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CRISPR Genome Editing: A New Frontier for Sustainable Agriculture and Livestock for Global Food Security

Abstract
CRISPR genome editing has rapidly evolved from a bacterial immune mechanism into a powerful, programmable platform for precise genetic modification across plant and animal systems. In agriculture and livestock production, CRISPR-based tools such as Cas9, Cas12, base editors, and prime editors are enabling sustainable innovations that directly support global food security. Applications range from improving crop yield, nutritional content, and climate resilience to enhancing livestock disease resistance, productivity, and animal welfare. These advances offer transformative solutions to challenges posed by population growth, environmental stress, and limited arable resources. This review critically summarizes recent technological developments, delivery strategies, and representative applications of CRISPR in crops and farm animals, while highlighting biosafety, ethical, and regulatory considerations that influence translational adoption. By integrating scientific progress with policy and sustainability perspectives, this work underscores CRISPR’s pivotal role in shaping resilient, ethical, and equitable food systems for the future.
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1. [bookmark: detection-and-validation]Introduction
The discovery of the CRISPR-Cas system transformed our understanding of how bacteria defend themselves against viruses and, in doing so, provided one of the most powerful tools in modern biology (Saeed et al., 2025). What began as a curiosity in microbial genetics has evolved into a precise and programmable technology that can alter the DNA of virtually any organism (Wang and Doudna, 2023). Since its adaptation for genome editing in 2012, CRISPR has redefined the pace and possibilities of genetic improvement-enabling scientists to make targeted, predictable changes in plants and animals faster and more accurately than ever before (Zhou et al., 2024).
Unlike earlier genome-editing platforms such as zinc-finger nucleases (ZFNs) or TALENs, which required complex protein engineering for every new target, CRISPR relies on a simple guide RNA to direct a nuclease to its complementary DNA sequence (Nazir et al., 2024). This simplicity, combined with high efficiency, low cost, and scalability, has made genome editing widely accessible to research programs around the world (Collins et al., 2024). What was once confined to specialized laboratories can now be implemented by crop breeders, animal scientists, and agricultural biotechnologists seeking practical solutions to urgent food production challenges (Chen et al., 2024).
Over the last decade, CRISPR has become a cornerstone of innovation in agriculture and livestock development (Wang et al., 2025). In crops, it enables the fine-tuning of key genes controlling yield, nutritional quality, and resistance to pests, diseases, and environmental stress (Singh et al., 2024). In livestock, it supports the creation of healthier and more resilient animals-those that can resist infectious diseases, thrive under changing climates, and meet welfare standards without compromising productivity (Sonstegard et al., 2024). These applications go far beyond laboratory success; they address real-world needs that influence the stability of food systems and the livelihoods of farmers.
Global food security remains one of the most pressing issues of our time. The world’s population is projected to exceed nine billion by 2050, while arable land, water resources, and ecosystem stability continue to decline (Yaseen et al., 2025). At the same time, agriculture faces growing threats from climate change, soil degradation, and emerging diseases in both plants and animals (Hossain et al., 2024). Traditional breeding approaches have contributed greatly to past productivity gains, but they are often too slow to meet the speed and scale of modern challenges (Ma et al., 2025; Chaudhary and Sandhu, 2024). CRISPR genome editing provides a new path forward-allowing scientists to rapidly and precisely enhance desirable traits while maintaining the genetic diversity essential for long-term sustainability (Kaur et al., 2025).
Beyond yield and productivity, CRISPR also offers the potential to make food systems more sustainable and equitable. Gene-edited crops can reduce the need for chemical fertilizers and pesticides, lowering the environmental footprint of agriculture (Jin and Gil, 2024; Faizal et al., 2024). Livestock with improved feed efficiency and disease resistance can decrease the demand for antibiotics and animal losses, contributing to both economic and ecological resilience (Ibeagha-Awemu et al., 2025; Islam et al., 2024). Importantly, the accessibility of CRISPR technology allows research programs in developing regions to participate actively in innovation, tailoring solutions to local crops and breeds that matter most for community nutrition and income (Wang et al., 2025).
However, as with all transformative technologies, the promise of CRISPR must be matched with caution and responsibility. Off-target effects, ecological risks, and the ethical implications of editing living organisms demand rigorous evaluation and transparent regulation (Kalter et al., 2025; Piergentili et al., 2021). Public trust, equitable access, and harmonized policies across regions will determine how widely and responsibly genome editing can be adopted (Stazi, 2024; Sprink et al., 2022). The goal is not simply to create more productive organisms, but to build a food system that is secure, sustainable, and fair for future generations.  
This review explores the expanding role of CRISPR genome editing in agriculture and livestock improvement with a particular emphasis on its contribution to global food security. It examines the underlying mechanisms, recent technological advances, and representative applications that demonstrate CRISPR’s potential to reshape modern food production. Finally, it discusses the biosafety, ethical, and policy considerations necessary to ensure that this technology is developed and deployed in a way that benefits both people and the planet.
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Figure 1. (A): Wild-type Cas9 induces a site-specific double-strand break (DSB) in DNA, activating cellular repair pathways. Without a repair template, non-homologous end joining (NHEJ) can create indels that disrupt the target gene, while providing a homologous template enables precise edits via homology-directed repair (HDR).
(B) A nickase Cas9 variant introduces a single-strand break; paired guide RNAs can generate offset nicks that promote HDR with reduced off-target activity.
(C) Catalytically inactive Cas9 (dCas9) serves as a programmable DNA-binding platform that can recruit effector domains such as transcriptional activators, repressors, or fluorescent tags for gene regulation and imaging.
2. CRISPR toolset, mechanisms, and delivery
2.1 Core mechanism and common effectors
CRISPR systems rely on a guide RNA (gRNA) that directs a Cas effector to a complementary nucleic acid sequence adjacent to a PAM (protospacer adjacent motif). DNA-targeting nucleases such as SpCas9 and Cas12 generate double-strand breaks (DSBs) that are repaired by cellular pathways (NHEJ, MMEJ, or HDR). RNA-targeting systems (e.g., Cas13) enable transient modulation of transcripts. Variants and engineered orthologs extend PAM compatibility, reduce size, or alter specificity (Gleditzsch et al., 2019).
2.2 Precision editors: base editors and prime editors
Base editors fuse a catalytically impaired Cas (nickase or dead) to a deaminase to perform precise single-base changes without DSBs (e.g., C→T or A→G), reducing indels and some genotoxic outcomes. Prime editors combine a nickase-Cas fused to a reverse transcriptase and a pegRNA to “search-and-replace” short sequences and small insertions or deletions with high versatility. Prime editing reviews summarize the capabilities and current limitations (efficiency, byproducts, pegRNA design) (Xu et al., 2024).
2.3 Delivery strategies and constraints
The success of CRISPR-mediated genome editing is highly dependent on the efficiency and specificity of delivery, which varies considerably across organisms and target tissues (Li et al., 2023). In plants, commonly employed approaches include Agrobacterium-mediated transfer of T-DNA constructs, particle bombardment, protoplast transfection, and, more recently, the direct introduction of ribonucleoprotein (RNP) complexes or nanocarrier-based systems that can transiently deliver editing components without integration (Kocsisova and Coneva, 2023). In livestock, delivery is typically achieved at the early embryonic stage through zygote microinjection or electroporation, followed by somatic cell nuclear transfer (SCNT) or other embryo manipulation techniques, while traditional breeding strategies are often used to introgress desirable edits into larger populations (Souza-Neves et al., 2025).
2.4 Recent CRISPR System Innovations (2024–2025)
Beyond the canonical Cas9 and Cas12 enzymes, the CRISPR toolbox has rapidly diversified with the introduction of ultra-compact and programmable effectors such as CasΦ (CasPhi) and CasMINI. These systems, roughly half the size of SpCas9, offer superior compatibility with viral and nanoparticle delivery platforms, addressing one of the principal limitations of in vivo editing. Similarly, CRISPR-associated transposase (CAST) systems enable the targeted insertion of large DNA fragments without relying on double-strand break repair pathways, expanding editing possibilities for polygenic traits and gene replacement therapies. Collectively, these advances point toward a new generation of CRISPR systems designed around precision, portability, and safety-key parameters for both agricultural and livestock (Lampe et al., 2025; Wu, et al., 2023).
3. Methods to detect and mitigate off-targets and unintended outcomes
Off-target activity and complex genomic rearrangements are critical safety concerns (Inen et al., 2024). Experimental methods to profile off-target cleavage include unbiased genome-wide assays such as GUIDE-seq, CIRCLE-seq, SITE-seq, and targeted deep sequencing; CIRCLE-seq is widely used for in vitro sensitive detection of Cas9 off-target sites. Improvements in enzyme engineering, truncated gRNAs, and base/prime editors can reduce off-targets but do not eliminate risk; comprehensive preclinical off-target mapping and orthogonal validation remain essential for therapeutic and commercial applications (Wienert and Cromer, 2022).
[bookmark: applications-in-agriculture][bookmark: X5e042f5a84c0705241e2343123c1a32537f5ae1]4. Applications in Agriculture (Crops)
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Figure 2. This figure illustrates various CRISPR-Cas–mediated strategies for accelerating plant breeding and crop improvement (https://www.nature.com/articles/s41580-020-00288-9).
4.1 Trait Targets and Representative Outcomes 
The application of CRISPR genome editing in crop science has rapidly progressed from proof-of-concept studies in model species to tangible agricultural innovations with direct commercial and societal relevance (Rahman et al., 2025). By enabling precise modifications of endogenous genes, CRISPR allows breeders to accelerate crop improvement programs that traditionally relied on laborious mutagenesis, crossbreeding, or transgenic approaches. The major categories of trait targets include yield enhancement, tolerance to abiotic stresses, resistance to pathogens and pests, improved postharvest and processing quality, and enhanced nutritional value (Chen et al., 2024).
4.2 Yield Potential and Productivity
Several studies have demonstrated that editing genes associated with plant architecture, photosynthetic efficiency, and grain development can significantly increase yield potential. For example, CRISPR-mediated knockouts of Gn1a (a negative regulator of grain number) and DEP1 (dwarfing and erect panicle gene) in rice have resulted in increased grain numbers per panicle and improved harvest index. In maize, editing of ARGOS8 has produced variants with higher yield stability under drought conditions. These edits exemplify how CRISPR can fine-tune native alleles to mimic favorable natural variants that were historically selected during domestication (Sen et al., 2024).
4.3 Abiotic Stress Tolerance
Abiotic stresses such as drought, salinity, and temperature extremes are major threats to global food production (Kopecká et al., 2023). CRISPR has been applied to modify stress-responsive transcription factors and signaling pathways (Kajal et al., 2024). In rice, knockout of OsRR22 enhances salt tolerance, while editing of OsSAPK2 improves drought resilience. Similarly, in wheat and tomato, CRISPR-mediated modifications in genes involved in abscisic acid (ABA) signaling pathways have been shown to enhance water-use efficiency and stress tolerance. Such targeted edits enable crops to adapt to climate variability, an urgent need for global food security (Zhang et al., 2019; Shi et al., 2017; Li et al., 2016).
4.4 Disease Resistance
CRISPR has been successfully deployed to engineer broad-spectrum resistance to viral, bacterial, and fungal pathogens (Han et al., 2025). A landmark example is the editing of eIF4E, a host factor required for potyvirus replication, which conferred resistance in cucumber, lettuce, and tomato (Van et al., 2020). In rice, knockout of OsSWEET gene promoters, which are exploited by Xanthomonas oryzae pv. oryzae (bacterial blight pathogen), has resulted in durable disease resistance (Jiang et al., 2020). Similarly, in wheat, editing of susceptibility genes such as TaMLO has provided resistance to powdery mildew. These strategies highlight the potential of CRISPR to reduce reliance on chemical pesticides while enhancing crop resilience (Agarwal et al., 2025).
4.5 Postharvest Quality and Processing Traits
CRISPR has been applied to improve postharvest traits that influence shelf life, processing efficiency, and consumer appeal (Nie et al., 2024). In tomato, knockout of SlPG2a (polygalacturonase gene) delays fruit softening, extending shelf life without compromising flavor (Ortega‐Salazar et al., 2024). In potatoes, editing of the VInv gene reduces cold-induced sweetening, lowering acrylamide formation during frying. Mushroom (Agaricus bisporus) edited for reduced polyphenol oxidase (PPO) activity exhibits lower browning, providing a notable example of a CRISPR-edited food product that was deemed non-regulated by the U.S. Department of Agriculture (USDA) in 2016 (Yasmeen et al., 2022; Waltz, 2016).
4.6 Nutritional Improvement (Biofortification)
CRISPR is also driving advances in crop nutritional quality through biofortification strategies. In rice, editing of genes in the carotenoid biosynthesis pathway has enhanced β-carotene accumulation (“Golden Rice”-like traits) (Datta et al., 2021). In maize, modifications in starch biosynthesis pathways have improved amylose content, while in soybean and rapeseed, targeted edits have optimized oil composition to reduce saturated fatty acids and increase unsaturated fatty acid levels. Similar approaches in wheat aim to reduce gluten immunogenicity, offering potential health benefits for individuals with gluten sensitivities (Yu et al., 2024; Ma et al., 2021).
4.7 Regulatory and Translational Considerations
A significant trend in agricultural CRISPR applications is the development of edits that mimic natural alleles or involve small insertions/deletions without introducing foreign DNA, often classified as Site-Directed Nuclease 1 (SDN-1) or SDN-2 edits (Ma et al., 2021). In certain jurisdictions, such as the United States, Argentina, and Japan, these types of edits are subject to simplified regulatory pathways compared to transgenic crops, accelerating commercialization (Menz et al., 2020). The non-browning mushroom and high-oleic soybean oil are among the first CRISPR-edited crops to reach consumers under these frameworks. Conversely, the European Union currently regulates genome-edited crops under the same strict rules as genetically modified organisms (GMOs), creating regional disparities in deployment. Nevertheless, an increasing number of field trials and regulatory submissions worldwide reflect growing momentum toward mainstream adoption of gene-edited crops (Zimny, 2023).
Collectively, these advances illustrate how CRISPR genome editing is reshaping the future of crop breeding. By combining precision, speed, and cost-effectiveness, it offers a transformative toolkit to address global challenges in food security, climate adaptation, and sustainable agriculture.
Table 1. Selected CRISPR applications in crops 
	[bookmark: _Hlk210557992]Crop
	Gene/approach
	Trait engineered
	Evidence
	References

	Rice
	OsSWEET promoter edits (disruption of TALE effector binding elements)
	Bacterial blight resistance (Xanthomonas oryzae pv. oryzae)
	Multiple lab and field studies demonstrating reduced susceptibility; promoter/EBE edits confer durable resistance in several cultivars and lines under greenhouse/field conditions.
	(Oliva et al., 2019)

	Tomato
	SlGAD2/ SlGAD3(C-terminal/ CaMBD edits)
	Enhanced GABA content (nutritional biofortification)
	CRISPR/Cas9 mutagenesis of GAD genes increases GABA in fruits (reports of large fold-increases in edited lines); reported in greenhouse and controlled trials.
	(Kim et a., 2025)

	Wheat
	TaERF3 (ERF transcription factor/ regulatory loci)
	Improved drought and salinity tolerance (stress-response modulation)
	Controlled-environment and pilot field assessments show enhanced stress-responsive gene expression and improved tolerance metrics in edited/overexpression studies; attractive engineering target for abiotic stress.
	(Rong et al., 2014)

	Maize/ Soybean/ Rice (examples)
	SDN-1 (small indels / allele mimicking) at yield/stress loci
	Yield increases, input-use efficiency, stress resilience
	Multiple SDN-1 edits reported; a number of gene-edited varieties are progressing through field trials and regulatory review in several countries (SDN-1 often receives simplified regulatory treatment).
	(Kawall, 2021)

	Potato
	VInv (vacuolar invertase) knockdown/knockout
	Reduced cold-induced sweetening→ improved processing quality (lower reducing sugars, less acrylamide on frying)
	CRISPR knockdown/knockout lines show reduced VInv activity and lower cold-storage sugar accumulation in tubers in lab/greenhouse studies; translational work ongoing.
	(Yasmeen et al., 2022)

	White button mushroom (Agaricus bisporus)
	PPO (polyphenol oxidase) knockout/ reduction
	Reduced browning improved postharvest appearance and shelf life
	Demonstrated in commercial cultivar with regulatory decision in the U.S. (2016 USDA indicated no additional oversight for that edited line); published news and policy coverage document this as an early regulatory precedent.
	(Waltz 2016).

	Tomato (postharvest)
	SlPG2a or cell-wall modifying genes (example targets)
	Delayed fruit softening/extended shelf life
	CRISPR knockouts in polygalacturonase/softening genes shown to delay softening and extend shelf life in controlled trials; translational studies evaluate impact on quality/consumer traits.
	(Nie et al., 2022)


[bookmark: applications-in-livestock][bookmark: regulatory-and-welfare-considerations]Recent policy developments underscore the growing divergence and potential convergence of genome-editing regulations worldwide. China’s 2024 approval of multiple CRISPR-edited crop varieties for commercial cultivation reflects a decisive shift toward science-based regulation emphasizing product traits rather than process origin. In contrast, the European Union continues to classify most genome-edited organisms under GMO legislation, though policy reform discussions are ongoing. The United States, Japan, and Argentina maintain a tiered system in which SDN-1 and SDN-2 edits receive streamlined oversight. This regulatory asymmetry not only shapes global trade and innovation trajectories but also raises concerns about equitable access to gene-edited technologies in developing regions.
5. Applications in Livestock
[image: Frontiers | Recent Advances in the Application of CRISPR/Cas9 Gene Editing  System in Poultry Species]
Figure 3. The figure illustrates the generation of genome-edited avian models, where primordial germ cells (PGCs) are isolated from embryos (HH14–16 or HH26–28), cultured and genetically modified using TALEN or CRISPR/Cas9 systems, then microinjected into recipient embryos to produce progeny carrying the desired genetic modifications. (https://www.frontiersin.org/journals/genetics/articles/10.3389/fgene.2021.627714/full). 
5.1 Disease Resistance and Welfare Edits
Livestock production faces multiple challenges from infectious diseases, animal welfare concerns, and the need for sustainable productivity to meet growing global protein demand (Capper, 2023). CRISPR genome editing provides unprecedented opportunities to introduce precise modifications that enhance resistance to major diseases, improve animal welfare, and optimize traits linked to productivity (Ju et al., 2025). Unlike conventional breeding, which is slow and limited by genetic variation in breeding populations, CRISPR allows for targeted changes directly in elite breeds, thereby accelerating genetic improvement and reducing reliance on pharmaceuticals or invasive husbandry practices (Chen et al., 2025).
5.2 Disease Resistance in Livestock
One of the most widely cited examples of CRISPR-mediated disease resistance is the knockout of CD163, a gene encoding a scavenger receptor on macrophages required for the entry of porcine reproductive and respiratory syndrome virus (PRRSV) (Mark Cigan and Knap, 2022). PRRSV is one of the most economically devastating diseases in pig production, causing respiratory illness, reproductive failure, and major economic losses worldwide (Zhao et al., 2024). Pigs engineered with a complete or domain-specific CD163 knockout demonstrated functional resistance to highly pathogenic PRRSV in challenge studies, without detectable adverse effects on growth, reproduction, or immune function (Nesbitt et al., 2024). This case illustrates the promise of genome editing to directly address intractable viral diseases that have resisted conventional control measures such as vaccination (Burger et al., 2024).
Beyond PRRSV, genome editing has been applied to other disease targets in swine and cattle. For example, edits in ANPEP (aminopeptidase N) have been explored to confer resistance to transmissible gastroenteritis virus (TGEV) in pigs (Whitworth et al., 2019). In cattle, targeted knockouts of NRAMP1 (natural resistance-associated macrophage protein 1) have been investigated for enhanced resistance to bovine tuberculosis, while poultry research has focused on editing ANP32A, a host factor essential for influenza virus replication. These interventions hold potential to reduce the burden of antimicrobial use in animal agriculture, a critical issue in the context of global antimicrobial resistance (AMR) (Wei et al., 2025; Idoko-Akoh et al., 2023; Gao et al., 2017).
Since the first human demonstration of in vivo CRISPR editing, the clinical landscape has rapidly diversified (Macarrón Palacios et al., 2024). Ongoing trials in 2024–2025 include in vivo base editing therapies for cardiovascular disorders (e.g., VERVE-101 targeting PCSK9 for durable LDL reduction) and hereditary angioedema programs utilizing transient RNA editing systems (Simoni et al., 2024). Novel delivery vehicles such as AAV9-alternatives, lipid-polymer hybrids, and extracellular vesicle–based CRISPR carriers are being explored to overcome tissue tropism and immunogenicity challenges. These innovations suggest that the next phase of therapeutic genome editing will rely as much on delivery engineering as on nuclease design (Gameiro et al., 2024).
5.3 Welfare-Enhancing Edits
[bookmark: _Hlk211203202]CRISPR has also been used to address animal welfare challenges by eliminating the need for painful or invasive management practices (Aboelhassan and Abozaid, 2024). A landmark example is the introduction of the naturally occurring “Polled Celtic” allele into dairy cattle breeds, which are typically horned. Dehorning, a routine but painful procedure, is widely practiced to reduce injury risks in animal housing (Schuster et al., 2020). By using CRISPR-mediated allele introgression, researchers successfully created hornless dairy cattle that retained desirable milk production traits while carrying the welfare-favorable polled trait. This approach provides a template for integrating welfare improvements without lengthy crossbreeding programs (Young et al., 2020).
Similarly, genome editing is being explored in poultry to prevent the need for beak trimming (used to reduce injurious pecking) by modulating genes associated with behavior and aggression (Neethirajan, 2025). In pigs, editing reproductive traits may reduce the need for surgical castration, which is commonly performed to prevent boar taint. Such edits demonstrate how CRISPR can reduce reliance on invasive husbandry practices, aligning livestock production with ethical standards and consumer expectations (Flórez et al., 2023).
5.4 Productivity-Linked Edits
Although not strictly welfare-focused, many CRISPR applications also aim to enhance productivity traits that indirectly improve animal health and efficiency. For example, edits to genes regulating muscle growth (MSTN, myostatin) in cattle, sheep, and pigs result in “double-muscled” phenotypes with increased lean meat yield (Chen et al., 2024). While such modifications must be balanced against potential welfare and management concerns, they highlight the potential of CRISPR to enhance the efficiency of protein production (Liu et al., 2022). In aquaculture, targeted edits in salmon and tilapia have been used to improve growth rates, disease resistance, and fillet quality, providing parallel advances in aquatic livestock systems (Moran et al., 2024).
5.5 Ethical and Translation Considerations
Despite these advances, several technical and ethical challenges remain. Off-target effects, mosaicism, and germline transmission efficiency must be carefully monitored to ensure stable and predictable traits across generations (Singer et al., 2021). Public perception of genome-edited livestock also varies widely, with concerns about food safety, ecological risks, and animal ethics influencing regulatory decisions (Naab et al., 2021). While some jurisdictions (e.g., the United States, Brazil, and Argentina) have begun to differentiate between genome-edited and transgenic animals in regulatory pathways, others, such as the European Union, currently regulate all gene-edited animals under GMO legislation (Turnbull et al., 2021).
Furthermore, the potential ecological implications of releasing gene-edited livestock, such as altered disease dynamics or gene flow to wild relatives, require thorough risk assessments (Menchaca, 2021). The ethical debate also extends to the question of whether CRISPR should primarily be used for productivity and efficiency or restricted to welfare-enhancing and disease-resistance traits that benefit both animals and humans (Aerni, 2021).
Table 2. Representative CRISPR applications in livestock 
	[bookmark: _Hlk210565668]Species
	Gene
	Trait engineered
	Evidence
	References

	Pig
	CD163 full knockout (CRISPR/Cas9)
	Resistance to PRRSV (porcine reproductive and respiratory syndrome)
	Edited pigs challenged with highly pathogenic PRRSV showed absence of viremia, clinical signs and pathology; growth and basic macrophage functions reported as normal in published challenge studies.
	(Whitworth et al., 2016)

	Pig
	CD163 SRCR5 domain deletion /point edits (precision editing)
	PRRSV resistance while preserving CD163 physiological roles
	Domain-specific edits (removing or altering the SRCR5 region) block viral entry in macrophages and generate resistance in vivo/ ex vivo while reducing disruption of other CD163 functions.
	(Burkard et al., 2017)

	Pig
	CD163 & pAPN double knockout (multiplex CRISPR)
	Broad resistance to multiple porcine viruses (e.g., PRRSV, TGEV)
	Double-knockout pigs exhibited reduced susceptibility to several enteric and respiratory viruses in controlled challenge experiments and maintained normal production metrics in reported cohorts.
	(Papathanos and Windbichler, 2018).

	Cattle (dairy)
	Polled Celtic (Pc) allele knock-in via CRISPR/Cas-mediated HDR
	Hornless (polled) phenotype-removes need for dehorning (animal welfare benefit)
	The natural Pc allele was introduced into horned dairy genomes and produced polled offspring; genotype and polled phenotype were validated in cloned/edited progeny.
	(Carlson et al., 2016)

	Various (pig, cattle, sheep)
	MSTN (myostatin) loss-of-function edits
	Increased skeletal muscle mass/ lean growth (productivity trait)
	MSTN disruption yields pronounced muscling across species; multiple reports document altered body composition and heritable transmission, with welfare/management implications noted.
	(Guo et al., 2023)

	Chicken
	ANP32A amino-acid substitutions/ edits (CRISPR/Cas9)
	Reduced susceptibility to avian influenza virus (AIV)-host factor modification
	Engineered ANP32A variants prevented efficient viral polymerase function in many edited birds; most edited chickens resisted low-dose challenge, though very high viral doses could partially overcome protection.
	(Idoko-Akoh et al., 2023)

	Aquaculture (salmon, tilapia, etc.)
	Growth and immune gene edits (e.g., MSTN, immune modulators)
	Faster growth, improved disease resistance, feed efficiency
	Experimental studies report growth enhancement and improved disease markers in edited fish; most work remains at research or contained-trial stage and regulatory status varies by jurisdiction.
	(Palti et al., 2024)


[bookmark: biosafety-ethics-and-governance]6. CRISPR Genome Editing and Global Food Security
Food security-defined by the FAO as the consistent availability, access, and utilization of sufficient, safe, and nutritious food-remains one of the defining challenges of the twenty-first century (Charlton, 2016). Rapid population growth, climate instability, soil degradation, and emerging pathogens continue to threaten agricultural productivity and livestock health (Talukder et al., 2021). Conventional breeding and transgenic approaches, though effective, are often limited by long generation times, complex regulatory barriers, and public resistance to genetically modified organisms (GMOs) (Boora et al., 2025). CRISPR genome editing offers a paradigm shift by enabling precise, non-transgenic modifications that accelerate genetic improvement while maintaining natural allelic integrity (Chattopadhyay et al., 2022).
At the crop level, CRISPR is being applied to enhance yield potential, stress resilience, and nutritional value in staple species such as rice, wheat, maize, and soybean (Chen et al., 2024). Targeted modifications in key regulatory genes have improved drought and salinity tolerance, optimized photosynthetic efficiency, and reduced postharvest losses-traits critical for stabilizing food supply under changing climatic conditions (Lee et al., 2024; Giordano et al., 2021). Similarly, biofortification through targeted pathway engineering (e.g., carotenoid and amino acid biosynthesis) addresses hidden hunger by enriching crops with essential micronutrients, directly linking genome editing to improved nutritional security (Zulfiqar et al., 2024).
In the livestock sector, genome editing contributes to food security by improving animal health, productivity, and welfare-key determinants of reliable protein supply (Davis and White, 2020). Precision edits have yielded pigs resistant to viral diseases such as PRRSV, hornless cattle eliminating the need for dehorning, and aquaculture species with enhanced growth and disease resistance (Ju et al., 2025). By reducing mortality and the need for antibiotics, such interventions not only stabilize production but also align with global goals for antimicrobial stewardship and sustainable intensification (Adebisi, 2023).
CRISPR’s role in food security extends beyond productivity gains; it supports sustainability and equity in the global food system. Genome-edited crops that require fewer chemical inputs reduce environmental burden, while enhanced stress resilience minimizes yield volatility in vulnerable regions. The democratization of CRISPR-its low cost and ease of customization also empower developing nations to tailor local varieties to their specific agroecological conditions, fostering regional self-sufficiency. However, realizing these benefits requires harmonized regulatory frameworks, capacity-building in low- and middle-income countries, and inclusive governance to prevent a widening of the technological divide. Integrating CRISPR innovation with agroecological and socio-economic policy will be essential to ensure that genome editing contributes meaningfully to global food and nutritional security rather than deepening existing disparities.
[bookmark: acknowledgements]Conclusion
CRISPR genome editing has emerged as one of the most transformative technologies in modern agriculture and animal science, offering precise, rapid, and cost-effective means to improve productivity, resilience, and sustainability. Its application across crops and livestock provides powerful tools to address the interlinked challenges of food insecurity, climate change, and population growth. The technology enables not only yield enhancement and disease resistance but also innovations that promote animal welfare, environmental stewardship, and reduced reliance on chemical inputs.
Yet, the full realization of CRISPR’s potential will depend on responsible governance and global cooperation. Ensuring safety through rigorous off-target assessment, establishing transparent regulatory pathways, and promoting public engagement are imperative for societal acceptance. Equally critical is the inclusion of low-resource regions in capacity-building initiatives, ensuring equitable access to genome-editing innovations.
Looking forward, integrating CRISPR with digital agriculture, artificial intelligence–driven breeding, and systems biology will accelerate the development of climate-smart and nutritionally optimized food systems. The convergence of genome editing with sustainability science has the potential to redefine how humanity cultivates, produces, and distributes food. Achieving this vision will require a shared commitment to scientific transparency, ethical oversight, and international collaboration. If guided wisely, CRISPR can become a cornerstone of a more resilient, sustainable, and equitable global food future.
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