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ABSTRACT

Plant breeding and genetics have undergone transformative advances in recent decades, driven
by the integration of molecular biology, genomics, and computational technologies. This
comprehensive review examines the key innovations reshaping modern crop improvement,
including marker-assisted selection (MAS), genomic selection (GS), CRISPR-Cas9 genome
editing, speed breeding, doubled haploid technology, and the emerging roles of artificial
intelligence and epigenomics. These technologies have significantly accelerated the development
of superior crop varieties with enhanced vyield, disease resistance, nutritional quality, and
climate resilience. The convergence of these interdisciplinary approaches offers unprecedented
opportunities to address global food security challenges posed by a growing population and
climate change. This review synthesizes current knowledge, evaluates the potential and
limitations of each technology, and provides future perspectives for the continued advancement
of plant breeding and genetics.

Keywords: Plant Breeding, Genomic Selection, CRISPR-Cas9, Speed Breeding, Marker-Assisted
Selection.

INTRODUCTION
Plant breeding is one of the oldest and most
essential agricultural practices, having been
instrumental in the domestication of wild
species and the development of high-yielding
crop varieties that sustain modern civilization.
The foundational principles established by
Gregor Mendel in the nineteenth century laid
the groundwork for understanding heredity,

and subsequent advances in genetics have
continually expanded the breeder’s toolkit
(Acquaah, 2012). Traditional breeding
methods, including mass selection,
hybridization, and progeny testing, have
produced remarkable gains in  crop
productivity over the past century, contributing
significantly to the Green Revolution (Pingali,
2012).
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However, the pace of improvement through

conventional methods alone is insufficient to
meet the demands of a global population
projected to reach 9.7 billion by 2050 (United
Nations, 2019). Climate change further
exacerbates these challenges by increasing the
frequency and severity of abiotic and biotic
stresses, including drought, heat, salinity, and
emerging pest and disease pressures (Zhao et
al.,, 2017). In this context, modern plant
breeding has increasingly integrated advanced
technologies  from  molecular  biology,
genomics, bioinformatics, and artificial
intelligence to accelerate genetic gain and
develop climate-resilient crop varieties.

Curr. Rese. Agri. Far. (2025) 6(2), 30-41
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This review provides a comprehensive

examination of the major innovations and
advances in plant breeding and genetics. It
covers the transition from traditional to
molecular breeding  approaches, the
application of marker-assisted and genomic
selection, the revolutionary impact of
CRISPR-Cas9 genome editing, the
acceleration of breeding cycles through speed
breeding and doubled haploid technology, and
the emerging roles of artificial intelligence and
epigenomics in crop improvement. By
synthesizing current knowledge across these
domains, this review aims to provide a holistic
perspective on the state of the art and future
directions in plant breeding.
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Figure 1: Evolution of Plant Breeding Methods from Traditional Selection to Modern Technologies

2. Marker-Assisted Selection and
Quantitative Trait Loci Mapping

Marker-assisted selection (MAS) represents
one of the most significant early integrations
of molecular biology into plant breeding. MAS
utilizes molecular markers, which are DNA
sequences located near or within genes
controlling traits of interest, to indirectly select
for desirable characteristics without relying
solely on phenotypic evaluation (Collard &
Mackill, 2008). This approach has proven
particularly effective for qualitative traits
governed by one or a few genes with large
effects, such as disease resistance genes in
wheat, rice, and maize (Jiang, 2013).

The foundation of MAS lies in quantitative
trait loci (QTL) mapping, which identifies
chromosomal  regions  associated  with
phenotypic  variation in segregating
populations. QTL mapping has been widely
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employed across crop species to dissect the
genetic architecture of complex traits,
including yield components, stress tolerance,
and nutritional quality (Collard et al., 2005).
Advances in high-throughput genotyping
technologies, particularly single nucleotide
polymorphism (SNP) arrays and genotyping-
by-sequencing, have dramatically increased
the resolution and efficiency of QTL detection
(Poland & Rife, 2012).

Several forms of MAS have been
developed, including marker-assisted
backcrossing (MABC), marker-assisted
recurrent selection (MARS), and marker-
assisted pedigree selection. MABC has been
successfully employed to introgress specific
alleles, such as the Subl submergence
tolerance gene in rice, into elite cultivar
backgrounds with minimal linkage drag
(Septiningsih et al.,, 2009). Despite its
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successes, MAS has limitations for polygenic

traits regulated by numerous small-effect
genes, where individual marker effects are
difficult to detect and utilize effectively. This
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limitation has driven the development of

genomic selection approaches that consider
genome-wide marker information
simultaneously (Bernardo, 2008).
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Figure 2: Schematic Workflow of Marker-Assisted Selection (MAS) in Plant Breeding

3. Genomic Selection

Genomic selection (GS) has emerged as a
paradigm-shifting approach that overcomes the
limitations of traditional MAS for complex,
polygenic traits. First conceptualized by
Meuwissen et al. (2001), GS uses genome-
wide dense marker data to predict the breeding
values of individuals without requiring prior
knowledge of specific QTL locations. By
simultaneously estimating the effects of all
markers across the genome, GS captures both
large- and small-effect loci, thereby
maximizing the amount of genetic variation
that can be exploited for selection (Heffner et
al., 2009).

The implementation of GS involves
developing a training population that is both
genotyped and phenotyped, constructing
statistical prediction models, and then applying
these models to predict breeding values in
selection candidates that have only been
genotyped. Various statistical methods have
been developed for genomic prediction,
including genomic best linear unbiased
prediction (GBLUP), ridge regression,
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Bayesian approaches such as BayesA and
BayesB, and machine learning algorithms
(Desta & Ortiz, 2014). The choice of model
depends on the genetic architecture of the trait,
population structure, and marker density.
Genomic  selection  has  been
successfully implemented in several major
crops. In maize, GS has shown prediction
accuracies of 0.5 to 0.8 for grain yield and
related traits, enabling the reduction of
breeding cycle time from approximately ten
years to three to four years (Crossa et al.,
2017). In wheat, genomic prediction models
have demonstrated substantial accuracy for
traits such as grain yield, heading date, and
disease resistance (Poland et al., 2012). The
integration of GS with phenomic data,
environmental covariates, and genotype-by-
environment interaction modeling continues to
improve prediction accuracy and practical
utility across diverse crop species and
environments (Jarquin et al., 2014).
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4. CRISPR-Cas9 Genome Editing in Crop

Improvement
The CRISPR-Cas9 (Clustered Regularly
Interspaced Short Palindromic Repeats and
CRISPR-associated protein 9) system has
revolutionized plant breeding by enabling
precise, targeted modifications to crop
genomes. Since the first reports of its
application in plant genome editing in 2013
(Lietal., 2013; & Shan et al., 2013), CRISPR-
Cas9 has become the most widely adopted
genome editing platform due to its simplicity,
versatility, efficiency, and cost-effectiveness
compared to earlier tools such as zinc finger
nucleases (ZFNs) and transcription activator-
like effector nucleases (TALENS) (Bortesi &
Fischer, 2015).

The CRISPR-Cas9 system operates
through a guide RNA (sgRNA) that directs the
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Cas9 endonuclease to a specific genomic

location, where it creates a double-strand
break (DSB). The cell’s natural DNA repair
mechanisms then resolve the break through
either non-homologous end joining (NHEJ),
which can introduce insertions or deletions
resulting in gene knockout, or homology-
directed repair (HDR), which enables precise
sequence replacement or insertion when a
donor template is provided (Doudna &
Charpentier, 2014). Advances in CRISPR
technology have expanded the editing toolkit
to include base editors, prime editors, CRISPR
interference  (CRISPRi), and CRISPR
activation (CRISPRa), enabling diverse
modifications from single-nucleotide changes
to regulatory element modulation without
creating double-strand breaks (Gupta et al.,
2024).
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f Figure 3: CRISPR-Cas9 Genome Editing Mechanism Showing sgRNA-Guided
DNA Cleavage and Repair Pathways

CRISPR-Cas9 has been applied extensively
across diverse crop species for trait
improvement. In rice, more than 55 genes have
been edited for traits including abiotic and
biotic stress tolerance, plant architecture, and
grain yield and quality (Rengasamy et al.,
2024). Notable achievements include the
development of blast-resistant rice through
knockout of susceptibility genes, the
enhancement of grain size and weight through

Copyright © March-April, 2025; CRAF

editing of yield-related genes such as GS3 and
GW2, and the reduction of grain amylose
content through modification of the GBSS
gene for improved cooking quality (Huang et
al., 2020). In wheat, CRISPR-mediated editing
has reduced allergens and asparagine content,
while in tomato, editing has improved heat
tolerance and disease resistance (Camerlengo
etal.,, 2020; & Yu et al., 2019).
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The regulatory landscape for genome-edited

crops has evolved significantly. The United
States Department of Agriculture (USDA) has
determined that crops edited via CRISPR-Cas9
without incorporating foreign DNA can be
grown and marketed without the regulatory
oversight required for genetically modified
organisms (GMOs), a decision that has
accelerated the commercial development of
edited crop varieties (Waltz, 2016). Several
CRISPR-edited crops, including browning-
resistant mushrooms, waxy corn, and
improved-oil camelina, have already been
deregulated for commercial cultivation
(Kumar et al., 2020).

5. Speed Breeding Technology

Speed breeding is an innovative approach that
significantly reduces the generation time of
crop plants, enabling breeders to advance
multiple generations per year and thereby
accelerate the delivery of improved varieties.
The technology was pioneered by Watson et
al. (2018), who demonstrated that by
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manipulating photoperiod (extending daily

light exposure to 22 hours), temperature
(maintaining optimal ranges around 22°C), and
other environmental conditions in controlled
growth chambers, the generation time of long-
day crops such as wheat, barley, chickpea, and
canola could be reduced to achieve four to six
generations annually, compared to one or two
generations under conventional field or
greenhouse conditions.

The physiological basis of speed
breeding relies on the acceleration of plant
development through extended photoperiods
and optimized growing conditions. Continuous
or near-continuous light stimulation enhances
photosynthesis and metabolic rates, promoting
rapid  transition from  vegetative to
reproductive growth stages. The technology
has been successfully applied to a wide range
of crop species, including major cereals such
as wheat, barley, and rice, as well as grain
legumes including chickpea, pea, and lentil
(Hickey et al., 2019).
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Figure 4: Comparison of Conventional Breeding vs. Speed Breeding in Terms of Generation Time

The synergy of speed breeding with other
modern breeding technologies has been
particularly impactful. When combined with
marker-assisted selection, speed breeding
enables rapid introgression and fixation of
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target alleles. Integration with genomic
selection allows for more frequent cycles of
selection and  recombination,  thereby
maximizing genetic gain per unit time.
Combined with CRISPR-Cas9 genome
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editing, speed breeding accelerates the
development and evaluation of edited lines.
Salt-tolerant rice lines, for example, have been
developed through a combined marker-assisted
breeding and speed breeding approach (Rana
et al., 2019). Despite its advantages, speed
breeding requires sophisticated infrastructure,
intensive management, and skilled personnel,
which may limit its adoption in resource-
constrained breeding programs.

6. Doubled Haploid Technology

Doubled haploid (DH) technology provides a
powerful strategy to significantly shorten
breeding cycles and increase genetic gain by
enabling the instantaneous development of
completely homozygous lines within two
generations, compared to the six to ten
generations required through conventional
self-pollination approaches (Prigge et al.,
2012). The technology involves the production
of haploid plants, typically through in vivo
haploid induction via pollination with a
haploid inducer line or through in vitro culture
of immature male or female gametophytes,
followed by chromosome doubling using
colchicine or other chemical agents to restore
diploidy and fertility.

In maize, DH technology has been
widely adopted in commercial breeding
programs. Haploid inducer lines such as Stock
6 and its improved derivatives, including
RWS, UH400, and CAUS5, can produce
maternal haploids at rates of 8-10% when
used as pollinators (Chaikam et al., 2019). The
molecular basis of haploid induction in maize
has been elucidated through the identification
of key genes, including ZmMTL/ZmPLAL1 (a
phospholipase  specific to sperm cell
cytoplasm), which was confirmed through
CRISPR-Cas9 editing as responsible for the
haploid induction phenotype (Liu et al., 2017).
Novel approaches, including centromere-
mediated haploid induction  through
modification of the CENH3 histone protein,
have expanded DH technology to additional
crop species (Ravi & Chan, 2010). Advances
in DH technology continue to facilitate reverse
breeding, cytoplasmic male sterile line
production, gene stacking, and accelerated
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varietal development across diverse crop
species.

7. Artificial Intelligence and Machine
Learning in Plant Breeding

The integration of artificial intelligence (Al)
and machine learning (ML) into plant breeding
programs represents a frontier of innovation
that is transforming how breeders analyze
data, make predictions, and optimize selection
strategies. The exponential growth of high-
throughput  phenotyping, genotyping, and
multi-omics data has created datasets of
unprecedented scale and complexity that
exceed the capacity of traditional statistical
methods (Harfouche et al., 2019). Al and ML
algorithms, including deep learning, random
forests, gradient boosting, and neural
networks, offer powerful tools for extracting
meaningful patterns from these complex, high-
dimensional datasets.

Machine learning approaches have
shown particular promise in enhancing
genomic prediction accuracy. Studies have
demonstrated that ML models can capture
non-linear  relationships and  epistatic
interactions between markers that are not fully
accounted for by traditional linear models,
leading to improved prediction of complex
traits such as grain yield and stress tolerance
(Montesinos-Lopez et al., 2021). Computer
vision and deep learning techniques have
revolutionized high-throughput phenotyping
by enabling  automated image-based
assessment of plant growth, morphology,
disease symptoms, and stress responses from
drone-mounted, ground-based, and controlled-
environment imaging platforms (Singh et al.,
2021).

The concept of “Al breeding” or “5G
breeding” (Genome, Germplasm, Gene,
Genotype-to-Phenotype, and Green) envisions
the comprehensive integration of ML across
the entire breeding pipeline, from gene
discovery and genotype-to-phenotype
prediction to optimized crossing schemes and
variety selection (Xu et al., 2024). Despite the
tremendous potential, challenges remain in
bridging the gap between basic ML research
and practical breeding applications, including
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the need for large, well-curated training
datasets, model interpretability, and the
development of user-friendly tools accessible
to breeders with limited computational
expertise.

8. Epigenomics and Epibreeding

Epigenetics has emerged as an important
complementary dimension to traditional
genetics in crop improvement. Epigenetic
modifications, including DNA methylation,
histone modifications, and small RNA-
mediated regulation, can modulate gene
expression and influence phenotypic variation
independently of changes in the underlying
DNA sequence (Gallusci et al., 2017). These
modifications can be heritable across
generations and may contribute to adaptive
responses to environmental stresses, offering a
novel source of variation for breeding.

The concept of “epibreeding” involves
the intentional exploitation of natural or
induced epigenetic diversity to accelerate crop
improvement. Epigenetic recombinant inbred
lines (epi-RILs) generated in Arabidopsis have
demonstrated  that heritable  epigenetic
variation can produce phenotypic changes in
flowering time, plant architecture, and growth
vigor (Johannes et al., 2009). In crop species,
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silencing of the MutS HOMOLOG1 (MSH1)

gene through RNA interference induces
heritable  epigenomic  changes  termed
“methylation  repatterning,” resulting in

enhanced growth vigor and yield in tomato
and other crops (Yang et al.,, 2020). DNA
methylation variation has also been shown to
serve as a powerful phenotypic predictor
independent of genetic polymorphism data in
maize, opening new possibilities  for
epigenome-assisted selection (Xu et al., 2019).

Emerging epigenome editing
technologies, such as the use of deactivated
Cas9 (dCas9) fused with DNA
methyltransferases or demethylases, enable
targeted modulation of gene expression at
specific loci without altering the DNA
sequence. These tools offer exciting
possibilities for fine-tuning crop traits, such as
suppressing fruit softening genes in tomato or
enhancing stress-responsive pathways. The
integration of epigenomic data with genomic
and transcriptomic information through plant
ENCODE-like initiatives is expected to
provide comprehensive regulatory atlases that
will inform precision breeding strategies for
yield, quality, and stress resilience (Rodriguez-
Leal et al., 2017).
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Speed Breeding

Epigenomics High-Throughput

Phenotyping
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Food Security

Figure 5: Integration of Modern Technologies Converging Toward Climate-Resilient Crop Development

9. Transgenic and  Genetic
Engineering

Genetically modified (GM) crops developed
through transgenic approaches have made
substantial contributions to global agriculture

Copyright © March-April, 2025; CRAF

Crops

since the first commercial plantings in 1996.
Transgenic  technology  involves  the
introduction of foreign genes from unrelated
species into crop genomes to confer novel
traits not achievable through conventional
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breeding. Major transgenic traits include insect
resistance through Bt (Bacillus thuringiensis)
toxin expression, herbicide tolerance, virus
resistance, and nutritional enhancement
(Kumar et al., 2020). As of 2023, the global
area under GM crop cultivation exceeded 200
million hectares across 26 countries, with
soybean, maize, cotton, and canola being the
most widely adopted transgenic crops.

Recent developments in genetic
engineering have focused on addressing
biosafety and public acceptance concerns
through cisgenesis  and intragenesis
approaches, which restrict the genetic material
used for trait enhancement to sexually
compatible  species.  Furthermore,  the
application of CRISPR-Cas9 for crop
improvement has led to an evolving regulatory
framework that  distinguishes  between
transgenic crops containing foreign DNA and
edited crops that resemble natural mutations.
This  distinction has facilitated faster
regulatory approval and greater public
acceptance of genome-edited crop varieties in
several countries, including the United States,
Argentina, Brazil, and Japan (Tripathi et al.,
2022).

CONCLUSION

The field of plant breeding and genetics has
undergone a remarkable transformation over
the past two decades, driven by the
convergence of molecular biology, genomics,
computational science, and engineering.
Marker-assisted  selection and genomic
selection have enhanced the precision and
efficiency of identifying superior genotypes,
while CRISPR-Cas9 genome editing has
provided an unprecedented ability to make
targeted modifications with surgical precision.
Speed breeding and doubled haploid
technology have dramatically compressed
breeding timelines, and the emerging
applications of artificial intelligence and
epigenomics are opening entirely new
dimensions for crop improvement.

The integration of these technologies
into unified breeding platforms represents the
most promising path forward for meeting
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global food security challenges. The synergy
between genomic selection and speed
breeding, for instance, can maximize genetic
gain per unit time, while the combination of
CRISPR  editing with  high-throughput
phenotyping  enables  rapid  functional
validation of candidate genes. Artificial
intelligence serves as the connective tissue
linking these disparate data streams into
actionable breeding decisions.

However,  significant  challenges
remain. The equitable distribution of these
advanced  technologies to  developing
countries, where the need for improved crop
varieties is greatest, requires concerted
investment in capacity building, infrastructure,
and  technology  transfer. Regulatory
harmonization across countries for genome-
edited crops is essential to facilitate their
deployment. Additionally, the conservation
and utilization of crop genetic diversity in
genebanks must be prioritized to ensure that
the raw material for future breeding advances
is maintained.

Looking ahead, the continued
convergence of  genomics, phenomics,
envirotyping, and data science promises to
usher in an era of predictive and precision
breeding, where breeders can design crop
ideotypes tailored to specific environments
and end-use requirements. By embracing these
innovations while addressing their associated
challenges, the plant breeding community is
well positioned to develop the climate-
resilient, nutritious, and productive crop
varieties needed to sustainably feed the world.
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