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Grain production is highly sensitive to weather variability, especially to extreme events in
terms of their intensity and duration, while individual growth stages differ in their vulnerability
to heat, drought, waterlogging and other stressors. The aim of this study is to generalize the
contribution of global breeding practice for grain crops, to systematize key approaches to
enhancing their adaptive potential, and to outline priority directions for further development
under conditions of accelerating climate change. The research is based on general scientific
methods of cognition, including system analysis, synthesis, abstraction, generalization,
deduction, concretization and formalization. The study summarizes current evidence on how
extreme weather factors affect quantitative and qualitative indicators of grain yield and
reviews modern breeding strategies aimed at minimising these negative impacts. Particular
attention is paid to the development of varieties tolerant to abiotic and biotic stresses,
increasing productivity and technological quality of grain, and the introduction of innovative
tools such as genomic selection, genetic engineering, marker-assisted selection (MAS) and
in vitro technologies. It is substantiated that implementing adaptive management in cereal
cultivation — through variety choice, optimisation of sowing dates and density, fertiliser
systems and crop protection — reduces production risks and costs, stabilises yields and
enhances resilience of cropping systems. The results are practically relevant for
programmes of development and modernisation of agricultural enterprises specialising in

the cultivation of grain crops, where the strategic priority is to combine environmental safety
with economic efficiency in line with the European green transition and the global trend
towards climate-smart agriculture.
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1. Problem statement

The conditions for growing grain crops are currently very variable, with significant
fluctuations in temperature and precipitation during the growing season. Global climate
dynamics necessitate the development of a set of hereditary traits of grain crops that are
resistant to the effects of climatic factors, which can significantly expand the possibilities
for selecting combinations of target traits for optimal genetic adaptation and potential
increase in gquantitative and qualitative yield indicators. Due to global climate change,
with the shift of seasons, plants often suffer both from high temperatures and from
insufficient precipitation, or, conversely, from very low temperatures and excess
moisture. Such extreme weather conditions can occur at different times during the same
growing season. This situation creates certain difficulties for managing grain crops, since
a formulaic approach with fixed maps often leads to a significant decrease in yield and,
as a result, economic impact. Against this background, a modern approach in agronomy
— adaptive management — becomes a viable option. This approach is a system of
measures and management decisions that allows you to adapt growing technologies to
current and predicted environmental conditions.

The study aimed at studying the possibilities of modern technologies for growing
cereals, focused on adaptive management, with the active use of monitoring, modeling
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and forecasting capabilities. The aspect of breeding adaptive varieties resistant to
climate change requires special attention.

Analysis of recent studies and publications. The need to develop, research and
implement effective solutions to reduce the negative impact of extreme weather
conditions on grain yields currently considered a pressing problem and is present in the
current scientific discourse. Numerous works and studies have been devoted to finding
optimal solutions in this area; in particular, Zabel et al. [1], Wolfe & Ceccarelli [2], Siddiqui
et al. [3], Varshney et al. [4] have paid much attention to this problem in recent
publications. The authors emphasize the need for a more in-depth study of the impact of
changes in average temperature on the wheat vegetation stage, which should precede
consideration of the consequences of extreme weather events and climate change on
crop yield indicators.

Vadez et al. [5] and Snowdon et al. [6] studied the impact of global climate change
on the process of growing wheat and other cereal crops, paying special attention to the
potential for adaptive breeding. Marone et al. [7] and Kom et al. [8] emphasize the
possibilities of modern forecasting and modeling using innovative technologies.

Fatima et al. [9] and Fradgley et al. [10] insist that the most effective way to ensure
the stability of grain yields under adverse weather conditions is optimal breeding
activities by creating stress-resistant genotypes that would adequately respond to the
expected frequent extreme weather events and would have high quantitative and
qualitative indicators. It is difficult to disagree with this position, because it is breeding
that is able to find a large-scale solution to the problem of eliminating the negative impact
of weather conditions on the process of growing wheat. Bapela et al. [11] conclude that
wheat-breeding models based on adaptive management can help breeding programs
identify optimal hypothetical traits for predicting different future scenarios of adverse
weather conditions. According to the authors, these models can be effectively use to
develop future wheat ideotypes that are resistant to climate change. The results of these
studies emphasize the importance of including stress tolerance traits in breeding
processes to mitigate the negative impact of global climate change, especially at the
regional and local levels, where predicted extreme weather events occur most often.

According to Yanagi [12], the creation of cereal genotypes with a high degree of
heat resistance during grain filling is crucial for wheat yield indicators under hotter
climatic conditions of the predicted future. Thus, ideotypes of cereal crops resistant to
the influence of climatic factors can significantly expand the possibilities for selecting
combinations of target traits for optimal genetic adaptation and potential increase in
gquantitative and qualitative yield indicators.

Despite the relatively high popularity of the studied problem in modern scientific
circles of the world community, very few proposals have been develop for practical
application in agricultural activities, and they need to be updat in the context of
progressive large-scale climate change. It is also necessary to take into account the
practical achievements of world breeding experience, which will allow achieving a
potential reduction in the negative impact on the quantitative and qualitative indicators of
grain crop yield.

Purpose. The purpose of this study is to analyze the existing contribution of world
grain breeding practice, to present the main ovative ideas within the framework of the
problem under study and determination of vectors for further development of the topic to
increase the adaptability of cereals in the conditions of climatic dynamics.

2. Materials and research methods

During the review of literary sources and publications in specialized journals
devoted to the topic under study, the primary task was to select relevant and progressive
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works on the chosen topic to assess the current state of research in this field. The
literature selected based on the principle of combining data according to functional
criteria, such as productivity, stress resistance and grain quality. Using the generalization
method, a set of measures carried out to identify typical features and patterns of the
problem under study, opportunities for optimizing the situation and finding the most
profitable solutions in economic and environmental aspects. The emphasis placed on
the latest developments and research on the problem under study in recent years.

The study based on the hypothetical-deductive method. Assumptions made
regarding the feasibility, effectiveness and safety of using modern processes for
breeding adaptive varieties in order to prevent a decrease in yield in extreme weather
conditions. To confirm this hypothesis, a deductive method used. To determine the
effectiveness, features and advantages of specific solutions in the studied process, a
system analysis, synthesis and generalization used. The work aimed at active practical
application in the future in the process of optimizing the management of risks of reducing
the yield of grain crops arising from adverse extreme weather events by increasing the
efficiency of selection.

3. Research results

Modern agricultural production still largely based on traditional tillage methods
and many years of practical experience in grain farming. However, in the last decades,
the technology of grain cultivation has undergone significant changes, and under
conditions of global climate change, these changes acquire a strategic character. The
main threat to grain cultivation is the increase in the frequency and intensity of local
adverse weather events. Climate change first involves a tendency towards higher mean
temperatures, shifts in the length of vegetation periods and increased climate variability.
At sensitive stages of ontogenesis, grain crops can severely damaged by high
temperatures, late frosts, drought or heavy rainfall, which leads to a significant impact on
the quantity and quality of the harvest. The impact of these factors at different phases of
plant growth has different consequences [13]. For example, heat stress on inflorescence
fertility leads to a decrease in the number of grains, and during grain filling, it causes a
reduction of grain size and baking or processing quality. Prolonged water stress reduces
leaf growth, accelerates leaf senescence and shortens the effective photosynthetic
period. Extreme drought episodes during grain filling reduce plant growth, leading to crop
failure, whereas drought during reproductive development primarily affects quantitative
yield indicators. Excessive precipitation during plant maturation leads to partial loss of
the crop, pre-harvest sprouting and a decline in quality parameters [5].

An increase in the frequency and intensity of such adverse weather events poses
a greater risk than gradual average climate change, since the time available for biological
and technological adaptation significantly reduced. In this regard, much attention has
recently been paid to the study of adverse weather conditions in climate modelling
systems for agricultural grain crops and to the improvement of breeding methods for the
development of resistant adaptive varieties that can maintain productivity in unstable
environments.

Adaptive management of grain crops based on the identification of key
environmental factors at different stages of growth that affect quantitative and qualitative
yield indicators. By choosing adaptive management, agricultural producers are able to
regulate a maximum number of influencing parameters — from the choice of variety,
sowing date and rate, the amount, timing and form of fertiliser application to the use of
growth regulators and plant protection products — in order to optimise quantitative and
qualitative yield indicators [14]. In practice, this means moving from fixed technological
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schemes to flexible, scenario-based decisions, which regularly updated according to
monitoring, and forecasts.

One of the effective tools used in modern grain-growing technologies is the active
use of climate and crop models to predict weather conditions and crop responses. These
models allow selecting the optimal parameters of sowing rate and timing, as well as
nitrogen application, depending on predicted temperature and precipitation patterns. The
use of nitrogen in differentiated doses and terms helps to reduce the stressful impact of
low temperatures on the plant, promotes growth during warmer periods of vegetation,
and has a positive effect on the development of the plant root system during periods of
high humidity and low temperatures [7]. At the same time, by adjusting the timing of
nitrogen application, it is possible to delay plant growth and development, which is
important for preventing early heading and ear emergence that may expose crops to late
spring frosts, and thus indirectly affects yield indicators.

The global practice of breeding adaptive varieties of grain crops focused on the
creation of varieties with increased resistance to stressful weather conditions, such as
drought, heat, soil salinisation or periodic waterlogging. For this purpose, both traditional
breeding methods and modern genetic technologies are successfully used. The main
approaches focused on creating high-yielding varieties with improved grain quality that
best meet local growing conditions and are able to realise their potential under a wide
range of seasonal scenarios [15]. At the same time, breeding programmes increasingly
guided by explicit ideotypes — conceptual models of a “desired” plant combining a set of
morphological, physiological and phenological traits adapted to target environments.

The main vectors of breeding practice in this context are as follows:

1) Breeding varieties resistant to abiotic stresses,

2) Breeding varieties resistant to biotic stresses,

3) Increasing productivity and improving grain quality,

4) Systematic use of innovative biotechnological tools that accelerate the breeding
cycle.

Breeding varieties resistant to abiotic stresses involves increasing the adaptive
capabilities of crops for drought tolerance (for example, developing wheat or maize
varieties that maintain productivity under moisture deficit in arid and semi-arid regions).
Also important are frost resistance (overcoming the critical barrier of low temperatures
during wintering or early spring growth), salt tolerance (breeding cereal varieties that can
grow and yield at elevated soil salinity levels, particularly in irrigated areas with
secondary salinization), and resistance to short-term floods and heat waves. For
example, in Australia significant attention is paid by breeders to breeding wheat varieties
that use water more efficiently in arid conditions, whereas in China large-scale breeding
projects for rice varieties able to grow on saline soils are being implemented [2; 10].
These examples demonstrate that abiotic stress tolerance increasingly considered not
as an additional trait, but as a central breeding goal in regions highly exposed to climate
risks.

Breeding of cereal varieties resistant to biotic stresses involves the integration of
genes for increased resistance to pests and diseases (Septoria leaf blotch, Fusarium
head blight, rusts and other pathogens). The process is carried out mainly using
molecular genetic methods and modern biotechnologies and is aimed at identifying
resistant genotypes, reproducing hybrids by crossing and selecting the best offspring.
Resistance to biotic stresses also includes improved tolerance to herbicides, which
allows more effective weed control and reduces competition for water and nutrients. In
particular, in the USA corn varieties with increased yield indicators and combined
resistance to herbicides and pests are particularly widespread [4; 15]. Under climate
change, such resistance becomes even more important, as warmer conditions and
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altered precipitation regimes may modify the spectrum and aggressiveness of pathogens
and pests.

Another direction of grain breeding is to improve the quality and productivity of
grain, including the optimisation of nutritional value by increasing the content of proteins,
essential amino acids, vitamins and microelements. In the process of breeding varieties
that provide higher yields per unit area, it is important to use modern technologies
successfully applied in world practice. Among them, genomic selection, genetic
engineering and marker-assisted selection (MAS) are the most effective [6]. These
technologies make it possible to simultaneously take into account a large number of loci
associated with adaptive and quality traits and thus accelerate the accumulation of
favourable alleles in breeding material.

The advantages of the genomic selection method, which involves large-scale
analysis of genomes for accurate selection of the best samples for further crossing, are
the avoidance of lengthy phenotypic tests, reduction of time costs, increased accuracy
of selection in the early stages of plant development, as well as the possibility to work
directly with genetic information. Examples of global genomic breeding experience
include hybrid forms of maize with increased resilience to drought, high-yielding varieties
of rice and wheat adaptable to adverse growing conditions, and creation of new
populations with optimised root systems for better water and nutrient uptake under
drought stress [4].

Genetic engineering involves the integration of genes from other organisms to
form new resistant traits. Examples of global genetic engineering practice in grain crop
breeding include herbicide-resistant maize and soybean, which are widely grown in the
USA and some other countries. Thus, up to 80% of maize crops and 95% of soybean
crops in the USA genetically modified for resistance to herbicides and pests. Another
well-known example is modified “golden rice” with an increased content of beta-carotene
aimed at improving human nutrition [6]. Although the spread of genetically modified
cereals remains limited by regulatory and public acceptance factors in many countries,
the knowledge gained through such projects actively used in conventional and marker-
assisted breeding.

The use of in vitro tissue and organ culture, a biological system that lacks the regulatory
mechanisms inherent in the whole organism, is becoming particularly relevant in global
practice. The in vitro method is now widely used to solve applied problems in breeding various
agricultural plants, including cereals: screening and identification of resistant forms, rapid
propagation of valuable genotypes, and studying the response of cells to the toxicity of
selective agents [3; 12]. In particular, in vitro systems enable the selection of callus cultures
and regenerants tolerant to salinity, drought imitating agents or certain pathogens, which can
used as a source material in breeding programmes.

The main feature of breeding for adaptability is systematic control of
environmental plasticity, stability and adaptability of varieties and hybrids already at the
early stages of the breeding process. Progress in agriculture in the near future will be
determin by improved adaptation of agricultural systems and agrolandscapes to
environmental factors that change in time and space. Therefore, modern breeding
approaches are characterised by an agroecological focus associated with greater
adaptability of new varieties and hybrids to local conditions, as well as by science-
intensive cultivation technologies. Their main distinguishing feature is the combination of
high potential productivity (crop size and quality) with resistance to the most common
abiotic and biotic stressors in the region and a favourable genotype x environment
interaction profile. The effectiveness of such selection achieved with various methods for
assessing ecological plasticity and stability, which differ in the complexity of calculations
and interpretation of results but provide breeders with quantitative criteria for comparing
genotypes across multiple environments.
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To better systematise the directions of current practice in adaptive breeding and
management of cereal crops, the main approaches and expected effects can be
summarised as follows (Table).

In order to obtain highly adapted genotypes for each specific location, it is
necessary to solve a number of interconnected methodological problems. First, breeders
must clearly determine the mechanisms of varietal response to changing environmental
conditions at different organisational levels — from physiological (water-use efficiency,
photosynthetic activity, root growth dynamics) and morphological (plant height, leaf
architecture, root system architecture) to phenological (duration of vegetative and
reproductive phases, thermal requirements). Second, it is essential to select the most
informative traits and properties as targets for selection: not only result in the form of
grain yield, but also secondary traits that more closely linked to tolerance (e.g. stay-
green, early vigour, canopy temperature, grain-filling duration) and can measured
reliably in multi-environment trials. Third, effective methods for evaluating breeding
material must identified, combining classical yield trials with stress screening, remote
sensing indicators and model-based analysis. Finally, representative environments
(locations and years) have to chosen so that the whole range of target stress scenarios
— typical, moderately extreme and rare but critical — is covered and genotype x

environment (GxE) interactions can be reliably quantified.

Table

Main directions of adaptive breeding and management of cereal crops under climate change

Direction / Dominant Tools and technologies Expec_ted effect lllustrative
target on yield and examples of
approach used o e
stressors stability application
. Maintenan f Drought-toleran
. Drought, heat Conygnthnal . yi:Idti?l c?rycgn% th()alﬁ ;ntg erant
Breeding for LT hybridisation, selection ; M
frost, salinity, hot years; maize in

abiotic stress

in stress environments,

temporary ) expansion of Australia; salt-
tolerance . landrace use, genomic S 1V
flooding production into tolerant rice in
tools . X
marginal areas China
Disease nurseries, Reduction of yield Rust- and
losses and .
. L Fungal molecular markers, o . Fusarium-
Breeding for biotic ; - ) pesticide costs; - .
. diseases, pyramiding resistance resistant wheat;
stress resistance L greater . )
pests, weeds genes, herbicide . . insect-resistant
predictability of -
tolerance . maize
production
. . Higher added High-protein
. - Selection for quality i wheat,
Improvement of Protein deficit, . . value of grain, . -
. . . ; traits, MAS for quality . biofortified
grain quality and micronutrient A e 1 better processing
i S loci, biofortification ; cereals (e.g.,
nutritional value deficiencies quality and i
programmes " . pro-vitamin A
nutritional profile « o
golden rice”)
Genomic
Dense molecular Acceleration of selection in
Genomic selection markers, genomic breeding cycles; wheat and
L Complex g . )
and digital : . prediction models, big precise barley
. polygenic traits . . .
breeding data and machine accumulation of programmes in
learning favourable alleles  Europe and
Australia
Tissue culture, Rapid . .
. Low L o In vitro selection
In vitro and . somaclonal variation, multiplication of
. . regeneration . . . of salt- and
biotechnological ; micropropagation, cell  elite genotypes,
capacity, slow X : drought-tolerant
tools . selection under stress  creation of stress- . 4
propagation lines in cereals

agents

tolerant lines

Adaptive crop
management
(agrotechnology)

Intra-seasonal
weather
variability

Crop and climate
models, remote
sensing, variable rate
technology, decision
support systems

Optimisation of
sowing dates,
densities and
fertiliser regimes;
reduced risks

Adjustment of
sowing windows
and N-rates
based on
seasonal
forecasts
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In this context, Table summarises the main current directions of adaptive
breeding and crop management for cereals under climate change. The first two rows
reflect primarily genetic strategies — breeding for tolerance to abiotic stresses (drought,
heat, salinity, frost, temporary flooding) and for resistance to biotic stresses (diseases,
pests, weeds) — and show how different combinations of conventional hybridisation,
stress-environment selection and molecular tools are used to maintain yields and reduce
losses. The next two rows characterise more advanced breeding approaches:
improvement of grain quality and nutritional value through biofortification and selection
for technological traits, and the use of genomic selection and digital breeding to
accelerate cycles and work with complex polygenic traits. The last two rows focus on
biotechnological tools (in vitro systems for rapid propagation and stress selection) and
adaptive crop management (climate and crop models, variable-rate fertilisation, decision
support systems), highlighting that genetic progress must be complemented by flexible
agrotechnology. In aggregate, the table illustrates that effective climate adaptation
achieved not through a single “silver bullet” solution, but through an integrated package
of genetic, biotechnological and management decisions, tailored to the specific stress
profile of each region.

In developed countries it is estimated that 90-95 % of yield increases over the
past decades have been achieved through genetic improvement of varieties and hybrids,
and only 5-10 % through improved agricultural technologies alone [5; 9]. This further
underlines the central role of breeding in long-term adaptation strategies. At the same
time, such figures do not diminish the importance of agronomic optimisation; rather, they
indicate that technologies like fertilisation, plant protection or irrigation fully realise their
potential only when combined with genetically improved, stress-tolerant varieties.
Consequently, the methodological toolkit of adaptive breeding increasingly based on
multi-environment trials, in which genotypes evaluated simultaneously across a wide
range of locations and years. Statistical models of GXE interaction and stability/plasticity
indices allow breeders to distinguish between genotypes that show high performance
only in favourable conditions and those that maintain yield under stress, which is crucial
for climate-risk-prone regions.

In all cereals, varieties that are resistant to lodging and adverse conditions are
particularly valued, because lodging not only reduces vyield but also complicates
harvesting and worsens grain quality. The introduction of short-stem varieties of wheat
with a stronger culm, including those carrying semi-dwarf genes, has made it possible in
Mexico, India and several other countries to significantly increase wheat grain production
over the past 15-20 years and, in some cases, to completely abandon imports. In
parallel, breeding programmes in other regions have focused on maintaining sufficient
straw strength for high nitrogen and irrigated systems, where biomass is greater and
lodging risk is higher. Depending on regional conditions, early-maturing, drought-
resistant and winter-hardy varieties may be required, as well as varieties suitable for
cultivation on both irrigated and drained land [1]. In continental climates with frequent
spring frosts, priority given to genotypes with flexible phenology and frost resistance; in
Mediterranean-type climates — to deep-rooted, drought-tolerant varieties; in areas with
mild, humid winters — to varieties resistant to winter diseases and waterlogging.

The development and productive use of low-yield lands (acidic, saline, marshy
and sandy soils) also depends on the success of breeding. On acidic soils, breeders
select varieties with increased aluminium tolerance and efficient phosphorus uptake; on
saline soils — genotypes capable of excluding or compartmentalising toxic ions; on sandy
and shallow soils — varieties with root systems adapted to low water-holding capacity. In
some countries, special attention is paid to this aspect at the regulatory level. For
example, in Brazil varieties sensitive to acidic soils are not allowed for production, which
demonstrates the integration of breeding decisions into national regulatory frameworks
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and land-use policy [7; 11]. Such regulatory measures stimulate both public and private
breeding programmes to focus on adaptability traits that are most important for national
agroecosystems and long-term soil fertility.

Thus, adaptability is a crucial property of promising cereal varieties that must be
consistently taken into account in breeding programmes, starting from the earliest stages
of selection. At the same time, attention should be paid to the deliberate choice of
growing environments for each variety and hybrid, taking into account the role of GxXE
interactions and the concept of target production environments or “mega-environments”.
Using the existing set of methods for determining potential productivity and adaptability
— including multi-environment yield trials, stability and plasticity parameters, and model-
based scenario analysis — as well as modern tools for assessing the stability and
plasticity of crop varieties, it is possible to establish the reliability of observed differences
and obtain the necessary information for selecting valuable starting material for breeding
for adaptability. Integrating this information into adaptive management systems at the
farm and regional levels, and linking varietal recommendations with seasonal forecasts
and decision support tools, creates prerequisites for a transition to climate-smart
agriculture capable of maintaining grain yield stability and economic viability under
conditions of increasing climate risks.

4. Conclusions

Global climate change necessitates the development of grain varieties that are
resistant to the effects of climatic factors and extreme weather conditions, which can
significantly expand the possibilities for optimal genetic adaptation and a potential
increase in quantitative and qualitative yield indicators. Effective implementation of
adaptive management in grain growing allows reducing costs, increasing Yields,
minimizing the need for repeated fertilizer applications, and increasing plant resistance
to pests and external factors. The main vectors of breeding practice in this context are
the development of varieties that are resistant to abiotic and biotic stresses, increasing
productivity, and improving grain quality. Among the most effective innovative
technologies of breeding activities are genomic breeding, genetic engineering and
marker-assisted breeding (MAS), as well as in vitro methods.

Further research is need into the possibilities and development of an algorithm
for an agroecological monitoring system within the spectrum of influence of global climate
change and extreme weather events at the regional and local levels, taking into account
progressive breeding opportunities. Only an integrated approach that takes into account
regional and local zoning, together with multifunctional agroecological monitoring, can
not only mitigate the negative impact of adverse weather conditions on grain cultivation,
but also ensure the sustainability of economic returns from activities and reduce
anthropogenic impact against the background of global climate risks.

References

1. Zabel, F., Miller, C., Elliott, J., Minoli, S., Jagermeyr, J., Schneider, J. M., & Asseng, S. (2021). Large potential for crop
production adaptation depends on available future varieties. Global Change Biology, 27(16), 3870-3882.
https://doi.org/10.1111/gch.15649

2. Wolfe, M. S., & Ceccarelli, S. (2020). The increased use of diversity in cereal cropping requires more descriptive precision.
Journal of the Science of Food and Agriculture, 100(11), 4119-4123. https://doi.org/10.1002/jsfa.9906

3. Siddiqui, M. N., Léon, J., Naz, A. A,, & Ballvora, A. (2021). Genetics and genomics of root system variation in adaptation to
drought stress in cereal crops. Journal of Experimental Botany, 72(4), 1007—1019. https://doi.org/10.1093/jxb/eraa487

4. Varshney, R. K., Barmukh, R., Roorkiwal, M., Qi, Y., Kholova, J., Tuberosa, R., & Siddique, K. H. (2021). Breeding custom-
designed crops for improved drought adaptation. Advanced Genetics, 2(3), €202100017. https:/doi.org/10.1002/ggn2.202100017

5. Vadez, V., Grondin, A., Chenu, K., Henry, A, Laplaze, L., Millet, E. J., & Carminati, A. (2024). Crop traits and production under
drought. Nature Reviews Earth & Environment, 5(3), 211-225. https://doi.org/10.1038/s43017-023-00514-w

6. Snowdon, R. J., Wittkop, B., Chen, T. W., & Stahl, A. (2021). Crop adaptation to climate change as a consequence of long-
term breeding. Theoretical and Applied Genetics, 134(6), 1613-1623. https://doi.org/10.1007/s00122-020-03729-3

39


https://doi.org/10.1111/gcb.15649
https://doi.org/10.1002/jsfa.9906
https://doi.org/10.1093/jxb/eraa487
https://doi.org/10.1002/ggn2.202100017
https://doi.org/10.1038/s43017-023-00514-w
https://doi.org/10.1007/s00122-020-03729-3

ISSN 0587-2596 Azpoximisi i rpyHmo3sHascmeo. 2025. 99. AHdpywko M. O., AHdpywko O. M. (32-40)

7. Marone, D., Russo, M. A., Mores, A., Ficco, D. B., Laido, G., Mastrangelo, A. M., & Borrelli, G. M. (2021). Importance of
landraces in cereal breeding for stress tolerance. Plants, 10(7), 1267. https://doi.org/10.3390/plants10071267

8. Kom, Z., Nethengwe, N. S., Mpandeli, N. S., & Chikoore, H. (2022). Determinants of small-scale farmers’ choice and adaptive
strategies in response to climatic shocks in Vhembe District, South Africa. GeoJournal, 87(2), 677-700.
https://doi.org/10.1007/s10708-020-10272-7

9. Fatima, Z., Ahmed, M., Hussain, M., Abbas, G., Ul-Allah, S., Ahmad, S., & Hussain, S. (2020). The fingerprints of climate
warming on cereal crops phenology and adaptation options. Scientific Reports, 10, 18013. https://doi.org/10.1038/s41598-020-
74740-3

10. Fradgley, N., Gardner, K. A., Cockram, J., Elderfield, J., Hickey, J. M., Howell, P., & Mackay, . J. (2019). A large-scale
pedigree resource of wheat reveals evidence for adaptation and selection by breeders. PLOS Biology, 17(2).
https://doi.org/10.137L/journal.pbio.3000071

11. Bapela, T., Shimelis, H., Tsilo, T. J., & Mathew, I. (2022). Genetic improvement of wheat for drought tolerance: Progress,
challenges and opportunities. Plants, 11(10). https://doi.org/10.3390/plants11101331

12. Yanagi, M. (2024). Climate change impacts on wheat production: Reviewing challenges and adaptation strategies. Advances
in Resources Research, 4(1), 89-107. https://doi.org/10.50908/arr.4.1_89

13. Le Campion, A., Oury, F. X., Heumez, E., & Rolland, B. (2020). Conventional versus organic farming systems: Dissecting
comparisons to improve cereal organic breeding strategies. Organic Agriculture, 10(1), 63—74. https://doi.org/10.1007/s13165-019-
00249-3

14. Kamal, N. M., Gorafi, Y. S. A., Abdelrahman, M., Abdellatef, E., & Tsujimoto, H. (2019). Stay-green trait: A prospective
approach for yield potential, and drought and heat stress adaptation in globally important cereals. International Journal of Molecular
Sciences, 20(23). https:/doi.org/10.3390/ijms20235837

15. Minoli, S., Jagermeyr, J., Asseng, S., Urfels, A., & Muller, C. (2022). Global crop yields can be lifted by timely adaptation of
growing periods to climate change. Nature Communications, 13(1). https:/doi.org/10.1038/s41467-022-34411-5

YK 633.1:631.52:551.583

CBiToBa NpakTuKa cenekuii aganTMBHUX COPTiB 3€PHOBUX KYNbTyp B yMOBaX 3MiHM
Knimaty

M. O. Augpywko 22, 0. M. Augpyuiko P

JNbBiBCLKMI HaLiOHaNbHWIA YHiIBEpCUTET BeTepuHapHOi MeanumMHu Ta GiotexHonorin imeni C. 3. [uubKoro,
m. Jlbeie, YkpaiHa

™ andrushko.mykol1993@gmail.com
ORCID: 20000-0002-4099-7605; ® 0000-0003-3825-6960

OTtpumaHo 26.11.2025; OoonpaupoBaHo 16.12.2025; 3atBepaxeHo 26.12.2025; JoctynHo online 30.12.2025

AHomayis. Y cTaTTi npoaHanisoBaHO CBITOBUI JOCBIA cenekuii aganTUBHUX COPTIB 3€PHOBUX KyrNbTyp B YMOBaXxX 3MiHU
KniMaTy Ta OKpecneHo KIYoBi HanpsiMu MoAepHisauii cenekuinHmux nporpam. O6rpyHTOBaHO, L0 3pOCTaHHS 4acToTu
eKCTpeMarnbHMX MOrofgHWUX SBULL, (MOCYXM, TENSOBi XBWIi, BECHSAHI NPUMOPO3KWN, HaAMIpHI onaau) BUCYBae Ha mepLuni
nnaH 3aBAaHHA MiABMLLIEHHSA €KOMOriYHOI MacTUYHOCTI Ta CTabinbHOCTI COPTiB, TOAI SK TPaAuLIiiHa OpieHTaLia nuwwe Ha
NOTEHLiiHY BPOXaMlHICTb CTae HepocTaTHbOW. [Moka3aHo, WO Yy npoBigHUX arpapHux kpaiHax 90-95 % npupocty
BpOXaWHOCTi 3ab6e3neyeHo 3a paxyHOK reHETUYHOTO YAOCKOHANEHHS COPTIB i ribpuAaiB, TOAi Sk YacTka CyTO arpOTEXHIYHNX
Y/MHHUWKIB € BiAHOCHO MEHLUO, WO NiAKPECnoe CTpaTeriyHy ponb cenekuii B aganTauii 3epHoBMpobHUUTBa 00
KniMaTUYHUX PU3MKIB. PO3KPUTO OCHOBHI BEKTOPU Cy4YacHOi cenekuii 3epHOBMX: NiOBULLEHHS TONepaHTHOCTI A0
abioTuyHMX cTpeciB (Mocyxa, crneka, 3acONIeHHs!, NEPE3BONIOXKEHHS!, HU3bKI TemnepaTypu), hOpMyBaHHS CTIMKOCTi A0
BioTMYHNX dhakTopiB (XBOPOOW, LWIKIAHWKK, Byp’siHW), NONINWEHHSA SKOCTi Ta XapyoBOi LiIHHOCTI 3epHa, a TakoX LUMPOKe
BMNpOBagXXEHHS TEHOMHOI cenekuii, Mapkep-acoujinoBaHoro gobopy, GioTexHomoriyHMX MigxodiB Ta in vitro cucTem.
OkpeMmy yBary npuaineHo iHTerpauii cenekuiiHux pilleHb 3 aganTUBHUM YNPaBriHHAM NociBaMuW — BUKOPUCTaHHSIM
Mogaenen ypoxxanHoCTi 1 KniMaTy, AndepeHLiioBaHOro BHECEHHS [06pMB, LMdPOBMX MatdopM MiATPUMKN MPUNRHATTS
pilleHb. Y3aranbHeHO METOAMYHI BUKIUKK, NOB’A3aHi 3 060poM iHbopMaTUBHMX 03HaK, NraHyBaHHAM GaraTomicLeBnx
BMNpPoOYBaHb, KiNbKICHOI OLHKOK B3aeMOopji reHOTUN X cepefoBuULLE Ta BUAINIEHHSM reHOTUNMIB i3 NoegHaHHSIM BUCOKOI
NPOAYKTUBHOCTI 1 cTabinbHOCTi. Ha ocHOBI aHani3y CBITOBOI NpakTVKM 3p061eHO BUCHOBOK, L0 (DOPMYBaHHSA aganTUBHUX
COpTIB 3€PHOBUX KyNbTYp € KMHOYOBOKO YMOBOIO nepexody A0 KniMaTnyHo opieHToBaHoro (climate-smart) 3emnepobcrsa.
KomnnekcHe noegHaHHA reHeTW4HUX, GIOTEXHOMNOrYHMX Ta arpoTeXHOMOriYHUX pilleHb CTBOPIOE NepedymMoBM Ans
36epexxeHHs BpOXKarHOCTI 1 AKOCTi 3epHa 32 YMOB 3pOCTaHHS KMiMaTUYHMX PU3KKIB Ta BiNbLL iHTEHCMBHOIO BUKOPUCTAHHS
MapriHanbHUX 3eMenb (KUCNKX, 3aconeHunx, NilaHnx, Nepe3BonoXeHuX 'pyHTiB). OTpUMaHi y3aranbHeHHs MOXyTb 6yTu
BMKOPUCTaHi [ANsi KOPUryBaHHs HauUiOHanbHUX CenekuiiHUX nporpam, po3pobku pekoMeHaauidi LWoAo UinboBMX
cepefoBHLL, BUPOLLYYBaHHS Ta iHTerpauii cenekuinHux npioputeTiB y HOPMaTUBHO-NpaBoBy 6a3y arpapHOro cekTopy.

Knro4doei crnoea: 3epHOBI KynbTypW; afanTUBHI COPTUW; Cenekuisi; 3mMiHa knimaTy; abioTudyHi cTpecu; 6ioTuyHI cTpecy;
reHoMHa cenekuisi; aganTMBHe ynpasniHHS nocisaMmu.
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