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Abstract

Advances in gene editing technologies have transformed the landscape of livestock production by
enabling precise manipulation of genetic material associated with productivity, health, and
environmental adaptability. Tools, such as CRISPR Cas9 and emerging next generation editors, allow
targeted modifications that improve feed efficiency, growth performance, nutrient utilization, and stress
tolerance in farm animals. This review highlights the genetic basis of feed efficiency and metabolic
regulation, focusing on key gemes and pathways involved in digestion, energy balance, protein
synthesis, and lipid metabolism. It further explores how gene editing can be applied to improve
economically important traits such as feed conversion ratio, residual feed intake, body composition,
and nutrient digestibility. Integration of genetic technologies with nutritional strategies, including
precision feeding and nutrigenomics, enables optimized expression of desirable traits and improved
production efficiency. Species specific applications in cattle, poultry, and swine demonstrate the
versatility of gene editing in addressing diverse production challenges. In addition, gene-based
improvements contribute significantly to climate resilience by enhancing heat tolerance, metabolic
flexibility, and stress adaptation. Despite its potential, the application of gene editing in livestock faces
challenges including off target effects, ethical concerns, regulatory variability, and risks to genetic
diversity. Public perception and animal welfare considerations also play critical roles in shaping
adoption pathways. Future directions emphasize integration of multi omics technologies and artificial
intelligence to enhance predictive breeding and precision nutrition systems. Overall, gene editing, when
responsibly applied, offers a powerful approach to developing sustainable, efficient, and climate
resilient livestock production systems that support global food security under changing environmental
conditions.
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INTRODUCTION

Livestock production plays a central role in
global food security by supplying high quality
protein, milk, and meat to a growing population.
However, increasing demand for animal products is
placing pressure on feed resources, environmental
sustainability, and  production  efficiency.
Traditional breeding methods have contributed
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significantly to genetic improvement, yet they are
often limited by long generation intervals and low
precision in trait selection. In this context, gene
editing technologies have emerged as powerful
tools for accelerating genetic gain and improving
economically important traits in livestock [1-4].
Techniques, such as CRISPR Cas9, allow precise
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modification of DNA sequences, enabling targeted improvements in growth, metabolism, disease
resistance, and environmental adaptation. These advances offer new opportunities to enhance
productivity while reducing resource use and environmental impact [5-8].

Feed efficiency and metabolic regulation are among the most important traits influencing livestock
performance and profitability [9—11]. Traits, such as feed conversion ratio, residual feed intake, growth
rate, and body composition, are controlled by complex genetic networks involving energy metabolism,
nutrient absorption, and hormonal regulation. In addition, gene diet interactions and epigenetic
mechanisms further influence how animals respond to different nutritional environments [12—14].
Integrating molecular genetics with nutritional science has, therefore, become a promising strategy for
improving production efficiency. Furthermore, gene editing provides the possibility of enhancing
digestive enzyme activity, optimizing metabolic pathways, and improving stress tolerance, particularly
under heat and nutritional stress conditions that are increasingly common due to climate change.

Despite significant progress, several gaps remain in the application of gene editing in livestock
systems. Limited understanding of long-term genetic stability, off target effects, and interactions
between edited genes and complex environmental factors restricts widespread adoption [15, 16]. In
addition, species specific responses and insufficient field level validation hinder practical
implementation in diverse production systems. Ethical concerns, regulatory differences across
countries, and limited integration with precision nutrition strategies also constrain progress. The novelty
of current research lies in combining gene editing with omics technologies and artificial intelligence to
develop predictive, climate adaptive livestock systems. This integrated approach aims to bridge existing
gaps by linking genotype, nutrition, and environment to achieve sustainable and efficient animal
production under changing global conditions.

FUNDAMENTALS OF GENE EDITING TECHNOLOGIES
Principles of CRISPR Cas9 and Other Editing Tools

CRISPR Cas9 is a genome editing system derived from bacterial adaptive immunity. It uses a guide
RNA to direct the Cas9 nuclease to a complementary DNA sequence where it creates a double strand
break [5, 6, 17]. The cell then repairs the breakthrough non homologous end joining or homology
directed repair enabling targeted gene disruption or insertion. Other systems, such as Cas12 and base
editors, expand targeting range and allow precise nucleotide level modifications for functional
genomics and breeding applications research use [2—4].

Gene Editing and Traditional Genetic Modification

Gene editing differs from traditional genetic modification in that it enables targeted changes at
specific genomic loci without necessarily introducing foreign DNA. Traditional genetic modification
often relies on transgenic approaches where genes from unrelated species are inserted randomly into
the genome. Gene editing technologies, such as CRISPR, allow precise deletion, insertion, or
substitution of nucleotides at predefined sites. This results in faster development, reduced off target
effects, and more predictable trait expression compared to conventional transgenic methods in
organism’s systems [7, 18, 19].

Precision, Efficiency, and Heritability of Edited Traits

Precision in gene editing refers to the ability to modify specific DNA sequences with minimal
unintended changes elsewhere in the genome. Efficiency describes the proportion of cells successfully
edited within a given population and is influenced by delivery systems and repair pathways. Heritability
indicates whether the edited trait is transmitted to subsequent generations through germline
modification. High precision and efficiency improve reproducibility in research and breeding, while
stable heritability ensures long term persistence of desirable genetic traits in populations framework [9,
20-22].
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GENETIC BASIS OF FEED EFFICIENCY AND METABOLISM
Key Genes Regulating Feed Intake, Digestion, and Energy Balance

Key genes regulating feed intake, digestion, and energy balance include leptin, ghrelin, insulin-like
growth factors, and neuropeptide Y systems. These genes influence appetite signaling, satiety, nutrient
absorption, and metabolic rate. Variations in these loci affect how efficiently animals convert feed into
body mass [23-26]. In livestock, polymorphisms in digestive enzyme genes and transporter proteins
also shape nutrient utilization. Coordinated gene expression across hypothalamic and gastrointestinal
tissues ensures balanced energy homeostasis and optimal growth performance under diverse nutritional
environments conditions framework [25, 27, 28].

Pathways Involved in Protein Synthesis and Lipid Metabolism

Pathways involved in protein synthesis and lipid metabolism include mTOR signaling, AMPK
regulation, insulin signaling, and PPAR mediated transcriptional networks. These pathways coordinate
cellular energy status with nutrient availability, controlling muscle accretion and fat deposition. Protein
synthesis depends on ribosomal activity, amino acid sensing, and translational control mechanisms.
Lipid metabolism involves fatty acid oxidation, lipogenesis, and cholesterol transport. Cross talk
between these pathways ensures metabolic flexibility, allowing organisms to adapt efficiently to
changing dietary inputs and environmental stress conditions framework [6, 26, 29].

Role of Gene Diet Interactions in Metabolic Performance

Gene diet interactions describe the complex relationship between genetic variation and nutrient intake
in shaping metabolic performance. Different genotypes respond uniquely to dietary protein,
carbohydrate, and lipid levels, influencing growth efficiency and energy utilization. Nutrients can
regulate gene expression through epigenetic modifications and transcriptional control mechanisms.
These interactions affect enzyme activity, hormonal balance, and gut microbiome composition.
Understanding gene diet interplay enables precision feeding strategies that improve productivity, health,
and resilience in livestock under varying environmental and management conditions framework [27,
30, 31].

TARGET TRAITS FOR GENE EDITING
Feed Conversion Ratio and Residual Feed Intake

Feed conversion ratio and residual feed intake are primary indicators of feed efficiency in livestock.
Feed conversion ratio measures the amount of feed required to produce a unit of body weight gain,
while residual feed intake estimates the difference between observed and expected feed intake based on
maintenance and growth. Genetic improvement of these traits reduces production costs and
environmental impact in systems globally applied. Genes affecting appetite regulation, digestion, and
metabolic rate contribute significantly to variation in both parameters in populations [3, 4, 9, 21].

Growth Rate and Body Composition

Growth rate and body composition are economically important traits targeted in gene editing
programs for livestock improvement globally applied. Growth rate reflects the speed of weight gain
over time, while body composition describes the proportion of muscle, fat, and bone in an animal.
Genetic selection and editing of growth-related genes, such as myostatin and growth hormone
pathways, can enhance productivity efficiency. These modifications also influence nutrient partitioning
between lean tissue and adipose tissue improving carcass quality and market value [24, 29, 32, 33].

Nutrient Digestibility and Absorption

Nutrient digestibility and absorption determine how efficiently animals extract energy and nutrients
from feed which is critical for sustainable and efficient animal production systems in agriculture.
Genetic variation in digestive enzymes, intestinal transporters, and gut morphology influences these
processes significantly. Genes regulating cellulase activity, amino acid transport, and lipid uptake are
particularly important in ruminants and monogastrics. Enhancing digestibility improves feed utilization,
reduces waste output, and increases overall production efficiency in livestock systems under diverse
feeding conditions globally and climate variation impacts across production systems [34-37].

© STM Journals 2026. All Rights Reserved 3



Gene-Edited Livestock for Enhanced Feed Efficiency and Metabolic Adaptation Hossain and Ahasan

Stress Tolerance and Metabolic Flexibility

Stress tolerance and metabolic flexibility are essential traits enabling animals to adapt to
environmental and physiological challenges. Genetic factors influencing heat stress resistance,
oxidative balance, and hormonal regulation determine survival and productivity under harsh conditions.
Pathways involving heat shock proteins, antioxidant systems, and energy metabolism play a central role
in maintaining homeostasis. Gene based improvements in these traits support resilience, productivity,
and long-term sustainability in livestock production systems globally under climate variability and
nutritional stress conditions across production systems [11, 12, 31, 38].

APPLICATIONS OF GENE EDITING IN LIVESTOCK
Editing for Improved Digestive Enzyme Activity

Gene editing can enhance digestive enzyme activity by modifying genes responsible for proteases,
lipases, and carbohydrases. In ruminants and monogastric species, improved enzyme expression
increases breakdown of feed components and nutrient availability. Targeted changes in intestinal and
pancreatic enzyme regulation improve feed efficiency and reduce undigested residues. This approach
supports better utilization of low-quality feed resources and reduces feeding costs. Enhanced enzymatic
efficiency also contributes to improved growth performance and reduced environmental nutrient losses
in production systems widely applied globally [2—4, 6].

Modifying Metabolic Pathways for Efficient Nutrient Utilization

Gene editing allows modification of metabolic pathways involved in carbohydrate, protein, and lipid
utilization. Key targets include insulin signaling, mTOR regulation, and fatty acid oxidation pathways.
Adjusting these pathways improves nutrient partitioning toward muscle growth rather than fat
deposition. In livestock systems, this leads to improved productivity and reduced feed input
requirements. Such modifications enhance metabolic efficiency under varying dietary conditions and
support sustainable production [7, 9, 19, 20, 39]. These advances contribute to optimized energy use
and better overall performance in diverse farming environments globally.

Enhancing Tolerance to Heat and Nutritional Stress

Gene editing can improve tolerance to heat stress and nutritional stress by targeting genes involved
in thermoregulation, oxidative stress response, and cellular protection. Heat shock proteins and
antioxidant enzymes play central roles in maintaining cellular stability under adverse conditions.
Improved stress tolerance helps maintain feed intake, fertility, and productivity during environmental
challenges. These genetic improvements are especially valuable in tropical and subtropical production
systems where heat stress is common, supporting resilience and stability in livestock production systems
under climate variability conditions [7, 9, 19, 20, 39].

Species Specific Applications in Cattle, Poultry, and Swine

Species specific gene editing applications target traits relevant to cattle, poultry, and swine production
systems. In cattle, edits focus on milk yield, heat tolerance, and feed efficiency traits in cattle. In poultry,
modifications improve growth rate, disease resistance, and feed conversion efficiency in poultry. In
swine, gene editing targets lean meat production, nutrient utilization, and stress resistance in swine.
These tailored interventions improve productivity, adaptability, and resource efficiency across species,
supporting sustainable livestock systems under diverse environmental and management conditions
globally applied in agriculture systems [10, 24, 33-35, 40, 41].

INTEGRATION WITH NUTRITIONAL STRATEGIES
Precision Feeding for Gene Edited Animals

Precision feeding for gene edited animals involves matching nutrient supply with the specific genetic
potential and metabolic needs of individual livestock. By using data from genomic selection and
performance monitoring, diets can be adjusted to optimize growth, reproduction, and health outcomes.
This approach reduces nutrient wastage and improves feed efficiency. Integration of sensors, modeling
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tools, and feeding systems enables real time adjustments. Such strategies maximize the benefits of gene
edited traits while supporting sustainable production systems in modern livestock agriculture [26, 31,
35].

Nutrigenomics and Diet-Based Gene Expression Modulation

Nutrigenomics and diet-based gene expression modulation explore how nutrients influence gene
activity and metabolic pathways. Specific dietary components can upregulate or downregulate genes
involved in growth, immunity, and metabolism through epigenetic and transcriptional mechanisms.
This allows formulation of diets that enhance desirable traits in genetically characterized animals.
Understanding nutrient gene interactions improves efficiency of production systems and animal health.
It bridges molecular biology and nutrition science to design targeted feeding strategies that optimize
performance and resilience in livestock systems [12, 42, 43].

Synergy Between Diet Formulation and Genetic Potential

Synergy between diet formulation and genetic potential ensures that nutrient supply aligns with the
inherent biological capacity of animals. Matching feed composition with genetic traits enhances growth
efficiency, reproductive performance, and health outcomes. This integration enables better utilization
of nutrients and reduces production inefficiencies. Advanced modeling and genomic tools support
customized diet planning based on genetic profiles. Such synergy improves sustainability, productivity,
and profitability in livestock systems by maximizing the expression of desirable genetic traits under
varying environmental conditions globally [26, 44, 45].

IMPACTS ON PRODUCTIVITY AND SUSTAINABILITY
Improved Feed Efficiency and Reduced Production Cost

Gene editing and advanced nutrition strategies significantly improve feed efficiency by enhancing
nutrient utilization and reducing maintenance energy losses. Animals convert feed into body mass or
milk more effectively, lowering the amount of feed required per unit of product. This directly reduces
production cost, which is a major constraint in livestock systems. Improved efficiency also stabilizes
profitability under fluctuating feed prices. Combined genetic and nutritional improvements support
economically viable livestock production while maintaining consistent output quality across diverse
farming conditions [6, 11, 19].

Lower Environmental Footprint Through Reduced Waste

Improved genetic traits and optimized feeding systems reduce environmental impact by lowering
feed waste and nutrient excretion. Better digestion and metabolic efficiency decrease nitrogen and
phosphorus losses into soil and water systems. Reduced methane production in ruminants further
decreases greenhouse gas emissions. These improvements contribute to more sustainable livestock
production systems by minimizing pollution and resource depletion. Enhanced efficiency ensures that
fewer natural resources are required per unit of animal product, supporting environmentally responsible
agriculture under increasing global demand pressures [10, 12, 37].

Contribution to Climate Resilient Livestock Systems

Gene editing and integrated nutrition contribute to climate resilient livestock systems by improving
adaptability to heat stress, feed scarcity, and disease pressure. Animals with enhanced metabolic
flexibility and stress tolerance maintain productivity under variable environmental conditions. These
innovations help stabilize food production in regions affected by climate change. Improved resilience
reduces production losses and supports food security. Combined genetic and nutritional strategies
enable livestock systems to remain productive, efficient, and sustainable despite increasing
environmental challenges and climate variability worldwide in agriculture systems [13, 25, 44].

ETHICAL, REGULATORY, AND SOCIAL CONSIDERATIONS
Safety Assessment and Regulatory Frameworks

Safety assessment and regulatory frameworks for gene edited livestock focus on evaluating genetic
stability, off target effects, food safety, and environmental impact before approval. Regulatory agencies
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require stepwise validation from laboratory studies to field trials. Risk assessment includes molecular
characterization and long-term monitoring of animal health and product safety. Different countries
apply varying policies, ranging from strict oversight to more flexible guidelines. Harmonized global
standards are needed to ensure safe adoption while supporting innovation in animal biotechnology and
livestock production systems [7, 24, 26].

Public Perception and Acceptance of Gene Edited Livestock

Public perception and acceptance of gene edited livestock depend on awareness, cultural values,
ethical concerns, and trust in scientific institutions. Many consumers differentiate between gene editing
and traditional genetic modification, influencing acceptance levels. Transparent communication about
safety, benefits, and limitations is essential to build confidence. Misunderstanding of technology can
lead to resistance despite scientific evidence. Engagement with stakeholders, including farmers,
consumers, and policymakers, helps improve acceptance and supports responsible adoption of gene
editing in food production systems globally applied [27, 46, 47].

Animal Welfare Considerations

Animal welfare considerations in gene edited livestock focus on ensuring that genetic modifications
do not cause pain, suffering, or reduced quality of life. Edited traits must be evaluated for effects on
health, behavior, reproduction, and long-term physiological stability. Welfare assessment includes
monitoring growth patterns, disease resistance, and adaptability to environmental stress. Ethical
frameworks emphasize minimizing harm while improving productivity. Responsible use of gene editing
should align with welfare standards and promote healthier animals within sustainable livestock
production systems globally applied [23, 28, 41].

CHALLENGES AND LIMITATIONS
Off Target Effects and Unintended Consequences

Off target effects refer to unintended modifications in genomic regions other than the intended target
site during gene editing. These changes may disrupt normal gene function, leading to unpredictable
physiological or developmental consequences. Even small sequence errors can influence metabolism,
growth, or disease susceptibility. Detecting and minimizing these effects requires advanced screening
methods and high-fidelity editing systems. Ensuring accuracy remains a key challenge, as unintended
consequences can compromise safety, performance, and reliability of gene edited livestock applications
in production systems [2, 6, 31].

Genetic Diversity and Long-Term Stability

Genetic diversity and long-term stability are important considerations in gene edited populations.
Overreliance on specific edited traits may reduce overall genetic variation, increasing vulnerability to
diseases and environmental changes. Maintaining a broad genetic base is essential for sustainable
breeding programs. Additionally, long term stability of edited traits across generations must be
confirmed through germline transmission studies. Epigenetic changes and gene interactions may alter
trait expression over time, requiring continuous monitoring to ensure consistent performance and
adaptability in livestock populations [8, 19, 26, 35].

Technical and Economic Constraints

Technical and economic constraints limit widespread adoption of gene editing in livestock systems.
Advanced tools require specialized laboratories, skilled personnel, and high-cost infrastructure.
Delivery of gene editing components into embryos or cells remains technically challenging in many
species. Regulatory compliance and validation further increase costs and time requirements. Small scale
producers may face barriers to access these technologies. Economic feasibility depends on balancing
research investment with long term productivity gains and market acceptance in livestock production
systems globally applied agriculture contexts [11, 12, 40, 46, 48, 49].
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FUTURE PERSPECTIVES AND RESEARCH DIRECTIONS
Advanced Editing Tools Beyond CRISPR Cas9

Future gene editing is expanding beyond CRISPR Cas9 to include base editing, prime editing, and
epigenome editing technologies. These systems enable more precise nucleotide changes without
creating double strand breaks, reducing unintended mutations. Prime editing allows targeted insertions,
deletions, and substitutions with higher accuracy. Ongoing research focuses on improving delivery
systems and expanding species applicability. These advancements aim to increase safety, precision, and
efficiency in livestock genetic improvement while minimizing biological risks associated with earlier
genome editing approaches in agriculture systems.

Integration with Omics Technologies and Artificial Intelligence

Integration of genomics, transcriptomics, proteomics, and metabolomics with artificial intelligence
is transforming livestock research. Omics technologies provide large scale biological data that reveal
gene function, metabolic pathways, and trait associations. Artificial intelligence enables pattern
recognition, predictive modeling, and decision support for breeding and nutrition strategies. Together,
these tools enhance understanding of complex gene environment interactions. This integration supports
precision livestock systems by improving selection accuracy, optimizing feeding strategies, and
accelerating development of high performing and resilient animal populations in agriculture systems.

Development of Region Specific and Climate Adaptive Livestock

Future livestock development focuses on creating region specific and climate adaptive breeds tailored
to local environmental conditions. Gene editing combined with selective breeding can enhance heat
tolerance, disease resistance, and feed efficiency in specific ecological zones. This approach is
especially important for tropical and arid regions facing climate variability. Animals adapted to local
feed resources and environmental stress improve productivity and sustainability. Such strategies support
food security, reduce production risks, and strengthen resilience of livestock systems under changing
global climate conditions.

Policy and Innovation Pathways for Adoption

Effective policy and innovation pathways are essential for responsible adoption of gene editing in
livestock systems. Clear regulatory frameworks must balance innovation with safety, ethical standards,
and public trust. Investment in research infrastructure, capacity building, and international collaboration
supports technological advancement. Policies should encourage transparent risk assessment and
equitable access for farmers. Public engagement and stakeholder participation improve acceptance and
informed decision making. Coordinated efforts between governments, research institutions, and
industry are critical for sustainable integration of gene editing technologies globally.

CONCLUSION

Gene editing technologies represent a major advancement in livestock improvement by enabling
precise modification of genes associated with productivity, metabolism, and environmental adaptation.
When combined with modern nutritional strategies, these tools provide new opportunities to enhance
feed efficiency, growth performance, and resilience to climatic and nutritional stress. Applications
across cattle, poultry, and swine demonstrate strong potential for improving both economic efficiency
and sustainability in animal production systems. Despite these benefits, challenges, such as off target
effects, regulatory complexity, ethical concerns, and potential impacts on genetic diversity, must be
carefully managed. Long term success depends on rigorous safety evaluation, responsible innovation,
and transparent communication with society. Future progress will likely be driven by integration of
gene editing with omics technologies and artificial intelligence, enabling more precise and predictive
livestock management. Overall, gene-based innovation offers a promising pathway toward sustainable,
climate resilient, and efficient animal agriculture.
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