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ABSTRACT

The isotopic fractionation could contribute to understanding the Cd accumulation mechanisms in plant
species. However, there are few of systematical investigations with regards to the Cd isotope fraction-
ation in hyperaccumulator plants. The Cd tolerant Ricinus communis and hyperaccumulator Solanum
nigrum were cultivated in nutrient solutions with varying Cd and EDTA concentrations. Cd isotope ratios
were determined in the solution, root, stem and leaf. The two investigated plants were systematically
enriched in light isotopes relative to their solutions (A"M°Cd st solution = —0.64%0 to —0.29%o for
R. communis and —0.84%o to —0.31%o for S. nigrum). Cd isotopes were markedly fractionated among the
plant tissues. For both plant species, an enrichment in light Cd isotopes from solution to root was noted,
followed by a slight depletion in light Cd isotopes from root to shoot. Noticeably, the chelation process
has caused lighter Cd isotope enrichment in the root of R. communis and S. nigrum. Further, the good fits
between AMM0Cd,qor-piant and In Froor (0 between AMM0Cd po0t-plant and In Fspoor) indicate that Cd
isotopic signatures can be used to study Cd transportation during the metabolic process of plants. This
study suggests that knowledge of the Cd isotope ratios could also provide new tool for identifying the Cd-
avoiding crop cultivars.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Cd uptake, transport and redistribution in the plants (von
Blanckenburg et al., 2009; Wiggenhauser et al., 2016). Thus,

The health hazards of Cd pollution have attracted global atten-
tion since “the itai-itai disease” appeared in Japan in the 1950's
(Staessen et al., 1999). Phytoremediation is a cost-effective and
environmentally sustainable strategy for Cd extraction from
contaminated soils through the accumulation of Cd-
hyperaccumulating and Cd-tolerant plant's tissues (Ali et al,
2013). Generally, isotope fractionation occurs during the uptake
and transport of metal within plants, and any observed variations in
stable isotopic composition can create an isotope “fingerprint” of
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detailed study of isotopic fractionation can contribute to under-
stand the mechanisms of Cd accumulation and tolerance in plant
species.

Instrumental developments and methodological refinements
over the last two decades have now expanded the application of
high-precision metal isotope analyses, thereby triggering the
development of stable metal isotopes as novel geochemical tracers
(Pallavicini et al., 2014; Wiederhold, 2015). Stable metal isotopes
(such as Hg (Yin et al., 2015), Fe (Kiczka et al., 2010; Guelke and Von
Blanckenburg, 2007), Mg (Black et al., 2008; Bolou-Bi et al., 2010),
Cu (Weinstein et al., 2011; Jouvin et al., 2012), Zn (Weiss et al., 2005;
Moynier et al., 2009; Arnold et al., 2010; Aucour et al., 2011; Tang
et al, 2012, 2016; Deng et al., 2014), Ni (Deng et al., 2014), Ca
(Page et al., 2008; Cobert et al., 2011; Hindshaw et al., 2012; Schmitt
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et al, 2013)) have been applied in many fields of ecosystem
research, such as the potential application for tracing the processes
of metal transport in the environment. The stable metal isotope
fractionation in higher plants has also been studied for Zn (Moynier
etal.,, 2009; Aucour et al., 2011; Jouvin et al., 2012; Tang et al., 2012,
2016; Deng et al., 2014), Mg (Black et al., 2008; Bolou-Bi et al.,
2010), Fe (Kiczka et al., 2010; Guelke and Von Blanckenburg, 2007),
Cu (Weinstein et al., 2011; Jouvin et al., 2012), Ca (Cobert et al.,
2011; Hindshaw et al., 2012; Schmitt et al., 2013) and Ni (Deng
et al., 2014). Moreover, the processes (absorption, complexation,
diffusion, reduction) which could lead to metal isotope fraction-
ation within plants have been demonstrated (Bolou-Bi et al., 2010;
Kiczka et al., 2010; Cobert et al., 2011; Jouvin et al., 2012; Tang et al.,
2012, 2016; Deng et al., 2014; Wiederhold, 2015).

Compared with other metal isotopes (such as Zn, Cu, Fe, Mg), the
study of stable Cd isotope fractionation is still in its infancy. The Cd
isotopes have been applied on samples of different nature, such as
meteorites (Wombacher et al., 2003, 2008), sea waters (Lacan et al.,
2006; Ripperger et al., 2007; Gault-Ringold and Stirling, 2012; Xue
et al,, 2012; Yang et al., 2012; Lambelet et al., 2013; Abouchami
et al,, 2014; Conway and John, 2015; Hohl et al., 2017), geological
and environmental matrices (soil (Cloquet et al., 2005, 2006; Shiel
etal., 2010; Chrastny et al., 2015; Wen et al., 2015; Martinkova et al.,
2016; Zhang et al., 2016; Zhu et al., 2016), sediments (Gao et al.,
2013) and plants (Pallavicini et al., 2014; Wiggenhauser et al.,
2016)). However, the mechanisms reported to influence Cd iso-
topic fractionation included partial evaporation/condensation
(Wombacher et al., 2003, 2008), biological activity (such as
adsorption processes, uptake) (Ripperger et al., 2007; Pallavicini
et al., 2014; Wei et al., 2015, 2016; Wiggenhauser et al., 2016) and
weathering (Zhang et al., 2016). For example, Wombacher et al.
(2003, 2008) suggested that the substantial natural Cd isotope
fractionations were generated by evaporation and (or) condensa-
tion processes. Also, Ripperger et al. (2007) reported the Cd isotopic
fractionation from +0.3%o to +3.8%o for 3"'4/"°Cd in near-surface
waters, which was attributed to the preferential uptake of dis-
solved isotopically light Cd by phytoplankton. Moreover, Zhang
et al. (2016) found significant Cd isotope fractionation during
weathering processes. Wiggenhauser et al. (2016) suggested that
the enrichment of heavy isotopes in the wheat grains were attrib-
uted to processes avoiding the accumulation of Cd in grains. Our
previous studies have reported that Cd isotope fractionation during
Cd transport from stem to leaf differs between the Cd-tolerant and
-hyperaccumulator species (Wei et al., 2015, 2016). Furthermore,
we suggested that the Cd isotope fractionation could provide the
information for identifying the hyperaccumulator plant cultivars. In
this case, three important issues must be addressed before Cd
isotopes can be used to study Cd biochemical processes, viz: (1) the
Cd translocation processes within the plants should be ascertained,
(2) the factors which affect Cd isotope fractionation in the plants
should be identified, and (3) the relationship between Cd isotope
fractionation and Cd uptake, transport and redistribution within
plants should be stated (von Blanckenburg et al., 2009).

Ricinus communis have high tolerance to Cd while Solanum
nigrum have higher Cd enrichment capability (Wei et al., 2006;
Huang et al., 2011). The major trait for the hyperaccumulator lies
in its high efficiency in Cd translocation into shoots while the
tolerant species would retain more Cd in roots. EDTA has been
suggested to be the most effective and efficient organic ligand in
solubilizing soil-bound metals, and could improve the phytor-
emediation efficiency by increasing the uptake and translocation of
heavy metals towards shoot tissues (Evangelou et al., 2007; Leleyter
et al., 2012; Shahid et al., 2013).

In a previous study, we have measured the Cd isotope ratios of
the tissues in R. communis and S. nigrum (Wei et al., 2016). In this

study, we conducted hydroponic culture experiments of the Cd
tolerant R. communis and the hyperaccumulator S. nigrum using
nutrient solutions with differing Cd and EDTA concentrations. The
objectives of this study were to: (1) characterize Cd isotopic frac-
tionation between solutions and plants, and among different plant
tissues, and compare the fractionation of the two plant species; (2)
discuss the processes which are responsible for the observed
fractionations associated with Cd and EDTA supply and plant spe-
cies; and (3) assess the relationship between Cd isotopic fraction-
ation and the Cd translocation within plants.

2. Experimental and analytical methods
2.1. Plant growth experiment

The seeds of R. communis and S. nigrum were germinated on the
substrate in a greenhouse. Two weeks after germination, seedlings
were then transferred into polycarbonate pots containing half
strength Hoagland's solution (Zhang et al., 2014). The macronu-
trient solution consisted of 2 mM Ca(NOs3), 2.5 mM KNOs, 0.5 mM
KH,PO4, 1 mM MgS0O4 and 0.5 mM NH4NOs3, as well as the micro-
nutrient solution consisted of 0.25pM H3BOs, 0.25puM MnSOy,
0.25 nM CoCly,12.5 nM KI, 75 nM ZnSQy4, 0.25 nM CuSO4 and 2.5 nM
Na;MoOg4. After 7 d, CdCl,-2.5H,0 was added to the solution with
Cd concentration of 0.5 mg L~ ! and 5 mg L. In addition, 0.5 mg L™
or 5mgL~! Na-EDTA were added, respectively. Thus, six experi-
ments were conducted with @ Cd-0.5, EDTA-O (no EDTA added), ®
Cd-5, EDTA-0 (no EDTA added), ® Cd-0.5, EDTA-0.5, @ Cd-0.5,
EDTA-5, ® Cd-5, EDTA-0.5, ® Cd-5, EDTA-5. Each plant was
treated as a single replicate, and there were four replicates of each
condition.

Plants were cultivated under controlled conditions for 30d (16 h
photoperiod with a white light intensity of 350 pmol photons m—2
s~!; day: night temperature 25°C: 18 °C; relative humidity 60%—
70%). Root, stem and leaf from four individual plants per experi-
ments were separated, washed several times with ultrapure
(18.2 MQ) water in order to release Cd adsorbed on roots (Wei et al.,
2015, 2016). Plant materials were freeze-dried and weighed prior to
analysis.

2.2. Sample preparation and analyses

Plant samples were digested on a hot plate with
HNOs+HF + HClO4 and purified by anionic exchange chromatog-
raphy following the procedures of Wei et al. (2015). Each plant
sample was taken to determine the concentrations of Cd and
macro- and micronutrients. The concentrations of Cd and macro-
and micronutrients for each of the four replicate plant samples
were determined by inductively coupled plasma quadrupole mass
spectrometry (ICP-QMS) (Elan DRC-e, Perkin Elmer, USA) before
and after Cd purification. The Cd recovery was quantitatively
monitored and yielded a range from 95% to 104% in the samples.

2.3. (Cd isotope analyses and reference materials

The Cd isotope compositions were measured by multiple col-
lector inductively coupled plasma mass spectrometry (MC-ICPMS)
and the instrumental mass bias was corrected with standard-
sample-standard bracketing technology. The total analytical blank
was negligible in all cases at 375—789 pg, equivalent to <0.1% of the
Cd present on any plant samples (1.9—-269 ug).

In order to compare the Cd isotope values with other labora-
tories, the NIST SRM 3108 was used as an internal reference stan-
dard and three other standard solutions (Miinster Cd, Nancy-Spex
Cd, Spex-1 Cd standard solution) were used as the second reference



636

materials for quality control. The 3""/"%Cdyst 3108 of Miinster Cd,
Nancy-Spex Cd and Spex Cd standard solutions were 4.45 + 0.08%o
(2SD, n = 12), —0.09 + 0.01%o (2SD, n = 2) and —1.25 + 0.06%o (25D,
n=3), respectively. The 3"/M0Cdyst 3105 values of Miinster Cd
matched with the results of previously published methods (5"4/
T0CdNsT 3108 = 4.46—4.55%0) (Wombacher and Rehkamper, 2004;
Ripperger and Rehkamper, 2007; Gault-Ringold and Stirling,
2012; Xue et al., 2012). This suggested that the Cd isotope values of
standard solutions in this study were accurate.

Long-term stability throughout all analytical sessions as
measured on NIST SRM 3108 was presented in Fig. 1A. The external
reproducibility of the 136 independent measurements throughout
all analytical sessions was better than 0.07%o for & ™#/"°Cdysr 3108
(2SD, Fig. 1A). The obtained linearity between d3M2MOCd st 3108 and
S1M4MOCd 151 3108 Values of the samples and Cd standard solutions
was presented in Fig. 1B. The slope (2.0023 with 99.98% confidence
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interval) of mass-dependent fractionation is agreed well with that
of the theoretical equilibrium fractionation. The excellent agree-
ment of 5112/110CdN15T 3108 and 5114/110CdN15T 3108 Values suggested
that there is no mass-independent fractionation during the
measurements.

2.4. Data calculations

The isotope compositions are expressed in d (%) relative to the
NIST SRM 3108:

3114M0cd = [2 (Mcd/"Cd )sampie/((**Cd/ " Cdl)stan-
dard1+("*Cd/""°Cd)standard2)-1] x 1000 ()

Standard 1 and Standard 2 represented the standard solution
measured before and after the sample.
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Fig. 1. A-long-term reproducibility of 3'"/"'°Cdyst 3108 values for the NIST 3108 Cd standard (mean=+2SD, n = 136, internal reproducibility). B- linearity achieved between 3''%/

110 114/110
Cdist 3108 and 3"*M°Cdyysy 3105 values.
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The §'"4/"M9Cd values for whole plant or shoot (stem -+ leaf) are
calculated as (Wei et al., 2016):

6114/HOCdWhole plant or shoot = Zimici6“4/noCdi/Zimici (2)

where m, ¢ and i represent the mass of biomass (g), Cd concen-
tration (ng-g~1), and the different plant parts, respectively.

The apparent isotopic fractionation between the two compo-
nents A and B is calculated as:

A0, o 511471100y, _5114/110¢ (3)

2.5. Data analysis

All data were analyzed using one-way analysis of variance
(ANOVA) with a SPSS statistical software package (version 11.5).
Duncan's test was used for multiple comparisons between treat-
ment means at the p <0.05 level. Correlation coefficients (r) be-
tween quantitative variables for the field experiment were
determined by Pearson's bivariate correlation analysis at the
p <0.01 or p <0.05 levels.

3. Results
3.1. Plant growth and Cd distribution among the tissues

Cd concentrations of R. communis grown in different nutrient
solutions decreased in the order of root > stem > leaf, regardless of
the initial EDTA or Cd concentrations. In contrast, Cd concentration
in the leaf of S. nigrum was higher than that in the stem when
S. nigrum grew in the 0.5mgL~! Cd solution (Fig. 2A and B).
Compared with EDTA-O0, after adding EDTA (0.5 or 5 mg L™ 1), the Cd
concentration decreased in plant tissues of S. nigrum. In contrast,
the variations of Cd concentration in the different tissues of
R. communis were significantly correlated with the EDTA concen-
trations. Thus, compared with the EDTA-0, the Cd concentration in
the stem and leaf of R. communis increased after adding 0.5 mgL™!
EDTA, while it was equal or lower after adding 5mgL~! EDTA.

For the treatments without the addition of EDTA, Cd concen-
tration in all tissues of S. nigrum was higher than that in
R. communis (Fig. 2A and B). After adding EDTA (0.5 or 5mgL~1),
the Cd concentration in leaf of S. nigrum was higher than that in leaf
of R. communis, while it was reverse in the stem. However, in
0.5mgL~! Cd treatments, after adding EDTA (0.5 or 5mgL™"), Cd
concentration in the root of S. nigrum was lower than that in the
root of R. communis. Overall, the effect of EDTA on Cd concentration
was significantly lower in R. communis than that in S. nigrum under
low Cd treatments.

Shown as Fig. 2 (C and D), the Cd mass in R. communis grown in
different nutrient solutions decreased in the order of
root > stem > leaf regardless of the presence of EDTA or Cd in the
nutrient solutions. In contrast, when S. nigrum was subjected to the
same treatments, the Cd mass was higher in leaf than that in stem.
In addition, the Cd mass in all the plant tissues of R. communis
increased after adding 0.5 mgL~! EDTA compared with EDTA-O.
However, compared to EDTA-0, after adding 5mgL~' EDTA, the
Cd mass in the stem of R. communis decreased, but it increased in
the leaf. In contrast, the Cd mass decreased in all plant tissues of
S. nigrum after adding 5mgL~! EDTA compared with EDTA-O.
However, compared with EDTA-0, after adding 0.5 mgL~' EDTA,
the Cd mass for the root and leaf of S. nigrum reduced in the
05mgL~! Cd treatments while it increased in 5mgL~' Cd
treatments.

Overall, after adding Cd (0.5 or 5mgL~!), the Cd mass and
concentration in the two investigated plants have increased while
the dry weight have decreased. In contrast, compared with EDTA-0,
after adding EDTA (0.5 or 5mgL~!), the dry weight increased in
plant tissues of S. nigrum.

3.2. (d isotope fractionation in nutrient solutions, R. communis and
S. nigrum

The Cd isotopic composition (3'""%Cdyisr) of the initial
nutrient solutions was +0.04 + 0.06%o. In all treatments, the whole
plants tended to be enriched in light isotopes relative to the final
solution (AMMOCd 130 solution = —0.64 to —0.29%o for R. communis
and —0.84 to —0.31%. for S. nigrum) (Table 1). Cd isotopes were
markedly fractionated among all plant tissues. Both the tested plant
species also exhibited similar enrichment in light Cd isotopes from
the solution to root (A"/M0Cd, oo solution = —0.70 to —0.32%o for
R. communis and —0.97 to —0.37%o for S. nigrum), followed by a
further slight depletion in the light Cd isotopes from the root to
shoot (AMM0Cdy oot = +0.15 to +0.22%0 for R. communis
and 40.13 to +0.16%o for S. nigrum). Noticeably, the Cd isotopic
composition in leaf of S. nigrum was heavier than that in stem,
whereas isotopic composition in stem was heavier than that in leaf
of R. communis.

The Cd isotopic fractionation between solution and plant and
among various plant tissues differed with EDTA supply, Cd supply
and plant species in three major ways. Firstly, all the tissues (root,
stem, leaf) of S. nigrum showed more enrichment of light Cd iso-
topes with increased concentration of EDTA in all Cd treatments
(Fig. 3C and D). Similar trends were noted for the R. communis in the
0.5mgL~! Cd treatments (Fig. 3A), but not in the higher 5mgL~!
Cd treatments (Fig. 3B). Secondly, Cd supply had a substantial
impact on Cd isotope fractionation. The extent of light isotope
fractionation in both species was more significant for the
0.5mgL~! Cd treatments than that for the 5mgL~' Cd treatments.
Thirdly, for all Cd treatments, the Cd isotope composition of
S. nigrum relative to solutions was significantly lighter than that of
R. communis.

4. Discussion
4.1. Cadmium isotope fractionation in R. communis and S. nigrum

Cd isotopic mass balance between whole plant and solution
yielded an overall depletion in heavy isotopes with AT HOCdplam_
solution Values ranging from —0.64%o to —0.29%o for R. communis and
from —0.84%o to —0.31%o for S. nigrum (Table 1). Similar to Cd, the
plants were enriched in light isotopes for Fe (Guelke and Von
Blanckenburg, 2007), Cu (Jouvin et al., 2012), Zn (Weiss et al,,
2005; Aucour et al., 2011), Ca (Cobert et al., 2011; Schmitt et al.,
2013). In contrast, a previous study suggested that plants were
enriched with heavy Mg isotopes (Black et al., 2008). Noticeably,
the magnitude of this depletion was more pronounced in the low
Cd treatments (AM10Cd,jan¢ solution = —0.64 to —0.29%0 for
R. communis and —0.84 to —0.53%o for S. nigrum) than that in high
Cd treatments (A™10Cdjane solution = —0.32 to —0.30%0 for
R. communis and —0.43 to —0.31%o for S. nigrum). Consequently, the
Cd supply level has affected Cd isotope fractionation in the whole
plant grown under hydroponic conditions.

The root and shoot represent a flow-through system
(Wiggenhauser et al., 2016). Correspondingly, the Cd isotope frac-
tionation during the Cd translocation between the root and shoot of
R. communis and S. nigrum could be estimated by a Rayleigh-type
mass balance equation:
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Fig. 2. Cd concentration (A, B), Cd mass (C, D) and Dry weight (E, F) of root, stem and leaf of R. communis and S. nigrum in the Cd and EDTA solution conditions. Error bars show
standard error (SE) of the four replicates.
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Table 1
The Cd isotope discrimination during different tissues of R. communis and S. nigrum during the Cd and EDTA solution conditions.
AMM0cd  cd Treatments  EDTA Treatments  Root-solution  Stem-solution  Leaf-solution  Plant-solution ~ Root-plant  Shoot-plant  Shoot-root
Rcommunis  0.5mgL™" OmgL™! -0.32 -0.12 -0.28 -0.29 —-0.03 0.14 0.18
0.5mgL! -0.57 -0.38 -0.56 -0.54 -0.04 0.13 0.16
5mgL~! -0.70 -0.51 -0.75 -0.64 —0.06 0.09 0.15
5mgL~! 0mgL™" -036 -0.16 -0.34 -0.30 ~0.05 0.13 0.18
0.5mg L! -0.37 -0.17 -0.28 -0.31 -0.05 0.13 0.18
5mgL~! -0.36 -0.10 -0.34 -0.32 -0.04 0.19 0.22
S. nigrum 0.5mgL~! OmgL™! —0.60 —-0.45 —-0.49 —-0.53 —0.07 0.05 0.13
0.5mg L! -0.71 -0.61 -0.54 -0.60 -0.11 0.04 0.15
5mg Lt -0.97 -0.94 -0.77 -0.84 -0.13 0.03 0.16
5mgL~! OmglL! -0.37 -03 -0.15 —-0.31 —~0.06 0.10 0.16
0.5mgL~! -043 -0.29 -0.27 -0.37 —0.05 0.10 0.15
5mg Lt -0.49 -0.40 -0.33 -0.43 -0.05 0.08 0.13

A]M/“OCdroot—plant _ 6]14/]10Cdl‘00t'6]14/]10Cdplant _ AlM/HOCdtrans—
location 1N Froot (4)

114/110 114/110 114/110 114,
%] ! Cdshoot—plant =9 / Cdshoot‘6 / Cclplant =A /
Cd¢ranslocation 10 Fshoot (5)

The Cd isotope fractionation of the root and shoot depended on
two factors, viz: @ the isotope discrimination during the trans-
location process in the root and shoot ( A 10Cd ranslocation), and
® Cd proportion remaining in the root and shoot after trans-
location (Fyoot and Fgpoot). The data generated good fits between
A"“/"OCdmot_plam and In Froor (R?=0.9759), and between A
10Cdgpgot-plant and In Fghoot (R? = 0.9533) (Fig. 4). Shown in Fig. 4,
the enrichment of light isotopes was enhanced with the decrease of
the Cd mass fraction stored in the root while the opposite rela-
tionship was observed in the shoot. These results indicate that the
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magnitude of Cd isotope fractionation between plant tissues cor-
relates with the Cd redistribution in tissues.

Our results were similar to those of Wiggenhauser et al. (2016),
who proposed that wheat plants were slightly enriched in the light
Cd isotope relative to the Cd (NOs),-extractable Cd or did not
significantly differ in Cd isotopic composition. In contrast,
Pallavicini et al. (2014) suggested that birch leaf was enriched in
heavy Cd isotopes relative to soils. The distinct Cd fractionation in
wheat or birch plants may be attributed to the growing conditions
of the plants (e.g. solution and soil culture, or field study), or the
nature of plants (the Cd-sensitive or Cd-tolerant plant). Indeed,
Tang et al. (2016) found that Zn isotope fractionation of same plants
showed great inconsistency between hydroponic and field condi-
tions. Moreover, Verbruggen et al. (2009) reported that a hyper-
accumulator works differently than a Cd non tolerant plant like a
grass. Noticeably, the Cd isotopic compositions in leaf of S. nigrum
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Fig. 3. Cd isotope compositions (reported as 3""/"'°Cdysr) in the final solution, root, stem and leaf of R. communis and S. nigrum in the Cd and EDTA solution conditions. Error bars

show standard error (SE) of the four replicates.
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were heavier than those in the stem, whereas in R. communis, the
opposite was noted, which was consistent with the result of pre-
vious studies (Wei et al., 2016). Isotope fractionation between the
stem and leaf could be caused by combination of many processes,
such as ion speciation/adsorption/assimilation in the stem or leaf
(Wiggenhauser et al., 2016). The different Cd isotope fractionation
patterns from stem to leaf may indicate the distinct transportation
and enrichment mechanisms between the Cd tolerant and hyper-
accumulator species. Correspondingly, the processes causing Cd
isotope fractionation from stem to leaf can be further clarified with
more elaborate experimental designs, thereby the relationships
between the Cd isotope fractionation and translocation within
plants will also be stated.

4.2. Cadmium isotope fractionation during Cd transfer from
nutrient solution to root

The results clearly demonstrated that the Cd taken up by root
was always enriched in the light Cd isotope compared to the
nutrient solution (Am/ 10¢d gotosolution = —0.70 to —0.32%o for
R. communis and —0.97 to —0.37%o for S. nigrum) (Shown as Table 1),
irrespective of the considered experiments. This result was in
accord with those obtained in previous studies which the root of
wheat was enriched in light isotope (Wiggenhauser et al., 2016).
Similar to Cd, root of plant was enriched in the light Cu (Jouvin
et al., 2012), Ca (Cobert et al., 2011), Ni (Deng et al., 2014) and Fe
isotopes (Guelke and Von Blanckenburg, 2007) compared to solu-
tions or soils. In contrast, Mg (Bolou-Bi et al., 2010) and Zn (Weiss
et al.,, 2005; Aucour et al,, 2011; Jouvin et al.,, 2012; Tang et al,,
2012; Deng et al., 2014) isotopes in root of plant were enriched in
the heavy isotopes compared to the nutrient solutions.

During Cd uptake by root, Cd is first adsorbed on the root surface
and then crosses the membrane through ion channels, electrogenic
pumps (Fig. 5c), or carrier-proteins (Fig. 5b) (Verbruggen et al.,
2009; Lux et al., 2011). In the root cell, the Cd either is chelated
with glutathione synthetase (Cd-GS;) and metallothioneins (MT) in
the cytoplasm or is transferred into the vacuoles by phytochelatin

(PC) before being further translocated to the xylem (Verbruggen
et al., 2009). Thus, in the root, three main processes which could
induce the Cd isotope fractionation will be discussed in this session.

Cd diffusion in rhizospheric solution may cause Cd isotope
fractionation. The concentration gradient usually leads to ion
diffusion in the rhizospheric solution (Lux et al., 2011). The con-
centration gradient at the solution-root interface is expected to be
steeper at lower Cd concentrations. The enlarged concentration
gradients will accelerate the ion diffusion on root surface, thereby
causing kinetic isotope fractionation. Usually, the light isotopes
move faster than heavy ones (Rodushkin et al., 2004). Rodushkin
et al. (2004) provide direct evidence that ion diffusion in solution
resulted in light isotope enrichment. Deng et al. (2014) demon-
strated that ion diffusion in solution resulted in light isotope
enrichment (A®®Znpjant-solution = —0.16 to —0.13%o) in low Zn treat-
ments. Jouvin et al. (2012) also proposed that the diffusion pro-
cesses would lead to light Zn and Cu isotope enrichment in higher
plants. Cd was thought to take a similar route within plants to that
of element Zn (Yamaji and Ma, 2014; Page and Feller, 2015;
Wiggenhauser et al., 2016). In our metal element experiments, it
has been confirmed that the Zn and Cu uptake in S. nigrum was
significantly associated with Cd treatments (Table S1). Indeed, the
effect of ion diffusion could explain the Cd isotope fractionation of
R. communis and S. nigrum in our study. Shown as Table 1, the
isotope shifts in the low Cd treatments (A“4/ 10Cd, o 0t-solu-
tion= —0.70 to —0.32%o for R. communis and —0.97 to —0.60%o for
S. nigrum) (Table 1) were greater than those in the high Cd treat-
ments (A"4/110Cd1—00t_501ut10n:70.37 to —0.36%o0 for R. communis
and —0.49 to —0.36%o for S. nigrum) (Table 1). It is attributed to the
fact that the ion diffusion in the rhizosphere has more effect in the
low Cd treatments than that in high Cd treatments.

In addition, ion transport across root cell membrane could
generate the Cd isotope fractionation. The previous studies (Weiss
et al., 2005; John et al., 2007; Deng et al., 2014; Caldelas and Weiss,
2017) supposed that the enrichment of light isotopes occurred
during the low-affinity transport (e.g., ion channel and electrogenic
pumps) (Fig. 5c), whereas the reverse is true for high-affinity
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some Cd will be sequestrated in the leaf cells through the chelation of organic molecule (e.g. chlorophyll, Cd-adenosine triphosphate, Cd-proteins), whereas parts of Cd associated
with organic molecules will be translocated through the phloem toward root organs (Verbruggen et al., 2009; Lux et al., 2011).

transport (e.g. ion carrier) (Fig. 5b). Usually, a high-affinity trans-
port will be triggered at extremely low concentrations, while above
the critical concentration, a low-affinity transport will dominate
(Deng et al., 2014). Gault-Ringold and Stirling (2012) proposed that
phytoplankton could switch isotope fractionation pattern as Cd
concentration changed from the deficient to the sufficient level.
Furthermore, for other metal isotopes, Hacisalihoglu et al. (2001)
suggested 10nM of Zn®>* as the threshold for bread wheat with
switch from high-to low-affinity transports. Deng et al. (2014) also
proposed that larger negative isotopic shift in low Ni treatments
compared with high Ni treatments caused lighter isotope enrich-
ment in plants. Indeed, our results conformed to this conclusion. It
was evident in our study that R. communis and S. nigrum grown in
low Cd treatments had the greater negative isotopic shift (A"
0Cd  pot-solution =—0.70 to —0.31% and —0.97 to —0.60%o)
(Table 1), whereas the isotopic shift became less pronounced in the
high Cd treatments (A"1°Cd |yo¢solution = —0.37 to —0.36%0
and —0.49 to —0.37%o) (Table 1).

The threshold for triggering low-affinity transport differed with
plant species and it is usually high in hyperaccumulators compared
with other plants (Deng et al., 2014). Indeed, the impact of low-or
high-affinity transport on isotopic fractionation could explain the
findings observed in our experiments. In our case, two investigated
species presented light Cd isotope enrichment and those grown in
low Cd treatments were enriched with lighter Cd isotopes than
those in high Cd treatments, which might reflect the functioning of
low-affinity transport systems. This was corroborated with
Wiggenhauser et al. (2016), who inferred that Cd was transported
through a low-affinity transport system from uptake kinetic
studies. Moreover, the range of isotopic fractionation in hyper-
accumulators S. nigrum is larger than that in the tolerant

R. communis during all the treatments (—0.84 to —0.31%o vs —0.64
to —0.29%o) (Table 1). It indicates that low-affinity transport sys-
tems play a more significant role on the hyperaccumulators.
Besides the two processes mentioned above (diffusion and
transport), the chelation of organic compounds may also lead to the
Cd isotope fractionation in the rhizosphere (Lux et al., 2011). In our
experiments, EDTA was added in the nutrient solution as major
organic ligand. From Fig. 3A and C, R. communis and S. nigrum
grown in high EDTA treatments showed a greater negative isotopic
shift than that in low or no EDTA treatments when the plants grew
in low Cd stress solutions. It indicates that the concentration of
EDTA has an impact on the Cd isotope fractionations and the che-
lation process has caused lighter Cd isotope enrichment in
R. communis and S. nigrum. This conclusion was supported by the
observation of Cd isotopic fractionation in previous studies. For
example, Yang et al. (2015) suggested that S-containing ligands in
hydrothermal fluids might preferentially complex light Cd isotopes
compared with other inorganic ligands. Moreover, Horner et al.
(2013) proposed that Cd sequestration onto membrane thiols
could lead to light Cd isotope enrichment in the Cd complexes by
organisms of Escherichia coli, unlike other elements such as Cu
(Bigalke et al., 2010; Ryan et al., 2014) and Fe (Dideriksen et al.,
2008; Morgan et al., 2010). Also, our finding is in agreement with
fractionation profiles of other metal isotopes reported in literature.
For instance, Hg bound to thiols favored light isotopes compared
with chloride and hydroxide forms of the elements (Wiederhold
et al,, 2010). Besides the chelation in the media, previous studies
showed that the chelate of cellular sequestration could lead to the
enrichment of heavy metal isotopes (Aucour et al., 2011). However,
how Cd complexation of cellular sequestration affects the Cd
isotope fractionation is unknown and it needs to be further studied
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by measuring Cd isotope composition in the cytoplasm and
vacuoles.

Based on the above discussion, the Cd isotope fractionation in
root could be affected by the Cd and EDTA concentration, plant
species through the processes of ion transport across root cell
membrane, ion chelation in media or cell, and ion diffusion in the
rhizospheric solution.

4.3. Cadmium isotope fractionation during Cd transfer from root to
shoot

Although all the tissues of two studied plants were enriched
with light Cd isotope compared with the initial solution, the Cd
exported to shoot was isotopically heavier (A"‘””OCdshoc,t_
root = +0.13 to +0.22%o) relative to Cd pools in the root (Table 1).
This was consistent with the results of Wiggenhauser et al. (2016)
that the shoots of wheat were enriched with heavier isotopes
compared to root. In contrast, the shoots were enriched with the
light isotopes compared to the roots for Cu (Jouvin et al., 2012), Zn
(Weiss et al., 2005; Aucour et al., 2011; Jouvin et al., 2012; Tang
et al, 2012; Deng et al., 2014), Mg (Bolou-Bi et al., 2010), Ca
(Cobert et al., 2011; Schmitt et al., 2013). In particular, the AT
M0Cd g 00rroor Values were larger for the R. communis (+0.15
to +0.22%0) than S. nigrum (+0.13 to +0.16%o). It might be associ-
ated with plant height because the R. communis is obviously higher
than S. nigrum. Furthermore, the AM109Cdp oc oot Values for the
two plants were similar in the low Cd or EDTA treatments and high
Cd or EDTA treatments, indicating that the Cd isotope fractionation
associated with root-shoot translocation was independent of the Cd
and EDTA concentrations in the solution.

Once Cd enters the xylem, it will migrate with the transpiration
stream to leaf via the xylem (Mendoza-Cozatl et al., 2011).
Wiggenhauser et al. (2016) inferred that the isotope fractionation
between shoot and root was mainly influenced by vacuolar
sequestration and xylem loading processes. Moreover, previous
studies also revealed that, the majority of Cd was loaded as free ion
in the xylem sap, whereas Cd was mostly transported through
complexation with thiols and specific proteins in the phloem sap
(Ueno et al., 2008; Kato et al., 2010; Alvarez-Fernandez et al., 2014;
Hazama et al., 2015). Thus, vacuolar sequestration, as discussed by
Wiggenhauser et al. (2016), usually leads to heavy isotope enrich-
ment whereas xylem loading processes are likely preferentially
choose light isotopes (Deng et al., 2014). Therefore, the counter-
balance of two processes will generate the heavy or light Cd isotope
enrichment from the root to shoot. In our case, the vacuoles
sequestration has been demonstrated as important process for Cd
storage in the shoot of Cd tolerant and hyperaccumulator plants
(Verbruggen et al., 2009; Wiggenhauser et al., 2016). Consequently,
the enrichment of heavy Cd isotope in the shoots of R. communis
and S. nigrum relative to the roots may be attributed to vacuolar
sequestration of Cd in the shoots.

5. Conclusions

Firstly, the two investigated plants were more enriched in light
isotopes under low Cd and high EDTA solutions than that under
high Cd and low EDTA solutions. Moreover, Cd-hyperaccumulator
S. nigrum was more enriched in light isotopes than Cd-tolerant
R. communis. This suggested that the intensity of fractionation
was likely mediated by the Cd content, EDTA concentration of the
nutrient solutions, and species-specific differences, indicating a
potential for utilizing isotopic signatures to illuminate the role of Cd
in plant physiological processes.

Secondly, the presence of EDTA increased Cd uptake into
hyperaccumulator plants at low Cd supply, which could be used for

remediation purposes. Furthermore, the chelation process has
caused lighter Cd isotope enrichment in R. communis and S. nigrum.

Thirdly, the fits between AM/M9Cd oo¢-plant and In Froor (0T be-
tween A"MOCd 00t plant and In Fspoor) suggest that Cd isotopic
signatures can be used to the study of Cd transportation during the
metabolic process in plants. This also indicates the potential to infer
the transfer of Cd into the aboveground plant parts from the
knowledge of the Cd isotope ratio in the root and the whole plant,
which might help in identifying Cd-avoiding crop cultivars.
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