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Background. Anthropogenic activities associated with environmental pollution
have a negative effect on plants growing in urban ecosystems. Plant photosynthesis is
one of the processes that are particularly affected by environmental conditions, includ-
ing the presence of pollutants in the atmosphere and soil. However, the dynamics of
photosynthetic pigments, namely chlorophylls (Chl) and carotenoids, in plant species
growing in urban ecosystems have not been sufficiently studied. The aim of this study
was to analyze the effect of technogenic load on the concentrations of pigments of
photosynthesis in the cells of woody and herbaceous plants common in industrial cities,
using the example of the urban ecosystem of Lviv located in the western part of Ukraine.

Materials and Methods. The study was carried out at four experimental sites within
the city of Lviv with different levels and types of technogenic load. Site S1 selected in
the central part of the Stryiskyi park was considered as a control one. Site S2 was
chosen in an area with a combined technogenic load, including road and rail traffic,
and the operation of the combined heat and power plant-1 (CHPP-1). Sites S3 and S4
were subjected mainly to vehicular traffic. Leaves of six plant species were collected at
sites S1-S4, including woody plants (Acer platanoides L., Aesculus hippocastanum L.
and Tilia cordata Mill.) and herbaceous plants (Plantago major L., Taraxacum officinale
F. H. Wigg. and Urtica dioica L). The concentration of Chl a, Chl b, the total Chl concen-
tration and the concentration of carotenoids were determined spectrophotometrically.

Results. The analyzed plant species growing at site S1 had the highest levels of
total Chl and carotenoids compared to other sampling sites. In plant leaves collected
at sites S2—-S4, the total Chl concentration was 1.5-3.2 times lower than in the leaves
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collected at site S1. The ratio of Chl a and Chl b concentrations was generally lower in
plants growing at sites S2-S4 compared to plants from site S1. The concentration of
carotenoids in the leaves of woody plants collected from sites S2 and S4 was 1.4 and
2.4 times lower, respectively, compared with site S1, while in the leaves of herbaceous
plants sampled at sites S2-S4, the concentration of carotenoids was 1.5-2.6 times
lower than at site S1.

Conclusions. The results of the study suggest that the concentrations of both chlo-
rophyll and carotenoids in the leaves of the analyzed herbaceous and woody plant spe-
cies growing in the territory of an industrial city are influenced by anthropogenic impact
associated with atmospheric pollution in the areas of plant growth. These indices are
lower in plants growing in areas with technogenic load compared with plants growing
in the green zone of the city. At the same time, the concentration of chlorophylls in the
leaves of the analyzed plant species growing under urban conditions was found to be
more sensitive to anthropogenic load compared to the foliar concentration of carote-
noids. Therefore, the concentration of chlorophylls in plant species growing in cities can
be one of the biomarkers for assessing the level of pollution caused by anthropogenic
load in urban ecosystems.

Keywords: pigments, photosynthesis, chlorophyll, carotenoids, urban ecosys-
tems, technogenic load, anthropogenic pollution

INTRODUCTION

Anthropogenic impact on the environment is accompanied by changes in the spe-
cies composition and cellular metabolism in organisms inhabiting natural and artificial
ecosystems. This is especially true for plants that grow in the territory of industrial cities.
As it is known, urban ecosystems combine areas with different levels of technogenic
load. Along with industrial zones and areas with high traffic intensity, there are so-called
green zones in cities (including forest patches, parks and squares) inhabited by her-
baceous and woody plants, and other biota groups (Hornung et al., 2018; Sonti et al.,
2021). Industrial areas also contain green islands with street trees and other groups of
vegetation. Green spaces in urban ecosystems play a vital role in providing oxygen to
the atmosphere, maintaining local climate balance and beautification of the city, as well
as removing atmospheric pollutants (Li et al., 2022; Wang et al., 2022).

However, plants, similarly to other biotic components of urban ecosystems, are
adversely affected by anthropogenic factors, especially those associated with atmospheric
and soil pollution. Plants growing in industrial zones and areas with heavy automobile
traffic suffer from air dustiness and the presence of harmful substances in the environ-
ment (Hariram et al., 2018). In particular, environmental pollution with sulfur and nitrogen
dioxides, ozone, and heavy metals is often associated with inhibition of plant growth and
productivity due to metabolic and physiological disturbances in plant cells (Weber et al.,
1994; Vacek et al., 2020). Plant photosynthesis belongs to the processes that are particu-
larly influenced by environmental conditions (Wang et al., 2019; Teng et al., 2022).

Photosynthesis in plants is a globally important process that ensures carbon fixa-
tion, formation of organic matter and the release of molecular oxygen (Teng et al.,
2022). This process involves plastid pigments, primarily chlorophyll (Chl), which cap-
ture light energy and transfer it to other parts of the photosynthetic apparatus (Simkin
et al., 2022). In higher plants, two main types of Chl are found, namely, Chl a and Chl b
(Perez-Galvez et al., 2017; Zepka et al., 2019). Carotenoids are also involved in the
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process of photosynthesis, acting as accessory light-absorbing pigments (Hashimoto
et al., 2016). Another important function of carotenoids in plant cells is their antioxidant
function, which consists in the inactivation of reactive oxygen species (ROS) and pro-
tection of the components of photosynthetic apparatus against photodamage (Simkin
et al., 2022).

Both chlorophylls and carotenoids are known to be highly sensitive to environmen-
tal factors, such as light intensity, temperature, humidity, as well as to anthropogenic
pollution of atmospheric air (Giri et al., 2013; Hazrati et al., 2016; Teng et al., 2022). The
presence of toxic heavy metals and an excess of essential metals in the growth medium
also negatively affects the content of photosynthetic pigments in plants (Li et al., 2019;
Zhang et al., 2020; Singh et al., 2021). However, the dynamics of photosynthetic pig-
ments in plant species growing in urban ecosystems has not been sufficiently studied.

The aim of this study was to analyze the effect of technogenic load on the con-
centrations of pigments of photosynthesis in the cells of woody and herbaceous plants
common in industrial cities, using the example of the urban ecosystem of Lviv located
in the western part of Ukraine.

MATERIALS AND METHODS

Study area. The study was carried out in the city of Lviv using four experimental
sites for sampling plants; the sites were characterized by different levels and types of
technogenic load. Sampling site No. 1 (S1, 49°49'24.0"N 24°01'30.0"E) was selected
in the central part of Stryiskyi Park with an area of 52.1 hectares located in the southern
part of Lviv. There are no sources of technogenic pollution on the territory of the park;
therefore, site S1 has been used as a control. Sampling site No. 2 (S2, 49°48'39.0"N
24°01'43.7"E) was chosen in the area of Luhanska Street loaded with automobile traf-
fic. In addition, this area is subjected to the influence of the railway with rail traffic and
the operation of the combined heat and power plant-1 (CHPP-1). Sampling site No. 3
(S3, 49°46'39.5"N 24°00'48.5"E) was selected at the end of Stryiska Street, one of
the main thoroughfares of the city of Lviv, and sampling site No. 4 (S4, 49°50'03.0"N
24°04'02.5"E) was chosen in the vicinity of Pasichna Street with heavy traffic (daily load
11891122 vehicles per 1 hour) (Polishchuk et al., 2020).

Analysis of plant material. Six plant species belonging to flowering plants
(Magnoliopsida) were used in the study. Among these, three species including Acer
platanoides L. (Norway maple), Aesculus hippocastanum L. (horse chestnut) and Tilia
cordata Mill. (small-leaved linden) belong to woody plants, and the other three belong to
herbaceous plants, such as Plantago major L. (common plantain), Taraxacum officinale
F. H. Wigg. (common dandelion) and Urtica dioica L. (stinging nettle). These plant spe-
cies are widespread in the study area and are characteristic of the urbanized environ-
ment and anthropogenically modified landscapes (Otte & Wijte, 1993; Deljanin et al.,
2015; Nadgorska-Socha et al., 2017; Lisiak-Zielinska et al., 2021).

Plant material for experiments was sampled twice during the period from September 7
to October 7, 2021. Namely, the collecting of plant material from sites S1-S4 was car-
ried out at a close time period during September, and then repeated at the beginning of
October. From tree species, medium-sized leaves were collected from the accessible
part of the crown, and from herbaceous plants, leaves of the middle tier of vegetative
shoots were collected. The herbaceous plants sampled for the experiments had relatively
similar growth conditions, including illuminance levels and temperatures. The average
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daytime temperature during sampling in September was 21°C, while during sampling in
October it was 17°C. The llluminance levels were in the range of 40,000-80,000 Ix. The
llluminance levels were measured using the WT81 luxmeter (Wintact, China).

The sampled plant material was prepared according to generally accepted meth-
ods. Pieces of leaves (1 cm?) were cut from the central parts of fresh leaf blades,
crushed, and extracted with 96% ethanol in the dark. After filtering the mixture, the
concentration of chlorophylls a and b, the total chlorophyll content and the concentration
of carotenoids were determined spectrophotometrically according to the method elabo-
rated by H. K. Lichtenthaler and A. R. Wellburn (1983). The absorbance of the pigment
solution was measured using the ULAB-102 spectrophotometer (China) at 470, 649 and
665 nm. Pigment concentrations were calculated using the formulas 1-3 (Lichtenthaler
& Wellburn, 1983) as follows:

Copa = 13.95A,,, — 6.88A,,, (1)
Conp = 24.96A,, — 7.32A, 2)
C... = (1000A,;, = 2.05 C,,, - 114.8 C,,,)/245 (3),

where C, , was the concentration of chlorophyll a, C,,, was the concentration of chlo-
rophyll b, C_,. was the concentration of carotenoids in the pigment extract. The sum of
the concentrations of Chl a and Chl b was considered as the total chlorophyll concen-
tration. The final concentrations of pigments were expressed in ug per 1 g fresh weight
(FW). Measurements were carried out in 3-5 replicates. The data obtained from the
analysis of the plant material collected from the same sampling sites during September
and October were combined and processed. The results were processed using the
methods of variation statistics (Welham et al., 2015).

RESULTS AND DISCUSSION

The data shown in Fig. 1 demonstrate the dynamics of the total Chl concentrations
in plant material collected at different sampling sites within the territory of the city of
Lviv. It can be seen that the analyzed plant species growing at site S1 (Stryiskyi Park)
possess the highest levels of total Chl compared to other sampling sites. This was espe-
cially true for tree species (A. platanoides, A. hippocastanum and T. cordata), which had
higher foliar Chl concentrations in comparison with herbaceous plant species analyzed in
this study. The overall values of total Chl concentration ranged from 1372+180 ug/g FW
(in A. platanoides leaves) to 454147 ug/g FW (in P. major leaves). However, the total
foliar chlorophyll concentrations in the herbaceous plant species were somewhat lower
compared to the values recorded in other studies (ZnidarCi¢ et al., 2011; Loh et al.,
2012; Godlewska et al., 2020). This may be due to the fact that the studies were carried
out at the beginning of the autumn period, when plants are generally characterized by
a reduced level of chlorophyll in the leaves (Mattila et al., 2018; Donnelly et al., 2020).

In tree leaves collected in the areas of intense technogenic load (sites S2-S4), the
total Chl concentrations were 1.7-2.8 times lower than in the leaves collected at site
S1 (p<0.01-0.001). Similar dynamics of the total Chl concentration are observed in the
leaves of herbaceous plant species sampled at sites S1-S2. Namely, in the leaves of
U. dioica collected from sites S2—-S4, the total concentrations of Chl were 1.5-1.7 times
lower than the values recorded at site S1 (p<0.05-0.001); in the leaves of T. officinale
sampled at sites S2—-S4, the total Chl concentrations were 1.9-3.2 times lower than at
site S1 (p<0.01-0.001), and in the leaves of P. major, the total Chl concentrations at sites
S2-S4 were reduced 2.0-2.2-fold compared to the values recorded at site S1 (p<0.01).
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Fig. 1. Total chlorophyll concentration in the leaves of plant species sampled at sites S1-S4 with different
levels of technogenic load in the city of Lviv during the period from September 7 to October 7, 2021
Comments: 1) in this and the following figures, the abbreviations are as follows: AP — Acer plata-
noides, AH — Aesculus hippocastanum, TC — Tilia cordata, PM — Plantago major, TO — Taraxacum
officinale, UD — Urtica dioica; 2) letters a, b and c indicate the significance levels of differences
between the values obtained in plants sampled at sites S2-S4, as compared to site S1 (a — p<0.001;
b —p<0.01; ¢ — p<0.05)

The data obtained indicate an inverse relationship between the total Chl concen-
tration in the leaves of plant species and the level of technogenic pressure on the terri-
tory of plant growth. The most pronounced decrease in the total Chl concentration was
observed in the plants collected from the site S2 compared to the plants sampled at site
S1. Due to its location, site S2 experiences a high level of technogenic load, being sub-
jected to combined pollution from CHPP-1, road and rail transport. It can be assumed
that emissions from transport activities and the operating CHPP-1 have a detrimental
effect on the photosynthetic apparatus of plants growing in the area, as a result of the
induction of oxidative stress in plant cells. A number of studies have shown that air pol-
lutants such as sulfur dioxide (SO,), nitrogen dioxide (NO,), ozone and heavy metals
taken up by plant cells induce the formation of ROS and stimulate lipid peroxidation
process (Li & Yi, 2012; Shahid et al., 2014; Yue et al., 2020; Sheng et al., 2021). At the
same time, ROS exposure causes chlorophyll degradation, inhibition of chlorophyll syn-
thesis enzymes, and other deleterious effects in plants (Asada, 1994; Aarti et al., 2006).
In particular, a decrease in the concentration of Chl in plants has been reported under
several conditions associated with atmospheric pollution (Thawale et al., 2011; Hariram
et al., 2018; Mukherjee et al., 2019; Banerjee et al., 2021), as well as under influence
of individual air polluting substances, including SO, (Mohasseli et al., 2017; Duan et al.,
2019), NO, (Yue et al., 2020) and ozone (Singh et al., 2012; Xu et al., 2022).

The results of calculating the ratio of Chl a and Chl b concentrations suggest that
this index is generally lower in the analyzed plant species growing in the areas with
anthropogenic load (sites S2—-S4) compared to plants from site S1 (Fig. 2). In particu-
lar, Chl a/Chl b ratio in plant leaves sampled at site S1 was found to be in the range of
3.1-3.6, at site S2 this index was in the range of 2.3-2.8, and at sites S3—-S4 it was in
the range of 2.3-3.1. These data indicate a reduced concentration of both Chl a and
Chl b in plants growing in the areas with technogenic load, with the decrease of Ch a
concentration being more pronounced than concentration of Chl b.
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Fig. 2. Chl a/Chl b concentration ratio in the leaves of plant species sampled at sites S1-S4 with different
levels of technogenic load

Figure 3 shows the dynamics of the concentration of carotenoids in the leaves of
the analyzed plant species. The results of the study indicate that, similarly to the content
of Chl, the concentration of carotenoids in the plant material collected from sites S2—-S4
tends to decrease as compared to site S1. At the same time, the decrease in foliar
carotenoids concentration in plants collected from the areas with anthropogenic load
was less pronounced than the decrease in the total concentration of Chl. In particular,
the concentration of carotenoids in the leaves of all three woody plants collected at site
S3 did not change compared to site S1; however, in the leaves of trees collected from
site S2, this indicator was 1.8-2.4 times lower compared to site S1 (p<0.05-0.001). In
the leaves of A. platanoides and A. hippocastanum sampled at site S4, the concentration
of carotenoids was 1.4 and 1.8 times lower, respectively, compared with site S1 (p<0.05).
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Fig. 3. Concentration of carotenoids in the leaves of plant species sampled at sites S1-S4 with different
levels of technogenic load
Comment: letters a, b and c indicate the significance levels of differences between the values
obtained in plants sampled at sites S2-S4, as compared to the site S1 (a — p<0.001; b — p<0.01;
¢ — p<0.05)

Among the analyzed species of herbaceous plants, U. dioica had the most stable
concentration of carotenoids in leaves. Namely, the concentration of carotenoids did not
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change significantly in the leaves of U. dioica collected from site S3, but it was 1.6 and
1.7 times lower in the leaves sampled at sites S2 and S4, respectively, compared with
site S1. In the leaves of T. officinale and P. major sampled at sites S2—-S4, the concen-
tration of carotenoids was 1.5-2.6 times lower than at site S1 (p<0.05-0.001).

The decrease in the concentration of foliar carotenoids in plants growing in areas
with technogenic load within the city can be explained by an increased degradation of
pigments under the influence of air pollutants (Hariram et al., 2018). In general, data on
the concentration of carotenoids in the leaves of plant species growing within the city of
Lviv suggest that this parameter is less sensitive to anthropogenic load compared to the
concentration of leaf chlorophylls.

CONCLUSIONS

The concentration of photosynthetic pigments in plant cells is a sensitive indicator
of the impact of environmental conditions on plant metabolism. The results of this study
suggest that the concentrations of both chlorophyll and carotenoids in the leaves of the
analyzed herbaceous and woody plant species growing in the territory of an industrial
city are influenced by anthropogenic impact associated with atmospheric pollution in
the areas of plant growth. These indices are lower in plants growing in the areas with
technogenic load compared with plants growing in the green zone of the city. At the
same time, the concentration of chlorophylls in the leaves of the analyzed plant species
growing under urban conditions was found to be more sensitive to anthropogenic load
compared to the foliar concentration of carotenoids. Therefore, the concentration of
chlorophylls in plant species growing in cities can be one of the biomarkers for assess-
ing the level of pollution caused by anthropogenic load in urban areas.
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OWHAMIKA KOHUEHTPALII MIMEHTIB ®OTOCUHTE3Y B JIMCTKAX
OEPEBHUX | TPAB’SSHUX POCJIMH HA TEPUTOPII MPOMUCITIOBOIO MICTA

O. I. Moniwyk, I'. J1. AHMoHsIK

JIbsiecbKuli HayjoHanbHUU yHigepcumem imeHi leaHa ®paHka
syrn. CakcaeaHcbkozo, 1, Jlbsie, 79005, YkpaiHa,

O6r'pyHTYBaHHA. Ha poCnuHW, WO POCTYTb Y MICbKMX €KOCUCTEMAXx, HeraTuBHO
BMMMBAE aHTPOMOreHHa [AisanbHICTb, NoB’d3aHa i3 3abpyaAHEHHAM HaBKOMULLHBOIO
cepenosuLLa. DOTOCUHTES € OAHMM i3 MPOLECIB Y POCINNH, Ha KM OCOBNMBO BMMBaKOTh
YMOBM HaBKOMULLHBOIO CepeaoBuLLa, 30KpemMa, HasBHICTb 3a0pyaHIOBaNbHUX PEYOBUH
B atMoccdpepi Ta rpyHTi. [poTe AnHamika nirMeHTiB (hOTOCUHTESY, XNOpOodIiniB i KapoTu-
HOIALIB Y POCIMH, LLO POCTYTb Y MICbKMX eKocucTeMax, 3'iCOBaHa HeJOCTaTHLOK MipOoto.
MeToto LbOro gocrnigxkeHHs Byno npoaHaniayBatu BNNUB TEXHOrEHHONO HaBaHTaXXEHHS
Ha KOHLIEHTpaLito MNirMeHTiB (OTOCUHTE3Y B NNCTKaxX AEPEBHMUX | TPAB SHUX POCINH, PO3-
MOBCIOKEHNX Y MPOMUCIOBUX MiCTaX, Ha Npuknaai ypboekocuctemu JIbBOBa, po3TaLlo-
BaHOI B 3aXigHin YacTuHi YkpaiHu.

MaTtepianu i metogn. [locnimkeHHss NPOBOAMNN HA YOTUPbOX AOCMIAHUX OiNsH-
Kax y Mexax M. JIbBoBa 3 pisHUMW PiBHAMM Ta BUAAMU TEXHOTEHHOTO HaBaHTaXKEHHS.
KoHTpOornbHO BBaXanu AinsHky S1, BubpaHy B LeHTparnbHin YacTuHi CTPUNCHLKOro napky.
Oinanky S2 obpanu B panoHi 3 KOMBIHOBaAHNM TEXHOTEHHUM HaBaHTaXXEHHAM, 3yMOBIie-
HUM PyXOM aBTOMOBINBLHOIO i 3ani3HUYHOro TpaHcnopTy Ta pobototo TEL-1. AinaHkm S3
i S4 3a3HaBanM TEXHOTEHHOrO HaBaAHTAXEHHS!, MePEBAXKHO 3yMOBMEHOIO aBTOMOBINbHNM
pyxoMm. Ha ginsHkax S1-S4 nposogunu 36ip NUCTHA WeCTU BUAIB POCMVH, BKIOYaoun
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aepeBHi pocnuHn (Acer platanoides L., Aesculus hippocastanum L., Tilia cordata Mill.)
i TpaB’saHi pocnuHu (Plantago major L., Taraxacum officinale F. H Wigg., Urtica dioica L).
KoHueHTpauito xrnopodinis a i b, 3aranbHy KOHLUEHTPALi0 XSIopodoiny Ta KOHLUEHTpaLito
KapoTUHOIAIB BU3HaYanu cnekTpooTOMETPUYHUM METOLOM.

Pe3ynbratn. Haibinblly KOHUEHTpaUilo XMopodiniB i KapoTMHOIAB BUSIBIIEHO
y NMCTKaxX AOCNioKYBaHNX BUAIB POCINH, 3ibpaHMx Ha AinsHui S1, NopiBHAHO 3 iHWMMK
Micusamm Bigbopy NpoO. Y NCTKax pOCIuH, LLIO POCIM Ha AinsHkax S2—S4, 3aranbHa KoH-
LeHTpauis xnopoginis dyna y 1,5-3,2 pasy HMWKYOK MOPIBHAHO 3 NUCTKaMK, 3ibpaHnmm
Ha ginaHui S1. ChiBBigHOLLEHHST MK KOHLEHTpaLisiMM Xrnopodiny a i xnopodiny b 6yno
3arafioM MEHLUMM Y JIMCTKaxX POCIIMH, WO POCIM Ha AinsiHkax S2—-S4, nopiBHAHO 3 poc-
nHamu ginsHkm S1. KoHueHTpauis KapoTUHOIAIB Y NIMCTKAxX AePEBHUX POCINH, 3ibpaHmX
i3 ginaHok S2 Ta S4, 6yna, BignoBigHo, B 1,4 i 2,4 pa3y MEHLLOK MOPIBHSAHO 3 AiNISIHKOK
S1, a B nUCTKax TpaB'ssHNX POCIIWH i3 OiNsHOK S2—S4 KoHUEHTpaUis KapoTuHoiaiB byna
MeHLwot B 1,5-2,6 pasy NOpiBHSIHO 3 aHANOMYHMMM NOKa3HMKaMK OinsHkmM S1.

BucHoBKU. Pe3ynbstat gocnigKeHHs cBigyaTb Npo Te, WO Ha KOHLEHTpaUito Xo-
podiny i KAapOTUHOIAIB Y NMMCTKaxX NpoaHarni3oBaHNX BUAIB TPaB'SHUX i JEPEBHUX POC-
JINH, NOLUNPEHNX HA TEPUTOPII MPOMUCNOBOrO MiCTa, BNAMBaOTb aHTPOMOreHHI YNHHUKN,
noB’A3aHi 3 3abpyaHeHHAM aTMOocepHOro NoBiTps. Lli MOKas3HUKM HWXKYi y POCIVH, LLIO
POCTYTb Ha TEPUTOPISX 3 TEXHOrEHHMM HaBaHTaXEHHSM, MOPIBHAHO 3 POCNMHAaMM, O
POCTYTb Y 3€efieHi 30Hi MicTa. BogHo4yac KOHLUEHTpaLis XnopodiniB y nuctkax Jocni-
OXKyBaHUX BUAIB POCIMH y MiCbKMX YMOBax Byna BinbLu YyTnvMBOK 40 aHTPOMNOreHHOro
HaBaHTa)XEeHHS MOPIBHSAHO 3 KOHUEHTpaLie kKapoTMHOIAiB. BignosigHO, KOHUEHTpaLis
XJT0pOoiniB Yy NMUCTKaX POCIMH Ha TEPUTOPIT MiCT Moxe ByTn ogHuM i3 GiomapkepiB ans
OLiHKM piBHA 3a0pyaHEHHS, 3yMOBMEHOr0 aHTPOMOreHHUM HaBaHTaXKEHHSM Y MiCbKUX
ekocucTemMax.

Knroyoei cnnoea: nirmeHTn, OTOCKMHTES, XNopodin, KapoTMHoign, ypboekocuc-
TeMU, TEXHOTEHHE HaBaHTaXXEHHS, aHTPOMOreHHe 3abpyaHEeHHs
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