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INTRODUCTION

Common wheatTriticum aestivuni.) currenttyc ompr i ses a fi fth of
and calorie intakfl]. T. aestivunwas domesticated about 10 000 years ago in the Fertile Crescent
[2]. The genome of wheat is hexapldith = 6x = 42, AABBDD) and hacemergedrom ancient
hybridisationeventsbetweenits three progenitorsTriticum urartu Thumanjan ex Gandilyan
(AA), a currently unidentified or possibly extinct species relatefdgilops speltoideFausch
(BB), andAegilops tauschiCoss. (DD)[3, 4]. Each subgenome @f. aestivuntontains 7 pairs
of chromosomes, arttie size of its haploid genome @pproximatelyl6 Gb[5]. The genome of
the cul tiSpari nffg@hiwaeesses equenced and published
Sequencing Consortium (IWGS®@) 2018 and is continuously being updatéd 6]. Wheat can
be separated into two types: wingrd spriig. Winter wheat is sown in autumn and harvested in
the late summer of the next yeBue to its prolonged period of vegetationnter wheat i$>30%
more productivevhen comparetb spring wheaf7, 8]. Consequently, winter wheat is cultivated
extensively in the temperate zorieis especially important to the Lithuanian economy, where it
occupies >30% of the arable land, a®b% of the harvest is exportfd 10].

Despite the warming climatiw negativetemperatureanstill cause winterkill and result
in yield loss especially when snow cover is abséhti 13]. Multiple factors comprisehie
overwinteringtrait of winter wheé however, freezing tolerance (FT) is {i@mary component
[14]. FT is achievedinder low positive temperatu(6i 10 °C) through a process, called cold
acclimation (CA) or cold hardenir{@5, 16]. CA lasts up to 8 weel45], during whichchanges
at both molecular and physiological levetecur. These changes includeltered gene
transcription, accumulation of cryoprotective metabolites, and reduced ddaivi®]. In winter
wheat, FT reaches its peak in mwghter andthen starts decreasindb, 20, 21]. As the
temperature begins to increase, wirttgre crops undergo deacclimation (DEA), during which
the molecular and physiological changes of CApaially reversedand FT is losf19, 22, 23].
Following DEA, plantsmayregain FT througiheacclimation (REA)Thereforegffective CA and
the reliable maintenance of FT under fluctuating temperatures will become increasingly important
traits in future climateesilient wintertype cropsHowever there is a lack of research tme
effect of different temperresduring CA on winter wheaias well agthe molecular processes
behind DEA and REA19, 24].

The studies, described in this thesrsjestigatethe effects of prolonged elevat€&iA
temperature on winter whe&T, shoot biomass, metabolite, and antioxidant accumulation.
Additionally, the transcriptomigrofiles of two winter wheat varietiesvith contrasting FT
throughoutCA, DEA, and REA areomparedFinally, theFT of theNordic Genetic Resource
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Centre (NordGen, Alnarp, Sweden) panel of winter wheat cultivars and landrasesssed, and

this collectionis used to condugienomewide association studies (GWAS)

Hypothesis

IncreasedFT in winter wheatduring CA, DEA, andREA is determined by metabolic,

transcriptomic, and genome@mponents

Aim
To identifymetabolic, transcriptomic, and genorhiomarkers associated wil#T in winter
wheat duringCA, DEA, andREA.

Objectives

1.

To determinethe effect of prolonged elevated temperature during CA on FT, shoot

biomass, and metabolite accumulation in winter wheaughoutCA, DEA, and REA

. To determinethe effect ofprolonged elevated temperature dur®@g on antioxidant

accumulation in winter whe#ttroughoutCA, DEA, andREA.

To investigatethe transcriptores of two winter wheatgenotypes with contrastingT
duringCA, DEA, andREA under controlled conditions.

To assess thET of the NordGempanel of winter wheat under controlled conditions and
to identify alleles linked td-T in this panelusingGWAS.

Statements to be defended:

1.

Prolonged elevated temperature duri@g negatively affectshe FT and altersshoot
biomassaccumulationand metabolite accumulatiom winter wheatcrown and leaf
tissues.

Prolonged elevated temperature durif@A results in decreased antioxidant
accumulation in winter wheat crown and leaf tissues.

The increased expression of photosynthedmsted genes during CA, as well as
cryoprotectiorrelated genes during DEA and REA enhances freezing tolerance in
winter wheat

The NordGen panel of winter wheat cultivars and landracegasd source of alleles,
linked toFT.



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 anti@ddantulation 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 transonpt 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 thBordGen 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 breedomggrammef future climateresilient 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 targetsr genome editingand applied in markeassisted selection. Lists of these
genes, as well as RN#equencing (RNAeq) read count data were made publicly available to
support future research. Furthermore, the FT of the NordGen panel was evaluated, and the most
freezingtolerant genotypes from this collection can be directly applied in winter wheat breeding
programmes. Within this panel5 single nucleotide polymorphism (SNP) markers were linked to
higher FT, thus, offering potential target genes for the improvement of wiheat under global
climate change.

Approval of the research

This doctor al di ssertation is based on fo
permission. These research papers were published in journals indexed in the Clarivate Analytics
Web of Science database. Ga b il faur raseaich papevsi | i 1t
Results obtained during the doctoral studies were preserdgghtonferences ansvo seminars

in Lithuania and abroad.

The structure and volume of the doctoral dissertation

This doctoral thesis is written in Englis#6(pages) with summary in Lithuaniang(fhages)
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 @1 sourca), copies of the four published scientific articles, Acknowledgements, and
About the Author.

Note: all the materials and methods described in this tla@siprovidedn depthin Articles
1i 4. The experimental conditions for CA, DEA, and REA under controlled conditions are
described imArticles I 3. The methods for freezing tests gn@videdin Articles 1 and 4The
methods for shoot biomass assessmendaseribedin Article 1. Metaboliteand antioxidant
assays are described in Articles 1 ande®pectivelyThe conditions of the overwintering field
experiments are provided in Article #he methods ofgenomewide association studiesre
described in Article 4. All the details regarding the statistical and bioinformatic analyses are
provided in Articles 14. The results, presented in this thesis, are likewise provided and discussed
in Articles I 4. For the convenience of the readdsbeeviateddesciptions ofthe materials and
methods as well as the discussion of the resatts also provideth this thesisand arebased on

t he aut h o isoestficpapersd i shed
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1. LITERATURE REVIEW

1.1 Winter wheat

Commonwheatis one of themajor staple cropsproviding approximately20% of the
worl déds pr ot ei f]. laadd nom than4R reillion nettardsoé wheat were
harvestedvorldwide, comprisingover 946 million tonneq9]. T. aestivunhas three subgenomes
(A, B, and D) and thus is a hexaploid (2n = 6x #42BBDD). Each subgenome contains 7 pairs
of chromosomesThe total size of ithaploid genome is 16 Gb, and over 85% of the genome is
composed ofepetitive DNA[5]. In 2018, the genome of theu |l t i varSp AiCwagsa e s e
sequenced and publishibg thelWGSC[5]. Following several updatethe I WGSC RefSeq v2.1
transcriptomeurrently containd06 914 high confidence (HC) ger{é$. However, the function
of many genes remainsknown.

Depending on sowing timayheat is classified into two typespring wheat and winter
wheat. Spring wheat is sown in thering ancharvested in thautumn of the same yeaWinter
wheat, however, is sown in autumn, and harvestdtle late summer ofthe next yearWinter
wheatis over30% more productive in comparison to spring wheat due to its prolgeyedl of
vegetation, during which it developsdaeperroot system and obtains more nutriefts8].
Therefore, winter wheat is cultivateatensively in the temperate zobetween the latitudes of
46° N to 61.34° N[25, 26]. Recently, theproductionof winter wheat inLithuania had been
steadily increasin@ in 2010,more thar367 thousand hectares and o%e?5 million tonnes of
winter wheat were harvestaglhereasn 2023, these number increased to more t838 thousand
hectaremandover 414 million tonnes respectivel\j10]. It occupies rore than 3@ of the arable

land in Lithuania, andver65% of the harvest is exported other countrie$9, 10].

1.2 Cold acclimation and freezing tolerance in winter wheat

Winter hardinesss a complex trajtinvolving numeroudactors, such as tolerance to ice
encasement, desiccation, and snowulthd27i 29]. Nevertheless, FTremains the primary
component of winter hardine§s4]. FT is obtained througlA, also known as cold hardening
(Figure 1) This process is induceéad autumnby low positive temperatuyeanging between 0 and
10 °C|[15,16]. The CA thresholdinductiontemperaturevaries between different speciard
genotypef wintertype crops However,the more freezingolerantgenotypesare capable of
inducing CAat warmer temperaturd80]. CA lasts up to 8 weekg 5] andleads tomultiple
changes atboth molecular and physiologicallevels, such asaltered gene transcription,
accumulation of cryoprotective metabolitéslted shoot apex developmearid reduced growth
[17119,31].
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Thelnducer of CBF ExpressiofiCE) i C-repeatBinding-Facta (CBF)1 cold-responsive
(COR) pathways currently the besiocumented conserved molecular pathway of[82 33].
Low temperature leato the accumulation of ICE transcription factors (TFs), wincluce the
transcription ofCBF genes CBF genes likewise encode TFs, whigtomote the production of
COR proteinsThese proteigiplay cryoprotective rolessafeguardinglant tissuesrom freezing
damage and froshduced desiccatiofB4, 35]. Phytohormones, such as such as abscisic and
jasmonic acidsalso regulate the response to ltemperature stress and anwolved in the
molecular mechanisnd CA [36].

Low positive temperaturékewise inducs the process of vernadtion which is required
for wintertype plants to transition from the vegetative to the reproductive $8xde The
vernalisation requirement is regulated Yyn genes.True winter growth habit in wheat is
determined byset ofrecessiverrn-1, vrn-3, andvrn-4 alleles and the dominantrn-2 allele[28,
38]. While both CA and vernalisationare interlinked, it is important to differentiate the two

processesasthe formerdeads to FT, whereas the latter is required for flowendgction

Cs

Freezing tolerance /
Atsparumas saléiui
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Figure 1. The process of cold acclimation (Cis)induced by low positive temperature in autumn.
During CA, wintertype crops undergamultiple transcriptomic, metabolomic, and physiological changes,
which ultimately lead to freezing tolerangepicted below is thinducer of CBF Expression (ICE)
C-repeatBinding-Factor (CBF)i cold-responsive (CORjonserved molecular pathway of CA
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1.3 Deacclimation and reacclimation

Although the number of studies on CAsti@en increasing, there is stillack of research
on deacclimation (DEA) and especially reacclimat{®&EA) in winter wheatWinter wheat
reaclespeak FT in the middle of winteand after the vernalisation requirementulfilled, FT
starts to gradually declingl5, 20, 21]. As spring approaches artle temperature begins to
increase wintertype crops undergBEA-inducedmolecular and physiological changes, which
partially reverse theold-acclimated statdzarlier studies had investigated the effects of DEA on
the physiology, as well ate metabolic and transcriptomic profiles of woody plaj33i 41],
Arabidopsis thaliangL.) Heynh.[22, 23,42], Brassica napus. [43], Hordeum vulgare.. [44],
and T. aestivum[19, 45]. While these studies were conducted under varying environmental
conditions it was found thaDEA leads tolower concentrationsof soluble carbohydrates,
cryoprotectiveproteins, anantioxidants as well as loss of F[IL9, 46]. Subsequentlythe water
uptakeand the osmotic potential arecreased tsupport theneightenednetabolic activity{46].
Thus, following DEA, winter-type cropsresume their growth angrogress to the reproductive
phasg20].

If the temperature decreasegainafter DEA and the vernalisation requirement is not
fulfilled, overwintering plantsvill be ableto undergo REAand reach FT levels similar to those,
acquired after the initial Cf20]. However,studes haveyielded conflicting results regarding the
capacity of winter wheat teegain FT after REAas it varies depending @he temperature and
duration of DEA and REA, as well as water content of the crown tjd®y&4, 37, 45]. It has
been suggested that the interplay between cryoprotgrtiveins and soluble carbohydrates may
play a role inthereacquisition of FT19]. Unfortunately, he changing climate isnposingnew
challenges tthe survivaland productivityof winter-typecrops.Therefore the processes of DEA

and REA must be extensively studiedatd future winter wheat breeding efforts.

1.4Challenges imposed by climate change

According to the Intergovernmental Panel on Climate Chamga, the next 80 yeathe
averaggglobal temperature iset to increase by 3’& in comparison to the pri@dustrial times
[47]. Changing environmental conditionsll affect the cultivation of wintetype crops in the
temperate zon@-igure 2)[48i 51]. The increasing temperature in autuwiti delay the induction
of CAtowards a later period, whéime photoperiod ishorter Simultaneouslyincreased clouding
will contribute todecreased irradianc&hus, the efficacy of CAwill be diminishedthrough
lowered photosynthetic activity and reduced accumulation of cryoprotective metabélgdes

result, thecrops will be less freezintplerantwhen the temperatusaiddenlydecreasem winter.
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Studies have shown that 8 10 cmlayer of snowprotects winter wheat from freezing damage
when the aitemperatures as low ag 27 °C[11]. This is especially important in the second half
of winter, when the FT naturally begins to decregdd. Neverthelesssnow cover is thinning or
disappearing altogethdue to climate changthus, leavinghecropsmore susceptibl freezing
damagdg12, 13].
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Figure 2. The effects of climate change on freezing tolerance of wigiter crops. Warmer autumns,
increased clouding, and reduced photoperiod at the time of cold acclimation can diminish the
effectiveness of phot osynt heanudaie metdbaolites, requieedifarci n g
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 (adapt from[49])
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Temperature fluctuationsnd warm spellsn winter lead topremature DEA?24, 49,52].
This can be especially detrimental if the temperature suddenly drops agathe loss of
cryoprotective metabolites andcreased water conteioth render the plant tissuesiore
susceptible tdreezing damageDepending on the environmental conditions, whiyge crops
may beable to regain FT through REAfor examplewet 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]. Consequentlyto meet the global food supply demartderance to DEAnd
the ability to reacclimateffectively should be included amportant trais for future dimate

resilient cropbreeding programmes.

1.5Gene bank collections as repositoriesf geneticdiversity and resources for

genomewide association studies

The hexploid genome otommonwheatoriginates fromancient hybridisations between
three progenitorsT. urartu (AA), a currently unidentifiecor possibly extincspecies related to
Ae speltoidegBB), andAe tauschii (DD) [3, 4]. T. aestivumwas domesticated in thEertile
Crescent about 10 000 years aDaring the process of selectipfavourable traitsuch as free
threshing grain retention,higher tiller number, and larger kernel singere preferred[2].
Furthermore the Green Revolution in the 1960s and 1970s was especially influential on the
genetic makeup of modern whdat encouraging théreedingof more productivesemidwarf
varieties[53, 54]. Consequentlysuchintense selection efforts had formed a bottleneck, which
significantly narrowed thgenetic pool of whedb4i 56]. Due to this genetic bottleneck, many
potentially beneficial alleles had been lfssitm modern cultivargFigure 3)

Gene bank collecti@area valuable resource of genetic diversityliogeding programmes.
The genetic variation provided by gene bagérmplasmcan help combabiotic and abiotic
stressesas well as improve morphological and agronomic tmaitsture cultivars[57, 58]. Some
collectionsinclude landraces, whichrepresent thesrops prior to theonset of modern plant
breeding[59]. The NordGenoffers apanel of Nordic winter wheatultivars and landraces
coll ectively r e[b0d Theeulonsin ohis aolectiGnorigihate drand-inland,
Sweden, Norway, Denank, and Germanyand were released between the years of 1896 and
2012.The NordGen panel had previously been evalulatecksistanceto droughf61], powdery
mildew [62], andSeptoria triticiblotch[63]. However,FT had not been assessedhe NordGen
panel As these cultons originate froand are adapted tdorthern Europewhere the winter

climate isusually harshethey may contain advantageous alle@ssociated with FT.
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A genomewide association studyGWAS) is a bioinformaticdbased method, used to link
genetic markers to relevant phenotypic trfg. For a statistically reliable GWAS analysis, the
population must be phenotypically diverse and coraaieastLlO0 accession5]. 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 inteeegt, resistance to biotic or abiotic
stresses, morphological, agronomic trait$61i 63,66]. The population is then genotyped using
genetic markers. SNP arrays are especially- @vst timeeffective For example, the NordGen
collection of winter wheat had been genotyped using a 20K SNP markefe@jeyubsequently,
GWAS is performed to test the effect of genetic variants on the phenotypidNtradl alleles,
discovered through GWAS, can then be applieduture breeding programes of climate
resilient crops.
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Figure 3. The loss of genetic diversity in common whiéabughout historyglue todomestication and
selectionpressurgcaused byreeding The coloured circles represent allgladapted fronj56])
3paveikslask vi el i O genetin&ds DXairovas magéajimas dal

sukeltobutelio kaklelio efektdSpalvotais apskritimaigrap a gy mat i al edgal[@6)) (adapt |
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2. MATERIALS AND METHODS

2.1Cold acclimation, deacclimation, and reacclimationunder controlled conditions
(Articles 1, 2)

Six winter wheatgenotypeswith known overwintering scoresinder Lithuanian climate
conditions[67] were selectedor the CA, DEA, and REA experiment(Article 1, Figure 1)
(Figure4). The wheat genotypeswere subjected to two different lowemperature treatment
groups of CAunder controlled conditiontn treatment I, the plants weegposed t@onstant CA
at 2°C for 49 dayswhile treatment Itonsisted ofCA at 10°C for 28 days followed by 2°C for
21 days[68, 69]. Both groups were then subjected to DEA afC(for 7 days and REAat 2°C
for 14 days A subse of plants within each group underwés daysof CA for FT assessment
without subsequent DEA or RELrown and leaf tissue samples metabolite and antioxidant

analysesvere collectednce pemweek

2.2Freezing tests (Articles 1, 4)

The six winter wheat genotypes were subjected to two differentdowerature treatment
groups of CA (Article 1, Figure 1b8]. Separate freezing tests were conduetiéer 56 days of
CA, 7 days of DEA, and 14 days of REA. Freezing tests were carried out at the target temperatures
of 1712, 114, 116, and 118 A®GOwaFusedtorcaculatetsT R p a
(temperature, at which 30% of plants di&)].

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 condition$71]. Freezing tests were carried out
112, 114, aoftempératue atAvBich 50%Tof plants are killed) was determined using
the R package0[fOMASSO v. 7. 3

2.3 Shoot biomass assessment (Article 1)

The six winter wheat genotypes were exposed to two differentdowerature treatment
groups of CA (Article 1, Figure IH8]. 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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2.4 Metabolite assayqArticle 1)

Ethanolic(EtOH) extractionsof winter wheat crown and leaf tissue samplese carried
out (Article 1) [68]. Chlorophyll aand b(chl a b) andtotal chlorophyll (total chl) contestwere

assessed in the leaf tisseitractsupernatantBoth crown and leaf tissue extract supernatants
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were used to measure glucose, fructose, sucmiseosel-phosphate (G1P), gluco$e
phosphate (G6P), fructo$ephosphate (F6P), malate, polyphenols, total amino acids, proline,
citrate, and total antioxidant capacity (TAChe pellets of crown and leaf tissue extracts were

used to measure protein and starch contents, as wb# eall wall content (CWC]Figure 4)

2.5Antioxidant assays (Article 2)

Hydrochloric acid (HCI) extractionsere carried ouor both crown and leaf tissue samples
(Article 2) [69]. The supernatants were usediieasure antioxidantsotal ascorbate, ascorbate
(ASC), dehydroascorbatébHA), total glutathioneglutathione disulphid¢GSSG),glutathione
(GSH), oxidised nicotinamide adenine dinucleotitAD ™), andoxidised nicotinamide adenine

dinucleotide phospha{® ADP") concentrationgFigure 4)

2.6 RNA-sequencing experiment (Article 3)

The leastand mostf r eezing tol erant genot ypDeSso, ( A KW
respectively)rom the CA, DEA, and REA experimentere selectedor the subsequenRNA-
seq experiment (Figure 4)he experimental conditions were as described for treatment | in the
Materials and Methodssubsection 2.1Crown 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, Suppletaey Figure 1]72].

2.7 Overwintering field experiments (Article 4)

To assesthe overwintering of 74 winter wheat cultivars and landraces from the NordGen
collection,the results ofive field trialsin Norwaywere analysedArticle 4) (Figure 4)[71]. The
experimentsvere conducted itwo locationd thei Ei dum T vredo farm, Stj Rr
E), and the Vollebekk r esear ¢andspaanednreewiNtdtB U, P
season$2008 2009, 20092010, and 201®011). Overwintering wasissesseds the percentage
of survivingplants, andhis data was applied in the subsequent GVdA&lyses

2.8 Genomewide association studiegArticle 4)

GWAS anal yses were <conducted u s [78].gBLINKh e nGA
FarmCPU, GLM, MLM, and MLMM models were appli¢o test the associations betweeh
under controlled conditions and in the fiedshd7 401 SNPmarkerg(Article 4) (Figure 4)[71].
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2.9 Statistical and bioinformatic analysesArticles 1i 4)

Statisticaland bioinformaticanalysesas well agyraphical visualisationsere carried out
usingRv.8B.1[74,R packagesv.li3é[gs,i Eat ae WRIBROf actooe xtrr e
v. 1.0.7([77], DESeq20 [v8,. 4@bi2omaR{f7/8) imPpe b md [80},1. 2 2 .
ACompl exHeat[8y p d Emh.alnG.ed VJ8R]c amamwmd Fdl a8t &r Pr o
[83], and the online todletaboAnalyst v. 5.084]. The following tests werapplied during the
analyses: Shapir@Vilk, Wilcoxon ranksum, ManiiWhitney U, ANOVA, Kruskal Wallis H,

Tukeyoand¥HpBddgr mands r.ank correl ation
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3. RESULTS AND DISCUSSION

3.1Prolonged elevated temperature during cold acclimation negatively affects

freezing tolerance(Article 1)

To evaluate the effect of prolongelbvatedemperature during CA on FT, the gValues
of winter wheat were assessed afiérdaysof CA, 7 daysof DEA, and14 daysof REA under
treatments | and IlThe conditions of the experiment are described in the Materials and Methods,
subsection 2.1The prolonged elevated temperature treatmeslted in significantlyg < 0.05)
lower FT after CA in comparison the constant lowemperature treatme(Article 1, Figure 3
Supplementary Table)3Earlier studies on forage grass spefi€s 51] and winter wheal85]
likewise reported the negative effect of increased temperature oHdwever, here we also
assessdFT following DEA and REAIn comparison to CA, DEA significantlp& 0.05) reduced
the FT of winter wheat-ollowing REA, the FT of most of the genotypes increased significantly
(p < 0.05) when compared to DHArticle 1, Supplementary Figure IJhe ability to reacclimate
is dependent on the verrsdition fulfilment [20]. According to genotype, the length of
vernalisation in winter wheat can last from 5%teveeks[86]. In our experimentyinter wheat
underwent 7 weeks of 2 °C treatmeAtfuture studyshout be carried out to investigatkee
changes in Ffter REA depending on vernalisation time in these six genatypesughout the
experi ment, ALakaj ao-tol@&t genatgpe, wikthdsh valoes afteriICA,e e z i n
DEA, and REA0fi 19.8271491,and18. 33 AC, respectively, wher
least freezingolerant genotype, with correspondingsValues ofi 14.74,1 11.93, and 13.45
°C, respectivelyArticle 1, Supplementary Table.f)herefore, these two genotypes were selected

for thesubsequent RNAeq experimer(Article 3).

3.2Prolonged elevatedtemperature during cold acclimation results inhigher shoot

biomass accumulation(Article 1)

Winter wheat GLA was measured weekly for a total@flaysthroughout CA, DEA, and
REA to assess the effect of prolongelkvatedtemperature during CA on shoot biomass
accumulation. The initif28 day=f increased temperature in treatment Il resulted in significantly
(p < 0.001) higher GLA values throughout the entire experiment, when compared to treatment |
(Article 1, Figure 2, Supplementary Table Ajter 28 daysof CA, the average GLA value the
constant lowtemperature treatmemivas 1457 cn?, whereas inthe prolonged elevated
temperaturéreatmentijt reached 66.5cn?. Increased growtin treatment lpersisteceven after
the temperature was decreased to 2 °Ctlierremaining21 daysof CA. At the end of the

experiment day 70), the averag&LA values inthe constant lowemperature treatmerdnged
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from37.%t068.8Bcn?i n fALakaj a DS, despaatively. fitlt¢ prolenged elavated
temperature treatmerthese values rangégtween110.73cn?i n i S e dand 183.6®r% 0
infi Ha n s Wi202dstudy byJ a ¢ ket al assessed leaf growthf thirteen winter wheat
genotypesn the field[67]. Theautumngrowth tendencies amosix of the samgenotypesinder
field conditionswere similar to those, observed in our experimarder controlled conditions
Notably, this study confirmed thatnhancedeaf growth is associated with lower FT in winter
wheat[67].

The final timepoint [day 70 GLA valuesshowed significantg< 0.001) correlations with
fresh and dry biomass, weighed at the end of the experiment @ndr = 0.98, respectively).
These results validate the reliability of the loast imagebased phenotyping method for shoot
biomass assessment. Most importantly, iragsed phenotyping is natestructive and allows
the researcher to collect data from the samdévidual plants continuously for long periods of
time [87].

3.3Cold acclimation temperature affects metabolite accumulationin winter wheat

crown and leaf tissuegArticle 1)

The concentrations @ighteerdifferent metabolites were assessexkklyin the crown and
leaf tissuesto determine the effect of prolongezlevatedtemperature duringCA on the
metabolomic profiles of winter wheathe nitial 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 liegbtolonged elevated temperature treatmesntlted
in strongmetabolite accumulation differencésoughout CA, DEA, and REA in both crown and
leaf tissues, when coraped tothe constant lowwiemperature treatmeffrticle 1, Figures %6
Supplementary Table8, 10). The higher temperature during the first 28 days of CA under
treatment 1l led to increased photosynthetic activity in the leaf ti$sulee products of
photosynthesis wergubsequentlypolymerised for storage in the form of staf8B]. Therefore
the prolonged elevated temperature treatmesulted ina higher concentration of starch in both
crown and leaf tissues, while the concentrations of protein content, amino acids, and proline were
lower after CAin comparison tahe constant lowwemperature treatme Protein content, amino
acid, and proline concentrations in crown tiskad been associated with increasedri=winter
wheat thus theimpaired accumulation of these metabolitersder the plants more susceptible to
freezing damagfB9i 91]. Treatment llresultedin lower concentrations dfexose phosphates in

crown tissue, and decreased accumulatioprofein content, amino acidand prolinein both
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crown and leaf tissuethroughout DEA and REA in comparison ti@atment | This altered
balance between carbon and nitrogen metabolism cowd eportant factor in decreased iRT
winter wheatwhenCA occursunderprolongedelevatedemperature conditions.

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

freezing tolerance and shoot biomass accumulatigirticle 1)

To determine the relationshspetweenmetabolite accumulatiorsT, andshoot biomass
accumulation in winter wheat, correlation analyses were carriedSognificant < 0.05)
positive correlations were determined under both treatments between FT and protein and proline
concentrations in crown tissueith the correlation coefficients)(ranging from 0.5 to 82, while
the concentration of starch in both crown and leaf tissues had a negative relationship with FT
(with r ranging from10.56 to10.83) (Article 1, Supplementary Figures 9, 10). Moreover,
significant (p < 0.05) positive relationshipsvere detectedinder both treatmentsetweenshoot
biomass accumulatioand chl a, chl b, total chprotein content, CWC, TACand polyphenol
concentrationn leaf tissue, as well as CWADd sucroseoncentrationn crown tissudArticle 1,
Supplementary Figure S,able 1) Negative correlations were establishaeetweenGLA and
protein and amino acidoncentrationsn the crowntissue Increased shoot biomass growth is
negatively associated with H67], and theability to break dowrstarchplays an important role
in FT[92]. Higherconcentrations admino aci@ andcertainproteirs, such adehydrirs,increase
FT throughimprovedmembrane fluidity andsmoregulatioi89i 91]. Consequently, the ability
to effectively break down starch and utilise the prodatthis proces$or amino acid and protein

synthesigould be key tamproving FT in winter wheainder changing climate

3.5Prolonged elevated temperature during cold acclimation results in decreased

antioxidant accumulation in winter wheat crown and leaf tissuegArticle 2)

A 70-day length experiment was carried out to assess the effect of prolonged elevated
temperature during CA on antioxidant accumulation in winter wis@atvinter wheat genotypes
were subjected to two treatments, consisting of constantdowerature (CLT) and prolonged
elevated lowtemperature (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 REAe conditions of the
experiment are described in the Materials and Methods, subsexfi, with CLT and PHLT
groups corresponding to treatments | and Il, respectiVélg. concentrations dadight different
antioxidantsveremeasuredPCAs showed a strong separation of antioxidants according to tissue

and treatment (Article 2, Figure 1) and further analyses were conducted to quantify the differences
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between these group&biotic stresses lead to increased accumulation of reactive oxygen species
(ROS) in plantse. g.hydrogen peroxide (#D2), hydroxyl (OH), and superoxide ) [93i 97].
Reduced forms ofrdgioxidants, such a#SC and GSH, are norenzymatic ROS scavengers
Comprisingthe ascorbatglutathione cycle, theprotect the plant cells from oxidative damage

by convering hydrogen peroxideH>O>) into water (HO) [98, 99]. Our results show thahe
prolonged elevated temperattireatment resulted significantly @ < 0.05)lower concentrations

of total ascorbate and total glutathione in winter wheat crown and leaf tetsihesstages (€A

and REAIn comparison tahe constant lowtemperature treatme(Article 2, Figures 2, 3Table

S2). Photosynthesis is one of the mawmurces of ROS in planf84, 100], and winteftype crops

have been shown to maintain higher photosynthetic activity under low positive temperature in
comparison to sprintype crops[101]. The negative effect of warmer autumns on FT and
photosynthetic activity has been establisheBhteum pratense. andLolium perennd.. [50].
Thus,the prolonged elevated temperattreatmentresulted in a weaker response of the redox
mechanisms iwinter wheat crown and leaf tissuesomparison to theonstant lowtemperature

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 winterondweatand leaf
tissues and FTmeasured as Lz, correlationanalysesvere carried out Significant @ < 0.05)
correlations between FT and antioxidant accumulation were fauthd group, which underwent
CA atconstaniow temperaturéArticle 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 conditionswith r ranging from0.57 to 0.69Higher concentrations of AS@ndGSH
have beemassociated with improved il Picea abiegL.) H. Karst.[102]. Notably, o significant
correlations were detected in the group, whiels exposed tthe PHLT treatmenthis is likely
due to the lower accumulation of antioxidaras well as significantlyp(< 0.05)decreased Fof
wheatunderthe PHLT treatmenin comparison tdhe CLT treatmentOur results show that
elevatedemperature during CA negatively affethie antioxidant accumulation and FT in winter
wheatthroughout CA, DEA, and REAConsequentlysuch conditiongnay lead to a higher

likelihood of winterkill in the case of sudderold spellsin winter.

28



3.7 Transcriptome changes in winter wheat during cold acclimation, deacclimation,

and reacclimation (Article 3)

Two winter wheat genotypes the freezingg ol er ant ALakaj a-DSo &
suscepti bl e T vdfe§Gbjectesl td weeks @f CA a2 °C, 1 week of DEA a0 °C,
and 2 weeks of REA & °C underthe controlled conditions of treatment s described in
Article 1 (Article 1, Figure 1) The FTof these two genotypesstimated as Lsb values had
previously been determined at the stages of CA, DEA, and Rcle 1, Figure 3). To
determine the transcriptomic profiles of winter whaaderlow-temperature fluctuationsrown
and leaf tissue samples were collecteda®A, 8WCA, 24hDEA, 1wDEA, 24hREA, and 2wREA
(abbreviations are defined in thBlaterials and Methods, subsection 2.@rticle 3,
Supplementary Figure 1lkollowing RNA-seq read mappingvas carried out using a total of
106 914 HC genesf the published spi ng wheat AChi nese Springc
transcriptomd6]. PCAs revealeda strong separation of gene expression patterns betlveen
crown and leaf tissues, whereggsnotypes and sampling points accounted for a smaller percentage
of the variation (Article 3, Figure 1)In this study, we discuss theanscriptomic profilesand
assess the numbers of DEGshe crown and leaf tissues of winter wheat throughout CA, DEA,
and REA,and compare thgene expression patternstofhe fAlLakaj a DSO0 and 7
genotypesT o t he aut h ohissvds thk first cemtieudug anscriptomic study on CA,
DEA, and REA, encompassing two winter wheat genotypes and two tiSswssthe data were

made publicly available for future reseaféiticle 3, Supplementary Data Shdgt

3.7.1 Cold acclimation, deacclimation, and reacclimatioasult 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 lowgstdjv al ues and Log2fol d ¢
upregul at ed an d2fdr dogrzeguated gemes veere getectdd (Article 3, Figure
Supplementary Tables 2,3)ACesulted inthe higher expression of transcripts, associatét
responses to abscisic acid, cold acclimation, and watgown tissues. Among these transcripts
wasa Responsive td\bscisicAcid (RAB) protein dehydrins, andhe WheatCold-Responare
proteinWCOR726(Article 3, Supplementary Data Sheet Gur results are in agreement with
earlier studies on gene expression in winter whegiosed to low positive temperat(iié, 17,

103]. Families ofRAB proteins dehydrins, and.ate Embryogenesi8bundant (LEA) proteins
compriseabioticstressresponsive networksvhich are activated durirdyought, salinity, and low

temperaturenduced stressd81, 104,105]. Higher expression of WCOR726 had been reported
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in winter wheaturing CA in comparison to spring wheft06]. The WCOR726roteinbelongs
to the ICE-CBFCOR pathway which currently remains the bedbcumentedconserved
molecular pathway afesponse to cold stress plants[32, 33]. The accumulation of dehydrins
and other coldesponsive proteins protects the crown tissue from freezing daf®age:al of
crown tissue iwital to wintertype crops, as it contains actively dividisgoot apical mesiem
cells, which ensure the regrowth of the plarteafvinter[107,108].

The numbers of DEGs were compared throughout DEA and REA in comparison to 7wCA
to evaluate the changes in gene regulation ulesetemperature fluctuations (Article 3, Figure
3, Supplementary Figure 3, Supplementary Data Shééjs Phe gene ontology (GO) biological
process (BP) descriptions of these genes were acquired to clarify their funthiomsghout the
experiment, leaf tissue consistently had higher DEG numbers than crown tissue. Consequently,
thechanges iremporal gene expression patterns were more pronimérdves whecompared
to crowns After 24hDEA, strong suppression of gene expression was observetharown and
leaf tissues.Upregulation of genes, involved in carbohydrate, lipid, and glycerol metabolic
processes, as well as protein foldirmgcurredin crown tissue, whilen the leaf tissue the
transcripts for water transport and protein phosphorylatenreupregulatediollowing 1IwDEA,
gene expression was highly upregulatedoth tissuesOneweek of DEA resulted in stronger
upregulation of transcripts, linked to carbohydrate metabolic process, glutathione metabolic
process, lignin biosynthetic and catabglrocesses the crown tissudvleanwhile, the leaf tissue
showed a higher expression génes,associated witlresponse to oxidative stress, protein
phosphorylation, regulation of DNfemplated transcription, and transmembrane transport of
adenine and guanin&he patterns of gene expressionboth crown and leaf tissues changed
throughout shofterm DEA (24hDEA) and longerm DEA (1wDEA) at 10C. Shortterm DEA
resulted inthe stronger suppression of G#&lated transcriptsyhich are a part ahe ICECBF
COR pathwayf22, 109,110]. The upregulation ofenes, involved in carbohydrate metabolism,
lignin biosynthesis, and root development after lergn DEA indicatesa redirection of
resources towards resumed plant grovigarlier studies had shown thatrmer temperature
during DEA induces rootelongationard leaf areagrowth in winter-type Brassica napusand
A.thaliana[42, 111].

Following 24hREA, more genes warpregulated than downregulatedoboth tissuesThe
crown tissueexhibited upregulated expressiohgenes for meristem maintenance and responses
to abscisic acid, water deprivation, and cold acclimatidmle leaf tissueactivated the expression
of genes for carbohydrate transport, response to hydrogen peroxide, and fatty acid metabolic
processAfter 2wWREA, more genes were activated in leaf tissue than crown tissue. The genes
associated with meristem maintenance and protein dephosphorylation wereaipceigutrown
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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.
Shortterm REA (24hREA) resulted in reaccumulated transcripts for the CBBllSproteinin

crown tissueSimilarly increased expression of this gene whservedduring shorterm low
temperature stress in winter whghd3]. Our results show that ¢hexpression of this transcript

was at its highest after 24hREA in comparison to 7wCA, 8wCA, and 2wREA, thus, indicating
that this gene is involved specifically the response tshortterm low-temperature stres$he
increasedranscription of CArelated transcriptduring longterm REA (2wREA)ligns with our

earlier study, wheremost of thewinter wheat genotypes regained &ifer 2wREA(Article 1,

Figure3).

3.7.2 The freezingolerant and the freezingusceptible genotypesossess different

transcriptomic profiles

GO BP enrichment analyses were carried out to compare the expression of genes between
the freezingg ol er ant g e r(DABtoy paen di Ltakkeang cae ppteizbh lneg genot
FerrOmo.earlier study wadsigniieadtly p h00b)mdiefradziagi a D S ¢
tol erant than A KWSBnstan€€CA at @ MGODEA at 108G amndh REAEt 2 °C
(Article 1, Figure 3)Here, we observed an increased expression of photosyrtbkesed genes
int he | eaf ti ssafter7wCA anii BwCRajwbhebDS@ompared to i
(Article 3, Supplementary Figure 4, Supplementary Data SheetTh®) ability to maintain
photosynthetic activity under lotemperature stress éssential in metabolite accumulation and
acquisition of i in winter wheaf101,112,113]. Consequentlythe crowntissuedi Lak aj a DSo0
upregulated thexpression ofbiotic stresselated genes;oding for dehydrins, COR, and Rab
proteinsi n compari son.to AKWS Ferrumo

Following 24IDEA, i L a k suppeess&@l$he transcripts for response to oxidative stress,
cellular oxidant detoxification, arttdydrogen peroxide catabolic procé&sshe crown tissuashen
compared t o (ArdcWS, Figueer4Bupplementary Data ShegtGoncurrently, the
|l eaf tissue of fAlLakaja DSO0 ma iPhotosynthessas welln hanc
as abiotic stresgieneratdROS, which is then scavenged by antioxiddg8ts 100,114] In this
case, lhe more freezingolerant genotypeontinued to effectively express photosyntheslated
transcripts an@xperienced a lower level okidativestress after shoterm DEA Furthermore,
longtermDEAr esul t ed 1 n ALakaj arelBt&dranscgptsengrawnédssuen g d
The increased temperature during DEA leads to increabgdratiorand metabolic activitj46].
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Thus, the activation of dehydrin genes can indicatater uptakedifficulties, which must be
compensated to maintain growth.

After 24hREA, no significant differences were detected between gene expression in the
crown tissues of ALakaja DS0O and AKWS Ferru
suppressed the transcripts for cinnamic acid and salicylic acid biosynthesise(Brtiigure 5,
Supplementary Data Sheet 5). Therefore, leaf tissue may play an important role in the initial
response to REA. Loagper m REA resulted in fAlLakaja DSO
chitinase (EC 3.2.1.14) transcripts in the leaf tissueineomp son t o AKWS Ferr ul
had been shown to exhibit kending activity and may play a role in FT after CASecale
cerealeL. andPiceaspecie§115,116]. However, there is no information regarding the possible
involvement of chitinases IREA. 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 CAr el ated genes in the crown tissue of-fALaka
type proteins. These results indicate that REA is a partial reversal to theccbidated state.

Notably, ALakaj a {ypeigenssn gopvn and Isabtidsuataughout
the entire experiment when compar e d(Attioke 3,fFi§UNES) WRKY pratem
are TFs, associated witnhanced abiotic stress tolerance in plamtsluding drought, high
salinity, heat, and colflL17,118]. Currently, the specifitocationof WRKY-type genes within
the network otcold-inducedgeness unknown, howevethese results suggest that WRype

genesactdownstream fronthe main determinants of ireased FT in winter wheat.

3.8 Genomewide associationanalysis offreezingtolerance inthe NordGen panel of

winter wheat cultivars and landraces(Article 4)

The NordGen panel of winter wheat cultivars and landrao@stains accessions from
Denmark, Sweden, Norway, Finlaadd Germany, with release years ranging fi&®6 to 2012.
This collection had previously bestudiedfor resistance tdrought[61], powdery mildew62],
andSeptoria triticiblotch[63]. Morphological and agronomic traits have been assessed in a subset
of this pane[66]. Gene bank germplasm is a useful resource for genetic variance, which can be
introduced into crop breeding programm&sthe NordGermpanel compriseaccessions from the
Nordic region, it maycontain novel allelesassociated with enhanc&d. Therefore, tdocate

these alleleghe FT of the NordGen panel wassessednd GWAS analysesere carried out.
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3.8.1 Thefreezing tolerance of thidordGen paneis diverseunder controlled conditions
and in the field

Freezing tests were conducted anddvalues were calculated to assess FT in the NordGen
panel of160 winter wheat cultivars anndracesFollowing 2 weeks of CA at 2 °C, the kol
valuesrangel r om 1 10.57 to 1 14.-t8lerantiyéhotypdstorginated Som f r e
Finland, whereas thanost freezingsusceptible genotypes were registered in Denmark
(p<0.0001) (Article 4, Figure 1B; Table S1Meanwhile, the genotypes from Sweden and
Norway had intermediate FT valu@srticle 4, Figure 1B)These results follow the geographical
pattern with Northernrmost countries representing the coldest wintdrss, requiring higher
levels of FT,and Southermost countriesepresenting milder wintef86]. The comparison of
temporal groups revealed that the genotypes, released iii 1880l were the most freezing
tolerant, when compared to the groups of 18980 and 19812012 (p < 0.0001)(Article 4,
Figure 1C, Tabl&2). An investigation of wintetemperatures from 188mtil present revealed
that the winter of 19411942 was the coldestinter of the 28 century in Europd119i 121].
However, after 1963, no egptionally cold winters were recordetherefore, he demand for
freezingtolerant winter wheat varieties may have been higher during the period af1BSa1L
when compared to the remaining temporal groNps$ably, landracesere more freezingplerant
than cultivargp < 0.001) with their LTso valuedower byan averagof 0.76 °C(Article 4, Figure
1D, Table S2)Landraces represent theops cultivated in a specific area over long periods of
time, thus,well-adapted to their original environmej®3]. They are good sources of genetic
diversity[122,123] and could be used to improvarious traits, such afisease resistan§é3],
crude protein contenandwinter hardines§l 24].

To assess the winter hardinesshaf NordGen collection in the field, o4 thesegenotypes
were grown irfive separate field experimerdser 2 locations and 3 winter seasadrtse five field
trials were labelled as follows: Eidum 20@®09, Eidum 20022010, Eidum 2012011,
Vollebekk 20082009, and Vollebekk 200201Q The winter survival in these trials ramge
between 066.7%, 0100%, 090.6%, 0100%, and 1319100%, respectivelyArticle 4, Table
S1). Our results showed significafg < 0.05)correlatiors between Lo values under controlled
conditions, and overwintering survival scores in the fieldh r values ranging frorii0.25 toi
0.61 (Article 4, Figure 3,Figure S3).Correlations are negativdue to higher LTso values
signifying lower FT. The relationship between winter hardiness in the field and FT under
controlled conditions was stronger when & temperature was combined with decreased snow

cover, as the loss of insulatioleft crops more vulnerable to frost damaggd, 13]. The
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correlations thus validate theliability of LTso evaluationunder controlled conditions as a viable

complementarynethod ofFT assessmeint winter wheat.

3.8.2 The NordGen panel contairalleles associated witHreezing toleranceunder

controlled conditions and in the field

GWAS analysesising 7 401 SNP markevgere carried out tadentify novel allelesn the
NordGen panel of winter whelhked with FT under controlled conditions and in the fieid.
total of five markersvere detected using BLINK and FarmCPU modé&lse alleles of these
markerssignificantly @ < 0.05) affected the FT of winter wheat under controlled conditions
(Article 4, Figures 4, 5, Table 1).Thesignificantmarkers were found on chromosomes 2A, 2B,
5A, 5B, and7A. Themarker BobWhite c28133 87 on chromosomevZa#s associated with the
uncharacterised geh€C12318025&Article 4, Table S6)The marker Kukri_c14902_1112 on
chromosome 2B was linked o putativel-phosphatidylinositeB-phosphate kinaseFAB1C
gene(Article 4, Table S&)TheA. thalianaorthologue of this genglaysa role in stomatal closure
[125]. The mechanism oftematal closureis involved in photosynthetic acclimation to low
temperature, andecreased stomatal conductance results in I&Wein H. vulgare[126]. The
genes in group 5 chromosomes of wheat determine the winter growth habit and affe27 FT
128]. The marker Excalibur_c2598 2052 on chromosome 5A is in close proximity kodbie
resistance AQFr-A2) locus [128]. Moreover, the marker BobWhite ¢c23903 443, found on
chromosome 5Byas located near théernalizationB1 (Vrn-B1) locus, which controlboth the
FT and thewinter growth habitin wheat [127]. The marker RAC875_c16644_49dn
chromosome 7Avas associated withFARX-Related sequencelfke gene(Article 4, Table SG)
Arabidopsisfar-red-impaired response(farl) mutants exhibit decreased accumulation of starch
and altered starch granule structures through transcriptional downregulation of a starch
debranching enzym@29]. FARL is a transposaskerived TF, and per its name, it is involved in
far-red light response phythromesignalling[130] and modulation of the circadian clod31].
Further GWAS analysegielded elevensignificant (p < 0.05) SNP markers associated with
overwintering in the fieldArticle 4, Figure 6,Table 2, Figure S4 S8. These markers were
located on chromosomes 2B, 3B, 4A, 5B, 6B, andTt2. markers and candidate genes identified
in this study can be used develop cultivars, adapted tloe changing climate conditions in the

Nordic region.
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CONCLUSIONS

1. Prolonged elevated temperature dui@®y negatively affects thET of winter wheat and
leads tohigher shoot biomass accumulation when comparedhi® constant low
temperaturdreatmentProlonged elevated temperatuhering CAresutedin decreased
accumulation o$oluble carbohydrates, amino acids, and proteihde theconcentration
of starchwasincreased in winter wheat crown and leaf tissid® concentrations of
proline and proteins in crown tissshowed a positive relationship with Fandstard
concentrationhad a negative relationship with FThe balance between starch
accumulation and breakdown, as well as the biosynthesis of proline and protéies
crown tissue aramportantto increased FT in winter wheat.

2. Prolonged elevated temperature durlbWy negatively affects the accumulation total
ascorbate anubtal glutathionein winter wheat crown and leaf tissuhgingCA and REA
Positive correlationsvere detected betwedfl andtotal glutathione, GSH, and total
ascorbate in winter wheat crown and leaf tissueder constant loiemperature CA
treatmentwhereas no correlations were found between FT and antioxidant content under
prolongedelevated temperature CA conditions

3. Significant differences between the transcriptomic profiles of the fre¢aiamgnt
genotype AlLakaja-shScepndbtilee iKWSe Fiemg umo
stages of CA, DEA, and REA. ALakaja DSOo
photosyntheti activity-related genes in leaves during CA and expressed a higher number
of cryoprotectiorrelated genes in crown tissue during DEA and REA in comparison to
AKWS Ferrumo.

4. The FT of the NordGen panel, expressedla%o values ranged betweem 1 0. 57 and

T 1 4 °Cxfter 2 weeks of CA, and varied according to country of origin, year of release,

and culton typeGWAS analysesinked 5 SNP marker® FT under controlled conditions.

These markers were found on chromosomes 2A, 2B, 5A, 5B, andr¥.markers

BobWhite_c28133 87, Kukri_c14902_ 1112, Excalibur_c2598 2052,

BobWhite_c23903 443, and RACS875 _c16644 491 canutileed in the breeding

progranmes of future climateesilient crog.

35



10.

11.

12.

13.

14.

36

REFERENCES

Shiferaw, B.; Smale, M.; Braun, H.; Duveliller, E.; Reynolds, M.; Muricho, G. Crops
That Feed the World 10. Past Successes and Future Challenges to the Role Played by Wheat
in Global Food Securityrood Secur2013,5, 2911 317, doi:10.1007/s1257013-0263y.

Levy, A.A.; Feldman, M. Evolution and Origin of Bread Whé&dant Cell2022,34, 2549
2567, doi:10.1093/plcell/koac130.

Marcussen, T.; Sandve, S.R.; Heier, L.; Spannagl, M.; Pfeifer, M.; Jakobsen, K.S.; Wulff,
B.B.H.; Steuernagel, B.; Mayer, K.F.X.; Olsen;A); et al. Ancient Hybridizations among
the Ancestral Genomes of Bread Wh&atience2014,345, doi:10.1126/science.1250092.

Li, L.-F.; Zhang, ZB.; Wang, Z:H.; Li, N.; Sha, Y.; Wang, XF.; Ding, N.; Li, Y.; Zhao,
J.; Wu, Y.;et al Genome Sequences of Five Sitopsis Specidggiflopsand the Origin
of Polyploid Wheat B Subgenome.Mol. Plant 2022, 15 488503,
doi:10.1016/j.molp.2021.12.019.

IWGSC; Rudi, A.; Kellye, E.; Nils, S.; Catherine, F.; Beat, K.; Jane, R.; J., P.C.; Frédéric,
C.; Assaf, D.;et al Shifting the Limits in Wheat Research and Breeding Using a Fully
Annotated Reference Genongeience€018,361, eaar7191, doi:10.1126/science.aar7191.

Zhu, T.; Wang, L.; Rimbert, H.; Rodriguez, J.C.; Deal, K.R.; De Oliveira, R.; Choulet, F.;
Keebl e Gagn r e, G . et al Opticdd MapsRefind the, Bre&doWheat s |,
Triticum aestivumcv. Chinese Spring Genome Assemtyant J.2021,107, 303 314,
doi:10.1111/tpj.15289.

Entz, M.H.; Fowler, D.B. Agronomic Performance of Winter versus Spring WAggdn.
J.1991,83, 527 532, doi:10.2134/agronj1991.00021962008300030002x.

ThorupKristensen, K.; Salmerdn Cortasa, M.; Loges, R. Winter Wheat Roots Grow Twice
as Deep as Spring Wheat Roots, Is This Important for N Uptake and N Leaching Losses?
Plant Soil2009,322, 101 114, doi:10.1007/s1116309-9898z.

FAOSTAT. Crops and Livestock Products Available online:
https://www.fao.org/faostat/en/#data/QCL (accessed on 29 May 2024).

Val stybéas duGmend®.Akafabledniine: https://osp.stat.gov.lt/izemes
ukisl (accessed on 29 May 2024).

Ar moni ena, R Brazaukkasa &. &valaasion of Greezing Tolerance of Winter
Wheat {riticum aestivumL.) under Controlled Conditions and in the Fiel@mdirbyste
2013,100, 417 424, doi:0.13080/A.2013.100.053.

Vico, G.; Hurry, V.; Weih, M. Snowed in for Survival: Quantifying the Risk of Winter
Damage to Overwintering Field Crops in Northern Temperate Latitudigsc. For.
Meteorol.2014,197, 65 75, doi:10.1016/j.agrformet.2014.06.003.

Kersebaum, K.C. Frost Risk by Dwindling Snow CovBiat. Clim. Chang.2022,
d0i:10.1038/s4155822-013344.

Fowler, D.B.; Limin, A.E. Breeding for Winter Hardiness in Ceredista Agron.
Hungarical997,45, 301 310.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Fowler, D.B.; Limin, A.E.; Wang, S.; Ward, R.W. Relationship between-Lemperature
Tolerance and Vernalization Response in Wheat and®ye.J. Plant Scil996,76, 37
42, doi:10.4141/cjps9607.

LaudenciaChingcuanco, D.; Ganeshan, S.; You, F.; Fowler, B.; Chibbar, R.; Anderson, O.
GenomeWide Gene Expression Analysis Supports a Developmental Model of Low
Temperature Tolerance Gene Regulation in Wheaidum aestivumL.). BMC Genomics
2011,12, 299, doi:10.1186/147216412-299.

Li, Q.; Byrns, B.; Badawi, M.A.; Diallo, A.B.; Danyluk, J.; Sarhan, F.; Laudencia
Chingcuanco, D.; Zou, J.; Fowler, D.B. Transcriptomic Insights into Phenological
Development and Cold Tolerance of Wheat Grown in the Ard&ht Physiol.2018,176,

2376 2394, doi:10.1104/pp.17.01311.

Zhao, Y.; Zhou, M.; Xu, K.; Li, J.; Li, S.; Zhang, S.; Yang, X. Integrated Transcriptomics
and Metabolomics Analyses Provide Insights into Cold Stress Response in @rbpal.
2019,7, 857 866, doi:10.1016/].¢j.2019.09.002.

Trischuk, R.G.; Schilling, B.S.; Low, N.H.; Gray, G.R.; Gusta, L. V Cold Acclimation, de
Acclimation and ReAcclimation of Spring Canola, Winter Canola and Winter Wheat: The
Role of Carbohydrates, Coldduced Stress Proteins and Vernalizatiemviron. Exp. Bot.
2014,106, 156 163, doi:10.1016/j.envexpbot.2014.02.013.

Mahfoozi, S.; Limin, A.E.; Fowler, D.B. Developmental Regulation of Eb&mnperature
Tolerance in Winter WheafAinn. Bot.2001,87, 751 757, doi:10.1006/anbo.2001.1403.

Mahfoozi, S.; Limin, A.E.; Ahakpaz, F.; Fowler, D.B. Phenological Development and
Expression of Freezing Resistance in Spring and Winter Wheat under Field Conditions in
NorthhWest IranF. Crop. Res2006,97, 182 187, doi:10.1016/j.fcr.2005.09.012.

Vyse, K.; Pagter, M.; Zuther, E.; Hincha, D.K. Deacclimation after Cold Accliméati&an
Crucial, but Widely Neglected Part of Plant Winter SurvivaExp. Bot2019,70, 4595
4604, doi:10.1093/jxb/erz229.

Vyse, K.; Fischer, A.; Zajancauskaite, G.; Erban, A.; Kopka, J.; Balazadeh, S.; Zuther, E.
Co expression Net wor ks of Deacclimati on
Identified Complex Regulation of the Cold Stress Release Respingol. Plant2022,

174, doi:10.1111/ppl.13746.

Willick, I.R.; Tanino, K.K.; Gusta, L. V. The Impact of Global Climate Change on the
Freezing Tolerance of Winter Cereals in Western Carladegron. Crop Sci2021,207,
88199, doi:10.1111/jac.12447.

Makinen, H.; Kaseva, J.; Trnka, M.; Balek, J.; Kersebaum, K.C.; Nendel, C.; Gobin, A.;
Olesen, J.E.; Bindi, M.; Ferrise, Ret al Sensitivity of European Wheat to Extreme
WeatherF. Crop. Res2018,222, 209 217, doi:10.1016/j.fcr.2017.11.008.

Olesen, J.E.; Bgrgesen, C.D.; Elsgaard, L.; Palosuo, T.; Rotter, R.P.; Skjelvag, A.O.;
PeltonerSainio, P.; Borjesson, T.; Trnka, M.; Ewert, &.al Changes in Time of Sowing,
Flowering and Maturity of Cereals in Europe under Climate Chdraed Addit. Contam.

Part A2012,29, 1527 1542, doi:10.1080/19440049.2012.712060.

37



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

38

Gaudet, D.A.; Wang, Y.; Frick, M.; Puchalski, B.; Penniket, C.; Ouellet, T.; Robert, L.;
Singh, J.; Laroche, A. Low Temperature Induced Defence Gene Expression in Winter
Wheat in Relation to Resistance to Snow Moulds and Other Wheat Diseks#@sSci.
2011,180, 99 110, doi:10.1016/j.plantsci.2010.07.023.

Galiba, G.; Vagujfalvi, A.; Li, C.; Soltész, A.; Dubcovsky, J. Regulatory Genes Involved
in the Determination of Frost Tolerance in Temperate Cereklat Sci.2009,176, 12
19, doi:10.1016/j.plantsci.2008.09.016.

Skendgil, S.; Zovko, M.:; Legil, V.: Pajal
of Environmental Stress in Winter Wheat Using Remote and Proximal Sensing Methods
and Vegetation IndicesA Review.Diversity2023,15, doi:10.3390/d15040481.

Fowler, D.B. Cold Acclimation Threshold Induction Temperatures in Cer€atp Sci.
2008,48, 11471154, doi:10.2135/cropsci2007.10.0581.

Pashapu, A. R.; St &Shnkhez; iF Kdvii 8.R.; Rbgnji, O3ust ek
Sarmiento, C.; Rostoks, N.: Jagkina, K. Ti
Cold Response of Perennial Ryegrass Genotypes with Contrasting Freezing Tolerance.
Plant Stres®024,14, 100598, doi:10.1016/].stress.2024.100598.

Kim, Y.S.; Lee, M.; Lee, 3H.; Lee, H:J.; Park, GM. The Unified ICE CBF Pathway
Provides a Transcriptional Feedback Control of Freezing Tolerance during Cold
Acclimation inArabidopsisPlant Mol. Biol.2015,89, 187 201, doi:10.1007/s1116315
03653.

Liu, Y.; Dang, P.; Liu, L.; He, C. Cold Acclimation by t@BF COR Pathway in a
Changing Climate: Lessons frofmabidopsighaliana Plant Cell Rep2019,38, 511 519,
doi:10.1007/s0029919-023763.

Rapacz, M.; Wolanin, B.; Hura, K.; Tyrka, M. The Effects of Cold Acclimation on
Photosynthetic Apparatus and the Expressio€©OR14bin Four Genotypes of Barley
(Hordeumvulgare) Contrasting in Their Tolerance to Freezing and Higiht Treatment

in Cold ConditionsAnn. Bot.2008,101, 689 699, doi:10.1093/aob/mcn008.

Kosov §, K. V2t 8mv8s, P. Prsggil, I . T. Exp
Different Temperature®lant Sci.2011,180, 46/ 52,d0i:10.1016/j.plantsci.2010.07.003.

Raza, A.; Charagh, S.; Najdfiakavand, S.; Abbas, S.; Shoaib, Y.; Anwar, S.; Sharifi, S.;
Lu, G.; Siddique, K.H.M. Role of Phytohormones in Regulating Cold Stress Tolerance:
Physiological and Molecular Approaches for Developing €ndart Crop Plantdlant
Stres2023,8, 100152, doi:10.1016/j.stress.2023.100152.

Mahfoozi, S.; Limin, A.E.; Fowler, D.B. Influence of Vernalization and Photoperiod
Responses on Cold Hardiness in Winter Cere@lmp Sci. 2001, 41, 1006 1011,
doi:10.2135/cropsci2001.4141006x.

Kamran, A.; Igbal, M.; Spaner, D. Flowering Time in Whé&atticum aestivumL.): A Key
Factor for Global Adaptabilityfcuphytica2014,197, 1i 26, doi:10.1007/s1068014-10757.

Yazdanpanah, P.; Jonoubi, P.; Zeinalabedini, M.; Rajaei, H.; Ghaffari, M.R.; Vazifeshenas,
M.R.; Abdirad, S. Seasonal Metabolic Investigation in PomegraRatéqagranatumL.)



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Highlights the Role of Amino Acids in Genotyend OrgarSpecific Adaptive Responses
to Freezing Stres&ront. Plant Sci2021,12, doi:10.3389/fpls.2021.699139.

Kwon, J.H.; Nam, E.Y.; Yun, S.K.; Kim, S.J.; Yu, D.J.; Lee, H.J. Comparative
Carbohydrate Metabolism in the Shoots of a @etddy and a CokEensitive Peach
(Prunuspersicg Cultivar during Cold Acclimation and Deacclimatiddortic. Environ.
Biotechnol.2022,63, 3953, d0i:10.1007/s1358021-003827.

Luoranen, J.; Kiviméenpaa, M.; Riikonen, J. Comparison of Deacclimation and
Reacclimation of Silver Birch, Norway Spruce and Scots Pine Seedlings during Winter
Warm and Cold Spells in Nordic Boreal ConditiolNew For.2024,55, 1733 1751,
doi:10.1007/s1105624-10060y.

Kutsuno, T.; Chowhan, S.; Kotake, T.; Takahashi, D. Temporal Cell Wall Changes during
Cold Acclimation and Deacclimation and Their Potential Involvement in Freezing
Tolerance and GrowtiRhysiol. Plant2023,175 13837, doi:10.1111/ppl.13837.

Horvath, D.P.; Zhang, J.; Chao, W.S.; Mandal, A.; Rahman, M.; Anderson, J. V Genome
Wide Association Studies and Transcriptome Changes during Acclimation and
Deacclimation in DivergentBrassica napus Varieties. Int. J. Mol. Sci. 2020, 21,
doi:10.3390/ijjms21239148.

Wojcik-J ag g a, M. ; Rapacz, M. Fr e e-AdcclmgtionTob | er an
European Accessions of Winter and Facultative Barfgsi. Rep.2023, 13, 19931,
doi:10.1038/s415982347318y.

V2t 8mv§8s, P. Prsggil, I . T. WCS120 Proteir
Acclimation, Deacclimation and Reacclimation of Winter WhB&int Physiol. Biochem.
2008,46, 970 976, doi:10.1016/j.plaphy.2008.06.006.

Rys, M.; Pociecha, E.; Oliwa, J.; Ostrowska, A.; Jurczyk, B.; Saja, D.; Janeczko, A.
Deacclimation of Winter Oilseed Rapédnsight into Physiological Change&gronomy
2020,10, 1565, doi:10.3390/agronomy10101565.

IPCC Climate Change 2021: The Physical Science Basis. Contribution of Working Group
| to the Sixth Assessment Report of the Intergovernmental Panel on Climate ;Change
MassonDelmotte, V., Zhai, P., Pirani, A., Connors, S.L., Péan, C., Berger, S., Caud, N.,
Chen, Y., Goldfarb, L., Gomis, M.l., Huang, M., Leitzell, K., Lonnoy, E., Matthews,
J.B.R., Maycock, T.K., Waterfield, T., Yelek¢i, O., Yu, R., Zhou, B., Eds.; Ciaigd
University Press: Cambridge, United Kingdom and New York, NY, USA, 2dai
10.1017/9781009157896.

Rapacz, M. The Effects of Day and Night Temperatures during Early Growth of Winter
Oilseed Rape Brassica Napud.. var. oleiferacv. G- r cza Es ki ) Seedl in
Morphology and Cold Acclimation Responsdésta Physiol. Plant1998, 20, 67 72,
doi:10.1007/s1173898-0045x.

Rapacz, M.; Ergon, A.; Hoglind, M.; Jgrgensen, M.; Jurczyk, B.; @strem, L.; Rognli, O.A.;
Tronsmo, A.M. Overwintering of Herbaceous Plants in a Changing Climate. Still More
Questions than AnswerBlant Sci.2014,225, 34i 44, doi:10.1016/j.plantsci.2014.05.009.

39



50.

51.

52.

53.

4.

55.

56.

S57.

58.

59.

60.

61.

40

Dalmannsdottir, S.; Jagrgensen, M.; Rapacz, M.; @strem, L.; Larsen, A.; Rgdven, R.;
Rognli, O.A. Cold Acclimation in Warmer Extended Autumns Impairs Freezing Tolerance
of Perennial Ryegrassglium perenng and Timothy Phleumpratensg. Physiol. Plant.
2017,160, 266 281, d0i:10.1111/ppl.12548.

Jagrgensen, M.; Torp, T.; Mglmann, J.A.B. Impact of Waterlogging and Temperature on
Autumn Growth, Hardening and Freezing Tolerance of TimoBtygumpratensg. J.
Agron. Crop Sci2020,206, 242 251,d0i:10.1111/jac.12385.

Rapacz, M.; Mackd?odgorni, A.; Jurczyk, B.; Kuchar, L. Modeling Wheat and Triticale
Winter Hardiness under Current and Predicted Winter Scenarios for Central Europe: A
Focus on Deacclimation. Agric. For. Meteorol. 2022, 313 108739,
doi:10.1016/j.agrformet.2021.108739.

Reif, J.C.; Zhang, P.; Dreisigacker, S.; Warburton, M.L.; van Ginkel, M.; Hoisington, D.;
Bohn, M.; Melchinger, A.E. Wheat Genetic Diversity Trends during Domestication and
Breeding.Theor. Appl. GeneR005,110, 859 864, doi:10.1007/s0012204-1881-8.

Faris, J.D. Wheat Domestication: Key to Agricultural Revolutions Past and Future. In
Genomics of Plant Genetic ResourcBsberosa, R., Graner, A., Frison, E., Eds.; Springer
Netherlands: Dordrecht, 2014; pp. 4384 ISBN 97894-007-75725.

Haudry, A.; Cenci, A.; Ravel, C.; Bataillon, T.; Brunel, D.; Poncet, C.; Hochu, I.; Poirier,
S.; Santoni, S.; Glémin, Set al Grinding up Wheat: A Massive Loss of Nucleotide
Diversity Since Domestication. Mol. Biol. Evol. 2007, 24, 15061517,
doi:10.1093/molbev/imsmO077.

Wulff, B.B.H.; Dhugga, K.S. Whedtthe Cereal Abandoned by GMcience2018,361,
4511 452, doi:10.1126/science.aat5119.

Sehgal, D.; Vikram, P.; Sansaloni, C.P.; Ortiz, C.; Pierre, C. Saint; Payne, T.; Ellis, M.;
Amri, A.; Petroli, C.D.; Wenzl, P.gt al Exploring and Mobilizing the Gene Bank
Biodiversity for Wheat Improvement. PLoS One 2015, 10, 0132112,
doi:10.1371/journal.pone.0132112.

Schulthess, A.W.; Kale, S.M.; Zhao, Y.; Gogna, A.; Rembe, M.; Philipp, N.; Liu, F,;
Beukert, U.; Serfling, A.; Himmelbach, Aet al LargeScale Genotyping and Phenotyping
of a Worldwide Winter Wheat Genebank for Its Use in-Breeding.Sci. Data2022,9,

784, doi:10.1038/s4159022-018915.

Lupton, F.G.H. Wheat Breeding: Its Scientific Basis. In; Lupton, F.G.H., Ed.; Springer
Netherlands: Dordrecht, 1987; ppi%0D ISBN 97894-009-3131-2.

Hetterscheid, W.L.A.; Brandenburg, W.A. Culton versus Taxon: Conceptual Issues in
Cultivated Plant Systematicbaxon1995,44, 161 175, doi:10.2307/1222439.

Kumar , D. ; Kus hwaha, S. ; Del vent o, C. ;
Henriksson, T.; Brazauskas, G.; Chawade, A. Affordable Phenotyping of Winter Wheat
under Field and Controlled Conditions for Drought Toleransgronomy 2020, 10,
doi:10.3390/agronomy10060882.



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Alemu, A.; Brazauskas, G.; Gaikpa, D.S.; Henriksson, T.; Islamov, B.; Jgrgensen, L.N.;
Koppel, M. ; Koppel, R. ;et alL. GeadmaWida PAssoci&ion; Sve
Analysis and Genomic Prediction for Ad#tant Resistance to Septotréici Blotch and

Powdery Mildew in Winter WheakEront. Genet2021,12, doi:10.3389/fgene.2021.661742.

Odil bekov, F.: Ar moni ena, R. : Koc,

A. SV e

A.: Svensson, J.; Chawade, A. GWASsisted Genomic Prediction to Predict Resistance
to Septoriaritici Blotch in Nordic Winter Wheat at Seedling Stageont. Genet2019,

10, 1224, doi:10.3389/fgene.2019.01224.

Gupta, P.K.; Kulwal, P.L.; Jaiswal, V. Association Mapping in Plants in the G®0&S
Genomics Era. Imhdvances in Genetic&Kumar, D.B.T-A. in G., Ed.; Academic Press,

2019; Vol. 104, pp. 7554 ISBN 00652660.

Korte, A.; Farlow, A. The Advantages and Limitations of Trait Analysis with GWAS: A

Review.Plant Method2013,9, 29, doi:10.1186/1748811-9-29.

Bellucci, A.; Torp, A.M.; Bruun, S.; Magid, J.; Andersen, S.B.; Rasmussen, S.K.
Association Mapping in Scandinavian Winter Wheat for Yield, Plant Height, and Traits

Important for Secon&eneration Bioethanol Productiofront. Plant Sci.2015,
doi:10.3389/fpls.2015.01046.

Jagkind, K.; Armoniend, R.:; Liatuka

6,

S, G. ;

G. Relationship between Freezing Tolerance and Leaf Growth during Acclimation in

Winter WheatAgronomy2022,12, doi:10.3390/agronomy12040859.
Vaitkevililta, G. ; Al elilnas, A.

Gi bon,

Acclimation, Deacclimation and Reacclimation on Metabolite Profiles and Freezing
Tolerance in Winter Wheakront. Plant Sci2022,13, doi:10.3389/fpls.2022.959118.

Vaitkevil|]iltada, G.; Alelilnas, A.; Gibon,
Antioxidant Accumulation under Cold Acclimation, Deacclimation and Reacclimation in

Winter WheatPlants2022,11, 2818, doi:10.3390/plants11212818.

Venables, W.N.; Ripley, B.DModern Applied Statistics with; $ourth.; Springer.: New

York, 2002; ISBN @387-954570.
Vaitkevil|]iltaa, G.; Chawade, A.; Lil

| e mo, I

GenomeWide Association Analysis of Freezing Tolerance and Winter Hardiness in

Winter Wheat of Nordic OriginPlants2023,12, doi:10.3390/plants12234014.
Vaitkevililta, G.; Alelilnas, A.;

Br azaus:s

Reacclimation Processes in Winter Wheat: Novel Perspectives from-Senes

Transcriptome Analysigzront. Plant Sci2024,15, doi:10.3389/fpls.2024.1395830.

Wang, J.; Zhang, Z. GAPIT Version 3: Boosting Power and Accuracy for Genomic
Association and PredictiorGenomics. Proteomics Bioinformati@921, 19, 629 640,

doi:10.1016/j.gpb.2021.08.005.

R Core TeamR: A Language and Environment for Statistical Computifgailable

online: https://www 4project.org/ (accessed on 28 May 2024).

41



75.

76.

7.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

42

de Mendiburu, F.; Yaseen, M. Agricolae: Statistical Procedures for Agricultural Research.
R Package Version 1.4.Available online: https://myaseen208.com/agricolae//index.html
(accessed on 28 May 2024).

Lé, S.; Josse, J.; Husson, F. FactoMineR: An R Package for Multivariate Andly&iiat.
Softw.2008,25, 1i 18, doi:10.18637/jss.v025.i01.

Kassambara, A.; Mundt, F. Factoextra: Extract and Visualize the Results of Multivariate
Data Analyses. R Package Version 1.0.7. Available online: https:/fcran.r
project.org/package=factoextra (accessed on 29 May 2024).

Love, M.1.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion
for RNA-Seq Data with DESeqZenome Biol2014,15, 550, doi:10.1186/s1305%914
05508.

Durinck, S.; Spellman, P.T.; Birney, E.; Huber, W. Mapping Identifiers for the Integration
of Genomic Datasets with the R/Bioconductor Package Bionidt. Protoc.2009, 4,
11841191, doi:10.1038/nprot.2009.97.

Zhu, A.; Ibrahim, J.G.; Love, M.l. Heav¥ailed Prior Distributions for Sequence Count
Data: Removing the Noise and Preserving Large Differeri®ienformatics2019, 35,
2084 2092, doi:10.1093/bioinformatics/bty895.

Gu, Z. Complex Heatmap VisualizatidMeta 2022,1, doi:10.1002/imt2.43.

Blighe, K.; Rana, S.; Lewis, M. EnhancedVolcano: PublicaReady Volcano Plots with
Enhanced Colouring and Labeling. Available online:
https://bioconductor.org/packages/EnhancedVolcano (accessed on 29 May 2024).

Wu, T.; Hu, E.; Xu, S.; Chen, M.; Guo, P.; Dai, Z.; Feng, T.; Zhou, L.; Tang, W.; Zhan, L.;
et al ClusterProfiler 4.0: A Universal Enrichment Tool for Interpreting Omics Dat@y.
2021,2, 100141, doi:10.1016/j.xinn.2021.100141.

Pang, Z.; Chong, J.; Zhou, G.; diena Morais, D.A.; Chang, L.; Barrette, M.; Gauthier,
C.; Jacques, FE.; Li, S.; Xia, J. MetaboAnalyst 5.0: Narrowing the Gap between Raw
Spectra and Functional InsightdNucleic Acids Res.2021, 49, W388 W396,
doi:10.1093/nar/gkab382.

Hanslin, H.M.; Mortensen, L.M. Autumn Growth and Cold Hardening of Winter Wheat
under Simulated Climate Changkcta Agric. Scand. Sect.® Soil Plant Sci2010,60,
437 449, doi:10.1080/09064710903133906.

Gorash, A.; Armoniena, R.; Liatukas, G.;
Tolerance, Vernalization RequiremeRpd Alleles and Winter Hardiness in European
Wheat CultivarsJ. Agric. Sci2017,155 1353 1370,d0i:10.1017/S0021859617000521.

Ar moni ena, R. : Odi |l bekov, F. Vi vekanand,

Noninvasive Analysis of Biomass and Early Vigour in Cereal CrBpgsmed Res. Int.
2018,2018 119, doi:10.1155/2018/5713158.

MacNeill, G.J.; Mehrpouyan, S.; Minow, M.A.A.; Patterson, J.A.; Tetlow, I.J.; Emes, M.J.
Starch as a Source, Starch as a Sink: The Bifunctional Role of Starch in Carbon Allocation.
J. Exp. Bot2017,68, 4433 4453, doi:10.1093/jxb/erx291.

B



89. V21t 8mv§8s, P. ; Kosov §, K. ; Musilovsg, J.; H
Prggil, . T. Rel ationship Between Dehydrir
Wheat and Barley Grown in the FieldFront. Plant Sci. 2019, 10,
doi:10.3389/fpls.2019.00007.

90. v2t8&8mvsgs, P.; Prsggil, I .T.; V2t8&mvS8gs, J.;
Family Accumulation and Frost Tolerance in Wheat Cultivars Grown under Different
Temperature TreatmentBlants2021,10, doi:10.3390/plants10061114.

91. Livingston, D.P.; Bertrand, A.; Wisniewski, M.; Tisdale, R.; Tuong, T.; Gusta, L. V; Artlip, T.
Factors Contributing to Ice Nucleation and Sequential Freezing of Leaves in Rihetd.
2021,253 124, doi:10.1007/s0042821-0363 7w.

92. Zhao, L.; Yang, T.; Xing, C.; Dong, H.; Qi, K.; Gao, J.; Tao, S.; Wu, J.; Wu, J.; Zhang, S.;
et al Theb-AmylasePbrBAM3from Pear Pyrusbetulaefolig Regulates Soluble Sugar
Accumulation and ROS Homeostasis in Response to Cold Siless.Sci.2019,287,
110184, doi:10.1016/j.plantsci.2019.110184.

93. Halliwell, B. Reactive Species and Antioxidants. Redox Biology Is a Fundamental Theme
of Aerobic Life.Plant Physiol2006,141, 312 322, doi:10.1104/pp.106.077073.

94. Gill, S.S.; Tuteja, N. Reactive Oxygen Species and Antioxidant Machinery in Abiotic
Stress Tolerance in Crop PlantRlant Physiol. Biochem.2010, 48, 909 930,
doi:10.1016/j.plaphy.2010.08.016.

95. Ahmad, P.; Ahanger, M.A.; Alam, P.; Alyemeni, M.N.; Wijaya, L.; Ali, S.; Ashraf, M. Silicon
(Si) Supplementation Alleviates NaCl Toxicity in Mung Be&figharadiata (L.) Wilczek]
Through the Modifications of PhysBiochemical Attributes and Key Antioxidant Enzymes.
J. Plant Growth ReguR019,38, 70/ 82, doi:10.1007/s0034d18-98102.

96. Anjum, S.A.; Ashraf, U.; Tanveer, M.; Khan, |.; Hussain, S.; Shahzad, B.; Zohaib, A.;
Abbas, F.; Saleem, M.F.; Ali, I. Drought Induced Changes in Growth, Osmolyte
Accumulation and Antioxidant Metabolism of Three Maize Hybrigont. Plant Sci.
2017,8, 69, doi:10.3389/fpls.2017.00069.

97. Xu, J.; Li, Y.; Sun, J.; Du, L.; Zhang, Y.; Yu, Q.; Liu, X. Comparative Physiological and
Proteomic Response to Abrupt Low Temperature Stress between Two Winter Wheat
Cultivars Differing in Low Temperature TolerancBlant Biol. 2013, 15, 292 303,
doi:10.1111/.1438677.2012.00639.X.

98. Mittler, R.; Vanderauwera, S.; Gollery, M.; Van Breusegem, F. Reactive Oxygen Gene
Network of PlantsTrends Plant Sck004,9, 490 498, doi:10.1016/j.tplants.2004.08.009.

99. Foyer, C.H.; Noctor, G. Ascorbate and Glutathione: The Heart of the RedoxXPkurib.
Physiol.2011,155, 2/ 18, doi:10.1104/pp.110.167569.

100. Foyer, C.H.; Shigeoka, S. Understanding Oxidative Stress and Antioxidant Functions to
Enhance Photosynthesi®ant Physiol2011,155 93 100, doi:10.1104/pp.110.166181.

101. Dahal, K.; Kane, K.; Sarhan, F.; Grodzinski, B.; Hiner, N.P.A. Cold Acclimation Inhibits
CO2-Dependent Stimulation of Photosynthesis in Spring Wheat and Sprind3Bigay
2012,90, 433 444, doi:10.1139/b201Q07.

43



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

44

Pukacki, P.-RMo Jekkamk .EsReacti ve Species, Ant
during Deacclimation dPiceaabiesPopulationsActa Physiol. Plant2013,35, 129 138,
doi:10.1007/s1173812-10552.

Alelilnas, AL Jagklné, K. : Statkevililt
Armoni ena, R. Transcr i pt omermCdvaTergperatureT r i g ¢
Stress in  Winter Wheat.ZemdirbysteAgriculture 2020, 107, doi:10.13080/z
a.2020.107.042.

Tsuda, K.; Tsvetanov, S.; Takumi, S.; Mori, N.; Atanassov, A.; Nakamura, C. New
Members of aCold-Responsive Grouffs LeadRabRelated Cor Gene Family from
Common Wheat Triticum aestivum L.). Genes Genet. SysR000, 75 179188,
doi:10.1266/9gs.75.179.

Chakraborty, S.; Roychoudhury, A. Functional RegulatioRedponsive to Abscisic Acid
(Rab Genes from Representative Plant Species and Their Stress RegjamsBhysiol.
Reports2022,27, 653 664, doi:10.1007/s4056222006865.

Kobayashi, F.; Takumi, S.; Nakata, M.; Ohno, R.; Nakamura, T.; Nakamura, C.
Comparative Study of the Expression Profiles ofGlog/LeaGene Family in Two Wheat
Cultivars with Contrasting Levels of Freezing Tolerarieieysiol. Plant2004,120, 585

594, d0i:10.1111/j.0032317.2004.0293.X.

Wellensiek, S.J. Dividing Cells as the Prerequisite for Vernalizafilamt Physiol.1964,
39, 832 835, doi:10.1104/pp.39.5.832.

Tanino, K.K.; McKersie, B.D. Injury within the Crown of Winter Wheat Seedlings after
Freezing and Icing StresSan. J. Bot1985,63, 432 436, doi:10.1139/b8553.

Byun, Y. ; Koo, M. ; Joo, H. ; Ha Lee, Y., Le
under Cold Acclimation, Deacclimation and ReacclimatioArabidopsis Physiol. Plant.
2014,152 256 274, doi:10.1111/ppl.12163.

Pagter, M.; Alpers, J.; Erban, A.; Kopka, J.; Zuther, E.; Hincha, D.K. Rapid Transcriptional
and Metabolic Regulation of the Deacclimation Process in Cold Acclirdatduidopsis
thaliana BMC Genomic2017,18, 731, doi:10.1186/s1286#1.7-41263.

Rapacz, M. Coldeacclimation of Oilseed RapdBr@assica napus Var. oleifera) in
Response to Fluctuating Temperatures and Photopekima. Bot.2002, 89, 543 549,
doi:10.1093/aob/mcf090.

Haner, N.P.A.; Dahal, K.; Bode, R.; Kurepin, L. V; Ivanov, A.G. Photosynthetic
Accl i mati on, Vernali zati on, Crop Prodduct i v
J. Plant Physiol2016,203 29 43, doi:10.1016/j.jplph.2016.04.006.

Zhang, W.J.; Huang, Z.L.; Wang, Q.; Guan, Y.N. Effects of Low Temperature on Leaf
Anatomy and Photosynthetic Performance in Different Genotypes of Wheat Following a
Rice CroplInt. J. Agric. Biol.2015,17, 1165 1171, doi:10.17957/1JAB/15.0035.

Jan, S.; Kumar, S.; Yousuf, M.; Shafi, S.; Majid, R.; Khan, M.A.; Jeelani, F.; Shikari, A.B.;
Kaur, S.; Kumar, S.et al Do Diverse Wheat Genotypes Unleash Their Biochemical



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Arsenal Differentially to Conquer Cold Stress? A Comprehensive Study in the Western
HimalayasPhysiol. Plant2023,175 do0i:10.1111/ppl.14069.

Yeh, S.; Moffatt, B.A.; Griffith, M.; Xiong, F.; Yang, D.S.; Wiseman, S.B.; Sarhan, F.;
Danyluk, J.; Xue, Y.Q.; Hew, C.Let al Chitinase Genes Responsive to Cold Encode
Antifreeze Proteins in Winter Cereallant Physiol. 2000, 124, 1251 1264,
doi:10.1104/pp.124.3.1251.

Jar zNbek, M. ; P u k aRedulated PRoteivs.with PbtentAntifréeze arwio | d
Cryoprotective Activities in SprucesPicea spp.). Cryobiology 2009, 58, 268 274,
doi:10.1016/j.cryobiol.2009.01.007.

Qiu, Y.; Yu, D. OverExpression of the StressducedOsWRKY4%Enhances Disease
Resistance and Drought ToleranceArabidopsis Environ. Exp. Bot2009, 65, 3547,
doi:10.1016/j.envexpbot.2008.07.002.

Jiang, J.; Ma, S.; Ye, N.; Jiang, M.; Cao, J.; Zhang, J. WRKY Transcription Factors in Plant
Responses to Stressédsintegr. Plant Biol2017,59, 86 101, doi:10.1111/jipb.12513.

EEA Climate Change, Impacts and Vulnerability in Europe 2012. 2012, 59,
doi:10.2800/66071.

Twardosz, R.; Kossowskaezak, U. Exceptionally Cold and Mild Winters in Europe (1951
2010).Theor. Appl. Climatol2016,125 399411, doi:10.1007/s0076a1515249.

Lejends, H. The Severe Winter in Europe 19t The LargeScale Circulation, Cubff
Lows, and BlockingBull. Am. Meteorol. Soc1989, 70, 271 281, doi:10.1175/1520
0477(1989)070<0271:TSWIET>2.0.CO;2.

Cavanagh, C.R.; Chao, S.; Wang, S.; Huang, B.E.; Stephen, S.; Kiani, S.; Forrest, K;
Saintenac, C.; Brow&uedira, G.L.; Akhunova, Aet al GenomeNide Comparative
Diversity Uncovers Multiple Targets of Selection for Improvement in Hexaploid Wheat
Landraces and Cultivars.Proc. Natl. Acad. Sci. 2013, 110, 80578062,
doi:10.1073/pnas.1217133110.

Lopes, M.S.; EBasyoni, |.; Baenziger, P.S.; Singh, S.; Royo, C.; Ozbek, K.; Aktas, H.;
Ozer, E.; Ozdemir, F.; Manickavelu, &t al Exploiting Genetic Diversity from Landraces

in Wheat Breeding for Adaptation to Climate ChanjeExp. Bot2015,66, 3471 3486,
doi:10.1093/jxb/erv122.

Dotl alil, L. ; Her mut h, J. St ehno, Z. Dv
Wheat Landraces Contribute to Present Breeddagch J. Genet. Plant Bre&2010,46.

Bak, G.; Lee, EJ.; Lee, Y.; Kato, M.; Segami, S.; Sze, H.; Maeshima, M.; Hward,;J.
Lee, Y. Rapid Structural Changes and Acidification of Guard Cell Vacuoles during
Stomatal Closure Require Phosphatidylinositol-BigphosphatePlant Cell 2013, 25,
2202 2216, doi:10.1105/tpc.113.110411.

Jurczyk, B. ; Grzesi ak, M. ; Poci echa, E. ;
Behaviors Mediating Photosynthetic Acclimation to Low Temperaturesiardeum
vulgare Front. Plant Sci2019,9, doi:10.3389/fpls.2018.01963.

45



127.

128.

129.

130.

131.

46

Baga, M.; Chodaparambil, S. V; Limin, A.E.; Pecar, M.; Fowler, D.B.; Chibbar, R.N.
Identification of Quantitative Trait Loci and Associated Candidate Genes for Low
Temperature Tolerance in Celithrdy Winter WheatFunct. Integr. Genomic2007,7,
5368, doi:10.1007/s1014Q06-0030-7.

Soleimani, B.; Lehnert, H.; Babben, S.; Keilwagen, J.; Koch, M.; Aelaallos, F.A.;
Chesnokov, Y.; Pshenichnikova, T.; Schondelmaier, J.; Ordomt R, Genome Wide
Association Study of Frost Tolerance in Whed&ci. Rep. 2022, 12, 5275,
doi:10.1038/s4159822-08706Yy.

Ma, L.; Xue, N.; Fu, X.; Zhang, H.; Li, Q\rabidopsighalianaFAR-RED ELONGATED
HYPOCOTYLSS3 (FHY3) and FARRED-IMPAIRED RESPONSE1 (FAR1) Modulate
Starch Synthesis in Response to Light and Sugaw Phytol.2017,213 1682 1696,
doi:10.1111/nph.14300.

Hudson, M.; Ringli, C.; Boylan, M.T.; Quail, P.H. TH&AR1 Locus Encodes a Novel
Nuclear Protein Specific to Phytochrome A Signali@gnes Dev1999,13, 2017 2027,
doi:10.1101/gad.13.15.2017.

Li, G.; Siddiqui, H.; Teng, Y.; Lin, R.; Wan, X.; Li, J.; Lau,-S.; Ouyang, X.; Dai, M.;
Wan, J. Coordinated Transcriptional Regulation Underlying the Circadian Clock in
Arabidopsis Nat. Cell Biol.2011,13, 616 622, doi:10.1038/ncb2219.



ARTICLE 1/STRAIPSNIS NR. 1

47



48

&frontiers ‘ Frontiers in

@ Check for updates

OPEN ACCESS

EDITED BY
Carla Pinheiro,
New University of Lisbon, Portugal

REVIEWED BY
Qdd Arne Rognli,

Norwegian University of Life Sciences,
Norway

David Horvath,

Edward T. Schafer Agricultural
Research Center, Agricultural Research
Service (USDA), United States

Boris F. Mayer,

Blue Boa El Ltd., Mauritius
*CORRESPONDENCE

Gabija Vaitkevicilte
gabija.vaitkeviciute@lammc.lt

SPECIALTY SECTION

This article was submitted to

Plant Abiotic Stress,

a section of the journal
Frontiers in Plant Science

RECEIVED 01 June 2022
ACCEPTED 20 July 2022
PUBLISHED 15 August 2022

CITATION

Vaitkeviciute G, Alelidnas A, Gibon ¥
and Armoniené R (2022) The effect
of cold acclimation, deacclimation
and reacclimation on metabolite
profiles and freezing tolerance

in winter wheat.

Front. Plant Sci. 13:959118.

doi: 10.3389/fpls. 2022959118

COPYRIGHT

© 2022 VaitkeviciUte, Aleliunas, Gibon
and Armoniene. This is an
open-access article distributed under
the terms of the C e Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which
does not comply with these terms.

Frontiers in Plant Science

TvpE Original Research
PUBLISHED 15 August 2022
poi 10.3389/fpls.2022 959118

The effect of cold acclimation,
deacclimation and
reacclimation on metabolite
profiles and freezing tolerance
in winter wheat

Gabija Vaitkeviciute'*, Andrius Aleliunas?, Yves Gibon? and
Rita Armoniene!

Lithuanian Research Centre for Agriculture and Forestry, Institute of Agriculture, Akademija,
Lithuania, *Univ. Bordeaux. INRAE, Bordeaux Metabolome, UMR 1332 BFP. Villenave d'Crnon, France

Global climate change will cause longer and warmer autumns, thus negatively
affecting the quality of cold acclimation (CA) and reducing the freezing
tolerance (FT) of winter wheat. Insufficient FT and fluctuating temperatures
during winter can accelerate the deacclimation (DEA) process, whereas
reacclimation (REA) is possible only while the vernalization requirement is
unfulfilled. Six winter wheat genotypes with different winter hardiness profiles
were used to evaluate the impact of constant low-temperature (2°C) and
prolonged higher low-temperature (28 days at 10°C followed by 2°C until
day 49) on shoot biomass and metabolite accumulation patterns in leaf and
crown tissues throughout 49 days of CA, 7 days of DEA, and 14 days of
REA. The FT of winter wheat was determined as LTsg values by conducting
freezing tests after CA, DEA, and REA. Shoot biomass accumulation, projected
as the green leaf area (GLA), was investigated by non-destructive RGB
imaging-based phenotyping. Dynamics of carbohydrates, hexose phosphates,
organic acids, proteins, and amino acids were assessed in leaf and crown
tissues. Results revealed that exposure to higher low-temperature induced
higher accumulation of shoot biomass and had a negative impact on FT
of winter wheat. Prolonged higher low-temperature negatively affected the
accumulation of soluble carbohydrates, protein content and amino acids, and
had a positive effect on starch accumulation in leaf and crown tissues after CA,
in comparison with the constant low-temperature treatment. DEA resulted
in significantly reduced FT. Lower concentrations of glucose-6-phosphate,
sucrose and proline, as well as higher concentrations of starch in leaves and
crowns were found after DEA. The majority of the genotypes regained FT after
REA; higher concentrations of glucose and malate in leaves, and sucrose in
crown tissue were observed, whereas starch accumulation was decreased in
both tissues. Negative correlations were determined between FT and starch
concentration in leaves and crowns, while proline and proteins, accumulated
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in crowns, showed positive correlations with FT. This study broadens the
knowledge regarding the effect of different low-temperature regimes on the
dynamics of metabolite accumulation in winter wheat throughout CA, DEA,
and REA, and its relationship to biomass accumulation and FT.

KEYWORDS

carbohydrate metabolism, climate change, cold stress, shoot biomass growth,
Triticum aestivum L., winter hardiness

Introduction

Global climate change poses a significant threat to the winter
survival and grain yield of winter crops in temperate regions.
The global average temperature is predicted to increase by up
to 3.5°C during the next 80 years compared to pre-industrial
times (IPCC, 2021). Prolonged and warmer autumns, followed
by the exposure to numerous abiotic stresses throughout the
winter season will negatively affect the long-term survival of
winter type crops (Dalmannsdottir et al., 2017; Jorgensen et al.,
2020). Moreover, increased clouding will lower the efficacy of
photosynthesis, and decreased snow cover will expose the crops
to freezing temperatures that might lead to winterkill (Rapacz
et al, 2014; Kersebaum, 2022). The loss of snow insulation is
extremely detrimental in combination with winter temperature
fluctuations. As warmer spells are followed by sudden low
negative temperatures, such cases result in yield loss as high
as 90% (Armoniené et al, 2013; Vico et al., 2014). Therefore,
breeding for adaptive stress-tolerant varieties of winter crops
will be vital to meet the growing demand for food production.

Winter wheat is sown in autumn and possesses a
vernalization requirement that is mandatory for the transition
from vegetative to reproductive phase. The overwintering
feature of winter wheat allows a prolonged vegetation period,
and ultimately results in more than 30% grain yield increase
as compared to spring wheat (Entz and Fowler, 19915 Fowler,
2012). The ability to withstand biotic and abiotic stresses during
the cold season is known as winter hardiness, which consists
of a complex of elements. One of the major components of
winter hardiness is freezing tolerance (FT), and an inadequate
FT in winter wheat limits the grain yield potential in the
temperate regions (Fowler and Limin, 1997). FT in winter
type crops is gained during the cold acclimation (CA) process.
The process of CA occurs through a 28-56 day period of low
positive temperatures within the range of 0-10°C in autumn
(Fowler et al., 1996; Laudencia-Chingcuanco et al,, 2011). CA
can only be induced when the threshold induction temperature
is reached. The threshold temperature for CA is widely accepted
to be approximately 10°C, however, it varies between different
species and varieties of winter crops (Fowler, 2008). Throughout
CA, the growth of winter wheat is reduced, and numerous
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changes in transcriptome and metabolome are induced (Zhao V.
et al,, 2019; Alelinnas et al,, 2020). Moreover, low autumn
temperatures lead to various physiological changes, such as
reduced shoot biomass growth and leaf elongation rate, and
decreased tissue water content (Dalmannsdottir et al., 2017;
Rys et al, 2020; Jaskané et al, 2022). Currently, the most
documented conserved molecular signaling pathway, activated
by CA, is the ICE-CBF-COR pathway. Low temperature
promotes the biosynthesis of transcription factors (TFs), known
as Inducers of CBF Expression (ICE), which upregulate
C-Repeat Binding Factors (CBFs). Subsequently, CBFs induce
the accumulation of cold-responsive (COR) proteins, involved
in stress response and metabolism (see review by Liu et al.,
2019). Low temperature stress also leads to decreased activity
of temperature-sensitive enzymes and thus results in reduced
photosynthesis (Savitch et al., 1997). A group of TFs and
other regulatory proteins, which accumulate during cold stress,
were likewise shown to negatively affect growth in Arabidopsis
thaliana (Lantzouni et al., 2020).

A complex of factors, such as temperature, light intensity,
and photoperiod, affect the CA of winter type plants (Rapacz
et al, 2014). Due to global climate change, CA will be
postponed until late autumn or early winter, while the
shortened photoperiod will lead to insufficient accumulation of
metabolites, ultimately, resulting in decreased FT and winterkill.
However, low temperature is the main CA-inducing factor
(Fowler et al,, 1999), and detailed research is required on the
effect of increasing temperatures upon the processes of CA
and FT in crops. Furthermore, temperature fluctuations during
winter are predicted to prematurely induce deacclimation
(DEA), rendering the crops vulnerable to sudden cold spells.
It is particularly dangerous in the second half of winter
when vernalization saturation is already achieved. Therefore,
DEA is becoming an increasingly important factor in the
survival of winter type crops under different climate change
scenarios (Rapacz et al, 2022). The return of freezing
temperatures after sudden warmth is less detrimental to
crops, which can reacclimate (REA) rapidly. It is known,
that winter wheat is able to achieve REA if the vernalization
saturation is unfulfilled, however, once the plants transit
into the reproductive stage, REA is substantially limited
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(Gusta and Fowler, 1976; Mahfoozi et al., 2001). It has been
proposed that the complex interaction between vernalization
requirement, dehydrin proteins and soluble carbohydrates could
play a role in REA (Vitdmvis and Prdsil, 2008; Trischuk et al,,
2014). Several studies have investigated DEA and REA at the
molecular level in woody plants (Yazdanpanah et al., 20215 Kwon
et al., 2022), as well as Triticum and Brassica species (Vitdmvis
and Prasil, 2008; Trischuk et al.,, 2014; Horvath et al., 2020).
Nevertheless, research is relatively scarce on the molecular
mechanisms behind DEA and especially REA in diverse plant
species and genotypes (Vyse et al,, 2019).

While the number of studies regarding CA has been
rising, investigation of the molecular processes behind DEA
and REA will significantly contribute to improved adaptability
of winter type crops in future breeding efforts under global
climate change. However, research on metabolite accumulation
in several tissues throughout multiple sampling points during
CA, DEA, and REA can be time- and resource-consuming.
Moreover, it is important to select a number of genotypes
that display differences in gene expression and metabolite
accumulation, as well as a wide range of phenotypes under
identical environmental conditions (Kumar et al, 2017;
Shamloo et al,, 2017). The aim of this study was to assess
the effect of prolonged elevated temperature during CA on
shoot biomass accumulation, FT and metabolite accumulation
within the leaf and crown tissues of 6 winter wheat genotypes
throughout the stages of CA, DEA, and REA. The dynamics
of metabolites in leal and crown tissues during a 70-day
experiment, comprised of CA, DEA, and REA phases, were
investigated and the metabolite profiles between two low-
temperature treatment groups and tissues were analyzed. The
relationships between shoot biomass, FT and metabolites were
likewise determined.

Materials and methods

Plant material, experimental design,
and growth conditions

Six winter wheat varieties (“Hanswin”—Switzerland;
“KWS  Ferrum;” “Nordkap”—Germany; “SW Magnifik"—
Sweden; “Lakaja DS,” “Sedula DS”—Lithuania) with different
winter hardiness profiles under Lithuanian climate conditions
(presented in order from lowest to highest) were selected
(Jaskune et al., 2022). Seeds were imbibed on moist filter paper
in Petri dishes and kept in the dark for 4 days at 4°C to stratify,
and then transferred to room temperature for 16 h. A total
of 216 seeds of each genotype were then sown in peat moss
substrate (Durpeta, Lithuania) in 125 cm? 28-well trays in
a randomized pattern and grown in a greenhouse at 18°C
temperature and 12 h photoperiod until the three-leaf stage
was reached, Subsequently, the seedlings were transferred to a
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phytotron (PlantMaster, CLF Plant Climatics GmbH, Germany)
and subjected to two different low-temperature treatment
groups of CA (Figure 1). In treatment I, the plants were
subjected to constant CA at 2°C for 49 days, while in treatment
II the plants went through CA at 10°C for 28 days, followed by
2°C for 21 days. These temperatures were chosen to represent
the commonly applied (2°C) and upper-limit (10°C) of CA-
inducing temperatures under controlled conditions (Fowler
et al, 1996; Fowler, 2008). CA in both treatment groups was
followed by identical conditions of DEA at 10°C for 7 days, and
REA at 2°C for 14 days. An additional subgroup within each
treatment group was not subjected to DEA and instead was held
at 2°C for additional 7 days of CA. Twelve-hour photoperiod,
light intensity of 200 pwmol m~2 s~!
humidity were applied throughout the entire experiment in

and 80% relative air

both treatment groups. All trays were watered regularly to keep
the substrate moist.

Sample collection and processing for
metabolite assays

Samples of winter wheat leaf and crown tissues were
collected before CA at time-point 0, and every 7 days henceforth
during CA, DEA, and REA, always in the middle of the
photoperiod. Three biological replicates were collected for
each genotype and treatment group at each time-point. Each
biological sample consisted of 3 individual plants pooled
together. The samples were instantly submerged in liquid
nitrogen and ground using the Mixer Mill MM 400 (Retsch,
Germany). 50 and 20 mg fresh weight (FW) aliquots of leaf and
crown tissue samples, respectively, were weighed into 1.1 ml
Micronic tubes and stored at —80°C.

Metabolite assays

Ethanolic fractionations of leaf and crown samples were
carried out twice with 80% (v/v) EtOH—HEPES/KOH 10 mM
(pH6) and once with 50% (v/v) EtOH—HEPES/KOH 10 mM
(pH6), with a final volume of 650 pul (Geigenberger et al., 1996).
The process was performed using a Microlab STAR automated
liquid handling platform (Hamilton Robotics, Switzerland).
Supernatants of leaf extracts were immediately used to measure
chlorophyll a (chl a) and b (chl b), as well as total chlorophyll
(total chl) content (Arsovski et al., 2018).

Glucose, fructose, sucrose (Geigenberger et al, 1996),
(G1P), (G6P),
fructose-6-phosphate (F6P) (Gibon et al,, 2002), malate (Nunes
Nesi et al,, 2007), polyphenols (Stevanato et al., 2004), total
amino acids (Bantan-Polak et al., 2001), proline (Magné and
Larher, 1992), and total antioxidant capacity (TAC) (Re et al,
1999) were determined in leaf and crown tissue extracts. Citrate

glucose- 1-phosphate glucose-6-phosphate

was measured in crown extracts according to the producer’s
instructions (Megazyme, Ireland). Pellets of both leaf and
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crown extracts were resuspended in 0.1 M NaOH and used
to determine protein (Bradford, 1976) and starch (Hendriks
et al, 2003) contents. Subsequently, they were washed twice
with 0.5 M NaOH and lyophilized with a BenchTop Pro freeze
dryer (SP Industries, United States). Remaining pellet weight
(CWCQ), largely comprised of polysaccharides, such as cellulose
and hemicellulose, was measured using a 1702 analytical
balance (Sartorius AG, Germany). Assays were automated using
the Microlab STARlet automated liquid handling platform
(Hamilton Robotics, Switzerland). Metabolite measurements
were carried out using the MP96 microplate reader (Safas,
Monaco). Amino acid content was measured using the Xenius
microplate fluorescence reader (Safas, Monaco). All biochemical
assays and measurements were conducted at the HiTMe facility
at Bordeaux-Metabolome, France.

Determination of shoot biomass
accumulation

The imbibed seeds of 6 winter wheat genotypes were sown
in 1.5 dm?® pots with peat moss substrate in 3 biological
replications, and grown in a greenhouse at 18°C and 12 h
photoperiod until the three-leaf stage was reached. Then the
plants were transferred to the phytotron and subjected to the
same two CA treatment groups as described previously. All pots
were watered regularly to keep the substrate moist. Starting from
time-point 0 (pre-CA), images of winter wheat plants were taken
every 7 days with a digital single lens reflectance (DSLR) camera
EOS 2000D (Canon, United States) and a 18-55 mm lens.
The open-source camera controlling software digiCamControl!

1 http://digicamcontrol.com
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was used to automate the imaging process. Every individual
plant was photographed at 90°, 180°, 270°, and 360° angles.
Images were processed and projected green leaf area (GLA) was
measured as a parameter of shoot biomass via Image] (Schneider
etal, 2012). The average GLA value of each individual plant at
each sampling point was calculated. After 70 days, the plants
were cut above the crown region and their fresh weight was
measured. The material was then dried at 55°C for 3 days in a
Memmert INE 500 Precision Incubator (GmbH and Co., KG,
Germany) and weighed to evaluate the dry biomass.

Freezing tolerance tests

Each genotype was sown in 4 replicates for each target
temperature, treatment group, and stage of acclimation in
a randomized pattern. Each replicate was comprised of 10
imbibed seeds of each winter wheat genotype, which were sown
into a single well (125 cm®) of a 28-well tray, containing peat
moss substrate. Seedlings were grown in a greenhouse at 18°C
and 12 h photoperiod until the three-leaf stage was reached,
transferred to the phytotron and subjected to the same two
CA treatment groups as described previously, Freezing tests
were conducted after CA for 56 days, DEA for 7 days, and
REA for 14 days (Figure 1). The plants were counted, and
the trays were drenched with cold water prior to each freezing
test. Freezing tests were carried out in the freezing chamber PE
2412 UY-LX (Angelantoni Industrie, Italy). The temperature of
the substrate at crown depth was recorded at 2 min intervals
using thermocouple probes and the KD7 data logger (Lumel,
Poland). Over 6 h, the temperature was gradually decreased
from 2 to —6°C and held until the substrate temperature
stabilized. Subsequently, the temperature was decreased to
target temperature (—12, —14, —16, and —18°C) at the rate of
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1°C/h and held at each target temperature for 11 h. Following
the freezing test, plants were removed and relocated to the
phytotron, where they were kept at 2°C for 12 h in the
dark. Leaves were cut 2 cm above the crown and plants were
transferred to the greenhouse at 18°C. After 3 weeks, the
numbers of regrown and dead plants were recorded. R package
“MASS” was used to calculate LT3 (temperature, at which 30%
of plants die) (Venables and Ripley, 2002).

Statistical analyses

Statistical analyses were conducted using R v. 4.1.1 (R Core
Team, 2022). Normality of data was tested using Shapiro-
Wilk test. Unpaired t, ANOVA and post hoc Tukey's HSD
tests were applied for normally distributed data using the
R package “agricolae” (de Mendiburu and Yaseen, 2020).
Wilcoxon rank-sum and Kruskal-Wallis H-tests were applied
for non-normally distributed data. Spearman’s Rank Correlation
Coefficient was used to investigate the correlations between
GLA, LT3y and metabolite content. PCA variable correlation
plots were drawn using the R package “FactoMineR” (L&
et al,, 2008). Heatmaps and PCA analyses were carried out on
MetaboAnalyst v. 5.0 (Pang et al., 2021); data were normalized
by median, transformed by cube root and scaled by applying
the Pareto method.

Results

The effect of different
low-temperature regimes during cold
acclimation on shoot biomass
accumulation of winter wheat

To evaluate the effects of a constant low-temperature
treatment and a prolonged elevated low-temperature treatment
during CA on shoot biomass accumulation of winter wheat,
projected GLA was measured throughout the experiment
(Figure 2). Plant exposure to elevated low-temperature during
the first 28 days of CA resulted in increased shoot biomass
accumulation in all 6 winter wheat genotypes for the duration of
the experiment (p < 0.001), compared to plants in the constant
low-temperature treatment (Figure 2 and Supplementary
Table 1). The average GLA values ranged from 14.6 in treatment
T to 66.5 cm? in treatment 1T after 28 days of CA (Figure 2C
and Supplementary Table 1). Lowering of temperature to 2°C
after 28 days of CA did not slow down the accumulation of
shoot biomass, and GLA was significantly higher in comparison
with the slow biomass accumulation pattern of wheat plants
under treatment I until the end of the experiment (Figure 2A
and Supplementary Table 1). Furthermore, the genotype had
a significant (p < 0.01) effect on shoot biomass accumulation
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after CA (day 49), DEA (day 56), and REA (day 70) in both
treatment groups (Supplementary Table 2). Projected GLA
of winter wheat genotypes ranged from 37.9 to 689 cm?
in “Lakaja DS” and “Hanswin” after 70 days in treatment I,
respectively. Treatment II resulted in “Sedula DS” accumulating
the least shoot biomass, yielding GLA value of 110.73, whereas
“Hanswin” generated the most shoot biomass, as indicated
by a GLA of 183.66 cm? (Figures 2B,D and Supplementary
Table 2). Projected GLA values showed highly significant
Pearson’s correlations (p < 0.001) with fresh and dry biomass
of wheat plants measured at the end of the experiment, r = 1
and r = 0.98, respectively, thus confirming the reliability of
image-based shoot biomass assessment.

Effect of different low-temperature
treatments on freezing tolerance of
cold acclimation, deacclimation, and
reacclimation winter wheat

Exposure to a period of higher temperature during CA
had a significant effect on FT of winter wheat after 56 days
of CA (p < 0.01) (Figure 3 and Supplementary Table 3).
After CA, treatment II resulted in significantly (p < 0.05)
reduced FT of the genotypes “KWS Ferrum,” “Hanswin,” and
“Sedula DS,” compared to plants subjected to constant CA at
2°C. The LT3 values of these genotypes were higher by 1.67,
2.23, and 1.4°C, respectively (Figure 3A). Furthermore, DEA
significantly (p < 0.05) reduced the FT of “KWS Ferrum,”
“Hanswin,” “Sedula DS, and “SW Magnifik” in treatment II,
whereas in treatment I it resulted in decreased FT' of all
6 genotypes. The majority of genotypes had the capacity to
regain FT (p < 0.05) after REA, as compared with DEA
(Supplementary Figure 1).

Genotype, as a statistical factor, had a significant (p < 0.001)
effect on FT in both low-temperature treatments at all 3
stages of acclimation (Supplementary Table 3). “KWS Ferrum”
and “Hanswin” were the most freezing-susceptible genotypes,
whereas “SW Magnifik” and “Lakaja DS” remained the most
freezing-tolerant genotypes. This tendency was maintained
in both treatment groups throughout CA, DEA, and REA
(Supplementary Table 4).

Separation of metabolite profiles
between winter wheat leaf and crown
tissues during cold acclimation,
deacclimation, and reacclimation

The metabolic traits showed a complete separation by

tissue into two distinct clusters in both treatment groups
throughout the whole experiment, PC1 explained 71, 84.2,
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The effect of different low-temperature regimes during CA on shoot biomass accumulation of winter wheat. Dynamics of shoot biomass
accumulation of 6 winter wheat genotypes during 49 days of CA, followed by 7 days of DEA and 14 days of REA in two low-temperature
treatment groups. In treatment |, the plants were subjected to constant CA at 2°C for 49 days, while in treatment |l the plants went through CA
at 10°C for 28 days, followed by 2°C for 21 days. The gray areas indicate the 95% confidence interval (A). Side-view images of the wheat
genotypes, displaying least and most shoot biomass growth, subjected to treatments | and Il, on day 70 (B). Shoot biomass of 6 winter wheat
genotypes on day 28 (C) and day 70 (D) in treatments | and II. The letters above the boxplots indicate significant (p < 0.05) differences between

genotypes within each treatment group.

78.6, and 82.2% of the variance in treatment I, and 71, 84.2,
83.8, and 83.2% of the variance in treatment II on days
0, 49, 56, and 70, respectively (Supplementary Figure 2).
The leaves in treatment I accumulated significantly lower
concentrations of amino acids, proline, F6P, fructose, G1P,
G6P, glucose, and malate compared to the crowns (p < 0.05),
however, the leaves contained more polyphenols, protein
content, and TAC (p < 0.05) throughout all stages of
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acclimation (Supplementary Figure 3 and Supplementary
Table 5). Treatment II induced the same pattern of metabolites
between the two tissues (p < 0.05). Moreover, in treatment
I, higher levels of CWC were observed in the leaves
(p < 0.05), whereas the concentration of sucrose was
lower compared to the crowns (p < 0.001) throughout all
stages of CA (Supplementary Figure 4 and Supplementary
Table 6). Citrate was found to be below the detection
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FIGURE 3

The effect of different low-temperature treatments during CA on FT of 6 winter wheat genotypes at stages of CA (A), DEA (B), and REA (C). In
treatment |, the plants were subjected to constant CA at 2°C for 49 days, while in treatment |l the plants went through CA at 10°C for 28 days,
followed by 2°C for 21 days. Images of winter wheat, regrown after —16°C freezing tests, at stages of CA, DEA and REA (D) * indicates significant

differences at p < 0.05, ** at p < 0.01, and *** atp < 0.001

threshold in the majority of leaf samples and therefore was
assessed only in crowns.

Differences in temporal metabolite
profile dynamics between different
low-temperature treatments in leaf
and crown tissues during cold
acclimation, deacclimation, and
reacclimation

Major metabolic traits measured in winter wheat leaf and
crown tissues were affected by elevated low-temperature during
CA (Supplementary Figure 5). Principal component analyses
(PCAs) of leaf metabolite profiles revealed a clear separation
of treatment groups after 7 days of CA, in which the first
principal component (PC1) explained 55.7% of the variance.
The separation at this time-point was weaker in crown tissue,
where PC1 was responsible for 38.7% of the total observed
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variance. The analyses confirmed the tendency of treatments I
and II to separate in both tissues on day 49 of CA, as well as after
DEA and REA (Supplementary Figure 5).

Heatmaps
temporal metabolic profiles of leaf and crown tissues throughout
the experiment (Figures 4, 5). Prior to CA (day 0), the leaves
contained high levels of starch, cell wall content, chl a and
proteins (Figure 4A). On day 7 of constant CA at 2°C
(treatment 1), these levels were reduced, whereas G1P, malate,
fructose, glucose, F6P, G6P strongly increased, and amino
acids and proline were much less affected (Supplementary

showed treatment-induced differences in

Figure 6). By the 21st day of CA, the concentrations of these
metabolites had decreased while starch, CWC and TAC were
strongly increased. Over the remaining days of CA at 2°C (days
28-49), leaves switched to the accumulation of amino acids
and proline. DEA (day 56) at 10°C in treatment I resulted in
the concentrations of leaf chl a, total chl and starch to increase,
and the concentrations of amino acids, F6P, G6P, proline, and
sucrose to decrease significantly (p < 0.05), in comparison with
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