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Background. Bryophytes, including mosses, are widely used in biomonitoring of 
atmospheric pollution due to their ability to accumulate metals from atmospheric air. 
However, the effects of metal accumulation on metabolic processes in bryophyte cells 
have not been thoroughly studied. The aim of this work was to analyse the accumulation 
of heavy metals, indices of lipid peroxidation (LPO), and antioxidant status in gameto-
phytes of the epiphytic moss Pylaisia polyantha (Hedw.) Schimp. collected from urban 
areas with different levels of technogenic load. 

Materials and Methods. The study was conducted in the city of Lviv (western 
part of Ukraine). Within the city, 15 sampling sites were selected and grouped as fol-
lows: the green zone (A) conditionally used as the control, zone influenced by transport 
activities (B) and the industrial zone (C). In gametophyte shoots of P. polyantha, con-
centrations of heavy metals (Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn) were analysed 
using the method of atomic absorption spectrophotometry; the content of LPO pro-
ducts (lipid hydroperoxides, thiobarbituric acid reactive substances (TBARS)) and the 
activities of antioxidant system enzymes (superoxide dismutase, catalase, glutathione 
S-transferase) were analysed using standard methods. The results were processed 
using standard statistical methods. 

Results. Concentrations of heavy metals in P. polyantha gametophytes collected 
from the study area can be arranged in descending order as follows: Fe> Mn> Zn> Pb> 
Cu> Ni> Cr> Co> Cd. The content of individual metals in moss material varied depen
ding on the sampling site. Moss shoots collected from zone B accumulated significantly 
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higher levels of Cd, Co, Cu, Fe, Mn, Pb and Zn, and shoots from zone C had higher 
levels of Cr and Zn compared to those from the green zone. Moss gametophytes col-
lected from sites in zone B had higher concentrations of LPO products and increased 
levels of antioxidant enzymes activity compared to the control. 

Conclusions. Elevated concentrations of heavy metals in moss material from sites 
exposed to traffic and industrial activities reflect atmospheric heavy metal pollution in 
urban areas. Intensive accumulation of heavy metals in gametophytes of P. polyantha 
that grows in the areas of transport activities is accompanied by increased lipid peroxi-
dation processes and activation of enzymes of the antioxidant system in moss cells. 
Activation of antioxidant enzymes may play an important role in the adaptation of the 
moss P. polyantha to urban environments contaminated with heavy metals as a result 
of anthropogenic activities.

Keywords: bryophytes, mosses, Pylaisia polyantha, heavy metals, antioxidant 
system, urban ecosystems, biomonitoring 

INTRODUCTION
Ecological conditions in urban ecosystems are strongly influenced by anthropo-

genic impacts, which affect all components of the abiotic environment, primarily the 
atmospheric air. In industrial cities, the main sources of air pollution are enterprises 
operating in various industries, coalfired power plants, inappropriate waste manage-
ment and high traffic loads. Among environmental pollutants, heavy metals and met-
alloids belong to the most dangerous substances (Bjørklund et al., 2020, 2022a; Fry 
et al., 2020; Ren et al., 2021; Mishra et al., 2022). Along with other pollutants, heavy 
metals are often contained in industrial emissions and fuel combustion products. In the 
atmosphere, heavy metals are associated with airborne particulate matter, which can 
be transferred by air currents over long distances (Chen et al., 2021; Guo et al., 2021; 
Ren et al., 2021). 

A number of elements referred to as heavy metals, as well as several metalloids are 
known to be needed in certain quantities by all living systems for metabolic processes 
(Snityns’kyǐ & Antoniak, 1994; Snitynskyi et al., 1999; Antonyak et al., 2018; Bjørklund 
et al., 2022b; Narayanan & Ma, 2023). However, the presence of these substances in 
the atmosphere poses a significant threat to human health, since many of the heavy 
metals are highly toxic, mutagenic and carcinogenic (Balali-Mood et al., 2021; Guo 
et al., 2021; Ren et al., 2021; Bjørklund et al., 2020, 2022a).

Among various vegetation groups, bryophytes, including mosses, are widely 
used as bioindicators and biomonitors to assess atmospheric heavy metal deposition, 
especially in urban ecosystems (Mahapatra et al., 2019; Ștefănuț et al., 2019; Trujillo-
González et al., 2020). It is accepted that mosses can reflect changes in atmospheric 
metal content more reliably than vascular plants (Jiang et al., 2018). Bryophytes can 
resist the toxicity of heavy metals and accumulate significant amounts of these sub-
stances in their cells. The metal-accumulating property is inherent to both terrestrial and 
aquatic bryophytes (Macedo-Miranda et al. 2016; Polishchuk & Antonyak, 2019, 2021; 
Lesiv et al., 2020; Maresca et al., 2022). The ability of mosses to tolerate high concen-
trations of metals and metalloids and to resist their toxicity is of considerable interest. 
As it is known, heavy metals can induce oxidative stress in plant cells mediated by 
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the formation of reactive oxygen species (ROS), including free radicals (Emamverdian 
et al., 2015; Gill et al., 2022; Ghuge et al., 2023). The main feature of ROS is their high 
reactivity; ROS are capable of interacting with various cellular biomolecules, which is 
accompanied by a damaging effect on plant cells. Therefore, the functioning of the 
antioxidant system is an important part of the protective mechanisms in bryophyte cells 
exposed to heavy metals (Polishchuk & Antonyak, 2021; Kyyak, 2022; Maresca et al., 
2022; SmolińskaKondla et al., 2022). 

The relationship between metal accumulation and metabolic status in bryophyte 
cells has not been extensively studied. In particular, this concerns Pylaisia polyantha 
(Hedw.) Schimp. – a moss distributed in both natural and urban ecosystems (Boiko, 
2014; Plášek et al., 2014; Stebel & Vončina, 2017; Polishchuk et al., 2020). Current 
data suggest that P. polyantha moss is resistant to environmental pollution and can be 
classified as an urbanophilous bryophyte species (Mamchur, 2010). In urban ecosys-
tems, P. polyantha moss can be found on the bark of trees that grow in both green and 
industrial areas, along busy roads, etc. (Plášek et al., 2014; Polishchuk et al., 2020). 

The aim of this study was to analyse the levels of accumulation of heavy metals, indi-
ces of lipid peroxidation (LPO) and antioxidant status in gametophyte shoots of P. polyan-
tha collected in urban areas with different levels of technogenic load. 

MATERIAL AND METHODS
Study area. The study was conducted in the city of Lviv (49°49′48″N 24°00′51″E), 

one of the largest industrial centres in the western part of Ukraine. Lviv is a densely 
populated city with an area of about 182 km2, the centre of the Lviv urban agglom-
eration, with developed industry and transport infrastructure. The city has interregional 
and interstate road, rail and air communications. The central part of Lviv is constantly 
exposed to heavy traffic loads (Polishchuk et al., 2020).

Within the territory of Lviv, fifteen sites were selected for sampling P. polyantha 
gametophytes. Sampling sites were grouped as follows: the green zone (A), which 
included sites S1–S4 located in city parks; zone influenced by transport activities (B), 
which included sites S5–S12 in various parts of the city; the industrial zone (C) including 
sites S13–S15 in areas influenced by industrial activity (Table 1). 

The potentially uncontaminated green area (zone A) was conditionally considered 
as the control one, since the sampling sites located there were not exposed to obvious 
sources of environmental pollution. During the collection of moss material from zones B 
and C, factors such as the nature of the territory and the availability of P. polyantha for 
sampling were taken into account. Plant samples were taken in triplicate.

Analysis of moss material. Moss material was collected using standard methods 
(Vanderpoorten et al., 2010). In the laboratory, moss material was cleaned of impurities 
and debris, air dried, and analysed using a stereoscopic microscope XS 6220 (Ukraine) 
to identify P. polyantha species.

The content of heavy metals, namely cadmium (Cd), cobalt (Co), chromium (Cr), cop-
per (Cu), iron (Fe), manganese (Mn), nickel (Ni), lead (Pb) and zinc (Zn) in P. polyantha 
gametophytes was determined by the method of atomic absorption spectrophotometry 
using an atomic absorption spectrometer C115PK Selmi (Ukraine). Before analysis, 
moss material was prepared using conventional methods (Ogunkunle et al. 2016). The 
concentrations of metals were expressed in milligrams per 1 kg of dry mass of moss 
material.
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Table 1. Sampling sites of Pylaisia polyantha in the study area 

Site Location of a sampling site Sampling site description

S1 49°49′24.0″N 24°01′30.0″E Stryisky Park 

S2 49°49′24.0″N 24°04′00.0″E Pohulyanka Forest Park 

S3 49°48′50.3″N 23°58′16.3″E Sknyliv Park 

S4 49°50′19.0″N 24°01′11.0″E Ivan Franko Park

S5 49°46′38.5″N 24°00′54.0″E area adjacent to the European route E471 

S6 49°48′13.0″N 24°01′03.5″E area adjacent to the European route E471

S7 49°49′38.5″N 24°01′52.0″E area adjacent to the European route E471 

S8 49°50′08.0″N 24°04′02.5″E area adjacent to Lychakivska Street

S9 49°46′51.5″N 23°57′57.0″E area adjacent to the intersection of the European route 
E40 and the road T1416

S10 49°47′59.3″N 23°58′42.8″E area adjacent to the road T1416 and airport

S11 49°49′58.0″N 23°54′17.0″E area adjacent to the European route E40 and railway

S12 49°50′08.3″N 23°57′58.4″E area adjacent to the railway 

S13 49°51′55.0″N 24°02′34.0″E area adjacent to the tannery

S14 49°48′42.0″N 24°01′44.0″E area adjacent to the heat power plant

S15 49°50′17.5″N 23°58′40.5″E Levandivka microdistrict with local industry

Plant extracts were prepared as described elsewhere (Sun et al., 2009). To pre-
pare the extract, a sample of moss material (200 mg) was homogenized using a mortar 
and pestle with 4 ml of cooled extraction medium containing 100 mM phosphate buffer 
(pH 7.0) and 0.1 mM EDTA. The homogenate was centrifuged at 10,000 g for 15 min at 
4 °C. The supernatant was used as a crude extract to analyse the activities of superox-
ide dismutase and catalase, as well as the concentration of LPO products.

Concentration of thiobarbituric acid reactive substances (TBARS) in plant mate-
rial was determined using the method developed by R. L. Heath and L. Packer (1968). 
During the assay procedure, an aliquot of the crude extract was mixed with an equal 
volume of a 0.5 % solution of thiobarbituric acid in 20 % trichloroacetic acid. The reac-
tion mixture was heated at 95 °С for 25 min and then chilled in an ice water bath. 
Subsequently, the mixture was centrifuged at 3000 g for 5 min and the absorbance of 
the supernatant was monitored at 532 and 600 nm using ULAB 102 spectrophotom-
eter (China). Nonspecific absorbance at 600 nm was subtracted. TBARS content was 
calculated using an extinction coefficient of 155 mM-1 cm-1 (Heath & Packer, 1968). 
Concentration of lipid hydroperoxides in plant material was analysed using a method 
based on spectrophotometric measurement (λ = 480 nm) of products formed in plant 
extracts in the presence of ammonium ferrous sulfate hexahydrate, hydrochloric acid, 
and ammonium thiocyanate (Mironchik, 1984). 

Superoxide dismutase (SOD, EC 1.15.1.1) activity was analysed using a method 
based on reduction of nitro-blue tetrazolium in the presence of NADH and phenazine 
methosulfate (Nishikimi et al., 1972; Kakkar et al., 1984). The assay mixture contained 
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1.2 mL of 0.052 M sodium pyrophosphate buffer (pH 7.8), 0.3 mL of 300 µM nitro-
blue tetrazolium, 0.1 mL of 186 µM phenazine methosulfate, 0.2 mL of 800 µM NADH, 
0.1 mL of plant extract, and water (a total volume of 3 ml). Absorbance was measured 
at 560 nm. One unit (U) of SOD activity was defined as the enzyme amount required to 
inhibit chromogen production by 50 % within 1 minute of the assay (Kakkar et al., 1984). 

Catalase (EC 1.11.1.6) activity was determined by a spectrophotometric assay 
recording the decrease in optical density at 240 nm during the decomposition of H2O2 
(Aebi, 1984). The reaction mixture contained 2 mL of 0.05 M phosphate buffer (pH 7.0), 
0.5 mL of 30 mM H2O2, 0.1 mL of plant extract and water to a final volume of 3 mL. 
Absorbance was measured using a Specord 210 Plus spectrophotometer.

Glutathione Stransferase (GST, EC 2.5.1.18) activity was analysed using the 
reduced glutathione (GSH) and 1chloro2,4dinitrobenzene (CDNB) (Li et al., 1995; 
Dixit et al., 2001). To determine GST activity, a sample of plant material (500 mg) was 
homogenized in an extraction medium containing 50 mM phosphate buffer (pH 7.5), 
1 mM EDTA, and 1 mM DTT. The homogenate was centrifuged at 10,000 g for 10 min 
at 4 °C and the supernatant was used to measure enzyme activity. The reaction mixture 
contained 50 mM phosphate buffer (pH 7.5), 1 mM CDNB, and 0.1 mL of plant extract. 
The reaction was started by adding 1 mM GSH. The formation of glutathioneCDNB 
conjugate (S-(2,4-dinitrophenyl)glutathione)) was monitored as the increase in absor-
bance at 334 nm in order to calculate the activity of GST (Li et al., 1995; Dixit et al., 
2001).

The protein concentration was measured using the method developed by O. H. Lowry 
et al. (Lowry et al., 1951).

Statistical processing of results. When processing the results, we used standard 
statistical methods (Welham et al., 2015) to calculate the values of the arithmetic mean, 
standard deviation (S.D.), geometric mean, median, and coefficient of variation (CV). 
To compare groups of data, the reliability of the results was assessed using Student’s 
ttest; differences were considered significant at p<0.05 (Welham et al., 2015).

RESULTS 
Table 2 shows the levels of metal accumulation in the gametophytes of P. polyantha 

collected from all sampling sites within the study territory. During the study, the highest 
levels of accumulation in the gametophytes of P. polyantha were recorded for Fe, while 
the lowest level was found for Cd, a toxic heavy metal. According to the results of the 
study, the concentrations of the analysed metals in P. polyantha moss can be arranged 
in a descending order as follows: Fe> Mn> Zn> Pb> Cu> Ni> Cr> Co> Cd. The pattern 
of heavy metal deposition in gametophytes of P. polyantha generally corresponds to the 
distribution of metallic elements recorded in other moss species collected from the city 
of Lviv and from different locations in Europe (Marinova et al., 2010; Harmens et al., 
2013; Qarri et al. 2014; Polishchuk & Antonyak, 2019, 2021). 

Among the metals analysed in this study, Fe, Co, Mn and Ni are siderophile ele-
ments, Cr is a lithophile element (although it also exhibits siderophile properties), 
and Cd, Cu, Pb and Zn are chalcophile elements, according to the classification by 
V. Goldschmidt (1937). It has been shown that airborne chalcophile elements contained 
in particulate matter (PM) originate primarily from anthropogenic emission sources 
(Fukai et al., 2007). These elements are found predominantly in fine particles (PM2.5), 
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which pose a particular health hazard when inhaled by humans (Fukai et al., 2007; 
Zieliński et al., 2018). Siderophile and lithophile elements make up about 50 % of the 
fraction of airborne coarse particles (PM10-2.5); these elements are predominantly of nat-
ural origin, but can also be released into the air from industrial sources as a result of 
coal and biomass combustion and the activities of various modes of transport (Fukai 
et al., 2007; Khan et al., 2010; Guéguen et al., 2011).

Table 2. Means (arithmetic and geometric), median, minimum and maximum values, 
coefficient of variation and standard deviation of heavy metal concentrations 
in the gametophytes of Pylaisia polyantha 

Studied 
metal

Mean, mg/
kg S.D.

Minimum 
value,
mg/kg 

Maximum 
value,
mg/kg 

CV, % Median, 
mg/kg

GeoMean
mg/kg

Cd 0.511 0.046 0.210 1.134 9.0 0.493 0.468

Co 2.11 0.13 1.12 3.90 6.16 2.10 2.03

Cr 5.42 1.05 2.12 14.61 19.37 4.24 4.42

Cu 14.66 1.08 7.28 23.98 7.39 13.10 13.73

Fe 1867 176 920 4145 9.43 1653 1681

Mn 134.3 17.10 23.92 262.3 12.70 108.0 111.0

Ni 6.34 0.64 2.64 11.48 10.11 6.84 5.89

Pb 16.75 2.48 1.05 34.54 14.81 14.71 11.90

Zn 50.15 3.48 19.9 77.4 6.81 50.66 48.67

Note: S.D. – standard deviation; CV – coefficient of variation; GeoMean – geometric mean 

According to the obtained results (Table 2), among the siderophile and lithophile 
elements accumulated in the moss P. polyantha, iron was the most abundant one, fol-
lowed by manganese with mean concentrations of 1867 and 134.3 mg/kg, respectively. 
In contrast to these metals, the concentrations of Ni, Cr and Co in P. polyantha moss 
were low, with mean values of 6.34, 5.42 and 2.11 mg/kg, respectively. The concentra-
tion of Cr in moss material showed the highest coefficient of variation (19.37 %) among 
the analysed elements, which indicates a highly uneven distribution of this metal in the 
environment within the study area.  

Among the chalcophile elements, the highest level of accumulation in the moss mate-
rial was observed for zinc (50.15 mg/kg), and the lowest for cadmium (0.511 mg/kg). 
The coefficient of variation of Zn concentration turned out to be the lowest among the 
chalcophile metals (6.81 %), indicating the homogeneity of the distribution of Zn in moss 
gametophytes collected from different sampling sites. With regard to the level of Pb accu-
mulation, the mean concentration of this metal in P. polyantha reached 16.75 mg/kg, and 
the CV value was 14.81 %. The variability of Pb content in the moss material indicates 
heterogeneity of the distribution of lead in the environment, which may be associated with 
air pollution from anthropogenic sources in different parts of the city.

Various modes of transport and industrial activities are known to be the major 
sources of environmental pollution and the main contributors to the overall level of 
heavy metals in the atmosphere of urban areas. To assess the relationship between 
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the level of metal accumulation in P. polyantha and anthropogenic activities within the 
city, we compared the concentrations of individual metals in moss collected from zone A 
(control) with those in moss material from zones B and C. The data presented in Figure 
show that the content of most analysed metals tends to increase in moss material from 
areas subjected to technogenic impact compared to those from the control area. Moss 
gametophytes sampled at sites in zone B contain significantly higher levels of Cd, Co, 
Cu, Fe, Mn, Pb and Zn (by 1.5–1.94 times, p<0.05–0.01) compared to those sampled in 
zone A. The results suggest that the release of heavy metals into the atmosphere from 
transport activities mainly contributes to the increased levels of metal accumulation in 
P. polyantha gametophytes. The average traffic volume at sampling sites S5–S9 was 
previously shown to be 700–1200 vehicles per hour (Polishchuk et al., 2020; Polishchuk 
& Antonyak, 2022).

Analysis of the moss material sampled at sites in zone C did not reveal statistically 
reliable differences in the content of most metals compared to the control. However, the 
concentrations of Cr and Zn showed significantly higher levels (2.32 and 1.71 times, 
respectively) in the moss material from zone C compared to that from zone A. These 
results indicate that industrial activities carried out in the city of Lviv constitute a rela-
tively small share of the total level of heavy metal pollution of the atmosphere. 

Mean concentrations of heavy metals in the gametophytes of Pylaisia polyantha collected from zones 
A–C within the studied urban territory (for convenience, data are presented as a percentage of the 
values compared to the control; control values are taken as 100 percent)

 Note: letters a and b indicate the significance levels of differences between the concentrations of 
individual metals in moss samples in comparison to control (a: p <0.05; b: p <0.01) 

Another aspect of this study regards the metabolic changes in moss gametophytes 
under conditions of heavy metal accumulation. Oxidative injury to cells is one of the 
widely known consequences of excess levels of heavy metals in plants. To assess the 
effect of metal accumulation on the balance of prooxidant and antioxidant processes in 
P. polyantha gametophytes, we analyzed the content of LPO products and the activity of 
the antioxidant system in the moss material collected from the control area (zone A) and 
from areas subjected to traffic load (zone B). It was found that the levels of lipid hydroper-
oxides and TBARS in moss material from the area subjected to transport activities were 
significantly higher (by 1.9 and 2.2 times, respectively) than in the material collected from 
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zone A (Table 3). An increase in the content of LPO products was accompanied by an 
alteration in the activity of antioxidant enzymes in P. polyantha cells. Namely, the activ-
ity of SOD, catalase and glutathione S-transferase in moss gametophytes from zone B 
was 1.7–2.3 times higher (p<0.05–0.01) compared to the control.

Table 3. Levels of lipid peroxidation products formation and activities of antioxidant 
enzymes in Pylaisia polyantha gametophytes collected from zones A and B within 
the studied urban territory (Mean ± S.D.)

Studied parameters Zone A Zone B
Lipid hydroperoxides, nmol g-1 moss material 11.0±1.4 20.7±3.2*
TBARS, nmol g-1 moss material 74.5±8.7 168.0±22.0**
Superoxide dismutase, U/mg protein 0.22±0.02 0.37±0.05*
Catalase, µmol H2O2 min-1 mg-1 protein 1.32±0.15 3.10±0.41**
Glutathione S-transferase, µmol glutathione–CDNB conjugate 
min-1 mg-1 protein 0.12±0.01 0.23±0.03*

The activation of antioxidant enzymes observed in P. polyantha gametophytes 
appears to be an adaptive response that protects moss cells from oxidative stress, 
which can develop due to increased ROS production under conditions of heavy metal 
loading. Intensification of ROS production and alterations in the antioxidant system 
were also observed by other authors who studied the effect of heavy metals on various 
bryophyte species under field and experimental conditions (Baik, 2009; Wu et al., 2009; 
Maresca et al., 2022).

CONCLUSIONS
The results of the study show that the epiphytic moss P. polyantha growing in the 

city of Lviv accumulates heavy metals in concentrations close to those recorded in other 
moss species common in urban areas. However, P. polyantha gametophytes from areas 
subjected to transport and industrial activities tend to accumulate significantly higher 
amounts of heavy metals than plants from the green zone of the city. This effect reflects 
the pollution of atmospheric air with heavy metals in urban areas under the influence 
of technogenic load; transport emissions being the source of the bulk of atmospheric 
metals deposited in P. polyantha gametophytes. An increased accumulation of metals is 
accompanied by intensive formation of LPO products in moss gametophytes growing in 
areas subjected to traffic load. Under such conditions, activation of antioxidant enzymes 
contributes to the resistance of bryophyte cells to metal-induced oxidative stress. This 
effect may play an important role in the adaptation of P. polyantha moss to urban envi-
ronments contaminated with heavy metals as a result of anthropogenic activities.

COMPLIANCE WITH ETHICAL STANDARDS
Conflict of Interest: The authors declare that the research was conducted in 

the absence of any commercial or financial relationships that could be construed as a 
potential conflict of interest. 

Animal Rights: This article does not contain any studies with animal subjects per-
formed by any of the authors.



45METAL-ACCUMULATING CAPACITY AND ANTIOXIDANT ACTIVITY OF PYLAISIA POLYANTHA (HEDW.) SCHIMP. MOSS...

ISSN 1996-4536 (print) • ISSN 2311-0783 (on-line) • Біологічні Студії / Studia Biologica • 2023 • Том 17 / № 4 • С. 37–50

AUTHOR CONTRIBUTIONS
Conceived and planned the experiments [A. P. & H.A.]; conducted experiments and 

data collection [A.P. & Y.Z.]; all authors analyzed and discussed the results and contrib-
uted to the final manuscript.

REFERENCES
Aebi, H. E. (1983). Catalase. In H. U. Bergmeyer (Ed.), Methods of enzymatic analysis (pp. 273–

286). Weinheim, Germany: Verlag Chemie.
Google Scholar

Antonyak, H., Iskra, R., Panas, N., & Lysiuk, R. (2018). Selenium. In M. Malavolta & E. Mocchegiani,  
(Eds.),Trace elements and minerals in health and longevity (pp. 63–98). Springer, Cham. 
doi:10.1007/9783030037420_3
Crossref ● Google Scholar

Baik, O. L. (2009). Changes in moss enzymes of antioxidant defense under the action of copper 
and zinc ions. Studia Biologica, 2009, 3(3), 83–88. doi:10.30970/sbi.0303.077 (In Ukrainian)
Crossref ● Google Scholar

Balali-Mood, M., Naseri, K., Tahergorabi, Z., Khazdair, M. R., & Sadeghi M (2021). Toxic 
mechanisms of five heavy metals: mercury, lead, chromium, cadmium, and arsenic. Frontiers 
in Pharmacology, 12, 643972. doi:10.3389/fphar.2021.643972 
Crossref ● PubMed ● PMC ● Google Scholar

Bjørklund, G., Antonyak, H., Polishchuk, A., Semenova, Y., Lesiv, M., Lysiuk, R., & Peana M. 
(2022a). Effect of methylmercury on fetal neurobehavioral development: an overview of the 
possible mechanisms of toxicity and the neuroprotective effect of phytochemicals. Archives 
of Toxicology, 96(12), 3175–3199. doi:10.1007/s00204-022-03366-3
Crossref ● PubMed ● Google Scholar

Bjørklund, G., Oliinyk, P., Lysiuk, R., Rahaman, M. S., Antonyak, H., Lozynska, I., Lenchyk, L., 
& Peana, M. (2020). Arsenic intoxication: general aspects and chelating agents. Archives of 
Toxicology, 94(6), 1879–1897. doi:10.1007/s0020402002739w
Crossref ● PubMed ● PMC ● Google Scholar

Bjørklund, G., Shanaida, M., Lysiuk, R., Antonyak, H., Klishch, I., Shanaida, V., & Peana, M. 
(2022b). Selenium: an antioxidant with a critical role in anti-aging. Molecules, 27(19), 6613. 
doi:10.3390/molecules27196613
Crossref ● PubMed ● PMC ● Google Scholar

Boiko, M. F. (2014). The second checklist of bryobionta of Ukraine. Chornomorski Botanical 
Journal, 10(4), 426–487. doi:10.14255/23089628/14.104/2
Crossref ● Google Scholar

Chen, R., Jia, B., Tian, Y., & Feng, Y. (2021). Sourcespecific health risk assessment of PM2.5bound 
heavy metals based on high timeresolved measurement in a Chinese megacity: insights into 
seasonal and diurnal variations. Ecotoxicology and Environmental Safety, 216(11), 112167. 
doi:10.1016/j.ecoenv.2021.112167
Crossref ● PubMed ● Google Scholar

Dixit, V., Pandey, V., & Shyam, R. (2001). Differential antioxidative responses to cadmium in roots 
and leaves of pea (Pisum sativum L. cv. Azad). Journal of Experimental Botany, 52(358), 
1101–1109. doi:10.1093/jexbot/52.358.1101
Crossref ● PubMed ● Google Scholar

Emamverdian, A., Ding, Y., Mokhberdoran, F., & Xie, Y. (2015). Heavy metal stress and some 
mechanisms of plant defense response. The Scientific World Journal, 2015, 756120. 
doi:10.1155/2015/756120
Crossref ● PubMed ● PMC ● Google Scholar

https://scholar.google.com/scholar_lookup?hl=en&publication_year=1983&pages=273&author=H.E.+Aebi&title=Methods+in+Enzymatic+Analysis
https://doi.org/10.1007/978-3-030-03742-0_3
https://scholar.google.com/scholar_lookup?&title=Selenium&pages=63-98&publication_year=2018&author=Antonyak%2CH&author=Iskra%2CR&author=Panas%2CN&author=Lysiuk%2CR
https://doi.org/10.30970/sbi.0303.077
https://scholar.google.com.ua/scholar_lookup?title=Changes+in+moss+enzymes+of+antioxidant+defense+under+the+action+of+copper+and+zinc+ions&btnG=
https://doi.org/10.3389/fphar.2021.643972
https://pubmed.ncbi.nlm.nih.gov/33927623/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8078867/
https://scholar.google.com.ua/scholar_lookup?title=Toxic+mechanisms+of+five+heavy+metals%3A+mercury%2C+lead%2C+chromium%2C+cadmium%2C+and+arsenic&btnG=
https://doi.org/10.1007/s00204-022-03366-3
https://pubmed.ncbi.nlm.nih.gov/36063174/
https://scholar.google.com.ua/scholar_lookup?title=Effect+of+methylmercury+on+fetal+neurobehavioral+development%3A+an+overview+of+the+possible+mechanisms+of+toxicity+and+the+neuroprotective+effect+of+phytochemicals&btnG=
https://doi.org/10.1007/s00204-020-02739-w
https://pubmed.ncbi.nlm.nih.gov/32388818/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7210463/
https://scholar.google.com.ua/scholar_lookup?title=Arsenic+intoxication%3A+general+aspects+and+chelating+agents&btnG=
https://doi.org/10.3390/molecules27196613
https://pubmed.ncbi.nlm.nih.gov/36235150/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9570904/
https://scholar.google.com/scholar_lookup?&title=Selenium%3A%20an%20antioxidant%20with%20a%20critical%20role%20in%20anti-aging&journal=Molecules&doi=10.3390%2Fmolecules27196613&volume=27&issue=19&publication_year=2022&author=Bj%C3%B8rklund%2CG&author=Shanaida%2CM&author=Lysiuk%2CR&author=Antonyak%2CH&author=Klishch%2CI&author=Shanaida%2CV&author=Peana%2CM
https://doi.org/10.14255/2308-9628/14.104/2
https://scholar.google.com/scholar_lookup?&title=The%20Second%20checklist%20of%20Bryobionta%20of%20Ukraine&journal=Chornomorskij%20botanichnij%20zhurnal&doi=10.14255%2F2308-9628%2F14.104%2F2&volume=10&issue=4&pages=426-487&publication_year=2014&author=Boiko%2CMF
https://doi.org/10.1016/j.ecoenv.2021.112167
https://pubmed.ncbi.nlm.nih.gov/33836421/
https://scholar.google.com/scholar_lookup?&title=Source-specific%20health%20risk%20assessment%20of%20PM2.5-bound%20heavy%20metals%20based%20on%20high%20time-resolved%20measurement%20in%20a%20Chinese%20megacity%3A%20insights%20into%20seasonal%20and%20diurnal%20variations&journal=Ecotoxicol%20Environ%20Saf&doi=10.1016%2Fj.ecoenv.2021.112167&volume=216&publication_year=2021&author=Chen%2CR&author=Jia%2CB&author=Tian%2CY&author=Feng%2CY
https://doi.org/10.1093/jexbot/52.358.1101
https://pubmed.ncbi.nlm.nih.gov/11432926/
https://scholar.google.com.ua/scholar_lookup?title=Differential+antioxidative+responses+to+cadmium+in+roots+and+leaves+of+pea+%28Pisum+sativum+L.+cv.+Azad%29&btnG=
https://doi.org/10.1155/2015/756120
https://pubmed.ncbi.nlm.nih.gov/25688377/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4321847/
https://scholar.google.com/scholar_lookup?&title=Heavy%20metal%20stress%20and%20some%20mechanisms%20ofplant%20defense%20response&journal=Sci%20World%20J&doi=10.1155%2F2015%2F756120&volume=2015&pages=1-18&publication_year=2015&author=Emamverdian%2CA&author=Ding%2CY&author=Mokhberdoran%2CF&author=Xie%2CY


46 Oleksandr Polishchuk, Yustyna Zhylishchych, Halyna Antonyak

ISSN 1996-4536 (print) • ISSN 2311-0783 (on-line) • Біологічні Студії / Studia Biologica • 2023 • Том 17 / № 4 • С. 37–50

Fry, K. L., Wheeler, C. A., Gillings, M. M., Flegal, A. R., & Taylor, M. P. (2020). Anthropogenic 
contamination of residential environments from smelter As, Cu and Pb emissions: implications 
for human health. Environmental Pollution, 262, 114235. doi:10.1016/j.envpol.2020.114235
Crossref ● PubMed ● Google Scholar

Fukai, T., Kobayashi, T., Sakaguchi, M., Aoki, M., Saito, T., Fujimori, E., & Haraguchi, H. (2007). 
Chemical characterization of airborne particulate matter in ambient air of Nagoya, Japan, as 
studied by the multielement determination with ICPAES and ICPMS. Analytical Sciences, 
23(2), 207–213. doi:10.2116/analsci.23.207
Crossref ● PubMed ● Google Scholar

Guéguen, F., Stille, P., & Millet, M. (2011). Air quality assessment by tree bark biomonitoring in 
urban, industrial and rural environments of the Rhine Valley: PCDD/Fs, PCBs and trace metal 
evidence. Chemosphere, 85, 195–202. doi:10.1016/j.chemosphere.2011.06.032
Crossref ● PubMed ● Google Scholar

Gill, R. A., Kanwar, M. K., Rodrigues dos Reis, A., & Ali, B. (2022). Editorial: heavy metal toxicity 
in plants: recent insights on physiological and molecular aspects. Frontiers in Plant Science, 
12:830682. doi:10.3389/fpls.2021.830682
Crossref ● PubMed ● PMC ● Google Scholar

Ghuge, S. A., Nikalje, G. C., Kadam, U. S., Suprasanna, P., & Hong, J. C. (2023). Comprehensive 
mechanisms of heavy metal toxicity in plants, detoxification, and remediation. Journal of 
Hazardous Materials, 450, 131039. doi:10.1016/j.jhazmat.2023.131039
Crossref ● PubMed ● Google Scholar

Goldschmidt, V. (1937). The principles of distribution of chemical elements in minerals and rocks. 
The seventh Hugo Müller Lecture, delivered before the Chemical Society. Journal of the 
Chemical Society, 655–673. doi:10.1039/JR9370000655 
Crossref ● Google Scholar

Guo, G., Zhang, D., & Wang, Y. (2021). Characteristics of heavy metals in sizefractionated 
atmospheric particulate matters and associated health risk assessment based on the 
respiratory deposition. Environmental Geochemistry and Health, 43(1), 285–299. doi:10.1007/
s10653-020-00706-z
Crossref ● PubMed ● Google Scholar

Harmens, H., Norris, D., & Mills, G. (2013). Heavy metals and nitrogen in mosses: spatial 
patterns in 2010/2011 and long-term temporal trends in Europe. ICP Vegetation Programme 
Coordination Centre, Centre for Ecology and Hydrology, Bangor, UK.
Google Scholar

Heath, R. L., & Packer, L. (1968). Photoperoxidation in isolated chloroplasts. I. Kinetics and 
stochiometry of fatty acid peroxidation. Archives of Biochemistry and Biophysics, 125(1), 
189–198. doi:10.1016/00039861(68)906541
Crossref ● PubMed ● Google Scholar

Jiang, Y., Fan, M., Hu, R., Zhao, J., & Wu, Y. (2018). Mosses are better than leaves of vascular 
plants in monitoring atmospheric heavy metal pollution in urban areas. International Journal 
of Environmental Research and Public Health, 15(6),1105. doi:10.3390/ijerph15061105
Crossref ● PubMed ● PMC ● Google Scholar

Kakkar, P., Das, B., & Viswanathan, P. (1984). A modified spectrophotometric assay of superoxide 
dismutase. Indian Journal of Biochemistry and Biophysics, 21(2), 130–132.
Google Scholar

Khan, F., Hirano, K., & Masunaga, S. (2010). Quantifying the sources of hazardous elements 
of suspended particulate matter aerosol collected in Yokohama, Japan. Atmospheric 
Environment, 44(21-22), 2646–2657. doi:10.1016/j.atmosenv.2010.03.040
Crossref ● Google Scholar

Kyyak, N. Y. (2022). Metabolism of carbohydrates and activity of the antioxidant system in mosses 
on a post-technogenic salinized territory. Regulatory Mechanisms in Biosystems, 13(2), 189–
196. doi:10.15421/022224 
Crossref ● Google Scholar

https://doi.org/10.1016/j.envpol.2020.114235
https://pubmed.ncbi.nlm.nih.gov/32146362/
https://scholar.google.com.ua/scholar_lookup?title=Anthropogenic+contamination+of+residential+environments+from+smelter+As%2C+Cu+and+Pb+emissions%3A+implications+for+human+health&btnG=
https://doi.org/10.2116/analsci.23.207
https://pubmed.ncbi.nlm.nih.gov/17297234/
https://scholar.google.com.ua/scholar_lookup?title=Chemical+characterization+of+airborne+particulate+matter+in+ambient+air+of+Nagoya%2C+Japan%2C+as+studied+by+the+multielement+determination+with+ICP-AES+and+ICP-MS&btnG=
https://doi.org/10.1016/j.chemosphere.2011.06.032
https://pubmed.ncbi.nlm.nih.gov/21726892/
https://scholar.google.com.ua/scholar_lookup?title=Air+quality+assessment+by+tree+bark+biomonitoring+in+urban%2C+industrial+and+rural+environments+of+the+Rhine+Valley%3A+PCDD%2FFs%2C+PCBs+and+trace+metal+evidence&btnG=
https://doi.org/10.3389/fpls.2021.830682
https://pubmed.ncbi.nlm.nih.gov/35251066/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8896650/
https://scholar.google.com/scholar_lookup?&title=Heavy%20metal%20toxicity%20in%20plants%3A%20recent%20insights%20on%20physiological%20and%20molecular%20aspects&journal=Front%20Plant%20Sci&volume=12&publication_year=2021&author=Gill%2CRA&author=Kanwar%2CMK&author=Reis%2CAR&author=Ali%2CB
https://doi.org/10.1016/j.jhazmat.2023.131039
https://pubmed.ncbi.nlm.nih.gov/36867909/
https://scholar.google.com.ua/scholar_lookup?title=Comprehensive+mechanisms+of+heavy+metal+toxicity+in+plants,+detoxification,+and+remediation&hl=uk&authuser=1
https://doi.org/10.1039/JR9370000655
https://scholar.google.com.ua/scholar_lookup?title=The+principles+of+distribution+of+chemical+elements+in+minerals+and+rocks.+The+seventh+Hugo+M%C3%BCller+Lecture%2C+delivered+before+the+Chemical+Society&btnG=
https://doi.org/10.1007/s10653-020-00706-z
https://pubmed.ncbi.nlm.nih.gov/32895728/
https://scholar.google.com.ua/scholar_lookup?title=Characteristics+of+heavy+metals+in+size-fractionated+atmospheric+particulate+matters+and+associated+health+risk+assessment+based+on+the+respiratory+deposition&btnG=
https://scholar.google.com/scholar_lookup?&title=Heavy%20metals%20and%20nitrogen%20in%20mosses%3A%20spatial%20patterns%20in%202010%2F2011%20and%20long-term%20temporal%20trends%20in%20Europe&publication_year=2013&author=Harmens%2CH&author=Norris%2CD&author=Mills%2CG
https://doi.org/10.1016/0003-9861(68)90654-1
https://pubmed.ncbi.nlm.nih.gov/5655425/
https://scholar.google.com.ua/scholar_lookup?title=Photoperoxidation+in+isolated+chloroplasts.+I.+Kinetics+and+stochiometry+of+fatty+acid+peroxidation&btnG=
https://doi.org/10.3390/ijerph15061105
https://pubmed.ncbi.nlm.nih.gov/29844273/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6025423/
https://scholar.google.com.ua/scholar_lookup?title=Mosses+are+better+than+leaves+of+vascular+plants+in+monitoring+atmospheric+heavy+metal+pollution+in+urban+areas&btnG=
https://scholar.google.com.ua/scholar_lookup?title=A+modified+spectrophotometric+assay+of+superoxide+dismutase&btnG=
https://doi.org/10.1016/j.atmosenv.2010.03.040
https://scholar.google.com.ua/scholar_lookup?title=Quantifying+the+sources+of+hazardous+elements+of+suspended+particulate+matter+aerosol+collected+in+Yokohama%2C+Japan&btnG=
https://doi.org/10.15421/022224
https://scholar.google.com.ua/scholar_lookup?title=Metabolism+of+carbohydrates+and+activity+of+the+antioxidant+system+in+mosses+on+a+post-technogenic+salinized+territory&btnG=


47METAL-ACCUMULATING CAPACITY AND ANTIOXIDANT ACTIVITY OF PYLAISIA POLYANTHA (HEDW.) SCHIMP. MOSS...

ISSN 1996-4536 (print) • ISSN 2311-0783 (on-line) • Біологічні Студії / Studia Biologica • 2023 • Том 17 / № 4 • С. 37–50

Lesiv, M. S., Polishchuk, A. I., & Antonyak, H. L. (2020). Aquatic macrophytes: ecological features 
and functions. Studia Biologica, 14(2), 79–94. doi:10.30970/sbi.1402.619
Crossref ● Google Scholar

Li, Z. S., Zhen, R. G., & Rea, P. A. (1995). 1Chloro2,4dinitrobenzeneelicited increase in 
vacuolar glutathione-s-conjugate transport activity. Plant Physiology, 109(1), 177–185. 
doi:10.1104/pp.109.1.177
Crossref ● PubMed ● PMC ● Google Scholar

Lowry, O. H., Rosebrough, N. J., Farr, A. L., & Randall, R. J. (1951). Protein measurement with 
the Folin phenol reagent. Journal of Biological Chemistry, 193(1), 265–275. doi:10.1016/
s00219258(19)524516
Crossref ● PubMed ● Google Scholar

MacedoMiranda, G., AvilaPérez, P., GilVargas, P., Zarazúa, G., SánchezMeza, J. C., Zepeda
Gómez, C., & Tejeda, S. (2016). Accumulation of heavy metals in mosses: a biomonitoring 
study. SpringerPlus, 5(1), 715. doi:10.1186/s4006401625247
Crossref ● PubMed ● PMC ● Google Scholar

Mahapatra, B., Dhal, N. K., Dash, A. K., Panda, B. P., Panigrahi, K. C. S., & Pradhan, A. (2019). 
Perspective of mitigating atmospheric heavy metal pollution: using mosses as biomonitoring 
and indicator organism. Environmental Science and Pollution Research International, 26(29), 
29620–29638. doi:10.1007/s1135601906270z
Crossref ● PubMed ● Google Scholar

Mamchur, Z. (2010). Urbanophilic epiphytic mosses of Lviv city. Visnyk of the Lviv University. 
Biology Series, 54, 115–122. (In Ukrainian)
Google Scholar

Maresca, V., Salbitani, G., Moccia, F., Cianciullo, P., Carraturo, F., Sorbo, S., Insolvibile, M., 
Carfagna, S., Panzella, L., & Basile, A. (2022). Antioxidant response to heavy metal 
pollution of Regi Lagni freshwater in Conocephalum conicum L. (Dum.). Ecotoxicology and 
Environmental Safety, 234, 113365. doi:10.1016/j.ecoenv.2022.113365
Crossref ● PubMed ● Google Scholar

Marinova, S., Yurukova, L., Frontasyeva, M. V., Steinnes, E., Strelkova, L. P., Marinov, A., & 
Karadzhinova, A. G. (2010). Air pollution studies in Bulgaria using the moss biomonitoring 
technique. Ecological Chemistry and Engineering S, 17(1), 37–52
Google Scholar

Mironchik, V. V. (1984). Method for determination of lipid hydroperoxides in biological tissues. 
USSR author’s certificate, No. 1084681. Appl. 07/08/82; publ. 04/07/84, Bul. No. 13.
Google Scholar

Mishra, A., Oliinyk, P., Lysiuk, R., Lenchyk, L., Rathod, S. S. S., Antonyak, H., Darmohray, R., 
Dub, N., Antoniv, O., Tsal, O., & Upyr, T. (2022). Flavonoids and stilbenoids as a promising 
arsenal for the management of chronic arsenic toxicity. Environmental Toxicology and 
Pharmacology, 95, 103970. doi:10.1016/j.etap.2022.103970
Crossref ● PubMed ● Google Scholar

Narayanan, M., & Ma, Y. (2023). Metal tolerance mechanisms in plants and microbe-mediated 
bioremediation. Environmental Research, 222, 115413. doi:10.1016/j.envres.2023.115413
Crossref ● PubMed ● Google Scholar

Nishikimi, M., Appaji, N., & Yagi, K. (1972). The occurrence of superoxide anion in the reaction 
of reduced phenazine methosulfate and molecular oxygen. Biochemical and Biophysical 
Research Communications, 46(2), 849–854. doi:10.1016/s0006291x(72)802183
Crossref ● PubMed ● Google Scholar

Ogunkunle, C. O., Ziyath, A. M., Rufai, S. S., & Fatoba, P. O. (2016). Surrogate approach to 
determine heavy metal loads in a moss species – Barbula lambaranensis. Journal of King 
Saud University – Science, 28(2), 193–197. doi:10.1016/j.jksus.2015.11.002
Crossref ● Google Scholar

https://doi.org/10.30970/sbi.1402.619
https://scholar.google.com.ua/scholar_lookup?title=Aquatic+macrophytes%3A+ecological+features+and+functions&btnG=
https://doi.org/10.1104/pp.109.1.177
https://pubmed.ncbi.nlm.nih.gov/12228588/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC157574/
https://scholar.google.com.ua/scholar_lookup?title=1-Chloro-2%2C4-Dinitrobenzene-Elicited+Increase+in+Vacuolar+Glutathione-S-Conjugate+Transport+Activity&btnG=
https://doi.org/10.1016/S0021-9258(19)52451-6
https://pubmed.ncbi.nlm.nih.gov/14907713/
https://scholar.google.com/scholar_lookup?&title=Protein%20measurement%20with%20the%20Folin%20phenol%20reagent&journal=J%20Biol%20Chem&volume=193&pages=265-275&publication_year=1951&author=Lowry%2COH&author=Rosebrough%2CNJ&author=Farr%2CAL&author=Randall%2CRJ
https://doi.org/10.1186/s40064-016-2524-7
https://pubmed.ncbi.nlm.nih.gov/27375984/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908085/
https://scholar.google.com.ua/scholar_lookup?title=Accumulation+of+heavy+metals+in+mosses%3A+a+biomonitoring+study&btnG=
https://doi.org/10.1007/s11356-019-06270-z
https://pubmed.ncbi.nlm.nih.gov/31463756/
https://scholar.google.com.ua/scholar_lookup?title=Perspective+of+mitigating+atmospheric+heavy+metal+pollution%3A+using+mosses+as+biomonitoring+and+indicator+organism&btnG=
https://scholar.google.com.ua/scholar_lookup?title=Mamchur%2C+Z.+%282010%29.+Urbanophilic+epiphytic+mosses+of+Lviv+city&btnG=
https://doi.org/10.1016/j.ecoenv.2022.113365
https://pubmed.ncbi.nlm.nih.gov/35259593/
https://scholar.google.com.ua/scholar_lookup?title=Antioxidant+response+to+heavy+metal+pollution+of+Regi+Lagni+freshwater+in+Conocephalum+conicum+L.+%28Dum.%29.&btnG=
https://scholar.google.com/scholar_lookup?&title=Air%20pollution%20studies%20in%20Bulgaria%20using%20the%20moss%20biomonitoring%20technique&journal=Ecol%20Chem%20Eng%20S&volume=17&pages=37-52&publication_year=2010&author=Marinova%2CS&author=Yurukova%2CL&author=Frontasyeva%2CMV&author=Steinnes%2CE&author=Strelkova%2CLP&author=Marinov%2CA&author=Karadzhinova%2CAG
https://scholar.google.com.ua/scholar_lookup?title=Mironchik%2C+V.+V.+%281984%29.+Method+for+determination+of+lipid+hydroperoxides+in+biological+tissues&btnG=
https://doi.org/10.1016/j.etap.2022.103970
https://pubmed.ncbi.nlm.nih.gov/36067934/
https://scholar.google.com.ua/scholar_lookup?title=Flavonoids+and+stilbenoids+as+a+promising+arsenal+for+the+management+of+chronic+arsenic+toxicity&btnG=
https://doi.org/10.1016/j.envres.2023.115413
https://pubmed.ncbi.nlm.nih.gov/36736758/
https://scholar.google.com.ua/scholar_lookup?title=Metal+tolerance+mechanisms+in+plants+and+microbe-mediated+bioremediation&btnG=
https://doi.org/10.1016/S0006-291X(72)80218-3
https://pubmed.ncbi.nlm.nih.gov/4400444/
https://scholar.google.com.ua/scholar_lookup?title=The+occurrence+of+superoxide+anion+in+the+reaction+of+reduced+phenazine+methosulfate+and+molecular+oxygen&btnG=
https://doi.org/10.1016/j.jksus.2015.11.002
https://scholar.google.com.ua/scholar_lookup?title=Surrogate+approach+to+determine+heavy+metal+loads+in+a+moss+species+%E2%80%93+Barbula+lambaranensis&btnG=


48 Oleksandr Polishchuk, Yustyna Zhylishchych, Halyna Antonyak

ISSN 1996-4536 (print) • ISSN 2311-0783 (on-line) • Біологічні Студії / Studia Biologica • 2023 • Том 17 / № 4 • С. 37–50

Plášek, V., Nowak, A, Nobis, M, Kusza, G, & Kochanowska, K. (2014). Effect of 30 years of road 
traffic abandonment on epiphytic moss diversity. Environmental Monitoring and Assessment, 
186(12), 8943–8959. doi:10.1007/s1066101440563
Crossref ● PubMed ● PMC ● Google Scholar

Polishchuk, A. I., & Antonyak, H. L. (2019). Accumulation of heavy metals in gametophytes of the 
epilithic mosses. Studia Biologica, 13(2), 21–28. doi:10.30970/sbi.1302.601
Crossref ● Google Scholar

Polishchuk, A. I., & Antonyak, H. L. (2021). Accumulation of heavy metals and antioxidant defense 
system in the gametophyte of Didymodon rigidulus Hedw. in areas with high traffic loads. 
Studia Biologica, 15(3), 51–60. doi:10.30970/sbi.1503.660
Crossref ● Google Scholar

Polishchuk, A. I., & Antonyak, H. L. (2022). Dynamics of foliar concentrations of photosynthetic 
pigments in woody and herbaceous plant species in the territory of an industrial city. Studia 
Biologica, 16(2), 29–40. doi:10.30970/sbi.1602.684
Crossref ● Google Scholar

Polishchuk, A. I., Lesiv, M. S., & Antonyak, H. L. (2020). Impact of vehicular traffic on the 
accumulation of metals by plants in the territory of Lviv. Visnyk of the Lviv University. Series 
Biology, 82, 101–109. doi:10.30970/vlubs.2020.82.08 (In Ukrainian)
Crossref ● Google Scholar

Qarri, F., Lazo, P., Stafilov, T., Frontasyeva, M., Harmens, H., Bekteshi, L., Baceva, K., & 
Goryainova, Z. (2014). Multi-elements atmospheric deposition study in Albania. Environmental 
Science and Pollution Research International, 21(4), 2506–2518. doi:10.1007/s11356013
2091-1
Crossref ● PubMed ● Google Scholar

Ren, Y., Luo, Q., Zhuo, S., Hu, Y., Shen, G., Cheng, H., & Tao, S. (2021). Bioaccessibility and 
public health risk of heavy metal(loid)s in the airborne particulate matter of four cities in 
northern China. Chemosphere, 277, 130312. doi:10.1016/j.chemosphere.2021.130312
Crossref ● PubMed ● Google Scholar

SmolińskaKondla, D., Zych, M., Ramos, P., & Wacławek, S. (2022). Antioxidant potential 
of various extracts from 5 common European mosses and its correlation with phenolic 
compounds. Herba Polonica, 68(2), 54–68. doi:10.2478/hepo20220014
Crossref ● Google Scholar

Snityns’kyǐ, V. V., & Antoniak, H. L. (1994). Biochemical role of selenium [Biokhimichna rol’ 
selenu]. Ukrainskii biokhimicheskii zhurnal, 66(5), 3–16. (In Ukrainian)
Google Scholar

Snitynskyi, V. V., Solohub, L. I., Antoniak, H. L., Kopachuk, D. M., & Herasymiv, M. H. (1999). 
Biological role of chromium in humans and animals [Bilohichna rol’ khromu v organizmi 
liudyny i tvaryn]. Ukrainskii biokhimicheskii zhurnal, 71(2), 5–9. (In Ukrainian)
Google Scholar

Stebel, A., & Vončina, G. (2017). Contribution to the bryoflora of the Ciężkowickie Foothills 
(Western Carpathians, Poland). Acta Musei Silesiae, Scientiae Naturales, 66, 121–135, 
doi:10.1515/cszma-2017-0015
Crossref ● Google Scholar

Ștefănuț, S., Öllerer, K., Manole, A., Ion, M. C., Constantin, M., Banciu, C., Maria, G. M., 
& Florescu, L. I. (2019). National environmental quality assessment and monitoring of 
atmospheric heavy metal pollution – a moss bag approach. Journal of Environmental 
Management, 248, 109224. doi:10.1016/j.jenvman.2019.06.125
Crossref ● PubMed ● Google Scholar

Sun, S. Q., He, M., Cao, T., Zhang, Y. C., & Han, W. (2009). Response mechanisms of antioxidants 
in bryophyte (Hypnum plumaeforme) under the stress of single or combined Pb and/or Ni. 
Environmental Monitoring and Assessment, 149, 291–302. doi:10.1007/s106610080203z
Crossref ● PubMed ● Google Scholar

https://doi.org/10.1007/s10661-014-4056-3
https://pubmed.ncbi.nlm.nih.gov/25260925/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4210648/
https://scholar.google.com.ua/scholar_lookup?title=Effect+of+30+years+of+road+traffic+abandonment+on+epiphytic+moss+diversity&hl=uk&authuser=1
https://doi.org/10.30970/sbi.1302.601
https://scholar.google.com.ua/scholar_lookup?title=Accumulation+of+heavy+metals+in+gametophytes+of+the+epilithic+mosse&btnG=
https://doi.org/10.30970/sbi.1503.660
https://scholar.google.com.ua/scholar_lookup?title=Accumulation+of+heavy+metals+and+antioxidant+defense+system+in+the+gametophyte+of+Didymodon+rigidulus+Hedw.+in+areas+with+high+traffic+loads&btnG=
https://doi.org/10.30970/sbi.1602.684
https://scholar.google.com.ua/scholar_lookup?title=Dynamics+of+foliar+concentrations+of+photosynthetic+pigments+in+woody+and+herbaceous+plant+species+in+the+territory+of+an+industrial+city&btnG=
https://doi.org/10.30970/vlubs.2020.82.08
https://scholar.google.com.ua/scholar_lookup?title=%D0%92%D0%9F%D0%9B%D0%98%D0%92+%D0%A2%D0%A0%D0%90%D0%9D%D0%A1%D0%9F%D0%9E%D0%A0%D0%A2%D0%9D%D0%9E%D0%93%D0%9E+%D0%9D%D0%90%D0%92%D0%90%D0%9D%D0%A2%D0%90%D0%96%D0%95%D0%9D%D0%9D%D0%AF+%D0%9D%D0%90+%D0%90%D0%9A%D0%A3%D0%9C%D0%A3%D0%9B%D0%AF%D0%A6%D0%86%D0%AE+%D0%9C%D0%95%D0%A2%D0%90%D0%9B%D0%86%D0%92+%D0%A3+%D0%A0%D0%9E%D0%A1%D0%9B%D0%98%D0%9D%D0%90%D0%A5+%D0%9D%D0%90+%D0%A2%D0%95%D0%A0%D0%98%D0%A2%D0%9E%D0%A0%D0%86%D0%87+%D0%9C.+%D0%9B%D0%AC%D0%92%D0%9E%D0%92%D0%90&btnG=
https://doi.org/10.1007/s11356-013-2091-1
https://pubmed.ncbi.nlm.nih.gov/24081920/
https://scholar.google.com/scholar_lookup?&title=Multi-elements%20atmospheric%20deposition%20study%20in%20Albania&journal=Environ%20Sci%20Pollut%20Res&doi=10.1007%2Fs11356-013-2091-1&volume=21&pages=2506-2518&publication_year=2014&author=Qarri%2CF&author=Lazo%2CP&author=Stafilov%2CT
https://doi.org/10.1016/j.chemosphere.2021.130312
https://pubmed.ncbi.nlm.nih.gov/33774239/
https://scholar.google.com.ua/scholar_lookup?title=Bioaccessibility+and+public+health+risk+of+heavy+metal%28loid%29s+in+the+airborne+particulate+matter+of+four+cities+in+northern+China&btnG=
https://doi.org/10.2478/hepo-2022-0014
https://scholar.google.com.ua/scholar_lookup?title=Smoli%C5%84ska-Kondla%2C+D.%2C+Zych%2C+M.%2C+Ramos%2C+P.%2C+Wac%C5%82awek%2C+S.%2C+%26+Stebel%2C+A.+%282022%29.+Antioxidant+potential+of+various+extracts+from+5+common+European+mosses+and+its+correlation+with+phenolic+compounds&btnG=
https://scholar.google.com.ua/scholar_lookup?title=%D0%A1%D0%BD%D1%96%D1%82%D0%B8%D0%BD%D1%81%D1%8C%D0%BA%D0%B8%D0%B9+%D0%91%D1%96%D0%BE%D1%85%D1%96%D0%BC%D1%96%D1%87%D0%BD%D0%B0+%D1%80%D0%BE%D0%BB%D1%8C+%D1%81%D0%B5%D0%BB%D0%B5%D0%BD%D1%83&btnG=
https://scholar.google.com.ua/scholar_lookup?title=Biological+role+of+chromium+in+humans+and+animals&btnG=
https://doi.org/10.1515/cszma-2017-0015
https://scholar.google.com.ua/scholar_lookup?title=Contribution+to+the+bryoflora+of+the+Ci%C4%99%C5%BCkowickie+Foothills+(Western+Carpathians,+Poland).+Acta+Musei+Silesiae,+Scientiae+Naturales,+66(2),+121-135.&hl=uk&as_sdt=0,5
https://doi.org/10.1016/j.jenvman.2019.06.125
https://pubmed.ncbi.nlm.nih.gov/31310934/
https://scholar.google.com.ua/scholar_lookup?title=National+environmental+quality+assessment+and+monitoring+of+atmospheric+heavy+metal+pollution+%E2%80%93+a+moss+bag+approach&btnG=
https://doi.org/10.1007/s10661-008-0203-z
https://pubmed.ncbi.nlm.nih.gov/18274872/
https://scholar.google.com.ua/scholar_lookup?title=Response+mechanisms+of+antioxidants+in+bryophyte+%28Hypnum+plumaeforme%29+under+the+stress+of+single+or+combined+Pb+and%2For+Ni&btnG=


49METAL-ACCUMULATING CAPACITY AND ANTIOXIDANT ACTIVITY OF PYLAISIA POLYANTHA (HEDW.) SCHIMP. MOSS...

ISSN 1996-4536 (print) • ISSN 2311-0783 (on-line) • Біологічні Студії / Studia Biologica • 2023 • Том 17 / № 4 • С. 37–50

Trujillo-González, J. M., Zapata-Muñoz, Y. L., Torres-Mora, M. A., García-Navarro, F. J., & Jiménez-
Ballesta, R. (2020). Assessment of urban environmental quality through the measurement of 
lead in bryophytes: case study in a medium-sized city. Environmental Geochemistry and 
Health, 42, 3131–3139. doi:10.1007/s10653020005489
Crossref ● PubMed ● Google Scholar

Vanderpoorten, A., Papp, B., & Gradstein, R. (2010). Sampling of bryophytes. In J. Eymann, 
J. Degreef, C. L. Häuser, J. C. Monje, Y. Samyn & D. VandenSpiegel. (Eds.), Manual on field 
recording techniques and protocols for all taxa biodiversity inventories (part 2. pp. 331–345). 
ABC Taxa, Belgium.
Google Scholar

Welham, S. J., Gezan, S. A., Clark, S. J., & Mead, A. (2015). Statistical methods in biology: design 
and analysis of experiments and regression. Taylor & Francis Group, LLC. doi:10.1201/
b17336 
Crossref ● Google Scholar

Wu, Y. Chen, Y., Yi, Y., & Shen, Z. (2009). Responses to copper by the moss Plagiomnium 
cuspidatum: hydrogen peroxide accumulation and the antioxidant defense system. 
Chemosphere, 74(9), 1260–1265. doi:10.1016/j.chemosphere.2008.10.059
Crossref ● PubMed ● Google Scholar

Zieliński, M., Gąsior, M., Jastrzębski, D., Desperak, A., & Ziora, D. (2018). Influence of particulate 
matter air pollution on exacerbation of chronic obstructive pulmonary disease depending on 
aerodynamic diameter and the time of exposure in the selected population with coexistent 
cardiovascular diseases. Advances in Respiratory Medicine, 86(5), 227–233. doi:10.5603/
arm.2018.0036
Crossref ● PubMed ● Google Scholar

МЕТАЛОАКУМУЛЯЦІЙНА ЗДАТНІСТЬ І АНТИОКСИДАНТНА АКТИВНІСТЬ 
МОХУ PYLAISIA POLYANTHA (HEDW.) SCHIMP. НА МІСЬКИХ ТЕРИТОРІЯХ
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вул. Саксаганського, 1, Львів 79005, Україна
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вул. Володимира Великого, 1, м. Дубляни, Львівська обл. 80381, Україна

Обґрунтування. Бріофіти, зокрема, мохи, широко використовують у біомо-
ніторингу забруднення атмосфери завдяки їхній здатності до акумуляції металів  
з атмосферного повітря. Однак вплив накопичення металів на метаболічні процеси 
у клітинах мохів з’ясований недостатньо. Метою дослідження було проаналізувати 
накопичення важких металів, показники пероксидного окиснення ліпідів (ПОЛ) 
і антиоксидантний статус у гаметофіті епіфітного моху Pylaisia polyantha (Hedw.) 
Schimp., зібраного в міських районах із різними рівнями техногенного навантаження.

Матеріали і методи. Дослідження проводили у м. Львові (західна частина 
України). У межах міста було вибрано 15 ділянок відбору проб, згрупованих у такий 
спосіб: зелена зона (А), яку умовно використовували як контроль, зона впливу 
транспортної діяльності (Б) та промислова зона (В). У пагонах P. polyantha ана-
лізували концентрацію важких металів (Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn) мето-
дом атомноабсорбційної спектрофотометрії; вміст продуктів ПОЛ (гідропероксиди 
ліпідів і речовини, які реагують з тіобарбітуровою кислотою (ТБКактивні продукти))  
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й активність ензимів антиоксидантної системи (супероксиддисмутаза, каталаза, 
глутатіон Sтрансфераза) аналізували стандартними методами. Результати опра-
цьовували методами варіаційної статистики.

Результати. Важкі метали, акумульовані в гаметофіті моху P. polyantha, зібра-
ного з досліджуваної території, можна розташувати в такому порядку відповідно 
до концентрації: Fe> Mn> Zn> Pb> Cu> Ni> Cr> Co> Cd. Вміст окремих металів  
у рослинному матеріалі був різним, залежно від місця відбору проб. Пагони моху, 
зібрані на ділянках у зоні Б, містили значно вищу концентрацію Cd, Co, Cu, Fe, Mn, 
Pb і Zn, а пагони із зони В – вищу концентрацію Cr і Zn, ніж пагони моху, зібрані  
в зеленій зоні. У гаметофіті моху, зібраного на ділянках у зоні Б, виявлено більшу 
концентрацію продуктів ПОЛ і підвищену активність антиоксидантних ензимів, 
порівняно з контролем.

Висновки. Підвищення концентрації важких металів у рослинному матеріалі 
з ділянок, розташованих у зонах впливу транспортного руху та промислової діяль-
ності, відображає забруднення атмосфери в міських районах важкими металами. 
Інтенсивне накопичення важких металів у гаметофіті моху P. polyantha, що росте 
у зонах впливу транспортної та промислової діяльності, супроводжується поси-
ленням процесів пероксидного окиснення ліпідів і активацією ензимів антиокси-
дантної системи в клітинах. Підвищення активності антиоксидантних ензимів може 
відігравати важливу роль в адаптації моху P. polyantha до міського середовища, 
забрудненого важкими металами внаслідок антропогенної діяльності.

Ключові слова: бріофіти, мохи, Pylaisia polyantha, важкі метали, антиокси-
дантна система, урбоекосистеми, біомоніторинг
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