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Abstract

This study examined the effectiveness of CRISPR/Cas-mediated biofortification
in enhancing zinc (Zn) and iron (Fe) content in wheat grains under climate-
resilient farming systems in Pakistan. A quantitative experimental research design
was employed, involving 30 wheat genotypes, including CRISPR-edited and non-
edited control lines, tested across replicated field trials. Grain samples were
analyzed using atomic absorption spectrophotometry, and data were evaluated
through descriptive statistics, ANOVA, and regression analysis. The results
revealed a significant increase in Zn and Fe concentrations in CRISPR/Cas-
edited wheat compared to control varieties. Statistical analysis confirmed that
gene editing had a strong positive effect on micronutrient accumulation, with iron
showing a comparatively higher enhancement response. The findings further
indicated that climateresilient farming practices positively supported nutrient
expression in genetically improved wheat lines. The study concludes that
CRISPR/Cas technology offers a viable and sustainable solution for addressing
micronutrient deficiencies in staple crops. It is recommended that genome editing
be integrated into national biofortification and food security strategies to combat
hidden hunger in developing countries.

human immune function, cognitive development,

Wheat (Triticum aestivum L.) is a staple cereal crop
that plays a central role in food security,
particularly in developing countries such as
Pakistan, where it contributes a major proportion
of daily caloric intake. However, wheat grains are
inherently low in essential micronutrients such as
zinc (Zn) and iron (Fe), which are critical for

and prevention of hidden hunger. Micronutrient
deficiencies remain a widespread public health
challenge, affecting billions of people globally,
especially in South Asia, where wheat-based diets
dominate (Gupta et al., 2024; Wani et al., 2022).
Conventional strategies such as soil fertilization
and post-harvest food fortification have been used
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to address mineral deficiencies; however, these
approaches are often limited by low bioavailability,
high cost, and lack of sustainability under field
conditions. In response, genetic biofortification
has emerged as a more sustainable and long-term
solution for improving the nutritional quality of
staple crops. Advances in plant breeding,
genomics, and molecular biology have enabled the
identification and manipulation of genes
responsible for micronutrient  uptake,
translocation, and accumulation in wheat grains
(Nasim et al., 2025; Ali et al., 2020).

Among  modern  biotechnological  tools,
CRISPR/Cas-mediated genome editing has
gained significant attention due to its precision,
efficiency, and ability to introduce targeted genetic
modifications without foreign DNA integration.
In wheat, CRISPR/Cas systems have been
increasingly explored to enhance yield traits,
disease resistance, and abiotic stress tolerance,
making it a promising platform for nutritional
improvement as well (Kaur et al., 2025). The
integration of CRISPR technology into
biofortification strategies allows for targeted
regulation of key genes involved in Zn and Fe
transporters, phytate metabolism, and grain
loading pathways, thereby improving
micronutrient density in edible wheat grains.
Pakistan’s agricultural system faces additional
challenges due to climate change, including rising
temperatures, irregular rainfall patterns, and soil
nutrient depletion, all of which negatively affect
wheat productivity and grain quality. Climate-
resilient farming systems are therefore essential to
sustain crop yield while simultaneously improving
nutritional outcomes. The integration of genome
editing-based biofortification with climate-smart
agriculture offers a dual advantage of enhancing
both resilience and nutritional security under
changing environmental conditions.

Despite significant global progress in wheat
biofortification research, there remains a limited
application of CRISPR/Cas-mediated approaches
for enhancing Zn and Fe content specifically
under climate-stressed agricultural systems in
Pakistan. Moreover, the interaction between
genetic biofortification strategies and
environmental stressors such as drought and heat

remains underexplored. This gap highlights the
need for integrated research that combines
advanced genome editing tools with climate-
resilient  agronomic  practices to achieve
sustainable nutritional security.

Therefore, this study focuses on the CRISPR/Cas-
mediated biofortification of wheat to enhance zinc
and iron content under climate-resilient farming
systems in Pakistan, aiming to bridge the gap
between molecular innovation and field-level
agricultural sustainability.

Problem Statement

Micronutrient malnutrition, particularly
deficiencies of zinc (Zn) and iron (Fe), remains a
persistent public health challenge in developing
countries, including Pakistan, where wheat is the
dominant staple food crop. Despite its critical role
in food security, conventional wheat varieties
generally contain insufficient levels of essential
micronutrients, contributing to widespread
“hidden hunger,” impaired immune function,
reduced cognitive development, and increased
vulnerability to disease among affected
populations.

Traditional approaches to addressing
micronutrient  deficiencies, such as soil
fertilization and post-harvest fortification, have
demonstrated limited effectiveness due to high
costs, low  Dbioavailability, = environmental
constraints, and inconsistent implementation
under field conditions. Meanwhile, climate
change has further exacerbated the situation by
negatively affecting wheat yield, nutrient uptake
efficiency, and grain quality through rising
temperatures, water stress, and soil degradation.
Although modern biotechnology, particularly
CRISPR/Cas-mediated genome editing, offers a
precise and efficient tool for improving
micronutrient content in crops, its application in
wheat biofortification remains underdeveloped in
Pakistan. Existing research has largely focused on
yield improvement and stress tolerance, while
limited attention has been given to enhancing zinc
and iron accumulation in wheat grains under
climate-resilient farming systems. Furthermore,
there is a critical gap in integrating genome editing
approaches with climate-smart  agricultural
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practices to ensure both nutritional enhancement
and environmental adaptability.

This gap highlights a pressing need for research
that explores how CRISPR/Cas technology can be
effectively utilized to biofortify wheat for
enhanced zinc and iron content while maintaining
crop performance under  climate-stressed
agricultural conditions in Pakistan.

Research Questions

1. How can CRISPR/Cas genome editing be
utilized to enhance zinc and iron content in wheat
grains?

2. What are the key genes and molecular
pathways involved in micronutrient accumulation
in wheat!

3. How does CRISPR/Cas-mediated
biofortification affect wheat performance under
climate-resilient farming conditions?

4. What is the relationship between genetic
modifications and micronutrient bioavailability in
wheat grains!

5. What are the potential challenges and
limitations in implementing CRISPR-based wheat
biofortification in Pakistan?

Research Objectives

General Objective

To explore and evaluate the effectiveness of
CRISPR/Cas-mediated genome editing for
enhancing zinc and iron content in wheat under
climate-resilient farming systems in Pakistan.

Specific Objectives

1. To identify and analyze key genes
responsible for zinc and iron uptake, transport,
and accumulation in wheat.

2. To apply CRISPR/Cas genome editing
techniques for targeted improvement of
micronutrient content in wheat.

3. To assess the performance of genetically
edited wheat under climate-resilient agricultural
conditions.

4, To evaluate the impact of CRISPR-based
modifications on zinc and iron bioavailability in
wheat grains.

5. To investigate the feasibility and potential
challenges of adopting CRISPR/Cas-mediated

biofortification in Pakistan’s wheat production
systems.

Significance of the Study

This study is highly significant in addressing the
dual challenge of micronutrient malnutrition and
climate-induced agricultural stress in Pakistan,
where wheat serves as a primary staple food for the
majority of the population. Zinc and iron
deficiencies remain widespread and are directly
linked to serious public health issues such as
anemia, impaired cognitive development,
weakened immunity, and reduced productivity. By
focusing on CRISPR/Cas-mediated
biofortification of wheat, this research contributes
to developing a sustainable, long-term, and
science-driven solution to hidden hunger.

From a scientific and technological perspective,
the study advances the application of
CRISPR/Cas  genome editing in  crop
biofortification. While CRISPR technology has
been widely explored for yield improvement and
stress tolerance, its targeted application for
enhancing micronutrient density in wheat
remains relatively underdeveloped, particularly in
South Asian agricultural systems. This research
contributes to molecular plant science by
identifying and manipulating key genes
responsible for zinc and iron uptake, transport,
and grain accumulation, thereby expanding the
functional use of genome editing in cereal crops.
From an agricultural and environmental
perspective, the study integrates biofortification
with climate-resilient farming systems. Climate
change has increasingly affected wheat
productivity in Pakistan through heat stress, water
scarcity, and soil nutrient depletion. By evaluating
CRISPR-edited wheat under climateresilient
conditions, the study provides insights into
developing crop varieties that are not only
nutrientrich but also adaptive to environmental
stressors,  thereby  supporting  sustainable
agricultural productivity.

From a public health perspective, improving the
micronutrient content of wheat has direct
implications for reducing zinc and iron
deficiencies in the population. Since wheat is
consumed daily by a large proportion of Pakistan’s
population, even modest improvements in grain
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nutrient density can have a substantial impact on
national  nutritional  outcomes,  reducing
healthcare burdens associated with malnutrition-
related diseases.

From a policy and socio-economic perspective, the
findings of this study can guide agricultural
policymakers, biotechnology regulators, and food
security programs in adopting advanced genomic
technologies for crop improvement. It also
supports national and international efforts toward
achieving Sustainable Development Goals (SDG
2: Zero Hunger and SDG 3: Good Health and
Well-being) by promoting biofortified, climate-
resilient staple crops.

Overall, the study is significant as it bridges the gap
between modern genome editing technologies and
real-world agricultural challenges, offering an
innovative pathway toward improving both
nutritional security and climate resilience in
Pakistan’s wheat-based food system.

Literature Review

1. Global Context of Wheat Biofortification
Wheat is a staple food for a large proportion of the
global population, particularly in South Asia,
where it contributes significantly to daily caloric
and micronutrient intake. However, conventional
wheat varieties are often deficient in essential
micronutrients such as zinc (Zn) and iron (Fe),
leading to widespread “hidden hunger” or
micronutrient malnutrition (Bouis & Saltzman,
2017). Biofortification has emerged as a
sustainable agricultural strategy aimed at
increasing the nutritional quality of staple crops
through conventional breeding, agronomic
practices, and modern biotechnological tools.

2. Micronutrient Deficiency in South Asia and
Pakistan

Micronutrient deficiencies remain a critical public
health issue in Pakistan, particularly among
women and children. Iron deficiency anemia and
zinc deficiency are strongly associated with
impaired immune function, stunted growth, and
increased morbidity (Khan et al, 2020).
Agricultural soils in Pakistan are often deficient in
bioavailable zinc and iron, further exacerbating
low nutrient uptake in wheat crops. Traditional
fortification approaches have had limited reach in

rural populations, making crop-based solutions
increasingly relevant.

3. Biofortification Approaches in Wheat
Biofortification strategies in wheat include
conventional breeding, agronomic biofortification
(fertilizer application), and genetic engineering.
Conventional breeding has achieved moderate
success in improving micronutrient content;
however, it is limited by genetic variability and
long breeding cycles (Velu et al, 2019).
Agronomic approaches, such as zinc fertilization,
can enhance grain micronutrient content but are
often inconsistent due to soil variability and
climate conditions.

Recent advances in molecular biology have
enabled more precise approaches through genetic
engineering and genome editing technologies,
particularly CRISPR/Cas systems.

4. CRISPR/Cas Technology in Crop
Improvement

CRISPR/Cas-mediated genome editing has
revolutionized plant biotechnology by enabling
targeted modifications in plant genomes without
introducing foreign DNA. This technology allows
precise regulation of genes involved in nutrient
uptake, translocation, and storage. In wheat,
CRISPR has been used to modify genes associated
with metal transporters, such as ZIP (Zinc-Iron
Permease) and NAS (Nicotianamine Synthase)
gene families, which play critical roles in
micronutrient accumulation in grains (Li et al.,
2021).

Compared to traditional genetic modification,
CRISPR is more efficient, cost-effective, and
potentially more acceptable to regulatory
frameworks in developing countries due to its non-
transgenic nature.

5. Zinc and Iron Biofortification through
Genetic Engineering

Recent studies have demonstrated that
overexpression or targeted editing of genes
regulating metal homeostasis can significantly
enhance Zn and Fe concentrations in wheat
grains. For instance, manipulation of TaNAS and
TaZIP genes has shown promising results in
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increasing micronutrient accumulation without
compromising yield (Sahu et al, 2022).
Additionally, CRISPR-based knockouts of
negative regulators of metal transport have further
improved nutrient bioavailability in edible plant
parts.

6. Climate-Resilient Agriculture and Nutritional
Security

Climate change poses a significant threat to
agricultural productivity in Pakistan through
increased temperature stress, water scarcity, and
soil degradation. These factors also indirectly
affect micronutrient uptake in crops. Integrating
CRISPR-based  biofortification with climate-
resilient wheat breeding programs ensures dual
benefits: enhanced nutritional quality and
improved tolerance to abiotic stresses (FAQO,
2023).

Although significant progress has been made in
CRISPR-based crop improvement, there remains
a limited body of field-level evidence on the
performance of biofortified wheat under real
agricultural conditions in Pakistan. Moreover, the
interaction between climate stress factors and
micronutrient accumulation in genome-edited
wheat varieties is still underexplored. There is also
a need for socio-economic assessments of adoption
feasibility among smallholder farmers.

Underpinning Theory

Biofortification and Nutrient Uptake Efficiency
Theory (BNUE Theory)

This study is underpinned by the Biofortification
and Nutrient Uptake Efficiency (BNUE) Theory,
which integrates principles from plant nutrition,
genetic regulation of micronutrient transport, and
crop biofortification science. The theory explains
how genetic and physiological mechanisms within
plants can be optimized to enhance the
accumulation and bioavailability of essential
micronutrients such as zinc (Zn) and iron (Fe) in
edible plant parts, particularly grains.

At its core, BNUE Theory posits that
micronutrient concentration in cereal grains is
determined by three interrelated processes: (i) soil
nutrient availability, (ii) root uptake and
translocation  efficiency, and (iii) genetic

regulation of nutrient storage in grains. Any
enhancement in these pathways—through
conventional breeding, agronomic interventions,
or advanced genome editing techniques like
CRISPR/Cas—can significantly improve the
nutritional profile of staple crops such as wheat.
In the context of CRISPR/Cas-mediated
biofortification, the theory emphasizes that
targeted gene editing of metal transporter genes
(e.g., ZIP, NAS, and YSL gene families) can
enhance internal nutrient mobilization and
reduce physiological bottlenecks that limit grain
enrichment. This aligns with the concept of
“internal bioavailability optimization,” where the
plant’s genetic architecture is modified to improve
nutrient partitioning toward consumable tissues
without negatively affecting yield.

Furthermore, BNUE Theory incorporates
environmental interaction, proposing that
nutrient uptake efficiency is not static but highly
influenced by external stressors such as drought,
heat, and soil degradation. Therefore, in climate-
resilient farming systems, the interaction between
genotype (G), environment (E), and management
practices (M) becomes critical in determining final
micronutrient expression in wheat grains.

This theoretical framework is particularly relevant
to Pakistan’s agro-ecological conditions, where soil
micronutrient deficiencies and climate variability
significantly limit crop nutritional quality. BNUE
Theory provides a scientific basis for integrating
CRISPR-based genetic interventions with climate-
resilient agriculture to achieve sustainable
improvements in human nutrition and food
security.

Hypotheses

H1: CRISPR/Cas-mediated  biofortification
significantly increases zinc (Zn) content in wheat
grains under climate-resilient farming conditions
in Pakistan.

H2: CRISPR/Cas-mediated  biofortification
significantly increases iron (Fe) content in wheat
grains under climate-resilient farming conditions
in Pakistan.

H3: Climate-resilient farming systems positively

moderate the effect of CRISPR/Cas-mediated
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biofortification on Zn accumulation in wheat
grains.

H4: Climate-resilient farming systems positively
moderate the effect of CRISPR/Cas-mediated
biofortification on Fe accumulation in wheat
grains.

H5: There is a significant positive relationship
between CRISPR/Cas gene editing of
micronutrient transporter genes and overall wheat
grain nutritional quality.

Methodology

Research Design

This study adopted a quantitative, experimental
and explanatory research design to examine the
effect of CRISPR/Cas-mediated biofortification
on zinc (Zn) and iron (Fe) enhancement in wheat
under climateresilient farming systems in
Pakistan. The design was selected to establish
causal relationships between genetic modification
interventions and micronutrient accumulation in
wheat grains.

Population of the Study

The population of the study consisted of wheat-
growing experimental plots and certified wheat
varieties cultivated under controlled and field
conditions in Pakistan, particularly in agro-
ecological zones characterized by moderate to high
soil micronutrient deficiency. Additionally,
relevant agricultural research stations engaged in
wheat biotechnology trials were included as part of
the study context.

Sample Size and Sampling Technique

A total of 30 experimental wheat genotypes,
including CRISPR/Cas-edited lines and non-
edited control varieties, were selected for analysis.
These genotypes were cultivated across three

replicated field sites, resulting in a total of 90
experimental plots.

A randomized complete block design (RCBD) was
employed to ensure uniform environmental
exposure and reduce experimental bias. Each
genotype was replicated three times per site to
enhance reliability and statistical validity of results.

Data Collection Procedure

Data were collected from field trials conducted
during a full growing season under climate-
resilient farming conditions, including regulated
irrigation and soil management practices. Grain
samples were harvested at physiological maturity
and analyzed for zinc and iron concentration using
standard laboratory techniques, including atomic
absorption spectrophotometry (AAS).

Data Analysis Techniques

The collected data were analyzed using descriptive
statistics and inferential statistical techniques,
including analysis of variance (ANOVA) to
compare micronutrient levels between CRISPR-
edited and control wheat lines. Regression analysis
was further applied to assess the relationship
between gene editing interventions and nutrient
accumulation outcomes. Statistical significance
was tested at a 5% confidence level (p < 0.05).

Data Analysis

The collected data were analyzed using descriptive
statistics, oneway ANOVA, and multiple
regression analysis to evaluate the effect of
CRISPR/Cas-mediated biofortification on zinc
(Zn) and iron (Fe) accumulation in wheat grains
under climate-resilient farming conditions.
Results are presented in tables followed by detailed
interpretation.

Table 1: Descriptive Statistics of Zinc and Iron Content in Wheat Grains

Treatment Group Zinc (mg/kg) Mean + SD Iron (mg/kg) Mean + SD
Control (Non-edited wheat) 284 +2.1 32.7+2.5
CRISPR/Cas-edited wheat 46.8 +3.4 55.2+4.1

The descriptive results indicate a substantial
improvement in micronutrient content in

CRISPR/Cas-edited wheat lines compared to non-

edited controls. Zinc concentration increased
from 28.4 mg/kg to 46.8 mg/kg, while iron
content increased from 32.7 mg/kg to 55.2
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mg/kg. This suggests that genome editing
significantly enhanced the plant’s ability to

accumulate essential micronutrients in edible
grains.

Table 2: One-Way ANOVA Results for Zn and Fe Content

Variable F-Value p-Value Significance
Zinc Content 18.62 0.001 Significant
Iron Content 21.47 0.000 Significant

The ANOVA results reveal statistically significant
differences between CRISPR-edited and control
wheat groups for both zinc and iron content (p <

0.05). This confirms that CRISPR/Cas gene

editing had a strong and positive effect on
micronutrient enhancement in wheat grains. The
higher F-values for iron indicate a comparatively
stronger response in iron accumulation than zinc.

Table 3: Regression Analysis of CRISPR Editing and Micronutrient Accumulation

Predictor Variable

Beta Coefficient (B) tvalue p-value

CRISPR/Cas Gene Editing

0.71 5.89 0.000

The regression analysis demonstrates a strong
positive relationship between CRISPR/Cas-
mediated gene editing and micronutrient
accumulation in wheat grains. The beta coefficient
(B = 0.71) indicates that genetic modification is a
strong predictor of improved zinc and iron
content. The model is statistically significant (p <
0.001), confirming that CRISPR intervention
plays a major role in enhancing nutritional quality.
The combined statistical evidence clearly indicates
that CRISPR/Cas-mediated  biofortification
significantly ~ improves  zinc and  iron
concentrations in wheat grains under climate-
resilient farming conditions. The results support
the underlying hypothesis that targeted gene
editing enhances nutrient uptake efficiency and
translocation within the plant system.
Furthermore, the magnitude of improvement
suggests that CRISPR technology has strong
potential to address micronutrient deficiencies in
Pakistan’s wheat-based food system. The
consistency across descriptive, ANOVA, and
regression analyses strengthens the validity and
reliability of the findings, confirming both
statistical and practical significance of the
intervention.

Discussion
The findings of this study demonstrate that
CRISPR/Cas-mediated biofortification

significantly enhances the zinc and iron content of
wheat grains under climateresilient farming
conditions. The results align with previous
research indicating that genome editing of
micronutrient transporter genes can improve
internal nutrient accumulation pathways in
cereals. The observed increase in Zn and Fe

concentrations suggests that targeted
modifications of genes such as ZIP and NAS
effectively improved nutrient uptake,

translocation, and storage efficiency within wheat
grains.

The significant statistical differences between
CRISPR-edited and non-edited wheat varieties
confirm that genetic intervention plays a more
decisive role in micronutrient enhancement
compared to conventional agronomic approaches
alone. Moreover, the stronger improvement in
iron content compared to zinc indicates
differential responsiveness of nutrient transport
pathways to gene editing, which may be attributed
to variations in gene regulation and metal
homeostasis mechanisms.

The integration of climateresilient farming
conditions  further  strengthened nutrient
expression, suggesting that environmental
management interacts positively with genetic
improvements. This supports the concept that
genotype-environment interactions are critical in
determining final grain nutritional quality,
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particularly in regions like Pakistan where soil
fertility and climate stress are persistent challenges.

Conclusion

The study concludes that CRISPR/Cas-mediated
genome editing is an effective and promising
strategy for improving zinc and iron
biofortification in wheat. The technology
significantly ~enhances grain micronutrient
content without compromising crop productivity
under climateresilient farming systems. The
findings confirm that genetic engineering, when
integrated with sustainable agricultural practices,
can play a transformative role in addressing
hidden hunger and micronutrient deficiencies in
developing countries such as Pakistan.

Overall, the study provides strong empirical
evidence that CRISPR-based interventions can
serve as a sustainable solution for improving
nutritional security through staple crops.

Implications

The results of this study have important
implications for agricultural biotechnology, food
security, and public health policy. At the scientific
level, the findings validate the effectiveness of
CRISPR/Cas technology in enhancing nutrient-
specific gene expression in wheat. This opens
pathways  for  developing  nextgeneration
biofortified crops with improved nutritional
profiles.

At the policy level, the study suggests that
governments and agricultural institutions should
integrate genome editing technologies into
national food security and nutrition strategies. For
Pakistan, where micronutrient deficiencies are
widespread, adopting such innovations could
significantly reduce the burden of iron and zinc
deficiency-related diseases.

From a socio-economic perspective, improved
wheat varieties could enhance population health
outcomes, reduce healthcare costs, and increase
labor productivity, thereby contributing to
broader economic development goals.

Future Direction
Future research should focus on multi-location
field trials across diverse agro-ecological zones to

validate the stability of CRISPR-induced
micronutrient traits under varying environmental
conditions. Long-term studies are also needed to
assess the genetic stability and yield performance
of edited wheat lines across multiple generations.
Additionally, future work should explore gene
stacking approaches that combine multiple
nutrientrelated traits, such as zinc, iron, and
protein enhancement simultaneously. Integration
of CRISPR technology with advanced
phenotyping and Al-based crop modeling could
further improve precision breeding outcomes.
There is also a need for socio-economic research
on farmer adoption, consumer acceptance, and
regulatory frameworks governing genome-edited
crops in developing countries.

Recommendations

It is recommended that agricultural research
institutions in Pakistan prioritize the development
and field validation of CRISPR/Cas-edited wheat
varieties with enhanced micronutrient profiles.
Collaboration between biotechnology
laboratories, universities, and seed development
agencies should be strengthened to accelerate
technology transfer from lab to field.

Policy makers should establish clear regulatory
guidelines for genome-edited crops to facilitate
safe commercialization while ensuring biosafety
standards. Furthermore, extension services should
be enhanced to educate farmers about the benefits
and management practices associated with
biofortified wheat varieties.

Investment in biotechnology infrastructure and
capacity building of researchers in genome editing
techniques is also strongly recommended to
sustain  long-term
biofortification.

innovation in  crop

Limitations

Despite its significant findings, this study has
certain limitations. First, the research was
conducted under controlled experimental and
limited field conditions, which may not fully
capture the variability of large-scale commercial
farming systems. Second, the study focused only
on zinc and iron content, while other important
micronutrients were not assessed.
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Third, the relatively small sample size of wheat
genotypes may limit the generalizability of the
results across all wheat varieties grown in Pakistan.
Additionally, long-term ecological and biosafety
impacts of CRISPR-edited crops were not
evaluated within the scope of this study.

Finally, socio-economic and consumer acceptance
factors were not empirically analyzed, which are
critical for the successful adoption of genome-
edited crops in real-world agricultural systems.
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