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Oxidative stress is an important component of heat- and drought-induced damage in plants. However,
information on the relationship between the resistance of cultivated plants with different genotypes to envi-
ronmental factors and their ability to maintain a pro-/antioxidant balance remains contradictory. This study
aimed to compare the growth responses and adaptation ability of the antioxidant system in different wheat
cultivars to oxidative stress agents hydrogen peroxide and iron(ll) sulfate. Etiolated seedlings of common
winter wheat (Triticum aestivum L.) Antonivka and Tobak (heat- and drought-tolerant), and Avgustina and
Doskonala (not resistant to heat and drought) were used for the study. Three-day-old etiolated seedlings were
exposed to 50 mM H,O, or 5 mM FeSO, for one day. It was found that seedlings of Antonivka and Tobak cul-
tivars treated with H,O, or FeSO, were able to maintain relatively intensive growth, accumulated significantly
lower amounts of endogenous hydrogen peroxide and lipid peroxidation products, significantly increased
anthocyanin content and had a higher activity of SOD and catalase as compared with non-resistant cultivars.
The non-tolerant cultivars’ response to stress agents was only to increase proline content with a simultaneous
decrease in SOD activity and anthocyanins content. The identified varietal markers of the antioxidant system
adaptive strategy can be used to develop new approaches for screening wheat cultivars with cross-resistance
to major abiotic stressors.

Keywords: oxidative stress, antioxidant system, H,O,, ferrous sulphate, heat tolerance, drought resistan-
ce, Triticum aestivum seedlings.

leads to an imbalance between the generation

and deactivation of reactive oxygen species
(ROS). Even relatively small changes in this balan-
ce can lead to the disruption of cellular processes
of redox regulation [1, 2], and significant accumula-
tion of ROS in tissues leads to the well-known effect
of oxidative stress, which causes lipid peroxidation
(LPO) and oxidative damage to proteins and nucleic
acids [3].

Oxidative stress is one of the main causes of
plant damage during drought and high temperature.
During heat stress, this effect is a consequence of
the increased fluidity of the chloroplast and mito-

E xposure of plants to most (if not all) stressors

chondrial membranes, which leads to disruption of
electron transport in these organelles [4]. The ef-
fects of activation of ROS-generating enzymes (pri-
marily NADPH-oxidase) under heat stress are also
known [5, 6]. Drought also has a similar effect on
plants. Restriction of carbon dioxide influx into cells
due to stomatal closure leads to an over-reduction
of the electron transport chain in chloroplasts and
increases the likelihood of ROS formation [7]. The
significant contribution of mitochondria to the de-
velopment of oxidative stress under drought condi-
tions is also known. Thus, the carbonylated protein
content in the mitochondria of wheat leaf cells under
severe drought conditions was an order of magnitude
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higher than that in chloroplasts [8]. In this regard, a
relationship between plant tolerance to certain envi-
ronmental stressors and resistance to oxidative stress
is expected.

A network of genes ensures the maintenance of
redox homeostasis in plants. To date, more than 150
genes have been identified as being involved in the
regulation of ROS formation and detoxification [9].
In the last two decades, numerous studies have been
conducted on the relationship between the function-
ing of the antioxidant system and the resistance of
plants of different genotypes to various stress fac-
tors, including drought and high temperatures
[10-15]. However, the multicomponent nature of the
antioxidant system and the presence of functional
relationships between different antioxidants make it
difficult to establish such a relationship [16].

The effectiveness of modeling the relationship
between the functioning of the antioxidant system
and plant tolerance to abiotic environmental stressors
can be improved if such studies are complemented
with data on the relationship between plant tolerance
to direct oxidative stress agents and tolerance to cer-
tain environmental factors. Iseki et al. [17] showed
a close relationship between the ability of different
rice genotypes to maintain membrane stability and
photosynthetic activity under drought and oxidative
stress agent methyl viologen. There is also evidence
of an interrelationship between the resistance of dif-
ferent clover genotypes to the effects of ozone and
drought [18]. When comparing two wheat cultivars
differing in drought tolerance, it was shown that the
more drought-tolerant cultivar retained more chloro-
phyll after hydrogen peroxide spraying than the less
tolerant cultivar [19]. Sgherri et al. [20], evaluating
the response of wheat cultivars to oxidative stress
caused by excess copper in the medium, showed that
the more drought-resistant cultivar maintained better
redox homeostasis than the drought-sensitive culti-
var. However, there are still very few studies of this
kind, and they have only examined selected indica-
tors of the pro-/antioxidant system. There is also an
almost complete lack of comparative studies on the
response of etiolated plants of different genotypes
to oxidative stress agents. This makes it impossible
to draw conclusions about the differences in adapta-
tion strategies to oxidative stress between heat- and
drought-tolerant and sensitive genotypes, especially
in the early stages of plant development.

This study aimed to compare the growth re-
sponse and antioxidant system adaptation strate-
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gies of etiolated wheat seedlings of four cultivars
differing in heat and drought tolerance to the effects
of the direct oxidative stress agents hydrogen peroxi-
de and iron(l11) sulfate.

Material and Methods

Plant materials and treatment. Ethiolated seed-
lings of four Triticum aestivum L. cultivars differing
in heat and drought tolerance were used for the
study: Avgustina and Doskonala (non-tolerant) and
Antonivka and Tobak (resistant). The resistance of
4-day-old seedlings to high temperatures (heating
at 45°C for 4 h) or osmotic stress (effect of 12%
PEG 6000) was evaluated in our previous study [15]
(Table 1).

Wheat seeds obtained from the National Center
for Plant Genetic Resources of Ukraine (Kharkiv)
were disinfected in 70% ethanol for 2 min, followed
by 15 min in a 2% sodium hypochlorite solution, and
then washed 10 times with sterile distilled water.
They were germinated on water in Petri dishes in a
thermostat at 24°C without light for three days. The
seedlings were then incubated for 1 d in the presence
of oxidative stress agents.

The oxidative stress agents used were 50 mM
H,O, and 5 mM FeSO,. Exogenous iron(l1) sulfate
is used as an inducer of ROS formation in Fenton
and Haber-Weiss reactions and is considered to be
a typical activator of oxidative stress in plant cells
[21]. The total exposure time of the roots of the in-
tact seedlings to the solutions containing oxidative
stress agents was 24 h. In the hydrogen peroxide
exposure variant, after 12 h of exposure, the solu-
tion was carefully drained and replaced with freshly
prepared solution for the next 12 h of incubation. The
above concentrations of oxidative stress agent solu-
tions that inhibited root and shoot growth, but not
seedling death, were selected in preliminary experi-
ments using the Doskonala and Tobak cultivars as
examples (Tables 2 and 3).

After 24 h of exposure to H,0, or FeSO,, seed-
ling shoot and root growth inhibition was estimated
using the following formula:

(Cz - C1) - (52 - El) 0
I= G, —C 100% -
where | is the growth inhibition (%); C, and C,, E,
and E, are the initial and final values of the fresh
weight of the seedling organs in the control and ex-
perimental variants, respectively. After 24 h of ex-
posure to the oxidative stress agents, biochemical
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Table 1. Resistance of wheat seedlings to heat and osmotic stress (growth inhibition under stress calculated

from [15])
Growth inhibition, %
Cultivar Heat stress (45°C, 4 h) Drought (12% PEG 6000, 4 d)
Shoots | Roots Shoots | Roots
Avgustina 60.0 + 3.2¢* 437 £ 2.5° 529 +1.0° 389+ 18
Doskonala 609 + 1.5% 62.6 + 2.1° 541 +2.5° 320+£28°
Antonivka 151 +15° 178 +£2.1° 447 +2.1° 3B6+2.2°
Tobak 38.6 2.9 11.6 £ 0.4¢ 379+ 0.5° 277+ 1.0°

Note. *Here and in tables 2 and 3 different letters indicate values with significant differences (P < 0.05)

Table 2. Concentration dependence of the effect of hydrogen peroxide on the growth of wheat seedlings

(roots and shoots growth inhibition, %)

Cultivars Concentration, mM
10 | 25 50 100 | 250

Roots

Doskonala 425+ 39 512 +2.2¢ 63.4 £ 3.0 71.3+24° 100 + 0.02

Tobak 6.7+£0.3" 137 £ 1.4" 29.8 +2.3¢ 375+£3.3 86.6 + 4.7°
Shoots

Doskonala 74+0.9 9.8 £ 0.9 20.5+2.5¢ 274 +1.9° 86.2 + 3.9

Tobak 0.0 £ 0.0 3.9+0.71 49+ 0.7% 153+ 1.6° 59.8 + 6.0

Table 3. Concentration dependence of the effect of FeSO, on the growth of wheat seedlings (roots and

shoots growth inhibition, %)

Cultivars Concentration, mM
2 5 10
Roots
Doskonala 674 +29° 86.5 + 3.9° 100.0 £ 0.0
Tobak 44,6 + 3.4¢ 614 +4.1° 80.1 +6.5°
Shoots
Doskonala 205+ 1.2 301+2.3 59.0 £ 5.12
Tobak 49+0.7 12.8 +0.9¢ 27.3+£1.7°

analyses were performed. To avoid methodological
artifacts, only shoots were used for analysis, which,
unlike roots, were not exposed to direct contact with
H,O, or FeSO, solution.

Superoxide anion radical (SAR) generation by
shoots was estimated using nitroblue tetrazolium
(NBT) reduction. Ten identical shoots were placed
for 1 h in a tube containing 5 ml of 0.1 M K, Na-
phosphate buffer (pH 7.6) with 0.05% NBT, 10 uM
EDTA, and 0.1% Triton X-100 [22]. Shoots were

gently removed from the incubation solution at the
end of exposure. The absorbance of the incubation
solution was measured at 530 nm using. To test the
specificity of the generation, some samples were sup-
plemented with SOD (50 units/ml). SOD suppresses
NBT reduction by at least 90%. The ratio (%) of the
absorbance in the experimental and control variants
was used to determine the change in SAR generation
under stress.
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Evaluation of H,O, content. For determina-
tion of hydrogen peroxide content, seedling shoots
were homogenized in cold with 5% trichloroacetic
acid (TCA). Samples were centrifuged at 8000 g for
10 min at 2-4°C on an MPW 350R centrifuge (MPW
MedInstruments, Poland). The concentration of hy-
drogen peroxide was determined by the thiocyanate
method as described previously [23].

Assessment of lipid peroxidation (LPO) inten-
sity. The rate of LPO in the shoots of seedlings was
assessed based on the content of its products reacting
with 2-thiobarbituric acid (mainly malondialdehyde,
MDA) [23].

Antioxidant enzyme activity measurement.
The activities of the antioxidant enzymes superoxi-
de dismutase (SOD) (EC 1.15.1.1), catalase (CAT)
(EC 1.11.1.6), and guaiacol peroxidase (GPX)
(EC 1.11.1.7) were measured according to previously
described protocols [23]. Seedling samples were ho-
mogenized in cold 0.15 M K, Na-phosphate buffer
(pH 7.6) supplemented with 0.1 mM EDTA and
1 mM dithiothreitol. The homogenate was centri-
fuged for 15 min at 8000x g at 2-4°C. The superna-
tant was then assayed. SOD activity was determined
at pH 7.6, using a method based on the ability of the
enzyme to compete with NBT for SAR generated
by the aerobic interaction between reduced nicotina-
mide adenine dinucleotide (NADH) and phenazine
methosulfate. CAT activity was evaluated based on
the amount of H,O, decomposed per unit of time.
GPX activity was estimated using guaiacol as the
hydrogen donor and H,O, as the substrate, and the
absorbance was measured at 470 nm.

Estimation of low-molecular-weight protectors.
Proline content was determined using ninhydrin
reagent [24]. Proline was extracted from the plant
material using distilled water by boiling for 10 min.
The extract was filtered, equal volumes of ninhydrin
reagent and glacial acetic acid were added to the fil-
trate, and the samples were boiled in a water bath for
1 h. The absorbance of the colored reaction product
was determined at 520 nm using L-proline as the
standard.

Total sugar content in seedlings was deter-
mined by the Morris-Roe method using anthrone
reagent with the modifications described earlier [23].
Sugars were extracted from the plant materials with
distilled water by heating them in a boiling water
bath for 10 min. The obtained extract was clarified
by adding equal volumes (0.3-0.4 ml) of 30% zinc
sulfate and 15% yellow blood salt to the reaction
tubes and then filtering through a paper filter. The
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pre-measurement filtrate was diluted several times
with distilled water if necessary. The reaction tubes
contained 3 ml of anthrone reagent and 1 ml of fil-
trate. For the control sample, the filtrate was replaced
with distilled water. The samples were boiled in a
water bath for 7 min and then cooled to room tem-
perature. Absorbance was measured at 610 nm rela-
tive to that of the control. D-glucose was used as the
standard.

For the determination of total phenolic com-
pounds and flavonoids, the seedlings were homoge-
nized in 80% ethanol, extracted for 20 min and cen-
trifuged at 8000x g (15 min). To analyze phenolic
compounds, 0.5 ml supernatant, 8 ml distilled wa-
ter, and 0.5 ml Folin reagent were added to reaction
tubes, stirred, and after 3 min, 1 ml of 10% Na,CO,
was added. The absorbance of the reaction mixture
was measured at 725 nm after 1 h [25]. The phenolic
compound content was expressed as pmol of gallic
acid per gram of raw material.

Before determining the content of anthocyanins
and flavonoids absorbing in UV-B, the supernatant
was acidified with HCI to a final concentration of
1%. The absorbance of the solutions was determined
at 530 and 300 nm [26]. The results are expressed
as absorbance per fresh weight of the plant material.

Experimental replication and statistical pro-
cessing. The experiments were repeated three times.
Data for each parameter were statistically analyzed
using analysis of variance (ANOVA) and Fisher’s
least significant difference (LSD) test. Data are pre-
sented as mean + SD values. Different letters indi-
cate values with significant differences (P < 0.05).

Results

Inhibition of seedling growth by oxidative
stress agents. Under the influence of 50 mM hydro-
gen peroxide, the shoot growth inhibition of Avgus-
tina and Doskonala (heat- and drought-intolerant)
was approximately 26 and 18%, respectively (Fig. 1).
Meanwhile, the growth inhibition of roots that were
in direct contact with the oxidative stress agent was
stronger (46 and 67%, respectively). At the same
time, the inhibition of organ growth in seedlings of
the heat- and drought-tolerant cultivars Antonivka
and Tobak was manifested to a much lesser extent
(within 4-5% for shoots and about 30% for roots).

Similar effects were observed with another
oxidative stress agent, 5 mM FeSO,, although the
growth-inhibiting effect was generally more severe
(Fig. 1). In the non-resistant cultivars Avgustina and
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Doskonala, shoot growth was inhibited by 21 and
29%, and root growth by 73 and 81%, respectively.
At the same time, in the resistant cultivars Antoniv-
ka and Tobak, under the action of ferrous sulfate,
shoot growth was inhibited by 11-15%, and root
growth by 52-59%.

ROS generation by wheat seedlings under the
action of oxidative stress agents. Hydrogen peroxide
treatment caused an increase in SAR generation only
in seedlings of the Avgustina cultivar; in seedlings
of all other cultivars, this index did not change sig-
nificantly (Fig. 2, A). Under the influence of another
oxidative stress agent, FeSO,, O, generation was
reduced by 23% in the Avgustina cultivar and by ap-
proximately 40% in all other cultivars.

The pattern of changes in the hydrogen
peroxide content of seedlings after their treat-
ment with oxidative stress agents differed from the
changes in O, generation. Thus, in both cultivars
that are not resistant to abiotic stresses (Avgustina
and Doskonala), the content of endogenous hydrogen
peroxide in shoots increased approximately to the
same extent (by 25-32%) under the influence of both

% Avgustina
90

m Shoots
m Roots

60

30

0
H,0,, 50 mM FeSO,, 5 mM
% Antonivka
. m Shoots
m Roots

H,0,, 50 mM

FeSO,, 5 mM

H,O,and FeSO, (Fig. 2, B). No significant changes in
the content of endogenous hydrogen peroxide were
observed in resistant cultivars Antonivka and Tobak
after the treatment with oxidative stress agents.

The levels of one of the LPO end products,
MDA, in the non-tolerant Avgustina and Dosko-
nala cultivars increased by approximately 25%
upon treatment with hydrogen peroxide; this effect
was even more significant upon exposure to FeSO,
(Fig. 2, C). At the same time, the resistant cultivars
Antonivka and Tobak did not show a significant in-
crease in LPO in shoots.

Activity of antioxidant enzymes in wheat seed-
lings. The basal values of SOD activity in the seed-
lings of different cultivars differed. The highest
enzyme activity was recorded in the Antonivka
and Tobak cultivars; slightly lower values were ob-
served in the Avgustina cultivar, and the lowest in
the Doskonala cultivar (Fig. 3, A). Hydrogen peroxi-
de treatment caused a significant decrease in SOD
activity in the non-tolerant cultivars Avgustina and
Doskonala. Under the influence of FeSO,, these cul-
tivars also showed a decrease in enzyme activity; it

% Doskonala

90 r a
m Shoots
m Roots

60

30

0
H,0,, 50 mM FeSO,, 5 mM

% Tobak

90 m Shoots
m Roots

H,0,, 50 mM FeSO,, 5 mM

Fig. 1. Growth inhibition (%) of shoots and roots of wheat seedlings under H,0, and FeSO, action. The same
Latin letters denote quantities between which differences are not reliable for P < 0.05
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Fig. 2. Generation (% to control) of superoxide anion radical (A), content of hydrogen peroxide (B) and
malondialdehyde (C) in shoots of wheat seedlings under the action of oxidative stress agents. The same Latin
letters denote quantities between which differences are not reliable for P < 0.05
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was significant at P < 0.05 in the Doskonala cultivar,
while it was at the trend level in the Avgustina culti-
var. A different pattern was observed in cultivars re-
sistant to abiotic stress. Thus, only a slight decrease
in SOD activity was observed in the Antonivka
cultivar after H,O, treatment, whereas it remained
stable in the Tobak cultivar (Fig. 3, A). In the FeSO,
variant, there was an increase in enzyme activity in
the Antonivka cultivar, whereas there was no change
in the Tobak cultivar.

120 g A
9.5

7.0

U/g FW min

4.5

2.0

Avgustina Doskonala

2.0

15

mmol H,0,/g FW min

1.0

Avgustina Doskonala

0.7

U/g fresh weight min

U/g FW min

0.6

0.5

Doskonala

Avgustina

08 p C

Catalase activity in the control variants differed
slightly among cultivars, regardless of their tolerance
to stress factors (Fig. 3, B). Enzyme activity did not
change in the presence of either oxidative stress
agent in the non-resistant cultivars Avgustina and
Doskonala. In the resistant cultivars, Antonivka and
Tobak, it was increased by both hydrogen peroxide
and ferrous sulfate treatments (Fig. 3, B).

The activity of guaiacol peroxidase in the non-
tolerant cultivars Avgustina and Doskonala was not

m Control
m H,0,, 50 mM
m FeSO,, 5 mM

Antonivka Tobak

m Control
m H,0,,50 mM
m FeSO,,5mM

Antonivka Tobak

m Control
m H,0,,50 mM
m FeSO,,5mM

Antonivka Tobak

Fig. 3. Activity of SOD (A), catalase (B), and guaiacol peroxidase (C) in shoots of wheat seedlings under the
action of oxidative stress agents. The same Latin letters denote quantities between which differences are not

reliable for P <0.05
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altered by H,O, treatment, but was increased by
FeSO, (Fig. 3, C). In resistant cultivars Antonivka
and Tobak, increased enzymatic activity was ob-
served when exposed to both oxidative stress agents.

Low-molecular-weight multifunctional com-
pounds in wheat seedlings. The constitutive proline
content of the Avgustina and Doskonala cultivars
was higher than that of the Antonivka and Tobak
cultivars (Fig. 4, A). Under the influence of both oxi-
dative stress agents, a significant increase in proline
content occurred only in the non-resistant cultivars
Avgustina and Doskonala, while in the resistant cul-
tivars Antonivka and Tobak it did not change sig-
nificantly.

Sugar content did not change significantly in
response to hydrogen peroxide in the non-tolerant
Avgustina and Doskonala cultivars, but increased
when treated with FeSO, (Fig. 4, B). In resistant
cultivars Antonivka and Tobak, the sugar content
increased significantly after exposure to hydrogen
peroxide. In response to ferrous sulfate treatment,

14 @ A
=
T
2
©
1S
3
Avgustina Doskonala
21 o B
19
=
T8
o
(@]
S 17
15

Doskonala

Avgustina

Antonivka

Antonivka

the sugars increased significantly in seedlings of the
Tobak cultivar and less markedly in the Antonivka
cultivar.

The total phenolic compounds content was
higher in Avgustina cultivar compared to other cul-
tivars studied (Fig. 5, A). No clear relationship be-
tween the pattern of change in this index and the re-
sistance of cultivars to oxidative stress agents could
be found. Thus, in response to hydrogen peroxide
treatment, a significant increase in the content of
phenolic compounds was found in the non-tolerant
cultivar Doskonala and in the resistant cultivar An-
tonivka, while no noticeable changes were found
in the other two cultivars. Upon FeSO, treatment,
the content of phenolic compounds decreased in the
Avgustina cultivar and did not change in the other
cultivars.

The constitutive content of anthocyanins in
wheat seedlings varied independently of varietal
resistance to oxidative stress (Fig. 5, B). Under the
influence of H,0, and FeSO,, the anthocyanin con-

M Control
m H,0,,50 mM

o FeSO, 5mM

Tobak

M Control
m H,0,,50mM

o FeSO,, 5mM

Tobak

Fig. 4. The content of proline (A) and sugars (B) in shoots of wheat seedlings under the action of oxidative
stress agents. The same Latin letters denote quantities between which differences are not reliable for P <0.05
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Fig. 5. The total content of phenolic compounds (A), anthocyanins (B), and UV-B absorbing flavonoids (C) in
the shoots of wheat seedlings under the action of oxidative stress agents. The same Latin letters denote quanti-
ties between which differences are not reliable for P < 0.05

tent of the Avgustina cultivar decreased significantly,
while it did not change in another non-tolerant culti-
var (Doskonala). In the resistant cultivars Antoniv-
ka and Tobak, the anthocyanin content increased
in response to treatment with both oxidative stress
agents, with high absolute values of this index being
characteristic of the Antonivka cultivar.

The constitutive content of flavonoids absorbing
in the UV-B region was highest in the resistant cul-

tivar Antonivka (Fig. 5, C). Treatment of seedlings
with hydrogen peroxide resulted in a decrease in the
susceptible Avgustina and Doskonala cultivars and
no significant change in the resistant Antonivka and
Tobak cultivars. In the presence of ferrous sulfate,
the content of flavonoid compounds decreased in the
non-tolerant cultivar Avgustina and did not change
in the other cultivars studied.
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Discussion

The results obtained in the present study indi-
cate a relationship between the resistance of wheat
plants of different genotypes to abiotic stresses and
direct agents of oxidative stress. Thus, the growth-
inhibitory effects of two different oxidative stress
agents (H,O, and FeSO,) on wheat cultivars An-
tonivka and Tobak, which are characterized by high
heat and osmotolerance at the seedling stage [15]
(Table 1), were much weaker than those of the non-
tolerant cultivars Avgustina and Doskonala (Fig. 1).

The effect of exogenous oxidative stress agents
on the generation of superoxide anion radicals by
the shoots of wheat seedlings has been equivocal.
Thus, under the influence of hydrogen peroxide, O,
generation was enhanced only in the non-tolerant
cultivar, Avgustina (Fig. 2, A, 6), which showed the
strongest inhibition of shoot growth after a 24-h
incubation on medium supplemented with H,O,
(Fig. 1). One of the reasons for changes in SAR
generation by plant tissues under the influence of
hydrogen peroxide may be modification of SOD ac-
tivity. Thus, it is well known that one of the major
forms of this enzyme, Cu,Zn-SOD, is strongly in-
hibited in vitro by hydrogen peroxide [27], which
may lead to increased levels of SAR. At the same
time, in response to the action of exogenous hydro-
gen peroxide in vivo, both inhibition of SOD activi-
ty and its increase have been reported on different
objects. For example, an increase in SOD activity
was observed in isolated wheat coleoptiles when
treated with 1 mM hydrogen peroxide; this effect
was accompanied by a decrease in O, generation
[28]. On the other hand, a decrease in SOD activi-
ty under the influence of hydrogen peroxide was re-
corded in the leaves of adult wheat, and it was more
significant in the less drought-resistant cultivar than
in the drought-resistant cultivar [19]. It is possible
that, depending on the changes in the endogenous
content of hydrogen peroxide under the influence of
exogenous treatments as well as the time of expo-
sure, there may be both suppression of SOD (e.g.,
as a result of the direct action of hydrogen peroxide
on the enzyme molecules) and induction of expres-
sion of genes encoding different molecular forms of
this enzyme due to the action of hydrogen peroxide
as a signaling molecule [29]. Under the conditions
of our experiments, SOD inhibition seems to be a
probable cause of the enhanced SAR generation un-
der the influence of hydrogen peroxide in the Avgus-
tina cultivar. Thus, the most pronounced decrease
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in SOD activity after 24 h of treatment of seedlings
with exogenous H,O, was observed in the Avgus-
tina cultivar, whereas in the other cultivars, SOD
activity decreased insignificantly during such treat-
ment, and in the resistant cultivar Tobak, it did not
change at all (Fig. 3, A). Other reasons for changes
in SAR generation under the influence of hydrogen
peroxide may be modulation of the activity of ROS-
generating enzymes, NADPH oxidase and extracel-
lular peroxidase. Notably, NADPH oxidase can be
activated by direct agents of oxidative stress, such as
paraquat [30]. On the other hand, hydrogen peroxide
has been shown to inhibit extracellular peroxidase
activity [28]. The degree of manifestation of these or
those processes probably depends on many factors,
including the species and varietal characteristics of
the plants.

The change in O, generation by wheat seed-
lings depended on the nature of the agent causing
oxidative stress. Thus, while treatment with hydro-
gen peroxide caused an increase in SAR in the Av-
gustina cultivar and did not affect this index in the
other three cultivars, treatment with ferrous sulfate
led to a decrease in O, formation in all four culti-
vars studied (Fig. 2, A). One of the reasons for this
effect may be an increase or maintenance of SOD
activity at a sufficiently high level. Thus, in Antoniv-
ka cultivar, there was an increase in SOD activity
during iron sulfate treatment, in Tobak and Avgus-
tina, cultivars the enzyme activity remained stable,
and only in Doskonala cultivar it decreased (Fig. 3,
A). It should be noted that in the work of Yang et
al., the long-term action of moderately toxic doses of
iron and copper in the roots of plants also resulted in
a decrease in the generation of superoxide radicals,
despite the increase in hydrogen peroxide and MDA
content. This study also showed an increase in the
activity of extracellular forms of SOD in the presen-
ce of excess iron. Another possible reason for the
decrease in SAR generation in the presence of iron
is the inhibition of NADPH oxidase [31].

Thus, the modulation of O, generation by exo-
genous oxidative stress agents and the activity of en-
zymes on which this process depends can be highly
complex and vary depending on the type of oxida-
tive stress agent (hydrogen peroxide or Fe** ions) and
cultivar characteristics.

The effect of oxidative stress agents on the
levels of a relatively stable ROS hydrogen peroxi-
de and MDA, the end product of LPO, in shoots
of seedlings of different wheat cultivars was more
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Fig. 6. Heat map of changes in biochemical parameters under the action of oxidative stress agents (50 mM
H,O, and 5 mM FeSO,) in wheat seedlings of different cultivars. During building, all indicators were ex-

pressed as percentages of the control

unambiguous. Heat- and drought-tolerant cultivars
Antonivka and Tobak were distinguished by the
absence of a significant increase in the content in
shoots of the main markers of oxidative stress hydro-
gen peroxide and MDA when seedlings were treated
with exogenous H,O, and FeSO,, while in heat-
and dehydration-intolerant cultivars Avgustina and
Doskonala the content of these compounds increased
approximately 1.3-1.6 times (Fig. 2, 6). Increased
hydrogen peroxide accumulation and LPO process
under the influence of high doses of iron, acting as
an agent of oxidative stress, has been recorded in
plants of different taxonomic groups [31-33]. Both
inhibition and enhancement of the activity of key
antioxidant enzymes (catalase, non-specific peroxi-
dase, ascorbate peroxidase, and other enzymes of
the ascorbate-glutathione cycle) have been reported
when plants are exposed to excess iron [31, 33].

Our experiments showed that the effect of oxi-
dative stress agents on the activity of hydrogen per-
oxide-neutralizing antioxidant enzymes depends on
cultivar resistance. Thus, catalase activity increased
in response to H,O, and FeSO, in the resistant to
oxidative stress agents and abiotic factors cultivars
Antonivka and Tobak, while it did not change in the

non-resistant cultivars (Fig. 3, B). The important
role of catalase in plant resistance to environmental
stresses, particularly thermal and osmotic stresses,
has been reported in a number of works [11, 15, 34].
Its importance in heat tolerance is clearly demon-
strated by the increased heat tolerance of Arabidop-
sis plants overexpressing the BoCAT2 gene, trans-
formed from broccoli plants [35].

Guaiacol peroxidase activity in resistant cul-
tivars Antonivka and Tobak was also increased by
oxidative stress agents (Fig. 3, C). However, when
iron ions were used as an oxidative stress agent, an
increase in the activity of this enzyme was also ob-
served in the non-tolerant cultivars Avgustina and
Doskonala. Other studies have also shown an in-
crease in the activity of various peroxidases in plants
under the influence of iron [33]. Apparently, the ac-
tion of Fe?* as an oxidative stress agent is more com-
plex compared to the effects of hydrogen peroxide
due to its influence as a micronutrient (at low tissue
accumulation) and its toxic effect as a heavy metal
(at high concentrations).

In general, cultivars that were resistant to both
environmental stresses and exogenous agents of oxi-
dative stress showed a greater increase in the activity
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of antioxidant enzymes (catalase and guaiacol per-
oxidase) and retention of SOD activity when exposed
to exogenous hydrogen peroxide or Fe?* (Fig. 3). It
is noteworthy that under the action of the osmotic
stress agent PEG 6000, the activity of these enzymes
was higher in resistant wheat cultivars than in non-
tolerant ones [23]. The relationship between drought
tolerance and resistance to oxidative stress agents is
also indicated by the data on the increased activity
of antioxidant enzymes (catalase and guaiacol per-
oxidase) in oat plants that were exposed to artificial
drought before exposure to herbicide-induced oxida-
tive stress (fenoxaprop-P-ethyl treatment) [36].

The character of changes in the content of
the main multifunctional protective compounds in
response to the action of H,O, and FeSO, differed
significantly in cultivars with different heat and
drought resistance. Thus, only the non-tolerant cul-
tivars Avgustina and Doskonala showed increased
proline levels when treated with these oxidative
stress agents (Fig. 4, A, 6). The same cultivars were
characterized by a significant increase in oxidative
stress markers upon treatment with hydrogen peroxi-
de and ferrous sulfate, as mentioned above. Nota-
bly, a very high correlation between the accumula-
tion of proline and LPO product MDA under heat
stress (r = 0.91) was previously found in etiolated
seedlings of seven wheat cultivars (including those
studied in the present work) [15]. Approximately
the same high positive correlations between proline
and MDA levels were also found in leaves of adult
wheat plants of different cultivars under heat stress
and drought conditions [37]. In this regard, it can
be assumed that proline accumulation may corre-
late not with the resistance of seedlings to the stress
factor, but, on the contrary, with the manifestation
of oxidative damage. For a clear interpretation of
such phenomena, however, there are still insuffi-
cient grounds. It has been reported that high proline
content in plant cells can lead to the development
of pro-oxidative processes in mitochondria and even
induce programmed cell death [38, 39]. On the other
hand, numerous data on the antioxidant, membrane-
protective, and chaperone effects of proline [40] do
not allow us to consider its accumulation as a clear
cause of the development of oxidative stress. The
question remains under which conditions the sign of
the proline action can be reversed.

Sugar content was not significantly altered by
hydrogen peroxide treatment in cultivars with low
resistance. At the same time, this index increased
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significantly in resistant cultivars (Fig. 4, B, 6).
Treatment with ferrous sulfate did not show similar
clear differences between cultivars: an increase in
sugars occurred in all cultivars, regardless of their
resistance to other factors. It can be hypothesized
that accumulating sugars is a specific response to ex-
cess iron stress. It is known that the accumulation of
sugars in cells reduces ionic activity, which prevents
the development of toxic effects [41, 42]. In general,
sugars are now considered to be compounds that ex-
hibit direct and indirect antioxidant effects [43]. In
particular, disaccharides and fructans have a high
free radical scavenging capacity, and monosaccha-
rides may induce an increase in antioxidant enzyme
activity through an as yet unknown mechanism [44].

Total phenolic compounds did not change sig-
nificantly under hydrogen peroxide or ferrous sul-
fate stress. At the same time, some cultivars had an
increase in their content upon exposure to hydrogen
peroxide (Fig. 5, A, 6). More clear patterns can be
seen in the character of changes in anthocyanin con-
tent in the studied cultivars under oxidative stress: in
the non-tolerant cultivar Avgustina it was the highest
under normal conditions, but decreased in response
to both agents of oxidative stress (Fig. 5, B, 6). In the
non-tolerant cultivar Doskonala, this index was low
in the control and did not change under stress. At the
same time, the resistant cultivars were characterized
by a significant increase in the amount of anthocya-
nins when exposed to hydrogen peroxide or ferrous
sulfate. The levels of another group of secondary
metabolites, UV-B-absorbing flavonoids, varied
among cultivars, but decreased in non-resistant cul-
tivars when exposed to oxidative stress agents and
remained stable in resistant cultivars (Fig. 5, C, 6). It
should be noted that the ability to increase or main-
tain at a high level the content of various polyphe-
nolic compounds under stress conditions has been
recorded for plants of different taxonomic groups.
For example, a comparison of sweet potato (Ipomea
batatas L.) cultivars differing in drought tolerance
revealed the ability of a resistant cultivar to maintain
high levels of total secondary metabolites under de-
hydration conditions [45]. Similar trends have been
observed in woody species, for example, a more
drought-tolerant olive (Olea europaea L.) cultivar
accumulated higher levels of phenolic compounds
under stress conditions compared to an intolerant
cultivar [46].

Conclusions. Thus, significant differences in re-
sponse to oxidative stress agents were found in wheat
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cultivars with different heat and drought tolerance.
Seedlings of highly resistant cultivars Antonivka and
Tobak were characterized by the ability to maintain
growth under the action of oxidative stress agents
(Fig. 1) and did not show obvious signs of oxidative
damage development as determined by endogenous
hydrogen peroxide and MDA content (Fig. 6). At the
same time, cultivars with low heat/drought tolerance,
Avgustina and Doskonala, showed strong growth
inhibition and significant accumulation of oxidative
stress markers under the action of H,O, and FeSO,
(Figs. 1, 6). Significant differences in the response
of components of the antioxidant system in resistant
and non-resistant cultivars to the action of exogenous
agents of oxidative stress were also revealed. The re-
sistant cultivars in response to H,0O, or FeSO, treat-
ment were characterized by a significant increase in
anthocyanin content, catalase activity and mainte-
nance of SOD activity at a high level (Fig. 6). At
the same time, in the non-tolerant cultivars, the ex-
pressive response to stress was only an increase in
proline content with a simultaneous decrease in SOD
activity and the content of anthocyanins and other
secondary metabolites (Fig. 6).

In the present study, the response of different
wheat genotypes to oxidative stress agents was for
the first time extensively investigated in etiolated
seedlings instead of green plants. The detected dif-
ferences in response to the action of such agents
in wheat cultivars differing in resistance to ad-
verse environmental effects can be used for express
screening of genotypes with high cross-resistance to
abiotic stress factors.
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OKCHIaTUBHUH CTPEC € BAXKITUBIM KOMITIOHEH-
TOM y PO3BHUTKY ITOIIKO/KEHHBb POCIINH, CIIPHYNHE-
HOTO CHEeKOto Ta mocyxoro. OmHak iHpopmallis mpo
B32€MO3B’SI30K Mi)K CTIHKICTIO KYJIBTYPHUX POCITHUH 3
PI3HHMU IeHOTHUTIAMH JI0 YHHHUKIB HABKOJIUIITHBOTO
CepeloBHINa Ta iIXHBOIO 3ATHICTIO MiATPUMYBATH
MPO/aHTHOKCUIAAHTHUH  OalaHc  3aJIMIIAETHCS
CymnepeuanBol0. MeTo [bOro  JIOCHiJKEHHS
OyJio TIOpIBHSTH POCTOBI peakIlii Ta ajmanTamiiffi
MOXKJIMBOCTI aHTHOKCHJIAHTHOI CHCTEMH Y PI3HHX
COPTIB MIICHUIII JI0 il TEPOKCHIY BOIHIO Ta CYJIb-
tdary 3amiza(ll). Hdast nociimkeHHS BHUKOPHCTO-
ByBalld €TIONbOBaHI MPOPOCTKHU TIICHUIN M’STKOI
osumoi (Triticum aestivum L.) copriB AHTOHiBKa
i Tobak (>kapo- Ta TOCYXOCTilKi), a TaKOXX ABTy-
ctuHa 1 JlockoHanma (HEeCTiHKi IO CIIeKW Ta TOCy-
xu). TpuaeHHI eTionbOBaHI MPOPOCTKH TigAaBaIu
i areHTiB okucmoBaibHoro crpecy 50 MM H,O,
a6o 5 MM FeSO , IPOTATOM onHiel noou. Beranos-
JIEHO, IO TIPOPOCTKH copTiB AHTOHIBKa 1 Tobak,
o6pobreni H,0, abo FeSO,, 3narni miarpumysaTn
BiJTHOCHO IHTCHCUBHHH PICT, HAKOMMMYYIOTh 3HAYHO
MEHIIY KiJbKICTh €HJIOT€HHOTO MEPOKCUIY BOIHIO
Ta MPOAYKTY MEPOKCUIHOTO OKMCICHHS JIIITiTiB Ma-
JIOHOBOT'O JTiaJIBJIET1/Ty, 3HAYHO MiBUITYIOTH BMICT
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AHTOIIIaHIB T4 MalOTh BUIIY aKTUBHICTh aHTUOKCH-
JAaHTHHUX €H3UMIB (CyNepOKCHIAAMCMYTa3u 1 KaTa-
JIa3u) TIOPIBHIHO 3 HEeCTIHKUMU copTamu. Peakiris
HECTIMKHX COPTIB Ha JIif0 CTPECOBUX areHTiB MOJs-
raja Juie y 301IbIIeHH] BMICTY MPOJIiHY 3 OIHO-
yacHUM 3HIDKeHHsIM aktuBHOCTI COJl Ta BMicTy
aHTOUiaHiB. BusiBieHi cOpTOBi MapKepu afan THBHOI
cTparerii aHTHOKCHJAHTHOI CHCTEMH MOXYTh
OyTH BUKOPHUCTaHI JUIsi pO3POOKH HOBUX TiJXOJIIB
J0 CKPHUHIHTY COPTIB MIICHUII 3 TEPEXPECHOI0
CTIHKICTIO 10 OCHOBHHX a0i0OTHYHHUX CTPECOPIB.

Knwuosi CJIOBa: OKCUJAaTUBHUN
CTpeC, aHTHOKCHUJIAHTHA CHCTEeMa, aKTHBHI Qop-
MH KHUCHIO, cynbdar 3amiza(ll), TenmocTiikicTs,
MOCYXOCTIHKICTh, Triticum aestivum.
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