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Abstract

Poplar trees are commonly used in phytoremediation thanks to its specific characteristics such as large leaf surface,

the conductivity of water and minerals throughout the section of the tree (diffuse porous species) and easy vegetative
propagation through cuttings. The use of poplars in detoxification of soil and water contaminated with heavy metals has
been demonstrated for various species.

The effect of different concentrations of three heavy metals ions, Cu?*, Ni3* and Cd?**, on oxidative stress in three
poplar clones from two different species (PE 19/66 and B229), belonging to Populus deltoides (Marshall) and to (M1
clone) Populus euramericana (Dode-Guinier) were analysed. Biochemical parameters which were applied for identifying
the level of oxidative stress in these three clones were the following: soluble protein content, lipid peroxidation, ferric
reducing antioxidative power assay and superoxide dismutase activity. Possible antioxidant capacity of these clones in
the response to different concentrations of heavy metals ions in substrate was measured in order to find which clone is
most appropriate for phytoremediation processes. Results showed variable responses within poplar leaves and roots in
response to oxidative stress induced by heavy metals and the most promising clone for phytoremediation of contaminated

soils is B229 clone, while M1 and PE 19/66 showed variable antioxidant response.
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Introduction

In plants, the appearance of mostly toxic oxygen
and nitric oxide molecule species causes disruption of
cell membrane components and lipid peroxidation,
whereas activated forms of oxygen may damage the
molecules of chlorophyll which is manifested by the loss
of green colour and reducing the intensity of photo-
synthesis. Plants may be used for reducing the concen-
tration of heavy metals in the soil and groundwater.

The concentrations of heavy metals in soils depend
on the weathering of the bedrock and on atmospheric
inputs of metals. Natural sources of heavy metals in the
atmosphere are volcanoes and continental dusts. An-
thropogenic activities like mining, combustion of fos-
sil fuels, metal based industries, phosphate fertilizers,
etc., lead to the emission of heavy metals and their
accumulation in the ecosystems. The availability of
heavy metals to plants and, thus, their toxicity depends
on complex rhizospheric reactions involving not only
exchange processes between the soil and plants but also
microbial activities (Schiitzendiibel and Polle 2002).

The genus Populus is geographically widespread
in various climatic areas and its presence can be ob-
served in the severe soil conditions (pioneer species)
that characterize heavily contaminated areas (Pulford
and Watson 2003). By screening some Populus nigra
genotypes for cadmium removal from hydroponic me-
dium, Dos Santos Utmazian et al. 2007, showed that
only around 1% of the total absorbed cadmium is re-
ported to accumulate in leaves (Pietrini 2008).

There is evidence in the literature on the phytore-
mediation capacity of the genus Populus and, at the
same time, an obvious lack of biochemical data regard-
ing the intensity of oxidative stress caused by the
accumulation of different heavy metals ions in tree
species. Poplar species can accumulate high concen-
trations of heavy metal ions like cadmium (Cd), nickel
(Ni), zinc (Zn), copper (Cu) and lead (Pb) in the above-
ground tissues. The accumulation of cadmium ions in
poplar is 30 times higher compared to other tree spe-
cies, which is reflected by the highly contaminated
regional reforestation (Migeon et al. 2010). These
plants have efficient mechanisms for the transfer of
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heavy metals in aboveground tissues (Migeon et al.
2010). However, the exact localization of heavy met-
als, especially zinc and cadmium in plant cells is still
unknown in this species. So far, it was discovered that
cadmium and zinc are accumulated in high concentra-
tions in the mesophyll and epidermal layer of leaves
(Migeon et al. 2010). Current evidence suggests that
plants share several common mechanisms of tolerance
to metals.

More than 400 different species belonging to tax-
onomically very different groups are described as
hyperaccumulators (Ninkov et al. 2010; Zeremski-Skori¢
2010). Hyperaccumulators are officially considered as
plants that are able to accumulate more than 0.1% dry
weight of elements such as Ni, Co (Cobaltum) or Pb.
The limit for Zn is more than 1%, while for Cd it is >
0.01 % of dry matter (Zeremski-Skori¢ 2010). The phe-
notypes characterized as hyperaccumulators provide
the basic concept for the process of phytoremediation
and the use of these plants to clean soil polluted with
various organic and inorganic pollutants. Hyper ac-
cumulation is usually observed for Ni, Zn, Co and Se
(Selenium). So far, tolerance to heavy metals has been
mostly studied in the cases of Zn, Cu, Ni, Cd ions and
the study of these mechanisms is further complicated
by the fact that some of the metals occur in different
oxidation states (Sanita di Toppi and Gabbrielli 1999).

Some species can grow at sites with moderate to
sizable HM contamination (Watmough and Dickinson
1995, Lepp and Madejon 2007) or can be planted for
phytoremediation purposes, taking advantage of their
rapid growth and large biomass (Laureysens et al. 2004,
2005, Maxsted et al. 2007). Applications using geneti-
cally modified poplars to enhance metal tolerance/ac-
cumulation are under development (Peuke and Rennen-
berg 2005, Merkle 2006). Information about metals, es-
pecially Ni, Cd and Cu compartmentation inside tree phy-
toextractors is, however, lacking since micro-localization
studies have so far been carried out using a rather small
group of herbaceous species. Such evidence is need-
ed to understand metal uptake in trees and design in-
novative applications targeting tree-relevant metal ac-
cumulation or tolerance mechanisms (Vollenweider et al.
2011). The white poplar (Populus alba L.) cv. “Villafran-
ca” was used in the study of Balestrazzi et al. in 2009,
in form of in vitro cell suspension cultures, to firstly
monitor how different concentration of heavy metals
can inflict on NO metabolism and its crucial enzymes,
to gain biochemical properties of how white poplar cope
with intoxication on molecular level in possible phytore-
mediation usage.

The visual symptoms of cadmium toxicity in all
plant species are stunted growth (plant height and
biomass), root length and reduced chlorosis in younger

leaves. Poplar plants exposed to different concentra-
tions of Cd*"in growing nutrient media showed mor-
phological, physiological and biochemical changes. In
this case, decreases in biomass, leaf number, weight
per plant, leaf area per plant, stem diameter and height
have been reported. Sebastiani et al. (2004) studied
woody cuttings of two clones of hybrid poplar (Pop-
ulus deltoides xmaximowiczii Eridano-clone and
P xeuramericanaand-clone I-214) and reported mor-
pho-physiological changes in these clones in response
to intoxication induced by increased concentrations
of industrial waste, including copper and cadmium.
These poplar clones reacted by increasing plant growth
and accumulation of metals, although the clones dif-
fered in response to pollutants, suggesting their po-
tential adaptability to different polluted habitat. Dif-
ferential responses between clones indicate the need
for testing the increasing levels of industrial waste and
developing programs that will include obtaining pop-
lar clones that have high potential for accumulation
of heavy metals in polluted habitats.

Also, in plants exposed to toxic levels of heavy
metals is reported increased production of metal-bind-
ing proteins such as metallothioneins (MTs) and phy-
tochelatins (Macovei et al. 2010).

The aim of study

The aim of this study was to determine the inten-
sity of oxidative stress in three poplar clones from two
species (Populus euramericana-M1, Populus del-
toides 19/66 PE and B229), exposed to different con-
centrations of Cu?', Ni** and Cd?*". The intensity of
oxidative stress was screened in vitro by the follow-
ing biochemical parameters: level of lipid peroxidation
(LPx), total redox capacity of the samples by ferric
reducing antioxidative power assay (FRAP), superox-
ide dismutase (SOD) activity and soluble protein con-
tent. The in vitro experiments are used to observe and
screen the intensity of oxidative stress induced by
heavy metals in the three different poplar clones, in
order to obtain insights into the possibility of using
these clones in phytoremediation of contaminated soil
and theirs biochemical response to external contami-
nation regarding future profiling of poplar clones in
Serbia in possible phytoremediation usage.

Material and methods

Design of experiment and preparation of plant
material

Experimental design was set in pots within green-
house in semi-controlled conditions, at the Department
of Biology and Ecology, Faculty of Science, Universi-
ty of Novi Sad. The experiment was a factorial design
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with three clones of two poplar species (Populus eura-
mericana-M1, Populus deltoides B229 and PE 19/66),
provided by the Institute of Lowland Forestry and
Environment (Novi Sad, Serbia) collection.

Heavy metals (Cu*, Ni** and Cd*") were intro-
duced to soil and all three clones were intoxicated
with various concentrations of them. Concentrations
of heavy metals were determined according to the max-
imum permissible concentration (MPC) for given
heavy metals by implemented by: i) the Regulations
on permitted amounts of hazardous and harmful sub-
stances in soil and methods of their testing published
in the Official Gazette of the Republic of Serbia
no.23, 1994, ii) the Ordinance on the methods of or-
ganic plant production and gathering wild fruits and
medicinal plants as products of organic agriculture
(from: Official Gazette of RS, 23/1994, SRJ, 51/2002)
iii) and given the limits for the content of certain
heavy metals in the soil. The values for the investi-
gated metals concentrations were: MPC (Cu?*) =100
mg/kg, MPC (Cd*) =3mg/kg, MPC (Ni*) =50 mg/kg,
respectively.

Sandy Fluvisol soil in pots was contaminated with
the heavy metal treatments as presented in Table 3.
Each treatment was set up in three replicates. The land
was treated and left for three months to form inner
microbiological environment before official start of in
vitro plants growing period. Metals were added as
nitrate salts: Cu(NO,),, Cd(NO,), and Ni(NO),, so they
made the exact concentration calculated per 100 kg soil
and were dissolved in deionized water and sprayed
onto the soil, which was thoroughly homogenized by
mixing and placed in pots of 10 kg. In each pot, 4 poplar
clones were planted as two-year-old seedlings, so with
a single treatment (one concentration of a metal) 12
plants (4 plants of each clone) were contaminated. Also,
control poplars were planted in uncontaminated soil.
Whole plant seedlings were set in pots in early spring
(last week of February, 2012) and lasted for five
months, until June, 2012. The soil was watered con-
stantly to maintain optimal soil humidity. Every four
weeks, 0.2 1 of full-strength Hoagland solution was
added to the pots. Leaves and roots of poplar clones
were immediately sampled and series of extracts was
prepared for in vitro analysis, at the end of five months
growing period.

Soil characteristics, used in experimental design,
through horizons are presented in the Table 1 and 2.
These data presents characteristics of sandy Fluvisol
soil which is commonly used in designing in vitro
experiments for poplar species on Institute of Lowland
Forestry and Environment, University of Novi Sad
(Kebert et al. 2011).

Table 1. Chemi- Horizon  Depth pH Humus CaCOs
cal properties of Cm In H20 % %
soil through the 1 2 3 4 5

horizons Ap 0-30 7.55 2.64 17.08

| 30-58 791 1.58 19.56

1l 58-72 8.08 1.00 16.30

IGso  72-110 8.22 1.09 19.10

IVGso 110-175 8.53 0.46 15.93

Table 2. Granulometric composition of soil through the
horizons

Particle size composition %

Coarse Fine . Total Total
) Depth _ sand _ sand Silt Chay  sand clay  Textural
Horizon >02 02- 002- <0002 >002 <002 class
0.02  0.002
Cm Mm mm mm mm mm mm
1 2 3 4 5 6 7 8 9
Soil profile 1
Ap 0-30 05 374 404 217 379 62.1 Loam
| 30-58 0.3 45.9 348 19.0 46.2 53.8 Loam
Il 5872 03 71.0 15.9 128 713 287 Sandy
loam
lGso  72-110 19 405 377 19.9 424 576 Loam
IVGso 110-175 25 885 1.5 75 91.0 9.0 Sand

Table 3. Treatments of heavy metals used for
contamination of poplar clones in experimen-

tal design
Treatment Cd**(mglkg) (n?gu/kg) Ni®* (mg/kg)
0.5 MPC' 15 50.0 25.0
1MPC 3.0 100.0 50.0
2 MPC 6.0 200.0 100.0
3 MPC 9.0 300.0 150.0

'MPC - maximum permissible concentration
of heavy metal

Preparation of plant extracts

Plant extracts were obtained from 2 g of plant ma-
terial (leaves and roots, separately) homogenized with
quartz sand and suspended in 10 ¢cm?®0.1 mol/dm?
K, HPO, at pH 7.0 and placed into a cold porcelain mor-
tar and macerated for 2 - 3 minutes (Kebert et al. 2011).

Homogenate was centrifuged for 10 min at 4000 g
(QuyHai et al. 1975). The resulting supernatant was
used for different antioxidant and scavenger determi-
nations: SOD activity and the soluble protein content,
total antioxidant activity FRAP method and lipid per-
oxidation through the determination of malonyldialde-
hyde (MDA).

In vitro studies of extracts poplar clones

Total antioxidant capacity of all extracts was es-
timated according to the Ferric Reducing Antioxidant
Power (FRAP) assay (Benzie and Strain 1999). The
absorbance reading was performed at 593 nm. Total
reducing power was expressed as FRAP units. FRAP
unit was equal to 100 wmol/dm® Fe** and the value was
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calculated using the given formula, where AA sample
is the change in absorbance of the sample and AA
standard is the change in absorbance of the standard
(100 umol/dm?® Fe**) after 4 min incubation at 593 nm:

FRAP Value=AAsmp]e tandard

Lipid peroxidation (LPx) was determined by meas-
uring the amounts of malonyldialdehyde (MDA) which
is one of its end-products and is quantified by the
bythiobarbituric acid (TBA) method at 532 nm (Placer
et al. 1968). The values were given as nmol of MDA
per mg of soluble proteins.

Soluble protein content was determined by the
Bradford method (1976) and expressed as mg protein
per g of dry weight. Absorbance reading was performed
at 595 nm.

Activity of superoxide dismutase (SOD) was de-
termined based on the inhibition of photochemical
reduction of nitroblue tetrazolium (NBT), resulting in
blue reduction product of NBT with O*". Solution in
test tubes was stirred for a few seconds and set in
front of the light source for 10 minutes (Auclair and
Voisin 1985). The unit of SOD is represented by the
quantity of enzyme that inhibits NBT reduction by 50%
at 25°C and 560 nm. All absorbance readings for sol-
uble proteins, SOD and FRAP were performed by us-
ing Janway UV/VIS spectrophotometer 6505, while for
the MDA reading the Multiscan Spectrum Thermo
Corporation was used.

Statistical analysis
All determinations were performed in triplicates.

Statistical comparisons between samples were per-

5.000

formed with the Statistica 9 program, using Duncan’s
test, with statistical significance p < 0.05, and com-
paring treated samples with proper control. Obtained
results are presented graphically by histograms and
above them are letters referring to statistical difference
among results and control (from a to e). Values with
the same letter, in each colon, are not significantly
different according to Duncan test (p < 0.05).

Comparable percentage was done by the formula:
A (%) = (100 x sample / control) -100; where values
may result with +, which means it increases compared
to the control and with — it decreases compared to the
control. All percentage data are mentioned and dis-
cussed compared to the control.

Results and discussion

The effects of different heavy metals treatments on
the content of soluble proteins in leaves of three pop-
lar clones are presented on Figure 1. After treatments
with copper ions, the M1 clones protein content showed
decline to 25.51%, at 0.5 MPC treatments and an in-
crease to 27.25% on 1 MPC treatment compared to the
control. The content of soluble proteins continued to
decrease in 3 MPC treatments. The B 229 clone showed
an increase of 89.02% in 1 MPC treatment compared to
the control. The content of soluble protein in PE 19/66
clone increased almost linearly in all treatments (from
27% to 204.61% compared to the control). The M1 clone
showed significant reduction of soluble content pro-
tein after the first treatment with cadmium 0.5 MPC, but
the changes occurred in similar manner in all treatments
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Figure 1. Content of soluble proteins in leaves of three poplar clones
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(from 47% for 0.5 MPC to 34.74% for 1 MPC, compared
to the control). The B 229 clone showed a similar trend
in changes after treatment with copper. The 1 MPC
treatment of copper caused a significant increase in sol-
uble proteins (80.6%) compared to the control. The PE
19/66- clone did not induce any significant difference
compared to control. The M1 clone showed an increase
in the soluble proteins content, up to 3 MPC (to
84.75%), compared to the control after nickel treatment.
The B 229 clone showed no significant changes com-
pared to the controls, while the PE 19/66 clone presented
an increase in the soluble protein content compared to
the control, ranging from 80.47% in 0.5 MPC to 336.28%
at 3 MPC.

High antioxidant activity was reported through-
out the test period in specimens of Populus alba L
(Stajner et al. 2011). In Populus alba, the process of
lipid peroxidation and accumulation of free proline was
intensified in order to protect the leaves from oxida-
tive damage in dry periods, especially during July.
Also, the drought was the most severe in summer

2.500

protein was present in the B 229 clone compared to
the control. The most significant changes were noticed
in 1 MPC treatment (35.65%) and 3 MPC treatments
(63.54%). The PE 19/66 clone reported a slight increase
in the protein content (2 MPC treatments for 49.09%)
and a decrease after the 3 MPC treatments. Also, the
B 229 clone decreased from 0.5 MPC down to 16.06%
and at 1 MPC, when the highest decrease recorded
54.69%, while at 2 MPC and 3 MPC treatments the
values returned to very near of the control. The PE
19/66 clone showed no significant changes compared
to control. As far as the treatment with nickel is con-
cerned, the M1 clone showed noticeable increase in
the content of soluble protein compared to the con-
trol in 0.5 MPC by 25.82% and in 3 MPC treatments
by 53.22%. The 3 MPC was the only treatment where
there was a significant increase of 42.85% compared
to the control. In PE 19/66 clone there was a slight
increase of the soluble proteins content of 35.03% in
2 MPC treatments, and a slight decline of 30.41% in 3
MPC treatments compared to the control.
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Figure 2. Content of soluble proteins in roots of three poplar clones

period and accumulation of antioxidant molecules was
induced by stressful factor. This indicates possibility
of powerful influence of abiotic stress on plant on-
togenesis (Stajner et al. 2011). High concentrations of
heavy metals in the soil influences poplar clones to
induce various antioxidant responses in order to cope
with contamination. The results shown in Fig. 2 re-
ferred that the M1 clone showed no significant change
in the soluble proteins content in roots compared to
the control, but an increase in the content of soluble

All species within the genus Populus share bio-
chemical similarity in the metabolic routes of second-
ary metabolites biosynthesis. However, there are dif-
ferences in the concentration and nature of these sec-
ondary compounds between species. One such anal-
ysis, which helped closer understanding of the chem-
ical diversity within the genus Populus and contrib-
uted to the characterization of compounds that can
directly participate in reducing oxidative stress in the
plant, has been conducted by Dudone et al. (2010).
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They examined the antioxidant properties and identi-
fication of secondary biomolecules in aqueous extracts
of black poplar (Populus nigra) buds. The analysis
showed a high content of phenolic compounds and
strong antioxidant properties, determined by ORAC
assay. These results may refer that antioxidant com-
pounds may be responsible for strong antioxidative
defense within clones B229 and M1, since they
showed acceptable antioxidative answers against high
concentration of heavy metals up taken from contam-
inated soil. The leaves showed highly variable changes
and increase or decrease in the content of soluble
proteins. This may indicate the possibility of antioxi-
dant enzymes synthesis during oxidative stress induced
by heavy metals. The increase in synthesis, and con-
sequently in the soluble proteins content, may indi-
cate that our poplar clones, especially clone B 229 and
M1, have relatively rapid regulatory mechanisms for
protection against oxidative stress.

Fig. 3 shows the results of the MDA content in
leaves of the three poplar clones. The MDA content
should be reduced if the clones have good antioxidant
defense mechanisms (Strobawa and Lorenz-Plucinska
2007, 2008). Treatments with copper show significant
changes in lipid peroxidation assay. An increase of
MDA by 41% in M1 in 0.5 MPC treatments was ob-
served. Values of reduction ranged from 21.02% (for 1
MPC treatment) to 25.61% (for 3 MPC treatments). All
observed changes were compared to the control sam-
ples. The B 229 clone registered variable changes; it
reacted differently to the increased concentration of
copper in the soil. The largest decrease of 47% was
observed in 1 MPC compared to control, while in 3
MPC the control values were regained. High concen-
tration of MDA in the control plants of clone PE 19/

240,000

66 was observed; 2 MPC and 3 MPC treatments
reached the lowest value of MDA (76.55% decrease
compared to the control of the 2 MPC and 77.15% for
3 MPC treatment). The cadmium treatment showed very
pro-oxidative influence on clones. The M1 clone
showed a large increase in the MDA content compared
to the control in all treatments. The changes ranged
from 121.89% in 0.5 MPC to 64.10% in 1 MPC treat-
ment. Other treatments were in the range of these
values. The responses regarding the B229 clone were
variable and showed trend of reduction in the MDA
content up to 32.57% in 1 MPC treatment compared
to the control and rapidly increased to 74.19% at 2
MPC treatments, while the 3 MPC treatments present-
ed baseline values. The PE 19/66 clone showed no
significant changes compared to the controls. Slight
decrease of 20.59% in the content of MDA in 2 MPC
treatments was noted and then return to the control
values similar to those in 3 MPC was also present.
Treatments with nickel showed that clone M1 result-
ed in downward trend compared to the control in all
treatments (from 32.08% in 1 MPC to 51.65% in 3 MPC
treatments). For clone B 229, we observed a downward
trend compared to the control in all treatments (from
41.58% in 0.5 MPC treatments to 25.54% in 3 MPC treat-
ments). The PE 19/66 clone showed a downward trend
compared to the control in all treatments (from 40.04%
in 0.5 MPC treatments to 75.66% in 3 MPC treatments).
The results of researchers in China have shown that
other abiotic factors influence the effectiveness of the
defense of Populus species to oxidative stress in-
duced by drought. They performed experiments using
Populus kangdingensis C. Wang et Tung and Popu-
lus cathayana Rehder, native to different parts of the
eastern Himalayas. Those species were investigated
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Figure 3. Intensity of lipid peroxidation in leaves of three poplar clones
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during one vegetation period in the greenhouse, in
order to determine the impact of progressive drought
stress. The results are reflected in the fact, that the
adaptive responses to this type of stress are differ-
ent in these two species, originating from different
altitudes. Significant changes in the heights of trees,
development of leaves, the relative proportion of wa-
ter (RWC), hydrogen peroxide and amount of MDA
appeared earlier in P. cathayana than in P. kangdin-
gensis, while the changes in soluble proteins, carbo-
hydrates, proline and antioxidant enzymes occurred
earlier in P. kangdingensis. In addition, changes in
these parameters were becoming more and more sig-
nificant and noticeable, as the drought progressed,
especially in P. cathayana. Plant growth showed a sig-
nificant positive correlation with soluble proteins and
sugars and significantly negative correlation with
RWC. In contrast to P. cathayana, P. kangdingensis
was able to maintain a significant level of growth and
development rate under conditions of severe drought.
Also, P. kangdingensis showed a large increase in the
content of soluble proteins and sugars, but much lower
increase in the content of MDA and hydrogen perox-
ide, compared to P. cathayana cuttings, when they
were exposed to progressive drought stress. Their
results showed that P. kangdingensis originating from
higher altitudes was more resistant to drought than
P cathayana originating from the lower altitudes (Yang
and Miao 2010).

The results of MDA content in roots extracts from
our poplar clones are shown in Fig. 4. The copper

300.000

treatment resulted in the following types of changes
within the clones: the M1 clone registered a sharp
increase in the content of MDA in comparison to the
control treatment at 2 MPC for 103.94% and a sudden
drop of 81.2% in 3 MPC treatments; the B 229 clone
showed variable responses to treatments and there
was a significant increase of over 33.61% in 2 MPC
treatments, while the PE 19/66 clone registered a sharp
increase of 230.58% compared to the control, in the
first 0.5 MPC treatments and the sudden decline of
29.80% in 2 MPC and a high increase of 280.67% in 3
MPC. In the cadmium treatment, no significant chang-
es were observed compared to the control in the case
of the M1 clone. The B 229 clone showed variable
responses to increased content of generated MDA
product when compared to the control. The largest
increase of 246% was achieved with the 1 MPC treat-
ment and it was followed by a decrease of 41.81%
compared to the control in 3 MPC treatment. The PE
19/66 clone registered an increase of 33.74% in 0.5 MPC
treatment compared to the control. The following
changes were observed in the nickel treatment: the M1
clone showed variable responses, where 0.5 MPC treat-
ments were reduced to 40.52% compared to the con-
trol, and a sudden increase of 23.91% in the content
of MDA in 1 MPC treatment compared to the control
and a decrease of 60.83% in 3 MPC treatment compared
to the control; the B 229 clone showed a slight in-
crease of 36% in the 1 MPC treatments and a decline
similar to the values of the control in 3 MPC treatment;
in the case of the PE 19/66 clone, variable responses
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were registered, from an increase of 28.27% of the
MDA content in 1 MPC treatment compared to the
control to a sudden decline of 60.89% in 2 MPC treat-
ment, and a decline of 35.03% in 3 MPC treatment.
He et al. (2011) studied the influence of large
amounts of Cd?* accumulated in buds. Accumulation
of Cd** led to a reduction in the photosynthetic as-
similation of carbon dioxide. Increased levels of ROS
were present in all tissues, except in the bark. To deal
with the Cd**-induced superoxide radicals and hydro-
gen peroxide, the specimens of P. x canescens relied
mainly on the formation of phenols, accumulated most-
ly in the bark and least in the core of the tree. Other
potential free radical scavengers, such as proline,
sugars, alcohol and antioxidant enzymes showed tis-
sue-specific and temporal responses to Cd*". These
results showed that different parts of different plants
are able to fight against oxidative stress induced by
Cd*", probably due to the different capacities of plant
tissue in poplar, to produce protective phenols. Our
results showed that the MDA values were less in roots
for all three heavy metals, indicating differential re-
sponses of plant organs to abiotic stress. The M1 and
B229 clones showed decreased values of MDA in both
organs then the PE 19/66 clone, indicating their bet-
ter mechanisms to overcome oxidative stress induced
by heavy metals. Higher concentrations of copper and
nickel especially showed pro-oxidative activity in roots,
while cadmium presented similar activity in leaves. An
intensive study of oxidative stress in Populus species
on different types of soil contaminated with heavy
metals and organic fuels were performed by Stobraw

and Lorenz-Plucinska (2007, 2008); all biochemical and
physiological tests were conducted on fine roots tak-
en from cuttings of black poplar. They referred an in-
crease in MDA and a reduction in SOD activity at
higher heavy metals concentrations.

The SOD activity from leaf extracts in different
treatments is shown in Fig. 5. SOD activity should be
increased if the clones that have good antioxidant
defense mechanisms. SOD and LPx are inversely pro-
portional parameters. The copper treatment applied to
our clones gave different results: for M1 clone, an
increase of 72.47% in SOD activity was observed in
all 1 MPC treatments compared to the control, and of
102.04% in 3 MPC treatments; the B 229 clone showed
only a decrease of 30.18% in 1 MPC treatment; the PE
19/66 clone also presented a decrease of 33.15% in
SOD activity compared with the control in the case of
the 0.5 MPC treatment, and 75.51% in 3 MPC treatment.
In the cadmium treatment, within M1 clone, there was
a slight increase of 39.28% in SOD values in the 2 MPC
treatment and 15.45% in 3 MPC treatments.

The B 229 clone revealed a slight downward trend
compared to the control, with 15.35% in 0.5 MPC and
22.1% in 1 MPC treatment, while a sudden increase of
143.56% in the 2 MPC treatments compared to the
control occurred at the end. The PE 19/66 clone
showed a noticeable decrease of 44.67% in 0.5 MPC
treatment, and of 20.6% in 3 MPC compared to the
control. Treatment with nickel showed an obvious
more toxic influence to SOD activity than cadmium; the
results for all clones showed decreasing trend follow-
ing the intensity of the treatments. In all clones and
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Figure 5. SOD activity in leaves of three poplar clones
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in all treatments, the observed trend of decreasing SOD
values compared to the control were the following:
61.51% of M1 in 1 MPC and 42.92% in 2 MPC; 30.94%
of B 229 in 0.5 MPC and 53.38% in 3 MPC; 61.38% of
PE 19/66 in 0.5 MPC, and 90.36% in 3 MPC.

Among the parameters that were measured in the
poplar system by Sen Gupta et al. (1991), photosyn-
thesis was the least sensitive to ozone. Ozone showed
to be one of the powerful abiotic factors which may
influence directly on plant physiology. SOD activity
increased before there was any observable ozone ef-
fect on photosynthesis. Total SOD activity was ini-
tially unaffected by ozone, but after four hours expo-
sure it increased by 34% and this increased level of
activity was maintained 21 h later. SOD activity de-
creased in roots and increased in the leaves of the
treated hybrid poplar Populus nigra x maximowitzii
x Pnigra var. Italica clone 9111/93. Cd-induced toxic
effects (stunted growth, leaf chlorosis, oxidative
stress) were observed and it was indicating that this
clone was vulnerable to these pollutant levels. High
amounts of Cd accumulated in roots, but from perspec-
tive of its low translocation from roots to above-
ground parts, along with the disturbances in plant
growth, this hybrid poplar showed week potential for
use in remediation of contaminated soils with heavy
metal (Nikoli¢ et al. 2008).

Regarding SOD activity, a clear increase in enzyme
activity was observed only in P. nigra L. under
drought conditions, and decreased or no changes
under pollution by heavy metals (Stobraw and Lorenz-
Plucinska 2007). Bole and Polle (2004) studied the
oxidative stress induced by different concentrations

240.000

of NaCl in the hybrid poplar P. nigra x alba clone
INRA 717-1B4, obtained by micropropagation. They
found that, under conditions of high salinity, the con-
centration of MDA in the roots started to increase after
7 days of exposure to NaCl and was approx. two times
higher than in the control after three weeks of expo-
sure. At low concentrations of NaCl, in the tested
plants, SOD activity began to increase prior to the end
of the experiment. At the high levels of salinity, the
SOD activity immediately increased, and the elevated
levels remained unchanged for about two weeks and
then started to increase, corresponding to increasing
concentrations of MDA, protein degradation and loss
of biomass production. However, the time dependence
on SOD activities in this study showed two distinct
stages: first a rapid increase in SOD activity when
oxidative damage was not noticeable, and the second
an increase in MDA. The data indicate that, although
the roots were in direct contact with NaCl, they dem-
onstrated their capability to deal with oxidative stress
better than shoots.

The roots reaction to all heavy metal treatments
are shown in Fig. 6. In the case of Cu-treatment in M1
clone we observed an increase of 86.79% in 1 MPC
and 62.09%in 3 MPC treatments compared to the con-
trol. The B 229 clone showed variable responses; first
a slight increase in 0.5 MPC treatments and 2 MPC was
noticed, and a significant decrease of 44.7% in 1 MPC
treatments and of 59.28% in 3 MPC compared to the
control. The PE 19/66 clone also showed variable re-
sponses and the most significant changes presented
a SOD increase 0f 29.91% in 0.5 MPC, and of 40.2% in
3 MPC. Cd-treatment for M1 clone showed variable
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responses and the most significant changes were no-
ticed in the 29.08% increase in SOD activity in 0.5 MPC,
and 27.18% in 3 MPC compared to the control. There
was an increasing trend compared to the control in all
treatments for B 229 clone, with the highest value of
105.64% in 3 MPC treatments. There had been an in-
creasing trend in all treatments compared to the con-
trol for PE 19/66 clone and the most significant changes
were noticed in 1 MPC treatment - 42.75% and in 3
MPC treatments - 32.46% compared to the control.
Treatment of nickel again showed very toxic influence
to the SOD activity in roots; a decreasing trend was
noticed in SOD activity compared to the control in all
clones and in all applied treatments; it ranged from
16.86% in M1 in 2 MPC to 186.53% in 3 MPC; B229 -
from 19.13% in 0.5 MPC to 89.03% in 3 MPC;PE 19/
66- from 3.59% in 1 MPC to 149.2% in 3 MPC. Com-
paring literature data with other abiotic stresses, our
results showed that higher concentration of heavy
metals can produce oxidative stress in plant, but not
necessarily in the same pattern. Variability of antioxi-
dant responses was unpredictable, but still accepta-
ble for species in which the full functional genomics
is unknown. Kebert et al. (2011) were also examining
the effects of different types and concentrations of
contaminants on the oxidative stress in several pop-
lar clones. They analyzed the antioxidant capacity of
poplar clones PE19/66, B229 (Populus deltoides) clone
and Pannonia (Populus x euramericana) in leaves after
treatment with heavy metals, herbicides, diesel fuel and
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the combination of heavy metals and diesel fuel in the
experimental field. They measured the total antioxidant
capacity using the FRAP method and all three clones
showed an increased total antioxidant capacity under
conditions of increased quantities of pollutants com-
pared to the controls.

The results of FRAP units for different treatments
using our three poplar clones are presented in Fig. 7.
Cu-treatment showed that M1 clone had an increase
in FRAP values in all treatments compared to the con-
trol, and the largest increase of 94.2% was recorded
in 2 MPC treatments, while a decreased of 37% was
observed in 3 MPC treatments. No significant change
in FRAP units were found compared to the control in
B 229 clone.

Small changes in the reduction of FRAP values
ranging from 28.25% in 0.5 MPC, to 18.28% in 3 MPC
treatments were recorded in the PE 19/66 clone. With-
in the Cd-treatment, the M1 clone showed a decrease
of 43.44% in FRAP values in relation to the control
and 1 MPC treatment and of 31.58% in 3 MPC treat-
ments. The B 229 clone showed a dramatic trend of
increasing values in FRAP units in following treat-
ments, as follows: 97.86% in 0.5 MPC, and 246.97% in
3 MPC. The PE 19/66 clone showed a slight decrease
0of 33.1% in 0.5 MP FRAP units compared to the con-
trol, 40.3% in 1 MPC treatment, and 25.46% in 3 MPC
treatment when compared to the control. Ni-treatment
in M1 clone showed an increasing of 31.31% in 0.5
MPC and 68.34% in 3 MPC in FRAP values in com-
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parison to the control. The B 229 clone presented no
significant changes compared to control. The PE 19/
66 clone had noticeable small and variable changes,
where only the 3 MPC treatments had increased val-
ues of 18.65%.

The results for FRAP units in extracts of root from
our 3 poplar clones, with different treatments are shown
in Fig. 8. Cu-treatment for the M1 clone showed abrupt
changes, with a maximum increase of 26.65% in 1 MPC
treatment compared to the control. The largest de-
crease of 38.61% was registered in 2 MPC treatments
compared to the control. The B 229 clone showed no
significant changes compared to the controls. The PE
19/66 clone registered only a reduction of 35.78% in 3
MPC treatment compared to the control. Cd-treatment
in M1 clone revealed an increase of 50.80% in FRAP
values in 0.5 MPC treatments compared to the control
and it slowly decreased by 24.01% in the other treat-
ments. The B 229 clone showed a noticeable decline
ranging from 41% in 1 MPC treatment to 26.53% in 3
MPC treatment compared to the control. The PE 19/66
clone showed noticeable trend of decreasing FRAP
values in relation to the control, although not signif-
icantly strong; it slightly increased by 20.67% in 1 MPC
and decreased by 30.06% in 3 MPC treatments, com-
pared to control. Ni-treatment in the M1 clone present-
ed no significant changes, but the responses were
variable and reduction ranging from 3.2% in 0.5 MPC
treatments to 18.27% in 3 MPC was evident. In the B
229 clone, there were no significant changes compared
to controls, and the results varied in the trend of de-
creasing values from 7.07% in 0.5 MPC to 29.35% in 2
MPC treatments. In the PE 19/66 clone, there were no

significant changes compared to the controls, while
the results varied and the only significant change was
a decrease of 15.56% in the 1 MPC treatment.

Conclusions

The mechanisms of protection against oxidative
stress can cause a variety of physiological and bio-
chemical changes, such as the activation of antioxi-
dant systems and the accumulation of some second-
ary biomolecules with antioxidant activity (Pietrini
2008, Macovei et al. 2010, Stajner et al. 2011). The
induction of antioxidant molecules biosynthesis was
observed in many important agricultural plant species,
such as wheat, in response to nickel toxicity (Diaz et
al. 2001) and in maize, in response to aluminium (Win-
kel-Shirley 2002). Phaseolus vulgaris exposed to Cd*
acccumulate soluble and insoluble phenolics and Phyl-
lantus tenellus leaves contain more antioxidant than
the control plants after being sprayed with copper
sulphate (Diaz et al. 2001).

Presented results suggest that the antioxidant
response varied among the clones and the most in-
tense changes were occurring mostly in the leaves.
This is consistent with the fact that leaves are met-
abolically the most active organs in the plant, where
the crucial phase of photosynthesis, necessary for
basic life processes in plants occurs (Stankovi¢ et al.
2006, Stajner et al. 2009). Our results are referring the
negative effect of Cd*"and high concentration of Cu?*
on the growth and development of plants, as the po-
tent inducers of oxidative stress. Copper ion is a weak
intoxicant at low concentrations, mostly because it has
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a positive influence as a biogenic trace element in plant
and as a cofactor for a number of enzymes, although
higher concentrations of Cu in the soil can induce
oxidative stress, as our results confirmed. Treatments
with different applied concentration of Ni ion showed
strong suppressing influence on the activity of SOD
in both analyzed organs, in all three clones. Clones
B229 and M1 showed greater resistance to metabolic
oxidative stress then clone PE 19/66. However, at high-
er concentrations of heavy metals, the antioxidative
response of these two clones also varied depending
on the examined organs. The M1 clone showed a de-
crease in the SOD values, FRAP and protein values,
as well as an increase in MDA production at higher
concentrations of heavy metals, indicating its weak
resistance to greater contamination by heavy metals.
Clone B229 mostly varied in response to oxidative
stress, although its response to stress induced by high
concentrations of heavy metal ions indicated that it
was the most resistant to their presence, especially Cd.
Compared to their control samples, the B 229 clone
showed small changes in total protein and the FRAP
content, while the SOD activity in various organs was
different. This indicates the further need for intensive
metabolic and biochemical testing for the observed
clones in order to accurately determine which clone
has a better adaptive response at the metabolic level
in relation to heavy metals soil contamination.
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BALTIC FORESTRY
I THE LEVEL OF OXIDATIVE STRESS IN POPLARS DUE TO HEAVY METAL POLLUTION IN SOIL I B. TRUDIC ET AL I

YPOBEHb OKHWCJIHUTEJBHOI'O CTPECCA Y TOHIOJENH BCJEJICTBHUE
SAT'PABHEHUSA TAKEJIBIMU METAJIVTAMUA

b. Tpynuu, M. KeOept, b. M. IlonoBuy, JI. HTaiinep, C. Opnosu4 u B. I'anoBuy

Peztome

Tomons (Populus spp.) oOBIYHO HCIOIB3yeTCs B (GUTOpPEMeTUalMK O1aromapsi CBOMM CIeNH(UIECKUM XapaKTe-
pUCTHKaM, TaKUM Kak OOJbIIas MOBEPXHOCTh JUCTHEB, MPOBOANMOCTH BOJABI M MHUHEPAIOB II0 BCEH CEKIMH AepeBa
(aucdy3HbIe MOPUCTHIE BUIBI) U JIETKas BETETaTHBHAs PEMPOLYKIHS 4epe3 OTPOCTKH. Mcrmomp3oBaHHE TOMONEH A
JICTOKCUKALMH TIOYBBI M BOJIbI, 3aTPA3HEHHBIX TSHKEIBIMU METAJUIaMHU, ObUIO POAEMOHCTPHUPOBAHO ISl PA3JIMYHBIX BUJIOB.

B nanHoii paboTe NpoaHaIM3HPOBAHO BIHSHHUE PA3IHYHBIX KOHICHTPALMI TPEX HOHOB TSDKENBIX MeTaiuios, Cu®, Ni** u
Cd?**, Ha OKHMCIUTENBHBIN CTPECC B TPEX KIIOHAX, ABYX pasHbiX Buaax tonois (I13 19/66 u B229), npunamnexamux k Populus
deltoides (Marshall) u x (k1oH M1) Populus euramericana (Dode-Guinier). buoxuMudeckue moxasarenu, IpUMEHEHHBIE IS
OTIpeIeNeHNs] YPOBHS OKHUCIUTENIBLHOTO CTPECCa B 3TUX TPEX KIIOHAX, OBUIH CIEAyIOLINE: COAep>KaHNue PACTBOPHMBIX OENKOB,
IEPOKUCIICHUE JIMIHJIOB, JKEIe30, CHIDKCHHE aHTUOKCHUAAHTHOTO BIMAHUS aHAJIN3a M aKTUBHOCTU CYIEPOKCHA TUCMYTa3bl.
bb110 N3MEPEeHO BO3MOXKHOE COAEPKAaHUE AaHTUOKCUIAHTOB B 3TUX TPEX KJIOHAX B OTBET HA Pa3IUYHbIe KOHIIEHTPAllUd HOHOB
TSDKEJIBIX METAJJIOB B CyOCTpare, ¢ IeJbI0 BEISIBHTH, KAKOH M3 KJIOHOB OyxeT Hambojee IMOIXOISIIUM IS MPOIECCOB
¢uropemenuarnyy. Pe3ynbTaThl MOKa3all H3MEHUYMBBIE PEAaKIWU B JHUCTBAX M KOPHIX TOMONEH Ha OKHCIHMTEIBHBIN cTpecc,
BBI3BAaHHBIN TSDKENBIMU METaJsIaMM, HO HauboJiee NMepCrneKTHBHBIM KIOHOM Ui (PUTOpPEMEeAHalNK 3arps3HEHHBIX MOYB
sBysieTcst KioH B229, B To Bpems kak M1 u 1D 19/66 moka3anu U3MEHYHMBBIC PEaKIMi HA AaHTHOKCHIIAHT.

KawueBble caoBa: TsSKeIble METAJJbl, TOMOIb, OKHCIUTEIbHBIH CTPECC, aHTHOKCHIAHTHASI aKTUBHOCTH,
(uropemenuars
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