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ABSTRACT

Micronutrient malnutrition, or “hidden hunger,” continues to affect more than two billion people worldwide, with
iron, zinc, vitamin A, folate, and iodine deficiencies imposing the greatest public health burden. Vegetables are
among the most concentrated dietary sources of vitamins, minerals, and health-promoting phytochemicals, yet
their nutritional potential is often eroded by narrow cultivar selection, post-harvest losses, and cooking practices,
and is rarely realised at population scale through diet diversification alone. Biofortification the deliberate
enrichment of the edible portions of crops with bioavailable nutrients has therefore emerged as a complementary,
sustainable strategy to conventional supplementation and industrial fortification. This review synthesises the
conventional, agronomic, and biotechnological toolkit available for biofortifying vegetable crops, tracing the
field’s progression from soil and foliar nutrient management and marker-assisted breeding through transgenic
metabolic engineering to contemporary CRISPR/Cas-based precision genome editing. We examine the molecular
mechanisms governing carotenoid, ascorbate, folate, tocopherol, anthocyanin, and mineral accumulation, and we
compile documented genome-editing interventions in tomato, potato, carrot, Brassica vegetables, lettuce, pepper,
cucumber, and eggplant that have altered nutritional or antinutritional traits. Complementary developments in
multi-omics profiling, marker-assisted and genomic selection, tissue culture-based metabolite induction, and
nanotechnology-enabled nutrient delivery are discussed alongside the trade-offs, regulatory heterogeneity, and
consumer-acceptance barriers that continue to constrain deployment. We argue that the convergence of
multiplexed genome editing, base and prime editing, and multi-omics-guided candidate gene discovery is
positioning precision breeding to accelerate the second generation of biofortified vegetables, provided that
regulatory harmonisation and public engagement keep pace with the underlying science.

KEYWORDS: Biofortification; Vegetable crops; CRISPR/Cas9; Genome editing; Micronutrient malnutrition;
Carotenoid biosynthesis; Precision breeding; Metabolic engineering

1. INTRODUCTION

Micronutrient malnutrition remains one of the most persistent and least visible forms of undernutrition. Unlike
acute caloric deficits, hidden hunger produces no immediate, dramatic symptoms, yet it compromises immune
function, cognitive development, maternal health, and long-term productivity on a scale that rivals overt hunger
[92,98]. Global estimates converge on a burden of at least two billion people affected by one or more micronutrient
deficiencies, with iron, zinc, vitamin A, iodine, and folate consistently identified as the deficiencies of greatest
public health significance [92,94,99,103]. Preschool children and women of reproductive age bear a
disproportionate share of this burden: recent multi-country estimates place the prevalence of deficiency in at least
one of iron, zinc, or vitamin A at approximately 56% among preschool-aged children and 69% among non-
pregnant women of reproductive age [98]. Iron-deficiency anaemia alone contributes substantially to the global
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burden of disease [95], vitamin A deficiency remains a leading preventable cause of childhood blindness and
elevated infectious mortality [97], and inadequate zinc intake is estimated to affect roughly one-fifth of the world’s
population when assessed through national food-supply availability [96].

Vegetables occupy a distinctive position in this nutritional landscape. As a food group, they supply a dense and
diverse array of provitamin A carotenoids, ascorbic acid, folate, vitamin E, and minerals such as iron, zinc,
calcium, magnesium, and selenium, alongside non-nutrient bioactives including anthocyanins, flavonoids, and
glucosinolates that confer additional antioxidant and chemoprotective properties [77,94]. Unlike staple cereals,
which are the traditional targets of biofortification programmes because they dominate caloric intake in low- and
middle-income countries, vegetables are typically consumed in smaller absolute quantities but at far higher
nutrient density per unit fresh weight, and their diversity of pigments and secondary metabolites cannot be
replicated by cereal biofortification alone. Diversifying diets to include more vegetables is frequently
recommended as the most direct route to correcting micronutrient gaps, but this strategy is constrained in practice
by affordability, seasonal and geographic availability, post-harvest spoilage, and entrenched dietary habits,
particularly in resource-limited settings [92,103]. These constraints have motivated a complementary strategy:
increasing the intrinsic nutrient density of the vegetables that are already being grown and consumed, so that a
normal diet delivers more nutrition without requiring behavioural change.

Biofortification is the process of increasing the density of bioavailable vitamins, minerals, or beneficial
phytochemicals in the edible portions of a crop through breeding, agronomic management, or biotechnological
intervention [83,84]. The concept, first developed and scaled for staple cereals and pulses through international
programmes such as HarvestPlus, has demonstrated measurable improvements in micronutrient status among
consumers of biofortified crops [83,109]. Two decades of accumulated evidence indicate that biofortification is
both biologically feasible and cost-effective as a component of a broader food-systems response to malnutrition
[83]. Extending this logic to vegetable crops introduces both opportunities and complications: vegetables display
far greater taxonomic and metabolic diversity than the handful of staple cereals that have historically dominated
biofortification research, their edible tissues range from leaves and roots to fruits and inflorescences with
correspondingly distinct nutrient biosynthesis and storage pathways, and many economically important vegetable
species have historically been less amenable to the genetic transformation and regeneration protocols that underpin
transgenic biofortification.

The biotechnological toolkit available to plant breeders has undergone a rapid and cumulative transformation over
the past three decades. Conventional and agronomic biofortification, comprising soil and foliar nutrient
management alongside phenotypic selection for existing genetic variation, remains the most immediately
deployable strategy and continues to underpin most commercial mineral- and selenium-enriched vegetable
products [31,32,38]. Marker-assisted selection and, more recently, genomic selection have allowed breeders to
track and combine quantitative trait loci (QTLs) governing nutrient accumulation with a precision unattainable
through phenotypic selection alone [61,65,66]. Transgenic metabolic engineering, exemplified by the introduction
of the provitamin A biosynthetic pathway into rice endosperm to create Golden Rice, demonstrated that entire
biosynthetic pathways absent from a tissue could be reconstituted through targeted gene introduction, a principle
subsequently extended to tomato folate biosynthesis and multivitamin maize [25,26,87,89]. Most recently,
CRISPR/Cas-based genome editing together with its derivative technologies, base editing and prime editing has
enabled targeted, often transgene-free modification of endogenous metabolic and transport genes, offering a route
to biofortification that can proceed without the regulatory and consumer-acceptance burdens historically
associated with transgenic crops in many jurisdictions [1,4,52,53].

This review examines how these successive technological layers conventional and agronomic biofortification,
tissue culture-based metabolite manipulation, transgenic and metabolic engineering, molecular and marker-
assisted breeding, multi-omics-enabled candidate gene discovery, and CRISPR/Cas-based precision genome
editing are converging to accelerate the biofortification of vegetable crops specifically. We first review the
nutritional components for which vegetables are principal dietary sources and the biological rationale for targeting
them. We then examine each biotechnological approach in turn, with particular emphasis on genome editing
applications documented in tomato, potato, carrot, Brassica vegetables, lettuce, cucumber, eggplant, and pepper.
We discuss the roles of omics technologies and nanotechnology in accelerating and complementing these
approaches, and we conclude by considering the agronomic trade-offs, regulatory heterogeneity, and translational
challenges that will determine whether these advances reach farmers and consumers.

2. Nutritional Importance of Vegetable Crops

Vegetables contribute a disproportionate share of dietary micronutrient intake relative to their caloric contribution,
and different vegetable groups are enriched in distinct, complementary sets of nutrients, making the vegetable
food group as a whole a particularly efficient target for biofortification.

Iron and zinc. Leafy vegetables, legume-associated vegetables, and root crops contribute variable but nutritionally
meaningful amounts of iron and zinc, though the bioavailability of both minerals is frequently limited by co-
occurring antinutrients such as phytate and oxalate [33,80]. Because plant-based iron is predominantly non-haem
iron with comparatively low absorption efficiency, and because zinc status is difficult to assess directly,
agronomic and genetic strategies that increase both the concentration and the bioavailable fraction of these
minerals are of particular nutritional value [38,96].
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Selenium. Selenium is not classified as an essential plant nutrient but is essential for human selenoenzyme
function, and dietary selenium intake is almost entirely dependent on the selenium content of soils and, by
extension, the crops grown on them [30,39]. Many agricultural soils are selenium-poor, and vegetables such as
broccoli, lettuce, and Brassica greens have been widely investigated as selenium biofortification targets because
of their capacity to accumulate and, in the case of Brassica species, metabolise selenium into organoselenium
compounds with additional health relevance [36,81].

Calcium and magnesium. Leafy Brassica vegetables and other leafy greens can be substantial dietary sources of
calcium and magnesium, although bioavailability again varies with the concentration of co-accumulated oxalate
[78,79]. Natural genetic variation in shoot calcium and magnesium concentration within Brassica oleracea and
Brassica rapa germplasm indicates that genetic biofortification for these two minerals is agronomically feasible
[78].

Folate. Leafy vegetables and legumes are primary dietary sources of folate, and folate deficiency remains a global
concern because of its association with neural tube defects and other adverse outcomes [25,26]. Folate content in
many crops, including tomato fruit, is limited by the availability of pteridine and para-aminobenzoate precursors
during fruit ripening, providing a defined metabolic bottleneck for biofortification [25,26].

Provitamin A carotenoids. Carrot, pumpkin, sweet potato leaves, and orange- or red-fleshed tomato and pepper
cultivars are dense sources of B-carotene and other provitamin A carotenoids, and carrot alone is estimated to be
one of the largest single dietary contributors of provitamin A carotenoids in many diets [22,23]. Carotenoid
content and composition vary enormously across vegetable germplasm, providing extensive natural variation for
both conventional breeding and biotechnological enhancement [20,21].

Vitamin C (ascorbic acid). Peppers, leafy Brassica vegetables, and tomato are major dietary sources of vitamin
C, an essential water-soluble antioxidant vitamin synthesised in plants via the Smirnoff—~Wheeler (L-galactose)
pathway [34]. Because ascorbate is also central to non-enzymatic antioxidant defence in plant tissues, its
biosynthetic pathway is a target for both nutritional and stress-tolerance improvement [34].

Vitamin E (tocopherols). Although seed oils remain the dominant dietary source of vitamin E, leafy vegetable
tissues can accumulate tocopherols when chlorophyll-derived phytol is redirected toward the tocopherol
biosynthetic pathway, and this route has been explored as a biofortification strategy in leafy crops [56,57].
Anthocyanins, carotenoid pigments, flavonoids, and glucosinolates. Beyond their roles as essential vitamins and
minerals, vegetables are major dietary sources of non-essential but health-promoting phytochemicals.
Anthocyanins, responsible for purple and red pigmentation in tomato, lettuce, cabbage, kale, and eggplant, have
well-documented antioxidant properties and have become targets of both conventional breeding and genome
editing [10,16,18,19]. Glucosinolates, characteristic of Brassica vegetables, are precursors of isothiocyanates with
chemoprotective activity, and their profile can be manipulated agronomically and genetically to favour health-
promoting derivatives over less desirable ones [77,80,81].

Taken together, this nutritional profile positions vegetable crops as targets for biofortification that are
complementary to, rather than redundant with, staple cereal biofortification programmes: vegetables provide the
carotenoid, vitamin C, folate, and phytochemical density that staple grains largely lack, while staple
biofortification continues to address the mineral and caloric gaps that dominate diets in food-insecure populations.

Table 1. Nutritional Targets and Major Vegetable Crop Sources for Biofortification

Nutrient / | Major

bioactive vegetable Biological Major deficiency / | Potential biofortification

compound sources importance health relevance strategy

Iron Leafy Haemoglobin Iron-deficiency Enhance ZIP/NRAMP
greens, synthesis,  oxygen | anaemia;  leading | transporter expression;
legume- transport,  enzyme | global micronutrient | reduce phytate; co-enhance
associated cofactor deficiency [95] ascorbate for
vegetables, bioavailability [33,35]
root
vegetables

Zinc Leafy Enzyme  cofactor, | Affects an estimated | ZIP transporter
vegetables, immune  function, | one-fifth of the | overexpression; agronomic
legumes, linear growth global  population | foliar/soil zinc application
root crops [96] [38]

Selenium Broccoli, Selenoenzyme Selenium-poor soils | Foliar/soil  selenate  or
lettuce, (glutathione widespread; ~1 | selenite application;
Brassica peroxidase) cofactor; | billion affected | enhance sulfate-
greens antioxidant defence | globally [31] transporter-mediated

uptake [30,39]

Calcium Leafy Bone mineralisation, | Inadequate  intake | Genetic selection for high

Brassica cell signalling, cell | widespread, shoot Ca; nutrient
wall structure compounded by
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Nutrient /| Major

bioactive vegetable Biological Major deficiency / | Potential biofortification

compound sources importance health relevance strategy
vegetables, oxalate co- | solution/soilless production
leafy greens accumulation [78] optimisation [79]

Magnesium Leafy Enzyme  cofactor, | Suboptimal intake in | Genetic biofortification
Brassica chlorophyll many diets [78] using natural Brassica
vegetables, structure, variation [78]
leafy greens | neuromuscular

function

Folate (vitamin | Leafy One-carbon Deficiency linked to | Overexpress GTP

B9) vegetables, metabolism, DNA | neural tube defects | cyclohydrolase @1  and
legumes, synthesis, neural | [25] aminodeoxychorismate
tomato tube development synthase; reduce v-

glutamyl hydrolase activity
[25,26,29]

Provitamin A | Carrot, Precursor of retinol; | Leading cause of | Redirect flux via lycopene

carotenoids orange vision, immune | preventable B-cyclase; multiplex
tomato, function, epithelial | childhood blindness | carotenoid pathway editing
orange/red integrity [97] [5,20,22]
pepper

Vitamin C | Pepper, Antioxidant; Contributes to | Engineer L-galactose

(ascorbate) Brassica collagen synthesis; | compounded iron | (Smirnoff-Wheeler)
vegetables, enhances non-haem | bioavailability pathway; edit uGGP genes
tomato iron absorption deficits [34] [17,34]

Vitamin E | Leafy Lipid-soluble Chronic subclinical | Couple chlorophyll-derived

(tocopherols) vegetables antioxidant; deficiency in some | phytol release with VTE
(secondary membrane populations [61] pathway  overexpression
source) protection [55,56,57]

Anthocyanins Purple Dietary antioxidants; | Associated with | Activate/edit MYB-
tomato, anti-inflammatory reduced chronic | bBHLH-WD40 regulators;
purple/red activity disease risk | promoter/base editing of
lettuce, red (epidemiological) structural genes
cabbage, [10,16,18,19]
kale,
eggplant

Carotenoid Tomato, Antioxidants; Suboptimal dietary | Multiplex carotenoid

pigments carrot, leafy | macular health | intake in many | pathway editing;

(lycopene, greens (lutein/zeaxanthin) populations germplasm screening

lutein, [5,17,23]

zeaxanthin)

Flavonoids Onion- Antioxidant and anti- | Associated with | MYB12 and  related
adjacent inflammatory reduced chronic | regulatory gene editing [10]
alliums, phytochemicals disease risk
leafy greens, (epidemiological)
tomato peel

Glucosinolates / | Broccoli, Chemoprotective Balance of | AOP2 allele

isothiocyanate cabbage, bioactivity upon | beneficial vs. less- | selection/editing to favour

precursors kale, Chinese | hydrolysis to | desirable glucoraphanin over
cabbage isothiocyanates glucosinolate progoitrin-derived
classes varies by | compounds [77]
genotype

3. Concept and Principles of Biofortification
Biofortification is best understood not as a single technique but as a family of strategies unified by a common
objective: increasing the density of bioavailable nutrients in the edible portion of a crop as it is normally grown
and consumed, rather than adding nutrients after harvest [83,84]. Four broad strategic categories can be

distinguished.

Agronomic biofortification increases nutrient concentration through soil or foliar application of mineral fertilisers,
exploiting the plant’s existing physiological capacity for nutrient uptake and translocation rather than altering its
genotype [32,38]. This approach is agronomically flexible and can be deployed rapidly on existing cultivars, but
its effectiveness depends on soil chemistry, application timing, and the crop’s innate uptake efficiency, and it must
generally be repeated each growing season [32].
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Conventional (genetic) biofortification exploits naturally occurring genetic variation for nutrient accumulation
within a crop’s germplasm pool, using phenotypic selection or, increasingly, marker-assisted selection to combine
favourable alleles into elite backgrounds [61,65]. Because it works within the existing gene pool of the crop and
its sexually compatible relatives, conventional biofortification avoids the regulatory classification applied to
transgenic crops in most jurisdictions, but it is constrained by the extent of naturally occurring variation and by
linkage drag from wild donor parents [23,66].

Molecular breeding extends conventional breeding by using DNA markers linked to quantitative trait loci or
candidate genes to accelerate selection, and by incorporating genomic selection models that estimate breeding
values from genome-wide marker data rather than single markers [61]. This approach has been particularly
important for polygenic nutritional traits, such as fruit mineral content in tomato, for which no single gene of
major effect is available [65].

Biotechnological biofortification encompasses transgenic approaches, in which one or more genes — often from
a different species — are introduced to reconstitute or amplify a biosynthetic pathway, and genome editing
approaches, in which the crop’s own genome is modified directly, typically without the stable introduction of
foreign DNA once the editing reagents have segregated away [1,4]. Transgenic biofortification has produced
landmark successes, most notably Golden Rice, but faces variable regulatory pathways and consumer acceptance
across markets [87,88,89]. Genome editing, by contrast, is capable of achieving equivalent or related outcomes
gene knockout, promoter modification, base substitution, or precise sequence replacement while in many cases
avoiding the introduction of transgenic DNA into the final product, a distinction that has already begun to
influence how several jurisdictions regulate the resulting crops [72,74,75].

These four strategic categories are not mutually exclusive. In practice, the most advanced biofortification
programmes combine agronomic management with a genetic background pre-improved by conventional or
molecular breeding, and increasingly layer genome editing onto elite, agronomically adapted cultivars rather than
treating editing as a stand-alone breeding method. The remainder of this review considers each approach in turn
as it applies specifically to vegetable crops.

Biotechnological Pipeline for Biofortification of Vegetable Crops

Genetic Germplasm Omics Candidate gene
diversity screening profiling identification

Genetic CRISPR/Cas Precision Nutrient-enhanced Improved human
engineering genome editing breeding vegetable crop nutrition

Dashed arrow: candidate genes and multi-omics data generated during precision breeding feed back into germplasm screening and molecular breeding.

Figure 1. Biotechnological Pipeline for Biofortification of Vegetable Crops.
The pipeline progresses from natural genetic diversity through germplasm screening and multi-omics profiling to
candidate gene identification, which feeds into molecular breeding, genetic engineering, and CRISPR/Cas genome
editing. These converge in precision breeding programmes that generate nutrient-enhanced vegetable crops,
ultimately supporting improved human nutrition. The dashed feedback arrow indicates that candidate genes and
multi-omics data generated during precision breeding cycles are recursively used to inform subsequent rounds of
germplasm screening and molecular breeding, making the pipeline iterative rather than strictly linear.
4. Conventional and Agronomic Approaches to Vegetable Biofortification
Agronomic biofortification remains the most immediately actionable strategy for vegetable nutrient enhancement
because it requires no change to the crop genotype and can, in principle, be applied to any existing cultivar. Soil
fertilisation with micronutrient-enriched formulations and foliar spraying of mineral solutions have both been
used to increase selenium, zinc, and iodine concentrations in leafy vegetables, and foliar application is generally
more efficient than soil application for elements such as selenium and zinc because it bypasses soil fixation
reactions that reduce root uptake [32,38,39]. In lettuce, foliar selenium application at defined concentrations has
been shown to substantially increase tissue selenium content without compromising yield [30]. Similarly, calcium
biofortification of soilless “baby leaf” vegetable production systems has demonstrated that nutrient solution
composition can be tuned to increase both calcium concentration and its bioaccessible fraction [79].
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Genetic variability within existing germplasm collections provides the raw material for conventional breeding-
based biofortification. Systematic germplasm screening across wild relatives, landraces, and breeding lines has
repeatedly revealed far greater natural variation in mineral and vitamin content than is expressed in modern
commercial cultivars, a pattern documented in tomato fruit mineral content [65,66], carrot carotenoid content
[22,23], and Brassica shoot calcium and magnesium concentration [78]. This variation provides breeders with
donor sources for introgression into elite backgrounds, although the process is often complicated by the polygenic
nature of nutrient accumulation traits and by unfavourable linkage between nutrient content and undesirable
agronomic characteristics inherited from wild donors.

Marker-assisted selection (MAS) addresses the inefficiency of purely phenotypic selection for nutrient traits,
which are typically laborious and expensive to measure directly and are strongly influenced by environment. By
identifying molecular markers tightly linked to quantitative trait loci or candidate genes governing nutrient
accumulation, MAS allows breeders to select at the seedling stage without waiting for mature fruit or root
phenotypes [61,62]. In tomato, dense genetic maps and an increasing catalogue of QTLs for fruit mineral content,
carotenoid accumulation, and related quality traits have made MAS a practical tool for pyramiding favourable
alleles from multiple sources [65,66,67]. Comparable resources have been developed for pepper, eggplant, and
other Solanaceous vegetables, and a systematic review of genomics-assisted vegetable improvement across
tomato, pepper, eggplant, lettuce, spinach, cucumber, and chicory has documented the progressively increasing
density of genetic maps and markers available for MAS across this crop group [61].

The principal advantages of conventional and agronomic biofortification are regulatory simplicity, immediate
deployability, and broad consumer acceptance, since no novel genetic material is introduced. Their principal
limitations are the constraints imposed by existing natural variation, the transience of agronomic interventions
that must be repeated each season, and the frequent trade-offs between nutrient accumulation and yield or other
agronomic traits that emerge when nutrient-dense donor alleles are introgressed from wild or unadapted
germplasm.

5. Plant Tissue Culture and Micropropagation in Biofortification

Plant tissue culture technologies contribute to vegetable biofortification through several complementary
mechanisms that operate largely independently of, but can be combined with, genetic modification. In vitro cell,
callus, and organ culture systems allow the biosynthesis of secondary metabolites to be manipulated under
controlled physical and chemical conditions that are difficult to replicate in the field, including precisely defined
light quality, elicitor exposure, and hormonal balance [68,69,71]. Because many of the phytochemicals of interest
in vegetable biofortification anthocyanins, flavonoids, and other polyphenols among them are synthesised via
inducible secondary metabolic pathways, elicitation strategies applied to cell or organ cultures can substantially
increase their accumulation relative to field-grown tissue, a principle well established for medicinal and
horticultural plant systems [68,71].

In vitro selection exploits the capacity to screen large populations of somatic cells or regenerated plantlets for
altered metabolite profiles under culture conditions that would be impractical to apply at the whole-plant, field
scale. Somaclonal variation the heritable genetic and epigenetic variation that arises spontaneously during tissue
culture and regeneration, particularly following extended callus phases provides an additional, non-transgenic
source of novel variation that has historically been exploited for stress tolerance and quality traits and remains a
candidate route for generating novel nutrient-accumulation phenotypes, though its unpredictability limits its use
as a targeted biofortification strategy compared with genome editing [70].

Micropropagation itself does not directly alter nutrient content, but it plays a supporting role in biofortification
programmes by enabling the rapid, genetically uniform multiplication of nutrient-enhanced lines developed
through breeding, mutagenesis, transgenic, or genome-editing approaches, and by providing the regeneration step
that is a prerequisite for the recovery of edited or transformed plants from transformed cells or protoplasts in
species such as potato, pepper, and eggplant [12,15,45]. The efficiency of regeneration protocols is frequently a
limiting step in the application of genetic engineering and genome editing to vegetable crops, particularly in
species recalcitrant to tissue culture such as many pepper genotypes, and continued optimisation of tissue culture
protocols therefore remains directly relevant to the pace at which biotechnological biofortification can be extended
across vegetable taxa [45,46].

6. Genetic Engineering and Transgenic Approaches

Transgenic approaches to biofortification introduce one or more genes sourced from the same species, a related
species, a microorganism, or a distantly related plant to reconstitute a missing biosynthetic pathway, amplify a
rate-limiting step, or suppress a competing or degradative pathway. Agrobacterium-mediated transformation
remains the predominant method for stable gene transfer into vegetable crops, owing to its comparatively precise,
low-copy-number integration relative to particle bombardment, and it underlies the majority of documented
vegetable biofortification transgenics [11,14].

The most widely cited proof of concept for pathway-level transgenic biofortification is Golden Rice, in which the
provitamin A biosynthetic pathway absent from rice endosperm was reconstituted through the introduction of
phytoene synthase and carotene desaturase genes, enabling f-carotene accumulation in a tissue that does not
naturally synthesise it [89,90]. Although Golden Rice targets a cereal rather than a vegetable, the underlying
principle pathway reconstitution through the introduction of rate-limiting enzymes has been directly extended to
vegetable crops. In tomato fruit, fruit-specific overexpression of GTP cyclohydrolase I, the first committed
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enzyme of the pteridine branch of folate biosynthesis, increased fruit pteridine content by up to 140-fold and folate
content approximately two-fold, and subsequent combination with overexpression of aminodeoxychorismate
synthase which supplies the complementary para - aminobenzoate precursor raised folate content up to 25-fold
relative to controls [25,26,27]. Comparable transgenic folate engineering strategies have since been extended to
common bean seed, where seed-specific overexpression of Arabidopsis GTP cyclohydrolase I increased pteridine
levels up to 150-fold and folate levels approximately three-fold [29], and to biofortified rice, in which combined
engineering of the pteridine and para-aminobenzoate branches has been used to increase folate stability during
storage as well as concentration at harvest [28].

Carotenoid transgenics in vegetable crops have similarly targeted specific enzymatic steps in the pathway.
Overexpression or heterologous expression of lycopene B-cyclase and related carotenogenic genes has been used
to shift the balance between lycopene and downstream f-carotene in tomato and other fruit crops, while transgenic
manipulation of anthocyanin regulatory transcription factors, such as the maize Delila and Roseal genes expressed
in tomato, has been used to activate anthocyanin biosynthesis in a species that does not normally accumulate
anthocyanins in ripe fruit [67]. Comparable transgenic strategies have also been applied to potato, where
overexpression of genes operating in the phenylpropanoid, ascorbic acid, carotenoid, and steroidal glycoalkaloid
biosynthetic pathways has been used to increase tuber anthocyanin, vitamin, and carotenoid content while
modulating the accumulation of glycoalkaloid antinutrients [12].

The primary benefit of transgenic biofortification is its capacity to introduce entirely novel biosynthetic capacity
reconstituting pathways absent from the target tissue rather than merely amplifying existing flux a feat that neither
conventional breeding nor most forms of genome editing can achieve, since editing can only modify sequences
already present in the genome. This capability comes with corresponding limitations: transgenic crops are subject
to case-by-case biosafety assessment and, in many jurisdictions, distinct regulatory pathways from conventionally
bred or genome-edited crops, and public acceptance of transgenic vegetable products has historically lagged
behind that of edited or conventionally bred alternatives in several major markets [72,74,84]. Nevertheless,
decades of accumulated safety assessment of transgenic crops already in commercial production, together with
the demonstrated nutritional impact of programmes such as Golden Rice, support the continued relevance of
transgenic approaches for biofortification targets such as pathway reconstitution that cannot currently be achieved
through gene editing of the native genome alone [84,87].

7. Metabolic Engineering for Nutrient Enhancement

Metabolic engineering for biofortification targets the enzymatic steps that limit flux through a nutrient
biosynthetic pathway, using knowledge of pathway structure and regulation to identify the intervention points
most likely to increase end-product accumulation without disrupting essential plant physiology.

Carotenoid biosynthesis proceeds through the isoprenoid pathway, in which geranylgeranyl diphosphate is
condensed by phytoene synthase to form phytoene, which is subsequently desaturated and isomerised to lycopene
before branching toward a-carotene and lutein on one side and B-carotene, zeaxanthin, and violaxanthin on the
other, with lycopene B-cyclase and lycopene e-cyclase governing the branch point [5,21]. Because lycopene itself
has no provitamin A activity while B-carotene does, engineering interventions that redirect flux away from the -
cyclase branch and toward the B-cyclase branch, or that knock down downstream conversion of lycopene entirely
to favour its own accumulation as an antioxidant, represent two distinct and sometimes competing biofortification
objectives depending on whether the goal is provitamin A enhancement or lycopene enrichment [5,20].
Anthocyanin biosynthesis is a branch of the broader phenylpropanoid and flavonoid pathway, in which chalcone
synthase, flavanone 3-hydroxylase, dihydroflavonol 4-reductase (DFR), and anthocyanidin synthase act
sequentially to produce anthocyanidins that are subsequently glycosylated and stabilised, with the entire pathway
under the transcriptional control of MYB, basic helix-loop-helix, and WD40 regulatory complexes [16,18,19]. In
many vegetable species, the structural genes of the anthocyanin pathway are present but transcriptionally silent in
commercial cultivars, so engineering or editing strategies frequently target the regulatory transcription factors
activating them to induce anthocyanin accumulation in tissues that do not normally pigment, or knocking them
out to test pathway function rather than the structural enzymes themselves [10,18,19].

Vitamin C (ascorbate) biosynthesis in plants proceeds predominantly through the Smirnoff-Wheeler, or L-
galactose, pathway, in which GDP-mannose is converted through GDP-L-galactose and L-galactose to L-
galactono-1,4-lactone before final oxidation to ascorbate, with GDP-mannose pyrophosphorylase, GDP-mannose
epimerase, and GDP-L-galactose phosphorylase representing key regulatory nodes [34]. Because ascorbate
metabolism intersects with sugar and starch metabolism at the level of shared precursors, metabolic engineering
interventions in this pathway must account for pleiotropic effects on fruit carbohydrate composition, a
consideration illustrated by studies showing that manipulation of pyrophosphate metabolism in tomato fruit alters
both ascorbate and starch content simultaneously [34].

Folate biosynthesis in plants is compartmentalised across the cytosol, plastid, and mitochondrion: the pteridine
moiety is synthesised in the cytosol beginning with GTP cyclohydrolase I, para-aminobenzoate is synthesised in
plastids from chorismate via aminodeoxychorismate synthase, and the two precursors are condensed and
glutamylated in the mitochondrion to yield the mature polyglutamylated folate pool [25,26,27]. Because the two
precursor branches are synthesised in different subcellular compartments and can each independently limit total
folate accumulation, effective metabolic engineering of folate content generally requires coordinated intervention
at both branches rather than amplification of a single step [26].
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Mineral uptake and transport is governed by families of membrane transporters, most extensively characterised
for zinc and iron. The ZIP (zinc-regulated transporter, iron-regulated transporter-like protein) family and the
NRAMP (natural resistance-associated macrophage protein) family mediate metal uptake from soil and
intracellular trafficking, while YSL (yellow stripe-like) transporters and nicotianamine-dependent chelation
systems govern long-distance translocation from root to shoot and, ultimately, to edible tissues [35,36,37].
Overexpression of specific ZIP family members under tissue-specific promoters has been explored as a route to
increasing zinc accumulation in edible tissues, although translocation to and sequestration within the specific
edible organ rather than uptake alone is frequently the rate-limiting step for mineral biofortification of vegetable
crops [34,37].

Antioxidant metabolism, encompassing the interlinked ascorbate—glutathione cycle, tocopherol biosynthesis, and
phenolic antioxidant pathways, is both a nutritional target in its own right and a modulator of the stability of other
biofortified traits, since oxidative degradation during storage and processing can substantially erode the nutritional
gains achieved at harvest [56,60]. Tocopherol biosynthesis, which converts homogentisate and phytyl diphosphate
into a-, B-, y-, and d-tocopherols via homogentisate phytyltransferase and subsequent methylation and cyclisation
steps, is constrained in vegetative tissue by the limited availability of phytyl diphosphate derived from chlorophyll
turnover, a constraint that has been directly addressed by engineering strategies that couple enhanced chlorophyll-
derived phytol release with tocopherol pathway overexpression [55,56,57].

Collectively, these pathway-level insights illustrate a recurring principle in biofortification metabolic engineering:
single-gene overexpression is often necessary but rarely sufficient to achieve substantial nutrient enhancement,
because plant metabolic networks are governed by multiple, distributed control points, feedback regulation, and
cross-pathway competition for shared precursors. The most successful metabolic engineering studies in vegetable
biofortification, from tomato folate biofortification to lettuce carotenoid and ascorbate enhancement, have
generally combined interventions at two or more pathway steps, or paired pathway engineering with storage or
stability improvements, to achieve nutritionally meaningful increases in end-product accumulation [17,25,26].

Metabolic Engineering of Nutritional and Bioactive Compounds in Vegetable Crops

- Metabolic conversion  [gene] Editing / engineering intervention point

Lycopene

Phytoene

Central precursors
Pteridine {GGPP, chorismate,

(cytosol} GDP-mannose, Phe) GDP-L-galactose

GME / GGP)

p-aminobenzoate L-galactono-1,4-
(plastid) lactone

DHFS / FPGS)
[cHs /F3H] Ascorbate

{mitochondrion) (Vitamin C)

[DFR / ANS| INAS / VI’

Dihydrofiavonols Anthocyanins Bsot uptake

Regulated

Y8-bHLH-WD40
lex

Figure 2. Metabolic Engineering of Nutritional and Bioactive Compounds in Vegetable Crops. Central
isoprenoid, shikimate, and sugar-nucleotide precursors feed five nutritionally important branch pathways: the
carotenoid pathway (phytoene — lycopene — a-carotene/lutein or B-carotene/zeaxanthin, provitamin A), the
ascorbate (vitamin C) pathway via GDP-L-galactose, the folate pathway spanning the cytosol, plastid, and
mitochondrion, the anthocyanin branch of the phenylpropanoid/flavonoid pathway regulated by the MYB—
bHLH-WDA40 transcriptional complex, and mineral (Fe, Zn) uptake and translocation via ZIP/NRAMP and
Y SL/ferritin transporter systems. Boxed gene names in purple and red indicate documented genetic engineering
or genome-editing intervention points discussed in the text (e.g., PSY1, PDS/CRTISO, LCY-¢, LCY-B,
GME/GGP, GPP, GLDH, GCHI, ADCS, DFR/ANS, NAS/VIT).

8. Molecular Breeding and Marker-Assisted Biofortification

Molecular breeding for nutritional traits in vegetable crops relies on the identification of DNA markers linked to
the genomic regions controlling nutrient accumulation, followed by their deployment in marker-assisted selection
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or genomic selection schemes. Quantitative trait locus (QTL) mapping using biparental populations including
recombinant inbred lines, backcross populations, and near-isogenic lines has been the primary tool for dissecting
the genetic architecture of nutrient traits in tomato, pepper, carrot, and pea. In tomato, QTL mapping of
interspecific populations derived from crosses with wild relatives such as Solanum pimpinellifolium has identified
multiple loci controlling fruit mineral content, several of which are flanked by co-dominant markers suitable for
marker-assisted breeding [65,66]. Comparable QTL mapping efforts in carrot have resolved loci controlling root
colour and carotenoid content that underlie the classic transition from white or yellow to orange, high-carotenoid
carrot germplasm [22,23], while QTL analyses in pea have identified numerous loci governing seed mineral
concentration and content, providing markers for mineral biofortification in a crop where seed mineral variation
has been comparatively understudied [67].
Marker-assisted selection has a particularly long history in tomato breeding, where dense genetic maps and, more
recently, whole-genome resequencing of large germplasm panels have enabled the fine mapping and, in several
cases, positional cloning of genes underlying fruit weight, quality, and composition traits [61,62,64]. The
systematic characterisation of metabolite diversity across large tomato collections sometimes described as
“rewiring the fruit metabolome” through comparative analysis of cultivated and wild accessions has additionally
revealed that modern breeding for yield and shelf life has inadvertently eroded some favourable metabolite alleles
present in wild and landrace germplasm, providing both a cautionary lesson and a roadmap for reintroducing these
alleles through marker-assisted introgression [63,64].
Genomic selection, which estimates breeding values from genome-wide marker data rather than from a small
number of markers linked to individual QTLs, has become increasingly relevant as multi-omics datasets
encompassing genomic, transcriptomic, proteomic, and metabolomic layers have expanded the pool of predictive
markers available for complex, polygenic nutritional traits [44,45]. Because most nutrient accumulation traits in
vegetable crops are quantitative and influenced by numerous loci of small effect, as well as by genotype-by-
environment interaction, genomic selection models that integrate multiple data layers are increasingly favoured
over single-marker or single-QTL approaches for traits such as fruit mineral content and carotenoid accumulation,
where genomics-with-metabolomics data combinations have been shown to improve prediction accuracy for
quality traits specifically [45].
Transcriptomics, proteomics, and metabolomics each contribute distinct and complementary information to
candidate gene discovery for biofortification. Transcriptomic profiling of contrasting genotypes such as high- and
low-anthocyanin non-heading Chinese cabbage lines has been used to identify differentially expressed regulatory
genes, including basic helix-loop-helix transcription factors, that subsequently serve as functionally validated
candidates for marker development or targeted editing [16,19]. Metabolomic profiling complements this approach
by directly quantifying the pathway end-products of interest, allowing metabolite quantitative trait loci to be
mapped alongside conventional agronomic QTLs and enabling the identification of loci that affect metabolite
composition independently of visible phenotype [44,63]. The integration of these multiple omics layers into a
single analytical framework multi-omics integration is discussed further in Section 12, but its foundational role in
molecular breeding for biofortification, particularly in narrowing large QTL intervals to a small number of testable
candidate genes prior to functional validation by transgenic or genome-editing approaches, warrants emphasis
here as a bridge between conventional molecular breeding and precision genome editing.

Table 2. Biotechnological Approaches for Biofortification of Vegetable Crops

Suitable | Major
vegetabl | advantage Representati
Approach Principle | Target trait ecrops | s Major limitations | ve evidence
Agronomic | Exogenous | Zn, Se, I, Ca | Lettuce, | Rapid Must be repeated | [30,32,38,39,
biofortificat | mineral concentration broccoli, | deploymen | each season; | 79]
ion application leafy t on | efficacy depends
(soil/foliar exploiting Brassica | existing on soil chemistry
application) | existing ,tomato | cultivars; and timing; limited
plant no genetic | to elements
uptake change; amenable to
physiology broad foliar/soil delivery
regulatory
and
consumer
acceptance
Convention | Phenotypi | Mineral and | Tomato, | Avoids Limited by extent | [23,65,66,78]
al breeding / | ¢ selection | vitamin content, | carrot, GMO of natural
germplasm | on natural | carotenoid/anth | Brassica | regulatory | variation; linkage
screening genetic ocyanin profile | vegetabl | classificati | drag from wild
variation es, on; broad | donors; slow multi-
pepper consumer | generation process
acceptance
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Suitable | Major
vegetabl | advantage Representati
Approach Principle | Target trait ecrops | s Major limitations | ve evidence
Marker- DNA Polygenic Tomato, | Accelerate | Requires pre- | [61,65,67]
assisted markers nutrient and | pepper, | s selection; | existing marker—
selection linked to | quality traits carrot, enables trait associations;
(MAS) /| QTLs/can pea early-stage | genomic selection
genomic didate (seedling) | needs large training
selection genes screening; | populations
guide combinabl
selection e with all
other
approaches
Plant tissue | Controlled | Anthocyanins, Broad Enables Metabolite yields | [68,69,71]
culture / in | culture flavonoids, applicab | biosynthesi | can be variable;
vitro conditions | other ility s under | scale-up to whole-
elicitation and phytochemicals | across standardise | plant nutrition not
elicitors vegetabl | d, scalable | always
induce e taxa conditions; | straightforward
secondary compleme
metabolite nts genetic
pathways approaches
Transgenic / | Introductio | Folate, Tomato, | Can Case-by-case [12,25,26,29,
metabolic n or | provitamin A, | potato, introduce biosafety 67,89]
engineering | overexpres | ascorbate, common | entirely regulation; variable
sion of | anthocyanin, bean novel consumer
pathway tocopherol biosyntheti | acceptance; long
gene(s), pathways ¢ capacity; | product-
often large development
reconstitut nutrient timelines
ing an increases
absent achievable
pathway (e.g., up to
~25-fold
folate)
CRISPR/Ca | Site- Antinutrient Tomato, | Precise; Off-target risk | [1,5,6,12,14]
s nuclease | specific reduction potato, can be | requires validation;
editing double- (SGAs, PPO), | eggplant | transgene- | regeneration/transf
(knockout/k | strand pathway gene | , pepper, | free (RNP | ormation
nock-in) break and | knockout lettuce delivery); | efficiency varies by
repair rapid species
disrupts or relative to
replaces convention
target al breeding
sequence
Base editing | Deaminase | Precise  allele | Tomato | Avoids Narrower range of | [7,50,51,54]
-mediated | installation/corr DSB- editable outcomes
single- ection in associated | than nuclease or
base pathway unpredicta | prime editing;
conversion | regulators bility; sequence-context
without enables dependent
double- precise efficiency
strand allele
breaks engineerin
g
Prime Nickase— Any base | Emergin | Broadest Currently  lower | [49,52,53]
editing reverse substitution or | g across | editing and more variable
transcripta | small indel at | major precision; efficiency in plants
se fusion | defined loci crops, no DSB or | than base/nuclease
installs includin | donor editing
defined g template
required
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Suitable | Major
vegetabl | advantage Representati
Approach Principle | Target trait ecrops | s Major limitations | ve evidence
edits via vegetabl
pegRNA es
Multiplex Simultane | Pathway-level Tomato, | Addresses | Increased design | [5,6,17]
genome ous redirection lettuce polygenic | and off-target-
editing targeting (e.g., pathway screening
of multiple | carotenoid, traits in a | complexity = with
genes/sites | GABA single more simultaneous
in one | pathways) transforma | targets
event tion event
Multi- Integration | Candidate gene | Tomato, | Narrows Requires [19,44,46,47]
omics- of identification Brassica | QTL substantial data
guided genomic, for downstream | vegetabl | intervals to | generation and
candidate transcripto | editing/breedin | es testable bioinformatic
discovery mic, g candidates; | infrastructure
proteomic, captures
metabolo post-
mic data transcriptio
nal
regulation
Nanotechno | Engineere | Zn, Fe, Se | Broccoli | Potentially | Long-term [40,41,43]
logy- d concentration microgre | improved environmental and
enabled nanoscale ens, nutrient- food-safety
nutrient carriers for leafy use evaluation still
delivery controlled vegetabl | efficiency | maturing; uptake
nutrient es and mechanisms  not
release/upt reduced fully characterised
ake input
losses

9. CRISPR/Cas and Genome Editing

CRISPR/Cas-based genome editing has, within roughly a decade, become the dominant technology platform for
precision modification of plant genomes, and its application to nutrient enrichment in crops including vegetable
crops has expanded rapidly as transformation and regeneration protocols have matured across an increasing
number of species [1,4,52]. The core CRISPR/Cas9 system uses a single guide RNA to direct the Cas9 nuclease
to a complementary genomic sequence adjacent to a protospacer-adjacent motif, generating a site-specific double-
strand break that is repaired predominantly by error-prone non-homologous end joining, producing small
insertions or deletions that frequently disrupt gene function, or, less efficiently, by homology-directed repair when
a donor template is supplied [4,52]. This basic architecture has been extended in several directions relevant to
biofortification.

CRISPR/Casi2a (formerly Cpfl) recognises a distinct protospacer-adjacent motif and generates staggered rather
than blunt double-strand breaks, properties that have made it a useful complement to Cas9 for multiplex editing
and for applications in species or sequence contexts where Cas9 target site availability is limiting; Cas12a-based
multiplex editing has already been used to generate field-tested, agronomically improved genome-edited rice
lines, illustrating the platform’s readiness for deployment at scale [1,3]. CRISPR/Casi3 systems target RNA rather
than DNA and have found application in multiplexed viral interference in crops such as potato, offering a route
to indirectly protecting nutrient-related traits from pathogen-induced losses rather than directly editing nutrient
biosynthesis genes [3].

Base editing couples a catalytically impaired Cas9 nickase to a cytidine or adenine deaminase, enabling the direct,
irreversible conversion of one base pair to another at a target site without generating a double-strand break, and
therefore without relying on the error-prone repair pathways that produce variable indel outcomes [50,51,54].
Because base editing can install or correct single-nucleotide substitutions with high precision, it is particularly
well suited to introducing specific, previously characterised beneficial alleles for example, alleles identified
through QTL mapping or association studies directly into elite backgrounds, and it has already been used to
modify carotenoid pathway regulatory genes in tomato through targeted base substitutions [7]. Prime editing
extends this precision further by using a fusion of a Cas9 nickase and a reverse transcriptase, guided by a prime
editing guide RNA (pegRNA) that both specifies the target site and encodes the desired edit, to achieve “search-
and-replace” editing capable of installing any base substitution as well as small insertions and deletions without
requiring a double-strand break or donor repair template [49,52,53]. Prime editing in plants has historically been
constrained by comparatively low and variable efficiency relative to base editing and conventional CRISPR/Cas9
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nuclease editing, and a substantial share of ongoing methodological research is directed at improving pegRNA
design, prime editor architecture, and delivery to raise editing efficiency to levels compatible with routine crop
breeding use [49,52].

Gene knockout remains the most straightforward and widely deployed CRISPR/Cas application in vegetable
biofortification, exploiting the fact that many antinutritional or undesirable metabolic branches can be eliminated
by disrupting a single structural gene. Examples directly relevant to vegetable nutritional quality include the
knockout of polyphenol oxidase genes in eggplant to reduce enzymatic browning [14], and the knockout of
steroidal glycoalkaloid pathway genes in potato to reduce the accumulation of toxic secondary metabolites in
tubers [12]. Gene activation, using catalytically dead Cas9 fused to transcriptional activator domains (CRISPR
activation, or CRISPRa), offers a complementary route to up-regulating endogenous biosynthetic genes without
altering their coding sequence, a strategy of particular relevance to pathways such as anthocyanin biosynthesis in
which the structural genes are frequently present but transcriptionally silent in commercial cultivars [18,19].
Promoter editing, in which CRISPR/Cas9 is used to introduce indels or targeted modifications within cis-
regulatory elements rather than coding sequences, provides a means of fine-tuning gene expression level rather
than producing a binary knockout, an approach that has been used to generate a continuous range of fruit size and
inflorescence architecture phenotypes in tomato through editing of cis-regulatory regions upstream of quantitative
trait genes, and that is conceptually well suited to tuning, rather than switching off, nutrient biosynthetic gene
expression [8].

Multiplex genome editing, in which multiple guide RNAs are delivered simultaneously to target several genes or
several sites within a single gene in one transformation event, has proven essential for manipulating polygenic
and pathway-level nutritional traits, since single-gene edits are frequently insufficient to produce nutritionally
meaningful shifts in complex biosynthetic pathways. The multiplex editing of five carotenoid pathway genes in
tomato to redirect metabolic flux toward lycopene accumulation, achieving an approximately 5.1-fold increase in
fruit lycopene content, exemplifies the pathway-level precision achievable through multiplexed CRISPR/Cas9
approaches that would be difficult to replicate through sequential single-gene transformation [5]. Multiplex editing
of independent genes within the GABA shunt pathway has similarly been used to increase y-aminobutyric acid
accumulation in tomato fruit, illustrating the applicability of the same multiplexing principle to a distinct
metabolic pathway of nutritional interest [6].

Together, these tools nuclease-based knockout, base editing, prime editing, transcriptional activation, promoter
editing, and multiplexing constitute a modular toolkit that can be matched to the specific molecular architecture
of a given nutritional trait: simple antinutrient elimination is generally well served by straightforward knockout,
fine-tuning of pathway flux is increasingly addressed through promoter editing or base editing, and complex,
multi-gene pathway redirection is addressed through multiplexed approaches, often deployed in combination.

CRISPR-Based Precision Biofortification of Vegetable Crops

1. Target gene / pathway identification

2. sgRNA design & specificity screening

3. CRISPR/Cas delivery (Agrobacterium,
protoplast RNP, or particle bombardment)
diting

outcome
v

Gene knockout
(NHE])

5. Molecular validation
(target-site sequencing, off-target screening)

6. Phenotypic & nutritional validation
{metabolite quantification, agronomic evaluation)

Biofortified vegetable crop

Figure 3. CRISPR-Based Precision Biofortification of Vegetable Crops. The workflow begins with
identification of a target gene or pathway and progresses through sgRNA design and specificity screening,
delivery of CRISPR/Cas reagents (via Agrobacterium-mediated transformation, protoplast ribonucleoprotein
delivery, or particle bombardment), and generation of one of several editing outcomes gene knockout via non-
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homologous end joining, base editing or transcriptional activation, or prime editing for precise sequence
replacement. All editing outcomes converge on molecular validation (target-site sequencing and off-target
screening) followed by phenotypic and nutritional validation (metabolite quantification and agronomic
evaluation), culminating in a validated biofortified vegetable crop.

10. Precision Genome Editing of Vegetable Crops

This section reviews documented CRISPR/Cas and related genome-editing applications with direct relevance to
nutritional or quality traits across the major vegetable crops in which such editing has been reported. Table 3
summarises representative examples in tabular form; the narrative below expands on the biological context and
significance of selected cases.

Tomato (Solanum lycopersicum). Tomato is the most extensively genome-edited vegetable crop, reflecting its
efficient transformation and regeneration protocols, well-annotated reference genome, and status as a model
species for fleshy fruit biology. Multiplex CRISPR/Cas9 editing of five carotenoid pathway genes SGR1, LCY-
E, Ble, LCY-BI1, and LCY-B2 redirected carbon flux toward lycopene, increasing fruit lycopene content
approximately 5.1-fold while homozygous edits were stably transmitted across generations [5]. Targeted knockout
of the two GABA-transaminase and related genes in the GABA shunt pathway using CRISPR/Cas9 achieved
substantial increases in fruit y-aminobutyric acid content, a non-protein amino acid associated with
antihypertensive and neuromodulatory bioactivity [6]. Base editing of DE-ETIOLATEDI1 (SIDET1), DDBI, and
SICYC-B using a cytidine base editor produced graded increases in carotenoid, lycopene, and -carotene content
without inducing double-strand breaks, illustrating the precision achievable with base editing relative to
conventional nuclease-based knockout [7]. Editing of the carotenoid isomerase (CRTISO) and phytoene synthase
1 (PSY1) genes using geminiviral replicon-delivered CRISPR/Cas9 produced orange- and yellow-fruited tomato
lines by blocking distinct steps of the carotenoid pathway [9]. Editing of the MYB12 transcriptional regulator
produced pink-fruited tomato by reducing flavonoid accumulation in the fruit peel, altering the perceived colour
without directly manipulating the underlying carotenoid content [10]. TALEN- and CRISPR/Cas9-mediated
targeted insertion of a strong promoter upstream of the SIANTI1 anthocyanin regulatory gene activated
anthocyanin biosynthesis in tomato fruit, a species that does not naturally accumulate anthocyanins in ripe fruit
tissue, demonstrating promoter engineering as a route to activating a silent but structurally intact pathway [11].
More recently, CRISPR/Cas9-mediated homology-directed repair has been used to restore functional AN2-like
regulatory alleles at their native locus, directly reintroducing anthocyanin biosynthetic capacity lost during
domestication [16]. Genome editing has additionally been applied to tomato fruit weight and yield-associated cis-
regulatory regions, illustrating that the same multiplex, promoter-level editing principles developed for nutritional
traits are being applied concurrently to agronomic traits within the same crop [8].

Potato (Solanum tuberosum). Potato biofortification through genome editing has concentrated on reducing
antinutritional steroidal glycoalkaloids (SGAs) while, in parallel efforts, modifying carotenoid and pigment
pathways. CRISPR/Cas9 editing of the sterol side chain reductase 2 gene (StSSR2) reduced total tuber SGA
content, with the most strongly affected mutant lines showing SGA concentrations reduced to roughly half of
wild-type levels in peel tissue [12]. TALEN-mediated disruption of CYP88BI1 (also known as PGA3 or GAME4)
reduced SGAs to undetectable levels while correspondingly increasing the accumulation of non-toxic steroidal
saponins, illustrating that disruption of a shared branch-point enzyme can simultaneously reduce an antinutrient
and increase a related, potentially beneficial metabolite class. CRISPR/Cas9 knockout of phytoene desaturase
(PDS) in diploid potato, although primarily used as a visible marker for editing efficiency because it produces an
albino phenotype, has additionally revealed that PDS disruption triggers transcriptomic reorganisation extending
beyond the carotenoid pathway itself, a finding relevant to interpreting the pleiotropic consequences of carotenoid
pathway edits more broadly. RNP-mediated, DNA-free editing of the susceptibility gene StSR4 to confer
resistance to Phytophthora infestans illustrates a complementary strategy relevant to nutritional quality only
indirectly, by protecting tuber yield and quality from late blight-associated losses, but underscores the rapid
maturation of protoplast- and RNP-based, transgene-free editing platforms in potato that are equally applicable to
direct nutritional trait editing [12].

Carrot (Daucus carota). As the dietary vegetable most closely associated with provitamin A carotenoid intake,
carrot has been the subject of extensive QTL mapping of the loci controlling the transition from white or yellow
to high-carotenoid orange storage roots, including the Y and Y2 loci and DcLCYB1, whose overexpression or
silencing directly increases or decreases chlorophyll and carotenoid content in both leaves and storage roots
[20,21,22,23]. While direct, published CRISPR/Cas9 editing of carotenoid biosynthetic genes specifically in
carrot storage root remains comparatively less extensively documented than in tomato or lettuce, the detailed
characterisation of the underlying carotenogenic gene network including DcPARI1, a positive regulator of
phytoene synthase expression whose antisense suppression dramatically reduces carotenoid accumulation and
impairs taproot development has established clear, functionally validated candidate targets for future genome-
editing intervention, and the availability of a complete carrot reference genome and transcriptomic database
provides the infrastructure necessary to translate these candidates into edited germplasm [23,24].

Brassica vegetables (cabbage, kale, broccoli, Chinese cabbage, and relatives). Genome editing in Brassica
oleracea and Brassica rapa vegetables has focused predominantly on anthocyanin pathway genes controlling the
widely valued purple pigmentation of ornamental and culinary Brassica cultivars. Map-based cloning combined
with CRISPR/Cas9 editing identified BONA1 homologous to a dihydroflavonol-4-reductase-like gene as the
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causal gene underlying the no-anthocyanin-accumulation phenotype in certain curly kale varieties, with
independent loss-of-function mutations in BoNA1 confirmed across multiple naturally occurring green kale
accessions [18]. In non-heading Chinese cabbage, transcriptome-guided identification of the basic helix-loop-
helix transcription factor BcTT8 as a regulator of anthocyanin biosynthesis demonstrated that silencing BcTT8
substantially decreased total anthocyanin content and down-regulated downstream structural genes, while ectopic
overexpression in Arabidopsis produced the converse pigmentation phenotype, together validating BcTT8 as an
editing target for tuning anthocyanin content in leafy Brassica vegetables. Fine mapping of the R2ZR3-MYB
regulatory gene BrMYB2 as the determinant of the purple-head trait in Chinese cabbage has similarly established
a validated candidate for targeted activation or allele engineering [19]. Beyond anthocyanins, Brassica oleracea
harbours substantial natural variation in glucosinolate composition, including loss-of-function variation at AOP2
that determines the balance between health-promoting glucoraphanin and less desirable progoitrin-derived
compounds in broccoli, a variation pattern that has been explicitly proposed as a target for CRISPR/Cas9-based
manipulation to favour beneficial glucosinolate profiles [77].

Lettuce (Lactuca sativa). Lettuce has emerged as an increasingly tractable platform for genome editing of pigment
and vitamin traits, aided by its relevance to controlled-environment and plant-factory production systems where
nutritional traits can be evaluated under standardised conditions. CRISPR/Cas9 knockout of dihydroflavonol 4-
reductase (DFR) in red leaf lettuce produced a complete loss of anthocyanin accumulation and a visible shift from
red-purple to green leaf colour, accompanied by an increase in total flavonol content, without detectable growth
penalties, illustrating that pathway redirection rather than simple growth-compromising knockout can result from
targeted anthocyanin pathway editing [16]. In a more directly biofortification-oriented application, simultaneous
CRISPR/Cas9 editing of lycopene g-cyclase (LCY-¢), the ascorbate pathway genes uGGP1 and uGGP2, and the
carotenoid cleavage dioxygenase CCD4a has been used to increase provitamin A carotenoid, zeaxanthin, and
ascorbate content concurrently in lettuce, demonstrating that multiplexed editing across independent pathways
can be combined within a single leafy vegetable genotype to address several nutrient targets simultaneously [17].
Cucumber, eggplant, and pepper (Capsicum). Genome editing in these three Solanaceous and Cucurbitaceous
crops has progressed at differing rates, reflecting differences in transformation efficiency and genomic resources.
In eggplant (Solanum melongena), simultaneous CRISPR/Cas9 editing of three polyphenol oxidase genes
(SmelPPO4, SmelPPOS, and SmelPPO6) reduced enzymatic browning of cut fruit flesh, a quality trait with direct
relevance to the retention of polyphenolic antioxidant compounds that would otherwise be oxidatively degraded
following tissue damage, and deep sequencing confirmed the absence of detectable off-target mutation at
predicted potential off-target loci [14]. In pepper (Capsicum annuum), genome-wide identification of highly
specific CRISPR/Cas9 target sites in the reference genome has established the technical foundation for precision
editing across the genus, while ribonucleoprotein (RNP)-based, DNA-free editing of the CaMLO2 gene in both
hot and sweet pepper cultivars validated first in protoplasts before extension to whole-plant regeneration —
illustrates the maturation of transgene-free editing platforms applicable to future nutritional trait editing in this
historically recalcitrant crop [43,44]. CRISPR/Cas9 editing of phytoene desaturase (PDS) in chilli pepper, though
again used primarily as a visible marker of editing efficiency, confirms the functional tractability of the carotenoid
pathway to editing in Capsicum, a genus of substantial nutritional interest given its high native vitamin C and
carotenoid content [2]. Published, nutrition-specific genome editing in cucumber (Cucumis sativus) remains
comparatively limited relative to the other crops discussed here, reflecting the crop’s historically greater
transformation recalcitrance, though improvements in Agrobacterium-mediated transformation efficiency and the
increasing availability of high-quality reference genomes are expected to narrow this gap in coming years.
Across all crops reviewed in this section, several patterns recur. First, carotenoid and anthocyanin pathway genes
are disproportionately represented among documented editing targets, reflecting both the strong visual phenotype
associated with pigment pathway disruption which facilitates screening and the well-characterised, linear structure
of these pathways relative to more complex, multi-branch pathways such as mineral transport. Second, multiplex
editing of several pathway genes simultaneously is increasingly favoured over single-gene editing for nutritionally
meaningful trait shifts, consistent with the broader principle that nutrient accumulation is rarely governed by a
single rate-limiting step. Third, the transition toward RNP- and protoplast-based, transgene-free editing platforms
is progressing across nearly every vegetable crop discussed, driven by the regulatory and consumer-acceptance
advantages of avoiding stable transgene integration, even in species that remain comparatively difficult to
transform and regenerate.

Table 3. Genome Editing and Molecular Approaches for Nutritional Improvement in Vegetable Crops

Target

Target gene / | Editing / molecular | nutritional / Referenc
Crop pathway approach quality trait | Reported outcome e
Tomato SGR1, LCY-E, | Multiplex Lycopene ~5.1-fold increase in | [5]

Ble, LCY-BI1, | CRISPR/Cas9 enrichment fruit lycopene content

LCY-B2 knockout

(carotenoid

pathway)
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Target

Target gene / | Editing / molecular | nutritional / Referenc
Crop pathway approach quality trait | Reported outcome e
Tomato GABA  shunt | Multiplex GABA  (y- | Substantial increase | [6]
genes CRISPR/Cas9 aminobutyric | in fruit GABA content
targeted mutagenesis | acid)
accumulation
Tomato SIDET1, DDBI, | Cytidine base editing | Carotenoid, Graded increases in | [7]
SICYC-B (Target-AID) lycopene, p- | carotenoid and fB-
carotene carotene
content accumulation
Tomato CRTISO, PSY1 | Geminiviral replicon- | Fruit colour / | Orange- and yellow- | [9]
delivered carotenoid fruited lines via
CRISPR/Cas9 composition | distinct pathway
blocks
Tomato MYBI2 CRISPR/Cas9 Peel Pink-fruited [10]
knockout flavonoid phenotype via
content / fruit | reduced peel
colour flavonoids
Tomato SIANT1 TALEN/CRISPR/Cas | Anthocyanin | Anthocyanin [11]
9 promoter insertion biosynthesis accumulation induced
activation in normally non-
pigmented fruit
Tomato AN2-like CRISPR/Cas9 Restoration of | Functional allele | [16]
(S1AN2-like) homology-directed anthocyanin restored at native
repair biosynthesis locus,  reactivating
pathway
Potato StSSR2 CRISPR/Cas9 Reduction of | Tuber SGA content | [12]
(steroidal knockout antinutritional | reduced to ~54% of
glycoalkaloid glycoalkaloid | wild type in edited
pathway) s lines
Potato CYP88BI TALEN-mediated Antinutrient SGAs reduced to | [12]
(GAME4/PGA3 | disruption reduction; undetectable levels;
) saponin steroidal saponins
accumulation | accumulated
Potato Phytoene CRISPR/Cas9 Carotenoid Albino phenotype | [12]
desaturase knockout pathway confirming pathway
(PDS) functional disruption;  broader
validation transcriptomic
reorganisation
observed
Lettuce DFR CRISPR/Cas9 Anthocyanin/ | Loss of anthocyanin | [16]
(dihydroflavono | knockout flavonoid accumulation;
1 4-reductase) pathway increased total
redirection flavonol content; no
growth penalty
Lettuce LCY-¢, Multiplex Provitamin A, | Concurrent increases | [17]
uGGP1/uGGP2, | CRISPR/Cas9 editing | zeaxanthin, in provitamin A
CCD4a ascorbate carotenoid,
content zeaxanthin, and
ascorbate
Curly kale | BoNA1 (DFR- | Map-based  cloning | Anthocyanin | Loss-of-function [18]
(Brassica | like gene) validated by | accumulation | confirmed as cause of
oleracea) CRISPR/Cas9 no-anthocyanin
knockout (green) phenotype
Chinese BrMYB2 Fine  mapping /| Purple-head Regulatory allele | [19]
cabbage candidate gene | anthocyanin identified as
(Brassica validation pigmentation | determinant of
rapa) purple-head trait
Eggplant | SmelPPO4, Multiplex Reduced flesh | Reduced enzymatic | [14]
SmelPPOS5, CRISPR/Cas9 browning; browning of cut fruit
SmelPPO6 knockout
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Target
Target gene / | Editing / molecular | nutritional / Referenc
Crop pathway approach quality trait | Reported outcome e
(polyphenol polyphenol flesh; no detectable
oxidase) retention off-target mutations
Pepper CaMLO2 RNP-based Platform Differential  editing | [43,44]
(Capsicu CRISPR/Cas9 /| validation efficiency achieved
m Casl2a protoplast | (disease across hot and sweet
annuum) editing resistance- cultivars via DNA-
linked; free RNPs
extensible to
quality traits)
Chilli Phytoene CRISPR/Cas9 Carotenoid Confirmed genome | [2]
pepper desaturase knockout pathway editing tractability of
(Capsicu | (PDS) functional carotenoid pathway in
m validation Capsicum
annuum)
Carrot DcLCYBI, Overexpression /| Carotenoid Altered [23,24]
DcPARI antisense  silencing | and carotenoid/chlorophyl
(candidate validation) | chlorophyll 1 levels confirm
accumulation | functional roles;
in root and | validated targets for
leaf future editing

11. Biofortification of Specific Nutrients and Bioactive Compounds

11.1 Iron. Iron biofortification of vegetable crops is constrained less by the plant’s capacity to accumulate iron
than by the bioavailability of that iron to human consumers, since plant iron is predominantly non-haem iron
whose absorption is strongly inhibited by co-occurring phytate and, to a lesser extent, polyphenols [33,38].
Biotechnological strategies have therefore pursued two complementary objectives: increasing iron concentration
in edible tissue through enhanced uptake and translocation, chiefly by modulating ZIP, NRAMP, and YSL
transporter gene expression [35,36,37], and increasing iron bioavailability by reducing phytate content or by
increasing the concentration of promoter compounds such as ascorbate that enhance non-haem iron absorption
when co-consumed [33]. The dual dependence of iron nutrition on both plant-side accumulation and diet-level
bioavailability underscores why iron biofortification strategies are most effective when combined with parallel
enhancement of ascorbate or other bioavailability-enhancing compounds within the same crop.

11.2 Zinc. Zinc biofortification has benefited from a more mature mechanistic understanding of transport genetics
than most other minerals, owing largely to research originally conducted in cereal crops such as wheat, where ZIP
family transporters and nicotianamine synthase have been directly linked to grain zinc accumulation [35,38].
Transloctation of this knowledge to vegetable crops has been slower, but the conserved nature of the ZIP
transporter family across plant taxa provides a strong rationale for targeted overexpression or promoter editing of
vegetable orthologues, particularly in leafy and root vegetables where zinc bioaccessibility is less constrained by
phytate than in cereal grain [36,37].

11.3 Selenium. Because selenium is not an essential plant nutrient, its accumulation in vegetable tissue is
governed largely by non-specific uptake through sulfate transporters, given selenate’s chemical similarity to
sulfate, followed by assimilation into selenocysteine and selenomethionine or, in Brassica species specifically,
further metabolism into organoselenium compounds such as selenoglucosinolates [30,81]. This mechanistic
dependence on sulfate transport pathways explains why selenium biofortification has proven more tractable
through agronomic foliar or soil application than through genetic engineering, and why Brassica vegetables with
their capacity to further metabolise selenium into bioactive organoselenium derivatives have received particular
research attention as selenium biofortification targets [39,81,82].

11.4 Provitamin A and Carotenoids. Provitamin A biofortification targets the accumulation of a-carotene, -
carotene, and fB-cryptoxanthin, the carotenoids capable of enzymatic conversion to retinol in humans, and requires
either increasing total carotenoid flux through the pathway or redirecting existing flux away from non-provitamin
A carotenoids such as lutein and toward the B-carotene branch via lycopene B-cyclase activity [20,21]. Carrot,
orange-fleshed tomato, and orange or red pepper cultivars represent the vegetable crops with the greatest natural
variation and the most extensively characterised carotenogenic gene networks for this purpose, and the CRISPR-
based editing successes documented in tomato and lettuce in Section 10 illustrate the pathway’s tractability to
both multiplex knockout and base-editing approaches [5,7,17].

11.5 Vitamin C. Ascorbate biofortification proceeds through manipulation of the L-galactose pathway, most
commonly by overexpressing GDP-mannose pyrophosphorylase, GDP-L-galactose phosphorylase, or related
enzymes to increase precursor flux, or, as demonstrated in lettuce, by editing the uGGP genes directly via
CRISPR/Cas9 [17,34]. Because ascorbate also functions as a central redox buffer in plant stress physiology,
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ascorbate biofortification strategies must be evaluated not only for nutritional impact but for potential effects on
the plant’s own stress tolerance and yield stability.

11.6 Vitamin E. Vitamin E biofortification of vegetable tissue is constrained by the limited availability of phytyl
diphosphate, the isoprenoid side-chain precursor for tocopherol synthesis, which in green tissue is derived
predominantly from chlorophyll turnover rather than de novo isoprenoid synthesis [55,56]. Strategies that couple
enhanced phytol release from chlorophyll degradation with overexpression of homogentisate phytyltransferase
and downstream tocopherol cyclase and methyltransferase genes have achieved substantial increases in leaf
tocopherol content in model systems, establishing a template for extension to leafy vegetable crops where
tocopherol content is not naturally maximised [55,56,57,58].

11.7 Folate. As detailed in Section 7, folate biofortification requires coordinated engineering of both the pteridine
and para-aminobenzoate biosynthetic branches, since amplification of either branch alone typically produces a
smaller folate increase than combined engineering of both, as demonstrated in transgenic tomato and common
bean [25,26,29]. Beyond transgenic pathway engineering, natural genetic variation for folate retention for
example, reduced y-glutamyl hydrolase activity associated with elevated folate levels in certain tomato accessions
offers a conventional breeding-compatible route to folate biofortification that avoids the regulatory classification
of transgenic approaches.

11.8 Anthocyanins and Other Polyphenols. Anthocyanin biofortification has advanced further through genome
editing than perhaps any other bioactive compound class reviewed in this article, owing to the strong, easily
screened visual phenotype associated with pathway activation or disruption and the relatively well-conserved
MYB-bHLH-WD40 regulatory architecture across vegetable taxa [10,16,18,19]. This regulatory conservation
means that transcription factor targets validated in one Brassica or Solanaceous species frequently provide a
template for homologous targeting in related crops, accelerating the pace at which anthocyanin biofortification
can be extended across vegetable taxa relative to nutrients governed by more taxonomically divergent biosynthetic
machinery.

11.9 Other Health-Promoting Phytochemicals. Glucosinolates in Brassica vegetables, flavonoids across nearly
all vegetable taxa, and carotenoid-derived apocarotenoid signalling compounds represent additional bioactive
compound classes with documented or proposed genome-editing targets, including AAOP2-mediated
glucosinolate profile modification in broccoli and CCD4a-mediated carotenoid cleavage modulation in lettuce
[17,77]. The nutritional and health relevance of these compounds, combined with their frequently well-defined
single- or few-gene genetic control, positions them as promising near-term targets for continued precision
breeding effort, even where their contribution to human health remains, in several cases, better established through
epidemiological association than through mechanistic dose-response evidence.

12. Role of Omics Technologies and Systems Biology

The accelerating pace of biofortification research in vegetable crops has been enabled substantially by the parallel
maturation of genomic, transcriptomic, proteomic, metabolomic, and phenomic technologies, and by the
increasing integration of these layers into unified multi-omics and systems biology frameworks [44,46,47].
Genomics provides the reference sequences and structural variant catalogues necessary to design guide RNAs,
identify candidate genes within QTL intervals, and assess off-target risk prior to genome editing; the availability
of high-quality reference genomes for tomato, potato, carrot, and increasingly cucumber, eggplant, and pepper
has been a direct enabling factor for the editing applications reviewed in Section 10 [23,24]. Transcriptomics
allows the identification of differentially expressed candidate genes underlying contrasting nutrient phenotypes,
exemplified by the identification of BcTTS as a regulator of anthocyanin biosynthesis in Chinese cabbage through
comparative transcriptome analysis of purple and green genotypes [19]. Proteomics and metabolomics extend this
analysis to the protein and metabolite levels respectively, providing more direct readouts of pathway flux than
transcript abundance alone, and metabolomic profiling in particular has become central to identifying metabolite
quantitative trait loci that would not be detectable through phenotypic or transcriptomic analysis alone [44,45,47].
The integration of these distinct omics layers into multi-omics frameworks addresses a key limitation of single-
omics analyses: transcript, protein, and metabolite abundances are frequently poorly correlated with one another
because of post-transcriptional and post-translational regulation, so conclusions drawn from any single layer risk
mischaracterising the true regulatory bottleneck governing a nutritional trait [46,47]. Systematic multi-omics
integration frameworks, classified according to increasing levels of analytical complexity from simple co-
expression analysis through pathway-level mapping to full genome-scale mathematical integration, provide a
structured methodology for combining these data layers, and machine learning approaches are increasingly being
applied to multi-omics datasets to improve the prediction accuracy of complex, polygenic nutritional and quality
traits beyond what classical genomic selection models achieve, with genomics-metabolomics combinations
showing particular promise for quality-trait prediction [45,48]. Phenomics the high-throughput, often image-based
quantification of plant phenotypes at scal complements these molecular omics layers by providing the large
phenotypic datasets necessary to train and validate genomic and multi-omics prediction models, and its integration
with digital and machine-learning-based analysis is discussed further as an emerging direction in Section 15.

For vegetable biofortification specifically, the principal value of multi-omics and systems biology approaches lies
in accelerating the transition from a statistically significant QTL interval to a functionally validated, editable
candidate gene a transition that, in earlier decades of molecular breeding, often required years of positional cloning
effort but that can now frequently be substantially shortened when genomic, transcriptomic, and metabolomic
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evidence converge on a small number of high-confidence candidates, as illustrated by the BcTT8, BrMYB?2, and
BoNA1 examples discussed in Section 10 [18,19].

13. Nanotechnology and Emerging Biotechnological Approaches

Nanotechnology-enabled approaches to biofortification represent a comparatively recent but rapidly expanding
complement to the genetic and molecular strategies discussed above, operating principally at the level of nutrient
delivery rather than plant genetics. Nanofertilisers engineered nanoscale formulations of essential mineral
nutrients have been developed for zinc, iron, and selenium, among other elements, with the objective of improving
nutrient use efficiency, controlling release kinetics, and enhancing foliar or root uptake relative to conventional
bulk fertiliser formulations [40,41,42]. Foliar application of zinc oxide nanoparticles, for example, has been shown
to increase zinc accumulation in treated tissue while, in some formulations, reducing the total mass of fertiliser
required relative to conventional zinc sulfate application, and combined biofertiliser—nanofertiliser treatments
have been used to simultaneously increase glucosinolate, zinc, and iron content in broccoli microgreens [43,80].
Nano-enabled nutrient delivery systems, including mesoporous silica nanoparticles, layered double hydroxides,
and chitosan-based nanocarriers, are additionally being explored as platforms for the controlled, slow release of
micronutrients synchronised with crop developmental stages, potentially reducing the leaching and volatilisation
losses that limit the efficiency of conventional fertiliser application in field conditions [41,42]. Because
nanoparticle behaviour in planta depends strongly on particle size, surface functionalisation, and composition,
translocation efficiency and tissue-specific accumulation remain active areas of investigation, and a recent review
specifically addressing nanoparticle-mediated biofortification of iron, zinc, and selenium in edible plants has
synthesised current evidence on nanoparticle uptake mechanisms, translocation pathways, and the factors
governing bioavailability in the resulting biofortified tissue [40].

Beyond nutrient delivery, nanotechnology intersects with precision genome editing through its emerging role as
a delivery vehicle for CRISPR/Cas reagents themselves, potentially offering a route to transgene-free, tissue-
culture-independent genome editing were nanoparticle-mediated delivery of editing ribonucleoproteins or RNA
to be validated at practical efficiency in vegetable crops; this application remains substantially more exploratory
than agronomic nanofertilisation and should be clearly distinguished from the latter, established use case when
interpreting the current evidence base. It is important to emphasise that, while agronomic nanofertiliser
applications have accumulated a reasonably substantial body of field-tested evidence across multiple crops,
several proposed applications of plant nanobiotechnology including nanoparticle-based genetic reagent delivery
and nanosensor-integrated precision nutrient management remain at earlier stages of development, and the
distinction between established, field-validated nanofertiliser use and more speculative nanobiotechnological
applications should be maintained when evaluating the near-term versus longer-term contribution of
nanotechnology to vegetable biofortification [41,42].

14. Challenges and Limitations

Despite substantial technical progress, the translation of biofortification research into widely cultivated,
consumer-accepted vegetable varieties continues to face a set of interconnected biological, agronomic, regulatory,
and economic constraints.

Nutrient trade-offs and yield penalties. Because nutrient biosynthesis and accumulation draw on cellular resources
and, in the case of mineral transporters, can interact with pathways governing toxic metal accumulation or ionic
homeostasis, biofortification interventions can carry agronomic costs. Redirecting carbon flux toward carotenoid
or anthocyanin accumulation, for instance, competes with flux toward other isoprenoid- or phenylpropanoid-
derived compounds, including some involved in defence signalling, and heavy-metal stress susceptibility has been
documented as an unintended consequence of lycopene pathway editing in tomato in at least one study,
underscoring that pathway-level interventions require careful multi-trait evaluation rather than assessment of the
target nutrient in isolation [5]. Yield penalties associated with nutrient-dense donor alleles introgressed from wild
relatives remain a persistent obstacle in conventional breeding-based biofortification and must be actively selected
against during subsequent breeding cycles [65,66].

Antinutritional compounds and bioavailability. Increasing the raw concentration of a target nutrient does not
guarantee a corresponding increase in bioavailable nutrition if antinutritional compounds phytate, oxalate, or, in
the case of potato, steroidal glycoalkaloids are simultaneously elevated or remain unaddressed. Iron
biofortification efforts, in particular, must contend with the strong inhibitory effect of phytate on non-haem iron
absorption, meaning that simultaneous or sequential reduction of antinutrient content is frequently as important
as increasing the target mineral’s absolute concentration [33,38].

Nutrient stability and environmental interaction. Many biofortified nutrients, including folate, vitamin C, and
certain carotenoids, are susceptible to degradation during post-harvest storage, processing, and cooking, meaning
that nutrient content measured at harvest can substantially overstate the nutrition actually delivered to the
consumer; stability-focused engineering, as demonstrated for folate in biofortified rice, is therefore an important
but sometimes overlooked complement to concentration-focused biofortification [28]. Genotype-by-environment
interaction further complicates the deployment of biofortified vegetable varieties across diverse agroecological
zones, since nutrient accumulation phenotypes validated under controlled research conditions do not always
reproduce reliably across the range of soil, temperature, and light conditions experienced in commercial
production.
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Consumer acceptance. Visual, textural, and flavour changes associated with biofortification altered fruit or leaf
colour resulting from carotenoid or anthocyanin pathway manipulation being the most obvious example can
influence consumer acceptance independently of the underlying nutritional improvement, and acceptance patterns
differ substantially across markets and cultural contexts. Public perception of the underlying technology,
particularly the distinction drawn by many consumers and regulators between transgenic and genome-edited
crops, further shapes market access even when the nutritional outcome is functionally equivalent [72,74,84].
Regulatory issues and biosafety. Perhaps the most significant near-term barrier to the deployment of genome-
edited biofortified vegetables is the continued heterogeneity of the global regulatory landscape. Jurisdictions
broadly fall into two regulatory philosophies: process-based systems that classify genome-edited organisms as
functionally equivalent to genetically modified organisms regardless of whether foreign DNA is present in the
final product, and product-based systems that regulate genome-edited crops according to the characteristics of the
resulting product, often exempting edits that could plausibly have arisen through conventional mutagenesis from
GMO-equivalent regulation [72,74,75]. The United States Department of Agriculture’s revised, more risk-
proportionate framework for gene-edited crops and the European Union’s evolving proposals for a tiered
regulatory framework distinguishing mutagenesis-equivalent, cisgenic, intragenic, and transgenic edits illustrate
the ongoing, incomplete convergence between these two regulatory philosophies [72]. This heterogeneity creates
substantial uncertainty for breeding programmes intending to commercialise edited vegetable varieties across
multiple export markets, and artificial-intelligence-assisted regulatory frameworks have recently been proposed
as a means of harmonising risk assessment and accelerating consistent classification across jurisdictions, though
such frameworks remain at an early, largely conceptual stage of development [75,76].

Off-target effects and technical limitations. Although modern guide RNA design tools and genome-wide
specificity analyses have substantially reduced the practical risk of off-target CRISPR/Cas9 mutagenesis, rigorous
off-target assessment typically through targeted deep sequencing of computationally predicted candidate sites, as
performed in eggplant PPO gene editing — remains an essential quality control step, particularly as multiplexed
editing of increasing numbers of simultaneous target sites is adopted [14,15]. Prime editing efficiency in particular
remains a significant technical constraint, with editing outcomes in plants generally lower and more variable than
in mammalian systems, limiting its routine application to biofortification targets that would benefit most from
precise, single-nucleotide-resolution editing [49,52].

Transformation efficiency, cost, and access. Transformation and regeneration efficiency continue to vary
enormously across vegetable species and even across genotypes within a species, with pepper representing a
particularly well-documented example of a genus that has historically been recalcitrant to stable transformation,
constraining the pace at which genome editing can be extended across its diverse cultivated forms [45,46]. The
cost of establishing genome-editing pipelines including guide RNA design, transformation infrastructure, and
regulatory compliance testing remains substantial relative to the resources available to public breeding
programmes in many low- and middle-income countries, where the nutritional need for biofortified vegetables is
often greatest, raising a persistent equity concern regarding differential access to these technologies between well-
resourced private breeding programmes and public-sector or smallholder-oriented breeding efforts.

Intellectual property. The proliferation of patented CRISPR/Cas components, delivery methods, and specific
editing applications has created a complex intellectual property landscape that can constrain the freedom to operate
of public and smaller private breeding programmes, particularly in the absence of the humanitarian and royalty-
free licensing arrangements that were eventually negotiated for foundational transgenic technologies such as those
underlying Golden Rice [88,89]. Navigating this landscape, or securing comparable licensing arrangements for
biofortification-relevant CRISPR applications, will likely remain an important non-technical determinant of how
quickly genome-edited biofortified vegetables reach public breeding programmes and, ultimately, farmers in the
regions of greatest nutritional need.

15. Future Perspectives

Several converging trends are likely to shape the next phase of vegetable biofortification research and deployment.
Precision breeding and multiplex, multi-trait editing. As guide RNA design, delivery, and validation pipelines
continue to mature, the field is expected to move increasingly from single-gene proof-of-concept edits toward
routine multiplex editing of entire pathways, and eventually toward simultaneous editing of nutritional traits
alongside agronomic traits such as yield, disease resistance, and shelf life within a single elite background,
reducing the number of breeding cycles required to combine these traits relative to sequential introgression [8,53].
Base and prime editing maturation. Continued optimisation of base editor and prime editor architecture, codon
usage, and delivery including plant-specific improvements to pegRNA design and prime editor expression is
expected to narrow the current efficiency gap between these technologies and conventional CRISPR/Cas9
nuclease editing, extending their applicability to a wider range of nutritionally relevant single-nucleotide and
small-sequence modifications that cannot currently be achieved reliably through nuclease-based knockout alone
[49,51,52,53].

Al-assisted crop improvement. Machine learning approaches are increasingly being integrated into multi-omics
data analysis for candidate gene discovery and trait prediction, into guide RNA design and off-target prediction
for genome editing, and, more speculatively, into regulatory risk assessment frameworks intended to harmonise
the classification of genome-edited crops across jurisdictions [45,48,75,76]. While the application of artificial
intelligence to regulatory decision-making in particular remains at a conceptual and largely untested stage, its
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application to technical aspects of genome editing guide design, off-target prediction, and multi-omics integration
is already delivering measurable improvements in prediction accuracy and is likely to become a routine component
of biofortification breeding pipelines.

Multi-omics-guided candidate discovery. The continued expansion and integration of genomic, transcriptomic,
proteomic, and metabolomic datasets across a broader range of vegetable taxa, beyond the comparatively well-
resourced model crops of tomato and Brassica, is expected to substantially expand the catalogue of functionally
validated candidate genes available for targeted editing in currently under-researched vegetable crops such as
cucumber, eggplant, and many leafy Asian vegetables [44,46,47].

Speed breeding and synthetic biology. Speed breeding protocols, which use extended photoperiods and optimised
environmental control to compress the generation time of breeding cycles, are increasingly being combined with
genome editing and marker-assisted selection to accelerate the multi-generational process of introgressing and
stabilising biofortification traits in elite backgrounds. Synthetic biology approaches, extending beyond single-
pathway metabolic engineering toward the design and introduction of entirely novel biosynthetic modules,
represent a longer-term but potentially transformative direction for introducing nutrient biosynthetic capacities
that do not exist in any sexually compatible relative of the target crop, building on the precedent established by
pathway reconstitution in Golden Rice [87,89].

Digital phenotyping and the integration of nutrition and agronomy. High-throughput, often image- or sensor-
based phenomics platforms are increasingly being integrated with genomic and multi-omics data to accelerate the
phenotypic validation of candidate biofortification lines at a scale previously achievable only for simple, visually
scored traits such as pigmentation, extending rapid, non-destructive assessment toward more complex traits such
as mineral and vitamin content through the development and validation of spectral and other proxy phenotyping
methods [45,48].

Climate-resilient biofortified vegetables. As climate change alters the temperature, water availability, and pest
and disease pressure experienced by vegetable production systems, breeding programmes are increasingly seeking
to combine biofortification traits with climate resilience traits within the same genetic background, recognising
that a nutritionally enhanced variety that cannot maintain yield stability under future climate conditions will fail
to deliver its intended nutritional benefit at scale; multi-omics and genome-editing platforms developed initially
for single-trait biofortification are directly applicable to this combined breeding objective given their capacity for
multiplex, multi-gene intervention [47].

Translational and commercial prospects. The eventual impact of the biotechnological advances reviewed in this
article will depend as much on regulatory harmonisation, public engagement, and equitable access to breeding
technology as on further scientific progress. Continued convergence between process-based and product-based
regulatory philosophies, transparent public communication regarding the distinction between transgenic and
genome-edited crops, and licensing arrangements that extend access to CRISPR/Cas technology to public and
humanitarian breeding programmes will together determine whether the scientific advances documented in this
review translate into biofortified vegetable varieties available to the populations with the greatest nutritional need
[72,74,84,88].

16. CONCLUSION

Vegetable crops occupy a nutritionally distinctive and largely complementary position relative to the staple cereals
that have historically dominated biofortification research, supplying a dense and diverse array of provitamin A
carotenoids, vitamin C, folate, tocopherols, minerals, and health-promoting phytochemicals that cannot be
replicated by cereal biofortification alone. The biotechnological toolkit available for enhancing these nutritional
attributes has expanded and matured considerably: agronomic and conventional breeding-based biofortification
remain the most immediately deployable strategies and continue to underpin most commercially available
mineral- and vitamin-enriched vegetable products; marker-assisted and, increasingly, genomic selection have
accelerated the introgression of favourable nutritional alleles identified through QTL mapping; transgenic
metabolic engineering has demonstrated that entire biosynthetic pathways can be reconstituted or substantially
amplified where native genetic variation is insufficient; and CRISPR/Cas-based genome editing, together with its
base-editing and prime-editing derivatives, now offers a precise, frequently transgene-free route to modifying
endogenous nutrient biosynthesis, transport, and antinutrient pathways across an expanding range of vegetable
species. Documented editing successes in tomato, potato, lettuce, Brassica vegetables, pepper, and eggplant
illustrate that carotenoid, anthocyanin, ascorbate, and antinutrient pathways are now demonstrably tractable to
precision genome editing, even as cucumber and several other vegetable taxa await comparable transformation
and regeneration advances. Multi-omics profiling and systems biology approaches are increasingly compressing
the time required to move from a statistically identified quantitative trait locus to a functionally validated, editable
candidate gene, while nanotechnology-enabled nutrient delivery offers a complementary, non-genetic route to
improving nutrient use efficiency in the field. The principal barriers to realising the full potential of this
technological convergence are no longer predominantly technical: nutrient trade-offs, bioavailability constraints,
post-harvest stability, consumer acceptance, and, above all, the continued heterogeneity of the global regulatory
landscape for genome-edited crops will together determine the pace and equity with which biofortified vegetable
varieties reach the populations that stand to benefit most from them. Continued scientific progress in precision
genome editing, matched by parallel progress in regulatory harmonisation and equitable technology access, will

Genetics and Molecular Research 25 (19s): 2026 20



be necessary to translate the biological potential documented throughout this review into a measurable reduction
in the global burden of micronutrient malnutrition.
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