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Introduction

Bessonova, V. P., Chongova, A. S., & Sklyarenko, A. V. (2020). Influence of multicomponent contamination on the content of pho-
tosynthetic pigments in the leaves of woody plants commonly planted for greening of cities. Biosystems Diversity, 28(2), 203-208.
doi:10.15421/012026

Woody plants, as an important element of optimization of the urban environment, respond negatively to the ever-increasing tech-
nogenic pressure in cities. Therefore, it is necessary to assess their vital status, the most sensitive indicator of which being the content of
plastid pigments. In this article we analyze the effects of multicomponent contamination on quantitative fluctuation of the level of photo-
synthetic pigments in the leaves of woody plants and identify sensitive species for the purpose of phytoindication in order to assess the
state the environment is currently in. For the purposes of our research we chose the most widespread tree species in the city of Dnipro
(Steppe zone of Ukraine), growing in the area of intensive industrial pollution and high levels of emissions by vehicles. We determined
the content of photosynthetic pigments (chlorophylls @ and b, a + b, carotenoids) in the leaves of woody plants during different months
of the growing season (June, July, August) and afterwards this data was used to compare the given parameters against the values taken
from trees in the control area. The sum of chlorophyll levels a + b for the majority of plants was decreasing compared to the control.
A more significant decrease in the content given by the sum of the @ and b chlorophyll levels is observed in the assimilation organs of
Aesculus hippocastanum L., Pinus pallasiana (D. Don) and Picea abies (L.) H. The most significant changes in the content of pigments
in the leaves of plants under study were detected at the end of the growing season (in August). The content of green pigments in the
leaves of Robinia pseudoacacia L., Platanus orientalis L. remains virtually unchanged. Under the influence of multicomponent conta-
mination, the amount of pigments in the case of chlorophyll a in the majority of woody plant species decreases more rapidly compared
to the control than in the case of chlorophyll 5. The most noticeable drop in the content of chlorophyll a occurs in the leaves of Betula
pendula Roth, Ae. hippocastanum, P. pallasiana, Acer platanoides L. and Tilia cordata Mill. The needles of P. abies and Picea pungens
Engelm. 'Glauca’ on the contrary suffer from a significant reduction in the concentration of chlorophyll 4. The species most resistant to
multicomponent contamination in terms of changes in the content of chlorophyll in the leaf blade are R. pseudoacacia, P. orvientalis.
The concentration of carotenoids in the leaves of plants such as B. pendula, Ae. hippocastanum, A. platanoides, T. cordata, P. abies is
lower than that of species growing in the relatively clean zone. The concentration of pigments in Populus alba L., P. pungens 'Glauca’
was higher during all of the months elapsed since the beginning of our study, whereas Ulmus laevis Pall., P. orientalis and R. pseudoa-
cacia — had their concentrations reach an all time high in the second half of the growing season. Therefore, the peculiarities of quantita-
tive fluctuation of photosynthetic pigments in plants, which are characterized by the variable resistance ability against the effects of
technogenic multicomponent contamination, have been identified.

Keywords: technogenic conditions; trees; leaf plates; chlorophyll; carotenoids.

of their metabolism, plants are highly sensitive to environmental pollutants
(Sergeychik, 1994; Wen et al., 2004). First of all, the negative effect of

The issues concerning urbanization and environmental risks have be-
come global (Lovett et al., 2009; Rai, 2016; Vieira et al., 2018). Increasing
urbanization is harming the health of the population due to the increasing
technogenic impact on the environment (Schwela, 2000; Host et al., 2012;
Salmond et al., 2016).

Green spaces play an important role in the optimization of urban envi-
ronments (Faly & Brygadyrenko, 2014; Livesley et al., 2016; Salmond
etal,, 2016; Vieira, 2018). Not only do they enrich the air with oxygen
(Baumgardner et al., 2012), increase its relative humidity (Li et al., 2018)
and improve the radiation regime (Yahia, 2018), they also absorb toxic
gases (Il'kun, 1978; Getko, 1989; Sergeychik et al., 1998), which can be
made bound to the cell compounds, hence becoming involved in the pro-
cess of metabolism (Escobedo et al., 2011) and thereby become neutrali-
zed. Plants serve as a natural filter which absorb dust, which includes heavy
metals and other compounds that are detrimental to human health (Besso-
nova, 1999; Jim & Chen, 2008; Shulman et al., 2017; Bessonova, 2020).

However, high concentrations of airborne pollutants cause negative
changes in the functioning of key systems of a plant organism (Calfapietra
et al., 2015; Rai, 2016; Popek et al., 2018). Due to the autotrophic nature
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technogenic factors is manifested through the activity of the photosynthet-
ic apparatus, the most important characteristic of which is the content of
plastid pigments (Tarchevs’kyi, 2002; Sen et al., 2017; Bessonova &
Grytsay, 2018; Borisova-Mubarakshina et al., 2019). This indicator res-
ponds well to changes in environmental factors, including the techogenic
ones (Sergeychik, 1994; Mikhailova & Berezhnaya, 2000; Bessonova,
2006; Bukharina et al., 2007).

Quantitative fluctuation of the level of plastid pigments as a specific
reaction of woody plants has been studied by many researchers. These
works are devoted to the analysis of the impact of airbome pollutants ori-
ginating from a variety of industrial enterprises (Getko, 1989; Bessonova,
2006), as well as the emissions from vehicles (Bessonova et al., 2004;
Tsandekova & Neverova, 2010; Hnativ, 2014). It should be noted that, as
a general rule, studies were limited to a small number of species. Howe-
ver, since the combined action of industrial and vehicle emissions can alter
the nature of the response of the pigment apparatus in the leaves of trees, it
is necessary to learn more about the peculiarities of these changes in a
wide range of tree species. The data obtained makes it possible not only to
evaluate the conditions of a plantation, the degree of resistance of woody
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plants to the combined effects of technogenic pressure, but also to identify
sensitive species for the purposes of phytoindication in order to adequately
assess the state of the environment. Chlorophyll content in leaves is
known to be a sensitive indicator of environmental pollution (Parmar
etal.,2013; Senetal., 2017).

The aim of this study is to identify quantitative changes in the level of
photosynthetic pigments due to the aggregate effect of industrial and ve-
hicle emissions on those species growing in the areas of roadside plantings
in the industrial region of the city and to identify the most sensitive plants
to be used as indicators for the purpose of assessing the state of the envi-
ronment.

Materials and methods

The experiments were conducted at the site near Naberezhna Za-
vods’ka st. in the city of Dnipro, which is located in Ukraine’s Steppe
region (48°48'39" N 34°90'77" E: 48°48'10" N 35°02'48" E). The traffic
intensity on the site is 49,400 vehicles per day.In addition, depending on
the wind direction, industrial emissions from the West, North-East and
North-West industrial complexes, in which mainly the metallurgical and
machine-building enterprises are located, also end up polluting the investi-
gated area.

Most of these enterprises are ranked with a high atmospheric pollu-
tion index (IAP 7.0-14.0 units), whereas at the experimental site the IAP
is equal to 11.1 units. According to the classification, the IAP value less
than 2.5 corresponds to a clean atmosphere; 2.5-7.5 — slightly contami-
nated; 7.6-12.5 — contaminated; 12.6-22.5 —heavily polluted; 22.6-52.5 -
highly polluted; and the one exceeding 52.5 is labeled as "extremely pol-
luted" (Chugai et al., 2018). Atmospheric air at the Zavods’ka Naberezhna
st. is contaminated mainly by carbon, nitrogen and sulfur oxides (NO and
NO,, SO,), hydrogen sulfide, phenolic compounds, dust containing heavy
metal particles (Cd, Fe, Mn, Cu, Ni, Pb, Cr). Vehicle emissions include
carbon monoxide, nitrogen, sulfur, benzene, formaldehyde, heavy metals,
ammonium etc. (Shmatkov & Minkov, 2011; Sagittarius, 2019).

Plants that are used as control specimens are grown in the Botanical
Garden (Kabar, 2015), which can be considered a relatively clean area,
since there are no industrial plants within a 10 km radius.

11 species of woody plants were selected for our study: Betula pendu-
la Roth., Ulmus laevis Pall., Aesculus hippocastanum L., Acer platanoides
L., Tilia cordata Mill,, Platanus orientalis L., Robinia pseudoacacia L.,
Populus alba L., Pinus pallasiana (D. Don), Picea abies (L.) H. Karst.,
Picea pungens Engelm. ‘Glauca’.

In order to determine the dynamics of the plastid pigment content, the
average sample of leaves for analysis was taken from plants belonging to
one of the three categories: young, mature and aging; under similar wea-
ther conditions (June 15, July 20, and August 25) from annual shoots from
the south-east side of the crown of five model trees at a height of 2.5 m
under the identical lighting conditions. Only the intact parts of the second
or third leaf were used in the case of deciduous trees and the first 5-7
needles at a distance of 1 cm from the base of the annual shoot in the case
of coniferous plants. The content of pigments was determined spectropho-
tometrically using the acetone extract on a SF-2000 spectrophotometer
(OKB "Spectrum", Russia, 2007) repeated 4 times in total.

The calculations were performed using the Wettstein equations (Gav-
rilenko & Zhigalova, 2003).

C,(mg/L)=9.784- Dy, —0.990- D,,, >
C,(mg/L)=21.426-Dy, —4.650- Dy,
C,.,(mg/L)=5134-Dy, x20.436- Dy, >

C., (mg/L)=4.695 D, —20436-C,,,"

The content of pigments in the solution was calculated by their con-

centration, taking into account both the sample and its dilution:
A=C-V/P-1000,

where A — the pigment content in the plant material (mg/g of green
weight), C — concentration of pigments in the extract (mg/L), P — sample
of plant material (g), V — volume of pigments (mL).

For the purposes of statistical analysis we used IBMSPSS Statistics
22 (IBM, USA, 2013) software suite. Data is represented in the form of
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mean values and a standard error (x + SE). Statistical analysis was per-
formed by means of analysis of variance (one-way ANOVA). A value of
P <0.05 was considered statistically significant.

Results

In the leaves of most of the species of woody plants that grow under
conditions of man-made air pollution, the amount of chlorophyll @ + b is
less compared to the control (Table 1). The levels of green pigments in
leaves of species such as P. orientalis and R. pseudoacacia under the
conditions of technogenic pressure and in a relatively clean zone appear to
be remarkably similar throughout the entire duration of the experiment.
The level of decline in the concentration of green pigments in experimen-
tal plants in comparison with the control during June and July does not
exceed 25.0% on average, with the exception of conifers — P. abies and
P. pallasiana. A significant drop in the content of chlorophyll @ and b was
detected in August, especially in Ae. hippocastanum, P. pallasiana and
P. abies — down 33.2%, 32.3% and 32.8% respectively, compared to the
plants in the control group.

Both the intensity and the type of impact of the pollutants on each of
the chlorophyll forms differ depending on the species of trees (Tables 2, 3).
In leaves of plants such as B. pendula, Ae. hippocastanum, P. alba and
T. cordata the concentration of chlorophyll a under the conditions of tech-
nogenic pressure drops during the growing season more substantially
compared with the chlorophyll 4. In the leaves of P. orientalis growing in
the areas of outdoor plantings there is even a slight increase in the content
of chlorophyll 5 during June and July compared with the control by
19.6% and 25.2%, and in R. pseudoacacia the changes in the concentra-
tion of both forms of pigment are similar. In the needles of P. pallasiana
there is an almost equal reduction in the content of both forms of chloro-
phyll, while in the needles of P. abies and P. pungens, due to the action of
multicomponent contamination, the content of chlorophyll 4 is lower.

Therefore, in the leaves of most of the species of woody plants under
study growing in contaminated conditions the level of chlorophyll relative
to the control decreases the most in the case of chlorophyll a.

The influence of multicomponent contaminants on the carotenoid
content also appears to be non-uniform (Table 4). In the case of trees
species such as B. pendula, Ae. hippocastanum, A. platanoides, T. corda-
ta, P. abies the amount of yellow pigments decreases relative to the con-
trol most significantly during August. However, man-made growth condi-
tions cause a significant increase in the level of this group of plastid pig-
ments in the leaves of P. alba, P. pungens. The largest difference in the
level of carotenoids in the needles of P. pungens at both of the sites was
detected in June (145.0%) and August (150.0%), slightly less in July
(139.3%), and the lowest was in P. alba leaves (needles) during June. The
amount of yellow pigments in the leaves of U. laevis, R. pseudoacacia and
P. orientalis exceeds the control values during July and August, while at the
beginning of the growing season (in June) the difference in the actual para-
meters between the two variants lacks statistical significance (Table 4).

Thus, the concentration of carotenoids in the leaves of some plant
species decreases, while in others it actually increases compared to the
values obtained from plants growing in the relatively clean zone.

Discussion

The analysis of the obtained data indicates a lower content of chloro-
phyll a + b in the leaves of most species of woody plants due to the condi-
tions of technogenic pollution (Table 1) compared to the relatively clean
zone. According to the classification, these plants belong to the group of
unstable and medium-stable species based on morphometric parameters
(Bessonova & Ivanchenko, 2017). Plants in the leaves of which the level
of green pigments does not differ statistically from the one in the control
group are included in the tolerant species group. Therefore, the nature of
changes in the content of chlorophyll a + b to some extent determines the
level of stability. Because the decrease in the concentration of these plastid
pigments adversely affects the functional activity of the photosynthetic
system (Pascal et al., 2005; Suvorova et al., 2011), this might lead to im-
paired metabolism and consequently a decrease in the natural resistance
ability.
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Table 1
Influence of technogenic growth conditions on the content of chlorophyll a + b in the leaves of woody plants
growing in the areas of roadside plantings (mg/g of green weight, x + SE, n=4)

Plant species June July August
control technogenic conditions control technogenic conditions control technogenic conditions
Betula pendula 298+0.12 2.34+0.14** 2.92+0.06 226+0.11%* 267+0.11 1.94+0.06%*
Ulmus laevis 375+0.13 3.06+0.10%* 343+003 2.80+0.09%* 291+007 224+0.05%*
Aesculus hippocastanum 2.96+0.06 2.37+0.05%* 3.00£0.08 2.11£0.05%** 2.86+0.08 1.91 £0.04%**
Acer platanoides 248+0.08 1.86+0.06%* 2.87+0.11 2.11£0.10%* 2.80+0.11 1.96+£0.13%*
Tilia cordata 293+£0.08 241+0.07+* 3.18+0.08 229+0.14* 3.10+0.12 230+0.09
Platanus orientalis 3.06+£0.12 3.31+£0.09 2.62+0.12 2.77+0.13 2.67+0.07 249+0.10
Robinia pseudoacacia 2.79+0.13 299+0.11 337+0.11 3.60+0.09 2.84+0.12 270+0.13
Populus alba 2.85+0.08 2.38+0.07** 293+0.08 223+£0.06%* 2.57+0.06 2.14£0.04%*
Pinus pallasiana 1.64+0.03 1.15+0.03** 1.90+0.05 1.38+0.04 1.33+0.05 0.90+0.04**
Picea abies 1.52+0.02 1.13£0.04%* 1.28+0.03 0.86+0.03*** 1.36+0.03 0.90+0.03***
P. pungens 144+0.03 1.19£0.02%** 1.28+£0.04 1.07+£0.02%* 1.36+£0.02 1.08 £0.03**
Note: significance levels * —P <0.05, ** —P <0.01, *** —P <0.001.
Table 2
Influence of technogenic growth conditions on the content of chlorophyll @ in the leaves of woody plants
growing in the areas of roadside plantings (mg/g of the green weight, x + SE, n=4)
. June July August
Plant species control technogenic conditions control technogenic conditions control technogenic conditions
Betula pendula 2.08+0.11 1.60+0.10%* 1.90+£0.05 143£0.05%* 1.93+£0.06 1.37+£0.07%*
Ulmus laevis 2.55+0.04 2.04+0.08** 2.30+0.06 1.77+0.10%* 2.10+0.03 1.58 +0.04***
Aesculus hippocastanum 220+0.08 1.67£0.12* 221+0.11 1.66+0.10* 2.00+0.06 140+0.08
Acer platanoides 1.80£0.03 1.35+0.04%* 2.19+0.06 1.60£0.03** 1.98+0.07 1.31+0.06%*
Tilia cordata 2.03+0.03 1.63+£0.12%* 221+0.11 1.56£0.09%* 2.11+0.12 1.46+0.08***
Platanus orientalis 205+0.10 209+0.12 1.98+0.11 1.97+0.15 1.82+0.03 1.74+£0.07
Robinia pseudoacacia 1.87+0.09 1.99+0.14 2.37+0.10 245+0.12 2.24+0.08 1.90+0.09
Populus alba 1.97£0.09 1.60+0.12 2.03+0.05 1.53 £0.04%*** 1.84+0.05 1.32+0.06%*
Pinus pallasiana 1.15£0.04 0.77£0.02%** 0.89+0.02 0.60+0.03** 1.04£0.01 0.71£0.03**
Picea abies 1.11+0.01 0.80+0.02%** 0.88+0.02 0.60+0.02** 0.94+0.03 0.70+0.02%**
P. pungens 0.98+0.05 0.85+0.03 0.87+£0.04 0.78 +£0.05 0.92+0.02 0.75+£0.03**
Note: significance levels * —P <005, **—P <001, *** P <0.00L.
Table 3
Influence of technogenic growth conditions on the content of chlorophyll 4 in the leaves of woody plants
growing in the areas of roadside plantings (mg/g of green weight, x + SE, n=4)
Plant species June July August
control technogenic conditions control technogenic conditions control technogenic conditions
Betula pendula 0.90+0.02 0.74+0.02* 0.92+0.03 0.83+0.04 0.74+0.01 0.60 4 0.027%**
Ulmus laevis 1.20+0.02 1.02£0.02%** 1.13+£0.02 1.03+0.01* 0.81+0.02 0.66+0.01%*
Aesculus hippocastanum 0.76 £0.02 0.70+0.03 0.79+0.02 0.61 £0.01%** 0.86+0.04 0.66+0.07
Acer platanoides 0.68+0.01 0.51£0.01%** 0.72+0.02 0.53£0.01%** 0.82+0.02 0.65+0.03*
Tilia cordata 0.90+0.01 0.78 £0.02* 0.97+0.04 0.73+0.03* 0.99+0.02 0.84+0.01**
Platanus orientalis 1.02+0.03 1.22+£0.04* 0.64+0.03 0.80+£0.02%* 0.85+£0.04 0.78+0.03
Robinia pseudoacacia 092+0.04 1.00+0.02 1.00+0.05 1.15+£0.04 0.80+0.06 0.80+0.05
Populus alba 0.88+0.01 0.78£0.01* 0.80+0.02 0.70+0.02* 0.73+0.01 0.62+0.01**
Pinus pallasiana 049+0.01 0.38 +£0.02* 049+0.02 0.30+0.01%** 0.52+0.01 0.34£0.01%**
Picea abies 041+£0.03 0.33+0.02 040+0.02 0.26+0.02* 042+0.02 0.20+£0.03**
P. pungens 046+0.01 0.34+0.02%** 041+0.01 0.29+£0.02%* 0.46+0.01 0.33+£0.01***
Note: significance levels * — P <0.05, **—P <0.01, ***—P <0.001.
Table 4
Influence of technogenic growth conditions on the content of carotenoids in the leaves (needles) of woody plants (mg/g of green weight, x + SE, n=4)
Plant species June July August
control technogenic conditions control technogenic conditions control technogenic conditions
Betula pendula 0422 +0.012 0.341£0.007* 0.572+0.015 0431£0.011** 0.480+0.005 0.351 +£0.006
Ulmus laevis 0.352+0.015 0.301+0.015 0251+0.010 0.323 +0.008** 0.242+0.004 0.372 +£0.007%**
Aesculus hippocastanum 0.271+0.011 0.210+£0.005%* 0.331+0.011 0.234+0.014%** 0.354+0.011 0.232 +£0.008**
Acer platanoides 0.360+0.021 0.312+0.015 0.301+0.015 0221+0.012%** 0.321+£0.009 0212+0.010%*
Tilia cordata 0.321+0.010 0.281+0.007* 0.402+0.009 0350+ 0.004%** 0.373+0.011 0.280+0.007**
Platanus orientalis 0.241+0.012 0253+0.014 0.350+0.005 0420+ 0.003*** 0.301+0.006 0.361 £0.008**
Robinia pseudoacacia 0.270+0.011 0.291+0.009 0282+0.010 0.361 +0.005%* 0.292 +0.009 0.392+0.011%*
Populus alba 0.251+0.009 0.291 +£0.007* 0.241+£0.003 0.312+0.002* 0.202+0.012 0.291 £0.007**
Pinus pallasiana 0.183+0.011 0.120+0.006** 0.251+0.005 0.160 £ 0.004*** 0.221+0.008 0.152+0.011*
Picea abies 0.190+0.005 0.160+0.007* 0.180+0.006 0.143 +0.003* 0.180+£0.005 0.120 +£0.006**
P. pungens 0.201+0.010 0.292 +£0.006%** 0.172+0.008 0.231 +£0.004*** 0.161+0.004 0.243 +£0.008**

Note: significance levels * —P <0.05, **—P <0.01, ***—-P <0.001.
Biosyst. Divers., 2020, 28(2)
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As can be seen from Table 1, 2, the vast majority of plants growing
under the conditions of environmental pollution are characterized by a
more significant reduction in chlorophyll a content compared with chlo-
rophyll b. It should be noted that chlorophyll a is the main pigment that is
directly involved in photosynthetic transformations. Other pigments act as
a light-harvesting antenna and transmit energy to chlorophyll a (Pascal
etal., 2005). In the process of light harvesting, energy, due to the absorp-
tion of light quanta by the singlet state of the pigment molecules bound to
the antenna proteins, is transferred from the carotenoids to the chloro-
phylls, then from the chlorophyll b to the chlorophyll @ and up the chain
from the chlorophyll a to the reaction center of the photosystem (Croce
etal,, 2001). It is believed that the decrease in the level of chlorophyll a
can be seen as an indicator of air pollution (Barakhteneva & Nikolaevsky,
1988). According to our research, the most sensitive plants are B. pendula,
Ae. hippocastanum, P. pallasiana, A. platanoides, T. cordata, while the data
obtained during August appears to be more illustrative of the phenomena.

Non-uniform changes in the content of chlorophyll @ and chlorophyll
b lead to a shift in the ratio a over b, which indicates a violation of the
stoichiometric ratio between the complexes of the reaction centers of
photosystems and CCS 1I (Lindahl et al., 1995; Dimova & Golovko,
2007). Correspondingly, in the case of the most resistant species of them
all — P. orientalis — one can actually observe an increase in the content of
chlorophyll 5 compared with chlorophyll a, whereas in the case of
R. pseudoacacia no quantitative changes in the levels of either of the
forms of green pigments relative to control ever take place.

In the case of coniferous tree species such as P. abies and P. pungens
'Glauca', we found a greater decrease in chlorophyll 5 content compared
with chlorophyll a. It is important to note that in the areas of roadside
plantings in a relatively clean part of the city (at a distance of up to 10 km
away from the industrial enterprises) P. pungens of the "Viridis' cultivar
suffers from more significant detrimental effects correlated with the de-
crease of the content of chlorophyll a (Bessonova & Ponomareva, 2017),
which may suggest the importance of taking the type of pollutants and
their ratios into account and not just the response of a given plant species
to environmental pollution.

Minor changes in the amount of chlorophyll 5 in comparison with
chlorophyll @ in the leaves of a number of plants growing in the areas with
a greater degree of technogenic pressure, and also the stability in its con-
tent in the leaves of P. orientalis and R. pseudoacacia, can be regarded as
positive. Publications indicate the ability of chlorophyll 4 to perform pro-
tective functions (Shlyk, 1963; Tyuterova et al., 2017). In particular, the
involvement of chlorophyll & in supporting the supramolecular organiza-
tion of thylakoid membranes has been described (Miller et al., 1976).
It should also be noted that mutated species lacking chlorophyll 5 tend to
experience strong oxidative stress, primarily due to the high production of
singlet oxygen (Dall'Osto et al., 2010). Chlorophyll 4 is involved in the
transfer of approximately 50.0% of the absorbed energy to chlorophyll a
(Formaggio et al., 2001).

Referring to the literary sources that mention the characteristics of the
effect of environmental pollutants on the content of chlorophyll a and
chlorophyll b, it is necessary to note the ambiguity and non-uniformity of
the results obtained. According to some researchers, chlorophyll a is more
sensitive than chlorophyll b to industrial emissions (Frolov & Horyshyna,
1982; Korshikov, 1996; Bukharina et al., 2013; Kulagin & Shakhmetova,
2016). Whereas McNatly & Newman (1964) believe that a more signifi-
cant decrease in the content of chlorophyll @ is due to inhibition of the
synthesis of its precursors, in particular protochlorophyll.

Although Tarabrin (1980) notes that chlorophyll a undergoes more
significant changes as far as quantitative parameters are concermned in the
case of the influence of inorganic emissions, according to the same author,
the impact on the content of chlorophyll 5 in both damaged and undama-
ged portions of leaves is deemed more considerable in the case of envi-
ronmental pollution by organic compounds. In the model experiments of
II'kun (1978), during the fumigation of plants by SO,, Cl, there was a
greater destruction of chlorophyll & compared with chlorophyll a. The sa-
me results were obtained regarding the effects of ozone on plants (Nobel,
1974). Significant reduction of chlorophyll 4 content in the leaves of virgin
woody plants and net photosynthesis under the conditions of priority con-
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tamination with chlorine compounds was observed by Bessonova &
Yakovleva-Nosar' (2004).

Some researchers have noted a greater sensitivity of chlorophyll b in
the leaves (needles) of P. abies due to anthropogenic factors (Tuzhilkina
etal., 1998; Ovechkina & Shakhmetova, 2015). Gnatov (2014) observed
a more rapid decrease in the content of chlorophyll 4 in the leaves of
A. platanoides in street plantations compared to the trees growing in parks
against the background of reduction of all forms of pigments. This helped
to obtain a high calculated ratio of chlorophyll a to chlorophyll b. Similar
results were obtained by Tymko (2016) in the leaves of B. pendula.

Thus, the non-uniform effects of environmental pollutants on the
changes in the content of chlorophyll a and 4 in different plant species
depends not only on the species-specific characteristics of the plants, but
also on the chemical nature of the toxicants and their quantitative ratios in
the composition of the multicomponent pollutants and may be the result of
various effects that lead to the degradation of these forms of chlorophyll,
their biosynthesis and interconversion.

Quantitative fluctuation of the level of carotenoids is of great interest
in the study of the effects of anthropogenic pollution on changes in the
plant pigment fund, since they play an important role in the functioning of
the photosynthetic apparatus. As can be seen from Figure 3, under the
conditions of technogenic pollution, the amount of carotenoids in the
leaves of such plants as B. pendula, Ae. hippocastanum, A. platanoides,
T. cordata, and especially in pines of the P. pallasiana species, decreases,
which may adversely affect the photosynthetic processes of these plants,
since these pigments happen to be the main components of the antenna
complex. The light-harvesting function of carotenoids is energetic in na-
ture because they transfer the absorbed energy of light to the singlet ex-
cited level of chlorophyll (Ladygin & Shirshikova, 2006).

The content of carotenoids in the assimilation organs of P. orientalis,
R. pseudoacacia, P. alba and P. pungens in the experimental area, on the
contrary, is higher compared to the control. The first two species belong to
the category of trees "very resistant” to the emissions of metallurgical
enterprises and other pollutants, the other two being simply "resistant"
(I'kun, 1971; Bessonova & Ivanchenko, 2017). It should be noted that the
function of carotenoids is to act as antioxidants. They reduce oxidative
stress by converting triplet chlorophyll and singlet oxygen to the ground
state, while transitioning to the triplet excited state with subsequent energy
dissipation in the form of heat (Frank et al., 1999; Edge & Truscott, 2010
Smolikova & Medvedev, 2015). These plastid pigments vigorously elimi-
nate excess reactive oxygen species (Giil & Tuteja, 2010), protecting
pigments and unsaturated lipid fatty acids (Edge et al., 1997), chloroplast
membranes (Havaux, 1998; Pinzino et al., 1999) from the destructive action
of free radicals interacting with them (Kurchi, 2000). It should be noted
that the activation of free radical processes and the increase in the number
of reactive oxygen species in plant cells can all be viewed as a response to
stress-inducing effects, including the influence of technogenic pollutants
(Asada et al., 1974; Bessonova, 1999, 2006; Kolupaev & Karpets, 2019).

Therefore, the increase in the level of carotenoids in the assimilation
organs of resistant plant species in response to contaminants is an adaptive
response aimed at increasing the stability of the photosynthetic apparatus.

Conclusions

Under the conditions of technogenic pressure, the most significant
decrease in the content of chlorophyll a + b compared to the control is
observed in the leaves of species of woody plants such as Ae. hippocasta-
num, P. pallasiana, P. abies. In the case of the assimilation organs of most
of the species under study, the content of chlorophyll a is significantly
lower than that of chlorophyll 5 relative to control values. The preservation
of the concentration of chlorophylls in leaves of P. orientalis and R. pseu-
doacacia under the technogenic growth conditions at almost the same
level as the control values indicates the stability of the photosynthetic
apparatus of these plants.

The most sensitive indicators of environmental pollution with multi-
component emissions ordered by the level of change in chlorophyll a con-
tent in the leaves of plant species are B. pendula, Ae. hippocastanum,
P. pallasiana, A. platanoides and T. cordata.
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The amount of carotenoids in the leaf blades of most species of the
plants investigated decreases compared to the control. In the case of trees
suchas U. laevis, P. orientalis and R. pseudoacacia, their carotenoid levels
increase in these organs in the second half of the growing season, while in
the case of P. alba and P. pungens carotenoid levels were up during the
entire period of the study, which can be viewed as an adaptive response of
the pigment complex to the detrimental effects of airborme multicompo-
nent pollutants.
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