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Abstract

Cereal crops, including rice, wheat, and maize,
constitute the foundation of global food and
nutritional security, yet their productivity is
increasingly threatened by climate change—induced
stresses. Rising temperatures, erratic precipitation,
and expanding pest and disease pressures
significantly reduce yield potential and stability.
Sustaining cereal productivity under such dynamic
conditions requires a balanced focus on high yield
and environmental resilience. Genetic variability
derived from landraces and wild relatives provides
essential allelic resources for stress adaptation and
yield stability. Conventional breeding approaches,
including selection, hybridization, and mutation
breeding, have historically driven genetic gains;

however, their efficiency is constrained when
targeting complex, polygenic traits. The
integration of molecular and genomics-assisted
breeding encompassing QTL mapping, marker-
assisted selection, genomic selection, and genome
editing has enhanced precision and accelerated
genetic improvement. Multi-environment testing
and stability analyses further support the
identification of broadly adapted and climate-
resilient genotypes. An integrated breeding
framework is therefore essential for developing
sustainable, high-yielding cereal cultivars capable
of withstanding biotic and abiotic stresses under
changing climatic scenarios.
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Introduction
Importance of cereals in global food security

Cereal crops such as rice, wheat, and maize
constitute the primary food source for nearly two-
thirds of the global population and form the
backbone of food and nutritional security. Their
contribution to caloric intake and livelihood
security makes them central to global agricultural
systems. However, rising global temperatures and
increasing climatic variability threaten cereal
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production systems. A rise of even 1°C in mean
global temperature has been estimated to reduce
yields by approximately 3.2% in rice, 6.0% in
wheat, and 7.4% in maize (Zhao et al., 2017). Such
reductions are significant when considered against
the backdrop of a rapidly growing global
population and finite natural resources. Climate
change not only affects productivity directly but
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also alters land-use patterns, soil health, nutrient
dynamics, and ecosystem water balance (Zhao et
al., 2017). Furthermore, shifting climatic regimes
can modify pest and disease prevalence
intensifying biotic pressures on cereal crops (Singh
et al., 2018; Luck et al., 2011). Ensuring stable
cereal production under these changing
conditions is therefore critical for sustaining global
food security (Kumar et al., 2024).

Concept of productivity and yield stability

Productivity in cereal crops refers to the capacity
of genotypes to produce high yields under given
environmental conditions (Kumar et al., 2023).
Yield stability, in contrast, reflects the ability of a
genotype to maintain consistent performance
across diverse and often  unpredictable
environments. Modern cultivars have largely been
developed under high-input and favorable
environments, prioritizing yield maximization.
However, such intensive selection for productivity
has often narrowed the genetic base and reduced
resilience to environmental stresses.
Environmental fluctuations associated with climate
change can disrupt phenological processes,
including flowering and fruiting time, and
influence plant growth dynamics and reproductive
efficiency. These shifts frequently result in yield
penalties, especially when crops encounter
intermittent  drought, flooding, salinity, or
temperature extremes. The complexity and low
heritability of stress-adaptive traits further
complicate the improvement of yield stability
under adverse conditions (Gaba et al., 2021). Thus,
breeding efforts must balance the enhancement of
yield potential with the reinforcement of adaptive
capacity to ensure sustained productivity.

Emerging breeding challenges under climate
change

The changing climate presents multifaceted
challenges to cereal breeding. Increased frequency
of droughts, floods, salinity, and temperature
extremes can significantly reduce crop growth and
grain quality (Boraiah et al., 2022 Dudhe et al.,
2025). Additionally, altered climatic conditions
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may expand the habitat range and aggressiveness
of pests and pathogens, exacerbating crop losses
(Luck et al., 2011). Traditional breeding
approaches, though foundational, are often slow
and less effective in addressing complex,
polygenic traits such as combined stress tolerance
(Naqvi et al., 2022). Moreover, the limited
resilience of high-yielding cultivars to ecological
constraints underscores the need to reintroduce
genetic diversity from landraces and wild relatives
(Hossain et al., 2022; Neelum et al., 2020).
Identifying and incorporating genes or quantitative
trait loci (QTL) associated with stress adaptation
has therefore become a major focus of modern
breeding programs (Snehi et al., 2024). Advances
in marker-assisted selection, genomic selection,
and gene discovery have accelerated the
identification of stress-responsive loci and enabled
more precise improvement of climate resilience
(Varshney et al., 2021; Naqgvi et al., 2022).

Genetic variability and germplasm resources
Role of landraces and genetic diversity

Genetic variability is the cornerstone of sustainable
crop improvement and long-term vyield stability.
The narrowing of the genetic base in modern high-
yielding cultivars has increased their vulnerability
to abiotic and biotic stresses, particularly under
rapidly changing climatic conditions (Kumar et al.,
2017). In this context, landraces and wild relatives
represent invaluable reservoirs of allelic diversity
for  stress  adaptation and  productivity
enhancement. Wild and closely related species
have been reported to possess significant genetic
potential in rice, wheat, maize, potato, tomato,
sugarcane, and tobacco (Bakala, 2020; Singh et al.,
2020). These genetic resources harbor traits
associated with drought tolerance, salinity
resistance, disease resistance, and yield stability
that are often absent or diminished in elite cultivars
(Kumar et al., 2025). The exploitation diversity is
essential for broadening the adaptive capacity of
breeding populations and mitigating the risks
associated with environmental fluctuations (Singh
et al., 2020,; Kumar et al., 2017).
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Pre-breeding strategies facilitate the systematic
transfer of advantageous alleles from wild or
exotic germplasm into agronomically acceptable
backgrounds (Sukumaran et al., 2021). By
introgressing genes from primary, secondary, and
tertiary gene pools, pre-breeding enhances genetic
diversity and provides improved germplasm for
further selection. This approach not only
strengthens stress tolerance but also helps in
minimizing linkage drag through strategic gene
transfer. Consequently, pre-breeding serves as a
foundational step in restoring and expanding the
genetic variability for resilient crop development.

Molecular
structure

characterization and population

The advent of molecular tools has significantly
improved the ability to characterize genetic
resources at the DNA level. The identification and
mapping of genes and quantitative trait loci (QTL)
associated with biotic and abiotic stresses have led
to the development of numerous DNA marker—trait
associations. Techniques such as QTL mapping
and genome-wide association studies (GWAS)
enable the detection of genomic regions linked to
complex traits by analyzing phenotypic and
genotypic variation within structured populations
(Naqgvi et al., 2022). GWAS, in particular, utilizes
linkage disequilibrium to establish statistically
significant associations between markers and traits
across diverse germplasm panels (Naqvi et al.,
2022). This approach has successfully identified
loci associated with tolerance to drought, salinity,
chilling, and other stresses (Ma et al., 2016; Pandit
et al.,, 2017; Swamy et al., 2017). Studies have
reported multiple QTL associated with drought
tolerance in rice landraces (Hoang et al., 2019) and
salinity tolerance at different growth stages
(Lekklar et al., 2019). Molecular characterization
provides insights into population structure, allelic
diversity, and the genetic architecture of complex
adaptive traits (Das et al., 2025). Through these
genomic approaches, breeders can effectively
dissect trait variability within  germplasm
collections and identify superior donor lines for
targeted improvement.
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Utilization of genetic resources in breeding

The practical use of genetic resources in breeding
programs involves integrating identified alleles
into elite backgrounds to enhance productivity and
stability. Marker-assisted selection (MAS) enables
precise introgression of desirable genes associated
with stress tolerance (Kumar et al., 2018). Marker-
assisted backcross breeding has been widely used
to incorporate specific loci such as Subl and Saltol
and many other genes into popular varieties,
resulting in improved tolerance to submergence
and salinity without compromising yield under
favorable conditions (Singh et al., 2016;
Valarmathi et al., 2019; Dar et al., 2018, et al.,
2022). QTL pyramiding have further demonstrated
enhanced performance under stress environments
by combining multiple loci controlling adaptive
traits (Shamsudin et al., 2016; Anyaoha et al.,
2019; Sandhu et al., 2019). The utilization of
genetic  diversity through  genomics-assisted
breeding has thus accelerated the development of
climate-resilient cultivars (Varshney et al., 2021).
Speed breeding facilitates rapid advancement of
generations and efficient screening of diverse
germplasm, thereby accelerating the identification
and deployment of beneficial alleles from
landraces and wild relatives (Bhatta et al., 2021;
Cazzola et al., 2021). Collectively, the molecular
characterization, and strategic utilization of genetic
variability are fundamental to strengthening crop
productivity and ensuring yield stability (Kumar et
al., 2017).

Breeding strategies for yield improvement

Conventional breeding  approaches  have
historically driven genetic gain in crop
productivity through systematic selection and
recombination of desirable traits. Methods such as
selection and hybridization remain fundamental for
improving yield potential and adaptation. In
traditional breeding programs, superior plants are
selected from large segregating populations, and
subsequent generations are evaluated through
replicated multi-location trials to assess their
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genetic potential under diverse environmental
conditions (Naqvi et al., 2022). Although
effective, these procedures are often time-intensive
and resource-demanding, particularly for complex
traits influenced by environmental interactions.
Mass selection and pedigree-based approaches rely
on phenotypic evaluation to identify superior
individuals across generations. While these
methods have contributed significantly to yield
enhancement, their efficiency is limited they are
strongly influenced by environmental variability
(Gaba et al., 2021). Biometrical techniques like
diversity studies and correlation helps in
understanding the trait patterns among the
genotypes (Maurya et al., 2017; Kumar et al.,
2016; Kumar et al., 2017) Hybrid breeding, based
on the exploitation of heterosis, has been widely
adopted to enhance yield performance (Kumar and
Singh, 2019). The success of hybrid development
depends on the identification of suitable parental
combinations capable of producing superior
progenies (Snehi et al., 2024; Singh et al., 2019;
Singh et al., 2021). Although conventional
hybridization  remains  central to  yield
improvement, its progress can be constrained by
the complexity of trait inheritance (Naqvi et al.,
2022, Das et al., 2021). Mutation breeding has also
complemented  conventional  strategies by
generating novel variability. Induced mutations
through physical or chemical mutagens have led to
the development of improved cultivars with
enhanced yield attributes and stress tolerance. For
example, the barley variety ‘Diamant’ developed
through X-ray irradiation exhibited superior yield
characteristics and lodging resistance (Yadav et
al., 2016), while gamma irradiation resulted in the
dwarf rice cultivar ‘Calrose 76 (Rutger et al.,
1976). Similarly, EMS-induced mutagenesis
produced the salt-tolerant rice variety ‘Kaijin’
(Takagi et al., 2015). Hence, conventional
breeding strategies continue to form the backbone
of yield improvement programs. Despite their
limitations, they provide the essential framework
upon which modern genomic tools build to
accelerate genetic gain.

Multi-environment testing and stability analysis
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The performance of crop genotypes is strongly
influenced by  environmental  variability,
particularly under the increasing unpredictability
associated with climate change. Variations in
temperature,  precipitation, and atmospheric
conditions can significantly alter plant growth,
phenology, and yield expression (Zhao et al.,
2017). Consequently, genotype X environment
(GxE) interactions become a critical factor in
determining productivity and yield stability across
locations and seasons. Conventional breeding
programs  routinely  evaluate  segregating
populations and advanced lines through replicated
multi-location trials to assess their genetic
potential under diverse environmental conditions
(Nagvi et al., 2022). Such multi-environment
testing enables the identification of genotypes with
consistent performance and resilience under
varying stress scenarios, including drought,
salinity, and temperature extremes (Snehi et al.,
2023). Given that many adaptive traits exhibit low
heritability and are highly environment-dependent,
careful evaluation across environments is essential
to ensure reliable selection (Kumar et al., 2020;
Singh et al., 2024; Kumar et al., 2025; Yathish et
al., 2024; Gaba et al, 2021). Analytical
approaches that partition environmental and
genotypic effects facilitate a clearer understanding
of stability and adaptability. By assessing
performance across contrasting conditions,
breeders can identify genotypes suited either for
broad adaptation exhibiting stable yield across
environments or for specific adaptation to
particular stress-prone regions. In the context of

climate  variability, such stability-focused
evaluation frameworks are indispensable for
developing cultivars capable of sustaining

productivity under fluctuating agro-ecological
conditions (Mukri et al., 2024; Kumar B et al.,
2025).

Breeding for nutritional quality enhancement

Improving the nutritional quality of crop plants is
an essential component of sustainable food
security, particularly under climate change
scenarios that threaten both yield and grain quality.
Variations in temperature, precipitation, and
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atmospheric composition can influence nutrient
availability in soil and ultimately affect grain
composition (Zhao et al., 2017). Therefore,
breeding strategies must integrate productivity
with enhanced nutritional attributes to ensure food
and nutritional security. Genetic improvement for
nutrient enrichment relies on the identification and
deployment of genes and quantitative trait loci
(QTL) associated with desirable quality traits.
Molecular mapping approaches and marker—trait
associations facilitate the precise selection of loci
governing complex traits, including nutrient
accumulation (Nagvi et al., 2022). Marker-assisted
selection (MAS) enables efficient introgression of
such target loci into elite backgrounds, thereby
accelerating the development of nutritionally
improved cultivars (Kumar et al, 2018).
Genomics-assisted breeding further strengthens
these efforts by integrating molecular markers and
genomic information to enhance selection
accuracy for complex traits (Varshney et al.,
2021). QTL pyramiding strategies allow the
simultaneous incorporation of multiple favorable
loci without compromising agronomic
performance under non-stress conditions (Sandhu
et al, 2019). Additionally, genome-wide
association studies (GWAS) provide high-
resolution mapping of marker—trait associations
across diverse germplasm, enabling the discovery
of alleles linked to quality-related traits (Naqvi et
al., 2022; Swamy et al., 2017). Genome editing
technologies such as CRISPR/Cas systems offer
further opportunities for precise modification of
genes controlling quality attributes, thereby
enabling targeted enhancement of specific
nutritional or specialty traits (Naqvi et al., 2022;
Razzaq et al., 2021). Collectively, the integration
of conventional breeding with molecular and
genomic tools provides a robust framework for
improving nutritional quality while maintaining
yield stability under dynamic environmental
conditions.

Molecular and genomics-assisted breeding

Advances in molecular genetics and genomics
have substantially enhanced the precision and
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efficiency of crop improvement programs.
Genomics-assisted breeding (GAB) integrates
molecular markers, genetic mapping, and genome-
wide analyses to accelerate the development of
varieties with improved productivity and stress
resilience (Varshney et al., 2021).

QTL mapping and marker-assisted selection

Quantitative trait loci (QTL) mapping enables the
identification of genomic regions associated with
complex agronomic traits by correlating
phenotypic variation with molecular markers. This
approach has been widely used to dissect traits
such as drought tolerance, heat resistance, and cold
tolerance (Kumar et al., 2021; Xiao et al., 2018;
Liu et al., 2018). For example, the DRO1 locus in
rice, associated with deep rooting and improved
performance under drought conditions, has been
shown to enhance yield-related attributes (Raj et
al., 2023; Choudhary et al., 2021). Similarly, co-
expression of DREB2A and APX genes has been
reported to strengthen drought tolerance in rice
(Sandhya et al., 2021). Marker-assisted selection
(MAS) utilizes tightly linked DNA markers to
identify and select individuals carrying favorable
alleles, thereby increasing selection efficiency
compared to conventional phenotypic approaches
(Kumar et al., 2018). Genome-wide association
studies (GWAS) further complement QTL
mapping by detecting marker—trait associations at
higher resolution using linkage disequilibrium in
diverse germplasm panels (Naqgvi et al., 2022;
Swamy et al., 2017).

Marker-assisted backcross breeding (MABB)

Marker-assisted backcross breeding (MABB) has
emerged as an effective strategy for introgressing
specific target genes or QTL into elite cultivars
while retaining desirable agronomic backgrounds.
Successful incorporation of loci such as Subl for
submergence tolerance and Saltol for salinity
tolerance has led to the development of improved
varieties without yield penalties under favorable
conditions (Singh et al., 2016; Valarmathi et al.,
2019 Valarmathi et al., 2019; Dar et al., 2018).
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Valarmathi et al., 2019; Dar et al., 2018). QTL
pyramiding through marker-assisted approaches
has also enhanced performance under drought
stress (Shamsudin et al., 2016; Sandhu et al.,
2019).

and

Genomic  selection

genotyping

high-throughput

Genomic selection (GS) represents a genome-wide
approach in which genomic estimated breeding
values (GEBVs) are calculated using dense marker
data and phenotypic information (Spindel et al.,
2018). Unlike MAS, which targets specific loci,
GS captures the cumulative effects of numerous
small-effect genes across the genome. This
approach enables the prediction of performance of
untested individuals and enhances selection for
complex, low-heritability traits. The application of
high-density molecular markers and genome-wide
genotyping platforms has facilitated the
implementation of GS in breeding programs,
enabling rapid and accurate selection for climate-
resilient and high-yielding genotypes (Varshney et
al., 2021). Collectively, molecular and genomics-
assisted breeding approaches provide powerful
tools for accelerating genetic gain, improving
stress tolerance, and enhancing productivity under
variable environmental conditions.

Breeding for disease resistance and abiotic
stress tolerance

Genetic basis of resistance

Understanding the genetic control of stress
tolerance is fundamental for developing resilient
crop varieties (Kumar et al., 2022). Both biotic and
abiotic stress responses are governed by specific
genes and guantitative trait loci (QTL), which can
be identified through molecular mapping and
genomic analyses (Nagvi et al, 2022).
Transcriptomic studies have revealed that stress
combinations, such as heat and pathogen infection,
can alter defense-related gene expression,
indicating  complex  regulatory  networks
underlying resistance (Rivero et al., 2022; Prasch
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and Sonnewald, 2013). Such insights facilitate the
identification of candidate genes associated with
stress adaptation. QTL mapping has identified loci
linked to tolerance against drought, cold, and other
environmental stresses (Xiao et al., 2018; Liu et
al., 2018). For instance, the DRO1 locus in rice
contributes to improved root architecture and
enhanced performance under drought conditions
(Raj et al., 2023; Choudhary et al., 2021). These
findings  underscore  the  polygenic  and
environment-dependent nature of stress resistance
traits.

Marker-assisted resistance breeding

Marker-assisted selection (MAS) has enabled
precise introgression of resistance-associated loci
into elite cultivars (Kumar et al., 2018). Marker-
assisted backcross breeding (MABB) has been
widely applied to incorporate genes such as Subl
for submergence tolerance and Saltol for salinity
tolerance into popular rice varieties (Singh et al.,
2016; Valarmathi et al., 2019; Dar et al., 2018).
QTL pyramiding strategies have further
strengthened stress resilience by combining
multiple adaptive loci within a single genetic
background (Shamsudin et al., 2016; Sandhu et al.,
2019). Genome-wide association studies (GWAS)
have also identified marker—trait associations for
resistance to various stresses, enabling high-
resolution mapping and effective deployment of
favorable alleles from diverse germplasm (Naqvi
et al., 2022; Swamy et al., 2017).
and climate-resilient

Durable resistance

ideotypes

Durable resistance requires the integration of
multiple adaptive traits to ensure stable
performance under variable environmental
conditions. Climate change increases the frequency
of drought, salinity, temperature extremes, and
pest outbreaks, thereby intensifying the need for
resilient ideotypes (Luck et al., 2011; Zhao et al.,
2017). Genomics-assisted breeding facilitates the
development of such ideotypes by integrating
molecular markers, QTL mapping, and genomic
selection (Varshney et al., 2021). Genomic



Current Agriculture Updates 10(1)12-12(January, 2026)

www.currentagriculture.com

selection enables prediction of performance across
information, improving selection for complex
traits with low heritability (Spindel et al., 2018).
Genome  editing  technologies, including
CRISPR/Cas systems, further enhance the
precision of breeding by enabling targeted
modification of genes involved in stress tolerance
(Naqgvi et al., 2022; Razzaq et al., 2021). For
example, editing of genes such as OsRAV2 and
OsDST has demonstrated improved tolerance to
salt and drought stress (Gaba et al., 2021; Duan et
al., 2016; Santosh et al., 2020).

Collectively, the integration of molecular mapping,
marker-assisted breeding, genomic selection, and
genome editing provides a comprehensive
framework for developing disease-resistant and
climate-resilient cereal cultivars capable of
sustaining productivity under both biotic and
abiotic stress conditions.

Future perspectives and integrated breeding
approaches

Future cereal improvement strategies must adopt
integrated breeding frameworks to address the
complex challenges imposed by climate change.
Alterations in temperature, precipitation, and pest
dynamics significantly influence crop performance
and stability (Zhao et al., 2017; Luck et al., 2011).
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