SCIENCE FACTORS!

Breeding Disease-Resistant Vegetables for
Real-World Agriculture

When most people think of plant breeding, they picture a
scientist in a greenhouse, carefully cross-pollinating
flowers by hand, waiting months or even years to see
whether offspring carry a desired trait. That image is not
entirely wrong but it tells only part of the story. Today, the
journey from a breeding idea to a seed bag on a farmer's
shelf is shaped as much by molecular biology, data science,
and industry knowledge as it is by the traditional art of
selection. We have working experience in both academic
research and the commercial seed sector, and the
experience has taught us that translating science into
practical agricultural solutions is one of the most
rewarding and humbling challenges in modern food
production.

Vegetable crops feed billions of people every day, yet they
remain among the most vulnerable to diseases. Pathogens
do not distinguish between a small family farm and a large
commercial operation; they spread wherever conditions
allow, and they evolve. That is the central tension driving
vegetable breeding programmes around the world: how do
we stay ahead of a moving target, reliably, and at scale?

The real cost of plant disease
To understand why disease resistance occupies so much of
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“EVERY SUCCESSFUL VARIETY BEGINS AS A SEEDLING, BUT ITS FUTURE DEPENDS ON SCIENCE, SELECTION, AND FIELD PERFORMANCE."
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QTLs and gene discovery through biotechnology tools for
stress tolerance

Over the past decade, rapid progress in genomics has
revolutionized vegetable research, advancing from whole-
genome sequencing to the development of innovative high-
throughput genetic and molecular technologies. Numerous
research initiatives employing genomic and molecular tools
are currently underway, and several notable achievements
have already been reported. Molecular markers have emerged
as powerful tools in plant breeding, enabling more precise and
efficient selection by minimizing environmental influences,
facilitating early-stage selection, and reducing the size of
breeding populations required for field evaluation.
Furthermore, molecular markers support the efficient
introgression of superior alleles from wild relatives into
cultivated backgrounds and enable the pyramiding of genes
controlling quantitative traits. Several quantitative trait loci
(QTLs) associated with biotic stress tolerance have been
identified in tomato. A comprehensive understanding of the
genetic basis of stress tolerance facilitates the development of

Fruiting on Tom

Molecular Laboratory - Detecting Resistance, Building Resilient Varieties

reliable molecular markers for marker-assisted breeding and
supports the identification of candidate genes for genetic
engineering aimed at enhancing crop resilience under adverse
environmental conditions.

The SNP revolution: breeding at the molecular level

Perhaps the single most transformative development in modern
plant breeding has been the widespread adoption of SNP
(Single Nucleotide Polymorphism) markers. An SNP is a
variation at a single position in the DNA sequence; think of it as
a molecular signpost that can tell you, with high confidence,
whether a particular gene or genomic region is present in a
given plant. They are abundant throughout plant genomes,
inexpensive to detect with modern sequencing technology, and
powerful as breeding tools.

In practical terms, SNP markers allow breeders to screen
seedlings in the laboratory, long before any symptoms of
disease would appear, and identify which individuals carry the
resistance genes we are looking for. The time savings alone are
remarkable what might have taken two or three years of pheno-
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typic screening can be accomplished in a fraction of the time.
Achieving that stacking without molecular tools is extremely
difficult. When you are trying to track four or five resistance
loci simultaneously across a segregating population of
hundreds of plants, phenotypic screening quickly becomes
impractical — you simply cannot expose every plant to every
pathogen simultaneously in a controlled way. SNP markers
resolve this by allowing every individual to be genotyped for all
target loci at once, from a single sample. Breeders can then
identify the handful of plants that carry all desired resistance
genes, in the correct configuration, and advance only those to
the next stage.

But markers do more than accelerate selection. They enable a
technique called Marker-Assisted Backcrossing (MABC), which
allows breeders to transfer a resistance gene from a wild
relative or donor line into an elite commercial variety while
simultaneously recovering the entire genetic background of that
elite parent. Before molecular markers, this process required
six to eight generations of conventional backcrossing a decade
of work. With SNP markers tracking both the target gene and
the background recovery in parallel, the same outcome can be
achieved in three to four generations. That is not a marginal
improvement; it is a fundamental change in what is possible.

Genetic engineering for stress tolerance

Environmental stress tolerance is a highly complex trait
regulated by the coordinated action of numerous genes and
interconnected regulatory pathways, with several transcription
factors playing central roles in stress-response mechanisms. A
limited number of genes have successfully enhanced stress
tolerance when over expressed in vegetable crops. Research on
the physiological and molecular mechanisms underlying stress
tolerance has demonstrated that tolerance to specific
environmental stresses is controlled by multiple component
traits and their associated genes. Therefore, the integration of
genome-wide expression profiling using DNA microarrays with
quantitative trait loci (QTL) mapping represents a powerful
approach for identifying major genes associated with stress
tolerance.
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Combining resistances: the stacking challenge
One of the most important applications of molecular breeding
in vegetable crops is the "stacking" of multiple resistance traits
into a single variety. A tomato that resists early blight is useful;
a tomato that resists early blight, late blight, fusarium wilt,
and tomato yellow leaf curl virus is far more so. Seed
companies can maintain smaller, more focused breeding
populations, reducing the resources required per breeding
cycle. For the farmer, this translates into varieties that are not
just resistant to disease, but consistently productive, well-
adapted, and of the quality that market channels demand.

Improved tolerance through grafting for enhanced vegetable
production

Grafting is an important horticultural technique employed to
enhance plant tolerance to various environmental stresses
through the combination of elite commercial cultivars with
vigorous and stress-tolerant rootstocks. In this process, two
living plant components—the rootstock and the scion—are
joined to develop into a single functional plant. In vegetable
crops, grafting is primarily carried out by combining a
desirable scion cultivar with a resistant or vigorous rootstock
and improving vegetable production by enhancing resistance

o Resistant Variety o Farmer Field
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to soil-borne diseases, increasing tolerance to environmental
stresses.

Recent advancements in grafting technology have also led to
the development of innovative graft combinations such as
“Brimato” and “Pomato,” which have been successfully
promoted by the Indian Council of Agricultural Research-
Indian Institute of Vegetable Research, Varanasi, U.P., India.
These technologies have demonstrated practical benefits for
farmers by improving productivity, diversifying produce, and
enhancing economic returns.

Integrated pest and disease management

Insect pests constitute one of the major biotic constraints
affecting vegetable production in India. In addition to causing
direct damage to crops, many insect pests also act as vectors of
economically important diseases. Viral diseases
particularly those caused by leaf curl viruses and spotted wilt
viruses, represent major constraints to vegetable production
because of their rapid spread and severe effects on crop growth
and yield. Integrated pest and disease management strategies
involving resistant varieties, cultural practices, biological
control agents, need-based pesticide application, and regular
field monitoring are therefore essential for sustainable
vegetable production and for minimizing economic losses
under changing climatic conditions.

viral

Perspectives on the future: challenges ahead

It would be misleading to suggest that molecular breeding has
solved vegetable disease management. It has transformed what
is possible but the challenges ahead are real and significant.
Climate change is altering the geographic distribution of
pathogens and the frequency of disease-conducive weather
events. New races of established pathogens or entirely new
pathogens continue to emerge. The regulatory environment
around plant genetic improvement is evolving rapidly and
variably across different countries, creating uncertainty for
breeding programmes with international scope.

The benefits of molecular breeding need to reach every part of
global agriculture, not just the markets that can afford premiu-
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m seed. Addressing that equity challenge requires sustained
investment in public research, technology transfer, and
collaborative models between industry, governments, and
international agricultural organisations.

For young researchers considering a career in plant breeding
or seed science, my most honest advice is this: cultivate
breadth. The best breeders I have worked with understand
genetics deeply, but they also understand plant pathology,
agronomy, statistics, and the economics of farming. They are
curious about the molecular mechanisms behind the traits
they are selecting, but they are equally comfortable standing in
a muddy field, talking with a farmer about what actually went
wrong last season. That integration of the molecular and the
practical of the lab and the field is what this work demands,
and what makes it genuinely exciting.
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“PLANT BREEDING SUCCESS IS MEASURED IN PRODUCTIVE FIELDS, HEALTHY HARVESTS, AND FARMER CONFIDENCE.”
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