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INTRODUCTION

For nearly ten thousand years, humans have shaped the
plants they eat. From the earliest farmers who selected fatter
grains and sweeter fruits, to twentieth-century scientists who
crossed high-yielding wheat and rice varieties during the
Green Revolution, plant breeding has remained the single
most powerful force behind food security. Today, however,
breeders no longer work blind. They can read the entire
genetic blueprint of a crop, edit specific letters of its DNA,
and predict a plant’s performance before it is even grown in
the field. This transformation — the genomics era of plant
breeding — is redefining how we feed a warming, crowded
planet.

The convergence of high-throughput DNA
sequencing, big-data analytics, and genome editing has
moved crop improvement from an art of patient observation
into a precision science. As Varshney et al. (2021) note,
genomics-assisted breeding has become the de facto engine
of modern crop improvement, capable of delivering climate-
resilient, nutrient-rich, and higher-yielding varieties in a
fraction of the time required by conventional methods.
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Figure 1: Comparison of a conventional phenotypic breeding
cycle with a genomic selection cycle. Genomic selection uses
genome-wide molecular markers to predict breeding values,
shortening the cycle from years to months
(Source: Cerda-Bennasser et al., 2022, IntechOpen).
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From Mendel to Molecules: A Brief Journey
Classical plant breeding, rooted in Mendel’s
laws of inheritance, relied on visible traits such
as plant height, seed color, and disease
symptoms. Breeders would cross two parents,
grow thousands of offspring over several
seasons, and select the best performers. It was
effective, but painfully slow — typically 10 to
15 years to release a new variety (Moose &
Mumm, 2008).
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The discovery of DNA’s double helix
in 1953 opened a molecular door. By the 1980s
and 1990s, molecular markers such as RFLPs,
SSRs, and later SNPs allowed breeders to “tag”
useful genes and track them across generations.
This gave rise to Marker-Assisted Selection
(MAS), in which breeders select plants based
on DNA fingerprints rather than physical
appearance alone (Collard & Mackill, 2008).
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Figure 2: Schematic representation of Marker-Assisted Selection (MAS).

DNA markers linked to desirable traits (e.g., disease resistance, drought
tolerance) allow breeders to select superior plants at the seedling stage
without waiting for full phenotypic expression
(Source: Kumawat et al., 2020, IntechOpen).

The Genomic Revolution

The sequencing of the rice genome in 2005 and,
subsequently, of wheat, maize, tomato,
soybean, and dozens of other crops, marked the
true beginning of the genomics era. Next-
generation sequencing (NGS) reduced the cost
of reading a plant genome from millions of
dollars to a few hundred, opening the floodgates
for genome-wide studies (Varshney et al.,
2021).

Three interlinked technologies now define

modern breeding:
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Genomic Selection (GS): Instead of relying on
a handful of markers, GS uses thousands of
DNA markers spread across the entire genome
to predict a plant’s breeding value. Meuwissen
et al. (2001) first proposed the concept, and
today it is routinely used in wheat, maize, rice,
chickpea, and cassava breeding programs,
cutting breeding cycles by half or more (Crossa
etal., 2017).

Genome-Wide Association Studies (GWANS):
GWAS scan the genomes of diverse plant
populations to link specific DNA variants with
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traits such as yield, drought tolerance, or grain
quality — giving breeders precise molecular

targets (Huang & Han, 2014).

Genome Editing (CRISPR/Cas9): Perhaps
the most disruptive tool, CRISPR/Cas9 allows
scientists to make targeted, precise changes to a
plant’s DNA — switching off a susceptibility
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gene, enhancing a nutritional pathway, or
improving stress tolerance —  without
introducing foreign DNA in many cases (Chen
et al., 2019). It is already being used to develop
non-browning mushrooms, high-oleic
soybeans, blast-resistant rice, and drought-
tolerant maize.

CRISPR-Cas9 genome editing workflow
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Figure 3: Typical workflow of CRISPR/Cas9 genome editing in plants. A guide
RNA directs the Cas9 enzyme to a specific DNA sequence, where a targeted cut

triggers the plant’s repair machinery, enabling precise gene knockouts or insertions
(Source: Assay Genie, 2022).

Speed Breeding, Phenomics, and Artificial
Intelligence

Genomics is most powerful when combined
with other emerging tools. Speed breeding —
using controlled light and temperature regimes
to grow up to six crop generations per year —
accelerates the delivery of improved lines when
paired with genomic selection (Watson et al.,
2018). High-throughput phenomics platforms,
employing drones, hyperspectral imaging, and
robotics, capture thousands of plant traits
automatically, feeding massive datasets into
machine-learning  models  that  predict
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performance with growing accuracy (Araus &
Cairns, 2014).

Together, these innovations form what many
now call the “breeding 4.0” framework: an
integrated, data-driven  pipeline = where
phenomics, and  artificial
intelligence converge to deliver the right

genomics,
variety, for the right environment, at the right
time (Wallace et al., 2018).

Real-World Impact on Agriculture
The results are already visible across the world.
Bio-fortified rice and wheat rich in iron and
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zinc are tackling hidden hunger. Drought-
tolerant maize hybrids developed through
genomic selection are stabilizing yields for
millions of smallholder farmers in sub-Saharan
Africa (Beyene et al., 2015). In India, marker-
assisted breeding has produced flood-tolerant
rice varieties (Subl) that survive two weeks of
submergence, and heat-tolerant wheat lines that
safeguard the country’s food basket. CRISPR-
edited crops with reduced pesticide
requirements are  entering commercial
pipelines, promising a more sustainable
agriculture footprint.

Challenges Ahead

Despite  remarkable  progress,  several
challenges persist. High-throughput genotyping
and phenotyping infrastructure = remain
expensive for developing nations. Regulatory
frameworks for genome-edited crops vary
widely across countries, creating uncertainty
for breeders and farmers. Public perception,
intellectual property rights, and equitable
access to genomic technologies must be
addressed to ensure that the benefits reach
smallholders and not only large agribusinesses
(Zaidi et al., 2019). Capacity-building,
transparent communication, and inclusive
policy design are therefore as important as the
science itself.

CONCLUSION

Plant breeding in the genomics era represents a
historic leap: from selecting what we can see to
designing what we need. By decoding,
predicting, and precisely editing plant genomes,
scientists are compressing decades of breeding
progress into a few years, arming agriculture
with tools to face climate change, land
degradation, and rising food demand. The next
generation of crops will not only yield more but
also be more nutritious, more resilient, and
more sustainable. For a country like India —
where agriculture supports nearly half the
population — embracing this genomic
revolution, alongside farmer-centric extension
and ethical governance, will be crucial for
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shaping a food-secure future. The seeds of
tomorrow are being written today, one base pair
at a time.
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