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ABSTRACT
Hidden hunger, driven by micronutrient deficiencies, remains a major global challenge, particularly in marginalized regions where cereals form the dietary staple. Genetic biofortification offers a sustainable and cost-effective strategy to enhance the nutritional profile of crops by increasing levels of essential amino acids, zinc, and iron. This review synthesizes advances from conventional breeding, quantitative trait loci (QTL) mapping, and molecular tools, with emphasis on integrating wild relatives into wheat improvement programs. Marker-assisted and genomic selection have accelerated progress, while recent breakthroughs in CRISPR/Cas-based genome editing enable precise modification of genes regulating nutrient accumulation and crop productivity. Demonstrated successes in rice, wheat, maize, and barley highlight the potential of genome editing to complement traditional approaches. Importantly, linking biofortification research with nutrition security policies ensures broader adoption and impact, especially in resource-poor households. Integrating genome editing with systems-level breeding strategies, multi-environment trials, and nutrition-oriented policy frameworks will be critical to scale biofortification globally. Investments in regulatory clarity, farmer adoption programs, and consumer awareness are essential to maximize benefits.
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1. INTRODUCTION
The global incidence of micronutrient malnutrition affects over 2 billion people, with a significant proportion of this burden borne by resource-poor households, as noted by (Cashman, 2020). This issue is particularly pressing for children of pre-school age, adolescent women, and women of reproductive age, as highlighted by (Bouis et al., 2020). Insufficient quantities of essential micronutrients, often referred to as “hidden hunger,” can lead to a range of physical, mental, social, and economic challenges. These may include increased rates of illness, disability, stunted physical growth, and a detrimental impact on national socio-economic development.
Micronutrient deficiencies remain one of the most pressing public health concerns globally, particularly in developing nations where dietary diversity is limited and reliance on staple crops is high. Among these deficiencies, zinc (Zn), iron (Fe), iodine, and vitamin A are the most common, particularly among children and women. It is noteworthy that over three billion people worldwide suffer from deficiencies in Zn, Fe, and vitamin A (Roy et al., 2022), and these nutrient deficits are especially prevalent among marginalized populations (Beal et al., 2017). Such deficiencies, if left unaddressed, perpetuate cycles of poor health, reduced human capital, and constrained economic growth.
Biofortification as a strategy against hidden hunger
“Biofortification” refers to the process of increasing the content and bioavailability of essential minerals and vitamins in the edible parts of staple food crops. This can be accomplished through multiple approaches: conventional breeding, agronomic interventions (such as fertilizer use), or modern biotechnological tools including genetic engineering and genome editing. An exemplar of successful biofortification is “Golden Rice,” which was engineered to accumulate higher β-carotene levels by introducing three biosynthetic pathway genes: phytoene synthase (psy), phytoene desaturase (crtI), and lycopene β-cyclase (lcy) (Ye et al., 2000). The Golden Rice initiative underscores the transformative potential of genetic biofortification in tackling vitamin A deficiency in populations heavily reliant on rice.
Over the past two decades, biofortification has been advanced through global initiatives such as HarvestPlus, the Grand Challenge in Global Health, the India Biofortification Programme, Scaling up Nutrition (SUN), and the Global Alliance for Improved Nutrition (GAIN). These programs have not only facilitated the development of nutrient-rich crop varieties but have also encouraged their adoption into farming systems across Asia, Africa, and Latin America. Countries including Bangladesh, Brazil, China, Colombia, India, Indonesia, Malawi, Nigeria, Pakistan, Panama, Rwanda, Uganda, and Zambia have formally incorporated biofortification into national health and agricultural policies (Virk et al., 2021). This policy integration has been pivotal for ensuring sustainability and large-scale impact.
The scale and implications of micronutrient deficiencies
Zinc deficiency affects nearly 30% of the global population (Nair and Choudhury, 2013). Iron deficiency anemia alone impacts one-fourth of women and children globally, contributing to impaired cognitive development, diminished physical performance, increased perinatal and maternal mortality, and even mild mental retardation (Khajuria et al., 2022). Zinc deficiency similarly contributes to impaired immunity, growth retardation, and increased susceptibility to infections (Cakmak, 2009). Collectively, these deficiencies are not only individual health concerns but also determinants of community well-being and national productivity.
Emerging biological and genetic approaches
In addition to conventional breeding, novel biological strategies have emerged. For example, certain soil microorganisms have been identified as capable of solubilizing otherwise unavailable forms of micronutrients, making them more accessible for plant uptake. Inoculating seeds with zinc-solubilizing microbial strains has shown potential not only for enhancing micronutrient concentration in edible plant parts but also for improving soil fertility and overall crop yields (Mumtaz et al., 2017; Sarwar et al., 2018). Such microbial interventions, though promising, need to be complemented with durable genetic approaches to achieve population-wide nutritional security.
Genetic biofortification represents a particularly promising strategy. By manipulating crop genetic makeup through either conventional breeding or more sophisticated molecular tools, it is possible to enhance micronutrient accumulation and reduce the concentration of anti-nutritional factors. Traditional transgenic methods involve introducing genes associated with micronutrient biosynthesis or transport into elite genotypes. More recently, genome editing technologies, especially CRISPR-Cas systems, have revolutionized biofortification efforts by enabling precise, predictable, and efficient modification of endogenous genes controlling nutrient metabolism and transport (Ludwig and Slamet-Loedin, 2019).
Genome editing and its potential for biofortification
The emergence of genome editing has created new avenues to address hidden hunger through biofortification. CRISPR/Cas systems, as well as base and prime editing platforms, allow precise and targeted modification of genes responsible for micronutrient biosynthesis, transport, and storage. For example, CRISPR has been used to disrupt negative regulators of nutrient transport, up-regulate pathways for carotenoid biosynthesis, and knock out genes linked to anti-nutritional factors such as phytic acid, which binds and reduces mineral bioavailability. These strategies directly enhance both nutrient concentration and bioavailability in edible tissues.
In cereals such as rice, wheat, and maize, genome editing has already demonstrated substantial potential. CRISPR-mediated manipulations of transporter genes such as IRT, ZIP, YSL, and HMA families have improved iron and zinc accumulation in seeds. Similar strategies have been applied to carotenoid biosynthetic genes to boost provitamin A in rice and maize, demonstrating applicability across crops. While many of these successes remain in greenhouse or experimental settings, they highlight a clear path toward the development of nutritionally enhanced staple crops suitable for large-scale deployment.
Integration with food security and public health goals
Biofortification is not only a technological innovation but also a public health intervention. By embedding nutrient enrichment within staple crops consumed daily by vulnerable populations, biofortification bypasses many of the limitations associated with supplementation and food fortification programs, such as supply chain constraints and recurring costs. It represents a one-time investment with long-lasting benefits, as once developed, biofortified crops can be integrated into seed systems and perpetually disseminated. This approach is considered cost-effective, sustainable, and scalable (Bouis, 2018).
Moreover, biofortification contributes directly to multiple Sustainable Development Goals (SDGs), including SDG 2 (Zero Hunger), SDG 3 (Good Health and Well-being), and SDG 12 (Responsible Consumption and Production). Recent reviews emphasize that biofortification, particularly when coupled with genome editing, could significantly reduce malnutrition and its associated socioeconomic burden in low- and middle-income countries (Wakeel et al., 2018).
Current challenges and the road ahead
Despite significant progress, challenges remain. The bioavailability of enhanced nutrients, consumer acceptance of genetically edited crops, and disparities in regulatory frameworks across countries continue to limit widespread adoption. Additionally, while agronomic trials and nutritional efficacy studies for conventionally bred biofortified crops are well established, genome-edited varieties are still in early stages, requiring comprehensive multi-location trials and assessments of long-term stability.
Nevertheless, genome editing offers an unparalleled opportunity to accelerate the pace and precision of biofortification. When integrated with traditional breeding, microbial inoculation, and supportive policy frameworks, genome editing could help achieve global nutritional security by ensuring that staple foods themselves become vehicles for essential vitamins and minerals. This convergence of biotechnology, agriculture, and nutrition science forms the foundation of advancing nutritional quality through genome editing a promising frontier in the fight against hidden hunger.

2. CROPS UNDERGOING BIOFORTIFICATION PROCESSS
In the realm of agricultural innovation and nutritional enhancement, a diverse array of crop varieties has been meticulously developed, each with a specific focus on meeting the nutritional needs of different regions. Among these, rice, wheat, and maize stand out as flagship crops for biofortification programs because they form the dietary staples for more than half of the global population. Given their widespread consumption, enhancing the nutritional value of these crops presents an unparalleled opportunity to combat hidden hunger on a massive scale. Table 1 provides a summary of selected varieties and their nutrient targets.
Biofortification of Rice
Rice is the primary source of calories for more than 3.5 billion people, particularly across South and Southeast Asia. However, milled rice grains are naturally deficient in key micronutrients such as iron (Fe), zinc (Zn), and provitamin A carotenoids. These deficiencies have resulted in a high incidence of malnutrition-related disorders among rice-consuming populations (Bashir et al., 2013). Compounding the issue is the fact that although rice inherently contains some micronutrients in the bran and germ, most of these layers are removed during postharvest processing steps like dehulling, debranning, and polishing, which are necessary for grain storage stability and consumer preference (Ndolo, 2013). This leads to dramatic reductions in Fe and Zn content, particularly in the endosperm, which remains the dominant edible portion. Therefore, biofortification of rice requires a deliberate focus on enhancing nutrient levels specifically in the endosperm.
The prioritization of rice biofortification gained momentum when the HarvestPlus “Biofortification Index” identified widespread Zn deficiency across Asia (Bouis et al., 2020). In response, coordinated breeding programs spearheaded by the International Rice Research Institute (IRRI) and HarvestPlus developed and disseminated Zn-biofortified rice varieties for countries such as Bangladesh, the Philippines, India, and Indonesia. The target nutrient benchmarks set by these initiatives aim to deliver at least 30% of the Estimated Average Requirement (EAR) for vulnerable groups. For rice, these values are 13 mg/kg for iron and 28 mg/kg for zinc in polished grains.
Genetic variation within rice germplasm has been explored extensively to identify potential donors for breeding. Hunt (2003) highlighted that while substantial diversity exists for Zn content in rice, genetic variability for Fe is more limited, which has constrained breeding efforts targeting iron. This has naturally shifted research priorities toward Zn biofortification. Recent breeding innovations, however, have shown promise in overcoming these limitations. For instance, Ratnasekera et al. (2022) recommended the use of advanced backcross methods to exploit wild relatives for high Zn introgression. These methods allow breeders to incorporate valuable alleles while retaining desirable agronomic traits of elite cultivars. Similarly, Calayugan et al. (2020) noted that single-plant selection exploiting narrow-sense heritability offers an efficient route to improve Zn levels.
Novel population designs, such as Multi-parent Advanced Generation Inter-Cross (MAGIC), have been utilized to create genetic resources combining favorable alleles for high-Zn grain. Meng et al. (2016) highlighted that MAGIC populations generate transgressive segregants with significantly elevated Zn concentrations, providing an excellent resource for identifying superior lines. Hybrid breeding also offers additional potential. Naik et al. (2021) demonstrated that heterosis can be leveraged to develop Zn-rich hybrids without compromising yield potential. Importantly, Calayugan et al. (2020) stressed that biofortification goals must be balanced with yield stability. Encouragingly, multiple studies (Trijatmiko et al., 2016; Jaksomsak et al., 2017; Anusha et al., 2021) have shown no significant trade-offs between yield and Zn concentration, indicating that it is feasible to develop high-yielding Zn-rich rice.
Practical outcomes of these research efforts include varieties such as DRR Dhan 45, bred specifically to contain Zn concentrations in the range of 12–16 ppm. By targeting communities with widespread Zn deficiency, such varieties represent real-world progress in aligning scientific innovation with public health needs.
Biofortification of Wheat
Wheat (Triticum aestivum) is the second most widely grown staple crop globally, contributing around 20% of the daily caloric intake of humans (Mohammadi-joo et al., 2015). Wheat thrives across diverse agro-ecological zones, which makes it indispensable for global food systems (Muslim et al., 2015). However, like rice, wheat grains are deficient in Fe and Zn, and nutrient losses are further aggravated by milling processes that strip off nutrient-rich outer layers (Sharma et al., 2020).
To address this challenge, HarvestPlus set a breeding target of increasing Zn concentration by 12 μg/g above the baseline of 25 μg/g, resulting in a goal of ~37 μg/g in polished grains (HarvestPlus, 2014). The International Maize and Wheat Improvement Center (CIMMYT) has screened thousands of accessions, including landraces and wild relatives, uncovering a wide range of Zn concentrations (20–115 μg/g). The Bangladesh Agricultural Research Institute (BARI) reported values of 20–35 μg/g in local germplasm (Das et al., 2019). This broad genetic diversity provides a solid foundation for breeding biofortified wheat varieties.
Gupta et al. (2021) further demonstrated that landraces typically possess significantly higher Fe and Zn levels compared to modern cultivars, with landrace Zn levels reaching up to 87.29 mg/kg (versus 53.3 mg/kg in cultivars) and Fe levels as high as 122.20 mg/kg (versus 56.5 mg/kg in cultivars). Sharma et al. (2020) reported that numerous high-Zn accessions can serve as donor parents in breeding programs. These findings indicate that germplasm resources can be strategically tapped to create nutrient-dense wheat varieties.
Breeding efforts have translated into real-world success stories. For example, WB 02 has been released with a Zn concentration target of ~32 ppm. Another variety, HPBW 01, is notable for its dual enrichment of both Fe and Zn, with Fe in the range of 28–32 ppm and Zn ~32 ppm. By combining multiple micronutrient targets, such varieties aim to tackle coexisting deficiencies, which are common among wheat-consuming populations. The incorporation of biofortified wheat into food systems has significant implications. Given wheat’s central role in South Asia, the Middle East, and parts of Africa, biofortified wheat varieties represent a powerful tool in alleviating micronutrient deficiencies at scale, while also maintaining competitiveness with commercial high-yield cultivars.
Biofortification of Maize
Maize (Zea mays) is the third major global staple crop and a critical source of calories, particularly in sub-Saharan Africa (SSA), Latin America, and parts of South Asia. In SSA alone, maize provides up to 30% of daily caloric intake for millions, with per capita consumption reaching as high as 450 g/day in some regions (Ekpa et al., 2019). Despite its dietary importance, conventional maize is inherently low in essential micronutrients like Zn, Fe, and provitamin A (Cakmak and Kutman, 2018). Consequently, reliance on maize-heavy diets contributes to widespread hidden hunger, particularly among rural poor households.
Maize biofortification has focused on improving protein quality, enhancing provitamin A carotenoids, and boosting mineral concentrations. Quality Protein Maize (QPM) represents a landmark achievement in this regard. Built upon the recessive opaque-2 allele, QPM varieties produce elevated lysine and tryptophan levels (Tripathy et al., 2017). However, early opaque-2 varieties were hampered by soft, chalky endosperm that lacked consumer appeal. Subsequent breeding efforts resolved this issue by introducing modifier genes that not only improved protein quality but also restored the desirable hard endosperm texture (Maibvisira et al., 2018). This represents an example of how biofortification must balance nutritional goals with consumer acceptance.
At the same time, HarvestPlus and CIMMYT programs have prioritized provitamin A maize (PVA maize) to address vitamin A deficiency in SSA. Carotenoid-rich maize lines have been successfully bred and introduced in Zambia, Nigeria, and Ghana, contributing to dietary improvements among women and children. Goredema-Matongera et al. (2021) noted that such maize lines have been integrated into both national breeding pipelines and farming systems.
Genetic variability within maize germplasm has proven invaluable for biofortification. Wide diversity in Zn and carotenoid content has been harnessed to create varieties with significant nutritional benefits. Examples include Pusa Vivek QPM9, which enhances provitamin A (1.0–2.0 ppm), lysine (1.5–2.0%), and tryptophan (0.3–0.4%). Similarly, Pusa HM4, Pusa HM8, and Pusa HM9 are QPM hybrids enriched in lysine and tryptophan (Hossain et al., 2024). These varieties not only meet nutritional targets but also satisfy agronomic performance standards, making them viable for adoption by farmers. Given its prominence in SSA, maize biofortification represents perhaps the single most impactful avenue for reducing hidden hunger in the region. By focusing on both protein and micronutrient deficiencies, biofortified maize varieties offer a comprehensive solution to nutritional insecurity.
Broader implications
The biofortification of rice, wheat, and maize illustrates the critical importance of integrating nutritional goals into staple crop breeding. These three cereals collectively account for more than 60% of global calorie intake. Improvements in their micronutrient profile directly translate into widespread public health benefits. Importantly, biofortification programs also demonstrate the necessity of balancing nutrition with agronomic performance, consumer acceptance, and scalability. While conventional breeding, agronomic interventions, and transgenic methods have laid the foundation for biofortification, genome editing now provides unprecedented precision and efficiency to enhance nutrient traits without unwanted genetic drag (). The integration of modern genome editing with existing biofortification pipelines holds the promise of accelerating progress, ensuring that rice, wheat, and maize varieties are not only high yielding and climate-resilient but also nutritionally superior.
Table 1. Selected biofortified varieties of rice, wheat, and maize with targeted nutrients and nutrient values
	Crop
	Variety / Example
	Targeted Nutrient(s)
	Nutrient Value / Target Level
	References

	Rice
	DRR Dhan 45
	Zinc (Zn)
	12–16 ppm (in polished grains)
	Bashir et al., 2013

	
	IRRI/HarvestPlus lines
	Iron (Fe), Zinc (Zn)
	Target: Fe 13 mg/kg; Zn 28 mg/kg (polished grain benchmarks)
	Bouis et al., 2020

	
	Golden Rice
	Provitamin A (β-carotene)
	Enhanced carotenoid biosynthesis via psy, crtI, lcy genes
	Ye et al., 2000

	Wheat
	WB 02
	Zinc (Zn)
	~32 ppm Zn
	HarvestPlus, 2014; Sharma et al., 2020

	
	HPBW 01
	Iron (Fe), Zinc (Zn)
	Fe: 28–32 ppm; Zn: ~32 ppm
	HarvestPlus, 2014; Sharma et al., 2020

	
	Landraces (high-Zn/Fe)
	Iron (Fe), Zinc (Zn)
	Fe: up to 122.20 mg/kg; Zn: up to 87.29 mg/kg
	Gupta et al., 2021

	Maize
	Pusa Vivek QPM9
	Provitamin A, Lysine, Tryptophan
	β-carotene: 1.0–2.0 ppm; Lysine: 1.5–2.0%; Tryptophan: 0.3–0.4%
	Tripathy et al., 2017; Maibvisira et al., 2018

	
	Pusa HM4, HM8, HM9
	Lysine, Tryptophan
	Enriched amino acid content (QPM lines)
	Tripathy et al., 2017

	
	Provitamin A Maize (SSA releases)
	Provitamin A (carotenoids)
	Target: dietary vitamin A contribution, esp. in SSA
	Goredema-Matongera et al., 2021; Ekpa et al., 2019



3. GENOME ENGINEERING USING GENOME EDITING TOOL
The last two decades have witnessed a paradigm shift in plant biotechnology through the advent of sophisticated genome editing tools that allow scientists to precisely modify the genetic makeup of plants. These tools Zinc Finger Nucleases (ZFNs), Transcription Activator-Like Effector Nucleases (TALENs), and the CRISPR/Cas9 system have redefined the boundaries of genome engineering by enabling targeted, efficient, and relatively cost-effective DNA modifications. Their applications extend from functional genomics to crop improvement, including biofortification for nutritional enhancement. Fig. 1 illustrates the general working principle of these tools, while Table 2 compares their core features, advantages, and limitations.
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Fig. 1. Genome editing tools: ZFNs, TALENs, and CRISPR/Cas9 mechanisms.
3.1 Zinc Finger Nucleases (ZFNs)
ZFNs were among the first engineered nucleases to demonstrate the feasibility of targeted genome modification in eukaryotes. Their mechanism is based on the modular nature of zinc finger proteins, each recognizing a specific triplet of nucleotides. By fusing these zinc finger arrays with the FokI endonuclease domain, scientists created programmable nucleases capable of inducing double-strand breaks (DSBs) at defined genomic loci (Shamshirgaran et al., 2022).
When two ZFN monomers bind adjacently on opposite DNA strands, the dimerization of FokI domains introduces a precise DSB. The cell’s natural DNA repair machinery then comes into play: Non-Homologous End Joining (NHEJ) often introduces random insertions or deletions (indels), disrupting target genes. Homology-Directed Repair (HDR), in the presence of a donor template, enables precise sequence insertions, replacements, or corrections (Savino et al., 2022).
Despite their pioneering role, ZFNs are considered technically demanding because each zinc finger recognizes only three nucleotides, requiring complex protein engineering for new targets. Off-target effects can be substantial if zinc fingers bind unintended sequences. Their design and synthesis are costly, restricting widespread agricultural use. Still, ZFNs laid the foundation for plant genome editing. Early proof-of-concept studies in cereals used ZFNs to knockout undesirable alleles or integrate nutritional genes, opening pathways for later adoption of simpler tools.
3.2 Transcription Activator-Like Effector Nucleases (TALENs)
TALENs marked a significant improvement over ZFNs by offering simpler design principles and higher target flexibility. TALENs are engineered from Transcription Activator-Like Effectors (TALEs), natural proteins from Xanthomonas bacteria that recognize DNA through modular 33–35 amino acid repeats, with each repeat corresponding to a single nucleotide. By customizing the order of TALE repeats, virtually any DNA sequence can be targeted (Shamshirgaran et al., 2022). Each TALE repeat array is fused to a FokI nuclease domain, functioning similarly to ZFNs: paired TALENs bind adjacent DNA sites, and dimerization of FokI creates a DSB (Zhang et al., 2014). The advantages of TALENs over ZFNs include: One-to-one code of TALE repeats and nucleotides, making target design more straightforward. Higher DNA-binding specificity, reducing off-target cleavage. Versatility, as TALENs can be used to induce knockouts, knock-ins, and targeted gene replacements.
Applications of TALENs in plant biofortification have included modification of key genes controlling micronutrient transport and accumulation. For instance, TALENs have been explored to disrupt phytic acid biosynthesis genes, thereby improving bioavailability of iron and zinc in cereals. They have also been used in creating disease-resistant cultivars, indirectly supporting yield stability required for biofortification initiatives. However, TALENs are still relatively large proteins, making delivery into plant cells—particularly via Agrobacterium or viral vectors—technically challenging. Moreover, while more accessible than ZFNs, TALENs remain labor-intensive compared to CRISPR systems.
3.3 CRISPR/Cas9: The Breakthrough Tool
The CRISPR/Cas9 system has revolutionized genome engineering because of its simplicity, efficiency, and adaptability. Originally discovered as part of the adaptive immune system in bacteria, CRISPR functions through a programmable RNA-guided nuclease mechanism (Doudna and Charpentier, 2014). In plants, the system works by designing a single-guide RNA (sgRNA) complementary to the target DNA sequence. This sgRNA directs the Cas9 endonuclease to the target, where its two nuclease domains (RuvC and HNH) introduce a site-specific DSB (Liu et al., 2019). Recognition is PAM-dependent, typically requiring an NGG motif adjacent to the target sequence.
Repair occurs via: NHEJ, generating indels that knock out genes. HDR, allowing precise gene insertion or replacement when a donor template is provided. Key advantages include: Simplicity: designing a new sgRNA is far easier and cheaper than engineering new ZFNs or TALENs. Multiplexing: several sgRNAs can be expressed simultaneously to edit multiple genes at once. Versatility: applicable for knockouts, knock-ins, base editing, and even transcriptional regulation. The CRISPR/Cas9 system has been rapidly adopted for crop biofortification. Examples include: Targeting negative regulators of nutrient uptake to enhance zinc or iron accumulation. Editing carotenoid biosynthesis genes to elevate provitamin A content, complementing transgenic successes like Golden Rice. Engineering low-phytate crops for improved bioavailability of iron and zinc. Because of its relatively low cost, CRISPR/Cas9 is now the most widely used genome editing tool in plant biotechnology, and its applications in biofortification are expanding rapidly (Santra, 2021).
3.4 Comparative Overview of Genome Editing Tools
Table 2 provides a comparative summary of ZFNs, TALENs, and CRISPR/Cas9, emphasizing their mechanisms, ease of use, and applicability in plant biofortification.
Table 2. Comparison of major genome editing tools for crop improvement and biofortification
	Tool
	DNA Recognition Mechanism
	Editing Mechanism
	Advantages
	Limitations
	References

	ZFNs
	Zinc finger domains recognize DNA triplets
	FokI nuclease dimer induces DSBs
	First programmable tool; validated in plants
	Complex design; costly; limited targeting; higher off-targets
	Shamshirgaran et al., 2022; Savino et al., 2022

	TALENs
	TALE repeats recognize single nucleotides
	FokI nuclease dimer induces DSBs
	Simple recognition code; high specificity; flexible
	Labor-intensive; large protein size complicates delivery
	Shamshirgaran et al., 2022; Zhang et al., 2014

	CRISPR/Cas9
	sgRNA guides Cas9 to PAM-adjacent sequences
	Cas9 nuclease induces DSBs via RuvC & HNH domains
	Easy to design; cost-effective; multiplex editing possible
	Requires PAM; potential off-target effects; regulatory debates
	Doudna & Charpentier, 2014; Liu et al., 2019; Santra, 2021


3.5 Implications for Biofortification
The transition from ZFNs and TALENs to CRISPR/Cas9 underscores a broader trend in plant biotechnology: the quest for accessible, efficient, and precise tools that can be scaled globally. For biofortification, this has profound implications:
· Nutritional Trait Improvement: Editing genes regulating nutrient uptake, transport, or storage can significantly enhance iron, zinc, and provitamin A levels.
· Rapid Breeding Cycles: Unlike conventional breeding, genome editing directly introduces desired modifications into elite cultivars, shortening breeding cycles.
· Sustainability: Genome-edited crops can provide long-lasting nutritional benefits without recurring input costs, making them ideal for resource-poor regions.
· Regulatory Considerations: While transgenic biofortification (e.g., Golden Rice) has faced delays due to biosafety debates, genome editing especially when no foreign DNA is inserted—may be more widely accepted.
3.6 Integrating microbial interventions with gene-level solutions
Microbial interventions notably arbuscular mycorrhizal fungi (AMF) and plant-growth promoting rhizobacteria (PGPR), including zinc-solubilizing and siderophore-producing strains enhance rhizosphere mobilization and root uptake of Fe and Zn, increase root surface area and transporter expression, and in multiple studies have raised grain micronutrient concentrations 1.2–2× relative to uninoculated controls. For example, AMF inoculation increased grain Zn and modulated root ZIP transporter expression in cereals, while PGPR consortia have produced measurable increases in grain Fe and Zn in wheat and other staples. Microbial agents, mechanisms, typical fold-increase in grain Fe/Zn and candidate target genes for editing tabulated in Table 3.
Genome editing (e.g., CRISPR/Cas) acts at the complementary often downstream level by precisely altering genes that regulate uptake, translocation, chelation, and storage (for instance, ZIP, YSL, NAS, ferritin and metal-homeostasis regulators). When edited to increase expression or alter transporter specificity, these genes can elevate whole-plant and grain micronutrient sinks, but their field performance depends on soil availability and rhizosphere processes. Integrating microbial approaches with targeted gene edits can therefore produce additive or synergistic gains: microbes increase bioavailable pools and induce transporter activity, while edits strengthen the plant’s capacity to capture, translocate, and store those elements. Several reviews and experimental reports explicitly advocate this integration as a practical pathway to scalable biofortification.
Practical considerations include (i) matching microbial inoculants to edited genotypes (compatibility and root exudate profiles), (ii) testing across soil types and P/Zn fertilizer regimes where microbe-mediated uptake varies, and (iii) measuring not just total grain Fe/Zn but bioavailability (phytate ratios, speciation). Early field and pot trials suggest combined strategies can reduce required fertilizer inputs while improving micronutrient outcomes, but rigorous multi-environment trials and socio-economic analyses are required to validate benefits at scale.
Table 3: Microbial agents, mechanisms, typical fold-increase in grain Fe/Zn and candidate target genes for editing
	Microbial agent
	Mechanism (how it boosts Fe/Zn)
	Typical fold-increase in grain Fe/Zn (typical reported range)
	Candidate target genes for genome editing

	Arbuscular mycorrhizal fungi (AMF)
	Hyphal uptake & transport (mycorrhizal pathway), increased root surface area, altered root transporter expression (e.g., ZIP induction), altered grain partitioning
	~1.1–2.0× (contribution to total above-ground Zn up to ~12–24% in some soils; greater effects at low soil Zn)
	ZIP, YSL, (regulators of remobilization) also candidate senescence/remobilization regulators.

	PGPR (plant growth-promoting rhizobacteria) includes siderophore-producers, phosphate/Zn-mobilizers
	Siderophore-mediated Fe solubilization; organic acid/Zn solubilization; stimulation of root growth and transporter expression; hormone modulation (root architecture)
	~1.1–2.0× typical; pot/greenhouse studies sometimes report larger gains (up to ~1.5–3× under specific conditions)
	ZIP, NAS, YSL, NRAMP edits to uptake and translocation genes complemented by PGPR effects.

	Zinc-solubilizing bacteria (ZSB) / Zn-mobilizing consortia
	Solubilize poorly available Zn (phosphate/Zn complexes), release organic acids, chelators; improve root Zn uptake and partitioning
	~1.2–3.0× common in many reports; some reports of very large fold-changes in controlled trials (e.g., up to ~6× in isolated reports) — effect size strongly context-dependent
	ZIP, NAS, FER (ferritin) (for storage), YSL — targets depend on whether goal is uptake, chelation or grain storage.




4. CHALLENGES FOR BIOFORTIFICATION IN CEREAL CROPS
Cereal crops, such as rice, wheat, and maize, serve as the primary source of nutrition for billions of people worldwide (Awika, 2011). These crops form the foundation of food security, especially in developing countries, yet their inherent nutritional limitations are directly linked to widespread micronutrient deficiencies. Biofortification, whether achieved through conventional breeding, agronomic practices, or advanced genetic tools such as genome editing, offers a sustainable solution (Ofori et al., 2022). However, the path to nutritional improvement is fraught with challenges, spanning scientific, regulatory, socio-economic, and ecological domains. Addressing these challenges requires both cutting-edge science and inclusive strategies that account for the realities of farmers, consumers, and policymakers.
4.1 Genetic Complexity and Trait Diversity
One of the most significant obstacles to biofortifying cereals lies in their genetic architecture. Wheat, for example, is hexaploid, possessing six sets of chromosomes, which complicates both gene discovery and genetic manipulation. Similarly, rice and maize exhibit high levels of allelic variation that influence nutrient accumulation and metabolism (Awika, 2011). Harnessing this genetic diversity requires advanced molecular tools, high-throughput phenotyping platforms, and comprehensive functional genomics studies. Genome editing technologies, including ZFNs, TALENs, and CRISPR/Cas9, offer opportunities to target specific loci with unprecedented precision. Yet, editing multiple gene copies in polyploid crops like wheat remains challenging. Thus, the complexity of cereal genomes represents a technical bottleneck for nutritional enhancement.
4.2 Nutrient Bioavailability
Even when researchers succeed in enhancing nutrient concentrations in cereals, the question of bioavailability arises. Nutrients such as zinc (Zn) and iron (Fe) are often bound to anti-nutritional compounds like phytic acid, which chelate minerals and inhibit their absorption in the human gut (Thakur et al., 2019). Food processing methods, such as milling or polishing, may also strip nutrient-rich layers from grains, further reducing availability. Innovations in CRISPR/Cas9 genome editing have targeted genes involved in phytic acid biosynthesis to reduce its levels, thereby improving mineral bioavailability (Sahu et al., 2024). However, such edits must be carefully validated to avoid unintended pleiotropic effects on seed development and plant fitness. Tackling bioavailability requires interdisciplinary approaches involving plant scientists, nutritionists, and food technologists.
4.3 Consumer Acceptance and Sensory Attributes
Another challenge lies in consumer acceptance. Biofortification can sometimes alter the taste, texture, or appearance of familiar staples. For instance, β-carotene-enriched “Golden Rice” has a distinct yellow color compared to traditional white rice (Zhao et al., 2020). While nutritionally advantageous, such differences may face resistance from consumers accustomed to established sensory traits. Balancing nutritional gains with cultural food preferences is essential for large-scale adoption. Strategies include educating consumers about health benefits, breeding for nutrient enhancement without visible changes, and involving communities in varietal selection. The success of biofortification is not just a matter of science but also of social acceptance.
4.4 Regulatory and Biosafety Considerations
The regulatory environment governing genetically modified organisms (GMOs) and genome-edited crops is complex, often varying across countries and subject to evolving policies. Some nations distinguish between transgenic crops and those developed through site-directed mutagenesis, while others classify all genetically altered plants under the same umbrella (Turnbull et al., 2021). Ensuring the safety and regulatory compliance of biofortified cereals is vital. Potential risks, such as off-target mutations or allergenicity, must be thoroughly assessed (Hirschi, 2020). Delays in regulatory approvals can significantly hinder deployment, particularly in regions where micronutrient deficiencies are most severe. Effective science communication is crucial to build public trust and overcome resistance to genetically engineered or genome-edited foods.
4.5 Environmental and Ecological Impacts
Introducing biofortified cereal crops may have unintended ecological consequences. Genetic modifications that alter nutrient accumulation can influence plant–soil interactions, rhizosphere microbiota, and nutrient cycling. Concerns also exist regarding potential impacts on biodiversity and long-term sustainability of agroecosystems (Cellini et al., 2004). Balancing nutritional benefits with environmental sustainability is therefore critical. Biofortification strategies must be evaluated not only for agronomic performance but also for their effects on ecosystem health, land use, and climate resilience.
4.6 Stability of Enhanced Nutrients
Another underappreciated challenge is the stability of nutrients from harvest to consumption. Many bioactive compounds degrade during storage, transportation, and cooking. For instance, provitamin A carotenoids are highly sensitive to light, oxygen, and high temperatures (Thakur et al., 2019). Genome editing may provide solutions by enhancing metabolic pathways that improve nutrient stability or by engineering protective compounds in seeds. Nonetheless, ensuring the retention of enhanced nutrient levels across the entire food chain remains a major research priority.
4.7 Trade-offs with Agronomic Traits
Improving nutritional quality often involves trade-offs with other important agronomic traits such as yield, disease resistance, or stress tolerance. For example, diverting metabolic energy toward micronutrient accumulation could reduce overall grain yield (Bailey-Serres et al., 2019). Such trade-offs may discourage farmer adoption if they compromise profitability. Modern genome editing techniques allow simultaneous modification of multiple traits, enabling breeders to balance nutritional enhancement with yield stability. However, careful evaluation is needed to ensure that gains in one trait do not come at the expense of another.

5. FUTURE ASPECTS IN GENOMIC APPROACHES FOR BIOFORTIFICATION
1. Precision in Nutrient Enhancement
Advancements in gene editing technologies, particularly CRISPR/Cas9, are enabling the precise modification of genes responsible for nutrient content in cereal crops. This precision allows for targeted enhancement of specific nutrients, such as iron, zinc, and provitamin A, ensuring that biofortified crops meet the nutritional needs of specific populations. Recent reviews have highlighted the potential of CRISPR/Cas systems in enabling precise, efficient, and stable edits in biosynthetic and transport pathways related to essential nutrients.
2. Multi-Nutrient Biofortification
While single-nutrient biofortification has been successful, future efforts are shifting towards the simultaneous enhancement of multiple nutrients within cereal crops. This approach aims to address the complex issue of malnutrition by developing crop varieties that provide a balanced set of essential nutrients, including vitamins, minerals, and amino acids. Recent studies have emphasized the importance of integrating biofortification into broader food and nutrition security strategies to ensure that these crops reach and benefit vulnerable populations globally.
3. Consumer-Centric Biofortification
Recognizing the importance of consumer preferences and cultural considerations, researchers are focusing on developing biofortified crops that align with local tastes and culinary traditions. This consumer-centric approach seeks to ensure greater acceptance and adoption of biofortified crops, thereby enhancing their impact on global nutrition. Studies have highlighted the significance of biofortification in enhancing food crops and explored the utilization of advanced breeding methods to improve the nutritional quality of staple crops.
4. Sustainability and Climate Resilience
Sustainability is a critical focus in the development of biofortified crops. Researchers are striving to minimize the ecological footprint of these crops by developing environmentally friendly and resource-efficient varieties. Additionally, the development of biofortified cereal crops that are resilient to changing climate conditions is a priority, ensuring that biofortification efforts are sustainable and adaptable. Recent reviews have discussed the progression in crop improvement from conventional breeding methods to advanced genome editing techniques and how the CRISPR/Cas9 technology can be applied to enhance the tolerance of major cereal crops against harsh climates.
5. Community Engagement and Capacity Building
Engaging local communities and farmers in the biofortification process is essential for the success of biofortification programs. Building awareness, providing training, and ensuring equitable access to biofortified seeds will be central to the success of these programs, particularly in resource-limited regions. Studies have emphasized the importance of integrating biofortification into broader food and nutrition security strategies to ensure that these crops reach and benefit vulnerable populations globally.
6. Data-Driven Approaches
The integration of big data and advanced analytics is playing a substantial role in optimizing genomic approaches for biofortification. These data-driven approaches help in identifying the most effective genetic targets and cultivation practices, facilitating evidence-based decision-making in biofortification research and implementation. Recent studies have discussed the significance of biofortification in enhancing food crops and explored the utilization of advanced breeding methods to improve the nutritional quality of staple crops.
7. Global Collaboration and Policy Support
Global collaboration among scientists, governments, non-governmental organizations, and the private sector is accelerating the pace of biofortification research and deployment. This international cooperation facilitates the exchange of knowledge, resources, and best practices, ensuring that biofortified crops reach the populations that need them most. Recent reviews have discussed the progression in crop improvement from conventional breeding methods to advanced genome editing techniques and how the CRISPR/Cas9 technology can be applied to enhance the tolerance of major cereal crops against harsh climates.

6. CONCLUSION
Genetic biofortification, particularly through CRISPR/Cas-mediated genome editing, represents a precise and scalable approach to enhance the nutritional quality of cereal crops. By improving iron, zinc, and essential amino acid content, this strategy directly targets hidden hunger in vulnerable populations, offering a sustainable complement to conventional breeding, marker-assisted selection, and genomic selection. Recent advances demonstrate the feasibility of editing key genes regulating uptake, transport, and storage, yet challenges such as transformation efficiency, promoter specificity, biosafety, and regulatory harmonization remain. Moving forward, integrating genome editing with complementary approaches such as microbial inoculants, climate-resilient breeding, and supportive policy frameworks will be crucial. Multi-environment trials, consumer awareness, and nutrition-sensitive policies are equally important to ensure adoption and impact at scale. Thus, CRISPR/Cas-based biofortification, when combined with enabling policies and integrated farming strategies, holds strong potential to improve dietary quality and public health in cereal-dependent regions. 
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