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Abstract
Background and aims Interactions between Cd and Zn
occur in soils and plants but are inconsistent. This study
examined how Cd/Zn interactions influence the growth
of Carpobrotus rossii (Haw.) and the accumulation of
Cd and Zn in plants.
Methods Plants were grown in nutrient solutions con-
taining 5–100 μM Zn and 0, 5 or 15 μM Cd. Plant
growth and tissue concentrations were measured, and
the speciation of Zn within the plant tissues determined
us ing synchro t ron-based X-ray absorp t ion
spectroscopy.
Results There was an additive negative interaction be-
tween Cd and Zn on root growth. Only the highest level
of Zn (100μM) decreased Cd concentrations in root and
shoot tissues (by 40–64%), whilst 100 μMZn enhanced
Cd translocation at 5 μM Cd but decreased it at 15 μM
Cd. In contrast, both 5 and 15 μM Cd decreased Zn
concentrations in root and shoot tissues but increased Zn
translocation by 30–90%. This interaction was not as-
sociated with changes in Zn speciation within the plants,
with most Zn associated with oxalate (48–87%).

Conclusions The presence of Zn and Cd resulted in an
additive negative effect on root growth, but an antago-
nistic pattern in their accumulation in shoots ofC. rossii.

Keywords Cd/Zn interaction . Phytoremediation .

Synchrotron . XANES . Zn speciation . Zn translocation

Introduction

Cadmium (Cd) is considered to be one of the most
environmentally toxic pollutants, accumulating in plant
tissues to levels that are harmful in the diets of animals
and humans without being toxic to the plant itself. It is
known that Cd enters the environment as a result of the
application to soil of a range of materials, including
sewage sludge used as soil amendments, phosphate
fertilizers, waste from incinerators, and other industrial
products (Nicholson et al. 1994). Among the various
approaches used for remediation, phytoextraction is
considered to be a cost-effective and environmentally
friendly way to remove Cd from contaminated soils
(Mahar et al. 2016).

Zinc (Zn) is an essential micronutrient for plants but
can also be toxic at elevated concentrations. Both Cd
and Zn have similar geochemical and environmental
properties, and are often co-located in soils, with this
often resulting in Cd and Zn interacting with each other
in soils and plants (Li et al. 2009). However, the nature
of these interactions are difficult to predict, as they can
be either antagonistic or synergistic, while other times
there is no interaction. It has been demonstrated that the
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interaction between Zn and Cd depended upon plant
ecotype, metal type, external metal concentration and
cultural method (Benáková et al. 2017; Cojocaru et al.
2016; Qiu et al. 2011; Li et al. 2009; Lombi et al. 2001).
Indeed, Li et al. (2009) reported that the addition of
500 μM Zn increased shoot Cd accumulation in the
Cd/Zn hyperaccumulating ecotype of Sedum alfredii
but decreased it in the non-hyperaccumulating ecotype,
while the addition of 100 μM Cd did not influence Zn
accumulation in either ecotype. In contrast, for Poten-
tilla griffithii, another Cd/Zn hyperaccumulator, the ad-
dition of 2.5 mM Zn to the nutrient solution decreased
Cd accumulation in roots but increased it in shoots,
while 0.2 and 0.4 mM Cd increased accumulation of
Zn in the roots but decreased its accumulation in the
shoots (Qiu et al. 2011). Furthermore, the addition of
10 μMZn decreased Cd uptake by both ecotypes of Cd/
Zn hyperaccumulator Noccaea (Thlaspi) caerulescens
at 0.2μMCd,while it only caused a 35% decrease in the
Prayon ecotype but not in the Ganges ecotype at 10 μM
Cd (Lombi et al. 2001). In a similar manner, a range of
interactions have been observed in three oilseed rape
(Brassica napus) cultivars, where 10 μM Zn decreased
Cd concentrations in the shoot tissue of cv. Navajo while
5 μM Cd decreased Zn concentrations in root tissues of
all three cultivars (Benáková et al. 2017). In contrast, for
B. napus, when compared to treatments containing Cd
or Zn alone, tissue concentrations of both Cd and Zn
decreased when grown in soils enriched with a mixture
of both Cd and Zn (Cojocaru et al. 2016). Therefore, in
order to broaden the use of phytoremediation in Cd/Zn
contaminated environments, it is important to under-
stand the mechanisms of the Cd and Zn interactions,
particularly from a species-specific perspective.

Carpobrotus rossii is a Cd accumulator and is toler-
ant to high levels of Zn and salinity (Zhang et al. 2014),
and is thus a good species for studying the interactions
between Zn and Cd. A previous soil-based study using
C. rossii showed that compared to the treatments con-
taining either Cd or Zn alone, the combination of Zn and
Cd significantly increased the Cd content in the shoots
but decreased the Zn content in the shoots, with an
inconsistent effect on Cd and Zn translocation (Zhang
et al. 2014). In this previous study, the Zn-induced
increase in the shoot Cd content was partly attributed
to the increased concentration of Cd in the rhizosphere
(Zhang et al. 2014). However, overall, it remains unclear
whether changes in the Cd and Zn contents of plant
tissues are primarily due to interactions within soils or

if they are due to interactions within the plant itself. For
example, apart from influencing soil availability, the
addition of Cd/Zn may also influence translocation by
altering their speciation in plant tissues. It has been
reported that Zn forms complexes with phytic acid,
histidine, and phosphate in plant roots, and is then
transported as the free Zn2+ ion or as Zn-organic com-
plexes within the xylem sap (Kopittke et al. 2011b;
Monsant et al. 2011). Of particular interest, it was shown
for C. rossii that the addition of Cd decreased tissue
concentrations of organic acids but increased P concen-
trations, with these changes potentially influencing the
translocation and accumulation of Zn (Cheng et al.
2018). However, there is little information on the mutual
effects of Cd and Zn on their translocation and accumu-
lation within the tissues of C. rossii. This is needed in
order to understand how metals accumulate in C. rossii
when grown in Cd/Zn contaminated environments.

The present study aimed to examine the effect of Cd
and Zn on the growth ofC. rossii and Cd/Zn interactions
on the speciation, translocation and accumulation of
both Cd and Zn. It was hypothesized that Cd and Zn
would have synergistic effects on the growth of
C. rossii, but have antagonistic effects on their translo-
cation and accumulation due to the competition between
them within the plant. Synchrotron-based X-ray absorp-
tion spectroscopy (XAS) was used for the in situ anal-
yses of Zn speciation in hydrated (frozen) plant tissues.
The results of this study provide an understanding of
how Cd and Zn affect the accumulation of each other
within the plant, and will assist in improving the effi-
ciency of phytoremediation for Cd and Zn co-
contaminated soils.

Materials and methods

Plant growth

Uniform cuttings of Carpobrotus rossii (Haw.)
Schwantes (Aizoaceae) were cut from the mother plant,
washed with tap water, and transplanted to polyethylene
pots (5 L) filled with a basal nutrient solution (Cheng
et al. 2018). The nutrient solution was prepared using
deionized water and had the following composition
(μM): 200 MgSO4; 10 KH2PO4; 600 K2SO4; 600
Ca(NO3)2; 20 FeNaEDTA; 5 H3BO3; 1 MnSO4; 0.2
CuSO4; 0.03 Na2MoO4; 1 ZnSO4. Such a nutrient com-
position was shown to be adequate for the optimal
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growth of C. rossii. The solutions were continuously
aerated during plant growth and replaced every 6 d. The
plants were grown in a controlled environment growth
room with a day/night temperature regime of 20/18 °C,
a relative humidity of 50%, and a photoperiod of 14 h
with a light intensity of 400 μmol m−2 s−1. The plant
roots were well developed after two weeks and three
uniform rooted cuttings were chosen and transferred to
new pots containing the treatment solutions. The exper-
iment consisted of three Cd concentrations (0, 5 and
15 μM) and three Zn concentrations (5, 30 and 100 μM)
in three replicates. Cadmium and Zn were added as
Cd(NO3)2 and Zn(NO3)2, respectively because NO3

−

has a minimal effect on the speciation of Cd and Zn in
solutions. The nutrient solutions were renewed every 3
d, and solution pH was buffered using 2 mM MES
[2-(N-morpholino) ethanesulphonic acid] and adjusted
daily to ca. 6.0 with 1 M KOH. Plants were harvested
after growth for 10 d in the treatment solutions.

Plant harvest and analysis

Plants were separated into shoots and roots, and fresh
weights recorded. After washing with deionized water,
the shoots were divided into three parts, with one frozen
in liquid nitrogen and stored at −80 °C, one frozen in
liquid nitrogen and then freeze-dried and the third oven-
dried at 80 °C in paper bags. Similarly, roots were
divided into three parts, with first two parts being im-
mersed in ice-cold 20 mM Ca(NO3)2 for 15 min,
washed with deionized water, frozen in liquid nitrogen
and then either stored at −80 °C or freeze-dried, while
the third part was immersed in ice-cold 20 mM Na2-
EDTA for 15 min to remove Cd and/or Zn adhering to
the root surface and then washed with deionized water
and oven-dried at 80 °C. The morphological parameters
(length, average diameter and surface area) of the roots
were determined using a root scanner at 600 dpi (Epson
Perfection 4990 Scanner, model J131B, Epson Inc.)
before being oven-dried for chemical analysis. Given
that plant growth was exponential during the treatment
period, the relative growth rate (RGR) was calculated
according to the equation RGR = (lnW2- lnW1)/(t2-t1),
where W1 and W2 were the dry matter weight of the
entire plant at the beginning and the end of the treatment
period, and (t2-t1) was the treatment duration (Hunt
1990). In addition, the specific uptake was calculated
by dividing total amount of Cd (or Zn) in the plants by
total root surface area.

The oven-dried samples were ground and digested
using concentrated HNO3 in a microwave digester
(Multiwave 3000, Anton Paar), and the concentrations
of various elements in the digests analyzed using an
inductively coupled plasma optical emission spectrom-
etry (ICP-OES) (Perkin Elmer Optima 8000, MA,
USA).

Zinc speciation by X-ray absorption spectroscopy
(XAS)

Zinc K-edge X-ray absorption near edge structure
(XANES) spectra were collected at the XAS Beamline
at the Australian Synchrotron, Melbourne, as described
by Kopittke et al. (2011b). The energy of each spectra
was calibrated by simultaneous measurement in trans-
mission mode of a metallic Zn foil reference. The spec-
tra were collected in fluorescence mode using a 100-
element solid-state Ge detector. To minimize beam-
induced artifacts and thermal disorder, samples were
placed in a cryostat sample holder (maintained at ca.
12 K, liquid helium). The beam size was adjusted to
approximately 0.5 × 1 mm.

For the plant tissues, XAS analyses were conducted
only for the five treatments containing either 5 or
100 μM Zn (i.e. not for any of the three treatments
containing 30 μM Zn). For freeze-dried samples, the
tissues were ground to a fine powder at room tempera-
ture before being placed into a sample holder with
Kapton tape windows and transferred to the cryostat
for analysis. For hydrated (frozen) samples, 1–2 g of
the plant tissues were placed in an agate mortar and
pestle cooled using liquid nitrogen, before being ground
to a fine powder whilst keeping under liquid nitrogen.
The well-homogenized samples were then placed into a
sample holder with Kapton tape windows cooled with
liquid nitrogen, and transferred to the cryostat for anal-
ysis. For these hydrated samples, tissues were not
thawed at any point between harvest and analysis.

In addition to plant tissues, we also examined a total
of eleven Zn standards, including seven aqueous com-
pounds and four finely ground powders. The seven
aqueous standards consisted of solutions with the fol-
lowing final concentrations (i) 4 mM Zn(NO3)2, and (ii-
vii) 4 mM Zn(NO3)2 mixed with 20 mM cysteine, citric
acid, histidine, phytic acid, oxalic acid, or 0.5%
polygalacturonic acid. These seven aqueous standards
were prepared using 40 mM stock solutions of
Zn(NO3)2 together with 200 mM cysteine, citric acid,

Plant Soil (2018) 430:219–231 221



hi s t id ine , phyt ic ac id , oxa l ic ac id , or 1%
polygalacturonic acid. All aqueous standards (other than
polygalacturonic acid) were mixed in 30% glycerol to
limit ice-crystal formation during cooling, and adjusted
to pH ca. 6 using 0.1 M NaOH [except for the 4 mM
Zn(NO3)2]. Where constants were available,
GEOCHEM-EZ was used to model the standard solu-
tions of Zn-citrate, Zn-oxalate, Zn- histidine, and Zn-
cysteine, indicating that >99% of Zn was complexed
with citric acid, >99% with oxalic acid, 99% with histi-
dine, and > 96% with cysteine. In addition to the seven
aqueous standards, we also prepared four solid stan-
dards, being ZnO (Sigma Aldrich, 93,632), Zn3(PO4)2
(Sigma Aldrich,587,583), [ZnCO3]2·[Zn(OH)2]3 (Sig-
ma Aldrich, 96,466), and ZnCO3·2ZnO·3H2O (Ajax,
1518). These four solids were diluted to a Zn concen-
tration of 100 mg kg−1 using cellulose.

Once the samples or standards had been prepared and
placed into the cryostat, we collected the XANES spec-
tra. When doing these XANES scans, we first compared
spectra from hydrated plant tissues with those from
freeze-dried tissues in order to allow an assessment of
potential changes in speciation resulting from the freeze-
drying process. This is because freeze-dried tissues are
commonly used, due to their higher tissue concentra-
tions (on a mass basis) and because they are easier to
handle. However, it was found that freeze-drying result-
ed in a slight change in the XANES spectra (see later
discussion), and thus hereafter, all samples examined
were hydrated (frozen) unless otherwise stated. Next,
we examined whether the XANES analyses themselves
caused beam damage during scanning. For this, we did
three consecutive scans at the same physical location on
a plant tissue sample. For the first, we did a quick
XANES scan (same number of energy steps, but with
10-times shorter dwell per energy), followed by a nor-
mal XANES scan, which was followed again by a quick
XANES scan. We then compared these three scans to
see if they differed, but no differences were observed,
indicating that there was no observable sample damage
during analysis. Finally, once we had established the
correct operating procedure (i.e. using hydrated sam-
ples, with these not damaged by the XANES analyses),
we then analyzed the tissue samples from the five treat-
ments plus the eleven standards.Multiple XANES scans
were performed for each sample, with two scans per
standard, and either two or three scans for each plant
tissue sample. For these scans, the position was moved
to different areas of the sample after each scan.

The XANES spectrum for each scan was energy-
normalized using the reference energy of the Zn foil,
with replicate spectra for each sample merged using
Athena (version 0.9.22) (Ravel and Newville 2005).
The linear combination fitting (LCF) was performed
using Athena to identify the relative proportions of
standard spectra within the sample spectra. The fitting
energy range was −20 to +30 eV relative to the Zn K-
edge, and a maximum of two standards were permitted
for each fit.

Statistical analysis

Treatment differences were tested for significance (P ≤
0.05) by Duncan’s multiple range test following a two-
way analysis of variance performed with GenStat v.11
(VSN international).

Results

Plant growth

Increasing solution concentrations of Cd decreased root
weight by up to 37% while Zn decreased root weight by
up to 52% (Fig. 1a). However, a significant Zn × Cd
interaction was observed (P < 0.01, Table 1), with the
magnitude of the decrease in root weight upon addition
of Cd being greater at 100 μM Zn than at 5 or 30 μM
Zn, and greater at 15 μMCd than at 5 μMCd (Fig. 1a).
For example, the addition of 5 μMCd did not influence
root weight, while 15 μM Cd decreased the root weight
by 26% at 30 μM Zn and by 71% at 100 μM Zn.

In contrast to the effect on root weight, the concen-
trations of Zn and Cd in the nutrient solutions had
comparatively little impact on shoot weight (Fig. 1b).
The interaction between Zn and Cd was found to be
significant (P < 0.05, Table 1). Specifically, there were
no differences in the shoot weight between the 5 and
15 μMCd treatments, irrespective of the Zn level, while
increasing solution Zn from 30 to 100 μM decreased
shoot weight by 25% at 0 μMCd. Furthermore, increas-
ing the Cd concentration from 0 to 15 μM decreased
shoot weight by 25% at 30 μMZn but did not affect it at
5 or 100 μM Zn.

Not only did the concentration of Cd and Zn influ-
ence root and shoot weight, but it also influenced RGR.
A highly significant Zn × Cd interaction was observed
for RGR (P < 0.001, Table 1), with the magnitude of
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adverse impact of Cd depending upon the Zn concen-
tration in nutrient solution. The addition of Cd did not
influence RGR at 5 μM Zn but decreased RGR by 25–
45% at 30 μMZn. In contrast, the addition of 5 μMCd,
but not 15 μM Cd, increased the RGR at 100 μM Zn.

Root traits

Increasing solution concentrations of Cd or Zn decreased
root length by up to 75% (P < 0.001, Table 1 and Fig. 2a).

However, a highly significant Zn ×Cd interaction was
observed (P < 0.001, Table 1). Specifically, at 5 and
100 μM Zn, the magnitude of reduction in root length
was greater with the addition of 15μMCd (58–63%) than
of 5μMCd (22–40%), whereas the opposite was found at
30 μMZn, with greater reduction at 5 μMCd (54%) than
at 15μMCd (35%). Similar trends were observed for root
surface area although the magnitude of decrease with
increasing concentrations of Cd and Zn was smaller than
for root length (Fig. 2b). Overall, increasing concentra-
tions of Zn to 100 μM or concentrations of Cd to
15 μM increased root diameter by 23–30% (Fig. 2c),
with no significant Cd × Zn interaction (Table 1).

Plant uptake and tissue Cd concentration

As expected, increasing solution Cd concentration in-
creased the concentrations of Cd in root and shoot
tissues, Cd translocation factor (i.e. the shoot-to-root
concentration ratio) and specific Cd uptake except that
Cd treatment did not affect root Cd concentration at
5μMZn or Cd translocation factor at 100μMZn (Fig. 3
and Table 1). Increasing solution Zn concentration
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Fig. 1 Dry weights of roots (a), shoots (b), and relative growth
rate (RGR) of the entire plant (c) of Carpobrotus rossii grown for
10 d in solutions with different concentrations of Cd (0, 5 and
15μM) and Zn (5, 30 and 100 μM). Error bars represent ± SEM of
three replicates. Means with a common letter did not differ signif-
icantly (Duncan’s test, P < 0.05). The two-way analysis for plant
root weight was performed after square-root transformation

Table 1 Significant levels of Cd and Zn treatment effects and
their interactions on plant growth and metal concentration in
Carpobrotus rossii grown for 10 d in solutions with various
concentrations of Cd (0, 5 and 15 μM) and Zn (5, 30 and 100 μM)

Measurements Zn Cd Zn × Cd

Root weight *** ** **

Shoot weight * n.s. *

RGR *** * ***

Root length *** *** ***

Root surface *** *** *

Root diameter *** *** n.s.

Root Zn concentration *** *** *

Shoot Zn concentration *** *** ***

Zn translocation factor * *** *

Specific Zn uptake *** n.s. **

Root Cd concentration *** *** *

Shoot Cd concentration *** *** ***

Cd translocation factor n.s. *** **

Specific Cd uptake n.s. *** n.s.

The two-way analysis for plant root weight, root length, root
surface, Zn/Cd concentration in tissues, Zn translocation factor
and specific Zn/Cd uptake were performed after square-root
transformation

n.s., *, **, *** indicate P > 0.05, P < 0.05, P < 0.01, P < 0.001,
respectively
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decreased root Cd concentration by 39–66%. The ex-
ception was that at 15 μM Cd, root Cd concentrations
were similar when grown in solutions with 5 and 30 μM
Zn (Fig. 3a). Similarly, increasing solution Zn concen-
tration from 5 to 30 μM did not influence shoot Cd
concentration, but further increasing Zn concentration to
100 μM decreased the shoot tissue Cd concentration by
42–64% at both Cd levels (Fig. 3b).

The effect of Zn addition on Cd translocation factor
was concentration-dependent (Fig. 3c). Increasing Zn
from 5 to 30 μM in solutions did not affect the Cd

translocation factor, while increasing solution Zn concen-
tration from 5 to 100 μM increased Cd translocation by
69% at 5 μM Cd but decreased it by 29% at 15 μM Cd.
Furthermore, increasing solution Zn concentration from 5
to 100 μM Zn did not alter specific Cd uptake, while it
was 2–3 fold higher at 15 μM than at 5 μMCd (Fig. 3d).

Plant uptake and tissue Zn concentration

Increasing solution Zn addition generally increased root
and shoot Zn concentrations except that increasing so-
lution Zn from 30 to 100 μM Zn did not further in-
creased plant Zn concentration at 15 μM Cd (Fig. 4a, b
and Table 1). However, the addition of Cd decreased
root Zn concentration by >50% at 100 μM Zn. In
comparison, the effect of Cd addition on shoot Zn
concentration was concentration-dependent (Fig. 4b).
The addition of 5 and 15 μM Cd decreased the shoot
tissue Zn concentration by an average of 40% at 5 μM
Zn, but did not affect it at 30μMZn, whereas 15 μMCd
decreased the shoot tissue Zn concentration by 50% at
100 μMZn. As a result, the addition of 5 and 15 μMCd
increased the Zn translocation factor by 30–90%, except
at 100 μM Zn where the addition of 15 μM Cd did not
influence it (Fig. 4c). In contrast, the addition of Cd only
influenced specific Zn uptake at 100 μM Zn, with 38%
(at 5 μMCd) higher specific Zn uptake than the non-Cd
treated plants (Fig. 4d).

Zn speciation in plant samples using XAS

The XANES spectra for the eleven standard Zn com-
pounds were examined (Fig. 5). It was first noted that
the spectra for the standard compounds in which Zn
bound to a carboxyl group or was present as the free
Zn2+ ion [i.e. Zn(NO3)2, oxalate, citrate, and
polygalacturonate], were somewhat similar, with a
white line peak at ca. 9669.1–9669.6 eV. Despite their
overall similarity, subtle differences were observed in
the magnitude of the white line peak or slight differ-
ences in the spectral features (Fig. 6a). All seven of the
other standard compounds showed distinctive features
in their spectra. For example, the peak for cysteine was
at 9665.4 eVand was much flatter than others, while the
peak for phosphate (9667.0 eV) was also comparatively
flat. The peak for phytate (9666.7 eV) was broad, almost
being double-peaked. Finally, the spectra of
[ZnCO3]2·[Zn(OH)2]3 and ZnCO3·2ZnO·3H2O were
somewhat similar with each other, but differed markedly
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from the spectrum of ZnO in the energy of their white
line peak and their spectral features.

We then examined whether the freeze-drying process
altered the XANES spectra of plant tissue samples. The

spectra of freeze-dried and frozen hydrated shoots of
C. rossii grown at 5 μM Zn were found to clearly differ
from each other (Fig. 6b). Specifically, differences be-
tween the spectra for the freeze-dried and hydrated tissues

c c

b

c

a

b

0.0

0.3

0.6

0.9

1.2

g
g

m(
n

oitart
nec

n
oc

d
C

t
o

o
R

-1
D

W
) a 5 μM Zn

30 μM Zn
100 μM Zn

b

c

ab

c

a

b

0.0

0.1

0.2

0.3

0.4

S
h

o
o

t 
C

d
 c

o
n

ce
n

tr
at

io
n

 (m
g

 g
-1

D
W

)

b 

a

c

ab

c

b b

0.0

0.2

0.4

0.6

5 μM Cd 15 μM Cd 

r
otcaf

n
oitac

ols
nart

d
C

c

a

b

a

b

a

b

0

2

4

6

8

10

5 μM Cd 15 μM Cd 

S
p

ec
if

ic
 C

d
 u

p
ta

ke
 (
μg

 c
m

-2
)

d 

Fig. 3 The concentration of Cd
in root (a) and shoot tissues (b) of
Carpobrotus rossii. The Cd
translocation factor (shoot-to-root
Cd concentration ratio) (c) and
specific Cd uptake (d) are also
given. Plants were grown for 10 d
in solutions with different
concentrations of Cd (0, 5 and 15
μM) and Zn (5, 30 and 100 μM).
Error bars represent ± SEM of
three replicates. Means with a
common letter did not differ
significantly (Duncan’s test,
P < 0.05). The two-way analysis
was performed after square-root
transformation

b

d

d

a

b

c

a

b b

0.0

0.5

1.0

1.5

2.0

2.5

g
g

m(
n

oitart
nec

n
oc

n
Z

t
o

o
R

-1
D

W
) a 

0 μM Cd 
5 μM Cd 
15 μM Cd 

b

d

e

a

cd

e

a

cd
c

0.0

0.2

0.4

0.6

0.8

S
h

o
o

t 
Z

n
 c

o
n

ce
n

tr
at

io
n

 (m
g

 g
-1

D
W

)

b 

a a

b
bc c c

b

c

bc

0.0

0.2

0.4

0.6

0.8

5 μM Zn 30 μM Zn 100 μM Zn

r
otcaf

n
oitac

ols
nart

n
Z

c   

a

c

d

a

c

e

ab

bc

d

0

6

12

18

24

30

5 μM Zn 30 μM Zn 100 μM Zn

S
p

ec
if

ic
 Z

n
 u

p
ta

ke
 (
μg

 c
m

-2
) d

Fig. 4 The concentration of Zn in
root (a) and shoot tissues (b) of
Carpobrotus rossii. The Zn
translocation factor (shoot-to-root
Zn concentration ratio) (c) and
specific Zn uptake (d) are also
given. Plants were grown for 10 d
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could be seen as: (i) a slight shift in the energy corre-
sponding to the white line peak (9668.3 versus
9668.9 eV), and (ii) a lower but broader white line peak
for the freeze-dried shoots than for the hydrated shoots
(Fig. 6b). Indeed, the LCF predicted that the Zn was
present as Zn-oxalate (65–74%), and either Zn-histidine
(35%) or Zn-cysteine (26%) in the frozen hydrated shoots.
However, in the case of the freeze-dried shoots, 70% of
the Zn was in the form of Zn-phytate, with 30% of Zn
present as Zn-phosphate. It appeared that the freeze-
drying process altered the speciation of Zn in plant tissues,
and hence only hydrated tissues were examined hereafter.

We then compared the XANES spectra for all the root
and shoot tissues. Overall, several important observations
were noted. Firstly, all these spectra had a white line peak
ca. 9669.1 eV (Fig. 7), with this energy value and the
features of the spectra being somewhat visually similar to
oxalate (Figs. 5 and 6a). Secondly, the spectra for the
various plant tissues appeared visually similar irrespective
of the Zn and Cd concentration used, indicating the addi-
tion of Cd did not markedly alter the speciation of Zn
within plant tissues (Fig. 7). These observations were also
confirmed by LCF, which predicted that the 48–87% of
Zn in all root and shoot tissueswas associatedwith oxalate

after 10-d growth (Table 2). The remaining Zn in roots
was bound to histidine, except for the plants grown in
5 μMZn solutions with Cd addition, where the remaining
Zn was either bound to histidine or cysteine. The increas-
ing concentration of Zn or Cd in solution did not alter Zn
speciation in the root tissues. However, the proportion of
Zn-oxalate in shoots was 16% higher at 100 μM Zn than
at 5 μM Zn, and the addition of Cd increased the Zn-
oxalate by 11–20% at both 5 and 100 μM Zn.

Discussion

The effect of Zn and Cd on plant growth and root
morphology

In the present study, Zn and Cd acted synergistically to
inhibit the root growth of C. rossii (Figs. 1 and 2). This
observation is consistent with previous findings for
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other plant species that have been grown in either soils
or solutions containing trace metals (Lu et al. 2013a). In
addition, the present study showed that the addition of
Zn and Cd also changed root morphology – increasing
solution concentrations of either Zn or Cd alone, or in
combination, resulted in shorter and thicker roots

(Fig. 2). This impact had a greater effect on root
morphological parameters (Fig. 2) than on root
weight (Fig. 1a), particularly for root length. Similar
effects have been reported in maize (Zea mays) and
peanut (Arachis hypogaea) (Maksimović et al. 2007;
Lu et al. 2013b).

The accumulation of Zn and Cd in plant tissues

High Zn supply reduced concentrations of Cd in root
and shoot tissues of C. rossii, and high Cd likewise
reduced tissue Zn concentrations. Thus these two heavy
metals were antagonistic in their effects on tissue con-
centrations (Figs. 3 and 4). Similar effects have been
reported previously in other plant species (Hart et al.
2002, 2005; Jamali et al. 2014).

This antagonistic effect of Zn and Cd on their tissue
concentrations could be attributed to the decreased Zn
and Cd accumulation in the plant, rather than to a
‘dilution’ effect. This is because the plants that grew in
solutions with both Zn and Cd had similar shoot bio-
mass, but significantly smaller root biomass compared
with the plants grown in solutions with the correspond-
ing concentrations of Zn or Cd alone. There are several
possible reasons to explain this decreased Zn and Cd
accumulation. Firstly, the total capacity of root uptake
was reduced by the addition of Zn and Cd. Generally,
plant root parameters determine the capacity of plants to
acquire water and nutrients, and the metal uptake capac-
ity is strongly related to the total root surface area and
specific root uptake capacity per unit root surface area
(Li et al. 2009; Guerrero-Campo et al. 2006; Tachibana
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Table 2 The predicted speciation of Zn in root and shoot tissues
of Carpobrotus rossii grown for 10 d in solutions with different
concentrations of Cd (0, 5 and 15 μM) and Zn (5 and 100 μM) as

calculated using linear combination fitting (LCF) of the K-edge
XANES spectra

Treatment R-factor Zn-oxalate Zn-histidine Zn-cysteine R-factor Zn-oxalate Zn-histidine

Zn (μM) Cd (μM) Root Shoot

5 0 0.00082 65.1 (1.1) 34.9 (5.3) 0.00079 49.9 (4.3) 50.1 (1.2)

5 5 0.00083 73.5 (0.6) 26.5 (0.6) 0.00170 69.7 (1.6) 30.3 (4.0)

0.00106 49.5 (1.2) 50.5 (1.2)

5 15 0.00292 76.8 (4.0) 23.2 (1.1) 0.00129 61.9 (1.3) 38.1 (1.6)

0.00408 59.4 (4.6) 40.6 (2.5)

100 0 0.00052 52.7 (0.8) 47.3 (0.8) 0.00362 66.0 (3.3) 34.0 (2.2)

100 15 0.00069 47.5 (1.0) 52.5 (6.6) 0.00180 86.9 (1.7) 13.1 (5.3)

The values in brackets show the percentage variation in the calculated values. The goodness of fit is indicated by the R-factor. R factor =Σi

(experiment – fit)2 / Σi (experimental)
2 , where the sums are over the data points in the fitting region
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and Ohta 1983). In the present study, the addition of Cd
or Zn in solution decreased the root surface area by up to
65% with high concentrations of Zn and Cd together,
compared to the treatments with Zn or Cd alone (Fig.
2b), although the specific uptake capacity of Zn or Cd
was similar or even higher (Figs. 3d and 4d).

A second reason for the antagonistic behavior of Cd
and Zn is the decreased activity of Zn2+ and Cd2+ at the
plasma membrane surface caused by high concentra-
tions of the other metal ion, despite the speciation of
Zn and Cd in the nutrient solutions not being altered. It
has been reported that increasing the concentrations of
cations reduces the negativity of the electrical potential
at the surface of plasma membrane, with this then de-
creasing the activities of metal cations at the membrane
surface (Kopittke et al. 2011a; Wang et al. 2011). Ion
activities at the plasma membrane surface were calcu-
lated as described by Kopittke et al. (2014), and it was
found that for a given Zn level, the addition of Cd only
decreased the negativity of the electrical potential slight-
ly, with only small changes in the activity of Zn2+ at the
plasma membrane surface (Table 3). Furthermore, in-
creasing solution Zn concentrations from 5 to 30 or
100 μM markedly reduced the negativity of the electri-
cal potential, resulting in predicted decreases in the
activities of Cd2+ at the plasma membrane surface of
13% (30 μM) and 36.5% (100 μM) (Table 3). Thus, the
decreased accumulation of Cd in plant tissues caused by
increasing Zn (Fig. 3) is likely related (at least in part) to
a decreased activity of Cd2+ at the surface of outer
plasma membrane. In contrast, the decreased Zn accu-
mulation in plants caused by elevated concentrations of

Cd could not explain by changes in the activity of Zn2+

at the plasma membrane surface.
A third possible reason for the antagonistic inhibition

of Zn and Cd accumulation might be attributed to the
competition between the two metals for transporters at
the root cell plasma membrane. As a non-essential ele-
ment, Cd2+ is likely to enter plant cells through divalent
cation carriers or channels of low specificity, especially
for Zn2+ given the similar properties of the two metal
ions (Verkleij et al. 2009; Clemens 2006). This compe-
tition between Cd and Zn for root uptake is consistent
with that observed in Cd/Zn hyperaccumulatorNoccaea
(Thlaspi) caerulescens, although a high-affinity Cd
transporter is involved in Cd uptake in the Ganges
ecotype of N. caerulescens (Lombi et al. 2001). Similar
result was also reported in the roots of bread wheat
(Triticum aestivum) and durum wheat (T. turgidum),
where Zn and Cd appeared to be transported via a
common carrier whilst the affinity of the transporter
was greater for Cd than for Zn (Hart et al. 2002).

Although the addition of Cd decreased Zn concen-
tration in both the root and shoot tissues, the magnitude
of the decrease was substantially higher in the roots,
thereby indicating that Cd decreased Zn uptake but
enhanced its translocation from root to shoot in
C. rossii (Fig. 4). This observation that Cd addition
increases Zn translocation is consistent with that ob-
served in S. alfredii (Li et al. 2009), but differs from that
reported in Thlaspi caerulescens (Noccaea
caerulescens) and P. griffithii (Qiu et al. 2011) where
Cd addition significantly decreased Zn translocation.
This enhanced Zn translocation in the present study

Table 3 The calculated cell membrane surface potentials (Ψ0
o), and Cd2+ and Zn2+ activities in the bulk-phase medium ({Cd2+}b

and{Zn2+}b), and at the cell membrane surface ({Cd2+}0
o and {Zn2+}0

o) in the different treatments

Treatment Ψ0
o (mV) {Zn2+}b (μM) {Zn2+}0

o (μM) {Cd2+}b (μM) {Cd2+}0
o (μM)

Zn (μM) Cd (μM)

5 0 −39.5 3.8 81.9 – –

5 −39.2 3.8 80.1 3.5 73.6

15 −38.7 3.8 76.7 10.4 211.6

30 0 −37.7 22.6 424.0 – –

5 −37.4 22.6 416.1 3.5 63.6

15 −37.0 22.6 401.0 10.4 183.8

100 0 −33.6 75.0 1027.5 – –

5 −33.5 75.0 1013.8 3.4 46.1

15 −33.1 74.9 987.5 10.2 134.8
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could not be explained by changes in the speciation of
Zn within plant tissues given that the addition of Cd did
not alter Zn speciation in the plant root tissues (Fig. 7
and Table 2). One possibility for this Cd-induced in-
crease in Zn translocation is that the Cd decreased
vacuolar Zn sequestration in plant roots by competing
for the cation/H+ antiporter to move across the tonoplast
and/or changing the electrochemical potential difference
for H+, which energizes the pumping of Zn2+ and Cd2+

into the vacuole (Clemens 2006; Verkleij et al. 2009).
Another possible mechanism is that in the presence of
Cd, more Zn was required by the plant shoots to main-
tain the plant growth with the high Cd concentrations in
the shoot tissue, given the important role of Zn in many
biological systems, including enzyme reactions, gene
expression and protein production (Marschner 2011).
It has been reported that Cd and Zn induced differential
molecular responses in plants, and a number of proteins
participated in the inhibition of Cd uptake and Cd de-
toxification with the supply of Zn (Wang et al. 2016).
However, further research is required to test these
hypotheses.

The effect of Zn on the translocation of Cd was
smaller and concentration-dependent, with 100 μM Zn
enhancing Cd translocation at 5 μMCd but decreasing it
at 15 μMCd (Fig. 3c). Increased Cd translocation by Zn
addition had also been reported in P. griffithii (Qiu et al.
2011), which may also be due to the competition for
sequestration in vacuoles and/or the elevated expression
of the Cd transporter at low Cd level (Clemens 2006;
Verkleij et al. 2009; Verret et al. 2004). However, the
decreased Cd translocation observed in the present study
for the treatment containing 100 μM Zn and 15 μM Cd
might be due to the competitive transport at high Cd
levels, but this still needs further study.

In the present study, interestingly, the effects of Cd
addition on Zn uptake and translocation were greater
than the effects of Zn on Cd, even when the level of Zn
in solutions was 20 times higher than the Cd level. Only
the highest level of Zn (100 μM) significantly decreased
the uptake and influenced the translocation of Cd in
C. rossii, confirming C. rossii is a promising candidate
for phytoextraction of Cd in contaminated soils
coexisting with high levels of Zn (Zhang et al. 2014).

Speciation of Zn in plant tissues

In the present study, LCF predicted that Zn was pre-
dominantly (48–87%) bound to oxalate in the root

tissues of C. rossii (Fig. 7 and Table 2). This is consis-
tent with previous studies showing that the organic acids
play important role in chelating Zn in plant tissues
(Küpper et al. 2004, 1999). However, most previous
studies have reported that malate or citrate, rather than
oxalate, are the most important organic anions for the
complexation of Zn in plant tissues. For example, Sarret
et al. (2002) found that more than 67% of Zn in the
aerial tissues of A. halleri was octahedrally coordinated
and complexed to malate. In addition, Lu et al. (2014)
reported that 41–67% of Zn in the shoots of S. alfredii
was complexed with malate, while Zn-citrate and Zn-
cell wall complexes dominated in the roots. The authors
attributed the complexation of Zn-malate partially to
malate having the highest concentrations among the
measured organic acids in the tissues of S. alfredii. In
contrast, oxalate was the most abundant organic acid
among seven organic acids in the roots of C. rossii,
while malate was the organic acid with the highest
concentration in the shoots (Cheng et al. 2018). Indeed,
Zn has a stronger affinity for oxalate (stability constants
log K 1.7–6.4) than for malate (stability constants log K
1.7–2.9) (Martell and Smith 1974), and so it is not
unexpected that Zn-oxalate complexes formed when
high concentrations of oxalate occur in the tissue. It
should also be noted that complexes of Zn-oxalate were
also found in the shoots of T. caerulescens (Salt et al.
1999) and the roots of tobacco (Nicotiana tabacum)
(Straczek et al. 2008), although the proportion was
smaller (0–30%) than in the tissues of C. rossii. There-
fore, Zn-oxalate appeared to play an important role in
C. rossii’s tolerance to high Zn concentrations in its
tissue. However, the speciation of Zn with the roots
was not greatly affected by the addition of Cd or in-
creasing Zn concentration in solution, indicating that the
enhanced Zn translocation in plants upon the addition of
Cd was not due to the changes of Zn speciation within
plant roots.

It was found that Zn-oxalate was also the dominant
Zn species (50–87%) in the shoots of C. rossii, with the
remaining 13–50% of Zn present as Zn-histidine (Fig. 7
and Table 2), which was similar to the Zn speciation
reported for the shoots of T. caerulescens (Küpper et al.
2004). In addition, the observation that the proportion of
Zn-histidine in the shoot tissues decreased with the
addition of Cd is in agreement with Küpper et al.
(2004), who found the proportion of Zn-histidine in
the mature leaf of T. caerulescens decreased from 40
to 1% upon the addition of 100 μM Cd to nutrient
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solutions containing 10 μM Zn. Furthermore, in the
present study, we found that the proportion of Zn-
oxalate in the shoots increased from 50 to 87% with
the addition of Cd and increasing Zn in the solution
(Table 2). This indicates that the sequestration of Zn in
vacuoles with oxalate may be an important strategy in
the aerial parts of C. rossii to detoxify the accumulated
Zn when the plant is grown with high metal stress.

The present study used hydrated (frozen) tissue sam-
ples for the XANES analyses as we found differences
between the spectra of the hydrated and freeze-dried
samples (Fig. 6b). There have long been concerns that
the freeze-drying process could produce experimental
artifacts (Sarret et al. 2002; Küpper et al. 2004; Sarret
et al. 2009). For example, using freeze-dried samples, it
was reported that Zn was associated solely with phos-
phate in leaves of A. lyrata (Sarret et al. 2002), while for
hydrated (frozen) leaves 75% of Zn was either free Zn2+

or was complexed with carboxyl groups, with the re-
maining 25% of the Zn being as Zn phosphate (Sarret
et al. 2009). The present study has provided further
evidence that freeze-drying changed the Zn speciation
in plant tissues. Using predictions from LCF, we found
that Zn was predominately complexed to oxalate and
histidine in the frozen hydrated shoots, but as Zn phytate
and Zn phosphate in the freeze-dried samples. This
indicates that dehydration resulted in Zn-phosphate
and Zn-phytate precipitates forming from the Zn origi-
nally present in aqueous state, because the Zn stored in
the vacuole may enter the cytoplasm and chloroplasts
during freeze drying (Küpper et al. 2004; Küpper et al.
1999). However, these artifacts for Zn speciation caused
by freeze-drying differ from that observed for Cd, where
freeze drying has been found previously not to alter
speciation (Cheng et al. 2016; Isaure et al. 2006). There-
fore, the potential impact of the sample preparation
process should be considered when performing analyses
to investigate the speciation of Zn in plant tissues.

In conclusion, the presence of both Zn and Cd within
the nutrient solution resulted in a negative effect on root
growth of C. rossii, but an antagonistic pattern in their
accumulation in shoots. Furthermore, the addition of Cd
to the nutrient solution significantly enhanced the trans-
location of Zn from roots to shoots, while only the
highest level of Zn (100 μM) influenced the transloca-
tion of Cd in C. rossii, with increasing Cd translocation
at 5 μM Cd but decreasing it at 15 μM Cd. However,
this enhanced Zn translocation in plants upon the addi-
tion of Cd did not result from the changes of Zn

speciation within plant tissues. Rather, in both the roots
and shoots, Zn was predominantly bound to oxalate
(48–87%), with the remaining Zn present as Zn-
hisitidine or Zn-cysteine. The present study showed
the competition between Cd and Zn uptake and accu-
mulation in C. rossii, which needs to be considered
should C. rossii be used to phytoremediate Cd/Zn con-
taminated soils.
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