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ABSTRACT

Background: Wheat is a major staple crop consumed globally and serves as a primary source of calories and protein, particularly
in developing countries. However, it is inherently deficient in key micronutrients such as iron, zinc, and provitamin A, leading to
widespread nutritional deficiencies among populations heavily reliant on wheat-based diets.

Objective: This review explores recent transgenic approaches aimed at enhancing the nutritional profile of wheat through genetic
modifications that increase the levels of essential vitamins and minerals.

Main Discussion Points: The review discusses advances in biotechnological interventions such as Agrobacterium-mediated
transformation, biolistic methods, and nanoparticle-based gene delivery systems for the introduction of nutrient-specific genes,
including ferritin, ZIP transporters, and phytoene synthase (PSY). These strategies have shown success in enhancing iron, zinc, and
beta-carotene levels in wheat grains. Further, the role of transcriptional regulatory elements, tissue-specific promoters, and
transcription factors is highlighted in improving gene expression and nutrient accumulation. The application of CRISPR/Cas9
genome editing technology for precise gene modifications is also reviewed. Despite these advancements, challenges such as
transformation efficiency, regulatory hurdles, and public perception remain barriers to widespread adoption.

Conclusion: Transgenic biofortification holds strong potential to combat micronutrient malnutrition and contribute to global food
and nutrition security. Future directions involve multi-gene stacking and integration with sustainable agricultural practices to
maximize impact.

Keywords: Transgenic wheat, Biofortification, Micronutrient deficiency, Genetic engineering, CRISPR/Cas9, Nutritional
enhancement.
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INTRODUCTION

Wheat, a staple cereal crop cultivated and consumed globally, plays a pivotal role in ensuring food security and nutritional sustenance.
As one of the most widely grown crops alongside rice and maize, wheat contributes approximately 20% of the global caloric intake and
up to 50% in regions heavily reliant on cereal-based diets. It also constitutes a critical source of plant-derived protein, particularly in
developing countries where economic and social constraints limit access to diverse and nutrient-rich food options. Despite this
fundamental role, conventional wheat varieties inherently lack sufficient levels of essential micronutrients such as iron and zinc, which
are crucial for human health and development (1). This nutritional inadequacy is further compounded by modern milling practices that
predominantly remove the bran and germ—key repositories of these nutrients—leaving behind a starchy endosperm with diminished
nutritional value. Micronutrient deficiencies, often referred to as “hidden hunger,” pose a major global public health challenge.
According to the World Health Organization, more than two billion individuals worldwide suffer from micronutrient malnutrition,
particularly iron and zinc deficiencies. These deficits contribute significantly to the global burden of disease, manifesting as impaired
cognitive function, weakened immune responses, poor pregnancy outcomes, stunted growth, and elevated mortality rates, especially
among women and children in low-resource settings (2). Iron deficiency is the leading cause of anemia and has been associated with
developmental delays and reduced physical capacity. Similarly, zinc deficiency is linked to increased susceptibility to infections, growth
retardation, and complications during childbirth (3). Addressing these deficiencies through dietary diversification remains challenging
in regions where wheat forms the primary dietary staple, thus necessitating innovative, sustainable interventions to enhance the
nutritional profile of this crop. Recent advances in plant biotechnology have underscored the potential of transgenic approaches to tackle
micronutrient deficiencies by biofortifying staple crops such as wheat. Biofortification, the process of increasing the bioavailable
concentrations of essential nutrients in edible plant parts, is gaining traction as a viable strategy for improving public health outcomes.
While traditional breeding techniques have yielded some success in enhancing micronutrient content, their effectiveness is often
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constrained by the limited genetic variability in nutrient-related traits within wheat germplasm and the time-intensive nature of selective
breeding. In contrast, transgenic technologies enable the direct introduction and precise expression of genes associated with enhanced
micronutrient uptake, transport, and accumulation (4). These strategies hold promise not only for improving the nutritional quality of
wheat but also for creating crop varieties that can thrive under challenging agronomic conditions without compromising yield.

Several studies have demonstrated the feasibility of using genetic engineering to fortify wheat with iron, zinc, and other nutrients. For
instance, transgenic wheat lines overexpressing ferritin genes, responsible for iron storage, have shown significant improvements in
grain iron content. Other approaches involve manipulating metal transporters such as ZIP and YSL family genes to increase the uptake
and distribution of micronutrients within the plant. Additionally, metabolic pathway engineering aimed at enhancing the biosynthesis of
phytosiderophores—compounds that facilitate iron and zinc mobilization—has proven effective in increasing the micronutrient density
in wheat grains (5). However, despite these advances, several gaps remain. The long-term stability of transgene expression, potential
off-target effects, regulatory hurdles, and concerns regarding public acceptance pose considerable challenges that warrant comprehensive
evaluation. The objective of this narrative review is to critically examine the current landscape of transgenic approaches employed to
enhance the nutritional content of wheat, with a particular focus on increasing iron and zinc concentrations. The review aims to
consolidate findings from recent studies, identify technological advancements, and explore the genetic constructs and regulatory
elements used in the development of nutritionally enriched wheat varieties. Special attention is given to the application of
Agrobacterium-mediated transformation and biolistic methods, the two primary gene delivery techniques used in wheat genetic
engineering. Furthermore, this review delves into gene stacking strategies and the role of tissue-specific and constitutive promoters in
achieving targeted and efficient expression of transgenes.

By delineating the current progress and persisting limitations in transgenic biofortification, this review aspires to offer valuable insights
for future research and policy development. The scope encompasses a critical analysis of experimental methodologies, evaluation of
agronomic and nutritional outcomes, and discussion of socio-economic and regulatory considerations that influence the deployment of
genetically modified (GM) wheat varieties. Although conventional wheat breeding has made some headway, the precision, speed, and
efficacy of transgenic techniques position them as indispensable tools for achieving nutritional security at a global scale. This review is
particularly significant in the context of sustainable development goals, especially those pertaining to zero hunger, good health and well-
being, and responsible consumption and production. It highlights how modern molecular tools can be harnessed to not only address
pressing health concerns but also to foster agricultural sustainability by producing wheat varieties capable of offering enhanced nutrition
with minimal environmental footprint. Importantly, this synthesis of transgenic strategies provides a scientific foundation for informed
discourse on the acceptance, safety, and implementation of biofortified crops in global food systems.

Thematic Discussion: Transgenic Strategies for Nutritional Biofortification in Wheat

Advances in plant genetic engineering have significantly reshaped approaches to combat micronutrient malnutrition, particularly in the
context of biofortifying wheat—a crop upon which billions of people depend for daily sustenance. Several transgenic strategies have
emerged, offering promising avenues for elevating the nutritional profile of wheat. These strategies range from classical transformation
techniques to more recent innovations in gene stacking and regulatory control. Synthesizing the findings of recent research allows a
deeper understanding of both the efficacy and limitations of these interventions. One of the foundational themes in transgenic wheat
biofortification is the employment of transformation techniques such as Agrobacterium-mediated transformation and biolistic delivery.
Studies show that Agrobacterium-mediated transformation allows for targeted gene integration with relatively stable expression patterns,
enabling the introduction of genes such as OsIRTI and OsZIP] to enhance iron and zinc uptake respectively. Gupta et al. (2022) reported
that wheat lines transformed with rice-derived OsIRTI genes accumulated significantly higher iron levels, reaching up to 60 pg/g, while
avoiding phytotoxicity due to ferritin-mediated sequestration. This approach was found to be stable across multiple generations and did
not compromise agronomic performance. Similarly, Hayta et al. (2019) demonstrated that combining transporter genes with seed-
specific promoters achieved localized expression in grain tissues, increasing bioavailability and minimizing systemic metabolic burden.
In contrast, the biolistic method offers broader applicability, especially for genotypes less responsive to Agrobacterium infection.
Through this approach, researchers introduced the carotenoid biosynthetic genes psy and crtl, resulting in enhanced beta-carotene
accumulation in wheat grains. Padhy et al. (2022) observed that transgenic lines expressing both genes showed a 3—4 fold increase in
provitamin A levels compared to wild-type controls. However, while effective, biolistic delivery carries the caveat of random gene
insertion, which may lead to variable expression or gene silencing, as highlighted by Kumari and Singh (2021). Such variability
underscores the need for post-insertional screening and regulatory controls to ensure trait stability and nutritional efficacy. Beyond gene
delivery, another major theme is the precise selection and modulation of nutrient-specific genes. Ferritin genes, known for their ability
to bind and store iron in a non-toxic form, have been central to iron biofortification efforts. In a study by Tanin et al. (2024),
overexpression of ferritin in wheat endosperm not only raised iron concentrations but also improved iron bioavailability due to

© 2025 et al. -Health And Research Insights-Open access under CC BY License (Creative Commons). Freely distributable with appropriate citation. 112



+.
Volume 3 Issue 2: Transgenic Biofortification Strategies in Whe
L(;t?:;\e/)[ . ;}m ransgenic Biofortification Strategies in Wheat + o IHSIGHTS'JLSS

" Insights-Journal of Life and
Social Sciences ® @ @

concurrent suppression of phytic acid synthesis. Complementary to this, zinc homeostasis has been improved using ZIP transporters,
notably OsZIP1 and TaZIP3, which facilitate the uptake and translocation of zinc to developing grain tissues. A recent investigation by
Gong et al. (2022) confirmed that ZIP-overexpressing lines accumulated up to 40 pg/g zinc in mature grains, demonstrating a marked
improvement over baseline levels.

Transcriptional regulation and promoter selection further enhance the precision of nutrient biofortification. Regulatory elements such as
endosperm-specific promoters have allowed for targeted expression of nutrient genes, reducing off-target metabolic effects. For instance,
Zhang et al. (2023) engineered wheat lines with the HMW-GS promoter driving ferritin expression, resulting in endosperm-restricted
iron accumulation. This spatial control improved nutritional outcomes without affecting vegetative growth or seed viability. Moreover,
epigenetic modifications such as DNA methylation were shown by Liu et al. (2024) to influence transgene expression patterns,
suggesting a possible role for chromatin architecture in optimizing biofortification traits. In terms of vitamin enhancement, recent studies
have explored the integration of multiple biosynthetic genes to increase levels of carotenoids and tocopherols (vitamin E). The
simultaneous introduction of crtl, psy, and VTE!I genes led to a synergistic rise in both provitamin A and tocopherol content. In an
investigation by Zeng et al. (2023), transgenic lines co-expressing these genes showed a twofold increase in beta-carotene and 1.5-fold
rise in tocopherol levels. These findings highlight the benefit of gene stacking approaches, which offer a pathway for multinutrient
biofortification in a single genetic construct. However, it was noted that the metabolic flux within the carotenoid pathway can become
saturated or diverted, requiring further pathway engineering or enzyme optimization to maintain yield and nutrient balance.

Despite the advancements, challenges remain. One of the unresolved controversies in the field pertains to the bioavailability of nutrients
in genetically enhanced wheat. While transgenic lines show increased nutrient concentrations, bioavailability may be limited by anti-
nutritional factors like phytates. Zhang et al. (2021) demonstrated that CRISPR/Cas9-mediated silencing of the /PK/ gene, responsible
for phytic acid biosynthesis, significantly enhanced iron and zinc absorption in in vitro digestion models. However, concerns about
potential pleiotropic effects on seed development and phosphorus metabolism remain, warranting further in vivo studies. An emerging
concern is the potential trade-off between nutritional gain and crop performance. While studies such as that by Gupta et al. (2022) found
no detrimental effects on yield or disease resistance, others suggest that metabolic reallocation toward nutrient biosynthesis may interfere
with grain size or filling. Moreover, field trials under variable environmental conditions are still limited, and most studies have been
confined to controlled environments. The need for multi-location and multi-season validation is essential for translating laboratory
success into agricultural impact.

Additionally, societal and regulatory acceptance of transgenic wheat remains a pivotal issue. While vitamin A biofortification in crops
like golden rice has gained regulatory approval in some regions, wheat remains under strict scrutiny due to concerns around food chain
integration and gene flow. Hayta et al. (2019) stressed the importance of risk assessment and public engagement to navigate these
regulatory landscapes. Comparative studies evaluating the safety, efficacy, and environmental impact of transgenic versus conventionally
biofortified wheat could provide a scientific basis for informed policy decisions. In synthesis, the current literature illustrates significant
strides in the genetic enhancement of wheat for nutritional purposes. Agrobacterium and biolistic methods offer complementary strengths
in gene delivery; nutrient-specific genes such as ferritin and ZIP transporters serve as effective targets; and promoter innovations provide
precise spatial and temporal expression. However, challenges in bioavailability, field validation, and public perception continue to shape
the future trajectory of this field. The convergence of multi-gene engineering, genome editing, and epigenetic insights offers a promising
direction, but success will depend on integrative approaches that balance nutritional efficacy, agronomic performance, and societal
acceptance.

Table 1 Transgenic approaches to nutrient enhancement in wheat

Transgenic Technique Targeted Genes Outcome Sources
Agrobacterium-mediated  Ferritin, ZIP Increased iron and zinc content in wheat grains; Hensel et al., 2017;
transformation transporters (OsIRT1, enhanced vitamin B6 in wheat grains Borisjuk et al., 2019;
OsZIP1); PDXI1 gene Mohsin et al., 2022
Biolistic method psy (Phytoene Enhanced beta-carotene and vitamin E levels in Padhy et al., 2022;
synthase), crtl  wheat Kumar et al., 2024
(Carotenoid
isomerase)
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Transgenic Technique

Targeted Genes

Outcome

Sources

Nanoparticle-assisted

Iron transporter genes

Improved delivery of iron and zinc transporter

Ajeesh Krishna et al.,

delivery (OsIRT1, ZIP1), Zinc genes, enhancing micronutrient content 2020; Pacheco et al.,
transporter genes 2023

Electroporation Carotenoid Increased beta-carotene levels in wheat grains Gupta et al., 2022
biosynthesis genes
(psy, Lycopene epsilon
cyclase)

Table 2 Global wheat biofortification projects and their nutritional outcomes

Country/Region Project Name  Target Transgenic Nutritional Development Stage  Source
Nutrient(s) Approach Used  Outcomes
India HarvestPlus Iron, Zinc Transgenic lines Increased iron Field trials  Gupta et al., 2021
with  enhanced andzinclevels completed
uptake in grains
Australia Biofortified Iron RNA interference Higher Advanced field trials Plessis et al,
Wheat Project to reduce phytate  bioavailable 2021
iron content
United States USDA Wheat Zinc Genetic Increased zinc Preliminary research Das et al., 2020
Biofortification engineering  of concentration  phase
zinc transporters  in wheat
grains
Mexico CIMMYT Iron, Zinc Agrobacterium- Enhanced iron Commercialization Wani et al., 2022
Biofortification mediated and zinc stage
transformation bioavailability
Africa AATF Vitamin A, CRISPR/Cas9 Improved Ongoing field Lopos etal., 2023
Biofortification Iron, Zinc and conventional vitamin A and evaluations
Program methods iron levels in
staple foods
China Nutritional Iron, Zinc Transgenic Elevated iron Laboratory research Zang etal., 2023
Wheat Project expression of andzinclevels phase
ferritin in wheat
grains
Bangladesh BWMRI Zinc, Iron Transgenic Higher Field  trials in Chattha et al,
Biofortification varieties with  mineral progress 2017
enhanced mineral content in
uptake food products
Europe EU Wheat Selenium Genetic Enhanced Early development Daud et al., 2024
Project modification for selenium phase
seleno-amino levels in
acids wheat
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Critical Analysis and Limitations

A critical analysis of the current literature on transgenic approaches for enhancing wheat nutrition reveals both promising advancements
and important limitations that must be acknowledged to contextualize the findings accurately. While several studies have demonstrated
the technical feasibility of biofortifying wheat through genetic engineering, the robustness and reproducibility of these results across
varied contexts remain open to scrutiny. A notable limitation in the reviewed studies is the small scale of experimentation. Many
investigations were conducted in controlled greenhouse or laboratory settings, involving limited sample sizes and a restricted range of
wheat cultivars. This is particularly evident in studies focusing on nutrient transporter genes or vitamin biosynthesis pathways, where
observations were often limited to a few genetically transformed lines (Gupta et al., 2022; Zeng et al., 2023). The absence of large-scale
randomized field trials means that environmental variability—such as soil composition, weather conditions, and pathogen pressures—
remains unaccounted for. Consequently, the reliability and ecological validity of the findings may be compromised when applied to real-
world agricultural settings.

Moreover, a lack of randomized controlled trials (RCTs) stands out as a methodological gap. While the complexity of transgenic crop
research may not always lend itself to conventional RCT structures, the absence of appropriate control comparisons—such as non-
transgenic isogenic lines grown under identical conditions—can lead to skewed interpretations. In many studies, comparisons were
made with wild-type or unrelated cultivars, introducing confounding variables that reduce the clarity of cause-and-effect relationships
(Hayta et al., 2019; Zhang et al., 2021). Methodological biases also permeate much of the literature. Selection bias is evident in studies
that focus exclusively on wheat genotypes amenable to transformation, while genotypes that represent greater agricultural relevance—
such as those cultivated in resource-limited settings—are often excluded. This selective representation raises concerns regarding the
applicability of these innovations across diverse farming systems (Gong et al., 2022). In addition, performance bias exists in the form
of non-blinded assessments of phenotypic traits or nutrient levels. Many studies lack independent validation of reported biochemical
changes, and few engage third-party laboratories for nutrient quantification, which could otherwise strengthen result credibility.

The field also suffers from underreporting of negative or inconclusive outcomes, suggesting potential publication bias. For instance,
although CRISPR/Cas9 technologies are frequently heralded for their precision, data on off-target effects or unsuccessful
transformations are rarely published. This tendency to favor positive findings can paint an overly optimistic picture of the technology's
readiness for large-scale deployment. Similarly, challenges associated with the stability of gene expression, unintended pleiotropic
effects, or yield penalties are often glossed over, despite their critical relevance to both farmers and consumers (Elsharawy and Refat,
2023; Zhang et al., 2023). Measurement variability presents another barrier to cross-study comparisons. Differences in outcome
reporting—whether in units of iron and zinc concentration, methods of bioavailability assessment, or stages of plant maturity at
harvest—can lead to inconsistencies in interpreting the magnitude and practical significance of nutrient enhancements. Some studies
report nutrient content on a dry weight basis, others on a per-seed basis, with few standardizing measurements to facilitate comparison.
Moreover, while some research incorporates in vitro digestion assays to estimate bioavailability, others rely solely on total nutrient
content, which may not reflect real-world absorption or utilization in human diets (Zhang et al., 2021; Tanin et al., 2024).

Finally, the generalizability of findings remains a considerable concern. The bulk of current literature has focused on high-yielding,
temperate-zone wheat varieties with relatively stable transformation efficiencies. There is a scarcity of data addressing the performance
of biofortified lines in diverse agroecological zones, particularly in low- and middle-income countries where the burden of micronutrient
malnutrition is most acute. Studies are also limited in their examination of long-term effects across multiple growing seasons. Without
this information, extrapolating findings to broader populations or policy frameworks becomes speculative at best (Ye et al., 2023;
Harrington et al., 2023). In summary, while the scientific progress in transgenic enhancement of wheat nutrition is commendable and
technologically innovative, the current body of evidence is marked by several limitations in study design, measurement consistency, and
real-world applicability. Addressing these gaps through more rigorous, transparent, and inclusive research practices will be essential to
ensure that the benefits of genetically enhanced wheat reach those most in need, and that scientific findings translate into meaningful
health and agricultural outcomes.

Implications and Future Directions

The insights derived from this review hold considerable implications for clinical nutrition, public health policy, and agricultural
innovation. The global burden of micronutrient malnutrition—particularly deficiencies in iron, zinc, vitamin A, and essential amino
acids—remains a pressing concern, especially in low-income and wheat-dependent populations. Transgenic biofortification of wheat
offers a novel, sustainable strategy to enhance dietary nutrient intake without altering food consumption habits. In clinical practice, such
nutrient-enriched wheat could contribute to the reduction of iron-deficiency anemia, stunted growth, and compromised immune function
in vulnerable populations, including pregnant women and children. The integration of biofortified wheat into clinical nutrition programs
could support therapeutic and preventive strategies targeting nutritional deficiencies, particularly in resource-limited settings where
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dietary diversification is not feasible (Gupta et al., 2022; Harrington et al., 2023). From a policy perspective, the advancement of
nutritionally enhanced transgenic wheat emphasizes the need for updated regulatory frameworks and evidence-based guidelines for the
integration of genetically modified crops into national food systems. Existing discrepancies between regulatory environments in different
regions hinder the global deployment of these crops. Therefore, policy harmonization, especially regarding safety assessments, labeling
standards, and import/export protocols, is urgently needed. Incorporating transgenic biofortified crops into national and international
nutritional guidelines could support broader health initiatives, including the Sustainable Development Goals related to zero hunger and
good health and well-being (Lopos et al., 2023; Ye et al., 2023).

Despite the progress made, several unanswered questions persist. Long-term impacts of consuming transgenic wheat on human health
remain underexplored, particularly in terms of nutrient absorption, metabolic responses, and potential allergenicity. There is also limited
data on gene-environment interactions that might affect nutrient expression in different agroecological conditions. Furthermore, the
socioeconomic dimensions of introducing genetically modified wheat—such as farmer adoption, consumer acceptance, and market
dynamics—require further empirical analysis. These gaps highlight the importance of interdisciplinary research that integrates
agronomy, nutrition, molecular biology, and public health. Future research should adopt more rigorous and comprehensive study designs
to enhance the reliability and applicability of findings. Multi-location, randomized field trials with large sample sizes are necessary to
validate the agronomic and nutritional performance of transgenic wheat across diverse environments. Longitudinal clinical studies
should be conducted to evaluate the health outcomes of consuming biofortified wheat, with particular attention to nutrient bioavailability
and safety. Additionally, studies exploring gene stacking and genome editing approaches should prioritize stability of expression, yield
preservation, and pleiotropic effects to ensure that enhanced nutritional traits do not compromise overall crop performance (Zhang et
al., 2023; Elsharawy and Refat, 2023).

Moreover, community-based participatory research models may provide deeper insights into consumer attitudes and behavioral
responses toward genetically modified wheat. Understanding cultural perceptions, trust in biotechnology, and communication strategies
will be essential in ensuring equitable access and successful implementation. Research into cost-effective transformation methods and
region-specific cultivar development can further expand the accessibility and scalability of biofortified wheat technologies, especially
in food-insecure regions. In conclusion, the reviewed evidence underscores the transformative potential of transgenic approaches for
nutritional enhancement in wheat, offering a scientifically sound and socially relevant solution to persistent micronutrient deficiencies.
The path forward lies in bridging scientific innovation with inclusive policy frameworks, robust clinical evaluation, and community
engagement to ensure that these technologies fulfill their promise of improving global nutritional health.

CONCLUSION

The collective evidence from this review highlights that, transgenic approaches represent a compelling and scientifically sound strategy
for addressing global micronutrient deficiencies through wheat biofortification. Key advancements, including Agrobacterium-mediated
transformation, biolistic delivery, nanoparticle-assisted methods, and CRISPR/Cas9 genome editing, have enabled the successful
introduction and expression of genes enhancing iron, zinc, beta-carotene, vitamin E, and essential amino acids in wheat. These
technologies offer promising avenues to improve human health, particularly in regions where wheat serves as a dietary staple. While the
existing literature presents strong proof-of-concept data, the strength of evidence is tempered by limitations such as small sample sizes,
methodological variability, and limited field validation. Despite these gaps, the body of research offers a reliable foundation for future
innovation. Clinicians, nutritionists, and agricultural scientists should consider the integration of nutritionally enriched wheat into public
health strategies, especially where conventional interventions fall short. To optimize outcomes and ensure safety, further research must
prioritize long-term field trials, assessments of nutrient bioavailability in human populations, and socio-ethical evaluations of consumer
acceptance. An interdisciplinary approach that balances scientific innovation with regulatory oversight and public engagement will be
vital to realizing the full potential of transgenic wheat in advancing global food and nutrition security.
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