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Abstract This study explores the application of CRISPR-Cas9 gene editing technology to enhance disease resistance in cattle. The
CRISPR-Cas9 system has demonstrated significant potential in editing genes to confer disease resistance in livestock. Notable
successes include the insertion of the NRAMPI gene, which has been shown to increase resistance to bovine tuberculosis. The
homology-mediated end-joining (HMEJ) method has further improved the efficiency of gene editing in cattle, leading to higher rates
of successful gene integration and expression. This study highlights the feasibility and effectiveness of CRISPR-Cas9 in producing
disease-resistant livestock. CRISPR-Cas9 gene editing represents a promising tool for enhancing disease resistance in cattle. The
technology's ability to precisely modify specific genes associated with disease susceptibility offers a powerful approach to improving
livestock health and reducing the economic impact of diseases. By targeting specific genes associated with disease resistance, this
study to develop cattle that are more resilient to common and detrimental diseases, thereby improving livestock health and
productivity.
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1 Introduction

Disease resistance in cattle is a critical trait that significantly impacts livestock productivity, animal welfare, and
the economic viability of farming operations. Disease resistance refers to the ability of animals to inhibit the
growth of invading pathogens within their bodies, which is influenced by the interaction of the host immune
system, host genetics, and the pathogens themselves (Islam et al., 2020; Yuan et al., 2021). The production of
disease-resistant cattle can be achieved through molecular breeding techniques that introduce genomic markers
responsible for disease resistance or immunocompetence (Wan et al., 2020).

Despite the potential benefits, enhancing disease resistance in cattle presents several challenges. Traditional
breeding methods are often time-consuming and may not always yield the desired results due to the complex
nature of genetic traits associated with disease resistance (Wang et al., 2022). Additionally, the occurrence of
diseases adversely affects livestock production and animal welfare, impacting both human health and public
perception of animal-originated food production. The need for effective disease control approaches has led to the
exploration of advanced biotechnological methods, including genome editing, to improve host genetic resistance
(Ran et al., 2013; Islam et al., 2020).

CRISPR-Cas9 technology has emerged as a powerful tool for genome editing, enabling precise modifications of
the DNA sequence by inserting, deleting, or altering specific genes (Arora and Narula, 2017; Shimatani et al.,
2017; Islam et al., 2020). This technology has revolutionized the field of genetic engineering due to its ease of use,
high success rate, and cost-effectiveness compared to other genome editing techniques such as zinc-finger
nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) (Hong et al.,, 2020). The
CRISPR-Cas9 system has been successfully applied in various agricultural contexts, including the development of
disease-resistant livestock and crops (Borrelli et al., 2018; Wang et al., 2022).

This study comprehensively examines the potential and limitations of CRISPR-Cas9 in livestock disease

management by reviewing recent research advancements and relevant case studies, analyzing technological

progress in livestock immunogenomics, the principles and applications of CRISPR-Cas9-mediated genome
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editing, and the commercial prospects of this technology in dairy cattle breeding, aiming to improve animal health
and productivity through innovative genetic engineering approaches.

2 CRISPR-Cas9 Technology: Mechanisms and Applications

2.1 Fundamentals of CRISPR-Cas9 gene editing

CRISPR-Cas9, an acronym for Clustered Regularly Interspaced Short Palindromic Repeats and
CRISPR-associated protein 9, is a revolutionary genome editing technology that allows for precise, targeted
changes to the DNA of living organisms (Figure 1) (Zhang et al., 2021; Tao et al., 2022). Originally discovered as
a part of the bacterial immune system, CRISPR-Cas9 has been adapted for use in a wide range of genetic
engineering applications. The system works by utilizing a guide RNA (gRNA) to direct the Cas9 enzyme to a
specific location in the genome, where it creates a double-strand break. This break can then be repaired by the
cell's natural repair mechanisms, allowing for the insertion, deletion, or modification of genes (Liang et al., 2015;
Liu et al., 2017; Li et al., 2021).
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Figure 1 The working mechanism of the CRISPR-Cas system (Adopted from Tao et al., 2022)

Image caption: The bacterial defense mechanism of the CRISPR/Cas systems includes three stages: Adaptation stage: acquisition of
spacer sequences; Expression stage: Generation of the crRNA and Cas protein; Interference stage: crRNA-guided nucleic
acid-targeted cleavage (Adopted from Tao et al., 2022)

2.2 Applications of CRISPR-Cas9 in animal genetics

CRISPR-Cas9 has been widely adopted in animal genetics for its ability to introduce precise genetic modifications.
In livestock, this technology has been used to enhance disease resistance, improve productivity, and introduce
desirable traits (Bevacqua et al., 2016). For instance, CRISPR-Cas9 has been employed to insert the NRAMP1
gene in cattle to confer resistance to tuberculosis and to delete the CD163 gene in pigs to make them resistant to
porcine reproductive and respiratory syndrome (PRRS) (Islam et al., 2020). Beyond disease resistance,
CRISPR-Cas9 is also being explored for its potential to improve other traits such as growth rate, feed efficiency,
and meat quality (Barrangou and Doudna, 2016).

2.3 Advantages of CRISPR-Cas9 for disease resistance

The CRISPR-Cas9 system offers several advantages for enhancing disease resistance in livestock. Firstly, it is
highly specific and efficient, allowing for precise modifications with minimal off-target effects. This specificity is
crucial for ensuring that only the desired genetic changes are made, reducing the risk of unintended consequences

(Liang et al., 2015; Liu et al., 2023). Secondly, CRISPR-Cas9 is relatively easy to design and implement
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compared to other genome editing technologies like TALENs and ZFNs, making it more accessible for
widespread use (Borrelli et al., 2018; Es et al., 2019). Additionally, the decreasing cost of CRISPR-Cas9
technology over time makes it a cost-effective option for genetic improvement programs (Islam et al., 2020;
Martinez et al., 2020). Finally, the ability to create transgene-free animals through CRISPR-Cas9-mediated gene
editing addresses some of the public and regulatory concerns associated with genetically modified organisms
(GMOs) (Langner et al., 2018; Ahmad et al., 2020).

3 Disease Resistance in Cattle: Key Targets for Gene Editing

3.1 Common infectious diseases in cattle

Cattle are susceptible to a variety of infectious diseases that can significantly impact their health and productivity.
Some of the most common infectious diseases include bovine respiratory disease (BRD), bovine viral diarrhea
(BVD), and Mastitis. These diseases not only affect the well-being of the animals but also lead to substantial
economic losses in the dairy and beef industries. Effective management and prevention strategies are crucial to
mitigate these impacts.

3.2 Identification of genetic markers associated with disease resistance

The identification of genetic markers associated with disease resistance in cattle is a critical step towards
enhancing their resilience through gene editing. Advances in genome sequencing and bioinformatics have enabled
the discovery of specific genes and genetic variants that confer resistance to various pathogens. For instance, the
elF4E gene has been identified as a key player in plant virus resistance and could serve as a model for similar
studies in cattle (Chandrasekaran et al., 2016). Additionally, the use of high-fidelity CRISPR-Cas9 variants, such
as SpCas9-HF1 and eSpCas9(1.1), has improved the precision of genome editing, reducing off-target effects and
increasing the reliability of genetic modifications (Chen et al., 2017).

3.3 CRISPR-Cas9 targets for enhancing resistance to specific diseases

CRISPR-Cas9 technology offers a powerful tool for enhancing disease resistance in cattle by enabling precise
modifications of target genes (Mushtaq et al., 2019). For example, the CRISPR-Cas9 system has been successfully
used to develop virus-resistant cucumber plants by targeting the elF4E gene, which could be adapted for similar
applications in cattle (Chandrasekaran et al., 2016; Memi et al., 2018). Moreover, the development of new
CRISPR-Cas9 variants with enhanced specificity and reduced off-target activity, such as HypaCas9, provides a
more accurate approach to gene editing in livestock (Chen et al., 2017). By targeting specific genetic markers
associated with disease resistance, CRISPR-Cas9 can be used to create cattle that are more resilient to infectious
diseases, thereby improving animal health and productivity.

4 Case Study: CRISPR-Cas9 Mediated Resistance to Bovine Tuberculosis

4.1 Background on bovine tuberculosis

Bovine tuberculosis (bTB) is a chronic infectious disease caused by Mycobacterium bovis, which affects cattle
and other animals, including humans. It poses significant economic and public health challenges due to its impact
on livestock productivity and its zoonotic potential. Traditional control measures, such as test-and-slaughter
policies and vaccination, have limitations, necessitating the exploration of advanced genetic approaches to
enhance disease resistance in cattle.

4.2 Identification of resistant genes

The identification of genes associated with resistance to bTB is crucial for developing genetically resistant cattle.
Recent advances in immunogenomics have facilitated the identification of candidate genes that play a role in the
host immune response to M. bovis infection (Figure 2). One such gene is NRAMPI1 (natural resistance-associated
macrophage protein 1), which has been implicated in the resistance to various intracellular pathogens, including
Mycobacterium species (Islam et al., 2020).

4.3 Application of CRISPR-Cas9 in developing tuberculosis-resistant cattle
The CRISPR-Cas9 system has emerged as a powerful tool for precise genome editing, enabling the targeted
modification of genes associated with disease resistance. In the context of bTB, CRISPR-Cas9 has been employed
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to insert the NRAMPI gene into the bovine genome to enhance resistance to M. bovis infection. This approach
involves designing single-guide RNAs (sgRNAs) to target specific loci in the bovine genome, followed by the
introduction of the Cas9 nuclease to induce double-strand breaks. The NRAMP1 gene is then inserted at the target
site through homologous recombination, resulting in the generation of genetically modified cattle with enhanced
resistance to bTB (Islam et al., 2020).
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Figure 2 A working pipeline of (in vivo, in vitro, and in silico) immunogenomics for identification of disease resistance candidate
gene/marker as prospective targets for genome editing (Adopted from Islam et al., 2020)

Image caption: Isolation of single-cell population of a target from both phenotypic groups followed by RNA and DNA extraction
separately. The RNA samples could be employed for proteomics and metabolomics profiling. On the other hand, DNA samples could
also be subjected to single nucleotide polymorphisms (NSP) sequencing and genotyping, quantitative trait loci (QTL) mapping, and
genome-wide association study, and epigenomics study targeting the disease resistance phenotype. Rigorous integrated
bioinformatics application on all sets of omics data together enables us to identify the molecular biomarker for the target
immunocompetence trait. After functional validation of the identified biomarkers in the independent population, those could be
recommended as the targets for CRISPR/Cas9 mediated genome editing technology (Adopted from Islam et al., 2020)

4.4 Outcomes and implications of the case study

The application of CRISPR-Cas9 technology to insert the NRAMP1 gene into the bovine genome has shown
promising results in developing bTB-resistant cattle. Studies have demonstrated that the edited cattle exhibit a
significant reduction in susceptibility to M. bovis infection, as evidenced by lower bacterial loads and improved
immune responses compared to non-edited controls (Islam et al., 2020). This genetic approach not only enhances
animal health and productivity but also has broader implications for public health by reducing the risk of zoonotic
transmission of bTB. Furthermore, the success of this case study underscores the potential of CRISPR-Cas9
technology in advancing livestock disease management and improving food security.
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5 Ethical Considerations and Regulatory Framework

5.1 Ethical implications of gene editing in livestock

The application of CRISPR-Cas9 technology in livestock breeding raises several ethical concerns. One primary
issue is the welfare of the animals subjected to genetic modifications. While the goal is to enhance disease
resistance, the long-term effects on animal health and well-being are not fully understood. Ethical considerations
also extend to the potential for unintended genetic consequences, which could affect not only the target animals
but also the broader ecosystem if these animals were to interact with wild populations (Islam et al., 2020; Liu et
al., 2022).

Moreover, the moral implications of altering the genetic makeup of animals for human benefit must be considered.
This includes the debate over whether it is ethically acceptable to manipulate animal genomes to suit human needs,
potentially at the expense of the animals’ natural characteristics and behaviors (Zhang et al., 2020). The balance
between the benefits of disease resistance and the ethical treatment of animals remains a contentious issue that
requires ongoing dialogue among scientists, ethicists, and the public.

5.2 Current regulatory landscape for CRISPR-Cas9 in animal breeding

The regulatory framework for CRISPR-Cas9 technology in animal breeding varies significantly across different
regions. In some countries, genome-edited animals are subject to the same regulations as genetically modified
organisms (GMOs), which involve rigorous safety assessments and approval processes. For instance, the European
Union has stringent regulations that classify genome-edited animals as GMOs, requiring comprehensive risk assessments
before they can be approved for commercial use (Zhang et al., 2020; Liu et al., 2022).

Other countries, such as the United States, have a more flexible approach. The U.S. Food and Drug Administration (FDA)
evaluates genome-edited animals on a case-by-case basis, focusing on the specific genetic changes and their potential
impacts rather than the method used to create them. This regulatory landscape is continually evolving as new scientific
insights and public opinions emerge, highlighting the need for international harmonization of regulations to facilitate the
safe and ethical use of CRISPR-Cas9 in animal breeding (Liu et al., 2022).

5.3 Public perception and acceptance

Public perception and acceptance of CRISPR-Cas9 technology in livestock breeding are crucial for its successful
implementation. There is a significant gap between scientific advancements and public understanding, which can
lead to skepticism and resistance. Concerns about food safety, environmental impact, and animal welfare are
common among the public, and these concerns must be addressed through transparent communication and
education (Islam et al., 2020; Zhang et al., 2020).

Engaging with the public to explain the benefits and risks of CRISPR-Cas9 technology, as well as the ethical
considerations involved, is essential. Building trust through open dialogue and involving stakeholders in
decision-making processes can help mitigate fears and increase acceptance. Additionally, highlighting successful
case studies, such as the development of disease-resistant cattle and pigs, can demonstrate the potential positive
impacts of this technology on food security and animal health (Islam et al., 2020; Liu et al., 2022).

6 Future Perspectives and Research Directions

6.1 Potential for broader applications of CRISPR-Cas9 in cattle

The CRISPR-Cas9 technology has shown immense potential in various fields, including plant and animal
biotechnology. In cattle, the application of CRISPR-Cas9 could extend beyond disease resistance to include traits
such as improved milk production, enhanced growth rates, and better feed efficiency. The technology’s versatility
allows for precise genetic modifications, which can be tailored to address specific needs in cattle breeding
programs. For instance, CRISPR-Cas9 has been successfully used to insert the NRAMPI gene to produce
tuberculosis-resistant cattle and to delete the CD163 gene to create pigs resistant to porcine reproductive and
respiratory syndrome (PRRS) (Islam et al., 2020). These examples highlight the potential for broader applications
of CRISPR-Cas9 in enhancing various economically important traits in cattle.
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6.2 Challenges and limitations in current research

Despite the promising potential of CRISPR-Cas9, several challenges and limitations need to be addressed to fully
realize its benefits in cattle. One major challenge is the efficiency and precision of the gene-editing process.
Off-target effects, where unintended genetic modifications occur, remain a significant concern. Additionally, the
delivery of CRISPR-Cas9 components into cattle cells is complex and requires further optimization to ensure high
efficiency and minimal off-target activity (Zhu et al., 2020; Li et al., 2021). Another limitation is the regulatory
and ethical considerations surrounding the use of gene-editing technologies in livestock. Public perception and
acceptance of genetically modified animals can influence the adoption and commercialization of CRISPR-Cas9
applications in cattle breeding (Islam et al., 2020).

6.3 Strategies for enhancing precision and efficiency of gene editing

To overcome the challenges associated with CRISPR-Cas9, several strategies can be employed to enhance the
precision and efficiency of gene editing in cattle. One approach is the development of advanced CRISPR-Cas9
variants, such as base editors and prime editors, which allow for more precise genetic modifications with reduced
off-target effects (Zhu et al., 2020; Li et al.,, 2021). Additionally, improving the delivery systems for
CRISPR-Cas9 components, such as using viral vectors or nanoparticle-based delivery methods, can enhance the
efficiency of gene editing in cattle cells (Langner et al., 2018; Chen et al., 2019). Another strategy is the use of
high-throughput screening methods to identify and select the most effective guide RNAs, which can increase the
specificity and success rate of CRISPR-Cas9-mediated gene editing (Kershanskaya et al., 2022). By addressing
these technical challenges, the precision and efficiency of CRISPR-Cas9 in cattle can be significantly improved,
paving the way for its broader application in livestock breeding programs.

7 Concluding Remarks

The application of CRISPR-Cas9 technology in enhancing disease resistance in cattle has shown significant
promise. CRISPR-Cas9 has emerged as a powerful tool for genome editing, enabling precise modifications in the
DNA sequence to enhance disease resistance in livestock. This technology has been successfully applied to insert
or delete specific genes associated with disease resistance, such as the NRAMP1 gene for tuberculosis resistance
in cattle. The homology-mediated end-joining (HMEJ)-based method has been demonstrated to increase the
efficiency of gene knock-ins compared to traditional homology-directed repair (HDR) methods. This has led to
higher success rates in producing gene-edited cattle with predictable expression of functional genes. While the
primary focus has been on cattle, CRISPR-Cas9 technology has also been applied to other livestock species,
including pigs, goats, and sheep, to enhance disease resistance. This indicates the versatility and broad
applicability of the technology in livestock breeding.

CRISPR-Cas9 is poised to play a crucial role in the future of disease resistance in cattle. This technology can
make precise genetic modifications. The decreasing cost and increasing technical ease of CRISPR-Cas9 are likely
to accelerate its adoption in livestock breeding programs. This will enable the rapid development of
disease-resistant cattle, reducing the reliance on traditional breeding methods that are often time-consuming and
less precise. The identification of safe harbor loci, such as the ROSA26 locus, ensures that gene insertions do not
disrupt other essential genes. This enhances the safety and efficiency of gene editing, making it a viable option for
commercial livestock breeding. As the technology continues to advance, it is expected that CRISPR-Cas9 will
become a standard tool in livestock breeding. This will not only improve disease resistance but also enhance
overall animal welfare and productivity, contributing to sustainable agricultural practices.

The impact of gene editing, particularly through CRISPR-Cas9, on livestock breeding is profound. By enabling
precise genetic modifications, this technology offers a revolutionary approach to enhancing disease resistance in
cattle and other livestock species. Disease-resistant cattle will experience fewer health issues, leading to better
overall welfare and reduced need for antibiotics and other treatments. Healthier livestock translates to higher
productivity and lower costs for farmers, contributing to more efficient and profitable farming operations. The
ability to breed disease-resistant animals supports sustainable agricultural practices by reducing the environmental
impact of livestock farming and ensuring a stable food supply. In conclusion, CRISPR-Cas9 gene editing holds
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immense potential for transforming livestock breeding. Continued research and development in this field will
likely lead to even more innovative applications, further enhancing the health and productivity of cattle and other
livestock species.
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