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Background. Winter bread wheat (Triticum aestivum L.) is one of the world’s most
important cereal crops, and its productivity is critical for global food security. Under
ongoing climate change, the impact of biotic and abiotic stresses, including drought,
high temperature, salinity, and frost, is increasing, leading to significant yield losses
and reduced grain quality. This creates a strong need to integrate conventional bree-
ding with modern molecular genetic and bioinformatics approaches to develop stress-
resilient cultivars.

This review summarizes current breeding and molecular genetic strategies aimed
at improving the resistance of winter bread wheat (T. aestivum L.) to biotic and abiotic
stresses under changing climatic conditions. We analyze the applications of genetic
markers, quantitative trait loci (QTL) mapping, genome-wide association studies
(GWAS), genomic selection, and genome-editing technologies. Particular attention is
given to integrating high-throughput phenotyping, molecular research, and digital tools
into modern breeding pipelines, as well as to emerging sources of resistance and the
development of an adaptive wheat gene pool.

Overall, this review highlights the importance of combining conventional breeding
approaches with advanced molecular and genomic tools to enhance breeding efficiency.
Such integration provides a coherent framework for developing next-generation wheat
cultivars capable of maintaining stable yield performance under climate-related stress
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conditions and thereby contributing to global food security. The review also outlines key
future research directions for improving breeding efficiency under increasing environ-
mental variability.

Keywords: resistance breeding, climate change, adaptive potential, QTL analysis,
marker-assisted selection (MAS), genomic selection
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INTRODUCTION

Agricultural crops are significantly affected by global climate change, the major
manifestations of which include increasing average annual temperatures (Bibi &
Rahman, 2023), alterations in seasonal precipitation patterns (Huang et al., 2024), and
an increasing frequency of drought events, which intensify stress pressure on plants
and contribute to soil degradation (Tang et al., 2025). Global climate change is already
causing statistically significant reductions in the productivity of major crops (Tran et al.,
2025), thereby necessitating the adaptation of breeding programs and agricultural tech-
nologies (Benitez-Alfonso et al., 2023). Winter bread wheat is also substantially affected
by climate change, particularly due to the reduction of optimal cultivation areas caused by
rising temperatures and changes in soil moisture conditions (Guo et al., 2024; Shoukat
et al., 2024). In Ukraine, the negative effects of drought on the growth and development
of winter bread wheat have already been reported (Domaratskyi et al., 2023). In addi-
tion, climate change increases the risk of the spread of diseases and pests, including the
emergence of new climate-adapted pathogens (Campos-Avelar et al., 2023). In recent
years, considerable attention has been focused on the molecular genetic mechanisms
underlying plant adaptation, particularly the role of stress-responsive genes, regulatory
networks, and transcription factors in the formation of stress-resistant genotypes (Guo
et al., 2025; Wang et al., 2024).

Despite the substantial number of recent review publications devoted to specific
aspects of wheat improvement, such as genomic selection, genome-wide association
studies (GWAS), marker-assisted selection, or resistance to particular biotic and abiotic
stresses, a comprehensive analysis of these areas within the context of global climate
change remains limited. Most studies focus on individual adaptation mechanisms or
specific breeding tools. In contrast, the present review synthesizes current knowledge
on the genetic basis of winter bread wheat resistance to a complex of biotic and abiotic
factors, as well as contemporary breeding approaches for the development of climate-
resilient cultivars. Particular attention is given to the integration of molecular genetic
tools into practical breeding programs and to the utilization of modern sources of resist-
ance under changing climatic conditions.

The genetic mechanisms underlying resistance in winter bread wheat are
mediated through regulatory networks involved in responses to biotic and abiotic stress
factors. Low temperature represents a key limiting factor for winter forms, while frost
resistance determines overwintering success and yield stability (Wu et al., 2024).
Frost events occurring during the reproductive stage may reduce yield by more than
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1% for each degree of temperature decrease (Ferrante et al., 2024). The TaDREB1,
TaSnRK2.9, and TaHSP17.4 genes contribute to cold, drought, and heat adaptation
(Jiang et al., 2022; Wang et al., 2023).

Frost resistance in winter bread wheat is a polygenic trait associated with genes
involved in cold acclimation, developmental regulation, and photoperiod response.
A key role is played by the FR-A1/VRN-A1 and FR-A2 loci, which coordinate vernaliza-
tion and cold adaptation, whereas increased expression of VRN-A1 may reduce cold
acclimation capacity (Ahres et al., 2025). The CBF cluster located within the FR-A2
locus activates COR genes associated with membrane stabilization and osmoprotec-
tion. Interactions among VRN-A1-, CBF-, and ICE-CBF—-COR-dependent pathways
ensure a balance between plant development and stress adaptation (Ahad et al., 2023;
Whiting et al., 2025; Raza et al., 2023). Genotypes with a high vernalization require-
ment generally exhibit greater frost resistance but slower reproductive development
(Zhang et al., 2022; Ahres et al., 2025). Under conditions of climatic instability, the bal-
ance between vernalization requirement and frost resistance determines the optimal
phenotypic type of winter bread wheat, while the VRN-CBF regulatory axis enables
the integration of cold adaptation and productivity. Crop adaptation also depends on
the seasonal sequence of stresses, which necessitates the development of multi-stress
tolerance (Zhu et al., 2022; Ahlawat et al., 2025). Fig. 1 presents the major seasonal
abiotic stresses and critical developmental stages of winter bread wheat.

Sep Oct Nov Dec Jan Feb Mar Apr May Jun
Sowing Cold acclimation Spring regrowth Heading Grain filling

Fig. 1. Seasonal dynamics of major abiotic stresses affecting winter bread wheat during the vegetation period

An important role in wheat resistance to pathogens is played by genes of the
NLR family, which are responsible for effector recognition and activation of immune
responses. The genome of bread wheat contains more than 1,500-2,100 NLR-like
genes, a substantial proportion of which are organized in clusters. The integration of
additional domains, alternative splicing, and changes in gene expression expand the
spectrum of pathogen recognition and contribute to the development of complex resist-
ance to biotic stresses (Hao et al., 2023).

Snow mold caused by Microdochium spp., Typhula spp., and Sclerotinia spp. can
lead to significant yield losses in winter bread wheat (Yarosh et al., 2024). Resistance
to snow mold is associated with QTLs involved in cold acclimation, while the induc-
tion of UGT80A2-like and NAIl1-like genes during cold acclimation confirms the link
between frost resistance and pathogen resistance (Gotebiowska et al., 2021; Sertse
et al., 2026). Root and crown rots caused by Fusarium spp. and Microdochium spp.
weaken plants after overwintering. Resistance to these diseases has a polygenic basis,
whereas the Fhb1 QTL is associated with mycotoxin detoxification (Pu et al., 2025;
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Mapuranga et al., 2026; Zhang et al., 2026). Genes involved in cold acclimation par-
ticipate in the formation of freezing tolerance, which is supported by GWAS analyses
revealing the polygenic nature of this trait, while cold stress activates antioxidant sys-
tems associated with ROS homeostasis in wheat (H. Wang et al., 2026; Shenoda et al.,
2026). The severity of foliar diseases caused by Blumeria graminis and Zymoseptoria
tritici increases in spring due to the weakened physiological state of plants after winter
stress, while resistance to these pathogens is controlled by both race-specific and poly-
genic mechanisms (Ngou et al., 2022; Zhang et al., 2022).

GWAS in winter bread wheat has identified SNPs and QTLs on chromosomes 2A,
2B, 3B, 5A, and 7B associated with drought and frost resistance, root architecture, and
stress recovery via ABA signaling and transcriptional regulation (Schierenbeck et al.,
2023). These results confirm the polygenic nature of adaptive traits and support the use
of genomic and marker-assisted selection. Resistance mechanisms operate at multiple
levels, from NLR-based race-specific resistance to QTL-controlled quantitative resist-
ance and regulatory networks involving CBF, DREB, and VRN genes. Overall, winter
bread wheat resistance represents an integrated system linking development, stress
adaptation, and immunity. The summary of key genes (Table 1) demonstrates the mul-
tilevel organization of resistance, ranging from R genes to regulatory networks involved
in cold and hormonal responses.

Table 1. Key resistance genes of winter bread wheat associated with biotic and abiotic
stress factors

Type of Pathogen /

Gene 4 Pathogen / stress factor Reference
resistance  stress factor
Lr34/Yr18/Sr2/ fed;s'tt;!igt Rust Allzl(;i)ttrl;?r:(s:peoﬁr;ecrt rtia Krattinger et al, 2009;
Lr46 [ Yr29 diseases P pic efiect, p Spychata et al., 2024
(APR) non-specific resistance
Pm21 Race-specific "ovdery  NLR protein, strong Xing et al., 2018
mildew vertical resistance
Stb6 Race-specific S_e _p@orla REEEITE Eif e e Saintenac et al., 2018
tritici blotch  effectors
Quantitative ~ Fusarium . .
Fhb1 @QTL) head blight DON toxin detoxification Cuthbert et al., 2006
Associated with cold
QTL (2B, 7B) Quantitative ~ Snow mold acclimation and stress Kruse et al., 2017
response
CBF Abiotic Frost Regulation of COR Campoli et al., 2009;
(CBF14, CBF15) resistance genes, cold acclimation  Badawi et al., 2007
Cold Transcription factor, Nakashima et al.,
DREB1 Abiotic drou’ ht stress-induced 2014;
9 expression Liu et al., 2018
Phenological / e Regulation of transition ~ Yan et al., 2003;
RS adaptive pelndlizaten to the reproductive stage Milec et al., 2023
FR-A2 Abiotic Frost Cluster of cold response Miller et al., 2006;
(CBF cluster) resistance genes Motomura et al., 2013
TaSnRK2.9 Abiotic Drought ABA-dependent Feng et al., 2019;

signaling

Rehman et al., 2019
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Current winter bread wheat breeding approaches include MAS, GS, GWAS, and
CRISPR/Cas technologies. MAS is effective for monogenic traits (e.g., Pm21, Fhb1)
but limited for polygenic traits such as drought and frost resistance. GS improves the
prediction of polygenic traits but is resource-intensive, while GWAS provides high-reso-
lution mapping without always identifying causality. CRISPR/Cas is constrained by trait
polygenicity and field validation requirements. The most effective strategy is integrating
MAS for major genes, GWAS for locus detection, and GS for complex trait prediction.

Winter bread wheat resistance to biotic and abiotic stresses is governed by an inte-
grated signaling—genetic network involving stress perception, signal transduction, gene
regulation, and adaptive phenotype formation. Stress is initially perceived by cellular
sensors: membrane fluidity changes under low temperature activate ion channels and
Ca? fluxes, water deficit triggers osmosensing systems, and biotic stress is recognized
by PRRs detecting PAMPs (Zhang et al., 2022; Gusain et al., 2023). Early responses
include ROS production and ion homeostasis changes acting as secondary messen-
gers. Signal transduction proceeds via Ca?" sensors, MAPK cascades, and hormonal
pathways, with ABA mediating drought and cold responses, and SA and JA regulating
immune signaling (Gupta et al., 2023).

Under cold stress conditions, the ICE-CBF—COR signaling cascade is activated,
where ICE induces the expression of CBF transcription factors that regulate cold-
responsive COR genes (Liu et al., 2022). Fig. 2 illustrates a generalized scheme of the
immune signaling system of winter bread wheat in response to biotic stress.

Pathogens Call damage [| Pathogen effectors Herbivores Defence responses
(PAMPs / MAMPS) (DAMPs) (=) (HAMPs) (PR proteins, ROS, phytoalexins,
cell-wall reinforcement, HR / SAR)

DAMP
PRRs receptors
(RLKS/RLPs) (e.g., LecRKS, ( (" RoSburst |
PEPRs) PR proteins
0, H,0,
A A 4
« N/ gelkwall
Early signaling Phytoa(ljexins reinforcement
BAK1/SOBIR1 an
RLCKs (PBLs) | antimicrobial Callose
Ca?* influx compounds Lignin
lon fluxes \_ A Suberiy,
« Y N
Y Systemic
Hormonal signaling Hypersensitive acquired
response (HR resistance
SA  JA ET ponse (HR) AR
ABA BR Y A )

—> Direct activation

J Indirect or cross-talk

Fig. 2. Simplified scheme of the immune signaling network activated in winter bread wheat upon perception
of biotic stressors (PAMPs, DAMPs, and effectors) to downstream defense responses
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Integration of signaling and genetic mechanisms leads to adaptive phenotype for-
mation. Low temperature induces frost tolerance via membrane stabilization, osmopro-
tectant accumulation, and enhanced antioxidant defenses; drought stress maintains
water balance and metabolic adjustment; pathogen attack triggers localized infection
control and defense responses. Resistance operates through a “perception—signaling—
gene expression—phenotype” framework with overlapping pathways. Interaction among
the CBF cascade, VRN-A1, and immune networks underpins cross-tolerance. However,
application of these mechanisms is limited by polygenic control, complex regulation,
genotype — environment interactions, and the cost and difficulty of functional validation
and field translation.

Modern breeding approaches and genomic technologies for improving win-
ter bread wheat are based on the integration of high-throughput genotyping, precise
phenotyping, and predictive models, which together form a unified workflow for devel-
oping adaptive cultivars. This approach is particularly important for winter forms, where
selection is aimed at combining frost resistance, pathogen resistance, and stable pro-
ductivity under climate change conditions. The evolution of molecular markers in winter
bread wheat breeding reflects a transition from low-throughput to high-throughput tech-
nologies (Merrick et al., 2022; Budhlakoti et al., 2022). Microsatellite markers (SSRs),
which were long used for genetic diversity analysis and cultivar identification, have
largely been replaced in modern breeding programs by SNP markers due to their lower
genomic coverage density and limited scalability (Paux et al., 2022). Modern geno-
typing platforms include SNP arrays, GBS, DArTseq, and KASP markers, which are
widely used in GWAS, genomic selection, and marker-assisted selection (Mahmood
etal., 2022; Zeng et al., 2022). High-throughput technologies are mainly applied to iden-
tify marker—trait associations, whereas KASP markers are used for routine selection of
target alleles in breeding populations (Paux et al., 2022). The main molecular marker
technologies used in modern winter bread wheat breeding are summarized in Table 2.
Examples of the practical application of modern molecular approaches in winter bread
wheat breeding are presented in Table 3.

Table 2. Major molecular marker technologies used in modern winter bread wheat breeding

Technology Marker type Main application Advantages Limitations
. . Genetic diversity .
SSR ALECEEICIN analysis, cultivar Codomln_ant Sl Low throughput
markers . L reproducible
identification
Single- nucleotide = GWAS and High genome Relatively
SNP arrays ; . . .
polymorphisms genomic selection  coverage expensive
Allele-specific SNP Marker-assisted Fast and cost- Limited number
KASP } . :
markers selection effective of loci
Sequencing-based Genome-wide High marker Qomplex .
CEs SNP discove enotypin densit e oatic
ry 9 yping y analysis
Reduced- High-throughout Simultaneous Requires
DArTseq representation g ougnhp SNP discovery specialized
A genotyping '
sequencing and genotyping platforms
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Table 3. Examples of practical applications of modern molecular approaches in winter
bread wheat breeding

Approach Gene / Trait Technology / Practical Reference
locus marker outcome
Leaf rust Selection
MAS Lr34 . KASP marker of resistant Fang et al., 2020
resistance
genotypes
Fusarium Improved Buerstmayr et al., 2009;
MAS Fhb1 head blight SNP/KASP  resistanceto  Su et al., 2018;
resistance Fusarium Su et al., 2019

CBF cluster Frost Identification of Wirschum et al., 2017;
GWAS SNP arrays  cold tolerance Babben et al., 2018;
(FR-A2) tolerance .
loci Motomura et al., 2013

Polygenic  Yield and Genomic Acceleration of Budhlakoti et al., 2022;

GS loci adaptabilit rediction the breeding Meuwissen et al., 2001;
P y P cycle Crossa et al., 2017
Wlntgr Winter DArTseq Mapping of Vaitkeviciaté et al., 2023;
DArTseq hardiness ) b . .
QTLs hardiness  genotyping  adaptive QTLs Bolouri et al., 2023
FOLe I Genome Development of
CRISPR /Cas TaMLO mildew " . . Wang et al., 2014
: editing resistant lines
resistance
. Reduced
Fusarium . L . Su et al., 2019;
CRISPR /Cas TaHRC resistance Gene editing spike ‘InfeCtIOI"I Chen et al., 2022
severity
. Rapid selection .
KASP Yr15 Stn.pe — KASP assay of resistant NS EH el A
resistance Chugunkova et al., 2025
plants
Identification . .
GWAS TaDREB1 Droudht — SNP o giress.  Huetal, 2018,
tolerance genotyping . . Mondini et al., 2012
associated loci
Integrated Improved oo G el A2
9 . Prediction of Machine P . Tsega et al., 2026;
Al/ML+GS  genomic o . prediction . )
productivity learning Xie et al., 2026;
datasets accuracy

T. Wang et al., 2026

Despite advances in genotyping, phenotyping remains a key bottleneck in modern
plant breeding (Robles-Zazueta et al., 2022). The assessment of frost resistance, winter
hardiness, and disease resistance requires multi-year field trials and is strongly influ-
enced by genotype x environment interactions (Sabir et al., 2023). The implementation
of high-throughput phenotyping, remote sensing, and digital indices improves the accu-
racy of complex trait evaluation (Ali et al., 2026); however, challenges related to repro-
ducibility across different environments persist. Genomic selection (GS) is an important
tool in winter bread wheat breeding, enabling the prediction of breeding values based on
genomic data without complete phenotyping of each generation. Unlike marker-assisted
selection (MAS), GS accounts for the cumulative effects of multiple genes, which is
critical for polygenic traits such as frost resistance and yield (Budhlakoti et al., 2022;
Merrick et al., 2022). This approach reduces the breeding cycle and increases selection
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efficiency. In recent years, Al- and machine learning (ML)-based approaches have been
increasingly applied in wheat breeding for the analysis of large-scale phenotypic and
genotypic datasets and for predicting genotype productivity and adaptability, thereby
combining the precision of molecular methods with field-based evaluations (Chang-
Brahim et al., 2024). The overall integration of modern breeding technologies is illus-
trated in Fig. 3.

Field SNP / KASP GWAS & QTL Genomic
phenotyping genotyping analysis selection

Al / ML-based Selection of
prediction elite genotypes

Fig. 3. Integrated workflow of modern breeding technologies used in winter wheat improvement

Despite the high potential of modern breeding technologies, their application
remains limited by several factors. Marker-assisted selection (MAS) is effective for traits
with simple genetic control but less suitable for polygenic traits such as frost resistance.
Genomic selection provides higher prediction accuracy, although it requires large train-
ing populations, extensive phenotypic data, and advanced computational infrastructure
(Budhlakoti et al., 2022; Merrick et al., 2022). Additional constraints include high geno-
typing costs, limited access to advanced technologies, and difficulties in integrating
diverse datasets. In Ukraine, these challenges are aggravated by the impact of military
actions on scientific and breeding infrastructure. Therefore, modern winter bread wheat
breeding increasingly relies on integrated approaches combining genotyping, phe-
notyping, and genomic prediction to improve resistance to biotic and abiotic stresses
under climate change conditions. Modern winter bread wheat breeding is increasingly
focused on integrating pangenomics, multi-omics, CRISPR/Cas technologies, and
Al/ML-based approaches within the concept of “data-driven breeding.” Pangenomics
expands the genetic basis of breeding by enabling the analysis of structural variations
and stress-resistance alleles from wild relatives, although its application is limited by
high sequencing costs and the complexity of wheat genome bioinformatics (Tiwari et al.,
2024). Multi-omics approaches, including genomics, transcriptomics, proteomics, and
metabolomics, provide systems-level insight into regulatory networks involved in stress
responses and adaptation to cold and drought stress. However, their implementation is
constrained by difficulties in integrating multidimensional datasets and the dependence
on high-quality phenotyping (Sehgal et al., 2023).

CRISPR/Cas technology enables targeted modification of genes associated with
stress resistance, including VRN, CBF, and R genes, accelerating the development
of novel alleles without prolonged crossing cycles. However, its application in wheat
remains limited by complex transformation procedures, low regeneration efficiency,
and regulatory barriers (Hussain et al., 2022). Al- and machine learning (ML)-based
approaches are increasingly applied to predict yield, stress resistance, and genomic
breeding values using large-scale genotypic and phenotypic datasets, especially in
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combination with high-throughput phenotyping technologies such as UAV monitoring
and spectral indices. Their implementation, however, is constrained by the need for
large training populations, challenges in model interpretation, and high computational
costs (Kaushal et al., 2024; Wojcik-Gront et al., 2024).

Ukrainian winter bread wheat breeding has a long-standing scientific tradition,
with leading roles in the development of modern cultivars being played by the V.M.
Remeslo Myronivka Institute of Wheat of the National Academy of Agrarian Sciences
of Ukraine, the Plant Production Institute named after V.Ya. Yuriev of the National
Academy of Agrarian Sciences of Ukraine, the Plant Breeding and Genetics Institute —
National Center of Seed and Cultivar Investigation, and the Institute of Plant Physiology
and Genetics of the National Academy of Sciences of Ukraine.

The main directions of modern wheat breeding are focused on improving cultivar
adaptability to climate change, combining high yield potential with drought and frost resist-
ance, as well as resistance to major pathogens. Ukrainian breeding programs are aimed
at developing cultivars of a universal adaptive type with stable productivity under vari-
able environmental conditions, where winter hardiness, adaptability, and resistance to
abiotic stresses are of key importance (Bazalii et al., 2023). Cultivars developed through
Ukrainian breeding programs are characterized by high adaptability and stable productiv-
ity across diverse agroecological conditions of Ukraine. In particular, the cultivars Haiok,
MIP Lada, and Dyvo demonstrated yields ranging from 6.5 to 8.9 t/ha, whereas the cul-
tivar Optyma Odeska exhibited increased frost resistance (7 points) and stable survival
under winter stress conditions of the Forest-Steppe zone of Ukraine (Yarosh et al., 2022).

Under the drought-prone conditions of the Steppe zone of Ukraine, modern winter
bread wheat cultivars demonstrate considerable variability in drought resistance. In the
most adaptive genotypes, yield losses ranged from 10 to 20 %, whereas in less resist-
ant cultivars they reached up to 30—-40 %, indicating substantial genetic differentiation of
this trait within the Ukrainian wheat gene pool (Konovalova et al., 2023). Ukrainian cul-
tivars also produce a thousand-kernel weight ranging from 38 to 45 g, combining high
productivity with ecological plasticity, which confirms their breeding value for modern
agricultural production systems (Chubhrii et al., 2022).

For a more systematic overview of achievements in Ukrainian winter wheat breed-
ing, key cultivars together with their agronomic performance, resistance traits, and rec-
ommended agro-ecological zones of cultivation are summarized in Table 4.

The implementation of DArTseq, GWAS, and genomic selection in Ukraine is lim-
ited by the high cost of genotyping, insufficient infrastructure, and restricted access
to bioinformatics platforms, which results in a gap compared to leading international
breeding programs. At the same time, Ukrainian research actively employs analyses
of adaptability, plasticity, and yield stability for the selection of stress-resistant geno-
types, thereby creating a basis for the integration of conventional and genomic breeding
approaches (Moskalets et al., 2023).

Following the onset of russia’s full-scale invasion of Ukraine, the sown areas and
overall production of cereal crops, particularly winter wheat, declined substantially due
to the occupation of part of the country’s territory, contamination of agricultural land with
mines and unexploded ordnance, destruction of infrastructure, and disruptions to logisti-
cal and export supply chains (Han et al., 2025). The greatest losses were recorded in the
frontline regions of southern and eastern Ukraine, where a substantial proportion of arable
land became unsuitable or inaccessible for agricultural cultivation (Deininger et al., 2023).
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Table 4. Overview of Ukrainian winter wheat cultivars: agronomic characteristics,
resistance traits, and agro-ecological adaptation zones

Key resistance Biotic stress  Yield  Agro-ecological

GILGEL genes / QTL resistance (t/ha) zone RERRe
Mainly field
resistance; Leaf rust,
. partially powdery . Forest-steppe, Kovalov et al., 2025;
pedelidnis described mildew (field cia Steppe Demydov et al., 2024
QTL for rust resistance)
resistance
Yr, Lr (partial), Leaf rust, Forest-steppe
Smubhlianka Pm (field powdery 5.5-7.5 ppe, Shakalii et al., 2022
) . Steppe
resistance) mildew
Frost tolerance- Rusts,
Bohdana Bl ek 5.8-7.8 Steppe, Forest- o i et al., 2022
QTL; stress (partial steppe
adaptation traits resistance)
Yield stability Mﬁggate
MIP Lada QTL; adaptive ﬁwil dewry 6.5-8.0 Forest-steppe Demydov et al., 2024
traits .
resistance
MIP Yuvileina Complex et Fyngal 6.5-8.2 Forest-steppe Demydov et al., 2024
resistance diseases
MIP Fortuna ] Gty Mo_derate 6.8-8.5 Forest-steppe Demydov et al., 2024
QTL resistance
Productivity- Moderate
MIP Lakomka related QTL resistance 6.5-8.3 Forest-steppe Demydov et al., 2024
Horytsia Rusts, Forest-steppe
ryts Partial Yr, Lr  powdery 5875 |OreStSIePPe.  pomvdov et al., 2024
Myronivska . Polissia
mildew
. Resistance
Berehynla QTL for fungal Complex 6.0-7.8 Forlest.-steppe, Demydov et al., 2024
Myronivska . resistance Polissia
diseases
Swtangk _ Pm_ + field P(_)wdery 6.0-7.6 For_est_-steppe, Demydov et al., 2024
Myronivskyi resistance mildew Polissia

Military operations have significantly restricted farmers’ access to agricultural
fields, accelerated land degradation, and increased production costs, thereby directly
contributing to the decline in cereal crop production in Ukraine. In particular, according
to FAO estimates (2026), approximately 13 % of agricultural households in frontline
regions lost access to arable land due to landmine contamination and explosive rem-
nants of war, effectively removing substantial areas of productive farmland from culti-
vation. Furthermore, comprehensive assessments by the World Bank, as reported by
Ukrinform (2025), indicate that the direct losses incurred by Ukraine’s agricultural sector
exceed USD 11 billion, including damage to agricultural machinery, grain elevators,
storage facilities, and losses of agricultural products. Collectively, war-related risks and
the reduction in available production areas are expected to result in an approximately
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10 % decline in total grain output, as reported by Reuters (Polityuk, 2025). According to
Reuters (Braun, 2025), Ukraine’s grain production in 2025-2026 is projected to reach
approximately 51-56 million tonnes, depending on weather conditions and the intensity
of war-related risks. This figure remains substantially below the pre-war level recorded
in 2021, when grain production exceeded 80 million tonnes.

An additional factor is the intensification of climate-related risks, which act syner-
gistically with war-induced challenges. In particular, during 2024—2025, many regions of
Ukraine experienced the lowest levels of plant-available soil moisture recorded in the past
seven years, adversely affecting the development of winter crops and the establishment
of optimal plant density. Insufficient precipitation resulted in poor seedling development
and uneven overwintering of plants, further reducing yield potential (Chen et al., 2024).
The combined impact of war-related factors (landmine contamination, loss of access to
agricultural land, and destruction of infrastructure) and climatic stresses (drought and soil
moisture deficit) has created a new and highly challenging agroecological environment.
This situation necessitates the development of adaptive breeding strategies aimed at
enhancing cultivar resilience to biotic, abiotic, and anthropogenic stresses.

Knowledge gaps and research priorities in winter bread wheat breeding.
Future research in winter wheat breeding should focus on the development of integrated
genomic prediction models that combine high-density genotyping data, multi-environ-
ment phenotyping, and climate modelling to predict genotype performance under the
simultaneous influence of multiple stress factors. Particularly promising is the appli-
cation of genomic selection models that incorporate genotype-by-environment (GxXE)
interactions and integrate ecological and climatic parameters, which would enhance the
accuracy of selecting adaptive genotypes under changing climate conditions (Liu et al.,
2025; Thomsen et al., 2026; Gogna et al., 2026). An additional important direction is the
improvement of yield prediction systems based on the integration of genomic data, crop
growth models, and climate scenarios to evaluate the breeding potential of germplasm
under future environmental conditions. Equally relevant remains the issue of field vali-
dation of CRISPR/Cas-edited wheat lines across diverse agroecological environments,
particularly under Ukrainian conditions characterized by drought, high temperatures,
unstable water regimes, and increased pathogen pressure. Despite significant advances
in genome editing, most studies are still conducted under controlled conditions, whereas
the assessment of the stability of edited trait expression under field conditions requires
further investigation (Waqas et al., 2025; T. Wang et al., 2026). A promising direction is
also the integration of artificial intelligence, machine learning, high-throughput pheno-
typing, and multi-omics technologies to accelerate the identification of valuable geno-
types and optimize breeding decisions. The application of machine learning algorithms
to large-scale genomic, transcriptomic, phenotypic, and environmental datasets enables
a substantial improvement in the prediction of agronomically important traits and resist-
ance to complex stress factors (Tsega et al., 2026; Xie et al., 2026).

Alongside genomic selection, GWAS analyses, and genome editing technologies,
the investigation of epigenetic regulatory mechanisms and plant-microbiome inter-
actions represents a promising avenue for enhancing wheat resistance to biotic and
abiotic stresses. Current research indicates that DNA methylation, histone modifica-
tions, chromatin remodeling, and small RNA-mediated regulation play important roles
in controlling the expression of genes involved in responses to drought, salinity, and
both high and low temperature stresses. Epigenetic changes may establish so-called
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“stress memory” in plants, enabling more efficient adaptation to repeated exposure to
adverse environmental conditions, thereby opening new opportunities for the develop-
ment of climate-resilient wheat cultivars (Zaid et al., 2026; Nishanth et al., 2025; Lodhi &
Srivastava, 2025). An equally promising area of research is the study of the rhizosphere
microbiome in shaping wheat resilience to stress factors. Plant-associated microorga-
nisms have been shown to enhance nutrient uptake, regulate phytohormonal balance,
strengthen antioxidant defense systems, and induce systemic resistance to pathogens.
Recent studies indicate that specific rhizosphere microbial communities can increase
wheat tolerance to salinity, drought, and other abiotic stresses, while also contributing to
yield stability under changing climatic conditions (Fouad et al., 2025; Smith et al., 2025;
Yaghoubi Khanghahi et al., 2025). In the future, the integration of genomic, epigenomic,
and microbiome-based approaches may substantially expand the potential of winter
wheat breeding and facilitate the development of next-generation cultivars with compre-
hensive resistance to both biotic and abiotic stresses.

Priority directions for future research include the development of integrated geno-
type—phenotype—environment databases, advancement of digital phenotyping, iden-
tification of novel genes conferring broad-spectrum resistance, and improvement of
genomic prediction models for multi-factor stress conditions. For applied breeding, the
integration of molecular markers with long-term field evaluations of adaptability is partic-
ularly important, as it enables the accelerated development of high-yielding and stress-
resilient winter wheat cultivars.

COMPLIANCE WITH ETHICAL STANDARDS

Conflict of Interest: the authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed as
a potential conflict of interest.

AUTHOR CONTRIBUTIONS

Conceptualization, [Y.K.; A.Y.]; resources, [Y.K.; A.Y.]; writing — original draft
preparation, [Y.K.]; writing — review and editing, [Y.K.; A.Y.; Z.U.; N.K\]; supervision, [Z.U.].
All authors have read and agreed to the published version of the manuscript.

REFERENCES

Ahad, A., Gul, A, Batool, T. S., Huda, N. U., Naseer, F., Salam, U. A., Salam, M. A, llyas, M.,
Unal, B. T., & Ozturk, M. (2023). Molecular and genetic perspectives of cold tolerance in
wheat. Molecular Biology Reports, 50(8), 6997—7015. doi:10.1007/s11033-023-08584-1
Crossref @ PubMed e Google Scholar

Ahlawat, O. P., Yaday, D., Kashyap, P. L., Khippal, A., & Singh, G. (2022). Wheat endophytes
and their potential role in managing abiotic stress under changing climate. Journal of Applied
Microbiology, 132(4), 2501-2520. doi:10.1111/jam.15375
Crossref @ PubMed e Google Scholar

Ahres, M., Palmai, T., Farkas, Z., Gulyas, Z., Soltész, A., Borbély, P., Tahmasebi, Z., Fowler, D. B.,
& Galiba, G. (2025). Investigating the impact of spring (Vrn-A1) and winter (vrn-A7)
vernalization alleles on frost tolerance induced by light spectrum and low temperatures
in different wheat backgrounds. Environmental and Experimental Botany, 229, 106079.
doi:10.1016/j.envexpbot.2024.106079
Crossref @ Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e Bionoriyni Ctyaji / Studia Biologica e 2026 e Tom 20 / Ne 3 e C. 209-230


https://doi.org/10.1007/s11033-023-08584-1
https://doi.org/10.1007/s11033-023-08584-1
https://pubmed.ncbi.nlm.nih.gov/37378744/
https://scholar.google.com/scholar_lookup?&title=Molecular+and+genetic+perspectives+of+cold+tolerance+in+wheat&hl=uk&authuser=4
https://doi.org/10.1111/jam.15375
https://doi.org/10.1111/jam.15375
https://pubmed.ncbi.nlm.nih.gov/34800309/
https://scholar.google.com/scholar_lookup?&title=Wheat+endophytes+and+their+potential+role+in+managing+abiotic+stress+under+changing+climate&btnG=
https://doi.org/10.1016/j.envexpbot.2024.106079
https://doi.org/10.1016/j.envexpbot.2024.106079
https://scholar.google.com/scholar_lookup?&title=Investigating+the+impact+of+spring+%28Vrn-A1%29+and+winter+%28vrn-A1%29+vernalization+alleles+on+frost+tolerance+induced+by+light+spectrum+and+low+temperatures+in+different+wheat+backgrounds&btnG=

MODERN BREEDING AND MOLECULAR GENETIC APPROACHES TO ENHANCING WINTER BREAD WHEAT RESISTANCE... 221

Ali, N., Bais, A., Sangha, J. S., Cuthbert, R. D., & Ruan, Y. (2026). High-throughput UAV
phenotyping for plot-level harvest index estimation in wheat fields. Current Plant Biology, 45,
100582. doi:10.1016/j.cpb.2026.100582
Crossref @ Google Scholar

Babben, S., Schliephake, E., Janitza, P., Berner, T., Keilwagen, J., Koch, M., ... Perovic, D.
(2018). Association genetics studies on frost tolerance in wheat (Triticum aestivum L.) reveal
new highly conserved amino acid substitutions in CBF-A3, CBF-A15, VRN3 and PPD1 genes.
BMC Genomics, 19, 409. doi:10.1186/s12864-018-4795-6
Crossref @ PubMed e PMC e Google Scholar

Badawi, M., Danyluk, J., Boucho, B., Houde, M., & Sarhan, F. (2007). The CBF gene family in
hexaploid wheat and its relationship to the phylogenetic complexity of cereal CBFs. Molecular
Genetics and Genomics, 277(5), 533-554. doi:10.1007/s00438-006-0206-9
Crossref @ PubMed e PMC e Google Scholar

Bazalii, V. V., Domaratskyi, Ye. O., & Kozlova, O. P. (2023). Breeding and genetic aspects of winter
wheat on agroecological adaptability. Agrarian Innovations, 19, 120—126. doi:10.32848/agrar.
innov.2023.19.19 (In Ukrainian)

Crossref @ Google Scholar

Benitez-Alfonso, Y., Soanes, B. K., Zimba, S., Sinanaj, B., German, L., Sharma, V., ... Foyer, C. H.
(2023). Enhancing climate change resilience in agricultural crops. Current Biology, 33(23),
R1246-R1261. doi:10.1016/j.cub.2023.10.028
Crossref @ PubMed e Google Scholar

Bibi, F., & Rahman, A. (2023). An overview of climate change impacts on agriculture and their
mitigation strategies. Agriculture, 13(8), 1508. doi:10.3390/agriculture 13081508
Crossref @ Google Scholar

Bolouri, P., Haliloglu, K., Mohammadi, S. A., Tirkoglu, A., ilhan, E., Niedbata, G., Szulc, P., &
Niazian, M. (2023). Identification of novel QTLs associated with frost tolerance in winter
wheat (Triticum aestivum L.). Plants, 12(8), 1641. doi:10.3390/plants12081641
Crossref @ PubMed e PMC e Google Scholar

Braun, K. (2025, April 23). Ukraine’s once-booming grain industry teetering on being a war
casualty. Reuters. https://www.reuters.com/markets/commodities/ukraines-once-booming-
grain-industry-teetering-being-war-casualty-braun-2025-04-23

Budhlakoti, N., Kushwaha, A. K., Rai, A., Chaturvedi, K. K., Kumar, A., Pradhan, A. K., Kumar, U.,
Kumar, R. R., Juliana, P., Mishra, D. C., & Kumar, S. (2022). Genomic selection: a tool for
accelerating the efficiency of molecular breeding for development of climate-resilient crops.
Frontiers in Genetics, 13, 832153. doi:10.3389/fgene.2022.832153
Crossref @ PubMed e PMC e Google Scholar

Buerstmayr, H., Ban, T., & Anderson, J. A. (2009). QTL mapping and marker-assisted selection
for Fusarium head blight resistance in wheat: a review. Plant Breeding, 128(1), 1-26.
doi:10.1111/j.1439-0523.2008.01550.x
Crossref @ Google Scholar

Campos-Avelar, |., Montoya-Martinez, A. C., Villa-Rodriguez, E. D., Valenzuela-Ruiz, V., Ayala
Zepeda, M., Parra-Cota, F. |., & de los Santos Villalobos, S. (2023). The mitigation of
phytopathogens in wheat under current and future climate change scenarios: next-generation
microbial inoculants. Sustainability, 15(21), 15250. doi:10.3390/su152115250
Crossref @ Google Scholar

Campoli, C., Matus-Cadiz, M. A., Pozniak, C. J., Cattivelli, L., & Fowler, D. B. (2009). Comparative
expression of Cbf genes in the Triticeae under different acclimation induction temperatures.
Molecular Genetics and Genomics, 282(2), 141-152. doi:10.1007/s00438-009-0451-9
Crossref @ PubMed e PMC e Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) ¢ Bionoriuni Ctygii / Studia Biologica e 2026 e Tom 20 / Ne 3 e C. 209-230


https://doi.org/10.1016/j.cpb.2026.100582
https://doi.org/10.1016/j.cpb.2026.100582
https://scholar.google.com/scholar_lookup?&title=High-throughput+UAV+phenotyping+for+plot-level+harvest+index+estimation+in+wheat+fields&btnG=
https://doi.org/10.1186/s12864-018-4795-6
https://doi.org/10.1186/s12864-018-4795-6
https://pubmed.ncbi.nlm.nih.gov/29843596/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5975666/
https://scholar.google.com/scholar_lookup?&title=Association+genetics+studies+on+frost+tolerance+in+wheat+%28Triticum+aestivum+L.%29+reveal+new+highly+conserved+amino+acid+substitutions+in+CBF-A3%2C+CBF-A15%2C+VRN3+and+PPD1+genes&btnG=
https://doi.org/10.1007/s00438-006-0206-9
https://doi.org/10.1007/s00438-006-0206-9
https://pubmed.ncbi.nlm.nih.gov/17285309/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2491707/
https://scholar.google.com/scholar_lookup?&title=The+CBF+gene+family+in+hexaploid+wheat+and+its+relationship+to+the+phylogenetic+complexity+of+cereal+CBFs&btnG=
https://doi.org/10.32848/agrar.innov.2023.19.19
https://doi.org/10.32848/agrar.innov.2023.19.19
https://doi.org/10.32848/agrar.innov.2023.19.19
https://scholar.google.com/scholar_lookup?&title=Breeding+and+genetic+aspects+of+winter+wheat+on+agroecological+adaptability&btnG=
https://doi.org/10.1016/j.cub.2023.10.028
https://doi.org/10.1016/j.cub.2023.10.028
https://pubmed.ncbi.nlm.nih.gov/38052178/
https://scholar.google.com/scholar_lookup?&title=Enhancing+climate+change+resilience+in+agricultural+crops&hl=uk&authuser=4
https://doi.org/10.3390/agriculture13081508
https://doi.org/10.3390/agriculture13081508
https://scholar.google.com/scholar_lookup?&title=An+overview+of+climate+change+impacts+on+agriculture+and+their+mitigation+strategies&btnG=
https://doi.org/10.3390/plants12081641
https://doi.org/10.3390/plants12081641
https://pubmed.ncbi.nlm.nih.gov/37111864/
https://pmc.ncbi.nlm.nih.gov/articles/PMC10146367/
https://scholar.google.com/scholar_lookup?&title=Identification+of+novel+QTLs+associated+with+frost+tolerance+in+winter+wheat+%28Triticum+aestivum+L.%29&btnG=
https://www.reuters.com/markets/commodities/ukraines-once-booming-grain-industry-teetering-being-war-casualty-braun-2025-04-23/
https://www.reuters.com/markets/commodities/ukraines-once-booming-grain-industry-teetering-being-war-casualty-braun-2025-04-23/
https://doi.org/10.3389/fgene.2022.832153
https://doi.org/10.3389/fgene.2022.832153
https://pubmed.ncbi.nlm.nih.gov/35222548/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8864149/
https://scholar.google.com/scholar_lookup?&title=Genomic+selection%3A+%D0%B0+tool+for+accelerating+the+efficiency+of+molecular+breeding+for+development+of+climate-resilient+crops&btnG=
https://doi.org/10.1111/j.1439-0523.2008.01550.x
https://doi.org/10.1111/j.1439-0523.2008.01550.x
https://scholar.google.com/scholar_lookup?&title=QTL+mapping+and+marker-assisted+selection+for+Fusarium+head+blight+resistance+in+wheat%3A+a+review&btnG=
https://doi.org/10.3390/su152115250
https://doi.org/10.3390/su152115250
https://scholar.google.com/scholar_lookup?&title=The+mitigation+of+phytopathogens+in+wheat+under+current+and+future+climate+change+scenarios%3A+next-generation+microbial+inoculants&btnG=
https://doi.org/10.1007/s00438-009-0451-9
https://doi.org/10.1007/s00438-009-0451-9
https://pubmed.ncbi.nlm.nih.gov/19421778/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2757611/
https://scholar.google.com/scholar_lookup?&title=Comparative+expression+of+Cbf+genes+in+the+Triticeae+under+different+acclimation+induction+temperatures&btnG=

222 Yehor Kucherenko, Andrii Yarosh, Zoya Usova, Natalia Kuzmyshyna

Chang-Brahim, I., Koppensteiner, L. J., Beltrame, L., Bodner, G., Saranti, A., Salzinger, J., Fanta-
Jende, P., Sulzbachner, C., Trognitz, F., Samad-Zamini, M., & Molin, E. M. (2024). Reviewing
the essential roles of remote phenotyping, GWAS and explainable Al in practical marker-
assisted selection for drought-tolerant winter wheat breeding. Frontiers in Plant Science, 15,
1319938. doi:10.3389/fpls.2024.1319938
Crossref @ PubMed ¢ PMC e Google Scholar

Chen, B, Tu, Y,, An, J., Wu, S., Lin, C., & Gong, P. (2024). Quantification of losses in agriculture
production in eastern Ukraine due to the Russia-Ukraine war. Communications Earth &
Environment, 5, 336. doi:10.1038/s43247-024-01488-3
Crossref @ Google Scholar

Chen, H., Su, Z., Tian, B., Hao, G., Trick, H. N., & Bai, G. (2022). TaHRC suppresses the calcium-
mediated immune response and triggers wheat Fusarium head blight susceptibility. Plant
Physiology, 190(3), 1566—1569. doi:10.1093/plphys/kiac352
Crossref @ PubMed e PMC e Google Scholar

Chuhrii, H. A., Vyskub, R. S., Poplevko, V. I., Shults, P., & Sknypa, N. L. (2022). Scientific
principles of selection of soft winter wheat varieties according to adaptive characteristics.
Agrarian Innovations, 11, 60-67. doi:10.32848/agrar.innov.2022.11.8 (In Ukrainian)
Crossref © Google Scholar

Chugunkova, T. V., Pastukhova, N. L., Pirko, Y. V., & Blume, Y. B. (2025). Genetic basis of resistance
to wheat yellow rust. Cytology and Genetics, 59(2), 186—196. doi:10.3103/s0095452725020033
Crossref @ Google Scholar

Crossa, J., Pérez-Rodriguez, P., Cuevas, J., Montesinos-Lépez, O., Jarquin, D., De Los
Campos, G., ... Varshney, R. K. (2017). Genomic selection in plant breeding: methods,
models, and perspectives. Trends in Plant Science, 22(11), 961-975. doi:10.1016/j.
tplants.2017.08.011
Crossref @ PubMed e Google Scholar

Cuthbert, P.A., Somers, D. J., Thomas, J., Cloutier, S., & Brulé-Babel, A. (2006). Fine mapping Fhb1,
a major gene controlling fusarium head blight resistance in bread wheat ( Triticum aestivum L.).
Theoretical and Applied Genetics, 112(8), 1465-1472. doi:10.1007/s00122-006-0249-7
Crossref @ PubMed e Google Scholar

Deininger, K., Ali, D. A., Kussul, N., Shelestov, A., Lemoine, G. & Yailimova, H. (2023). Quantifying
war-induced crop losses in Ukraine in near real time to strengthen local and global food
security. Food Policy, 115, 102418. doi:10.1016/j.foodpol.2023.102418
Crossref ® Google Scholar

Demydov, O. A., Dubovyk, N. S., Kyrylenko, V. V., Gumeniuk, O. V., Siroshtan, A. A,
Sabadyn, V. Y., ... Lashuk, S. O. (2024). Formation of productivity elements of winter
wheat varieties depending on agrotechnical factors in the conditions of the central Forest-
Steppe. Plant Varieties Studying and Protection, 20(2), 96-103. doi:10.21498/2518-
1017.20.2.2024.304102 (In Ukrainian)

Crossref ® Google Scholar

Domaratskyi, Ye. O., Bazalii, V. V., Pichura, V. |., Drobitko, A. V., & Potravka, L. O. (2023).
Water-holding capacity and drought resistance of winter wheat depending on the variety
composition under non-irrigated conditions of the Steppe zone. Agrarian Innovations, 21,
146-153. doi:10.32848/agrar.innov.2023.21.22 (In Ukrainian)

Crossref @ Google Scholar

Fang, T, Lei, L., Li, G., Powers, C., Hunger, R. M., Carver, B. F., & Yan, L. (2020). Development
and deployment of KASP markers for multiple alleles of Lr34 in wheat. Theoretical and
Applied Genetics, 133(7), 2183-2195. doi:10.1007/s00122-020-03589-x
Crossref @ PubMed ¢ PMC e Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e Bionoriyni Ctyaji / Studia Biologica e 2026 e Tom 20 / Ne 3 e C. 209-230


https://doi.org/10.3389/fpls.2024.1319938
https://doi.org/10.3389/fpls.2024.1319938
https://pubmed.ncbi.nlm.nih.gov/38699541/
https://pmc.ncbi.nlm.nih.gov/articles/PMC11064034/
https://scholar.google.com/scholar_lookup?&title=Reviewing+the+essential+roles+of+remote+phenotyping%2C+GWAS+and+explainable+AI+in+practical+marker-assisted+selection+for+drought-tolerant+winter+wheat+breeding&btnG=
https://doi.org/10.1038/s43247-024-01488-3
https://scholar.google.com/scholar_lookup?&title=Quantification+of+losses+in+agriculture+production+in+eastern+Ukraine+due+to+the+Russia-Ukraine+war&btnG=
https://doi.org/10.1093/plphys/kiac352
https://doi.org/10.1093/plphys/kiac352
https://pubmed.ncbi.nlm.nih.gov/35900181/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9614457/
https://scholar.google.com/scholar_lookup?&title=TaHRC+suppresses+the+calcium-mediated+immune+response+and+triggers+wheat+Fusarium+head+blight+susceptibility&btnG=
https://doi.org/10.32848/agrar.innov.2022.11.8
https://doi.org/10.32848/agrar.innov.2022.11.8
https://scholar.google.com/scholar_lookup?&title=%D0%9D%D0%B0%D1%83%D0%BA%D0%BE%D0%B2%D1%96+%D0%BF%D1%80%D0%B8%D0%BD%D1%86%D0%B8%D0%BF%D0%B8+%D0%BF%D1%96%D0%B4%D0%B1%D0%BE%D1%80%D1%83+%D1%81%D0%BE%D1%80%D1%82%D1%96%D0%B2+%D0%BF%D1%88%D0%B5%D0%BD%D0%B8%D1%86%D1%96+%D0%BC%E2%80%99%D6%B0%D1%8F%D0%BA%D0%BE%D1%97+%D0%BE%D0%B7%D0%B8%D0%BC%D0%BE%D1%97+%D0%B7%D0%B0+%D0%B0%D0%B4%D0%B0%D0%BF%D1%82%D0%B8%D0%B2%D0%BD%D0%B8%D0%BC%D0%B8+%D0%BE%D0%B7%D0%BD%D0%B0%D0%BA%D0%B0%D0%BC%D0%B8&btnG=
https://doi.org/10.3103/S0095452725020033
https://doi.org/10.3103/S0095452725020033
https://scholar.google.com/scholar_lookup?&title=Genetic+basis+of+resistance+to+wheat+yellow+rust&btnG=
https://doi.org/10.1016/j.tplants.2017.08.011
https://doi.org/10.1016/j.tplants.2017.08.011
https://doi.org/10.1016/j.tplants.2017.08.011
https://pubmed.ncbi.nlm.nih.gov/28965742/
https://scholar.google.com/scholar_lookup?&title=Genomic+selection+in+plant+breeding%3A+methods%2C+models%2C+and+perspectives&btnG=
https://doi.org/10.1007/s00122-006-0249-7
https://doi.org/10.1007/s00122-006-0249-7
https://pubmed.ncbi.nlm.nih.gov/16518614/
https://scholar.google.com/scholar_lookup?&title=Fine+mapping+Fhb1%2C+a+major+gene+controlling+Fusarium+head+blight+resistance+in+bread+wheat+%28Triticum+aestivum+L.%29&btnG=
https://doi.org/10.1016/j.foodpol.2023.102418
https://doi.org/10.1016/j.foodpol.2023.102418
https://scholar.google.com/scholar_lookup?&title=Quantifying+war-induced+crop+losses+in+Ukraine+in+near+real+time+to+strengthen+local+and+global+food+security&btnG=
https://doi.org/10.21498/2518-1017.20.2.2024.304102
https://doi.org/10.21498/2518-1017.20.2.2024.304102
https://doi.org/10.21498/2518-1017.20.2.2024.304102
https://scholar.google.com/scholar_lookup?&title=%D0%A4%D0%BE%D1%80%D0%BC%D1%83%D0%B2%D0%B0%D0%BD%D0%BD%D1%8F+%D0%B5%D0%BB%D0%B5%D0%BC%D0%B5%D0%BD%D1%82%D1%96%D0%B2+%D0%BF%D1%80%D0%BE%D0%B4%D1%83%D0%BA%D1%82%D0%B8%D0%B2%D0%BD%D0%BE%D1%81%D1%82%D1%96+%D1%81%D0%BE%D1%80%D1%82%D1%96%D0%B2+%D0%BF%D1%88%D0%B5%D0%BD%D0%B8%D1%86%D1%96+%D0%BE%D0%B7%D0%B8%D0%BC%D0%BE%D1%97+%D0%B2+%D1%83%D0%BC%D0%BE%D0%B2%D0%B0%D1%85+%D0%A6%D0%B5%D0%BD%D1%82%D1%80%D0%B0%D0%BB%D1%8C%D0%BD%D0%BE%D0%B3%D0%BE+%D0%9B%D1%96%D1%81%D0%BE%D1%81%D1%82%D0%B5%D0%BF%D1%83+%D0%B7%D0%B0%D0%BB%D0%B5%D0%B6%D0%BD%D0%BE+%D0%B2%D1%96%D0%B4+%D0%B0%D0%B3%D1%80%D0%BE%D1%82%D0%B5%D1%85%D0%BD%D1%96%D1%87%D0%BD%D0%B8%D1%85+%D1%87%D0%B8%D0%BD%D0%BD%D0%B8%D0%BA%D1%96%D0%B2&btnG=
https://doi.org/10.32848/agrar.innov.2023.21.22
https://scholar.google.com/scholar_lookup?&title=%D0%92%D0%BE%D0%B4%D0%BE%D1%83%D1%82%D1%80%D0%B8%D0%BC%D1%83%D1%8E%D1%87%D0%B0+%D0%B7%D0%B4%D0%B0%D1%82%D0%BD%D1%96%D1%81%D1%82%D1%8C+%D1%82%D0%B0+%D0%BF%D0%BE%D1%81%D1%83%D1%85%D0%BE%D1%81%D1%82%D1%96%D0%B9%D0%BA%D1%96%D1%81%D1%82%D1%8C+%D0%BF%D1%88%D0%B5%D0%BD%D0%B8%D1%86%D1%96+%D0%BE%D0%B7%D0%B8%D0%BC%D0%BE%D1%97+%D0%B7%D0%B0%D0%BB%D0%B5%D0%B6%D0%BD%D0%BE+%D0%B2%D1%96%D0%B4%D1%81%D0%BE%D1%80%D1%82%D0%BE%D0%B2%D0%BE%D0%B3%D0%BE+%D1%81%D0%BA%D0%BB%D0%B0%D0%B4%D1%83+%D0%B7%D0%B0+%D0%BD%D0%B5%D0%B7%D1%80%D0%BE%D1%88%D1%83%D0%B2%D0%B0%D0%BD%D0%B8%D1%85+%D1%83%D0%BC%D0%BE%D0%B2+%D0%B7%D0%BE%D0%BD%D0%B8+%D0%A1%D1%82%D0%B5%D0%BF%D1%83&btnG=
https://doi.org/10.1007/s00122-020-03589-x
https://doi.org/10.1007/s00122-020-03589-x
https://pubmed.ncbi.nlm.nih.gov/32281004/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7311377/
https://scholar.google.com/scholar_lookup?&title=Development+and+deployment+of+KASP+markers+for+multiple+alleles+of+Lr34+in+wheat&btnG=

MODERN BREEDING AND MOLECULAR GENETIC APPROACHES TO ENHANCING WINTER BREAD WHEAT RESISTANCE... 223

Feng, J., Wang, L., Wu, Y., Luo, Q., Zhang, Y., Qiu, D., Han, J., Su, P., Yang, G., & He, G. (2019).
TaSnRK2.9, a sucrose non-fermenting 1-related protein kinase gene, positively regulates
plant response to drought and salt stress in transgenic tobacco. Frontiers in Plant Science, 9,
2003. doi:10.3389/fpls.2018.02003
Crossref @ PubMed e PMC e Google Scholar

Ferrante, A., Cossani, C. M., Able, J. A., & Sadras, V. O. (2024). Yield response to frost in a set of
historic wheat varieties. Field Crops Research, 310, 109336. doi:10.1016/j.fcr.2024.109336
Crossref @ Google Scholar

Fouad, N., El-Zayat, E. M., Amr, D., El-Khishin, D. A., Abd-Elhalim, H. M., Hafez, A., Radwan, K. H.,
Hamwieh, A., & Tadesse, W. (2025). Characterizing wheat rhizosphere bacterial microbiome
dynamics under salinity stress: insights from 16S rRNA metagenomics for enhancing stress
tolerance. Plants, 14(7), 1033. doi:10.3390/plants14071033
Crossref @ PubMed e PMC e Google Scholar

Food and Agriculture Organization of the United Nations. (2026, March 12). Ukraine: Country
brief— Food security snapshot (GIEWS Country Brief). https://www.fao.org/giews/countrybrief/
country.jsp?code=UKR

Gogna, A., Kamali, B., Wimmer, V., Schmidt, R. H., Rezaei, E. E., Eckhoff, W. M., Reif, J. C., &
Zhao, Y. (2026). Predicting enviromically adapted varieties with big data. Genome Biology,
27(1), 3. doi:10.1186/s13059-025-03914-x
Crossref @ PubMed e PMC e Google Scholar

Gotebiowska, G., Dyda, M., & Wajdzik, K. (2021). Quantitative trait loci and candidate genes
associated with cold-acclimation and Microdochium nivale tolerance/susceptibility in winter
triticale (x Triticosecale). Plants, 10(12), 2678. doi:10.3390/plants10122678
Crossref @ PubMed e PMC e Google Scholar

Guo, X,, Lv, L., Zhao, A., Zhao, W., Liu, Y., Li, Z., Li, H., & Chen, X. (2025). Integrated transcriptome
and metabolome analysis revealed differential drought stress response mechanisms of
wheat seedlings with varying drought tolerance. BMC Plant Biology, 25(1), 571. doi:10.1186/
$12870-025-06603-w
Crossref @ PubMed e PMC e Google Scholar

Guo, X., Zhang, P., & Yue, Y. (2024). Global wheat planting suitability under the 1.5 °C and 2 °C
warming targets. Frontiers in Plant Science, 15, 1410388. doi:10.3389/fpls.2024.1410388
Crossref @ PubMed e PMC e Google Scholar

Gupta, R., Anand, G., & Bar, M. (2023). Developmental phytohormones: key players in host—
microbe interactions. Journal of Plant Growth Regulation, 42(12), 7330—-7351. doi:10.1007/
s00344-023-11030-y
Crossref @ Google Scholar

Gusain, S., Joshi, S., & Joshi, R. (2023). Sensing, signalling, and regulatory mechanism of cold-
stress tolerance in plants. Plant Physiology and Biochemistry, 197, 107646. doi:10.1016/j.
plaphy.2023.107646
Crossref @ PubMed e Google Scholar

Han, J., Luo, Y., Zhang, Z., Xu, J., Chen, Y., Asseng, S., Jagermeyr, J., Miller, C., Olesen, J. E.,
Roétter, R., & Tao, F. (2025). Planting area and production decreased for winter-triticeae crops
but increased for rapeseed in Ukraine with climatic impacts dominating. Geography and
Sustainability, 6(2), 100226. doi:10.1016/j.geosus.2025.100226
Crossref @ Google Scholar

Hao, Y, Pan, Y,, Chen, W., Rashid, M. A. R,, Li, M., Che, N., Duan, X., & Zhao, Y. (2023).
Contribution of duplicated nucleotide-binding leucine-rich repeat (NLR) genes to wheat
disease resistance. Plants, 12(15), 2794. doi:10.3390/plants12152794
Crossref @ PubMed e PMC e Google Scholar

Huang, W., Li, X., Zhang, Y., Chen, Q., & Wang, L. (2024). Seasonal precipitation distribution
determines ecosystem CO, and H,O exchange by regulating spring soil water—salt dynamics
in a brackish wetland. Functional Ecology, 38(1), 234-245. doi:10.1111/1365-2435.14617
Crossref @ Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) ¢ Bionoriuni Ctygii / Studia Biologica e 2026 e Tom 20 / Ne 3 e C. 209-230


https://doi.org/10.3389/fpls.2018.02003
https://doi.org/10.3389/fpls.2018.02003
https://pubmed.ncbi.nlm.nih.gov/30693013/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6339923/
https://scholar.google.com/scholar_lookup?&title=TaSnRK2.9,+a+sucrose+non-fermenting+1-related+protein+kinase+gene,+positively+regulates+plant+response+to+drought+and+salt+stress+in+transgenic+tobacco&hl=uk&authuser=4
https://doi.org/10.1016/j.fcr.2024.109336
https://doi.org/10.1016/j.fcr.2024.109336
https://scholar.google.com/scholar_lookup?&title=Yield+response+to+frost+in+a+set+of+historic+wheat+varieties&btnG=
https://doi.org/10.3390/plants14071033
https://doi.org/10.3390/plants14071033
https://pubmed.ncbi.nlm.nih.gov/40219101/
https://pmc.ncbi.nlm.nih.gov/articles/PMC11990312/
https://scholar.google.com/scholar_lookup?&title=Characterizing+wheat+rhizosphere+bacterial+microbiome+dynamics+under+salinity+stress%3A+insights+from+16S+rRNA+metagenomics+for+enhancing+stress+tolerance&btnG=
https://www.fao.org/giews/countrybrief/country.jsp?code=UKR
https://www.fao.org/giews/countrybrief/country.jsp?code=UKR
https://doi.org/10.1186/s13059-025-03914-x
https://doi.org/10.1186/s13059-025-03914-x
https://pubmed.ncbi.nlm.nih.gov/41495804/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12838137/
https://scholar.google.com/scholar_lookup?&title=Predicting+enviromically+adapted+varieties+with+big+data&btnG=
https://doi.org/10.3390/plants10122678
https://doi.org/10.3390/plants10122678
https://pubmed.ncbi.nlm.nih.gov/34961149/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8704164/
https://scholar.google.com/scholar_lookup?&title=Quantitative+trait+loci+and+candidate+genes+associated+with+cold-acclimation+and+Microdochium+nivale+tolerance%2Fsusceptibility+in+winter+triticale+%28%C3%97+Triticosecale%29&btnG=
https://doi.org/10.1186/s12870-025-06603-w
https://doi.org/10.1186/s12870-025-06603-w
https://doi.org/10.1186/s12870-025-06603-w
https://pubmed.ncbi.nlm.nih.gov/40312296/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12044896/
https://scholar.google.com/scholar_lookup?&title=Integrated+transcriptome+and+metabolome+analysis+revealed+differential+drought+stress+response+mechanisms+of+wheat+seedlings+with+varying+drought+tolerance&btnG=
https://doi.org/10.3389/fpls.2024.1410388
https://doi.org/10.3389/fpls.2024.1410388
https://pubmed.ncbi.nlm.nih.gov/38952841/
https://pmc.ncbi.nlm.nih.gov/articles/PMC11215128/
https://scholar.google.com/scholar_lookup?&title=Global+wheat+planting+suitability+under+the+1.5%C2%A0%C2%B0C+and+2%C2%A0%C2%B0C+warming+targets&btnG=
https://doi.org/10.1007/s00344-023-11030-y
https://doi.org/10.1007/s00344-023-11030-y
https://doi.org/10.1007/s00344-023-11030-y
https://scholar.google.com/scholar_lookup?&title=Developmental+phytohormones%3A+key+players+in+host%E2%80%93microbe+interactions&btnG=
https://doi.org/10.1016/j.plaphy.2023.107646
https://doi.org/10.1016/j.plaphy.2023.107646
https://doi.org/10.1016/j.plaphy.2023.107646
https://pubmed.ncbi.nlm.nih.gov/36958153/
https://scholar.google.com/scholar_lookup?&title=Sensing%2C+signalling%2C+and+regulatory+mechanism+of+cold-stress+tolerance+in+plants&btnG=
https://doi.org/10.1016/j.geosus.2025.100226
https://doi.org/10.1016/j.geosus.2024.08.006
https://scholar.google.com/scholar_lookup?&title=Planting+area+and+production+decreased+for+winter-triticeae+crops+but+increased+for+rapeseed+in+Ukraine+with+climatic+impacts+dominating&btnG=
https://doi.org/10.3390/plants12152794
https://doi.org/10.3390/plants12152794
https://pubmed.ncbi.nlm.nih.gov/37570947/
https://pmc.ncbi.nlm.nih.gov/articles/PMC10420896/
https://scholar.google.com/scholar_lookup?&title=Contribution+of+duplicated+nucleotide-binding+leucine-rich+repeat+%28NLR%29+genes+to+wheat+disease+resistance&btnG=
https://doi.org/10.1111/1365-2435.14617
https://doi.org/10.1111/1365-2435.14617
https://scholar.google.com/scholar_lookup?&title=Seasonal+precipitation+distribution+determines+ecosystem+CO2+and+H2O+exchange+by+regulating+spring+soil+water%E2%80%93salt+dynamics+in+a+brackish+wetland&btnG=

224 Yehor Kucherenko, Andrii Yarosh, Zoya Usova, Natalia Kuzmyshyna

Hussain, B., Akpinar, B. A., Alaux, M., Algharib, A. M., Sehgal, D., Ali, Z., ... Budak, H. (2022).
Capturing wheat phenotypes at the genome level. Frontiers in Plant Science, 13, 851079.
doi:10.3389/fpls.2022.851079
Crossref @ PubMed e PMC e Google Scholar

Jeon, D., Choi, C., Park, J. H., Kang, C.-S., Kim, J. Y., & Kim, C. (2026). Genomic selection for
multi-trait crop improvement in wheat (Triticum aestivum L.): a practical modeling approach.
BMC Plant Biology, 26(1), 400. doi:10.1186/s12870-026-08258-7
Crossref @ PubMed e PMC e Google Scholar

Jiang, B., Liu, Y., Niu, H., He, Y., Ma, D., & Li, Y. (2022). Mining the roles of wheat (Triticum
aestivum) SnRK genes in biotic and abiotic responses. Frontiers in Plant Science, 13,
934226. doi:10.3389/fpls.2022.934226
Crossref @ PubMed ¢ PMC e Google Scholar

Kaushal, S., Gill, H. S., Billah, M. M., Khan, S. N., Halder, J., Bernardo, A., St. Amand, P., Bai, G.,
Glover, K., & Sehgal, S. K. (2024). Enhancing the potential of phenomic and genomic
prediction in winter wheat breeding using high-throughput phenotyping and deep learning.
Frontiers in Plant Science, 15, 1410249. doi:10.3389/fpls.2024.1410249
Crossref @ PubMed ¢ PMC e Google Scholar

Klymiuk, V., Yaniv, E., Huang, L., Raats, D., Fatiukha, A., Chen, S., ... Fahima, T. (2018). Cloning
of the wheat Yr15 resistance gene sheds light on the plant tandem kinase-pseudokinase
family. Nature Communications, 9(1), 3735. doi:10.1038/s41467-018-06138-9
Crossref @ PubMed e PMC e Google Scholar

Konovalova, V. M., Tyshchenko, A. V., Bazalii, H. G., Fundirat, K. S., Tyshchenko, O. D.,
Reznichenko, N. D., & Konovaloy, V. O. (2023). Analysis of winter wheat varieties for drought
resistance in the conditions of the Steppe of Ukraine (Part 3 — years with different moisture
supply). Agrarian Innovations, 22, 132—143. doi:10.32848/agrar.innov.2023.22.21
Crossref @ Google Scholar

Kovalov, S. R. (2025). Variability of yield and ear productivity traits of soft winter wheat in the
Northern Subzone of the Ukrainian Steppe. Agrology, 8(1), 34—39. doi:10.32819/202505
Crossref @ Google Scholar

Krattinger, S. G., Lagudah, E. S., Spielmeyer, W., Singh, R. P., Huerta-Espino, J., McFadden, H.,
Bossolini, E., Selter, L. L., & Keller, B. (2009). A putative ABC transporter confers durable
resistance to multiple fungal pathogens in wheat. Science, 323(5919), 1360-1363.
doi:10.1126/science.1166453
Crossref @ PubMed e Google Scholar

Kruse, E. B., Carle, S. W., Wen, N., Skinner, D. Z., Murray, T. D., Garland-Campbell, K. A, &
Carter, A. H. (2017). Genomic regions associated with tolerance to freezing stress and
snow mold in winter wheat. G3: Genes, Genomes, Genetics, 7(3), 775-780. doi:10.1534/
g3.116.037622
Crossref @ PubMed e PMC e Google Scholar

Liu, J., Gock, A., Ramm, K., Stops, S., Phongkham, T., Norman, A., Eastwood, R., Stone, E., &
Dillon, S. (2025). Incorporating gene expression and environment for genomic prediction in
wheat. Frontiers in Plant Science, 16, 1506434. doi:10.3389/fpls.2025.1506434
Crossref @ PubMed e PMC e Google Scholar

Liu, M., Wang, Z., Xiao, H. M., & Yang, Y. (2018). Characterization of TaDREB1 in wheat genotypes
with different seed germination under osmotic stress. Hereditas, 155(1), 26. doi:10.1186/
$41065-018-0064-6
Crossref @ PubMed e PMC e Google Scholar

Liu, Q., Zhang, X., Su, Y. H., & Zhang, X. S. (2022). Genetic mechanisms of cold signaling in
wheat (Triticum aestivum L.). Life, 12(5), 700. doi:10.3390/Iife12050700
Crossref @ PubMed e PMC e Google Scholar

Lodhi, N., & Srivastava, R. (2025). Dynamics and malleability of plant DNA methylation during
abiotic stresses. Epigenomes, 9(3), 31. doi:10.3390/epigenomes9030031
Crossref @ PubMed e PMC e Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e Bionoriyni Ctyaji / Studia Biologica e 2026 e Tom 20 / Ne 3 e C. 209-230


https://doi.org/10.3389/fpls.2022.851079
https://doi.org/10.3389/fpls.2022.851079
https://pubmed.ncbi.nlm.nih.gov/35860541/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9289626/
https://scholar.google.com/scholar_lookup?&title=Capturing+wheat+phenotypes+at+the+genome+level&hl=uk&as_sdt=0,5
https://doi.org/10.1186/s12870-026-04000-x
https://doi.org/10.1186/s12870-026-08258-7
https://pubmed.ncbi.nlm.nih.gov/41618159/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12933954/
https://scholar.google.com/scholar_lookup?&title=Genomic+selection+for+multi-trait+crop+improvement+in+wheat+%28Triticum+aestivum+L.%29%3A+a+practical+modeling+approach&btnG=
https://doi.org/10.3389/fpls.2022.934226
https://doi.org/10.3389/fpls.2022.934226
https://pubmed.ncbi.nlm.nih.gov/35845708/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9280681/
https://scholar.google.com/scholar_lookup?&title=Mining+the+roles+of+wheat+%28Triticum+aestivum%29+SnRK+genes+in+biotic+and+abiotic+responses&btnG=
https://doi.org/10.3389/fpls.2024.1410249
https://doi.org/10.3389/fpls.2024.1410249
https://pubmed.ncbi.nlm.nih.gov/38872880/
https://pmc.ncbi.nlm.nih.gov/articles/PMC11169824/
https://scholar.google.com/scholar_lookup?&title=Enhancing+the+potential+of+phenomic+and+genomic+prediction+in+winter+wheat+breeding+using+high-throughput+phenotyping+and+deep+learning&btnG=
https://doi.org/10.1038/s41467-018-05865-5
https://doi.org/10.1038/s41467-018-06138-9
https://pubmed.ncbi.nlm.nih.gov/30282993/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6170490/
https://scholar.google.com/scholar_lookup?&title=Cloning+of+the+wheat+Yr15+resistance+gene+sheds+light+on+the+plant+tandem+kinase-pseudokinase+family&btnG=
https://doi.org/10.32848/agrar.innov.2023.22.21
https://doi.org/10.32848/agrar.innov.2023.22.21
https://scholar.google.com/scholar?cluster=4858079767139221828&hl=uk&as_sdt=0,5
https://doi.org/10.32819/202505
https://scholar.google.com/scholar_lookup?&title=Variability+of+yield+and+ear+productivity+traits+of+soft+winter+wheat+in+the+Northern+Subzone+of+the+Ukrainian+Steppe&btnG=
https://doi.org/10.1126/science.1166453
https://doi.org/10.1126/science.1166453
https://pubmed.ncbi.nlm.nih.gov/19229000/
https://scholar.google.com/scholar_lookup?&title=A+putative+ABC+transporter+confers+durable+resistance+to+multiple+fungal+pathogens+in+wheat&btnG=
https://doi.org/10.1534/g3.116.037622
https://doi.org/10.1534/g3.116.037622
https://doi.org/10.1534/g3.116.037622
https://pubmed.ncbi.nlm.nih.gov/28143950/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5345707/
https://scholar.google.com/scholar_lookup?&title=Genomic+regions+associated+with+tolerance+to+freezing+stress+and+snow+mold+in+winter+wheat&hl=uk&authuser=4
https://doi.org/10.3389/fpls.2025.1506434
https://doi.org/10.3389/fpls.2025.1506434
https://pubmed.ncbi.nlm.nih.gov/40395282/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12090535/
https://scholar.google.com/scholar_lookup?&title=Incorporating+gene+expression+and+environment+for+genomic+prediction+in+wheat&btnG=
https://doi.org/10.1186/s41065-018-0064-6
https://doi.org/10.1186/s41065-018-0064-6
https://doi.org/10.1186/s41065-018-0064-6
https://pubmed.ncbi.nlm.nih.gov/30123102/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6090928/
https://scholar.google.com/scholar_lookup?&title=Characterization+of+TaDREB1+in+wheat+genotypes+with+different+seed+germination+under+osmotic+stress&hl=uk&as_sdt=0,5
https://doi.org/10.3390/life12050700
https://doi.org/10.3390/life12050700
https://pubmed.ncbi.nlm.nih.gov/35629367/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9147279/
https://scholar.google.com/scholar_lookup?&title=Genetic+mechanisms+of+cold+signaling+in+wheat+%28Triticum+aestivum+L.%29&btnG=
https://doi.org/10.3390/epigenomes9030031
https://doi.org/10.3390/epigenomes9030031
https://pubmed.ncbi.nlm.nih.gov/40981067/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12452645/
https://scholar.google.com/scholar_lookup?&title=Dynamics+and+malleability+of+plant+DNA+methylation+during+abiotic+stresses&btnG=

MODERN BREEDING AND MOLECULAR GENETIC APPROACHES TO ENHANCING WINTER BREAD WHEAT RESISTANCE... 225

Ma, G., Wang, H., Qi, K., Ma, L., Zhang, B., Zhang, Y., Jiang, H., Wu, X., & Qi, J. (2024). Isolation,
characterization, and pathogenicity of Fusarium species causing crown rot of wheat. Frontiers
in Microbiology, 15, 1405115. doi:10.3389/fmicb.2024.1405115
Crossref @ PubMed e PMC e Google Scholar

Mahmood, Z., Ali, M., Mirza, J. |., Fayyaz, M., Majeed, K., Naeem, M. K., Aziz, A, Trethowan, R.,
Ogbonnaya, F. C., Quraishi, U. M., Hickey, L. T., Rasheed, A., & He, Z. (2022). Genome-wide
association and genomic prediction for stripe rust resistance in synthetic-derived wheats.
Frontiers in Plant Science, 13, 788593. doi:10.3389/fpls.2022.788593
Crossref @ PubMed e PMC e Google Scholar

Mapuranga, J., Song, L., Zhao, J., Li, H.,, Zhang, N., & Yang, W. (2026). Advances in
understanding and managing Fusarium crown rot in wheat and barley: pathogen biology, host
resistance, and integrated management strategies. Plant Stress, 19, 101224. doi:10.1016/j.
stress.2026.101224
Crossref @ Google Scholar

Merrick, L. F., Herr, A. W,, Sandhu, K. S., Lozada, D. N., & Carter, A. H. (2022). Utilizing genomic
selection for wheat population development and improvement. Agronomy, 12(2), 522.
doi:10.3390/agronomy 12020522
Crossref @ Google Scholar

Milec, Z., Strejckova, B., & Safar, J. (2023). Contemplation on wheat vernalization. Frontiers in
Plant Science, 13, 1093792. doi:10.3389/fpls.2022.1093792
Crossref @ PubMed e PMC e Google Scholar

Miller, A. K., Galiba, G., & Dubcovsky, J. (2006). A cluster of 11 CBF transcription factors is
located at the frost tolerance locus Fr-A"2 in Triticum monococcum. Molecular Genetics and
Genomics, 275(2), 193-203. doi:10.1007/s00438-005-0076-6
Crossref @ PubMed e Google Scholar

Mondini, L., Nachit, M., & Pagnotta, M. A. (2012). Identification of SNP mutations in DREB1,
HKT1, and WRKY1 genes involved in drought and salt stress tolerance in durum wheat
(Triticum turgidum L. var. durum). OMICS: A Journal of Integrative Biology, 16(4). doi:10.1089/
omi.2011.0081
Crossref @ PubMed e Google Scholar

Moskalets, V., Kotsyuba, S., Novak, Z., Kryzhanivskiy, V., & Yaremenko, O. (2023). Creation
of source material by attracting different varieties of common winter wheat in breeding for
adaptability, productivity, and grain quality. Scientific Horizons, 26(7), 66—78. doi:10.48077/
scihor7.2023.66
Crossref @ Google Scholar

Motomura, Y., Kobayashi, F., lehisa, J. C. M., & Takumi, S. (2013). A major quantitative trait
locus for cold-responsive gene expression is linked to frost-resistance gene Fr-A2 in common
wheat. Journal of Plant Breeding and Genetics, 63(1), 58—67. doi:10.1270/jsbbs.63.58
Crossref @ PubMed e PMC e Google Scholar

Nakashima, K., Yamaguchi-Shinozaki, K., & Shinozaki, K. (2014). The transcriptional regulatory
network in the drought response and its crosstalk in abiotic stress responses including
drought, cold, and heat. Frontiers in Plant Science, 5, 170. doi:10.3389/fpls.2014.00170
Crossref @ PubMed e PMC e Google Scholar

Ngou, B. P. M., Jones, J. D. G., & Ding, P. (2022). Plant immune networks. Trends in Plant
Science, 27(3), 255-273. doi:10.1016/j.tplants.2021.08.012
Crossref @ PubMed e Google Scholar

Nishanth, J. B., Gaddala, B., Suji, S., Fathima, P. R., Premkumar, A., Karavadi, B., Sorna
Kumar, R. S. A., lyyappan, J., & Dinakarkumar, Y. (2025). Epigenetic mechanisms regulating
plant responses to abiotic stress and their role in developing climate resilient crops. Discover
Plants, 2(1), 349. doi:10.1007/s44372-025-00432-9
Crossref @ Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) ¢ Bionoriuni Ctygii / Studia Biologica e 2026 e Tom 20 / Ne 3 e C. 209-230


https://doi.org/10.3389/fmicb.2024.1405115
https://doi.org/10.3389/fmicb.2024.1405115
https://pubmed.ncbi.nlm.nih.gov/38873144/
https://pmc.ncbi.nlm.nih.gov/articles/PMC11169711/
https://scholar.google.com/scholar_lookup?&title=Isolation%2C+characterization%2C+and+pathogenicity+of+Fusarium+species+causing+crown+rot+of+wheat&btnG=
https://doi.org/10.3389/fpls.2022.788593
https://doi.org/10.3389/fpls.2022.788593
https://pubmed.ncbi.nlm.nih.gov/35283883/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8908430/
https://scholar.google.com/scholar_lookup?&title=Genome-wide+association+and+genomic+prediction+for+stripe+rust+resistance+in+synthetic-derived+wheats&btnG=
https://doi.org/10.1016/j.stress.2026.101224
https://doi.org/10.1016/j.stress.2026.101224
https://doi.org/10.1016/j.stress.2026.101224
https://scholar.google.com/scholar_lookup?&title=Advances+in+understanding+and+managing+Fusarium+crown+rot+in+wheat+and+barley%3A+pathogen+biology%2C+host+resistance%2C+and+integrated+management+strategies&btnG=
https://doi.org/10.3390/agronomy12020522
https://doi.org/10.3390/agronomy12020522
https://scholar.google.com/scholar_lookup?&title=Utilizing+Genomic+Selection+for+Wheat+Population+Development+and+Improvement&btnG=
https://doi.org/10.3389/fpls.2022.1093792
https://doi.org/10.3389/fpls.2022.1093792
https://pubmed.ncbi.nlm.nih.gov/36684728/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9853533/
https://scholar.google.com/scholar_lookup?&title=Contemplation+on+wheat+vernalization&btnG=
https://doi.org/10.1007/s00438-005-0076-6
https://doi.org/10.1007/s00438-005-0076-6
https://pubmed.ncbi.nlm.nih.gov/16362370/
https://scholar.google.com/scholar_lookup?&title=A+cluster+of+11+CBF+transcription+factors+is+located+at+the+frost+tolerance+locus+Fr-Am2+in+Triticum+monococcum&btnG=
https://doi.org/10.1089/omi.2011.0081
https://doi.org/10.1089/omi.2011.0081
https://doi.org/10.1089/omi.2011.0081
https://pubmed.ncbi.nlm.nih.gov/22433076/
https://scholar.google.com/scholar_lookup?&title=Identification+of+SNP+mutations+in+DREB1%2C+HKT1%2C+and+WRKY1+genes+involved+in+drought+and+salt+stress+tolerance+in+durum+wheat+%28Triticum+turgidum+L.+var.+durum%29&btnG=
https://doi.org/10.48077/scihor7.2023.66
https://doi.org/10.48077/scihor7.2023.66
https://doi.org/10.48077/scihor7.2023.66
https://scholar.google.com/scholar_lookup?&title=Creation+of+source+material+by+attracting+different+varieties+of+common+winter+wheat+in+breeding+for+adaptability%2C+productivity%2C+and+grain+quality&btnG=
https://doi.org/10.1270/jsbbs.63.58
https://doi.org/10.1270/jsbbs.63.58
https://pubmed.ncbi.nlm.nih.gov/23641182/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3621446/
https://scholar.google.com/scholar_lookup?&title=A+major+quantitative+trait+locus+for+cold-responsive+gene+expression+is+linked+to+frost-resistance+gene+Fr-A2+in+common+wheat&btnG=
https://doi.org/10.3389/fpls.2014.00170
https://doi.org/10.3389/fpls.2014.00170
https://pubmed.ncbi.nlm.nih.gov/24904597/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4032904/
https://scholar.google.com/scholar_lookup?&title=The+transcriptional+regulatory+network+in+the+drought+response+and+its+crosstalk+in+abiotic+stress+responses+including+drought%2C+cold%2C+and+heat&btnG=
https://doi.org/10.1016/j.tplants.2021.08.012
https://doi.org/10.1016/j.tplants.2021.08.012
https://pubmed.ncbi.nlm.nih.gov/34548213/
https://scholar.google.com/scholar_lookup?&title=Plant+immune+networks&btnG=
https://doi.org/10.1007/s44372-025-00432-9
https://doi.org/10.1007/s44372-025-00432-9
https://scholar.google.com/scholar_lookup?&title=Epigenetic+mechanisms+regulating+plant+responses+to+abiotic+stress+and+their+role+in+developing+climate+resilient+crops&btnG=

226 Yehor Kucherenko, Andrii Yarosh, Zoya Usova, Natalia Kuzmyshyna

Paux, E., Lafarge, S., Balfourier, F., Derory, J., Charmet, G., Alaux, M., Perchet, G., Bondoux, M.,
Baret, F., Barillot, R., Ravel, C., Sourdille, P., & Le Gouis, J. (2022). Breeding for economically
and environmentally sustainable wheat varieties: an integrated approach from genomics to
selection. Biology, 11(1), 149. doi:10.3390/biology11010149
Crossref @ PubMed ¢ PMC e Google Scholar

Polityuk, P. (2025, August 4). Exclusive: Ukraine eyes higher 2025 grain harvest, plans more
winter wheat for 2026. Reuters. https://www.reuters.com/business/environment/ukraine-
eyes-higher-2025-grain-harvest-plans-more-winter-wheat-2026-2025-08-04

Pu, L., Jin, Q., Cai, X., Qu, C., Zhang, J., Bai, X., Guo, J., Kang, Z., & Guo, J. (2025). Crown rot in
wheat: pathogen biology, host responses, and management strategies. Stress Biology, 5(1),
52. doi:10.1007/s44154-025-00247-4
Crossref @ PubMed ¢ PMC e Google Scholar

Raza, A., Charagh, S., Najafi-Kakavand, S., Abbas, S., Shoaib, Y., Anwar, S., Sharifi, S., Lu, G,
& Siddique, K. H. M. (2023). Role of phytohormones in regulating cold stress tolerance:
physiological and molecular approaches for developing cold-smart crop plants. Plant Stress,
8, 100152. doi:10.1016/j.stress.2023.100152
Crossref ® Google Scholar

Rehman, S. U., Wang, J., Chang, X., Zhang, X., Mao, X., & Jing, R. (2019). A wheat protein
kinase gene TaSnRK2.9-5A associated with yield contributing traits. Theoretical and Applied
Genetics, 132(4), 907-919. doi:10.1007/s00122-018-3247-7
Crossref @ PubMed ¢ PMC e Google Scholar

Robles-Zazueta, C. A., Pinto, F., Molero, G., Foulkes, M. J., Reynolds, M. P., & Murchie, E. H.
(2022). Prediction of photosynthetic, biophysical, and biochemical traits in wheat canopies
to reduce the phenotyping bottleneck. Frontiers in Plant Science, 13, 828451. doi:10.3389/
fpls.2022.828451
Crossref @ PubMed ¢ PMC e Google Scholar

Sabir, K., Rose, T., Wittkop, B., Stahl, A., Snowdon, R. J., Ballvora, A., Friedt, W., Kage, H., Léon, J.,
Ordon, F., Stltzel, H., Zetzsche, H., & Chen, T.-W. (2023). Stage-specific genotype-by-
environment interactions determine yield components in wheat. Nature Plants, 9(10), 1688—
1696. doi:10.1038/s41477-023-01516-8
Crossref @ PubMed e Google Scholar

Saintenac, C., Lee, W.-S., Cambon, F., Rudd, J. J., King, R. C., Marande, W., Powers, S. J.,
Berges, H., Phillips, A. L., Uauy, C., Hammond-Kosack, K. E., Langin, T., & Kanyuka, K. (2018).
Wheat receptor-kinase-like protein Stb6 controls gene-for-gene resistance to fungal pathogen
Zymoseptoria tritici. Nature Genetics, 50(3), 368—374. doi:10.1038/s41588-018-0051-x
Crossref @ PubMed e Google Scholar

Schierenbeck, M., Alqudah, A. M., Thabet, S. G., Lohwasser, U., Simon, M. R., & Borner, A. (2023).
Association mapping unravels the genetics controlling seedling drought stress tolerance in
winter wheat. Frontiers in Plant Science, 14, 1061845. doi:10.3389/fpls.2023.1061845
Crossref @ PubMed ¢ PMC e Google Scholar

Sehgal, D., Dhakate, P., Ambreen, H., Shaik, K. H. B., Rathan, N. D., Anusha, N. M., Deshmukh, R.,
& Vikram, P. (2023). Wheat omics: advancements and opportunities. Plants, 12(3), 426.
doi:10.3390/plants12030426
Crossref @ PubMed ¢ PMC e Google Scholar

Sertse, D., Bekele, W. A., & McCartney, C. A. (2026). Genomic insights into winter wheat
breeding for severely cold climates. International Journal of Molecular Sciences, 27(3), 1568.
doi:10.3390/ijms27031568
Crossref @ PubMed ¢ PMC e Google Scholar

Shakalii, S. M., Bahan, A. V., Yurchenko, S. O., & Golovash, L. M. (2022). Influence of various
winter wheat variety properties on productivity variability. Scientific Progress & Innovations,
1, 11-17. doi:10.31210/visnyk2022.01.01
Crossref ® Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e Bionoriyni Ctyaji / Studia Biologica e 2026 e Tom 20 / Ne 3 e C. 209-230


https://doi.org/10.3390/biology11010149
https://doi.org/10.3390/biology11010149
https://pubmed.ncbi.nlm.nih.gov/35053148/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8773325/
https://scholar.google.com/scholar_lookup?&title=Breeding+for+economically+and+environmentally+sustainable+wheat+varieties%3A+an+integrated+approach+from+genomics+to+selection&btnG=
https://www.reuters.com/business/environment/ukraine-eyes-higher-2025-grain-harvest-plans-more-winter-wheat-2026-2025-08-04/
https://www.reuters.com/business/environment/ukraine-eyes-higher-2025-grain-harvest-plans-more-winter-wheat-2026-2025-08-04/
https://doi.org/10.1007/s44154-025-00247-4
https://doi.org/10.1007/s44154-025-00247-4
https://pubmed.ncbi.nlm.nih.gov/40851052/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12375530/
https://scholar.google.com/scholar_lookup?&title=Crown+rot+in+wheat:+pathogen+biology,+host+responses,+and+management+strategies&hl=uk&as_sdt=0,5
https://doi.org/10.1016/j.stress.2023.100152
https://doi.org/10.1016/j.stress.2023.100152
https://scholar.google.com/scholar_lookup?&title=Role+of+phytohormones+in+regulating+cold+stress+tolerance%3A+physiological+and+molecular+approaches+for+developing+cold-smart+crop+plants&btnG=
https://doi.org/10.1007/s00122-018-3247-7
https://doi.org/10.1007/s00122-018-3247-7
https://pubmed.ncbi.nlm.nih.gov/30519711/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6449320/
https://scholar.google.com/scholar_lookup?&title=A+wheat+protein+kinase+gene+TaSnRK2.9-5A+associated+with+yield+contributing+traits&btnG=
https://doi.org/10.3389/fpls.2022.828451
https://doi.org/10.3389/fpls.2022.828451
https://doi.org/10.3389/fpls.2022.828451
https://pubmed.ncbi.nlm.nih.gov/35481146/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9036448/
https://scholar.google.com/scholar_lookup?&title=Prediction+of+photosynthetic%2C+biophysical%2C+and+biochemical+traits+in+wheat+canopies+to+reduce+the+phenotyping+bottleneck&btnG=
https://doi.org/10.1038/s41477-023-01516-8
https://doi.org/10.1038/s41477-023-01516-8
https://pubmed.ncbi.nlm.nih.gov/37735253/
https://scholar.google.com/scholar_lookup?&title=Stage-specific+genotype-by-environment+interactions+determine+yield+components+in+wheat&btnG=
https://doi.org/10.1038/s41588-018-0051-x
https://doi.org/10.1038/s41588-018-0051-x
https://pubmed.ncbi.nlm.nih.gov/29434355/
https://scholar.google.com/scholar_lookup?&title=Wheat+receptor-kinase-like+protein+Stb6+controls+gene-for-gene+resistance+to+fungal+pathogen+Zymoseptoria+tritici&btnG=
https://doi.org/10.3389/fpls.2023.1061845
https://doi.org/10.3389/fpls.2023.1061845
https://pubmed.ncbi.nlm.nih.gov/36818842/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9933780/
https://scholar.google.com/scholar_lookup?&title=Association+mapping+unravels+the+genetics+controlling+seedling+drought+stress+tolerance+in+winter+wheat&btnG=
https://doi.org/10.3390/plants12030426
https://doi.org/10.3390/plants12030426
https://pubmed.ncbi.nlm.nih.gov/36771512/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9919419/
https://scholar.google.com/scholar_lookup?&title=Wheat+omics%3A+advancements+and+opportunities&btnG=
https://doi.org/10.3390/ijms27031568
https://doi.org/10.3390/ijms27031568
https://pubmed.ncbi.nlm.nih.gov/41683987/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12898387/
https://scholar.google.com/scholar_lookup?&title=Genomic+insights+into+winter+wheat+breeding+for+severely+cold+climates&btnG=
https://doi.org/10.31210/visnyk2022.01.01
https://doi.org/10.31210/visnyk2022.01.01
https://scholar.google.com/scholar_lookup?&title=INFLUENCE+OF+VARIOUS+WINTER+WHEAT+VARIETY+PROPERTIES+ON+PRODUCTIVITY+VARIABILITY&btnG=

MODERN BREEDING AND MOLECULAR GENETIC APPROACHES TO ENHANCING WINTER BREAD WHEAT RESISTANCE... 227

Shenoda, J. E., Sanad, M. N. M. E., Rizkalla, A. A., Hussein, M. H., & El-Assal, S. (2026).
Crosstalk of heat shock proteins and antioxidants with peroxisome biogenesis supports
wheat thermotolerance. Scientific Reports, 16(1), 14700. doi:10.1038/s41598-026-48451-0
Crossref @ PubMed e PMC e Google Scholar

Shoukat, M. R., Wang, J., Habib-ur-Rahman, M., Hui, X., Hoogenboom, G., & Yan, H. (2024).
Adaptation strategies for winter wheat production at farmer fields under a changing climate:
employing crop and multiple global climate models. Agricultural Systems, 220, 104066.
doi:10.1016/j.agsy.2024.104066
Crossref @ Google Scholar

Smith, M. E., Kavamura, V. N., Hughes, D., Mendes, R., Lund, G., Clark, I., & Mauchline, T. H.
(2025). Uncovering functional deterioration in the rhizosphere microbiome associated with
post-green revolution wheat cultivars. Environmental Microbiome, 20(1), 64. doi:10.1186/
s40793-025-00723-4
Crossref @ PubMed e PMC e Google Scholar

Soleimani, B., Lehnert, H., Babben, S., Keilwagen, J., Koch, M., Arana-Ceballos, F. A., Chesnokov, Y.,
Pshenichnikova, T., Schondelmaier, J., Ordon, F., Boérner, A., & Perovic, D. (2022). Genome
wide association study of frost tolerance in wheat. Scientific Reports, 12(1), 5275. doi:10.1038/
$41598-022-08706-y
Crossref @ PubMed e PMC e Google Scholar

Spychata, J., Tomkowiak, A., Noweiska, A., Bobrowska, R., Rychel-Bielska, S., Bocianowski, J.,
Wolko, t., Kowalczewski, P. L., Nowicki, M., & Kwiatek, M. T. (2024). Expression patterns of
candidate genes for the Lr46/Yr29 “slow rust” locus in common wheat (Triticum aestivum L.)
and associated miRNAs inform of the gene conferring the Puccinia triticina resistance trait.
PLoS One, 19(9), e0309944. doi:10.1371/journal.pone.0309944
Crossref @ PubMed e PMC e Google Scholar

Su, Z., Jin, S., Zhang, D., & Bai, G. (2018). Development and validation of diagnostic markers
for Fhb1 region, a major QTL for Fusarium head blight resistance in wheat. Theoretical and
Applied Genetics, 131(11), 2371-2380. doi:10.1007/s00122-018-3159-6
Crossref e PubMed e Google Scholar

Su, Z., Bernardo, A., Tian, B., Chen, H., Wang, S., Ma, H., Cai, S., Liu, D., Zhang, D., Li, T,
Trick, H., St. Amand, P., Yu, J., Zhang, Z., & Bai, G. (2019). A deletion mutation in TaHRC
confers Fhb1 resistance to Fusarium head blight in wheat. Nature Genetics, 51(7), 1099—
1105. doi:10.1038/s41588-019-0425-8
Crossref @ PubMed e Google Scholar

Tang, T., Ge, J., Shi, H., Wang, L., Cao, J., & Lee, X. (2025). Drought frequency, intensity, and
exposure have increased due to historical land use and land cover changes. Communications
Earth & Environment, 6(1), 398. doi:10.1038/s43247-025-02392-0
Crossref @ Google Scholar

Thomsen, L. E., Zhao, Y., Avenhaus, U., Reif, J. C., & Gundala, R. R. (2026). Integrating genomic
predictions into an applied Central European wheat breeding program. Theoretical and
Applied Genetics, 139(2), 69. doi:10.1007/s00122-026-05175-z
Crossref @ PubMed e PMC e Google Scholar

Tiwari, V. K., Saripalli, G., Sharma, P. K., & Poland, J. (2024). Wheat genomics: genomes,
pangenomes, and beyond. Trends in Genetics,40(11),982-992. doi:10.1016/j.tig.2024.07.004
Crossref @ PubMed e Google Scholar

Tran, B.-L., Tseng, W.-C., & Chen, C.-C. (2025). Climate change impacts on crop yields across
temperature rise thresholds and climate zones. Scientific Reports, 15(1), 23424. doi:10.1038/
$41598-025-07405-8
Crossref @ PubMed e PMC e Google Scholar

Tsega, A., & Mullualem, D. (2026). Machine learning for multi-omics data integration in crop
improvement: a systematic review. BMC Bioinformatics, 27(1), 81. doi:10.1186/s12859-026-
06438-8
Crossref @ PubMed e PMC e Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) ¢ Bionoriuni Ctygii / Studia Biologica e 2026 e Tom 20 / Ne 3 e C. 209-230


https://doi.org/10.1038/s41598-026-48451-0
https://doi.org/10.1038/s41598-026-48451-0
https://pubmed.ncbi.nlm.nih.gov/42108241/
https://pmc.ncbi.nlm.nih.gov/articles/PMC13158294/
https://scholar.google.com/scholar_lookup?&title=Crosstalk+of+heat+shock+proteins+and+antioxidants+with+peroxisome+biogenesis+supports+wheat+thermotolerance&btnG=
https://doi.org/10.1016/j.agsy.2024.104066
https://doi.org/10.1016/j.agsy.2024.104066
https://scholar.google.com/scholar_lookup?&title=Adaptation+strategies+for+winter+wheat+production+at+farmer+fields+under+a+changing+climate%3A+Employing+crop+and+multiple+global+climate+models&btnG=
https://doi.org/10.1186/s40793-025-00723-4
https://doi.org/10.1186/s40793-025-00723-4
https://doi.org/10.1186/s40793-025-00723-4
https://pubmed.ncbi.nlm.nih.gov/40484974/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12145609/
https://scholar.google.com/scholar_lookup?hl=en&volume=20&publication_year=2025&pages=64&journal=Environmental+Microbiomes&author=M.+E.+Smith&author=V.+N.+Kavamura&author=D.+Hughes&title=Uncovering+Functional+Deterioration+in+the+Rhizosphere+Microbiome+Associated+With+Post%E2%80%90Green+Revolution+Wheat+Cultivars
https://doi.org/10.1038/s41598-022-08706-y
https://doi.org/10.1038/s41598-022-08706-y
https://doi.org/10.1038/s41598-022-08706-y
https://pubmed.ncbi.nlm.nih.gov/35347161/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8960795/
https://scholar.google.com/scholar_lookup?&title=Genome+wide+association+study+of+frost+tolerance+in+wheat&btnG=
https://doi.org/10.1371/journal.pone.0309944
https://doi.org/10.1371/journal.pone.0309944
https://pubmed.ncbi.nlm.nih.gov/39240941/
https://pmc.ncbi.nlm.nih.gov/articles/PMC11379320/
https://scholar.google.com/scholar_lookup?&title=Expression+patterns+of+candidate+genes+for+the+Lr46%2FYr29+%E2%80%9Cslow+rust%E2%80%9D+locus+in+common+wheat+%28Triticum+aestivum+L.%29+and+associated+miRNAs+inform+of+the+gene+conferring+the+Puccinia+triticina+resistance+trait&btnG=
https://doi.org/10.1007/s00122-018-3159-6
https://pubmed.ncbi.nlm.nih.gov/30136107/
https://scholar.google.com/scholar_lookup?&title=Development+and+validation+of+diagnostic+markers+for+Fhb1+region%2C+a+major+QTL+for+Fusarium+head+blight+resistance+in+wheat&btnG=
https://doi.org/10.1038/s41588-019-0425-8
https://doi.org/10.1038/s41588-019-0425-8
https://pubmed.ncbi.nlm.nih.gov/31182809/
https://scholar.google.com/scholar_lookup?&title=A+deletion+mutation+in+TaHRC+confers+Fhb1+resistance+to+Fusarium+head+blight+in+wheat&btnG=
https://doi.org/10.1038/s43247-025-02392-0
https://doi.org/10.1038/s43247-025-02392-0
https://scholar.google.com/scholar_lookup?&title=Drought+frequency,+intensity,+and+exposure+have+increased+due+to+historical+land+use+and+land+cover+changes&hl=uk&as_sdt=0,5
https://doi.org/10.1007/s00122-026-05175-z
https://doi.org/10.1007/s00122-026-05175-z
https://pubmed.ncbi.nlm.nih.gov/41686243/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12904978/
https://scholar.google.com/scholar_lookup?&title=Integrating+genomic+predictions+into+an+applied+Central+European+wheat+breeding+program&btnG=
https://doi.org/10.1016/j.tig.2024.07.004
https://doi.org/10.1016/j.tig.2024.07.004
https://pubmed.ncbi.nlm.nih.gov/39191555/
https://scholar.google.com/scholar_lookup?&title=Wheat+genomics%3A+genomes%2C+pangenomes%2C+and+beyond&btnG=
https://doi.org/10.1038/s41598-025-07405-8
https://doi.org/10.1038/s41598-025-07405-8
https://doi.org/10.1038/s41598-025-07405-8
https://pubmed.ncbi.nlm.nih.gov/40603482/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12223106/
https://scholar.google.com/scholar_lookup?&title=Climate+change+impacts+on+crop+yields+across+temperature+rise+thresholds+and+climate+zones&btnG=
https://doi.org/10.1186/s12859-026-06438-8
https://doi.org/10.1186/s12859-026-06438-8
https://doi.org/10.1186/s12859-026-06438-8
https://pubmed.ncbi.nlm.nih.gov/41922965/
https://pmc.ncbi.nlm.nih.gov/articles/PMC13054975/
https://scholar.google.com/scholar?hl=uk&as_sdt=0%2C5&q=Machine+learning+for+multi-omics+data+integration+in+crop+improvement%3A+a+systematic+review+Tsega+Mullualem&btnG=

228 Yehor Kucherenko, Andrii Yarosh, Zoya Usova, Natalia Kuzmyshyna

Vaitkevi¢iaté, G., Chawade, A., Lillemo, M., Liatukas, Z., Alelitinas, A., & Armoniené, R. (2023).
Genome-wide association analysis of freezing tolerance and winter hardiness in winter wheat
of Nordic origin. Plants, 12(23), 4014. doi:10.3390/plants12234014
Crossref @ PubMed ¢ PMC e Google Scholar

Wang, H., Yang, B.-S., Xing, L.-W,, Yang, S.-Y., Hao, S.-N., Zhang, H.-H., Yu, W.-K., Wan, X.-N.,
& Sun, G.-Z. (2026). Relationships between freeze tolerance and plant architecture in
winter wheat during tillering stage. Frontiers in Plant Science, 17, 1745479. doi:10.3389/
fpls.2026.1745479
Crossref @ PubMed ¢ PMC e Google Scholar

Wang, L., & Chang, C. (2024). Stomatal improvement for crop stress resistance. Journal of
Experimental Botany, 75(7), 1823—1833. doi:10.1093/jxb/erad477
Crossref @ PubMed e Google Scholar

Wang, T., Tong, R., Yuan, Z., & Li, Y. (2026). Beyond QTL and GWAS: how deep learning, graph
models, and multi-omics are reshaping plant genomic prediction analysis. Frontiers in
Genetics, 17, 1783939. doi:10.3389/fgene.2026.1783939
Crossref @ PubMed ¢ PMC e Google Scholar

Wang, Y., Cheng, X., Shan, Q., Zhang, Y., Liu, J., Gao, C., & Qiu, J.-L. (2014). Simultaneous
editing of three homoeoalleles in hexaploid bread wheat confers heritable resistance to
powdery mildew. Nature Biotechnology, 32(9), 947-951. doi:10.1038/nbt.2969
Crossref @ PubMed e Google Scholar

Wang, Y.-X,, Yu, T.-F., Wang, C.-X., Wei, J.-T., Zhang, S.-X., Liu, Y.-W., Chen, J., Zhou, Y.-B.,
Chen, M., Ma, Y.-Z,, Lan, J.-H., Zheng, J.-C., Li, F., & Xu, Z.-S. (2023). Heat shock protein
TaHSP17.4, a TaHOP interactor in wheat, improves plant stress tolerance. International
Journal of Biological Macromolecules, 246, 125694. doi:10.1016/j.ijbiomac.2023.125694
Crossref @ PubMed e Google Scholar

Waqas, M., Rasheed, A., & Peng, J. (2025). Wheat genomics frontiers for gene discovery and
breeding applications. WheatOmics, 1(1), 3. doi:10.1007/s44412-025-00002-6
Crossref @ Google Scholar

Whiting, R., Ficht, A., Chen, Y., Torkamaneh, D., Colasanti, J., & Lyons, E. M. (2025). Genome-
wide association analysis of winter survival in a diverse Canadian winter wheat population.
The Plant Genome, 18(3), e70091. doi:10.1002/tpg2.70091
Crossref @ PubMed ¢ PMC e Google Scholar

World Bank. (2025, February 25). World Bank says Ukraine’s agricultural sector suffered $11.2B
in direct war-related losses. Ukrinform. https://www.ukrinform.net/rubric-economy/3964402-
world-bank-says-ukraines-agricultural-sector-suffered-112b-in-direct-warrelated-losses.html

Wojcik-Gront, E., Zieniuk, B., & Pawetkowicz, M. (2024). Harnessing Al-powered genomic
research for sustainable crop improvement. Agriculture, 14(12), 2299. doi:10.3390/
agriculture14122299
Crossref ® Google Scholar

Wu, L., Yu, W,, Cheng, C., Feng, L., Yan, J., Zheng, D., & Yang, F. (2024). Integrative indexes
reveal the tolerance of winter wheat to different overwinter freezing injury. Frontiers in Plant
Science, 15, 1419381. doi:10.3389/fpls.2024.1419381
Crossref @ PubMed ¢ PMC e Google Scholar

Wirschum, T., Longin, C. F. H., Hahn, V., Tucker, M. R., & Leiser, W. L. (2017). Copy number
variations of CBF genes at the Fr-A2 locus are essential components of winter hardiness in
wheat. The Plant Journal, 89(4), 764—773. doi:10.1111/tpj. 13424
Crossref @ PubMed e Google Scholar

Xie, X., Zhao, P., Zhang, Y., Ni, Z., Sun, Q., & Guo, W. (2026). Beyond data: artificial intelligence,
knowledge graphs, and the next revolution in wheat breeding. Plant Communications, 7(5),
101841. doi:10.1016/j.xplc.2026.101841
Crossref @ PubMed ¢ PMC e Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e Bionoriyni Ctyaji / Studia Biologica e 2026 e Tom 20 / Ne 3 e C. 209-230


https://doi.org/10.3390/plants12234014
https://doi.org/10.3390/plants12234014
https://pubmed.ncbi.nlm.nih.gov/38068649/
https://pmc.ncbi.nlm.nih.gov/articles/PMC10708462/
https://scholar.google.com/scholar_lookup?&title=Genome-wide+association+analysis+of+freezing+tolerance+and+winter+hardiness+in+winter+wheat+of+Nordic+origin&btnG=
https://doi.org/10.3389/fpls.2026.1745479
https://doi.org/10.3389/fpls.2026.1745479
https://doi.org/10.3389/fpls.2026.1745479
https://pubmed.ncbi.nlm.nih.gov/41783100/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12953081/
https://scholar.google.com/scholar_lookup?&title=Relationships+between+freeze+tolerance+and+plant+architecture+in+winter+wheat+during+tillering+stage&hl=uk&as_sdt=0,5
https://doi.org/10.1093/jxb/erad477
https://doi.org/10.1093/jxb/erad477
https://pubmed.ncbi.nlm.nih.gov/38006251/
https://scholar.google.com/scholar_lookup?&title=Stomatal+improvement+for+crop+stress+resistance&btnG=
https://doi.org/10.3389/fgene.2026.1783939
https://doi.org/10.3389/fgene.2026.1783939
https://pubmed.ncbi.nlm.nih.gov/42080094/
https://pmc.ncbi.nlm.nih.gov/articles/PMC13132505/
https://scholar.google.com/scholar_lookup?&title=Beyond+QTL+and+GWAS%3A+How+deep+learning%2C+graph+models%2C+and+multi-omics+are+reshaping+plant+genomic+prediction+analysis&btnG=
https://doi.org/10.1038/nbt.2969
https://doi.org/10.1038/nbt.2969
https://pubmed.ncbi.nlm.nih.gov/25038773/
https://scholar.google.com/scholar_lookup?&title=Simultaneous+editing+of+three+homoeoalleles+in+hexaploid+bread+wheat+confers+heritable+resistance+to+powdery+mildew&btnG=
https://doi.org/10.1016/j.ijbiomac.2023.125694
https://doi.org/10.1016/j.ijbiomac.2023.125694
https://pubmed.ncbi.nlm.nih.gov/37414309/
https://scholar.google.com/scholar_lookup?&title=Heat+shock+protein+TaHSP17.4%2C+a+TaHOP+interactor+in+wheat%2C+improves+plant+stress+tolerance&btnG=
https://doi.org/10.1007/s44412-025-00002-6
https://doi.org/10.1007/s44412-025-00002-6
https://scholar.google.com/scholar_lookup?&title=Wheat+genomics+frontiers+for+gene+discovery+and+breeding+applications&btnG=
https://doi.org/10.1002/tpg2.70091
https://doi.org/10.1002/tpg2.70091
https://pubmed.ncbi.nlm.nih.gov/40832815/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12365865/
https://scholar.google.com/scholar_lookup?&title=Genome-wide+association+analysis+of+winter+survival+in+a+diverse+Canadian+winter+wheat+population&btnG=
https://www.ukrinform.net/rubric-economy/3964402-world-bank-says-ukraines-agricultural-sector-suffered-112b-in-direct-warrelated-losses.html?utm_source=chatgpt.com
https://www.ukrinform.net/rubric-economy/3964402-world-bank-says-ukraines-agricultural-sector-suffered-112b-in-direct-warrelated-losses.html?utm_source=chatgpt.com
https://doi.org/10.3390/agriculture14122299
https://doi.org/10.3390/agriculture14122299
https://doi.org/10.3390/agriculture14122299
https://scholar.google.com/scholar_lookup?&title=Harnessing+AI-powered+genomic+research+for+sustainable+crop+improvement&btnG=
https://doi.org/10.3389/fpls.2024.1419381
https://doi.org/10.3389/fpls.2024.1419381
https://pubmed.ncbi.nlm.nih.gov/39494060/
https://pmc.ncbi.nlm.nih.gov/articles/PMC11528423/
https://scholar.google.com/scholar_lookup?&title=Integrative+indexes+reveal+the+tolerance+of+winter+wheat+to+different+overwinter+freezing+injury&btnG=
https://doi.org/10.1111/tpj.13424
https://doi.org/10.1111/tpj.13424
https://pubmed.ncbi.nlm.nih.gov/27859852/
https://scholar.google.com/scholar_lookup?&title=Copy+number+variations+of+CBF+genes+at+the+Fr-A2+locus+are+essential+components+of+winter+hardiness+in+wheat&btnG=
https://doi.org/10.1016/j.xplc.2026.101841
https://doi.org/10.1016/j.xplc.2026.101841
https://pubmed.ncbi.nlm.nih.gov/41947461/
https://pmc.ncbi.nlm.nih.gov/articles/PMC13174247/
https://scholar.google.com/scholar_lookup?&title=Beyond+data%3A+artificial+intelligence%2C+knowledge+graphs%2C+and+the+next+revolution+in+wheat+breeding&btnG=

MODERN BREEDING AND MOLECULAR GENETIC APPROACHES TO ENHANCING WINTER BREAD WHEAT RESISTANCE... 229

Xing, L., Hu, P, Liu, J., Witek, K., Zhou, S., Xu, J., ... Cao, A. (2018). Pm21 from Haynaldia villosa
encodes a CC-NBS-LRR protein conferring powdery mildew resistance in wheat. Molecular
Plant, 11(6), 874—878. doi:10.1016/j.molp.2018.02.013
Crossref @ PubMed e Google Scholar

Yarosh, A., Kucherenko, Y., Barylko, M., Usova, Z., & Vasylenko, A. (2024). Ecological plasticity of
soft winter wheat varieties and resistance to snow mould pathogen (Microdochium nivale (Fr.)
Samuels & I. C. Hallett). Scientific Horizons, 27(10), 31-42. doi:10.48077/scihor10.2024.31
Crossref @ Google Scholar

Yarosh, A. V., Riabchun, V. K., & Riabchun, N. I. (2022). Adaptability of winter bread wheat by
environmental plasticity and stability. Plant Breeding and Seed Production, 121, 75-83.
doi:10.30835/2413-7510.2022.260998
Crossref @ Google Scholar

Yaghoubi Khanghahi, M., AbdElgawad, H., Curci, M., Garrigues, R., Korany, S. M., Alsherif, E.
A., Verbruggen, E., Spagnuolo, M., Addesso, R., Sofo, A., Beemster, G. T. S., & Crecchio, C.
(2025). Transcriptomic, biochemical, and microbiome assessments into drought and salinity
tolerance in durum wheat mediated by plant growth-promoting bacteria. Physiology and
Molecular Biology of Plants, 31(12), 2121-2143. doi:10.1007/s12298-025-01686-z
Crossref @ PubMed e PMC e Google Scholar

Yan, L., Loukoianov, A., Tranquilli, G., Helguera, M., & Dubcovsky, J. (2003). Positional cloning
of the wheat vernalization gene VRN1. Proceedings of the National Academy of Sciences,
100(10), 6263—6268. doi:10.1073/pnas.0937399100
Crossref @ PubMed e PMC e Google Scholar

Zaid, A., Singh, A., & Uddin, K. (2026). Epigenetic mechanism of abiotic stress responses in
plants. Horticulture Advances, 4(1), 7. doi:10.1007/s44281-025-00096-1
Crossref @ Google Scholar

Zeng, Z., Guo, C., Yan, X., Song, J., Wang, C., Xu, X., & Hao, Y. (2022). QTL mapping and
KASP marker development for seed vigor related traits in common wheat. Frontiers in Plant
Science, 13, 994973. doi:10.3389/fpls.2022.994973
Crossref @ PubMed e PMC e Google Scholar

Zhang, H., Xue, X., Guo, J., Huang, Y., Dai, X,, Li, T., Hu, J., Qu, Y., & Li, H. (2022). Association
of the recessive allele vrn-D1 with winter frost tolerance in bread wheat. Frontiers in Plant
Science, 13, 879768. doi:10.3389/fpls.2022.879768
Crossref @ PubMed e PMC e Google Scholar

Zhang, Y., Zhou, S., Yu, Y., Wu, Q., Zang, Z., Li, D., Wang, J., Ma, X., & Li, X. (2026). Fusarium
crown rot in wheat: advances in the biology, pathogenicity, and management of Fusarium
pseudograminearum. WheatOmics, 2(1), 6. doi:10.1007/s44412-026-00009-7
Crossref @ Google Scholar

Zhu, P., Kim, T., Jin, Z., Lin, C., Wang, X., Ciais, P., Mueller, N. D., Aghakouchak, A., Huang, J.,
Mulla, D., & Makowski, D. (2022). The critical benefits of snowpack insulation and snowmelt
for winter wheat productivity. Nature Climate Change, 12(5), 485—-490. doi:10.1038/s41558-
022-01327-3
Crossref @ Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) ¢ Bionoriuni Ctygii / Studia Biologica e 2026 e Tom 20 / Ne 3 e C. 209-230


https://doi.org/10.1016/j.molp.2018.02.013
https://doi.org/10.1016/j.molp.2018.02.013
https://pubmed.ncbi.nlm.nih.gov/29567451/
https://scholar.google.com/scholar_lookup?&title=Pm21+from+Haynaldia+villosa+encodes+a+CC-NBS-LRR+protein+conferring+powdery+mildew+resistance+in+wheat&btnG=
https://doi.org/10.48077/scihor10.2024.31
https://doi.org/10.48077/scihor10.2024.31
https://scholar.google.com/scholar_lookup?&title=Ecological+plasticity+of+soft+winter+wheat+varieties+and+resistance+to+snow+mould+pathogen+%28Microdochium+nivale+%28Fr.%29+Samuels+%26+I.C.+Hallett%29&btnG=
https://doi.org/10.30835/2413-7510.2022.260998
https://doi.org/10.30835/2413-7510.2022.260998
https://scholar.google.com/scholar_lookup?&title=Adaptability+of+winter+bread+wheat+by+environmental+plasticity+and+stability&btnG=
https://doi.org/10.1007/s12298-025-01686-z
https://doi.org/10.1007/s12298-025-01686-z
https://pubmed.ncbi.nlm.nih.gov/41425608/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12715099/
https://scholar.google.com/scholar_lookup?&title=Transcriptomic%2C+biochemical%2C+and+microbiome+assessments+into+drought+and+salinity+tolerance+in+durum+wheat+mediated+by+plant+growth-promoting+bacteria&btnG=
https://doi.org/10.1073/pnas.0937399100
https://doi.org/10.1073/pnas.0937399100
https://pubmed.ncbi.nlm.nih.gov/12730378/
https://pmc.ncbi.nlm.nih.gov/articles/PMC156360/
https://scholar.google.com/scholar_lookup?&title=Positional+cloning+of+the+wheat+vernalization+gene+VRN1&btnG=
https://doi.org/10.1007/s44281-025-00096-1
https://doi.org/10.1007/s44281-025-00096-1
https://scholar.google.com/scholar_lookup?&title=Epigenetic+mechanism+of+abiotic+stress+responses+in+plants&btnG=
https://doi.org/10.3389/fpls.2022.994973
https://doi.org/10.3389/fpls.2022.994973
https://pubmed.ncbi.nlm.nih.gov/36247615/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9563228/
https://scholar.google.com/scholar_lookup?&title=QTL+mapping+and+KASP+marker+development+for+seed+vigor+related+traits+in+common+wheat&btnG=
https://doi.org/10.3389/fpls.2022.879768
https://doi.org/10.3389/fpls.2022.879768
https://pubmed.ncbi.nlm.nih.gov/35734247/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9207342/
https://scholar.google.com/scholar_lookup?&title=Association+of+the+recessive+allele+vrn-D1+with+winter+frost+tolerance+in+bread+wheat&btnG=
https://doi.org/10.1007/s44412-026-00009-7
https://doi.org/10.1007/s44412-026-00009-7
https://scholar.google.com/scholar_lookup?&title=Fusarium+crown+rot+in+wheat%3A+advances+in+the+biology%2C+pathogenicity%2C+and+management+of+Fusarium+pseudograminearum&btnG=
https://doi.org/10.1038/s41558-022-01327-3
https://doi.org/10.1038/s41558-022-01327-3
https://doi.org/10.1038/s41558-022-01327-3
https://scholar.google.com/scholar_lookup?&title=The+critical+benefits+of+snowpack+insulation+and+snowmelt+for+winter+wheat+productivity&btnG=

230 Yehor Kucherenko, Andrii Yarosh, Zoya Usova, Natalia Kuzmyshyna

CYYACHI CEJ'IEKLII?IHI TA MONEKYNAPHO-rEHETUYHI NIAXoau
NIABULWEHHSA CTINKOCTI NWEHULI M’SAIKOT O3UMOI A0 BIO- N ABIOTUYHUX
CTPECIB B YMOBAX IMOBAJIbHUX KNIMATUYHUX 3MIH (OrnAn[)

€2op KyuyepeHko, AHOpili Sipow, 3051 Ycoea, Hamanisi KyabmuwuHa

IHcmumym pocnuHHuuymea imeHi B. A. KOp’eea HAAH
npocn. [epoie Xapkosa, 142, Xapkie 61060, YkpaiHa

O6rpyHTyBaHHA. [NweHnus m'ska o3uma (Triticum aestivum L.) € ogHieto 3 npo-
BiJHWX 3€PHOBUX KyNbTYp CBITY, NPOAYKTUBHICTb SKOI MA€ BaXXNMBE 3HAYEHHS AN rrno-
BanbHOi npogoBonbYoi 6e3nekn. B ymoBax KniMatuyHMX 3MiH MOCUIIOETBCS Ais B6io-
1N abioTUYHMX CTpeciB, 30KpeEMaA, MOCYXM, BUCOKMX TeMnepaTyp, CONMOHOCTI Ta MOpOa3y,
LLIO MPU3BOANTb 0 BTPAT yPOXKaNHOCTI i NOripLeHHs AKOCTi 3epHa. Lie 3ymoBntoe Heob-
XiQHICTb iHTEerpyBaTv TpaauuUinHy cenekuito 3i Cy4aCHUMU MOMEKYMNSiPHO-TEHETUYHUMM
Ta BioiHhopmauiiHMMK Nigxogamu Ang CTBOPEHHS CTivikux copTiB. MeTa Liboro ornagy —
y3aranbHUTK CyYacHi CenekLiviHi Ta MONeKynsapHO-reHeTUYHI cTpaTerii NiABULLIEHHS CTin-
KOCTi MLUEeHULi M’SKOi 03MMOT A0 6io- 11 abioTMYHMX CTPECiB B yMOBaX KMiMaTUYHUX 3MiH.
Y po6oTi NpoaHanizoBaHO 3aCTOCYBaHHA reHeTUYHUX MapkepiB, QTL-aHanizy, GWAS,
reHOMHOI cenekuii i TexHonori pegaryBaHHs reHomy. OcobnvBy yBary NpuaineHo iHTe-
rpauii eHoTMNyBaHHS, MONeKyNApHUX AOCHIOKEHb | LMPOBMX TEXHOMOTIN Yy CeneKuin-
HUX Nporpamax. Y3aranbHeHO TeHAEHLU,T LWOoA0 BUKOPUCTAHHSA HOBUX AXXeper CTiNKOCTI
Ta hOpMyBaHHS aganTMBHOrO reHodoHay nweHuui. OTpUMaHi y3aranbHEeHHs MalTb
Ba)XXNIMBE NPAKTUYHE 3HAYEHHS AN BOOCKOHANEHHSA CTpaTerin cenekuii NweHnyi M’ aKoi
03MMOI 3 ypaxyBaHHAM Cy4acHUX KNiMaTU4HUX BUKIMKIB. IX MOXHa BUKOpPWUCTOBYBaTU
Ans opmyBaHHSA aganTUBHUX MporpaM 4obopy BUXIAHOrO marepiany, cnpsiMOBaHMX
Ha NiABULLEHHS CTIMKOCTI POCNUH A0 KoMMriekcy 6io- n abioTnyHmx cTpecis. Pesynbratu
Ornsay CTBOPIOKOTb HAYKOBE NIAIPYHTS ANS iHTerpauii KnaCuyHMX cenekuiiHnx MeTogais
3i Cy4aCHMMW MOMEKYNAPHO-TEHETUYHUMM TEXHonoriamu. Lle cnpuatume nigaBuLLeHHo
€(EeKTMBHOCTiI CTBOPEHHSI COPTIB HOBOMO MOKOMIHHSA, 34aTHUX CcTabinbHO peanisoByBaTh
noTeHUian ypoXXanHOCTi B yMmoBax rnobanbHux KniMaTuyHuX 3MiH | rapaHTyBaTy Npoao-
BOnbYy 6e3neky. BusHauyeHo Kro4oBi HanpsaMn noganbsLlunx OCHigKeHb, CNPAMOBaHUX
Ha NigBULLIEHHS eEKTMBHOCTI Cenekuii B yMoBax KniMaTU4HUX puaunkiB. Ornag Moxe
OyTn KOPUCHMM OIS CenekuioHepiB, reHeTuKiB i dhaxiBuiB i3 BioiHdopmaTuku, Wwo npa-
LIOI0Tb Y Chepi CTBOPEHHS Ta BOOCKOHANEHHSA COPTIB MLIEHWLI M’'SIKOT 03UMOI.

Knro4voei cnoea: cenekuia Ha CTiMKiCTb, KNiMaTU4YHIi  3MiHM, aganTauiiHui
noteHuian, QTL-aHani3, mapkep-acouiioBaHa cenekuis (MAS),
reHoMHa cenekuis
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