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Introduction

Baik, O. L., Kyyak, N. Y., Humeniuk, O. M., & Humeniuk, V. V. (2021). Oxidative stress in moss Bryum caespiticium (Bryaceae) under
the influence of high temperature and light intensity in a technogenically transformed environment. Regulatory Mechanisms in Biosys-
tems, 12(4), 710-717. doi:10.15421/022198

Mosses are pioneer plants in post-technogenic areas. Therefore, the question of adaptive reactions of mosses from these habitats
represents a scientific interest. The research is devoted to the study of adaptive changes in the metabolism of the dominant moss species
Bryum caespiticium Hedw., collected in the devastated territories of the Novoyavorivsk State Mining and Chemical Enterprise (SMCE)
“Sirka (Sulfur)” exposed to hyperthermia and insolation, which cause oxidative stress in plants. The influence of these stressors on the activi-
ty and thermal stability of antioxidant enzymes, hydrogen peroxide content, anion radical generation and accumulation of prooxidant com-
ponents in moss shoots was studied. The activity and thermal stability of peroxidase and superoxide dismutase (SOD) were analysed forB.
caespiticium moss from different locations of northem exposure at the sulfur mining dump No 1 in summer and autumn. We established the
dependence of the activity of antioxidant enzymes of moss on the intensity of light and temperature on the experimental plots of the dump
No 1. In summer, the highest activity and thermal stability rates of peroxidase and SOD wete observed. Under the conditions of the experi-
ment in shoots of B. caespiticium from the northem peak of the dump under the influence of 2 hours temperature action (+ 42 °C) the most
significant increase in peroxidase activity was found by 1.78 times and SOD by 1.89 times, as well as increase in its thermal stability by
1.35-1.42 times, respectively. The increase in peroxidase and SOD activity, as well as the increase in their thermal stability caused by hyper-
thermia were negated by pre-processing with a protein biosynthesis inhibitor cyclohexamide, which may indicate the participation of the
protein-synthesizing system in this process. The effect of increasing the thermal stability of enzymes can be considered as a mechanism of
adaptation of the protein-synthesizing system to the action of high temperatures. Increase in the activity and thermal stability of antioxidant
enzymes is caused primarily by changes in the expression of stress protein genes, which control the synthesis of specific adaptogens and
protectors. The obtained results indicate that the extreme conditions of the anthropogenically transformed environment contribute to the
development of forms with the highest potential abilities. The mechanism of action of high temperatures is associated with the development
of oxidative stress, which is manifested in the intensification of lipid peroxidation and the generation of superoxide anion radical. It was
found that temperature stress and high insolation caused an increased generation of superoxide anion radical as the main inducers of protec-
tive reactions in the samples of B. caespiticium from the experimental transect of the sulfur mining heap. It is known that the synthesis of
H;0, occurs under stress and is a signal to start a number of molecular, biochemical and physiological processes of cells, including adapta-
tion of plants to extreme temperatures. It is shown that high temperatures initiate the generation of hydrogen peroxide. Increased reactive
oxygen species (ROS) formation, including H,O», under the action of extreme temperatures, can cause the activation of signaling systems.
Therefore, the increase in the content of H,O, as a signaling mediator is a component of the antioxidant protection system. It is determined
that adaptive restructuring of the metabolism of the moss B. caespiticium is associated with the accumulation of signaling prooxidant com-
ponents (diene and triene conjugates and dienketones). The increase in primary lipid peroxidation products, detected by us, under the action
of hyperthermia may indicate the intensification of free radical oxidation under adverse climatic conditions in the area of the sulfur produc-
tion dump, which leads to the intensification of lipid peroxidation processes. The accumulation of radical and molecular lipid peroxidation
products are signals for the activation of protective systems, activators of gene expression and processes that lead to increased resistance of
plants.

Keywords: peroxidase; superoxide dismutase; thermal stability; superoxide anion radical; hydrogen peroxide; conjugated dienes; dien-
ketones; conjugated triens; moss.

organization of cells (Seel et al., 1992; Guan & Scandalios, 2000; Pyaty-
gin, 2008; Gill & Tuteja, 2010). The main adaptive changes in plants

The effect of various abiotic factors, such as drought, salinity, tempe-
rature stress (especially in the summer months), increased insolation,
strong winds, can lead to activation of protective and adaptive reactions of
plants (Karpets & Kolupaev, 2009; Khorkavtsiv at al., 2009; Dey & De,
2012; Alvarez & Sanchez-Blanco, 2014). Plant adaptation is controlled by
a complex molecular genetic system, which induces a certain stress-
response mechanism, which maintains the homeostasis of the plant orga-
nism and protects against the destruction of the molecular and structural
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occur at the morphological and, first of all, at the biochemical levels (Lo-
bachevska et al., 2005; Smimoff, 2005; Kolupaev & Oboznyi, 2012).
Plant resistance to abiotic stressors is associated with gene expression,
involved in signaling or regulatory systems, in starting the synthesis of
stress proteins and metabolites (Yurina & Odintsova, 2007; Rampitsch &
Srinivasan, 2011; Kolupaev & Oboznyi, 2013; Kimura et al., 2017).
Temperature is one of the most important environmental factors, con-
trolling the ontogenesis of plant organisms (Choudhury et al., 2017; Ky-
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yak & Bunio, 2017; Zhang et al., 2017; Grishutkin et al., 2020; Boychuk,
2021). Currently, the main focus is on the study of biochemical and mole-
cular genetic aspects of plant resistance to stress temperatures (Wahid &
Close, 2007; Schmitt et al., 2014; Noctor et al., 2016). During the adapta-
tion of plants to high temperatures, the thermal stability of cells increases,
which is to a great extent associated with changes in the thermal stability
of proteins and enzymes (Khan et al., 2015; Sidana et al., 2015; Khan
etal.,, 2017). There are suggestions that induced protein synthesis partici-
pates in the formation of thermoresistance (Karpets & Kolupaev, 2009;
Khan et al., 2015; Karpets, 2019).

Influence of temperature on the plant organism is one of the powerful
abiotic environmental factors (Wadavkar et al., 2017; Zhang et al., 2017).
Studies of plant resistance to adverse temperatures, which is the result of
physiological and biochemical transformations, are relevant today (Kyyak
et al,, 2017; Song et al., 2020; Wani et al., 2021). Nonspecific protective
systems, in particular the antioxidant system, play a significant role in the
resistance of plants to the action of stress factors (Oboznyi et al., 2012;
Karpets et al., 2016; Kyyak & Baik, 2016). The antioxidant complex,
consisting of enzymes and low molecular weight antioxidants, belongs to
the stress-protective systems involved in the formation of plant resistance,
including against hyperthermia (Helena & Carvalho, 2008; Fan et al,
2009; Kolupaev & Karpets, 2009, 2010).

The protective role of antioxidants in the development of stress tole-
rance to hyperthermia and insolation, in particular in mosses, has been
insufficiently researched. Therefore, the aim of the research was to study
changes in the activity of enzymatic antioxidants, analysis of superoxide
anion radical generation, hydrogen peroxide content and accumulation of
diene conjugates, dienketones and triene conjugates as indicators of oxida-
tive stress in moss Bryum caespiticium Hedw. under the influence of high
temperature and light intensity in the technogenically transformed envi-
ronment.

Material and methods

The object of investigations was the moss Bryum caespiticium
Hedw., collected on the research areas (base, northern slope, crest and
northern top) of the sulfur mining dump of the Novoyavorivsk State Min-
ing and Chemical Enterprise “Sirka (Sulfur)” (Lviv region). The research
was done during 2018-2020 in summer and autumn. Inveatigations were
conducted in summer at the temperatures t = 35.0-38.0 °C and light inten-
sity — 110 thousand lux and in autumn at the temperature t = 14-16 °C,
insolation =~ 80 thousand lux. The light intensity at the experimental areas
was measured with a luxometer U-116.

To determine the peroxidase activity, a portion of the plant material
was homogenized in 0.1 M acetate buffer (pH 5.4) in the ratio 1:1, ex-
tracted for 30 min at room temperature and centrifuged for 15 min, at
4000 g. The supematant was used as an enzyme drug. To determine the
activity of peroxidase 2 mL of the enzyme drug was mixed with 0.5%
solution of benzidine and 0.1 M acetate buffer (pH 5.4). The qualitative
reaction was started by adding a 3.0% solution of hydrogen peroxide.
After 5 min, the samples were photometered at a wavelength of 412 nm
on a spectrophotometer Specord 210 Plus. The enzyme activity was de-
termined in relative units per 1 g of crude mass (Ermakov et al., 1987).

To determine the activity of superoxide dismutase, the plant material
was extracted for 30 min in 0.15 M phosphate buffer (pH 7.8). Superna-
tant obtained after centrifugation (10 min, 5000 g) was added to the incu-
bation medium containing: 0.33 mM ethylenediamine-N,N,N',N'-tetraace-
tic acid disodium salt (EDTA), 0.4 mM nitrosine tetrazolium, 0.01 mM
phenazine metasulfate and 0.8 mM nicotinamide adenine dinucleotide
phosphate (NADPH). The optical density of the solution was measured
spectrophotometrically at a wavelength of 540 nm. SOD activity was
expressed in conventional units per mg of protein per minute (Chevari
etal., 1991).

To determine the thermal stability of peroxidase and SOD, gameto-
phores of mosses were kept for two hours at a temperature of +42 °C in a
thermostat. Thermal stability was calculated as the ratio of the value of the
residual activity of the enzyme after heating the samples in the thermostat
to its value at room temperature (t = +20 °C). Part of the plant material
during one day was incubated in a solution of cyclohexamide, inhibitor of

protein biosynthesis. Cyclohexamide at a concentration 20 M almost
completely evened out the increase of the activity of enzymes of the stu-
died moss under the action of sublethal temperature.

To determine the hydrogen peroxide, the plant content material was
homogenized and extracted into 50 mm phosphate buffer pH 7.0.
The homogenate was centrifuged for 15 min at 13000 g and +5 °C.
The peroxide content was determined spectrophotometrically (Di Toppi
etal,, 1999). To determine the content of hydrogen peroxide to 1 mL of
supernatant was added 3 mL of 0.1% Ti(SO,),. The colour intensity was
determined at a wavelength of 410 nm. The calibration curve was built for
H,0,. The hydrogen peroxide content was calculated in mg per 1 g of dry
matter.

Superoxide anion radical generation was determined by the reduction
of nitroblue tetrazolium. To verify the specificity of the generation of
superoxide anion radical in special experiments in the samples, SOD was
added (50 units/mL). SOD inhibited the generation of superoxide anion
radical by at least 90% (Kolupaev & Oboznyi, 2013). The optical density
of the incubation solution was determined on a spectrophotometer Spe-
cord 210 Plus at a wavelength of 530 nm.

To determine the amount of diene conjugates and dienketones, a por-
tion of the plant material was homogenized in 0.1 M potassium phosphate
buffer (pH 7.0), a mixture of heptane-isopropanol added (1:1) and ex-
tracted for 20 minutes. The content of diene conjugates, dienketones and
triene conjugates was determined spectrophotometrically in the heptane
layer at wavelengths of 233, 278 and 275 nm, respectively, according to
the method of Kurganova et al. (1997).

The results were statistically analyzed, determining the mean value,
median, standard deviation (SD), and the first and the third quartiles for
each characteristic in all the variants of the experiment. The selections
were compared using single-factor dispersion analysis (ANOVA) with
Bonferroni correction, considering differences between the selections
reliable at the level of P < 0.05, 0.01, and 0.001. All calculations and de-
velopments of diagrams were made in Statistica 8.0 software (StatSoft,
USA, 2012).

Results

One of the central enzymes in the study of adaptation mechanisms are
isoforms of peroxidases, which belong to the extremely labile and multi-
functional “stress” enzymes (Onele et al., 2018). We determined the de-
pendence of peroxidase activity from light intensity and temperature of
B. caespiticium from different locations of the northern exposure of the
sulfur mining dump No. 1. Peroxidase activity of B. caespiticium is espe-
cially distinguished in summertime at high temperatures and light intensity
at the norther top ( peak ) and northern slope of the dump, compared with
the base. Indicators of peroxidase activity in B. caespiticium moss shoots
were the highest at the northem exposure (peak and slope) of the dump
and was 20.9 = 0.2 and 24.7 + 0.2 (relative units/g of dry weight) respec-
tively, i.e. 1.21-1.43 times higher than at the base of the dump (Fig. 1). In
autumn, when the temperature and insolation levels decreased, the activity
of moss peroxidase from all localities decreased slightly, although the
highest values of enzyme activity in the samples from the peak of the
dump were maintained. Experimental studies have shown an increase in
peroxidase activity by approximately 1.82 times in all samples of B. caes-
piticium. Thus, the highest peroxidase activity under the action of hyper-
thermia was observed in the samples of B. caespiticium from the northem
peak and the northem slope: 37.3 + 0.2 and 44.7 + 0.2 relative units/g of
dry weight, respectively (Fig. 1).

During the adaptation of plants to hyperthermia there is a change not
only in activity but also in the kinetic characteristics of many enzymes,
including peroxidase. Differences in the thermal stability of B. caespiti-
cium moss shoots peroxidase from the experimental localities of the dump
under the influence of hyperthermia were revealed. The strongest was the
thermal stability of peroxidase under the action of hyperthermia in the
experiment in samples of B. caespiticium from the slope (0.81 +
0.05 relative units) and the peak of the dump (0.78 + 0.03 relative units),
where the highest intensity of environmental factors is noted (Fig. 2).

The increase in peroxidase activity, as well as the increase in its ther-
mal stability under experimental conditions, were eliminated by pre-con-
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ditioning with protein biosynthesis inhibitor cyclohexamide. Obviously,
the increase in the thermal stability of peroxidase is associated with in-
creased synthesis of its more thermostable molecular forms, which was
leveled by cyclohexamide. Such results may indicate the participation of
the protein-synthesizing system in increasing the thermal stability caused
by hyperthermia.
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Fig. 2. Peroxidase thermal stability (relative units) in shoots of the moss
Bryum caespiticium from different locations of the northern exposure
of the sulfur mining dump No. 1 (base, slope, top): x+ SD,n=4;

** — difference between experimental sample and control
is statistically reliable at P <0.01

Superoxide dismutase is considered not only as an antioxidant enzy-
me, but also as a component of signaling systems. Signals generated by
reactive oxygen species (ROS) lead to increased gene expression and
activation of stress-protective systems. Literature sources indicate that an
induced protein synthesis may be involved in the formation of thermal
stability of plants. It is believed that hyperthermia causes increased synthe-
sis of more thermostable forms of the enzyme. The question of the effect
of high temperatures on the activity and thermal stability of SOD of
mosses remains unexplored.

The activity and thermal stability of SOD in moss B. caespiticium
shoots were analyzed from different areas of the dump of sulfur deposit in
summer and autumn. It was found that the activity of SOD of moss signif-
icantly depends on light intensity and temperature. The activity of SOD in
the summer at high temperature and light intensity is especially distin-
guished. Thus, the activity of SOD in B. caespiticium during this period on
the northemn top and the base of the dump was 9.1 + 0.3 and 9.8 = 0.3
relative units/min'mg/protein, respectively. In autumn, when the tempera-
ture and insolation levels decreased, the activity of SOD of moss from all
localities slightly decreased. Under the conditions of the experiment, an
increase in the activity of SOD in samples of B. caespiticium by 1.61—
1.89 times was determined. The most significant increase in SOD activity
was found in moss from the northern top of the dump 17.1 + 0.5 relative
units/minemg/protein (Fig. 3).

The thermal stability of SOD was highest in samples of moss from
the northern slope and the norther peak of the dump at high temperature

and insolation levels, especially in summer. Under the experimental con-
ditions, the thermal stability under the action of hyperthermia in samples
of B. caespiticium moss shoots from these habitats increased and was
0.76+ 0.05 relative units and 0.88 + 0.04 relative units respectively
(Fig. 4).
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The effect of increased activity and thermal stability of SOD, caused
by hyperthermia, was levelled by processing of gametophores of the
studied moss samples with an inhibitor of protein biosynthesis cyclohexa-
mide. The obtained results indicate the possibility of hyperthermia-
induced biosynthesis of thermostable forms of SOD. Experimental studies
have shown that heating of moss samples led to increased enzyme activi-
ty, which generates superoxide anions, in particular peroxidase with its
subsequent conversion to H,O, by increasing the activity of SOD.

It is shown that the highest generation of superoxide anion radicals in
samples of B. caespiticium moss shoots, collected in the summer from the
northemn peak of the dump, was 38.2%, from the crest —25.1%, 15.3% —
from the northem slope, and the lowest was from the base of the dump —
10.2% (Fig. 5a). In autumn, indexes of superoxide anion radical genera-
tion decreased. Thus, in plants from the northemn peak of the dump, they
were up to 20.3%, and from the base 5.1%, which is obviously connected
with the optimal temperature conditions and the decreasing of light inten-
sity in this season (Fig. 5b). The effect of short-term temperature stress in
the experiment led to a slight increase in the generation of superoxide
anion radical in samples collected in summer — by 5.1-10.2% and its
increase in samples of B. caespiticium collected in autumn — by 10.2—
20.3% (at the base and northern slope ~ 10.2%, on the crest and the north-
e peak ~20.3%, Fig. 5).

Therefore, it was found that hyperthermia caused increased genera-
tion of superoxide anion radicals in samples of B. caespiticium from expe-
rimental transects of the sulfur deposit dump. The highest indicators of the
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prooxidant unit (amount of superoxide anion radicals) were found in
samples from the northermn peak of the dump at the highest temperatures
and insolation. According to the results of research, under the influence of
hyperthermia and high light intensity, the activation of redox processes
took place. The accumulation of prooxidant components had a signal
adaptive value in the restructuring of moss metabolism to changes in
living conditions.

Hydrogen peroxide plays a central role in the response of plants to
biotic and abiotic stresses. It is established that the highest content of hyd-
rogen peroxide in summer was in samples of B. caespiticivm moss shoots
from the northem peak (1.29 = 0.09 uM/g of dry weight), slightly lower in

—— Natural conditions —=— 42°C
160 1

the samples from the crest (1.19 + 0.05 pM/g of dry weight). The lowest
content of this metabolite was in the samples from the base of the dump
(0.74 +£ 0.05 uM/g of dry weight), where the temperature was optimal.
Under the conditions of the experiment there was observed an increase
in H,O, content in all experimental samples. It is shown that high tem-
peratures initiate the generation of hydrogen peroxide. Hyperthermia in
the experiment caused an increase of H,O, content in all experimental
samples 1.21-1.52 times (Fig. 6). Increased ROS formation, including
H,0,, under the action of extreme temperatures, may be the cause of
activation of signaling systems, which leads to adaptive changes in gene
expression.
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The obtained results of the research showing the increase in the H,O,
content under the action of hyperthermia are in good correlation with the
obtained data, which testify about an increase in the activity of basic anti-
oxidant enzymes — SOD and peroxidase. Based on the research, it can be
concluded that the increase in H,O, content as a signaling mediator is a
manifestation of a single system of antioxidant protection.

Under stressful conditions, the activation of redox processes was
accompanied by the accumulation of prooxidant components (diene
conjugates, dienketones), which had a signal and adaptive value in the
restructuring of plant metabolism to adverse environmental factors.
The influence of high temperatures and light intensity on the content of
diene conjugates and dienketones in B. caespiticium moss samples from
the territory of the dump of the sulfur deposit was studied. According to
our research, these indicators significantly depended on the ecological
conditions of both the place of plant growth and the season of material
collection. It is shown that the highest values of diene conjugates and
dienketones content in samples from the northermn peak of the dump in
summer were respectively 23.3 + 0.2 and 19.1 £ 0.2 units of absorp-
tion/mg of dry weigh, and lowest — at the dump base, where the tempe-
rature (up to +25 °C) and intensity of light (up to 90 thousand lux) are

Regul. Mech. Biosyst., 2021, 12(4)

relatively smaller — 9.2 0.6 and 8.8 + 0.2 units of absorbtion/mg of dry
weight (Fig. 7, 8a).

In autumn, when the temperature and insolation regimes decreased,
the content of diene conjugates and dienketones decreased by appro-
ximately 1.21-1.42 times (Fig. 7, 8b). Thus, the content of diene conju-
gates and dienketones in the B. caespiticium moss shoot samples from the
top of the dump was accordingly 18.3 + 0.8 and 16.5 = 0.9 units of ab-
sorption/mg of dry weight, and from the base — 7.4 + 0.3 and 6.1 +
0.2 units of absorption/mg of dry weight. Under the conditions of the expe-
riment, a short-term temperature stress led to a slight (in 1.23 times) increase
in the content of diene conjugates and dienketones in the samples, collected
in the summer, and more significant (in 1.22—1.51 times) in autumn. Thus,
under the action of hyperthermia in the experiment, the content of diene
conjugates in samples of moss collected in the summer from the northem
peak, increased to 25.4 + 0.6 units of absorption/mg of dry weigh, at the base
up to 11.2 + 0.3 units of absorption/mg of dry weight, and dienketones con-
tent to 26.3 + 0.5 units of absorption/mg of dry weight and 10.1 £ 0.5 units of
absorption/mg of dry weight, accordingly (Fig. 7, 8a).

Indicators of diene conjugates content in the experiment in moss sam-
ples collected in the autumn, increased to 21.5 + 0.6 units of absorpti-
on/mg of dry weight (northem top) and to 8.9 + 0.2 units of absorption/mg
of dry weight (base), and dienketones — to 24.2 + 0.4 units of absorp-
tion/mg of dry weight (northem top) and to 7.5 £ 0.3 units of absorp-
tion/mg of dry weight (base, Fig. 7, 8b). Therefore, the increase in the
primary products of lipid peroxidation of diene conjugates’ content and
dienketones under the action of hyperthermia, found by us, may indicate
the intensification of free radical oxidation under adverse climatic condi-
tions in the territory of the sulfur mining dump, which leads to the streng-
thening of lipid peroxidation processes.

The increase in the diene conjugates’ content and dienketones in con-
ditions of hyperthermia and high light intensity was accompanied by the
accumulation of triene conjugates. The highest indicators of triene conju-
gates in B. caespiticium moss shoots was determined in summer on the
northern peak and on the crest of the dump — 28.1 + 0.3 and 252 + 0.2
units of absorption/mg of dry weight, accordingly, the smallest were in the
base — 14.5 + 0.3 units of absorption/mg of dry weight (Fig. 9).

In the conditions of the experiment under the action of short-term
hyperthermia in the summer period, the triene conjugates’ content in-
creased approximately by 1.23 times in all samples from the experimental
transect of the dump (Fig. 9a). In autumn, in all samples of B. caespiticium
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moss shoots the triene conjugates content decreased approximately by
2.00 times (Fig. 9b). Thus, the triene conjugates content in the moss sam-
ples from the northern peak decreased to 14.1 + 0.2 units of absorption/mg
of dry weight, and from the base — up to 6.9 £ 0.3 units of absorption/mg
of dry weight. Under conditions of experimental hyperthermia, the triene
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conjugates content increased by 1.42—1.71 times in all samples of B. caes-
piticium moss shoots. Thus, the highest triene conjugates’ content was in
the samples from the northem peak 19.2 + 0.2 units of absorption/mg of
dry weight, and the lowest — in samples from the base 11.5 = 0.2 units of
absorption/mg of dry weight.
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Thus, hyperthermia and insolation cause the increase in the primary
lipid peroxidation products’ content. The development of oxidative stress
is manifested in the intensification of lipid peroxidation. The accumulation
of radical and molecular products of lipid peroxidation can be a signal for
the activation of protective systems, enhancing the expression of genes
and processes that lead to increased plant resistance.

Discussion

Temperature regime is one of the determining factors of the environ-
ment that affects plant life. Hyperthermia destabilizes metabolic processes.
It is believed that reactions to stress influences provide a short-term plant
protection, and further contribute to the formation of mechanisms of spe-
cialized adaptation (Kosakivska et al., 2014, 2015, 2017). Lipid peroxida-
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tion is important for the renewal of biological membranes, rotation of their
protein and lipid components, regulation of physical and chemical proper-
ties of membranes and subcellular structures (Ayala et al., 2014; Choud-
hury et al., 2017; Wani et al., 2021). Enhancement of lipid peroxidation
processes is a universal mechanism by which the most important homeo-
static physicochemical parameters of the cell are controlled, which play a
significant role in the survival of organisms under the influence of extreme
factors of various origins, including hyperthermia (Richards et al., 2015;
Sofo etal.,, 2015; Ren et al., 2021).

The mechanism of action of high temperatures is associated with the
development of oxidative stress, which is manifested in the intensification
of lipid peroxidation and the generation of superoxide anion radical (Na-
kamura, 2000; Scarpeci et al., 2008; Shevyakova et al., 2009). It is known
that during the adaptation of plants to hyperthermia there is a change not
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only in activity but also in the kinetic characteristics of many enzymes, in-
cluding peroxidase (Aleksandrov, 1985; Lyutova & Kamentseva, 2001;
Obozny et al., 2010). Hyperthermia leads to significant changes in cell meta-
bolism, accompanied by an increase in the formation of reactive oxygen
species in them and, as a consequence, damage to cellular structures (Kosa-
kivska et al., 2016; Moyo et al., 2017). It is known that stress factors, includ-
ing high temperature, induce an antioxidant system (AOS) (Neill etal,
2002c; Oboznyi et al., 2012; Kusvuran et al., 2016; Noctor et al., 2016).

We found the dependence of the activity of antioxidant enzymes of
moss on the intensity of light and temperature on the experimental plots of
the dump No. 1. In the summer period, the highest activity and thermal
stability of peroxidase and SOD were observed. At the conditions of the
experiment in B. caespiticium moss shoots from the northern peak of the
dump under the influence of 2-hour temperature +42 °C the most signifi-
cant increase in peroxidase activity by 1.78 and for SOD — by 1.89 times
as well as its thermal stability by 1.35-1.42 times, respectively, was dis-
covered. The increase in peroxidase and SOD activity, as well as the in-
crease in their thermal stability, caused by hyperthermia, were offset by
pre-conditioning with a protein biosynthesis inhibitor cyclohexamide,
which may indicate the participation of the protein-synthesizing system in
this process.

The determining stage of ROS formation is the generation of super-
oxide anion radical, which is the initial component of all chain reactions of
the oxidative cascade (Miller et al., 2008; Pavlovskaya & Grinblat, 2010,
Mittler et al., 2011; Schmitt et al., 2014). Superoxide is converted by su-
peroxide dismutase into hydrogen peroxide, which is a component of sig-
nal transduction and triggers the peroxidation of biopolymers, oxidizes
sulthydryl groups of enzymes, carries out double-stranded breaks in DNA
(Uchida et al., 2002; Smimoff, 2005). Temperature stress, like other abio-
tic factors as well, leads to the increase in the level of ROS in cells, such as
superoxide anion radical, H;O, and hydroxyl radical (Karpets et al.,
2015b; Ren et al., 2021; Wani et al., 2021). The leading role among ROS
is played by hydrogen peroxide, because the reaction of systems of its
formation to the influence of extreme factors is very important for adap-
tive processes in plants (Kolupaev, 2016; Thakur & Kapila, 2017; Smir-
noff & Amaud, 2019).

Experimental studies have shown that heating of moss samples led to
increase of superoxide anion radical with its subsequent conversion to
H,O, by increasing the activity of SOD. It was found that the highest
index of superoxide anion radical generation in B. caespiticium moss
shoots samples, collected in the summer from the northern peak of the
dump, was 38.2%, from the crest — 25.1%, 15.3% — from the northern
slope, and the lowest at the base of the dump — 10.2%. It was found that
temperature stress and high insolation caused an increased generation of
H,0, as the main inducer of protective reactions in the B. caespiticium
samples from experimental plots of the sulfur deposit dump.

There are literature data (Kimura et al., 2014; Demidchik, 2015; Kar-
pets et al., 2017) on the functions of SOD not only in the antioxidant pro-
tection of cells, but also in the transduction of the high temperature signal
into the genome by converting the superoxidation radical to the H,O,
signaling molecule. SOD is an intracellular enzyme involved in super-
oxide anion radical dismutation reactions (Zyn, 2012; Kolupaev & Oboz-
nyi, 2013; Khan et al., 2017). Signaling with a participation of ROS is
necessary for the further formation of adaptive responses that increase the
heat resistance of plants (Cavalcanti et al., 2004; Kolupaev & Oboznyi,
2012; Khorobrykh, 2019).

It is known that plants under stress increase the content of hydrogen
peroxide (Kacperska, 2004; Alvarez & Sanchez-Blanco, 2014; Legosta-
yeva & Volyanyk, 2017). Production of ROS, in particular H,O,, under
the influence of abiotic stress initiates a cascade of reactions in plants,
which helps them to avoid stress (Neill et al., 2002a; Neill et al., 2002b;
Karpets et al., 2016; Kolupaev, 2016). Hydrogen peroxide is one of the
ROS and being the most stable of them, it plays an important role as a
signaling molecule in cellular metabolism (Sung et al., 2003; Kolupaev &
Karpets, 2009; Wani et al., 2021). Under stress conditions, HO, concen-
tration in plants increased sharply, activating protective systems (Prasad
etal., 1994; Dat et al., 2000; Jiang & Zhang, 2002). It participates in the in-
tercellular signal-mediated system of acquired stability. Synthesis of H,O,
occurs under stress conditions and is a signal to start a number of molecu-
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lar, biochemical and physiological processes of cells, including the adapta-
tion of plants to extreme temperatures (Proctor et al., 2007; Siddiqui et al.,
2011; Demidchik, 2015; Karpets et al., 2015a). The antioxidant system is
the main mechanism for eliminating toxic peroxides. It is shown that H,O,
can cause the expression of genes potentially involved not only in its de-
gradation but also in its generation (Guan & Scandalios, 2000; Neill et al.,
2002a; Karpets, 2019; Li et al., 2020). It is shown that high temperatures
initiate the generation of hydrogen peroxide. Hyperthermia in the experi-
ment caused an increase in H,O, content in all samples by 1.21—
1.52 times. Increased ROS formation, including H,0,, under the influence
of extreme temperatures, can be a reason for the activation of signaling
systems. Therefore, increasing the content of H,O, as a signaling mediator
is a component of the antioxidant protection system.

Literature data show that lipid peroxidation products are involved in
the transmission of signals from primary messengers aimed at triggering a
cascade of reactions, necessary for the adaptation and survival of orga-
nisms in extreme conditions (Dubinina, 2001; Apel & Hirt, 2004; Gupta
& Igamberdiev, 2015; Hasanuzzaman et al., 2020). It is known that in
biological membranes, mainly polyunsaturated fatty acids are oxidized, so
the detection of diene and triene conjugates and dienketones can serve as a
sensitive test of their oxidation (Durand et al., 2019). It is established that
adaptive reconstructions of B. caespiticium moss metabolism are asso-
ciated with the accumulation of signal prooxidant components (diene and
triene conjugates and dienketones). Under the conditions of the experi-
ment under the action of short-term hyperthermia, the content of diene
conjugates and dienketones increased by 1.21-1.53 times, respectively,
and the content of triene conjugates approximately 1.23 times in all sam-
ples from the experimental plots of the dump. Therefore, the increase in
the primary products of lipid peroxidation, found by us, under the action of
hyperthermia may indicate the intensification of free radical oxidation
under unfavourable climatic conditions on the territory of the sulphur
deposit dump, which leads to the intensification of processes of lipid pe-
roxidation.

Conclusions

The effect of high temperature was accompanied by the appearance
of more stable molecular forms of peroxidase and SOD. The effect of
increase in the thermal stability of enzymes can be considered as a me-
chanism of adaptation of the protein-synthesizing system to the action of
high temperatures. The increase in H,O, content as a signaling mediator
and increase in the activity and thermal stability of enzymes-antioxidants
of moss are parts of a single system of antioxidant protection. It can be
assumed that increased ROS formation, including H,O, under the action
of extreme temperatures, may be the cause of activation of signaling sys-
tems, which leads to adaptive changes in gene expression.

It was found that hyperthermia and insolation caused increased gene-
ration of superoxide anion radical in the samples of B. caespiticium from
the experimental areas of the sulfur mining dump. The highest indexes of
superoxide anion radical generation were found in samples from the
northern peak of the dump, where the intensity of abiotic factors was the
highest. The mechanism of action of high temperatures is associated with
the development of oxidative stress, which is manifested in the intensifica-
tion of lipid peroxidation and the generation of superoxide anion radical.

Under stressful conditions, the activation of redox processes was ac-
companied by the accumulation of prooxidant components (diene and
triene conjugates and dienketones), which had a signal and adaptive value
in the restructuring of plant metabolism to adverse environmental factors.
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