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Cadmium and zinc interaction and phytoremediation potential of
seven Salix caprea clones

Sim-Hee Han', Du-Hyun Kim and Jae Cheon Lee

Department of Forest Resources Development, Korea Forest Research Institute, Suwon 441-350, Korea

We evaluated the interaction between Cd and Zn in the bioaccumulation of seven clones of Salix caprea, which were
exposed both to Cd and Zn alone and to a combination of Cd and Zn. Cadmium (Cd) and Zn concentration in the four
treatments were administered in the following order: root > leaf > stem, and obvious differences were noted among the
treatments and clones. The leaf Cd concentration of clone BH2 and stem Cd concentration of clone BH5 in the com-
bined Cd and Zn treatment group was increased by 62% and 110%, respectively, relative of that of the Cd alone treatment
group. On the other hand, the leaf and stem Zn concentration of clone BH8 in the combined Cd and Zn treatment group
was reduced by 66% and 61%, respectively, relative to that of the Zn alone treatment group. Translocation of Cd and Zn
from the root was higher in the leaf than in the stem, and the combined Cd and Zn treatment stimulated the transloca-
tion of Cd from the root to the leaf and stem, whereas it suppressed the translocation of Zn from the root to the leaf and
stem. Therefore, the interaction effects were considered strongly synergistic with Cd in the presence of Zn, but proved
antagonistic to Zn in the presence of Cd in the combined Cd and Zn treatment group. The phytoremediation potentials
of the seven clones, which were estimated from standard indices of Cd and Zn concentration in Cd and Zn alone and
the combined Cd and Zn treatment groups, were highest in clone BH3, and lowest in clone BH5. Therefore, we recognize
S. caprea as an appropriate material for phytoremediation, and this is particularly the case with clone BH3. However,
further research will be required to evaluate the effects of Cd and Zn on the physiological changes as well as tolerance
mechanisms against metal toxicity in S. caprea clones.
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INTRODUCTION

Recently, many researchers have attempted to find or
develop suitable materials and technology for the reme-
diation of metal-contaminated soils. As a consequence, a
number of plants with the ability to accumulate specific
heavy metals have been identified, and the biochemi-
cal mechanisms relevant to accumulation and defense
against heavy metal toxicity have been thoroughly as-
sessed (Tong et al. 2004, Xu et al. 2009). The potential use
of trees as a suitable vegetation cover for heavy metal-
contaminated land has received an increasing amount of

attention over the past 10 years. Trees have been iden-
tified as a low-cost, sustainable, and ecologically sound
method for the remediation of heavy metal-contami-
nated land (Dickinson 2000). The use of native plants
for phytoremediation is important because these plants
are frequently better in terms of survival, growth, and re-
production under environmental stress conditions than
plants introduced from other environments.

Willows, an economically important species of tree in
Korea, function as potential biomonitors for contami-
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nated, sediment-derived soils, with foliar samples being
employed to evaluate metal bioavailability, as previously
described by Vandecasteele et al. (2002, 2005). However,
metal concentrations in willows depend heavily on spe-
cies (Lundckovd et al. 2003, Vandecasteele et al. 2004,
2005, Han et al. 2007), clone (Landberg and Greger 2002,
Vandecasteele et al. 2005), growth performance (Klang-
Westin and Perttu 2002), root density and distribution
within the soil profile (Keller et al. 2003), and sampling
period (Vandecasteele et al. 2004, 2005). Additionally,
as willows are relatively easy to grow from cuttings and
evidence high growth rates, they are rather well suited
both to the testing of metal bioavailability and accumu-
lation, and also to phytoremediation, which can be com-
bined with energy production from biomass (Dimitriou
et al. 2006, Lewandowski et al. 2006, Vervaeke et al. 2006,
Meers et al. 2007).

In Korea, there are hundreds of closed and abandoned
zinc mines, many of which have been contaminated by a
variety of toxic metals, such as Cd, Zn, Pb, Ni, As, etc. In
particular, Cd and Zn concentrations in mining soil have
been measured at more than 30 and 2,600 mg/kg, respec-
tively (Ministry of Environment 2009).

Cadmium, which is not essential to plants, and Zn,
which is essential to plants, is elements with other-
wise similar geochemical and environmental proper-
ties (Siedlecka 1995). The association of Cd and Zn in
the environment and their relative chemical similarity
result in interactions between Cd and Zn during plant
uptake, as well as transport from roots to aboveground
parts (Das et al. 1997). Studies undertaken to gain insight
into the interaction between Zn and Cd have generated
inconsistent results. White and Chaney (1980) previously
reported that Cd uptake was reduced in both soybean
roots and shoots via the application of Zn. Wu and Zhang
(2002) previously noted that the physiological damage
induced by Cd toxicity might be alleviated by the appli-
cation of Zn. Eriksson (1990) determined that the Zn-Cd
interaction varied with different crop species. Few stud-
ies, however, have been conducted thus far regarding the
interaction of Cd and Zn in tree species grown in high
metal-contaminated soil.

The overall objectives of this research were to gain
insight into the Cd-Zn interaction in the context of Cd-
Zn bioaccumulation of Salix clones in high Cd- and Zn-
contaminated soil, and to evaluate the feasibility of using
these plants for phytoremediation purposes. The results
of this study should provide us with information regard-
ing the use of Salix species for the restoration and reveg-
etation of metal-contaminated soils.
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MATERIALS AND METHODS
Plant materials and treatments

Seven Salix caprea clones were collected from tailing
soils of the Yeonwha mining area in Bonghwa, Korea.
In a previous study, S. caprea was reported to evidence
the highest phytoremediation potential on Cd and Zn of
five Salix species (Han et al. 2007). The experiment was
conducted in a greenhouse from April to September of
2007. Cuttings (approximately 10 cm length and 1 cm
diameter) were planted in containers (35 cm W x 52 cm
L x 9 cm H) filled with vermiculite in early April. Seven
weeks after planting, 20 cuttings (five replicates each for
four treatments) of the same height (approximately 10
cm length and 3 mm diameter) were transplanted into
individual plastic pots (20 cm depth, 17 cm top diameter)
with sand. Cadmium and Zn were added at the following
concentrations: 0 (control), 112 mg/kg Cd, 260 mg/kg Zn,
and 112 mg/kg Cd + 260 mg/kg Zn as CdSO,-8/3H,0 and
ZnS0,-7H,0 solution. Each solution was adjusted to pH
6.8 (pH of tap water). The average heavy metal concen-
trations were 270 mg/kg As, 112mg/kg Cd, 72 mg/kg Cu,
446 mg/kg Pb and 260 mg/kg Zn. The pots were arranged
on a bench inside the glasshouse in accordance with a
completely randomized design with five replicates. Dur-
ing the growing season, tap water was added daily to
maintain soil moisture, and fertilizer solution (1/5,000 of
original solution) was administered at a concentration of
200 mL once per week. The liquid fertilizer employed was
composed of 10% TN, 4% B, 5% K, 0.05% B, 0.05% Cu, and
0.15% Mn.

After 120d of growth, the leaves, stems, and roots were
carefully removed, then rinsed thoroughly twice with
distilled water. After oven drying of the tissues at 70°C to
constant weight, the dry weights of the leaves, stems, and
roots were recorded.

Cd and Zn analyses

The dried leaves, stems, and roots (0.5 g each) were
ground (< 1 mm) and used to determine the concentra-
tions of Cd and Zn. Nitric acid (70%, 15 mL) and hydro-
gen peroxide (30%, 5 mL) were added to 0.5 g of dried,
ground plant samples in a digestion vessel. The samples
were digested using the microwave digestion system,
cooled after the addition of distilled water, and filtered
prior to analysis. Cadmium and Zn concentration in the
digested tissues were measured using an atomic absorp-
tion spectrophotometer (AA-6701F; Shimadzu, Tokyo,



Japan). In order to verify the accuracy of our determina-
tions of Cd and Zn, standard reference materials of pep-
perbush (CRM No.1) and sargasso (CRM No.9) provided
by the National Institute for Environmental Studies, Tsu-
kuba, Japan were analyzed. The recovery rates of Cd and
Zn with respect to their certified values were between
90% and 95%.

Leaf and stem translocation factor (TF), which is de-
fined as the ratio of the concentration of a metal in leaf
and stem to its concentration in the root, was used to es-
timate the plant’s potential for use in phytoremediation
purposes. The phytoremediation ability of the seven Sa-
lix clones was ranked on the basis of Cd and Zn concen-
trations in Cd and Zn alone, as well as in the combined
Cd and Zn treatment group. The standard index (SI) on
each concentration was calculated as (X - Xavg)/SD,
where X is the average concentration for the leaf, stem,
and root of each clone, Xavg is the average concentration
of all clones, and SD is the standard deviation of seven
clones. The total sum of the standard index calculated
from 4 concentrations was aggregated to evaluate the
phytoremediation potential.

Statistical analysis

The data were statistically analyzed using the SAS ver.
8.01 (SAS Inc., Chicago, IL, USA). Mean values per treat-
ment were compared via GLM. When significant differ-
ences (P = 0.05) were indicated, Duncan’s multiple range
tests were conducted.

RESULTS AND DISCUSSION
Cadmium and zinc concentration

In our study, we detected significant effects of Cd and
Zn treatment, clones, and their interactions with Cd
and Zn concentrations and TF (P < 0.05). In the Cd or
Zn alone treatments, Cd concentrations in the cuttings
ranged from 158 mg/kg in the stem of clone BH5 to as
high as 712 mg/kg in the root of clone BH5 (Fig. 1). Zn
concentrations varied from 774 mg/kg in stem of clone
BH5 to 3,234 mg/kg in the root of clone BH8 (Fig. 2). In
the majority of plant samples, the concentrations of Cd
and Zn in the root were far in excess of those in the leaves
and stem, thereby indicating low mobility of Cd and Zn
from the roots to the shoots and the immobilization of
heavy metals in the roots. Although Cd and Zn concen-
trations in all treatments were in the order, root > leaf >
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stem, there were obvious differences among the treat-
ments and clones. In particular, the concentration of Cd
in the combined Cd and Zn treatment group was com-
pletely different from that of Cd treatment alone. In the
combined Cd and Zn treatments, Cd concentrations in
the stems of clones BH3, 5, 8, and 11 were higher than the
Cd concentrations detected in the leaves (Fig. 1). Addi-
tionally, the low mobility of Cd was improved in the com-
bined Cd and Zn treatment group. The leaf Cd concen-
tration of clone BH2 and the stem Cd concentration of
clone BH5 in the combined Cd and Zn treatment group
were increased by 62% and 110%, respectively, relative to
those in the Cd alone treatment group. However, the root
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Fig. 1. Cadmium concentration in the leaves, stems, and roots of seven
Salix caprea clones treated with Cd or Zn alone or a combination of
Cd and Zn. Each bar represents the mean of five replicates + standard
deviation. Means with different letters are significantly different among
treatments at P < 0.05.
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Cd concentration of all clones in the combined Cd and
Zn treatment group was not significantly different from
those of the Cd alone treatment group.

The low mobility of Zn, unlike that of Cd, was not im-
proved in the combined Cd and Zn treatment group. Leaf
and stem Zn concentrations of clone BH8 in the com-
bined Cd and Zn treatment group was reduced by 66%
and 61%, respectively, relative to those in the Zn alone
treatment group. Root Zn concentration of all clones in
the combined Cd and Zn treatment were also reduced
from 3% to 41% relative to the Zn alone treatment group
(Fig. 2).

Metal concentrations in plants vary with the plant spe-
cies (Alloway et al. 1990), and the uptake of heavy metals
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Fig. 2. Zinc concentration in the leaves, stems, and roots of seven Salix
caprea clones treated with Cd or Zn alone or with combined Cd and Zn.
Each bar represents the mean of five replicates + standard deviation. Means
with different letters differ significantly among treatments at P < 0.05.
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by plants from soil occurs either passively with the mass
flow of water into the roots, or via active transport across
the plasma membranes of root epidermal cells. Gener-
ally, heavy metal uptake by roots depends on both soil
and plant factors (e.g. source and chemical form of ele-
ments in soil, pH, CEC, organic material, plant species
and tissues, plant age, etc.).

The interaction between Cd and Zn in plant tissues
is known to be remarkably variable, involving species-,
population-, and exposure-dependent interactions
(Eriksson 1990). For instance, some studies have dem-
onstrated that Zn (or Cd) suppresses the bioaccumula-
tion of Cd (or Zn) by reducing uptake (i.e., antagonistic
interactions) (White and Chaney 1980, Hart et al. 2002),
whereas other studies have demonstrated that Zn (or Cd)
enhances the bioaccumulation of Cd (or Zn) by increas-
ing uptake (i.e., synergistic interaction) (Dudka et al.
1994, Xu et al. 2009).

Generally, however, most of our findings may be
summed up as follows: Zn reduces the uptake of Cd by
both the root and foliar systems (Adriano 1986). White
and Chaney (1980) previously noted that Cd uptake was
reduced in both soybean roots and shoots via the ap-
plication of Zn. In support of these results, Gomes et al.
(2002) demonstrated that Cd uptake is mediated via the
movement of a Zn-transporter protein across the plasma
membrane in yeast cells. Zinc was also shown to interfere
with phloem-mediated Cd transport in durum wheat,
possibly by competition with Cd for the binding sites of a
common transporter protein on the plasma membranes
of sieve tube cells (Cakmak et al. 2000).

Unlike the results of a previous study (White and
Chaney 1980, Adriano 1986, Nan et al. 2002), the interac-
tion effects of Cd and Zn in the present work were found
to be synergistic with Cd, in the presence of Zn strongly
elevating leaf and stem Cd concentrations, but antago-
nistic to Zn, in the presence of Cd, which elevates leaf
and stem Zn concentrations when exposed to high con-
centrations of Cd and Zn. Xu et al. (2009) reported that
shoot and root Cd concentrations in the combined Cd
and Zn treatment group with the addition of EDTA were
increased by 18.6% and 391.9%, respectively, and shoot
and root Cd concentrations were in the following order:
Cd + Zn > Cd > Zn, in the presence of EDTA. Huebert
and Shay (1992) suggested that the increases in shoot
and root Cd concentrations in the combined Cd and Zn
treatment group in the presence of EDTA may have been
attributable to the application of synthetic chelators to
contaminated soils, which can enhance the uptake and
accumulation of heavy metals in plant shoots, and the



interaction of Cd and Zn on the uptake of Cd and Zn by
plants is affected by the presence of chelators such as
EDTA.

In contrast to the observed increase in Cd concentra-
tion, the results of our present study demonstrated that
leaf, stem, and root Zn concentrations were reduced in
the combined Cd and Zn treatment group. Xu et al. (2009)
noted that, after the addition of EDTA, shoot and root Zn
concentrations were reduced in the combined Zn and
Cd treatment group, and Zn concentrations were in the
order of Zn > Cd + Zn > Cd in both the absence and pres-
ence of EDTA. Based on these results, Xu et al. (2009) pro-
posed that the presence of Cd in soil inhibited the uptake
of Zn by plants.

Translocation factor

The patterns of cadmium and Zn of the seven clones
are provided in Fig. 3. In the Cd alone treatment group,
the leaf Cd TF ranged from 0.33 (clone BH5) to 0.51 (clone
BH6) and the stem Cd TF ranged from 0.22 (clone BH5)
to 0.40 (clone BH3) (Fig. 3). In the Zn alone treatment
group, leaf Zn TF ranged between 0.48 (clone BH2) and
0.74 (clone BH6), and the stem Zn TF ranged between
0.36 (clone BH5) and 0.46 (clone BH3). Although the TF
of Cd and Zn from root to leaves was higher than from
the roots to the stems, the value was still less than 1. This
implies that the accumulation of Cd and Zn in the roots
was more profound than in the leaf and stem. In a man-
ner similar to that of the Cd concentration, the combina-
tion Cd and Zn treatment stimulated the translocation of
Cd from the roots to the leaves and from the roots to the
stem, whereas it suppressed the translocation of Zn from
the root to the leaf and stem. Leaf Cd TF in clone BH2 and
stem Cd TF in clone BH5 were increased by 59.4% and
106.7%, respectively, relative to the Cd alone treatment
group. However, the leaf Zn TF in clone BH9 and the stem
Zn TF in clone BH5 were reduced by 59.7% and 58.7%,
respectively, relative to the Zn alone treatment group.
Interestingly, however, the leaf Zn TF in clone BH2 was
increased in the combined Cd and Zn treatment group.
The observed increase in the leaf Zn TF in clone BH2 in-
dicated that the reduction in the leaf Zn concentration
(25%) was lower than that of the root Zn concentration
(35%) in the combined Cd and Zn treatment group.

The reason for these differences between the previous
results (White and Chaney 1980, Adriano 1986, Nan et al.
2002) and those of the present work may be the result of
different Cd and Zn concentrations and their combina-
tions in soils, as well as the different characteristics of the
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Fig. 3. Translocation factors on Cd (a) and Zn (b) from root-to-leaf and
from root-to-stem of seven Salix caprea clones treated with Cd or Zn
alone or with a combination of Cd and Zn. Each bar represents the mean
of five replicates + standard deviation. Means with different letters differ
significantly among species at P < 0.05.
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soils and the different plant species and tissues utilized
in these studies (Huebert and Shay 1992, Xu et al. 2006).

Therefore, the results of this study indicate that in
soils contaminated at high levels with Cd and Zn, soil
Zn should not be expected to reduce Cd significantly in
plant parts, although there a strong antagonistic Zn ef-
fect on Cd accumulation has been noted in plant tissues.
Moreover, our findings are generally consistent with
those reported by Smilde et al. (1992), Moraghan (1993)
and Zhou et al. (1994). Smilde et al. (1992) concluded that
Cd and Zn were synergistic to some degree, with plant
Zn uptake increasing with the application of Cd on the
basis of interaction experiments conducted in pots filled
with loam soil. Moraghan (1993) reported that the Cd-Zn
effects were synergistic in the presence of added Cd, and
that the accumulation of Cd in flax seed was reduced by
added Zn in the absence of added Cd. Zhou et al. (1994)
concluded from their experiment that the interaction be-
tween Cd and Zn resulted in an increase in Cd accumula-
tion and a reduction in Zn uptake in the rice plant.

Based on our results, it would be difficult to select the
optimal material for phytoremediation, owing to the
complex interaction between Cd and Zn. Thus, in an ef-
fort to select the optimal clone for Cd and Zn phytore-
mediation, the phytoremediation potential of the seven
clones studied herein was ranked on the basis of the total
sum of standard indices calculated from the Cd and Zn
concentrations in Cd and Zn alone and in the combined
Cd and Zn treatment group (Table 1). As a consequence,
clone BH3 evidenced the most profound (SI = 3.68) phy-
toremediation potential, and clone BH5 evidenced the
lowest (SI = -3.44).

Table 1. Standard indices on Cd and Zn concentration of seven Salix
caprea clones treated with Cd or Zn alone or the combined Cd and Zn

Cd concentration Zn concentration
Clone Total
Cd112 Cd112+Zn260 Zn260  Cdl112+Zn260

BH5 -1.40+0.10" -1.18+0.13° -1.57+0.07" 0.71+0.12" -3.44 +0.42°
BHY9 -1.32+0.07" 0.18+0.07° -1.04+0.09° -0.25+0.25° -2.43 +0.46°
BHI1 0.01+0.01° -1.24+0.14° 0.69+0.12° -1.77+0.10° -2.32+0.47°
BH6  0.27+025 0.78+0.15" -0.06+0.10" -0.05+0.13° 0.93 +0.62°
BH8  0.16+028 -0.75+0.12" 1.58+0.11"° 0.66+0.11" 1.65+0.59™
BH2  1.35+0.35° 1.33+0.14" -0.03+0.10° -0.71+0.12° 1.94+0.70"

BH3 0.94+0.12° 0.88+0.08" 0.44+0.11° 1.41+0.16*° 3.68+0.46"

Each data represents mean of five replicates + standard deviation. Means
with the different letter in column are significantly different among
species at P < 0.05.
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In summary, S. caprea evidenced profound phytore-
mediation capacity on Cd and Zn, although significant
differences were noted among clones and treatments.
Additionally, our results differed from the results of pre-
vious studies, wherein the interaction effects were syn-
ergistic with Cd in the presence of Zn but antagonistic
with Zn in the presence of Cd in the combined Cd and
Zn treatment group — this was attributed to the differenc-
es in clones and Cd and Zn concentrations in the soils.
Nevertheless, among the complex interaction effects,
we recommend S. caprea as an appropriate material for
phytoremediation, and particularly clone BH3. However,
further research will be required to assess the effects of
Cd and Zn in terms of resultant physiological changes,
in addition to their tolerance mechanisms against metal
toxicity in clones of S. caprea.
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