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Contamination by heavy metals in soils may strongly affect the environmental quality. Lipid peroxidation
caused by heavy metals in plants was investigated as a relevant bioassay of toxicity. Soils and wild plants
(dandelion and willow) were collected from an abandoned mine area in northeast Italy, and the concentra-
tion of different heavy metals (Ni, Cr, Cu, Pb, Zn, Fe and Mn) were measured and analyzed. Soils affected by
mining activities presented total Zn, Cu, and Pb concentrations (2566, 3975, 20,815 mg kg−1 respectively)
above toxic thresholds, and 58% for Fe. Heavy metal-induced oxidative stress was evidenced by the genera-
tion of reactive radicals, followed by an increase in malondialdehyde (MDA) production up to 41.64 μM in
willow leaves. We found that MDA concentration in plant tissues differed significantly among species and
plant organs. The higher concentration of metal in soil corresponded with the higher concentration of
MDA in the plant. The combined results of metal concentration, MDA content and translocation coefficients
in plants show that the investigated plants are rather highly tolerant towards environmental pollution.
This suggests that they could be useful in phytoremediation of metal contaminated sites.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Contaminants such as heavy metals are threatening human health
by their impact on ecosystems, water and food quality (Bini et al.,
2010; Lim et al., 2008). Bioavailable heavy metals can enter the food
chain through primary producers, reducing growth cycle and altering
some biochemical pathways in plants (Loureiro et al., 2006). More-
over, heavy metals induce oxidative stress by generation of hydrogen
peroxide, superoxide radical, hydroxyl radical and singlet oxygen,
collectively termed reactive oxygen species (ROS) (Verma and
Dubey, 2003). Many organic molecules are exposed to severe damage
by free radicals after high accumulation of heavy metals in plants
(Alfonso and Puppo, 2009; Joshi et al., 2005). Formation of ROS in
cells is associated with the development of many pathological states
(e. g. reduced root elongation, seed germination, signaling imbalance)
(Bini et al., 2008; Wahsha and Al-Jassabi, 2009). This has contributed
to the creation of the oxidative stress concept; in this view, ROS are
unavoidable toxic products of O2 metabolism, and aerobic organisms
have evolved antioxidant defenses to protect against this toxicity
(Alfonso and Puppo, 2009). Oxidative stress can increase sharply in

cells either due to the decrease in the activity of the antioxidant de-
fense systems or to the overproduction of ROS (Mukherjee et al.,
2007; Soffler, 2007). The most harmful effect induced by ROS in
plants is the oxidative degradation of lipids, especially polyunsaturat-
ed fatty acids (PUFA) in cell membranes known as lipid peroxidation,
which can directly cause biomembrane disorganization (Gobert et al.,
2010; Timbrell, 2009; Wahsha et al., 2010). Several studies reported
that ROS can initiate lipid peroxidation through the action of hydroxyl
radicals (Armstrong, 2008; Katoch and Begum, 2003). Lipid peroxida-
tion reactions are usually free radical-driven chain reactions in which
one radical can induce the oxidation of PUFA (Abuja and Albertini,
2001). The lipid peroxide Malondialdehyde (MDA) is one of the
major end-product of lipid peroxidation process (Yadav, 2010). In
this case, membrane destabilization and fusion are directly correlated
with MDA production (Wahsha and Al-Jassabi, 2009; Wahsha et al.,
2010). The determination of MDA content is widely used as a reliable
tool to detect the oxidative stress hazard by estimating the formation
of lipid peroxides in biological material (Loureiro et al., 2006;
Taulavuori et al., 2001; Zielinska et al., 2001). Furthermore, the for-
mation of ROS and an increased MDA production were observed in
plants exposed to different heavy metals as Cr, Pb, Cu and Zn under
laboratory conditions (Aravind and Prasad, 2003; Baryla et al., 2000;
Sinha et al., 2005; Verma and Dubey, 2003).

The objectives of this work were: i) to assess the concentration
and bioavailability of the following metals: Ni, Cr, Cu, Pb, Zn, Fe and
Mn in soils and plants of a mining area, and ii) to apply the lipid per-
oxidation biotoxicity assay to wild plants growing on mine soils.
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2. Materials and methods

2.1. Site description

Field observations were carried out in the Imperina Creek water-
shed. The Imperina Valley is located in the mountain district of
Belluno (North-east Italy), with an altitude ranging between 543 m
and 990 m above sea level. The geological substrate consists of rocks
of the metamorphic basement (Pre-Permian), in tectonic contact
with dolomite rocks (Dolomia Principale, Upper Triassic). The
mined area is located along the tectonic contact; it consists of a de-
posit of mixed sulfides, composed primarily of cupriferous pyrite, py-
rite and chalcopyrite, with minor amounts of other metallic minerals
(Frizzo and Ferrara, 1994). Full information on the geological and en-
vironmental setting is available in Giordano (2008) and Campana et
al. (2007). The vegetation cover is mainly constituted of mixed forests
(Abies alba Mill., Picea abies (L.) H. Karst., 1881, Fagus sylvatica L. and
Ostrya carpinifolia Scop.), with clearances where herbaceous and
shrubby vegetation prevails over the arboreal one (Dissegna et al.,
1997). Mining activities took place in Imperina Valley from the 15th
century until 1962, when the mine was closed.

2.2. Field sampling

Before the sampling program was devised, preliminary investiga-
tions were carried out in 2008 in the mined area and the conterminous
zone. Following the guidance on sampling techniques recommended by
Margesin and Schinner (2005), eight sites (six contaminated soils and
two control soils, site 7 on metamorphic basement and site 8 on dolo-
mite) were selected according to different geo-morpho-pedological
conditions, vegetation coverage and anthropogenic impact. Soils are
mostly entisols (sites 1,2,3,4,5) and inceptisols (sites 6,7), while site
8 is a mollisol over dolomite. Pedoclimate conditions, however, are
the same for all sites, with perudic soil moisture regime andmesic tem-
perature regime. Full information on soil properties and classification is
available in Fontana et al. (2010). Successively, all locations were sam-
pled for topsoil and plants in the period between spring and summer
2009. A plant inventory was recorded following Pignatti (1982), and
the relative abundances were estimated visually.

2.2.1. Soil sampling
According to the procedures described by Hood and Benton Jones

(1997) and Margesin and Schinner (2005), soil samples were collect-
ed from the upper horizon at a depth of approximately 30 cm. Each
soil sample was a composite of 5–7 subsamples collected in a given
sector (4 m2). Samples were taken at the site, mixed, packed in con-
tainers, and then transported to the laboratory. The samples were
air dried at room temperature for 7–10 days, homogenized and
sieved through a stainless-steel sieve of 2 mm mesh diameter before
the determination of physico-chemical soil properties and quantifica-
tion of soil heavy metal concentrations.

2.2.2. Plant sampling
Plant samples have been collected according to Benton Jones

(2001) with some minor modifications. At least five specimens of se-
lected plant species (at the early vegetative phase and normal mor-
phological appearance) were sampled at each site with their
corresponding soil clod (same pedoclimate). Samples were packed
in plastic bags not completely closed with a non metallic closure, to
allow gas exchange, and transported to the laboratory. Plant species
were classified according to Pignatti (1982) as the following: com-
mon dandelion (Taraxacum officinale Weber ex F.H.Wigg. 1780), and
different willows (Salix purpurea L., Salix caprea L., and Salix elaeagnos
Scop.). All plants were gently washed with tap water, rinsed with dis-
tilled water and then divided into leaves, stems and roots. To remove
moisture without causing appreciable thermal decomposition,

samples were oven dried 2 days at 50 °C in the case of dandelions
(Królak, 2003) and at 80 °C for willows (Benton Jones, 2001). Dried
plant tissues were ground into fine powder (b100 μm) with an
agate mill, and then stored for further analysis according to Benton
Jones (2001).

2.3. Analytical methods

All chemicals used in this study were of analytical grade and
purchased from Sigma-Aldrich Co., USA. Soil pH in water (1: 2.5)
was measured potentiometrically following the protocol of
Violante and Adamo (2000), organic carbon based on the method
described by Walkley and Black (1934), cation exchange capacity
(CEC) was analyzed following the method reported by Gessa and
Ciavatta (2000), and soil particle size distribution was determined
following the pipette method (Genevini et al., 1994). Soil samples
preparation for heavy metals analysis: 0.2 g of the sieved soil sam-
ple was subjected to a complete digestion in a microwave (model
1600-Ethos, Milestone) in closed container made of Teflon. Based
on Leita and Petruzzelli (2000), the breakdown was accomplished
in 5 mL of aqua regia (37% HCl+65% HNO3, 1:3) and 1 mL of 48%
HF, and then 1 mL of cold supersaturated H3BO3 was added. Two
standard certified reference materials (Soil 5 from the International
Atomic Energy Agency and MESS3 from National Research Council
Canada) were analyzed as a part of the quality control. For plant
samples, according to the procedure recommended by Jones
(2001) and Fontana et al. (2010), 0.5 g of powder sample was
digested in an acid mixture (5 mL 65% HNO3 and 3 mL 30% H2O2)
in open vessels on a hot plate, followed by filtration with cellulose
filter Wathman n.42 as described by Zang et al. (2002) and Jones
(2001) with slight modifications. For both samples of soil and
plants, the concentration of metals (Ni, Cr, Cu, Pb, Zn, Fe and Mn)
was determined by Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES) according to the method reported by
Margesin and Schinner (2005).

2.4. Estimation of lipid peroxidation (MDA content)

For quality control and assurance for lipid peroxidation evalua-
tion, 10 plant specimens were collected from not contaminated
areas, in the university garden in the case of Taraxacum officinale,
and from a natural area in a municipality in the province of Venice,
in the case of Salix species. The MDA content was performed by the
TBARS reaction with some modifications of the method of Heath
and Packer (1968) by Taulavuori et al. (2001) and Ai-Jun et al.
(2007). A 0.30 g fresh plant sample was homogenized in 20 mL solu-
tion of 0.25% thiobarbituric acid (TBA) in 10% trichloroacetic acid
(TCA), using agate mortar and pestle. The homogenate mixture was
incubated at 95 °C for 30 min followed by quick cooling and centri-
fuged at 10,000 g for 10 min. The absorbance of the clear supernatant
was read spectrophotometrically at 532 nm using a spectrophotome-
ter Hach DR 2000, and correction for unspecific turbidity was done by
subtracting the absorbance of the sample at 600 nm. A 20 ml of 0.25%
TBA in 10% TCA was used as blank. The concentrations of lipid perox-
ides were quantified and expressed using Beer's law with an extinc-
tion coefficient of 155 mM−1 cm−1.

2.5. Statistical analysis procedure

Statistical analysis was based on ANOVA and is presented as
means±S.D. Statistical significance was considered at p-value of
0.05 or less. The data were analyzed statistically using Sigma Stat sta-
tistical software version 3.5.
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3. Results and discussion

3.1. Chemophysical properties of soil samples

Selected soil variables (pH, CEC, organic carbon content and soil
particle size distribution) were analyzed in all soil samples and a
summary of these analyses is given in Table 1. Many characteristics
of the studied soils vary; for example, the pH values oscillate from
about 4 to nearly 8, due to the nature of the soil parent material;
the highly acidic pH value found in site 4 soil is probably due to
weathering oxidation of iron sulfides (pyrite and chalcopyrite) in
the soil (Bini, in press; Delgado et al., 2009). Another parameter in
the table is the CEC which has shown generally low values for all
the soil samples (from 5.8 to 23.8 cmolc kg−1), except for the soils de-
veloped on dolomite (34.3 cmolc kg−1, site 8). Moreover, the organic
carbon content is generally lower in the mine soils than in controls
(7, 8), with exception of soil from site 5. The soils' texture are
loamy (site 1, 2, 6), sandy-loam (site 3, 5, 7) or silty-loam (site 4, 8)
according to the Soil Survey Staff (1999).

Table 2 summarizes the results of the average concentrations of
Ni, Cr, Cu, Pb, Zn, Fe and Mn in the soils tested. The total concentra-
tions of most of the investigated metals (Cu, Pb, Zn and Fe) in the
soil samples were significantly higher (ANOVA pb0.05) than those
of control, and above the toxicity threshold according to Italian legis-
lation (D.L. 152/2006). Cu, Pb and Zn concentrations recorded at site
8, although they overcome the Italian threshold limits for residential

areas, are related to the geochemistry of the parent material (mainly
dolomite). Data reported in Table 2 show that the studied area is not
contaminated by Cr and Ni, given their absence in the ore minerals
(Bini, in press).

The linear correlation between Pb, Cu, Zn (Cu/Pb 0.768; Pb/Zn
0.709, significant at pb0.05) is consistent with their calcophilous be-
havior, since these metals tend to form compounds with sulfur, as
chalcopyrite (CuFeS2), sphalerite (ZnS) and galena (PbS), commonly
found in the Imperina Valley ore deposits (Frizzo and Ferrara,
1994). Ni and Cr are negatively correlated with Cu (−0.796;
−0.680), Pb (−0.893;−0.526) and Zn (−0.750;−0.758). Converse-
ly, a positive correlation is seen between Cr and Zn. Fe and Mn are not
significantly correlated with any other element, although they share
the same geochemical, as a result of anthropogenic activities in the
area (Bradl, 2005).

3.2. Heavy metal accumulation in plants

The concentrations of heavy metals in plant species of Imperina
Valley are presented in Table 3. Willow plants (genus Salix) accumu-
lated significant quantities of heavy metals in both leaves and roots,
irrespective of the species. Dandelion plants (genus Taraxacum) accu-
mulated Cu, Pb, Zn, Fe and Mn in leaves, and the obtained results are
in agreement with data from literature, (Savinov et al., 2007; Simon
et al., 1996). Instead, Ni and Cr present concentrations below the phy-
totoxicity threshold reported by Kabata-Pendias (2001); this is con-
sistent with concentration levels recorded in the soil (Table 2). Mn
concentrations are within the “normal” values (Kabata-Pendias,
2001) for all samples. Fe concentrations in plants showed a large
range of variation: between 67 and 926 mg kg−1 in willow, and up
to 1636 mg kg−1 in dandelion. However, this metal is not considered
toxic unless at very high concentration above 1000 mg kg−1 accord-
ing to Kabata-Pendias (2011). Cu concentrations in both leaves and
roots of willow are above the toxicity threshold (Kabata-Pendias,
2001), while in the stem, the Cu concentrations are relatively low, ex-
cept in S. caprea. Willows proved to have the ability to accumulate Pb
in roots more than in the aerial parts, and in the leaves more than in
the stems, with the exception of S. purpurea, where Pb is accumulated
in leaves (Table 3). Regarding Zn, our results show that the highest
concentrations are recorded in Salix leaves, and decrease gradually
from stems to roots, counteracting the Pb concentration trend. Zn
concentrations in Salix exceed the toxicity level recommended by

Table 1
Selected chemophysical properties of the studied soils. All data expressed as mean
values±S.D (n=3). Sampling sites 7 and 8 are not contaminated.

Sampling
site

pH CECa Organic carbon Particle size
distribution%

(In water 1:2.5) (cmolc kg−1) (g kg−1) Sand Silt Clay

1 4.5±0.50 10.4±1.1 5±0.50 40 46 14
2 7.8±0.10 15.5±0.90 12±0.50 46 43 11
3 7.5±0.30 9.0±0.39 8±0.40 71 25 4
4 5.3±0.30 5.8±0.65 4±0.70 41 53 6
5 7.3±0.10 23.8±2.10 41±0.30 68 27 5
6 7.6±0.10 11.0±0.78 8±0.40 44 46 10
7 5.3±0.10 14.4±1.81 22±0.80 61 29 10
8 7.7±0.20 34.3±2.40 33±0.60 15 69 16

a Cation exchange capacity (CEC).

Table 2
Concentration of metals in soils of Imperina Valley. Ni, Cr, Cu, Pb, Zn and Mn are expressed as mg kg−1, Fe as percentage. All the values are mean of five replicates±S.D.

Sampling
site:

Ni Cr Cu Pb Zn Fe Mn

1 bDLd bDLd 3726±21 ii 20,815±93 ii 1554±18 ii 53±0.3 ii 178±2 ji
2 bDLd 22±1 ii 3367±42 ii 14,635±71 ii 1188±8 ii 32±0.3 ii 280±1 ji
3 60±1 ii 102±1 ii 526.4±2.8 ii 228±5 ij 472±3 ij 6±0.1 ji 1166±6 ii
4 bDLd bDLd 3975±18 ii 14,619±87 ii 2423±21 ii 58±0.4 ii 175±3 ii
5 47±2 ii 93±1 ii 500±3 ij 294±4 ij 431±2 ij 5±0.0 ji 1140±7 ii
6 bDLd b DLd 2334±19 ii 11,668±67 ii 2566±37 ii 48±0.4 ii 161±2 jj
7 58±1 162±2 98±2 52±5 103±2 4±0.6 1025±17
8 14±1 33±1 283±8 343±5 576±9 1±0.0 193±1
It. Av 1, a 46 100 51 21 89 4 900
Int. Av 2, a 40 200 20 10 50 – 850
E.V 3, a 100 100 100 100 250 – 1500
R.L 4, b 120 150 120 100 150 – –

I.L 5, b 500 800 600 1000 1500 – –

Mess 3, c 49±1 116±1 39±1 bDLd 157±1 5±0 310±3
C.C.M 3 6, c 47±2 105±4 34±2 21±1 159±8 4±0 324±12
Soil 5 3 12±1 27±1 80±1 174±4 366±6 5±1 890±18
S.S.C 5 7, c – 29±3 77±5 129±26 368±8 5±1 852±37

1Italian average, 2International average, 3Excessive values, 4Residential Limits, 5Industrial Limits, 6Certified composition of Mess 3, 7Certified composition of Soil, aReference average
values (adopted from Angelone and Bini, 1992), bThreshold limits in the Italian legislation (D.L. 152/2006, Annex 5), cCertified reference material, d Less than the detection limit.
The two letter symbols following±S.D within the same column indicate if there is a significant difference or not when compared to control sites 7 and 8 respectively. i indicates
significant difference at pb0.05 and j indicates no significant difference according to ANOVA.

114 M. Wahsha et al. / Journal of Geochemical Exploration 113 (2012) 112–117



Author's personal copy

Kabata-Pendias (2001). Moreover, S. purpurea presents lower concen-
trations for the elements Cu, Pb, Zn, than S. caprea and especially S.
eleagnos.

It is noteworthy to point out, however, that willows' ability to ac-
cumulate heavy metals in different parts is independent of the
species; rather, it depends on local factors as soil and pedoclimate
(particularly temperature, aeration and water content) and on plant
physiology and aging (Baker and Brooks, 1989; Mikulka et al.,
2009). Moreover, a counteracting behavior of essential and toxic
heavy metals is likely to occur as a barrier effect of the roots (Fontana
et al., 2010).

Concerning Taraxacum (plants), data on heavy metals in roots are
not available and therefore only heavy metal concentrations in leaves
are reported in Table 3. Data show that this plant is able to accumu-
late Cu and Pb in leaves at concentrations above the toxicity threshold
indicated by Kabata-Pendias (2001). Zn levels were within the nor-
mal range (27–150 mg kg−1) given by Kabata-Pendias (2001), in
Taraxacum leaves from site 4 (79 mg kg−1) while plants from site 6
present the Zn concentration slightly above the normal values
(160 mg kg−1).

We have calculated also the translocation factor of willows species
(ratio between heavy metal concentration in leaves and in roots).
Salix translocate and retain heavymetals in the aerial parts, in particular
Zn (S. eleagnos TFZn=2.27; S. purpurea TFZn=2.5; S. caprea
TFZn=2.18). Instead, Pb and Cu are scarcely translocated (TFPb=0.81
in S. eleagnos; 0.27 in S. caprea; TFCu=0.34 in S. eleagnos; 0.72 in
S. caprea), owing to the root barrier effect. However, S. purpurea
seems to be more prone to transfer Pb and Cu (TFPb not computable;
TFCu=1.76).

Translocation factors calculated for Salix samples suggest that
heavy metals present different mobility within the plant. The less mo-
bile among them is Pb (average TF=0.54), which tends to be blocked
in the root part, indicating that this chemical element is unessential
for plants, and suggesting some exclusion mechanism by plants. Mn,
Zn and Fe appear to be the most translocated among the elements

considered (average TF=2.53, 2.32 and 1.93, respectively), while Cr
and Cu have similar concentrations in leaves and roots (average
TF≈1). Concerning Ni, no translocation data are available, since
most Ni concentrations are below the detection limits (see Table 3).

The metal translocation capacity combined with rapid growth and
a higher biomass than herbaceous plants, nominate willows as good
candidates for phytoremediation of polluted soils, consistently with
what was stated by Greger and Landberg (2003).

3.3. Lipid peroxidation quantification

The LPO levels (expressed as MDA contents) in T. officinale (see
Table 4) vary proportionally with the level of heavy metals in soils
of the corresponding site (see Table 2), as it was observed by calculat-
ing the coefficient of determination (R2) between the variables con-
sidered. R2 explains how much of the variability of MDA content in
plants is correlated to metal concentration in soil (Fig. 1). In particu-
lar, Pb and Zn concentrations in soils and MDA contents in leaves pre-
sent nearly similar patterns (Fig. 2), indicating a close relationship
betweenMDA and metals, thus confirming the LPO test to be effective
in environmental contamination assessment.

The control plants of T. officinale exhibited normal levels of LPO,
and it was 0.2063 μM in leaves and 0.1450 μM in roots. There was a
dramatic increase in MDA level in leaves and root homogenate from

Table 4
The contents of MDA of T. officinale from different sites in Imperina Valley. Data repre-
sent mean values±S.D based on three independent determinations.

Group MDA concentration (μM) Significance effect

Leaves Roots (p-value)

Control 2.859±0.18 2.012±0.07 0.290
Site 1 14.709±3.06 8.826±0.67 0.002
Site 2 7.147±0.52 6.645±1.14 0.001
Site 3 6.301±1.10 5.079±0.42 0.001
Site 4 7.618±1.10 9.742±2.20 0.002
Site 5 3.372±1.78 10.366±2.28 0.001
Site 6 7.521±2.24 11.324±1.82 0.001

Fig. 1. Coefficient of determination (R2) between metal concentration in soil and MDA
content in plants of interest.

Table 3
Concentration of heavy metals in Salix and Taraxacum tissues (mg kg−1 dry weight). All the values are mean of five replicates±S.D.

Site Plant Ni Cr Cu Pb Zn Fe Mn

3 Salix eleagnos Lb 4.75±0.29 3.33±0.29 27.83±0.14 26.4±2 517±3 570±6 70±0.7
Sc bDLa 2.84±0.24 16±1 7.2±1.6 388±3 67±0.5 17±0.1
Rd 3.68±0.25 3.15±0.15 81±1 32.7±2.1 228±2 427±3 26.5±0.2

Salix purpurea Lb bDLa 3.69±0.23 28±0.3 25.6±1.2 232±1 661±3 81.8±1
Sc bDLa 2.66±0.20 14.12±0.14 b DLa 190±1 79±0.35 19.7±0.1
Rd bDLa 3.03±0.28 15.82±0.17 b DLa 93±1 217±1 34.8±0.2

4 Salix caprea Lb bDLa 3.71±0.17 39.88±0.18 156.2±2 339±1 927±6 104.5±0.4
Sc 10.65±0.48 2.39±0.32 50.22±0.23 99.4±2.8 240±1 122±1 10.9±0.1
Rd bDLa 2.89±0.08 55.51±0.77 573.1±18.7 156±1 650±3 13.4±0.1

2 Taraxacum officinale Lb bDLa 3.51±0.26 42.73±0.46 78.8±3.6 79±1 1068±1.27 16.6±1
6 Taraxacum officinale Lb bDLa bDLa 53.88±0.45 129±3 160±1 1636±6 88±1

a Below detection limit.
b Leaves.
c Stem.
d Root.
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T. officinale collected from Imperina Valley (Table 4). The contents of
MDA were maximum in plant roots from site 6 and in leaves from
site 1, indicating enhanced LPO compared to controls, and intermedi-
ate in plant samples from site 2, 3, 4, and 5. This agrees with data on

soil pollution (Table 2). Using Kruskal–Wallis one way analysis of var-
iance on ranks we could find statistically significant differences
(pb0.05) in the average MDA contents among plants from different
sites compared with those of the control group.

In agreement with previous results by Savinov et al. (2007), the
increase of MDA production in T. officinale was expected because
when heavy metal levels increase in soil their absorption by roots
will increase, and the lipid peroxidation through the possible exces-
sive generation of free radicals will be incremented. T. officinale re-
sponds to the increased heavy metal contents by intensification of
LPO processes, which are related to the concentrations of Cu, Zn, Pb
and Fe in the soil, as a result of an imbalance in the homeostasis of
the antioxidant defense system (Alfonso and Puppo, 2009).

Lipid peroxidation in leaves, stems and roots of willows, measured
as MDA content, are given in Table 5. Compared to control, heavy
metals induced oxidative stress in willows was evident from the in-
creased lipid peroxidation in roots, stems and leaves, indicating an
enhancedMDA production, with MDA increasing in leaves in compar-
ison to roots and stems. This is in agreement with data reported by
Kuzovkina et al. (2004) and Ali et al. (2003). A maximum concentra-
tion of 41.64 μM MDA in S. purpurea leaves collected from site 1 and
30.78 μM in the roots of the same species from site 3 was observed,
indicating severe cell injury (Maleci, 2011, personal communication).
Generally, in both parts of the plant, the MDA contents were found to
be positively correlated with metal accumulation (pb0.05). The high
level of MDA observed in investigated plants under metal stress
might be attributed to the peroxidation of membrane lipids caused
by ROS due to metal stress indicating a concentration-dependent
free radical generation (Ali et al., 2003; Bini et al., 2010).

4. Conclusions

In this study, the soils in the mining area are highly contaminated
by trace elements, mainly Cu, Zn, Pb and Fe. The observed ability of
Salix species and T. officinale to continue growth in the presence of
heavy metals and to accumulate metals in their tissues, and particu-
larly in leaves, demonstrated their tolerance to moderate to high
levels of metals. Therefore, they have good potential to be used in
phytoremediation projects. Our results show that T. officinale,
S. purpurea, S. caprea and S. elaeagnos exposed to great metal concen-
trations in soils result in an increment in LPO in their tissues, suggest-
ing an important role of oxidative stress in the pathogenesis of heavy
metal-induced cellular toxicity, and they can be a promising bioindi-
cator for such research. The LPO process proved to be a useful tool for
health assessment of wild-growing plant species, as it reflects the an-
thropic heavy metal pollution in ecosystems.
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