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Goal. To study the frost resistance of newly created soft winter wheat
varieties of Myronivka breeding under different hardening conditions in the
central part of the Forest-Steppe of Ukraine and identify varieties with
consistently high levels of resistance. Methods. After hardening the plants in an
open field using the standard technique, they were subjected to freezing in low-
temperature chambers at a temperature of -18 °C. The reliability of the obtained
data was verified using the Fisher's criterion. Results. The conducted research
over three contrasting years confirmed that the frost resistance of wheat
varieties depends on the conditions of their hardening. Due to the gradual
decrease in air temperature, the process of plant hardening was much more
efficient than with sudden fluctuations. As a result, under favorable conditions
for the hardening phases in 2021/22, the percentage of live plants after freezing
averaged 84.4% for all varieties, under satisfactory conditions in 2020/21 —
68.1%, and under unfavorable conditions in 2019/2020 - 51.9%. The frost
resistance of the benchmark variety Myronivska 808 varied from 56% to 94%

during the years of the study. In 2019/2020, the level of resistance exceeded the
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benchmark for the variety Avrora Myronivska, and at the benchmark level were
the varieties MIP Assol, MIP Fortuna, MIP Vidznaka, Vezha myronivska, MIP
Yuvileina, Estafeta myronivska, MIP Nika. In 2020/21, the resistance was higher
than the benchmark for the varieties MIP Vidznaka and MIP Feieriia, and at the
benchmark level were the varieties MIP Roksolana, Estafeta myronivska, Vezha
myronivska, MIP Yuvileina, Avrora myronivska, MIP Nika and MIP Fortuna.
According to the results of freezing in 2021/2022, the percentage of live plants in
the varieties MIP Fortuna, MIP Vidznaka, MIP Yuvileina, Estafeta Myronivska,
Vezha Myronivska, MIP Nika was at the level of the benchmark Myronivska
808. A strong inverse correlation (r = —0.77) relationship was established
between the percentage of live plants after freezing and the temperature regime
of the hardening period. Conclusions. The following soft winter wheat varieties
MIP Fortuna, MIP Vidznaka, Vezha Myronivska, MIP Yuvileina, Estafeta
Myronivska and MIP Nika were identified as having a high level of resistance
over the course of three years.
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An important task today is to ensure the food security of our country.
With this in mind, one of the priority directions of agricultural production is
considered to be stabilizing the production of high-quality food grain through
the cultivation of winter wheat [1]. Modern varieties of winter wheat have a
high potential for productivity, the realization of which largely depends on the
growing conditions [1, 2]. In particular, the main limiting factor is the weather
conditions throughout the year, with weather accounting for 82% of
productivity formation [3]. The climate in recent years is characterized by
rapid changes in weather conditions with significant fluctuations in
precipitation and temperature [4, 5]. The recent increase in air temperature in
Ukraine is characterized by unevenness: periods of sharp temperature rise

alternate with slower or even cooling. Often, against the backdrop of general



warming, there are cold spells with frost, which poses a real danger to
agriculture [6]. The degree and nature of climate change can significantly
affect the productivity of winter wheat, as weather variability leads to
significant (up to 40-60%) fluctuations in yields [7, 8]. Each phase of plant
development contributes to its yield, and the duration depends on
agroclimatic conditions. The maximum yield increase occurs at optimal values
of agrometeorological factors that provide the biological optimum for plants in
each period of the vegetation cycle [9].

The winter period is of great importance for the growth and
development of winter wheat [8, 9]. During the wintering of winter wheat
plants at low air temperatures, the growth rates and the intensity of
physiological processes sharply decrease, making them very vulnerable to
the negative factors of the winter period, such as low critical temperatures,
especially in the absence of snow cover, sudden temperature increases, and
to waterlogging and freezing [10, 11]. With the recent increase in the overall
temperature background of the autumn-winter period, the level of its
fluctuations has significantly increased, resulting in frequent prolonged thaws
with sharp short-term temperature drops, the formation of ice crust, which
becomes an additional factor in freezing [12]. Due to unfavorable conditions
for wintering in various regions of Ukraine, a large number of winter wheat
crops die almost every year. This is why frost resistance is of great
importance - the ability of plants to withstand low temperatures without
irreversible harmful consequences [8, 11]. The unsatisfactory condition of
winter crop plantings emphasizes the urgent need for agronomic and
breeding research in the direction of increasing their frost resistance [11, 13].
In general, frost resistance is one of the main components of the adaptability
of winter wheat varieties [14, 15].

Winter crops are able to withstand adverse temperature conditions
during the cold period due to a series of adaptive reactions, with adaptation to
low temperatures being the most important [16, 17]. In the autumn period,

with a decrease in air and soil temperatures, complex physiological



processes take place in winter crops, ensuring their preparation for wintering,
known as plant hardening. It should be noted that the hardening of plants in
the autumn-winter period significantly increases their resistance to the
negative effects of weather conditions during the winter period. As is known,
the hardening of winter crops occurs in two phases: Phase | occurs at
daytime air temperatures from 8 to 10°C and nighttime temperatures from 0
to 4°C, and Phase Il occurs when the average daily temperature fluctuates
between 0 and -5°C [18].

In Phase |, plants harden due to active vegetation and photosynthesis
processes. During this period, the plant accumulates a sufficient amount of
sugars (carbohydrates) in the tillering nodes, which are not spent on
respiration and growth during nighttime temperatures from 0 to 4°C [19]. As
the sugar content in the tillering nodes continuously increases and can reach
about 30% by the end of the phase, and due to the increase in the dry matter
content in the plant's body, the decrease in temperature at the depth of the
tillering node to -10...-12°C is tolerated by the plant normally [18].

Phase Il involves the process of dehydration of plant cells, leading to an
increased concentration of soluble sugars. As a result, the plant's body
reduces the content of free water, which is capable of freezing rapidly, and
instead, water with a high sugar concentration, which freezes only at critically
low temperatures, appears [20]. After successful passage of Phase I,
hardened plants become even more resistant to low temperatures. Well-
hardened wheat can withstand temperatures of about -18...-19°C near the
tillering node. The duration of the passage of both hardening phases by
plants is 20-25 days [19, 20].

In the process of hardening, winter crop plants replenish their reserves
of osmotically active substances, primarily soluble carbohydrates and proline
amino acids in the tillering nodes, which allows them to achieve a high level
of frost resistance [21, 22]. Less frost resistant varieties of winter crops
contain fewer water-soluble carbohydrates than frost resistant ones, and in

their tillering nodes, less cell sap is formed.



Considering the above, the study of the characteristics of modern
genotypes of winter wheat in forming frost resistance under different
hardening conditions is currently a relevant direction of research.

The goal of the research was to study the frost resistance of newly
created soft winter wheat varieties of Myronivka breeding under different
hardening conditions in the central part of the Forest-Steppe of Ukraine and
identify varieties with consistently high levels of resistance.

Materials and methods of research. The study was conducted during
2019 — 2022 at the V.M. Remeslo Myronivka Institute of Wheat of NAAS. The
research material consisted of 13 varieties of soft winter wheat from
Myronivka breeding: Avrora myronivska, MIP Assol, MIP Fortuna, MIP
Vidznaka, Vezha myronivska, MIP Yuvileina, Estafeta myronivska, MIP Nika,
MIP Feieriia, MIP Roksolana, Hratsiia myronivska, MIP Darunok, MIP Lada.
The highly frost-resistant variety Myronivska 808 was used as the frost
resistance standard.

Plant frost resistance was determined according to DSTU 4749:2007
[23], which involves conducting research using the following methodology.
Crates measuring 30x40 cm and a depth of 12—-15 cm were filled with sifted
soil to 3—-4 cm below the top edge. The soil surface was leveled and divided
into rows with a spacing of 3—4 cm. The research material was sown in crates
with 20-25 seeds in each row and covered with 3 cm of soil. In each crate,
two rows of the reference variety were also sown. From autumn to the
beginning of winter, the plants were left in natural conditions and underwent
both phases of hardening. Care for the plants included systematic watering.
During the first decade of January, the crates were placed in low-temperature
chambers KNT-1. To evaluate frost resistance, each variety was exposed to a
temperature of -18 °C. The temperature in the chambers (ambient
temperature) was reduced by 2 °C per hour until the desired value was
reached. The exposure to freezing was 24 hours. After gradual thawing (over
2 days), the crates with the crops were placed in rooms with temperatures
ranging from 18 to 24 °C and prepared the plants for growth by trimming,



leaving a leaf blade of 0.5 cm in length. Preliminary counting of live and dead
plants was done after 10—-12 days, and the final count was conducted after
15-16 days.

The reliability of the obtained data was checked using Fisher's criterion.
Pearson's correlation coefficient (r) was interpreted using Cheddox's scale
[24]: 0 < r < 0.09 — no connection, 0.10 < r < 0.29 —weak, 0.30 <r<0.49 —
moderate, 0.50 <r < 0.69 — significant, 0.7 <r < 0.89 — strong, 0.90 <r < 0.99
— very strong, r = 1.00 — functional connection.

Research results. In 2019, the cessation of plant vegetation was
observed on November 21, with an average daily temperature of -0.8°C,
followed by a sharp decrease and subsequent gradual increase (Fig. 1). From
December 15, due to the changing weather conditions, the plants resumed
their vegetation, and it was finally halted on December 26, which was 50 days

later compared to the previous year of 2018 (November 6) [25].
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Fig.1l. Hydrothermal conditions during the plant hardening period of 2019.

The lowest daily average temperature was recorded on November 22,
2019, at -6.8°C, with a temperature at the depth of node formation of -2.0°C
[25]. Snowfall reached a depth of up to 5 cm but immediately melted (Fig.2).
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Fig.2. Snow covers height during the autumn-winter period of 2019/20 —
2021/2022.

Overall, in terms of temperature, the winter of 2019/2020 was relatively
mild, but it was characterized by the absence of snow cover and sharp
temperature fluctuations. As a result, the plants did not undergo the
necessary hardening phases for winter survival and did not accumulate a
sufficient amount of sugars in their nodes of growth, which led to their
complete or partial death. However, this provided breeders with the
opportunity to select forms with high adaptive capability under natural
selection conditions.

The cessation of plant vegetation in 2020 was observed on November
11, with an average daily temperature of 4.4°C, which was 45 days earlier
[25] than in the previous year of 2019 (December 26), followed by a gradual
decrease (Fig. 3): 3.2°C on November 12 and 2.7°C on November 13.
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Fig.3. Hydrothermal conditions during the plant hardening period
of 2020.

The lowest daily average temperature was recorded on January 17,
2021 (-17.6°C), with the temperature at the depth of the node of shrub
freezing being -3.5°C [25]. The winter temperature in 2020/2021 was
moderate, with only February having an average air temperature lower than
the long-term average (-4.7°C). The average temperature in December and
January exceeded these values by 2°C and 1.4°C, respectively. The
minimum snow cover was established as early as December 1, and its
maximum height during the winter period reached 28 cm (Fig. 2).

In 2021, the cessation of vegetation in winter crops was observed on
November 9 when the average daily air temperature was +4.1°C, followed by
a gradual decrease to -0.8°C on November 16 and -2.5°C on November 17.
On November 20, due to the changing weather conditions, a reactivation of
winter crop vegetation occurred, and on November 23, the final cessation of
vegetation took place, which was 12 days later [25] compared to the previous

year (November 11) (Fig. 4).
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Fig.4. Hydrothermal conditions during the plant hardening period
of 2021.

Elevated temperature conditions were observed in January and
February of 2022, with temperatures being -1.2 and 1.7 °C, respectively,
compared to the 30-year historical average for these months of -3.5 and -2.4
°C [25]. The maximum recorded temperature during the winter period was 9.6
°C on January 5, 2022, and 9.9 °C on February 21, 2022.

The winter of 2021/2022 was characterized by moderate air
temperatures. In January and February, the average monthly temperatures
were 2.3 and 4.1 °C higher, respectively, compared to the long-term multi-
year averages. The lowest daily average temperature was recorded on
January 12, 2022, at -13.0 °C, with the temperature at the depth of the node
of tillering being -4.5 °C. The maximum snow cover height ranged from 3to 5
cm, and the soil frost depth during periods of low temperatures was 16 cm
[25].

In summarizing the analysis of hydrotechnical conditions during plant

hardening, the following brief characterization can be provided for each year:
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2019 — unfavorable (a sharp drop in air temperature during the phase | of
hardening without snow cover; 2020 — satisfactory (plants hardened at an air
temperature corresponding to phase | with a sharp temperature drop, and a 1
cm snow cover at that time); 2021 — relatively favorable (gradual decrease in
air temperature during both phases of plant hardening, and a presence of a
snow cover up to 5 cm).

Under these contrasting plant hardening conditions that occurred during
the years 2019-2021, significant variability in frost resistance was observed
among different varieties and research years. For example, the frost
resistance of the standard variety Myronivska 808 ranged from 56% to 94%
(Table 1). In the 2019/2020 research year, the variety Avrora Myronivska
exhibited a high level of frost resistance (78%), with the percentage of live
plants exceeding that of the standard variety according to Fisher's criterion.
Among the varieties that performed at the standard level (50-58% of live
plants), we observed MIP Assol (63%), MIP Fortuna (58%), MIP Vidznaka
(58%), Vezha Mironivska (58%), MIP Yuvileyna (54%), Estafeta Mironivska
(52%) and MIP Nika (50%).

1. Frost resistance of soft winter wheat varieties after plant freezing in
boxes at a temperature of —18 °C, 2019 — 2022.

Variety Number of live plants (% * S;) after freezing
2019/2020 2020/2021 2021/2022
Myronivska 808 — standard | 56+5.6 74+4.9 94+2.7
Avrora myronivska 78+4.8** 75+5.1* 57+8.3
MIP Assol 63+5.3* 30+5.2 78+5.6
MIP Fortuna 58+5.7* 63+5.5* 95+2.4*
MIP Vidznaka 58+5.8* 93+£3.4** 95+2.8*
Vezha myronivska 58+5.7* 79+4.5* 92+3.2*
MIP Yuvileina 5445.7* 771+4.6* 95+2.5*
Estafeta myronivska 52+5.5* 82+4.3* 95+2.5*
MIP Nika 50+5.4* 73+5.0* 84+4.7*
MIP Feieriia 4815.7 91+3.3** 97+2.1*
MIP Roksolana 4745.7 84+4.1* 93+3.0*
Hratsiia myronivska 42+5.2 35+4.1 12+5.7
MIP Darunok 33+4.8 45+5.8 76%4.9
MIP Lada 29+4.6 52+5.5 58+7.6
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| Average |51.9 168.1 184.4 |
Note: *the frost resistance of the variety does not differ significantly from
the frost resistance of the Myronivska 808 variety according to the Fisher
criterion; **the frost resistance of the variety significantly exceeds the frost
resistance of the Myronivska 808 variety according to the Fisher criterion.

In the 2020/2021 research year, the following wheat varieties exhibited
resistance levels higher than the standard variety: MIP Vidznaka (93%) and
MIP Feieriia (91%), while at the standard level were MIP Roksolana (84%),
Estafeta Myronivska (82%), Vezha Myronivska (79%), MIP Yuvileina (77%),
Avrora Myronivska (75%), MIP Nika (73%) and MIP Fortuna (63%). Based on
the results of winter freezing in 2021/2022, the percentage of live plants in the
MIP Fortuna, MIP Vidznaka, MIP Yuvileina, Estafeta Myronivska, Vezha
Myronivska, MIP Nika, MIP Feieriia and MIP Roksolana varieties was at the
level of the standard Myronivska 808.

Thus, the evaluation for frost resistance has identified soft winter wheat
varieties: MIP Fortuna, MIP Vidznaka, Vezha Myronivska, MIP Yuvileina,
Estafeta Myronivska and MIP Nika, whose resistance levels remained high
throughout all three years of the study.

Analyzing the frost resistance of the varieties over the years, the
average percentage of live plants after winter freezing was 51.9% in
2019/2020, 68.1% in 2020/2021, and 84.4% in 2021/2022. Therefore, it can
be considered that the hydrothermal conditions in 2021/2022 were favorable
for increasing the frost resistance of the plants.

As a result of the conducted research, it was established that the
influence of weather conditions on the frost resistance of soft winter wheat
was quite significant. A strong inverse correlation (r = -0.77) was found
between the percentage of live plants after winter freezing and the average
monthly temperature during November to January for the years 2019-2022.
This correlation can be described by the regression equation:

y =5.5218 — 0.0611x,

where y represents the percentage of live plants after winter freezing,
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and x represents the average monthly air temperature during the specified
period.

Therefore, our research has shown that unfavorable conditions during
the hardening phases lead to a decrease in the frost resistance of winter
wheat plants. Similar results were obtained by D.V. Blyshchyk and colleagues
[6] when studying the impact of changing weather conditions in the Odessa
region on the formation of frost resistance in winter wheat plants in 2012 and
2013, which had contrasting durations of the first hardening phase. The
results of these studies indicate significant genetic variability in the response
to the duration of the first hardening phase. The authors concluded that a
promising direction for stabilizing winter wheat grain production is the
development of varieties that can efficiently utilize limited conditions favorable
for winter preparation. Researchers also identified a trend toward increased
fluctuations in dynamics and a reduction in the duration of favorable
temperature regimes for the first hardening phase of winter wheat plants in
southern Ukraine, which negatively impacts the formation of frost resistance.

Conclusions. The research conducted over three contrasting years in
terms of weather conditions confirmed that the frost resistance of different
wheat varieties depends on the conditions of their hardening. Under gradually
decreasing air temperatures, plant hardening was significantly more effective
than under rapid fluctuations. Overall, under favorable hardening conditions in
2021/2022, the percentage of live plants after winter freezing averaged 84.4%
across the varieties, while under satisfactory conditions in 2020/2021, it was
68.1%, and under unfavorable conditions in 2019/2020, it was 51.9%. A
strong inverse correlation (r = -0.77) was established between frost
resistance and the temperature regime during the hardening period. Certain
soft winter wheat varieties were identified as having a high level of resistance
throughout all three years of the study, including MIP Fortuna, MIP Vidznaka,
Vezha Myronivska, MIP Yuvileina, Estafeta Myronivska and MIP Nika.
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