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Background. In recent decades, Ukraine has been experiencing abnormally high
temperatures and droughts in different seasons, including autumn. This creates stress-
ful conditions for winter cereals, especially wheat, at the very beginning of ontogeny.
A comprehensive study of the functioning of antioxidant and osmoprotective systems
in the early stages of development for wheat varieties of different ecological and geo-
graphical origins has not been conducted yet. This study aimed to investigate the effect
of heat stress on the growth of etiolated seedlings of seven varieties of winter wheat
(Triticum aestivum L.) and the indicators characterizing the functioning of antioxidant
and osmoprotective systems.

Materials and Methods. Wheat grains of different varieties were germinated at
24 °C for three days in the dark. Subsequently, they were subjected to 4 h of heating at
45 °C in an air thermostat. Immediately after stress, the generation of superoxide anion
radical (O,~) by seedlings, the content of hydrogen peroxide (H,O,), lipid peroxidation
(LPO) products, catalase and guaiacol peroxidase activity, and also proline and soluble
carbohydrates were analyzed. One day after heating, the relative inhibition of shoot and
root growth was determined.
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Results and Discussion. The Antonivka and Tobak varieties demonstrated the
highest ability to maintain growth after exposure to high temperatures; the Darynka
Kyivska and Lira Odeska varieties were medium resistant. In the Doskonala, Bogdana
and Avgustina varieties, a strong inhibition of shoot and root growth after heat stress
was noted. In Antonivka, after high-temperature exposure, the O, generation increased
slightly, while the content of H,O, and LPO products did not change. In Tobak, Darynka
Kyivska and Lira Odeska, the stress-induced increase in ROS formation and accumula-
tion of LPO products was moderate. The hyperthermia-sensitive Doskonala, Bogdana
and Avgustina showed a significant development of oxidative stress. Heat-resistant
varieties had high catalase activity and increased total soluble carbohydrate content
under heat stress. After exposure to high temperature, the proline content increased in
all studied varieties, but no positive correlation was recorded between its amount and
their heat resistance. Likewise, no significant correlation was found between the guaiacol
peroxidase activity and the ability of varieties to maintain growth after heat stress.

Conclusion. The high-level inverse correlation between catalase activity, soluble
carbohydrate content, and the manifestation of oxidative stress effect indicates a sig-
nificant contribution of these stress-protective system components to the adaptation of
seedlings to heat stress. Indicators of the oxidative stress intensity and the functioning
of individual components of the antioxidant system can be used to assess the heat
resistance of wheat varieties at the early stages of development.

Keywords: heat resistance, antioxidant system, osmoprotective system, Triticum
aestivum L.

INTRODUCTION

Cereals (bread and durum wheat, rye, barley and others) can be exposed to
adverse weather factors at almost all phases of ontogenesis (Schoppach & Sadok,
2013). High temperatures are now considered one of the main factors affecting global
plant distribution, crop growth and yields globally (Ali et al., 2020; Kiriziy & Stasik, 2022).
Under Ukrainian conditions, hyperthermia and drought have a detrimental effect on
plants not only in summer, but also in early autumn period. In particular, over the past
two decades in the Steppe zone of Ukraine, the average temperature in August and
September increased by 2.8 and 1.9 °C, respectively, and on particular days the tem-
perature can reach critical values (Romanenko et al., 2018). As a result, winter cereals
can be subjected to heat damage even at the seed germination stage.

Among the effects induced by hyperthermia, membrane fluidization (Niu & Xiang,
2018), hormonal fluctuations (Kosakivska et al., 2022) and heat shock protein synthesis
(Kumar & Rai, 2014; Yadav et al., 2020) are the most actively studied. At the same time,
nonspecific resistance mechanisms also contribute to plant resistance. Among them,
the antioxidant system plays a special role, since heat stress (Asthir, 2015), like most
others (Choudhury et al., 2017), causes an increase in the reactive oxygen species
(ROS) content in cells.

In particular, thylakoid membrane fluidity increases and photosystems are disrupted
when exposed to high temperatures (Yamamoto, 2016). There is also an increase in the
stochastic ROS formation in mitochondria and peroxisomes (Choudhury et al., 2017).
In addition, activation of ROS-generating enzymes (primarily NADPH oxidase) and
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thermal damage to antioxidant enzyme molecules are possible (Gautam et al., 2017).
An increased ROS generation and oxidative modification of certain proteins and
lipids by them can serve as a signal necessary for the activation of defense systems
(Chmielowska-Bak et al., 2015; Yao et al., 2017). However, disruption of the pro/anti-
oxidant balance and redox regulation processes is considered one of the key causes
of cell damage and death (Kumar & Rai, 2014; Gautam et al., 2017). In this regard, the
activation of the antioxidant system is considered as an important protective reaction of
plants to high temperatures (Kolupaev et al., 2020b).

In recent decades, attempts have been made to link individual indicators of this sys-
tem functioning with resistance of various cultivated plants genotypes, including wheat. It
was shown that heat-resistant wheat varieties, in contrast to non-resistant ones, showed
an increase in the superoxide dismutase (SOD) activity during a prolonged exposure to
moderately high temperature (Oboznyi et al., 2013). A similar effect was found in wheat
plants under a relatively short-term exposure at 40 °C (Kumar et al., 2012). An increase
in catalase (CAT) activity was also shown in heat-resistant wheat varieties during hyper-
thermia (Gupta et al., 2013). At the same time, a decrease in CAT activity in wheat plants
under severe heat stress has also been reported (Hameed et al., 2012).

In response to heat stress, heat-resistant wheat varieties showed an increase in
peroxidase (POX) activity, but this effect was not typical of all studied resistant geno-
types (Gupta et al., 2013).

Along with antioxidant enzymes, numerous low-molecular-weight antioxidants, as
well as multifunctional compounds (Kiriziy & Stasik, 2022), in particular proline (Laxa
et al., 2019), are involved in plant defense responses to hyperthermia. An increase
in proline content has been shown in wheat of various genotypes in response to the
temperature of 35 °C (Ahmed & Hassan, 2011). On another set of wheat varieties, an
increase in proline content was found in resistant genotypes after a short-term heating
of seedlings at 42 °C (Gupta et al., 2013). However, the effects of a decreased proline
content in wheat leaves after heat stress were recorded in the later developmental
phases (Kumar et al., 2012). The contribution of different sugars to maintaining the heat
resistance property of plants has also been considered (Tarkowski & Vanden, 2015).
Thus, the key components of the osmoprotective system are involved in plant adapta-
tion to hyperthermia.

The role of the antioxidant system in heat resistance of cultivated cereals has been
studied mainly on adult green plants (Hameed et al., 2012; Gupta et al., 2013). However,
the functioning of the antioxidant system in etiolated seedlings differs significantly from
that in green vegetative plants. In particular, young cereal seedlings are characterized
by a higher constitutive content of low-molecular-weight compounds that can perform
protective functions (proline, sugars, etc.) (Kolupaev et al., 2020a). At the same time,
a comprehensive study of the components of antioxidant and osmoprotective systems
of etiolated wheat seedlings under hyperthermia using a sufficient set of varieties con-
trasting in resistance has not been conducted yet. Our work aimed to study a complex
of indices characterizing these systems’ functioning under moderate heat stress on etio-
lated seedlings of seven wheat varieties differing in heat resistance.

MATERIALS AND METHODS

Plant material and treatments. Plants of bread winter wheat ( Triticum aestivum L.)
varieties, intended for cultivation in different climatic zones, were used for the study.
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Five of the studied varieties were created in Ukraine. The Doskonala variety (origina-
tor: Yuriev Plant Production Institute of the National Academy of Agrarian Sciences of
Ukraine, Kharkiv) designed mainly for cultivation in the Forest-Steppe zone (Karpets
et al., 2016). The Lira Odeska and Antonivka varieties (originator: Plant Breeding and
Genetics Institute of the National Academy of Agrarian Sciences of Ukraine, Odessa)
are distinguished by ecological plasticity necessary for cultivation in the Steppe zone
(Khakhula et al., 2013). The Darynka Kyivska and Bogdana varieties (originator: Institute
of Plant Physiology and Genetics of the National Academy of Sciences of Ukraine,
Kyiv) are designed for cultivation in different climatic zones (Chernobai et al., 2019;
Khomenko, 2020). Also the Tobak variety (originator: Saaten-Union GmbH, Isernhagen
HB, Germany), intended for cultivation in Central Europe, but capable of maintaining
productivity at high temperatures (Urban et al., 2018), was used for research. In addi-
tion, we used the Avgustina variety, created for cultivation in Belarusian Polesie (origi-
nator: Scientific and Practical Center of the National Academy of Sciences of Belarus).

The seeds were disinfected for 30 min with a 6 % hydrogen peroxide solution and
washed with distilled water. Then they were germinated for 3 days in the dark at 24 °C
in Petri dishes on filter paper moistened with distilled water. The heat resistance of
seedlings was evaluated by the growth response to high temperature using the method
proposed by O. I. Zhuk and I. P. Grigoryuk (Pat. 45879 UA, 2002) with our modifications.
Three-day-old seedlings of experimental variants were placed in open Petri dishes in
a thermostat at 45+1 °C and 4543 % air humidity (4-hour exposure). To prevent the
roots from drying out, the filter paper in the cups was moistened every hour with the
same amount of distilled water. At the end of the exposure, one part of the seedlings
was used for biochemical analyzes, and the other part was placed in 24 °C thermostat
to evaluate the growth response. The seedlings of control variants were kept in the ther-
mostat at 24 °C throughout the experiment. After 24 hours post heat stress, the growth
inhibition of shoots, roots and whole seedlings was evaluated according to the formula:

(Cz_C1)_(E2_E1)
Cz_C1

I= -100 %,

where [ is growth inhibition (%); C, and C,, E, and E, are, respectively, the initial and
final values of shoot, root or whole seedling (without grains) fresh weight in the con-
trol and experimental (heat stress) variants. The stress conditions (temperature and
exposure time) were selected based on preliminary experiments in such a way that the
inhibition of seedling growth ranged from 15-20 % (for resistant varieties) to 60-65 %
(for non-resistant ones).

Generation of superoxide anion radicals (SAR) by the shoots was estimated by
nitroblue tetrazolium (NBT) reduction. Ten identical shoots were placed in a tube with
5 mL of 0.1 M K, Na-phosphate buffer (pH 7.6) containing 0.05 % NBT, 10 uM EDTA,
and 0.1 % Triton X-100 for 1 hour (Karpets et al., 2012). At the end of the exposure,
shoots were gently removed from the incubation solution and photographed to visually
assess the intensity of O, generation. The optical density of the incubation solution
was also measured at 530 nm on an SF 46 spectrophotometer (LOMO, Russia). The
increase in SAR generation under heat stress was determined by the ratio (%) of optical
density in the experimental and control variants.
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Evaluation of hydrogen peroxide content was conducted in the shoots homoge-
nized in the cold with 5 % trichloroacetic acid. The samples were centrifuged at 8000 g
for 10 min at 2—4 °C using an MPW 350R centrifuge (MPW MedInstruments, Poland).
The H,0, concentration was determined in the supernatant using the ferrothiocyanate
method (Sagisaka, 1976).

LPO products content evaluation. The rate of lipid peroxidation (LPO) in the
shoots of seedlings was assessed by the content of its products reacting with 2-thiobar-
bituric acid (mainly malondialdehyde — MDA) (Kolupaev et al., 2020a).

Measurement of antioxidant enzymes activity was carried out in seedling shoot
samples (200 mg) homogenized in the cold in 10 mL of 0.15 M K, Na phosphate buffer
(pH 7.6) with EDTA (0.1 mM) and dithiothreitol (1 mM) (Kolupaev et al., 2020a). The
CAT (EC 1.11.1.6) activity was analyzed at pH 7.0 of the reaction mixture evaluating the
amount of hydrogen peroxide decomposed per unit of time. The activity of peroxidase
(POX, EC 1.11.1.7) was determined using guaiacol as a hydrogen donor and hydrogen
peroxide as a substrate at pH 6.2 of reaction mixture adjusted with the K, Na phosphate
buffer.

Estimation of low-molecular-weight protectors. Proline content in the seedling
shoots was evaluated using ninhydrin reagent (Bates et al., 1973). Total sugar con-
tent was assayed using anthrone reagent by the Morris-Roe method with modifications
(Kolupaev et al., 2022).

Replication of experiments and statistical processing. The experiments were
repeated three times in each variant. Data on every parameter were analyzed statisti-
cally by the Analysis of Variance (ANOVA) and Fisher’s Least Significant Difference
(LSD) test. Data are presented as a mean + SD. Different letters designate values with
differences significant at P < 0.05.

Correlation coefficients were estimated using self-developed software created in
the R programming language (version 4.1.1).

RESULTS AND DISCUSSION

Inhibition of seedling growth under heat stress. The least inhibition of shoot
biomass accumulation after heating was observed in the Antonivka variety (Fig. 1A).
A moderate decrease in shoot biomass growth (approximately by 39-49 %) after expo-
sure to stress was observed in the Tobak, Darynka Kyivska and Lira Odeska varieties.
In the Bogdana, Doskonala and Avgustina, the inhibition of shoot growth after heat
stress was significant and amounted to 60 % approximately.

Accumulation of root biomass was the least sensitive to heat stress in the Tobak
and Antonivka varieties: growth inhibition was 11.6 and 17.8 %, respectively (Fig. 1B).
Moderate (approximately 29 %) inhibition of root growth under heat stress was observed
in the Darynka Kyivska and Lira Odeska cultivars. Much more significant (from 43 to
63 %) inhibition of the growth of root biomass was observed in the Doskonala, Bogdana
and Avgustina varieties.

According to the inhibition of total biomass seedling accumulation, the studied vari-
eties were arranged in a row: Antonivka < Tobak < Darynka Kyivska < Lira Odeska <
Avgustina < Bogdana < Doskonala (Fig. 1C). Thus, seedlings of the Antonivka and
Tobak varieties are highly resistant, Darynka Kyivska and Lira Odeska are moderately
resistant, and Doskonala, Bogdana and Avgustina are sensitive to heat stress.
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Effects of oxidative stress caused by hot temperature. After a 4-hour exposure
to high temperature, an increase in superoxide radical generation by seedlings of all
studied varieties was noted. However, in the resistant Antonivka variety, this effect was
small (Fig. 2). In the Darynka Kyivska, Lira Odeska and Tobak cultivars with highly or
moderately resistant growth indices, the increase in O, generation ranged from 30 to
50 % relative to the control. At the same time, in the least heat-resistant Bogdana and
Doskonala varieties, the SAR generation increased more than 2-fold. An exception was
the effects in the relatively hyperthermia-sensitive Avgustina cultivar, in which the O,
generation increased less significantly, by 43 % (Fig. 2).

The absolute hydrogen peroxide content in the control varied in the approximate
range of 45 to 100 nmol/g fresh mass, depending on the cultivar characteristics (results
not shown). After heat stress, hydrogen peroxide content remained stable in two heat-
resistant varieties, Avgustina and Tobak (Fig. 3A). A relatively slight increase in H,O,
content after heating was observed in the moderately resistant Darynka Kyivska and
Lira Odeska. In the sensitive Avgustina and Bogdana cultivars, the amount of hydrogen
peroxide increased by 1.5 times or more after exposure to hyperthermia, and in the
least resistant Doskonala cultivar, this increase was more than twofold.

The absolute content of the LPO end product MDA in different cultivars was in
the range of 9—12 nmol/g fresh mass. The MDA content in the Antonivka, Tobak and
Darynka Kyivska cultivars increased insignificantly after heat stress; a slightly greater
effect was found in Lira Odeska (Fig. 3B). At the same time, in all three hyperthermia-
sensitive varieties (Doskonala, Bogdana and Avgustina), the increase in MDA content
was about 30 %.
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Fig. 3. Hydrogen peroxide (A) and MDA content (B) in shoots of wheat seedlings after heat stress (45 °C, 4 h)

Activity of antioxidant enzymes. The basal CAT activity in shoots of seedlings of
the studied varieties differed markedly (Fig. 4A). It was the highest in Tobak and Lira
Odeska. At the same time, the CAT activity in the Avgustina variety was significantly
lower than in all other varieties. However, no correlation was found between the basic
CAT activity and the heat tolerance of the seedlings. The heating of seedlings caused
a marked increase in the enzyme activity in Darynka Kyivska, Antonivka and Tobak;
a relatively small increase in CAT activity was recorded in the Avgustina and Bogdana
varieties. In Lira Odeska and Doskonala, no significant changes in CAT activity were
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found after a 4-hour exposure to stress temperature. In general, higher absolute values
of the enzyme activity under stress conditions were characteristic of highly and modera-
tely resistant varieties.
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Fig. 4. Activity of CAT (A) and POX (B) in shoots of wheat seedlings. | — control; Il — heat stress (45°C, 4 h)

The basal POX activity was the highest in Tobak (Fig. 4B). Differences were less
pronounced between the other studied cultivars. After heat stress, there was a decrease
in the enzyme activity in most varieties. However, in Darynka Kyivska and Bogdana, POX
activity increased after stress. Thus, no significant relationship with seedling heat resist-
ance was found for both the absolute values of POX activity and its changes under stress.

Content of low-molecular-weight protector compounds. The constitutive proline
content in the seedlings differed considerably between the varieties (Fig. 5A). It was
the lowest in the seedlings of Antonivka, Lira Odeska and Tobak. Higher values were
observed in Darynka Kyivska, Bogdana and Doskonala. The highest proline content in
the absence of stress factor was in the Avgustina variety. Heat stress caused a significant
increase in proline content in all studied varieties. In varieties with low initial proline con-
tent, this effect was more significant. Thus, in the Antonivka and Lira Odeska cultivars,
the proline amount increased by 3-4 times after the heating of seedlings. In Bogdana,
Darynka Kyivska, Doskonala and Tobak, its content increased by 2.0-2.5 times. In the
Avgustina variety, characterized by high basic proline content, its accumulation under
stress was lower, 1.7 times. The highest absolute values of proline content after hyper-
thermia were observed in the non-tolerant varieties (Bogdana, Avgustina and Doskonala),
and the lowest in the Tobak variety — one of the heat-resistant.
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The basic content of sugars in the shoots of seedlings of the varieties differed insig-
nificantly; only in the Avgustina cultivar it was slightly higher than in the others (Fig. 5B).
The pattern of change in sugar content in response to heat stress depended on the
heat resistance of seedlings. Thus, in the highly resistant (Antonivka and Tobak) and
moderately resistant (Darynka Kyivska and Lira Odeska) varieties, an increase in total
sugar content after 4 hours of heat stress was noted. An increase in the sugar content
was also found in the non-resistant Bogdana and Doskonala, but it was low. In the heat-
sensistive Avgustina cultivar, sugar content did not change after the stress.

Correlations between indicators of oxidative stress intensity, functioning
of protective systems, and inhibition of seedling growth during hyperthermia.
Changes in the main indicators of oxidative stress development (generation of SAR,
accumulation of hydrogen peroxide and MDA) significantly correlated with the inhibition
of seedling growth under high temperature (Fig. 6).

Pearson correlation
MDA coefficient
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Proline - -0.39 - -0.21 0.37 0.54 -
Growth

cic ) » = X x co
B £ g < 3 - 5% S
=B <) 2 o » 3 =
e a n T o

= EQ_

* - significant at p<0.05

Fig. 6. Correlation coefficients between growth inhibition and biochemical parameters of wheat seedlings of
different varieties under heat stress (45 °C, 4 h)

There was a fairly high (but not significant at P < 0.05) negative correlation between
CAT activity and sugar content and inhibition of seedling growth. At the same time,
a direct correlation of moderate strength was observed between proline content of
under stress conditions and inhibition of seedling growth, although it was not signifi-
cant at P < 0.05. There was almost no correlation between POX activity and seedling
heat resistance. The presence of reliable at P < 0.05 inverse correlations between the
development of oxidative stress (H,O, and MDA content in seedlings) and such indica-
tors of the functioning of protective systems as CAT activity and sugar content should
also be noted (Fig. 6).

So, the obtained results point to a significant role of the pro-/antioxidant balance
disturbance in the realization of hyperthermia negative effect on wheat seedlings. In
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the seedlings of wheat varieties, whose growth was most inhibited by high temperature
(Doskonala, Bogdana and Avgustina), the most significant increase in all studied oxida-
tive stress parameters was observed (Fig. 1-3). A significant high correlation (r from
0.80 to 0.92) was found between the inhibition of seedling growth and an increased
formation of superoxide radical, as well as an increased content of hydrogen peroxide
and LPO product MDA (Fig. 6). Hyperthermia-induced effects of an increased ROS
generation in various plant cell compartments are described in the literature (Choudhury
et al., 2017). Excessive amount of SAR and hydrogen peroxide in cells creates condi-
tions for non-enzymatic formation of other ROS in Fenton and Haber-Weiss reactions,
including more aggressive ones, in particular hydroxyl radical (Halliwell & Gutteridge,
2015). Hydroxyl and hydroperoxyl radicals are the main ROS initiating the LPO process
(Halliwell & Gutteridge, 2015). Such a pattern of events in wheat seedlings under hyper-
thermia is indicated by the high correlation between the generation of O,~ and H,0, and
the content of LPO product MDA: 0.76 and 0.84, respectively (Fig. 6).

The highly and moderately resistant to hyperthermia Antonivka, Tobak, Darynka
Kyivska and Lira Odeska varieties exhibited relatively small effects of hydrogen per-
oxide accumulation and an increase in LPO intensity due to heat stress (Fig. 3B), indi-
cating a more balanced functioning of their antioxidant system. In particular, the key
hydrogen peroxide-depleting enzyme CAT was found to be elevated or maintained at
a sufficiently high level in these cultivars (Fig. 4A). This enzyme does not require addi-
tional substrates for activity and is very efficient in neutralizing high H,O, concentra-
tions (Hasanuzzaman et al., 2020). The important contribution of CAT to the antioxidant
protection of wheat seedlings under heat stress is evidenced by a significant negative
correlation between its activity and accumulation of hydrogen peroxide and MDA: 0.76
and 0.83, respectively (Fig. 6).

Both the increased and decreased CAT activity in plants of different species, inclu-
ding wheat, under heat stress has been reported in the literature. Meanwhile, higher
values of the enzyme activity were observed in resistant varieties, moreover at different
phases of plant development (Hameed et al., 2012; Gao et al., 2021). An increased
expression of catalase genes, especially CAT2, under severe drought and hyperthermia
has been reported (Laxa, 2019).

On the other hand, our research found no relationship between POX activity and
heat resistance of wheat varieties (Figs. 4B, 6). This result is to some extent consistent
with the evidence that POX activity can increase in non-resistant plants in response to
drought and hyperthermia (Laxa, 2019). In our experiments, a significant increase in
POX activity was recorded only in the moderately resistant Darynka Kyivska variety;
in other varieties, the enzyme activity changed slightly or decreased (Fig. 4B). POX is
a stress-inducible enzyme, but in addition to its antioxidant activity it can also exhibit
pro-oxidant activity due to electron transfer from reducing agents (e.g. NADH) to oxygen
and formation of O,~ and H,O, (Gautam et al., 2017). The negligible contribution of POX
to antioxidant defense system of wheat seedlings under heat stress is indicated by low
correlation coefficients between its activity and the accumulation of hydrogen peroxide
and LPO products under stress conditions (Fig. 6).

One of the key antioxidant defense enzymes is considered to be SOD, which con-
verts SAR into hydrogen peroxide (Kolupaev et al., 2020b). We did not directly deter-
mine its activity, but the low level of SAR generation in the most heat-resistant Antonivka
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variety indicates the contribution of this enzyme to antioxidant protection of wheat seed-
lings under heat stress (Fig. 2). There are data on an increased expression of Cu/
Zn-SOD and Mn-SOD genes under heat stress in plants subjected to a preliminary
action of moderately high (hardening) temperatures (Kumar & Rai, 2014).

Currently, it is believed that not only antioxidant enzymes and such canonical anti-
oxidants as ascorbate and glutathione are involved in antioxidant protection and redox
regulation processes (Lou et al., 2018), but also many other low-molecular-weight com-
pounds, in particular sugars (Morelli et al., 2003). Direct and indirect antioxidant effects of
exogenous sugars on plants under stress conditions have been shown (Hu et al., 2012).
In our experiments, the highest increase in sugar content in response to hyperthermia
was recorded in varieties highly and moderately resistant to hyperthermia (Antonivka,
Darynka Kyivska and Lira Odeska) (Fig. 5). The possible contribution of sugars to the
protection of wheat seedlings from damage caused by hyperthermia is indicated by
a moderately high negative correlation coefficient (r = — 0.60) between growth inhibition
and sugar content in seedlings of different varieties (Fig. 6). The presence of high signif-
icant negative correlations (r values ranging from 0.72 to 0.76) between sugar content
in seedlings and an increased generation of O, and H,O,, as well as MDA accumula-
tion under stress conditions is also remarkable (Fig. 6). In this regard, the literature data
on the high antiradical activity of sugars in vitro (Morelli et al., 2003) is worth noting.

Multifunctional protective metabolites with pronounced antioxidant properties
include proline (Laxa et al., 2019). In our experiments, a significant increase in its con-
tent was found in all studied varieties in response to hyperthermia. Notably, in the most
resistant cultivar, Antonivka, the proline amount increased almost 4-fold in response to
heat stress (Fig. 5). At the same time, no significant correlation between heat resistance
of the varieties and the absolute proline content in seedlings after heat stress was found.
Moreover, there was a fairly high, though not significant at P < 0.05, direct correlation
between proline content in seedlings and inhibition of their growth under stress (Fig. 6).
Thus, it is impossible to unambiguously assess the proline contribution to the protection
of wheat seedlings from heat damage based on the results obtained. It is possible that
relationship between proline accumulation and varietal resistance may become appar-
ent under other experimental conditions, in particular under stronger stress effects. For
example, Nasirzadeh et al. (2021) showed that the relationship between proline content
in leaves of 20-day-old wheat plants and the drought resistance of varieties was evi-
denced only under a very strong drought.

When discussing the possible involvement of proline in the response of wheat
seedlings to hyperthermia, attention should also be drawn to the negative correlation
between its content and catalase activity under stress, which was found to be significant
at P < 0.05. There is evidence in the literature of reciprocal relationships between pro-
line content and gene expression and activity of antioxidant enzymes (Kolupaev et al.,
2020b). Probably, in genotypes characterized by high activity of antioxidant enzymes,
the contribution of proline to the protective mechanisms is less significant.

In general, the obtained results indicate a close relationship between heat toler-
ance of wheat seedlings and their ability to resist the development of oxidative stress.
This is evidenced by a high level of correlation between an increased ROS generation,
accumulation of LPO products, and inhibition of seedling growth under heat stress.
Among the studied components of the antioxidant system, CAT activity and sugar con-
tent make a significant contribution to the maintenance of redox homeostasis, as indi-
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cated by a high level of negative correlation of these indicators with LPO intensity and
seedling growth inhibition. It should be noted that the relationship between seedling
dehydration tolerance, activity of antioxidant enzymes in seedlings and their field heat
and drought resistance (ability to maintain yield in dry years) has previously been shown
in three wheat varieties of different ecotypes (Oboznyi et al., 2013). In this regard, data
on the functioning of stress protection systems in seedlings can be partly extrapolated
to characterize their resistance at later stages of development.

Quite naturally, the important role of these components of the antioxidant sys-
tem should not be overestimated, since the antioxidant system itself is very multicom-
ponent, and its components are in a complex functional interaction with each other
(Kolupaev et al., 2020b). For a more comprehensive characterization of antioxidant
protection of wheat seedlings of different varieties under hyperthermia, it is necessary
to further study the contribution of other components of the antioxidant system, in par-
ticular ascorbate-glutathione cycle, whose role has been shown in other experimental
models (Lou et al., 2018).

CONCLUSION

1. Exposure to the temperature of 45 °C (4 hours) had varying, cultivar-dependent
effect on the further wheat seedling growth. According to the degree of growth
inhibition under stress, the studied varieties were ranked as follows: Antonivka
< Tobak < Darynka Kyivska < Lira Odeska < Avgustina < Bogdana < Doskonala.

2. Seedlings of highly (Antonivka and Tobak) and moderately (Darynka Kyivska
and Lira Odeska) resistant varieties were characterized by a less significant
increase in SAR generation and rise in content of hydrogen peroxide and MDA
in seedlings after heat stress. The high level of correlation between growth inhi-
bition and these oxidative stress indicators shows the possibility of their use in
characterizing the heat resistance of Triticum aestivum varieties at the early
development phases.

3. Ahigh level of inverse correlation between catalase activity, sugar content, and
manifestation of the oxidative stress (accumulation of hydrogen peroxide and
MDA) indicates a significant contribution of these parameters to the protective
processes that develop in wheat seedlings in response to heat stress.

4. Heat stress caused a significant increase in proline accumulation in wheat seed-
lings of all studied varieties. However, no relationship between its content and
the seedlings ability to maintain growth at high temperatures was found.
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POCTOBA PEAKLLIA MPOPOCTKIB MWEHWULI PI3BHUX COPTIB HA AIlO
BUCOKUX TEMMEPATYP TA i 3B’A30K 31 CTAHOM AHTUOKCUOAHTHOI
CUCTEMMU | HAKOMUYEHHAM OCMOITIB

FO. €. Konynaee'? b. €. Makaoea?, T. O. Sicmpe6’, H. I. Pa6uyH’,
B. M. TuweHko?, O. B. Bapa6ons? M. A. LUknapeecbkuii®

" I[Hemumym pocnuHHuymea im. B. 5. FOp’esa HAAH YkpaiHu

np-m lepoie Xapkosa, 142, Xapkie 61060, YkpaiHa

2 MMonmaeckkull depxkasHuli azpapHuli yHisepcumem

8ys1. Ckoeopodu, 1/3, Nonmaesa 36003, YkpaiHa

® IHmeeo lpyn, syn. [pomadsiHcbka, 19, Xapkie 61057, YkpaiHa

BceTtyn. B octaHHi gecatnnitta B YKpaiHi cnoctepiratoTe aHOMarnbHO BUCOKI TeMne-
paTypu i MOCYXn y Pi3Hi Ce30HM BKMOYHO 3 OCIHHIM. Lle cTBOpIoe cTpecosi ymMoBU ASis
03MMMX 3NakiB, Nepegycim MLeHuLi, Ha caMmomy novaTKy oHToreHesdy. KommnnekcHoro
OOCrigKeHHs1 (PYHKLIOHYBaHHSA aHTUOKCUAAHTHOI Ta OCMOMNPOTEKTOPHOT CUCTEM Ha paH-
HiX dpasax po3BUTKY ANSA COPTIB MNLUIEHUL Pi3HOrO eKororo-reorpadivHoOro NOXOMAXeHHS
potenep He nposoaunu. Metoto poboTn Byno BUBYEHHS BNAMBY TEMMOBOrO CTPecy Ha
PiCT eTioNbOBaHMX NMPOPOCTKIB CeMU COpPTIB neHuui o3umoi (Triticum aestivum L.) Ta
NMOKa3HWKN, O XapakTepusytloTb (PYHKLIOHYBaHHS aHTMOKCUAAHTHOI Ta OCMOMPOTEK-
TOPHOIT cuUCTEM.

Matepianu Ta metoau. 3epHiBKM MLWEHNL Pi3HNX COPTIB NPOPOLLYYBanu 3a TeMne-
patypu 24 °C npotarom Tpbox fi6 y Tempssi. Hagani ix niggasanu 4-roguHHOMy npo-
rpiBaHHIo 3a 45 °C y nosiTpsiHoMy TepmocTaTi. Ogpasy nicrns cTpecy aHanidysanm reHe-
pauilo cynepokcuaHoro aHioH-pagukana (O,~) npopocTkamu, BMICT y HUX MepoKkcuay
sBoAHto (H,0,), npoaykTiB nepokcmaHoro okncHerHs ninigis (MOJT), akTnBHICTb KaTanasu
Ta reasikonnepokcuaasm, KinbKiCTb NPOniHy i pO34MHHMX ByrrneBoaiB. Yepes goby nicns
NporpiBy BM3Ha4anu BiGHOCHE iHriByBaHHSA POCTY NAaroHiB i KOPEHIB.
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Pe3ynbraTtu. HanbinbLuoto 3gaTHicTo 30epiraTti picT nicnsi BNIMBY BUCOKUX TEMIe-
paTyp Big3Haunnucsa coptn AHToHIBKa i Tobak; copTu [JapuHka kuiBcbka Ta Jlipa ogecbka
BUABUNNCS cepeaHbOoCTinkuMK. Y copTiB [JockoHana, borgaHa n ABryctuHa Big3HayeHo
CUITbHE NPUrHIYEeHHSA POCTY NaroHiB i KOPEHIB NiCNA TEMNMOBOro CTpecy. Y copTy AHTOHIBKa
nicns BUCOKOTeMMepaTypHOro Bnnvey reHepadia O, 3poctana HesHayHo, a BmicT H,0,
Ta npoayktiB MOJ1 He 3miHMBCA. Y copTiB Tobak, [JapuHka kuiBcbka i Jlipa ogecbka
CcTpec-iHaykoBaHe CTpecoM 36inblueHHs1 yTBOpeHHA ADPK Ta HakoMMYeHHs1 NMPOAyKTiB
MOJ1 6yno nomipHum. YyTtnuei go rineptepmii coptn [JockoHana, boraaHa 11 ABryctuHa
XapaKTepusyBanucs 3Ha4dH1UM PO3BUTKOM OKUCHHOBASIbHOMO CTpecy. TennocTinki coptu
nokasasnu BUCOKY aKTUBHICTb KaTanasu Ta nigBuLLLEHNA CyMapHNiA BMICT PO34YMHHUX BYT-
neBodiB 3a TEMNNOBOro cTpecy. Y BiANOBiAb HA Ail0 BUCOKOI TemnepaTypu BMICT npo-
NiHy 3pOoCTaB y BCiX OOCNIAXKYBaHMUX COPTIB, 04HaK NO3UTUBHOI KOPEnsLiT MOro KiflbKOCTi
3 TENMOCTIMKICTIO COPTIB HE 3apeecTpoBaHO. Tak camMo He BUSABMEHO BIipOrigHOl Kope-
nAUil MK aKTUBHICTIO rBasikonepoKcMaasm i 3gaTHICTIO copTiB 30epiratu picT nicnsa Aii
TEnmoBOro CTpecy.

BucHoBKKU. BCTaHOBMAEHMIN BUCOKUI PiBEHb 3BOPOTHOI KOpenAuil MiXK akTUBHICTHO
KaTtanasu, BMICTOM PO34MHHUX BYINEBOAIB | MPOSIBOM eEKTY OKMCHIOBANIbHOro CTpecy
BKa3ye Ha iCTOTHUI BHECOK LMX CKMadoBUX CTPEC-MPOTEKTOPHOI cUCTeMM B aganTaLito
NPOPOCTKIB A0 TENMOBOro CTpecy. [MoKasHMKM iIHTEHCMBHOCTI OKMCHIOBAIbHOMO CTPECy Ta
YHKLIOHYBaHHSA OKPEMMX KOMMOHEHTIB aHTUOKCUAAHTHOI CUCTEMMU MOXYTb ByTU BUKO-
PUCTaHI Nig Yac OLiHIOBaHHSA TEMMOCTIMKOCTI COPTIB MWEHWUL Ha paHHix dbasax po3BUTKY.

Knroyoei crioea: TennocTiviKiCTb, aHTUOKCUOAHTHA CUCTEMA, OCMOMPOTEKTOPHA
cuctema, Triticum aestivum L.
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