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Cd and Zn are differentially distributed in Populus tremula x P. alba exposed to metal excess

Poplar plants were exposed during 61 days to a soil added with heavy metals so as to contain 300 mg Zn2+.kg-1 soil dry weight (SDW) or 50 mg Cd2+.kg-1 SDW. The Cd treatment induced a delayed growth of poplar, whereas Zn induced no change in physiological parameters. Both treatments resulted in a significant metal accumulation in plants. Zn2+ and Cd2+ exhibited contrasting distribution within tissues, indicating dissimilar handling by the plant. The main difference was the efficient compartmentalization of Zn2+ in specific organ parts: old leaves and bark, while Cd2+ did not exhibit such a compartmentalization. Résumé: Des plants de peuplier ont été exposés durant 61 jours à un sol contaminé de manière à contenir 300 mg Zn2+.kg-1sol sec ou 50 mg Cd2+.kg-1 sol sec. Le traitement par Cd cause un retard de croissance alors qu'aucun changement dans les paramètres physiologique n'est observé suite à l'exposition au Zn. Les deux traitements entraînent une accumulation significative de métal dans la plante. Les distributions de Zn2+ et Cd2+ dans les tissus de la plante sont divergentes, indiquant que la plante les gère de manières différentes. Le Zn2+ se retrouve compartimenté dans des organes spécifiques : les feuilles âgées et l'écorce. La plante ne compartimentalise pas le Cd2+.

Introduction

Environmental constraints affect many aspects of plants metabolisms, impacting on their growth and yield. Abiotic factors causing plant stresses can be linked to natural phenomena, such as drought or can be due to anthropogenic activities, e.g. industrial discharge of heavy metals.

In the soil the presence of heavy metals decreases microbial activity and soil fertility, leading to inhibition of plant growth by indirect and direct effects [START_REF] Gu | Cadmium accumulation and its effects on growth and gas exchange in four Populus cultivars[END_REF]). Though some heavy metals display a high cellular toxicity, some of them can be readily taken up by many plants, and accumulate all along the food chains. This is the case of cadmium (Cd) (Sanita di Toppi and Gabbrielli 1999). Cd has no known physiological role, except for one Cd-carbonic anhydrase in marine diatoms [START_REF] Lane | A biological function for cadmium in marine diatoms[END_REF]. Its accumulation in the environment is mainly resulting from industrial emissions, use of Cdrich phosphate fertilisers, sewage sludge spreading and runoff water from roadways.

Moreover, Cd pollution is often accompanied by zinc (Zn) pollution [START_REF] Garrett | Natural sources of metals to the environment[END_REF].

Conversely to Cd, Zn is an essential element for plants metabolisms [START_REF] Sommer | Evidence on the indispensable nature of zinc and boron for higher green plants[END_REF]. After iron, zinc is the most abundant biological heavy metal, it is involved as a cofactor in numerous enzymes activities, especially some SODs [START_REF] Broadley | Zinc in plants[END_REF]). Nevertheless, Zn can reach toxic levels, like Cd, causing a decrease in chlorophyll content and photosynthetic activity [START_REF] Gallego | Effect of heavy metal ion excess on sunflower leaves: evidence for involvement of oxidative stress[END_REF], hence decreasing growth and biomass production [START_REF] Arisi | Responses to cadmium in leaves of transformed poplars overexpressing γglutamylcysteine synthetase[END_REF]. Cd-hyperaccumulator species described so far are mostly reported to also accumulate Zn [START_REF] Verbruggen | Molecular mechanisms of metal hyperaccumulation in plants[END_REF].

While Cd accumulation and Cd tolerance are two independent traits in these species [START_REF] Zha | Co-segregation analysis of cadmium and zinc accumulation in Thlaspi caerulescens interecotypic crosses[END_REF]), a co-segregation of Cd and Zn accumulation and a co-segregation of Cd and Zn tolerance traits have been shown in at least one of them, namely Arabidopsis halleri [START_REF] Bert | Genetic basis of Cd tolerance and hyperaccumulation in Arabidopsis halleri[END_REF]. Moreover Aravind et al (2005a) showed that Zn could prevent Cd toxicity in Ceratophyllum demersum. This indicatesa link between Cd and Zn homeostasis which should prompt studies to compare Cd and Zn behavior and impact in plants.

It is generally admitted that plants do not possess specific Cd2+-transporters, except perhaps for Cd-hyperaccumulator species [START_REF] Liu | Does cadmium play a physiological role in the hyperaccumulator Thlaspi caerulescens?[END_REF]. However, Cd2+ is shown to accumulate also in none-hyperaccumulator plants like poplar [START_REF] Unterbrunner | Heavy metal accumulation in trees growing on contaminated sites in Central Europe[END_REF].

It means that adventitious Cd2+ uptake and translocation involve molecular agents that are still unknown [START_REF] Plaza | Expression and functional analysis of metal transporter genes in two contrasting ecotypes of the hyperaccumulator Thlaspi caerulescens[END_REF][START_REF] Cosio | Hyperaccumulation of cadmium and zinc in Thlaspi caerulescens and Arabidopsis halleri at the leaf cellular Level[END_REF]).

In plants, the metal homeostasis imply an organised combination of mechanisms: its uptake from soil to roots, the buffering realised by cell wall binding, the symplastic or exsudates, vacuolization and storage in specific organs like trichomes help the plant to cope with metal excess and could avoid its potential toxicity [START_REF] Clemens | Molecular mechanisms of plant metal tolerance and homeostasis[END_REF][START_REF] Clemens | A long way ahead: understanding and engineering plant metal accumulation[END_REF][START_REF] Zhao | Zinc hyperaccumulation and cellular distribution on Arabidopsis halleri[END_REF][START_REF] Song | Engineering tolerance and accumulation of lead and cadmium in transgenic plants[END_REF]. Thus tolerance can arise from two contrasting strategies: metal exclusion or metal accumulation, which imply two distinct sets of mechanisms [START_REF] Baker | Metal tolerance[END_REF]. Exclusion is a more common behavior which inhibits root-to-shoot metal translocation. This explains why most of studies performed on tree species show that heavy metals particularly accumulate in roots [START_REF] Zacchini | Metal tolerance, accumulation and translocation in poplar and willow clones treated with cadmium in hydroponics[END_REF]).

On the contrary metals accumulate more in the aerial parts of hyperaccumulators than in their roots [START_REF] Tanhan | Uptake andaccumulation of cadmium, lead and zinc by Siam weed [Chromolaena odorata (L.) King & Robinson][END_REF]). Thus, root-to-shoot metal translocation is a crucial step of metal accumulation [START_REF] Papoyan | Plant Cd2+ and Zn2+ status effects on rootand shoot heavy metal accumulation in Thlaspi caerulescens[END_REF]) that constitutes one limiting factor for the use of trees in a phytoremediation perspective. Hyperaccumulation ability seems to depend on metal pumps and transporters [START_REF] Hanikenne | Evolution of metal hyperaccumulation required cisregulatory changes and triplication of HMA4[END_REF]) that ensure the final destination of metal ions in a plants organs, tissues and cells. Hence, it appears important to understand xylem loading processes and the distribution of heavy metals in the whole-plant.

So far published studies on woody plants and metal stress were mostly performed on willow and poplar which present an overall ability to accumulate heavy metals like Cd and Zn, but also Cu, Mn, etc. (Laureysens et al. 2004;[START_REF] Santos Utmazian | Hydroponic screening for metal resistance and accumulation of cadmium and zinc in twenty clones of willows and poplars[END_REF][START_REF] Kieffer | Quantitative changes in protein expression of cadmium-exposed poplar plants[END_REF]. However scarcely any studies have attempted to describe the profile of metal distribution among the tree organs and the wood tissues.

In this regard, we harvested poplar plants after 61 days of exposure to a soil containing50 mg Cd.kg-1 SDW, and 9.5 μM Cd in the soil solution or to a soil containing 300 mg Zn2+.kg-1 SDW, and 140.4 μM in the soil solution. As plants exhibited no change in gas exchanges despite a delayed growth for Cd stressed plants, it was possible to describe the profile of metal distribution among the organs in a functional context.

Materials and methods

Plant material and metal treatments

Young rooted cuttings of Populus tremula L. x P. alba L. (Populus x canescens (Aiton)

Smith) genotype INRA 717-1B4 were obtained as described in [START_REF] Caruso | Dehydrin induction during drought and osmotic stress in Populus[END_REF] At the beginning of the metal treatment, the 3 months old rooted cuttings were transferred from 0.5 dm3 pots to 10 dm3 pots containing sand and peat moss (25:75%, v/v, pH 6.9). Concomitantly, plants were pruned in order to make sure that the new leafy stems were entirely formed while plants were exposed to metal. The initial soil which corresponded to the control samples contained 72.3 mg Zn2+.kg-1 soil dry weight (SDW)

and no trace of Cd2+. Soils of Zn-treated plants was enriched at the beginning of the experiment with zinc in order to reach 300 mg Zn2+.kg-1 SDW whereas Cd-treated soils was enriched with cadmium in order to reach 50 mg Cd2+.kg-1 SDW. During the 2 months of experiment, plants were watered only with tap water.

At the end of the treatment, plants samples were divided into roots, cutting, new stem entirely formed during the experiment, and leaves entirely formed during the experiment.

Leaves and stems were further separated into three groups depending on their position on the foliar axis. The first group reassembled the mature or senescent organs which corresponded to the region of the leaves which were already present in the bud which have produced the newly formed tissues (low part). The second group corresponded to the young mature organs (middle part); these leaves had achieved their growth at the time of the sampling. The third group corresponded to the young growing tissues (high part). The cutting was also dissected into three parts: xylem, cambial zone and bark.

Growth and water content

During the treatment, the stem height as well as the total leaf area was estimated as described by Brignolas et al. (2000) on 5 replicates. The assessment of the secondary growth was carried out through the monitoring of the time course of the plant cutting diameter with an automatic point dendrometer described in [START_REF] Morabito | Cambial activity of Populus tremula × Populus alba clone 717-1B4 in hydroponic culture[END_REF]. The leaf Relative Water Content (RWC) was calculated as follow, RWC (%) = (fresh weightdry weight) x 100 / (saturated weight -dry weight). The root and stem Water Content was calculated as WC = (fresh weight -dry weight) x 100 / fresh weight.

Metal content determination in soil and plant

Metal concentration in the soil, in the soil solution and in the plant organs were measured using a Jobin-Yvon® HR-ICP-AES as described in [START_REF] Marchand | Heavy metals distribution in mangrove sediments along the mobile coastline of French Guiana[END_REF], from 3 biological replicates.

Statistics

SPSS MANOVA was used to compare metal concentrations and metal partitioning in organs between treatments. Relative partitioning data expressed in percentage (x%)
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Results

Physiological impact of metal treatment

After 61 days of experiment, the Cd treatment resulted in the inhibition of the total leaf area (-28%) and the stem height (-26%) of plants, whereas no significant changes occurred under Zn exposure (Table 1).

The dry weight of roots and cutting were not significantly changed under Cd treatment, whereas tissues entirely developed during the experiment, exhibited lower dry weight: -41% for stem, and -42% for leaves ( 

Metal quantification in soil and plant organs

Zinc plant content: on day 1, [Zn2+]soil solution was 8.3 μM in control conditions and reached 140.4 μM in Zn-treated conditions (Fig. 1). [Zn2+]soil solution was not significantly altered by theaddition of 50 mg Cd2+.kg-1 SDW treatment.

On day 61 (Table 2), under Zn treatment, while the [Zn2+] content significantly augmented, compared to control, in leaves, stem, roots and cutting by a ratio of 4.9, 3.9, 3.4 and 1.3 respectively, the Zn2+ distribution was significantly higher in leaves (+13.1%)

and lower in cutting (-12.3%). The relative Zn2+ distribution in stem and roots did not change.

[Zn2+] was measured in stems and leaf in 3 separated positions along the foliar axis (Fig.

2 Zn2+] in the bark where it raised from104.9 to 199.6 mg Zn.kg-1 DW (Fig. 3). Xylem and cambial zone [Zn2+] were not significantly affected by Zn or Cd treatments.

Under Cd exposure, and compared to control, the [Zn2+]leaf increased from 86.6 to 143.7 mgZn.kg-1 DW, but the relative distribution of Zn2+ in leaves showed no variation (Table 2).

The Cd treatment also resulted in an increase of [Zn2+]stem from 61.3 to 139.2 mg Zn.kg-1 DW, and modified the incorporated Zn2+ distribution in this organ from 17.5% to 24.5%. No change occurred in content and distribution of Zn2+ in cutting and root. The quantification of Zn in the leaves and stems collected along the foliar axis at 3 parts of distinct ages showed that the Cd treatment induced an increase of [Zn2+] only in young mature stem, compared to control (Fig. 2).

Cadmium plant content: no Cd2+ was detected in control or in Zn-treated plants (Table 2). Under Cd exposure, Cd2+ was mainly localized in leaves (Table 2) which contained 79.7 mgCd2+.kg-1 DW and represent 52.6% of the Cd2+ present in the plant. Woody aerial parts, i.e. 'stem' and 'cutting' contained 39.1% of the Cd taken up by the plant, with a greater [Cd2+] in the stem tissues (63.8 mg Cd2+.kg-1 DW). For leaves and stem organs, their position on the foliar axis had no significant effect on the [Cd2+] (Fig. 4).

Among the cutting tissues, Cd content of the xylem was significantly lower than those in the cambial zone or in the bark which reached 115.4 and 122.5 mg Cd2+.kg-1 DW respectively (Figure 5).

Discussion

Young poplar plants grown in a growth chamber were exposed to a soil content of 300 mg Zn.kg-1 SDW which exceeds the natural average content of 64 mg Zn.kg-1 SDW in the majority of soils [START_REF] Emsley | Nature's building blocks: An A-Z guide to the elements[END_REF]. In parallel, other poplar plants were exposed to 50 mg Cd.kg-1 SDW, which corresponds to a heavily polluted soil [START_REF] Peters | Adsorption/desorption characteristics of lead on various types of soil[END_REF]. Metal toxicity in soil has complex dependencies towards total soil composition and, often more [START_REF] Ma | Chemical fractionation of cadmium, copper, nickel, and zinc in contaminated soils[END_REF][START_REF] Sauvé | Speciation and complexation of cadmium in extracted soil solutions[END_REF].

Poplar exhibits a zinc management strategy.

Under Zn treatment, [Zn2+]soil solution reached 140.4 μM; this was 17-fold higher than the control value. Nevertheless, the Zn treatment did not induce any change in primary or secondary growth, in organs dry weight or water content, in stomatal conductance nor net CO2 assimilation (Table 1). Thereby the fate of Zn2+ within poplar organs under Zn exposure should be considered as the result of an efficient metal homeostasis.

Moreover, as compartmentalization is part of the mechanisms involved in metal homeostasis, the metal localization reflects the plant strategy to cope with metal excess.

[Zn2+]roots was equal to 65.8 mg Zn.kg-1 DW in control and to 224.3 mg Zn.kg-1 DW in Zn258treated plants. In both cases, it represents 5% of the Zn incorporated in the plant (Table 2) ; thus control and Zn-treated plants showed an equivalent root-to-shoot translocation of Zn2+. In above-ground parts, although [Zn2+] increased in all organs, the distribution patterns were contrasted. The Zn treatment induced a significantly increased localization of Zn2+ in the leaves, where its highest value was reached. This is in accordance with existing literature where Zn2+ is shown to predominantly distribute in the leaves, and particularly into trichomes, according to [START_REF] Zhao | Zinc hyperaccumulation and cellular distribution on Arabidopsis halleri[END_REF]. As P. canescens 717-1B4 presents an important density of trichomes on the abaxial face of its leaves, the involvement of these trichomes in Zn2+ handling could be investigated. While [Zn2+] exhibited a significant increase in all organs, the relative distribution in the cutting was reduced from 20.5% to 8.2% due to a weaker loading of Zn2+ in this organ. This can result from different causes: it is likely that Zn2+ is not heavily loaded into mature xylem;

the cutting tissues that developed during the 61 days of metal exposure represent less than those already formed prior to the experiment (this is especially true for metal incorporated in xylem that was 'diluted' in the total xylem mass). It is noteworthy that

[Zn2+]cambial zone was not significantly altered by Zn treatment, whereas [Zn2+]bark was 1.9 fold higher. This suggests an efficient targeting of excessive Zn2+ in specifictissues.

Under Zn exposure, in leaf and stem, [Zn2+] reached 427.5 and 240.4 mg Zn.kg-1 DW, respectively. When considering leaf position along the stem and corresponding stem sections, a significant [Zn2+] gradient could be observed (Fig. 2). Zn2+ was preferentially stored in older tissues; oldest leaves contained 1.8 fold more Zn2+ than the youngest.

Such a [Zn2+] gradient was not observed in control plants. This raises the hypothesis of an inducible strategy for Zn compartmentalization.
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The highest [Cd2+] occurred in leaves and stem. The determination of [Cd2+]leaf and

[Cd2+]stem according to the position of the organs showed a continuum of the [Cd2+] along the foliar axis. Hence, Cd was not preferentially compartmentalized in older leaves as it was observed in Salix viminalis [START_REF] Cosio | Localization and effects of cadmium in leaves of a cadmium-tolerant willow (Salix viminalis L.): I. Macrolocalization and phytotoxic effects of cadmium[END_REF] or in Salix fragilis [START_REF] Luyssaert | Cadmium variability in leaves of a Salix fragilis: simulation and implications for leaf sampling[END_REF]). Among the tissues of the cutting, Cd2+ presented a lower content in xylem than in cambial zone and bark. A previous study on poplar showed similar results with a greater

[Cd2+] in bark than in wood [START_REF] Gu | Cadmium accumulation and its effects on growth and gas exchange in four Populus cultivars[END_REF]). To our knowledge the determination of [Cd2+]cambial zone has never been reported so far. A measurement of metal ions content in the xylem layers formed during the metal constraint would be informative.

Cd and Zn distribution in above ground organs of Cd-and Zn-exposed plants, respectively, exhibited discrepancies (Table 2). Excessive Zn2+ was significantly more present in the leaves than Cd2+ (70.2% vs 52.6%), while Cd2+ was more localized in the cutting than Zn2+ (20.3% vs 8.2%). This pattern deviance must be balanced with the 40% reduced mass of leaf organ under Cd constraint, which is part of the plant response to

Cd. The measurement of metal content in leaf and stem according to the age and position of the organs showed that the handling of Cd2+ at the organ level does not fit in the model of the Zn2+ compartmentalization.

Effect of Cd treatment on plant Zn content.

Results also underlined interactions or hindrances between Cd2+ and Zn2+ homeostasis.

Under the Cd constraint, although [Zn2+]soil so lutio n was not modified compared to control (Fig. 1), significant changes occurred in Zn2+ distribution and content among organs ( [START_REF] Zornoza | Cadmium-stress in nodulated white lupin: strategies to avoid toxicity[END_REF] or increase (Yang et al. 2004) in [Zn2+]plant consequently to a Cd exposure.

Cd2+ can disturb Zn2+ homeostasis in a direct or an indirect way. Indeed interferences can intervene directly on Zn2+ transport, by a deregulation of Zn2+ transporters. This would be consistent with the hypothesis of Cd2+ being conveyed by unspecific -or insufficiently specific-Zn2+ transporters [START_REF] Gitan | A cytosolic domain of the yeast Zrt1 Zinc transporter is required for its post-translational inactivation in response to zinc and cadmium[END_REF][START_REF] Bert | Genetic basis of Cd tolerance and hyperaccumulation in Arabidopsis halleri[END_REF]. Based on all current knowledge on plant metal transporters, the existence of specific Cd2+ transporters in plants seems unlikely [START_REF] Clemens | Toxic metal accumulation, responses to exposure and mechanisms of tolerance in plants[END_REF]. The observed changes can also result from a rise in the demand for Zn2+ in active tissues where an increase [Zn2+] would help preventing the binding of Cd2+ to biomolecules. This would be in accordance with the thesis of Cd2+ toxicity resulting from the competition with Zn2+ and other divalent cations for the binding to biomolecules, in plants as in animals [START_REF] Waalkes | In vitro cadmium-DNA interactions: Cooperativity of cadmium binding and competitive antagonism by calcium, magnesium, and zinc[END_REF][START_REF] Jemai | Protective effect of zinc supplementation on blood antioxidant defense system in rats exposed to cadmium[END_REF].
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Fig. 2 .Fig. 3 .

 23 Fig. 2. Zn2+ content (mg.kg-1 DW) in leaves (A) and stem (B) of Populus tremula x P. alba genotype 717-1B4 after 61 days of exposure to a soil containing 300 mg Zn.kg-1 SDW (Zinc) or 50 mg Cd.kg-1 SDW (Cadmium). Leaves and stems were separated into three parts depending on their position on the foliar axis. High part ( ), middle part ( ) and Low part ( ). Letters indicate differences between means (n=3, p<0.05). Bars refer to standard error.

Fig. 4 .

 4 Fig. 4. Cd2+ content (mg.kg-1 DW) in leaves (A) and stem (B) of Populus tremula x P. alba genotype 717-1B4 after 61 days of exposure to a soil containing 50 mg Cd.kg-1 SDW.

Fig. 5 .

 5 Fig. 5. Cd2+ content (mg.kg-1 DW) in xylem, cambial zone and bark of the cutting of Populus tremula x P. alba genotype 717-1B4 after 61 days of exposure to a soil containing 50 mg Cd.kg-1 SDW. In control and Zn-treated plants, no cadmium was detected. Letters indicate differences between means (n=3, p<0.05). Bars refer to standard error.

  

  

  

  

  pathways towards cells, the transfer from xylem to phloem and the trafficking of metals into the cells. The same processes, associated with chelation in roots
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Table 1

 1 

). Zn treatment had no effect on the dry weight of organs. The net CO2 assimilation and the stomatal conductance were not affected by Cd nor by Zn constraint. No change in organ water content occurred consequently to Zn or Cd treatments. The stem diameter increase, measured throughout the experiment was summarized in the Table 1 by a final measurement. This parameter exhibited no changes under metal treatments.

  Among the cutting tissues, and for all three treatments, [Zn2+]xylem (Fig.3) was between 3.2 and 7 fold lower compared to [Zn2+]bark, and between 5.1 and 5.8 times lower compared to [Zn2+]cambial zo ne. Compared to control plants, the Zn2+ exposure-induced highest increase of [
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