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bS Supporting Information ABSTRACT: Zn isotope fractionation may provide new insights into Zn uptake, transport and storage mechanisms in plants. It was investigated here in the Zn hyperaccumulator Arabidopsis halleri and the nonaccumulator A. petraea. Plant growth on hydroponic solution allowed us to measure the isotope fractionation between source Zn (with Zn2+ as dominant form), shoot and root. Zn isotope mass balance yields mean isotope fractionation between plant and source Zn Δ66Znin-source of 0.19 ( 0.20 % in the nonaccumulator and of 0.05 ( 0.12% in the hyperaccumulator. The isotope fractionation between shoot Zn and bulk Zn incorporated (Δ66Znshoot-in) diﬀers between the nonaccumulator and the hyperaccumulator and is function of root-shoot translocation (as given by mass ratio between shoot Zn and bulk plant Zn). The large isotope fractionation associated with sequestration in the root (0.37 %) points to the binding of Zn2+ with a high aﬃnity ligand in the root cell. We conclude that Zn stable isotopes may help to estimate underground and aerial Zn storage in plants and be useful in studying extracellular and cellular mechanisms of sequestration in the root.



’ INTRODUCTION In living organisms, zinc is the most abundant transition metal after iron. It is an essential catalytic component for a wide range of enzymes and plays a structural role in many proteins. Understanding the mechanisms of Zn uptake, transport and storage by plants is of critical importance for pollution and nutrition issues. The ability of plants to deal with either excessive or deﬁcient levels of Zn in the soil are important adaptative responses. These adaptations form the basis for the phytoremediation and phytostabilization of contaminated soils and for the biofortiﬁcation of crops. Excessive levels of Zn occur in soils contaminated by mining and smelting activities, in agricultural soil treated with sewage sludges and in urban and periurban soils.1 However, Zn deﬁciency is a widespread limiting factor to crop production.2 While elemental analysis allows one to document the distribution of Zn in soil and plants, one potential way to improve our understanding of uptake and traﬃcking of Zn in plants is to use stable Zn isotope ratios. The ﬁve stable isotopes 64Zn, 66Zn, 67Zn, 68Zn and 70 Zn have average natural abundances of 48.6, 27.90, 4.10, 18.75 and 0.62%, respectively. Recent developments in multiple-collector inductively coupled mass-spectrometry (MC-ICP-MS) have allowed highly precise measurements of the stable isotope composition of zinc.3,4 They have revealed large natural variations in the abundances of the stable zinc isotopes between photosynthetic organisms and their growth medium and between organs of higher plants.58 Plant organs (leaf, stem, root) collected in the ﬁeld show a r 2011 American Chemical Society



wide δ66Zn range between 0.91% to 0.75%.7 Germination experiments on lentils have shown a systematic depletion in heavy isotopes of 0.34% between leaves and seeds.8 Plant cultures on hydroponic solution have provided evidence for an enrichment in heavy isotopes of 0.08 to 0.18% from solution to root and depletion from root to shoot of 0.13 to 0.26%, the extent of which depends on the species studied (tomato, lettuce, rice).5 The above data indicate that large isotope fractionations are associated with Zn uptake and translocation. The Zn isotope ratios could thus potentially be used as a tracer of uptake, storage and translocation processes in the plant if we can assign a fractionation value to each process. The uptake of Zn has been reported to lead to a depletion in heavy isotopes in the diatom Thallassiosira oceanica.6 The extent of the depletion varied with increasing Zn concentration from 0.2% to 0.8%, corresponding to the switch from high- to low- aﬃnity transport into the cell. A very similar, and better characterized, transport machinery is used by higher plants to incorporate Zn, which could also lead to Zn isotope fractionation. Within the plant, Zn isotope compositions can yield information on the main translocation and storage steps as well as help to estimate translocation ﬂuxes between the diﬀerent plant Zn compartments.9 Received: March 16, 2011 Accepted: September 1, 2011 Revised: August 1, 2011 Published: September 01, 2011 9212
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Environmental Science & Technology The Zn hyperaccumulator Arabidopsis halleri and nonaccumulator A. petraea (A. lyrata ssp. petraea) are central models for the study of metal uptake and translocation. The Zn hyperaccumulator A. halleri can grow in the presence of high levels of zinc and translocate exceptionally high amounts of metal to the shoot with leaf Zn concentration as high as 5% dry wt.10 Its sister species A. petraea was isolated from a noncontaminated soil and does not accumulate Zn in its shoot. They are the sister clade to A. thaliana whose genome has been entirely sequenced and from which putative Zn transporters have been characterized.11 Enhanced Zn uptake into root cells is thought to be driven by transporters of the ZIP (zinc-regulated transporter, iron-regulated transporter protein) family.11,1315 Eﬃcient translocation of Zn to the shoot requires active xylem loading and has been shown to depend on enhanced activity of the heavy metal transporting ATPase 4 (HMA4).16 In the root cells, eﬄux of Zn from the cytosol into the vacuole seems to be catalyzed by the cation diﬀusion facilitator MTP1 12,18 while the role of diﬀerent chelators (nicotianamine, phytochelatines) in Zn transport is still a matter of debate.17 Extended X-ray absorption spectroscopy (EXAFS) has identiﬁed Zn phosphate as storage forms in the roots of A. halleri and A. petraea, either as cell wall disordered inorganic phosphate or as cellular organic phosphate.19,20 The present study focuses on the use of Zn isotope fractionations in connection with uptake and root-shoot translocation to address Zn transfer mechanisms and ﬂuxes. The growth of the hyperaccumulator A. halleri and nonaccumulator A. petraea under controlled conditions allowed us to (i) investigate the isotope fractionation with uptake in the hyper- and nonaccumulator, (ii) model the Zn isotope fractionation in the root as a function of the extent of translocation to shoot, and (iii) propose constraints on putative sequestrations mechanisms in the root.



’ MATERIAL AND METHODS Experimental Setup and Sample Collection. The provenance of the seeds of A. halleri and A. petraea used in this study has been given previously.10 Seeds were germinated on a mixture of sand and compost in a greenhouse. Two weeks after germination seedlings were transferred to polycarbonate vessels containing 7-l of nutrient solution under aeration with three to six plants per vessel. The nutrient solution consisted of Ca(NO3)2, 0.5 mM; MgSO4, 2 mM; KNO3, 0.5 mM; K2HPO4, 0.1 mM; CuSO4, 0.2 μM; MnCl2, 2 μM; H3BO4 10 μM; MoO3, 0.1 μM; FeEDDHA (Fe(III)-ethylenediamine-di(o-hydroxyphenylacetic acid)), 10 μM. Zinc was added as Zn sulfate. We conducted five experiments with (1) A. petraea at starting Zn concentration of 0. Five μM for two weeks and then at Zn concentration of 10 μM, (2) A. petraea at Zn concentration of 10 μM, (3) and (4) A. halleri at Zn concentration of 10 μM and (5) A. halleri at Zn concentration of 250 μM. The Zn concentration of 10 μM is a nontoxic concentration that permits both species to grow healthily whereas 250 μM is toxic for A. petraea but not for A. halleri.10 The solution was regularly sampled, Zn concentration measured, and the solution renewed to avoid Zn depletion in the growth vessel. Nutrient solution volume variations remained lower than 5% in the course of the experiments. The plants were grown in a climatic growth chamber. For experiments (1), (2), (4), and (5), conditions were 16 h day length, 24 °C/18 °C day/ night temperature, 60% relative humidity. For experiment (3), conditions were continuous light, temperature of 24 °C, 50% relative humidity. Day conditions are 160 μmoles photons m2 s1.
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Figure 1. Zn concentration and δ66Zn in nutrient solutions over time. A. petraea (A.p.): a, b and A. halleri (A.h.): c,d,e. The blue dashed line represents the initial solution concentration, the green one the initial solution δ66Zn. Error bars show 2σ external reproducibility. Solution renewal is indicated by thin vertical dashed lines. The δ66Zn prior to renewal generally matches the initial one. Two exceptions are the solutions largely depleted in Zn at the end of experiments (3) and (4) (with low Zn, A. halleri).



Plants of A. petraea and A. halleri were harvested six and four weeks after their transplantation, respectively. Shoot and root from three individual plants per vessel were separated, washed several times with ultrapure (18.2 MΩ) water in order to release Zn adsorbed on root as performed in previous studies.5,19,21,22 Plant materials were freeze-dried and weighted prior to analysis. Zn Isotope Measurements. Zn was extracted by anion exchange chromatography from nutrient solutions, roots and shoots following a procedure adapted from Moynier et al.8 Concentrations of Zn were measured by quadrupole inductively coupled plasma spectrometry (ICP-MS) on nutrient solutions and on the root and shoot digests prior to Zn purification. The Zn isotope ratios were measured by multicollector inductively coupled plasma mass spectrometry (MC-ICP-MS) using an Nu plasma 500 HR (Nu instrument). Mass spectrometry and data processing procedures followed previously described methods.4,22 The Zn isotopic compositions were expressed as the relative deviation from the Zn Lyon standard JMC 30749 L 3 in %: δx Znsample ¼ ½ðx Zn=64 ZnÞsample =ðx Zn=64 ZnÞstandard  1103 ð1Þ where x = 66, 67, or 68. The total procedural blank was less than 10 ng. The instrumental reproducibility based on repetitive δ66Zn measurements of JMC 30749 L standard over six months was 0.06% (2σ). 9213
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Measurements of six replicates (including sample digestion and column separation) from the initial nutrient solution yield an external reproducibility of 0.08% (2σ). Duplicates from shoot or root material fell within external reproducibility. We checked that isotope fractionation is mass-dependent for all the samples (δ67Zn = 1.47 δ66Zn, r2 = 0.99, n = 134) and we report here one isotopic ratio 66Zn/64Zn. To express the isotope fractionation between two components A and B, we used Δ66ZnA-B that equals the diﬀerence δ66ZnA  δ66ZnB.



’ RESULTS Zn Concentration and Isotope Composition in Nutrient Solution. The evolution of the Zn concentration in the nutrient



solution ([Zn]sol.) over time is shown in Figure 1. The end solution concentration before renewal is generally similar to the initial state for A. petraea (Figure 1a, b). In contrast, when grown in 10 μM Zn plants of A. halleri quickly depleted the medium in Zn after the fourth week transplantation (Figure 1c,d), which is why plants of A. halleri were harvested at that stage. When an initial concentration of 250 μM Zn was used, Zn concentration systematically dropped to ca. 200 μM in the end solution before renewal (Figure 1e). The variation in the concentration of other metals (Fe, Cu, Mn, Ca, Mg, K, Mo) between initial and end solutions falls within analytical uncertainty with uptake being quite small relative to the metal stock in solution with the exception of Mo. The pH was 7.3 for initial media. Prior to the renewal of the solutions, it dropped to 6.8 in the low Zn media and to 6.2 in the high Zn media. The theoretical equilibrium pH, Zn speciation and saturation indices for Zn minerals were calculated with the MINTEQA2 program and EDDHA acidity constants and complexation constants from references.23,24 The predicted pH for the nutrient solution at equilibrium with atmospheric CO2 is 7.3 in good agreement with measurements in initial solutions. Free Zn2+ is the major species (84%) and aqueous ZnSO4 a minor species (14%). Undersaturation versus Zn solid phases was found except for hopeite (Zn3(PO3)4,4H2O). The low Zn media are close to saturation versus hopeite (with a saturation index of 0.4 at pH of 7.3 to 0.9 at pH of 6.8). The high Zn media are initially oversaturated (with a saturation index of 4.6); they become close to saturation with a ﬁnal concentration of 200 μM Zn and a pH of 6.2 (with a saturation index of 0.5). Thus, the systematic loss of Zn and the decrease in pH that were observed in the high Zn media may be due to phosphate precipitation. The isotopic composition of the nutrient solution (δ66Znsol.) over time is shown in Figure 1. The isotopic composition of the initial solution is 0.20 ( 0.08%. The isotopic composition of the nutrient solution prior to renewal generally matches the initial one within analytical uncertainty. Two exceptions were the solutions most depleted in Zn at the end of experiments (3) and (4) that showed a large enrichment in heavy isotopes (Figure 1c,d). For each experiment, the isotope composition of the source of Zn for the plant (δ66Znsource) is calculated as the average isotope composition of the nutrient solution measured at each step. Zn Concentration, Mass and Isotopic Composition in Root and Shoot. The Zn concentrations in root ([Zn]root) and shoot ([Zn]shoot) are given for the five experiments, (1) to (5), in Figure 2a,b. The different plants analyzed show large differences in zinc partitioning between hydroponic solution, root and shoot. The [Zn]root, [Zn]shoot, and [Zn]shoot/[Zn]root ratio (ca. 48



Figure 2. Concentration in Zn (a,b), dry mass (c,d) and Zn mass (e,f) of root and shoot of the nonaccumulator A. petraea and hyperaccumulator A. halleri for the ﬁve experiments (1) to (5). The initial Zn concentrations are indicated for each experiment. DW: dry weight.



mg/g, 0.50.6 mg/g, 0.1, respectively) of A. petraea grown at 10 μM matches those reported for this species under similar conditions.10,20 In low Zn medium (10 μM Zn), the hyperaccumulator A. halleri has a [Zn]root close to that of A. petraea, while it has a higher [Zn]shoot and a higher [Zn]shoot/[Zn]root ratio (of 3). The A. halleri plants grown in the high Zn medium (250 μM Zn) show only slight increase in [Zn]shoot but 10-fold-increase in [Zn]root and consequently a low [Zn]shoot/[Zn]root ratio (of 0.4). Our observed [Zn]shoot and [Zn]root are higher than those reported previously in low Zn medium for A. halleri.10,15,19,21 As A. halleri plants grown for several weeks quickly removed Zn from the low Zn medium, the above discrepancy can be explained by our efforts to maintain the Zn concentration constant over the duration of the experiment leading to higher availability and uptake by the plants. Zn partitioning between high Zn medium, root and shoot was in good agreement with a previous study made under similar conditions.19 When looking at Zn transfer in the plant, it is essential to determine precise mass-balances of the element in the diﬀerent organs.5 Masses of Zn in the root MZn,root and shoot MZn,shoot (Figure 2e,f) were calculated using dry biomasses of root Mroot and of shoot Mshoot (Figure 2c,d) and Zn concentrations of root and shoot (Figure 2a,b). The mass of Zn stored in the root of A. petraea (Figure 2e) is equal to or higher than that exported to the shoot. In contrast, the mass of Zn stored in the root of the hyperaccumulator (Figure 2f) is much smaller than that stored in the shoot with shoot-to-root Zn mass ratios decreasing between low and high Zn media (1015 to 2). The Zn isotope compositions of the root (δ66Znroot) and the shoot (δ66Znshoot) of individual plants are shown, along with those of the Zn source, in Figure 3. For each experiment, the roots of individual plants generally fell in a quite narrow range as did the shoots. Depletion in heavy isotopes is observed from root 9214
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Figure 4. Zn isotope compositions as a function of fraction of Zn left (f) for nutrient solutions of A. halleri plants under low Zn (10 μM). The curve represents the best ﬁt between δ66Znsol. and ln f using a Rayleigh fractionation model for plant uptake.



older A. halleri plants grown under low Zn conditions (Figure 1c,d). The Zn drop and isotope shift depended on species and plant age and are thus unequivocally related to plant uptake. The solution can be considered as an open system with Zn loss limited to plant uptake. A Rayleigh type mass-balance yields: δ66 Znsol: ¼ δ66 Znsol:, 0 þ δ66 Znin-source ln f



Figure 3. Zn isotope compositions of source Zn (black disks), root (gray disks), and shoot (circles) of individual plants for the ﬁve experiments (1) to (5) (A. p.: A. petraea; A. h.: A. halleri; 10 or 250 μM: initial Zn concentration of the nutrient solution). External reproducibility is 0.08% (2σ). Isotope composition estimates for the whole plant δ66Znin (triangles) are based on Zn masses and isotopic compositions of roots and shoots.



to shoot for the two species with average Δ66Znroot-shoot of 0.64 ( 0.22% in A. petraea (2σ; n = 6) and 0.66 ( 0.22% in A. halleri (2σ; n = 9). The two species present large diﬀerences of root and shoot δ66Zn values. The roots of A. petraea lie close to that of source zinc while those of A. halleri are enriched in heavy isotopes by 0.4 to 0.8%. Shoots are more largely depleted in heavy isotopes relative to source zinc in A. petraea than in A. halleri. Mean depletion from source zinc to shoot is 0.15 ( 0.14 % in A. halleri and 0.66 ( 0.22 % in A. petraea.



’ DISCUSSION Isotope Fractionation with Zn Uptake. Our experimental setup generally allowed us to keep the isotope composition of the source Zn constant in the different growth experiments (Figure 1). Thus, the isotope fractionation due to uptake can be estimated from the difference between the δ66Zn of the whole plant and that of δ66Znsource. The isotope composition of the whole plant Zn δ66Znin (Figure 3) can be estimated according to the following:



δ66 Znin ðMZn, root þ MZn, shoot Þ ¼ δ66 Znroot MZn, root þ δ66 Znshoot MZn, shoot



ð2Þ



The fractionation between plant and source (Δ66Znin-source) yielded overall depletion in heavy isotope ranging from 0.36 to 0.12% in A. petraea (mean 0.19 ( 0.20%) and from 0.13 to 0% in A. halleri (mean 0.05 ( 0.12%). The fractionation linked to uptake can also be inferred from the isotopic compositions of the nutrient solutions that show a large Zn drop and isotope shift. This was observed only for the



ð3Þ



where δ66Znsol. and δ66Znsol., 0 are the δ66Zn of actual and initial solution respectively. The fraction of Zn left in solution f is given by the ratio between actual and initial Zn concentration in solution (as the volume variation of the solution was of less than 5% in the course of the experiment). The ﬁtting parameters between δ66Znsol. and ln f (Figure 4) yield a depletion in heavy isotopes due to plant uptake (Δ66Znin-source) of 0.15%, which is consistent with the Δ66Znin-source values inferred from the isotopic compositions of plant and source Zn. The isotope fractionation from medium to the plant (Δ66Znin-source) possibly results from three diﬀerent mechanisms: transportermediated uptake by root cells, adsorption-precipitation on outer root surfaces and advection with the transpiration stream. Advection does not fractionate isotopes and will reduce the putative eﬀects of other processes. Zn adsorbed on root was removed with ultrapure water following previous studies.5,19,21 Most of the Zn adsorbed on outer root surfaces (and cortical cell walls) should be removed after this extraction.25 Zinc phosphate precipitates have been detected by SEM-EDX on the outer root surfaces of A. halleri plants grown on hydroponics. However, these precipitates have only been observed for A. halleri plants growing at higher Zn concentration than ours (500 μmol Zn) and not at lower concentrations. Thus, the contribution of root surface Zn in our study should be very limited. The Zn isotope data is consistent with this assumption. Indeed, adsorption-precipitation on the outer root surfaces cannot explain the large diﬀerence in root δ66Zn that is observed between A. halleri and A. petraea plants grown in similar media. Furthermore, Zn of cell wall has been found enriched in heavy isotopes relative to Zn2+ in the external medium.6,26 Adsorptionprecipitation on outer cell surfaces thus cannot account for the overall depletion in heavy isotopes from medium to the plant that is likely due to transport-mediated uptake. Molecular studies have demonstrated that Zn2+ is taken up in the root cell by transporters of the ZIP family.11 The isotope fractionation for uptake (Δ66Znin-source) close for A. petraea and A. halleri conﬁrms that similar transporters operate in the hyperaccumulator and nonaccumulator. 1315 Noticeably, the Δ66Znin-source values match that reported for the highaﬃnity Zn transporter of the plasma membrane in diatoms, e.g., 0.2%.6 This suggests that the ZIP-transporters active in 9215
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Figure 5. Δ66Znshoot-in as a function of F, the fraction of Zn translocated to shoot F. F is given by Zn mass-ratio between shoot and whole plant. The curve represents the best ﬁt between Δ66Znshoot-in and ln F. The ﬁt supports Rayleigh fractionation of Zn isotopes in the root and an associated isotope fractionation of 0.37% during root sequestration for both plant species.



Arabidopsis have a high aﬃnity for Zn. In our growth media, theoretical speciation predicts Zn2+ to be the dominant species and not signiﬁcantly complexed by organic ligand. The depletion in heavy isotopes from the medium to the plant is thus likely due to the interaction of Zn2+ with the ZIP transporters. Isotope Model for Root-Shoot Translocation. While the hyperaccumulator and nonaccumulator present relatively small heavy isotope depletion with uptake (Δ66Znin-source), they largely differ by their shoot and root isotope compositions. The shoot is depleted in heavy isotopes relative to whole plant Zn in the nonaccumulator (with Δ66Znshoot-in values ranging from 0.59 to 0.21%) and only slightly depleted in the hyperaccumulator (with Δ66Znshoot-in values ranging from 0.22 to 0.03%). These two species differ essentially in terms of Zn uptake and root-shoot translocation. Plotting Δ66Znshoot-in as a function of the fraction of Zn translocated to shoot F confirmed the correlation between the two variables (Figure 5). To model the relation between Δ66Znshoot-in and F, we tested a Rayleigh mass-balance describing the loss of Zn in root as Zn moved toward the xylem: Δ66 Znshoot-in ¼ δ66 Znshoot  δ66 Znin ¼ Δ66 Znstorage ln F ð5Þ where δ66Znin represents the δ66Zn of Zn incorporated in the plant, Δ66Znstorage the isotope discrimination between sequestered and mobile (free or weakly bound) Zn in the root. The data produced an excellent fit between Δ66Znshoot-in and lnF (Figure 5) thus supporting the scenario of a progressive sequestration of Zn in the root during its radial transfer to the xylem. The fitting parameters yielded a single value for Δ66Znstorage of 0.37% for both species. This indicates the occurrence of a large and consistent isotope fractionation associated with root sequestration in the two species. Our results confirm that the mechanisms of root-shoot translocation in both species may be identical 1218 at the exception of the fluxes involved. Root Sequestration Processes. The chemical form of Zn has been determined by EXAFS in roots of A. halleri and A. petraea grown in media similar to those used here.19 Zn has been found to occur partly as Zn malate in roots of A. petraea and otherwise to be bound to phosphate groups in the roots of A. halleri and A. petraea. Zinc bound to phosphate could be either disordered inorganic phosphate or organic phosphate (phytate) presumably present in cell wall and inside the cell, respectively.19,20 Isotopic fractionation linked to the precipitation of Zn phosphate has not



Figure 6. Zn isotope compositions as a function of fraction of Zn left (f) for nutrient solutions (250 μM Zn) initially oversaturated versus Zn phosphate (hopeite). Hypothetical precipitation curves for closed system isotopic equilibrium (dashed) and for Rayleigh fractionation (bold) are shown for an isotope fractionation of 0.4% between precipitate and solution.



yet been documented. In our experiments, the high Zn nutrient solutions suffered a systematic 20% drop in Zn concentration related to phosphate precipitation. This allowed us to attempt a characterization of the isotope fractionation associated with Zn phosphate precipitation. For the fraction of Zn left in solution f in present experiments, no significant isotope shift is observed between initial and final solution (Figure 2e). Model isotope compositions of the solution were calculated using an isotope discrimination of 0.4 % between Zn precipitated and Zn in solution. The measured data lie significantly above the model curves (Figure 6). Available isotope data thus show that inorganic phosphate precipitation does not account for the isotope fractionation associated with root storage (∼0.4%) and rather support the hypothesis of cellular sequestration. Cellular storage is also indicated by upregulation of vacuolar Zn transporter MTP1 (metal tolerance protein 1) upon exposure to high Zn concentration in roots of A. halleri.12 The large positive isotope fractionation associated with root storage is consistent with isotopic exchange between free (or weakly bound) Zn2+ and Zn bound to a high affinity ligand. For comparison, large positive isotope discrimination of 0.4% has been reported between Zn of high affinity sites of organic macromolecules (humic acids) and free Zn2+ in solution.27 Implications for Biogeochemical Cycling of Zn. Several biogeochemical implications arise from this work. First, monitoring of the isotope ratio in the growth media and isotope measurements in final roots and shoots show an overall depletion in heavy isotopes from the growth medium to the plant (Δ66Znin-source = 0.36 to 0%, n = 15). Theoretical Zn speciation predicts that the free cation Zn2+ is the dominant species in the initial nutrient solutions used. Thus, the observed isotope fractionation is likely due to the biological uptake of Zn and not to Zn complexation in the solution. Consequently, the bioavailable Zn is expected to get enriched in heavy isotopes with increasing uptake. Second, our results confirm the occurrence of a large systematic depletion in heavy isotopes from root to shoot.5 Furthermore, we show that the isotope fractionation between shoot Zn and whole plant Zn (Δ66Znshoot-in) differs between the hyperaccumulator A. halleri and the nonaccumulator A. petraea as a function of the extent of translocation from root to shoot. This indicates that the δ66Zn of shoot and zinc source can be used to estimate the relative sizes of underground and aerial Zn sinks in plants. Third, Zn stable isotope measurements could usefully complement spectroscopic investigations of Zn storage forms. Indeed, previous EXAFS investigations in roots of A. halleri and petraea have demonstrated Zn binding to phosphate,19 but could not differentiate between cellular sequestration in organic phosphate and extracellular precipitation in 9216
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Supporting Information. Dry biomasses, Zn concentration, δ66Zn of shoot and root and isotope fractionations for the A. halleri and A. petraea plants studied (Table S1). This material is available free of charge via the Internet at http://pubs.acs.org.
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