF]. In plants, the effect of Ni toxicity on the photosynthetic machinery is still elusive; Ni deficiency reduces urease activity, disrupts nitrogen metabolism, and leads to the accumulation of toxic amounts of urea, which leads to chlorosis and necrosis [START_REF] Yusuf | Nickel: an overview of uptake, essentiality and toxicity in plants[END_REF].
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I.2. Phytoremediation

Phytoremediation is the use of plants to clean contaminated soils or waters. Plant roots have the ability to take up metal pollutants and transport them to stems and leaves, where they accumulate [START_REF] Chaney | Improved understanding of hyperaccumulation yields commercial phytoextraction and phytomining technologies[END_REF][START_REF] Doty | Enhancing phytoremediation through the use of transgenics and endophytes[END_REF][START_REF] Krämer | Phytoremediation: novel approaches to cleaning up polluted soils[END_REF][START_REF] Pilon-Smits | Phytoremediation[END_REF].

Phytoremediation is potentially a cost effective method for in situ remediation of contaminated sites. Plant candidates used for phytoremediation should produce high biomass and accumulate high concentrations of metals. Moreover, these plants should tolerate heavy metals, have a profuse and deep root system allowing metal extraction from a large volume of soil. Phytoremediation requires a long period to clean contaminated sites. The estimated time is usually more than ten years. Phytoremediation is a relatively new technology. It is still mostly in testing stages but it has been tested successfully in many places around the world for many different contaminants [START_REF] Jadia | Phytoremediation of heavy metals: Recent techniques[END_REF]. However, phytoremediation also has some limited disadvantages as it depends on growing conditions of the plant (climate, geology, and temperature) and on the tolerance of the plant to the pollutant. Moreover, some extracted metals may be recycled for value [START_REF] Wuana | Heavy Metals in Contaminated Soils: A Review of Sources, Chemistry, Risks and Best Available Strategies for Remediation[END_REF]. Phytoremediation includes 4 different strategies. In phytoextraction, plants extract metals from soils and transfer them to stems and leaves. During the phytoextraction procedure, plants are expected to remove pollutants and the levels of contaminants in the soil are expected to decrease [START_REF] Jadia | Phytoremediation of heavy metals: Recent techniques[END_REF]. In phytostabilization, plant roots are used to limit contaminant mobility and bioavailability in the soil and groundwater. Contaminants are immobilized in the root zone. This technology is very effective when rapid immobilization is needed to preserve ground and surface water and useful for treatment of Pb, As, Cd, Cr, Cu and Zn contaminations [START_REF] Jadia | Phytoremediation of heavy metals: Recent techniques[END_REF]. In phytovolatilization, plant roots take up contaminants from the soil, and release them as volatile chemicals from roots or shoots into atmosphere [START_REF] Jadia | Phytoremediation of heavy metals: Recent techniques[END_REF]. In rhizofiltration, plant roots are used to filter pollutants from contaminated groundwater, surface water or wastewater [START_REF] Jadia | Phytoremediation of heavy metals: Recent techniques[END_REF].

In recent years, transgenic plants with desired properties have been engineered by overexpression or introduction of genes from other organisms. Transgenic plants for phytoremediation were first developed to improve heavy metal tolerance. In tobacco (Nicotiana tabacum) expression of a yeast metallothionein gene conferred higher tolerance to cadmium; in Arabidopsis thaliana, expression of a bacterial mercuric ion reductase gene led to higher tolerance to mercury [START_REF] Misra | Heavy metal tolerant transgenic Brassica napus L. and Nicotiana tabacum L. plants[END_REF][START_REF] Rugh | Mercuric ion reduction and resistance in transgenic Arabidopsis thaliana plants expressing a modified bacterial merA gene[END_REF]. Although tobacco and A. thaliana are good models in laboratories, they might not be suitable for field application. For this reason, there is particular interest in the genetic transformation of poplar trees (Populus sp.). Poplar is a species suitable for phytoremediation because it tolerates growth on metal polluted soils and produces high biomass [START_REF] Van Aken | Transgenic plants for phytoremediation: helping nature to clean up environmental pollution[END_REF]. In addition, poplar is also suitable for molecular genetic studies because the genome of this tree was sequenced recently and it is amenable to transgenic technologies. However, only few reports have described the use of poplar transformation to improve phytoremediation [START_REF] Van Aken | Transgenic plants for phytoremediation: helping nature to clean up environmental pollution[END_REF]. In 2001, a transgenic poplar for phytoremediation was first developed by [START_REF] Gullner | Enhanced tolerance of transgenic poplar plants overexpressing γ-glutamylcysteine synthetase towards chloroacetanilide herbicides[END_REF]. The transgenic poplar line overexpressed a gene encoding γ-glutamylcysteine synthetase (γGC), an enzyme involved in glutathione synthesis [START_REF] Gullner | Enhanced tolerance of transgenic poplar plants overexpressing γ-glutamylcysteine synthetase towards chloroacetanilide herbicides[END_REF]. Transgenic poplars overexpressing γGC displayed increased zinc tolerance and uptake [START_REF] Bittsánszky | Ability of transgenic poplars with elevated glutathione content to tolerate zinc(2+) stress[END_REF]. Recently, a study showed that overexpression of a mammalian gene encoding cytochrome P450 2E1 in transgenic poplar increased removal rates of hydrocarbons that pose significant health risk from both hydroponic solutions and the atmosphere [START_REF] Doty | Enhanced phytoremediation of volatile environmental pollutants with transgenic trees[END_REF]. In addition, the merA/merB transgenic poplars showed increased tolerance to mercury and were able to detoxify organic mercury compounds 3 to 4 folds faster than controls [START_REF] Lyyra | Coupling two mercury resistance genes in Eastern cottonwood enhances the processing of organomercury[END_REF]. These successes clearly indicate that the use of transgenic poplar provides highly efficient systems to remediate pollution.
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In summary, phytoremediation methods need further optimization. The potential of phytoremediation applications will benefit from research developments and increased knowledge about mechanisms that control contaminant tolerance and accumulation in plants. Such knowledge requires developing transgenic plants optimized for phytoremediation.

I.3. Metal transporters

Metal transporters are proteins that allow metal to cross cell membranes. In plants, metal transporters are needed to control metal homeostasis in order to adjust for change in micronutrient concentrations and they are also important for detoxification of heavy metals.

Many metal transporter families such as the ZIP (ZRT//IRT like Protein), HMA (Heavy Metal ATPase), CDF (Cation Diffusion Facilitator), YSL (Yellow-Stripe-1-Like), NRAMP (Natural Resistance and Macrophage Protein) and IREG (Iron Regulated Gene) have been identified in the last 20 years.

The ZIP family: The ZIP (ZRT, IRT-like protein) family is one of the metal transporter families involved in metal uptake to the cytosol. It has been identified in bacteria, fungi, animals and in many plant species. The first ZIP transporter (IRT1) was characterized in Arabidopsis thaliana. IRT1 was identified by functional complementation of the Saccharomyces cerevisiae Δfet3Δfet4 double mutant, which is impaired in iron transport (Eide et al., 1996). IRT1 gene is expressed in root cells and up-regulated in response to iron deficiency. IRT1 is required for Fe uptake by roots [START_REF] Vert | IRT1, an Arabidopsis transporter essential foriron uptake from the soil and for plant growth[END_REF]. Recently, it was shown that IRT1 is induced in response to nickel excess and is involved in nickel transport and accumulation [START_REF] Nishida | AtIRT1, the Primary Iron Uptake Transporter in the Root, Mediates Excess Nickel Accumulation in Arabidopsis thaliana[END_REF]. In Ni hyperaccumulating plants, there is also evidence that Ni is taken up by a ZIP transporter [START_REF] Assunção | Elevated expression of metal transporter genes in three accessions of the metal hyperaccumulator Thlaspi caerulescens[END_REF]. In addition, ZIP transporters are involved in Cd uptake from soil into the root cells and in Cd transport from root to shoot [START_REF] Krämer | Transition metal transport[END_REF].
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When expressed in yeast, TcZNT1, a ZIP gene from the Zn/Cd-hyperaccumulating plant Thlaspi caerulescens, was shown to mediate high-affinity Zn uptake and low-affinity Cd uptake [START_REF] Pence | The molecular physiology of heavy metal transport in the Zn/Cd hyperaccumulator Thlaspi caerulescens[END_REF]. In yeast, the homologues of IRT1, ZRT1 and ZRT2 (Zinc regulated transporter), mediate high-and low affinity Zn uptake, respectively (Zhao and Eide, 1996a;Zhao and Eide, 1996b). Δzrt1Δzrt2 double mutant in yeast was used to identify AtZIP1, AtZIP2 and AtZIP3 Arabidopsis zinc transporters by functional complementation. Expression of these genes in yeast confers Zn uptake activity [START_REF] Grotz | Identification of a family of zinc transporter genes from Arabidopsis that respond to zinc deficiency[END_REF].

The Heavy Metal ATPase family (HMAs):

The heavy metal pumping P-type ATPases play important roles in heavy metal tolerance and accumulation. In Arabidopsis thaliana, AtHMA2 and AtHMA4 are involved in Zn translocation from root to shoot. They are required for loading Zn into the xylem [START_REF] Hussain | P-Type ATPase Heavy Metal Transporters with Roles in Essential Zinc Homeostasis in Arabidopsis[END_REF][START_REF] Mills | Functional expression of AtHMA4, a P1B-type ATPase of the Zn/Co/Cd/Pb subclass[END_REF][START_REF] Mills | The plant P1B-type ATPase AtHMA4 transports Zn and Cd and plays a role in detoxification of transition metals supplied at elevated levels[END_REF][START_REF] Verret | Heavy metal transport by AtHMA4 involves the N-terminal degenerated metal binding domain and the C-terminal His11 stretch[END_REF]. AtHMA3 exports Cd from the cytoplasm into the vacuole [START_REF] Chao | Genome-Wide Association Studies Identify Heavy Metal ATPase3 as the Primary Determinant of Natural Variation in Leaf Cadmium in Arabidopsis thaliana[END_REF][START_REF] Morel | AtHMA3, a P1B-ATPase Allowing Cd/Zn/Co/Pb Vacuolar Storage in Arabidopsis[END_REF]. AtHMA5 is strongly and specifically induced by Cu in the whole plant. AtHMA5 is involved in Cu detoxification in roots, likely by extruding Cu from the cytosol [START_REF] Andrés-Colás | The Arabidopsis heavy metal P-type ATPase HMA5 interacts with metallochaperones and functions in copper detoxification of roots[END_REF]. AtHMA7 is required to supply Cu to the ethylene receptor [START_REF] Woeste | A strong loss-of-function mutation in RAN1 results in constitution activation of the ethylene response pathway as well as a rosette-lethal phenotype[END_REF]. AtHMA1 and AtHMA6 transfer Cu across the chloroplast envelop to the stroma [START_REF] Abdel-Ghany | Two P-type ATPases are required for copper delivery in Arabidopsis thaliana chloroplasts[END_REF][START_REF] Seigneurin-Berny | HMA1, a new Cu-ATPase of the chloroplast envelope, is essential for growth under adverse light conditions[END_REF][START_REF] Shikanai | PAA1, a P-type ATPase of Arabidopsis, functions in copper transport in chloroplasts[END_REF].

AtHMA8 transports Cu from the stroma to the thylakoid lumen and is required to provide Cu to plastocyanin [START_REF] Abdel-Ghany | Two P-type ATPases are required for copper delivery in Arabidopsis thaliana chloroplasts[END_REF][START_REF] Shikanai | PAA1, a P-type ATPase of Arabidopsis, functions in copper transport in chloroplasts[END_REF].

In the hyperaccumulator A. halleri, AhHMA4 was found to co-localize with QTLs for Zn and Cd tolerance and accumulation [START_REF] Courbot | A Major Quantitative Trait Locus for Cadmium Tolerance in Arabidopsis halleri Colocalizes with HMA4, a Gene Encoding a Heavy Metal ATPase[END_REF][START_REF] Roosens | The use of comparative genome analysis and syntenic relationships allows extrapolating the position of Zn tolerance QTL regions from Arabidopsis halleri into Arabidopsis thaliana[END_REF][START_REF] Willems | The Genetic Basis of Zinc Tolerance in the Metallophyte Arabidopsis halleri ssp. halleri (Brassicaceae): An Analysis of Quantitative Trait Loci[END_REF][START_REF] Willems | Quantitative trait loci analysis of mineral element concentrations in an Arabidopsis halleri x Arabidopsis lyrata petraea F2 progeny grown on cadmium-contaminated soil[END_REF]. In addition, when AhHMA4 was knocked down using RNAi, plants translocated less Zn and were more sensitive to Cd and Zn (Hanikenne et al., 2008).
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The CDF family (Cation Diffusion Facilitator)/ MTPs (metal Tolerance Protein): CDF transporters were first identified in prokaryotes but are also present in eukaryotes, where they transport metal such as Cd, Co, Fe, Mn, Ni, and Zn [START_REF] Nies | Resistance to cadmium, cobalt, zinc, and nickel in microbes[END_REF][START_REF] Montanini | Phylogenetic and functional analysis of the Cation Diffusion Facilitator (CDF) family: improved signature and prediction of substrate specificity[END_REF]. In Arabidopsis, the first characterized member of CDF family was ZAT1 (Zinc Transporter Gene 1) later renamed MTP1 (Metal Tolerance protein 1).

AtMTP1 mediates Zn sequestration in the vacuole. Overexpression of AtMTP1 confers Zn tolerance and leads to increased Zn accumulation in roots [START_REF] Van Der Zaal | Overexpression of a novel Arabidopsis gene related to putative zinctransporter genes from animals can lead to enhanced zinc resistance and accumulation[END_REF] Critical residues for function, ion selectivity and structure of AtMTP1 have been identified by [START_REF] Kawachi | Amino acid screening based on structural modeling identifies critical residues for the function, ion selectivity and structure of Arabidopsis MTP1[END_REF]. Zinc-binding and structural properties of the histidine-rich loop of AtMTP1 have been characterized [START_REF] Tanaka | Zinc-binding and structural properties of the histidine-rich loop of Arabidopsis thaliana vacuolar membrane zinc transporter MTP1[END_REF]. AtMTP3 is also involved in Zn transport into the vacuole [START_REF] Arrivault | The Arabidopsis metal tolerance protein AtMTP3 maintains metal homeostasis by mediating Zn exclusion from the shoot under Fe deficiency and Zn oversupply[END_REF][START_REF] Krämer | Transition metal transport[END_REF]. In the hyperaccumulator A. halleri, AhMTP1 is expressed at high levels; several copies of MTP1 gene are present in A. halleri genome and are able to complement zrc1, a Zn hypersensitive yeast mutant [START_REF] Dräger | Two genes encoding Arabidopsis halleri MTP1 metal transport proteins co-segregate with zinc tolerance and account for high MTP1 transcript levels[END_REF][START_REF] Shahzad | The five AhMTP1 zinc transporters undergo different evolutionary fates towards adaptive evolution to zinc tolerance in Arabidopsis halleri[END_REF]). Two AhMTP1 copies co-localize with QTLs for Zn tolerance [START_REF] Roosens | The use of comparative genome analysis and syntenic relationships allows extrapolating the position of Zn tolerance QTL regions from Arabidopsis halleri into Arabidopsis thaliana[END_REF][START_REF] Willems | The Genetic Basis of Zinc Tolerance in the Metallophyte Arabidopsis halleri ssp. halleri (Brassicaceae): An Analysis of Quantitative Trait Loci[END_REF]. AhMTP1 is associated with Zn tolerance [START_REF] Shahzad | The five AhMTP1 zinc transporters undergo different evolutionary fates towards adaptive evolution to zinc tolerance in Arabidopsis halleri[END_REF]. In Populus, PtMTP1 also confers Zn tolerance when expressed in yeast and in Arabidopsis [START_REF] Blaudez | Poplar Metal Tolerance Protein 1 Confers Zinc Tolerance and Is an Oligomeric Vacuolar Zinc Transporter with an Essential Leucine Zipper Motif[END_REF]. In contrast, AtMTP8, AtMTP11, PtMTP11.1 and PtMTP11.2 are involved in Mn transport, and MTP11 homologues are localized in the Golgi apparatus [START_REF] Delhaize | Genes encoding proteins of the cation diffusion facilitator family that confer manganese tolerance[END_REF][START_REF] Peiter | A secretory pathway-localized cation diffusion facilitator confers plant manganese tolerance[END_REF]. [START_REF] Kim | Localization of Iron in Arabidopsis Seed Requires the Vacuolar Membrane Transporter VIT1[END_REF] OsVIT1,

Other metal transporters:

OsVIT2

Seeds Vacuolar membrane Fe, Zn (Zhang et al., 2012) 2006). In mammals, mutations in NRAMP1 increase the sensitivity to infection by intracellular bacteria. NRAMP1 is expressed specifically in macrophages. The protein is targeted to phagosomes. It is thought to control the growth of bacteria living in this compartment either by depleting Mn and Fe or by generating oxidative stress [START_REF] Govoni | Macrophage NRAMP1 and its role in resistance to microbial infections[END_REF].

Members of the NRAMP family have been identified in all plants studied at the molecular level (Thomine and Schroeder, 2000). In Arabidopsis, NRAMPs were shown to transport Fe, Mn and Cd. When expressed in yeast, AtNRAMP1, AtNRAMP3, and AtNRAMP4 mediate the uptake of Fe, Mn and Cd [START_REF] Curie | Involvement of NRAMP1 from Arabidopsis thaliana in iron transport[END_REF]Thomine et al. 2000). AtNRAMP3 and AtNRAMP4 are closely related, have similar gene expression patterns and regulation by Fe and both localize at the vacuolar membrane. AtNRAMP3

and AtNRAMP4 function redundantly to release metals from the vacuole, (Lanquar et al., 2005;Lanquar et al., 2010;Thomine et al., 2003). These proteins are involved in the mobilization of seed vacuolar iron stored during germination and were shown to provide Mn to maintain photosynthetic activity under Mn starvation (Lanquar et al., 2005;Lanquar et al., 2010;[START_REF] Yang | OsNRAMP5 contributes to manganese translocation and distribution in rice shoots[END_REF]. Transcriptomic analyses highlighted the induction of AtNRAMP3 during leaf senescence, indicating that this transporter could play a role in metal remobilization during leaf senescence [START_REF] Breeze | High-resolution temporal profiling of transcripts during Arabidopsis leaf senescence reveals a distinct chronology of processes and regulation[END_REF].

AtNRAMP1 was shown to encode the high affinity Mn uptake system in Arabidopsis roots [START_REF] Cailliatte | High-affinity manganese uptake by the metal transporter NRAMP1 is essential for Arabidopsis growth in low manganese conditions[END_REF]. Similarly, OsNRAMP5 allows Mn uptake and translocation in rice roots [START_REF] Sasaki | Nramp5 is a major transporter responsible for manganese and cadmium uptake in rice[END_REF][START_REF] Yang | OsNRAMP5 contributes to manganese translocation and distribution in rice shoots[END_REF]. Moreover, OsNRAMP5 in the main pathway for Cd accumulation in rice [START_REF] Ishikawa | Ion-beam irradiation, gene identification, and markerassisted breeding in the development of low-cadmium rice[END_REF][START_REF] Sasaki | Nramp5 is a major transporter responsible for manganese and cadmium uptake in rice[END_REF].

In A. halleri and Thlaspi caerulescens metal hyperaccumulating species, NRAMP3 and NRAMP4 are expressed at higher levels than their A. thaliana homologues (Oomen et al., 2009;[START_REF] Roosens | The use of comparative genome analysis and syntenic relationships allows extrapolating the position of Zn tolerance QTL regions from Arabidopsis halleri into Arabidopsis thaliana[END_REF][START_REF] Talke | Zinc-Dependent Global Transcriptional Control, Transcriptional Deregulation, and Higher Gene Copy Number for Genes in Metal Homeostasis of the Hyperaccumulator Arabidopsis halleri[END_REF][START_REF] Van De Mortel | Large expression differences in genes for iron and zinc homeostasis, stress response, and lignin biosynthesis distinguish roots of Arabidopsis thaliana and the related metal hyperaccumulator Thlaspi caerulescens[END_REF][START_REF] Weber | Comparative microarray analysis of Arabidopsis thaliana and Arabidopsis halleri roots identifies nicotianamine synthase, a ZIP transporter and other genes as potential metal hyperaccumulation factors[END_REF]. In addition, TcNRAMP3 is induced by Fe starvation and by
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the heavy metals Cd and Ni in roots [START_REF] Wei | The Thlaspi caerulescens NRAMP Homologue TcNRAMP3 is Capable of Divalent Cation Transport[END_REF]. Yeast expressing TcNRAMP3 accumulated Cd and excluded Ni (Oomen et al., 2009;[START_REF] Wei | The Thlaspi caerulescens NRAMP Homologue TcNRAMP3 is Capable of Divalent Cation Transport[END_REF]. In the Ni hyperaccumulating species P. gabriellae, PgNRAMP1.1 and PgNRAMP2.1 were characterized by expression in yeast and shown to be able to transport Fe and Mn [START_REF] Merlot | The metal transporter PgIREG1 from the hyperaccumulator Psychotria gabriellae is a candidate gene for nickel tolerance and accumulation[END_REF].

In Populus, 9 putative NRAMP homologues have been identified (Migeon et al., 2010). PtNRAMP1 is the closest homologue to AtNRAMP1. It is expressed at a higher level in roots than in leaves. PtNRAMP1 expression is maximal in xylem tissues (Migeon et al., 2010). PtNRAMP7.1 and PtNRAMP7.2 have no close homologues in Arabidopsis but belong to the same clade as AtNRAMP1 (Migeon et al., 2010).

Interestingly, PtNRAMP3.1 and PtNRAMP3.2 share high protein identity with

AtNRAMP3 and AtNRAMP4 and are localized in tandem on chromosome 7.

Microarray data performed on Populus indicated that PtNRAMP3.1 could be induced during leaf senescence as AtNRAMP3 while PtNRAMP3.2 appears to be induced upon Cd exposure (Induri et al., 2012;Sjödin et al., 2009).

The IREG family (Iron Regulated Gene): also referred to as Ferroportin (FPN) was independently discovered by three groups [START_REF] Abboud | A novel mammalian iron-regulated protein involved in intracellular iron metabolism[END_REF][START_REF] Donovan | Positional cloning of zebrafish ferroportin1 identifies a conserved vertebrate iron exporter[END_REF][START_REF] Mckie | A novel duodenal iron-regulated transporter, IREG1, implicated in the basolateral transfer of iron to the circulation[END_REF]. Ferroportin (FPN), was identified using positional cloning as the gene responsible for hypochromic anemia in a zebra fish mutant [START_REF] Donovan | Positional cloning of zebrafish ferroportin1 identifies a conserved vertebrate iron exporter[END_REF]. IREG1 was also concomitantly identified using subtractive cloning from the cDNA of hypotransferrinemic mice [START_REF] Mckie | A novel duodenal iron-regulated transporter, IREG1, implicated in the basolateral transfer of iron to the circulation[END_REF].

FPN/IREG1 mediates iron export when expressed in Xenopus oocytes [START_REF] Donovan | Positional cloning of zebrafish ferroportin1 identifies a conserved vertebrate iron exporter[END_REF][START_REF] Mckie | A novel duodenal iron-regulated transporter, IREG1, implicated in the basolateral transfer of iron to the circulation[END_REF]. It was shown that IREG1 is localized to the basolateral membrane of polarized epithelial cells. IREG1 encodes the long-sought duodenal Fe export protein responsible for loading Fe to the blood stream (Figure 1). . At the same time, IREG1 was identified as an iron-regulated membrane-spanning protein, which is involved in intracellular iron metabolism [START_REF] Abboud | A novel mammalian iron-regulated protein involved in intracellular iron metabolism[END_REF].

Functional characterization of IREG1 in vertebrates

IREG1 is highly conserved in rats, mice and humans, showing > 90% homology [START_REF] Abboud | A novel mammalian iron-regulated protein involved in intracellular iron metabolism[END_REF] and is involved in Fe export. The evidence obtained indicated that IREG1 can be considered as universal Fe exporter in different tissues in vertebrates.

Indeed, IREG1 showed highest expression in the duodenum, but also high expression in other tissues such as spleen, liver and placenta [START_REF] Frazer | Cloning and gastrointestinal expression of rat hephaestin: relationship to other iron transport proteins[END_REF][START_REF] Mckie | A novel duodenal iron-regulated transporter, IREG1, implicated in the basolateral transfer of iron to the circulation[END_REF].

A model of IREG1 function across the intestine in mammals is shown in figure 1. In addition, IREG1 is expressed in spleen and bone marrow and plays a role in Fe recycling, providing/retrieving Fe to/from red blood cells [START_REF] Abboud | A novel mammalian iron-regulated protein involved in intracellular iron metabolism[END_REF][START_REF] Yang | Molecular mechanisms of heavy metal hyperaccumulation and phytoremediation[END_REF]. In mammals, IREG1/FPN iron efflux protein thus play roles both in iron absorption in the intestine and in iron recycling in macrophages [START_REF] Muckenthaler | Systemic iron homeostasis and the ironresponsive element/iron-regulatory protein (IRE/IRP) regulatory network[END_REF].

Therefore, the discovery of IREG1 could be of medical benefit for the diagnosis and possible treatment of Fe overload and deficiency. In humans, mutations in the coding region of IREG1 are associated with type IV hemochromatosis. These mutations fall into 2 categories. Mutations of the first category impair traffic to the cell surface and iron export. In these patients, iron is sequestered in the bone marrow, which leads to increase dietary iron uptake and iron overload. Mutations in the second category do not impair trafficking to the cell surface [START_REF] Schimanski | In vitro functional analysis of human ferroportin (FPN) and hemochromatosis-associated FPN mutations[END_REF]. Dominant negative effects of IREG1 mutations on a multimeric complex would account for the dominant inheritance of IREG1 iron overload diseases [START_REF] De Domenico | Evidence for the multimeric structure of ferroportin[END_REF]. However, whether IREG1 functions as a multimer has been a matter of debate [START_REF] De Domenico | The molecular basis of ferroportin-linked hemochromatosis[END_REF][START_REF] De Domenico | Iron overload due to mutations in ferroportin[END_REF]Gonçalves et al., 2006).

IREG1 is inhibited by direct binding to hepcidin, a peptide hormone that regulates iron metabolism. Hepcidin production is up-regulated in iron overload and down-regulated in iron deficiency [START_REF] Borch-Iohnsen | Regulation of the iron metabolism[END_REF]. An overview reporting the latest progress in understanding the physiological functions of IREG1 in iron homeostasis has been published recently [START_REF] Zhang | The physiological functions of iron regulatory proteins in iron homeostasis -an update[END_REF].

Functional characterization of IREG proteins in plants

Arabidopsis thaliana genome encodes 3 homologues of mammalian IREG1: is expressed in the stele and localized at the plasma membrane [START_REF] Morrissey | The Ferroportin Metal Efflux Proteins Function in Iron and Cobalt Homeostasis in Arabidopsis[END_REF].

IREG1, IREG2
AtIREG3/MAR1 transporter is localized to the chloroplast and was proposed to control antibiotic entry into chloroplasts [START_REF] Conte | The MAR1 transporter is an opportunistic entry point for antibiotics[END_REF][START_REF] Conte | Multiple Antibiotic Resistance in Arabidopsis Is Conferred by Mutations in a Chloroplast-Localized Transport Protein[END_REF] (Figure 2).

There was no data available on the function of proteins of the IREG family encoded by the poplar genome until the start of my thesis. 
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I.4. Aims of the thesis

My thesis focuses on the functional characterization of candidate metal transporter genes to engineer transgenic poplar with the aim to decrease metal return to the soil when leaves fall and to increase accumulation in trucks of poplar. We characterize candidate transporters potentially controlling metal storage in the vacuole, the main compartment where heavy metals are accumulated in plant cells.

To modify metal accumulation in poplar, NRAMP (Natural Resistance-Associated Macrophage Protein) and IREG (Iron Regulated Gene) metal transporter families which are still poorly characterized in the poplar genome are investigated to determine protein functions and also to analyze the expression levels of these metal transporters in different organs. My thesis is organized in three major tasks involving:

1. Functional characterization of PtIREG1 transporter gene from Populus trichocarpa.

-Complementation of yeast mutants.

-Complementation of Arabidopsis thaliana ireg2-1 mutants.

2. Overexpression and specific targeted expression of PtIREG1 in poplar wood tissue.

Characterization of transgenic poplars overexpressing PtNRAMP3.1 and

PtNRAMP3.2 to study their roles in heavy metal accumulation. Arabidopsis thaliana seeds were surface sterilized using a solution of 70% ethanol and 0.05% SDS, mixing for 10 min. The solution was then removed and seeds were washed with 100% ethanol and left to dry. Transgenic lines were selected on ½ MS agar plates supplemented with 15 mg.l -1 hygromycin B. The plates was left in darkness at 4°C for 2 days in order to break dormancy and standardize germination, then lighted for 16 h per day at 21°C during 4 days, and finally the seedlings with elongated hypocotyls would be selected as resistant. To test for ireg2-1 complementation, transgenic T 2 lines were grown on agar plates (Oomen et al., 2009) containing ABIS medium 2.5 mM KP, 5 mM KNO 3 , 2 mM MgSO 4 , 1 mM Ca(NO 3 ) 2 , MS microelements, 1% sucrose, 0.7 % bacto agar, 1 mM MES adjusted with 1 M KOH to pH 5.7 and 10 µM Fe-hydroxybenzyl ethylenediamine (HBED), and supplemented with 0, 15, 30 or 60 µM NiCl 2 . Fe-HBED was prepared as a 10 mM stock solution from FeCl 3 (Sigma, Saint Louis, MO, USA) and HBED (N,N'-di(2-hydroxybenzyl) ethylenediamine-N,N'diacetic acid monochloride hydrate; Strem Chemicals, Newburyport, MA, USA). HBED was added with a 10% excess to ensure that all Fe is chelated quantitatively. Plates were placed vertically in environmental growth chambers (Sanyo MLR-350, Morigushi, Japan) at 21°C, 16 h light/8 h dark for 10 -14 days.
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II.1.2. Poplar growth medium

The media used for poplar in vitro culture are described in 

II.2. Construction of expression vectors

The sequence of Populus IREG1 (POPTR_0386s00200) was retrieved from Phytozome V9.1 database (http://www.phytozome.net/). The sequences were used to design primers to specifically amplify IREG1 from total leaf cDNA. Leaves of Populus trichocarpa cv nisqually were collected from the green house and immediately frozen in liquid nitrogen and stored at -80°C until used for RNA extraction. The total RNA was extracted using RNeasy Plant mini Kit (Qiagen) following the manufacturer's instruction. Buffer RLC was supplemented with 10 mg/ml of PEG 6000 to scavenge secondary compounds. Genomic DNA contaminations were eliminated directly on spin columns using the RNase-Free DNase Set (Qiagen). RNA quality and quantity was evaluated using nanodrop (Thermo Fisher Scientific Inc. NanoDrop 1000). The firststrand cDNA was synthesized with oligo-dT using the reverse transcription kit "SuperScript III First-Strand Synthesis System for RT-PCR" (Invitrogen) from 2 µg of the total DNA-free RNA.

The cDNA of PtIREG1 with and without stop codon were amplified by two steps PCR using high-fidelity Phusion polymerase (Thermo Scientific, Waltham, MA, USA) with specific primers PtIR2F2startgtw, PtIR2F2stopgtw and PtIR2F2nonstopgtw (Table 3) containing universal Gateway attB1 and universal Gateway attB2 sequences (underlined) for gateway recombination. At the first step, PtIREG1 cDNA was amplified with the specific primers including a part of gateway cassette in 10 cycles. After denaturation at 98°C for 5 min, 10 cycles were performed at 98°C for 30sec, 56°C

for 30 sec and 72°C for 1 min and 30 sec. The first PCR products were directly used as a template for the second amplification starting with denaturation at 98°C for 5 min, followed by 25 cycles at 98°C for 30 sec, 56°C for 30 sec and 72°C for 1 min and 30 sec, and completed by an extension at 72°C for 10 min using attB1 and attB2 primers (Table 3). The gel purified PCR products were sequenced on both strands to obtain the consensus sequence of cDNAs PtIREG1. The PCR fragments were recombined into pDONOR207 Gateway vector (Invitrogen) (Figure 3) by Gateway BP (Invitrogen) reaction following the manufacturer's instructions to generate pDON207-PtIREG1stop and pDON207-PtIREG1nonstop. The constructs were sequenced on both strands to verify the consensus sequence of PtIREG1.

For the generation of yeast expression vector, the cDNAs were transferred from the pDON207-PtIREG1stop to the pDR195 Gateway vector (Oomen et al., 2009) by Gateway LR reaction (Invitrogen). The pDR195-PtIREG1 (Figure 6) as well as pDR195-AtIREG2 [START_REF] Schaaf | AtIREG2 Encodes a Tonoplast Transport Protein Involved in Iron-dependent Nickel Detoxification in Arabidopsis thaliana Roots[END_REF]) and pDR195-PgIREG1 [START_REF] Merlot | The metal transporter PgIREG1 from the hyperaccumulator Psychotria gabriellae is a candidate gene for nickel tolerance and accumulation[END_REF] were used for expression in yeast.

For the generation of plant overexpression vectors, cDNAs were transferred from the pDON207-PtIREG1nonstop to the binary overexpression pMDC83 Gateway vector [START_REF] Curtis | A Gateway Cloning Vector Set for High-Throughput Functional Analysis of Genes in Planta[END_REF] under control of the CaMV 35S promoter by Gateway LR reaction to generate the p35S::PtIREG1:GFP (Figure 6 and7). This vector was used for overexpression in poplar and complementation in Arabidopsis ireg2-1.

The p35S::PtNRAMP3.1:GFP and p35S::PtNRAMP3.2:GFP constructs were generated by recombination in the binary overexpression vector pMDC83 (GPF Cterminal fusion) by Mathieu POTTIER and used for transformation into poplar.

For the generation of the plant expression vector to check the expression pattern conferred by the CAD4 gene promoter [START_REF] Van Doorsselaere | Populus balsamifera subsp. trichocarpa cad gene for cinnamyl alcohol dehydrogenase, exon 1-5[END_REF], genomic DNA was isolated from leaves of the Populus trichocarpa cv Nisqually using DNeasy Plant mini Kit (Qiagen, Germany). PtCAD4 promoter was amplified from total genomic DNA by PromPtCADaFgtw and PromPtCADcRgtw (Table 3) which contains attB1 and attB2 sequences (underlined) allowing Gateway recombination. The PCR products were gel-purified and recombined into pDONR207 (Invitrogen) (Figure 3) using BP Clonase (Invitrogen). The binary vector carrying gus gene and Egfp gene under PtCAD4

promoter was constructed by LR recombination into pKGWFS7.0 (Figure 4). The pPtCAD4::EGFP:GUS construct was transformed in poplar to confirm the ability of PtCAD4 promoter to drive strong and specific gene expression in xylem [START_REF] Barakat | The cinnamyl alcohol dehydrogenase gene family in Populus: phylogeny, organization, and expression[END_REF] (Figure 5). In addition, the PtCAD4 promoter was also amplified from genomic DNA using PromPtCADaF_HindIII (forward) and PromPtCADaR_SpeI (reverse)

primers including HindIII and SpeI restriction sites (Table 3, in Bold) [START_REF] Merlot | The metal transporter PgIREG1 from the hyperaccumulator Psychotria gabriellae is a candidate gene for nickel tolerance and accumulation[END_REF] using the high-fidelity Phusion polymerase (Thermo Scientific, Waltham, MA, USA). Denaturation at 98°C for 5 min was followed by 35 cycles of amplification at 98°C for 30 sec, 54°C for 15 sec and 72°C for 2 min, and completed by an extension at 72°C for 10 min. The PCR product was cloned as a HindIII/SpeI fragment in pMDC83 (Figure 6) [START_REF] Curtis | A Gateway Cloning Vector Set for High-Throughput Functional Analysis of Genes in Planta[END_REF] Yeast strains used in this study are listed in table 4. Yeast cells were grown in yeast peptone dextrose (YPD) or in synthetic defined (SD) medium [yeast nitrogen base (YNB), MES hydrate, amino acids and dextrose] before transformation and in SD without uracil (SD-ura) after transformation.

II.3.2. Yeast transformation

The pDR195-PtIREG1 was transformed in a set of Saccharomyces cerevisiae strains (Table 4). Yeast transformation was performed using a lithium acetate-based (LiAc) method [START_REF] Gietz | Improved method for high efficiency transformation of intact yeast cells[END_REF]. Yeast strains (Table 4) were inoculated in 10 ml of YNB medium and incubated overnight at 30°C on an orbital shaker (200 rpm). Yeast cultures were diluted to an OD 600nm of 0.4 in 50 ml of YPD medium and grown for an additional 2 -4 hours. Cultures were centrifuged at 2500 rpm for 10 min at 22°C and the pellet was resuspended in 40 ml sterile 1X TE (Tris-EDTA) solution. Cells were centrifuged again at 2500 rpm for 10 min at 22°C and the pellet was resuspended in 2 ml 1X LiAc/0.5X TE solution (100 mM Lithium Acetate, pH = 7.5; 5 mM Tris-HCl, pH = 7.5; 0.5 mM EDTA). The cells were then incubated at room temperature for 10 min.

For each transformation, 100 µl of the yeast cell suspension were thoroughly mixed with 1 µg plasmid DNA, 100 µg denatured sheared salmon sperm DNA and 700 µl of sterile 1X LiAc/40%PEG-3350/1X TE solution (100 mM Lithium Acetate, pH = 7.5; 40% PEG-3350; 10 mM Tris-HCl, pH = 7.5; 1 mM EDTA). The mix was incubated at 30°C for 30 min and 88 µl DMSO were added and mixed thoroughly before heat shock at 42°C for 7 min. The cells were centrifuged for 20 seconds and the supernatant was removed. The pellet was resuspended in 1 ml 1X TE, centrifuged again and resuspended in 200 µl 1X TE before plating on YNB-ura plates, and being incubated 2 -3 days at 30°C. 

II.3.3. Yeast growth assays

A set of Saccharomyces cerevisiae mutant was used for complementation assays (Table 4). Wild type (BY4741) and mutant strains (Δcot1; Δzrc1; Δpmr1 and Δycf1)

carrying the empty vector (pDR195), pDR195-PtIREG1, AtIREG2, an Arabidopsis thaliana-metal cobalt, iron, nickel transporter [START_REF] Merlot | The metal transporter PgIREG1 from the hyperaccumulator Psychotria gabriellae is a candidate gene for nickel tolerance and accumulation[END_REF][START_REF] Morrissey | The Ferroportin Metal Efflux Proteins Function in Iron and Cobalt Homeostasis in Arabidopsis[END_REF], PgIREG1, a Psychotria gabriellae-metal nickel transporter [START_REF] Merlot | The metal transporter PgIREG1 from the hyperaccumulator Psychotria gabriellae is a candidate gene for nickel tolerance and accumulation[END_REF],

AtVIT1
an Arabidopsis thaliana-metal iron transporter [START_REF] Kim | Localization of Iron in Arabidopsis Seed Requires the Vacuolar Membrane Transporter VIT1[END_REF] were used as a positive control were grown on SD-ura supplemented with either 0; 1; 1.5; 2 mM CoCl 2 or 0; 0.9; 1.2; 1.5; 3 mM NiCl 2 for Δcot1, with 0; 8; 12; 16; 20 mM ZnSO 4 for Δzrc1, with 0; 1; 2; 3; 4 mM MnSO 4 for Δpmr1, and with 0; 0.03; 0.04; 0.05; 0.06 mM CdCl 2 for Δyfc1 at different pH (pH = 4,5; 5; 5.5 and 6).

To test the ability of PtIREG1 to confer tolerance to Fe or Ni, another set of yeast mutants was also used (Table 4). Wild type (DY150) and mutant (Δccc1) strains carrying the empty vector (pDR195), pDR195-PtIREG1 were grown either on SD-ura medium at pH = 5.5 and supplemented with 0; 2; 4, 5 or 6 mM FeSO 4 . The double mutant Δfet3Δfet4 carrying the empty vector (pDR195) or pDR195-PtIREG1 was grown on SD-ura medium supplemented with 100 µM FeCl 3 and 0; 0.25; 0.5; 1 or 2 mM NiCl 2 at different pH values (pH = 5; 5.5 and 6).

Drop test: Single colonies were cultured in selective medium for 48 h and adjusted to OD 600nm = 1. Serial dilutions to OD 0.1, 0.01 and 0.001 were prepared. 5 µl of each dilution was spotted on SD-ura medium supplemented or not with metals to assay toxicity.

II.4. Transformation in Arabidopsis thaliana

The p35S::PtIREG1:GFP construct was used to transform Arabidopsis thaliana ireg2-1 mutant by the "Floral Dip" method [START_REF] Clough | Floral dip: a simplified method forAgrobacterium-mediated transformation ofArabidopsis thaliana[END_REF] using

Agrobacterium tumefaciens C58/pMP90 strain. Transgenic lines (T 1 ) were selected on 
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II.5. Transformation in poplar

The poplar clone number 717-1-B4 (P. tremula × P. alba) from the Institut National de la Recherche Agronomique (INRA), was used for transformation. The constructs pPtCAD4::EGFP:GUS, p35S::PtIREG1:GFP; pPtCAD4::PtIREG1:GFP, p35S::PtNRAMP3.1:GFP; p35S::PtNRAMP3.2:GFP were transformed into Agrobacterium tumefaciens C58/pMP90 using a protocol from INRA as described by Leplé et al. [START_REF] Leple | Transgenic poplars: expression of chimeric genes using four different constructs[END_REF]. Recombinant A. tumefaciens colonies were selected on 2YT medium containing gentamycin, rifampicin, and spectinomycin for pPtCAD4::EGFP:GUS or kanamycin for the other constructs.

Pre-culture: stem explants were pre-incubated on M1 agar medium (Table 2)

for 48 h at 24°C in darkness.

Co-cultivation:

Recombinant A. tumefaciens strains grown on 2YT medium with appropriate antibiotics for 48 h at 28°C were used to prepare 150 mL of MS30 (Table 2) suspension with an OD 660nm of 0.3 (about 5 × 10 8 cfu/mL). Stem explants were co-cultured in 150 mL of bacteria suspension for 16 h at 24°C, on an orbital shaker at 182 rpm.

Decontamination:

The explants were washed 5 times in sterile water, the first time for 2 min and the other times for 5 min, under orbital shaking at 125 rpm at 24°C.

After washing, explants were transferred onto M2 (Table 2) with appropriate antibiotics for 21 days at 24°C in darkness. The explants were then transferred to standard light conditions 16 h light/ 8 h dark to recover green calli.

II. MATERIALS AND METHODS
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Regeneration: The green calli were transferred to M3 agar medium (Table 2)

with appropriate antibiotics for induction and selection of transformed shoots.

Rooting and elongation:

The shoots which regenerated from calli were excised when they were approximately 1 cm long and transferred to ½ MS agar medium (Table 2) supplemented with appropriate antibiotics for rooting. After 5 -8 weeks, the rooted and elongated shoots were propagated on the same medium.

The antibiotics used for selection of transformed lines were kanamycin (50 mg.l - 1 ) for pPtCAD4::EGFP:GUS or hygromycin B (20 mg.l -1 ) for the other constructs. The expression level of the transgene was determined by quantitative real time PCR (qRT-PCR) and / or using GFP fluorescence.

II.6. Transformation in Arabidopsis thaliana protoplasts

The cell suspension from mesophyll cells of wild type Arabidopsis (REF) was transferred weekly by diluting 10 mL of the suspension in 100 mL fresh JPL medium in 0.25 L Erlenmeyers. Cells were grown under continuous light at 21°C on an orbital shaker (120 rpm).

JPL medium 1X: the Jouanneau and Peaud-Lenoel (1967) complete synthetic medium was used for suspension cell culture and protoplast preparation [START_REF] Jouanneau | Growth and synthesis of proteins in cell suspensions of kinetin dependent tobacco[END_REF]. JPL 0.34 M solution: JPL 1X, 0.17 M glucose, 0.17 M mannitol and pH 5.5

Composition
with 1 M KOH.

JPL 0.28M solution: JPL 1X, 280 mM sucrose and pH 5.5 with 1 M KOH.

Enzyme solution for cell wall digestion: 0.34 M JPL, Cellulase RS 1% (w/v) Macerozyme R10 and 0.2% (w/v).

PEG: PEG 6000 25% (w/v), 450 mM Mannitol, Ca(NO 3 ) 2 100 mM and pH adjusted to 9 with 2 M KOH.

Preparation of protoplasts: 40 ml of A. thaliana cell culture at a density of 30% (v/v) were placed in a 50 mL vial tube and then centrifuged at 200 g for 5 minutes

without brake and at 20°C. The pellet was resuspended in 25 mL of enzyme solution and completed to 75 mL of 0.34 M JPL, the mixture was placed in a sterile 250 mL Erlenmeyer flask then incubated for 3 h at 30 rpm on an orbital shaker at 21°C. After incubation, the cells were centrifuged at 200 g for 5 minutes without brake, at 20°C.

The pellet was resuspended in 25 mL of 0.34 M JPL and again centrifuged at 200 g for 5 minutes without brake, at 20°C. The pellet was then gently homogenized in 1 mL of 0.28 M JPL and completed up to 5 mL with 0.28 M JPL and finally centrifuged at 200 g for 5 min without brake, at 20°C. Three phases could be distinguished, the top phase contains the protoplasts, the middle phase contains 0.28 M JPL and the pellet contains the cell debris. The phase containing the protoplasts was retrieved using a sterile pasteur pipette and placed in a 13 mL culture tube at 4°C for 1 hour. Protoplasts were diluted at 1/50 in 0.34 M JPL then counted using a Malassez cell in order to determine their concentration.

Transformation of A. thaliana protoplasts:

The cDNA coding for PtIREG1 fusion with GFP (p35S::PtIREG1:GFP) was transiently expressed in A. thaliana protoplasts through polyethylene glycol (PEG) mediated transformation. The cDNA encoding a translational fusion between

PtNRAMP3.1 and GFP (p35S::PtNRAMP3.1:GFP) was co-transformed with markers labeling different cell compartments (Table 5), [START_REF] Ebine | A membrane trafficking pathway regulated by the plantspecific RAB GTPase ARA6[END_REF]Nelson et al., 2007;[START_REF] Ueda | Functional differentiation of endosomes in Arabidopsis cells[END_REF][START_REF] Uemura | Qa-SNAREs localized to the trans-Golgi network regulate multiple transport pathways and extracellular disease resistance in plants[END_REF] into A. thaliana protoplasts for co-expression.

In a 13 mL culture tube, 10 µg of plasmid DNA of p35S::PtIREG1:GFP or 5 µg of plasmid DNA of p35S::PtNRAMP3.1:GFP and 5 µg of plasmid DNA of marker construct in 15 µl of sterile water were added to 2 × 10 5 protoplasts in 50 µL of 0.34 M JPL and gently mixed. Then 150 µl of solution of PEG in thawing state were added and the tube was placed for 20 minutes in the dark with gentle mixing every 5 min. The PEG was then washed twice with 0.275 M Ca(NO 3 ) 2 . The mixture was then centrifuged for 5 min at 200 g without brake, 75% of the supernatant was removed and the pellet was resuspended. Protoplasts were then centrifuged again for 5 min at 200 g without brake then the pellet was resuspended in 500 µl of 0.34 M JPL and the mixture is homogenized. The protoplasts were placed in the darkness at 21°C until observation.

II.7. Localization experiments

Roots of Arabidopsis thaliana ireg2-1 transgenic T 2 lines transformed with p35S::PtIREG1:GFP and the expressed p35S::PtIREG1:GFP poplar roots were stained with 10 µg/mL propidium iodide for 5 min; expressed p35S::PtNRAMP3.1:GFP and p35S::PtNRAMP3.2:GFP poplar roots were imaged by confocal microscopy (Leica TCS SP2) with laser excitation at 488 nm and collection of emitted light at 495 -550 nm for GFP, and 600 -650 nm for propidium iodide. After incubation during 48 h (21°C, darkness), protoplasts co-expressing p35S::PtNRAMP3.1:GFP with markers (Table 5) were imaged at the IMAGIF platform (www.imagif.cnrs.fr) on a Leica SP8 inverted confocal microscope with laser excitation at 488 nm and collection of emitted light at 500 -560 nm for GFP, excitation at 514 nm and collection of emitted light at et al., 2007) 520 -545 nm for YFP, excitation at 584 nm and collection of emitted light at 600 -660 nm for mRFP, excitation at 558 nm and collection of emitted light at 578 -707 nm for mCherry

II.8. Metal tolerance assays

To test the effect of PtNRAMP3.1:GFP and PtNRAMP3.2:GFP on metal tolerance and accumulation, four transgenic poplar lines of each construct were selected based on the quantitative analysis of expression level of five transgenic lines by qRT-PCR. To adapt transgenic and WT poplar, plants were adapted to ambient outdoor conditions, explants were transferred to water saturated soil and the pots were covered with translucent plastic lids for 1 week, after which the lids were progressively opened [START_REF] Pospóšilová | Acclimatization of Micropropagated Plants to Ex Vitro Conditions[END_REF]. After 2 weeks, the plants were placed in green house at about 24°C under a 16 h light/8 h dark photoperiod. Light intensity was maintained between 15000 and 45000 Lux.

Poplars explants were first transferred in pot (size 8 cm × 8 cm × 7 cm) containing non-contaminated soil for rooting and adapting to green house conditions.

After 3 weeks, poplars were transferred in larger pots (size 10 cm × 13 cm) containing non-contaminated soil or metal-contaminated soil. The metal-contaminated soil was collected from Auby region in North of France near the Umicore smelting factory. As initial tests indicated that most poplar explants did not survive on this soil, experiments were performed using a 1/1 (v/v) mixture of Arabidopsis soil and contaminated soil.

The metal concentration in the soil was measured and the concentrations expected in the 1/1 mixture are shown in table 6. The plants were grown on this condition for 3 months and were harvested to measure metal concentration.

II.9. Metal concentration measurements

Young leaves, mature leaves and senescent leaves were harvested separately from poplar grown either on non-contaminated soil or on metal-contaminated soil in the green house during 3 months. Leaves were dried at 65°C for 1 week. The dry weight (DW) was measured and the samples were digested in 2 mL of 70 % nitric acid in a DigiBlock ED36 (LabTech, Italy) at 100°C for 1 h, 120°C for 6 h and 80°C for 1 h.

After dilution in trace-metal-free water, the metal content of the samples was measured with a AA240FS atomic absorption spectrometer (Agilent) and concentration calculated by comparison with metal standard.

II.10. Gene expression analysis

Young leaves and stems from wild-type and transgenic poplar lines were collected and immediately frozen in liquid nitrogen and stored at -80°C until used for RNA extraction and reverse transcription as described in II.2, Primers were designed to specifically amplify PtIREG1, PtNRAMP3.1 and PtNRAMP3.2 with efficiencies > 0.85 (Table 7). Quantitative Real-time PCR analysis was performed using a LightCycler 480II with SYBR Green I Master (Roche, Indianapolis, IN, USA). Expression of PtIREG1:GFP, PtNRAMP3.1:GFP and PtNRAMP3.2:GFP was normalized using EF-1A, PP2A and UBC10 as reference genes (Basa and Solti, 2009).

II.11. Statistical analysis

Data were analyzed with kruskal-Wallis and Mann-Whitney non parametric tests for multiple comparisons and pair comparisons, respectively. For multiple comparisons, a Tukey post hoc test was performed when significant differences were detected (p < 0.01). Different letters indicate significant differences between samples. Both tests were performed using the R software package.

Table 7. List of primers used for quantitative RT-PCR. 9).

Name Sequences

PtIREG1

To perform a phylogenetic analysis of PtIREG family, the full length amino acid sequences of IREG families in plants were aligned by CLUSTALW and imported into the Molecular Evolution Genetics Analysis (MEGA) package version 6 [START_REF] Tamura | MEGA6: Molecular Evolutionary Genetics Analysis version 6.0[END_REF]. The phylogenetic tree of plant metal transporters from the IREG family was constructed using the neighbor-joining (NJ) method implemented in MEGA with the pairwise deletion option. A Poisson correction method for evolutionary distances was computed. The bootstrap consensus tree was inferred from 1000 replicates. Phylogenic analyses revealed that PtIREG1, PtIREG2.1 and PtIREG2.2 belong to the same cluster with AtIREG1, AtIREG2 and PgIREG1, while PtIREG3 belongs to the same cluster with AtIREG3/MAR1 (Figure 9). AtIREG1 localizes to the plasma membrane and is expressed in xylem [START_REF] Morrissey | The Ferroportin Metal Efflux Proteins Function in Iron and Cobalt Homeostasis in Arabidopsis[END_REF]. AtIREG2 is located in the vacuolar IREG transporters from plants were shown to transport several metals [START_REF] Merlot | The metal transporter PgIREG1 from the hyperaccumulator Psychotria gabriellae is a candidate gene for nickel tolerance and accumulation[END_REF][START_REF] Morrissey | The Ferroportin Metal Efflux Proteins Function in Iron and Cobalt Homeostasis in Arabidopsis[END_REF][START_REF] Schaaf | AtIREG2 Encodes a Tonoplast Transport Protein Involved in Iron-dependent Nickel Detoxification in Arabidopsis thaliana Roots[END_REF]. To characterize PtIREG1 ! function, its coding sequence was cloned into a yeast expression vector and transformed into S. cerevisiae mutant strains that are unable to grow at high concentrations of various metals. Yeast growth was monitored either on control or metal supplemented media. The mutant strains Δfet3Δfet4, Δccc1, Δcot1, Δprm1, Δycf1, Δzrc1 are unable to grow at high concentrations of Ni, Fe, Co, Mn, Cd and Zn, respectively. The Δfet3Δfet4 strain is deficient in Fe uptake due to mutations in FET3 encoding a plasma membrane ferroxidase essential for high affinity iron uptake [START_REF] De Silva | The FET3 gene product required for high affinity iron transport in yeast is a cell surface ferroxidase[END_REF] and FET4

encoding a low affinity iron uptake. CCC1 is involved in the transfer of iron from the cytosol to the vacuole. The Δccc1 mutant shows increased sensitivity to ferrous iron Fe 2+ [START_REF] Li | CCC1 is a transporter that mediates vacuolar iron storage in yeast[END_REF]. COT1 mediates the sequestration of both Co and Zn into the vacuole. The Δcot1 mutant is hypersensitive to both Co and Zn [START_REF] Conklin | COT1, a gene involved in cobalt accumulation in Saccharomyces cerevisiae[END_REF][START_REF] Li | Defects in the yeast high affinity iron transport system result in increased metal sensitivity because of the increased expression of transporters with a broad transition metal specificity[END_REF][START_REF] Lyons | Genomewide characterization of the Zap1p zinc-responsive regulon in yeast[END_REF]. PMR1 has been shown to pump Ca 2+ and Mn 2+

to the Golgi apparatus and confers Mn tolerance by effectively removing Mn from cytoplasm. Consequently, Δprm1 mutant is sensitive to Mn [START_REF] Ton | Functional expression in yeast of the human secretory pathway Ca(2+), Mn(2+)-ATPase defective in Hailey-Hailey disease[END_REF]. YCF1 is an ABC protein that confers Cd tolerance through the transport of Cd-glutathione conjugates into the vacuole and loss of YCF1 function leads to hypersensitivity to Cd [START_REF] Li | A new pathway for vacuolar cadmium sequestration in Saccharomyces cerevisiae: YCF1-catalyzed transport of bis(glutathionato)cadmium[END_REF]. ZRC1 localizes to the vacuolar membrane and encodes a transporter that sequesters Zn into the vacuole. Its deletion leads to high sensitivity to Zn [START_REF] Li | Defects in the yeast high affinity iron transport system result in increased metal sensitivity because of the increased expression of transporters with a broad transition metal specificity[END_REF]. Figure 14 shows that wild type strains (Control (+)) were able to grow at high metal concentration of various metals. As expected, the mutant strains were unable to grow at high concentration of the metals to which they are sensitive.

The Δfet3Δfet4 was unable to grow on 0.5 mM NiCl 2 . Expression of PtIREG1 restored growth as efficiently as AtIREG2 and more efficiently than PgIREG1 (Figure 14A). However, expression of PtIREG1 or PgIREG1 could not restore the growth of Δcot1 on 2 mM CoCl 2 even when tested at several pH (pH = 4,5; 5; 5.5 and 6). In contrast, AtIREG2 restored growth on 2 mM CoCl 2 as shown in a previous report [START_REF] Morrissey | The Ferroportin Metal Efflux Proteins Function in Iron and Cobalt Homeostasis in Arabidopsis[END_REF] (Figure 14B). This result suggests that the different IREG proteins tested have distinct metal selectivity. None of them is able detoxify Cd, Zn or [START_REF] Schaaf | AtIREG2 Encodes a Tonoplast Transport Protein Involved in Iron-dependent Nickel Detoxification in Arabidopsis thaliana Roots[END_REF]. At the second generation after transformation, 6 ireg2-1/p35S::PtIREG1:GFP transgenic lines in T 2 generation displayed a segregation of hygromycin resistance close to 75%, indicative a single insertion site of the transgene (lines 3, 6, 8, 12, 13 and 15, Table 10). Among them, 4 lines (3, 6, 8 and 15) produced higher fresh biomass than ireg2-1 when grown on medium supplemented with 15 or 30 µM NiCl 2 (Figure 15). Unfortunately, most protoplasts transformed with p35S::PtIREG1:GFP were dead 48 hours after transformation. Figure 16D illustrates the GFP signal observed in the rare Arabidopsis protoplasts that survived. This approach did not allow drawing any conclusion on the subcellular localization of PtIREG1 although the experiments were repeated 5 times.

In Arabidopsis ireg2-1 mutant transformed by p35S::PtIREG1:GFP, the GFP fluorescence signal was very low in T 2 complemented roots grown in ½ MS agar medium containing hygromycin B (15 µg.ml -1 ) (Figure 17A). Fluorescent punctate intracellular structures were occasionally detected in this plant. This suggests that PtIREG1:GFP was present at very low level, possibly due to transgene silencing. The low abundance of PtIREG1:GFP and its localization on punctate structures may account for the partial complementation of ireg2-1 phenotypes in the transgenic lines (Figure 15). Figure 18 shows strong expression in the vasculature in all organs (roots, leaves and stems). This observation confirms that the PtCAD4 promoter targets strong gene expression in wood tissues and verifies previous studies about PtCAD4 expression pattern.

III.1.4.2. Overexpression and targeted expression of PtIREG1:GFP in poplar

To investigate the role of PtIREG1 in Ni tolerance and accumulation in poplar, constructs containing PtIREG1 fused to GFP under the control of the CaMV 35S

promoter or under the control of the PtCAD4 promoter were transformed into poplar.

Total RNA was extracted from young leaves of p35S::PtIREG1:GFP transgenic poplar lines and from young leaves and stems of pPtCAD4::PtIREG1:GFP transgenic poplar lines and wild-type poplar grown in vitro for 2 months. Quantitative RT-PCR analyses revealed that all transgenic poplar lines carrying the p35S::PtIREG1:GFP transcription cassette exhibited strongly increased expression of PtIREG1:GFP in leaves compared to wild-type. Especially, four transgenic lines (lines 5, 10, 11 and 21) expressed

PtIREG1:GFP at levels 80 -100 times higher than wild-type (Figure 19A). The transgenic poplar lines carrying pPtCAD4::PtIREG1:GFP cassettes displayed increased PtIREG1:GFP expression levels in leaves were 12 -28 times higher than wild-type, not as dramatic as in p35S::PtIREG1:GFP lines. The expression level was also strongly increased in stems. Together with the results presented in figure 17 G-I, these results

show that we have successfully generated poplar lines overexpressing PtIREG1:GFP as well as poplar lines exhibiting targeted expression of PtIREG1:GFP at high levels in poplar wood tissue. These poplar lines remain to be analyzed in terms of nickel tolerance and accumulation to test whether they could be used to improve rehabilitation of metal polluted soils.

III.1.5. PtIREG1, a candidate transporter involved in Ni transport

Poplar IREG genes constitute a small gene family (four members). In this study, PtIREG1 was first identified and was shown to confer Ni tolerance when expressed in yeast. PtIREG1 belongs to the same phylogenetic group as PgIREG1, AtIREG1 and AtIREG2 (Figure 9) that also transport Ni. Ni transport thus seems to be a general feature of IREG family proteins in plants and may be explained by structural differences with animal IREG1, which are involved in Fe efflux [START_REF] Merlot | The metal transporter PgIREG1 from the hyperaccumulator Psychotria gabriellae is a candidate gene for nickel tolerance and accumulation[END_REF][START_REF] Morrissey | The Ferroportin Metal Efflux Proteins Function in Iron and Cobalt Homeostasis in Arabidopsis[END_REF][START_REF] Schaaf | AtIREG2 Encodes a Tonoplast Transport Protein Involved in Iron-dependent Nickel Detoxification in Arabidopsis thaliana Roots[END_REF]. In A. thaliana, AtIREG1 transported Ni as well as Co [START_REF] Morrissey | The Ferroportin Metal Efflux Proteins Function in Iron and Cobalt Homeostasis in Arabidopsis[END_REF]. Therefore, we decided to test whether PtIREG1 could also confer tolerance to other metals: Co, Cd, Zn, Mn or Fe. The results obtained with five mutant strains suggested that PtIREG1 is unable to transport any of these metals when revealed that all transgenic lines transformed with the p35S::PtNRAMP3.1:GFP construct exhibited strongly increased expression of PtNRAMP3.1:GFP in leaves compared to wild-type (Figure 20A). Transgenic lines expressed PtNRAMP3.1:GFP at levels 13 to 24 times higher than wild-type (Figure 20A). All PtNRAMP3.1:GFP overexpressing lines displayed interveinal chlorosis in mature leaves (Figure 21).

Besides, all transgenic lines transformed with the p35S::PtNRAMP3.2:GFP construct also exhibited increased expression of PtNRAMP3.2:GFP in leaves at levels 10 to 20 times higher than wild-type (Figure 20B). However, in contrast with poplars overexpressing PtNRAMP3.1:GFP, none of the PtNRAMP3.2:GFP overexpressing lines displayed leaf chlorosis (Figure 21).

III.2.1.2. Subcellular localizations of PtNRAMP3.1 and PtNRAMP3.2

The constructs used to generate the transgenic poplar lines encoded translational fusions between PtNRAMP3.1 or PtNRAMP3.2 and GFP under control of the CaMV 35S

promoter. Therefore, to investigate PtNRAMP3.1 and PtNRAMP3.2 subcellular PtNRAMP3.2:GFP was clearly localized on the vacuolar membrane as its homologues in

Arabidopsis thaliana and Thlaspi caerulescens (Lanquar et al., 2005;Oomen et al., 2009;Thomine et al., 2003). In contrast, PtNRAMP3.1:GFP exhibited a punctate intracellular localization (Figure 22). Similar results had been obtained when PtNRAMP3.1:GFP and PtNRAMP3.2:GFP were transiently expressed in Arabidopsis protoplasts or stably expressed in Arabidopsis thaliana nramp3nramp4 double mutant (Appendix I, Mathieu

Pottier PhD thesis).

To identify the subcellular compartment on which PtNRAMP3.1 resides, protoplasts expressing PtNRAMP3.1:GFP had been stained with MitoTracker® Red CMXRos which is a mitochondrial marker and PtNRAMP3.1:GFP had been co transformed in protoplasts with PTS1:mRFP, which is a marker of peroxysomes (Nelson et al., 2007) (Appendix I, Mathieu Pottier PhD thesis). However, the results indicated that PtNRAMP3.1 is neither localized in mitochondria nor in peroxysomes. In this thesis, the p35S::PtNRAMP3.1:GFP construct was transiently co-transformed in Arabidopsis protoplasts with 5 markers for various cell compartments (Table 5 , in Materials and methods). The results showed that PtNRAMP3.1:GFP partially colocalized only with the two markers for the Golgi apparatus among the 5 markers tested (Figure 23). The results obtained suggest that PtNRAMP3.1 localizes in a compartment connected with the Golgi apparatus.

III.2.1.3. Metal accumulation capacity of

PtNRAMP3.1:GFP and

PtNRAMP3.2:GFP transgenic poplar lines grown on metal contaminated soil

The distinct subcellular localizations of PtNRAMP3.1 and PtNRAMP3.2 suggest that they fulfill different roles in metal homeostasis in poplar. To get insights they developed smaller leaves and shorter stems than their counterpart grown under control conditions. Surprisingly, after 1 month, poplars could adapt to the contaminated soil. They even developed larger leaves and higher shoots than the poplars grown in control soil. This difference is likely due to difference in nutrient availability between the two soils (Figure 24). Note that, besides the chlorosis mentioned earlier (Figure 21), wild type and transgenic poplar lines did not display any obvious difference in their development on any of the two soils tested. After 3 months, plants were harvested to measure metal accumulation in poplars. Young, mature and senescent leaves were harvested separately. The concentration of six elements (Cu, Fe, Mg, Mn, Cd and Zn)

was measured for each line at the three different leaf developmental stages. The data were analyzed for statistical significance using a Kruskal-Walis non -parametric test with a 1% confidence threshold (p < 0.01), followed by Tukey post hoc test (R software). For statistical analyses, values from the different lines transformed with the same construct were pooled to reach a sufficient number of samples (n = 6 -10 ,-" #" %" &" +" (" )" #!"#$" ,-" #" %" &" +" (" )" #!"#$" ,-" #" %" &" +" (" )" #!"#$"
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Young Manganese concentrations, [Mn], were 2 -3 times lower in poplars grown on contaminated soil compared to poplars grown on non-contaminated soil. This is consistent with the well documented effect of Cd on Mn absorption and accumulation in poplar [START_REF] Lettens | Intra-and inter-annual variation of Cd, Zn, Mn and Cu in foliage of poplars on contaminated soil[END_REF]. It could also be due to a lower [Mn] in the contaminated soil. When poplars were grown on non-contaminated soil, wild type leaf [Mn] were similar at all 3 developmental stages analyzed. Wild type leaf [Mn] was 2 times higher in the oldest leaves of poplars grown on contaminated soil. Note that these leaves had developed under strong metal stress and did not expand fully. Interestingly, PtNRAMP3.1:GFP overexpression was associated with significantly lower [Mn] by 30 to 70% at the three leaf developmental stages on non-contaminated soil, while no significant difference was observed between PtNRAMP3.2:GFP transgenic lines and On metal-contaminated soil
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Young Cadmium concentrations, [Cd], were 30 to 40 times higher in leaves from poplar grown on contaminated soil compared to leaves of poplar grown on control soil, reflecting the strong contamination of the soil by this element (Table 6). Note that Cd was detected even in leaves from poplars grown on non-contaminated soil, indicating the presence of this element in our control potting soil, as in many agricultural soils.

The presence of a low [Cd] in the control soil allowed investigating Cd accumulation under non-toxic conditions. In these conditions, [Cd] increased with leaf age, probably due to continuous accumulation along time (Figure 27). However, when poplars were grown on contaminated soil, Cd was highest in the young leaves, perhaps because they developed faster after poplar adaptation to toxic contamination (Figure 24). On noncontaminated soil, senescent leaf [Cd] was significantly lower by 50% in PtNRAMP3.1:GFP and PtNRAMP3.2:GFP transgenic lines relative to wild type (Figure 27A). A similar trend was observed in mature leaves. Under the metal-contaminated soil condition, no significant difference between wild type and transgenic lines was Different letters denote statistically significant differences with a 1% confidence threshold (p < 0.01), nsd stands for no significant difference (p > 0.01) based on a Kruskal-Walis test with n = 6 -9.

!" #!" $!" %!" &!" '!!" '#!"
'$!" ()" '" *" $" +" %" ," '!"'#" ()" '" *" $" +" %" ," '!"'#" ()" '" *" $" +" %" ," '!"'#" ()"'" *" $" +" %" ," '!"'#" ()"'" *" $" +" %" ," '!"'#" ()"'" *" $" +" %" ," '!"'#"

Cd concentration (µg/g of DW)

Young expression is up-regulated (Figure 20A).

Zinc concentrations, [Zn], were 5 to 10 times higher in leaves from poplar grown on contaminated soil compared to leaves of poplar grown on control soil, reflecting the contamination of the soil by this element (Table 6). In wild type poplars,

[Zn] were similar in senescent, mature and young leaves irrespective of the type of soil.

When poplar were grown on non-contaminated soil, a mild but significant increase by about 20% was observed in PtNRAMP3.2:GFP transgenic relative to wild type (Figure 28A). When poplars were grown on contaminated soil, [Zn] was about 2 times higher in senescent leaves in both PtNRAMP3.1:GFP and PtNRAMP3.2:GFP transgenic lines compared to wild type (Figure 28B). A similar trend was observed in mature leaves but the increase in [Zn] was more modest and more variable. Even though it is not apparent on figure 28, the transgenes also affected the distribution of Zn between young and senescent leaves: in wild type poplars, [Zn] was similar in young and senescent leaves; in contrast, in transgenic poplars, [Zn] was about 2 times higher in senescent leaves than in young leaves.

PtNRAMP3.1 displayed Zn transport activity when expressed in yeast (Mathieu Pottier PhD thesis, Appendix 1). However, on non-contaminated soil, only Different letters denote statistically significant differences with a 1% confidence threshold (p < 0.01), nsd stands for no significant difference (p > 0.01) based on a Kruskal-Walis test with n = 6 -9.
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Young [Mg], were similar in poplars grown on contaminated or control soil (Figure S1 andS2).

[Fe] tended to be higher in senescent leaves, whereas [Mg] tended to be higher in young leaves. Large variability between lines was observed in senescent leaves from poplars grown on contaminated soil for [Fe] and in young leaves for [Mg]. No significant difference between wild type and transgenic lines could be detected for [Fe] or [Mg].

The only consistent trend was an increase in [Fe] by 50 -60% in young leaves of PtNRAMP3.1:GFP overexpressing lines relative to wild type (Figure S1). Despite

PtNRAMP3.1 and PtNRAMP3.2 ability to transport Fe in yeast, changing their expression in poplar has little effect on leaf [Fe]. This is likely due to the tight regulation of [Fe] in plant tissues [START_REF] Baxter | The leaf ionome as a multivariable system to detect a plant's physiological status[END_REF]. +," #" %" &" -" (" )" #!"#$" +," #" %" &" -" (" )" #!"#$" +," #" %" &" -" (" )" #!"#$" +," #" %" &" -" (" )" #!"#$" +," #" %" &" -" (" )" #!"#$" +," #" %" &" -" (" )" #!"#$" PtNRAMP3.1:GFP gene expression levels (Figure 20A) which was associated with interveinal chlorosis in mature leaves (Figure 21). This phenotype was specific and was not observed in any of the p35S::PtNRAMP3.2::GFP poplar lines nor in wild type althrough p35S::PtNRAMP3.2::GFP poplar lines exhibited highly increased gene expression levels (Figure 20B).

III.2.2. The effect of overexpressing

Metal accumulation in PtNRAMP3.1:GFP and PtNRAMP3.2:GFP transgenic lines was investigated on both control potting soil and metal-contaminated soil harvested in the vicinity of a smelting factory. Transgenic poplar lines and wild type did not exhibited any obvious different growth on non-contaminated or on metalcontaminated conditions (Figure 24). This observation indicated that the transgenes did not modify poplar metal tolerance.

In both PtNRAMP3.1:GFP and PtNRAMP3.2:GFP transgenic poplar lines, Cu concentration was lower than in wild type either in non-contaminated soil or in metalcontaminated soil (Figure 25). This result is unexpected as there is, so far, no report about the role of NRAMP in Cu transport. In the future, it will be interesting to test whether PtNRAMP3.1 and PtNRAMP3.2 display Cu transport activity in yeast by testing their ability to rescue yeast mutants defective in Cu transport. Since Cu was measured only in single experiment, it will be important to repeat this observation.

In agreement with PtNRAMP3.1 ability to transport Mn in yeast, overexpression of this gene decreased Mn concentrations in poplar leaves on control soil (Figure 26).

These results are consistent with data obtained in an independent preliminary experiment. The decrease in leaf Mn concentration may account for the interveinal chlorosis observed in mature leaves. The molecular and cellular mechanism by which overexpression of metal transporter localized in the vicinity of the Golgi apparatus leads to a decrease in leaf Mn concentration remains to be investigated.

In both PtNRAMP3.1:GFP and PtNRAMP3.2:GFP transgenic poplar lines, the accumulation of Cd in senescent leaves observed in wild type on non-contaminated soil !"
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Young Zn accumulation was increased in both PtNRAMP3.1:GFP and PtNRAMP3.2:GFP transgenic poplar senescent leaves under metal-contaminated conditions (Figure 28). The opposite effects of the transgenes on Cd and Zn are surprising as these 2 metals are usually strongly correlated [START_REF] Lettens | Intra-and inter-annual variation of Cd, Zn, Mn and Cu in foliage of poplars on contaminated soil[END_REF][START_REF] Migeon | Metal Accumulation by Woody Species on Contaminated Sites in the North of France[END_REF]. Fe and Mg concentrations were not significantly different between transgenic poplars and wild type on both of control and contaminated soils (Figure S1 and S2). In the case of Fe, differences would have been expected since both

PtNRAMP3.1:GFP and PtNRAMP3.2:GFP were shown to transport Fe when expressed in yeast. However, it is well recognized that Fe concentrations are under tight regulation in plant tissues [START_REF] Baxter | The leaf ionome as a multivariable system to detect a plant's physiological status[END_REF]. It is likely that any disturbance in Fe homeostasis caused by the transgene would have been compensated by other mechanisms.

IV. GENERAL CONCLUSION AND PERSPECTIVES

The concept of using plants to clean up metal polluted soils is not new.

However, previous approaches usually used native plants able to tolerate, degrade and accumulate environmental pollutants. In the coming years, the use of transgenic plants for phytoremediation might be developed. Current investigations in plant molecular mechanisms of metal transport and chelation hold the promise that transgenic plants with higher tolerance and accumulation of metal pollutants could be engineered.

Analysis of the genomic sequence of A. thaliana, rice, and poplar combined with New Generation Sequencing should lead to the identification and characterization of novel genes important for pollutant remediation. The aim of my thesis was to characterize candidate transporters potentially involved in metal tolerance and accumulation in poplar.

The results obtained will contribute to develop a biotechnological approach using transgenic plants for the rehabilitation in metal polluted soils. In order to enhance metal accumulation using genetic engineering, we characterized 3 potential metal transporters: PtIREG1, PtNRAMP3.1 and PtNRAMP3.2. PtIREG1 role in Ni transport could be demonstrated in yeast. We generated transgenic poplar with strongly increased

PtIREG1:GFP expression level. Subsequently, PtIREG1:GFP expressing transgenic poplar will have to be tested for metal tolerance and accumulation. PtNRAMP3.1 and PtNRAMP3.2 were shown to transport Fe, Mn and Zn in yeast. Metal accumulation in

PtNRAMP3.1:GFP and PtNRAMP3.2:GFP transgenic plants was modified compared to control plants, when tested in the green house on contaminated or non-contaminated soil. For example, the transgenic plants had reduced Cd levels in senescent leaves. This results fits with our objective to limit metal pollutant return to soil upon leaf fall in autumn. However, it will be important to test the effect of the transgene on metal concentrations in other organs such as stems and roots. To modulate metal concentrations in specific tissues, PtNRAMP3.1 and PtNRAMP3.2 expression could be specifically targeted using a specific promoter. For example, the promoter of Cystein

Protease could be used to specifically drive high expression of PtNRAMP3.1 or PtNRAMP3.2 in senescent leaves [START_REF] Bhalerao | Gene Expression in Autumn Leaves[END_REF][START_REF] Couturier | Glutamine, arginine and the amino acid transporter Pt-CAT11 play important roles during senescence in poplar[END_REF].

In addition to the candidate genes tested in this thesis, genes responsible for Zn and Cd tolerance and accumulation in soil called metals hyperaccumulators plant species represent prime candidates for transgenic approaches. In this view, I have generated transgenic poplars expressing AhHMA4 from the hyperaccumalor relative of A. thaliana, A. halleri, under its own promoter. HMA4 is a key gene controlling Cd and Zn hyperaccumulation in A. halleri (Hanikenne et al., 2008). Unfortunately, as for PtIREG1:GFP overexpressing poplars, the duration of my thesis was not sufficient to evaluate the potential of these transgenic plants for phytoremediation.

Public opinion is strongly opposed to the release of Genetically Modified (GM) plants in European countries. However, if GM trees turn to be efficient for phytoremediation, they could represent the most acceptable GM plants, being environment friendly, cost-effective and not used for human or cattle nutrition.

Moreover, if harvested before the reproductive stage, they would represent extremely low risk of spreading transgenes to the environment.

Besides phytoremediation, phytomining also represents an interesting perspective for metal accumulating plants [START_REF] Losfeld | The chemical exploitation of nickel phytoextraction: An environmental, ecologic and economic opportunity for New Caledonia[END_REF]. It has been proposed to use plant extracts enriched with metals such as Ni, Mn or Zn as catalysts to develop a so called "green chemistry" [START_REF] Losfeld | Phytoextraction from mine spoils: insights from New Caledonia[END_REF]. In this respect, as PtIREG1 transport Ni with high selectivity, poplars overexpressing PtIREG1:GFP may be used to produce plant extracts specifically enriched with Ni to serve as catalysts. If used for such a new green, clean technology, GM plants may become more acceptable in Europe.

Finally, understanding the mechanisms of metal homeostasis in plants represent an important goal for fundamental research. Improved knowledge in this field will not only serve to engineer plants for phytoremediation but also to improve food safety by decreasing the concentration of toxic metals in plant derived food and feed, as well as to improve food quality by increasing concentrations of essential nutrient minerals in edible plants.

INTRODUCTION

Most metals are essential for protein structure, protein function and energy production in living cells [START_REF] Kurepa | Differential expression of CuZn-and Fe-superoxide dismutase genes of tobacco during development, oxidative stress, and hormonal treatments[END_REF][START_REF] Tommos | Manganese and tyrosyl radical function in photosynthetic oxygen evolution[END_REF][START_REF] Ponka | Cell biology of heme[END_REF][START_REF] Balk | Biogenesis of iron-sulfur proteins in plants[END_REF]Bleackley and MacGillivray, 2011 ;[START_REF] Yruela | Transition metals in plant photosynthesis[END_REF]. For instance, over 3200 putative zinc-binding proteins distributed in 300 protein families need Zn for their functions [START_REF] Andreini | Counting the Zinc-Proteins Encoded in the Human Genome[END_REF][START_REF] Zhang | Comparative genomics of trace elements: emerging dynamic view of trace element utilization and function[END_REF].

However, high metal concentrations in soils caused by natural phenomena and human activities can also be noxious for plants, animals, Humans and the environment [START_REF] Alloway | Introduction[END_REF]. Plants growing in metal contaminated areas generally display a decreased biomass, alteration of metabolic functions and modification of the Fe and Mn homeostasis [START_REF] Nagajyoti | Heavy metals, occurrence and toxicity for plants: a review[END_REF]. Moreover, some metals such as Cd have no biological function and are harmless even at low concentrations. For instance, plants exposed to Cd exhibit altered mineral uptake, transpiration, and photosynthesis [START_REF] Benavides | irrigation massive par des eaux usées brutes[END_REF]. In Human, Cd exposure through food and cigarette leads to kidney dysfunction and bone diseases, as in the so called Itai-Itai syndrome in Japan
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PhD Thesis 2015 Université Paris Sud 60 [START_REF] Nordberg | Historical perspectives on cadmium toxicology[END_REF][START_REF] Thévenod | Cadmium and cellular signaling cascades: To be or not to be?[END_REF]Clemens et al., 2012). For these reasons, metal polluted environments cannot be used for agriculture and need to be rehabilitated. It was proposed to grow non-crop metal tolerant plants on these contaminated fields in the way to extract metal from soil according to a process called "Phytoextraction". For this purpose, the use of woody species belonging to Populus genus has been investigated for over a decade. Indeed these trees have a developed root system and a fast growth rate that should allow them to efficiently extract metals from soil. Moreover, Populus trees produce a high biomass even under metal contamination conditions [START_REF] Laureysens | Clonal variation in heavy metal accumulation and biomass production in a poplar coppice culture: I. Seasonal variation in leaf, wood and bark concentrations[END_REF]. Besides, contaminated wood can safely and profitably be used for energy production (Chalot et al., 2012). Although poplars show high metal bioconcentration factors with significant clonal differences, highest metal concentrations were mostly observed in senescing leaves [START_REF] Laureysens | Clonal variation in heavy metal accumulation and biomass production in a poplar coppice culture: I. Seasonal variation in leaf, wood and bark concentrations[END_REF][START_REF] Zacchini | Metal tolerance, accumulation and translocation in poplar and willow clones treated with cadmium in hydroponics[END_REF]. Autumnal leaf abscission leads to significant metal return to the soil thereby limiting phytoextraction efficiency.

In this context, we investigated the role of transport proteins from the ubiquitous NRAMP family (Natural Resistance-Associated Macrophage Protein) in metal accumulation in senescing leaves (Nevo and Nelson, 2006). AtNRAMP3 and AtNRAMP4 were already shown to be expressed in leaves and to play an essential role in metal homeostasis controlling Fe, Mn, Zn and Cd mobilization from the vacuole (Thomine et al., 2000;Thomine et al., 2003 ;Lanquar et al., 2005 ;Lanquar et al., 2010 ;[START_REF] Molins | Mutants impaired in vacuolar metal mobilization identify chloroplasts as a target for cadmium hypersensitivity in Arabidopsis thaliana[END_REF]. These proteins are involved in metal supply for seed germination and photosynthesis (Lanquar et al., 2005;Lanquar et al., 2010 ;[START_REF] Molins | Mutants impaired in vacuolar metal mobilization identify chloroplasts as a target for cadmium hypersensitivity in Arabidopsis thaliana[END_REF]). In addition, they limit metal accumulation and Cd toxicity symptoms (Oomen et al., 2009;[START_REF] Molins | Mutants impaired in vacuolar metal mobilization identify chloroplasts as a target for cadmium hypersensitivity in Arabidopsis thaliana[END_REF]. The vacuole is a major site for metal storage and sequestration; transporters involved in metal release from this organelle are therefore good candidates to limit metal accumulation in leaves. Interestingly, transcriptomic analyses highlighted induction of AtNRAMP3 during leaf senescence, indicating that this transporter could play a role in metal remobilization during leaf senescence [START_REF] Breeze | High-resolution temporal profiling of transcripts during Arabidopsis leaf senescence reveals a distinct chronology of processes and regulation[END_REF].

Poplar genome sequences (Tuskan et al., 2006), were obtained from Phytozome V9.1 [START_REF] Goodstein | Phytozome: a comparative platform for green plant genomics[END_REF]. Poplar genomic DNA homologies were investigated by Dot-plot analyses performed on Gepard software [START_REF] Krumsiek | Gepard: a rapid and sensitive tool for creating dotplots on genome scale[END_REF].

Gene expression

Total RNA was extracted using RNeasy Plant Mini Kit (Qiagen) following the manufacturer's instructions. Buffer RLC was supplemented with 10mg/mL of PEG 6000 to scavenge secondary compounds. Genomic DNA contaminations were eliminated by applying the RNase-Free DNase Set (Qiagen) on spin columns. RNA quality and quantity was evaluated on nanodrop and agarose gel following denaturation (10 min, 80°C).

5µg DNA-free RNA was used for reverse transcription by the SuperScript III First-Strand kit (Invitrogen). Because specific primers were designed on non conserved areas including 5'UTR and 3'UTR, reverse transcriptions were performed using random hexamers, allowing comparison of gene expression levels despite the different position of the amplicons on the cDNA. Gene-specific PCR primers were designed based on transcript sequences (size, about 200 bp; melting temperature, 60°C) using OligoPerfectTM Designer (http://tools.lifetechnologies.com). All primers used for q-RT-PCR are listed in SI Table II. One-sixth of the cDNAs was used as a template in 10-µl q-PCR reactions performed on a Roche LightCycler480 using Roche reagents, according to the manufacturer's instructions (http://www.roche.com). For each poplar cultivar, primer specificity was confirmed by analysis of the melting curves and sequencing of the PCR products. Relative transcript levels were calculated by normalization to the transcript amount to three constitutively expressed genes. ACTIN, UBQ, and TUB were used for the analysis of NRAMP expression in poplar organs. EF-1A, PP2A and UBC10 were used for the analysis of PtNRAMP3.1 and PtNRAMP3.2 expression in leaves of different poplar genotypes (Basa et al., 2009). For each poplar cultivar, primer amplification efficiencies were determined using five standards from SI Table II : Primers used for q-RT-PCR. serial dilutions of a pool including the 4 biological repetitions used for gene expression.

Primer combinations had at least 85% efficiency. III. PCRs were performed with the Phusion high-fidelity DNA polymerase (Thermo-Scientific). For PtNRAMP3.1, after denaturation at 98°C for 1 min, 10 cycles were performed at 98°C for 30 sec, 52°C

Construction of expression vectors

for 30 sec and 72°C for 1 min and 30 sec, using specific primers described in SI Table III. The resulting products were directly used as a templates for a second amplification of 25 cycles at 98°C for 1 min, followed 98°C for 30 sec, 55°C for 30 sec and 72°C for 1 min and 30 sec, and completed by an extension at 72°C for 5 min using the generic U5 and U3 primers. For PtNRAMP3.2, after denaturation at 98°C for 1 min, 35 cycles were performed 98°C for 30sec, 62°C for 30 sec, 72°C for 1 min and 30 sec, and completed by an extension at 72°C for 5 min using the specific primers described in SI Table III.

The gel-purified PCR products were recombined into pDONOR207 (Invitrogen)

for PtNRAMP3.1 and into pDONOR201 (Invitrogen) for PtNRAMP3.2 in a 10-µl BP Clonase (Invitrogen) reaction following the manufacturer's instruction.

For the generation of yeast expression vectors, LR reactions were performed using the

APPENDIX

PhD Thesis 2015 Université Paris Sud 64 pDR195gtw vector (pDR195 adapted to Gateway cloning, [START_REF] Rentsch | NTR1 encodes a high affinity oligopeptide transporter in Arabidopsis[END_REF]Oomen et al., 2009) and the pDONOR (Invitrogen) containing PtNRAMP3.1 and PtNRAMP3.2 with stop codon.

For the generation of plant expression vectors, LR reactions, were performed to transfer

PtNRAMP3s fragments with or without stop codon from pDONOR vectors to the Gateway binary over-expression vectors pB7WGF2 and pB7FWG2 [START_REF] Karimi | Gateway vectors for Agrobacterium-mediated plant transformation[END_REF] that contain the 35S CaMV promoter and GFP sequence allowing to generate GFP::PtPRAMP3 and PtNRAMP3::GFP fusion proteins, respectively. PtNRAMP3s

fragments with stop codon were also transferred in the pUB-DEST vector to drive their expression under control of Ubiquitin 10 promoter [START_REF] Grefen | A ubiquitin-10 promoter-based vector set for fluorescent protein tagging facilitates temporal stability and native protein distribution in transient and stable expression studies[END_REF].

Yeast strains, transformations and mediums DEY1453 (fet3fet4, Eide et al., 1996), ZHY3 (zrt1zrt2, Zhao and Eide, 1996a;[START_REF] Van Aken | Transgenic plants for phytoremediation: helping nature to clean up environmental pollution[END_REF], smf1 [START_REF] Supek | A yeast manganese transporter related to the macrophage protein involved in conferring resistance to mycobacteria[END_REF]Thomine et al., 2000), smf2 (Cohen et al., 2000) and INVSc1 (a "wild type" strain, Invitrogen) yeast strains were grown at 30°C on Yeast extract/Peptone/Dextrose (before transformation) or synthetic Dextrose -ura (after transformation). For DEY1453 and the ZHY3 strains media were supplemented with 0.2 mM FeCl 3 and 0.1 mM ZnSO 4 , respectively. Yeast cells were transformed according to standard procedures (Invitrogen).

Yeast growth assays Transformed fet3fet4, smf1, smf2, INVSc1 were grown overnight in liquid synthetic dextrose -ura (pH 6) supplemented with 0.2 mM FeCl 3 for fet3fet4.

The cultures were diluted to ODs of 1 to 10 -3 and spotted on synthetic dextrose-ura plates (pH 6). Transformed fet3fet4 strains were grown in medium supplemented with 100µM of BathoPhenanthroline-Di-Sulfonic acid (BPDS) and 0. MitoTracker® Red CMXRos and peroxysomal marker::mCherry (Nelson et al., 2007) were excited at 543 nm and the fluorescence emission signal was recovered between 578 nm and 707 nm.

Plant material and plant transformation The generation of the nramp3nramp4 double mutant of Arabidopsis thaliana Colombia 0 (Col 0) was described previously [START_REF] Molins | Mutants impaired in vacuolar metal mobilization identify chloroplasts as a target for cadmium hypersensitivity in Arabidopsis thaliana[END_REF]. PtNRAMP3.1 and PtNRAMP3.2 constructs were introduced in nramp3nramp4 mutants (Col 0 background) through A. tumefaciens (strain AGL0) mediated transformation using the flower dip method (Clough, 2005). Independent homozygous A. thaliana Col 0 nramp3nramp4 transformants with a single insertion locus were obtained by plant selection based on Basta resistance and complementation of the nramp3nramp4 phenotype on low Fe medium.

Plant growth conditions

Arabidopsis seedlings were grown on ABIS medium plates containing 2.5 mM 

Root Length Measurements

Plants grown vertically on plates were photographed at the indicated times and root length was determined using the ImageJ 1.45s program and a digitizer tablet (WACOM Europe GMBH, Krefeld, Germany, Intuos 4M). Values are the average of measurements on 10-12 roots.

Metal concentration analysis

For metal analyses in yeast, liquid SD-ura medium containing transformed zrt1zrt2 strains growing overnight were diluted to OD 0.3 in liquid SD-ura supplemented with 5 µM FeCl 3 , 10 µM MnSO 4 and 50 µM ZnSO 4 . After 30 hrs of incubation at 30°C under agitation, yeast cells were recovered by centrifugation (3340g, 5 min, 4°C) and washed twice in 50 ml ice cold YNB supplemented with EDTA 20 mM and MES 50 mM pH6, pelleted and then washed in ice cold ultrapure water.

For metal analyses in plants, shoots and roots were harvested separately and washed. Roots were desorbed by incubation in ice-cold buffer containing 5 mM CaCl 2 and 1 mM MES-KOH, pH 5.7, for 10 min.

The dry weight (DW) of the samples (yeast or plants) was measured after drying at 60°C for 3 days. The dried samples were digested in 2 ml of 70 % nitric acid in a DigiBlock ED36 (LabTech, Italy) at 80°C for 1 hr, 100°C for 1 hr and 120°C for 2 hr .

After dilution in trace-metal-free water, the metal content of the samples was determined by atomic absorption spectrometry using an AA240FS flame spectrometer (Agilent, USA).

Statistical analysis

Data were analyzed with kruskal-Wallis and Mann-Whitney non parametric tests for multiple comparisons and pair comparisons, respectively. For multiple comparisons, An unrooted, neighbor-joning-based tree [START_REF] Saitou | The neighbor-joining method: A new method for reconstructing phylogenetic trees[END_REF] of the NRAMP transporter family in Saccharomyces cerevisiae and selected plants. The analysis was performed as described in the ''Materials and methods'' section and the tree was generated using MEGA version 4.0 [START_REF] Tamura | MEGA4: Molecular Evolutionary Genetics Analysis (MEGA) software version 4.0[END_REF] after sequence alignment. Bootstrap values are indicated (1,000 replicates). Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed and their lengths are proportional to phylogenetic distances. Corresponding gene loci are given in a supplemental file (SI table I). Names of the species are abbreviated with a twoletter code (At, Arabidopsis thaliana; Gm, Glycine max; Le, Lycopersicon esculentum; Nc, Noccaea caerulescens; Pt, Populus trichocarpa; Os, Oryza sativa; Sc, Saccharomyces cerevisiae; Tj, Noccaea cochleariforme). syringae and Erwinia chrysanthemi [START_REF] Segond | NRAMP genes function in Arabidopsis thaliana resistance to Erwinia chrysanthemi infection[END_REF]. Furthermore, GmDmt1, a NRAMP from soybean is expressed specifically in nodules [START_REF] Kaiser | The soybean NRAMP homologue, GmDMT1, is a symbiotic divalent metal transporter capable of ferrous iron transport[END_REF]. On the other hand, transcript profiling of Populus metal transporter genes by microarray analysis reveals PtNRAMP7s expression in root, differentiating xylem and male catkins [START_REF] Wilkins | Expansion and Diversification of the Populus R2R3-MYB Family of Transcription Factors[END_REF]Migeon et al., 2010).
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Unlike PtNRAMP7s, PtNRAMP3s are expressed in all studied tissues with the highest level in leaves. This is consistent with PtNRAMP3s EST mainly originating from vascular tissues and leaves (Fig. 4, SI fig. 2). To go further, leaf NRAMP3s expression was, then, monitored across seven different poplar genotypes (Fig. 5). We used 4 year old poplars growing in the same metal contaminated field as poplar used to determine NRAMP3s expression pattern. To quantify specifically the expression of PtNRAMP3.1 or PtNRAMP3.2, specific primers were designed in 3'UTR and 5'UTR.

We observed strong differences in expression levels between genotypes. For instance,

PtNRAMP3.1 expression level is 80 times lower in Trichobel leaves than in Bakan leaves (Fig. 5a). Although PtNRAMP3.2 is highly expressed in Trichobel, Dorskamp and Vesten, its expression appears about 1000 lower in Bakan, Soligo, Skado (Fig. 5b).

PtNRAMP3.1 maximal expression level (Bakan) is about 3 times lower than the maximal level for PtNRAMP3.2 (Trichobel) (Fig. 5a). Thus, these genes exhibit dramatically different expression levels across natural variation, which does not correlate with the species or even the section.

PtNRAMP3.1 and PtNRAMP3.2 transport different ranges of metals

To determine NRAMP3.1 and NRAMP3.2 transport abilities, we expressed the corresponding genes in yeast. Because most NRAMP have been implicated in Fe and Mn homeostasis, complementation assays were first performed with fet3fet4 and smf1 yeast mutants deficient for Fe and Mn uptake, respectively (Eide et al., 1996 ;[START_REF] Supek | A yeast manganese transporter related to the macrophage protein involved in conferring resistance to mycobacteria[END_REF]Cohen et al., 2000). The fet3fet4 strain, deficient for both low-and highaffinity Fe uptake systems, requires a high Fe concentration for growth. Expression of PtNRAMP3.2 under the ubiquitin 10 promoter were generated [START_REF] Grefen | A ubiquitin-10 promoter-based vector set for fluorescent protein tagging facilitates temporal stability and native protein distribution in transient and stable expression studies[END_REF].

Analysis of three independent lines of T3 plants confirmed that PtNRAMP3.2 expression fully rescues the double mutant phenotype under Fe deficiency while

PtNRAMP3.1 expression has no detectable effect (Fig. 10a and10b). The partial complementation observed with 35S could be due either to the strong over expression or to tagging itself.

Besides, the double mutant nramp3nramp4 is hypersensitive to Cd exposure (Oomen et al., 2009;[START_REF] Molins | Mutants impaired in vacuolar metal mobilization identify chloroplasts as a target for cadmium hypersensitivity in Arabidopsis thaliana[END_REF]. Several lines of evidences indicated that the Cd hypersensitivity of the double mutant is an indirect effect due to an alteration of essential metal supply rather than to the defect in Cd transport by AtNRAMP3 and AtNRAMP4 itself [START_REF] Molins | Mutants impaired in vacuolar metal mobilization identify chloroplasts as a target for cadmium hypersensitivity in Arabidopsis thaliana[END_REF]. Therefore, even though PtNRAMP3s do not PtNRAMP3.1 over-expression does not. Together with results obtained in yeast, these data further support the hypothesis that AtNRAMP3, AtNRAMP4 and PtNRAMP3.2 effect on Cd sensitivity is not associated to their ability to transport Cd (Fig. 10a and10c).

To test whether PtNRAMP3.1 or PtNRAMP3.2 expression in Arabidopsis modulates metal accumulation, root and shoot metal contents were investigated in control conditions and under Cd exposure (Fig. 11 and SI Fig. 6). Compared to WT, the nramp3nramp4 mutant tends to accumulate higher levels of Fe, Cd, Mn and Zn in roots and shoots, likely due to the increased sequestration of these metals in vacuoles. [START_REF] Yang | Divergence of the Dof gene families in poplar, Arabidopsis, and rice suggests multiple modes of gene evolution after duplication[END_REF]. The ancestral angiosperm genome contained only 14000 genes or less [START_REF] Proost | Journey through the past: 150 million years of plant genome evolution[END_REF]. About 120 millions years ago (Ma), whole genome triplications, significantly increased the size of the eudicotyledon genome from 7 to 21 chromosomes. Poplar genome has also undergone one whole genome duplication before Populus and Salix lineages, which diverged 60-65 Ma (Tuskan et al., 2006). However, whole genome duplication cannot account for the tandem arrangement of PtNRAMP3.1 and PtNRAMP3.2 that rather implies a local duplication process (Fig. 3). Furthermore, comparing gene order around NRAMP3 in Vitis vinifera and of Populus trichocarpa showed genomic colinearity upstream and downstream of NRAMP3 in these species, except that Vitis vinifera has only one copy of NRAMP3 (data not show). Similarly, NRAMP3 tandem arrangement was not observed in other sequenced species close to poplar such as Linum usitatissimum and Ricinus communis. However, the two copies were found in all poplar cultivars studied in this work. These observations together with the low level of intron and promoters sequence conservation between PtNRAMP3.1 and PtNRAMP3.2 indicate that these genes result from a local gene duplication that occured after the Ricinus communis divergence, 81Ma [START_REF] Forest | Eurosid i. The timetree of life[END_REF]. The sequence surrounding PtNRAMP3.1 and PtNRAMP3.2 shows many remains of Class I long terminal repeats (LTR) retrotransposon elements (Gypsy) mainly located between the two genes (data not show). Retrotransposons can mediate gene duplication. During transposition event, it happens that the LTR border is not recognized by the retrotranscriptase leading to the transcription of neighbor genes [START_REF] Flagel | Gene duplication and evolutionary novelty in plants[END_REF]. However, such duplications usually create a typical intron-free copy which can be integrated throughout the genome and not specifically close to the initial copy [START_REF] Freeling | Bias in plant gene content following different sorts of duplication: tandem, wholegenome, segmental, or by transposition[END_REF]. Thus, the conservation of 
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  Proteins from other protein families in plants, such as YSL (Yellow Stripe-Like), COPT (COPper Transport) andVIT (Vacuolar Iron Transporter), also exhibit metal or metal-complex transport activities. A summary about their functional characterization in provided in table 1. More details are provided on NRAMP and IREG/FPN families, which have been investigated in this thesis.The NRAMP family: NRAMP (Natural Resistance-associated Macrophage Family) have been identified in bacteria, fungi, plants and animals(Nevo and Nelson, 

Figure 1 .

 1 Figure 1. Model of IREG1 across the intestine in mammals. Reduction of ferric (Fe 3+ ) iron complexes to the ferrous (Fe 2+ ) form is achieved by the action of a brush-border ferricreductase. The ferrous form is transported across the brush border via the proton-coupled divalent cation transporter (DCT1/NRAMP2), where it enters into an unknown compartment in the cytoplasm. Fe 2+ is then exported across the basolateral membrane by IREG1, where the membrane-associated copper oxidase hephaestin (Hp) promotes release and binding of Fe 3+ to circulating transferrin (McKie et al., 2000).

Figure 2 .

 2 Figure 2. Intracellular metal transport in Arabidopsis cell. Arrows indicate the direction of transport. NRAMP3 and NRAMP4 function redundantly in the mobilization of Fe from the vacuole. IREG1 mediates Ni and Co efflux across the plasma membrane towards the apoplast. IREG2 is localized on the vacuolar membrane and detoxifies Ni by sequestering it into the vacuole under conditions of Fe-deficiency. IREG3/MAR1 is localized to the chloroplast and involved to control antibiotic entry into chloroplast.

Figure 3 .

 3 Figure 3. pDONR207 Gateway TM plasmid used to generate entry vectors.

Figure 4 .

 4 Figure 4. pKGWFS7.0 binary vector used for promoter analysis.
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  to replace the CaMV 35S promoter and generate pPtCAD4 vector. The coding sequence of PtIREG1 was recombined from pDON207-PtIREG1nonstop into pPtCAD4 [Green fluorescent protein (GFP) C-terminal fusion] vector by Gateway LR reaction to generate pPtCAD4::PtIREG1:GFP. The pPtCAD4::PtIREG1:GFP construct was used for transformation in poplar to target expression of PtIREG1 in poplar xylem. All the inserts in entry vectors and expression vectors were sequenced to ensure that the sequence of PtIREG1, PtNRAMP3.1, PtNRAMP3.2 and PtCAD4 promoter conforms to poplar genome consensus sequence.

Figure 5 .Figure 6 .Figure 7 .

 567 Figure 5. PtCAD4 (POPTR_0009s09870.1) transcript accumulation pattern of in a variety o f t i s s u e s a n d o r g a n s e x t r a c t e d f r o m P o p l a r e F P b r o w s e r ( http://bar.utoronto.ca/efppop/cgi-bin/efpWeb.cgi/). In all cases, red indicates higher levels, yellow indicates a lower level of transcript accumulation.

  Thesis 2015 Université Paris Sud 19 half-strength Murashige and Skoog (MS) agar plates containing 15 mg.l -1 hygromycin B. T 2 seeds were again sown on selective medium. T 3 seeds of T 2 plants displaying a 3:1 segregation of hygromycin B resistance were harvested to obtain monoinsertional homozygous T 3 transformed lines.

PtIREG1

  In silico analysis of the IREG gene family in PopulusA search for genes encoding proteins with homology to AtIREG2 in the Populus genome sequence (

! Figure 8 .Figure 9 .

 89 Figure 9. Phylogenetic tree of plant metal transporters from the IREG family. Neighbour-joining-based unrooted tree of IREG transporters from Populus trichocarpa (Pt), Arabidopsis thaliana (At), Oryza sativa (Os), Psychotria gabriellae (Pg), Ricinus communis (Rc), Solanum lycopersicum (Sl) and Vitis vinifera (Vv). The accession numbers or gene loci references are as follows: PtIREG1 (POPTR_0386s00200), PtIREG2.1 (POPTR_0016s13620), PtIREG2.2 (POPTR_0016s13630), PtIREG3 (POPTR_0005s01590), AtIREG1 (gi:15224883), AtIREG2 (gi:42567622), AtIREG3 (gi:22327094), OsIREG1 (gi:115468536), OsIREG3 (gi:115489078), PgIREG1 (HF536474), RcIREG1 (gi:255571513), RcIREG2 (gi:255571511), SlIREG1 (Solyc10g076280.1.1), SlIREG3 (Solyc01g100610.1.1), VvIREG1 (gi:225439578), VvIREG2 (gi:225439580) and VvIREG3 (gi:225450573).

Figure 10 .Figure 11 .Figure 12 .Figure 13 .

 10111213 Figure 10. PtIREG1 (POPTR_0386s00200) transcript accumulation pattern of in a variety of tissues and organs extracted from Poplar eFP browser ( http://bar.utoronto.ca/efppop/cgi-bin/efpWeb.cgi/). In all cases, red indicates higher levels, yellow indicates a lower level of transcript accumulation.

Figure 14 .

 14 Figure 14. Functional expression of PtIREG1 in metal sensitive yeast strains. Wild type strains (Control (+); BY4741 for !cot1, !ycf1, !zrc1, !pmr1; DY150 for !ccc1) were transformed with the empty vector pDR195. Mutant strains were transformed either with the empty vector pDR195 (Control (-)), or with pDR195-PtIREG1. pDR195-AtIREG2, pDR195-PgIREG1 and pDR195-AtVIT1 were used as positive control. Yeast cells were spotted at the indicated concentrations either on control or on metalsupplemented medium. Pictures were taken after 3 days of growth and are representative of two independent experiments.

Figure 16 .Figure 17 .

 1617 Figure 15. Phenotype of p35S::PtIREG1:GFP expression in Arabidopsis thaliana (A) and plant fresh weight of Arabidopsis lines expressing PtIREG1 on control ABIS medium or supplemented with 15, 30 and 60 µM NiCl 2 . Plants were harvested after 14 days of vertical growth on plates. Transgenic lines are independent in T 2 lines transformed by p35S::PtIREG1:GFP (B). WT refers to untransformed Arabidopsis wild type, ireg2-1 refers to Arabidopsis ireg2-1 mutant. Data are means of 10 to 20 plants.

Figure 18 .

 18 Figure 18. PtCAD4 promoter expression pattern revealed by histological staining of pPtCAD4::EGFP:GUS transgenic poplars. Plants were grown during 1 month in 1/2MS agar medium modified for poplar under a long day photoperiod (16h light at 24°C). The pictures were taken after 4 hours staining: whole plant (A), leaf veins (B, E), shoot tissue (C, F), secondary root tissue (D, G, H).

Figure 19 .

 19 Figure 19. Relative PtIREG1:GFP expression levels in transgenic poplar plants. Young leaves and stems were collected from wild-type and PtIREG1 transgenic poplar plants grown in vitro. The relative expression of PtIREG1 was compared by quantitative realtime PCR using EF1, PP2A and UBC10 as reference genes. Relative expression was normalized to PtIREG1 expression. PtIREG1 expression was strongly increased in all transgenic lines.

  Figure 20. PtNRAMP3.1:GFP and PtNRAMP3.2:GFP expression in transgenic poplars. Young leaves were collected from wild-type, PtNRAMP3.1:GFP or PtNRAMP3.2:GFP transgenic poplar plants grown in the green house. The relative expression of PtNRAMP3.1:GFP (A) and PtNRAMP3.2:GFP (B) was compared between wild type and transformed lines using quantitative real-time PCR with EF1, PP2A and UBC10 as reference genes. Relative expression was normalized to PtNRAMP3.1:GFP or PtNRAMP3.2:GFP expression in wild type poplar.

Figure 21 .

 21 Figure 21. Poplar lines overexpressing PtNRAMP3.1:GFP displayed interveinal chlorosis on mature leaves when grown on potting soil. In contrast, wild type poplars or poplars transformed with p35S::PtNRAMP3.2:GFP did not exhibit chlorosis in the same conditions.

Figure 22 .

 22 Figure 22. Localization of PtNRAMP3.1:GFP and PtNRAMP3.2:GFP in transgenic poplar roots. A. PtNRAMP3.1:GFP displays punctate localization in an intracellular compartment; C. PtNRAMP3.2:GFP localized on the vacuolar membrane. B and D: transmission; Bar = 10 µm (A) and 9 µm (C).

Figure 23 .

 23 Figure 23. Partial co-localization between PtNRAMP3.1:GFP and the Golgi markers 9 6 8 M A N a n d S T : m R F P c o -e x p r e s s e d i n A r a b i d o p s i s p r o t o p l a s t s .p35S::PtNRAMP3.1::GFP was transformed together with the Golgi markers, 968MAN and ST:mRFP in protoplasts from Arabidopsis thaliana cell culture and incubated 48h at 20°C without light before observation. Confocal cross sections show PtNRAMP3.1::GFP fluorescence (A, D and G), 968MAN (B) and ST:mRFP (E and H) Golgi network markers (Nelson et al., 2007). Overlay of PtNRAMP3.1::GFP and 968MAN (C) or overlay of PtNRAMP3.1::GFP and ST:mRFP (F and I). Scale bar = 2 !m (C), = 5 !m (F) and = 10 !m (I) .

Figure 24 .

 24 Figure 24. Poplars grown on non-contaminated or metal-contaminated soils in the green house.

Figure 25 .

 25 Figure 25. Copper concentrations in wild type, PtNRAMP3.1:GFP (NR3.1) andPtNRAMP3.2:GFP (NR3.2) transgenic poplar leaves on non-contaminated soil and on metalcontaminated soil. Plants were grown under these conditions for 3 months. Young, mature and senescent leaves were harvested separately to measure metal concentrations. Different letters denote statistically significant differences with a 1% confidence threshold (p < 0.01), nsd stands for no significant difference (p > 0.01) based on a Kruskal-Walis test with n = 6 -9.

  fully developed leaves, which formed shortly after transfer on non-contaminated soil, and towards the end of the experiment on contaminated soil (Figure24). Under the non-contaminated soil condition,[Cu] was significantly lower by 50% in mature and by 70% in senescent leaves of PtNRAMP3.1:GFP and PtNRAMP3.2:GFP transgenic lines compared with wild type. No consistent difference in Cu concentrations was observed in young leaves (Figure25A). In contrast, when poplars were grown on metal-contaminated soil, significant differences in [Cu] between transgenic lines and wild type were only observed in young leaves. [Cu] were 30% to 50% lower in young leaves of PtNRAMP3.1:GFP and PtNRAMP3.2:GFP poplars compared to wild type (Figure 25B). Despite the distinct subcellular localizations of PtNRAMP3.1 and PtNRAMP3.2, PtNRAMP3.1:GFP and PtNRAMP3.2:GFP transgenes caused similar reduction of [Cu] in leaves at the stage at which wild type exhibit their highest [Cu]. The strong effects of PtNRAMP3.1:GFP and PtNRAMP3.2:GFP overexpression on poplar leaf [Cu] is surprising as the role of NRAMP in Cu transport has so far not been documented.

Figure 26 .

 26 Figure 26. Manganese accumulation of PtNRAMP3.1:GFP (NR3.1) and PtNRAMP3.2:GFP (NR3.2) overexpression in transgenic poplar leaves on non-contaminated soil and on metalcontaminated soil. Plants were grown on these conditions for 3 months. Young, mature and senescent leaves were harvested separately to measure metal accumulation in poplars. Different letters denote statistically significant differences with a 1% confidence threshold (p < 0.01), nsd stands for no significant difference (p > 0.01) based on a Kruskal-Walis test with n = 6 -9.

  Paris Sudwild type (Figure26A). Under the metal-contaminated soil condition, no significant difference was detected between wild type and transgenic lines. [Mn] tended to be slightly lower by 20 to 50% in senescent leaves of PtNRAMP3.1:GFP transgenic lines compared to wild type; PtNRAMP3.2:GFP transgenic lines grown on contaminated soil displayed lower [Mn] specifically in young leaves (Figure26B). In contrast to the effect on [Cu], overexpression of PtNRAMP3.1:GFP or PtNRAMP3.2:GFP affected [Mn] in distinct experimental conditions and distinct leaf developmental stages (Figure21). The difference in [Mn] observed in PtNRAMP3.1:GFP and PtNRAMP3.2:GFP transgenic poplar lines are consistent with the previous finding that both PtNRAMP3.1 and PtNRAMP3.2 display Mn transport activity when expressed in yeast (Mathieu Pottier PhD thesis, Appendix 1). The lower [Mn] in leaves of PtNRAMP3.1:GFP lines grown on non-contaminated soil may account for the interveinal chlorosis observed in mature leaves in these lines.

Figure 27 .

 27 Figure 27. Cadmium accumulation of PtNRAMP3.1:GFP (NR3.1) and PtNRAMP3.2:GFP (NR3.2) overexpression in transgenic poplar leaves on non-contaminated soil and on metalcontaminated soil. Plants were grown on these conditions for 3 months. Young, mature and senescent leaves were harvested separately to measure metal accumulation in poplars.

  heterogeneities between lines were observed in younger leaves (Figure27B).As in the case of Cu, PtNRAMP3.1:GFP and PtNRAMP3.2:GFP transgenes induce similar decreases in [Cd] despite their distinct subcellular localizations. The effect was only apparent under non-contaminated conditions. This might be due to the extreme difference in[Cd] leading to different leaf physiological status when plants were grown in presence of toxic [Cd], a condition in which endogenous PtNRAMP3.1

PtNRAMP3. 2 :Figure 28 .

 228 Figure 28. Zinc accumulation of PtNRAMP3.1:GFP (NR3.1) and PtNRAMP3.2:GFP (NR3.2)overexpression in transgenic poplar leaves on non-contaminated soil and on metalcontaminated soil. Plants were grown on these conditions for 3 months. Young, mature and senescent leaves were harvested separately to measure metal accumulation in poplars.

  GFP and PtNRAMP3.2:GFP are actually able to transport Zn but it cannot be demonstrated using yeast expression. Another hypothesis could be that the difference in[Zn] observed in transgenic lines is indirect and due to perturbations in the homeostasis of another metal. Leaf Fe concentrations, [Fe], and Mg concentrations,

  PtNRAMP3.1:GFP and PtNRAMP3.2:GFP on heavy metal accumulation Although they encode highly similar proteins, PtNRAMP3.1 and PtNRAMP3.2, two members in the NRAMP transporter family were shown to have distinct functions. Expression of PtNRAMP3.1 in yeast indicated that it is able to transport Fe, Mn and Zn. Expression of PtNRAMP3.1:GFP in Arabidopsis and in poplar showed that PtNRAMP3.1:GFP is localized in an intracellular compartment connected with the Golgi apparatus (Figure 23). When expressed in yeast, PtNRAMP3.2 mediated Fe and Mn, but not Zn transport. In contrast to PtNRAMP3.1, PtNRAMP3.2 clearly localized in the vacuolar membrane (Figure 22). To get insights into PtNRAMP3.1 and PtNRAMP3.2 function, we introduced p35S::PtNRAMP3.1:GFP and p35S::PtNRAMP3.2::GFP constructs in poplar. Poplar lines transformed with p35S::PtNRAMP3.1:GFP displayed highly increased

Figure S1 .

 S1 Figure S1. Iron accumulation of PtNRAMP3.1:GFP (NR3.1) and PtNRAMP3.2:GFP (NR3.2) overexpression in transgenic poplar leaves on non-contaminated soil and on metalcontaminated soil. Plants were grown on these conditions for 3 months. Young, mature and senescent leaves were harvested separately to measure metal accumulation in poplars.Different letters denote statistically significant differences with a 1% confidence threshold (p < 0.01), nsd stands for no significant difference (p > 0.01) based on a Kruskal-Walis test with n = 6 -9.
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Figure S2 .

 S2 Figure S2. Magnesium accumulation of PtNRAMP3.1:GFP (NR3.1) and PtNRAMP3.2:GFP (NR3.2) overexpression in transgenic poplar leaves on non-contaminated soil and on metalcontaminated soil. Plants were grown on these conditions for 3 months. Young, mature and senescent leaves were harvested separately to measure metal accumulation in poplars. Different letters denote statistically significant differences with a 1% confidence threshold (p < 0.01), nsd stands for no significant difference (p > 0.01) based on a Kruskal-Walis test with n = 6 -9.

  27). In contrast, the transgenes did not significantly modify leaf Cd concentration on metal-contaminated soil. These results suggest that PtNRAMP3.1:GFP and PtNRAMP3.2:GFP play an important role in Cd transport when this metal is present at low concentrations but that their role is minor at high Cd concentrations. These data also suggest that PtNRAMP3.1:GFP and PtNRAMP3.2:GFP are able to transport Cd, as their homologues in A. thaliana. However, PtNRAMP3.1 and PtNRAMP3.2 Cd transport activity could not be demonstrated in yeast (Appendix I, Mathieu Pottier PhD thesis). Alternatively, it is possible that PtNRAMP3.1:GFP and PtNRAMP3.2:GFP effect on Cd concentration in transgenic poplar is indirect and results from perturbation of the homeostasis of another metal, such as Mn.

F

  primers contain sequences of attB1 and attB2 sequences (underlined) allowing gateway recombination.

  CDSs were amplified by PCR from cDNA synthesized from leaf RNA of Populus trichocarpa cv nisqually. Primer PtNramp3aLgtw encompassing the ATG initiation codon was used with PtNramp3aRgtwstp encompassing the TAA stop codon or with PtNramp3aRgtwnostp designed before the TAA stop codon to amplify PtNRAMP3.1 with and without T A A stop codon, respectively. Primer PtNramp3bLlonggtw encompassing the ATG initiation codon was used with PtNramp3bRlonggtwstp encompassing the T A A stop codon or with PtNramp3bRlonggtwnostp designed before the TAA stop codon in the aim to amplified PtNRAMP3.2 with and without TAA stop codon, respectively. Forward and reverse primers used for NRAMP cloning are shown in SI Table

  2 mM FeCl 3 (+ Fe) or with 100 µM BPDS and 40 µM FeCl 3 (-Fe). Transformed smf1 strains were grown in medium supplemented with 5 mM ethylene glycolbis(beta-aminoethyl ether)-N,N,N′,N′tetraacetic acid (EGTA) and 100 µM MnSO 4 (+Mn) or with 5 mM EGTA without APPENDIX PhD Thesis 2015 Université Paris Sud 65MnSO 4 (-Mn). Transformed smf2 strains were grown in medium supplemented with 10 mM EGTA and 100 µM MnSO 4 (+Mn), with 10 mM EGTA and without MnSO 4 (-Mn) or with 10 mM MnSO 4 (++Mn). Transformed INVSc1 strains were grown on control medium (-Cd) or medium supplemented with 30 µM Cd (+Cd). Transformed zrt1zrt2 strains were grown on plates containing synthetic dextrose-ura without ZnCl 2 for two days. Then, white young growing cells were diluted to ODs of 1 to 10 -3 and spotted on synthetic dextrose -ura plates supplemented with 1mM Ethylene Diamine Tetra Acetic acid (EDTA) and 50 µM ZnCl 2 (+Zn) or with 1 mM EDTA without ZnCl 2 (-Zn).Protoplast transformationcDNA encoding translational fusions between PtNRAMP3.1 or PtNRAMP3.2 and GFP were transiently expressed in A. thaliana protoplasts through polyethylene glycol (PEG) mediated transformation. Free DsRed2 or peroxysomal marker::mCherry(Nelson et al., 2007), were co-transformed in the same cells. The walls of A. thaliana suspension cells were digested in Gamborg's B5 medium supplemented with 0,17 M glucose, 0,17 M mannitol, 1% cellulase and 0.2% macerozyme. Protoplasts were purified by floatation in Gamborg's B5 medium supplemented with 0.28 M sucrose. For transformation, 0.2 x 10 6 cells were mixed with 5 µg of plasmid DNA in a solution containing 25% PEG 6000, 0.45 M mannitol, 0.1 M Ca(NO 3 ) 2 pH 9 and incubated in the dark for 20 min. The PEG was then washed twice with 0.275 M Ca(NO 3 ) 2 and the protoplasts were resuspended in Gamborg's B5 medium supplemented with 0.17 M glucose and 0.17 M mannitol until microscopic observation. After 48 h (21°C, Dark), fluorescent cells were imaged.Confocal imagingTransformed protoplasts and root of T2 transgenic nramp3nramp4 (Col0) overexpressing PtNRAMP3.1::GFP and PtNRAMP3.2::GFP grown vertically during 8 days in vitro on modified low iron ABIS plates (21°C, 16h light) were imaged by confocal APPENDIX PhD Thesis 2015 Université Paris Sud 66 microscopy (Leica TCS SP2 and SP8X). GFP was excited at 488 nm and the fluorescence emission signal was recovered between 495 nm and 535 nm.

Fig. 1 .

 1 Fig. 1. The NRAMP familly.

Fig. 4 .

 4 Fig. 5. PtNRAMP3s expression level in leaves of several poplar genotypes.Transcription levels of (a) PtNRAMP3.1 and (b) PtNRAMP3.2 normalized by EF-1α, PP2A and UBC10 in leaves of different 4 year old poplar from 7 genotypes (T, P. trichocarpa ; TM, P. trichocarpa x P. maximowiczii ; DN, P.deltoides x P. nigra ; D, P. deltoides). Samples were harvested during summer 2011 from poplar growing in the field. Error bars represent SD. Different letters indicate significant differences between genotypes in a given condition according to a Kruskal-Wallis test (p < 0.01, n =3) followed by a Tukey post hoc test.

Fig. 6 .

 6 Fig. 6. PtNRAMP3.1 and AtNRAMP3.2 complement fet3fet4 (Fe uptake) but also smf1 (Mn uptake) and smf2 (Mn homeostasis) yeast strain mutants. Yeast Cells were transformed with pDR195wtg vector containing the cDNA of GUS, AtNRAMP4, PtNRAMP3.1 and AtNRAMP3.2. Transformed fet3fet4 (a),smf1 (b), smf2 (c), zrt1zrt2 (d) INSVc1 (e) were tested as indicated in Materials and Methods. Transformed fet3fet4 (a) strains were spotted on SD supplemented with 100 µM of BPDS and 0.2 mM FeCl 3 (right, +Fe) or with 100µM BPDS and 40 µM FeCl 3 (left, -Fe). Transformed smf1 (b) strains were grown in medium supplemented with 5 mM EGTA and 100µM MnSO 4 (right, +Mn) or with 5 mM EGTA without MnSO 4 (left, -Mn). Transformed smf2 (c) strains were grown in medium supplemented with 10 mM EGTA and 100 µM MnSO 4 (right, +Mn), with 5 mM EGTA and without MnSO 4 (mid, -Mn) or with 10 mM MnSO 4 (left, ++Mn). Transformed INSVc1 (e) strains were spotted on control SD without Cd (right) or SD supplemented with 30 µM Cd (left). Transformed zrt1zrt2 (e) strain were spotted on SD supplemented with 1 mM EDTA and 50 µM ZnCl 2 (right, +Zn) or with 1 mM EDTA without ZnCl 2 (left, -Zn). The plates were incubated at 30°C for 4 ( fet3fet4 and zrt1zrt2), 5 (smf1) or 2 (smf2 and INSVc1) days before photography.

  Fig. 10. Unlike expression of PtNRAMP3.1, expression of PtNRAMP3.2 complements iron starvation and cadmium hypersensitivities of the nramp3nramp4 double mutant. Root lengths of independent nramp3nramp4 Ub10::PtNRAMP3.1 (green bars) and Ub10::PtNRAMP3.2 (blue bars) T3 lines together with wild type (Col-0, black bars) as positive control and nramp3nramp4 as negative control (grey bars) were grown vertically in ABIS supplemented with 50 µM FeHBED for 14days, (a), or without iron for 8 days (b), or with 50 µM FeHBED and 30 µM CdCl2 for 14days (c). Values are the average of measurements on 10-12 roots and error bars represent SE. Different letters indicate significant differences between genotypes in a given condition according to a Kruskal-Wallis test (p < 0.01, n > 8) followed by a Tukey post hoc test. n.s.d. indicates no significant difference.

Fig. 11 .

 11 Fig. 11. Unlike expression of PtNRAMP3.1, expression of PtNRAMP3.2 restores metal concentrations in the nramp3nramp4 double mutant in control conditions and Cd exposure. Metal concentrations in shoots (top) and roots (bottom) of wild type (Col-0, black bars), nramp3nramp4 (grey bars), nramp3nramp4 Ub10::PtNRAMP3.1 (green bars) and Ub10::PtNRAMP3.2 (blue bars) T3 lines grown on control ABIS medium containing 100µM FeHBED (-Cd) or ABIS supplemented with 100µM FeHBED and 10 µM CdCl2 (+Cd). Error bars represent SD. Different letters indicate significant differences between genotypes in a given condition according to a Kruskal-Wallis test (p < 0.05, n = 4) followed by a Tukey post hoc test ; n.d. and n.s.d. indicate no detectable and no significant difference, respectively.

  Surprisingly, Cd supply strongly and specifically decreases Mn concentration in the double mutant roots. Expression of PtNRAMP3.2 restores wild-type concentrations of Fe, Cd, Mn and Zn while expression of PtNRAMP3.1 has no effect on metal concentrations in the Arabidopsis nramp3nramp4 double mutant. These results confirm that unlike PtNRAMP3.1, PtRAMP3.2 complements the double mutant phenotypes. This further supports AtNRAMP3.2 functional homology with AtNRAMP3 and AtNRAMP4. Note that PtNRAMP3.2 expression could not rescue the intriguing decrease in Mn concentration observed in nramp3nramp4 roots growing under Cd exposure (Fig. 11 and SI Fig. 6). This indicates some subtle difference between the function of AtNRAMP3 & 4 and PtNRAMP3.2. DISCUSSION Distinct mechanisms for the formation of NRAMP gene pairs in Arabidopsis and APPENDIX PhD Thesis 2015 Université Paris Sud 76 poplar Duplication events are a driving force in evolution, facilitating adaptation to changing environments. Although gene duplication maybe followed by accumulation of deleterious mutations and gene elimination, it may also lead to diversification of gene function and sub-and neo-functionalization.

  Metal concentrations in shoots and roots of wild type (Col-0), nramp3nramp4 and nramp3nramp4 Ub10:PtNRAMP3.1 and Ub10:PtNRAMP3.2 T3 lines grown on control ABIS medium containing 100 µM FeHBED (-Cd) and ABIS supplemented with 100 µM FeHBED and 10 µM CdCl2 (+Cd).PtNRAMP3.1 expressed lines (from left to right: 10.3, 3.2 and 8.1) are represented in green and PtNRAMP3.2 expressed lines are represented in blue (from left to right: 2.3, 4.3, and 3.2). Error bars represent the SD. Different letters indicate significant differences between genotypes in a given condition according to a Kruskal-Wallis test (p < 0.05, n=4) followed by a Tukey post hoc test. n.d. and n.s.d. indicate no detectable and no significant difference, respectively.

  

  

  

  

  

  

Table 1 .

 1 Functional characterization of YSL, COPT and VIT metal transporters.

	Metal	Tissue expression Cellular	Metal transport	References
	transporter		localization		
		Seed, xylem			
	AtYSL1	parenchyma of		Fe-nicotianamine	(Le Jean et al., 2005)
		leaves, pollen			
					(DiDonato et al.,
	AtYSL2	Root, shoot	membrane Plasma		2004; Schaaf et al.,
					2005)
		Leaf (phloem),	Plasma	Fe-nicotianamine,	
	OsYSL2	root, seed	membrane	Mn-nicotianamine	(Koike et al., 2004)
					(Sancenón et al.,
	AtCOPT1	Root, pollen,		Cu	2004)
	AtCOPT5	Root, siliques, seeds	Vacuolar membrane	Cu	(Klaumann et al., 2011)
			Vacuolar		
	AtVIT1	Seed, embryo	membrane	Fe	

  and IREG3/MAR1. AtIREG2 function was characterized in A. thaliana in 2006. AtIREG2 is up-regulated in the root epidermis under Fe starvation. However,

there is no evidence supporting its role in Fe transport. Instead, AtIREG2 encodes a Ni transporter localized in the vacuolar membrane and sequestrates Ni in this organelle

[START_REF] Schaaf | AtIREG2 Encodes a Tonoplast Transport Protein Involved in Iron-dependent Nickel Detoxification in Arabidopsis thaliana Roots[END_REF]

. In 2009, Morrissey et al. further identified a function of AtIREG1 and AtIREG2 genes in cobalt tolerance in A. thaliana. In contrast to AtIREG2, AtIREG1

table 2

 2 

	. Poplars were

Table 2 .

 2 Media for poplar in vitro culture, transformation and regeneration.

	Composition		MS30	M1	M2	M3	MS1/2
	Macro-élément (10X)		100 mL/L	100 mL/L	100 mL/L	100 mL/L	mL/L
	Oligo-élément (1000X)		1 mL/L	1 mL/L	1 mL/L	1 mL/L	mL/L
	Ethylenediaminetetra-acetic	40 mg/L	40 mg/L	40 mg/L	40 mg/L	mg/L
	acid ferric monosodium salt			
	(Fe)				
	Myo-inositol		100 mg/L	100 mg/L	100 mg/L	100 mg/L	mg/L
	M.E.S			250 mg/L	250 mg/L	250 mg/L
	B-Vitamines (100X)		10 mL/L	10 mL/L	10 mL/L	10 mL/L	mL/L
	L-Glutamine		200 mg/L	200 mg/L	200 mg/L	200 mg/L	mg/L
	Sucrose		30 g/L	30 g/L	30 g/L	30 g/L	g/L
	pH		5,9 -6	5,8	5,8	5,8	5,9 -6
	Agar			7 g/L	7 g/L	7 g/L	g/L
	N	6 -(2-Isopentenyl)	adenine		5 µM	5 µM
	(2ip)				
	α-Naphthaleneacetic Acid		10 µM	10 µM
	(NAA)				
	Ticarpen				500 mg/L	500 mg/L
	Cefotaxime				250 mg/L	250 mg/L
	Thidiazuron (TDZ)					0.1 µM
	!					

Table 3 .

 3 List of primers used for cloning.

	Name	Sequences
	PtIREG1	PtIR2F2startgtw:
		TACAAAAAAGCAGGCTTCATGGTGGGAGAGTCACTTC
		PtIR2F2stopgtw:
		CAAGAAAGCTGGGTCCTACCTAGGAATATTTGGTTCC
		PtIR2F2nonstopgtw:
		CAAGAAAGCTGGGTCCCTAGGAATATTTGGTTCCAGT
	PtCAD4 promoter PromPtCADaFgtw:
		TACAAAAAAGCAGGCTTCTCGGGTAAATTACCCATATTA
		PromPtCADcRgtw:
		CAAGAAAGCTGGGTCAGAGATGGAGTTTCTGTGGAG
		PromPtCADaF_HindIII:
		AAAAAGCTTTCGGGTAAATTACCCATATTACG
		PromPtCADaR_SpeI:
		AAAACTAGTTTTCTTGAAACAATGAGGCTAAG
	Univesal gateway attB1: GGGGACAAGTTTGTACAAAAAAGCAGGCTTC
		attB2: GGGGACCACTTTGTACAAGAAAGCTGGGTC

!

Underlined:

Sequence from Gateway recombination sites (Invitrogen). In italic: Stop codon. In bold: Restriction sites.

  

Test Strains Function of the deleted gene(s)

  

				Genotype
		DY150	-WT for Δccc1	MATα; ura3-52; leu2-3,
				112; trp1-1; his3-11;
				ade2-1; can1-100(oc)
	Fe tolerance Δccc1	Vacuolar Fe transporter	MATα; ura3; leu2; trp1;
				his3; ade2; can1;
				Δccc1::HIS3
		BY4741	-WT for Δcot1, Δzrc1,	MATα; his3Δ1; leu2Δ0;
			Δpmr1 and Δycf1	met15Δ0; ura3Δ0
	Co	Δcot1	Vacuolar Zn and Co	MATα; his3D1; leu2D0;
	tolerance		transporter	met15D0; ura3D0;
				COT1::kanMX4
	Zn	Δzrc1	Vacuolar Zn transporter	MATα; his3D1; leu2D0;
	tolerance			met15D0; ura3D0;
				ZRC1::kanMX4
	Mn	Δpmr1	Golgi Mn and Ca ATPase MATα; his3D1; leu2D0;
	tolerance			met15D0; ura3D0;
				PMR1::kanMX4
	Cd	Δycf1	Vacuolar Cd sequestration MATα; his3D1; leu2D0;
	tolerance			met15D0; ura3D0;
				YCF1::kanMX4
	Ni tolerance DEY1453	Plasma membrane	MATa; ade2; canl; his3;
		Δfet3Δfet4	fet3: high affinity Fe	leu2; trpl; ura3; fet3-
			uptake	2::HIS3; fet4-1::LEU2
			fet4: low affinity Fe uptake	

!

Table 4 .

 4 List of yeast strains used in this study.

Table 5 .

 5 Markers used for co-expression with PtNRAMP3.1.

	Name	Assigned localization	References
			(Ebine et al., 2011; Ueda
	ARA6 (RABF1):YFP	Endosome	et al., 2004)
	ARA7 (RabF2b):YFP	Endosome	(Ueda et al., 2004)
	SYP61:mRFP	Trans-Golgi Network, PVC	(Sanderfoot et al., 2001)
	ST:mRFP	Trans-Golgi Network	(Uemura et al., 2012)
	MAN(986):mCherry	Golgi	(Nelson

Table 6 .

 6 Concentration of metals in non-contaminated and metal-contaminated soils.

		Non-contaminated soil	Metal-contaminated soil
	Metal	(mg/kg)	(mg/kg)
	Zn	53	8600
	Cd	0.4	94

Table 8 .

 8 Gene names, accession numbers, coding sequence length, exon, intron number

	PtIREGs.

Table 9 .

 9 Similarity (%) between the amino acid sequences of PtIREGs-related proteins.[START_REF] Conte | Multiple Antibiotic Resistance in Arabidopsis Is Conferred by Mutations in a Chloroplast-Localized Transport Protein[END_REF]. The Psychotria gabriellae transporter PgIREG1 also resides in the vacuolar membrane and is able to confer nickel tolerance when expressed in yeast and Arabidopsis thaliana[START_REF] Merlot | The metal transporter PgIREG1 from the hyperaccumulator Psychotria gabriellae is a candidate gene for nickel tolerance and accumulation[END_REF].

	Gene			CDS length	Exon	Intron	
	name	Accession		(bp)	numbers	numbers	Location
	PtIREG1 POPTR_0386s00200	1560	8	7	Chr 16
	PtIREG2.1 POPTR_0016s13620	1542	8	7	Chr 16
	PtIREG2.2 POPTR_0016s13630	1572	9	8	Scaffold_375
	PtIREG3 POPTR_0005s01590	1953	13	13	Chr 05
		AtIREG1 AtIREG2 AtIREG3 PtIREG1 PtIREG2.1 PtIREG2.2 PtIREG3
	AtIREG1						
	AtIREG2	78.7					
	AtIREG3	31.4	32.4				
	PtIREG1	69.9	69.2	30.8			
	PtIREG2.1	69.8	68.4	36.3	80.3		
	PtIREG2.2	70.2	68.8	37.7	98.7	79	
	PtIREG3	28.9	29.5	68	30.8	29.2	30.3

Poplar eFP browser summarizes the results of microarray transcriptomic analyses at various developmental stages and in diverse organs and tissues. The eFP browser results illustrated in figures 10, 11, 12 and 13 revealed the expression patterns of PtIREG genes (http://bar.utoronto.ca/efppop/cgi-bin/efpWeb.cgi/). Among the four members of IREG family in poplar, PtIREG1 and PtIREG2.2 had the highest expression levels (142) in xylem (Figure

10

and 12), whereas PtIREG2.1 and PtIREG3 showed lower expression level in xylem (69.88 and 69.6, respectively; Figure

11 and 13

).

PtIREG1 gene localization was clearly established on chromosome 16, whereas

PtIREG2.2 was assigned to scaffold 375, where genome sequence assembly quality may be imperfect. In this study, we chose to focus on the functional characterization of PtIREG1 as its high expression in xylem may imply a function in metal accumulation in wood in relation with phytoremediation. PtIREG1 cDNA was cloned and transferred into several vectors to examine its function and localization in various expression systems.

III.1.2.

Functional characterization of PtIREG1 transporter gene from Populus trichocarpa III.1.2.1. Functional expression in yeast

  

Table 10 .

 10 Segregation of hygromycin B resistance in ireg2-1/p35S::PtIREG1:GFP T 2

	transgenic lines.

Expression of PtIREG1:GFP in the A. thaliana ireg2-1 mutant

  

Expression of PtIREG1 in yeast suggests that PtIREG1 might play a role in Ni tolerance and accumulation in planta. To test this possibility, PtIREG1 fused to GFP was stably expressed under the control of CaMV 35S promoter in the Arabidopsis ireg2-1 mutant, which is hypersensitive to Ni

  ). Zn and Cd concentrations in soils are shown in table 6 (Materials and methods).

	Copper concentrations, [Cu], were in the same range in leaves from poplars
	grown on contaminated or non-contaminated soil. In wild type poplars grown on non-
	contaminated soil, [Cu] were highest in the oldest leaves, whereas [Cu] were highest in
	the youngest leaves of poplars grown on contaminated soil. High [Cu] may be

NR3.1 NR3.2 NR3.1 NR3.2 NR3.1 NR3.2
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ABSTRACT

Efficient phytoextraction by poplar requires metal accumulation in wood tissues.

However, previous studies have shown that poplar accumulates a significant amount of metals in senescent leaves, causing metal return to soil upon leaf abscission. As the vacuole is a major metal storage site in plant cells, we investigated the role of poplar NRAMP (Natural Resistance Associated Macrophage Protein) transporter PtNRAMP3.1 and PtNRAMP3.2 homologous to the vacuolar NRAMP3 and NRAMP4 of Arabidopsis thaliana in leaf metal homeostasis. PtNRAMP3.1 and PtNRAMP3.2 genes are located in a 32kb area of the chromosome 7 and share 88,2% protein identity.

Although they are most highly expressed in leaves, they display dramatic variations of expression levels among the poplar cultivars. Expression in yeast showed that both PtNRAMP3.1 and PtNRAMP3.2 transport iron and manganese while only PtNRAMP3.1 and PtNRAMP3.2, their putative homologous in Populus trichocarpa, share 75% and 78% of protein identity with AtNRAMP3 (Migeon et al., 2010). They are localized in tandem on chromosome 7 and share also high protein identity together.

Microarray data performed on Populus indicated that PtNRAMP3.2 is induced during leaf senescence as AtNRAMP3, and appears to be also induced during Cd exposure (Sjödin et al., 2009 ;Induri et al., 2012). In this work, characterization at both genomic and functional levels of PtNRAMP3 paralogues suggests their emergence via gene duplication and highlights the subsequent divergence of their functions. The decrease of selective pressure caused by gene duplication allowed neo-functionalization of PtNRAMP3.1.

MATERIAL AND METHODS

Phylogenetic tree construction

Full-length amino acid sequences were aligned by CLUSTALW and imported into the Molecular Evolutionary Genetics Analysis (MEGA) package version 4 [START_REF] Tamura | MEGA4: Molecular Evolutionary Genetics Analysis (MEGA) software version 4.0[END_REF]. Phylogenetic analyses were conducted using the neighbor-joining (NJ) method implemented in MEGA, [START_REF] Saitou | The neighbor-joining method: A new method for reconstructing phylogenetic trees[END_REF] with the pairwise deletion option for handling alignment gaps, and with the equal input correction model with heterogeneous pattern among lineages for distance computation. The evolutionary distances were computed using the Poisson correction method [START_REF] Zuckerkandl | Evolutionary divergence and convergence in proteins[END_REF] and are in the units of the number of amino acid substitutions per site.

The phylogenetic trees were drawn to scale, with branch lengths in the same units as those of the evolutionary distances. The bootstrap consensus tree inferred from 1,000 replicates is taken to represent the evolutionary history of the taxa analyzed [START_REF] Felsenstein | Confidence limits on phylogenies: an approach using the bootstrap[END_REF]. Accession numbers and organisms corresponding to sequences used for this tree are listed in SI Table I. Dot-plots performed on Gepard software [START_REF] Krumsiek | Gepard: a rapid and sensitive tool for creating dotplots on genome scale[END_REF], between 4 9 3 0 8 0 3 4 9 3 5 9 3 8 4 9 3 2 3 3 9 4960556 4 9 3 5 3 3 5 4963514 4 9 3 5 1 4 7 4963325 4 9 3 4 3 8 4 4 9 3 3 7 3 1 4961921 4962574 4 9 3 3 6 0 2 4961795 4 9 3 3 4 6 5 4961658 4 9 3 2 8 6 including introns and promoter (SI Fig. 2). However, the sequence of the 5' and 3'UTR was not conserved. Unlike PtNRAMP3.1 and PtNRAMP3.2, it is expected that PtNRAMP7.1 and PtNRAMP7.2 exhibit the same expression pattern because sequence homologies include the promoter.

Genomic sequence analysis

PtNRAMP3.1 and PtNRAMP3.2 are differentially expressed in leaves

The expression patterns of NRAMP genes were determined using q-RT-PCR, on roots, wood, buds and leaves of Populus trichocarpa cv. trichobel, which is phyllogenetically close to Populus trichocarpa cv. nisqually (Tuskan et al., 2006). The experiment was performed on 2 year old trees growing in a mildly metal contaminated field located at the North-West of Paris; the sandy soil of this field underwent raw wastewaters spreading from 1899 to 2002 [START_REF] Lamy | Use of major-and trace-element correlations to assess metal migration in sandy Luvisols irrigated with wastewater[END_REF][START_REF] Lamy | Use of major-and trace-element correlations to assess metal migration in sandy Luvisols irrigated with wastewater[END_REF].

Poplars growing on this field do not display toxicity symptoms. Moreover, the expression analysis was performed on the least contaminated plot. In these conditions, we observed that PtNRAMP2 is constitutively lowly expressed in all studied tissues whereas PtNRAMP1 appears mainly expressed in roots and mature leaves (Fig. 4) as previously suggested by microarray analyses (Sjödin et al., 2009). Because of the high homology between PtNRAMP3.1 and PtNRAMP3.2 as well as between PtNRAMP7.1 and PtNRAMP7.2 and the difficulty to design primers in the same gene area, we initially used primers able to amplify both members of each gene pair. Intriguingly, it was not possible to detect PtNRAMP7 expression in any studied tissues indicating that these genes are not expressed in the conditions or organs represented in this study.

Accordingly, only one EST (accession: AJ644943, SI Fig. 3) for PtNRAMP7 is available in the database. This EST was obtained from a library of Populus tremula x P.

tremuloides colonized by the arbuscular ectomycorrhiza Amanita muscaria suggesting that PtNRAMP7s could be expressed specifically in the context of plant-microbe interactions as already observed for other plant NRAMPs. In Arabidopsis thaliana,
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AtNRAMP4 was previously shown to restore fet3fet4 growth on a low Fe medium (Thomine et al., 2000). Here, we show that expression of PtNRAMP3.1 and PtNRAMP3.2 rescues fet3fet4 growth under Fe limitation, indicating that they are able to transport Fe (Fig. 6a). To investigate whether PtNRAMP3s are also involved in Mn transport, we tested heir ability to complement the smf1 strain, which is deficient in Mn uptake [START_REF] Supek | A yeast manganese transporter related to the macrophage protein involved in conferring resistance to mycobacteria[END_REF]. The smf1 yeast strain fails to grow on synthetic medium containing high concentrations of the divalent cation chelator EGTA unless it is supplemented with Mn [START_REF] Supek | A yeast manganese transporter related to the macrophage protein involved in conferring resistance to mycobacteria[END_REF]Cohen et al., 2000). Expression of PtNRAMP3.2 restores the ability of smf1 to grow on EGTA to the same extend as the positive control AtNRAMP4 (Thomine et al., 2000). In contrast, PtNRAMP3.1 complements smf1 phenotype with lower efficiency (Fig. 6b). This result may be due to lower expression of PtNRAMP3.1 compared to PtNRAMP3.2 in yeast, a different subcellular localization or a lower efficiency for Mn transport. To test the hypothesis that a different localization accounts for the poor complementation of smf1 by

PtNRAMP3.1, we tried to complement smf2, a yeast strain lacking an intracellular NRAMP involved in Mn supply to mitochondria and Golgi (Cohen et al., 2000 ;[START_REF] Luk | Manganese Superoxide Dismutase in Saccharomyces cerevisiae Acquires Its Metal Co-factor through a Pathway Involving the Nramp Metal Transporter, Smf2p[END_REF]. As smf1, this strain is unable to growth on high EGTA unless Mn is supplemented. We found that AtNRAMP3, AtNRAMP4, PtNRAMP3.1 and PtNRAMP3.2 are all able to fully complement the smf2 phenotype (Fig. 6c). Moreover, exposure to toxic Mn concentration in the absence of EGTA, decreases growth of the smf2 strains transformed by AtNRAMP3, AtNRAMP4, PtNRAMP3.1 and PtNRAMP3.2 whereas it does not strongly affect the growth of smf2 transformed by GUS (Fig. 6c).

This increase of sensitivity to Mn is more pronounced for PtNRAMP3.1. It confirms that all these NRAMP are involved in Mn transport.

Some NRAMPs, such as AtNRAMP4 and NcNRAMP4 were already shown to transport Zn [START_REF] Lanquar | Regulation and Function of AtNRAMP4 Metal Transporter Protein[END_REF]Oomen et al., 2009). To test the ability of transport systems (Zhao and Eide, 1996a ;[START_REF] Van Aken | Transgenic plants for phytoremediation: helping nature to clean up environmental pollution[END_REF]. The zrt1zrt2 strain cannot grow on synthetic media containing high concentrations of the divalent cation chelator EDTA without high Zn supplementation. AtNRAMP4 expression efficiently complements zrt1zrt2 growth defect on low Zn [START_REF] Lanquar | Regulation and Function of AtNRAMP4 Metal Transporter Protein[END_REF]. However, PtNRAMP3s

expression could not restore zrt1zrt2 growth on EDTA. Interestingly, expression of

PtNRAMP3.1 reproducibly decreases the ability of the strain to grow in presence of EDTA. This indicates that PtNRAMP3.1 could be involved in Zn transport even though it cannot restore Zn uptake in zrt1zrt2 mutant.

To investigate Cd transport capacity, sensitivity assays were performed in a wild type strain (INVSc1). As previously shown, AtNRAMP4 expression increases yeast sensitivity to Cd (Thomine et al., 2000), In contrast, neither PtNRAMP3.1 nor PtNRAMP3.2 expression affects yeast Cd sensitivity. These results suggest that PtNRAMP3.1 and PtNRAMP3.2 are not able to transport Cd in these conditions.

To further analyze their transport abilities, metal accumulation in yeast expressing PtNRAMP3s was measured after 30 h. Consistent with their ability to complement yeast Mn transport mutants, Mn concentration was higher in yeast expressing AtNRAMP4, AtNRAMP3.1 and AtNRAMP3.2 compared to yeast expressing GUS. This result confirms that PtNRAMP3.1 and 3.2 proteins are involved in Mn transport (Fig. 7a).

As expected, a significant increase in Zn concentration was observed for yeast expressing AtNRAMP4 compared to yeast expressing GUS (Fig. 7b). In agreement with its ability to alter yeast growth under low Zn, expression of PtNRAMP3.1 leads to increase Zn concentration whereas PtNRAMP3.2 expression did not. No difference in Mg concentration was observed between transformed and control (Fig. 7c). Thus, both growth assays and Zn accumulation indicated that PtNRAMP3.1 is able to transport Zn while PtNRAMP3.2 is not. Taken together, expression in yeast shows that both copies have retained metal transport ability but suggest distinct selectivities and subcellular Previous studies showed that tagging with GFP at the C-terminal end does not modify NRAMP targeting and function in plants (Thomine et al., 2003 ;Lanquar et al., 2005 ;[START_REF] Cailliatte | High-affinity manganese uptake by the metal transporter NRAMP1 is essential for Arabidopsis growth in low manganese conditions[END_REF]. The Arabidopsis thaliana nramp3nramp4 double mutant (Col0)
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was stably transformed with 35S:PtNRAMP3.1::GFP and 35S:PtNRAMP3.2::GFP.

Roots of T2 plants were then observed by confocal microscopy. Interestingly, PtNRAMP3.1::GFP and PtNRAMP3.2::GFP exhibited distinct subcellular localizations.

While PtNRAMP3.2::GFP is targeted to the vacuolar membrane, as its homologues in Arabidopsis thaliana and in Noccaea caerulescens (Thomine et al., 2003 ;Lanquar et al., 2005 ;Oomen et al., 2009), PtNRAMP3.1 is localized in intracellular punctuate structures (Fig. 8). unequal crossing over, leading to gene duplication [START_REF] White | Retrotransposons in the flanking regions of normal plant genes: a role for copia-like elements in the evolution of gene structure and expression[END_REF][START_REF] Flagel | Gene duplication and evolutionary novelty in plants[END_REF]. Such a mechanism most likely accounts for the tandem duplication of

Expression of

PtNRAMP3.1 and PtNRAMP3.2. Poplar genome which contains significantly more gene tandems than Arabidopsis thaliana [START_REF] Proost | Journey through the past: 150 million years of plant genome evolution[END_REF], contains also three time more transposons [START_REF] Ming | The draft genome of the transgenic tropical fruit tree papaya (Carica papaya Linnaeus)[END_REF].

In the Arabidopsis lineage, two whole genome duplications occurred since the Carica papaya divergence 72 Ma [START_REF] Ming | The draft genome of the transgenic tropical fruit tree papaya (Carica papaya Linnaeus)[END_REF][START_REF] Proost | Journey through the past: 150 million years of plant genome evolution[END_REF]. AtNRAMP3

and AtNRAMP4 encode functionally redundant metal transporters (Lanquar et al., 2005). Because this gene pair is present in Arabidopsis thaliana, A. lyrata and Noccaea caerulescens (Oomen et al., 2009), but not in Carica papaya and ricinus communis genomes, duplication of the corresponding ancestral NRAMP should have taken place after the Carica papaya divergence. In Arabidopsis thaliana AtNRAMP3 (At2g23150)

and AtNRAMP4 (At5g67330) loci are located on the duplicated block 0204146800380, suggesting that they originated from one of the two whole genome duplications that took place between 70 and 23 Ma (Lanquar et al., 2005 ;[START_REF] Proost | Journey through the past: 150 million years of plant genome evolution[END_REF]. Thus, distinct mechanisms of gene duplication lead to NRAMP gene pair formation with different evolutionary fates in poplar and Arabidopsis thaliana.

PtNRAMP3 genes have different evolutionary fates

Most gene duplications are thought to be rapidly followed by the loss of function of one of the copies [START_REF] Freeling | Bias in plant gene content following different sorts of duplication: tandem, wholegenome, segmental, or by transposition[END_REF]. While one daughter gene retains the preduplication function, selective constraints generally relax on the second copy which, therefore, accumulates deleterious mutations leading to loss of function [START_REF] Ohno | Evolution by gene duplication: London: George Alien & Unwin Ltd[END_REF].

However, pseudogene formation is not the only fate of duplicated genes. In few cases, both copies can retain function after a duplication event for different reasons. First, SI Fig. 2. Genomic duplication involved only PtNRAMPs.

Dot-blots performed on Gepard software [START_REF] Krumsiek | Gepard: a rapid and sensitive tool for creating dotplots on genome scale[END_REF] 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. Colors denote the tissues from which the EST originate. environmental conditions may maintain selective pressure for both genes to retain preduplication function, increasing fitness through dose effect. For example, multiple tandem copies of HMA4 are maintained in the metal hyperaccumulator species

Arabidopsis halleri and Noccea caerulescens leading to a high expression level essential for Zn and Cd translocation and metal tolerance (Hanikenne et al., 2008;[START_REF] Lochlainn | Tandem quadruplication of HMA4 in the zinc (Zn) and cadmium (Cd) hyperaccumulator Noccaea caerulescens[END_REF]Craciun et al., 2012 ;[START_REF] Hanikenne | Hard selective sweep and ectopic gene conversion in a gene cluster affording environmental adaptation[END_REF].

Alternatively, relaxation of purifying selection caused by gene duplication can also adduce new non deleterious mutations. The preduplication function of the ancestral gene can be partitioned among the two daughter genes (subfunctionalization).

Moreover, new advantageous mutations, optionally followed by positive selection, can also confer a new function to one of the gene copies (neo-functionalization) [START_REF] Zhang | Evolution by gene duplication: an update[END_REF].

The tandem pair of homologous genes formed by HMA2 and HMA3 on chromosome 4 of Arabidopsis thaliana illustrates the possible fates of gene copies resulting from duplication (Cobbett et al., 2003). Duplication of the ancestral HMA likely generated two genes with different functions. HMA2 which localized on the plasma membrane, participates in Zn and Cd translocation from root to shoot working in synergy with HMA4 [START_REF] Hussain | P-Type ATPase Heavy Metal Transporters with Roles in Essential Zinc Homeostasis in Arabidopsis[END_REF][START_REF] Verret | Overexpression of AtHMA4 enhances root-to-shoot translocation of zinc and cadmium and plant metal tolerance[END_REF][START_REF] Wong | HMA P-type ATPases are the major mechanism for root-toshoot Cd translocation in Arabidopsis thaliana[END_REF]. In contrast, HMA3 is localized in the vacuolar membrane and controls Cd accumulation in shoot by sequestration of this metal in root vacuoles in Arabidopsis thaliana [START_REF] Miyadate | OsHMA3, a P1B-type of ATPase affects root-to-shoot cadmium translocation in rice by mediating efflux into vacuoles[END_REF][START_REF] Chao | Genome-Wide Association Studies Identify Heavy Metal ATPase3 as the Primary Determinant of Natural Variation in Leaf Cadmium in Arabidopsis thaliana[END_REF]. However, in some Arabidopsis thaliana accessions, such as Col0, HMA3 does not encode a functional protein. The presence of a functional vs non functional HMA3 alleles accounts for the natural variation in Cd content across Arabidopsis ecotypes [START_REF] Hussain | P-Type ATPase Heavy Metal Transporters with Roles in Essential Zinc Homeostasis in Arabidopsis[END_REF].

In the present study, dN/dS analysis highlights that PtNRAMP3.1 and PtNRAMP3.2 exhibit a clear relaxation of purifying selection (Fig. 12). The vacuolar membrane localization of PtNRAMP3.2, its transport capacities and its ability to Evidence of specific relaxation of purifying selection on PtNRAMP3s genes as identified by ratios of nonsynonymous to synonymous amino acid substitutions (dN/dS). Sliding window analysis (window =100, jump size=5) was performed using the software package JCoDA [START_REF] Steinway | JCoDA: a tool for detecting evolutionary selection[END_REF]. promoter sequences are not conserved between the two copies (Fig. 3). The large variability in expression levels is likely a direct consequence of the relaxation of selection [START_REF] Zhang | Evolution by gene duplication: an update[END_REF][START_REF] Freeling | Bias in plant gene content following different sorts of duplication: tandem, wholegenome, segmental, or by transposition[END_REF]. Although PtNRAMP3.1 expression has no clear effect in Arabidopsis thaliana, it is clearly able to transport, Fe, Mn, and Zn in yeast (Fig. 6 and7) The mobilization of Mn and Zn from these intracellular compartments appears to be an efficient way to limit metal accumulation in poplar leaves. The identification of these intracellular compartments appears to be a critical perspective to better understand Mn and Zn homeostasis in poplar leaves. It will also be important to measure metal concentrations in other poplar organs such as stems and roots. While previous work underscored that phytoextraction efficiency is affected by the high metal content in senescing leaves [START_REF] Laureysens | Clonal variation in heavy metal accumulation and biomass production in a poplar coppice culture: I. Seasonal variation in leaf, wood and bark concentrations[END_REF][START_REF] Zacchini | Metal tolerance, accumulation and translocation in poplar and willow clones treated with cadmium in hydroponics[END_REF], these new results

suggest that over-expression of PtNRAMP3.1 could be an efficient way to cope with this problem. 
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