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ABBREVIATIONS  
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CA ï cold acclimation 

CBF ï C-Repeat Binding Factor 

CLT ï constant low-temperature 

COR ï cold-responsive 
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DEG ï differentially expressed gene 
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LT30 ï ñlethal temperature 30%ò, the temperature at which 30% of plants are killed 

LT50 ï ñlethal temperature 50%ò, the temperature at which 50% of plants are killed 

NAD+ ï oxidised nicotinamide adenine dinucleotide 

NADP+ ï oxidised nicotinamide adenine dinucleotide phosphate 

padj ï adjusted p-value 

PCA ï principal component analysis 

PHLT ï prolonged higher low-temperature 

REA ï reacclimation 

RNA ï ribonucleic acid 

RNA-seq ï RNA sequencing 

ROS ï reactive oxygen species 

SNP ï single nucleotide polymorphism 

TAC ï total antioxidant capacity 

TF ï transcription factor 
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INTRODUCTION  

Common wheat (Triticum aestivum L.) currently comprises a fifth of the worldôs protein 

and calorie intake [1]. T. aestivum was domesticated about 10 000 years ago in the Fertile Crescent 

[2]. The genome of wheat is hexaploid (2n = 6x = 42, AABBDD), and had emerged from ancient 

hybridisation events between its three progenitors: Triticum urartu Thumanjan ex Gandilyan 

(AA), a currently unidentified or possibly extinct species related to Aegilops speltoides Tausch 

(BB), and Aegilops tauschii Coss. (DD) [3, 4]. Each subgenome of T. aestivum contains 7 pairs 

of chromosomes, and the size of its haploid genome is approximately 16 Gb [5]. The genome of 

the cultivar ñChinese Springò was sequenced and published by the International Wheat Genome 

Sequencing Consortium (IWGSC) in 2018, and is continuously being updated [5, 6]. Wheat can 

be separated into two types: winter and spring. Winter wheat is sown in autumn and harvested in 

the late summer of the next year. Due to its prolonged period of vegetation, winter wheat is >30% 

more productive when compared to spring wheat [7, 8]. Consequently, winter wheat is cultivated 

extensively in the temperate zone. It is especially important to the Lithuanian economy, where it 

occupies >30% of the arable land, and >65% of the harvest is exported [9, 10]. 

Despite the warming climate, low negative temperature can still cause winterkill and result 

in yield loss, especially when snow cover is absent [11ï13]. Multiple factors comprise the 

overwintering trait of winter wheat, however, freezing tolerance (FT) is the primary component 

[14]. FT is achieved under low positive temperature (0ï10 °C) through a process, called cold 

acclimation (CA) or cold hardening [15, 16]. CA lasts up to 8 weeks [15], during which changes 

at both molecular and physiological levels occur. These changes include altered gene 

transcription, accumulation of cryoprotective metabolites, and reduced growth [17ï19]. In winter 

wheat, FT reaches its peak in mid-winter and then starts decreasing [15, 20, 21]. As the 

temperature begins to increase, winter-type crops undergo deacclimation (DEA), during which 

the molecular and physiological changes of CA are partially reversed and FT is lost [19, 22, 23]. 

Following DEA, plants may regain FT through reacclimation (REA). Therefore, effective CA and 

the reliable maintenance of FT under fluctuating temperatures will become increasingly important 

traits in future climate-resilient winter-type crops. However, there is a lack of research on the 

effect of different temperatures during CA on winter wheat, as well as the molecular processes 

behind DEA and REA [19, 24]. 

The studies, described in this thesis, investigate the effects of prolonged elevated CA 

temperature on winter wheat FT, shoot biomass, metabolite, and antioxidant accumulation. 

Additionally, the transcriptomic profiles of two winter wheat varieties with contrasting FT 

throughout CA, DEA, and REA are compared. Finally, the FT of the Nordic Genetic Resource 
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Centre (NordGen, Alnarp, Sweden) panel of winter wheat cultivars and landraces is assessed, and 

this collection is used to conduct genome-wide association studies (GWAS). 

 

Hypothesis 

Increased FT in winter wheat during CA, DEA, and REA is determined by metabolic, 

transcriptomic, and genomic components. 

 

Aim 

To identify metabolic, transcriptomic, and genomic biomarkers associated with FT in winter 

wheat during CA, DEA, and REA. 

 

Objectives 

1. To determine the effect of prolonged elevated temperature during CA on FT, shoot 

biomass, and metabolite accumulation in winter wheat throughout CA, DEA, and REA. 

2. To determine the effect of prolonged elevated temperature during CA on antioxidant 

accumulation in winter wheat throughout CA, DEA, and REA. 

3. To investigate the transcriptomes of two winter wheat genotypes with contrasting FT 

during CA, DEA, and REA under controlled conditions. 

4. To assess the FT of the NordGen panel of winter wheat under controlled conditions and 

to identify alleles linked to FT in this panel using GWAS. 

 

Statements to be defended: 

1. Prolonged elevated temperature during CA negatively affects the FT and alters shoot 

biomass accumulation and metabolite accumulation in winter wheat crown and leaf 

tissues. 

2. Prolonged elevated temperature during CA results in decreased antioxidant 

accumulation in winter wheat crown and leaf tissues. 

3. The increased expression of photosynthesis-related genes during CA, as well as 

cryoprotection-related genes during DEA and REA enhances freezing tolerance in 

winter wheat. 

4. The NordGen panel of winter wheat cultivars and landraces is a good source of alleles, 

linked to FT. 

 

 

 



10 

Scientific novelty 

Our studies address the gap in knowledge regarding the effect of prolonged elevated 

temperature during CA on winter wheat FT, shoot biomass, and metabolite accumulation. For the 

first time, we assessed the continuous dynamics of metabolite and antioxidant accumulation in 

crown and leaf tissues of six winter wheat varieties throughout CA, DEA, and REA. Moreover, 

our studies explore the relationships between FT and metabolite and antioxidant accumulation in 

winter wheat. We also conducted the first transcriptomic study encompassing both the crown and 

leaf tissues of two winter wheat varieties with contrasting FT throughout CA, DEA, and REA. 

For the first time, the FT in the NordGen panel of winter wheat cultivars and landraces was 

assessed. The resulting data was used to carry out GWAS analyses and link novel alleles with FT. 

 

Practical significance of the research 

Our research contributes to the understanding of how prolonged elevated temperature 

during CA negatively affects the FT of winter wheat, thus, substantiating that FT will remain an 

essential trait to be included in the breeding programmes of future climate-resilient crops. The 

metabolites and antioxidants, described in our studies, can be utilized as biomarkers for improved 

FT. Moreover, the differentially expressed genes (DEGs), identified our transcriptomic study, can 

be used as targets for genome editing and applied in marker-assisted selection. Lists of these 

genes, as well as RNA-sequencing (RNA-seq) read count data were made publicly available to 

support future research. Furthermore, the FT of the NordGen panel was evaluated, and the most 

freezing-tolerant genotypes from this collection can be directly applied in winter wheat breeding 

programmes. Within this panel, 5 single nucleotide polymorphism (SNP) markers were linked to 

higher FT, thus, offering potential target genes for the improvement of winter wheat under global 

climate change. 

 

Approval of the research 

This doctoral dissertation is based on four scientific papers reproduced with publishersô 

permission. These research papers were published in journals indexed in the Clarivate Analytics 

Web of Science database. Gabija VaitkeviļiȊtǟ is the first author of all four research papers. 

Results obtained during the doctoral studies were presented at eight conferences and two seminars 

in Lithuania and abroad. 

 

The structure and volume of the doctoral dissertation 

This doctoral thesis is written in English (46 pages) with summary in Lithuanian (16 pages) 

languages, including 4 figures. Chapters are Introduction, List of Articles, Conferences and 
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Seminars, Literature Review, Materials and Methods, Results and Discussion, Conclusions, 

References (131 sources), copies of the four published scientific articles, Acknowledgements, and 

About the Author. 

Note: all the materials and methods described in this thesis are provided in depth in Articles 

1ï4. The experimental conditions for CA, DEA, and REA under controlled conditions are 

described in Articles 1ï3. The methods for freezing tests are provided in Articles 1 and 4. The 

methods for shoot biomass assessment are described in Article 1. Metabolite and antioxidant 

assays are described in Articles 1 and 2, respectively. The conditions of the overwintering field 

experiments are provided in Article 4. The methods of genome-wide association studies are 

described in Article 4. All the details regarding the statistical and bioinformatic analyses are 

provided in Articles 1ï4. The results, presented in this thesis, are likewise provided and discussed 

in Articles 1ï4. For the convenience of the reader, abbreviated descriptions of the materials and 

methods, as well as the discussion of the results are also provided in this thesis and are based on 

the authorôs published scientific papers. 
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1. LITERATURE REVIEW  

1.1 Winter wheat 

Common wheat is one of the major staple crops, providing approximately 20% of the 

worldôs protein and calorie intake [1]. In 2022, more than 242 million hectares of wheat were 

harvested worldwide, comprising over 946 million tonnes [9]. T. aestivum has three subgenomes 

(A, B, and D) and thus is a hexaploid (2n = 6x = 42, AABBDD). Each subgenome contains 7 pairs 

of chromosomes. The total size of its haploid genome is 16 Gb, and over 85% of the genome is 

composed of repetitive DNA [5]. In 2018, the genome of the cultivar ñChinese Springò was 

sequenced and published by the IWGSC [5]. Following several updates, the IWGSC RefSeq v2.1 

transcriptome currently contains 106 914 high confidence (HC) genes [6]. However, the function 

of many genes remains unknown. 

Depending on sowing time, wheat is classified into two types: spring wheat and winter 

wheat. Spring wheat is sown in the spring and harvested in the autumn of the same year. Winter 

wheat, however, is sown in autumn, and harvested in the late summer of the next year. Winter 

wheat is over 30% more productive in comparison to spring wheat due to its prolonged period of 

vegetation, during which it develops a deeper root system and obtains more nutrients [7, 8]. 

Therefore, winter wheat is cultivated extensively in the temperate zone, between the latitudes of 

46° N to 61.34° N [25, 26]. Recently, the production of winter wheat in Lithuania had been 

steadily increasing ï in 2010, more than 367 thousand hectares and over 1.25 million tonnes of 

winter wheat were harvested, whereas in 2023, these number increased to more than 833 thousand 

hectares and over 4.14 million tonnes, respectively [10]. It occupies more than 30% of the arable 

land in Lithuania, and over 65% of the harvest is exported to other countries [9, 10]. 

 

1.2 Cold acclimation and freezing tolerance in winter wheat 

Winter hardiness is a complex trait, involving numerous factors, such as tolerance to ice 

encasement, desiccation, and snow mould [27ï29]. Nevertheless, FT remains the primary 

component of winter hardiness [14]. FT is obtained through CA, also known as cold hardening 

(Figure 1). This process is induced in autumn by low positive temperature, ranging between 0 and 

10 °C [15, 16]. The CA threshold induction temperature varies between different species and 

genotypes of winter-type crops. However, the more freezing-tolerant genotypes are capable of 

inducing CA at warmer temperatures [30]. CA lasts up to 8 weeks [15] and leads to multiple 

changes at both molecular and physiological levels, such as altered gene transcription, 

accumulation of cryoprotective metabolites, halted shoot apex development, and reduced growth 

[17ï19, 31].  
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The Inducer of CBF Expression (ICE) ï C-repeat-Binding-Factor (CBF) ï cold-responsive 

(COR) pathway is currently the best-documented conserved molecular pathway of CA [32, 33]. 

Low temperature leads to the accumulation of ICE transcription factors (TFs), which induce the 

transcription of CBF genes. CBF genes likewise encode TFs, which promote the production of 

COR proteins. These proteins play cryoprotective roles, safeguarding plant tissues from freezing 

damage and frost-induced desiccation [34, 35]. Phytohormones, such as such as abscisic and 

jasmonic acids, also regulate the response to low temperature stress and are involved in the 

molecular mechanisms of CA [36]. 

Low positive temperature likewise induces the process of vernalisation, which is required 

for winter-type plants to transition from the vegetative to the reproductive stage [37]. The 

vernalisation requirement is regulated by Vrn genes. True winter growth habit in wheat is 

determined by a set of recessive vrn-1, vrn-3, and vrn-4 alleles, and the dominant Vrn-2 allele [28, 

38]. While both CA and vernalisation are interlinked, it is important to differentiate the two 

processes, as the former leads to FT, whereas the latter is required for flowering induction.  

 

Figure 1. The process of cold acclimation (CA) is induced by low positive temperature in autumn. 

During CA, winter-type crops undergo multiple transcriptomic, metabolomic, and physiological changes, 

which ultimately lead to freezing tolerance. Depicted below is the Inducer of CBF Expression (ICE) ï 

 C-repeat-Binding-Factor (CBF) ï cold-responsive (COR) conserved molecular pathway of CA 

1 paveikslas. GrȊdinimasis vyksta rudenǱ esant ģemai teigiamai temperatȊrai. GrȊdinimosi metu 

ģieminiai javai patiria transkriptomo, metabolomo ir fiziologijos pokyļius, kurie jiems padeda Ǳgyti 

atsparumŃ ġalļiui. Apaļioje pavaizduotas konservatyvus molekulinis Inducer of CBF Expression (ICE) ï 

C-repeat-Binding-Factor (CBF) ï cold-responsive (COR) grȊdinimosi kelias 
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1.3 Deacclimation and reacclimation 

Although the number of studies on CA has been increasing, there is still a lack of research 

on deacclimation (DEA) and especially reacclimation (REA) in winter wheat. Winter wheat 

reaches peak FT in the middle of winter, and after the vernalisation requirement is fulfilled, FT 

starts to gradually decline [15, 20, 21]. As spring approaches and the temperature begins to 

increase, winter-type crops undergo DEA-induced molecular and physiological changes, which 

partially reverse the cold-acclimated state. Earlier studies had investigated the effects of DEA on 

the physiology, as well as the metabolic and transcriptomic profiles of woody plants [39ï41], 

Arabidopsis thaliana (L.) Heynh. [22, 23, 42], Brassica napus L. [43], Hordeum vulgare L. [44], 

and T. aestivum [19, 45]. While these studies were conducted under varying environmental 

conditions, it was found that DEA leads to lower concentrations of soluble carbohydrates, 

cryoprotective proteins, and antioxidants, as well as loss of FT [19, 46]. Subsequently, the water 

uptake and the osmotic potential are increased to support the heightened metabolic activity [46]. 

Thus, following DEA, winter-type crops resume their growth and progress to the reproductive 

phase [20].  

If the temperature decreases again after DEA and the vernalisation requirement is not 

fulfilled, overwintering plants will be able to undergo REA and reach FT levels similar to those, 

acquired after the initial CA [20]. However, studies have yielded conflicting results regarding the 

capacity of winter wheat to regain FT after REA, as it varies depending on the temperature and 

duration of DEA and REA, as well as water content of the crown tissue [19, 24, 37, 45]. It has 

been suggested that the interplay between cryoprotective proteins and soluble carbohydrates may 

play a role in the reacquisition of FT [19]. Unfortunately, the changing climate is imposing new 

challenges to the survival and productivity of winter-type crops. Therefore, the processes of DEA 

and REA must be extensively studied to aid future winter wheat breeding efforts. 

 

1.4 Challenges imposed by climate change 

According to the Intergovernmental Panel on Climate Change, over the next 80 years the 

average global temperature is set to increase by 3.5 °C in comparison to the pre-industrial times 

[47]. Changing environmental conditions will affect the cultivation of winter-type crops in the 

temperate zone (Figure 2) [48ï51]. The increasing temperature in autumn will  delay the induction 

of CA towards a later period, when the photoperiod is shorter. Simultaneously, increased clouding 

will contribute to decreased irradiance. Thus, the efficacy of CA will be diminished through 

lowered photosynthetic activity and reduced accumulation of cryoprotective metabolites. As a 

result, the crops will be less freezing-tolerant when the temperature suddenly decreases in winter. 
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Studies have shown that an 8ï10 cm layer of snow protects winter wheat from freezing damage 

when the air temperature is as low as ï27 °C [11]. This is especially important in the second half 

of winter, when the FT naturally begins to decrease [21]. Nevertheless, snow cover is thinning or 

disappearing altogether due to climate change, thus, leaving the crops more susceptible to freezing 

damage [12, 13].  

 

 

Figure 2. The effects of climate change on freezing tolerance of winter-type crops. Warmer autumns, 

increased clouding, and reduced photoperiod at the time of cold acclimation can diminish the 

effectiveness of photosynthesis, thus, reducing the cropsô ability to accumulate metabolites, required for 

freezing tolerance. Decreased snow cover in winter may result in winterkill due to insufficient insulation 

from frost, whereas temperature fluctuations lead to premature deacclimation and loss of freezing 

tolerance (adapted from [49]) 

2 paveikslas. Klimato kaitos poveikis ģieminio tipo javȎ atsparumui ġalļiui. Ġiltesni rudenys, padidǟjňs 

debesuotumas ir sutrumpǟjňs fotoperiodas grȊdinimosi metu gali sumaģinti fotosintezǟs efektyvumŃ ir 

taip neigiamai paveikti javȎ gebǟjimŃ kaupti su atsparumu ġalļiui susijusius metabolitus. Suplonǟjus 

sniego dangai, javai gali iġġalti dǟl nepakankamos izoliacijos nuo ġalļio, o temperatȊros svyravimai 

ģiemos metu sukelia prieġlaikinǱ uģsigrȊdinimo ir atsparumo ġalļiui praradimŃ (adaptuota pagal [49]) 
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Temperature fluctuations and warm spells in winter lead to premature DEA [24, 49, 52]. 

This can be especially detrimental if the temperature suddenly drops again, as the loss of 

cryoprotective metabolites and increased water content both render the plant tissues more 

susceptible to freezing damage. Depending on the environmental conditions, winter-type crops 

may be able to regain FT through REA ï for example, wet thaws were shown to be more damaging 

to winter wheat in comparison to dry thaws, as higher crown water content significantly reduces 

FT after REA [24]. Consequently, to meet the global food supply demands, tolerance to DEA and 

the ability to reacclimate effectively should be included as important traits for future climate-

resilient crop breeding programmes.  

 

1.5 Gene bank collections as repositories of genetic diversity and resources for 

genome-wide association studies 

The hexaploid genome of common wheat originates from ancient hybridisations between 

three progenitors: T. urartu (AA), a currently unidentified or possibly extinct species related to 

Ae. speltoides (BB), and Ae. tauschii (DD) [3, 4]. T. aestivum was domesticated in the Fertile 

Crescent about 10 000 years ago. During the process of selection, favourable traits such as free-

threshing, grain retention, higher tiller number, and larger kernel size were preferred [2]. 

Furthermore, the Green Revolution in the 1960s and 1970s was especially influential on the 

genetic makeup of modern wheat by encouraging the breeding of more productive semi-dwarf 

varieties [53, 54]. Consequently, such intense selection efforts had formed a bottleneck, which 

significantly narrowed the genetic pool of wheat [54ï56]. Due to this genetic bottleneck, many 

potentially beneficial alleles had been lost from modern cultivars (Figure 3). 

Gene bank collections are a valuable resource of genetic diversity for breeding programmes. 

The genetic variation provided by gene bank germplasm can help combat biotic and abiotic 

stresses, as well as improve morphological and agronomic traits in future cultivars [57, 58]. Some 

collections include landraces, which represent the crops prior to the onset of modern plant 

breeding [59]. The NordGen offers a panel of Nordic winter wheat cultivars and landraces, 

collectively referred to as ñcultonsò [60]. The cultons in this collection originate from Finland, 

Sweden, Norway, Denmark, and Germany, and were released between the years of 1896 and 

2012. The NordGen panel had previously been evaluated for resistances to drought [61], powdery 

mildew [62], and Septoria tritici blotch [63]. However, FT had not been assessed in the NordGen 

panel. As these cultons originate from and are adapted to Northern Europe, where the winter 

climate is usually harsher, they may contain advantageous alleles associated with FT.  
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A genome-wide association study (GWAS) is a bioinformatics-based method, used to link 

genetic markers to relevant phenotypic traits [64]. For a statistically reliable GWAS analysis, the 

population must be phenotypically diverse and contain at least 100 accessions [65]. However, it 

is recommended to increase the population size as much as feasible within the given experimental 

constraints. The panel must be evaluated for a trait of interest ï e.g., resistance to biotic or abiotic 

stresses, morphological, or agronomic traits [61ï63, 66]. The population is then genotyped using 

genetic markers. SNP arrays are especially cost- and time-effective. For example, the NordGen 

collection of winter wheat had been genotyped using a 20K SNP marker array [63]. Subsequently, 

GWAS is performed to test the effect of genetic variants on the phenotypic trait. Novel alleles, 

discovered through GWAS, can then be applied in future breeding programmes of climate-

resilient crops. 

 

 

Figure 3. The loss of genetic diversity in common wheat throughout history due to domestication and 

selection pressure, caused by breeding. The coloured circles represent alleles (adapted from [56]) 

3 paveikslas. KvieļiȎ genetinǟs Ǳvairovǟs maģǟjimas dǟl domestikacijos ir veisliȎ kȊrimo atrankos 

sukelto butelio kaklelio efekto. Spalvotais apskritimais yra paģymǟti aleliai (adaptuota pagal [56]) 
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2. MATERIALS AND METHODS  

2.1 Cold acclimation, deacclimation, and reacclimation under controlled conditions 

(Articles 1, 2) 

Six winter wheat genotypes with known overwintering scores under Lithuanian climate 

conditions [67] were selected for the CA, DEA, and REA experiment (Article 1, Figure 1) 

(Figure 4). The wheat genotypes were subjected to two different low-temperature treatment 

groups of CA under controlled conditions. In treatment I, the plants were exposed to constant CA 

at 2 °C for 49 days, while treatment II consisted of CA at 10 °C for 28 days, followed by 2 °C for 

21 days [68, 69]. Both groups were then subjected to DEA at 10 °C for 7 days, and REA at 2 °C 

for 14 days. A subset of plants within each group underwent 56 days of CA for FT assessment, 

without subsequent DEA or REA. Crown and leaf tissue samples for metabolite and antioxidant 

analyses were collected once per week. 

 

2.2 Freezing tests (Articles 1, 4) 

The six winter wheat genotypes were subjected to two different low-temperature treatment 

groups of CA (Article 1, Figure 1) [68]. Separate freezing tests were conducted after 56 days of 

CA, 7 days of DEA, and 14 days of REA. Freezing tests were carried out at the target temperatures 

of ī12, ī14, ī16, and ī18 ÁC (Figure 4). R package ñMASSò v. 7.3-60 was used to calculate LT30 

(temperature, at which 30% of plants die) [70]. 

A hundred and sixty genotypes from the NordGen panel were selected for FT assessment 

(Article 4) (Figure 4). The wheat were subjected to 2 weeks of cold acclimation at 2 °C under 

controlled conditions [71]. Freezing tests were carried out at the target temperatures of ī8, ī10, 

ī12, ī14, and ī16 ÁC. LT50 (temperature at which 50% of plants are killed) was determined using 

the R package ñMASSò v. 7.3-60 [70]. 

 

2.3 Shoot biomass assessment (Article 1) 

The six winter wheat genotypes were exposed to two different low-temperature treatment 

groups of CA (Article 1, Figure 1) [68]. Images of winter wheat plants were taken once per week 

using a digital single lens reflectance (DSLR) camera. Projected green leaf area (GLA) was 

measured as a parameter of shoot biomass via ImageJ v. 1.53i (Figure 4). 
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Figure 4. A schematic representation of the materials and methods. Three studies were conducted, with study 

I (top left, blue) yielding Articles 1 and 2, study II (top right, yellow) yielding article 3, and study III (bottom, 

green) yielding Article 4. The genotypes for study II were selected according to the results of study I 

4 paveikslas. TaikytȎ metodȎ schema. Buvo atlikti trys tyrimai. I tyrimo (virġuje kairǟje, mǟlyna) 

rezultatai publikuoti Straipsniuose Nr. 1 ir 2; II tyrimo (virġuje deġinǟje, geltona) rezultatai publikuoti 

Straipsnyje Nr. 3; III tyrimo (apaļioje, ģalia) rezultatai publikuoti Straipsnyje Nr. 4. Genotipai II tyrimui 

buvo parinkti pagal I tyrimo rezultatus 

 

2.4 Metabolite assays (Article 1) 

Ethanolic (EtOH) extractions of winter wheat crown and leaf tissue samples were carried 

out (Article 1) [68]. Chlorophyll a and b (chl a, b) and total chlorophyll (total chl) contents were 

assessed in the leaf tissue extract supernatants. Both crown and leaf tissue extract supernatants 
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were used to measure glucose, fructose, sucrose, glucose-1-phosphate (G1P), glucose-6-

phosphate (G6P), fructose-6-phosphate (F6P), malate, polyphenols, total amino acids, proline, 

citrate, and total antioxidant capacity (TAC). The pellets of crown and leaf tissue extracts were 

used to measure protein and starch contents, as well as the cell wall content (CWC) (Figure 4). 

 

2.5 Antioxidant assays (Article 2) 

Hydrochloric acid (HCl) extractions were carried out for both crown and leaf tissue samples 

(Article 2) [69]. The supernatants were used to measure antioxidants: total ascorbate, ascorbate 

(ASC), dehydroascorbate (DHA), total glutathione, glutathione disulphide (GSSG), glutathione 

(GSH), oxidised nicotinamide adenine dinucleotide (NAD+), and oxidised nicotinamide adenine 

dinucleotide phosphate (NADP+) concentrations (Figure 4). 

 

2.6 RNA-sequencing experiment (Article 3) 

The least- and most- freezing tolerant genotypes (ñKWS Ferrumò and ñLakaja DSò, 

respectively) from the CA, DEA, and REA experiment were selected for the subsequent RNA-

seq experiment (Figure 4). The experimental conditions were as described for treatment I in the 

Materials and Methods, subsection 2.1. Crown and leaf tissue samples were collected at 

6 sampling points: 7 weeks of CA at 2 °C (7wCA), 8 weeks of CA at 2 °C (8wCA), 24 hours of 

DEA at 10 °C (24hDEA), 1 week of DEA at 10 °C (1wDEA), 24 hours of REA at 2 °C (24hREA), 

and 2 weeks of REA at 2 °C (2wREA) (Article 3, Supplementary Figure 1) [72]. 

 

2.7 Overwintering field experiments (Article 4) 

To assess the overwintering of 74 winter wheat cultivars and landraces from the NordGen 

collection, the results of five field trials in Norway were analysed (Article 4) (Figure 4) [71]. The 

experiments were conducted in two locations ï the ñEidum Ïvreò farm, Stjßrdal (63Á26ǋ N, 10Á58ǋ 

E), and the Vollebekk research farm, NMBU, ¡s (59Á39ǋ N, 10Á45ǋ E), and spanned three winter 

seasons (2008ï2009, 2009ï2010, and 2010ï2011). Overwintering was assessed as the percentage 

of surviving plants, and this data was applied in the subsequent GWAS analyses. 

 

2.8 Genome-wide association studies (Article 4) 

GWAS analyses were conducted using the ñGAPITò package v. 3.0 [73]. BLINK, 

FarmCPU, GLM, MLM, and MLMM models were applied to test the associations between FT 

under controlled conditions and in the field, and 7 401 SNP markers (Article 4) (Figure 4) [71]. 
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2.9 Statistical and bioinformatic analyses (Articles 1ï4) 

Statistical and bioinformatic analyses, as well as graphical visualisations were carried out 

using R v. 4.3.1 [74], R packages ñagricolaeò v. 1.3-6 [75], ñFactoMineRò v. 2.9 [76], òfactoextraò 

v. 1.0.7 [77], ñDESeq2ò v1.40.2 [78], ñbiomaRtò v2.56.1 [79] ñapeglmò v1.22.1 [80], 

ñComplexHeatmapò v2.16.0 [81], ñEnhancedVolcanoò v1.18.0 [82], and ñclusterProfilerò v4.8.3 

[83], and the online tool MetaboAnalyst v. 5.0 [84]. The following tests were applied during the 

analyses: ShapiroïWilk, Wilcoxon rank sum, MannïWhitney U, ANOVA, KruskalïWallis H, 

Tukeyôs HSD, and Spearmanôs rank correlation. 
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3. RESULTS AND DISCUSSION 

3.1 Prolonged elevated temperature during cold acclimation negatively affects 

freezing tolerance (Article 1) 

To evaluate the effect of prolonged elevated temperature during CA on FT, the LT30 values 

of winter wheat were assessed after 56 days of CA, 7 days of DEA, and 14 days of REA under 

treatments I and II. The conditions of the experiment are described in the Materials and Methods, 

subsection 2.1. The prolonged elevated temperature treatment resulted in significantly (p < 0.05) 

lower FT after CA in comparison to the constant low-temperature treatment (Article 1, Figure 3, 

Supplementary Table 3). Earlier studies on forage grass species [50, 51] and winter wheat [85] 

likewise reported the negative effect of increased temperature on FT. However, here we also 

assessed FT following DEA and REA. In comparison to CA, DEA significantly (p < 0.05) reduced 

the FT of winter wheat. Following REA, the FT of most of the genotypes increased significantly 

(p < 0.05) when compared to DEA (Article 1, Supplementary Figure 1). The ability to reacclimate 

is dependent on the vernalisation fulfilment [20]. According to genotype, the length of 

vernalisation in winter wheat can last from 5 to 9 weeks [86]. In our experiment, winter wheat 

underwent 7 weeks of 2 °C treatment. A future study should be carried out to investigate the 

changes in FT after REA depending on vernalisation time in these six genotypes. Throughout the 

experiment, ñLakajaò DS was the most freezing-tolerant genotype, with LT30 values after CA, 

DEA, and REA of ī19.82, ī14.91, and ī18.33 ÁC, respectively, whereas ñKWS Ferrumò was the 

least freezing-tolerant genotype, with corresponding LT30 values of ī14.74, ī11.93, and ī13.45 

°C, respectively (Article 1, Supplementary Table 4). Therefore, these two genotypes were selected 

for the subsequent RNA-seq experiment (Article 3). 

 

3.2 Prolonged elevated temperature during cold acclimation results in higher shoot 

biomass accumulation (Article 1) 

Winter wheat GLA was measured weekly for a total of 70 days throughout CA, DEA, and 

REA to assess the effect of prolonged elevated temperature during CA on shoot biomass 

accumulation. The initial 28 days of increased temperature in treatment II resulted in significantly 

(p < 0.001) higher GLA values throughout the entire experiment, when compared to treatment I 

(Article 1, Figure 2, Supplementary Table 1). After 28 days of CA, the average GLA value in the 

constant low-temperature treatment was 14.57 cm2, whereas in the prolonged elevated 

temperature treatment, it reached 66.53 cm2. Increased growth in treatment II persisted even after 

the temperature was decreased to 2 °C for the remaining 21 days of CA. At the end of the 

experiment (day 70), the average GLA values in the constant low-temperature treatment ranged 
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from 37.94 to 68.93 cm2 in ñLakaja DSò and ñHanswinò, respectively. In the prolonged elevated 

temperature treatment, these values ranged between 110.73 cm2 in ñSedula DSò and 183.66 cm2 

in ñHanswinò. A 2022 study by JaġkȊnǟ et al. assessed leaf growth of thirteen winter wheat 

genotypes in the field [67]. The autumn growth tendencies among six of the same genotypes under 

field conditions were similar to those, observed in our experiment under controlled conditions. 

Notably, this study confirmed that enhanced leaf growth is associated with lower FT in winter 

wheat [67].  

The final time-point (day 70) GLA values showed significant (p < 0.001) correlations with 

fresh and dry biomass, weighed at the end of the experiment (r = 1 and r = 0.98, respectively). 

These results validate the reliability of the low-cost image-based phenotyping method for shoot 

biomass assessment. Most importantly, image-based phenotyping is non-destructive and allows 

the researcher to collect data from the same individual plants continuously for long periods of 

time [87]. 

 

3.3 Cold acclimation temperature affects metabolite accumulation in winter wheat 

crown and leaf tissues (Article 1) 

The concentrations of eighteen different metabolites were assessed weekly in the crown and 

leaf tissues to determine the effect of prolonged elevated temperature during CA on the 

metabolomic profiles of winter wheat. The initial principal component analyses (PCAs) revealed 

that the separation of metabolite profiles was strongest between tissues (Article 1, Supplementary 

Figure 2), followed by treatments (Article 1, Supplementary Figure 5) throughout the experiment. 

Subsequent statistical analyses showed that the prolonged elevated temperature treatment resulted 

in strong metabolite accumulation differences throughout CA, DEA, and REA in both crown and 

leaf tissues, when compared to the constant low-temperature treatment (Article 1, Figures 4ï6 

Supplementary Tables 8, 10). The higher temperature during the first 28 days of CA under 

treatment II led to increased photosynthetic activity in the leaf tissue ï the products of 

photosynthesis were subsequently polymerised for storage in the form of starch [88]. Therefore, 

the prolonged elevated temperature treatment resulted in a higher concentration of starch in both 

crown and leaf tissues, while the concentrations of protein content, amino acids, and proline were 

lower after CA in comparison to the constant low-temperature treatment. Protein content, amino 

acid, and proline concentrations in crown tissue had been associated with increased FT in winter 

wheat, thus, the impaired accumulation of these metabolites render the plants more susceptible to 

freezing damage [89ï91]. Treatment II resulted in lower concentrations of hexose phosphates in 

crown tissue, and decreased accumulation of protein content, amino acids, and proline in both 



  27 

crown and leaf tissues throughout DEA and REA in comparison to treatment I. This altered 

balance between carbon and nitrogen metabolism could be an important factor in decreased FT in 

winter wheat when CA occurs under prolonged elevated temperature conditions. 

 

3.4 Metabolite accumulation in winter wheat crown and leaf tissues correlates with 

freezing tolerance and shoot biomass accumulation (Article 1) 

To determine the relationships between metabolite accumulation, FT, and shoot biomass 

accumulation in winter wheat, correlation analyses were carried out. Significant (p < 0.05) 

positive correlations were determined under both treatments between FT and protein and proline 

concentrations in crown tissue, with the correlation coefficients (r) ranging from 0.5 to 0.82, while 

the concentration of starch in both crown and leaf tissues had a negative relationship with FT 

(with r ranging from ī0.56 to ī0.83) (Article 1, Supplementary Figures 9, 10). Moreover, 

significant (p < 0.05) positive relationships were detected under both treatments between shoot 

biomass accumulation and chl a, chl b, total chl, protein content, CWC, TAC, and polyphenol 

concentration in leaf tissue, as well as CWC and sucrose concentration in crown tissue (Article 1, 

Supplementary Figure 8, Table 1). Negative correlations were established between GLA and 

protein and amino acid concentrations in the crown tissue. Increased shoot biomass growth is 

negatively associated with FT [67], and the ability to break down starch plays an important role 

in FT [92]. Higher concentrations of amino acids and certain proteins, such as dehydrins, increase 

FT through improved membrane fluidity and osmoregulation [89ï91]. Consequently, the ability 

to effectively break down starch and utilise the products of this process for amino acid and protein 

synthesis could be key to improving FT in winter wheat under changing climate. 

 

3.5 Prolonged elevated temperature during cold acclimation results in decreased 

antioxidant accumulation in winter wheat crown and leaf tissues (Article 2) 

A 70-day length experiment was carried out to assess the effect of prolonged elevated 

temperature during CA on antioxidant accumulation in winter wheat. Six winter wheat genotypes 

were subjected to two treatments, consisting of constant low-temperature (CLT) and prolonged 

elevated low-temperature (PHLT). Crown and leaf tissue samples were collected prior to CA 

(CTRL), after 49 days of CA, 7 days of DEA, and 14 days of REA. The conditions of the 

experiment are described in the Materials and Methods, subsection 2.1, with CLT and PHLT 

groups corresponding to treatments I and II, respectively. The concentrations of eight different 

antioxidants were measured. PCAs showed a strong separation of antioxidants according to tissue 

and treatment (Article 2, Figure 1) and further analyses were conducted to quantify the differences 



28 

between these groups. Abiotic stresses lead to increased accumulation of reactive oxygen species 

(ROS) in plants, e. g. hydrogen peroxide (H2O2), hydroxyl (OHẗ), and superoxide (O2
ī) [93ï97]. 

Reduced forms of antioxidants, such as ASC and GSH, are non-enzymatic ROS scavengers. 

Comprising the ascorbate-glutathione cycle, they protect the plant cells from oxidative damage 

by converting hydrogen peroxide (H2O2) into water (H2O) [98, 99]. Our results show that the 

prolonged elevated temperature treatment resulted in significantly (p < 0.05) lower concentrations 

of total ascorbate and total glutathione in winter wheat crown and leaf tissues at the stages of CA 

and REA in comparison to the constant low-temperature treatment (Article 2, Figures 2, 3, Table 

S2). Photosynthesis is one of the main sources of ROS in plants [94, 100], and winter-type crops 

have been shown to maintain higher photosynthetic activity under low positive temperature in 

comparison to spring-type crops [101]. The negative effect of warmer autumns on FT and 

photosynthetic activity has been established in Phleum pratense L. and Lolium perenne L. [50]. 

Thus, the prolonged elevated temperature treatment resulted in a weaker response of the redox 

mechanisms in winter wheat crown and leaf tissues in comparison to the constant low-temperature 

treatment.  

 

3.6 Antioxidant  accumulation in winter wheat crown and leaf tissues correlates with 

freezing tolerance (Article 2) 

To assess the relationship between antioxidant accumulation in winter wheat crown and leaf 

tissues and FT, measured as LT30, correlation analyses were carried out. Significant (p < 0.05) 

correlations between FT and antioxidant accumulation were found in the group, which underwent 

CA at constant low temperature (Article 2, Table 1). The concentrations of total ascorbate, total 

glutathione, and GSH in both crown and leaf tissues had positive correlations with FT under 

controlled conditions, with r ranging from 0.57 to 0.69. Higher concentrations of ASC and GSH 

have been associated with improved FT in Picea abies (L.) H. Karst. [102]. Notably, no significant 

correlations were detected in the group, which was exposed to the PHLT treatment. This is likely 

due to the lower accumulation of antioxidants, as well as significantly (p < 0.05) decreased FT of 

wheat under the PHLT treatment in comparison to the CLT treatment. Our results show that 

elevated temperature during CA negatively affects the antioxidant accumulation and FT in winter 

wheat throughout CA, DEA, and REA. Consequently, such conditions may lead to a higher 

likelihood of winterkill in the case of sudden cold spells in winter. 
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3.7 Transcriptome changes in winter wheat during cold acclimation, deacclimation, 

and reacclimation (Article 3) 

Two winter wheat genotypes ï the freezing-tolerant ñLakaja DSò and the freezing-

susceptible ñKWS Ferrumò ï were subjected to 7 weeks of CA at 2 °C, 1 week of DEA at 10 °C, 

and 2 weeks of REA at 2 °C under the controlled conditions of treatment I, as described in 

Article 1 (Article 1, Figure 1). The FT of these two genotypes, estimated as LT30 values, had 

previously been determined at the stages of CA, DEA, and REA (Article 1, Figure 3). To 

determine the transcriptomic profiles of winter wheat under low-temperature fluctuations, crown 

and leaf tissue samples were collected at 7wCA, 8wCA, 24hDEA, 1wDEA, 24hREA, and 2wREA 

(abbreviations are defined in the Materials and Methods, subsection 2.6) (Article 3, 

Supplementary Figure 1). Following RNA-seq, read mapping was carried out using a total of  

106 914 HC genes of the published spring wheat ñChinese Springò IWGSC RefSeq v2.1 

transcriptome [6]. PCAs revealed a strong separation of gene expression patterns between the 

crown and leaf tissues, whereas genotypes and sampling points accounted for a smaller percentage 

of the variation (Article 3, Figure 1). In this study, we discuss the transcriptomic profiles and 

assess the numbers of DEGs in the crown and leaf tissues of winter wheat throughout CA, DEA, 

and REA, and compare the gene expression patterns of the ñLakaja DSò and ñKWS Ferrumò 

genotypes. To the authorsô knowledge, this was the first continuous transcriptomic study on CA, 

DEA, and REA, encompassing two winter wheat genotypes and two tissues. Thus, the data were 

made publicly available for future research (Article 3, Supplementary Data Sheet 1). 

 

3.7.1 Cold acclimation, deacclimation, and reacclimation result in fluctuating gene 

expression dynamics 

To assess the changes in winter wheat crown and leaf tissue transcriptomes throughout CA, 

DEA, and REA, the top 100 genes with lowest padj values and Log2fold change Ó 2 for 

upregulated and Log2fold change Ò -2 for downregulated genes were selected (Article 3, Figure 2, 

Supplementary Tables 2,3). CA resulted in the higher expression of transcripts, associated with 

responses to abscisic acid, cold acclimation, and water in crown tissues. Among these transcripts 

was a Responsive to Abscisic Acid (RAB) protein, dehydrins, and the Wheat Cold-Responsive 

protein WCOR726 (Article 3, Supplementary Data Sheet 5). Our results are in agreement with 

earlier studies on gene expression in winter wheat, exposed to low positive temperature [16, 17, 

103]. Families of RAB proteins, dehydrins, and Late Embryogenesis-Abundant (LEA) proteins 

comprise abiotic stress-responsive networks, which are activated during drought, salinity, and low 

temperature-induced stresses [31, 104, 105]. Higher expression of WCOR726 had been reported 
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in winter wheat during CA in comparison to spring wheat [106]. The WCOR726 protein belongs 

to the ICE-CBF-COR pathway, which currently remains the best-documented conserved 

molecular pathway of response to cold stress in plants [32, 33]. The accumulation of dehydrins 

and other cold-responsive proteins protects the crown tissue from freezing damage. Survival of 

crown tissue is vital to winter-type crops, as it contains actively dividing shoot apical meristem 

cells, which ensure the regrowth of the plant after winter [107, 108]. 

The numbers of DEGs were compared throughout DEA and REA in comparison to 7wCA 

to evaluate the changes in gene regulation under low temperature fluctuations (Article 3, Figure 

3, Supplementary Figure 3, Supplementary Data Sheets 2ï4). The gene ontology (GO) biological 

process (BP) descriptions of these genes were acquired to clarify their functions. Throughout the 

experiment, leaf tissue consistently had higher DEG numbers than crown tissue. Consequently, 

the changes in temporal gene expression patterns were more prominent in leaves when compared 

to crowns. After 24hDEA, strong suppression of gene expression was observed in both crown and 

leaf tissues. Upregulation of genes, involved in carbohydrate, lipid, and glycerol metabolic 

processes, as well as protein folding, occurred in crown tissue, while in the leaf tissue, the 

transcripts for water transport and protein phosphorylation were upregulated. Following 1wDEA, 

gene expression was highly upregulated in both tissues. One week of DEA resulted in stronger 

upregulation of transcripts, linked to carbohydrate metabolic process, glutathione metabolic 

process, lignin biosynthetic and catabolic processes in the crown tissue. Meanwhile, the leaf tissue 

showed a higher expression of genes, associated with response to oxidative stress, protein 

phosphorylation, regulation of DNA-templated transcription, and transmembrane transport of 

adenine and guanine. The patterns of gene expression in both crown and leaf tissues changed 

throughout short-term DEA (24hDEA) and long-term DEA (1wDEA) at 10 °C. Short-term DEA 

resulted in the stronger suppression of CA-related transcripts, which are a part of the ICE-CBF-

COR pathway [22, 109, 110]. The upregulation of genes, involved in carbohydrate metabolism, 

lignin biosynthesis, and root development after long-term DEA indicates a redirection of 

resources towards resumed plant growth. Earlier studies had shown that warmer temperature 

during DEA induces root elongation and leaf area growth in winter-type Brassica napus and 

A. thaliana [42, 111]. 

Following 24hREA, more genes were upregulated than downregulated in both tissues. The 

crown tissue exhibited upregulated expression of genes for meristem maintenance and responses 

to abscisic acid, water deprivation, and cold acclimation, while leaf tissue activated the expression 

of genes for carbohydrate transport, response to hydrogen peroxide, and fatty acid metabolic 

process. After 2wREA, more genes were activated in leaf tissue than crown tissue. The genes 

associated with meristem maintenance and protein dephosphorylation were upregulated in crown 
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tissue. Leaf tissue exhibited a similar pattern of gene expression as observed at the 24hREA 

timepoint, however, the expression of transcripts for transmembrane transport was enhanced. 

Short-term REA (24hREA) resulted in reaccumulated transcripts for the CBFIIId-B19 protein in 

crown tissue. Similarly increased expression of this gene was observed during short-term low-

temperature stress in winter wheat [103]. Our results show that the expression of this transcript 

was at its highest after 24hREA in comparison to 7wCA, 8wCA, and 2wREA, thus, indicating 

that this gene is involved specifically in the response to short-term low-temperature stress. The 

increased transcription of CA-related transcripts during long-term REA (2wREA) aligns with our 

earlier study, where most of the winter wheat genotypes regained FT after 2wREA (Article 1, 

Figure 3). 

 

3.7.2 The freezing-tolerant and the freezing-susceptible genotypes possess different 

transcriptomic profiles 

GO BP enrichment analyses were carried out to compare the expression of genes between 

the freezing-tolerant genotype ñLakaja DSò and the freezing-susceptible genotype ñKWS 

Ferrumò. Our earlier study showed that ñLakaja DSò was significantly (p < 0.05) more freezing-

tolerant than ñKWS Ferrumò throughout constant CA at 2 °C, DEA at 10 °C, and REA at 2 °C 

(Article 1, Figure 3). Here, we observed an increased expression of photosynthesis-related genes 

in the leaf tissue of ñLakaja DSò after 7wCA and 8wCA, when compared to ñKWS Ferrumò 

(Article 3, Supplementary Figure 4, Supplementary Data Sheet 5). The ability to maintain 

photosynthetic activity under low-temperature stress is essential in metabolite accumulation and 

acquisition of FT in winter wheat [101, 112, 113]. Consequently, the crown tissue of ñLakaja DSò 

upregulated the expression of abiotic stress-related genes, coding for dehydrins, COR, and Rab 

proteins in comparison to ñKWS Ferrumò. 

Following 24hDEA, ñLakaja DSò suppressed the transcripts for response to oxidative stress, 

cellular oxidant detoxification, and hydrogen peroxide catabolic process in the crown tissue when 

compared to ñKWS Ferrumò (Article 3, Figure 4, Supplementary Data Sheet 5). Concurrently, the 

leaf tissue of ñLakaja DSò maintained enhanced photosynthetic activity. Photosynthesis, as well 

as abiotic stress, generate ROS, which is then scavenged by antioxidants [94, 100, 114]. In this 

case, the more freezing-tolerant genotype continued to effectively express photosynthesis-related 

transcripts and experienced a lower level of oxidative stress after short-term DEA. Furthermore, 

long-term DEA resulted in ñLakaja DSò upregulating dehydrin-related transcripts in crown tissue. 

The increased temperature during DEA leads to increased rehydration and metabolic activity [46]. 
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Thus, the activation of dehydrin genes can indicate water uptake difficulties, which must be 

compensated to maintain growth.  

After 24hREA, no significant differences were detected between gene expression in the 

crown tissues of ñLakaja DSò and ñKWS Ferrum, however, the leaf tissue of ñLakaja DSò 

suppressed the transcripts for cinnamic acid and salicylic acid biosynthesis (Article 3, Figure 5, 

Supplementary Data Sheet 5). Therefore, leaf tissue may play an important role in the initial 

response to REA. Long-term REA resulted in ñLakaja DSò expressing a higher number of 

chitinase (EC 3.2.1.14) transcripts in the leaf tissue in comparison to ñKWS Ferrumò. Chitinases 

had been shown to exhibit ice-binding activity and may play a role in FT after CA in Secale 

cereale L. and Picea species [115, 116]. However, there is no information regarding the possible 

involvement of chitinases in REA. Further research is required to assess the effect of chitinases 

on the reacquisition of FT in winter wheat. Two weeks of REA likewise led to the upregulation 

of CA-related genes in the crown tissue of ñLakaja DSò, which encode dehydrins, LEA and COR-

type proteins. These results indicate that REA is a partial reversal to the cold-acclimated state. 

Notably, ñLakaja DSò suppressed WRKY-type genes in crown and leaf tissues throughout 

the entire experiment, when compared to ñKWS Ferrumò (Article 3, Figure 6). WRKY proteins 

are TFs, associated with enhanced abiotic stress tolerance in plants, including drought, high 

salinity, heat, and cold [117, 118]. Currently, the specific location of WRKY-type genes within 

the network of cold-induced genes is unknown, however, these results suggest that WRKY-type 

genes act downstream from the main determinants of increased FT in winter wheat. 

 

3.8 Genome-wide association analysis of freezing tolerance in the NordGen panel of 

winter wheat cultivars and landraces (Article 4) 

The NordGen panel of winter wheat cultivars and landraces contains accessions from 

Denmark, Sweden, Norway, Finland and Germany, with release years ranging from 1896 to 2012. 

This collection had previously been studied for resistance to drought [61], powdery mildew [62], 

and Septoria tritici blotch [63]. Morphological and agronomic traits have been assessed in a subset 

of this panel [66]. Gene bank germplasm is a useful resource for genetic variance, which can be 

introduced into crop breeding programmes. As the NordGen panel comprises accessions from the 

Nordic region, it may contain novel alleles, associated with enhanced FT. Therefore, to locate 

these alleles, the FT of the NordGen panel was assessed and GWAS analyses were carried out. 
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3.8.1 The freezing tolerance of the NordGen panel is diverse under controlled conditions 

and in the field 

Freezing tests were conducted and LT50 values were calculated to assess FT in the NordGen 

panel of 160 winter wheat cultivars and landraces. Following 2 weeks of CA at 2 °C, the LT50 

values ranged from ī10.57 to ī14.34 ÁC. The most freezing-tolerant genotypes originated from 

Finland, whereas the most freezing-susceptible genotypes were registered in Denmark 

(p < 0.0001) (Article 4, Figure 1B; Table S1). Meanwhile, the genotypes from Sweden and 

Norway had intermediate FT values (Article 4, Figure 1B). These results follow the geographical 

pattern, with Northern-most countries representing the coldest winters, thus, requiring higher 

levels of FT, and Southern-most countries representing milder winters [86]. The comparison of 

temporal groups revealed that the genotypes, released in 1941ï1980 were the most freezing-

tolerant, when compared to the groups of 1896ï1940 and 1981ï2012 (p < 0.0001) (Article 4, 

Figure 1C, Table S2). An investigation of winter temperatures from 1887 until present revealed 

that the winter of 1941ï1942 was the coldest winter of the 20th century in Europe [119ï121]. 

However, after 1963, no exceptionally cold winters were recorded. Therefore, the demand for 

freezing-tolerant winter wheat varieties may have been higher during the period of 1941ï1980, 

when compared to the remaining temporal groups. Notably, landraces were more freezing-tolerant 

than cultivars (p < 0.001), with their LT50 values lower by an average of 0.76 °C (Article 4, Figure 

1D, Table S2). Landraces represent the crops cultivated in a specific area over long periods of 

time, thus, well-adapted to their original environment [53]. They are good sources of genetic 

diversity [122, 123] and could be used to improve various traits, such as disease resistance [63], 

crude protein content, and winter hardiness [124]. 

To assess the winter hardiness of the NordGen collection in the field, 74 of these genotypes 

were grown in five separate field experiments over 2 locations and 3 winter seasons. The five field 

trials were labelled as follows: Eidum 2008ï2009, Eidum 2009ï2010, Eidum 2010ï2011, 

Vollebekk 2008ï2009, and Vollebekk 2009ï2010. The winter survival in these trials ranged 

between 0ï66.7%, 0ï100%, 0ï90.6%, 0ï100%, and 13.9ï100%, respectively (Article 4, Table 

S1). Our results showed significant (p < 0.05) correlations between LT50 values under controlled 

conditions, and overwintering survival scores in the field, with r values ranging from ï0.25 to ï

0.61 (Article 4, Figure 3, Figure S3). Correlations are negative due to higher LT50 values 

signifying lower FT. The relationship between winter hardiness in the field and FT under 

controlled conditions was stronger when the low temperature was combined with decreased snow 

cover, as the loss of insulation left crops more vulnerable to frost damage [11, 13]. The 
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correlations thus validate the reliability of LT50 evaluation under controlled conditions as a viable 

complementary method of FT assessment in winter wheat. 

 

3.8.2 The NordGen panel contains alleles, associated with freezing tolerance under 

controlled conditions and in the field 

GWAS analyses using 7 401 SNP markers were carried out to identify novel alleles in the 

NordGen panel of winter wheat linked with FT under controlled conditions and in the field. A 

total of five markers were detected using BLINK and FarmCPU models. The alleles of these 

markers significantly (p < 0.05) affected the FT of winter wheat under controlled conditions 

(Article 4, Figures 4, 5, Table 1). The significant markers were found on chromosomes 2A, 2B, 

5A, 5B, and 7A. The marker BobWhite_c28133_87 on chromosome 2A was associated with the 

uncharacterised gene LOC123180258 (Article 4, Table S6). The marker Kukri_c14902_1112 on 

chromosome 2B was linked to a putative 1-phosphatidylinositol-3-phosphate 5-kinase FAB1C 

gene (Article 4, Table S6). The A. thaliana orthologue of this gene plays a role in stomatal closure 

[125]. The mechanism of stomatal closure is involved in photosynthetic acclimation to low 

temperature, and decreased stomatal conductance results in lower FT in H. vulgare [126]. The 

genes in group 5 chromosomes of wheat determine the winter growth habit and affect FT [127, 

128]. The marker Excalibur_c2598_2052 on chromosome 5A is in close proximity to the Frost 

resistance A2 (Fr-A2) locus [128]. Moreover, the marker BobWhite_c23903_443, found on 

chromosome 5B, was located near the Vernalization-B1 (Vrn-B1) locus, which controls both the 

FT and the winter growth habit in wheat [127]. The marker RAC875_c16644_491 on 

chromosome 7A was associated with a FAR1-Related sequence 5-like gene (Article 4, Table S6). 

Arabidopsis far-red-impaired response1 (far1) mutants exhibit decreased accumulation of starch 

and altered starch granule structures through transcriptional downregulation of a starch-

debranching enzyme [129]. FAR1 is a transposase-derived TF, and per its name, it is involved in 

far-red light response phytochrome signalling [130] and modulation of the circadian clock [131]. 

Further GWAS analyses yielded eleven significant (p < 0.05) SNP markers, associated with 

overwintering in the field (Article 4, Figure 6, Table 2, Figures S4ïS8). These markers were 

located on chromosomes 2B, 3B, 4A, 5B, 6B, and 7D. The markers and candidate genes identified 

in this study can be used to develop cultivars, adapted to the changing climate conditions in the 

Nordic region. 
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CONCLUSIONS 

1. Prolonged elevated temperature during CA negatively affects the FT of winter wheat and 

leads to higher shoot biomass accumulation when compared to the constant low-

temperature treatment. Prolonged elevated temperature during CA resulted in decreased 

accumulation of soluble carbohydrates, amino acids, and proteins, while the concentration 

of starch was increased in winter wheat crown and leaf tissues. The concentrations of 

proline and proteins in crown tissue showed a positive relationship with FT, and starch 

concentration had a negative relationship with FT. The balance between starch 

accumulation and breakdown, as well as the biosynthesis of proline and proteins in the 

crown tissue are important to increased FT in winter wheat. 

2. Prolonged elevated temperature during CA negatively affects the accumulation of total 

ascorbate and total glutathione in winter wheat crown and leaf tissues during CA and REA. 

Positive correlations were detected between FT and total glutathione, GSH, and total 

ascorbate in winter wheat crown and leaf tissues under constant low-temperature CA 

treatment, whereas no correlations were found between FT and antioxidant content under 

prolonged elevated temperature CA conditions. 

3. Significant differences between the transcriptomic profiles of the freezing-tolerant 

genotype ñLakaja DSò and the freezing-susceptible ñKWS Ferrumò were detected at the 

stages of CA, DEA, and REA. ñLakaja DSò maintained a higher expression of 

photosynthetic activity-related genes in leaves during CA and expressed a higher number 

of cryoprotection-related genes in crown tissue during DEA and REA in comparison to 

ñKWS Ferrumò. 

4. The FT of the NordGen panel, expressed as LT50 values, ranged between ī10.57 and 

ī14.34 °C after 2 weeks of CA, and varied according to country of origin, year of release, 

and culton type. GWAS analyses linked 5 SNP markers to FT under controlled conditions. 

These markers were found on chromosomes 2A, 2B, 5A, 5B, and 7A. The markers 

BobWhite_c28133_87, Kukri_c14902_1112, Excalibur_c2598_2052, 

BobWhite_c23903_443, and RAC875_c16644_491 can be utilized in the breeding 

programmes of future climate-resilient crops. 
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