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ABSTRACT
Biofortification is an effective and sustainable method aimed at reducing micronutrient deficiencies by enhancing the concentration of essential vitamins and minerals in commonly consumed staple crops. Several agricultural approaches are used for this purpose, including conventional breeding to develop nutrient-dense varieties, agronomic practices such as fertilizer application to improve nutrient uptake, and transgenic techniques. This strategy enhances the nutritional quality of crops and guarantees that the edible portions of the plants include vital vitamins and minerals. Iron-enriched beans, zinc-fortified rice, and provitamin A-rich orange sweet potatoes are examples of biofortified crops that have previously shown promise in enhancing public health. Nutritional security might be further improved by future developments in genome editing, marker-assisted selection, and the incorporation of biofortified features into food processing. By incorporating nutrition into agricultural operations and enhancing public health outcomes, the widespread use of biofortified crops can help reduce malnutrition, especially in vulnerable community outcomes.
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1. INTRODUCTION 
One of the most enduring worldwide health issues is micronutrient deficiencies, which disproportionately impact people in low- and middle-income nations because diets are mostly cereal-based and lack diversification.  Iron, zinc, vitamin A, folate, iodine, and other vitamin and mineral deficiencies can lead to a variety of health issues, such as poor cognitive development, compromised immunity, higher rates of maternal and infant mortality, and decreased productivity at work (WHO, 2014).  Due to restricted access, inadequate infrastructure, high program costs, and low long-term compliance, many vulnerable groups continue to suffer from insufficient micronutrient intake despite continuous efforts like food fortification and supplementation programs.  These drawbacks draw attention to the need for more accessible and long-lasting interventions that work directly with the food systems that people depend on a daily basis ((de Valença et al., 2017).). Biofortification is aided by a number of supplementary methods.  By using mineral fertilizers, soil amendments, or foliar sprays techniques that provide an instantaneous but transient rise in nutrient concentration, agronomic biofortification aims to improve nutrient availability and absorption (Cakmak & Kutman, 2018).  On the other hand, crop types that naturally accumulate larger quantities of vital micronutrients are the goal of genetic biofortification, which is accomplished by traditional breeding or contemporary biotechnology.  When natural variety is inadequate, transgenic techniques allow the direct insertion of certain nutrient-enhancing genes, whereas conventional breeding depends on the selection and crossing of nutrient-rich parent lines (Saltzman et al., 2013).  Longer development times are necessary for genetic techniques, but if agricultural communities accept superior varieties, they provide scalable and long-lasting solutions.
Global programs like HarvestPlus, which have released nutrient-enriched rice, wheat, maize, cassava, sweet potatoes, and beans throughout Asia, Africa, and Latin America over the past 20 years, have shown the efficacy of biofortification (HarvestPlus, 2020).  These crops have demonstrated beneficial effects on target populations' nutritional health, such as decreased vitamin A deficiency and increased levels of iron and zinc (White et al., 2005).  The incorporation of biofortified crops into sustainable agricultural systems is becoming more and more crucial as population increase and climate change continue to exacerbate food security issues (Saltzman et al., 2017).
 The scientific concepts, approaches, developments, and difficulties related to biofortification are examined in this study.  The study intends to emphasize the significance of biofortification in fostering healthier communities through resilient, nutrient-rich food systems by analyzing existing developments and future potential.
2. The Landscape of Micronutrient Deficiencies and Targets
More than two billion people worldwide suffer from micronutrient deficiencies, sometimes known as "hidden hunger," which disproportionately affect low- and middle-income nations (WHO, 2014).  Micronutrient deficits have a significant impact on human health, cognitive development, immunological function, and economic productivity, although they are less obvious than macronutrient deficiencies, which show up as overt hunger.  Iron, zinc, iodine, vitamin A, folate, and vitamin B12 deficiencies are among the most common, especially in communities with monotonous, cereal-based diets and restricted access to a variety of nutrient-rich foods (FAO et al., 2022).  Iron deficiency anemia is still the most common micronutrient condition in the world, particularly in young children and women of reproductive age. It can lead to decreased learning capacity, increased maternal mortality, and diminished physical capability (WHO, 2014). Vitamin A insufficiency is a major cause of avoidable childhood blindness and increases susceptibility to infections, whereas zinc deficiency impairs immunological function and child growth (West & Darnton-Hill, 2008).
 Socioeconomic variables, dietary habits, environmental circumstances, and agricultural systems are all directly related to the landscape of micronutrient deficiencies.  Access to micronutrient-dense foods including fruits, vegetables, pulses, and animal-source products has been hampered by rapid population expansion, climate change, soil nutrient depletion, and rising food prices (Myers et al., 2017).  Multiple micronutrient deficiencies frequently coexist in South Asia and Sub-Saharan Africa, resulting in "micronutrient malnutrition," a compounded burden that cannot be adequately addressed by single-nutrient therapies alone (Ritchie & Roser, 2017). The paradoxical cohabitation of micronutrient deficiencies with overweight or obesity has been exacerbated by urbanization and the rising consumption of ultra-processed foods, underscoring the complexity of contemporary malnutrition (Popkin et al., 2020).
 Global and national goals to lower micronutrient deficiencies and the related health consequences have been set in order to address these issues. A 50% decrease in anemia among women of reproductive age and notable decreases in vitamin A insufficiency and iodine deficiency illnesses are among the ambitious dietary goals established by the World Health Assembly (WHO, 2014).   Dietary diversity, supplementation, food fortification, and biofortification of staple crops are strategies to meet these goals.  Among them, biofortification has become a viable agricultural strategy, especially for rural communities who have little access to supplements or fortified meals (Saltzman et al., 2013). 
3. THE BIOLOGICAL BASIS OF HORTICULTURE CROP’S NUTRIENT ACCUMULATION 
Designing effective biofortification strategies for horticultural crops requires a thorough understanding of the physiological, biochemical, and molecular mechanisms governing micronutrient absorption, transport, storage, and metabolic transformation. Unlike cereals, horticultural crops accumulate nutrients across diverse organs such as leaves, fruits, roots, and tubers each characterized by distinct morphological features and metabolic activities. Micronutrient homeostasis in plants is tightly regulated through the coordinated action of membrane transporters, chelators, compartmentalization mechanisms, and metabolic pathways. This section discusses the major biofortification-related processes, including root uptake and physiology, long-distance transport and tissue partitioning, and metabolic pathways responsible for vitamin and provitamin accumulation.
3.1 Uptake and Root Physiology
Micronutrient acquisition begins at the soil–root interface, where soil chemical properties, rhizosphere processes, and root system architecture collectively influence nutrient availability and uptake. The bioavailability of essential micronutrients such as iron (Fe), zinc (Zn), manganese (Mn), and copper (Cu) is strongly affected by soil pH, redox potential, moisture regime, organic matter content, and microbial activity. Under aerobic and alkaline conditions, Fe tends to precipitate into insoluble forms, thereby limiting plant availability, while Zn availability declines sharply in calcareous soils due to adsorption onto soil minerals (Anitha et al., 2016).
To overcome these constraints, plants exhibit adaptive modifications in root architecture, including increased root hair density, enhanced lateral branching, and greater root surface area, which improve soil exploration and nutrient acquisition. Many horticultural crops, particularly leafy vegetables and perennial fruit trees, display pronounced root plasticity in response to heterogeneous micronutrient distribution, enabling localized root proliferation and improved foraging efficiency.
In addition to architectural adjustments, plants actively modify rhizosphere chemistry to mobilize poorly available micronutrients. Root-mediated acidification through proton extrusion, along with the secretion of organic acids, phenolic compounds, and phytosiderophores, enhances the solubility of metal ions in the soil solution. Iron uptake exemplifies this physiological complexity. Most horticultural crops, which are predominantly dicots or non-graminaceous monocots, utilize the Strategy I (reduction-based) mechanism. This strategy involves rhizosphere acidification and enzymatic reduction of ferric iron (Fe³⁺) to the more soluble ferrous form (Fe²⁺) by ferric chelate reductases such as FRO2, followed by Fe²⁺ uptake via transporters like IRT1 (Morrissey & Guerinot, 2009). In contrast, grasses rely on Strategy II, which involves the release of phytosiderophores that chelate Fe³⁺ and facilitate uptake through Yellow Stripe-Like (YSL) transporters. Given the dominance of Strategy I in horticultural crops, improving ferric reduction capacity and Fe²⁺ transport efficiency remains a key target for biofortification programs.
Zinc uptake is primarily mediated by members of the ZIP (ZRT–IRT-like Protein) transporter family expressed in the root epidermis and cortex, facilitating Zn²⁺ influx from the soil solution (Guerinot, 2000). However, beneficial plant–microbe interactions substantially enhance micronutrient acquisition. Arbuscular mycorrhizal fungi (AMF) extend their hyphal networks beyond the root depletion zone, thereby improving the uptake of relatively immobile nutrients such as Zn and phosphorus and indirectly enhancing Fe nutrition. Similarly, plant growth-promoting rhizobacteria (PGPR) contribute by solubilizing mineral-bound micronutrients, producing siderophores, and altering rhizosphere pH. Studies have demonstrated that AMF-colonized tomato and pepper plants accumulate significantly higher concentrations of Fe and Zn in both vegetative and edible tissues than non-mycorrhizal plants (Lehmann et al., 2014). Together, root physiological adaptations and microbial symbioses form an integrated system that determines micronutrient uptake efficiency in horticultural crops.
3.2 Long-Distance Transport and Partitioning
Following uptake, micronutrients must be efficiently transported from roots to edible organs such as leaves, fruits, and storage roots, where their nutritional value is ultimately expressed. This redistribution depends on coordinated xylem loading, transfer to the phloem, and controlled unloading into sink tissues. Several transporter families regulate these processes to maintain micronutrient homeostasis while preventing toxicity. ZIP transporters facilitate the movement of divalent cations, including Fe²⁺, Zn²⁺, and Mn²⁺, whereas NRAMP proteins are involved in intracellular and vascular transport of Fe and Mn (Nevo & Nelson, 2006). Long-distance phloem transport is largely mediated by YSL proteins, which transport metal–chelator complexes, and by Heavy Metal ATPases (HMAs) that regulate Zn and Cu efflux into vascular tissues. In many fruit crops, such as tomato and citrus, limited phloem mobility of Fe and Zn remains a major constraint, restricting their accumulation in edible tissues despite adequate root uptake.
Chelation is essential for maintaining micronutrient solubility and mobility within plant tissues. Because free metal ions are chemically reactive and potentially toxic, plants rely on endogenous chelators to stabilize and transport them. Nicotianamine (NA) is a key non-protein amino acid that forms stable complexes with Fe and Zn, facilitating xylem loading, phloem translocation, and delivery to developing organs. Enhanced expression of nicotianamine synthase genes has been shown to significantly increase Fe and Zn concentrations in edible tissues, highlighting the importance of chelation pathways in biofortification. In grasses, deoxymugineic acid plays a specialized role in Fe³⁺ chelation, while organic acids such as citrate and malate contribute more broadly to metal transport in the xylem sap.
Micronutrient storage and compartmentalization further influence their final concentration and nutritional quality in edible plant parts. Iron is commonly stored in ferritin complexes, which enable safe sequestration of large amounts of Fe and have been successfully exploited in biofortification strategies in crops such as tomato and sweet potato. Zinc and manganese are frequently compartmentalized in vacuoles through transporters such as CAX and MTP, reducing cytosolic toxicity but sometimes limiting bioavailability. Nutrient partitioning varies markedly among plant organs: leafy vegetables generally accumulate higher levels of Fe and Zn but may also contain antinutritional compounds, while fruits often show lower mineral concentrations due to restricted phloem transport. Root and tuber crops, although comparatively lower in minerals, may accumulate other health-promoting compounds such as carotenoids. Identifying and alleviating transport and storage bottlenecks therefore provides valuable targets for genetic and agronomic interventions aimed at increasing micronutrient density in edible tissues (Lehmann et al., 2014).
3.3 Vitamin and Provitamin Metabolic Pathways
Horticultural crops are major dietary sources of essential vitamins and provitamins, including carotenoids, vitamin C, folates, and tocopherols. Among these, carotenoids particularly β-carotene are central to biofortification strategies due to their role as provitamin A and their antioxidant properties. Carotenoid biosynthesis occurs within plastids, specifically chloroplasts in green tissues and chromoplasts in fruits and storage organs. The pathway begins with the conversion of geranylgeranyl pyrophosphate (GGPP) to phytoene by phytoene synthase (PSY), a major regulatory step in carotenoid production. Subsequent desaturation and isomerization reactions yield lycopene, which serves as a metabolic branch point. The action of lycopene β-cyclase (LCYB) directs flux toward β-carotene synthesis, whereas lycopene ε-cyclase (LCYE) contributes to α-carotene formation. Targeted manipulation of these enzymatic steps has successfully increased provitamin A content in several horticultural crops, including tomato, carrot, mango, and sweet potato (Yuan et al., 2015).
Carotenoid accumulation is also constrained by plastid development and storage capacity. Chromoplast differentiation greatly enhances the ability of cells to sequester and stabilize carotenoids. The ORANGE (OR) protein plays a critical role in promoting chromoplast biogenesis and stabilizing PSY, thereby enhancing carotenoid accumulation without adversely affecting plant growth. Favorable OR alleles or transgenic expression have led to substantial increases in carotenoid content in crops such as melon, cauliflower, and sweet potato, demonstrating that metabolic output depends not only on biosynthetic activity but also on sink capacity within plastids.
Carotenoid biosynthesis is further influenced by metabolic flux competition for shared precursors. GGPP serves as a common substrate for the synthesis of carotenoids, chlorophylls, and tocopherols, creating regulatory trade-offs among these pathways. Transcriptional regulation of PSY, precursor availability, plastid abundance, and feedback mechanisms collectively determine flux allocation toward carotenoid production. Advances in biofortification have also been achieved for other vitamins. Vitamin C content has been enhanced through selection or engineering of key genes in the Smirnoff–Wheeler pathway, including GDP-mannose pyrophosphorylase, GDP-mannose epimerase, and GDP-L-galactose phosphorylase (Gest et al., 2013). Similarly, coordinated upregulation of folate biosynthetic genes has significantly increased folate levels in tomato fruits (Díaz de la Garza et al., 2007). Overall, these findings demonstrate that a detailed understanding of vitamin biosynthetic pathways, combined with targeted genetic and metabolic interventions, offers powerful opportunities to sustainably improve the nutritional quality of horticultural crops.
4. CONVENTIONAL BREEDING APPROACHES FOR BIOFORTIFICATION IN HORTICULTURAL CROPS
4.1 Conventional Biofortification Breeding Approaches
Conventional biofortification breeding in horticultural crops typically begins with extensive screening of available germplasm to identify natural genetic variation in micronutrient concentration and bioavailability. Considerable intra- and interspecific variability has been documented for nutritionally important traits, including carotenoids, ascorbic acid, folates, and mineral elements such as iron and zinc, across vegetables, fruits, and root crops. Landraces, wild relatives, and traditional cultivars often represent valuable reservoirs of favorable alleles, particularly for vitamin-related traits in crops such as tomato, carrot, pepper, sweet potato, and leafy vegetables (Bouis & Saltzman, 2017).
The success of phenotypic selection depends largely on trait heritability, genotype × environment interactions, and the relationship between nutrient content and agronomic or sensory attributes. However, reliable phenotyping remains a major bottleneck in conventional biofortification programs. Nutrient analysis frequently requires destructive sampling, sophisticated analytical techniques, and substantial labor inputs, which limit screening capacity and increase costs. Recent advances in analytical chemistry, high-throughput assays, and near-infrared spectroscopy are gradually improving the efficiency and scalability of nutrient evaluation, thereby strengthening the foundation of conventional biofortification breeding efforts.
4.2 Crossing and Selection Strategies
Once nutrient-dense donor genotypes have been identified, classical crossing and selection strategies are used to introgress desirable alleles into elite, farmer-preferred cultivars. Depending on the reproductive biology of the crop, breeders employ pedigree selection, recurrent selection, backcrossing, or hybrid breeding to combine enhanced nutritional quality with high yield and market acceptability. In seed-propagated horticultural crops such as tomato, pepper, and brassicas, repeated selection over successive generations enables the stable fixation of high vitamin or mineral traits.
In contrast, clonally propagated crops including many root and tuber crops and certain fruit species primarily rely on selection within vegetatively propagated populations. This approach preserves superior nutrient profiles without the complications of genetic segregation. A well-known example is orange-fleshed sweet potato (OFSP), where conventional breeding and selection have successfully increased β-carotene content while maintaining yield, adaptability, and consumer acceptance (Low et al., 2017). These examples demonstrate that traditional breeding approaches, when guided by targeted nutritional selection, can deliver biofortified horticultural varieties suited to diverse agroecological environments.
4.3 Limitations of Conventional Breeding for Biofortification
Despite notable successes, conventional breeding for micronutrient enhancement faces several inherent challenges, particularly in horticultural crops. Perennial fruit species pose significant constraints due to long juvenile phases and extended breeding cycles, which substantially slow genetic progress. In some crops, limited genetic variability for specific micronutrients further restricts selection potential. In addition, accurate phenotyping of vitamins and minerals remains time-consuming and costly, reducing screening efficiency and increasing program expenses.
Nutritional traits may also show unfavorable correlations with yield, shelf life, or sensory quality, complicating the simultaneous improvement of agronomic performance and consumer preference. Environmental factors such as soil type, climate, and management practices further influence nutrient accumulation, resulting in variable trait expression across locations and seasons. Nevertheless, sustained selection and population improvement have enabled breeders to overcome many of these constraints.
Importantly, conventionally bred biofortified varieties most notably orange-fleshed sweet potato have demonstrated measurable health benefits at scale, including significant improvements in vitamin A intake and nutritional status among vulnerable populations (Saltzman et al., 2013). These outcomes underscore the continued relevance of conventional breeding as a cornerstone of biofortification strategies in horticultural crops, particularly when integrated with modern genomic tools and complementary nutritional interventions.
4. 2. Agronomic Biofortification
Agronomic biofortification involves the application of mineral fertilizers, soil amendments, foliar sprays, microbial inoculants, and nutrient management practices to enhance micronutrient concentration in edible plant parts. This approach is especially important in horticultural crops, where rapid nutrient uptake, short crop duration, and high economic value allow timely intervention. Foliar application of zinc and iron, fertigation under protected cultivation, use of chelated micronutrients, and integration with organic amendments and beneficial microbes have proven effective in increasing nutrient content in vegetables and fruits. Agronomic strategies offer immediate impact and flexibility but require continuous inputs and careful management to avoid environmental risks.
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4.3. Molecular and Transgenic Approaches
Molecular breeding and transgenic strategies enable direct manipulation of nutrient biosynthesis, transport, and storage pathways. These approaches have delivered substantial gains in provitamin A, folate, and mineral content under controlled conditions. However, high development costs, regulatory constraints, and public acceptance issues currently limit their widespread deployment, particularly in horticultural crops intended for fresh consumption.
4. 4. Genome Editing
Genome editing technologies, such as CRISPR/Cas systems, provide precise modification of endogenous genes governing nutrient accumulation and bioavailability. Compared with transgenic approaches, genome editing reduces linkage drag and regulatory burden in some regions. This approach is particularly promising for perennial and clonally propagated horticultural crops, although regulatory harmonization remains a key challenge.
Table 1. Comparison of Conventional and Molecular Breeding Approaches for Biofortification in Horticultural Crops (Saltzman et al., 2013).
	Aspect
	Conventional Breeding
	Molecular Breeding

	Basic principle
	Utilizes natural genetic variation through phenotypic selection and classical crossing
	Uses molecular tools to identify, track, or modify genes controlling nutrient traits

	Source of variation
	Existing diversity in landraces, cultivars, and wild relatives
	Natural alleles, induced mutations, transgenes, or targeted genome edits

	Selection method
	Visual and biochemical phenotyping across generations
	Marker-assisted selection (MAS), genomic selection (GS), transgenics, genome editing

	Precision
	Low to moderate; selection influenced by environment and trait correlations
	High; targets specific genes or genomic regions controlling nutrient traits

	Time required
	Long, especially for perennial fruit crops (often 8–20 years)
	Shorter; accelerates breeding cycles and reduces linkage drag

	Phenotyping requirement
	High reliance on repeated nutrient analysis, often costly and low throughput
	Reduced phenotyping once markers or causal genes are identified

	Genotype × environment interaction
	Strong influence; nutrient expression often environment-dependent
	Can reduce environmental noise by targeting stable genetic loci

	Suitability for complex traits
	Effective for traits with high heritability (e.g., carotenoids)
	More effective for polygenic or low-heritability traits (e.g., mineral transport)

	Examples in horticultural crops
	Orange-fleshed sweet potato, high-β-carotene carrot, vitamin C–rich tomato
	Iron- and zinc-enhanced tomato via NAS genes, folate-enhanced tomato, CRISPR-edited carotenoid lines

	Regulatory status
	Widely accepted; minimal regulatory hurdles
	MAS/GS widely accepted; transgenics and genome editing subject to regulatory frameworks

	Cost and infrastructure
	Lower initial cost; labor- and time-intensive
	Higher initial investment; lower long-term breeding cost

	Risk of yield/sensory trade-offs
	Higher due to linkage drag
	Lower due to targeted modification

	Adoption potential
	High, especially in developing regions
	Variable; depends on regulatory approval and public acceptance

	Role in biofortification
	Proven impact at scale (e.g., vitamin A improvement via OFSP)
	Enables rapid, trait-specific nutrient enhancement and stacking



Table-2: Comparative Overview of Biofortification Approaches
	Approach
	Timeframe
	Cost
	Regulatory Acceptance
	Sustainability
	Key Strengths
	Key Limitations

	Conventional breeding
	Long-term
	Low
	High
	High
	Durable, farmer-accepted
	Slow progress

	Agronomic biofortification
	Short-term
	Moderate
	High
	Moderate
	Rapid impact, flexible
	Input-dependent

	Transgenic approaches
	Long-term
	High
	Low–moderate
	High
	High nutrient gains
	Regulatory barriers

	Genome editing
	Medium-term
	Moderate
	Variable
	High
	Precision, speed
	Policy uncertainty



5. QTL MAPPING AND MARKER-ASSISTED SELECTION (MAS)
Marker-assisted selection (MAS) has significantly improved the efficiency of biofortification breeding in horticultural crops by enabling indirect selection of nutritional traits through DNA-based markers. The foundation of MAS lies in the identification of quantitative trait loci (QTLs) through biparental QTL mapping and genome-wide association studies (GWAS). These approaches have been widely used to uncover genomic regions associated with carotenoid accumulation, mineral density, and vitamin content in crops such as tomato, carrot, pepper, sweet potato, and leafy vegetables (Iannacone et al., 2019). GWAS, in particular, has allowed the exploitation of natural genetic diversity across broad germplasm panels, helping to identify allelic variants linked to enhanced micronutrient traits under diverse environmental conditions. By focusing on specific genomic regions rather than solely on phenotypic performance, these tools reduce the influence of environmental variability and improve the precision of selecting nutrient-dense genotypes for biofortification (Saltzman et al., 2013).
Once nutrient-related QTLs are identified, validated molecular markers can be deployed through MAS to accelerate selection in early breeding generations. This approach is especially valuable for biofortification traits that are expensive, time-consuming, or technically challenging to phenotype, such as mineral concentrations and vitamin profiles. MAS allows breeders to eliminate inferior genotypes early in the breeding pipeline, thereby shortening breeding cycles and increasing selection accuracy (Saltzman et al., 2013). In horticultural crops, marker-assisted introgression of favorable alleles has contributed to improved provitamin A and mineral content while maintaining acceptable yield, quality, and sensory traits. However, the effectiveness of MAS is limited when nutritional traits are governed by multiple small-effect loci, as is often the case for iron, zinc, and multivitamin accumulation. Under such genetic architectures, selection based on a few markers captures only a portion of the total genetic variance, reducing overall breeding efficiency.
Genomic selection (GS) has emerged as a promising extension of molecular breeding that addresses many of the limitations associated with MAS for complex quantitative traits. Unlike MAS, GS uses genome-wide marker profiles to predict the breeding value of individuals, thereby simultaneously capturing the effects of both major and minor loci (Crossa et al., 2017). This makes GS particularly suitable for improving polygenic biofortification traits, including micronutrient transport, storage, and regulation. Although GS has been more extensively applied in cereal crops, its use in horticultural species has historically lagged due to smaller population sizes, long generation times, and previously high genotyping costs. Recent advances in high-throughput sequencing technologies and declining genotyping expenses are now enabling wider adoption of GS in vegetable and fruit breeding programs (Saltzman et al., 2013). As larger training populations and high-quality phenotypic datasets become available, genomic selection is expected to play an increasingly important role in accelerating genetic gains for nutritional quality, complementing both conventional breeding and MAS in future biofortification strategies for horticultural crops.
6. GENETIC ENGINEERING AND GENOME EDITING APPROACHES FOR BIOFORTIFICATION IN HORTICULTURAL CROPS
Genetic engineering has significantly expanded the scope of biofortification by overcoming the limitations of conventional and marker-assisted breeding through direct modification of metabolic pathways controlling nutrient synthesis, transport, and storage. Transgenic and metabolic engineering approaches aim to enhance flux toward target nutrients or introduce new biosynthetic capacities, particularly for vitamins and micronutrients governed by complex regulatory networks. In horticultural crops, carotenoid biofortification represents the most extensively studied example. Manipulation of carotenoid biosynthesis through overexpression of rate-limiting enzymes such as phytoene synthase (PSY), redirection of pathway branching, or enhancement of plastid sink capacity has resulted in substantial increases in β-carotene content in tomato, carrot, and other fruits and vegetables (Yuan et al., 2015; Rodríguez-Concepción et al., 2019).
Comparable metabolic engineering strategies have been applied to increase folate concentrations by upregulating enzymes such as GTP cyclohydrolase I and aminodeoxychorismate synthase in leafy vegetables and fruit crops, leading to several-fold increases in folate accumulation (Díaz de la Garza et al., 2007). For mineral biofortification, transgenic expression of iron storage proteins such as ferritin, along with transporters involved in iron and zinc uptake and translocation, has enhanced total mineral content in edible tissues, although improving bioavailability remains a major challenge (Bouis & Saltzman, 2017). Despite strong performance under experimental conditions, large-scale deployment of transgenic biofortified horticultural crops has been limited by regulatory hurdles, high development costs, and consumer acceptance concerns in many regions (Shanker et al., 2025).
Recent advances in genome editing, particularly CRISPR/Cas-based technologies, have transformed nutritional crop improvement by enabling precise modification of endogenous genes without the introduction of foreign DNA. Genome editing facilitates targeted gene knockouts, promoter edits, and allele modification of loci involved in nutrient biosynthesis, transport, sequestration, or anti-nutrient accumulation, thereby minimizing linkage drag and unintended effects commonly associated with traditional breeding. Biofortification-oriented editing strategies have focused on alleviating metabolic bottlenecks in carotenoid pathways, enhancing tissue-specific expression of nutrient transporters, reducing anti-nutritional compounds such as phytate to improve mineral bioavailability, and modifying genes that regulate plastid number or architecture to increase carotenoid storage capacity (Zhu et al., 2008).
Proof-of-concept studies across several horticultural species demonstrate that genome editing can substantially increase nutrient density or bioavailability, often within a single generation. Notably, gene-edited leafy vegetables and other horticultural crops have already reached commercial markets in some countries, reflecting more permissive regulatory pathways for certain genome-edited products compared with transgenic crops (Voytas & Gao, 2014). Although regulatory frameworks remain highly variable across regions, accumulating evidence indicates that CRISPR and related genome editing tools represent practical and powerful platforms for accelerating nutritional enhancement in fruit and vegetable crops, particularly in perennial and clonally propagated species where conventional improvement is inherently slow.
7. CASE STUDIES IN HORTICULTURAL BIOFORTIFICATION
7.1 Vitamin A in orange-fleshed sweet potatoes (OFSP)
 One of the most popular and effective examples of biofortification in horticultural crops is the orange-fleshed sweet potato.  Varieties high in β-carotene have been generated and spread over areas of Asia and sub-Saharan Africa through traditional breeding and germplasm selection.  Regular OFSP use dramatically increases vitamin A intake and serum retinol levels in children and women of reproductive age, according to several intervention trials.  Its success is closely associated with its high yield stability, adaptability to local agro-ecologies, and compatibility with consumer taste and cooking preferences, indicating that the integration of breeding objectives with socio-cultural and value-chain considerations maximizes nutritional gains (Low et al., 2017; Bouis & Saltzman, 2017).
7.2 Tomato biofortified with folate and carotenoids
 The tomato's well-established carotenoid biosynthesis pathway and widespread consumer acceptability have made it an important model system for horticulture biofortification.  Tomato lines with orange or yellow flesh have been produced by increasing provitamin A carotenoids, especially β-carotene, using both traditional breeding and metabolic engineering techniques.  Simultaneously, tomato fruit's folate content has significantly increased thanks to folate biofortification via metabolic engineering, which targets enzymes in the folate production pathway.  According to these research (Díaz de la Garza et al., 2007; Yuan et al., 2015), tomatoes have the ability to offer a variety of micronutrients, but their widespread use is still constrained by commercial and regulatory issues.
7.3 Pulses and beans (zinc and iron)
 Particularly in low-income areas, common beans and lentils are significant dietary sources of iron and zinc. Biofortification efforts have concentrated on raising the concentration of these elements by traditional breeding aided by marker-assisted selection.  In Africa and Latin America, a number of high-iron bean cultivars have been introduced and embraced, improving iron consumption.  However, anti-nutritional elements like phytate restrict mineral absorption, underscoring the necessity of complementing breeding approaches that focus on both mineral density and bioavailability.  These example studies show the intricacy of mineral biofortification in plant-based diets as well as consistent advancements (Beebe et al., 2000; Petry et al., 2015).
7.4 Leafy fruits and vegetables (folates, carotenoids, and vitamin C)
 Because of their naturally high ascorbate levels and quick reactivity to agronomic and genetic changes, leafy vegetables are especially well-suited for vitamin C biofortification.  Optimal cultivation techniques have been combined with breeding for increased ascorbate content to further improve nutritional quality.  By combining traditional breeding, metabolic engineering, genome editing, and better post-harvest management, fruit crops including mango, papaya, citrus, and berries provide more chances to boost provitamin A carotenoids, vitamin C, and folates.  These crops are becoming more and more crucial for treating several micronutrient deficits at once and diversifying diets (Lee & Kader, 2000; Rodriguez-Concepcion et al., 2019).
8. RESEARCH PRIORITIES, CHALLENGES, AND PROSPECTS FOR HORTICULTURAL BIOFORTIFICATION
Despite substantial progress, the impact of biofortification in horticultural crops remains constrained by several scientific, technical, and socio-institutional challenges. One of the most critical limitations is the lack of high-throughput, cost-effective phenotyping methods for vitamins and minerals in large breeding populations, particularly for traits such as iron, zinc, folate, and carotenoids. Although laboratory-based analytical techniques provide high accuracy, they are expensive, time-consuming, and unsuitable for large-scale screening. Consequently, scaling up breeding programs requires further advancement in near-infrared spectroscopy (NIRS), portable sensing technologies, and standardized analytical workflows.
In addition, many nutritional traits exhibit strong genotype × environment (G×E) interactions and complex polygenic inheritance. These characteristics necessitate multi-environment testing and the application of advanced statistical and genomic selection models that explicitly account for environmental variability. Such requirements increase breeding complexity, cost, and time, particularly for perennial and clonally propagated horticultural crops.
Beyond plant-level performance, demonstrating real nutritional impact requires human bioavailability and efficacy studies that consider region-specific food processing, cooking methods, and dietary habits. While essential for evidence-based policy formulation and large-scale adoption, these studies are costly and logistically demanding. Regulatory uncertainty especially regarding genome-edited crops further influences investment decisions and deployment strategies. This underscores the need for harmonized, science-based regulatory frameworks that balance innovation, biosafety, and public trust. Moreover, successful biofortification must integrate equity and value-chain perspectives to ensure that nutritional gains translate into tangible livelihood and health benefits. This includes guaranteeing smallholder farmers access to improved planting material, extension services, and functional markets (Bouis & Saltzman, 2017; Garg et al., 2018; Saltzman et al., 2013).
Looking ahead, emerging technologies offer promising opportunities to address many of these challenges and reshape biofortification strategies. Synthetic biology approaches enable pathway redesign through the development of optimized biosynthetic modules, improved enzyme variants, and enhanced metabolite sequestration systems. Such interventions can deliver substantial nutritional gains while minimizing undesirable pleiotropic effects (Byamukama et al., 2025). Similarly, precision genome editing of regulatory elements such as promoters, enhancers, and small RNAs allows fine-tuning of nutrient-related pathways in a tissue- or developmental-stage-specific manner, thereby reducing trade-offs with yield and quality.
Future biofortification efforts are also expected to emphasize multi-nutrient enhancement, including the stacking of traits such as provitamin A, iron, and zinc within a single cultivar. While nutritionally advantageous, this approach increases the complexity of breeding, validation, and regulatory approval. At the same time, digital breeding platforms that integrate machine learning, high-density genotyping, and phenomics offer considerable potential to improve prediction accuracy and accelerate selection for complex nutritional traits.
Collectively, these advances suggest that the next generation of horticultural biofortification will be increasingly precise, data-driven, and interdisciplinary, bridging plant science with nutrition, policy, and food systems research (Rodríguez-Concepción et al., 2019; Zhu et al., 2020).
9. CONCLUSION
Biofortification of horticultural crops represents a strategic and sustainable approach to addressing micronutrient deficiencies globally. By leveraging a spectrum of tools from conventional breeding and marker-assisted selection to advanced genomic selection, metabolic engineering, and precise genome editing researchers can enhance the nutritional quality of fruits, vegetables, and tuber crops while maintaining agronomic performance and consumer acceptance. Evidence from successful interventions, such as orange-fleshed sweet potato, illustrates that genetic improvements translate into meaningful health outcomes when combined with effective delivery mechanisms, supportive policies, and farmer and consumer engagement. Looking forward, integrating high-throughput phenotyping, multi-nutrient trait stacking, and digital breeding platforms with participatory value-chain approaches will be essential to accelerate breeding cycles, optimize nutrient bioavailability, and ensure equitable access to biofortified crops. Coupled with proportionate regulatory frameworks and continued research on human nutrition impacts, these strategies have the potential to make biofortification a cornerstone of public health and food security initiatives, delivering measurable improvements in micronutrient intake through everyday diets.
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