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The functioning of the stress-protective systems of wheat under the action of cold at the early stages
of plant development remains poorly studied. The aim of this work was a comparative study of antioxidant
activity and the content of sugars and proline as indicators of osmoprotective activity during cold adapta-
tion of seedlings of seven winter bread wheat (Triticum aestivum L.) cultivars that differ significantly in frost
resistance. The 3-day-old etiolated seedlings were hardened at 2°C for 6 days and then frozen for 5 h at -6 or
-9°C. Two days after freezing, the survival of seedlings was assessed by their ability to grow. A decrease in
ROS content, an increase in the activity of antioxidant enzymes catalase and guaiacol peroxidase and accu-
mulation of sugars in the shoots of high-frost-resistant cultivars during hardening were detected. The absolute
values of catalase and guaiacol peroxidase activity correlated positively with the frost resistance of seedlings.
The negative correlation between the frost tolerance of the cultivars and the accumulation of proline in the
seedlings during hardening was recorded. The possibility of using the studied biochemical indices for frost
resistance screening of winter wheat varieties at the seedling stage was stated.
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hardening.

espite the global trend towards higher tem-
D peratures, especially on the European con-

tinent [1], the problem of frost tolerance in
winter cereal crops is not only not diminishing but,
on the contrary, increasing. One of the manifesta-
tions of global climate warming is an increase in the
frequency of winter thaws with a sharp change with
low temperatures, which increases the probability of
frost plant damage [2]. In Ukraine, in particular, the
loss of winter cereal crops has been up to 35% in
some years [3]. In this regard, the search for frost
tolerance donors and the evaluation of this trait in
new winter crop cultivars remains an important
practical task.

Most plants have little or no constitutive
capacity to survive exposure to sub-zero tempera-
tures. However, after exposure to low positive tem-
peratures (so-called cold hardening), many species,
including winter cereals, develop induced frost re-
sistance [4]. The nature of basic molecular genetic,

physiological, and biochemical changes responsible
for this property has now been elucidated. In par-
ticular, key families of transcription factors (CBF,
WRKY, bzZIP, MYB, bHLH, C2H2 NAC, and
others) have been identified that regulate COR genes
expression, leading to physiological responses to
cold stress [5, 6]. Among these responses, the most
important are an increase of unsaturated fatty acids
in membrane lipids [7], accumulation of cryopro-
tectants [8], synthesis of various stress proteins [9],
and activation of the antioxidant system [10]. The
last mentioned is important for the frost resistance
development due to the fact that a low temperature-
induced increase in cell membrane rigidity increases
the stochastic formation of reactive oxygen species
(RQOS) in electron-transport systems of mitochon-
dria and chloroplasts [10]. In addition, low-tempera-
ture exposure causes increased ROS generation by
NADPH oxidase at the cell surface [11].
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Phenomena of increased gene expression and
activity of key antioxidant enzymes — superoxide
dismutase (SOD) [12, 13], catalase [12], non-specific
peroxidase [14], and enzymes of the ascorbate-glu-
tathione cycle [10] — in various objects during cold
adaptation have now been recorded. The relationship
between ascorbate peroxidase and guaiacol peroxi-
dase activity and frost resistance of cereals of dif-
ferent genotypes subjected to cold hardening was
shown [15, 16].

The main low-molecular-weight antioxidants,
ascorbate and glutathione, are also involved in plant
adaptation to cold, although the link between their
content and resistance of individual genotypes is not
always evident [17, 18]. The importance of the ac-
cumulation of polyfunctional low-molecular-weight
compounds such as sugars and proline for the de-
velopment of frost tolerance in plants is also well
known [12, 19]. These compounds act as osmolytes,
exhibit membrane-protective and anti-denaturation
effects [20]. At the same time, they are powerful
antioxidants [21, 22]. However, the relationship be-
tween the accumulation of sugars and proline and
the low-temperature tolerance of cereals cannot be
considered unambiguous. For example, the sugar
content of the non-resistant triticale cultivar was
higher than that of the frost-resistant one [23]. The
cold-resistant rice genotype had lower proline con-
tent in leaves and shoots at normal and sub-zero tem-
peratures than the non-resistant genotype [24].

In general, there has been a lot of investiga-
tion into the relationship between the individual
components of the antioxidant system and the frost
tolerance of plants [25-27]. However, the relationship
between frost tolerance and the functioning of anti-
oxidant and osmoprotective systems of wheat plants

at the early stages of development using a wide range
of cultivars developed in different geographical
zones with contrasting climates has not been studied
yet. However, obtaining such data can contribute to
a better understanding of the adaptive strategies of
resistant cultivars and the development of effective
rapid screening methods for frost resistance of win-
ter wheat cultivars.

The aim of this work was a comparative study
of the ROS formation and the functioning of anti-
oxidant and osmoprotective systems during cold ad-
aptation of wheat seedlings of 7 cultivars that differ
significantly in frost resistance.

Material and Methods

Plant material and treatments. Seeds of bread
winter wheat (Triticum aestivum L.), obtained from
the collections of the National Center for Plant Genet-
ic Resources of Ukraine and Poltava State Agrarian
University, were used in this work. The experiments
were carried out on 7 cultivars of different ecologi-
cal and geographical origins and, according to the
scientific literature and resources of the Ukrainian
Institute for Plant Variety Examination (Table 1), dif-
fering significantly in frost tolerance. The cultivar
Albidum 114, in particular, is very frost-resistant,
and the Doskonala is frost-resistant. The group with
average or exceeding it frost resistance is made up
of Zelenyi hai, Nordika, and Etana cultivars. The
Malibu and Tobak have low frost resistance.

The seeds were disinfected for 15 min with a
1% NaClO solution, washed thoroughly with dis-
tilled water and germinated in Petri dishes on pa-
per in a thermostat at 24°C. After germination for
3 days, etiolated seedlings were used for biochemical
analyses and subjected to freezing for 5 h in a cham-

Table 1. Information about wheat cultivars used in the experiments

Cultivar Country Frost resistance \ Source

Albidum 114 Russia very high https://doi.org/10.1078/0176-1617-00642

Doskonala Ukraine high (8.8 points*) http://sort.sops.gov.ua/cultivar/view/12253
Etana Germany medium (5.0 points) http://sort.sops.gov.ua/cultivar/view/4796
Malibu Germany low (2.0 points) http://sort.sops.gov.ua/cultivar/view/3186
Nordika Czech Republic  above average (7.2 points)  http://sort.sops.gov.ua/cultivar/view/4802
Tobak Germany low (2.5 points) http://sort.sops.gov.ua/cultivar/view/3599
Zelenyi hai Ukraine above average (7.0 points) http://sort.sops.gov.ua/cultivar/view/4798

Note. *On a 9-point scale, data from field trials of the Yuriev Plant Production Institute, National Academy of Agrarian

Sciences of Ukraine
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ber (Danfoss, Netherlands) in darkness at -6°C with
a temperature decrease of 1°C/h. To thaw the seed-
lings, the chamber temperature was raised to 2°C at
a rate of 1°C/h. The seedlings were then grown for
an additional 2 days at 24°C and 150 W/m? and their
survival rate was assessed. In the cold hardening
variants, the 3-day-old etiolated seedlings were incu-
bated for 6 days in refrigerated compartment (with-
out light) at 2°C. The optimum hardening regime for
the seedlings is based on the results of experiments
described in a previous paper [28]. Biochemical ana-
lyzes of seedlings were carried out after 6 days of
hardening at 2°C. As a control, 3-day-old etiolated
seedlings that had not been hardened were used. As
seedling growth was retarded at low temperatures,
the 9-day-old hardened plants were the same as the
3-day-old control plants grown at 24°C.

After cold hardening, the seedlings were frozen
for 5 h in the absence of light at -6 or -9°C with tem-
perature reduction at a rate of 1°C/h. The samples
were then thawed and grown further in the light to
assess their survival rate as described above.

Generation of superoxide anion radicals (SAR —
0,") by the shoots was assessed by nitroblue tetra-
zolium (NBT) reduction. Ten shoots of equal size
were placed in test tubes for 1 h 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 [29].
At the end of the exposure, the shoots were care-
fully removed from the incubation solution and the
absorbance of the incubation solution at 530 nm was
measured. The results were expressed in units of ab-
sorbance per shoot (x1000).

Evaluation of hydrogen peroxide content.
To determine H,O, content, shoots of seedlings
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 H,O, concen-
tration was determined in the supernatant using fer-
rothiocyanate method [30] with slight modifications.
For this purpose, 0.5 ml of 2.5 M potassium thiocy-
anate, 0.5 ml of 50% TCA, 1.5 ml of supernatant,
and 0.5 ml of 10 mM ammonium iron(l1) sulfate
were added to tubes. After mixing, the samples were
poured into cuvettes and the absorbance at 480 nm
was determined.

Evaluation of LPO product content. The lipid
peroxidation (LPO) rate in seedling shoots was as-
sessed by its products reacting with 2-thiobarbituric
acid (TBA) (mainly malonic dialdehyde, MDA) [28].

Plant material was homogenized in 0.1 M Tris-HCI
buffer (pH 7.6); then a 0.5% TBA solution in 20%
TCA was added to the homogenate. After heating
the mixture in a boiling water bath for 30 min, the
samples were cooled and centrifuged at 8000 g for
10 min. Absorbance of the supernatant at 532 nm
was then measured. Non-specific absorbance at
600 nm was also determined, the value of which
was subtracted from the main result. Measurements
were made relative to the reagent mixture that did
not contain TBA.

Measurement of antioxidant enzyme activities.
To evaluate the activity of antioxidant enzymes,
shoots (200 mg) were homogenized in 10 ml of
0.15 M K,Na-phosphate buffer (pH 7.6) with EDTA
(0.1 mM) and dithiothreitol (1 mM) on ice [28]. The
homogenate was centrifuged for 15 min at 8000 g at
a temperature not exceeding 4°C to obtain a super-
natant, which was then analysed. SOD activity was
determined at pH 7.6 by a method based on the en-
zyme’s ability to compete with nitroblue tetrazolium
for superoxide anions formed by the aerobic interac-
tion of NADH with phenazine metosulphate. Cata-
lase activity (CAT) was estimated by the amount of
hydrogen peroxide decomposed per unit time [31].
Guaiacol peroxidase (GPX) was analysed at pH 6.2
(K,Na-phosphate buffer) using guaiacol as hydrogen
donor and hydrogen peroxide as substrate [32].

Content of low-molecular protective com-
pounds. The total sugar content of the plant material
was determined by the Morris-Roe method based
on anthrone reagent [33] in our modification. Sugars
from the plant material were extracted with distilled
water and heated for 10 min in a boiling water bath.
The resulting extract was clarified by adding equal
volumes (0.3 ml) of 30% zinc sulfate and 15% blood
yellow salt to the reaction tubes. Samples were fil-
tered through a paper filter and, if necessary, diluted
several times with distilled water before measure-
ment. The reaction tubes were filled with 3 ml of
anthrone reagent and 1 ml of filtrate, and distilled
water was added to the control sample instead of the
filtrate. After boiling for 7 min in a water bath, sam-
ples were cooled and absorbance at 610 nm was de-
termined relative to the control solution. D-glucose
was used as the standard.

Proline content in the shoots was determined
according to Bates et al. [34] modified method. Pro-
line was extracted from the plant material with dis-
tilled water by boiling for 10 min. The extract was
then filtered, mixed in equal volumes with ninhydrin
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reagent and glacial acetic acid and the samples were
boiled in a water bath for 1 h. The absorbance of the
coloured reaction product was determined at 520 nm
using L-proline as standard.

Replication of experiments and statistical pro-
cessing of results. The experiments had 3 biological
replicates. When evaluating seedling survival after
freezing, each biological replicate consisted of at
least 80 seedlings. In the biochemical analysis, there
were 12-15 shoots in the sample. Data were statisti-
cally processed using analysis of variance (ANOVA)
and Fisher’s least significant difference (LSD) test.
The figures and Table 2 show the mean values and
their standard errors. Different letters denote values,
which differences are significant at P < 0.05. Cor-
relation coefficients were estimated using program-
ming language R, version 4.1.1 (R Core Team).

Results

Wheat seedling survival after freezing. The
unhardened seedlings of most cultivars died almost
completely after exposure to -6°C. In the most re-
sistant cultivar, Albidum 114, a survival rate of
23.3% was recorded (Table 2). A small number of
seedlings of Nordika and Zelenyi hai also retained
viability. In general, however, it was not possible to
differentiate between unhardened seedlings of culti-
vars in terms of frost tolerance (Table 2).

At the same time, hardening caused differen-
tial development of the frost resistance in seedlings
of all the cultivars. The seedlings of Albidum 114
showed the highest resistance. The survival of seed-
lings of Doskonala after freezing at -6 and -9°C was
slightly lower (Table 2). The seedlings of Zelenyi hai
and Nordika were almost equally frost-resistant, but
their survival after sub-zero temperatures was lower

than that of the Albidum 114 and Doskonala. These
values were even lower in the Etana cultivar. Final-
ly, the Malibu and Tobak seedlings showed the least
resistance (Table 2). Thus, studied cultivars repre-
sented the following series with significant differen-
tiation in terms of seedling frost tolerance: Albidum
114 > Doskonala > Zelenyi hai > Nordika > Etana >
Malibu > Tobak.

ROS generation and MDA content in unharde-
ned and hardened seedlings. The level of SAR gene-
ration in unhardened seedlings of the different culti-
vars varied slightly, regardless of their frost tolerance
(Fig. 1, A). Hardening caused a reduction in this indi-
cator in high- and medium-resistant cultivars Albi-
dum 114, Doskonala, Zelenyi hai, and Etana, while
in the other ones, such effect was only a tendency.

The hydrogen peroxide content in the shoots of
unhardened seedlings also varied, with no signifi-
cant association with frost tolerance (Fig. 1, B). After
hardening, there was a significant reduction in H,O,
content of shoots of frost-resistant cultivars Albi-
dum 114, Doskonala, and Zelenyi hai. In other cul-
tivars, this effect was small or not manifested at all.

The amount of LPO products (mainly MDA)
in unhardened seedlings, as well as other indicators,
varied slightly regardless of cultivar resistance. After
hardening temperatures, MDA content decreased in
the high and medium frost-resistant cultivars, while
it did not change in the two least resistant ones,
Malibu and Tobak (Fig. 1, C).

Antioxidant enzyme activity in unhardened and
hardened wheat seedlings. The SOD activity in the
shoots of unhardened seedlings of different cultivars
varied irrespective of their resistance (Fig. 2, A). For
example, high values were recorded for one of the
least frost-resistant cultivars (Malibu) and for the

Table 2. Survival of wheat seedlings (%) after 5-h freezing at -6 and -9°C

Cultivar Freezi_ng of unhardened Freezin_g of cold-hardened Freezin'g of cold-hardened

seedlings (5 h at -6°C) seedlings (5 h at -6°C) seedlings (5 h at -9°C)
Albidum 114 23.3+14 93.6+2.4 88.2+19
Doskonala 05+04 843+11 73.5+£07
Etana 0.0 63.3+21 533+20
Malibu 0.0 445+ 31 219+13
Nordika 155+2.6 69.5+2.4 60.0+19
Tobak 0.0 374+16 200+ 15
Zelenyi hai 104+ 10 765+ 16 60.3+3.0
LSD 2.9 5.2 4.7

0.05
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most frost-resistant, Albidum 114. After hardening,
the enzyme activity increased markedly only in Al-
bidum 114 and Zelenyi hai. In cultivars characteri-
zed by low and medium tolerance (Malibu, Tobak,
and Etana), SOD activity decreased after hardening
temperatures (Fig. 2, A).

The CAT activity in unhardened seedlings,
as well as the other studied parameters, varied in-
dependently of cultivar frost tolerance (Fig. 2, B).
Hardening caused an increase in the enzyme activity
only in the most resistant cultivar Albidum 114. At
the same time, the non-tolerant cultivars Malibu and
Tobak showed a decrease in CAT activity, significant
at P <0.05. In the other cultivars, this indicator did
not change significantly after the hardening tempera-
ture (Fig. 2, B).

The GPX activity in the shoots of unharde-
ned seedlings, like the other antioxidant enzymes
studied, varied regardless of cultivar resistance
(Fig. 2, C). After hardening, there was more than
a twofold increase in enzyme activity in the most
frost-resistant Albidum 114. A significant increase
in GPX activity was also observed in the relatively
frost-resistant cultivars Doskonala and Nordika. The
other cultivars showed little change in the activity
of this enzyme, while the non-frost-resistant culti-
var Malibu showed a marked decrease in GPX after
hardening temperature (Fig. 2, C).

Sugars and proline content in unhardened and
hardened seedlings. In non-hardened seedlings,
the sugars content varied considerably regardless
of the resistance of cultivars (Fig. 3, A). Thus, two
medium-resistant varieties, Etana and Nordika, had
the highest and lowest values for this indicator, re-
spectively. In response to hardening temperature,
the sugars content increased significantly in all high
and medium frost-resistant cultivars. In contrast, in
the non-frost-resistant cultivars, it decreased or re-
mained unchanged (Fig. 3, A).

The constitutive proline content of the seedling
shoots of different cultivars, as well as other indica-
tors, varied irrespective of their resistance (Fig. 3, B).
Cold hardening caused an increase in proline content
in all cultivars. However, this effect was most pro-
nounced in the non-frost-resistant Malibu and Tobak
(4.5 and 3.7 times, respectively). At the same time,
the proline content in response to hardening tem-
perature increased least (by only 13%) in the most
frost-resistant cultivar, Albidum 114 (Fig. 3, B).

Correlation between indicators of pro-/antioxi-
dant balance, osmolyte content, and frost resistan-

ce of cultivars. The O, generation, H,O, and MDA
levels in hardened seedlings were negatively cor-
related with their survival after freezing (Fig. 4).
However, at P < 0.05, this was significant only for
the hydrogen peroxide content. At the same time,
when expressing these indicators in the cold harden-
ing variant as a percentage of unhardened control,
they all had a strong negative correlation with seed-
lings frost resistance (-0.93, -0.75, and -0.94 for SAR
generation, H,O, and MDA content, respectively).

A significant positive correlation with seed-
ling survival after freezing was observed for CAT
and GPX activity as well as sugar content (Fig. 4).
At the same time, there was a significant negative
correlation between the proline content of hardened
seedlings and their survival. Also noteworthy is the
high negative correlation between hydrogen peroxi-
de content and such indicators of protective systems
as catalase activity and sugars content (Fig. 4).

Discussion

Cold hardening caused the seedlings of all the
cultivars used in the experiment to develop frost
resistance (Table 2). The winter wheat cultivars se-
lected for the study differed significantly in their
frost tolerance, which was clearly manifested at the
seedling stage. For example, after freezing at -9°C,
the survival rate of the most resistant cultivars Al-
bidum 114 and Doskonala was between 74-88%,
while that of the least resistant Malibu and Tobak
was only 20-22%. Other cultivars were intermediate.
These results indicated that such a set of varieties
could be used as a model to investigate the relation-
ship between frost resistance itself and the complex
of indicators characterizing resistance to oxidative
stress and functioning of the osmoprotective system.

It is also important that clear differences in
frost resistance between the cultivars were evi-
dent after cold hardening. It was the biochemical
changes caused by the action of moderately low
temperatures that contributed to the frost-resistance
property. Among these processes, regulation of pro-/
antioxidant balance seems to play a particularly im-
portant role. Thus, despite the different values of
O, generation, H,O, and MDA content in seed-
lings of different cultivars, after hardening they de-
creased in most of them except for the least resistant
Malibu and Tobak. When expressing these indica-
tors in hardened seedlings as a percentage of those
in unhardened ones, their significant negative corre-
lation with frost resistance (survival after freezing)
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was evident. Therefore, the effect of hardening tem-
peratures on the seedlings shifted the pro-/antioxi-
dant balance towards the antioxidants and this effect
was more pronounced in the frost-resistant cultivars.

The antioxidant system is involved in plant
adaptation to stressors of various nature [35, 36], in-
cluding exposure to low temperatures. Our results
indicate the involvement of all the antioxidant en-
zymes studied in the regulation of ROS content in

wheat seedling cells. Thus, in the most frost-resistant
cultivar Albidum 114 and the moderately resistant
Zelenyi hai, the decrease in SAR generation after
cold hardening was accompanied by a simultaneous
increase in SOD activity (Fig. 1, A, 2, A). On the
other hand, the least resistant cultivars Malibu and
Tobak did not show a significant reduction in super-
oxide radical content after hardening temperature,
while they showed a decrease in SOD activity un-
der low-temperature hardening conditions. In other
cultivars, no relationship was observed between
O, generation and SOD activity. SOD is known to
be the only enzyme that neutralizes SAR [36, 37].
However, the O, content in tissues depends not
only on the SOD activity, but also on the activity
of enzymes that generate it, especially NADPH oxi-
dase [11], as well as on the content of low-molecular-
weight antioxidants, in particular ascorbic acid [37].
Apparently, combination of these factors is reflected
in changes in the SAR amount in wheat seedlings of
different cultivars during cold hardening.

Another ROS, hydrogen peroxide, decreased
most markedly in high- and medium-resistant wheat
cultivars under the influence of cold hardening
(Fig. 2, B). Wherein, a high negative correlation
(r =-0.92, Fig. 4) was observed between the H,O,
amount in tissues and frost resistance of hardened
seedlings.

Excessive amounts of hydrogen peroxide in
the cells are eliminated by a complex of antioxidant
enzymes. Among these, CAT plays an important
role. This enzyme requires no additional substrates
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for activity and is very efficient at neutralizing high
concentrations of H,O, [37]. The results obtained
indicate a relationship between hydrogen peroxi-
de content in seedling shoots and CAT activity.
For example, the most frost-resistant cultivar Al-
bidum 114 showed a decrease in hydrogen peroxi-
de content and an increase in CAT activity after
hardening. At the same time, in the least resistant
cultivar Tobak, exposure to hardening temperature
did not cause a change in hydrogen peroxide content,
while CAT activity decreased (Fig. 1, B, 2, B). The
contribution of CAT to the regulation of hydrogen
peroxide content in hardened seedlings is also in-
dicated by the high negative correlation coefficient
between these indices (r = -0.81, Fig. 4).

The results also point to the GPX contribution
to the maintenance of redox balance. The enzyme
activity after cold hardening increased significantly
only in the frost-resistant cultivars Albidum 114 and
Doskonala and, conversely, in one of the least re-
sistant cultivars (Tobak), it decreased (Fig. 2, C). A
fairly high correlation (r = 0.77, Fig. 4) was observed
between GPX activity values and the survival of
hardened seedlings. A fairly high (r = 0.72), although
not significant at P < 0.05, correlation coefficient
(Fig. 4) was also found between hydrogen peroxide
content and the activity of this enzyme.

Other studies have found the effects of in-
creased CAT activity in the cold adaptation in both
etiolated [38] and green [10] seedlings of various
cereal species. Thus, increased CAT activity and
the induction of several peroxidase molecular forms
were observed during cold adaptation of etiolated
maize seedlings [38]. In wheat plants under low-
temperature adaptation, an expansion of the electro-
phoretic spectrum of peroxidase was also found [39].

Thus, we can speak of an important role of
antioxidant enzyme complex in the regulation of
ROS content in cereal seedlings during adaptation
to cold and of a close relationship between catalase
and peroxidase activity and frost tolerance of wheat
seedlings.

Thus, the important role of antioxidant en-
zymes complex in the regulation of ROS content in
cereal seedlings during adaptation to cold and the
close relationship between the activity of catalase
and peroxidase and the frost resistance of wheat
seedlings should be noted.

The group of low-molecular-weight organic
compounds whose contribution to the frost resistan-
ce property has been studied for many decades are
soluble carbohydrates. A moderate action of cold,
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which usually causes a hardening effect, leads to the
accumulation of sugars in plants of different species
[19]. In our experiments, the total content of sugars
during hardening increased in most of the cultivars
studied (Fig. 3, A). The exceptions were the most
non-tolerant cultivars, Malibu and Tobak, which had
Nno increase or even a decrease in sugars. Wherein a
positive correlation significant at P < 0.05 was found
between the absolute content of sugars in harde-
ned seedlings and the frost resistance of cultivars
(Fig. 4). 1t should be noted, however, that the con-
tribution of sugars to the frost resistance property
of cereals does not seem to be absolutely unambigu-
ous and may differ according to species and cultivar
characteristics. For example, the sugars content of
the non-tolerant triticale cultivar was higher than
that of the frost-resistant ones [23]. In general, sugars
are considered to be polyfunctional protective com-
pounds of plant cells. By interacting with membrane
lipids and proteins, they can stabilize the structure
and fluidity of cell membranes under hypothermic
conditions [21]. Sugars are also seen as components
of the plant cell’s non-enzymatic antioxidant system
[22]. Another function of sugars, important for adap-
tation to stress factors, may be related to their in-
volvement in cell signaling processes [40].

Along with sugars, proline is a very important
stress metabolite involved in low-temperature adap-
tation in plants. This imino acid acts as an osmopro-
tectant, membrane-protecting compound, and anti-
oxidant [41]. An increase in proline content during
cold hardening was recorded in Bermuda grass [42].
A report by Tantau et al. [43] showed a fairly close
relationship between proline accumulation and the
frost tolerance of barley lines grown in vitro. Howe-
ver, under the conditions of our experiments, the
most significant increase in proline content in re-
sponse to hardening temperatures was found in the
least frost-resistant cultivars (Fig. 3, B), and a strong
inverse correlation was observed between the ab-
solute amount of proline in hardened seedlings and
their frost tolerance (Fig. 4). This phenomenon may
be a feature of etiolated seedlings. Although an in-
verse correlation between proline content and cold
tolerance has been reported in several other stud-
ies, including those performed on green plants. As
already noted, the organs of the cold-tolerant rice
genotype exhibited lower proline content than those
of the non-tolerant genotype [24]. No difference
has been shown in the basal proline content in the
leaves of winter and spring bread wheat [44]. After
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Table 3. Pattern of changes in ROS generation, antioxidant enzyme activity, and osmolytes content under

the action of hardening temperature (2°C, 6 days) on etiolated wheat seedlings of different cultivars

High-resistant Medium-resistant Low-resistant
Indicators cultivars (Albidum 114, cultivars (Zelenyi cultivars (Malibu,
Doskonala) hai, Nordika, Etana) Tobak)
02.7 ! ! —
ROS generation H.,0, l l— —
MDA l | — —
SOD 1— 11 !
Antioxidant Catalase T — — l
enzyme activity Guaiacol

peroxidase 1 r= b=

Sugars 1 1 1 —
Osmolytes content Proline 1 1 11

Note. T —increase; 11 — strong increase; | — decrease; — — no effect.

cold hardening, proline content increased, but there
were no differences between the varieties. Proline
content was found to increase during cold hardening
of Arabidopsis plants, but no relation was found be-
tween the dynamics of proline accumulation and
the development of frost tolerance [45]. The authors
consider proline accumulation to be a consequence
of the effects of low temperatures on plants, rather
than a cause of resistance. In general, an increase in
proline content is a non-specific response to thermal
stress [46]. Apparently, when exposed to low posi-
tive temperatures, proline accumulation as an adap-
tive response is strongly activated precisely in non-
tolerant genotypes.

Conclusions. The studied wheat varieties can
be roughly divided into high- (Albidum 114, Dosko-
nala), medium- (Zelenyi hai, Nordika, Etana), and
low-resistant (Malibu, Tobak) to frost (Table 2). Ad-
aptation of soft winter wheat seedlings of different
cultivars includes marked changes in the pro-/an-
tioxidant balance, antioxidant and osmoprotective
system status indicators. The high-frost-resistant
cultivars were characterized by a decrease in ROS
content during hardening, an increase in the activi-
ty of antioxidant enzymes (especially catalase and
guaiacol peroxidase), and an accumulation of sugars
(Table 3).

In contrast, the non-frost-resistant cultivars
were characterized by a lack of ROS reduction ef-
fect in response to hardening temperatures. Also in
seedlings of non-resistant cultivars under the influ-
ence of low positive temperatures, CAT activity was
reduced, sugars content was reduced or not changed,
but proline content was sharply increased. In the
group of medium-resistant cultivars, these values
were mostly intermediate between the contrasting
groups of cultivars (Table 3). Thus, there are indica-
tions of differences in the low-temperature adapta-
tion strategies of wheat varieties that are evident at
the germination stage. A complex of indicators of
ROS content and the functioning of antioxidant and
osmoprotective systems can be used to characterize
frost tolerance when screening this property at the
seedling stage.
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MMOKA3HUKHU AHTUOKCHUJIAHTHOI
TA OCMOIIPOTEKTOPHOI
CUCTEM INPOPOCTKIB COPTIB
O3UMOI NIIEHUII 3 PI3BHOIO
MOPO3OCTIUKICTIO

T. O. HAcmped, IO. €. Korynace*?™,
O. I Kokoped', B. €. Maxaosa?, H. I. Pabuyw?,
O. A. Buicecora?, I /1. Ilocnenosa?

TucturyT pocnuaHunTBa imM. B. 5. FOp’eBa
HAAH VYxpaian, Xapkis;
[TonTaBCbKUM AEPKABHUN arpapHuii
yHiBepcuteT, [lonTaBa, Ykpaina;
He-mail: plant_biology@ukr.net

OyHKIIOHYBaHHS CTPEC-TPOTEKTOPHUX CH-
CTEM IIIEHUII] 3a [Tii X0JI0ly Ha paHHIX eTarax po3-
BUTKY POCIHH 3aJHILAETHCA MAaJONOCTIIKEHUM.
MeToro poboTH Oyi0 TMOPIBHSIBHE TOCIIKEHHS
AHTHOKCHJIAHTHOI aKTHUBHOCTI Ta BMICTY IIYKDiB
1 TpoNiHy $K I1HIWKATOPIB OCMOIPOTEKTOPHOL
aKTHBHOCTI 3a XOIJIOJOBOI ajamnTaiii MpOpOCTKiB
CeMHU COpTiB mimeHuIi M’skoi osumoi (Triticum
aestivum L.), ski CyTTEBO BIiApPI3HAIOTHCS 3a
MOPO30CTIHKICTIO. 3-7€HHI €TiONIbOBaHI MPOPOCT-
KU 3arapToByBanu mpu 2°C mporsarom 6 nIHIB, a
MOTIM NPOMOPOXKYBAIM TMPOTATOM S5 TOAMH IIpH
-6 abo -9°C. UYepe3 aBi A00H Micis MPOMOPOXKY-
BaHHS OIIHIOBAJIM BIKUBAHICTH MPOPOCTKIB 3a iX
3IATHICTIO O POCTY. BUSBICHO 3HMXEHHS BMICTY
CYNEPOKCHIHOTO aHiOH-pajuKaya, IiJBUIICHHS
AKTHBHOCTI aHTHOKCHJAHTHUX CH3MMIB Karajasu
Ta T'BasSKOJIEPOKCHIA3M Ta HAKONWYEHHS LYKPIiB
y TaroHax BHCOKOMOPO3OCTIHKHMX COPTIB Tif dYac
3arapTyBaHHsS. AOCONIOTHI 3HA4YeHHSI aKTHBHOCTI
Karaja3d Ta TBasSKOJIINEPOKCHIA3H MO3UTHBHO
KOpENoBaIM 3 MOPO30CTIHKICTIO TIPOPOCTKIB.
3adikcoBaHO HETaTHMBHUN KOPENSIIHHUN 3B’I30K
MK MOPO3OCTIMKICTIO COPTIiB 1 HAKOIMHUYEHHSIM
OpONiHY B IPOPOCTKAax IiJ Yac 3arapTyBaHHS.
3po0JIeHO BHCHOBOK IPO MOXKJIUBICT BHUKOPH-
CTaHHS IOCHIDKEHHX  OIOXIMIYHUX TMOKA3HUKIB
JUIS. CKPUHIHTY MOPO3OCTIWKOCTI COPTIB O3MMOI
MIIeHAI y da3i MPOpPOCTKiB.

KnaouoBi CIO0BAa:  OKHCIIOBaJbHUMN
CTpec, AHTHOKCHIAHTHAa CHCTEMa, OCMOIIITH,
MOpO30CTiiikicTh, Triticum aestivum, xonomnose 3a-
rapTyBaHHS.
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