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ABSTRACT

Wheat (Triticum aestivum L.) is a globally important cereal crop, serving as a dietary staple for much of the world’s population.
However, modern wheat varieties are often deficient in micronutrients such as iron (Fe) and zinc (Zn), contributing to widespread
malnutrition, particularly in developing regions. To address this issue, two main strategies have been adopted: agronomic and genetic
biofortification. Agronomic biofortification involves the application of fertilizers to soil or foliage to temporarily boost nutrient
content in the grain. While effective in the short term, this approach requires continuous input and can be influenced by
environmental conditions. In contrast, genetic biofortification aims to develop wheat cultivars that naturally accumulate higher
levels of Fe and Zn through conventional breeding and modern techniques such as QTL mapping and marker-assisted selection
(MAS). This method offers a more sustainable and long-lasting solution. Researchers are also exploring high-mineral landraces,
wild relatives, and colored wheat varieties for their added nutritional value. Combining both agronomic and genetic strategies may
provide the most effective pathway to combat micronutrient deficiencies. Future research should focus on improving breeding
efficiency, exploiting underutilized germplasm, and enhancing nutrient uptake to develop nutritionally enriched wheat varieties and
support global food security.

Keywords: Wheat (Triticum aestivum L.), Micronutrients, Iron (Fe), Zinc (Zn), Biofortification, Agronomic biofortification,
Genetic biofortification, Wheat and Hidden Hunger
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INTRODUCTION

Wheat (Triticum aestivum L.) is one of the most important cereal crops globally, forming the dietary foundation for more than a third
of the world’s population (Mohammadi-joo et al., 2015). It thrives in diverse agro-ecological zones, especially in dry and semi-arid
environments, due to its long-day photoperiodic response, self-pollination, and adaptability to fluctuating climatic conditions (Belderok,
2000). The predominance of hexaploid bread wheat in global agriculture accounting for nearly 95% of wheat production underscores
its critical role in food systems, particularly in the manufacture of bread and other processed foods (Debasis and Khurana, 2001). As a
cornerstone of global food security, wheat’s production trends, nutritional value, and adaptation to agronomic advancements have
profound implications for both developed and developing regions. Recent decades have seen a substantial increase in global wheat
output, culminating in a record-high production of 765.41 million metric tons in 2020. This upward trajectory is attributed to a
convergence of factors, including the development of high-yielding, climate-resilient cultivars, adoption of precision farming practices,
optimized fertilizer regimes, and broader access to biofertilizers and irrigation technologies. Furthermore, increasing consumer demand
particularly in urban and emerging markets for wheat-based products has driven the need for enhanced production efficiency and area
expansion. Between the 2004/05 and 2010/11 seasons, global wheat production and consumption remained relatively stable, averaging
between 600-650 million metric tons (Mmt). Minor annual variations during this period were largely influenced by regional climatic
challenges such as droughts and unseasonal rainfall, particularly in major wheat-producing nations like Russia, Canada, and the United
States. These disruptions also coincided with logistical challenges and geopolitical uncertainties, which led to fluctuations in grain
availability and global price volatility. Despite these adversities, the wheat sector showed remarkable resilience, maintaining consistent
production and consumption levels. A notable surge in both production and consumption occurred from 2011/12 through 2016/17. By
the 2013/14 season, global wheat production had surpassed 700 Mmt, reflecting the cumulative impact of innovations in crop breeding,
pest and disease management, and government-led food security initiatives. During this time, countries such as China, India, and Russia
significantly increased wheat output by expanding cultivated areas, adopting improved genotypes, and investing in research and
development. Consumption mirrored this growth, driven by dietary transitions in Asia and Africa, where rising urbanization and
disposable incomes shifted consumer preferences toward wheat-based foods like bread, pasta, and noodles.

The years spanning 2017/18 to 2021/22 marked an unprecedented phase in wheat production, with yields approaching 800 Mmt during
the 2020/21 season. This remarkable performance was enabled by synergistic factors such as favorable agro-climatic conditions, rapid
adoption of digital agriculture and smart farming tools, and enhanced mechanization across wheat belts. Simultaneously, consumption
patterns intensified, driven not only by direct human intake but also by secondary uses, including wheat's growing role in livestock feed
especially in China. Population growth, rising incomes, and expanded food processing sectors in developing countries further
contributed to this upward demand trend. While occasional disruptions such as trade tensions, political instability, and climate anomalies
did affect supply chains, the overall market balance between production and consumption remained steady. However, this progress in
wheat quantity contrasts sharply with concerns about its nutritional quality. Most commercial wheat cultivars, though high yielding, are
inherently low in essential micronutrients such as iron (Fe) and zinc (Zn), which are vital for human health (Welch and Graham, 2004).
Moreover, post-harvest processing especially refining and milling often strips wheat of its nutrient-rich outer layers, resulting in flour
products that are significantly depleted in micronutrients. This problem is especially concerning in regions where wheat serves as the
primary staple, as reliance on nutrient-poor diets has contributed to widespread deficiencies. Globally, over two billion people suffer
from micronutrient malnutrition, with Asia and sub-Saharan Africa bearing the highest burden (Grew, 2018). Efforts to combat these
deficiencies have led to the emergence of biofortification as a sustainable, food-based strategy. Biofortification refers to the enhancement
of a crop’s nutritional profile through agricultural or genetic means. Agronomic biofortification involves the application of mineral
fertilizers either to soil or foliage to raise nutrient concentrations in edible plant parts. While effective in the short term, this approach
requires repeated inputs and may be limited by soil properties, environmental factors, and economic accessibility (Fageria et al., 2002;
Fageria and Baligar, 2008). Genetic or genomic biofortification, on the other hand, offers a more durable solution by enhancing the
crop’s intrinsic ability to uptake, transport, and accumulate micronutrients. This approach involves breeding wheat varieties with higher
grain Fe and Zn content using both conventional and molecular tools. Recent advances in plant genomics such as QTL mapping, Marker-
Assisted Selection (MAS), and genomic selection have allowed researchers to target polygenic traits responsible for micronutrient
accumulation (Ahmadi et al., 2018). Unlike monogenic traits, traits related to micronutrient content are complex and influenced by both
genetic and environmental interactions, making their improvement a significant challenge. Nonetheless, progress has been made through
the identification of favorable alleles, utilization of high-mineral germplasm, and development of biofortified lines with improved
mineral uptake efficiency (Breseghello and Coelho, 2013; Cui et al., 2015; Moose and Mumm, 2008).
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An integrated biofortification strategy combining both agronomic and genetic approaches may offer the most effective and scalable
solution. While agronomic interventions can serve as short term measures to alleviate deficiencies, especially in vulnerable populations,
genetic improvements provide a foundation for sustained nutritional enhancement without the need for recurrent external inputs. In the
context of global food security and health, investing in biofortified wheat cultivars represents a vital step toward reducing hidden hunger
and improving dietary quality. This review aims to explore the evolution and interconnection of wheat production dynamics and
nutritional challenges. Specifically, it seeks to identify effective biofortification methods that enhance iron and zinc content in wheat
while addressing the growing demands of global food systems. By evaluating current research, breeding strategies, and agronomic
innovations, this study highlights the need for integrated, sustainable solutions to secure both the quantity and quality of future wheat
harvests.
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Figure 1 Global wheat production from 2005-2022 source USDA (2022) Global Wheat Production and Consumption
(2004/05 - 2021/22)

BIOFORTIFICATION FOR ENHANCING FE & ZN CONTENT

For proper metabolic functioning, the human body depends on a steady intake of essential minerals and micronutrients, most of which
are acquired through daily food consumption. However, staple crops like wheat often fall short in providing adequate levels of critical
micronutrients, particularly iron (Fe) and zinc (Zn). This shortfall contributes significantly to "hidden hunger," a form of chronic
micronutrient deficiency prevalent in low-income communities across the developing world. Inadequate intake of Fe and Zn is associated
with numerous adverse health outcomes, including delayed physical growth, compromised immune response, diminished work capacity,
and developmental issues in children (Tulchinsky, 2010).

Although immediate interventions such as dietary supplementation, food fortification, and diversification can temporarily alleviate
micronutrient deficiencies, they are often limited by cost and accessibility. In contrast, biofortification has emerged as a more sustainable
and economically feasible solution. This approach aims to enhance the micronutrient content of wheat directly, thereby reducing the
need for external fortification after harvest (Ruel and Alderman, 2013). Two major pathways have been developed to achieve
biofortification: genetic approaches that involve breeding wheat varieties with naturally higher micronutrient concentrations, and
agronomic techniques that apply micronutrient-rich fertilizers to the soil or foliage and also seed priming (Mara and Petra, 2012; White
and Broadley, 2009). These methods improve the inherent nutritional quality of wheat and offer a promising long-term strategy to reduce
iron and zinc deficiencies. Figure 2 provides a visual summary of these biofortification techniques, detailing the mechanisms used to
elevate Fe and Zn content in wheat grains.
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Figure 2 Classification of biofortification in wheat

AGRONOMIC BIOFORTIFICATION

In countries like Pakistan, where agricultural soils particularly those used for wheat and other cereal crops often suffer from physical
and chemical deficiencies, the availability of essential micronutrients such as iron (Fe) and zinc (Zn) to plants is severely limited. Under
these circumstances, agronomic biofortification emerges as a practical intervention, involving the application of micronutrient-rich
fertilizers either directly to the soil or through foliar spraying onto plant leaves (De Valenga et al., 2017). The use of fertilizers to enrich
food crops with essential minerals has long been a part of agricultural practices, aiming to enhance nutrient uptake and ultimately
improve the nutritional composition of edible plant parts (Rengel et al., 1999). The effectiveness of agronomic biofortification can vary
depending on the method of fertilizer application. Both foliar and soil-based treatments influence not only the concentration of Fe and
Zn in the grains but also overall crop yield. Optimizing the timing and method of fertilizer delivery—whether to plant leaves or soil—
is essential for maximizing micronutrient accumulation in grains. The pathway of micronutrients from soil to human consumption
involves several steps, beginning with root uptake, internal plant distribution, remobilization to the grain, and finally, bioavailability and
absorption within the human body. Factors such as soil pH, organic matter content, aeration, moisture, and nutrient interactions all
influence how readily micronutrients are available for plant uptake (Alloway, 2009). Although soil-based applications are common,
foliar feeding is sometimes preferred for its rapid nutrient delivery and cost-effectiveness, particularly when used to correct deficiencies
identified through visual symptoms or plant tissue analysis (Cakmak et al., 2010; Zou et al., 2010; Peleg et al., 2007; Li et al., 2016).
Soil applications, in contrast, are typically guided by soil testing results. Agronomic biofortification, while widely practiced as a short-
term approach to addressing micronutrient deficiencies, has several limitations compared to genetic strategies (Cakmak, 2008.). One
major drawback is the inconsistency in nutrient translocation from vegetative tissues to seeds, which may prevent the nutrients from
reaching the edible portions of the crop (Frossard et al., 2000). Furthermore, the repeated need for fertilizer applications raises concerns
about long-term economic feasibility and environmental impact, making agronomic methods less sustainable than genetic
biofortification (Singh et al., 2016). Despite these challenges, agronomic biofortification particularly through foliar feeding remains an
effective interim solution for combating Fe and Zn deficiencies in wheat. It ensures that essential nutrients are delivered to the parts of
the plant that are consumed, even in soils with limited micronutrient availability. Figure 3 provides an overview of both foliar and soil-
based fertilizer application methods used in wheat production.
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Figure 3 Agronomic biofortification (Foliar and soil application) in wheat

GENETIC BIOFORTIFICATION:

Genetic biofortification refers to the enhancement of nutrient concentration and bioavailability in crops through the use of traditional
plant breeding methods and modern genetic technologies, including recombinant DNA approaches. This strategy capitalizes on the
existing genetic diversity related to nutrient density, aiming to improve nutrient accumulation in edible plant parts via gene discovery,
marker-assisted selection, and conventional breeding practices (Grusak, 2002). The ultimate goal is to develop crop varieties particularly
wheat that exhibit improved uptake and transport of minerals such as iron (Fe) and zinc (Zn), enhanced nutrient deposition in the grain,
especially the endosperm, reduced levels of anti-nutritional factors, and greater bioavailability for human consumption (Mulualem,
2015). Breeding institutions and researchers are working to create wheat lines enriched with iron, zinc, and compounds that support
nutrient absorption. Although modern wheat cultivars generally show limited variation in mineral content, their wild relatives offer a
rich genetic reservoir for improving grain nutrition (White and Broadley, 2009). Investigations into ancient varieties, landraces, and wild
wheat accessions have demonstrated that wild relatives may possess up to three to four times higher levels of Fe and Zn compared to
widely cultivated modern varieties (Rawat et al., 2009). Moreover, the physiological and genetic traits linked to iron and zinc
accumulation appear to be consistent across wild, spelt, and modern wheat types (Cakmak et al., 2004; Morgounov et al., 2007; Gomez-
Becerra et al., 2010b).To incorporate desirable traits such as improved yield, stress resistance, and nutritional quality, breeders frequently
utilize wild species in crossbreeding programs. Genes responsible for enhanced mineral content in grains can be transferred from wild
relatives using both traditional crossbreeding and modern biotechnological tools (Chhuenja et al., 2008). Unlike conventional methods,
genetic engineering allows for the introduction of beneficial genes from non-sexually compatible species or even synthetically created
genes expanding the scope of trait integration. Traditional breeding, by contrast, is limited to transferring genes from compatible donor
plants (Singh et al., 2016). Advancements in this area have shown substantial progress in mitigating micronutrient deficiencies,
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positioning genetic biofortification as a long-term and sustainable strategy to combat global malnutrition (Ludwig and Slamet-Wedin,
2019). One of the major benefits of this approach is its cost-efficiency; once nutrient-enriched varieties are developed during the research
and development (R&D) phase, they can be distributed and cultivated with minimal recurring investment (Singh et al., 2016). As noted
by Saini ef al. (2020), ongoing innovation in genetic biofortification holds great potential for delivering sustainable nutritional
improvements in staple crops, thereby addressing widespread micronutrient deficiencies on a global scale.

PLANT BREEDING APPROACHES

Over the past five decades, wheat breeding has largely centered on improving traits related to yield and adaptability, such as plant stature,
resistance to diseases, higher harvest index, and greater biomass production (Ortiz ef al., 2007). These improvements have relied heavily
on exploiting the genetic diversity associated with such agronomic traits, which remains fundamental to crop enhancement through
breeding (Ortiz ef al., 2007). Alongside yield enhancement, the nutritional quality of wheat grain has become increasingly important to
meet the dietary needs of the expanding global population. Despite its status as a staple crop, wheat contains relatively low levels of
bioavailable iron (Fe) and zinc (Zn), with only around 5% and 25% of each nutrient available from the grain, respectively. As a result,
improving the nutritional content and bioavailability of these micronutrients is an emerging priority in modern breeding strategies. Fe
and Zn concentrations in wheat grain are quantitatively inherited, as established in prior research (Trethowan ef al., 2005; Trethowan et
al., 2007). Unlike qualitative traits, which are typically governed by single genes, quantitative traits like mineral content are influenced
by multiple genes and environmental interactions, making them more complex targets for breeders. Nevertheless, specific genotypes
including landraces, wild relatives, and early-stage lines from biofortification initiatives have demonstrated significantly higher Fe and
Zn content compared to most commercial cultivars, indicating strong potential for nutritional improvement (Monasterio and Gresham,
2000). The International Maize and Wheat Improvement Center (CIMMYT) has been at the fore front of genetic biofortification by
incorporating genes from nutrient-rich species such as Triticum aestivum ssp. spelta and Triticum turgidum ssp. dicoccon into elite wheat
varieties. This approach aims to combine high yields with enhanced grain nutrition (Velu et al., 2013). Moreover, pigmented wheat
varieties such as purple, blue, and black wheat have attracted global breeding interest due to their elevated phenolic content and potential
health benefits. Several of these colored wheat lines are now in commercial production (Garg et al., 2018; Shao et al., 2011; Sharma et
al.,2018). As emphasized by Pleiffer and McClafferty (2007), breeding pipelines should be driven by their potential nutritional impact,
with biofortification positioned as a core objective. These pipelines must consider key nutritional factors, including population-specific
micronutrient demands, nutrient bioavailability, and the stability of micronutrient levels after food processing, storage, and cooking
(Cakmak et al., 2010; Pleiffer and McClafferty, 2007). The integration of modern molecular tools such as Quantitative Trait Locus
(QTL) analysis and Marker-Assisted Selection (MAS) has facilitated the identification and incorporation of high-mineral traits in
breeding programs. These tools also account for environmental variables, including soil characteristics like pH and organic matter
content, which can significantly influence the uptake and accumulation of micronutrients in wheat grains (Saini et al., 2020).

CONVENTIONAL PLANT BREEDING

In recent decades, global wheat grain yields have shown a consistent upward trend, with much of this improvement credited to
advancements in crop varieties. Across many regions, wheat production still largely depends on conventional breeding techniques, which
have evolved over centuries to improve crop performance. These traditional approaches focus on altering the genetic makeup of wheat
to develop varieties capable of absorbing and storing higher levels of bioavailable micronutrients. One of the key benefits of such
nutritionally improved crops is their long-term impact after the initial research and breeding investment, the resulting varieties can
continue to deliver nutritional benefits with relatively low ongoing costs (Gomez-Galera et al., 2010). In particular, conventional plant
breeding offers an effective path for improving agronomic characteristics, grain quality, and micronutrient density in wheat, especially
in regions where smallholder and subsistence farming dominates (Singh et al., 2016). Extensive efforts have been undertaken to exploit
natural genetic variation in mineral content across different wheat germplasms using conventional selection methods (Qaim ez al., 2007).
A range of breeding strategies has been applied to develop nutrient-rich genotypes, including techniques suitable for both vegetative
crops and species that propagate via cross- or self-pollination (Gupta et al., 2010). For self-pollinating crops such as wheat, breeders
often use pure line or mass selection to isolate superior genotypes, while cross-pollinated species benefit more from recurrent selection
or population improvement methods to maintain and enhance genetic diversity (Gupta et al., 2010). However, in cases where existing
genetic variation is insufficient to achieve desired nutrient levels, breeders may need to turn to genetic engineering for further
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enhancement. Conventional breeding primarily works within the scope of existing gene pools, occasionally incorporating genes from
wild relatives that can be successfully crossed with cultivated wheat. The most frequently used strategy for improving nutrient content
in wheat involves introgression of beneficial traits from distant relatives into commercial lines. However, this process can be slow and
resource-intensive, and in some situations, it may prove impractical or inefficient. Despite its broad application, conventional breeding
has notable limitations. Because it often depends on phenotypic evaluation or visual selection, the process tends to be time-consuming,
laborious, and susceptible to inaccuracies. These limitations can introduce significant variability and potential error into selection
outcomes, reducing overall breeding efficiency (Mwandaingoni et al., 2017).

MUTATION BREEDING APPROACHES

Mutation breeding has played a significant role in enhancing a wide range of crops, including wheat, by introducing beneficial genetic
variations that support the development of improved agronomic traits. This approach has been extensively applied in both industrialized
and developing nations to produce grain varieties with superior quality, higher yields, and other targeted improvements (Singh et al.,
2016). Induced mutations, created through the use of mutagens, have proven particularly effective in increasing wheat productivity by
improving traits linked to grain yield and its components. Through this process, heritable changes are introduced, broadening the genetic
variability available for selection and thereby strengthening the foundation for genetic enhancement in breeding programs
(Mwandaingoni et al., 2017). Historically, mutation breeding has been utilized to derive better-performing variants from elite wheat
germplasm, contributing to more adaptable and resilient cultivars across various crop species (Shu ef al., 2012). According to data from
the Mutant Variety Database (MVD) and the Food and Agriculture Organization (FAO) of the United Nations, thousands of officially
released crop varieties owe their development, either directly or indirectly, to mutation breeding techniques (Mwandaingoni et al., 2017).
This method relies on the use of physical or chemical mutagens to induce genetic alterations, thereby generating greater diversity.
Physical mutagens may include forms of radiation such as corpuscular rays, ultraviolet (UV) light, heat, or electromagnetic radiation,
while chemical agents are also commonly used (Mba, 2013). Recent advances have seen these traditional mutagenic techniques
integrated with molecular tools, such as the TILLING (Targeting Induced Local Lesions in Genomes) platform, which allows for precise
identification of induced genomic changes (Chen et al., 2014). The success of this approach depends heavily on the breeder’s ability to
screen mutant populations effectively and select individuals exhibiting favorable phenotypic traits. These selections then become
valuable additions to the genetic pool, offering new opportunities to enhance the adaptability, productivity, and nutritional quality of
wheat germplasm (Mwandaingoni et al., 2017).

GENETIC ENGINEERING

Biotechnology has enabled the genetic modification of wheat to address the nutritional demands of an expanding global population.
Genetic engineering is widely recognized as an effective strategy for increasing the levels of essential micronutrients in wheat, offering
a sustainable means of combating dietary deficiencies. Compared to traditional breeding, which often requires several generations of
selection, genetic manipulation accelerates the development of new varieties and ensures more stable expression of desired traits
(Tewodros, 2015). This approach provides greater precision by allowing the direct insertion of specific genes into the plant’s genome,
significantly reducing the breeding cycle. Importantly, the inserted genes can originate from a wide array of organisms, including bacteria
and animals, expanding the potential for nutritional improvement in crops. In wheat, the objective of genetic engineering is to enhance
the concentration of health-promoting compounds, such as inulin, while also reducing anti-nutritional elements and improving the plant’s
ability to absorb and utilize minerals from the soil (Zhu et al., 2007). The process involves linking the target gene to a promoter and
marker gene before using a vector to introduce it into the plant’s DNA. This results in the development of a transgenic or genetically
modified organism (GMO), created through precise genomic integration. Despite its potential, the deployment of genetically engineered
crops comes with certain obstacles. One of the major concerns is the association of GMO technologies with intellectual property rights,
which can restrict access for public-sector researchers and smallholder farmers (Pardey et al., 2000). Nonetheless, the advantages of
genetic engineering are substantial, particularly in its ability to regulate a broad spectrum of agronomic and nutritional traits. This makes
it a valuable tool in the development of wheat varieties that are better suited to improve human nutrition and support global food security.
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STRATEGIES FOR BIOFORTIFICATION

Iron (Fe) and zinc (Zn) are vital for plant development, crop yield, soil health, and nutritional quality. Numerous institutions and research
centers have contributed significantly to enhancing the micronutrient content of wheat. Several prominent strategies used for
biofortification are outlined below:

1. Fertilizer and Foliar Applications

Micronutrient content in wheat, particularly Fe and Zn, can be increased by applying mineral fertilizers such as zinc sulfate (ZnSOa)
and ferrous sulfate (FeSO.). While beneficial, this method is generally not regarded as a long-term sustainable solution (Cakmak, 2008).
Among available agronomic approaches, foliar spraying is considered the most effective, as it substantially raises Fe and Zn
concentrations in the wheat grain’s starchy endosperm (Zhang et al., 2010). More promising results have been achieved when this
method is combined with seeds that already possess higher intrinsic Zn levels (Velu et al., 2013).

2. Germplasm Evaluation

Extensive screening of over 3,000 wheat germplasm accessions—including diploid, tetraploid, and hexaploid genotypes—has been
conducted through the gene bank at CIMMYT to assess Fe and Zn variation (Monasterio and Graham, 2000). Ancestral wheat forms,
such as einkorn and wild emmer, as well as landraces, have demonstrated significantly higher micronutrient levels than most modern
cultivars (Cakmak ef al., 2000; Ortiz-Monasterio et al., 2007).

3. Genetic Modification (Transgenic Approaches)

Among all current biofortification techniques, transgenic methods are seen as the most cost-efficient and reliable for improving wheat’s
nutritional profile (Malik et al., 2016). Researchers utilize specific genetic markers to identify loci associated with elevated micronutrient
content. A key group of genes known as the ZIP (Zinc-regulated transporter/Iron-regulated transporter-like Protein) family plays a major
role in improving Fe and Zn uptake and storage (Schachtman and Barker, 1999; Eide, 2006).

4. Manipulation of Soil Nitrogen and Phosphorus

The presence of phosphorus (P) in soil tends to hinder Fe and Zn absorption due to antagonistic interactions, particularly as about 75%
of phosphorus in wheat is stored in the form of phytic acid within the aleurone and germ tissues (Lott and Spitzer, 1980). In contrast, a
higher nitrogen (N) status in the plant has been shown to promote root and shoot mobility, translocation of nutrients from vegetative
organs to grains, and enhanced partitioning of micronutrients within seeds (Aciksoz et al., 2011a; Kutman et al., 2010; Erenoglu et al.,
2011). Increasing nitrogen availability, whether through soil application or foliar feeding, has led to improved uptake and accumulation
of Fe and Zn in wheat grains (Kutman et al., 2011).

5. Reduction in Glutenin and Plant Height

Plants experiencing Fe and Zn deficiency release phytosiderophores—root-secreted compounds that mobilize these micronutrients for
uptake. This process is further enhanced by optimal nitrogen availability (Aciksoz ef al., 2011b). Research has also shown that grain Fe
and Zn levels are inversely related to glutenin content and plant height. Lower glutenin and shorter plant stature are often associated
with higher Fe concentrations in the grain (Gomez-Becerra ef al., 2010a).

6. Use of Plant Growth-Promoting Rhizobacteria (PGPR) and Cyanobacteria

The application of beneficial microbes such as PGPRs—root-colonizing bacteria that stimulate plant growth—represents another
promising biofortification strategy. These microbes assist nutrient solubilization and mobilization, and when integrated with genetic
improvement programs, they can help enhance wheat's micronutrient content (White and Broadley, 2009).

7. Enhancement of Nicotianamine Levels

Nicotianamine is a crucial chelating compound that supports metal homeostasis in plants by binding to both Fe?* and Fe** ions depending
on soil pH. It helps maintain iron solubility inside cells, improving its availability for cellular processes (Riaz et al., 2017). Studies have
confirmed its role in enhancing Fe uptake and its deposition in seeds (Douchkov et al., 2001; Douchkov et al., 2005).
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CHALLENGES AHEAD IN BIOFORTIFICATION

The complex interactions among genotype, environmental conditions, grain yield, and nutrient content remain insufficiently understood,
in part due to the high cost and labor-intensive nature of phenotyping required for studying nutrient use efficiency. Moreover, evaluating
grain quality depends not only on nutrient concentration but also on nutrient bioavailability—an aspect that can be further influenced
by climate variability and change. Despite its promise, biofortification faces several obstacles. These include substantial development
expenses (Bouis ef al., 2011; Nestel et al., 2006) and uncertainty around the maximum attainable nutrient levels through breeding,
particularly when factoring in variables such as adoption by farmers and nutrient losses during food storage and preparation (Taylor and
Taylor, 2012).

The process of bringing biofortified varieties to market is lengthy, often taking up to a decade (Bouis et al., 2017). This timeline can be
extended further for genetically modified crops due to additional political, legal, and regulatory challenges (Birner et al., 2007). Another
hurdle lies in the limited economic motivation for farmers to cultivate nutrient-enriched crops, along with low consumer awareness
regarding their availability and benefits. For biofortification initiatives to succeed, interdisciplinary collaboration is critical. Breeding
efforts must ensure that enhanced varieties not only improve nutritional value but also retain desirable traits such as grain appearance,
taste, yield potential, and tolerance to both biotic and abiotic stresses.

In addition, more targeted research is needed to evaluate the health impacts of biofortified crops. For example, ongoing studies on iron-
enriched varieties are vital for understanding their effectiveness in reducing iron-deficiency anemia and improving broader public health
outcomes (Hussain et al., 2010).

CONCLUSION

In summary, biofortification presents a promising strategy to enhance the nutritional profile of staple crops like wheat, particularly in
addressing widespread deficiencies of essential micronutrients such as iron and zinc. However, several challenges must be overcome to
realize its full potential. These include the intricate relationships among genetic factors, environmental conditions, and nutrient
accumulation, as well as the high costs associated with research and development. Moreover, ensuring the bioavailability of these
nutrients remains a key concern. Political, regulatory, and socioeconomic obstacles including limited farmer incentives and low
consumer awareness also pose significant barriers to the adoption of biofortified crops. Achieving success in biofortification requires
coordinated, interdisciplinary efforts to develop crop varieties that are not only nutrient-dense but also meet agronomic performance
benchmarks and consumer expectations in terms of taste, appearance, and culinary quality. Maintaining productivity and resistance to
environmental stresses is equally essential. Ongoing research, innovation, and financial support will be critical for advancing
biofortification technologies and integrating them into global food systems, ultimately contributing to the reduction of micronutrient
malnutrition and the promotion of public health and food security.
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