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Abstract This study summarizes the recent advancements in the application of GWAS technology in animal disease resistance
research, emphasizing the importance and value of such studies. Initially, the genetic basis of animal disease resistance is introduced,
with a focus on the relationship between the host immune system and disease resistance, as well as the genetic foundations of disease
resistance. Subsequently, the principles, advantages, and historical development of GWAS technology in animal disease resistance
research are elucidated. Following this, the application of GWAS technology in the discovery of genetic markers for disease
resistance in cattle is discussed, including the research background, design methods, identified genetic markers for disease resistance,
and their functional analysis. Finally, the significance of continued attention and support for animal disease resistance research is
underscored, advocating for enhanced functional analysis of disease resistance-related genes, improved research data quality and
sample sizes to advance animal disease resistance breeding.
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Animal diseases have always been one of the significant challenges faced by the livestock breeding industry.
During the breeding process, various pathogens such as bacteria, viruses, parasites, and fungi can cause animals to
contract various diseases, severely affecting the economic benefits of the breeding industry and animal welfare
(Liu et al., 2023). To reduce the adverse effects of diseases on the breeding industry and improve the health level
and immunity of animals, scientists have been striving to find methods to enhance animals' disease resistance.

Disease resistance, as a complex trait, is influenced by both genetic and environmental factors. Over the past few
decades, through traditional genetics methods and molecular biology techniques, people have gained a
preliminary understanding of the genetic basis of animal disease resistance (Bishop and Woolliams, 2014).
However, with the rapid development of genomics and bio-informatics technologies, especially the application of
genome-wide association studies (GWAS) technology, our understanding of animal disease resistance is
undergoing revolutionary changes.

GWAS technology, as a genetic association study method based on large-scale single nucleotide polymorphisms
(SNP), has achieved many successes in humans and model organisms. With GWAS technology, researchers can
identify genetic variations related to complex traits across the entire genome (Li and Ritchie, 2021). In the study
of animal disease resistance, GWAS technology provides researchers with a new perspective, allowing them to
understand the genetic mechanisms of animal disease resistance more comprehensively and deeply.

This study aims to review the new progress in research on animal disease resistance, especially focusing on the
discovery of genetic markers for cattle disease resistance using GWAS technology. This study hopes to provide
new ideas and methods for the research of animal disease resistance, promote the healthy development of the
livestock breeding industry, and provide humans with safer and more sustainable animal products.
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1 The Genetic Basis of Animal Disease Resistance

1.1 The genetic basis of resistance

Resistance, as the ability of animals to counteract pathogen invasion, has a diverse genetic basis across different
species (Ridha, 2023). Genetic diversity refers to the variety of genotypes and phenotypes present in animal
populations, where some genotypes are resistant to diseases, while others are susceptible. This diversity provides a
basis for natural selection within animal populations, allowing individuals with disease-resistant genotypes to
have a better chance of surviving and reproducing under disease pressure, thereby promoting the transmission and
accumulation of resistance genes.

1.2 The relationship between the host immune system and disease resistance

The host immune system is an essential defense against pathogen invasion in animals, divided into innate and
adaptive immunity. Innate immunity provides basic disease protection through nonspecific mechanisms, such as
the phagocytic action of macrophages and the activity of natural killer cells. These mechanisms enable the host to
quickly and effectively counter various types of pathogens. Adaptive immunity, on the other hand, offers more
targeted disease protection through specific antigen recognition and immune memory mechanisms. Once exposed
to a specific pathogen, the adaptive immune system produces specific antibodies or cell-mediated immune
responses, enhancing resistance to that pathogen and forming immune memory, allowing for a quicker response
upon re-exposure.

1.3 The association between immune genes and disease resistance

Immune genes, which encode proteins related to the immune system, are closely associated with an animal's
disease resistance due to their expression and functional variations. For example, in humans, the HLA gene family
is an important component of the immune system, with different HLA genotypes associated with susceptibility or
resistance to specific diseases. This association indicates that polymorphisms in immune genes play a key role in
animal disease resistance. By regulating the degree and manner of the immune system's response, the
polymorphism in immune genes affects the host's ability to resist various pathogens, thereby influencing the level
of disease resistance in the entire population. Therefore, research on immune genes not only helps understand the
mechanisms of disease resistance in animals but also provides an important genetic basis for breeding for disease
resistance.

2 Application of GWAS Technology in the Study of Animal Disease Resistance

2.1 Principles and advantages of GWAS technology

Genome-wide association studies (GWAS) are a technique for exploring the relationship between genes and traits
by comparing large-scale genotype and phenotype data. The principle behind GWAS is to identify genetic markers
associated with specific traits by finding association signals between genotypes and phenotypes (Uffelmann et al.,
2021). A key advantage of GWAS technology is its ability to comprehensively screen the genome for
disease-related variations without relying on prior hypotheses.

The core of GWAS technology involves the analysis of large-scale single nucleotide polymorphisms (SNPs).
Researchers first genotype the subjects to obtain individual genotype data at millions of SNP sites. Relevant
phenotype data, such as the occurrence of a disease or its severity, are also collected. Statistical methods are then
used to perform association analyses between these genotype and phenotype data, identifying SNP sites related to
the traits of interest.

Another advantage of GWAS technology is its high throughput and comprehensiveness. Traditional genetics
research often requires hypothesis-driven analyses targeting specific genes or pathways, whereas GWAS can
comprehensively screen for trait-related variations across the entire genome without prior hypotheses. This makes
GWAS a powerful tool for discovering new genes related to diseases (Figure 1).

2.2 The history and development of GWAS in animal genetics research

GWAS technology was initially applied in human genetics. With the advancement of sequencing technology and

the increase in data volume, it has also been widely applied in animal genetics research. Through GWAS,
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researchers can rapidly identify genetic variations associated with animal disease resistance, laying the foundation
for further functional studies and breeding applications.
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Figure 1 Data curation process adopted by GWAS Atlas (Tian et al., 2020)

The application history of GWAS in animal genetics research is relatively short but has progressed rapidly. With
the continuous development of sequencing technology and the accumulation of data, GWAS has achieved a series
of important results in livestock such as pigs, chickens, and cattle, as well as in experimental animals like mice.

The development of GWAS has also propelled progress in animal genetics research. Through GWAS technology,
researchers can gain a more comprehensive understanding of the structure and function of animal genomes. It has
revealed many genes and pathways related to disease resistance, providing important information for further
functional studies and breeding applications.

3 Background and Significance of Research on Cattle Disease Resistance

3.1 The threat of cattle diseases to the livestock industry

In the livestock industry, cattle diseases have always been a severe problem, causing significant economic losses
(Andrews et al., 2008). Diseases can lead to decreased productivity, disease spread, and even death among cattle,
posing a serious threat to the stability and development of the breeding industry. Some common cattle diseases
include mastitis, rumen acidosis, pneumonia, etc. Therefore, improving cattle's disease resistance has become one
of the keys to the development of the livestock industry.

3.2 Genetic markers for cattle disease resistance discovered

In recent years, with the development of genetics and molecular biology technologies, an increasing number of
genetic markers for cattle disease resistance have been discovered. These markers are usually gene polymorphism
sites or genomic regions significantly associated with cattle's disease resistance performance. For example, single
nucleotide polymorphisms (SNPs) related to resistance genes have been identified as genetic markers for cattle
disease resistance. These markers can help breeders select cattle with stronger disease resistance, thereby reducing
the incidence of diseases and improving breeding efficiency.

3.3 Analysis of disease resistance genes and their relevance to diseases

For the discovered genetic markers of cattle disease resistance, researchers have conducted in-depth analyses to
reveal the association between these markers and diseases. By performing functional analysis and expression
regulation studies on these markers, a deeper understanding of the molecular mechanisms of cattle disease
resistance can be achieved. At the same time, markers related to specific diseases have been identified, providing
strong support for breeding against particular diseases. For instance, gene loci related to mastitis resistance have
been discovered and proven to be significantly associated with resistance to mastitis, offering new insights into the
control and prevention of mastitis.

In this research field, a thorough investigation of the functions and expression regulation mechanisms of disease
resistance genes is crucial for uncovering the genetic mechanisms of cattle's disease resistance. By continuously
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exploring and analyzing the genetic markers of cattle disease resistance, more precise and effective breeding
strategies can be provided for the breeding industry. This, in turn, can enhance the disease resistance of cattle,
reduce the incidence of diseases, and promote the healthy development of the livestock industry.

4 Application of GWAS in Livestock and Poultry Animals

4.1 Application of GWAS in cattle disease resistance research

Cattle are among the most important livestock animals, and their disease resistance is of great significance to the
breeding industry. In recent years, with the development and widespread application of GWAS technology,
significant progress has been made in the study of cattle disease resistance. The application of GWAS in cattle
disease resistance research mainly includes two aspects: first, discovering genetic markers related to disease
resistance; second, analyzing the functional relationship between these markers and disease resistance.

In cattle disease resistance research, researchers collect genotype and phenotype data from large cattle populations
and use GWAS technology to analyze these data, identifying genetic markers associated with disease resistance.
For example, in the study of common diseases such as mastitis, GWAS technology has been widely applied (Kurz
et al.,, 2019). By comparing the genotype data of the diseased population and the control group, significant
associations can be found between single nucleotide polymorphisms (SNPs) at certain gene loci and susceptibility
1}::) mastitis (Figure 2). These associated SNPs become potential genetic markers for disease resistance.
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Figure 2 SNP g.18174 A>G induces aberrant NCF4-TV splicing (Ju et al., 2015)

Note: A: Schematic representation of the NCF4 mini-genes used in the functional splicing assay. The wild-type and mutant fragments
contained 125 bp of intron 9 and 53 bp of exon 10; fragments harboring the A or G allele were separately cloned into the EcoRI and
Xhol cloning sites of the pSPL3 vector; B: RT-PCR analysis of the NCF4 spliced transcripts on a 2% agarose gel. RT-PCR products
were amplified from the total RNA of 293T cells transfected with the wild-type and mutant (g.18174 A>G) NCF4 mini-gene
constructs. The size of the RT-PCR product (441 bp) corresponded to the amplified portion of intron 9 (77 bp), the retained portion of
intron 9 (48 bp), the amplification of exon 10 (53 bp), and the pSPL3 control plasmid (263 bp). The size of the RT-PCR product (393
bp) corresponded to the amplified portion of intron 9 (77 bp), the amplification of exon 10 (53 bp), and the pSPL3 control plasmid
(263 bp); C: Electrophoresis of RT-PCR products showing the presence and abundance of NCF4-TV transcript in bovine mammary
samples with three NCF4 SNP g.18174 A>G genotypes. Expression of the NCF4-TV transcript is highest in mammary samples from
GG animals, followed by those from AG and AA individuals
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Beyond identifying genetic markers related to disease resistance, GWAS also facilitates the elucidation of the
functional relationship between these markers and disease resistance. Through bioinformatics analysis and
experimental validation, researchers can determine the functions and regulatory mechanisms of genes at these
marker locations. For example, some markers may be located on immune-related genes, playing roles in
regulating immune responses, thereby affecting the cattle's disease resistance capabilities. This functional analysis
aids in deepening the understanding of the genetic mechanisms behind cattle's disease resistance, providing a
scientific basis for further breeding strategies.

4.2 Application of GWAS in pig disease resistance research

Pigs are one of the vital livestock animals, and their disease resistance is crucial for the sustainable development
of the breeding industry. In recent years, the application of GWAS technology in pig disease resistance research
has matured, providing significant scientific support for the genetic mechanism analysis and breeding of pig
disease resistance.

In pig disease resistance research, GWAS technology has been widely applied in the genetic analysis of various
common diseases. For instance, diseases such as porcine circovirus (McKnite et al., 2014) and porcine
reproductive and respiratory syndrome virus (PRRSV) (Walker et al., 2019) are significant afflictions in the pig
breeding industry. By performing GWAS analysis on genotype and phenotype data from large pig populations,
researchers can identify genetic markers associated with resistance to these diseases.

Besides identifying genetic markers related to disease resistance, GWAS also reveals the complex genetic
mechanisms of disease resistance. Pig disease resistance is often influenced by multiple genes, and interactions
among genes can also significantly impact resistance. GWAS analysis helps identify candidate genes related to
disease resistance, further exploring their interactions and regulatory networks in the disease resistance process,
aiding in unveiling the genetic mechanisms of pig disease resistance.

4.3 Application of GWAS in chicken disease resistance research

Chickens are important poultry animals, and their disease resistance is significant for the breeding industry. With
the continuous development of GWAS technology, chicken disease resistance research has made notable progress.
The application of GWAS technology in chicken disease resistance research mainly focuses on identifying genetic
markers related to disease resistance and revealing their functions.

In chicken disease resistance research, researchers have identified a series of genetic markers related to disease
resistance through GWAS analysis of genotype and phenotype data from large chicken populations (Deng et al.,
2022). These markers can help breeders select individuals with better disease resistance for breeding, thereby
improving the disease resistance capability of the entire chicken population.

Moreover, GWAS also reveals the genetic mechanisms behind chicken disease resistance. Through functional
analysis and bioinformatics, researchers can determine the functions and regulatory mechanisms of genes related
to disease resistance, further understanding the genetic basis of chicken disease resistance. This provides an
important scientific basis for conducting precision breeding and enhancing chicken disease resistance.

5 Future Prospects in Animal Disease Resistance Research

5.1 The ongoing role of GWAS technology in animal disease resistance research

As the fields of genetics and bioinformatics continue to evolve, GWAS technology will maintain its crucial role in
research on animal disease resistance. GWAS can identify genetic markers associated with disease resistance,
further unveiling the genetic underpinnings of animal disease resistance. By conducting in-depth studies on these
markers, a better understanding of disease resistance mechanisms can be achieved, providing more genetic
resources and strategies for livestock and poultry breeding. The continuous optimization and improvement of
GWAS technology will make it more precise and efficient in animal disease resistance research. With the
expansion of sample sizes, advancements in data analysis methods, and progress in genome sequencing
technologies, GWAS will be able to analyze the genetic mechanisms of animal disease resistance more
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comprehensively. This will offer more
(Figure 3).

reliable disease resistance breeding strategies for the livestock industry
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5.2 Prospects for the application of disease resistance genetic markers in livestock and poultry breeding

The application of disease resistance genetic markers holds broad prospects in livestock and poultry breeding.
Using identified disease resistance genetic markers, selective breeding can quickly enhance the disease resistance
of livestock and poultry. By breeding individuals with favorable genetic markers, it's possible to reduce disease
incidence while maintaining other desirable traits, thus improving breeding efficiency (Kabir and Islam, 2021).
The application of disease resistance genetic markers can also help overcome some challenges encountered in
traditional breeding methods, such as genetic degeneration and loss of genetic diversity resulting from long-term
selection. Targeted selection of disease resistance genetic markers can more effectively improve the overall health
level of livestock and poultry, reduce breeding risks, and enhance the sustainable development of the breeding
industry.

5.3 Application of disease resistance genetic markers in livestock and poultry health management

Beyond their use in breeding, disease resistance genetic markers can also play a crucial role in livestock and
poultry health management. Molecular diagnostic techniques based on disease resistance genetic markers can help
breeders timely detect the disease resistance levels of livestock and poultry, guiding health management and
disease prevention efforts (Gavora, 2019). Monitoring and managing individuals at higher risk of disease can
effectively reduce disease transmission and occurrence, ensuring the stable operation of the breeding industry.
Disease resistance genetic markers can also offer new ideas and methods for disease prevention and treatment. By
studying the association between disease resistance genetic markers and disease mechanisms, new vaccines and
drugs can be developed, enhancing livestock and poultry's resistance to specific pathogens and further improving
the production efficiency and economic benefits of the breeding industry.

In the future prospects of animal disease resistance research, the ongoing role of GWAS technology and the
application prospects of disease resistance genetic markers in livestock and poultry breeding and health
management will become significant driving forces for the development of the breeding industry. By fully
leveraging the advantages of genetics and bioinformatics, strengthening interdisciplinary collaboration, and
continuously optimizing technical methods and application strategies, it is hoped that more scientific and efficient
solutions for the study and breeding of disease resistance in livestock and poultry can be provided, pushing the
breeding industry towards a healthier and more sustainable development path.

6 Conclusion

GWAS technology, as a powerful genomics tool, plays a crucial role in the research of animal disease resistance.
By analyzing vast amounts of genotype and phenotype data, GWAS can identify genetic markers related to animal
disease resistance, offering new approaches and methods for breeding for disease resistance.

The significance and value of research on animal disease resistance are clear. Diseases are one of the major
obstacles in the livestock industry, not only directly affecting the economic benefits of the industry but also posing
potential threats to human health. Therefore, improving animals' disease resistance capabilities not only helps to
enhance the productivity of the breeding industry but also ensures food safety and human health (Song and Yu,
2016).

Despite the significant progress made by GWAS technology in the study of animal disease resistance, there are
still many challenges and unknowns (Ghosh et al., 2018). For example, since animal disease resistance is
influenced by a variety of factors, including environment and breeding management, relying solely on genomic
data may not fully explain the complexity of disease resistance. GWAS studies often face issues such as
insufficient sample sizes and low-quality genotype data, which can affect the reliability and stability of the results.

Therefore, this study calls for continued attention and support for research on animal disease resistance. On the

one hand, there is a need to strengthen the functional analysis of genes related to animal disease resistance,

delving into their roles in immune regulation and disease resistance mechanisms. On the other hand, it is

necessary to improve the data quality and sample sizes of disease resistance research, optimize research designs

and analysis methods, to ensure the accuracy and reliability of the results. Only by doing so can GWAS
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technology be better utilized to provide more effective scientific bases for breeding for disease resistance in
animals, promoting the healthy and sustainable development of the breeding industry.
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