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PHYSIOLOGICAL RESPONSES OF NONMETALLICOLOUS
AND SERPENTINE SILENE VULGARIS ECOTYPES
CULTIVATED IN DIFFERENT SOILS

Silene vulgaris ecotypes Wiry and Gajkow, originating from a serpentine heap and a natural site,
respectively, were cultivated from seeds on two substrates. The former was a serpentine heap located
in Wiry (Poland, Lower Silesia), the latter — natural soil located in Gajkoéw (Poland, Lower Silesia).
The growth of both ecotypes on the Wiry soil was strongly inhibited. The Wiry ecotype grown on the
serpentine heap accumulated more macro-, micro-nutrients and heavy metals (Ni, Co, Cr) than ecotype
Gajkow. Enzyme pyrogallol peroxidase was more active in the leaves of the Wiry ecotype grown only
on Wiry soil. Ecotype Gajkow, grown on the serpentine heap, was characterized by higher non-protein
thiol, total polyphenol and anthocyanin content. The results obtained in the study indicated heteroge-
neous responses between ecotypes, depending on the applied substrate, while parallel studies of tolerant
and sensitive populations made possible the study of the taxon’s tolerance mechanisms to heavy metals.

1. INTRODUCTION

In soils with high metal concentrations, important evolutionary processes occur.
Those processes lead to genetic and physiological adaptations which enable organisms
to colonize extreme environments. The majority of plant species growing on these sites
display tolerance to high metal concentrations due to the limited transport of metals to,
for instance, above-ground parts [1]. In Poland, sites naturally rich in metals are limited
to southern areas of the country. Metal deposits occur in the Sudetes and the pre-Sudetes
geological block, the Swigtokrzyskie Mountains, the Carpathian Mountains, the Upper
Silesian Coal Basin and its north-eastern periphery [2].
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The Sudetes Mountain range and its foothills are one of the most mineral resource
rich regions of Poland due to its structure and geological history. Serpentines undoubt-
edly belong to the most interesting rock formations present in Poland. The particular
chemistry of serpentines, formed of transformed ultra-alkaline plutonic rocks, causes
the formation of unique habitats characterized by numerous negative properties resulting
from, among others, potentially toxic concentrations of heavy metals such as nickel, chrome,
or cobalt. This, in turn, creates a distinctive and often poor type of vegetation [2, 3]. One of
the taxa on this shortlist of species is Silene vulgaris [3-5]. Silene vulgaris (Moench)
Garcke is a perennial plant from the Caryophyllaceae family. The species is commonly
found in Europe, Northern Africa, Asia, and both Americas. In Poland, the species oc-
curs on grasslands, fields, and forests but it can also be found in synanthropic plant
communities as an element of ruderal habitats such as serpentine or calamine heaps or
other post-mining areas. Silene vulgaris is a bioindicator of heavy metal contamination
and its presence was recorded in areas both naturally rich in heavy metals and contam-
inated by human activity. Literature provides examples of the species’ unique adapta-
tion capabilities leading to the formation of separate ecotypes adapted to extreme habitat
conditions. Apart from Silene vulgaris ecotypes immune to lead and zinc, there are also
ones able to tolerate an abundance of copper and nickel [3-5].

This species is a metallophyte and a good bioindicator of heavy metal pollution in
soils [3—5]. Its presence was found in areas naturally rich in heavy metals and areas with
secondary metal contamination (anthropogenic influence) [35]. Descriptions of the
unique adaptation properties of the species which lead to the formation of separate eco-
types adapted to unfavorable habitat conditions have been published [3-5].

Elevated concentrations of heavy metals in the environment cause the disturbance
of numerous physiological processes occurring in plants due to oxidative stress [5—9].
Oxidative stress occurs when there is an over-production of oxygen radicals in plant
cells. Plants are sedentary organisms and cannot avoid stressors. Therefore, they had to
evolve a efficient system of defense against reactive oxygen species (ROS). Plants are
protected from the harmful effects of ROS by non-enzymatic oxidizing agents, which
are low-particle chemical substances such as glutathione, tocopherol, carotenoids, fla-
vonoids, or ascorbate. Plants are also protected by a highly specialized enzymatic sys-
tem, including enzymes such as superoxide dismutase (SOD), catalase (CAT), and pe-
roxidase (POD), ascorbate peroxide (APX), or glutathione reductase (GR) [5, 10-16].

The conducted experiment aimed to analyze the response of two Silene vulgaris eco-
types — the nonmetallicolous ecotype Gajkow and the serpentine ecotype Wiry, cultivated
on serpentine substrate originating from a serpentine heap and on the soil naturally low in
metal content. A pot growth test conducted in a growth chamber attempted to determine the
influence of experimental soils on the growth and heavy metal accumulating properties of
test plants. Additionally, the experiment searched for indicators of stress caused by heavy
metals. The activity of pyrogallol peroxidase, polyphenol contents, anthocyanin, and non-
protein-thiol levels were studied in the selected ecotypes of Silene vulgaris.
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2. MATERIALS AND METHODS

Silene vulgaris seeds of ecotypes Wiry were collected from plants living on a ser-
pentine heap in location Wiry (51°058.010"N, 17°186.402"E Poland, Lower Silesia),
while seeds of ecotype Gajkow were taken from plants grown on natural soil in location
Gajkow (50°835.520"N, 16°631092"E, Poland, Lower Silesia). Seeds of each ecotype
were sown on two substrates of the serpentine heap located in Wiry and natural soil
located in Gajkow. Experimental pots were filled with 1 kg of substrate. 50 seeds of
selected Silene vulgaris ecotype were sown in the pots. The number of germinated plants
varied between 40 and 45. Each variant was repeated four times. Plants were grown for
9 weeks in a growth chamber and watered daily for optimal soil moisture.

For analysis, bulk soil samples were air-dried, ground, and fractions below 2 mm
were separated by sieving. The measured chemical properties of soil were as follows:
pH determined potentiometrically in a 1:2.5 suspension soil-1 M KCI; available forms
of P, K [17], Mg [18], micro-elements, and heavy metals [19] using colorimetry and
atomic absorption spectrometry. At the end of the experiment, aerial biomass of plant
parts was harvested, rinsed in deionized water, and dried at 50 °C. Samples were ground
and digested in a muffle furnace. The resulting ash was dissolved in 1 M HNOj. The
concentrations of magnesium, micronutrients and heavy metals were determined by
atomic absorption spectrometry. Other parts of collected plants were subjected to the
following analyses: activity of pyrogallol peroxidase [20], total polyphenol [21] antho-
cyanin [22], total non-protein thiol content [23].

3. RESULTS AND DISCUSSION

The serpentine soil used was characterized by high heavy metal content (Table 1).
The concentrations of Ni, Cr, Co, and Zn (mobile forms) exceeded mean values for
these elements for Poland and Central Europe.

The values were, however, typical of Polish serpentine occurrences [2, 3]. The anal-
ysis also showed that for Poland, the heap material used in the experiment was charac-
terized by a particularly low content of phosphorus and potassium while having very
high concentrations of magnesium. pH equal to 7.8 is typical of serpentine habitats in
Lower Silesia [2, 3]. The soil from Gajkow was characterized by a low content of the
selected macroelements and heavy metals.

Environmental variability is one of the main foundations of evolutionary ecology.
In the case of plants, this methodological assumption expresses itself in the ecotypical
diversity of species, manifested in morphological diversity (depending on the habitat),
e.g., growth form, shape, size of leaf color [3-5].
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Table 1

Mineral content in soil types examined

Soil type
ftem Gajkow | Wiry
pH 7.22+0.28 | 7.75+£0.35
Mg, mg/100 g | 9.52+0.25 | 80.2+4.1
P, mg/100 g 3.04+0.12 | 0.77+0.07
K, mg/kg 5.88+0.46 | 2.85+0.16
Zn, mg/kg 36.8£0.21 | 350+28
Cu, mg/kg 22.340.13 | 19.740.11
Ni, mg/kg 6.25+0.43 | 273+18
Cr, mg/kg 3.34+0.17 | 12.7+0.09
Co, mg/kg 3.19+40.24 | 24.9£1.9

Data are meanstSD, n = 5.

Silene vulgaris of both ecotypes growing on soils with naturally low heavy metal
content (Gajkow soil) were taller (Fig. 1) than plants of the same ecotypes cultivated on

serpentine soil.
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Fig. 1. Height of Silene vulgaris plants; w — ecotype Wiry, g — ecotype Gajkow.
Different letters denote significant difference between variants (p < 0.05)

The cost of developing tolerance and using large amounts of energy to detoxify
metals in symplast manifest themselves in lower growth rate, lower biomass, dwarfism,
limited shoot growth, and smaller flowers in tolerant ecotypes as compared to the sen-
sitive ones, which was established for, among others, Agrostis capillaris, Silene mari-
tima, Quercus coccifera, Potentilla detomasii and Rumex acetosella [3-5, 24]. Silene
vulgaris of the serpentine ecotype was higher than Gajkoéw type on both the soil rich in
heavy metals and the soil with naturally low content thereof. Similar results were obtained
by Wierzbicka and Panufik [4] in studies of selected types of cultivated Silene vulgaris.
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A varied reaction of both ecotypes was also noticeable on the level of accumulated
macroelements, particularly in the experiment conducted on serpentine soil, because the
above-ground parts of Silene vulgaris of the Wiry ecotype (serpentine heap) contained
more macroelements in comparison to the Gajkow ecotype (Table 2).

Table 2
Mineral composition of Silene vulgaris ecotypes grown on different soil
Ecotype/soil
Element w/Ws g/Ws w/Gs g/Gs
N, g/kg 38.442.6 10.2+0.7 16.8+0.7 15.240.5
P, g/kg 1.42+0.09 0.88+0.08 5.18+0.31 3.42+0.28
K, g/kg 55.8+3.4 15.4+0.8 59.142.9 540431
Mg, g/kg 16.0+0.07 12.7+0.06 2.40+0.10 3.50+0.12
Ca, mg/kg 12.8+0.09 4.90+0.38 7.05+£0.41 4.03+0.29
Zn, mg/kg 49.943.1 23.3+1.4 41.3£1.9 37.9+1.7
Cu, mg/kg 7.23+0.38 3.96+0.23 6.16+0.36 4.75+0.28
Ni, mg/kg 45.6+4.1 25.9+1.9 4.45+0.38 3.47+0.29
Cr, mg/kg 7.52+0.69 4.82+0.38 5.70+0.47 4.47+0.36
Co, mg/kg 6.05+0.51 4.43£0.38 4.10+0,38 3.40+0.29

w — ecotype Wiry, g — ecotype Gajkow, Ws — soil Wiry, Gs — soil Gajkéw; data are means+SD, n= 5.

The ecotype originating from the area naturally poor in metals experienced a dis-
turbance in the accumulation and distribution of macroelements caused by factors un-
favorable to plant growth present in the serpentine soils. It is assumed that the serpentine
ecotype of Silene vulgaris is better adapted. As is mentioned by some authors [25-27],
populations of plants with high tolerance to heavy metals are less susceptible to nutrient
defects, have smaller nutrition requirements, and have distinctive mineral economy
adapted to metals compared to sensitive populations.

It was determined that in Silene vulgaris there is a connection between the capability
to accumulate phosphorus and reaching a high tolerance level to lead. In plants treated
with lead, there was a significantly higher level of phosphorus in tissues as in the control
group. It seems that phosphorus availability probably supports the processes connected
with the accumulation and detoxification of lead in cell walls [25].

In the case of calcium, the Silene vulgaris tolerant to lead had a distinctive economy
of this element, namely a high status of calcium in tissues and a high tolerance to cal-
cium deficits [25]. Krupa et al. [26] observed that an elevated level of copper and cad-
mium in the environment leads to lower levels of calcium in plant tissues.

The higher magnesium content in experimental plants cultivated on serpentine soil
in comparison to the concentration of Mg in plants collected from experimental soil
with low metal content (Gajkow) results from serpentine waste’s richness in magne-
sium. A comparison of magnesium content in both Silene vulgaris populations growing
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on serpentine soils showed that the serpentine ecotype accumulated more macroele-
ments. It is probably a consequence of this plant’s adaptation to growth in toxic condi-
tions of high magnesium content in the environment [27].

The serpentine ecotype cultivated on soil from the serpentine heap accumulated
more heavy metals than the Gajkow ecotype cultivated on the same soil (rich in metal)
(Table 2). This may mean that the Silene vulgaris from the serpentine heap is adapted
to typical “serpentine metals” — nickel, chromium, and cobalt. In the experiment with
soil poor in metal, Silene vulgaris plants of both ecotypes accumulated similar (low)
amounts of metals in the analyzed parts; and in that case, the Wiry ecotype contained
a bit more. The serpentine ecotype is better adapted to extreme conditions resulting from
metal accumulation in the environment.

A similar relation between metal content in the plant and the level of tolerance was
determined in the serpentine population of Silene paradoxa (nickel-tolerant), which, in
an experiment with increasing doses of NiSO4, accumulated more nickel (a clearly de-
monstrable fact with higher concentrations of NiSO4) in comparison to the remaining
populations of the species — copper-tolerant and non-metal-tolerant [24]. The serpentine
ecotype of Silene vulgaris cultivated in hydroponics with an addition of nickel accumu-
lated significantly more nickel than the other ecotypes of the species used in the exper-
iment — natural and calamine ones [3].

During the whole vegetation period, plants are susceptible to numerous biotic and
abiotic environmental factors causing oxidative stress. The stress occurs in the cells of
plants submitted to salinity, drought, low temperatures, herbicides, pathogen attacks, or
high concentrations of heavy metals [6-9, 20, 21]. Heavy metals (Cu, Zn, Cd, Hg, Pb,
Al, Cr, Ni) generate reactive oxygen species (ROS) and oxygen radicals (FR), which
leads to oxidative stress — a state in which more ROS and FR emerge than the plant can
metabolize. Consequently, ROS and FR cause lipid peroxidation, which, in turn, leads
to damage to cell membranes and membranes within cells; nucleic acid structure, which
may cause mutagenesis; protein peroxidation leading to changes in structure and their
inactivation; the inactivation of the photosynthetic electron transport chain. Oxidative
stress caused by heavy metals was observed in, e.g., in Triticum aestivum, Phaseolus
aureus, Helianthus annuus, Nicotiana tabacum, Arabidopsis thaliana, Malva silvestris,
Brassica juncea, Pinus sylvestris [5-13, 20, 21, 24]. Evolution developed numerous
enzymatic and non-enzymatic defense mechanisms aimed at keeping the ROS low and
harmless for cells. The activation of antioxidative enzymes in plants under the influence
of heavy metals increases remains the same or lowers depending on the species, the type
of ion of its concentration, and exposition time [5].

One of the most important mechanisms of plants protection against heavy metals is
binding metal ions to non-protein thiols (NPT). This group of compounds includes sul-
fur-rich oligopeptides called phytochelatins, as well as glutathione (GSH), homogluta-
thione, or free cysteine [10]. Apart from being a substrate for the synthesis of phyto-
chelatins, GSH itself has been reported to act as a heavy metal chelator. It is also a very
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important low-molecular antioxidant participating in glutathione-ascorbate cycle, which
plays a key role in the regulation of H>O; content in plant cells.

Thiols (-SH) play various roles in biological systems. The study determined the
presence of non-protein thiols in the leaves of the selected ecotypes of S. vulgaris,
though their presence was higher in plants cultivated on serpentine soils (Fig. 2). An
analysis of NPT content in S. vulgaris leaves from serpentine soils showed that in the
Gajkow ecotype plants, it is higher than in the one in the Wiry ecotype leaves.
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Fig. 2. Non-protein —SH group content in Silene vulgaris leaves; w — ecotype Wiry,
g — ecotype Gajkow. Different letters denote significant difference between variants (p < 0.05)

The function of phytochelatins in plants is connected with mechanisms of heavy
metal tolerance. It is believed that phytochelatins partake in the detoxification of heavy
metal ions primarily in a short exposition of plants to high concentrations of heavy met-
als, especially in plants with low tolerance [10-12]. However, as was reported by
Knecht et al. [11], the number of phytochelatins does not always correspond with toler-
ance to metals.

In cases of chronic stress, consisting of long exposition to smaller doses of heavy
metals, the role of phytochelatins in metal ion detoxification is also negligible, as was
stated by Seth et al. [12]. It is probably the result of the high energy costs of phytochela-
tins synthesis. In the case of tolerance to cadmium, the content of phytochelatins in
Silene vulgaris from the population tolerant to Cd was lower when compared to the
content in plants from the sensitive population [11]. Similarly, increased tolerance to
zinc in the same species was not correlated with increased production of phytochelatins.

The results showing a lower content of thiols in Silene vulgaris of the Wiry ecotype
as compared to the Gajkow ecotype may be connected with their original habitat, respec-
tively rich and poor in heavy metals. Consequently, tolerance to the growth in conditions
of higher metal content may be decisive. Due to its common occurrence in plant tissues,
peroxidase is an enzyme regarded as an indicator of plant reaction to stress factors [5].
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Heavy metal ions may increase, decrease or have no influence on the activity of peroxi-
dase in plants, depending on species, plant part, or particular metal [5, 13, 14, 24].

Our research showed that pyrogallol peroxidase was more active in the leaves of the
Wiry ecotype, cultivated on serpentine soil, as compared to Gajkéw growing on the
same soil, or to the leaves of both experimental ecotypes cultivated on Gajkow soil
— characterized by low heavy metal content. In the case of the latter, the activity of
pyrogallol peroxidase was on a similar level (Fig. 3).
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Fig. 3. Pyrogallol peroxidase activity in Silene vulgaris leaves; w — ecotype Wiry,
g — ecotype Gajkow. Different letters denote significant difference between variants (p < 0.05)

The study by Zrobek-Sokolnik et al. [14] noticed that Cu ions in concentrations of
500 uM caused a permanent increase, while Cu ions in the concentration of 10 uM
a decrease of guaiacol peroxidase activity in suspension-cultured tobacco cells of Nico-
tiana tabacum. The presence of Cd (500 uM) caused an initial decrease, short increase,
and decrease of the enzyme activity below the one observed for control.

In a Silene paradoxa population, characterized by a high tolerance level to nickel,
studies revealed the phenomenon of limited inhibiting properties of this metal to perox-
isomal enzymes. The inhibition of these enzymes activity induced by the presence of
metal caused oxidative stress in plants susceptible to nickel [24].

In a study of the influence of Pb on the activity of selected antioxidants in cultivated
plant tissue such as horsegram (Macrotyloma uniflorum) and bengalgram (Cicer ari-
etinum), Reddy et al. [6] found a higher activity of pyrogallol peroxidase in Macro-
tyloma uniflorum, a species considered to be tolerant to lead, as opposed to the sensitive
Cicer arietinum. Stomka et al. [7] found that in long-term influence of heavy metals on
plants, the activity of peroxidase in Viola tricolor of metalliferous population was lower
than in same species plants of the non-metalliferous population. Varying results con-
cerning peroxidase in Vaccinium myrtillus leaves in polluted and non-polluted areas
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were obtained by Kandziara-Ciupa et al. [8], as the highest and lowest activity of the
enzyme was observed in plants originating from polluted areas.

Phenols have anti-oxidative properties due to their high tendency to bond with both
heavy metals and free radicals. These secondary metabolites in plants are divided into
several groups depending on their structure. Some of them are widespread in the Plantae
kingdom, while others are specific for family, or even species [5, 15]. Our research
showed that the total polyphenol (Fig. 4) content was higher in Silene vulgaris plants of
both ecotypes cultivated on serpentine soil — rich in heavy metals. Heavy metals are
strong ROS generators, and the accumulation of phenol metabolites usually grows in
response to the surplus of metal [15].

However, Silene vulgaris leaves of the Gajkoéw ecotype cultivated on soils rich with
or free of heavy metals contained more total polyphenols. In her studies conducted on sev-
eral ecotypes of Silene vulgaris, Muszynska et al. [5] showed that in experimental plants
under stressor influence (e.g., heavy metals), the leaves of non-metalliferous ecotype
accumulated far more total secondary metabolites and selected phenol groups than the
metalliferous ecotypes.
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Fig. 4. Total polyphenols content in Silene vulgaris leaves; w — ecotype Wiry,
g — ecotype Gajkow. Different letters denote significant difference between variants (p < 0.05)

In the course of the experiment, it was noticed that there is a visible anthocyanin
coloring of lamina and stems of the Gajkow ecotype plants from the areas with naturally
low metal content and cultivated on serpentine soil (Fig. 5). This effect was not observed
in the Wiry serpentine ecotype cultivated on the same soil, nor in plants of both ecotypes
on low metal content soil. An increased anthocyanin synthesis may be connected with
their role in nullifying the toxic influence of residual elements on plants. According to
Hale et al. [16] these compounds mat directly protect cells from the harmful impact of
metal ions through forming lasting compounds.
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Fig. 5. Anthocyanins content in Silene vulgaris leaves; w — ecotype Wiry,
g — ecotype Gajkow. Different letters denote significant difference between variants (p < 0.05)

A clear disproportion between the levels of accumulated anthocyanins (Fig. 5) in the
studied ecotypes, particularly those cultivated on serpentine soil. An increased accumulation
of anthocyanins in the Gajkoéw ecotype may be connected with the lowered resistance of the
“natural” ecotype to heavy metals in soil, which be the first indicator of insufficient detoxi-
fication of heavy metals caused by disturbed plant physiology [16, 22]. It may also be a re-
sult of disturbed water economy and/or water deficit in a plant [22].

4. CONCLUSIONS

One of the premises of evolutionary ecology is the environmental changeability of or-
ganisms, which manifests itself in the eco typical diversity of species. The unique properties
of metallicolous Silene vulgaris ecotypes are confirmed by many studies. Growth in an en-
vironment contaminated by heavy metals is reflected in the condition of the plants. It results,
among others, from physiological disturbances caused by the abundance of metal. One of
the symptoms of the toxic influence of heavy metals on plants is the occurrence of oxidative
stress in their cells. The process is a result of generating reactive oxygen species (ROS) and
free radicals (FR). However, plants have developed numerous enzymatic and non-enzy-
matic defense mechanisms aimed at keeping ROS at a low, harmless level. The results ob-
tained in the study indicated heterogeneous responses between ecotypes, depending on the
applied substrate, while parallel studies of tolerant and sensitive populations allowed the
study of the taxon’s tolerance mechanisms to heavy metals.
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