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INTRODUCTION
Global agriculture faces the combined challenge of
producing sufficient food, improving the nutritional quality
of diets and maintaining environmental sustainability.
Although
substantially over the past several decades, the availability of
calories does not necessarily guarantee nutritional security.

agricultural ~ productivity  has  increased

Diets dominated by a limited number of staple crops can
provide adequate energy while remaining deficient in
essential micronutrients such as iron, zinc and vitamin A.
This condition, commonly described as hidden hunger,
remains an important nutritional challenge, particularly in
populations that depend heavily on cereals, roots and other
staple crops. Biofortification has therefore emerged as an
important agricultural strategy for improving the nutritional
value of food crops through plant breeding, agronomic
management and modern biotechnology (Bouis & Saltzman,
2017).

Biofortification differs from conventional food
fortification because nutrients are increased during crop
production rather than being added after harvest. Once a
nutritionally improved variety is developed and adopted by
farmers, the enhanced nutritional trait can reach consumers
through normal food systems. This characteristic makes
biofortification particularly valuable in regions where access
to commercially fortified foods, dietary supplements or
diverse diets is limited. The concept has developed
considerably since the beginning of organized international
biofortification programs. Breeding efforts have focused
especially on increasing iron, zinc and provitamin A
concentrations in staple crops. Biofortified varieties of crops
such as rice, wheat, maize, cassava, sweet potato, common
bean and pearl millet have been developed and disseminated
in several countries. Evidence from breeding and nutrition
programs indicates that biofortified crops can contribute
measurable amounts of bioavailable micronutrients to human
diets (Saltzman et al., 2017).
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Modern crop breeding is now
expanding the concept beyond nutritional
enhancement alone. Future biofortified crops
are expected to combine improved nutrient
density with resistance to insects and diseases,
tolerance to drought and heat, efficient nutrient
use, stable yield and farmer preferred quality
characteristics. ~ Advances in  molecular
breeding, genomic selection, marker-assisted
selection, genome-wide association studies,
speed breeding and gene editing provide
breeders with new opportunities to develop
such multifunctional crops.

Concept of Biofortification

Biofortification is the process of
increasing the concentration or bioavailability
of essential nutrients in edible portions of crops
through genetic, agronomic or biotechnological
approaches. Plant breeding is particularly
important because it can produce varieties in
which improved nutritional traits are genetically
inherited. The major nutritional targets include
iron, zinc and provitamin A carotenoids. Other
traits such as protein quality, essential amino
acids, selenium and beneficial fatty acids have
also received attention.

Conventional biofortification
generally begins with the identification of
genetic variation for a nutritional trait within
germplasm collections. Promising lines are
crossed with locally adapted wvarieties,
followed by selection for nutritional quality
and agronomic performance. Molecular
markers can accelerate this process by
allowing breeders to identify plants carrying
desirable alleles at an early stage. The ultimate
objective is not simply to produce a crop with
a high concentration of one nutrient. A
successful Dbiofortified variety must also
provide good yield, resistance to major pests
and diseases, adaptation to local environments,
desirable taste and cooking quality and
acceptable market characteristics.

Major Nutritional Targets in Future Crops

1. Iron Biofortification:- Iron deficiency is
one of the most widespread micronutrient
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problems. Cereals and legumes can
contain iron, but the amount absorbed by
the human body may be limited by
compounds such as phytate that interfere
with mineral absorption. Breeding for
increased iron concentration is therefore
combined with efforts to improve iron
bioavailability. Researchers have
identified genetic variation for grain iron
concentration in crops including pearl
millet, common bean, wheat and rice.
Modern breeding can combine high iron
concentration with reduced levels of
compounds that inhibit mineral absorption.
Such approaches may increase the
nutritional value of staple foods without
requiring major changes in eating habits.
Zinc Biofortification:- Zinc is essential
for normal growth, immune function and
numerous metabolic processes. Zinc
deficiency is associated with impaired
growth and increased vulnerability to
disease. Zinc biofortification has become
an important component of crop
improvement programs. Wheat, rice,
maize, pearl millet and common bean have
been important targets. Breeding for zinc
density can be complemented by
agronomic  practices such as zinc
fertilization. The combination of genetic
and agronomic strategies may provide
greater nutritional benefits under different
soil and environmental conditions.
Provitamin A Biofortification:- Vitamin
A deficiency can cause serious health
problems, particularly among children and
vulnerable populations. Plants can provide
provitamin A carotenoids that are
converted into vitamin A in the human
body. Orange-fleshed sweet potato is one
of the most recognized examples of
provitamin A biofortification. Provitamin
A rich maize and cassava varieties have
also been developed. These crops
demonstrate how nutritional traits can be
incorporated into familiar staple foods
while retaining characteristics valued by

farmers and consumers.
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Table 1: Major Nutritional Targets and Crop Improvement Strategies

Nutritional Important crop Major breeding Potential nutritional
target examples objective contribution
) Increase iron Support healthy blood
Pearl millet, wheat, . p.p Y . .
Iron i concentration and formation and physiological
common bean, rice . A
bioavailability development
Zine Wheat, rice, maize, pearl Increase grain zinc Support growth and immune
millet, common bean density function
. Sweet potato, maize, Increase carotenoid L ..
Provitamin A . Support vitamin A nutrition
cassava concentration

Protein quality Maize, wheat, pulses

Improve essential amino

acid composition

Improve dietary protein
quality

Selenium Wheat and other cereals

Increase selenium
concentration

Support antioxidant and
metabolic functions

Modern Breeding for Biofortified Crops

important

Traditional breeding remains an

foundation for biofortification.

However, modern breeding technologies have
considerably increased the speed and precision

of crop improvement.

1.

Marker-Assisted Marker-
assisted selection allows breeders to identify
plants carrying desirable genetic regions
using molecular markers. This approach is
particularly useful when nutritional traits are
difficult or expensive to measure directly.
Markers associated with mineral
accumulation, carotenoid concentration and
other nutritional characteristics can be used
to select promising plants before extensive
field testing.

Genomic Selection:- Genomic selection

Selection:-

uses genome-wide molecular information
to predict the breeding value of plants.
Instead of relying only on visible
characteristics, breeders can estimate the
potential performance of individuals using
large numbers of genetic markers. This
approach is particularly useful for complex
traits controlled by many genes.
Nutritional quality, yield and stress
tolerance can therefore be considered
together during selection.

Genome-Wide Association Studies:-
Genome-wide association studies identify
relationships between genetic variation
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and desirable traits using diverse
germplasm collections. Such studies can
reveal genomic regions associated with
nutrient accumulation, disease resistance,
drought tolerance and other characteristics.
The resulting information can guide
breeding programs toward favorable
genetic combinations.

Speed Breeding:- Speed breeding
involves controlled environmental
conditions that accelerate plant growth and
generation turnover. Multiple generations
can be produced within a shorter period,
allowing breeders to advance promising
material rapidly. When combined with
molecular selection, speed breeding can
substantially shorten the time required to
develop new crop varieties.

Gene Editing:- Genome editing
technologies provide new opportunities to
modify specific genes associated with
nutritional quality and stress responses.
Gene editing can potentially improve
nutrient accumulation, reduce antinutritional
compounds or alter metabolic pathways
involved in vitamin and mineral production.
Unlike which
depends on available genetic variation and
recombination, precise genome editing can

conventional  breeding,

directly modify selected genomic regions.
However, regulatory requirements, biosafety
assessment and public acceptance remain
important considerations for edited crops.
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Figure 1: Modern breeding approaches for developing biofortified crops
with improved nutrition, stress tolerance, yield and sustainability.

Combining Nutrition with Stress Tolerance

Future biofortified crops must perform
effectively under increasingly  difficult
environmental conditions. Climate change is
increasing the frequency and severity of
drought, heat, salinity, flooding and other
stresses. Developing a nutrient rich variety that
performs poorly under stress would have
limited practical value. Modern breeding
therefore aims to combine nutritional traits
with stress tolerance.

Drought-tolerant  biofortified crops
could maintain nutrient production under
conditions.  Heat-tolerant

water  limited

varieties could protect both yield and
nutritional quality during high temperature
periods. Salt-tolerant crops could contribute to
food production in areas affected by soil
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salinity. Similarly, disease resistant varieties
could reduce yield losses while lowering the
need for pesticide applications. This
combination of nutritional and agronomic
traits represents an important transition from
single trait biofortification toward
multifunctional crop improvement.

Bioavailability as a Major Breeding Target

Nutrient concentration alone does not
determine the nutritional value of a crop. The
human body must be able to absorb and utilize
the nutrient. Bioavailability is therefore an
essential consideration in biofortification
programs. For minerals such as iron and zinc,
compounds including phytate can reduce
absorption. Breeding strategies can therefore

target both increased mineral concentration
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and improved bioavailability. Research has
demonstrated that biofortified crops can
provide nutritionally meaningful amounts of
iron, zinc and provitamin A when consumed as
part of normal diets. The nutritional
effectiveness of these crops depends on
nutrient concentration, processing, cooking,
dietary composition and physiological factors
(Bouis & Saltzman, 2017).

Sustainable Yield and Resource Efficiency

The future of crop improvement must
address both nutritional security and
environmental sustainability. Modern
biofortified varieties should therefore require
fewer external inputs while maintaining
competitive yields. Improved nutrient use
efficiency can reduce fertilizer requirements.
Drought tolerance can reduce irrigation
demand. Disease resistance can reduce
dependence on crop protection products.
Breeding for resource efficiency is particularly
important for smallholder farmers who may
have limited access to fertilizers, irrigation and
crop protection products. Biofortification can
therefore be integrated with sustainable
intensification strategies in which greater
nutritional value and productivity are achieved
without proportionally increasing
environmental pressure.

Role of Agronomic Biofortification

Genetic breeding is not the only
pathway for increasing crop nutrient density.
Agronomic biofortification uses fertilizers and
other agricultural inputs to increase the
concentration of micronutrients in edible plant
tissues. Foliar application and soil application
of micronutrients can improve nutrient
accumulation in crops. Zinc fertilization, for
example, has been widely investigated for
increasing grain  zinc  concentration.
Agronomic biofortification can complement
genetic  breeding.  Genetically improved
varieties can be grown under suitable
agronomic practices to maximize their
nutritional potential. Recent research has
emphasized the combined use of micronutrient
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fertilizers, biofertilizers and other targeted
agronomic technologies to improve nutritional
quality while maintaining yield (Tessema et
al., 2026).

Adoption and Farmer Acceptance

The success of biofortification
ultimately depends on adoption by farmers and
consumption by communities. Farmers are
unlikely to adopt a variety simply because it
contains more nutrients. The variety must also
provide competitive yield, resistance to locally
important pests and diseases, suitable maturity
duration, desirable grain or fruit characteristics
and acceptable market value. Evidence from
biofortification = programs indicates that
farmers and consumers can adopt nutritionally
improved varieties when they provide
agronomic and consumption characteristics
comparable with or superior to popular
varieties (Saltzman et al., 2017). Seed
availability is another important factor.
Biofortified varieties must be integrated into
reliable seed systems so that farmers can
access quality planting material regularly.

Future Perspectives

/

¢ The next generation of biofortified
crops is likely to combine several
beneficial characteristics within the
same genetic background.

¢ Breeding programs may develop crops
with high iron and zinc concentrations
together with drought tolerance,
disease resistance and improved
nutrient use efficiency.

¢ Artificial intelligence and machine
learning can assist breeders in
analyzing  large  genomic  and
phenotypic datasets. These tools may
improve prediction of complex traits
and accelerate the identification of
superior breeding lines.

¢ Advanced phenotyping technologies

can measure plant growth, nutrient

status and stress responses rapidly

across large breeding populations.
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« The integration of  genomics,
phenomics, speed breeding, gene
editing and conventional selection
could transform biofortification into a
highly precise and efficient component
of crop improvement.

« Biofortification is also increasingly
moving from specialized programs
toward mainstream breeding. This
transition is  important because
nutritional traits must become routine
components of crop improvement
rather than remaining isolated
breeding objectives (Virk et al., 2021).

CONCLUSION

Biofortified crops offer a promising approach
to improving nutritional security while
supporting sustainable agricultural production.
Modern breeding technologies can combine
enhanced nutrient content with drought
tolerance, disease resistance, efficient resource
use and stable yield. With effective research,
farmer adoption, supportive policies and
reliable seed systems, biofortified crops can
significantly reduce hidden hunger and build a
healthier, more sustainable agricultural future.
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