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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 HNO, and H,O, 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 (A = 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 H,O,. 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.

75 1 *
Site 1 M Site 2 M Site 3 *

50 -

25 4

Metal concentration,
mg/kg dry mass

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

Puc. 1. KoHueHTpauisi Baxkux MeTanis y rametoditi Moxy Didymodon rigidulus, 3ibpaHoro Ha Tpbox AinsiHKax
Ha TepuTopii M. JIbBoBa (ginsiHka 1 — CkHUNIBCbKMI Napk; AinsHka 2 — Bynuus KynbnapkiBcbka;
ainsiHka 3 — Bynuusa €sreHa KoHoBanbLst)

MpumiTka: * — cTaTMCTUYHO BiporigHi BiAMIHHOCTI Mixk aHanizoBaHuMM nokasHukamu (M + S.D.) y 3pas-
Kax Moxy, BigibpaHux Ha dinsHui 1 (koHTponb) Ta Ha ginsiHkax 2 i 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.
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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)

Puc. 2. PiBeHb HakonuyeHHs MpOAYyKTiB MEPOKCMOHOIO OKUCHEHHS MinifiB (rigponepokcvan ninigis i peyo-
BVHW, WO pearytoTb 3 TiobapbiTypoBsoto kucnoTot (TBK-akTuBHi npoayktu)) B rametodiTi Moxy Didy-
modon rigidulus, 3i6paHoro Ha JocnifxXyBaHUX AinsiHkax y M. JIbBOBi
MpumiTku: 1) Ha LBOMY Ta HACTYMHOMY PUCYHKax pe3ynbTaTyi BUpaXeHi y BiACOTKax Bif KOHTPOIb-
Horo 3HauveHHst (M £ S.D.); 2) *, ** — cTaTUCTMYHO BiporiAHi BiAMiHHOCTI Mix 3pa3kamu, BigibpaHumm
Ha AinsHui 1 (koHTponb) i Ha aingHkax 2 3 ( * — p <0,05; ** — p <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 pmol H,0,/min mg protein (catalase)

Puc. 3. CynepokcugamcmytasHa (CO[) i katanasHa akTuBHICTb y rameTodiTi Moxy Didymodon rigidulus,
3ibpaHoro Ha AocnimpKyBaHux AinsHkax y M. JIbBoBi
MpumiTKa: aKTUBHICTb €H3MMIB y 3paskax MOXy, BigibpaHux Ha AinsHui 1 (KOHTponb), cTaHoBUNa:
0,401 + 0,042 ymoBHUx oanHmub/xB Mr 6inka (CO[); 5,45 + 0,62 mkmonb H,O,/xB Mr 6inka (katanasa)

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 (O,*) 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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HAKOMUYEHHA BAXKMX METANIB | CAICTEMA AHTUOKCMOAHTHOIO
3AXUCTY B TAMETO®ITI DIDYMODON RIGIDULUS HEDW.
Y PANOHAX 3 BUCOKUM TPAHCIOPTHUM HABAHTAXEHHAM

O. I. Moniwyk, I'. J1. AHMOHSIK

JIbsiecbKuli HayjoHanbHUU yHisepcumem imeHi leaHa ®paHka
8yrn. CakcaeaHcbkoz20, 1, Jlbsie 79005, YkpaiHa

OOGrpyHTyBaHHSA. Pi3Hi BUaM TpaHCNopTy Hanexartb 4O OCHOBHUX mxepen 3abpya-
HEHHs1 JOBKINMA BaXXKMMM MeTanamu Ta iHLWnMmm 3abpyaHioBadamu. Bigomo, o 6pioditn
HaKOMMYYHOTb BaXKKi METanu; Npote MeTaboniyHi 3MiHM B LIMX POCIIMHAX 3a YMOB aKyMyIisi-
Lii MeTaniB BMBYEHI HegocTaTHLO. MeToro cTaTTi Oyno npoaHaniayBaTh akyMyssLito Bax-
KMX MeTanis, NpoLec NepoKCUAHOro okncHeHHs ninigis (MOJ1) i akTMBHICTL eH3UMIB aHTK-
OKCWAaHTHOI cuctemun B rametodpiti moxy Didymodon rigidulus Hedw., 3ibpaHoro B micb-
KMX parioHax 3 iIHTEHCUBHMM PyXOM aBTOMOBINBHOIO Ta 3ani3HUYHOro TPaHCMOPTY.

Matepianu i meTtogun. NMaroHn mMoxy 36vpanu Ha TpbOX AiNsHKax y MicTi JIbBOBi
(Ykpaina). dinsHky 1 (koHTponb) Bubpanu B NapKoBiv 30Hi; AiNsHKM 2 i 3 — B parioHax
3 iIHTEHCUMBHMM aBTOMOOINBbHUM | 3ani3HNYHUM PYXOM BIiAMOBIAHO. KOHLEHTpaLio Xpomy
(Cr), Hikento (Ni), ceuHuto (Pb) Ta unHKy (Zn) B pOoCrMHHOMY Matepiarni BU3Ha4ann mMeTo-
OOM aToMHO-abcopbuirHoi cnekTpodoTomeTpii. PiBeHb npogykTi [NOJ1, a came rigpone-
poKcKAaiB NinigiB i pe4oBWH, siKi pearytoTb 3 TiobapbiTypoBoto kucrnototo (TBK-akTneHi npo-
OYKTN), a Takox cynepokeuaancmyTtasHy (COL) i katanasHy akTUBHICTb BU3HaYanu cTaH-
AapTHUMK MeTodamu. PedynbraTtv onpavuboByBanv METOAAMM BapiauinHO|T CTaTUCTUKN.

Pesynbratn. 3a piBHeM akymynisuii B rametoditi moxy D. rigidulus, 3ibpaHoro
y MapkoBin 30HI (AingHka 1), gocnigXyBaHi MeTanM MOXHa po3TallyBaTh B TakOMy
nopsagky: Zn> Cr> Ni> Pb. Y naroHax D. rigidulus, 3i6paHux Ha OinsHUi 2, BUSBMEHO
OinbLuMIM piBeHb Hakonu4veHHs Pb, Zn i Ni (y 2,27, 1,78 Ta 1,45 pasy BignoBigHo), a Ha
AinsHui 3 — suwun Bmict Pb i Zn (B 1,8 Ta 1,67 pasy BignoBigHO) NOPIBHSHO 3 pocnu-
Hamw, 3iBpaHMMKM B MapKOBIl 30HI. Y 3paskax MOXy 3 LnX AINAHOK HE BUSIBMEHO ICTOTHUX
BigMiHHOCTeWN y KOHUeHTpaLii Cr nopiBHAHO 3 KOHTpornem. KoHUeHTpauis rigponepokcu-
4iB ninigie y naroHax Moxy, BigibpaHux Ha pginsHkax 2 i 3, 6yna BignosigHo B 4,26
i 3,75 pasy binbLua Big KOHTpOMo, a yTBopeHHs TBK-akTnBHMX npoaykTiB 6yno iHTeH-
CVBHILUMM Y POCITMHHOMY Martepiani 3 OiNaHKU 2, HiX 3 KOHTPOmnbHOI AinaHku. COL
i kKaTanasHa akTUBHICTbL Oyna BiporigHo Oinblwoto B naroHax D. rigidulus 3 pinsiHku 2
NMOPIBHAHO 3 KOHTPOMbHOK LiMsiHKOK, MPOTE aKTUBHICTb 000X (hepMeHTIB y 3paskax
MOXY 3 AiNsiHKM 3 ICTOTHO He nepeBuLLlyBara KOHTPOSbHUI PiBEHb.

BucHoBkM. Pesynstatv JOCHiIKEHHSA cBigyaTb, WO HaBaHTaXEHHA Ha HaBKoO-
NULLIHE CepeaoBuLLE, CTBOPHOBAHE aBTOMODBINbHUM i 3aMi3HNYHUM TPAHCNOPTOM, CNPUSIE
HaKOMUYEHHIO BaXKkMx MeTanis, ocobnmeo Zn i Pb, y rameTtoditi Moxy D. rigidulus. 3a
Takux yMoB Y KknituHax D. rigidulus 3pocTtae iHTeHcuBHiCTb npouecis MNOJ1, wo supas-
Hille BUSBMSIETBCS Yy NaroHax MOXy Ha AiNSHUi 3 iIHTEHCUBHUM aBTOMODBINTbHUM PYXOM.
AKTMBaLjs aHTUOKCuaaHTHUX eH3umiB (CO[, i kaTanasu), BUsiBNEHa B KMiTUHAX MOXY,
LLIO pOCTe Ha Ui AinsHui, MoXe BigirpaBaTy BaXKNIMBY pOsib Yy 3aXMCTi KNiTUH OpiodiTis
BiJ OKCMAATUBHOIO CTPECY, CMPUYNHEHOIO HAKOMMYEHHAM BaXKKMX MeTaniB.

Knroyoesi crioea: 6pioditn, Didymodon rigidulus, Baxkki MeTanu, aHTUOKCUAAHTHA
cucTema, NepoKCUMaHE OKUCHEHHS ninigis, ypboekocmuctemum
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