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Abstract: Willows (Salix spp.) have shown high potential for the phytoextraction of heavy metals. This study com-
pares variations in copper (Cu) and zinc (Zn) tolerance and accumulation potential among 12 willow clones grown in a
nutrient solution treated with 50 umol/L of Cu or Zn, respectively. The results showed differences in the tolerance and
accumulation of Cu and Zn with respect to different species/clones. The biomass variation among clones in response
to Cu or Zn exposure ranged from the stimulation of growth to inhibition, and all of the clones tested showed higher
tolerance to Cu than to Zn. The clones exhibited less variation in Cu accumulation but larger variation in Zn accu-
mulation. Based on translocation factors, it was found that most of the Cu was retained in the roots and that Zn was
more mobile than Cu for all clones. It is concluded that most willow clones are good accumulators of Zn and Cu.
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1 Introduction

Soil and water contaminated with heavy metals
have serious consequences for the environment and
human health (Tanhan et al., 2007). Copper (Cu) and
zinc (Zn) are important environmental pollutants
owing to their elevated concentrations and bioavail-
ability in natural ecosystems (Kopponen et al., 2001).
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Cu and Zn contamination originates from mining,
smelting, textile, microelectronic and hydrometallur-
gical industries, sewage sludge, fossil-fuel combus-
tion, and agricultural sources (including fertilizers,
manures, pesticides, and fungicides containing Cu or
Zn) (Kopponen et al., 2001; Paschke et al., 2006). Cu
and Zn are also essential elements in plant nutrition
and development. However, the presence of Cu and
Zn at high concentrations induces severe phytotoxi-
city, resulting in the reduction of plant growth, min-
eral nutrient uptake, and photosynthetic activity
(Salemaa and Monni, 2003; Yan et al., 2006; Borghi
et al., 2007; Disante et al., 2010).

Phytoremediation is the process of using trees,
shrubs, and grasses to de-contaminate soil and water,
and is considered to be a promising, cost-effective
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solution to heavy-metal pollution (Licht and Ise-
brands, 2005; Vangronsveld et al., 2009; Xing et al.,
2012; Lu et al., 2013). Generally, phytoremediation
and especially phytoextraction rely on plants known
as hyperaccumulators; however, these are species that
often have a low biomass and slow growth rate,
leading to a long time periods required for metal re-
moval (Tanhan et al., 2007). Recently, willows have
been shown to be good candidates for remediating
metal-contaminated sites because of their rapid growth,
large biomass, deep roots, and high accumulation
capacity for heavy metals (Kuzovkina and Quigley,
2005; Kuzovkina and Volk, 2009). In the last decade,
short-rotation willow coppices have provided an
economic and practical solution for remediation as
well as for bioenergy production (Rockwood et al.,
2004; Mirck et al., 2005).

Apart from genetic modifications, increasing the
metal bioaccumulation capacity of a plant is primarily
accomplished through the artificial selection of Salix
clones; the selection of appropriate species or clones
is crucial for achieving successful phytoremediation
(Zalesny et al., 2007; Zalesny and Bauer, 2007a;
2007b). Numerous studies have revealed a remarka-
ble genotypic variability of the genus Salix in its
ability to tolerate/accumulate heavy metals (Wang
and Greger, 2004; Dos Santos Utmazian et al., 2007;
Purdy and Smart, 2008; Zhivotovsky et al., 2010).
Most results of willow screening have shown that the
tolerance and uptake of heavy metals depend strongly
on species and clones (Punshon et al., 1995; Dos
Santos Utmazian et al., 2007; Zacchini et al., 2009,
Zhivotovsky et al., 2010). Salix comprises about 450
species as well as a large number of willow clones
produced through breeding projects worldwide,
which together provide a large number of plants to be
screened for phytoremediation (Kuzovkina et al.,
2004; Kuzovkina and Quigley, 2005). Owing to the
high genetic variability in Salix, the use of clone se-
lection has been proposed to find those best suited for
phytoremediation purposes (Zalesny et al., 2007,
Zalesny and Bauer, 2007b).

Hydroponic screening is the primary method for
evaluating the tolerance and accumulation potential
of heavy metals in Salix (Watson et al., 1999; 2003).
Many studies have investigated the metal accumula-
tion potential of Salix to identify prospective phy-
toremediation species/clones through carefully con-

trolled hydroponic screenings (Punshon et al., 1995;
Watson et al., 2003; Kuzovkina et al., 2004; Wang
and Greger, 2004; Dos Santos Utmazian et al., 2007;
Purdy and Smart, 2008; Mleczek et al., 2010;
Zhivotovsky et al., 2010). As a rapid screening
technology, hydroponic screening reduces the time
and space required in comparison with other methods,
and is especially suitable for high-throughput screen-
ing to evaluate large amounts of plant materials for
phytoremediation (Dos Santos Utmazian et al., 2007).
However, short-term exposure to metals in a hydro-
ponic system results in large quantities of metal ac-
cumulating in the roots, especially metals with low
mobility in plants, as this leads to low translocation of
metals from the roots to the shoots (Cosio et al., 2006;
Dos Santos Utmazian et al., 2007; Zhivotovsky et al.,
2010). Consequently, metal accumulation potentials
are easily underestimated in willows. Zhivotovsky et
al. (2011) concluded that willows may need more
time to adapt to a specific environmental contaminant
in order to improve its transport to above-ground
plant tissues.

To the best of our knowledge, most recently
published research has focused on the toxicities of Cu
and Zn in Salicaceae rather than their accumulation
capacity, especially for Cu (Punshon et al., 1995;
Borghi et al., 2007; 2008; Baud and Pezeshki, 2011),
and therefore, the Cu accumulation capacity of wil-
lows is still poorly understood. In fact, the metal tol-
erance and accumulation capacity of a plant depend
on several factors, including plant species, genotype,
growth stage, treatment concentration, and exposure
time (Monni et al., 2000; Weng et al., 2005; Maxted
et al., 2007; Dauthieu et al., 2009; Colzi et al., 2011).

In previous studies, the willows investigated
were limited to European and North American spe-
cies. Salix has a high genetic diversity worldwide, and
China has a rich willow resource with 275 native
species that have not yet been explored or utilized
(Karp et al., 2011). In this study, the willow clones
tested belong to Asian species, and they are com-
monly planted in China for biomass production on
account of high biomass productivity and fast growth
rates. In order to overcome the drawbacks of hydro-
ponic screening, we selected relatively large seed-
lings and used prolonged exposure time to Cu and Zn
to evaluate their uptake and accumulation potential in
12 willow clones.
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2 Materials and methods
2.1 Plant materials and growth

The 12 willow clones (Table 1) used in this study
were obtained from the Jiangsu Academy of Forestry,
Nanjing (33°31" N, 118°47" E), China. They were
maintained in a nursery in the Experimental Station of
Agriculture of Zhejiang University, Hangzhou
(30°16" N, 120°12" E), China. One-year-old hard-
wood stems from each clone were collected from the
nursery and prepared in uniformly sized 10-cm long
cuttings, which were mounted with styrofoam in
plastic buckets containing a nutrient solution. Plants
were pre-grown in the nutrient solution for 42 d. The
composition of the nutrient solution was as follows:
1 mmol/L Ca(NOs),, 1.25 mmol/L. KNOs, 0.5 mmol/L
MgSO,, 0.5 mmol/L. NH4H,PO,4, and the micronu-
trients including 25 pmol/L FeEDTA, 23.1 pumol/L
H;BO;, 0.4 umol/L ZnClp, 0.18 pmol/L CuCl,,
4.57 pmol/L MnCl,, and 0.06 umol/L Na,MoOQy,, as
described by Watson et al. (2003). When the cuttings
were well developed, they were used to evaluate
metal tolerance and accumulation potential. In this
study, according to our preliminary investigation on
metal exposure concentrations, treatments containing
50 pmol/L Cu or 50 pumol/L Zn (added as CuSOy or
ZnSO,) were performed. The controls were main-
tained in the above nutrient solution.

Table 1 Salix clones tested

Entry No.  Clone Species/hybrid
1 SB7 Salix babylolica
2 SM16 S. matsudana
3 SM30 S. matsudana
4 SI163 S. integra
5 J9-6 S. integra*S. suchowensis
6 S1646 S. integra
7 J795 S. matsudana*S. alba
8 1844 S. baylonica xS. alba
9 J1011 S. baylonica xS. alba
10 J1052 S. suchowensis xS. leucopithecia
11 SI102-1 S. integra
12 S1102-2 S. integra

All treatments were performed in triplicate, and
each treatment had three seedlings. The pH of the
nutrient solution was maintained at 5.5-6.0 using

H,SO4/NaOH. Solutions were aerated using a pump
throughout the experiment and replaced weekly. The
experiment was a randomized complete block design,
and all plastic buckets were randomly arranged inside
a greenhouse. The greenhouse conditions were 30/18 °C
day/night temperature and a relative humidity of
70%—-80%.

2.2 Plant samples and analysis

Cu and Zn exposure lasted for 50 d. After this
time, all plants were harvested and separated into
leaves, stems, and roots. The roots were rinsed care-
fully in 10 mmol/L ethylenediaminetetraacetic acid
(EDTA)-Na, for 15 min to remove the adsorbed
metals from root surfaces, and then washed in double-
deionized water. Plant materials were dried at 70 °C
for 48 h in a forced-air oven, and the dry weights
(DWs) were recorded. The dried material was ground
to a fine powder in a mill (Retsch 2M 200, Germany),
and approximately 0.2 g of the plant sample was di-
gested using a HNO5:HCIO4 solution (4:1, v/v) in a
Hot Block (ED36, LabTech, Germany). Cu and
Zn concentrations in the extracts were measured us-
ing atomic absorption spectrometry (Analyst 800,
PerkinElmer Inc., USA). Chemical analyses were
validated by blanks and reference materials.

2.3 Calculation and statistical analysis

Following Deng et al. (2007), tolerance indexes
(TIs) were calculated based on the dry shoot biomass
(including leaf and stem) or root biomass treated
relative to the controls, i.e., TI=D W eated plant/D W control-
The metal concentration in the shoots (combined
leaves and stems) was calculated according to the fol-
lowing equation: metal concentration in shoots=(stem
biomassxstem metal concentration+leaf biomassx
leaf metal concentration)/(stem biomass+leaf bio-
mass). Following Deng et al. (2007), the translocation
factors (TFs) of metals from roots to leaves or shoots
were calculated as follow: TF=leaf or shoot metal
concentration/root metal concentration. According to
Dos Santos Utmazian et al. (2007), the total metal
content (ug/plant) in the shoots was calculated by
multiplying the shoot biomass (DW) by the metal
concentration in the shoots.

The main purpose of the experiments was to
examine clonal differences under Cu or Zn exposure.
To analyze the differences in the treatments and
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Cu depressed leaf biomass production in five clones

clones simultaneously, treatment and clone effects
were determined by two-way analyses of variance

(clones SM30, SI63, J1011, SI102-2, and J795). In

Cu treatment had little effect on the leaf

contrast,

(ANOVA) followed by Tukey-HSD test (P<0.05).

J1052, and SI102-1,

S1646,
and it enhanced the leaf biomasses of clones SB7,

-6,

biomasses of clones J9

All statistics were performed using SPSS software

(Version 16.0, SPSS Inc., Chicago, USA).

SM16, and J844 by 13%, 94%, and 35%, respectively,

compared with the control (Fig. 1a). Fig. 1b shows the

enhanced stem biomasses of eight of the treated

3 Results

clones compared with the control. Cu excess, how-
ever, reduced the stem biomasses of clones J795,

3.1 Biomass production and tolerance

and SI102-2. Other than for clone
Cu stimulated root biomass growths of all

clones compared with the controls (Fig. 1c). Figs. 1a

, J1052,
2,

J1011

Biomass accumulation and the relative growth of
shoots and roots are important parameters for char-

acterizing metal tolerance.

SI102-

and 1b also show that the leaves and stems were more

sensitive to Cu than the roots.

The variation of the DW of tissue biomass for

shows that

clones exposed to Cu treatments (Fig. 1)
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and clone SI102-1

showed the largest reduction (56%) compared with

stem biomasses of six clones,

TIs were expressed as the relative weights of

shoots and roots. The Cu TIs based on shoot biomass

, the stem biomass accumula-
, 1844, or J1052 was not affected by

Zn excess, and Zn exposure significantly increased

the stem biomasses of clones SB7

the control. In contrast
tion of clone SI63

ranged from 0.51 to 2.29, and seven out of twelve

clones showed high tolerance to Cu (TI>1), while

clones J1011 and SI102 were more sensitive to Cu
(Fig. 1d). The Cu TIs based on root biomass ranged

and SM30 com-

pared with the control (Fig. 2b). Excess Zn strongly

from 0.66 to 2.05 among clones, and root TIs of

eleven clones were >1 (Fig. 1e).

inhibited the root biomass productions of seven

clones; clones SM16, S1646, J844, and J1052 were
not affected. However, clone SB7 had a larger root

biomass than the control plants (Fig. 2c).

The growth response of the clones to excess Zn
is also presented in Fig. 2. The foliar biomass accu-

mulation of most clones decreased in response to

The TIs to Zn treatment were calculated as for
Cu. The Zn TIs based on shoot biomass ranged from

Zn treatment had little inhibi-

tory effect on the leaf biomasses of clones SM16 and

excess Zn. In contrast,

based TIs ranged

from 0.43 to 1.32 among clones (Fig. 2¢). Consider-
ing both shoot- and root-based TIs (Figs. 2d and 2e¢),

0.57 to 1.67 (Fig. 2d), and the root-

J844. However, Zn treatment increased the leaf bio-

masses of clones SB7 and SI63 compared with the
control (Fig. 2a). Exposure to excess Zn reduced the
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four clones showed

The accumulation and translocation of Zn in
however,

factor of 1.8 among clones (Fig. 3b). The Cu con-
centration in the roots ranged from 2065.3 pg/g DW
willow clones are shown in Fig. 4. The Zn concen-

(S1102-2) under conditions of excess Cu, varying by a
for SI102-1 to 2876.2 pug/g DW for SB7 under Cu
treatment, varying by a factor of 1.4 (Fig. 3c). The
TFs for Cu in the leaves ranged from 0.17 to 0.27
under Cu exposure (Fig. 3d), and similarly, the TFs
for Cu in the shoots (leaves and stems) ranged from
0.21 to 0.27 (Fig. 3e). The TFs for Zn from the roots
to the stems and leaves were much greater than those
for Cu.

tration was higher in the roots than in the leaves and

stems for eight clones;
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The accumulation and translocation of Cu in

(TIs>1), and seven clones showed medium tolerances
willow clones are shown in Fig. 3. The Cu concen-

(0.7<TIs<1); clones J1011, SI102-1, and SI102-2
were more sensitive to Zn (TIs<0.7) than the other

clones.

tration in the roots always exceeded that in the stems
or leaves. The Cu concentration in the leaves ranged
from 391.1 (J844) to 660.83 ug/g DW (SB7) under
Cu exposure, varying by a factor of 1.6 among the
clones (Fig. 3a). The Cu concentration in the stems

clones SB7 and J844 showed high tolerances to Zn
ranged from 417.5 (SM30) to 786.2 ng/g DW

3.2 Cu and Zn accumulation
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J1011, and J1052
showed higher Zn transfer capacities than the other

clones.

J844,

shoot TFs, clones J795,

higher Zn concentrations in the leaves than in the

stems and roots, i.e., clones J795, 1844, J1011, and

J1052 under the Zn treatment. The Zn concentration

in the leaves ranged from 607.1 (S1646) to 1218.8 pg/g
DW (clone J1011) under exposure to Zn, varying by a
factor of 2 among clones (Fig. 4a). The Zn concen-
tration in the stems ranged from 258.8 pg/g DW for

J844 to 1455.5 pg/g DW for SM30, varying by a

3.3 Cu and Zn phytoextraction potentials

The metal contents in shoot tissues (combined
stems and leaves) were calculated by multiplying the

DWs of plant parts by the metal concentrations in the

corresponding parts. The Cu and Zn contents of the

factor of 5.6 (Fig. 4b). The Zn concentration in the

shoots varied significantly among clones. Fig. Sa

shows Cu contents in the shoots

roots ranged from 575.8 (J844) to 2052.8 pg/g DW

(SM30), varying by a factor of 3.6 (Fig. 4c).

, ranging from 814.5

(S1102-2) to 3083.0 pg/plant (SI63) under Cu treat-

The leaf TFs for Zn ranged from 0.4 to 1.81, and
leaf TFs for six clones were close to or >1 under Zn

thus displaying a 3.8-fold variation among all
clones. The shoot Zn contents varied between 677.6
(S1646) and 4497.7 pg/plant (SM30) under Zn excess,

showing a 6.6-fold variation (Fig. 5b).

ment,

exposure (Fig. 4d). The shoot TFs for Zn ranged from

0.39 to 1.12, and there were four clones with TFs near
to or larger than 1 (Fig. 4¢). Combining leaf TFs with
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4 Discussion
4.1 Variation in plant growth and tolerance

No symptoms of necrosis or chlorosis were
found in the leaves, suggesting that the levels of Cu
and Zn in this study were not severely phytotoxic to
the willow clones. The results showed wide variations
in biomass accumulation in response to Cu and Zn,
ranging from causing an increase, decrease, to having
no significant effect. These results are consistent with
previous findings, which illustrated high genetic
variability in the tolerance of the Salicaceae family
toward heavy metals (Punshon et al., 1995; Dos
Santos Utmazian et al., 2007; Zacchini et al., 2009;
Zhivotovsky et al., 2010).

Our data showed that the response to Cu expo-
sure depended on the plant tissues. Cu treatment in-
hibited leaf biomass production in most clones,
whereas it stimulated stem biomass production. Other
than for SI102-2, Cu was shown to stimulate root
growth in the treated willow clones compared with

controls. These results are different from those re-
ported by Punshon et al. (1995). We calculated the TI
based on the relative growths of the shoots and roots,
and the results suggest that the clones tested have a
relatively high tolerance to Cu, except for clones
J1011 and SI102-2, and both the shoot and root TIs of
seven clones were found to be >1. Indeed, as an es-
sential microelement, the present study showed that
Cu enhanced plant growth under the current Cu
treatment concentration. Therefore, under the current
experimental conditions, willows can be described as
Cu-tolerant plants, similar to the results reported by
Borghi et al. (2007) on poplars.

The effect on growth in response to Zn was also
highly dependent on the species and clones. Excess
Zn resulted in a decrease in the biomass of most
clones. Unlike Cu, the roots were more sensitive to
toxic Zn concentrations than the shoots. Clone SB7
had the highest tolerance to Zn, and in fact, it strongly
stimulated the growth of this clone, indicating a hy-
pertolerance to the 50 pumol/L Zn treatment.

Our results also indicated that Zn toxicity was
higher compared with Cu toxicity; similar results
have also been reported for some Mediterranean
crops by Lopez-Gonzalvez ef al. (1999). Clones SB7,
SM16, and J844 showed a significantly higher toler-
ance to both Cu and Zn than the other clones, while
clones J1011 and SI102-2 were found to be more
sensitive to both Cu and Zn than other clones.

4.2 Variation in Cu and Zn accumulation

The present data suggest that there are small
variations in Cu accumulation among clones, and in
contrast, a comparatively wide variation in Zn con-
centration. These results are in agreement with pre-
vious observations, confirming the genetic variation
of metal accumulation in Salix (Punshon et al., 1995;
Dos Santos Utmazian et al., 2007; Purdy and Smart,
2008; Zacchini et al., 2009; Zhivotovsky et al., 2010).

The values presented in Fig. 3 indicate that
clones accumulated higher percentages of Cu in the
roots than in aerial parts, which is in agreement with
previous reports (Ali et al., 2003; Kuzovkina et al.,
2004; Borghi et al., 2007; 2008; Castiglione et al.,
2009). The distribution pattern of Cu in plant parts
was ranked in the order of roots>stems>leaves. Our
results showed relatively high levels of Cu in the
above-ground parts, especially in the aerial stems;
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similar results were reported by Punshon and Dick-
inson (1997). To the best of our knowledge, however,
our results indicate that the Cu accumulation ability of
the clones investigated here is far higher than those
reported in other studies of the Salicaceae family.
Comparing this with previous results, Punshon et al.
(1995) found that the Cu concentration for willows
was in the range of 9.5-63.0 pg/g DW in the leaves
and 10-47 pg/g DW in the stems; according to Ali et
al. (2003), the Cu concentration of Salix acmophylla
was 10.8-126.3 ug/g DW in leaves, 25.3-203.7 pg/g
DW in stems, and 24.8-624.4 pg/g DW in roots.
Punshon and Dickinson (1997) reported that Salix
fragilis accumulated Cu >300 pg/g DW in leaves,
25-150 pg/g DW in stems, and 300—1200 pg/g DW in
roots. However, under some experimental conditions,
relatively high Cu concentrations in aerial parts of the
Salicaceae family were also recorded. For example,
Turchi et al. (2012) reported that Cu accumulation in
Populus alba ranged from 128.87 to 312.92 ug/g DW
in the leaves, and from 1401.66 to 1598.92 pg/g DW
in the roots; Komarek et al. (2010) found high Cu
concentrations (377 pg/g DW) in the leaves of poplars
grown in soil; Castiglione et al. (2009) also showed
that P. alba accumulated Cu >400 pg/g DW in
leaves, >100 pg/g DW in stems, and >500 pg/g DW in
roots. Therefore, owing to the different experimental
conditions, these results are difficult to compare.
There seems to be considerable variation in re-
ports on the uptake and accumulation of Cu. For some
plants, although Cu is a micronutrient, many studies
do not show high translocation from the roots to
above-ground organs. For the Cu concentration in the
roots, our results were similar to other reports on
poplar, but in the shoots, our results were far higher
than those in the poplars reported by Borghi et al.
(2007; 2008). Under hydroponic conditions, Cu no-
ticeably accumulated in the roots and there was al-
most no transport of Cu from the roots to the shoots
(Borghi et al., 2007; 2008). Borghi et al. (2007) found
that the Cu concentration in the leaves and stems was
only about 10 pg/g DW, while the root Cu concen-
tration reached 20004000 pg/g DW; similarly, Borghi
et al. (2008) noted that the average Cu concentration
was 5.9-8.8 pg/g DW in the leaves and stems,
whereas the root Cu concentration reached 6x10°—
1.4x10° ug/g DW. Guerra et al. (2009) found the Cu
concentration in the leaves of Populus deltoides to be

close to 50 ng/g DW, while the Cu concentration in
the roots ranged from 5000 to 6000 pg/g DW. Indeed,
these studies on poplar using the hydroponic system
evaluated Cu toxicity tolerance rather than Cu ac-
cumulation potential. These findings suggest that
almost no Cu accumulation occurred in the shoot
tissues compared with the roots, i.e., that Cu absorp-
tion was largely confined to the roots, and therefore,
the findings may lead to an underestimate of the Cu
accumulation capacity in aerial parts compared with
experiments using soils (Castiglione er al., 2009;
Komarek et al., 2010; Turchi et al., 2012).

However, other studies have indicated consid-
erable Cu accumulation and translocation to above-
ground organs of woody plants, showing higher ac-
cumulation of Cu in aerial parts. For example, Monni
et al. (2000) reported that the shrub, Empetrum nigrum,
accumulated 690 ng/g Cu in leaves and 3038 pg/g in
stems; Sahi et al. (2007) found that the shrub, Ses-
bania drummondi, accumulated 1282 pug Cu/g DW in
shoots, and 27440 pg/g DW in roots. These different
results may be due to the different species/genotypes,
treatment concentrations, culture conditions, and
exposure time.

In fact, Cu accumulation ability depends on
many factors. For example, Cu accumulation in-
creased with seedling age (Monni et al., 2000); the
optimum growth stage of the plants enhanced the
maximum Cu uptake on account of a much higher
transpiration rate, which enhances metal uptake
(Arduini et al., 2006; Mleczek et al., 2010; Weng et
al., 2005). Colzi et al. (2012) reported that Cu ac-
cumulation in the apoplast and symplast of roots was
higher in one-month-old plants than in two-month-old
plants. Culture conditions and exposure time can also
affect metal uptake in plants. In particular, short-term
exposure in hydroponic systems may not be sufficient
for metal accumulation to occur in aerial parts of
willows, leading to higher metal concentrations in the
roots (Cosio et al., 2006; Dos Santos Utmazian et al.,
2007).

Consequently, under the experimental condi-
tions in this study, genotype, seedling size, growth
stage, treatment concentration, and exposure time
might enhance Cu accumulation in the aerial parts of
the willow clones. Relatively large seedlings and a
good growth stage increased metabolic activity,
leading to absorption and transport of larger amounts
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of Cu (Weng et al., 2005; Arduini et al., 2006;
Dauthieu et al., 2009).

The TF of plants is an important parameter for
evaluating the potential for phytoremediation by
harvesting above-ground parts of the plants (Deng et
al., 2007). The TF of Cu was lower than that of Zn,
ranging from 0.17 to 0.27 in leaves and from 0.14 to
0.47 in shoots. Low values of leaf and shoot TFs in
the Cu treatments suggest that all clones had a poorer
ability to translocate Cu from the roots to the leaves/
shoots (including stems). This low mobility of Cu in
the Salicaceae family has also been confirmed in
previous studies (Punshon et al., 1995; Kuzovkina et
al., 2004; Castiglione et al., 2009). The low translo-
cation of Cu to the shoots is probably due to the roots
having a strong affinity for Cu (Sahi ef al., 2007), as
Cu is confined to the root surface or is adsorbed by the
apoplast (Kuzovkina et al., 2004); further, Cu binds to
the carboxylic groups of pectins and polygalacturonic
acids in the roots (Borghi et al., 2007).

For most willow clones, the largest Zn accumu-
lation was found in the roots, followed by the leaves
and stems, but in some clones, higher percentages of
Zn were found in the leaves rather than in the roots.
Under the experimental conditions of this study, Zn
concentrations in the leaves were close to or larger
than 1000 pg/g DW; clone SM30 accumulated the
highest concentration of Zn in the stems, reaching
1455 ug/g DW. The findings demonstrated that all of
the clones had a high phytoextraction potential for Zn.
The Zn accumulation capacity in this study is similar
to those in other reports. For example, the largest Zn
concentration (3180 pg/g DW) in leaves was detected
in a Salix smithiana clone grown in soil containing
955 mg/kg Zn (Dos Santos Utmazian et al., 2007).
Wieshammer et al. (2007) reported large Zn concen-
trations (3300 pg/g DW) in the leaves of Salixx
smithiana. Castiglione et al. (2009) found that the Zn
concentrations of P. alba were >2500 pg/g DW
in leaves, >700 pg/g DW in stems, and close to
1200 pg/g DW in roots.

High values of leaf and shoot TFs for the Zn
treatments suggest that most willow clones possessed
a good ability to translocate Zn from their roots to
their stems/leaves. Clones J795, J844, J1011, and
J1052 had a greater tendency for Zn translocation
from their roots to their shoots than other clones,
demonstrated by their shoot TFs being >1. Although

clone SM30 accumulated 1455 pg Zn/g DW in above-
ground parts, which exceeded the Zn hyperaccumu-
lator threshold, the shoot TFs did not exceed 1.0;
hence, clone SM30 did not behave as a Zn hyperac-
cumulator. Previous studies have shown that Zn is
easily translocated to the leaves of willow (Dos
Santos Utmazian et al., 2007).

In this study, nearly all willow clones exhibited
the largest amount of Cu accumulation in their roots.
In contrast, the concentration of Zn in aerial parts was
higher than that of Cu. Cu was poorly translocated to
the aerial parts of the willow clones, and thus, Zn is
more mobile than Cu within a plant, this result being
similar to the finding in Chromolaena odorata
(Tanhan et al., 2007). As shown in Figs. 3 and 4, most
clones tested did not show a common uptake pattern
for the two metals; these results indicated absorptions
of Cu and Zn by willows via independent uptake
mechanisms, as has been demonstrated for other
plants (Ait Ali et al., 2004).

4.3 Variation in phytoextraction potential

Tissue concentrations should not be used to
evaluate the phytoremediation ability of species, be-
cause they do not take into consideration the whole
plant biomass and metal concentration in the growth
media (Ait Ali et al., 2002). The phytoextraction
efficiency of plants depends on the amount of heavy
metals accumulated in the above-ground plant parts
and the plant yields (Deng et al., 2007). The total
uptake of metals by the plants was calculated by
multiplying the metal concentrations in each plant
organ by the corresponding dry mass (Dos Santos
Utmazian et al., 2007).

Despite low TFs of Cu in willow clones, the
present results show that willows have relatively high
phytoextraction potential for Cu owing to its high
biomass production. Clone SI63 showed the highest
phytoextraction potential for Cu (3083.00 pg/plant
DW in shoots), while clone SI102-2 showed the
lowest shoot Cu content (814.59 pg/plant DW); the
shoot Cu content in SI63 was about 4-fold higher than
that in SI102-2 under the same Cu treatment. This was
because clone SI63 had a larger biomass than other
clones and a relatively high Cu accumulation capacity
in its aerial parts. In contrast, despite the high con-
centration in its shoots, SI102-2 showed a poor phy-
toextraction capacity for Cu owing to its low biomass.
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Most clones produced more root biomass and a large
proportion of Cu retention in roots exposed to excess
Cu; hence, these results indicate that willows could be
a good candidate for the phytostabilization of Cu.

The highest Zn content (4497.7 yug/plant DW) in
the shoots was recorded in clone SM30 exposed to ex-
cess Zn, while the lowest Zn content (677.6 ng/plant
DW) was found in clone SI102-2; the variation be-
tween clones SM30 and S1646 was 6.6-fold. Based on
the total Zn content in its shoots, clone SM30 had the
highest Zn phytoextraction potential, while S1646 had
low phytoextraction potential, owing to the poor
growth performance of S1646 under the Zn treatment.
Hence, these results also confirm that the selection
and improvement of willow clones for phytoextrac-
tion should focus on biomass production.

5 Conclusions

The results of this study demonstrated the varia-
tion among willow clones with respect to Cu/Zn tol-
erance and accumulation capacity. The willow clones
investigated were less sensitive to Cu than to Zn,
showing high resistance to 50 pumol/L of Cu. Alt-
hough Cu translocation to above-ground plant parts
was low, willows showed good Cu phytoextraction
potential owing to the large biomass and relatively
high Cu concentration in shoots. Zn was more easily
translocated to the above-ground tissues and mainly
accumulated in the stems, thus showing higher phy-
toextraction potential than Cu. Therefore, based on
relatively high Cu and Zn contents in the above-
ground parts, our study showed that most willow
clones are good accumulators for Zn and Cu. This
study also highlights that the genetic variations in
Salix can be exploited to improve their phytoremedi-
ation efficiency by selection of the most appropriate
species/clones.
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Variation in copper and zinc tolerance and accumulation in 12 willow clones: implications for
phytoextraction
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