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Abstract

The development of improved crop varieties is
essential for ensuring global food security under
the challenges of climate change, emerging pests
and diseases, and increasing population.
Conventional plant breeding and marker-assisted
selection have significantly improved crop
productivity over the past decades; however, the
improvement of complex traits such as grain
yield, drought tolerance, and nutrient-use
efficiency remains slow because these traits are
controlled by numerous genes with small
individual effects. Genomic Selection (GS) has
emerged as one of the most important
innovations in modern plant breeding by
enabling breeders to predict the genetic potential
of plants using genome-wide molecular markers
rather than relying solely on field performance.
Unlike marker-assisted selection, which focuses
on a limited number of major genes, genomic
selection simultaneously utilizes thousands of
DNA markers distributed throughout the entire
genome to estimate the breeding value of each
individual. This approach accelerates breeding
cycles, increases selection accuracy, and
improves genetic gain. When combined with
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artificial intelligence, speed breeding, high-
throughput phenotyping, and genome editing,
genomic  selection is transforming crop
improvement into a faster, more precise, and
data-driven process. This article discusses the
concept, methodology, applications, advantages,
challenges, and future prospects of genomic
selection in plant breeding.

Introduction

Plant breeding has continuously evolved from
simple phenotypic selection to sophisticated
molecular breeding techniques. Early breeders
selected superior plants based on visible traits
such as plant height, grain size, flowering
duration, and disease  resistance.  The
introduction of molecular markers further
improved breeding efficiency by allowing
indirect selection of desirable genes. Marker-
assisted selection has been highly successful for
traits controlled by one or a few major genes,
including resistance to certain diseases and pests.

However, many economically important
agricultural traits are quantitative in nature and
are controlled by hundreds or even thousands of
genes interacting with environmental factors.
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Grain yield, drought tolerance, heat tolerance, oil
content, nutritional quality, and nutrient-use
efficiency are examples of such complex traits.
Improving these characters through conventional
breeding requires extensive multi-year field
evaluation, making the breeding process slow
and expensive.

The rapid advancement of next-generation DNA
sequencing technologies has made it possible to
analyze thousands of molecular markers across
the entire genome. This has led to the
development of genomic  selection, a
revolutionary breeding strategy capable of
predicting the breeding value of plants before
extensive field testing.

Concept of Genomic Selection

Genomic selection is a breeding method that
estimates the genetic potential of an individual
using  genome-wide  molecular  marker
information. Instead of identifying only a few
significant genes, genomic selection uses all
available DNA markers simultaneously to
predict the overall breeding value.

The estimated genomic breeding value
represents the expected genetic performance of a
plant for one or more target traits. Individuals
with the highest predicted breeding values are
selected as parents for the next breeding cycle
without waiting for complete phenotypic
evaluation.

This approach enables breeders to make earlier
selection decisions, significantly reducing the
duration of breeding programs while increasing
the rate of genetic improvement.
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Prnciples of Genomic Selection

The genomic selection process begins by
developing a training population consisting of
genetically diverse breeding materials. These
plants are evaluated under field conditions for
important agronomic traits while simultaneously
being genotyped using thousands of molecular
markers  such as  single nucleotide
polymorphisms (SNPs).

Statistical prediction models are then developed
to establish relationships between marker
information and observed field performance.
Once these prediction models are validated, they
can estimate the breeding values of new
breeding populations using DNA information
alone.

Because genomic selection incorporates the
effects of all molecular markers across the
genome, it effectively captures both major and
minor genes controlling quantitative traits.

Types of Prediction Models

Several statistical and machine learning models
are used for genomic prediction. Genomic Best
Linear Unbiased Prediction (GBLUP) remains
one of the most widely adopted models because
of its simplicity and high prediction accuracy.
Bayesian regression models, including Bayes A,
Bayes B, Bayes Cm, and Bayesian LASSO, are
commonly used when traits are influenced by
both major and minor genes.

Recent advances in artificial intelligence have
introduced machine learning algorithms such as
Random Forest, Support Vector Machines,
Gradient Boosting, and Deep Neural Networks
into genomic prediction. These approaches
improve prediction accuracy by identifying
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complex nonlinear relationships among genes
and environmental factors.

Applications in Crop Improvement

Genomic selection has been successfully
implemented in numerous crops including
wheat, rice, maize, barley, soybean, chickpea,
pigeonpea, sorghum, cotton, potato, tomato, and
several horticultural crops.

In cereal crops, genomic selection accelerates
the development of varieties with higher grain
yield, improved disease resistance, drought
tolerance, and lodging resistance. Oilseed
breeding programs utilize genomic prediction to
improve oil quality, fatty acid composition, and
seed yield.

Legume breeders employ genomic selection to
enhance biological nitrogen fixation, disease
resistance, seed protein content, and adaptation
to changing climatic conditions. Similar
applications have expanded into fruit crops,
vegetables, forage crops, and forestry species.

Integration with Modern
Technologies

Breeding

The greatest strength of genomic selection lies in
its ability to integrate with other advanced
breeding technologies. Speed breeding allows
multiple generations to be completed annually,
while genomic selection identifies superior
individuals during early developmental stages.
Together, these technologies dramatically
shorten breeding cycles.

Genome-wide association studies provide
valuable information regarding genes controlling
economically  important  traits, improving
genomic prediction models. CRISPR genome
editing complements genomic selection by
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enabling precise modification of candidate genes
identified through genomic analyses.

High-throughput phenotyping using drones,
multispectral ~ cameras, thermal  sensors,
hyperspectral imaging, and computer vision
generates large phenotypic datasets that further
improve prediction accuracy.

Artificial intelligence integrates genomic,
phenotypic, and environmental information to
optimize breeding decisions and identify
superior parental combinations.

Advantages of Genomic Selection

One of the greatest advantages of genomic
selection is the significant reduction in breeding
time. Selection decisions can be made
immediately after genotyping, eliminating the
need for lengthy field evaluations during early
generations.

The technology substantially increases selection
accuracy for complex quantitative traits because
it captures the combined effects of thousands of
genes. This leads to faster genetic gain per
breeding cycle compared with conventional
selection methods.

Genomic selection also reduces breeding costs
by minimizing extensive multi-location field
testing during preliminary selection stages.
Breeders can evaluate much larger populations
while focusing expensive field experiments only
on the most promising breeding lines.

The approach is particularly effective for traits
that are expensive, difficult, or time-consuming
to measure, including drought tolerance,
nutrient-use efficiency, root architecture, and
quality parameters.
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Challenges

Despite its enormous potential, genomic
selection faces several challenges. Developing
accurate prediction models requires large
training populations with reliable phenotypic
data. Poor-quality field observations reduce
prediction accuracy regardless of the number of
molecular markers available.

The technology also requires high-density
genotyping platforms, advanced computational
resources, specialized statistical software, and
skilled personnel capable of handling large
genomic datasets.

Prediction models developed for one breeding
population may not perform equally well in
genetically unrelated populations or under
contrasting environmental conditions,
necessitating continuous model updating.

Future Prospects

The future of genomic selection is closely linked
with advances in artificial intelligence,
pangenomics, digital agriculture, and precision
breeding. Machine learning algorithms will
increasingly improve prediction accuracy by
incorporating genomic, transcriptomic,
metabolomic, and environmental datasets
simultaneously.

Graph-based pangenomes and multi-omics
integration will provide more comprehensive
genetic information for genomic prediction.
Automated phenotyping platforms combined
with robotics, drones, and remote sensing will
generate continuous field observations, further
enhancing prediction models.

In the coming years, digital breeding platforms
capable of integrating genomic selection, speed
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breeding, genome editing, and artificial
intelligence are expected to become standard
tools in crop improvement programs worldwide.

Conclusion

Genomic selection represents one of the most
significant breakthroughs in modern plant
breeding. By utilizing genome-wide molecular
information to predict breeding values, it enables
faster, more accurate, and more efficient
selection of superior crop varieties. The
technology has  dramatically  accelerated
breeding for complex quantitative traits that
were previously difficult to improve through
conventional methods. When integrated with
speed breeding, CRISPR genome editing,
artificial intelligence, and high-throughput
phenotyping, genomic selection provides an
unprecedented opportunity to increase the rate of
genetic gain while reducing breeding time. As
sequencing technologies continue to become
more affordable and computational tools more
powerful, genomic selection will play a central
role in developing climate-resilient, high-
yielding, and nutritionally superior crop varieties
for sustainable agriculture.

References

Meuwissen, T. H. E., Hayes, B. J., & Goddard,
M. E. (2001). Prediction of total genetic value
using genome-wide dense marker maps.
Genetics, 157(4), 1819-1829.

Crossa, J., Pérez-Rodriguez, P., Cuevas, J., et al.
(2017). Genomic selection in plant breeding:
Methods, models, and perspectives. Trends in
Plant Science, 22(11), 961-975.

Varshney, R. K., Roorkiwal, M., Sun, S., et al.
(2021). Fast-forward breeding for crop

Page: 27



Shivkumar et al., 2026 03(02): 24 — 28 (Feb, 2026)

improvement. Trends in Genetics, 37(2), 112-  Acquaah, G. (2020). Principles of Plant
126. Genetics and Breeding (3rd ed.). Wiley.

Hickey, L. T., Hafeez, A. N., Robinson, H., et al. FAO. (2024). The State of Food and Agriculture.
(2019). Breeding crops to feed 10 billion. Nature ~ Food and Agriculture Organization of the United
Biotechnology, 37, 744—754. Nations.

Agro ISSN: 3048-6580 Page: 28



