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[bookmark: OLE_LINK122][bookmark: OLE_LINK123][bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK104][bookmark: OLE_LINK35][bookmark: OLE_LINK36]ABSTRACT: This study employs stable isotope analysis to investigate the mechanisms of cadmium (Cd) and zinc (Zn) interaction in the metal hyperaccumulating plant species Sedum plumbizincicola. To this end, the Cd and Zn isotope compositions of root, stem, leaf and xylem sap samples were determined during metal uptake and translocation at different Cd and Zn concentrations. The enrichment of light isotopes of both elements in plants during uptake was less pronounced at low metal supply levels, likely reflecting the switch from a low-affinity to a high-affinity transport system at lower levels of external metal supply. The lower δ114/110Cd values of xylem sap when treated with a metabolic inhibitor decreasing the active Cd uptake further supports the preference of heavier Cd isotopes during high-affinity transport. The Δ66Znplant-initial solution or Δ66Znplant-final solution values were similar at different Cd concentrations, indicating negligible interaction of Cd in the Zn uptake process. However, decreasing Zn supply levels significantly increased the enrichment of light Cd isotopes in plants (Δ114/110Cd = −0.08‰) in low-Cd treatments but reduced the enrichment of light Cd isotopes in plants (Δ114/110Cd = 0.08‰) under high Cd conditions. A systematic enrichment of heavy Cd and light Zn isotopes was found in root-to-shoot translocation of the metals. The Cd concentrations of the growth solutions thereby had no significant impact on Zn isotope fractionation during root-to-shoot translocation. However, the ∆114/110Cdtranslocation values hint at possible competition between Cd and Zn for transporters during root-to-shoot transfer and this may impact the transport pathway of Cd. The stable isotope data demonstrate that the interactions between the two metals influenced the uptake and transport mechanisms of Cd in S. plumbizincicola but had little effect on those of Zn.
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Synopsis: Isotopic analysis demonstrates interactions between Cd and Zn clearly impacting Cd uptake and translocation strategies of the hyperaccumulator Sedum plumbizincicola. 
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1. INTRODUCTION
Excessive cadmium (Cd) and zinc (Zn) concentrations within metabolically active organs can cause severe physiological toxicity to most plants. However, certain plant species, termed Cd- or Zn-hyperaccumulators, can tolerate and accumulate > 100 mg Cd kg−1 or 10000 mg Zn kg−1 dry weight in the shoots1. For example, Sedum plumbizincicola, a Cd- and Zn-hyperaccumulator, can accumulate up to ~ 7000 mg Cd and 20000 mg Zn kg−1 in its aerial parts with no toxicity symptoms2, 3. Due to its potential for removing Cd and Zn from soils, S. plumbizincicola is now in use for large-scale phytoextraction of Cd and Zn from contaminated agricultural soils.4, 5
Cadmium and Zn have similar geochemical properties, often coexist in ore deposits, and are released to surrounding soils together during mining and smelting operations6. Interactions between Cd and Zn often occur in biogeochemical reactions in the soil-plant system. Published studies on such interactions focus mainly on crops such as wheat7 and rice8 but few concern hyperaccumulators. Previous work reports different interaction effects of Zn on plant uptake of Cd. In the hyperaccumulators Noccaea caerulescens and Arabidopsis halleri, higher Zn concentrations decreased plant Cd uptake9, but in the hyperaccumulator Sedum alfredii, relatively low-level Zn additions (< 500 μM) stimulated Cd uptake and translocation to the shoots, whereas high Zn levels (1000 μM) inhibited Cd accumulation in the shoots10, 11. These studies focused mainly on the apparent impacts of Zn and Cd interactions on plant uptake and translocation of these metals but only limited information is available on the underlying processes responsible for the interactions.
Interactions between metals can affect activities of ions in solution12, ion uptake and transport processes within plants13, and plant growth (e.g., root morphology)11. Generally, larger Zn additions will increase the ionic strength of the nutrient solutions, thus decreasing Cd2+ activity coefficient according to the Debye-Hückel theory14. However, more Zn in the nutrient or soil solution will also compete with Cd for various chelating ligands (e.g., EDTA or low-molecular-weight organic acids), thereby increasing Cd2+ activity. In addition, Cd and Zn will compete for the uptake and translocation pathways in plants. Both metals can enter root cells via non-selective ion channels15 and some Zn-specific transporters have low affinity for Cd16. Furthermore, external Zn and Cd supplies can influence the activities of different available transporters in the plasma membrane which mediate metal uptake and translocation. As suggested by Li et al. (2009)11, enhanced Cd uptake by S. alfredii with increasing Zn supply may reflect the activity of a specialized metal transporter in the plasma membrane that is induced by the Zn addition. Notably, the genes encoding uptake transporter proteins from the ZIP (zinc-regulated transporter, iron-regulated transporter protein) family (e.g., NcZNT116 and SaZIP417), which have high-affinity to Zn, were highly expressed in both shoots and roots in Zn-deficient conditions. The expression of metal transporters genes responsible for root-to-shoot translocation is also upregulated when N. caerulescens and A. halleri are exposed to high Cd and Zn levels.18 Therefore, further understanding of the dominant mechanisms responsible for the interactive effects between Zn and Cd is desirable. 
Recent studies19, 20, 21, 22 indicate that stable isotope analysis is an effective tool to identify the biochemical processes that govern metal homeostasis in plants, because these processes influencing metal phytoavailability, plant uptake and translocation can cause detectable isotope fractionations in plants. For example, Weiss et al. (2005)19 and Wei et al. (2018)23 found that when larger fractions of Zn or Cd in the hydroponic nutrient solution are chelated by organic ligands (e.g., EDTA), the free ion concentrations are lower and the corresponding Zn and Cd isotope compositions of the plants are lighter. During the metal uptake process, low- and high-affinity uptake systems are historically differentiated based on the Michaelis-Menten constant22. Generally low-affinity uptake systems (e.g., ion channels and electrogenic pumps) act at higher phytoavailable metal concentrations while high-affinity uptake systems (e.g., specific transport proteins) act at low phytoavailable metal concentrations22. These two uptake systems are suggested to cause distinct isotope fractionations with the low-affinity systems enriching lighter isotopes compared with the high-affinity systems.19, 24 For example, the nonaccumulating plant Thlaspi arvense showed lighter Zn isotope compositions at high Zn (Δ66Znplant‑solution = −0.26‰) than low Zn (Δ66Znplant‑solution = −0.16‰) levels as a results of the functioning of low-affinity uptake systems when external Zn supply increases20. In contrast, Δ66Znplant-solution values revealed no significant differences at low and high Zn levels (−0.06 and −0.12‰, respectively) in the Zn hyperaccumulator N. caerulescens20. This suggests that high-affinity Zn transporters still functioned effectively at a relatively high Zn concentration of 50 μM. The Zn hyperaccumulators (e.g., N. caerulescens) use high-affinity transporters (e.g., ZNT116) to promote Zn uptake even at high Zn levels. Similarly, Cd hyperaccumulators may have specific transporters in the plasma membranes to facilitate Cd uptake in addition to the low-affinity transport system provided by ion channels. This is supported by the finding that Cd uptake by the hyperaccumulator N. caerulescens was not inhibited by adding excess Zn25 and the observation of heavy Cd isotope enrichment in S. plumbizincicola relative to the phytoavailable Cd pool in the soil26. The Cd isotope fractionation in hyperaccumulators resulting from transmembrane uptake under various Cd supply conditions is currently unclear. 
Furthermore, competition between metals for the uptake systems might impact the metal isotope fractionation that is seen in plants. The only previous isotopic study13 to investigate metal interactions in plants with a combination of feed solutions differing in Zn and nickel (Ni) concentrations found that higher Zn concentrations in the nutrient solutions significantly suppressed plant Ni uptake via Zn ion channels which favors light Ni isotopes, thus decreasing the extent of light Ni isotope enrichment in the plants.
[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK44]Once metal ions are taken up into the root symplast, vacuolar sequestration and xylem loading are the major processes governing metal transfer from roots to shoots.13, 24 The HMA3 (heavy metal ATPase) tonoplast transporter plays an important role in the transport of Cd into vacuoles and thus supports shoot Cd accumulation and hypertolerance of the hyperaccumulators N. caerulescens27, S. alfredii28 and S. plumbizincicola29. Notably, transgenic yeast cells which express HMA3 proteins of cacao show lighter Cd isotope composition than controls.30 Xylem loading depends on the plasma membrane transporters that export metals from the cytosol to the xylem. Previous work indicates that HMA4 plays an important role in Cd and Zn loading of the xylem in N. caerulescens and A. halleri18, 31, 32 and this may also induce isotope fractionation. During metal translocation within the aboveground parts (e.g., from stem to leaf), metal retention in stems is suggested to play an important role. For example, heavier Cd isotopes within shoots were further exported to the leaves in rice33 or the grains in wheat21, indicating the chelation of light Cd isotopes by thiol-containing peptides in stems. 
The results summarized above indicate that the processes governing the uptake and translocation of Cd and Zn in plants can generate distinct isotopic signatures for both elements. Here, we investigate these isotopic fingerprints to trace the biochemical processes responsible for Cd and Zn interactions in the hyperaccumulator S. plumbizincicola. The plants were cultured hydroponically at different Cd and Zn supply levels and the concentrations and isotopic compositions of both elements were then determined in root, stem, leaf and xylem sap samples. Key objectives were (1) to investigate the impact of Cd and Zn interaction on the isotope fractionations during Cd and Zn uptake and translocation in S. plumbizincicola; and (2) to link the observed isotopic fractionations with the processes of Cd and Zn uptake and translocation in response to external metal supply changes. 

[bookmark: OLE_LINK21][bookmark: OLE_LINK20]2. MATERIALS AND METHODS
2.1. Hydroponic Experiments with Different Cd and Zn Levels. Five seedlings of uniform size were cultivated in a plastic pot containing 0.8 L quarter-strength Hoagland solution. All nutrients in the Hoagland solution were added as soluble salts, except Fe that was added as Fe-EDTA. Four treatments spiked with different levels of Cd and Zn (as sulfates) were set up, namely: low Cd (1 μM) and low Zn (10 μM), designated as L-Cd + L-Zn; low Cd (1 μM) and high Zn (500 μM), L-Cd + H-Zn; high Cd (50 μM) and low Zn (10 μM), H-Cd + L-Zn; and high Cd (50 μM) and high Zn (500 μM), H-Cd + H-Zn. There were three replicate pots of each treatment. During the plant growth period the solutions were maintained at a pH of 5.50 ± 0.10 and renewed twice weekly. The plants were harvested after two weeks of growth and separated into roots, stems, and leaves. Then roots were first washed with tap water, rinsed twice with deionized water, then soaked in 0.02 M Na2EDTA solution for 30 min to remove metals adsorbed onto the root surfaces, and finally rinsed again twice with deionized water. Fresh stem and leaf samples were washed with tap water and rinsed twice with deionized water. Finally, all plant parts were dried at 75 °C to constant weight and ground with an agate mortar (60 mesh, < 0.25 mm) for metal analysis. The parts of five plants grown in one pot were mixed and treated as a single replicate. The additional information on seedling cultivation and experiment management are given in Section S1 of the Supporting Information. 
2.2. Experiment with a Metabolic Inhibitor Treatment. Cadmium isotope fractionation during active uptake via high-affinity transporters was explored using the metabolic inhibitor DNP (2, 4-dinitrophenol, 50 μM) which can inhibit biosynthesis of ATP and reduce metal active uptake dependent on energy. The DNP concentration of 50 μM was selected based on Li et al. (2017)34 who found that 50 μM DNP addition suppressed Cd uptake at the root surfaces of S. plumbizincicola by ~ 70% relative to the control treatment. Four treatments were set up, namely (1) L-Cd (1 μM) + L-Zn (10 μM); (2) H-Cd (50 μM) + L-Zn; (3) L-Cd + L-Zn + DNP; (4) H-Cd + L-Zn + DNP.
Twelve uniform-sized seedlings were pre-exposed in a plastic box containing 8 L quarter-strength Hoagland solution spiked with different concentrations of CdSO4 and DNP for a short period (3 h). Then all the plant roots were rinsed with deionized water and transferred to the corresponding solutions without DNP before xylem sap collection (a preliminary experiment showed that no sap sample can be obtained in the presence of DNP). 
The method described by Liu et al. (2021)35 was used to collect xylem sap. Each plant was cut 2−3 cm above the junction point of root and shoot. The xylem sap was collected from the cut surface with an inverted Eppendorf tube filled with absorbent cotton for 3 h from 18:00 to 21:00. A filtrate of the xylem sap was then acquired by centrifuging at 5000 ×g for 5 min at 4 ℃ and diluting with 1% (v/v) HNO3 solution for determination of Cd concentration. Considering the large variations in the Cd concentrations of sap samples from individual plants, more replicates were included. Each plant was treated as a single replicate and there were twelve replicates for each treatment for the determination of Cd concentrations; four of these twelve replicates were randomly chosen for Cd isotopic analysis.
2.3. Determination of Isotope Compositions. Following digestion, sample solution aliquots were mixed with a 111Cd-113Cd double spike (DS) or a 64Zn-67Zn DS and then treated by anion exchange chromatography to separate the two elements prior to the isotopic analyses. Further details are provided in Section S2 of the Supporting Information. 
The Cd and Zn isotope compositions of the samples are reported as δ114/110Cd and δ66Zn values (in ‰) relative to the NIST 3108 Cd and JMC Lyon Zn reference materials (RM): 
δ114/110Cd =                   (Eq. 1)
δ66Zn =  + Δ66ZnIRMM–JMC       (Eq. 2)
where Δ66ZnIRMM–JMC is the isotopic offset of 0.30‰ between the IRMM-3702 Zn RM, which was used in the measurements, and JMC Lyon Zn36, 37. 
Reference materials (NIST 1570, spinach leaves and NIST 2710 and 2711, soil) were also analyzed throughout the study for quality control. The analytical results are in excellent agreement with previously published values (Table S1).
2.4. Metal Speciation Modelling and Rayleigh Fractionation Modeling for Translocation. The Cd and Zn speciations in the nutrient solutions of four different treatments were modeled with Visual MINTEQ 3.0 software using the total dissolved cations and anions concentration at a solution pH of 5.50 as the input data.
Plants can be regarded as a closed system in which the Cd (or Zn) taken up by roots is successively transported to the shoots. Thus, Cd (or Zn) isotope fractionation associated with Cd (or Zn) transfer from root to shoot (Δ114/110Cdtranslocation or Δ66Zntranslocation) can be described using a Rayleigh mass balance equation:
δ114/110Cdsource− δ114/110Cdsink= Δ114/110Cdtranslocation × ln (fsink)   or
[bookmark: OLE_LINK228][bookmark: OLE_LINK229]δ66Znsource− δ66Znsink = Δ66Zntranslocation × ln (fsink)                       (Eq. 3)     
where δ114/110Cdsink (or δ66Znsink) and δ114/110Cdsource (or δ66Znsource) denote the isotope compositions of the Cd (or Zn) that is mobilized to a sink (e.g., the shoots) and present in the source (e.g., the whole plant), fsink represents the molar fraction of Cd or Zn in the sink relative to total Cd or Zn present in the source, and Δ114/110Cdtranslocation (or Δ66Zntranslocation) records the isotope fractionation factor that is associated with the incremental Cd (or Zn) translocation from source to sink.  
2.5. Calculations and Statistical Analysis. The methods used to calculate plant metal uptake and plant isotopic composition are summarized in Section S3 of the Supporting Information.
All data including the isotopic results are expressed as mean ± SE (standard error, n = 3 except the xylem sap data). All data were tested, following logarithmic transformation where appropriate, to ensure homogeneity of variance and normal distribution. Comparisons between samples were carried out using one-way analysis of variance (ANOVA) followed by least significant difference (LSD) tests at P < 0.05. The statistical analysis was conducted using Excel 2013, Origin 2015, and SPSS 21.0 for Windows.
[bookmark: OLE_LINK81][bookmark: OLE_LINK80]
3. RESULTS 
3.1. Metal Speciation, Plant Growth and Metal Uptake. Metal speciations calculated by Visual MINTEQ (Table S2) suggest that different metal treatments clearly altered Cd and Zn speciations in the nutrient solution. In the nutrient solutions of the four treatments, the percentage of free Cd2+ and Zn2+ varied from 0.6 to 37.2%, and 0.8 to 86.7%, respectively. Under the same Cd levels, increasing Zn concentration obviously enhanced free Cd2+ activity. Relative to the L-Cd + L-Zn treatment, the higher Cd level under the H-Cd + L-Zn treatment also enhanced free Zn2+ activity. 
The different Cd and Zn treatment levels showed no significant effect on plant growth as demonstrated by the similar biomass values of root, stem and leaf (Fig. S1). However, the plant and plant organ metal concentrations, and the masses of Cd and Zn taken up by and translocated within the plants, were significantly influenced by the metal supply levels. As shown in Table 1, Cd and Zn concentrations in roots, stems and leaves increased with increasing supply levels of the corresponding metals. 
As shown in Table 1 and Fig. S2, the hyperaccumulator allocated the majority of Cd and Zn to the shoots. The fractions of Cd and Zn in the roots were very small, accounting for 0.4‒2.4% and 1.4‒4.1% of total metal mass taken up by the whole plant, respectively. Additionally, a clear interaction between Cd and Zn was observed in metal uptake. For both the low and high Cd treatments, high Zn levels almost doubled root Cd concentrations and Cd mass but greatly decreased both shoot Cd concentrations (by 64.1 and 51.3%) and Cd mass (by 63.4 and 54.1%) compared to the low Zn treatments (Table 1). The Cd concentrations and uptake of the whole plants decreased by 51.1‒62.8% and 53.5‒62.6%, respectively, when the Zn supply concentration increased from 10 to 500 μM. Zinc uptake by the shoots and whole plants in the L-Zn + H-Cd treatment was ~ 36% lower than in the L-Zn + L-Cd treatment. However, higher Cd concentrations had no significant effect on root or shoot Zn uptake at high Zn supply.
3.2. Cd and Zn Isotope Composition in Solution. The initial nutrient solutions of the four treatments in Experiment 2.1, prepared by dilution from the same stock solutions, had identical isotope compositions considering the analytical error with mean values of δ114/110Cd = 0.12 ± 0.01‰ and δ66Zn = 0.21 ± 0.01‰ (Table S3).
Metal isotope compositions of free Cd2+ or Zn2+ in the initial nutrient solutions were calculated using the proportion data of free and EDTA-complexed Cd or Zn. The results show that with a higher percentage of Cd or Zn chelated by EDTA, the free Cd2+ or Zn2+ pool had lighter isotope composition (Table S4). Based on the theoretical isotope fractionation between EDTA-chelated Cd and hydrated Cd2+ species (Cd(H2O)62+ or Cd(H2O)42+)38, the δ114/110Cd of free Cd2+ in the four treatment solutions ranged from 0.04 to 0.12‰ or from −0.01 to 0.11‰. According to the finding by Ban et al. (2002)39 that free Zn2+ is isotopically lighter (by 0.16‰) than EDTA-bound Zn at equilibrium conditions in aqueous solutions, the δ66Zn range of the free Zn2+ pools of four treatments was 0.05‒0.20‰. 
Due to the superior ability of S. plumbizincicola to take up Cd and Zn from the nutrient solution, a large percentage of Cd or Zn in the initial solution was depleted within one nutrient solution renewal cycle, particularly in the L-Cd + L-Zn treatment (82.3% of Cd and 74.0% of Zn, Table S5). A simple estimation on the δ114/110Cd or δ66Zn values of the final nutrient solutions were conducted based on metal mass balance in the nutrient solution and plant uptake (See the Section S3 of the Supporting Information). Significant differences were observed between the initial and final nutrient solutions in Cd isotope compositions (by 0.09‒0.36‰) under the L-Cd + L-Zn, L-Cd + H-Zn and H-Cd + L-Zn treatments, and for Zn isotope composition (by 0.11‰) under the L-Cd + L-Zn treatment (Table S3).           
[bookmark: OLE_LINK50][bookmark: OLE_LINK51]3.3. Cd and Zn Isotope Composition in Plant. Similar Cd isotope fractionation patterns were found from solution to plant and within plants in all four treatments. They were characterized by a pronounced enrichment of isotopically light Cd in plants relative to the solutions (Δ114/110Cdplant-initial solution = −0.37 to −0.10‰ and Δ114/110Cdplant-final solution = −0.50 to −0.39‰), and heavier isotope compositions from root to shoot (Δ114/110Cdshoot-root = 0.20 to 0.30‰) (Fig. 1a and Table 2). It is apparent that the isotope fractionation between roots and shoots differed significantly between plants raised at the L-Cd + L-Zn and H-Cd + L-Zn treatments. In contrast, the Zn supply had a significant impact on Δ114/110Cdplant-initial solution only in the low-Cd conditions.  
[bookmark: OLE_LINK55][bookmark: OLE_LINK60]The Zn isotope fractionations between solutions and plants and between roots and shoots were essentially opposite to those determined for Cd (Fig. 1). In detail, there was a systematic enrichment of light Zn isotopes from solution to plant (Δ66Znplant-initial solution = −0.24 to −0.03‰ and Δ66Znplant-final solution = −0.25 to −0.11‰) and an enrichment of light Zn isotopes during Zn transport from root to shoot (Δ66Znshoot-root = −0.51 to −0.40‰) (Fig. 1b and Table 2). Furthermore, the roots and shoots showed significantly higher δ66Zn in plants from low Zn as opposed to high Zn treatments (Table S3). In contrast, the different Cd supply levels had no significant impact on Δ66Znplant-initial solution or Δ66Znplant-final solution for plants supplied with the same Zn level (Table 2).
3.4. Rayleigh Modeling for Root-to-shoot Translocation. Using the data from all four treatments to fit a closed system Rayleigh fractionation curve yielded a Δ114/110Cdtranslocation value of 0.27 ± 0.03‰ (isotope fractionation derived from the Rayleigh model and caused by root-to-shoot Cd translocation) (Fig. S3a) In addition, fitting of Rayleigh curves to the individual results of the low and high Cd treatments provides essentially identical Δ114/110Cdtranslocation values of 0.25 ± 0.02 and 0.29 ± 0.05‰, respectively (Figs. S3b and S3c). Fitting Rayleigh fractionation trends to the Cd data obtained for the low and high Zn treatments produced Δ114/110Cdtranslocation values of 0.41 ± 0.05 and 0.31 ± 0.23‰, respectively (Figs. S3d and S3e). These results are identical within the confidence intervals, particularly given the large scatter of the high Zn results (Fig. S3e). However, if a single outlier (with low Δ114/110Cdplant-shoot) is excluded from the latter data (Fig. S3f), distinct Δ114/110Cdtranslocation values for the low Zn (0.41 ± 0.05‰) and high Zn (0.24 ± 0.10‰) treatments were produced. 
When all results are pooled the Zn isotopic data define a well-constrained Rayleigh fractionation curve yielding a Δ66Zntranslocation value of −0.52 ± 0.02‰ (Fig. S4a). Moreover, individual Rayleigh curve fitting was conducted under different metal supplies, yielding distinct Δ66Zntranslocation values of −0.53 ± 0.02‰ and −0.37 ± 0.09‰ at low and high Zn levels, respectively (Figs. S4b and S4c), and similar Δ66Zntranslocation values of −0.51 ± 0.03‰ and −0.54 ± 0.05‰ under the low- and high-Cd treatments (Figs. S4d and S4e).
3.5. Cadmium Concentration and Isotope Composition in the Xylem Sap. Relative to the control treatments, DNP addition significantly decreased the volume and Cd concentration of xylem sap (Figs. 2a and 2b). In addition, for the low Cd treatments, DNP significantly reduced heavy Cd isotope enrichment in the xylem sap compared to the DNP-free treatment (Fig. 2c). For the high Cd treatments, a less pronounced enrichment of light Cd isotopes in the xylem sap relative to the nutrient solutions was observed for the H-Cd + L-Zn + DNP treatment compared with the H-Cd + L-Zn treatment.

4. DISCUSSION
4.1. Zn Supply Affects Cd Uptake Pathways, but not Vice Versa. As reported previously19, 20, 40 there are four major processes that can affect metal isotope fractionation during metal uptake, namely metal speciation in solution, ion diffusion, adsorption onto root surfaces, and transport across root cell membranes. 
Metal adsorption onto root surfaces is usually associated with equilibrium isotope fractionation41, 42, the extent of which is affected by the functional groups binding with the metals. As all our experiments used the same plant species and yielded similar root biomass values, Zn and Cd should be bound by similar functional groups such as the carboxyl and hydroxyl groups of pectin and cellulose at the root surfaces. Therefore, all four treatments are expected to lead to similar isotope fractionations associated with root adsorption of the same metal.
Metal speciation in solution comprises free ions and complexes with inorganic or organic ligands, whereby free ions dominate the metal flux into the roots15. Generally, heavier isotopes are enriched in the EDTA-chelated species (e.g., EDTA complexes) while lighter isotopes prefer the free hydrated metal ions38. Therefore, if a larger proportion of metal is chelated by ligands, the free ions and the plants taking up these ions will show a greater enrichment of light isotopes.19, 23 Based on the estimation of Zn and Cd isotopic values in the free ion pools (Table S4), the δ66Zn value of free Zn2+ increased in the order: L-Cd + L-Zn < H-Cd + L-Zn < L-Cd + H-Zn ≈ H-Cd + H-Zn, differing by up to 0.15‰ in the four treatment solutions. Similarly, the δ114/110Cd of free Cd2+ in the four nutrient solutions increased in the order: L-Cd + L-Zn < H-Cd + L-Zn < L-Cd + H-Zn ≈ H-Cd + H-Zn, differing by up to about 0.08‒0.21‰. 
Ion diffusion is reported to favor light metal isotopes and the enrichment of light isotopes enhances with the longer diffusive distance43, 44. When plant roots take up a metal ion, its concentration near the root surface will be lowered. In this way, the plant establishes a concentration gradient and generates a diffusive layer around the root surface. Therefore, the thickness of ion diffusive layer determines its diffusive distance from the nutrient solution to root. As discussed by Degryse et al. (2006)45, the thickness of ion diffusive layer decreased with the increasing free ion concentration in the nutrient solution. Therefore, lower free ion activities create thicker diffusive layers and enhance the enrichment of light isotopes in plants43, 44. Based on the free Zn2+ activities of the solutions used here (Table S2), the Zn isotope effects induced by diffusion are expected to decrease in the order: L-Cd + L-Zn > H-Cd + L-Zn > L-Cd + H-Zn ≈ H-Cd + H-Zn. Similarly, the extent of light Cd isotope enrichment in plants induced by diffusion would be expected to decrease in the sequence: L-Cd + L-Zn > L-Cd + H-Zn > H-Cd + L-Zn > H-Cd + H-Zn. 
As discussed above, the isotope effects during metal complexation by EDTA and diffusion (enriching more light Zn and Cd isotopes in S. plumbizincicola cultured under low metal supply) cannot explain the heavier Zn and Cd isotope compositions of plants at low metal supply than those from the high metal treatments (Table S3). This discrepancy might reflect the process of metal uptake across root cell membranes. Hydroponic experiments46 on metal uptake kinetics indicate that metal uptake into root cell membranes occurs via low-affinity (e.g., ion channels and electrogenic pumps) and high-affinity (specific carrier proteins) transport systems. Metal uptake through the low-affinity transport system is suggested to favor lighter Zn isotopes in plants compared to the high-affinity pathway19, 20. Expression of genes encoding specific transport proteins is enhanced in most plant species at low metal levels15, 17.The apparent discrepancy in ∆66Znplant-initial solution or ∆66Znplant-final solution at low and high Zn levels is best explained by the switch between high- and low-affinity transport pathways. At low Zn conditions, plants upregulate the expression of genes encoding specific Zn transport proteins (e.g., NcZNT116) to maintain Zn uptake and this enhances uptake of heavier Zn isotopes relative to the low-affinity transport system.47 
[bookmark: OLE_LINK68][bookmark: OLE_LINK69]In addition, at both low and high Zn levels, Cd concentrations had no significant effect on ∆66Znplant-initial solution or ∆66Znplant-final solution. This suggests that Cd had no significant impact on the Zn uptake pathway of the plants. 
Regarding Cd isotope fractionation from solution to plant, large differences were observed between ∆114/110Cdplant-initial solution and ∆114/110Cdplant-final solution for the two low Cd treatments (Table 2), reflecting a clear reservoir effect due to the large depletion of Cd supplied by the nutrient solution during one nutrient solution renewal cycle. Therefore, an additional hydroponic experiment was conducted with a larger volume and more frequent renewal cycles for the nutrient solutions to avoid the reservoir effect (details in Section S4 of the Supporting Information). As shown in Table S6, < 20% of Cd in the nutrient solutions was depleted within each renewal cycle. In this case, Cd isotope compositions of the nutrient solutions remained similar to that of the fresh solution throughout the growth period. 
Because the majority of Cd taken up by S. plumbizincicola was distributed in the shoots (> 95%, Fig. S2a), the whole plant had Cd isotopic values that were nearly identical to those in the shoots (Table S3). Therefore, ∆114/110Cdshoot-solution was used to represent ∆114/110Cdplant-solution, which reflected Cd isotope fractionation during uptake (Table S7). The results show less negative ∆114/110Cdshoot-solution values for low in comparison to high Cd supply levels (Table S7). In accord with the Zn results, high-affinity transport can explain the more pronounced enrichment of heavy Cd isotopes during uptake in low-Cd conditions. For both the low and high Cd treatments, Zn supply levels significantly impacted ∆114/110Cdshoot-solution. Comparing the L-Cd + L-Zn and L-Cd + H-Zn treatments, the former should feature larger isotope effects induced by Cd speciation and diffusion in the nutrient solution but a more pronounced enrichment of heavy Cd isotopes in shoots was observed for the L-Cd + L-Zn treatment (Table 2). Most likely, the much lower Cd2+ activity of the L-Cd + L-Zn treatment upregulated the expression of the genes encoding transporters with high affinity for Cd in S. plumbizincicola, thus favoring an enrichment of heavier Cd isotopes in the hyperaccumulating plant. Relative to the H-Cd + H-Zn treatment, a more pronounced enrichment of light Cd isotopes in shoots was found in the H-Cd + L-Zn treatment. This may be explained by the lighter isotope composition of the free Cd2+ pool (Table S4) and the larger diffusion effect in the H-Cd + L-Zn treatments as discussed above. Another possible explanation is that the high Zn levels inhibited Cd uptake via Zn ion channels which favor light isotopes, thus reducing the enrichment of light Cd isotopes in the shoots of the H-Cd and H-Zn treatments. 

4.2. Zn Supply Affects Cd Translocation Pathways, but not Vice Versa. Metal isotope fractionation between roots and shoots is mainly governed by root sequestration (adsorption to the root apoplast, chelation with organic ligands in vacuoles) and root-to-shoot translocation processes (xylem loading). The Zn data of the current study reveal a systematic enrichment of light Zn isotopes from roots to shoots (Table 2). It was previously reported that adsorption to the cell walls of diatoms48 favors heavy Zn isotopes. However, Na2EDTA was used to remove metals adsorbed by roots and the impact of root adsorption may hence be negligible. Oxygen (O) and nitrogen (N) ligands play important roles in chelating excess Zn in root vacuoles and symplasm, and are predicted to preferentially bind heavy Zn isotopes based on density functional theory49, 50, 51. Experimental results also show that Zn bound to organic exudates of roots (e.g., phytosiderophores) favors heavy Zn isotopes52, 53. Therefore, Zn chelation by O- or N-based ligands in root vacuoles and symplasm will generate isotopically light Zn available for loading into the xylem vessels for transport to the shoots. In addition, HMA4 is a member of the P-type ATPases that transports Zn against the electrochemical gradient via ATP hydrolysis54 and plays an important role in Zn translocation in hyperaccumulators18, 31. It is a kind of electrogenic pump with a greater diffusion coefficient and suggested to favor light Zn isotopes32. Hence the isotope effects of the above processes can explain the Zn isotope fractionation from root to shoot (Δ66Znshoot-root = δ66Znshoot − δ66Znroot) observed within S. plumbizincicola.
Negative Δ66Znshoot-root values were more pronounced at higher levels of external Zn supply (Table 2). Similar effects of Zn status on the Zn isotope fractionation between roots and shoots were reported previously20, 52, 55. Furthermore, the Δ66Zntranslocation value using all the data under four treatments was −0.52 ± 0.02‰ (Fig. S4a). Notably, higher Zn concentrations in the growth media were associated with less Zn translocation to the shoots (Fig. S2b). Individual Rayleigh curve fitting was therefore conducted, based on the results obtained at low and high Zn levels, and this provided distinct Δ66Zntranslocation values of −0.53 ± 0.02‰ and −0.37 ± 0.09‰, respectively (Figs. S4b and S4c). This indicates that different transport mechanisms are active at different Zn supply levels. Although higher Cd concentrations in the growth media significantly decreased shoot Zn uptake in the low-Zn treatments, similar Δ66Zntranslocation values were obtained in the low- (−0.51 ± 0.03‰; Fig. S4d) and high-Cd treatments (−0.54 ± 0.05‰; Fig. S4e), indicating that Cd supply did not alter the Zn translocation processes.
The plants from all four treatments showed a systematic enrichment of heavy Cd isotopes in the shoots relative to the roots (Table 2). Cadmium may be sequestrated in plant roots through adsorption in the root apoplast, chelation with thiol-containing peptides in the cytosol and transport into vacuoles15. Previous studies show that light Cd isotopes are preferentially adsorbed to the surfaces42, 56 of the root apoplast. Chelation by sulfur (S)-based ligands also favors light Cd isotopes38, 57. In addition, the Cd isotope fractionation observed in rice cultivars that differ in the expression of OsHMA3 indicates that the functional OsHMA3 transporter preferentially sequesters lighter Cd isotopes in root vacuoles42. The combined isotope effects of these processes can therefore explain the results of the present study.
[bookmark: OLE_LINK26][bookmark: OLE_LINK31][bookmark: OLE_LINK32]According to the Rayleigh model, the Δ114/110Cdshoot-root values are related to the mass fractions of Cd present in the roots23, 42, 56. Our results, however, show no evidence of changes in Cd distribution between roots and shoots at different Cd supply levels (Fig. S2a). In addition, fitting of Rayleigh curves to the individual results of the low and high Cd treatments provides essentially identical Δ114/110Cdtranslocation values of 0.25 ± 0.02 and 0.29 ± 0.05‰, respectively (Figs. S3b and S3c). This indicates that similar mechanisms were adopted by S. plumbizincicola for Cd translocation at low and high Cd levels. 
Zinc interactions in the Cd translocation from roots to shoots were also studied by fitting Rayleigh fractionation trends to the Cd data obtained for the low and high Zn treatments, and this produced distinct Δ114/110Cdtranslocation values of 0.41 ± 0.05 and 0.24 ± 0.10‰, respectively (Figs. S3d and S3f). This suggests that Zn had a clear impact on the Cd translocation processes within the plants, with high Zn levels reducing the enrichment of heavy Cd isotopes in shoots relative to roots. Most likely, this reflects that competition between Cd and Zn for relevant transporters impacts the manner and efficiency of Cd loading into the xylem. 
The translocation of Zn and Cd from stem to leaf induced similar Zn and Cd isotope fractionations in all four treatments (Table S3). This suggests that similar stem-to-leaf distribution mechanisms were used by S. plumbizincicola for the different metal supply levels and that the two metals had negligible interaction effects. 
4.3. Isotope Fractionation in Xylem Sap Treated with Metabolic Inhibitor. The DNP treatment experiment was conducted aiming to further study the effect of active Cd uptake on Cd isotope fractionation during uptake in a short time period. Seen from the Cd concentration in xylem sap (Fig. 2b), DNP addition inhibited Cd active uptake. However, DNP may also inevitably impair other plant processes (e.g., root respiration, transpiration and nutrient uptake), which can be reflected from the significantly decreased xylem sap volume after DNP addition (Fig. 2a). It is difficult to accurately assess the contribution of other processes treated with DNP to the isotopic result of xylem sap. To reduce this undesired effect on other processes, a shorter DNP treatment period (3 h) was adopted here relative to other studies34, 58. Cadmium isotope fractionation from nutrient solution to xylem sap provides the combined information of the processes of Cd uptake, root retention and xylem loading. Δ114/110Cdtranslocation records Cd isotope fractionation during Cd retention in roots and xylem loading. Similar Δ114/110Cdtranslocation values were obtained at low and high Cd levels (Figs. S3b and S3c). Hence, the variations in Cd isotope composition of the xylem sap should be caused by a shift in the predominant Cd uptake pathway to a large extent. Under the high Cd level, DNP addition significantly decreased enrichment of light Cd isotopes in the xylem sap relative to the treatment free of DNP. This can be explained by DNP significantly decreasing the xylem sap volume and decreasing Cd uptake via ion channels which favors light Cd isotopes. Under the low Cd level, the enrichment of heavy Cd isotopes in the xylem sap relative to the nutrient solution was significantly reduced when DNP inhibited the energy-dependent Cd uptake via transporter proteins (Fig. 2c). This further supports that energy-consuming uptake pathways produced a stronger enrichment of heavier Cd isotopes at low Cd in comparison to high Cd conditions.  
[bookmark: OLE_LINK72][bookmark: OLE_LINK73]4.4. Implications of Metal Isotope Fractionation in S. plumbizincicola: Comparison with Other Plant Studies. The ∆66Znplant-solution values determined for plants in previous studies range from −0.26 to −0.07‰ (mean −0.17‰) at Zn sufficient conditions (Table S8). These results characterize the extent of isotope fractionation when Zn uptake is dominated by low-affinity transport systems to a certain extent. The similar ∆66Znplant-solution values (−0.25 to −0.20‰) by S. plumbizincicola recorded here at high Zn levels suggest that Zn uptake by S. plumbizincicola is predominantly mediated by the low-affinity transport system at Zn sufficiency. This is distinct from other Zn hyperaccumulators such as A. halleri and N. caerulescens. The latter species have less negative ∆66Znplant-solution values than non-accumulators at Zn-sufficient conditions20, 47 (Table S8), most likely due to Zn uptake via high-affinity transport systems. Notably, the ∆66Znplant-solution values obtained in the low Zn treatments of S. plumbizincicola (−0.12 to −0.03‰ and −0.11 to −0.05‰) were similar to the results obtained for A. halleri (−0.01‰) and N. caerulescens (−0.06‰) at comparable Zn2+ activities. This suggests that these Zn hyperaccumulators either use similar transporters in response to low Zn conditions or their high-affinity transporter systems generate similar isotope effects. Physiological and molecular studies show that enhanced Zn uptake by A. halleri and N. caerulescens is driven by ZIP transporters59. Furthermore, Yang et al. (2018)17 found that SaZIP4 is an important Zn uptake transporter in the roots and shoots of S. alfredii, a species closely related to S. plumbizincicola in the family Crassulaceae. The three plant species share many morphological and metal accumulation features and hence they likely utilize similar transporters for Zn uptake. 
[bookmark: _Hlk76045893]The enrichment of light Cd isotopes in S. plumbizincicola during uptake in a hydroponic system is inconsistent with previously observed enrichments of heavy Cd isotopes in soil-grown S. plumbizincicola in pot experiments26. In detail, the latter study obtained fractionations of ∆114/110Cdshoot-soil = 0.02−0.14‰ and ∆114/110Cdshoot-soil extract = 0.02−0.18‰, with NH4OAc used to extract phytoavailable Cd in soil. Similarly, opposite isotope fractionation patterns for hydroponic and field growth conditions were found for Cd in rice42 as well as for Zn in rice19, 60 and N. caerulescens20, 32. 
[bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK58]The inconsistent isotope fractionations observed for metal uptake by S. plumbizincicola from hydroponic and soil systems are most likely a consequence of the different uptake conditions. The soil solutions investigated by Zhou et al. (2020)26 had Cd concentrations of ~ 1 μM and in soil solutions with pH > 6.5, less than 30% of the Cd was present as free Cd ions61, 62. Therefore, the isotope effect induced by Cd speciation in the soil solutions (due to Cd complexation with organic acids excreted by roots such as citrate)38, to generate isotopically light and bioavailable Cd2+ ions, is comparable to or slightly larger than that inferred for the L-Cd + H-Zn treatment in the current study. Considering isotope fractionation during diffusion, metal diffusion coefficients in soils are one-to-two orders of magnitude smaller than those observed in aqueous solutions63. Consequently, the diffusion zone around the roots is much smaller in soils than in hydroponics, and diffusion is therefore associated with much larger light isotope enrichments in the latter43. Diffusion effects can thus partly explain the more pronounced enrichment of light Cd isotopes from the nutrient solution to plant under hydroponic conditions than that from soil solution or soil extract to the plant under soil conditions26, 42. Alternatively, it is also conceivable that the Cd extracted from soils with CaCl2, Ca(NO3)2 or NH4OAc solutions is not representative of the Cd that is actually taken up by plant roots. It will be useful to further explore this issue with isotopic studies of Cd extracted from soils by different methods. A recent study64 compared soil Cd isotope compositions extracted by different chemical extractants and found significant difference among these different extraction methods which released Cd in different pools.   
The enrichment of light Cd isotopes in S. plumbizincicola during uptake from solution to plant (Table S8) is in accord with other hydroponic studies23, 30, 42, 65 but the extent of isotope fractionation varies with plant species. At high Cd levels (44.5 or 50 μM), in which isotope effects induced by Cd speciation and diffusion can be neglected, the low-affinity transport system predominantly mediates Cd uptake and this generates similar ∆114/110Cdplant-solution values of about −0.35‰ in Cd tolerant, accumulating and hyperaccumulating species23. In Cd-sensitive plants such as cacao and rice, Cd is also mainly taken up via low-affinity transport systems such as ion channels66 and transporters for nutrient elements, with ∆114/110Cdplant-solution values of close to −0.35‰30, 42. Hence, it appears that Cd sensitive, tolerant, accumulating and hyperaccumulating species adopt similar Cd uptake mechanisms with ∆114/110Cdplant-solution values ranging from −0.40 to −0.30‰ when high concentrations of Cd are present. Comparing Cd isotope fractionation at low external Cd levels, the ∆114/110Cdplant-solution of S. plumbizincicola (−0.25‰) was higher than that of R. communis (−0.64‰) or S. nigrum23 (−0.84‰) at comparable free Cd2+ activities, when speciation-induced isotope effects are expected to be similar. Considering that the hyperaccumulating species S. plumbizincicola has superior ability to take up Cd from the growth medium than R. communis and S. nigrum, S. plumbizincicola should feature larger diffusion-induced isotope fractionations at comparable Cd2+ activities. However, S. plumbizincicola is more strongly enriched in heavy Cd isotopes during uptake than R. communis or S. nigrum. This suggests that Cd uptake via a high-affinity transport system, which favors isotopically heavy Cd, plays a more important role in S. plumbizincicola at low Cd conditions than in R. communis or S. nigrum. 
Table S9 lists the inferred isotope fractionations associated with Cd and Zn translocation from root to shoot (∆114/110Cdtranslocation or ∆66Zntranslocation) in studies of different plant species. This enables a comparison of metal translocation mechanisms active in plants that differ in metal tolerance and accumulation ability. The survey in Table S9 reveals that various plant species record a small range of ∆66Zntranslocation values of between −0.39 and −0.27‰. Compared to these results, the ∆66Zntranslocation values of S. plumbizincicola are similar (−0.37‰) for the high Zn treatments but larger, at −0.53‰, at low Zn conditions. This indicates that S. plumbizincicola uses mechanisms similar to those of other plant species for root-to-shoot Zn transfer when ample Zn is present but utilizes different pathways at low Zn levels. The external Zn supply may influence the types and abundances of Zn transporters that mediate xylem loading67, thereby altering Zn isotope fractionation during translocation. Notably, some Zn-specific transporters (e.g., AtZIP4, associated with intracellular and between-tissue transport of Zn)68 function predominantly in low Zn conditions.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]The ∆114/110Cdtranslocation value of 0.27‰ determined here for root-to-shoot translocation in S. plumbizincicola resembles published results for cereal crops (0.22 and 0.26‰; Table S9)21, 41. Furthermore, the ∆114/110Cdtranslocation values for S. plumbizincicola and cacao obtained during translocation from stem to leaf are also almost identical within analytical uncertainty, with values of 0.21 and 0.13‰, respectively30. However, the ∆114/110Cdtranslocation of S. plumbizincicola is clearly distinct from the value of 0.09‰ determined for R. communis and S. nigrum23. This suggests that S. plumbizincicola utilizes mechanisms to facilitate Cd retention and translocation that are similar to those of wheat, barley and cacao but different from those used by Cd tolerant and accumulating species. Previous work18, 27, 28, 29 shows that HMAs (e.g., HMA3 and HMA4) play a critical role in metal distribution between roots and shoots in hyperaccumulating species. Transgenic yeast transformed to express TcHMA3 protein genes displayed a δ114/110Cd which differed from the control by 0.24‰30. Notably, this isotopic difference is essentially identical to the ∆114/110Cdtranslocation of 0.27‰ determined for S. plumbizincicola, in accord with a key role of SpHMA3 for Cd distribution between roots and shoots in the studied hyperaccumulator. However, further isotopic investigations with transgenic plants modified to express HMA proteins or cells transformed with HMA genes of S. plumbizincicola are needed to verify this conclusion. 
This work advances our understanding of metal uptake and translocation in higher plants and particularly in metal hyperaccumulators. Firstly, comparing various plant species, uptake via low-affinity pathways such as ion channels is associated with similar small ranges in isotope fractionation for Cd (∆114/110Cdplant-solution: −0.48 to −0.30‰) and Zn (∆66Znplant-solution: −0.26 to −0.07‰). This observation should be confirmed for more plant species. However, if correct, this finding confirms that metal isotope analyses are an effective tool to trace metal uptake pathways and quantify the contributions of different uptake processes. Secondly, our results clearly demonstrate that Zn levels in the growth medium have an impact on the Cd uptake and translocation mechanisms used by S. plumbizincicola. It can hence be expected that other competitive cations (e.g., Ca2+, Fe2+) may also affect Cd uptake and translocation in plants. Therefore, the impact of the competitive ions on the isotope fractionations of the target element should be considered when biogeochemical processes of metals in soil-plant systems are studied using isotope techniques.    
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Figure caption
Figure 1 (a) Cd and (b) Zn isotope compositions of the solutions, roots, shoots and the whole plants under the different Cd and Zn treatments. The error bars denote SE (n = 3). Different lowercase letters for the same solution, plant or plant parts indicate significant differences of different Cd and Zn treatments at P < 0.05. L-Cd, 1 μM Cd; H-Cd, 50 μM Cd; L-Zn, 10 μM Zn; H-Zn, 500 μM Zn.
Figure 2 (a) Xylem sap volumes, (b) Cd concentrations and (c) Cd isotope compositions of xylem sap obtained with and without DNP treatment. L-Cd, 1 μM Cd; H-Cd, 50 μM Cd; L-Zn, 10 μM Zn; DNP concentration: 50 μM. The black dot marks the δ114/110Cd value of the nutrient solution (−0.05 ± 0.01‰), which is the average result for the solutions used in the four different treatments of the xylem sap experiments; all solutions were prepared from the same Cd stock solution. The error bars denote SE (n = 12 for sap volume and Cd concentration data and 4 for the Cd isotopic data). Twelve xylem sap samples were collected from 12 plants for each single treatment, and 4 of 12 samples from each treatment were analyzed for Cd isotope compositions. Different lowercase letters in the same column indicate significant differences between different treatments at P < 0.05. 
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Table 1. Metal Concentrations and Uptake in Different Plant Parts in the Four Cd and Zn Treatments
	Metal
	Treatmenta
	Concentration (mg kg−1)b
	
	Uptake (μg pot−1)c

	
	
	Root
	Stem
	Leaf
	Shoot
	Plant
	
	Root
	Stem
	Leaf
	Shoot
	Plant

	Cd
	L-Cd + L-Zn
	17.1 ± 1.7 dd
	358 ± 28 c
	443 ± 79 c
	407 ± 43 c
	327 ± 39 c
	
	1.28 ± 0.22 c
	110 ± 15 c
	185 ± 22 c
	295 ± 24 c
	296 ± 24 c

	
	L-Cd + H-Zn
	42.6 ± 2.3 c
	154 ± 4 d
	141 ± 8 d
	146 ± 4 d
	138 ± 3 d
	
	2.64 ± 0.41 b
	45.4 ± 2.5 d
	62.6 ± 5.0 d
	108 ± 7 d
	111 ± 8 d

	
	H-Cd + L-Zn
	489 ± 45 b
	5622 ± 441 a
	4220 ± 594 a
	4765 ± 425 a
	4479 ± 387 a
	
	26.4 ± 5.7 a
	1706 ± 238 a
	1882 ± 396 a
	3587 ± 628 a
	3614 ± 633 a

	
	H-Cd + H-Zn
	687 ± 29 a
	2662 ± 223 b
	2079 ± 143 b
	2321 ± 156 b
	2188 ± 138 b
	
	42.4 ± 4.1 a
	788 ± 72 b
	857 ± 105 b
	1645 ± 171 b
	1687 ± 175 b

	Zn
	L-Cd + L-Zn
	285 ± 32 b
	2918 ± 332 b
	1505 ± 310 b
	2084 ± 105 b
	1919 ± 96 b
	
	21.3 ± 3.8 b
	902 ± 163 b
	625 ± 88 b
	1527 ± 147 b
	1548 ± 150 b

	
	L-Cd + H-Zn
	5079 ± 651 a
	13060 ± 661 a
	7603 ± 437 a
	9765 ± 189 a
	9407 ± 193 a
	
	319 ± 68 a
	3844 ± 277 a
	3396 ± 389 a
	7240 ± 594 a
	7559 ± 662 a

	
	H-Cd + L-Zn
	307 ± 51 b
	2049 ± 78 c
	842 ± 120 c
	1328 ± 60 c
	1260 ± 52 c
	
	16.9 ± 4.9 b
	619 ± 64 b
	360 ± 15 c
	979 ± 62 c
	996 ± 67 c

	
	H-Cd + H-Zn
	4148 ± 75 a
	12142 ± 661 a
	6617 ± 176 a
	8920 ± 310 a
	8536 ± 267 a
	
	256 ± 24 a
	3590 ± 234 a
	2718 ± 225 a
	6308 ± 457 a
	6564 ± 480 a


aL-Cd, 1 μM Cd; H-Cd, 50 μM Cd; L-Zn, 10 μM Zn; H-Zn, 500 μM Zn. bData are expressed as mean ± SE (n = 3). cShoot metal uptake = stem metal uptake + leaf metal uptake. dDifferent lowercase letters in the same column for the same metal indicate significant differences between different Cd and Zn treatments at P < 0.05.

Table 2. Apparent Isotope Fractionation of Cd and Zn between Root and Shoot and between Nutrient Solution and Plant 
	Treatmenta
	∆114/110Cd (‰)b

	
	shoot-root
	plant-initial solutionc
	plant-final solutiond

	L-Cd + L-Zn
	0.20 ± 0.03 be
	−0.10 ± 0.02 a
	−0.50 ± 0.03 b

	L-Cd + H-Zn
	0.24 ± 0.02 ab
	−0.33 ± 0.02 b
	−0.48 ± 0.01 b

	H-Cd + L-Zn
	0.30 ± 0.02 a
	−0.37 ± 0.01 c
	−0.47 ± 0.02 b

	H-Cd + H-Zn
	0.30 ± 0.03 a
	−0.35 ± 0.01 bc
	−0.39 ± 0.01 a

	Treatment
	∆66Zn (‰)

	
	shoot-root
	plant-initial solution
	plant-final solution

	L-Cd + L-Zn
	−0.40 ± 0.01 a
	−0.03 ± 0.01 a
	−0.12 ± 0.02 a

	L-Cd + H-Zn
	−0.51 ± 0.02 b
	−0.20 ± 0.01 b
	−0.22 ± 0.01 b

	H-Cd + L-Zn
	−0.42 ± 0.02 a
	−0.05 ± 0.02 a
	−0.11 ± 0.03 a

	H-Cd + H-Zn
	−0.51 ± 0.02 b
	−0.24 ± 0.02 b
	−0.25 ± 0.01 b


aL-Cd, 1 μM Cd; H-Cd, 50 μM Cd; L-Zn, 10 μM Zn; H-Zn, 500 μM Zn. bData are expressed as mean ± SE (n = 3). cInitial solution, fresh nutrient solution prior to the pot experiment. dThe metal isotope compositions of the final solutions were calculated using metal mass and isotope compositions taken up by plants during one renewal cycle of solution. eDifferent lowercase letters in the same column indicate significant differences for different Cd and Zn treatments at P < 0.05.
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