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Background. Various modes of transport are among the main sources of environ­
mental pollution with heavy metals and other pollutants. Bryophytes are known to accu­
mulate heavy metals; however, metabolic changes in mosses under conditions of metal 
accumulation have not been extensively studied. The aim of this article was to analyze 
the accumulation of heavy metals, the process of lipid peroxidation (LPO) and the activity 
of enzymes of the antioxidant system in Didymodon rigidulus Hedw. moss collected in 
urban areas with an intense road and railway transport load. 

Materials and Methods. Gametophyte shoots were collected at three sampling 
sites in the city of Lviv (Ukraine). Site 1 was selected in a park zone, which was conside­
red a control one; sites 2 and 3 were selected in areas with heavy road and rail traffic, 
respectively. Concentrations of chromium (Cr), nickel (Ni), lead (Pb), and zinc (Zn) in 
the moss material were determined by atomic absorption spectrophotometry. The levels 
of LPO products, namely lipid hydroperoxides and thiobarbituric acid reactive sub­
stances (TBARS), as well as superoxide dismutase (SOD) and catalase activities, were 
determined by standard methods. The results were processed using the methods of 
variation statistics.

Results. Moss D. rigidulus growing in the park area (site 1) accumulated metals in 
the following order of decreasing concentration: Zn> Cr> Ni> Pb. Gametophyte shoots of 
D. rigidulus collected at site 2 accumulated higher levels of Pb, Zn and Ni (2.27, 1.78 and 
1.45 times, respectively), and at site 3, higher levels of Pb and Zn (1.8 and 1.67 times, 
respectively) compared to gametophytes collected in the park zone. In the moss samples 
from these sites, no significant differences in Cr content were found as compared to the 
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control. The concentration of lipid hydroperoxides in the moss sampled at sites 2 and 3 
was 4.26 and 3.75 times higher, respectively, compared to the control, and TBARS pro­
duction was more intense in plant material from site 2 than from the control site. SOD 
and catalase activities were considerably increased in D. rigidulus moss from site 2 
compared with those from the control area; however, the activity of both enzymes in the 
moss samples from site 3 did not significantly exceed the control levels.

Conclusions. Both road and rail traffic loads contribute to the accumulation of 
heavy metals, especially Zn and Pb, in D. rigidulus moss growing in the surrounding 
areas. Under such conditions, LPO process is stimulated, which is more pronounced in 
moss growing in the area with heavy road traffic. The increased activity of antioxidant 
enzymes (SOD and catalase) in moss growing in this area can play an important role in 
protecting bryophyte cells against metal-induced oxidative stress under conditions of 
intense metal accumulation.

Keywords:	 bryophytes, Didymodon rigidulus, heavy metals, lipid peroxidation, 
antioxidant system, urban ecosystems 

INTRODUCTION
Various modes of transport are known to be among the main sources of environ­

mental pollution. In Ukraine, road transport accounts for an average of 34 % of the total 
releases of polluting substances from various sources, but in many regions emissions 
from motor vehicles prevail over emissions from stationary sources [3, 19, 30]. Of all the 
pollutants released into the atmosphere as a result of transport activities, heavy metals 
belong to the most hazardous ones [18, 24]. Among the known mechanisms that medi­
ate the toxicity of heavy metals in biological systems is the formation of reactive oxygen 
species capable of interacting with cellular biomolecules. This is accompanied by stimu­
lation of the process of lipid peroxidation (LPO), inactivation of sulfhydryl groups of 
proteins, damage to cell membranes and nucleic acids [7].

Some groups of terrestrial vegetation, including bryophytes, are highly resistant to 
the toxicity of heavy metals and can accumulate these substances in large concentra­
tions [28]. Bryophytes are often used in the environmental assessment of the atmo­
sphere due to their ability to absorb pollutants, mainly from air and precipitation [17, 21, 
28]. The resistance of mosses to metal toxicity is largely due to their physiological and 
metabolic characteristics [28]. However, the relationship between the intensity of metal 
uptake and the activity of defense systems in bryophyte cells has not been studied 
completely. 

The aim of this study was to investigate the level of accumulation of heavy metals, 
intensity of LPO process and the state of the antioxidant system in the bryophyte Didy-
modon rigidulus Hedw. collected in areas of road and railway traffic loads within the 
territory of Lviv (Ukraine). 

MATERIALS AND METHODS
Study area. In the course of the study, three separate sites were selected in areas 

with different levels of anthropogenic pressure within the city of Lviv. Site 1 was chosen 
in the central part of Sknylivskyi Park (49°48′55″N, 23°57′59″E) located in Zaliznychnyi 
District of the city. The park covers an area of almost 57.7 hectares; its central part is 
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almost unaffected by technogenic factors. Therefore, this site was considered as a con­
trol plot. Sites 2 and 3 were selected in Frankivskyi District of Lviv, in areas subject to 
anthropogenic impact. Site 2 was chosen in the territory adjacent to Kulparkivska Street, 
near its junction with Okruzhna and Antonovycha streets (49°49′30.5″N, 23°59′23.4″E). 
Site 3 was selected at the end of Eugene Konovalets Street (49°49′23.5″N, 23°59′31.6″E) 
adjacent to the Lviv–Khodoriv railway line; this area is exposed to railway loads, but it is 
virtually unaffected by road traffic.

Analysis of moss material. The bryophyte Didymodon rigidulus is a member of 
the family Pottiaceae, class Bryopsida. It belongs to calciphilic species, which are dis­
tributed on substrates with a high content of calcium carbonate. The species is often 
found on partially shaded surfaces of rocks and stones, as well as on artificial sub­
strates containing calcite, such as concrete [9, 27]. In natural ecosystems, D. rigidulus 
occurs on the surface of limestone and loess deposits, limestone blocks and soils. It has 
also been found as a component of the biological crust on the soil surface in arid and 
semi-arid ecosystems [22]. In urban ecosystems, D. rigidulus can be found on old buil­
ding walls, limestone fences, lawns, sidewalks, and asphalt pavements. The species is 
common on the territory of Ukraine and other countries [4, 9, 10, 27].

Gametophyte shoots were collected at sampling sites 1–3 and analyzed for metal 
content, levels of lipid peroxidation products and antioxidant system enzyme activities. 
Moss material was sampled in triplicate at each sampling site. Sampling and prepara­
tion of moss material for analysis were carried out using standard methods [29]. 

Concentrations of chromium (Cr), nickel (Ni), lead (Pb) and zinc (Zn) in moss game­
tophytes were determined by the method of atomic absorption spectrophotometry. The 
plant material was mineralized with HNO3 and H2O2 prior to analysis [17]. The measure­
ments were performed using a C-115PK Selmi atomic absorption spectrometer 
(Ukraine). Metal concentrations were expressed in milligrams per 1 kg of dry weight of 
the samples. 

Analysis of the level of lipid hydroperoxides in moss tissues was carried out by  
a method based on spectrophotometric measurement (λ = 480 nm) of products formed 
in the tissue extracts in the presence of ammonium ferrous sulfate hexahydrate (Mohr’s 
salt), hydrochloric acid, and ammonium thiocyanate [15]. Prior to reaction, proteins in 
homogenates were precipitated with trichloroacetic acid, and lipids were extracted with 
ethanol. To determine the concentration of thiobarbituric acid reactive substances 
(TBARS) in the moss material, the colorimetric method with thiobarbituric acid (TBA) 
was used [5].

Superoxide dismutase (SOD, EC 1.15.1.1) activity was analyzed using a non-enzy­
matic method based on reduction of nitro-blue tetrazolium in the presence of NADH and 
phenazine methosulfate [11, 16]. Catalase (EC 1.11.1.6) activity was determined by  
a spectrophotometric assay [1] recording the decrease in optical density at 240 nm during 
the decomposition of H2O2. Protein concentration was determined by the method of 
Lowry et al. (1951) [13].

The results were processed by methods of variation statistics [31]. Conducting  
a statistical analysis of the results, the arithmetic mean and its standard deviation  
(M ± S.D.) were calculated. When comparing data groups, the significance of differen
ces was assessed using the Student’s t-test. Differences between data groups obtained 
at each sampling site were considered significant at p <0.05.
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RESULTS AND DISCUSSION
The results shown in Fig. 1, demonstrate the accumulative capacity of Didymodon 

rigidulus moss for four heavy metals, which are often found in high concentrations in the 
environmental components of industrial cities. It has been found that the content of Cr, 
Ni, Pb and Zn in the D. rigidulus gametophyte as a whole reaches values of the same 
order of magnitude as in other previously studied epilithic mosses, such as Schistidium 
apocarpum and Rhynchostegium murale [20]. Depending on the level of their accumu­
lation in D. rigidulus shoots, the analyzed metals can be arranged in the following order 
of decreasing concentration: Zn> Cr> Ni> Pb. However, the metal content in D. rigidulus 
varied according to the location of the sampling sites. The most significant differences 
were found in the concentrations of Pb and Zn in moss gametophytes collected at sites 
2 and 3, compared with moss material from the park area (site 1). In particular, the con­
centration of Pb and Zn in D. rigidulus moss collected from Kulparkivska Street (site 2) 
was considerably higher (2.27 and 1.78 times, respectively, p<0.05) than in moss sam­
pled in Sknylivskyi Park (site 1). In the gametophyte of moss taken at site 3, the concentra­
tions of these metals were 1.8 and 1.67 times higher, respectively, compared to the levels 
recorded in moss collected at the control site. The concentration of Ni in D. rigidulus 
moss from sites 2 and 3 also showed an upward trend compared with plants collected 
from the park area, but the difference between the results was statistically significant 
(1.45 times, p<0.05) only for the moss sampled at site 2. The Cr concentration did not 
change in the moss collected from sites 2 and 3 as compared to the control. 

Fig. 1.	 Concentration of heavy metals in the gametophyte of Didymodon rigidulus collected at three sampling 
sites in the territory of Lviv (site 1 – Sknylivskyi Park; site 2 – Kulparkivska Street; site 3 – Eugene 
Konovalets Street)
Comment: * statistically significant differences between the analyzed indices (means ± S.D.) in moss 
gametophytes sampled at site 1 (control) and at sites 2 and 3, p<0.05

Рис. 1.	Концентрація важких металів у гаметофіті моху Didymodon rigidulus, зібраного на трьох ділянках 
на території м. Львова (ділянка 1 – Скнилівський парк; ділянка 2 – вулиця Кульпарківська; 
ділянка 3 – вулиця Євгена Коновальця)
Примітка: * – статистично вірогідні відмінності між аналізованими показниками (M ± S.D.) у зраз­
ках моху, відібраних на ділянці 1 (контроль) та на ділянках 2 і 3, p <0,05

Elevated metal concentrations in the gametophyte of moss collected at sites 2 and 
3 correspond to the intensity of traffic in these areas. In particular, Kulparkivska Street 
(site 2) belongs to the main thoroughfares of Lviv and is constantly loaded with passing 
cars, trucks and buses. According to our observations, the traffic intensity on this stretch 
of the street averages 1100 vehicles per hour in the daytime. Site 3 is located in close 
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proximity to the railway line used for various types of rail transportation (passenger 
trains and freight trains). Taking into account the fact that both road and rail transport 
are potential sources of heavy metal pollution [6, 12, 34, 36], the increased level of Zn, 
Pb and Ni accumulation in D. rigidulus moss can be associated with high concentrations 
of metals in atmosphere at sites 2 and 3. A number of other studies have shown ele­
vated levels of Zn, Pb, and other heavy metals in the soils of roadside and railway-side 
areas, as well as in tissues of vascular plants growing in the adjacent territories [6, 12, 33]. 

Studies conducted on terrestrial plants have shown that heavy metal pollution is often 
associated with an increased rate of formation of reactive oxygen species (ROS) and lipid 
peroxidation products in plant cells [2, 23, 25, 26]. The results of this study indicate the 
activation of LPO processes also in D. rigidulus bryophyte collected in areas exposed to 
road and rail traffic loads (Fig. 2). Namely, gametophytes of D. rigidulus collected at site 
2 were characterized by higher concentrations of lipid hydroperoxides and TBARS (4.25 
and 1.48 times, respectively), and moss samples from site 3 had a higher content of lipid 
hydroperoxides (3.75 times) compared with those collected at the control site. However, 
no significant changes in the TBARS level in moss gametophytes collected at site 3 were 
observed as compared to the control. These data may indicate a lesser degree of meta­
bolic damage as a result of a lower level of metal accumulation in D. rigidulus shoots in 
the railway area compared to moss collected from area with heavy road traffic.

Fig. 2.	 The level of lipid peroxidation products (lipid hydroperoxides and thiobarbituric acid reactive sub­
stances (TBARS)) accumulation in the gametophyte of Didymodon rigidulus collected in the studied 
areas in the territory of Lviv
Comment: 1) in this and the following figures, data are expressed as a percentage of the control 
value (means ± S.D.); 2) *, ** statistically significant differences between samples taken at site 1 
(control) and at sites 2 and 3 (* p <0.05; ** p <0.01)

Рис. 2.	Рівень накопичення продуктів пероксидного окиснення ліпідів (гідропероксиди ліпідів і речо­
вини, що реагують з тіобарбітуровою кислотою (ТБК-активні продукти)) в гаметофіті моху Didy-
modon rigidulus, зібраного на досліджуваних ділянках у м. Львові
Примітки: 1) на цьому та наступному рисунках результати виражені у відсотках від контроль­
ного значення (M ± S.D.); 2) *, ** – статистично вірогідні відмінності між зразками, відібраними 
на ділянці 1 (контроль) і на ділянках 2 і 3 ( * – р <0,05; ** – р <0,01)

It is known that under stressful conditions, including those associated with expo­
sure to heavy metals, the antioxidant defense system plays an important role in plant 
tissues [8, 23, 25, 35]. Antioxidant enzymes and non-enzymatic components of the 
antioxidant system counteract the accumulation of LPO products in the cell compart­
ments and in the apoplast. The results of this study show that moss material taken at 
site 2 is characterized by an increased SOD and catalase activities (p <0.05) compared 
with moss gametophytes sampled in the park area (site 1) (Fig. 3). 
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Fig. 3. Superoxide dismutase (SOD) and catalase activities in the gametophyte of Didymodon rigidulus col­
lected in the study areas in the territory of Lviv
Comment: enzyme activities in moss sampled at site 1 (control) were as follows: 0.401 ± 0.042 arbi­
trary units/min mg protein (SOD); 5.45 ± 0.62 μmol H2O2/min mg protein (catalase)

Рис. 3. Супероксиддисмутазна (СОД) і каталазна активність у гаметофіті моху Didymodon rigidulus, 
зібраного на досліджуваних ділянках у м. Львові
Примітка: активність ензимів у зразках моху, відібраних на ділянці 1 (контроль), становила: 
0,401 ± 0,042 умовних одиниць/хв мг білка (СОД); 5,45 ± 0,62 мкмоль H2O2/хв мг білка (каталаза)

Activation of antioxidant enzymes in D. rigidulus gametophytes may represent an 
adaptive response of moss cells to an intense ROS production caused by the accumu­
lation of heavy metals. As it is known, SOD catalyzes the conversion of a reactive super­
oxide anion radical (O2

-.) to hydrogen peroxide, which can subsequently decompose 
into water and oxygen mainly with the aid of catalase [14]. Consequently, these enzymes 
play an important role in protecting cells from the development of oxidative stress 
caused by the formation of ROS and LPO products. However, the activities of SOD and 
catalase in the moss material from sampling site 3 did not demonstrate any significant 
differences compared to the control. This indicates less pronounced metabolic changes 
in plants growing in the territory adjacent to the railway than in the area with heavy road 
traffic. At the same time, other components of the defense system may be involved in 
counteracting the development of oxidative stress in the gametophytes of moss growing 
at site 3. In addition to SOD and catalase, the detoxification of ROS and LPO products 
with the participation of non-enzymatic antioxidants and the activation of the glutathione 
system are also important links in the cellular defense mechanism [32]. All of these 
components of the antioxidant system together can participate in the protection of bryo­
phyte cells from metal toxicity and are important for ensuring their resistance to metal 
contamination in areas with high traffic loads.

CONCLUSIONS 
Based on the results obtained, it can be concluded that both road and rail traffic 

loads contribute to the accumulation of heavy metals in the gametophytes of D. rigidulus 
growing in the adjacent territories. This is especially true for Zn and Pb, which inten­
sively accumulates in moss tissues in the conditions of environmental pollution by emis­
sions from both road and railway transport. The accumulation of metals in moss game­
tophytes is accompanied by a strong increase in the concentration of LPO products, 
which indicates the stimulation of ROS formation under the influence of heavy metals. 
Under these conditions, activation of antioxidant enzymes, such as SOD and catalase, 
can protect bryophyte cells against metal-induced oxidative stress. At the same time, 
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the increased activity of antioxidant enzymes may play a role in the adaptation of 
D. rigidulus to heavy metal contamination in areas exposed to high traffic loads.
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НАКОПИЧЕННЯ ВАЖКИХ МЕТАЛІВ І СИСТЕМА АНТИОКСИДАНТНОГО 
ЗАХИСТУ В ГАМЕТОФІТІ DIDYMODON RIGIDULUS HEDW.  
У РАЙОНАХ З ВИСОКИМ ТРАНСПОРТНИМ НАВАНТАЖЕННЯМ

О. І. Поліщук, Г. Л. Антоняк
Львівський національний університет імені Івана Франка

вул. Саксаганського, 1, Львів 79005, Україна

Обґрунтування. Різні види транспорту належать до основних джерел забруд­
нення довкілля важкими металами та іншими забруднювачами. Відомо, що бріофіти 
накопичують важкі метали; проте метаболічні зміни в цих рослинах за умов акумуля­
ції металів вивчені недостатньо. Метою статті було проаналізувати акумуляцію важ­
ких металів, процес пероксидного окиснення ліпідів (ПОЛ) і активність ензимів анти­
оксидантної системи в гаметофіті моху Didymodon rigidulus Hedw., зібраного в місь­
ких районах з інтенсивним рухом автомобільного та залізничного транспорту.

Матеріали і методи. Пагони моху збирали на трьох ділянках у місті Львові 
(Україна). Ділянку 1 (контроль) вибрали в парковій зоні; ділянки 2 і 3 – в районах  
з інтенсивним автомобільним і залізничним рухом відповідно. Концентрацію хрому 
(Cr), нікелю (Ni), свинцю (Pb) та цинку (Zn) в рослинному матеріалі визначали мето­
дом атомно-абсорбційної спектрофотометрії. Рівень продуктів ПОЛ, а саме гідропе­
роксидів ліпідів і речовин, які реагують з тіобарбітуровою кислотою (ТБК-активні про­
дукти), а також супероксиддисмутазну (СОД) і каталазну активність визначали стан­
дартними методами. Результати опрацьовували методами варіаційної статистики. 

Результати. За рівнем акумуляції в гаметофіті моху D. rigidulus, зібраного  
у парковій зоні (ділянка 1), досліджувані метали можна розташувати в такому 
порядку: Zn> Cr> Ni> Pb. У пагонах D. rigidulus, зібраних на ділянці 2, виявлено 
більший рівень накопичення Pb, Zn і Ni (у 2,27, 1,78 та 1,45 разу відповідно), а на 
ділянці 3 – вищий вміст Pb і Zn (в 1,8 та 1,67 разу відповідно) порівняно з росли­
нами, зібраними в парковій зоні. У зразках моху з цих ділянок не виявлено істотних 
відмінностей у концентрації Cr порівняно з контролем. Концентрація гідроперокси­
дів ліпідів у пагонах моху, відібраних на ділянках 2 і 3, була відповідно в 4,26  
і 3,75 разу більша від контролю, а утворення ТБК-активних продуктів було інтен­
сивнішим у рослинному матеріалі з ділянки 2, ніж з контрольної ділянки. СОД  
і каталазна активність була вірогідно більшою в пагонах D. rigidulus з ділянки 2 
порівняно з контрольною ділянкою, проте активність обох ферментів у зразках 
моху з ділянки 3 істотно не перевищувала контрольний рівень.

Висновки. Результати дослідження свідчать, що навантаження на навко­
лишнє середовище, створюване автомобільним і залізничним транспортом, сприяє 
накопиченню важких металів, особливо Zn і Pb, у гаметофіті моху D. rigidulus. За 
таких умов у клітинах D. rigidulus зростає інтенсивність процесів ПОЛ, що вираз­
ніше виявляється у пагонах моху на ділянці з інтенсивним автомобільним рухом. 
Активація антиоксидантних ензимів (СОД і каталази), виявлена в клітинах моху, 
що росте на цій ділянці, може відігравати важливу роль у захисті клітин бріофітів 
від оксидативного стресу, спричиненого накопиченням важких металів.

Ключові слова:	 бріофіти, Didymodon rigidulus, важкі метали, антиоксидантна 
система, пероксидне окиснення ліпідів, урбоекосистеми
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