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Abstract

This work was performed to find out if metal resistant clones of Salix viminalis L. are capable to achieve high resistance
to the metals by regulating their net accumulation. Salix clones with low or high resistance in combination with low or
high accumulation capacity of either Zn or Cd were cultivated from cuttings in nutrient solution. The investigation
included leakage and uptake experiments using *Zn or 'Cd and analysis of root cation exchange capacity (CEC).
Some plants were pre-treated with unlabeled 0.5 uM Cd or 2.5 pM Zn 24 h prior to the experiments to induce possible
tolerance mechanisms. To find out if the regulation was a metabolic process, experiments were also performed with
2,4-dinitrophenol (DNP). Clones with high resistance and low Cd accumulation had higher efflux of Cd compared to
the other clones, in both untreated and Cd pre-treated plants. This indicates a constitutive property to lower Cd
accumulation by high Cd leakage. Pre-treatment with 0.5 uM Cd diminished the Cd net uptake to a level near zero in all
clones, likely to be due to decreased the Cd uptake. In contrast, resistant clones with high Cd accumulation had the
highest root CEC, which may be used to bind up Cd in the free space. No clear regulation of Zn net uptake was found in
Zn-resistant clones. Pre-treatment with Zn decreased the uptake of Zn into the free space in Zn-resistant clones. The
resistant high-accumulating clones, however, showed the highest leakage of Zn in both untreated and pre-treated plants,
a constitutive process not related to high accumulation. Neither the influx nor the efflux of Cd or Zn was affected by
DNP indicating passive transport across the plasma membrane.
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Introduction

Resistance to heavy metals varies considerably among
different species, cultivars and populations of higher
plants (Baker et al. 1986, Baker 1989) and numerous
resistance strategies have been suggested (reviewed by
Ernst et al. 1992). Baker (1981) reported that plants
found in metal-contaminated areas could be categorised
as “accumulators” or “excluders”. Salix is shown to have
a very wide variation of heavy metal resistance and
accumulation (Landberg and Greger 1994, Greger and
Landberg 1999, Greger et al 2001), and different clones
can be identified either as “accumulators” or “excluders”
and can be found both in contaminated and
uncontaminated areas (Landberg and Greger 1996).

It is reasonable to assume that “accumulators” have
developed mechanisms to tolerate high contents of heavy
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metals in their tissues. Such mechanisms may include the
formation of different heavy metal complexes or/and
compartmentalization (Ernst et al. 1992). "Excluders", on
the other hand, may use a low net accumulation as
regulation mechanism (Strange and MacNair 1991). The
net accumulation of the metal is the difference between
influx and efflux across the plasma membrane of the root
cells. A plant might thus be able to regulate one or both
of these processes to achieve low net uptake and thereby
strengthen the tolerance.

Cation-exchange capacity (CEC) of the root cell walls
may also be an important factor influencing the net
uptake of metals. A high CEC implies a high metal
adsorption in the cell walls, making the metal ions more
available for membrane transport as well as decreasing

Abbreviation: CEC - cation exchange capacity; DNP - 2,4-dinitrophenol.
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the leakage back to the external medium. High CEC may
also increase the metal content in the cytoplasm and thus
affect the tolerance to the metal (Blamey ef al. 1992). The
CEC depends on the quantity and the type of negative
charges in the cell wall (Wagatsuma and Akiba 1989,
Wang et al. 1992). Several authors have demonstrated
that CEC has a role in tolerance, and tolerant cultivars in
several species have lower CEC than sensitive ones
(Wagatsuma and Akiba 1989). On the contrary, Blamey
et al. (1992) showed no correlations between tolerance
and CEC in 12 species.

Uptake and leakage of Cd and Zn in plants and the
regulation of these processes is poorly known. The
uptake of Cd and Zn has been described either as an
active or as a passive process (Cutler and Rains 1974,
Cataldo et al. 1983, Bowen 1987). Zinc uptake was

Materials and methods

Plants: Clones of Salix viminalis L. were used in this
investigation. The clones were chosen among more than
130 clones, which earlier were screened for resistance,
uptake, accumulation and translocation to the shoot of
Cd, Zn and Cu after 20-d treatment (Landberg and Greger
1994, Greger and Landberg 1999, Greger et al 2001). A
total of 16 clones were chosen; 8 clones for Cd studies
and 8 clones for Zn studies, in this work called
“Cd-clones” and “Zn-clones”. The clones had low or high
metal tolerance in combination with low or high metal
accumulation in the roots of either Cd or Zn (Table 1). All
clones originated from non-polluted areas in Skane,
southern part of Sweden, except one of the clones (RH1)
which was a breeding of S viminalis and
S. schwerinii from eastern Siberia.

Twenty-six cuttings of each clone, 10 cm in length,
were cultivated hydroponically. During the first 14 d the
cuttings were cultivated in 100 uM Ca(NOs), to develop
roots, and thereafter in a half strength nutrient solution
according to Gussarsson and Jensén (1992) adjusted to
pH 6 with KOH. The nutrient medium contained 12.5 nM
Zn. Water was added whenever needed. The growth
medium was continuously aerated during the whole
growth period and renewed once a week. The plants were
grown in a climate chamber equipped with light tubes
(Sylvania F96T12/CW/VHO providing a photon flux
density of 180 pmol m™ s during 16-h photoperiod).
The relative humidity was 60 - 70 % and the temperature
20 -22°C.

Uptake experiments: The uptake experiment was
performed on day 27 - 29 after cutting planting for Cd
and day 33 - 35 for Zn. Plants were transferred to pots
containing 300 cm’ and 850 cm’ of experimental medium
in the case of Cd and Zn, respectively. Only the roots
were allowed to touch the solution. The experimental
medium contained 1/4 strength nutrient solution adjusted
to pH 6 and 0.185 MBq dm” '®Cd (= 40 nM) or
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proportional to the biomass production (Di Baccio et al.
2010). Different ion-channels (e.g. Ca®'-channels) have
been suggested to be important pathways for Cd, and
kinetic studies indeed support this view (Hooda and
Alloway 1993, Perfus-Barbeoch e al. 2002). Exudation
of metals via certain transport proteins, which enhance
heavy metal tolerance, is known in bacteria (Silver and
Misra 1988), and Clarkson and Liittge (1991) and
Meharg (1993) have suggested similar processes in
plants. This assumption has not, however, been
confirmed.

The present experiments were performed to
investigate if, and how, heavy-metal resistant clones of
Salix viminalis regulate their net accumulation of Zn and
Cd. The Cd and Zn uptake, leakage and CEC in
“accumulators” and “excluders” were compared.

0.555 MBq dm® ®Zn (= 83 nM). Prior to each
experiment, some plants were pre-treated for 24 h in
1/4  strength nutrient solution supplemented with
0.540 uM Cd or 2.583 uM Zn. The solutions were
continuously stirred with aeration. Two samples from the
solution, 2 cm’ each, were taken after 0, 15, 30, 45, 60,
90, 120, 150, 180 and 240 min. In order to measure
involvement of possible active uptake, the experiment
was also performed in the presence of 100 pM
2,4-dinitrophenol (DNP) for the time periods 60, 120 and
240 min on plants not pre-treated with Cd or Zn.

Leakage experiments: In different set of cuttings,
200 nM '”Cd or 278 nM %Zn, corresponding to
9.25 MBq dm™ of each isotope, were added to the growth
medium at day 4 of cultivation, in order to load plants
with the isotopes before the experiments. Nutrients were
added to the radiolabelled medium once a week
corresponding to 50 % nutrient strength. The leakage
experiments were performed after 22 - 24 and 26 - 28 d
of cultivation for Cd and Zn, respectively. The plants and
their growth medium of each container were divided into
3 groups, 8 clones in each. To one of the groups, 0.5 uM
Cd or 2.5 uM Zn were added. To the second group
100 uM DNP was added, and to the third group nothing
was added. The experiment was performed after 24 h pre-
treatment in Cd or Zn, in DNP, or solely in the cultivation
medium.

The leakage solution contained unlabelled 1/4 strength
nutrient solution, adjusted to pH 6 with KOH and aerated.
The radiolabelled Cd or Zn was replaced by unlabelled
ions in corresponding concentrations (200 nM Cd or
278 nM Zn). There were 3 different treatments in line
with the pre-treatments: @) no extra Cd or Zn, b) 0.5 uM
Cd or 2.5 uM Zn or ¢) 100 uM DNP. Plants were moved
from beaker to beaker and the roots were allowed to
successively leak in a series of solutions (250 cm’ per
beaker; 5, 5, 5, 10, 15, 20, 30, 30, 60, 60, 90, 90 and



90 min for Cd and 5, 5, 5, 10, 15, 20, 30, 30, 60, 60, 60,
60 and 60 min for Zn). Two solution samples of 2 cm’
were taken from each of the beakers for analysis.

Analysis of 'Cd and ®Zn: The plants were divided into
root, old stem and shoot. The plant material was dried for
24 h at 105 °C, weighed and then wet digested in 20 cm’
14 M HNOs; using a microwave oven (CEM MDS 81 D).
The isotopes were analysed with a liquid scintillator
(Philips PW - 4700, The Netherlands). The radioactivity
of the wet digested samples and solution samples was
measured after mixing with 5 cm® scintillation cocktail
(Quicksafe A, Zinsser Analytic, Germany).

Determination of cation exchange capacity: To prepare
cell walls according to Fry (1988), fresh root material
from untreated roots was stirred in 70 % ethanol with an
Ultramix PT2000 (Polytron, Kinematica, Switzerland)
and filtrated to wash out low molecular mass compounds
as sugars and aminoacids. Then, the material was stirred
in 90 % dimethylsulfoxide (DMSQO) and filtrated to wash
out starch. Thereafter, the material was stirred in
phenol/acetic acid/water (5:2:1) and filtrated to wash out
proteins. The material was then washed with 70 %
alcohol. Finally, the material was stirred in 0.01 M HCI
for 300 s and, thereafter, washed five times with distilled
water. The cation exchange capacity was measured

Results

The uptake of Zn showed a typical hyperbolic curve
while that of Cd did not (Fig. 1). Plants pre-treated with
Zn and untreated plants showed differences, the uptake
pattern of ®*Zn was similar but the 5pre-treated plants had,
on average, 40 % lower uptake of ®Zn compared with the
untreated plants (Fig. 1). There was a higher uptake of Zn
into the free space (i.e. the initial uptake) in untreated
plants compared to pre-treated plants of resistant clones
(Table 2). The cellular uptake rate of Zn was lower in
untreated plants of sensitive high accumulating and
resistant low accumulating clones then the other
categories.

The uptake pattern of Cd differed between untreated
and pre-treated plants (Fig. 1). The Cd uptake of

Table 1. Properties of Salix clones to tolerate and accumulate
Cd and Zn. Clones were chosen from 130 clones with various
tolerance and accumulation properties (Landberg and Greger
1994, Landberg and Greger 1996, Greger and Landberg 1999
and Greger et al. 2001). Tolerance index (TI) is calculated as
root or shoot dry mass accumulation at treatment with 7 uM Cd
or 70 uM Zn for 21 d divided by that of controls. Metal
accumulation was analysed after 21 d treatments with 1puM Cd
or 10 uM Zn, respectively. RH - resistant high accumulators,
RL - resistant low accumulators, SH - sensitive high
accumulators, SL - sensitive low accumulators.
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according to Crooke (1964). The cell wall material was
added to 1 M KCI solution adjusted to pH 7.00. After
30 min, 0.01 M KOH was titrated to the solution to
re-establish pH 7.00 and the CEC was calculated.

Calculations and statistics: The uptake of metal in the
roots was calculated from the decrease in labelled metal
in the solution during a certain time period and related to
the root mass. A curve on the time course of uptake could
then be drawn (Fig. 1). Uptake into free space was
estimated to be in the first 30 min (i.e. 0 - 30 min), the
cellular uptake occurred between next 30 and 90 min and
during the later phase the leakage started and thereby the
net uptake could be seen. The leakage of metal from the
roots was calculated from the content of metal left in the
roots after various elution times. Thereafter, a curve on
the time course of leakage could be drawn (Jensén and
Kylin 1980; Fig. 2). The total leakage [%] = [(Mero -
Merx)/Merg] x 100, where Mer, and Merx are the
contents of labelled metal in the root at start and at time
510 min (Cd) or 430 min (Zn).

Mean values were calculated from 5 - 7 replicates
and each replicate was based on two samples. Ten
replicates were used in the CEC experiment. The least
significant differences in correlation tests and Student's -
tests were calculated at P = 0.05 level.

untreated plants showed a fast initial uptake-rate (i.e.
uptake into the free space), peaking after about 30 min.
Then, for about 1.5 - 3 h, the uptake rate dropped to about
1/50 of the peak. This pattern was less pronounced

Clone  Tolerance, Accumulation
TI [ng g'(d.m.)]
root shoot root shoot
Cd RHI 0.70 0.87 83.4 5.19
RH2 0.96 0.83 39.0 5.31
RL1 0.75 0.78 16.3 1.25
RL2 0.85 0.77 17.5 1.10
SH1 0.00 0.38 76.2 4.12
SH2 0.00 0.31 39.3 3.06
SL1 0.00 0.35 17.3 1.34
SL2 0.00 0.19 16.0 0.96
Zn RHI1 0.64 0.75 1002 750
RH2 0.76 0.80 1643 958
RL1 0.80 0.78 236 125
RL2 0.64 0.79 349 12
SH1 0.12 0.35 698 1297
SH2 0.05 0.33 1320 1326
SL1 0.09 0.18 96 26
SL2 0.07 0.27 263 66
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Fig. 1. Time course of uptake of Cd and Zn in different clones of Salix viminalis. Uptake of Zn illustrates representative uptake
patterns of Zn in all clones. In the case of Cd all different categories of clones are shown. Some plants were pre-treated 24 h prior to

the experiment with unlabelled 0.5 pM Cd or 2.5 pM Zn (on the right). Means = SE, n = 6. RL - resistant low accumulators,
RH - resistant high accumulators, SL - sensitive low accumulators, SH - sensitive high accumulators.

in sensitive clones, with exception of clone SH2. After  experimental period, showing the leakage from the free
the high initial uptake the uptake stabilised at a low level,  space compartment, while it was considerably lower at
similar to that found in pre-treated plants, which  the end of the period. The leakage was similar for 'Cd
completely lacks the high initial Cd uptake rate. and ®Zn, probably due to treatment with the same

The leakage pattern was similar for '“Cd and ®Zn  loading concentrations of the two isotopes. Resistant low
(Fig. 2). The leakage rate was high at the beginning of the =~ accumulating clones showed significantly higher leakage
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of 'Cd, 50 - 100 % higher than the other categories of
clones, both in untreated and pre-treated plants (Fig. 2,
Table 3). This pattern was not recognised for *Zn, where
the resistant high accumulating clones showed the highest
total leakage and the lowest total leakage was found in
sensitive high accumulating clones not pre-treated with
Zn. There was no significant difference in total leakage of
7n between untreated and pre-treated Zn-clones.

Neither the uptake nor the leakage of 'Cd and ®Zn
was affected by DNP (data not shown), and neither was

CADMIUM AND ZINC RESISTANCE IN WILLOW

changes due to pre-treatment in uptake or leakage
influenced by DNP.

The CEC was similar in the Cd-clones and the
Zn-clones (Table 4). For Cd, resistant clones with high
accumulation had a higher CEC. This also held for
Zn-clones but differences were not significant (Table 4).
The CEC did not correlate with the uptake in the free
space (r < 0.023), the uptake rate (» < 0.009), or the total
leakage (» < 0.006) for both metals.

Table 2. Uptake of ®*Zn shown as uptake in the free space [ng g'(d.m. root)], uptake rate into the cells and net uptake rate
[pg g'(d.m. root) s'] (for detail see Materials and methods). Some plants were pre-treated 24 h prior to the experiment with
unlabelled 2.5 uM Zn. Means + SE, n = 6. SL - sensitive low accumulators, SH - sensitive high accumulators, RL - resistant low
accumulators, RH - resistant high accumulators. * Significant differences between untreated and pre-treated plants. Different letters

show significant differences within each column.

Clone Uptake in the free space Uptake rate into the cells Net uptake rate

untreated pre-treated untreated pre-treated untreated pre-treated
SL1 8.6 +0.938 4.6+0.75° 431+027% 3.44+0.18" 0.33+0.074B 0.28 + 0.02*
SL2 25342974 18.6 +2.554B 425+0.62% 0.78 £ 0.09%* 0.30 + 0.05* 0.24 + 0.04*
SH1 25.6 +3.49" 23.6+1.26" 1.14 £ 0.19¢ 4.61 +£0.59M* 0.37 + 0.024B 0.29 + 0.04*
SH2 4.4+0.59° 2.4+0.19° 1.92 +0.268 0.75 £ 0.04%* 0.25 + 0.09% 0.29 + 0.06*
RLI 29.6 +1.77% 18.6 + 1.612% 2.11+0.118 2.94+0.514 0.13 +0.02¢ 0.42 + 0.038*
RL2 27.5+3.16" 14.4 £ 0.94B* 2.67+0.328 1.50 £ 0.14® 0.27 +0.03* 0.32 +0.02%
RHI 24.9 +4.08" 9.9 +1.948 536 +0.32% 2.00 £ 0.065* 0.29 + 0.00* 0.24 +0.03*
RH2 31.6+4.11% 14.6 £ 0.855* 5.25+0.63" 3.11+0.39* 0.31+0.06" 0.36 + 0.074B
Discussion

The aim of this study was to find out how Cd and Zn
resistant clones of Salix regulate the net uptake of Cd and
Zn. The results indicate that resistant clones with low Cd
accumulation may regulate the Cd net uptake by a high
leakage of Cd by roots to achieve high resistance. No
such conclusion could be drawn for Zn.

The large difference in Cd uptake pattern between
untreated and pre-treated plants was that the pre-treated
plants showed a very low Cd uptake (Fig. 1). It indicates
induction of a mechanism that decreased the Cd uptake.
This mechanism seems to be initialised within 30 - 60 min
after the start of the '°’Cd uptake in untreated plants, and
thus it had already been initialised in the Cd pre-treated
plants prior to the start of the experiment. After about 2 -
3 h, the net uptake rate in untreated plants dropped down
to a very low level, similar to that in pre-treated plants. In
the nature, the Cd uptake is therefore likely kept low, as
suggested by Baker (1981). The low net uptake of Cd
was due to decreased uptake of Cd since the Cd leakage
was not changed by the pre-treatment with Cd (Table 3,
Fig. 2). The nature of this mechanism cannot be resolved
with the present data, but it is not active uptake since
DNP had no effect on it (data not shown).

The resistant low accumulating clones showed much
higher Cd-leakage rate than the other clone categories

(Table 3, Fig. 2). Since this difference between the clone
categories was similar in untreated and pre-treated plants,
it may indicate a constitutional property to have a high
leakage rate in resistant-low accumulating clones that

Table 3. Total leakage [% of labelled metal in start] of '®Cd
(510 min) and *Zn (430 min). Some plants were pre-treated
24 h prior to the experiment with unlabelled 0.5 uM Cd or
2.5 uM Zn. Means + SE, n = 5 - 7, * - significant differences
between untreated and pre-treated plants. Different letters show
significant differences within each column. For other detail see
Table 1.

Clone Cadmium Zinc

untreated pre-treated  untreated pre-treated
SL1  17.9+1.214P0 21.9+2.03* 11.7+¢1.12%  7.5+1.48*
SL2  19.4+1.14% 23.9+2.45% 13.2+1.51%  9.1+0.74%
SHI  8.8+0.52° 23.5+2.10%* 1.2+1.21% 10.4+1.73AB*
SH2 21.4+1.34% 21.6+0.98"  4.3+3.125¢ 5242434
RLl 37.6+4.05® 32.240.38® 11.040.97* 12.8+1.10®
RL2 27.642.39% 34242.11B  6.5£0.86°  5.3+0.89"
RHI 15.440.12° 23.441.30%* 38.5+4.18° 39.8+4.01°
RH2 19.6£0.22* 21.6£0.41* 20.9+2.64% 17.5+4.20%
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Fig. 2. Time course of leakage of 'Cd and ®Zn from roots of Salix viminalis. Some plants were pre-treated 24 h prior to the
experiment with unlabelled 0.5 uM Cd or 2.5 uM Zn. Means £ SE, n =5 - 7. Data are average of clones of the same clone categories.

For other details see Fig. 1.

Table 4. Cation exchange capacity [mol kg™'] in different clones
of Salix viminalis. Means + SE, n = 10. Different letters show
significant differences within each column. For other details see
Table 1.

Clone Cadmium Zinc

SL1 54.1 £ 3.94B 51.6+2.8"
SL2 47.1 £2.0% 45.0 +3.54
SH1 459 +2.6% 45.7 +4.0%
SH2 49.9 +3.0% 51.2+42%
RLI 44.8 +0.9* 49.6 +2.54
RL2 463 +1.84 435+ 434
RHI 59.4 +0.38 55.7+4.6%
RH2 63.7+2.88 529+3.1*
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may be important for the high Cd resistance. Strange and
MacNair (1991) suggested a low net uptake in metal-
excluding plants. The efficiency of compartmentalisation
my also be important (Durand ef al. 2010).

Resistant high Cd-accumulating clones has high root
CEC (Table 4) and high initial Cd uptake into the free
space (Fig. 1) as shown in untreated plants. High
accumulation of Cd in cell walls with high levels of weak
electrostatic charges has been found in tolerant
populations of the moss Rhytidiadelphus squarrosus
(Wells et al. 1995). In high accumulating clones, but
sensitive to Cd, the CEC was not high (Table 4). The
mechanism of resistance in high Cd-accumulating clones
could therefore be due to the high CEC in the free space
of the roots. In resistant high accumulating clones, a
larger proportion of total Cd may be distributed to the



free space, where the metal ions become less toxic.

Therefore, resistance to Cd in Salix may be reached
by three mechanisms: a) a decreasing uptake activated in
all clones in the presence of Cd; b) a constitutional,
already existing high leakage in the resistant low
accumulating clones and ¢) high CEC in the free space of
roots of resistant high accumulating clones.

The uptake pattern of Zn in both untreated and pre-
treated plants differed from that of Cd. Zinc showed a
hyperbolic pattern, also described by Guillermo and
Daniel (1988), a common shape for nutrient elements
(Marschner 1995) and probably due to that Zn is an
essential for plants while Cd is not (Fig. 1). However, the
initial Zn uptake was generally lower in pre-treated
compared to untreated plants of resistant clones (Table
2). This is likely the reason for the lower Zn net uptake
rate in the latter phase of the uptake curve in the pre-
treated plants compared to untreated ones (Fig. 1). In
contrast, the uptake pattern of the latter phase did not
show difference between pre-treated and untreated
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