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ABSTRACT: Low temperature is a major abiotic stress factor inducing the accumulation of dehydrins in plants.
Dehydrins are hydrophilic, heat-stable proteins implicated in plant stress responses; however, their synthesis under
cold conditions during the early stages of wheat development has not been sufficiently studied. This study investigated
the relationship between cold-induced dehydrin accumulation in etiolated seedlings and frost tolerance in wheat
cultivars differing in their level of frost tolerance. Three-day-old seedlings of high frost-tolerant (high-FT) cultivars
(Antonivka, Doskonala, and Nordika) and low frost-tolerant (low-FT) cultivars (Tobak, Tonnage, and Altigo) of
Triticum aestivum L. were hardened at +3°C for six days. Dehydrin accumulation was analyzed by electrophoretic
separation, while frost tolerance was assessed based on seedling survival following freezing at —4, —9, and —12°C.
Cold-induced oxidative damage was evaluated by determining malondialdehyde (MDA) content in seedling shoots
after freezing at —4°C. In control seedlings, dehydrins were barely detectable in all cultivars. Cold hardening at +3°C
induced pronounced accumulation of dehydrins with molecular masses of approximately 46, 49.6, and 68 kDa in both
high-FT and low-FT cultivars. In contrast, low-molecular-weight dehydrins (14-16 kDa) were detected predominantly
in high-FT cultivars. Seedling survival after freezing at —12°C showed a strong positive correlation with total dehydrin
content (r = 0.82). Even stronger correlations were observed between the content of low-molecular-weight dehydrins
(14-16 kDa) and seedling survival after freezing at —9 and —12°C (r = 0.84 and 0.94, respectively). An inverse
correlation was found between 14-16 kDa dehydrin content and MDA accumulation following freezing at —4°C
(r = —0.87). These results indicate that low-molecular-weight dehydrins play an important role in protecting etiolated
wheat seedlings from cold-induced oxidative stress and may serve as reliable biochemical markers of frost tolerance.
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1 Introduction

In most regions where wheat is cultivated, including Europe, China, the United States, and Australia,
plants are exposed to stress temperatures [1-3]. Despite the reduction in winter duration due to global
warming, plant ecologists have noted a paradoxical relationship between rising air temperatures and the
likelihood of cold damage to plants [4]. Global climate change poses a significant threat to the winter
hardiness and grain yield of winter crops in temperate regions. Longer and warmer autumns followed by
numerous abiotic stresses during the winter negatively affect the long-term survival of winter crops [5].
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Since plants may be exposed to sudden low temperatures after warm periods, winter conditions can result
in the loss of up to 90% of the winter wheat crop [6]. Additionally, warm winters prevent the selection
of highly winter-hardy breeding lines, resulting in the accumulation of lines with low winter hardiness
when developing new cultivars [7]. Thus, increasing the frost resistance of winter crops through classical
breeding and genetic engineering methods remains an extremely relevant problem.

Plant frost resistance is a complex trait that depends on the functioning of many genes [8]. To date,
approximately 450 genes involved in the cold response have been identified in wheat. However, their specific
functions have yet to be determined [9]. The regulation of adaptive responses of plants to low temperatures
is carried out by a multicomponent network of signaling molecules and plant hormones [10-12]. One
of the main triggers for activating signaling processes appears to be the increase in membrane lipid
bilayer rigidity induced by low temperatures. This change affects calcium channel state [10,13], modulates
redox homeostasis [9,14], and develops other processes that transduce cold signals to the cell’s genetic
apparatus [14-16].

The functioning of the aforementioned stress protection systems requires specific reprogramming
of gene expression, which triggers transcriptional, biochemical, and physiological events [8,17-19].
Meanwhile, developing plant cold tolerance typically requires prolonged exposure to low, yet non-lethal,
temperatures [8,20,21]. For instance, studies have shown that in winter wheat, genes that respond to cold
stress typically begin to express one day after exposure to low (near-zero) temperatures [22].

The importance of primary stress-protective systems that ensure cold resistance of winter cereals
has been established to date. Due to the increased reactive oxygen species (ROS) generation in plant
cells when exposed to cold, activating the antioxidant system is critical for adaptation [11,23,24]. This
system includes enzymes and low-molecular-weight antioxidants [23,25]. Another system involved in cold
adaptation is the osmoprotective system, which prevents excessive cell dehydration during extracellular ice
formation [23,26]. This system consists mainly of multifunctional low-molecular-weight compounds that
perform osmoprotective, membrane-protective, and antioxidant functions [27]. Among such compounds,
proline and certain other amino acids, as well as soluble carbohydrates, accumulate to the greatest extent
under the influence of cold [11,26]. Another obligatory adaptive response to low temperatures is an increase
in desaturase activity. Desaturases convert saturated fatty acids into unsaturated ones, allowing membranes
to maintain necessary fluidity at low temperatures [28,29]. Finally, one more set of adaptive responses is
associated with significant changes in the proteome [9,30,31].

Cold-induced changes in the proteome of plant cells are mediated by the increased expression of
cold-regulated (COR) genes and genes that encode so-called late embryogenesis abundant (LEA) proteins [32].
The most significant protein group synthesized in response to cold is dehydrins, belonging to group 2
of the LEA family [33]. These intrinsically disordered proteins are highly hydrophilic and contain a
conserved lysine-rich domain (K-segment) [34,35]. Dehydrin synthesis is usually induced by dehydrating
stresses, such as drought, salinity, and exposure to low positive or negative temperatures [36]. Dehydrins
appear to be multifunctional proteins [37]. They can perform chaperone functions associated with the
presence of K-segments. Through their amphipathic o-helical structure, these segments can prevent protein
aggregation [38-40]. The cryoprotective properties of dehydrins result from the presence of functional
groups that interact electrostatically with negatively charged groups of membrane phospholipids. This
helps maintain the fluidity of the lipid base and prevents membrane fusion [34,37,41]. Recently, data has
emerged on the nuclear localization of certain dehydrins and their capacity to protect transcription factors
and other nuclear proteins from damage, primarily from ROS, under stressful conditions [42]. Additionally,
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there is evidence suggesting that dehydrins are involved in regulating antioxidant enzyme gene expression,
which may be another mechanism for preventing oxidative stress development [43].

In recent years, the relationship between dehydrin synthesis and the resistance of certain plant species
to low temperatures has been actively studied. For instance, various wheat cultivars at the three-leaf stage
exhibited cold-induced accumulation of substantial quantities of dehydrins with molecular weights of 40,
50, and 66 kDa in response to temperatures of 4°C and 9°C [44]. Previously, Kosova et al. [45] found a link
in barley plants between the accumulation of dehydrin DHN5 (molecular weight 82 kDa) in leaves and
frost resistance.

Etiolated wheat seedlings are used as model organisms to assess the frost resistance of cultivars and
study their cold adaptation strategies [46]. However, the synthesis of dehydrins in these seedlings is not
well studied. It has been shown that etiolated shoots accumulate virtually no dehydrins under optimal
conditions. However, in response to stress factors causing dehydration, they accumulate dehydrins of
various molecular weights, similar to green leaves [47]. Borovskii et al. [48] demonstrated the cold-induced
accumulation of dehydrin-like proteins with molecular weights ranging from 41 kDa to 209 kDa in etiolated
seedlings of winter and spring wheat. On the other hand, Stupnikova et al. [49] found seasonal accumulation
of low-molecular-weight dehydrin proteins with molecular weights ranging from 12 kDa to 24 kDa in the
crowns of wheat plants grown in field conditions, coinciding with the development of the highest frost
resistance. Nevertheless, the relationship between etiolated wheat tissues’ ability to accumulate different
dehydrin fractions and cultivars’ frost resistance has not yet been studied. The relationship between the
accumulation of dehydrins by different wheat genotypes and their resistance to cold-induced oxidative stress
remains unexplored, although information on the direct and indirect antioxidant effects of dehydrins [43]
suggests its existence.

Our study aimed to investigate the relationship between the accumulation of dehydrins in etiolated
seedlings of six winter common wheat cultivars in response to cold temperatures, their survival at below-zero
temperatures, and their resistance to cold-induced oxidative stress.

2 Materials and Methods

2.1 Plant Material and Treatments

We used common winter wheat (Triticum aestivum L.) from the Gene Bank of the Czech Agrifood
Research Center in Prague, Czech Republic, and the collection of the National Center for Plant Genetic
Resources of Ukraine. The experiments were carried out on six cultivars of different ecological and
geographical origins. According to the scientific literature and the Ukrainian Institute for Plant Variety
Examination’s resources (Table 1), the cultivars differ significantly in frost tolerance. Antonivka, Doskonala,
and Nordika cultivars exhibit high frost tolerance (high-FT cultivars). Tonnage, Tobak, and Altigo show
low frost tolerance (low-FT cultivars).

The seeds were disinfected for 15 min in a 1% sodium hypochlorite solution, thoroughly washed with
distilled water, and germinated on paper in Petri dishes in a thermostat at 24°C. To cold-harden them,
three-day-old, etiolated seedlings were incubated in a cold chamber (Frigera, Czech Republic) (without
light) at 3°C for six days. The duration of exposure to low positive temperatures required for maximum
development of frost resistance in etiolated seedlings was established in our previous experiments [46].
After cold hardening, one group of seedlings was used to analyze dehydrin content, while another group
was used to evaluate cultivar frost resistance and oxidative stress levels caused by exposure to negative
temperatures. The hardened seedlings were frozen for five hours in a dark (low temperature freezer VT146,
Vestfrost, Denmark) at temperatures of —4, —9, or —12°C. To achieve these temperatures, the chamber
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temperature was lowered at a rate of 1°C/h. After the freezing period, the samples were thawed by gradually
raising the temperature to 5°C at a rate of 1°C/h.

Table 1: Data on wheat cultivars used in the study.

Cultivar Country Frost resistance Source
Antonivka Ukraine high (8.7 points®) http://sort.sops.gov.ua/cultivar/view/12198
Doskonala Ukraine high (8.8 points) http://sort.sops.gov.ua/cultivar/view/12253
Nordika Czech Republic above average (7.2 points) http://sort.sops.gov.ua/cultivar/view/4802
Tonnage Denmark below average (4.5 points) http://sort.sops.gov.ua/cultivar/view/14669
Tobak Germany low (2.5 points) http://sort.sops.gov.ua/cultivar/view/3599

http://cryo.org.ua/journal/index.php/probl-

Altigo France low (2.0 points) cryobiol-cryomed/article/view/2093

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

Seedlings frozen at —4°C were thawed according to the above procedure and used to determine the
main marker of oxidative stress, the content of the lipid peroxidation (LPO) product malondialdehyde
(MDA). Hardened seedlings that were not frozen served as a control for this analysis. As our preliminary
experiments showed, exposing seedlings to —4°C increased MDA content (indicating oxidative stress), yet
all the seedlings survived. Thus, MDA content was determined in living tissues to avoid errors in analysis
associated with necrosis that occurs during freezing at lower temperatures.

Seedlings that were frozen at —9°C and —12°C were used to assess survival. After thawing, the seedlings
were transferred to a chamber with a temperature of 24°C and an illumination of 150 W/m?, where they
were grown for two days. Their survival was then assessed. Seedlings with green leaves that retained their
ability to grow were classified as alive.

2.2 Assessment of Malondialdehyde Levels in Seedling Shoots

The amount of LPO products reacting with 2-thiobarbituric acid (mainly MDA) was analyzed by
homogenizing the shoots in a reaction medium containing 0.25% 2-thiobarbituric acid in 10% trichloroacetic
acid [46]. The resulting homogenate was placed in foil-covered tubes and boiled for 30 min in a water
bath. After cooling, the samples were centrifuged at 10,000x g for 15 min using an MPW 350R centrifuge
(Med-Instruments). The absorbance of the supernatant was measured at 532 nm, which is the maximum
light absorption wavelength of MDA. Additionally, the absorbance was measured at 600 nm to correct for
non-specific light absorption. MDA levels were assessed by comparing results from frozen seedlings to
those of the corresponding controls.

2.3 Electrophoretic Separation and Estimation of Dehydrin Content

To extract the proteins, the collected shoot samples were homogenized in liquid nitrogen with 0.1 M
Tris-HCI buffer (pH 8.8) and protease inhibitors (Complete EDTA-free protease inhibitor cocktail tablets,
Roche, Basel, Switzerland). The weight of the plant material in samples differed by no more than 5-10%. In
all cases, the ratio of plant material to buffer volume was strictly maintained at 1:5. The fraction enriched in
dehydrins, which are boiling-resistant proteins, was isolated after the extract was centrifugated (20 min at
14,000x g at 4°C). The samples were boiled in a water bath for 15 min, followed by repeated centrifugation.
The proteins in the supernatant were precipitated using ice-cold acetone supplemented with 1% (v/v)
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mercaptoethanol. The resulting pellets were then dried and dissolved in Laemmli buffer. The proteins were
separated by SDS-PAGE on 12.5% resolving gels. A portion of the samples equivalent to 5 pg of fresh shoot
weight was added to each well. The gels were run at 15 mA for the stacking gel and 25 mA for the resolving
gel, according to the standard procedure [50]. Precision Plus Protein™ All Blue Standards (Bio-Rad) were
used for molecular weight estimation.

The results of the electrophoretic separation were transferred to a 0.45-mm nitrocellulose membrane
(Pharmacia Biotech) at 300 mA for 60 min. The membrane was blocked with 4.5% nonfat dry milk in
Tris-buffered saline (TBS) and then incubated with a primary anti-dehydrin antibody (ADI-PLA-100-F
Dehydrin (plant) polyclonal antibody, Enzo Life Sciences, Farmingdale, NY, USA). The antibody was diluted
in 1.5% nonfat dry milk, 0.05% Tween-20, and TBS to a final dilution of 1:1000. To visualize the results, an
immunoblot kit with goat anti-rabbit IgG alkaline phosphatase (Bio-Rad) and BCIP/NBT staining (Bio-Rad)
were used. The membranes were scanned using a GS-800 densitometer (Bio-Rad), and the images underwent
analysis with Quantity One v. 4.6.2 (Bio-Rad). The quantity of dehydrin protein was expressed in relative
units, with the total dehydrin content in the mixed sample (internal standard) serving as the base unit.

To confirm the specificity of the antibody’s binding to the dehydrins, the gels of the control variant
(without hardening) and the experimental variant (cold hardening) were stained with Bio-Safe Coomassie
G-250 Stain (Bio-Rad). The absence of differences in the staining of the gels containing the control and
experimental variants’ proteins was considered evidence of the antibody’s specific action.

2.4 Replication of Experiments and Mathematical Processing of Results

All experiments were independently repeated three times, with each treatment repeated three times.
Survival was assessed using 70 seedlings per treatment for each biological repetition. For biochemical
analyses, 12-15 seedlings were sampled from each repetition of each treatment.

The significance of the differences among treatments of the studied parameters was determined using a
one-factor analysis of variance (ANOVA), followed by a Tukey’s multiple comparisons test. The mean values
from three biological replicates, along with their standard errors, are displayed in the figures. Different
letters indicate significant differences (p < 0.05). Pearson’s correlation coeflicients and their significance
were calculated in Excel.

3 Results
3.1 Survival of Seedlings after Freezing

As our previous experiments have shown, unhardened etiolated wheat seedlings were almost
completely killed when frozen at temperatures below —6°C, regardless of the cultivar’s frost tolerance [46].
Therefore, to evaluate frost resistance levels, we used seedlings that had been hardened for six days at 3°C.

After freezing at —9°C, the survival rate of the high-FT cultivars (Antonivka, Doskonala, and Nordika)
ranged from 49% to 78%. In contrast, among the low-FT cultivars (Tonnage, Tobak, and Altigo), only 16-23%
of the seedlings remained viable (Fig. 1). The results were even more contrasting after freezing the seedlings
at —12°C. In this case, the survival rate of the high-FT cultivars was 31-46%, whereas the survival rate of
the low-FT cultivars did not exceed 8% (Fig. 1).
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Figure 1: Survival of wheat seedlings (%) after 5 h of freezing at —9°C and —12°C. Different letters denote values with
significant differences at p < 0.05.

3.2 Content of the LPO Product MDA in Wheat Seedling Shoots

After freezing at —4°C, all seedlings remained alive. The content of the oxidative stress marker MDA
remained virtually unchanged in the high-FT cultivars Antonivka and Nordika, while it increased slightly
in the Doskonala cultivar (Fig. 2). In contrast, the MDA content in the low-FT cultivars Tonnage, Tobak,
and Altigo increased by 29%, 41%, and 48%, respectively, compared to the hardened but not frozen samples.
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Figure 2: MDA content in wheat seedling shoots after 5 h of freezing at —4°C (% relative to values after cold hardening).
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Different letters denote values with significant differences at p < 0.05.

3.3 Dehydrin Content in Wheat Seedling Shoots

Dehydrins were barely detected in the shoots of unhardened seedlings. Only proteins with molecular
weights of approximately 49 kDa and 46 kDa showed faint bands in all cultivars, not allowing for a
quantitative assessment (Fig. 3A). Meanwhile, electrophoregrams of proteins extracted from hardened
seedlings revealed at least nine to eleven dehydrin bands with molecular weights ranging from 14 kDa
to 68 kDa in all cultivars (Fig. 3B). The protein with a molecular weight of 49.6 kDa accumulated in the
largest quantities in all cultivars. Cold hardening also resulted in significant accumulation of a protein with
a molecular weight of approximately 68 kDa in all cultivars studied (Fig. 3B).
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Figure 3: Electrophoretic spectrum of dehydrins in shoots of etiolated wheat seedlings. (A) control (3-day-old
seedlings); (B) hardening (3-day-old seedlings hardened at 3°C for 6 days). St—Precision Plus Protein™ All Blue
Standards (Bio-Rad); IS—inner standard (mixed). The red frame outlines the dehydrins with a molecular weight of
approximately 14-16 kDa.

Although low-molecular-weight dehydrins were present in smaller quantities, the spectrum of these
proteins was quite diverse (Figs. 3B and S1). The dehydrin with the lowest molecular weight (14.6 kDa)
was only found in three high-FT cultivars: Antonivka, Doskonala, and Nordika (Figs. 3B and S1). Bands
corresponding to dehydrins with molecular weights of 15.2 kDa and 15.8 kDa were observed in the shoots
of hardened seedlings of all cultivars, but the quantities were significantly higher in the high-FT cultivars
Antonivka, Nordika, and, to a lesser extent, Doskonala. Conversely, the amount of these proteins was
minimal in the low-FT cultivars Tonnage and Tobak. The band with a molecular weight of about 15.2 kDa
was more noticeable in the Altigo cultivar, but the overall content of this group of proteins was low
(Figs. 3B and S1).

The 17.5-kDa protein was minor but present in all cultivars, with slightly higher levels in the high-FT
cultivars Doskonala, Nordika, and Antonivka (Figs. 3B and S1). Dehydrin with a molecular weight of
19.5 kDa was also present in small amounts in all cultivars. A 24-kDa protein was found only in the Altigo
cultivar and was absent in all other cultivars studied. Conversely, a protein with a molecular weight of
25.5 kDa was found in all cultivars, albeit in varying amounts. The highest amounts were found in the Altigo,
Doskonala, and Nordika cultivars. In other words, no connection was found between the accumulation of
this protein and the cultivars’ frost resistance (Figs. 3B and S1).

The total amount of all detected dehydrins varied greatly among different cultivars. In high-FT
cultivars, the amount was approximately 2.2-2.6 relative units, whereas in low-FT cultivars, the amount
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was 1.6—1.9 relative units (Fig. 4). The difference in the content of the lowest molecular weight group
of dehydrins, with molecular weights ranging from 14 kDa to 16 kDa, was even more noticeable. In
three resistant cultivars, the average amount of dehydrins was approximately four times higher than in
non-resistant ones (Fig. 4).
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Figure 4: Total content of dehydrins (A) and total content of low-molecular-weight (14-16 kDa) dehydrins (B) in
shoots of etiolated wheat seedlings after cold hardening (6 days at 3°C). Different letters denote values with significant
differences at p < 0.05.

In a parallel experiment, gels were stained with Coomassie G-250 after electrophoretic separation of
boiling-resistant proteins to test the specificity of the antibody interaction with dehydrins. Only subtle
changes in the protein spectrum isolated from nonhardened and hardened seedlings were observed (Fig. S2).
These changes may be related to general transformations in the composition of different protein groups,
including boiling-resistant proteins, in response to cold exposure [21]. However, such changes were
generally much weaker than those observed in the immunoblot with specific detection of dehydrins.
Furthermore, these changes did not coincide with changes in the content of proteins identified with the
ADI-PLA-100-F antibody (see Figs. 3 and S2). This indicates the specificity with which ADI-PLA-100-F
antibodies bind to dehydrins.

3.4 Correlations between the Frost Tolerance of Cultivars, Their Oxidative Stress Levels, and
Dehydrin Content

The survival rates of seedlings after freezing at two different temperatures were closely correlated
(r=0.960 at p < 0.01; 95%CI [0.671; 0.996]), indicating an absence of methodological artifacts in the frost
resistance assessment (Fig. 5). Seedling survival after freezing was inversely correlated with MDA content
(r=—0.918 at p < 0.01; 95%CI [-0.991; —0.419] for —9°C and r = —0.960 at p < 0.01; 95%CI [-0.996; —0.673]
for —12°C).

Total dehydrin content positively correlated with seedling survival (r = 0.692; 95%CI [-0.273; 0.963] at
—9°C and r = 0.817, p < 0.05; 95%CI [0.016; 0.979] at —12°C). The content of the lowest molecular weight
dehydrins (with a molecular weight range of 14-16 kDa) was even more closely correlated with seedling
survival after exposure to —9°C (r = 0.841 at p < 0.05; 95%CI [0.092; 0.982]) and —12°C (r = 0.940 at p < 0.01;
95%CI [0.542; 0.994]) (Figs. 5 and S1). Conversely, no significant correlation with seedling survival was
found for other groups of dehydrins (Fig. S3). Overall, there is a high level of correlation between dehydrin
content with molecular weights ranging from 15 kDa to 20 kDa.

The total content of dehydrins in the shoots of seedlings was inversely correlated with the level
of MDA observed after freezing; however, the correlation was not significant at p < 0.05 (r = —0.771;
95%CI [-0.973; 0.110]). Meanwhile, the total content of low-molecular-weight dehydrins with molecular
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weights ranging from 14 kDa to 16 kDa was closely and inversely correlated with MDA content (r = —0.872 at
P <0.05; 95%CI [-0.986; —0.206;]) (Fig. 5). No significant correlations with MDA content were found for
other dehydrins (Fig. S3).
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Figure 5: Correlations between wheat seedling survival, MDA content in seedlings after freezing, and the amount of
total and low-molecular-weight (14-16 kDa) dehydrins. *Significant at p < 0.05, **Significant at p < 0.01.

4 Discussion

Our study revealed the accumulation of a diverse set of dehydrins with various molecular weights in
the etiolated shoots of wheat seedlings from different ecological and geographical groups in response to
hardening temperatures (Fig. 3). Notably, dehydrins were hardly detected in the shoots of non-hardened
seedlings. This fact alone may indicate their special role in developing cold resistance in etiolated seedlings.
There are only a few studies in the literature that have investigated the ability of etiolated cereal seedlings
to accumulate dehydrins. Borovskii et al. [48] demonstrate the accumulation of dehydrins with molecular
weights of 41, 50, and 66 kDa in etiolated seedlings of highly frost-resistant cultivars developed in Russia’s
Siberian region, which were induced by cold hardening.

However, in our experiments, there was no correlation between the amount of dehydrins with molecular
weights of 50, 66, and 42 kDa and seedling survival after freezing (Fig. S3). Conversely, a significant
correlation was found between total dehydrin content and seedling survival at —12°C (Fig. 5).

Additionally, our study is the first to demonstrate the cold-induced accumulation of
low-molecular-weight dehydrins with molecular weights of 14-16 kDa in etiolated wheat seedlings
(Figs. 3B and S1). The total amount of these dehydrins was closely and positively correlated with the
survival of seedlings after freezing (Fig. 5). The high correlation between the content of dehydrins with
molecular weights of 14-16 kDa and frost tolerance of cultivars likely determined the high level of
correlation between total dehydrin content and the survival of cultivars with different frost tolerance after
exposure to —12°C. However, our study was conducted on a relatively small set of samples (six wheat
cultivars), so the correlations found between the content of low-molecular-weight dehydrins and the frost
tolerance of seedlings should be interpreted with caution. Nevertheless, the study revealed significant
differences in the levels of dehydrins with molecular weights of 15.2 kDa and 15.8 kDa between high-FT
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and low-FT cultivars (Fig. S1). Furthermore, an absence of dehydrins with a molecular weight of 14.6 kDa
was observed in low-FT cultivars. These facts clearly indicate a link between the accumulation of
low-molecular-weight dehydrins and the frost tolerance of wheat cultivars. Further studies examining the
relationship between the expression of genes of different groups of dehydrins in etiolated seedlings and
their frost resistance are needed for more definitive conclusions.

It should be noted that the accumulation of low-molecular-weight dehydrins associated with cold
adaptation has been found in various species of herbaceous and woody plants. Under natural conditions, for
example, dehydrin accumulation with molecular weights of 12, 15, 17, 22, and 24 kDa was observed in winter
wheat crowns in midwinter, whereas these dehydrins were completely absent in the first half of autumn [49].
In the buds of silver birch (Betula pendula Roth), it has been shown that dehydrins with molecular weights
of 14-21 kDa are the most sensitive to seasonal changes. Their content increases significantly during the
autumn-winter period [51]. A clear accumulation of dehydrin with a molecular weight of 15 kDa was found
in the needles of Scots pine (Pinus sylvestris L.) during the cold season, with a maximum from November to
April, and this dehydrin was completely absent during the summer months. Meanwhile, dehydrins with a
molecular weight of 66 kDa were detected throughout the year, decreasing slightly during the summer [52].
In blueberry plants (Vaccinium corymbosum L.), a decrease in the level of 14-kDa dehydrin correlated with
an increase in air temperature and a loss of frost resistance [53].

Thus, it can be assumed that low-molecular-weight dehydrins, particularly those with a molecular
weight of approximately 15 kDa, play a crucial role in maintaining the frost tolerance of etiolated plants. It is
noteworthy that dehydrins are found in a wide variety of organisms, including angiosperms, gymnosperms,
mosses, fungi, algae, and cyanobacteria [54]. Their protective role likely manifests in different taxonomic
groups and organs, including chlorophyll-lacking tissues such as etiolated seedlings and cereal crowns. At
the same time, it cannot be ruled out that the accumulation of a specific group of dehydrins is important
for certain plant organs. It can also be assumed that low-molecular-weight dehydrin accumulation is
specifically regulated in response to cold hardening of etiolated wheat seedlings. In our previous study,
which examined etiolated wheat seedlings in response to osmotic stress caused by PEG 8000, we observed
the accumulation of dehydrins with molecular weights ranging from 17 kDa to 67 kDa. However, none
of the cultivars exhibited the accumulation of lower-molecular-weight dehydrins with molecular weights
between 14 kDa and 16 kDa [47].

In our study, for the first time in etiolated seedlings, a close inverse correlation was found between
the accumulation of low-molecular-weight dehydrins and the manifestation of cold-induced oxidative
stress, which was recorded by the content of the LPO product MDA (Figs. 5 and S2). Simultaneously, the
MDA content was in a clear inverse correlation with the frost tolerance of the seedlings (Fig. 5). These
results indicate the antioxidant role of dehydrin. There is literature indicating the direct antioxidant
effect of dehydrins. In particular, K-segments in dehydrin structure may cause the “shielding effect”
associated with histidine residues that chelate transition metal ions and prevent their participation in
Fenton reactions [54]. The possibility of dehydrin binding to ROS and the participation of these proteins in
the regulation of antioxidant enzyme gene expression has also been considered [54]. In transgenic tobacco
plants overexpressing dehydrin genes under oxidative stress, lower levels of hydroxyl and superoxide
radicals were observed, as well as higher expression of antioxidant enzyme genes compared to wild-type
plants [55].

Another important property of dehydrins that contributes to cold tolerance development is
their ability to interact with membrane lipids [34,56]. For instance, the dehydrin Lti30, which was
isolated from Arabidopsis thaliana, has been demonstrated to electrostatically interact with vesicles
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containing both zwitterionic phospholipids (e.g., phosphatidylcholine) and negatively charged phospholipids
(e.g., phosphatidylglycerol, phosphatidylserine, and phosphatidic acid) [57]. This interaction lowers the
temperature of the main phase transition of lipids, which is important for cold tolerance. Additionally,
dehydrins’ role in cold adaptation can be explained by their cryoprotective effect on enzymes and other
proteins. These properties are due to the presence of a hydrophobic K-segment and, according to the latest
data, an F-segment in dehydrins [58]. These segments can insert themselves between denaturing enzyme
molecules, interact temporarily with hydrophobic regions, and prevent macromolecule aggregation. These
effects have mainly been studied on a model enzyme (lactate dehydrogenase), but active research is currently
underway on the molecular mechanisms of the cryoprotective action of dehydrins on proteins [34].

In practical terms, the presence of different types of dehydrins is considered an indicator of plant
genotypes’ resistance to certain abiotic stresses, including cold stress. For example, when five wheat cultivars
were exposed to temperatures of 4°C or 9°C, it was shown that a greater amount of dehydrin WCS120
(with a molecular weight of about 50 kDa) accumulated in the leaves of frost-resistant genotypes [44].
The results of the present study indicate the important role of low-molecular-weight dehydrins, with a
molecular weight of approximately 15 kDa, in the frost resistance of etiolated wheat seedlings. A close direct
correlation exists between the amount of dehydrin with a molecular weight of 14-16 kDa and seedling
survival after freezing. There is also an inverse correlation between the content of these dehydrins and the
manifestation of oxidative stress. This indicates the possibility of using their content in screening the frost
tolerance of cultivars and lines. The presence of these correlations in etiolated seedlings makes them a
convenient and cost-effective model for the rapid primary assessment of frost tolerance. Certainly, the data
obtained in this study on the relationship between the accumulation of low-molecular-weight dehydrins
and the frost tolerance of etiolated seedlings of different cultivars can only be extrapolated with great
caution to the frost tolerance of adult plants. However, the long-term data available on the frost tolerance
of the cultivars used in our study during the tillering phase (Table 1) are quite consistent with our data on
the survival of etiolated seedlings of the corresponding cultivars after freezing (Fig. 1).

Undoubtedly, to gain a deeper understanding of the contribution of dehydrins to the frost tolerance of
seedlings, it is necessary to study the links between the content of dehydrins and the functioning of other
important components of stress protection systems, particularly by studying the same genotypes for the
characteristics of osmolite accumulation and the functioning of the enzymatic antioxidant system. Which
properties of the lowest molecular weight dehydrins (14-16 kDa) are associated with their special role in
the frost tolerance of etiolated wheat seedlings remains to be resolved.

5 Conclusion

This study is the first to demonstrate a close positive correlation between the accumulation of
low-molecular-weight dehydrin proteins with a molecular weight of 14-16 kDa in wheat seedlings of
different ecological and geographical groups during cold hardening and their tolerance to frost. A significant
inverse correlation was also established between the accumulation of this group of dehydrins and the
intensity of cold-induced oxidative stress, indicating their antioxidant effects. Thus, the ability of etiolated
wheat seedlings to accumulate dehydrins (primarily low-molecular-weight dehydrins) in response to cold
exposure may be a marker of frost tolerance for its rapid assessment. However, to clarify the specific
cryoprotective roles of low-molecular-weight dehydrins, further studies are needed.
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