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ABSTRACT: Infectious diseases pose a significant threat to global livestock productivity, animal welfare, and food security, while 

driving unsustainable antimicrobial use. This review comprehensively examines the pivotal role of genomics in understanding and 

enhancing two complementary defence strategies: resistance (the ability to limit pathogen burden) and resilience (the capacity to 

maintain performance during infection). We explore the genetic architecture of these complex traits, highlighting key genes and 

pathways, such as the Major Histocompatibility Complex (MHC) and toll-like receptors (TLRs), identified through genome-wide 

association studies (GWAS) and functional genomics. The article details how high-throughput sequencing, genomic selection, and 

gene editing technologies like CRISPR-Cas9 are revolutionizing breeding programs for improved health. We present species-

specific applications in cattle, pigs, poultry, and small ruminants, demonstrating successful reductions in disease incidence and 

antibiotic use. Finally, we address the challenges of polygenic traits, data integration, and ethical considerations, while outlining 

future directions through the integration of multi-omics and artificial intelligence. This synthesis underscores genomics as a 

transformative tool for breeding more robust livestock, offering a sustainable pathway to mitigate the impact of infectious diseases. 

KEYWORDS: Disease resistance; Disease resilience; Genomic selection; Host-pathogen interaction; CRISPR; Microbiome. 

INTRODUCTION 

Infectious Diseases in Livestock: Challenges and Impacts 

The relentless threat of infectious diseases represents one of 

the most significant challenges to global livestock 

production, with profound implications for animal welfare, 

economic stability, and food security. Pathogens cause 

substantial direct losses through mortality, reduced 

productivity, and condemnation of products, while the costs 

of prevention, treatment, and eradication programs place a 

heavy burden on farmers and national economies (Rushton, 

2017). Traditional disease control strategies have 

predominantly relied on external interventions, including 

biosecurity measures, antimicrobial usage, and vaccination. 

While these tools are indispensable, they are not without 

their limitations. The escalating crisis of antimicrobial 

resistance (AMR) threatens the efficacy of many 

pharmaceutical interventions, underscoring the urgent need 

for more sustainable solutions (WHO, 2017). Furthermore, 

vaccines are not available for all pathogens, and their 

development can be outpaced by rapidly evolving viruses 

and bacteria. It is within this context that enhancing the 

innate ability of animals to withstand disease has emerged as 

a critical and complementary pillar of sustainable animal 

health management. This innate capacity is broadly captured 

by two distinct but interrelated concepts: resistance and 

resilience.  

Disease Resistance vs. Disease Resilience: Definitions and 

Concepts 

Resistance refers to an animal's ability to limit the pathogen 

burden within its body. It is typically measured by 

quantifying pathogen load (e.g., through bacterial counts or 

viral RNA copies) or the severity of clinical signs following 

a known challenge. In contrast, resilience (sometimes 

termed tolerance) describes an animal's capacity to maintain 

performance and welfare in the face of a pathogen challenge, 
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irrespective of its infection status or pathogen load (Albers 

et al., 1987; Doeschl-Wilson et al., 2021). A highly resilient 

animal may become infected and harbour a significant 

pathogen load but shows minimal deviation in growth, 

reproduction, or metabolic function. The distinction is 

crucial; breeding for resistance aims to reduce pathogen 

prevalence in a herd, while breeding for resilience aims to 

mitigate the production losses even when infection occurs. 

Understanding and harnessing the genetic underpinnings of 

both traits is paramount for developing the next generation 

of robust livestock.  

Limitations of Conventional Breeding Approaches 

The genetic basis for variation in disease susceptibility has 

been recognised for decades through observational and 

quantitative genetic studies. Early work established that 

heritable variation exists for resistance to a wide array of 

diseases, from mastitis in dairy cattle (Heringstad et al., 2000) 

to gastrointestinal nematode infections in sheep (Woolaston 

& Baker, 1996). These studies, relying on pedigree 

information and measured phenotypes, proved that selective 

breeding could gradually improve population-level disease 

outcomes. However, the polygenic nature of these traits, 

controlled by many genes each with small effects, and the 

difficulty of accurately recording disease phenotypes in 

commercial settings have historically constrained the pace 

of genetic progress. The challenge of measuring resilience is 

even greater, as it requires longitudinal data on both 

performance metrics and health status, making it notoriously 

difficult to quantify in large populations.  

Emergence of Genomic Technologies in Livestock Health 

The advent of genomics has fundamentally revolutionised 

this field, offering unprecedented tools to dissect the genetic 

architecture of complex traits like disease resistance and 

resilience. High-throughput sequencing technologies and 

dense single nucleotide polymorphism (SNP) chips now 

allow for the genotyping of thousands of animals at hundreds 

of thousands of genetic markers simultaneously. This 

genomic arsenal has enabled two powerful approaches: 

Genome-Wide Association Studies (GWAS) and genomic 

selection. GWAS has successfully identified specific 

genomic regions and candidate genes associated with 

resistance to major pathogens. Seminal studies have 

pinpointed key loci, such as the BoLA (Bovine Leukocyte 

Antigen) region associated with mastitis and bovine 

leukemia virus resistance in cattle (Parker Gaddis et al., 

2014), and the SLA (Swine Leukocyte Antigen) complex 

linked to Porcine Reproductive and Respiratory Syndrome 

(PRRS) in pigs (Lunney et al., 2011). Similarly, a missense 

mutation in the BPI gene was identified as conferring 

resistance to Salmonella in chickens (Tilquin et al., 2005). 

These discoveries provide invaluable biological insights into 

the mechanisms of host-pathogen interaction, often 

implicating genes involved in innate and adaptive immunity.  

In addition to host genomic factors, resistance and resilience 

to infectious diseases are shaped by pathogen evolution, 

virulence mechanisms, and host–pathogen co-evolution. 

Pathogen genetic diversity, mutation rates, and adaptive 

strategies influence infection outcomes and selective 

pressures on host genomes. Beyond mapping specific genes, 

genomics has enabled the implementation of genomic 

selection, which has dramatically accelerated genetic 

improvement for difficult-to-measure traits. By constructing 

genomic prediction equations that estimate the breeding 

value of an animal based on its SNP profile, breeders can 

select for disease resistance with greater accuracy and 

without needing to challenge the animal itself with the 

pathogen. This is particularly transformative for traits like 

resilience, where direct phenotyping is a major bottleneck. 

For instance, the successful application of genomic selection 

for resistance to PRRS in pigs, where animals with 

favourable genetics show significantly reduced viral load 

and improved growth rates under infection, stands as a 

landmark achievement (Boddicker et al., 2014). This 

approach is now being extended to other diseases and 

species, promising a new era of breeding for improved 

animal health. Nevertheless, the genomics-led pursuit of 

disease-resistant and resilient livestock is fraught with 

complexity. A primary concern is the potential for 

antagonistic genetic correlations between disease traits and 

production objectives. Historically, intensive selection for 

increased milk yield or muscle growth has sometimes 

inadvertently increased susceptibility to metabolic and 

infectious diseases (Rauw et al., 1998). Therefore, a holistic 

breeding approach that balances productivity, health, and 

welfare through sophisticated multi-trait selection indices is 

essential to avoid negative trade-offs. Furthermore, the 

pathogen-specific nature of many resistance mechanisms 

poses a challenge; selecting for resistance to one disease may 

not confer protection against another, and may even increase 

susceptibility to a different pathogen. This underscores the 

importance of also investigating the genetics of broad-

spectrum, non-specific resilience, which could provide a 

more generalised defence (Berghof et al., 2019). This review 

article aims to synthesise the current state of knowledge on 

the genomics of resistance and resilience to infectious 

diseases in livestock. We will delve into the genetic 

architecture of these traits, exploring the key genes and 

pathways uncovered through modern genomic technologies. 

We will critically examine the successful application of 

genomic selection in breeding programs, highlighting case 

studies across major livestock species. Furthermore, we will 

address the significant challenges that remain, including the 

intricacies of genotype-by-environment interactions, the 
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ethical implications of altering disease dynamics, and the 

integration of genomic tools with other sustainable 

management practices. By providing a comprehensive 

genomics perspective, this review seeks to chart a path 

toward more resilient and disease-resistant livestock 

population, ultimately contributing to a more sustainable and 

ethical future for global agriculture. 

GENOMIC BASIS OF DISEASE RESISTANCE AND 

RESILIENCE 

The profound observable variation in how individual 

animals within a herd or flock respond to pathogenic 

challenge is, at its core, a reflection of underlying genetic 

diversity. While management and environment play crucial 

roles, the innate immunological blueprint of an animal, 

encoded in its genome, is a primary determinant of its 

disease outcome. Understanding this genomic basis, from 

the broad-sense heritability of traits to the specific genes, 

pathways, and epigenetic mechanisms involved, is 

fundamental to leveraging genetics for improved animal 

health. This section delves into the architecture of this 

genetic variation, exploring how natural polymorphisms in 

key immunological genes and their regulated expression 

orchestrate the complex phenotypes of resistance and 

resilience. 

Genetic Variation and Disease Susceptibility 

Livestock populations harbour a vast reservoir of natural 

genetic variation, a legacy of their evolutionary history, 

domestication, and subsequent selective breeding. This 

variation is the raw material upon which selection, both 

natural and artificial, acts. Quantitative genetic studies over 

several decades have consistently demonstrated that a 

significant proportion of the observed variation in 

susceptibility to infectious diseases has a heritable 

component. Comparative analyses reveal conserved genes 

and pathways involved in resistance across cattle, sheep, 

pigs, and poultry. These conserved mechanisms provide 

opportunities for cross-species insights and translational 

breeding strategies. Heritability (h²), which estimates the 

proportion of phenotypic variance attributable to additive 

genetic variance, varies widely depending on the specific 

disease, the population studied, and the method of 

phenotyping. For instance, heritability estimates for 

resistance to gastrointestinal nematodes in sheep, typically 

measured by faecal egg count (FEC), are generally low to 

moderate (0.2–0.3) but have been sufficient to enable 

successful selective breeding programs (Bishop & Morris, 

2007). Similarly, resistance to bovine mastitis, often 

measured by somatic cell count (SCC) as an indicator trait, 

also shows low to moderate heritability (0.1–0.15), 

confirming that genetic improvement is feasible (Heringstad 

et al., 2000). Crucially, the heritability of resilience, the 

ability to maintain performance while infected, can be 

distinct from that of resistance. While more challenging to 

measure, as it requires longitudinal data on both infection 

status and production metrics, studies have confirmed its 

genetic basis. In sheep, for example, the heritability of 

resilience to nematode infection, measured as the ability to 

maintain growth rate despite a given parasite burden, has 

been estimated and shown to be genetically correlated with, 

yet distinct from, resistance traits (Albers et al., 1987; 

Berghof et al., 2019). This evidence confirms that both 

resistance and resilience are legitimate targets for genomic 

selection, and that selecting for one may not automatically 

improve the other, necessitating a balanced breeding 

objective (Table 1). 

Key Genes and Pathways 

The polygenic nature of disease resistance means that the 

observed heritability is driven by the cumulative effect of 

many genes across the genome. Genome-Wide Association 

Studies (GWAS) have been instrumental in pinpointing 

specific genomic regions and candidate genes associated 

with resistance to a plethora of pathogens. Unsurprisingly, 

many of the most significant associations occur within genes 

central to the host's immune response. Foremost among 

these are the Major Histocompatibility Complex 

(MHC) genes, which are critically involved in antigen 

presentation and the activation of the adaptive immune 

response. In all livestock species, the MHC (e.g., BoLA in 

cattle, SLA in pigs, MHC in chickens) is highly polymorphic, 

and specific alleles have been repeatedly associated with 

resistance or susceptibility to viral, bacterial, and parasitic 

diseases. For instance, specific BoLA class II DRB3 alleles 

have been linked to variation in susceptibility to mastitis-

causing bacteria Staphylococcus aureus and to bovine 

leukemia virus (BLV) proviral load (Parker Gaddis et al., 

2014; Takeshima & Aida, 2006). Beyond the MHC, other 

key immune genes play pivotal roles. Toll-like receptors 

(TLRs), which act as sentinels of the innate immune system 

by recognising pathogen-associated molecular patterns 

(PAMPs), are major candidates (Table 2). Polymorphisms in 

genes like TLR4 (which recognises lipopolysaccharide from 

Gram-negative bacteria) have been associated with mastitis 

resistance in dairy cattle (Wang et al., 2007). Furthermore, 

genes encoding cytokinesthe signalling molecules that 

orchestrate the immune response, are frequent targets of 

genetic association studies. For example, in pigs, the 

response to Porcine Reproductive and Respiratory 

Syndrome (PRRSV) is strongly influenced by a quantitative 

trait locus (QTL) on chromosome 4 that contains a cluster of 

immune-related genes, including IL10, a potent 

immunoregulatory cytokine (Boddicker et al., 2012; Lunney 

et al., 2011). Animals with a specific haplotype in this region 

exhibit reduced viral load and less severe pathology. This 

discovery not only revealed a key genetic mechanism but 

also formed the basis for a commercial marker-assisted 

selection program. These examples illustrate how genomic 

studies move beyond heritability estimates to elucidate the 

specific genetic mechanisms governing pathogen 

recognition, the initiation of immune cascades, and the 
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regulation of the inflammatory response, all of which 

ultimately determine the disease phenotype. 

Epigenetic Influences 

The genomic blueprint, while fundamental, is not a static 

determinant of fate. The burgeoning field of epigenetics has 

revealed a critical additional layer of regulation that 

modulates gene expression in response to environmental 

cues without altering the underlying DNA 

sequence. Epigenetic modifications, such as DNA 

methylation, histone modification, and non-coding RNA 

activity, can profoundly influence the immune system's 

development and responsiveness, thereby impacting disease 

resistance and resilience. The role of epigenetics provides a 

mechanistic link between the environment and an animal's 

health trajectory. Early-life environmental exposures, 

including nutrition, stress, and even low-level pathogen 

exposure, can "program" the immune system via epigenetic 

changes, leading to long-lasting alterations in immune 

function. For example, studies in chickens have shown that 

early feeding with bioactive compounds or exposure to 

immune stimuli can alter DNA methylation patterns in genes 

of the TLR pathway, leading to a trained immunity 

phenotype and enhanced resistance to 

subsequent Eimeria challenge (van der Klein et al., 2020; 

Surai et al., 2019). This concept of "immune priming" or 

"trained immunity" is largely mediated by epigenetic 

rewiring of innate immune cells. Moreover, the pathogen 

itself can manipulate the host's epigenetic machinery to 

Table 1: Comparative summary of livestock species, resistance/resilience traits, and representative associated genes/QTLs (selected 

examples) with chromosomal locations and key references. 

Species Disease / 

Resistance 

trait 

Representative 

gene / QTL 

Marker / locus 

detail 

Chromosome Notes Key reference 

Cattle (Bos 

taurus) 

Bovine 

tuberculosis 

(bTB) 

resistance 

SLC11A1 

(NRAMP1) 

Gene 

polymorphisms; 

expression effects 

reported 

BTA2 Innate 

immunity/macrophage 

function; implicated in 

bTB 

susceptibility/resistance. 

Holder et al., 

2020 (Frontiers 

in 

Microbiology) 

Cattle (Bos 

taurus) 

Mastitis / 

somatic cell 

score 

CXCR1 

(IL8RA) 

CXCR1+777 and 

other SNPs reported 

BTA2 IL-8 receptor; variants 

associated with 

mastitis-related traits in 

multiple studies. 

Frontiers in 

Immunology 

2023 review 

(CXCR1 

polymorphisms) 

Cattle (Bos 

taurus) 

BLV proviral 

load / disease 

progression 

BoLA-DRB3 

(MHC class II) 

Susceptible/resistant 

alleles (e.g., 

*012:01, *015:01 vs 

*002:01, *009:02) 

BTA23 MHC class II 

polymorphism 

influences PVL and 

infectivity; implications 

for control programs. 

Aida et al., 

2022 

(Pathogens) 

Sheep (Ovis 

aries) 

Ovine 

lentivirus 

(OPP/SRLV) 

susceptibility 

TMEM154 Haplotypes/variants 

linked to reduced 

susceptibility 

OAR17 Well-validated locus; 

used for selection 

against SRLV/OPP 

susceptibility. 

Heaton et al., 

2012 (PLOS 

Genetics) 

Pig (Sus 

scrofa) 

PRRS 

resilience 

(viremia, 

growth under 

challenge) 

WUR locus / 

GBP5 region 

WUR10000125 

marker; GBP5 

proposed causal 

gene 

SSC4 Major-effect QTL 

validated across 

populations; improves 

performance under 

PRRS challenge. 

Iowa State 

Univ. Animal 

Industry Report 

(WUR/GBP5 

summary) 

Pig (Sus 

scrofa) 

ETEC F18 

(post-weaning 

diarrhea) 

resistance 

FUT1 M307 G>A 

polymorphism; AA 

resistant vs GG/GA 

susceptible 

SSC6 Classic marker-assisted 

selection example for 

bacterial enteric disease. 

Bao et al., 2012 

(Mol Biol Rep) 

Chicken 

(Gallus gallus) 

Marek’s 

disease 

resistance 

MHC (B locus) MHC haplotype 

effects; key genes 

on chr16 

GGA16 Strong determinant of 

resistance/susceptibility 

to MDV and other 

pathogens. 

Miller & 

Taylor, 2016 

(Poultry 

Science) 

Chicken 

(Gallus gallus) 

Marek’s 

disease 

(mechanistic 

basis) 

MHC class II 

presentation 

Resistant haplotype 

peptide presentation 

bias 

GGA16 Mechanistic evidence 

explaining strong MHC 

association with MD 

resistance. 

Kaufman et al., 

2020 (PLOS 

Biology) 
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evade immune detection. Understanding these host-

pathogen epigenetic interactions opens up novel avenues for 

intervention. For instance, nutritional strategies aimed at 

modulating epigenetic marks (e.g., through supplements rich 

in methyl donors like methionine and choline, or bioactive 

compounds like curcumin and resveratrol) are being 

explored as a means to enhance innate immune memory and 

resilience (Surai, 2020). Therefore, the epigenome 

represents a dynamic interface where the genome and the 

environment interact. A comprehensive genomics 

perspective must incorporate this epigenetic dimension, as it 

explains how identical genotypes can yield different health 

outcomes under different environmental conditions and how 

early-life management can have lasting effects on an 

animal's capacity to resist disease throughout its production 

life. 

GENOMIC TOOLS AND TECHNOLOGIES 

The theoretical understanding of the genetic basis for disease 

resistance and resilience is only as powerful as the tools 

available to measure and manipulate it. The past two decades 

have witnessed a technological revolution in genomics, 

moving from the painstaking mapping of single genes to the 

high-throughput analysis of entire genomes, transcriptomes, 

and microbiomes. This arsenal of sophisticated tools has 

transformed our ability to dissect the complex genetic 

architecture of disease-related traits, moving from 

correlation to causation and from observation to intervention 

(Figure 1).  

High-Throughput Sequencing 

The advent of high-throughput next-generation sequencing 

(NGS) technologies has been the cornerstone of the modern 

genomics era, providing the foundational data for nearly all 

subsequent analyses. Two applications are particularly 

transformative for disease genomics: whole-genome 

sequencing (WGS) and RNA sequencing (RNA-

seq). Whole-genome sequencing provides a complete, base-

by-base map of an organism's DNA, capturing virtually all 

the genetic variation, including single nucleotide 

polymorphisms (SNPs), insertions/deletions (indels), and 

structural variants, within a population. This comprehensive 

data set eliminates the need for pre-defined SNP chips and 

allows for the direct identification of causal mutations, rather 

than just markers linked to them. For instance, WGS of cattle 

populations has been used to identify specific mutations 

associated with resistance to Mycobacterium 

avium subsp. paratuberculosis (MAP), the causative agent 

of Johne's disease, with far greater resolution than previous 

SNP array-based studies (Zare et al., 2014). Complementing 

WGS, RNA sequencing provides a dynamic snapshot of the 

transcriptome, revealing the genes that are actively being 

expressed in a specific tissue at a specific time (Table 3). By 

comparing gene expression profiles between resistant and 

susceptible animals before, during, and after a pathogen 

challenge, researchers can identify key immune pathways 

that are activated or suppressed. This functional genomics 

approach has been instrumental in understanding the host 

response to diseases like Porcine Reproductive and 

Respiratory Syndrome (PRRS). RNA-seq analyses of 

porcine alveolar macrophages infected with PRRSV have 

detailed the profound modulation of host innate immune 

genes, particularly those involved in interferon signalling, 

providing a mechanistic explanation for viral persistence and 

pathogenesis (Miller et al., 2017). Together, WGS and RNA-

seq provide a static and dynamic view of the genome, 

respectively, enabling the discovery of both the hereditary 

variants and the functional mechanisms that underpin 

disease outcomes. 

Genome-Wide Association Studies (GWAS) 

Building on the data generated by high-throughput 

genotyping and sequencing, Genome-Wide Association 

Studies (GWAS) have become the workhorse for identifying 

genomic regions associated with complex traits. By 

scanning the genomes of thousands of individuals and 

comparing the frequency of genetic variants between cases 

(e.g., diseased) and controls (e.g., healthy), or across a 

spectrum of phenotypic values (e.g., pathogen load), GWAS 

can pinpoint loci that contribute to disease susceptibility or 

resistance. The power of GWAS in livestock has been 

demonstrated across numerous species and diseases. A 

landmark case study in pigs identified a major quantitative 

trait locus (QTL) on chromosome 4 associated with reduced 

PRRS viral load and increased growth rate during infection. 

This finding, which implicated a region involving several 

immune-related genes like IL10, was rapidly translated into 

a commercial genetic test for selecting PRRS-resistant 

breeding stock (Boddicker et al., 2014). In poultry, GWAS 

have successfully identified variants associated with 

resistance to Salmonella colonization (Calenge et al., 2011) 

and Campylobacter (Psifidi et al., 2016), while in dairy 

cattle, GWAS have consistently identified markers within 

the BoLA region and other immune genes associated with 

somatic cell count and clinical mastitis events (Parker 

Gaddis et al., 2014). These studies validate the polygenic 

nature of resistance while providing breeders with specific 

genomic targets for selection (Table 4). 
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 Table 2: Key genes and pathways in livestock disease resistance and resilience. 

Gene/Symbol Full Name Primary Function Associated 

Livestock 

Disease(s) 

Mechanism of Action Key 

Reference/Example 

BoLA-DRB3 Bovine 

Leukocyte 

Antigen DRB3 

Major 

Histocompatibility 

Complex (MHC) 

class II molecule; 

antigen 

presentation. 

Mastitis, 

Bovine 

Leukemia 

Virus (BLV), 

Johnes's 

Disease, Tick-

borne diseases. 

Presents processed foreign antigens to 

CD4+ T-helper cells, initiating adaptive 

immune response. Specific alleles linked 

to resistance/susceptibility. 

Takeshima & Aida 

(2006); Parker 

Gaddis et al. (2014) 

SLA-1 Swine 

Leukocyte 

Antigen 1 

Major 

Histocompatibility 

Complex (MHC) 

class I molecule; 

antigen 

presentation. 

Porcine 

Reproductive 

& Respiratory 

Syndrome 

(PRRS), 

African Swine 

Fever (ASF). 

Presents processed intracellular antigens 

to CD8+ cytotoxic T-cells, triggering cell 

death of infected cells. 

Lunney et al. (2011) 

TLR4 Toll-Like 

Receptor 4 

Pattern Recognition 

Receptor (PRR) for 

innate immunity. 

Mastitis (E. 

coli), Gram-

negative 

bacterial 

infections. 

Recognizes Lipopolysaccharide (LPS) on 

Gram-negative bacteria, activating NF-

κB pathway and pro-inflammatory 

cytokine production. 

Wang et al. (2007) 

CD163 Cluster of 

Differentiation 

163 

Scavenger receptor; 

cellular entry 

receptor for 

PRRSV. 

Porcine 

Reproductive 

& Respiratory 

Syndrome 

(PRRS). 

Mediates viral entry and infection of 

porcine macrophages. Edited version 

confers complete resistance to PRRSV 

infection. 

Whitworth et al. 

(2016) 

GBP5 Guanylate-

Binding 

Protein 5 

Interferon-inducible 

GTPase; innate 

intracellular 

immunity. 

Porcine 

Reproductive 

& Respiratory 

Syndrome 

(PRRS). 

Plays a role in inflammasome assembly 

and inhibition of viral replication. A SNP 

is associated with reduced PRRS 

viremia. 

Boddicker et al. 

(2014) 

Mx1 Myxovirus 

Resistance 1 

Interferon-induced 

dynamin-like 

GTPase. 

Avian 

Influenza 

Virus, other 

RNA viruses. 

Inhibits viral replication by trapping viral 

nucleocapsids. Polymorphisms determine 

antiviral activity level in chickens. 

Benfield et al. (2008) 

IL10 Interleukin 10 Anti-inflammatory 

cytokine; 

immunoregulation. 

Porcine 

Reproductive 

& Respiratory 

Syndrome 

(PRRS), 

various 

inflammatory 

diseases. 

Modulates the immune response by 

suppressing pro-inflammatory cytokine 

production, preventing 

immunopathology. 

Boddicker et al. 

(2012) 

IFNG Interferon 

Gamma 

Pro-inflammatory 

cytokine; key 

activator of 

macrophages. 

Johnes's 

Disease, 

Tuberculosis, 

intracellular 

pathogens. 

Critical for activating macrophages to 

kill intracellular bacteria 

like Mycobacterium 

avium subsp. paratuberculosis (MAP). 

Koets et al. (2010) 

DEFB1 Beta-Defensin 

1 

Antimicrobial 

peptide (AMP); 

innate immunity. 

Mastitis, 

digital 

dermatitis, 

bacterial 

infections. 

Directly kills bacteria, viruses, and fungi 

by disrupting their cell membranes; acts 

as a chemoattractant for immune cells. 

Cormican et al. 

(2008) 

LYZ Lysozyme Antimicrobial 

enzyme; innate 

immunity. 

Mastitis, 

general 

bacterial 

infections. 

Breaks down the peptidoglycan layer in 

the cell walls of Gram-positive bacteria. 

Well-established 

innate immune 

component. 

      

      

      

      

      

 



                             Bibi et al., 2026 

Page 7 of 21 

https://journalscinex.com/index.php/SJAS/index               

 

 

CRISPR and Gene Editing 

While traditional breeding and genomic selection rely on 

recombining existing genetic variation within a 

population, gene editing technologies, particularly CRISPR-

Cas9, offer the potential to directly introduce beneficial 

alleles or knock out deleterious ones with surgical precision. 

This technology moves beyond association to direct 

causation, allowing researchers to validate the function of 

candidate genes identified through GWAS or functional 

studies. The potential applications for enhancing disease 

resistance are profound. A seminal proof-of-concept study 

used CRISPR to generate pigs that lack the active receptor 

for PRRSV (CD163), rendering them completely resistant to 

infection without impacting normal physiological functions 

(Whitworth et al., 2016). Similarly, research is underway to 

edit genes associated with resistance to African Swine Fever 

Virus and to introduce the allele for the bovine POLLED 

gene to eliminate the painful practice of dehorning, thereby 

reducing a major site for potential infection and improving 

overall animal welfare. However, the application of gene 

editing in livestock is fraught with significant ethical and 

NRAMP1 Natural Resistance-

Associated 

Macrophage Protein 

1 

Divalent metal 

transporter; innate 

immunity. 

Johnes's Disease, 

Salmonellosis, 

Brucellosis. 

Deprives intracellular bacteria of 

essential divalent cations (e.g., iron, 

manganese) within the phagosome, 

inhibiting growth. 

Paixão et al. 

(2017) 

TMEM154 Transmembrane 

Protein 154 

Putative viral receptor. Ovine Progressive 

Pneumonia 

(Maedi-Visna 

Virus). 

Certain haplotypes confer 

susceptibility to ovine lentivirus 

infection. A basis for selection in 

breeding programs. 

Heaton et al. 

(2012) 

CXCR1 C-X-C Motif 

Chemokine Receptor 

1 

Chemokine receptor 

for IL-8; neutrophil 

recruitment. 

Mastitis (primarily 

Staphylococcus 

aureus). 

Mediates neutrophil migration to the 

site of infection (e.g., mammary 

gland). Polymorphisms linked to 

SCC and mastitis resistance. 

Leyva-Baca et 

al. (2007) 

MHC-B Major 

Histocompatibility 

Complex B 

(Chicken) 

MHC class I 

molecule; antigen 

presentation. 

Marek's Disease, 

Avian Influenza, 

Coccidiosis. 

The highly polymorphic MHC-B 

locus is the primary genetic 

determinant of resistance to viral 

diseases in poultry. 

Cheng et al. 

(2021) 

TNF-α Tumor Necrosis 

Factor Alpha 

Pro-inflammatory 

cytokine; acute phase 

response. 

Mastitis, metritis, 

systemic 

inflammation. 

Key mediator of inflammation; 

promotes fever, activates 

neutrophils and macrophages, and 

can induce apoptosis. 

Well-

established key 

inflammatory 

cytokine. 

IgA Immunoglobulin A Mucosal antibody; 

adaptive humoral 

immunity. 

Enteric diseases 

(e.g., E. coli, 

rotavirus), 

respiratory 

diseases. 

Provides immune protection at 

mucosal surfaces by neutralizing 

pathogens and preventing 

attachment/entry. 

Warr et al. 

(1995) 

CCR5 C-C Chemokine 

Receptor Type 5 

Chemokine receptor; 

leukocyte recruitment. 

Johnes's Disease, 

other chronic 

infections. 

Receptor for chemokines involved 

in recruiting 

monocytes/macrophages and T-cells 

to sites of inflammation. 

Khalid et al. 

(2021) 

VDR Vitamin D Receptor Nuclear hormone 

receptor; 

immunomodulation. 

Mastitis, metabolic 

diseases. 

Upon binding active Vitamin D, 

modulates expression of genes 

involved in antimicrobial peptide 

production (e.g., DEFB) and 

immune function. 

Nelson et al. 

(2016) 

STAT1 Signal Transducer 

and Activator of 

Transcription 1 

Transcription factor; 

JAK-STAT signaling 

pathway. 

Viral infections 

(e.g., PRRS, 

Influenza). 

Mediates signaling from interferon 

receptors to the nucleus, inducing 

expression of interferon-stimulated 

genes (ISGs). 

Critical 

component of 

antiviral 

defense. 

CASP1 Caspase 1 Cysteine protease; 

inflammasome 

component. 

Pyroptosis in 

response to 

intracellular 

pathogens. 

Activated by inflammasomes (e.g., 

NLRP3) in response to pathogens; 

cleaves pro-IL-1β and pro-IL-18 

into active forms and triggers 

inflammatory cell death 

(pyroptosis). 

Bergsbaken et 

al. (2009) 
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regulatory considerations. Public perception regarding 

"GMOs" in the food chain, animal welfare concerns 

regarding potential off-target effects, and the implications 

for genetic diversity are critical issues that must be addressed 

(Van Eenennaam, 2017). The regulatory landscape remains 

uncertain and varies globally, with some countries treating 

gene-edited animals as genetically modified organisms 

(GMOs) subject to stringent regulations, while others are 

moving towards a more product-based regulatory 

framework. For technology to be widely adopted, a 

transparent public dialogue and science-based regulatory 

approach are essential and have been illustrated in Figure 2. 

Figure 1: Overview of major genomic and post-genomic tools used in livestock disease resistance research, 

including GWAS, SNP arrays, RNA-seq, CRISPR-based functional validation, and annotation pipelines. 
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Metagenomics and Microbiome Analysis 

Finally, a holistic genomic perspective on disease resilience 

must extend beyond the host's genome to include the vast 

community of microbes that inhabit it, the microbiome. The 

development of high-throughput 16S rRNA sequencing and 

shotgun metagenomics has enabled the comprehensive 

characterization of the microbial communities in the gut, 

respiratory tract, and mammary gland. There is growing 

evidence that the composition and function of these 

microbiomes are intricately linked to the host's health and its 

ability to resist pathogens. For example, the gut microbiome 

plays a crucial role in training the host immune system and 

can directly inhibit pathogens through competition for 

nutrients and space. Genomic analyses have revealed that the 

microbiome is not static but is influenced by host genetics. 

Studies in chickens have shown that host genetics can 

explain a significant portion of the variation in gut 

microbiota composition, and that certain microbial profiles 

are associated with improved resistance to Salmonella 

enteritidis (Zhou et al., 2022). Epigenetic mechanisms such 

as DNA methylation, histone modifications, and non-coding 

Table 3: Major genes, SNPs, and QTLs associated with infectious disease resistance across livestock species, including 

chromosomal locations and references. 

Species Disease / 

Trait 

Gene / 

Locus 

Marker 

(SNP/QTL/Allele) 

Chromosomal 

location 

Evidence / Notes Key reference 

Cattle (Bos 
taurus) 

Bovine 
tuberculosis 

(bTB) 

resistance / 
susceptibility 

SLC11A1 
(NRAMP1) 

c.1066C>G 
(rs109453173); 

GT-repeat MS1 

(3′UTR) reported 

BTA2q43–44 Innate 
immunity/macrophage 

metal ion transport; 

multiple studies report 
association with bTB-

related outcomes. 

Holder et al., 
2020 (Frontiers in 

Microbiology) 

Cattle (Bos 

taurus) 

Mastitis / 

somatic cell 
count (SCC) 

CXCR1 

(IL8RA) 

CXCR1-777 (G/C) 

SNP 

BTA2 (~110.6 

Mb region) 

Neutrophil 

chemotaxis/IL-8 
signalling; CC 

genotype associated 

with impaired 
neutrophil function 

and higher mastitis 

risk in some studies. 

Teagasc report on 

immune gene 
SNPs (CXCR1 

mapping & SNP 

effects) 

Cattle (Bos 

taurus) 

Bovine 

leukemia 

virus (BLV) 
outcome / 

proviral load 

(PVL) 

BoLA-DRB3 

(MHC class 

II) 

BoLA-

DRB3*012:01 

(reported 
resistance-

associated in some 

populations) 

BTA23 (MHC 

region) 

Adaptive 

immunity/antigen 

presentation; DRB3 
alleles repeatedly 

associated with BLV 

PVL and progression. 

Ferreira et al., 

2025 (BoLA-

DRB3*12:01 & 
BLV resistance) 

Pig (Sus 
scrofa) 

PRRSV 
resilience / 

resistance / 
tolerance 

GBP5 region 
tagged by 

WUR 

WUR0000125 / 
WUR10000125 

SNP 

SSC4 Large-scale PRRS 
Host Genetics 

Consortium challenge 
studies identified 

WUR on SSC4; 

GBP5 proposed 
causal region. 

BMC Genomics 
2023 (WUR on 

SSC4); Animal 
Genetics 2021 

(GBP5/WUR) 

Sheep 

(Ovis aries) 

Small 

ruminant 

lentivirus 

(SRLV/OPP) 

susceptibility 

TMEM154 E35K haplotypes; 

SNP 

OAR17_5388531 

linked (SNP50 

chip) 

OAR17 TMEM154 variants 

associated with 

reduced lentivirus 

susceptibility across 

multiple populations; 

marker-assisted 
selection used. 

PLOS Genetics 

2012 

(TMEM154); 

Genes 2023 

(OAR17_5388531 

LD) 

Chicken 

(Gallus 
gallus) 

Marek’s 

disease (MD) 
resistance 

MHC (B 

locus) 

MHC haplotypes; 

MD QTL mapping 
accounts for MHC 

background 

GGA16 Major-effect locus for 

resistance to multiple 
pathogens including 

MDV; background 

confounds other QTL 
discovery. 

Scientific Reports 

2024 (MHC on 
chr16 & MD 

QTL) 

Chicken 

(Gallus 

gallus) 

Marek’s 

disease (MD) 

resistance 

Non-MHC 

QTL regions 

(multi-locus) 

Multiple QTL 

across genome 

(study-dependent) 

Genome-wide 

(beyond 

GGA16) 

Resistance is 

polygenic with many 

small-effect loci; QTL 
mapping continues 

alongside MHC 

effects. 

Genes 2020/2021 

(MDV QTL 

mapping) 
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RNAs play emerging roles in regulating immune responses 

and disease resilience. These mechanisms provide 

phenotypic plasticity without altering DNA sequence and 

are increasingly recognized in livestock health studies. In 

ruminants, the microbiome is directly responsible for feed 

efficiency and health, and its composition has been linked to 

methane emissions and susceptibility to mastitis. 

Understanding these host-microbiome interactions opens a 

new frontier for improving resilience. Gut microbiota 

composition and host genomic interactions significantly 

influence immune modulation and disease resilience. 

Integrating microbiome data with host genomics offers a 

multidisciplinary framework for understanding complex 

disease phenotypes. Strategies could include selective 

breeding for genotypes that foster a "healthy" microbiome or 

the development of next-generation probiotics (synbiotics) 

tailored to modulate the microbiome towards a more resilient 

state. By integrating host genomics with metagenomics, we 

can develop a more comprehensive strategy to enhance 

animal health from the inside out. 

Table 4: Genomic tools and technologies in livestock genetics. 

Tool/Technology Primary 

Function 

Key 

Applications in 

Livestock 

Advantages Limitations Key 

Example/Reference 

SNP 

Microarrays 

Genotyping 

hundreds of 

thousands of 

Single Nucleotide 

Polymorphisms 

(SNPs) across the 

genome. 

Genomic 

Selection, GWAS, 

pedigree verification, 

genomic prediction 

for traits like disease 

resistance. 

High-

throughput, cost-

effective per 

sample, 

standardized, 

excellent for large 

populations. 

Limited to 

known, pre-

selected variants; 

cannot detect 

novel or structural 

variants. 

Illumina 

BovineSNP50 chip 

for cattle; 

PorcineSNP60 for 

pigs. 

Whole-Genome 

Sequencing (WGS) 

Determining 

the complete DNA 

sequence of an 

organism's 

genome. 

Discovering 

novel variants (SNPs, 

indels, structural 

variants), identifying 

causal mutations, 

building reference 

genomes. 

Provides a 

complete view of 

all genetic 

variation; gold 

standard for 

discovery. 

Expensive for 

large cohorts; 

massive data 

storage and 

computational 

analysis required. 

Identifying a 

causal mutation for 

bovine 

chondrodysplasia 

(e.g., Durkin et al., 

2012). 

RNA Sequencing 

(RNA-Seq) 

Sequencing 

the transcriptome 

(all RNA 

molecules) to 

measure gene 

expression. 

Studying host 

immune response to 

pathogens, 

identifying 

differentially 

expressed genes, 

understanding 

molecular pathways. 

Reveals 

active biological 

processes; can 

discover novel 

transcripts and 

splice variants. 

Requires 

high-quality RNA; 

results are specific 

to tissue, time 

point, and 

condition. 

Profiling 

macrophage response 

to PRRSV infection 

(e.g., Miller et al., 

2017). 

Bisulfite 

Sequencing 

Mapping 

DNA methylation 

patterns to study 

epigenetic 

regulation. 

Understanding 

how environment 

(diet, stress) 

influences gene 

expression and 

disease resilience via 

epigenetics. 

Provides 

base-resolution 

methylation data; 

powerful for 

epigenetic 

discovery. 

Technically 

challenging; 

requires 

specialized 

bioinformatics 

analysis. 

Studying 

epigenetic changes in 

chickens due to early-

life nutrition (e.g., van 

der Klein et al., 2020). 

CRISPR-Cas9 A gene-

editing system that 

allows for precise, 

targeted 

modifications to 

the genome. 

Creating 

disease-resistant 

livestock (e.g., 

CD163 edit for 

PRRS), validating 

function of candidate 

genes. 

Highly 

precise and 

efficient; can 

introduce specific 

desired alleles. 

Off-target 

effects; complex 

regulatory and 

public acceptance 

hurdles. 

Generating 

PRRSV-resistant pigs 

by editing the CD163 

gene (Whitworth et 

al., 2016). 

Genome-Wide 

Assoc. Studies 

(GWAS) 

Statistical 

tests to associate 

genetic variants 

with traits and 

diseases. 

Mapping 

genomic regions 

(QTLs) associated 

with traits like 

mastitis resistance or 

parasite burden. 

Hypothesis-

free approach; 

successful in 

identifying major 

effect loci. 

Requires 

large sample sizes; 

often identifies 

linked markers, 

not causal 

variants. 

Identifying a 

QTL for PRRS 

resistance on Sus 

scrofa chromosome 4 

(Boddicker et al., 

2014). 
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Genomic 

Selection (GS) 

Using genome-

wide markers to 

estimate the genetic 

merit of an individual 

for breeding. 

Selecting young 

animals as parents 

based on genomic 

breeding values for 

disease resistance. 

Dramatically 

reduces generation 

interval; accelerates 

genetic gain for 

complex traits. 

Requires a 

large reference 

population with 

accurate 

phenotypes; 

initial setup cost. 

Widespread use 

in dairy cattle for 

selecting bulls with 

high genetic merit 

for mastitis 

resistance. 

Metagenomics Sequencing the 

collective genome of 

all microorganisms in 

a sample (e.g., gut 

content). 

Characterizing 

the gut microbiome 

and its role in health, 

resilience, and 

nutrient utilization. 

Culture-

independent; 

provides a complete 

view of microbial 

community diversity 

and function. 

Complex 

data analysis; 

challenging to 

distinguish active 

from dormant 

microbes. 

Linking rumen 

microbiome 

composition to 

methane emissions 

in cattle (e.g., 

Wallace et al., 

2015). 

Single-Cell 

Sequencing 

Sequencing the 

genome or 

transcriptome of 

individual cells. 

Profiling 

heterogeneity of 

immune cell 

responses to 

infection within a 

tissue. 

Unprecedented 

resolution; identifies 

rare cell populations. 

Technically 

complex and 

expensive; data 

analysis is 

challenging. 

Characterizing 

different T-cell 

subtypes in response 

to a mastitis 

infection. 

Long-Read 

Sequencing 

Sequencing long 

DNA fragments (10s 

of kb to Mb). 

Assembling 

gap-free genomes, 

resolving complex 

structural variants, 

sequencing full 

transcripts. 

Resolves 

repetitive regions and 

complex genomic 

structures; improves 

genome assemblies. 

Higher error 

rate than short-

read sequencing; 

currently more 

expensive. 

Creating high-

quality, telomere-to-

telomere reference 

genomes for key 

livestock species. 

Hi-C 

Sequencing 

Capturing 

chromatin 

conformation and 3D 

structure of the 

genome. 

Assembling 

genomes into 

chromosomes, 

studying gene 

regulation and 

topologically 

associated domains 

(TADs). 

Provides 

scaffolding for 

genome assembly; 

reveals regulatory 

interactions. 

Complex 

library 

preparation and 

computational 

analysis. 

Improving the 

scaffolding of the 

goat reference 

genome assembly. 

ATAC-Seq Identifying open 

chromatin regions to 

map regulatory 

elements. 

Discovering 

active promoters and 

enhancers involved 

in the immune 

response. 

Reveals 

functional regulatory 

elements; requires 

few cells. 

Requires 

high-quality 

nuclei; sensitive 

to experimental 

conditions. 

Mapping 

immune cell 

enhancers activated 

during nematode 

infection in sheep. 

Proteomics 

(Mass Spec) 

Large-scale 

study of proteins, 

including their 

structures and 

functions. 

Identifying 

biomarkers for 

disease diagnosis, 

studying host-

pathogen protein 

interactions. 

Directly 

measures functional 

molecules; can reveal 

post-translational 

modifications. 

Complex 

and expensive; 

dynamic range 

makes detecting 

low-abundance 

proteins difficult. 

Finding milk 

protein biomarkers 

for subclinical 

mastitis. 

Metabolomics Comprehensive 

analysis of small-

molecule metabolites. 

Understanding 

the metabolic state 

associated with 

health, disease, or 

resilience. 

Downstream 

readout of genomic, 

transcriptomic, and 

proteomic activity; 

functional 

phenotype. 

Requires 

sophisticated 

instrumentation 

(NMR, MS); 

complex data 

interpretation. 

Identifying 

metabolic signatures 

of resilience to heat 

stress in poultry. 

Bioinformatics 

Pipelines 

Computational 

workflows for 

processing, 

analyzing, and 

interpreting genomic 

data. 

Variant calling, 

GWAS, RNA-Seq 

differential 

expression, 

epigenetic analysis. 

Essential for 

transforming raw 

data into biological 

insight; automates 

complex analyses. 

Requires 

significant 

computational 

resources and 

expertise; 

constant need for 

updating. 

GATK for 

variant calling; 

PLINK for GWAS; 

STAR for RNA-Seq 

alignment. 
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APPLICATIONS IN LIVESTOCK SPECIES 

The theoretical frameworks and powerful technologies 

underpinning genomic selection are ultimately validated by 

their successful application in the field. The translation of 

genomic discoveries into tangible health improvements is 

highly species-specific, dictated by the unique economic 

impact of different pathogens, the structure of breeding 

industries, and the distinct biological mechanisms of 

resistance that have evolved. From the high-value dairy cow 

battling mastitis to the pasture-grazed sheep contending with 

parasites, the application of genomics must be tailored to 

address these specific challenges. This section explores the 

practical implementation of genomics across major livestock 

sectors, highlighting landmark studies and ongoing breeding 

programs that are enhancing resistance and resilience in 

cattle, pigs, poultry, and small ruminants, thereby 

demonstrating the real-world impact of this scientific 

revolution. 

Cattle 

The dairy and beef cattle industries face significant losses 

from a range of infectious diseases, driving substantial 

investment in genomic solutions. Bovine mastitis, an 

inflammation of the mammary gland primarily caused by 

bacterial infection, is arguably the costliest disease in dairy 

farming worldwide. Due to the difficulty of recording direct 

clinical mastitis events, genetic selection has historically 

relied on the indicator trait somatic cell count (SCC) in milk, 

which is moderately heritable. Genomic studies have 

consistently identified significant quantitative trait loci 

(QTLs) influencing SCC, particularly within the BoLA 

(Bovine Leukocyte Antigen) region on chromosome 23, 

underscoring the critical role of the adaptive immune 

response (Parker Gaddis et al., 2014). Today, genomic 

evaluations for mastitis resistance, which combine SCC data 

with direct health records where available, are standard in 

many countries, allowing breeders to select sires whose 

daughters have genetically superior udder health. For 

diseases like bovine tuberculosis (bTB) and Johne's 

disease (caused by Mycobacterium bovis and M. 

avium subsp. paratuberculosis (MAP), respectively), 

control is complicated by the lack of effective vaccines and 

Genomic 

Prediction 

Algorithms 

Statistical 

models (e.g., 

GBLUP, Bayesian 

methods) to 

estimate breeding 

values from 

markers. 

Calculating 

Genomic Estimated 

Breeding Values 

(GEBVs) for 

selection in breeding 

programs. 

Can capture 

the effect of all 

markers across 

the genome, 

including those 

with small effects. 

Accuracy depends 

on reference population 

size and relatedness to 

the target population. 

RR-BLUP 

and Bayesian 

methods widely 

used in industry 

and research. 

Machine 

Learning/AI 

Using 

algorithms to find 

complex patterns 

and make 

predictions from 

large datasets. 

Integrating 

multi-omics data for 

predictive health 

models, improving 

genomic prediction 

accuracy. 

Can model 

non-linear and 

interactive 

effects; powerful 

for data 

integration. 

Requires very large 

datasets; "black box" 

nature can make 

interpretation difficult. 

Predicting 

bovine respiratory 

disease risk from 

genomic and 

management data. 

Genome 

Assembly 

Piecing 

together sequenced 

DNA fragments to 

reconstruct the 

original genome. 

Creating and 

improving reference 

genomes for 

livestock species, 

which are essential 

for all other analyses. 

Provides the 

essential roadmap 

for all genomic 

research. 

Computationally 

intensive; difficult for 

repetitive and polyploid 

regions. 

ARS-UCD1.2 

reference genome 

for cattle; GRCg6a 

for chicken. 

Population 

Genomics 

Software 

Analyzing 

genetic variation 

within and between 

populations (e.g., 

structure, selection 

signatures). 

Identifying 

regions under 

selection for disease 

resistance, assessing 

genetic diversity, 

managing 

inbreeding. 

Provides 

evolutionary 

context; can 

pinpoint genes 

important for 

adaptation. 

Interpretation can be 

complex and requires 

careful statistical 

consideration. 

Software like 

ADMIXTURE 

(population 

structure); 

PCAdapt 

(selection scans). 

Phylogenetics Inferring 

evolutionary 

relationships 

among species or 

strains. 

Tracking the 

spread and evolution 

of pathogens (e.g., 

avian influenza 

virus) within and 

between farms. 

Essential for 

epidemiology and 

outbreak 

investigation. 

Requires 

representative sampling; 

results can be sensitive to 

model choice. 

Building 

phylogenetic trees 

to trace the origin 

of a foot-and-

mouth disease 

outbreak. 
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the challenges of diagnosis. Genomics offers a promising 

complementary strategy. Genome-wide association studies 

(GWAS) in cattle populations exposed to bTB have 

identified genetic variants associated with resistance to 

infection and breakdowns, offering insights into the 

mechanisms of innate immunity against intracellular 

bacteria (Richardson et al., 2016). Similarly, for Johne's 

disease, genomic research aims to identify animals with a 

reduced genetic susceptibility to MAP infection and 

shedding, which is crucial for controlling within-herd 

transmission (Zare et al., 2014). While breeding for 

resistance to these diseases is more complex due to lower 

heritabilities and gene-by-environment interactions, the 

integration of genomic data into national eradication 

programs represents a powerful long-term strategy. 

Figure 2: Conceptual workflow illustrating genomic analysis pipelines, resistance mechanisms, and host–pathogen 

feedback loops. 
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Pigs 

The intensive nature of pig production makes it highly 

vulnerable to explosive disease outbreaks, with Porcine 

Reproductive and Respiratory Syndrome (PRRS) standing 

out as the most economically significant viral disease 

globally. The PRRS virus exhibits high genetic variability, 

challenging traditional control methods like vaccination. A 

landmark achievement in livestock genomics was the 

identification of a major QTL on chromosome 4 associated 

with reduced PRRS viral load and improved growth 

performance in infected pigs. Fine-mapping revealed this 

effect was linked to a synonymous mutation in 

the Guanylate Binding Protein (GBP5) gene, an interferon-

induced gene critical for innate intracellular immunity 

(Boddicker et al., 2014). This discovery enabled the 

development of a genetic test, allowing breeders to select for 

PRRS-resistant animals. This case is a prime example of 

how genomics can directly address a specific pathogen threat. 

Beyond PRRS, genomic research is applied to improve 

resilience against other major swine diseases, 

including Porcine Circovirus associated disease (PCVAD) 

and Salmonella infection. The goal is not only to identify 

genes conferring outright resistance but also to 

enhance general resilience, the ability of pigs to maintain 

growth and reproduction under disease pressure. This is 

increasingly important as producers reduce antibiotic usage. 

Selection for resilience involves collecting large-scale data 

on performance traits (e.g., average daily gain) in 

conjunction with health status, often using automated 

monitoring systems, and leveraging genomic selection to 

breed pigs that are less affected by the inevitable disease 

challenges of commercial production (Putnam et al., 2022). 

Poultry 

The poultry industry, with its vast numbers of animals and 

short generation intervals, is ideally suited for rapid genetic 

improvement. Genomics has been extensively used to 

combat devastating viral diseases. Marek's disease (MD), a 

highly contagious lymphoproliferative disease caused by an 

oncogenic herpesvirus, has been controlled for decades 

through vaccination and genetic selection. Genomic studies 

have identified major resistance loci, most notably within 

the MHC (Major Histocompatibility Complex), and have 

helped explain how viral evolution has overcome the 

protection offered by certain MHC haplotypes, guiding more 

nuanced breeding strategies (Cheng et al., 2021). For Avian 

Influenza (AI), a constant zoonotic threat, research has 

focused on understanding the genetic basis of resistance to 

infection and viral shedding. Variants in genes such 

as Mx (myxovirus resistance), which encodes an interferon-

induced antiviral protein, have been associated with 

differential susceptibility across chicken lines (Li et al., 

2019). In the high-pressure environment of intensive 

farming, resilience is a key breeding objective. Genomics is 

used to select birds that can maintain high productivity and 

welfare in the face of ubiquitous subclinical challenges and 

environmental stressors (Figure 3). This involves selecting 

for broader traits like immune competence, gut health, and 

Figure 3: Resistance and resilience to infectious diseases in livestock, a genomics perspective with applications across species. 
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robustness, often using high-density SNP chips to perform 

genomic selection on thousands of birds. The ability to 

rapidly genotype and select for these complex traits has been 

instrumental in maintaining the health and efficiency of 

modern poultry flocks while reducing reliance on antibiotics. 

Small Ruminants (Sheep and Goats) 

For sheep and goats, particularly those managed in extensive 

grazing systems, gastrointestinal nematode (GIN) 

parasites are the primary health constraint. The heritability 

of resistance to GINs, typically measured by faecal egg 

count (FEC), is low to moderate but sufficient for effective 

genetic selection. Genomic applications have moved beyond 

theory into practice, especially in countries like Australia 

and New Zealand. The discovery of a major effect gene in 

sheep, TMEM154, which confers susceptibility to ovine 

lentivirus, demonstrated the potential for gene-specific 

selection (Heaton et al., 2012). For parasitic resistance, while 

no single gene of large effect has been found, genomic 

selection using mid-density SNP arrays is now actively used. 

For example, the Sheep Genomics program in Australia 

provides estimated breeding values (EBVs) for FEC, 

allowing breeders to select animals that require fewer 

anthelmintic treatments, a crucial tool in the fight against 

anthelmintic resistance (Brown et al., 2022). Genomic tools 

are also being applied to improve flock health against other 

diseases, such as caseous lymphadenitis (CLA) in goats and 

sheep, footrot, and scrapie (Figure 3). The relatively smaller 

size of small ruminant breeding industries compared to cattle 

or pigs has historically limited investment in genomics. 

However, the development of cost-effective low- and mid-

density SNP panels, combined with imputation techniques 

to infer high-density genotypes, has made genomic selection 

accessible. This is empowering breeders to make more 

accurate selections for healthier, more resilient animals, 

improving welfare and sustainability in some of the world's 

most challenging production environments. 

CHALLENGES IN GENOMIC APPROACHES 

The application of genomics to enhance disease resistance 

and resilience in livestock represents a paradigm shift with 

immense potential. However, the path from genetic 

discovery to widespread implementation in breeding 

programs is fraught with significant and multifaceted 

challenges. These obstacles are not merely technical but 

extend to analytical complexity, economic practicality, and 

broader societal acceptance. Acknowledging and addressing 

these hurdles is critical for responsibly and effectively 

harnessing the power of genomics. This section delves into 

the primary challenges, including the complex genetic 

architecture of health traits, the daunting task of data 

integration, the translational barriers to on-farm application, 

and the profound ethical and societal considerations that 

must guide this technological advancement. 

Complex Trait Architecture 

The very nature of resistance and resilience poses the first 

and most fundamental challenge: their polygenic 

architecture. Unlike simple Mendelian traits controlled by a 

single gene, an animal's response to disease is typically 

governed by a large number of genes, each with a small 

effect, spread across the genome. This polygenicity means 

that identifying all the relevant genetic variants is 

exceptionally difficult. While Genome-Wide Association 

Studies (GWAS) have successfully identified major 

quantitative trait loci (QTLs) for diseases like PRRS in pigs 

or nematode resistance in sheep, these often explain only a 

fraction of the total genetic variance (Bishop & Morris, 

2007; Boddicker et al., 2014). The "missing heritability" 

problem suggests that a long tail of genes with minuscule 

individual effects collectively contributes to the phenotype, 

requiring enormous sample sizes to detect them with 

statistical rigor. Compounding this complexity 

are genotype-by-environment (G x E) interactions. The 

expression of an animal's genetic potential for disease 

resistance is profoundly shaped by its environment, 

including nutrition, management practices, climate, and co-

infection status. A genotype that confers resistance in one 

production system may be neutral or even disadvantageous 

in another. For instance, the genetic mechanisms for mastitis 

resistance may differ in pasture-based systems compared to 

high-intensity confinement dairies due to variations in 

pathogen exposure and stress loads (Parker Gaddis et al., 

2014). This interaction means that genomic predictions 

developed in one environment may not be directly 

transferable to another, necessitating the development of 

context-specific models and limiting the broad applicability 

of genetic solutions. 

Data Integration and Analysis 

The genomic revolution has precipitated an explosion of 

data, giving rise to the second major challenge: data 

integration and analysis. Modern studies generate terabytes 

of data from high-throughput sequencing, SNP chips, and 

transcriptomics. Managing, storing, and processing these 

large-scale genomic datasets requires substantial 

computational infrastructure and sophisticated 

bioinformatics expertise, which can be a barrier for many 

research institutions and breeding companies, particularly in 

developing countries. The challenge extends beyond mere 

storage to the integration of heterogeneous data types. The 

future of genomic prediction lies in combining genomic data 

with other "omics" layers (e.g., transcriptomics, 

metabolomics, proteomics) and with precision livestock 
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farming (PLF) data streams, such as automated sensors 

tracking activity, feed intake, and body temperature 

(Tortereau et al., 2020). This multi-dimensional data 

integration demands advanced statistical models and 

machine learning algorithms to extract meaningful 

biological insights and generate accurate predictions. There 

is a pressing need for robust bioinformatics tools and 

pipelines that can handle this complexity in a standardized 

and reproducible manner. Machine learning and artificial 

intelligence approaches, including Random Forests, neural 

networks, and Bayesian models, are increasingly used to 

improve prediction accuracy for disease resistance traits in 

livestock breeding programs. Furthermore, a critical 

shortage of scientists trained in both computational biology 

and animal breeding can slow progress. Without the 

necessary tools and expertise, the vast potential of genomic 

data remains locked away, unable to be translated into 

practical breeding values or management recommendations. 

Translational Barriers 

Bridging the gap between scientific discovery and practical 

application, the so-called "valley of death" in innovation, 

presents significant translational barriers. A primary 

obstacle is the cost and accessibility of genomic 

technologies. While the price of genotyping has plummeted, 

routinely genotyping thousands of animals, especially in 

species with lower individual value like small ruminants and 

poultry, remains a substantial investment. This includes not 

only the cost of the SNP chips or sequencing but also the 

infrastructure for data analysis and the expertise to interpret 

the results. For many smallholder farmers or breeding 

programs in low-to-middle-income countries, these costs are 

currently prohibitive, risking a genomic divide where only 

large, wealthy operations can benefit from the technology. 

Furthermore, implementing genomic findings requires a 

well-established breeding infrastructure. This includes 

large-scale and accurate phenotyping systems to record 

disease events and resilience metrics, which are notoriously 

difficult and expensive to collect consistently across farms. 

It also requires a robust genetic evaluation system that can 

incorporate genomic data into estimated breeding values 

(EBVs) and a structured breeding program to disseminate 

superior genetics. The success of genomic selection for 

mastitis resistance in dairy cattle is predicated on decades of 

investment in national recording schemes and genetic 

evaluations (Heringstad et al., 2000). For diseases or species 

lacking this infrastructure, translation is slow and 

challenging. 

Ethical and Societal Considerations 

Finally, the application of genomics in livestock breeding, 

particularly technologies like gene editing, is inseparable 

from ethical and societal considerations. The public 

perception of genetically modified livestock is often 

negative, fueled by concerns over food safety, animal 

welfare, and a perceived "unnatural" interference with life. 

The distinction between traditional breeding, genomic 

selection, and gene editing is often lost in public discourse, 

leading to blanket opposition. This skepticism creates a 

difficult regulatory environment, as seen with the stringent 

and varying global regulations governing gene-edited 

animals (Van Eenennaam, 2017). The case of PRRS-

resistant CD163-edited pigs, while a scientific triumph, 

remains in regulatory limbo, preventing its commercial 

deployment despite its clear animal welfare benefits 

(Whitworth et al., 2016). A core ethical imperative 

is balancing disease control with animal welfare. Selecting 

intensely for a single disease resistance trait could 

inadvertently compromise other aspects of welfare or lead to 

unforeseen consequences. For example, selecting for hyper-

responsive immunity could increase the prevalence of 

autoimmune or inflammatory disorders. The ethical 

framework for livestock genomics must, therefore, prioritize 

a holistic concept of animal well-being, ensuring that genetic 

improvements genuinely enhance the animal's life rather 

than merely making it more suited to intensive production 

systems. Engaging the public in transparent dialogue about 

the goals, methods, and benefits of genomic technologies, 

particularly their potential to reduce antibiotic use and 

improve animal health, is not optional but essential for 

earning societal license to operate. 

CASE STUDIES AND SUCCESS STORIES 

The theoretical promise and technological potential of 

genomics are ultimately validated by their tangible impact in 

the field. Across the global livestock industry, a growing 

number of case studies demonstrate the successful 

translation of genomic research into practical breeding 

programs, yielding animals with superior health outcomes. 

These success stories are not merely scientific curiosities; 

they represent a paradigm shift in animal disease 

management, moving from external intervention to intrinsic 

genetic improvement. This section highlights seminal 

examples where genomic interventions have led to the 

development of disease-resistant livestock lines, 

documenting their measurable impact on reducing disease 

incidence, curbing antibiotic use, and generating significant 

economic and environmental benefits. These narratives 

provide a powerful evidence base for the value of genomic 

investment and a blueprint for future applications. 

Examples of Genomic Interventions 

The most compelling success story in the application of 

livestock genomics is the fight against Porcine Reproductive 
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and Respiratory Syndrome (PRRS). Following the landmark 

GWAS that identified a major QTL on chromosome 4 

associated with reduced viral load, a commercial genetic test 

was rapidly developed (Boddicker et al., 2014). Companies 

like Genus PIC integrated this discovery into their breeding 

program, allowing them to select boars with the beneficial 

allele for use in global multiplication herds. The result was 

the development and commercial release of PRRS-resistant 

lines of pigs. These animals, when infected, exhibit 

significantly lower viremia, shed less virus, and show 

minimal impact on growth performance compared to 

conventional pigs. This case is a premier example of a 

marker-assisted selection program directly targeting a 

specific pathogen with devastating economic consequences. 

In dairy cattle, the implementation of genomic selection for 

mastitis resistance stands as a profound, albeit less flashy, 

success. For decades, selection relied on the indicator trait 

somatic cell count (SCC). The adoption of genomic selection, 

however, has dramatically accelerated genetic progress. By 

incorporating thousands of genetic markers into genetic 

evaluations, breeders can now predict the genetic merit of 

young bulls and heifers for direct health traits with 

unprecedented accuracy before they even enter the milking 

herd. Countries with advanced recording schemes, such as 

the Nordic nations, have seen a steady genetic trend towards 

improved udder health and reduced incidence of clinical 

mastitis in their national herds (Heringstad et al., 2000; 

Parker Gaddis et al., 2014). This represents a large-scale, 

population-level genomic intervention that is continuously 

improving animal welfare and productivity. In small 

ruminants, genomic tools have been successfully deployed 

to combat gastrointestinal nematode (GIN) infection in 

sheep. In Australia and New Zealand, breeding values for 

faecal egg count (FEC) have been a core part of genetic 

evaluations for decades. The integration of genomic data has 

enhanced the accuracy of these EBVs, particularly for traits 

that are difficult or expensive to measure on all animals. This 

enables breeders to identify genetically superior animals 

more quickly, accelerating the rate of genetic gain for 

parasite resistance (Brown et al., 2022). The development of 

these more resilient sheep lines allows farmers to reduce 

their reliance on anthelmintics, a critical step in managing 

the global crisis of anthelmintic resistance. 

IMPACT ON DISEASE MANAGEMENT 

The primary impact of these genomic interventions is a 

direct reduction in disease incidence within herds and flocks. 

PRRS-resistant pigs experience fewer and less severe 

clinical outbreaks, leading to improved growth rates and 

reproductive performance. Dairy herds using high-genetic-

merit bulls for mastitis resistance have lower rates of clinical 

infection and subclinical inflammation. This improvement in 

animal health has a direct and powerful secondary effect: a 

significant reduction in antibiotic use. By preventing disease, 

the need for therapeutic antibiotic treatment is diminished. 

This is a critical contribution to the global One Health effort 

to combat antimicrobial resistance (AMR), as livestock 

production is a major sector for antibiotic application (WHO, 

2017). Genomic selection for disease resistance is, therefore, 

a proactive and sustainable tool for antibiotic stewardship. 

The economic benefits are substantial. Reduced mortality, 

improved feed efficiency, higher milk yield, and decreased 

veterinary and medication costs directly improve farm 

profitability. Furthermore, the environmental benefits are 

increasingly recognized. Healthier animals are more 

efficient at converting feed into product, which lowers the 

greenhouse gas emissions per unit of milk or meat produced. 

Reduced reliance on pharmaceutical production and disposal 

also lessens the environmental pharmaceutical load. The 

case of nematode-resistant sheep illustrates this perfectly: by 

breeding for genetic resistance, farmers can maintain 

productivity while minimizing the chemical footprint of 

their operations, contributing to more sustainable grazing 

systems. 

FUTURE DIRECTIONS 

Despite the significant progress to date, the field of livestock 

genomics is on the cusp of even more transformative 

advances. Emerging technologies promise to deepen our 

understanding of host-pathogen interactions, while new 

interdisciplinary approaches will enable more holistic 

strategies for improving animal health. The future will be 

defined by a move from genomics in isolation to its 

integration within a broader biological and global context. 

This section explores the cutting-edge technologies on the 

horizon, the power of combining genomics with other 

disciplines, and the critical need for global collaboration to 

ensure these tools deliver benefits for all. 

Emerging Genomic Technologies 

The next decade will be shaped by technologies that provide 

unprecedented resolution into biological 

complexity. Single-cell sequencing will allow researchers to 

move beyond bulk tissue analysis and understand the genetic 

and transcriptional activity of individual immune cells 

within a infected tissue. This could reveal rare cell 

populations critical for defence or elucidate how different 

cell types coordinate their response to a pathogen. 

Furthermore, the integration of multi-omics data, combining 

genomics with transcriptomics, epigenomics, proteomics, 

and metabolomics, will provide a systems-level view of the 

host response. Beyond genomics, integrating 

transcriptomics, proteomics, metabolomics, and 

metagenomics enhances the understanding of disease 

resistance mechanisms. Multi-omics frameworks enable 

systems-level interpretations of host responses. This will 

move the field from identifying associative markers towards 
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understanding complete causal pathways. To make sense of 

these immensely complex and high-dimensional datasets, 

the role of artificial intelligence (AI) and machine 

learning will become indispensable. These tools can uncover 

non-linear patterns and interactions within omics data that 

are invisible to traditional statistical methods. AI-powered 

models could predict disease outbreaks based on genetic risk 

profiles within a herd, identify optimal genetic matches for 

breeding, and accelerate the discovery of novel candidate 

genes and biomarkers for resilience, far surpassing the 

capabilities of current GWAS approaches. 

Integrating Genomics with Other Disciplines 

The greatest gains will likely come from breaking down 

disciplinary silos. Combining genomics with 

vaccinology could lead to the development of tailored 

vaccines that are more effective in specific genetic 

backgrounds, or the identification of animals that are high 

responders to vaccination. Similarly, integrating genomics 

with nutritional science opens the door to personalized 

feeding strategies. Understanding an animal's genetic 

predisposition could allow for precision nutrition, 

formulating diets that modulate the immune system to 

optimize health and performance, a concept known as 

nutrigenomics. Ultimately, this convergence points towards 

a systems biology approach. Instead of viewing resistance as 

the product of a few genes, we will understand it as an 

emergent property of a complex network encompassing the 

host genome, the pathogen genome, the microbiome, and the 

environment. Building predictive models of this entire 

system is the grand challenge, but it holds the key to truly 

managing animal health in a proactive and precise manner. 

Global Collaboration and Data Sharing 

Realizing this ambitious future is impossible without global 

collaboration and data sharing. The power of genomic 

prediction is directly related to the size and diversity of the 

reference population. International genomic databases, 

which pool genotype and phenotype data from across the 

world, are essential for improving the accuracy of genomic 

selection, especially for low-heritability traits and in diverse 

environments. Initiatives like the International Bull 

Evaluation Service (Interbull) for dairy cattle provide a 

model for this kind of collaboration. A critical ethical 

imperative is addressing the disparities in access to these 

powerful genomic tools. There is a severe risk of a "genomic 

divide" where only wealthy countries and large corporations 

can afford the technology, leaving smallholder farmers in 

developing nations behind. Ensuring equitable access 

through public-funded research, capacity-building programs, 

and the development of low-cost genotyping solutions is 

essential for global food security and sustainable 

development. The benefits of genomics, healthier animals, 

reduced antibiotic use, and improved sustainability, must be 

a global public good, not a private privilege. 

CONCLUSION 

The journey through the genomics of disease resistance and 

resilience in livestock reveals a field that has matured from 

theoretical concept to practical application, delivering 

undeniable success stories. From PRRS-resistant pigs to 

mastitis-resistant dairy cows, genomic tools are already 

making a significant impact on animal health, welfare, and 

productivity, while contributing to broader societal goals 

like antimicrobial stewardship. However, the path ahead is 

even more exciting. Powered by emerging technologies like 

single-cell sequencing and artificial intelligence, and guided 

by a systems biology approach that integrates with other 

disciplines, the potential for further innovation is vast. To 

fully realize this potential, the global community must 

commit to collaboration, data sharing, and equitable access. 

By doing so, we can harness the full power of the genome to 

build a more resilient, sustainable, and ethical future for 

global livestock production. Genomic selection and gene-

editing technologies raise ethical, regulatory, and policy 

considerations. Sustainable breeding, biodiversity 

preservation, and responsible innovation are essential 

components of future livestock genomics. 
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