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Abstract
In Silene vulgaris plants (Szopienice population, Heap population, Calamine population) grown on substrate with the addition of Cd, Zn, and Pb, accumulation of heavy metals and antioxidant stress parameters
were compared. The highest accumulation of the studied elements was noticed in leaves of Heap population.
There was also shown different sensitivity of antioxidant system in Silene vulgaris leaves in response to the
studied heavy metals. The highest concentration of non protein thiols and proline was shown in the plant leaves
of Calamine population grown on substrate with the addition of Cd and a mixture of metals. In the plant leaves
of Szopienice population grown on substrate with the addition of Zn and the substrate with the mixture of metals in the case of Heap population plants, we noticed the growth of guaiacol peroxidase activity.

Keywords: Silene vulgaris, heavy metals, oxidative stress

Introduction
Industrial development results in environmental degradation. Increased heavy metal concentrations noted in soils,
plants, and animals tissues are one of its effects. Plants
show a great ability to adapt their metabolism to rapid
changes in the environment, such as elevated heavy metals
concentrations [1, 2]. Plant species resistant to the elevated
concentrations in soil have evolved. Metallophytes are
plants characterized by a natural tolerance to high concentrations of metals. One of them is Silene vulgaris (Moench)
Garcke, which has been proven to be a good bioindicator of
heavy metals soil contamination, especially with zinc and
lead [3-6].
The elevated concentration of metals caused functional
disorders for many physiological processes in plants, perhaps
from the oxidative action of metals. Upon exposure to heavy
metals, plants often synthesize a set of diverse metabolites
that accumulate to concentrations in the milimolar range,
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particularly specific aminoacids (such as proline and histidine, and different thiols such as glutathione and phytochelatins (PC) [7, 8]. It has been shown that changes in
the above-mentioned antioxidant levels were a successful
response to metal toxicity. Changes of different antioxidative enzymes such as guaiacol peroxidase (POD), superoxide dismutase (SOD), and catalase CAT were observed [8,
9]. The aim of the study was to compare the accumulation
of heavy metals in leaves of Silene vulgaris whose seeds
came from the nearest surrounding of the Nonferrous
Smelting Plant “Szopienice” (Szopienice population), the
heap of Metallurgical Plant Silesia (Heap population), and
the former calamine site in Dąbrowa Górnicza (Calamine
population) on the substrate with the addition of Cd (100
mg/kg), Zn (6,000 mg/kg), and Pb (1,000 mg/kg) separately and with a mixture of them. Looking for indicators of
stress caused by heavy metals, we studied the activity of
guaiacol peroxidase, proline content, and non-protein thiol
level in leaves of the investigated species Silene vulgaris.
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Table 1. The concentrations of heavy metals in the available fractions of soils extracted with CaCl2 in different variants of contaminated substrate in mg·kg-1; average ± SD.
Substrate version
control
Cd
Zn
Pb
Mixture of metals
Element
Cd

0.17±0.1 a

Zn

3.4 ±1.5 a

Pb

1.12±0.2 a

1.33±0.8 b

4.76±0.3 c
361.1±13.3 b

379.0±28.4 b
1.55±0.4 a

3.6±0.9 b

a,b,c – different letters denote significant differences between metal concentrations in contamination variant (p<0.05).

Experimental Procedures
Seeds of Silene vulgaris populations were collected
from heavily polluted sites in the vicinity of the Szopienice
former non-ferrous smelting plant in Katowice (Szopienice
population), the zinc wastes heap located in Katowice
(Heap population), and at a former calamine site in
Dąbrowa Górnicza (where in the 19th century Zn and Pb
ores were exploited) (Calamine population). The seeds collecting area was located in southern Poland. The seeds were
germinated and grown (25 plants per pot, 5 replicates) in
commercial peat-based substrate (organic matter content
30%, pH 5.5-6.5- CaCl2). The substrate was sieved through
a 2 mm sieve. The substrate had been amended one month
previously with Zn (6,000 mg·kg-1, Cd (100 mg·kg-1) and Pb
(1,000 mg·kg-1) separately and with mixtures of them.
Substrate without heavy metals was established as control.
The heavy metals were all added to the substrate as a nitrate
salt.
After 90 days of cultivation the leaves of ten individuals were taken for analysis. In order to determine the heavy
metal concentration, the plant material was washed in tap
and distilled water, dried at 105ºC to constant weight and
ground to fine powder. Then subsamples (0.2 g) of finely
ground plant tissue were digested with 4 ml of HNO3 in
120ºC and diluted to 10 ml with redistilled water. Next, the
wet mineralization and dilution metal contents (Zn, Pb, and
Pb) were measured with flame absorption spectrometry
(Unicam 939 Solar). The quality of analytical procedure
was controlled by using samples of the reference material
in each series of analysis (Certified Reference material
CTA-OTL-1 Oriental Tobacco Leaves). Heavy metals contents were extracted using 0.01 M CaCl2 – a potentially
bioavailable fraction. The contents of metals were measured in the filtered extracts [10, 11].
Guaiacol peroxidase POD (E.C. 1.11.1.7) activity was
measured according to Fang and Kao [12]. For the purposes of enzyme extraction the leaf tissues were homogenized
with 100 mM sodium phosphate buffer (pH 6.8) for POD
chilled pestle and mortar. The homogenate was centrifuged
at 12,000 × g for 20 minutes, and obtained supernatant was
used for determination of enzymes activity. The whole
extraction procedure was carried out at 4ºC. Guaiacol was
used as a substrate for POD activity. The increase in
absorbance was recorded in the spectrophotometer at 470
nm and a unit of peroxidase activity was expressed as a
change in absorbance per minute and per gram fresh weight

of tissue [12]. The acid-ninhidryn, method was used to
determine the proline content. Plant material (0.5 g) was
homogenized in 10 ml of sulfosalicylic acid (3 g per 100
ml) and the homogenate was filtered through Whatman No.
2 filter paper. The reaction mixture containing 2 ml of
homogenate, 2 ml acid ninhydrin, and 2 ml of glacial acetic
acid was incubated at 100ºC for 1 h. The reaction mixture
was placed on ice and extracted with 4 ml toluene. The
absorbance was read at 520 mn using toluene for a blank.
The proline content expressed as μmol proline g-1 fresh
weight was calculated as described by Bates et al. [13]. The
total content of the non-protein –SH groups was determined
according to Mass et al. [14]. The plant material was
homogenized in mortar with the addition of 5 vol/g mixture
of the composition 2% 5-sulphosalicylic acid, 1 mM Na4EDTA, and 0.15% sodium ascorbate. The extract was centrifuged at 20,000 × g for 10 min. Absorbance was read at
wavelength λ=415 nm 1 min after the addition of DTNB.
The number of the non-protein –SH groups was calculated
from the standard curve made with the use of L-cysteine.
Five replications for each analysis were done. The data
were processed using Statistica software (version 9.1) to
compute significant statistical differences between samples
(p<0.05) according to Tukey’s multiple range test, and to
compute Pearson´s correlation coefficients.

Results
The contents of CaCl2-extracted Zn, Cd, and Pb were low
compared to the doses added to the substrate. The concentrations in potentially bioavailable fraction of substrate were
higher in substrate where mixture of metals (Zn, Pb, Cd) had
been amended. Zn concentrations were on a comparable
level in both amended substrata (Table 1). Zn was more
extractable than Cd. 6-6.31% of the added Zn was CaCl2extracted compared with Cd, which was extracted in 1.334.76%. Potentially bioavailable Pb contents made up below
1% of the dose added to the substrate (Table 1). The mean
heavy metal concentrations in Silene vulgaris leaves (in
mg/kg d.w.) were found in descending order, to be Zn, Pb,
Cd, respectively (Table 2). Concentrations of Zn ranged from
1,273 to 3,737 mg·kg-1 d.w. (heap population). The Zn concentrations (except Szopienice plants) were higher in the
plants growing on substrate with a mixture of metals. The
lower concentration of Pb was found in leaves of Szopienice
population plants. The higher concentration of about 107
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Table 2. Concentrations of Cd, Zn, and Pb in leaves of Silene vulgaris plants from select populations; average ± SD.
Population
Calamine

Szopienice

Heap

Amended with Cd

11.7±0.9 b

2.6±0.9 b

5.5±1.3 b

Amended with mixture of metals

40.6±1.4 c

23.1±5.0 c

39.2±4.7 c

Control

0.14±0.05 a

0.12 ±0.05 a

0.2±0.07 a

Amended with Zn

2,082.5±287.8 b

1,866.3±383.7 b

1,272.7±362.7 b

Amended with mixture of metals

2,627.1±35.4 c

1,596.7±306.4 b

3,736.5±494.3 c

Control

57.1±19.1a

77.11±11.1 a

71.3±3.6 a

Amended with Pb

41.94±8.5 c

23.22±7.03 b

69.05±12.11 b

Amended with mixture of metals

23.71±3.11 b

26.73±4.11 b

106.75±5.61 c

Control

3.71±0.33 a

1.32±0.67 a

3.03±0.87 a

Substrate version

a,b,c – different letters denote significant differences between metal concentrations in one population (p<0.05).

mg·kg-1 was estimated for Heap plants. The cadmium concentrations ranged from 11.7 mg·kg-1 d.w. (Calamine plant
population on substrate with Cd) to 41 mg·kg-1 d.w.
(Calamine plant population on substrate with a mixture of
metals). The content of Cd stated in Silene vulgaris leaves of
all the studied populations was much higher in plants grown
on the substrate with the mixture of metals (Table 2 ). We
detected some differences in the concentration of non-protein
thiols. An increase of –SH groups amounts in response to Cd,
Zn, and Pb, and mixture of metals was observed in leaves of
Heap population to Cd, Pb, and mixture of metals in leaves
of Szopienice population to Cd and mixture of metals also in
leaves of Calamine population. The highest thiols concentration was noted in leaves of plants of the Calamine population,
grown on substrate with metals mixture (Table 3). A positive
correlation between Cd and thiol concentrations was found
(correlation coefficient = 0.64). There was shown an
increase of proline concentration in leaves of Calamine population in response to Pb, Cd, and mixture of metals, and in
Heap population in response to Pb and Cd. Contrary results
were obtained for the Szopienice population plants, where
lower or similar proline concentrations in leaves of these
plants grown on the soil polluted with heavy metals in relation to control plants was found (Table 3). Positive correlation between Cd and proline concentration was found (correlation coefficient = 0.96). The increase of guaiacol peroxidase activity was shown in leaves of the Szopienice population on the substrate with Zn addition, and in leaves of Heap
population on the substrate with a mixture of metals (Table
3). Positive correlation between Zn concentration in leaves of
the studied populations and peroxidase activity (correlation
coefficient = 0.75) was shown.

Discussion
The found Zn and Cd contents in Silene vulgaris leaves
were above the levels recognized as toxic for plants (100400 mg·kg-1 d.w. Zn and 5-30 mg·kg-1 d.w. for Cd) [15].

The noticed Pb concentration in Silene vulgaris leaves
grown on the substrate with Pb addition and a combination
of metals were in the range recognized as a toxic (30-300
mg·kg-1 d.w.) [15, 16]. The highest Zn content (leaves from
Heap population on the substrate with mixture of metals)
accounted for about 38% of concentrations found at hyperaccumulators (>10,000 mg·kg-1 d.w.), similarly 10% in the
case of Pb (>1,000 mg·kg-1 d. w.), and about 40% for Cd
(>100 mg·kg-1 d.w.) [17, 18]. Relatively low bioavailability
of the studied heavy metals, especially Pb, could be connected with high content of organic matter (30%). In heavy
metal-polluted soil with high content of organic matter
there was high activity of soil dehydrogenase. High content
of organic substance can show that they are changed into
biologically inactive forms [19]. Metal ions can be complexed by organic matter, decreasing their availability to
plants [20]. Similarly, low Zn extraction 2.2-8.8% and higher Cd (11.3-37.2%) after extraction of metals from the soil
with the use of ammonium acetate was observed by
Pongrac et al. [9]. The obtained Zn concentrations in S. vulgaris leaves were higher for Heap population (on the substrate with mixture of metals) and for Calamine population
(on the substrate with the addition of Zn and mixture of
metals) and on a similar level (Szopienice population) in
comparison to concentrations noticed in leaves collected
directly from the natural habitat of the plants (806-2,889
mg·kg-1 d.w.). Also, Cd concentration at Silene vulgaris
populations grown on the substrate with combination of
metals was higher than concentrations of the element
noticed for the plants in terrain (2.1-6.3 mg·kg-1 d.w.). Pb
concentration at Calamine and Szopienice populations in
comparison to plants in their natural habitat was on the
comparable level (14-35 mg·kg-1 d.w.) [6]. The obtained
results confirm the statement of Ernst et al. [21], that heavy
metal-resistant ecotypes are mostly resistant to those heavy
metals that are in surplus in their natural environment.
However, Ernst et al. [21] noticed seedlings deaths of some
Silene vulgaris populations on the soil coming directly
from the terrain. The researchers showed that enhanced
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Table 3. Proline, non-protein-SH group contents and peroxidase activity in Silene vulgaris leaves from selected populations grown on
heavy metal-contaminated substrata; average ± SD.
Population

Calamine

Heap

Szopienice

Proline content
[µmol·g-1 f.w]

Non-protein SH group content
[nmol –SH g-1 f.w.]

Peroxidase activity
[Δ A min-1·g-1]

Cd

0.35±0.02 c

154.9±12.5 b

0.26±0.08 ac

Zn

0.12±0.02 b

107.1±10.5 a

0.36±0.13 a

Pb

0.41±0.04 d

111.2±7.0 a

0.42±0.08 ab

Mixture of metals

0.44±0.03 d

227.6±14.03 c

0.43±0.02 ab

Control

0.23±0.01 a

125.2±5.8 a

0.72±0.1 d

Cd

0.20±0.002 b

150.2±7.1 c

0.36±0.09 a

Zn

0.14±0.02 a

126.6±7.6 b

0.41±0.06 a

Pb

0.36±0.03 c

130.8±11.6 b

0.35±0.09 a

Mixture of metals

0.10±0.03 a

123.0±0.8 b

0.63±0.08 b

Control

0.13±0.002 a

98.5±2.1 a

0.35±0.05 a

Cd

0.12±0.01 b

121.7±11.3 b

0.21±0.07 a

Zn

0.09±0.01 a

76.4±5.8 a

0.72±0.17c

Pb

0.25±0.03 d

127.5±4.7 b

0.49±0.03 b

Mixture of metals

0.16±0.02 c

120.5±2.7 b

0.18±0.09 a

Control

0.25±0.02 d

75.4±5.5 a

0.41±0.08 b

Substrate version

a,b,c – different letters denote significant differences between metal concentrations in one population (p<0.05).

metal concentration in the seedlings can be a sensitive and
early indicator of metal-exposed plants. In the following
studies, with the doses of heavy metals applied, we did not
observe early seedling death.
Tolerance toward metals correlates well with the level
of non-protein content thiols that include not only glutathione but also thiol rich peptides known as phytochelatins and other –SH rich compounds [22, 23]. In
these studies there was observed an increase of non-protein
-SH group content in leaves of the all studied Silene vulgaris populations on the substrate with Cd and a combination of metals. In the presence of increased Zn content in
the substrate, the increase of thiol content was only noticed
in leaves of Heap population. Pongrac et al. [9] noticed an
increase in non-protein thiols in Thlaspi praecox grown in
Cd-amended substrate, which was not noticed on the substrate with Zn. There was not also shown an increase of
thiol concentration along with the increase of Cd and Zn in
the substrate in leaves of T. caerulescens. The increased
concentration of glutathione was noticed in leaves of the
Szopienice population in natural habitat in comparison to
concentrations of glutathione observed in leaves of
Calamine and Heap populations [6]. Hawrylak and
Szymańska [22] showed that selenate contributed to a larger accumulation of non-protein –SH groups in the shoots
than in the roots of spinach and tomato plants. However,
studies of De la Rosa et al. [24] showed that in leaves of
tumbleweed (Salsola kali), the production of thiols
decreased at the highest Cd concentration tested.

In general, proline has three major functions, namely:
metal binding, antioxidant defense, and signaling [7]. An
increase in proline levels as responses of plants to heavy
metal stress was noted by many investigators [7, 25-27].
These studies showed an increased proline accumulation in
leaves of Calamine and Heap populations (on the substrate
with the addition of Cd and Pb) in comparison to the control plants. There was not noticed an increase of proline
concentration in leaves of the Szopienice population grown
on the substrate polluted with heavy metals (Table 3). As it
results from the observation of this population, the plants
were characterized by the thickest leaf blade, which was
confirmed in natural conditions of the plant occurrence
(Nadgórska-Socha 2006, data not published). Proline accumulation in plants under Cd stress is induced by a Cdimposed decrease of the plant water potential and the functional significance of this accumulation would lie in its
contribution to water balance maintenance [26]. The
results obtained by Schat et al. [25] demonstrated that
metal-induced proline accumulation depends on the development of metal-induced water deficit in the leaves. The
metal-tolerant ecotype used in this study has smaller, thicker, and waxier leaves than the nontolerant one. Despite the
fact that in the metal-tolerant ecotype the constitutive proline concentration in the leaves was 5 to 6 times higher than
in the nontolerant ecotype, the results obtained by Schat et
al. [25] showed that adaptive tolerance to Cu, Cd, and Zn is
associated with a strongly decreased tendency to accumulate proline upon heavy metal exposure.

Effecs of Zn, Cd, Pb on Physiological Response...
In these studies the increased guaiacol peroxidase activity in relation to the control plants was only shown in leaves
of Silene vulgaris grown on the substrate with Zn
(Szopienice), and with a mixture of metals (Heap population). Stress intensity may cause an increase or decrease in
the oxidative metabolism [27]. Pongrac et al. [9] demonstrated no effect of added Cd and Zn on guaicol peroxidase activity in Thlaspi praecox and T. caerulescens leaves. Reducing
the need for antioxidative enzyme activity may be accomplished by preventing ROS from forming rather than removing them, as demonstrated in nickel involved tolerance
metabolism in Alyssum argenteum [9]. In studies on peroxidase activity in plant leaves coming from polluted areas, we
observed an increase of enzyme activity in comparison to
peroxidase activity in plant leaves collected from potentially
clean areas [29, 30]. Results obtained by Pukacka and
Pukacki [29] indicated that the sensitivity of the radical scavenging system in Scots pine needles differs among populations grown in the vicinity of industrial objects. The study of
Źłóbek-Sokolnik et al. [31] noticed that Cu ions in concentrations of 500 µM caused a permanent increase and Cu ions
in concentration of 10 µM a decrease of guaiacol peroxidase
activity in suspension cultured tobacco cells Nicotiana
tabacum. The presence of Cd (500 µM) caused an initial
decrease, short increase, and decrease of the enzyme activity
below the one observed for control.
In the conducted studies we found a number of accumulations in leaves of Silene vulgaris Zn>Pb>Cd. The
highest concentrations of the studied elements were noticed
in leaves of plants of Heap population. The studied metals
were accumulated in higher amounts in plants growing on
the ground polluted by a mixture of metals. Obtained
results indicated that the sensitivity of the free radical scavenging system in Silene vulgaris leaves differs among populations, especially in proline content.
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