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uantitative trait locus (QTL) mapping is an effective method in modern animal breeding

for finding genetic areas that influence economically relevant qualities such as growth,
milk production, fertility, carcass quality, and disease resistance. QTL mapping improves
marker-assisted and genomic selection techniques by integrating molecular marker
information with phenotypic variance. Its use has greatly increased genetic gain while also
enhancing breeding efficiency, animal welfare, and sustainability. Recent advancements in
high-density genomics, multi-omics integration, and gene-editing technologies have
reinforced the importance of QTL mapping in generating productive, disease-resistant, and
climate-resilient cattle populations.

Introduction

Quantitative features in livestock, such as growth rate, milk yield, fertility, feed efficiency,
carcass quality, and disease resistance, are economically important yet genetically complex.
QTL mapping uses molecular markers and phenotypic data to identify a genomic area linked
with variation in these complex traits. This method reveals the genetic architecture of
economically significant traits, including gene-gene and gene-environment interactions. The
use of QTL mapping in animal breeding has revolutionized traditional selection approaches,
allowing for marker-assisted and genomic selection, which are faster, more precise, and more
efficient. In summary, QTL mapping connects quantitative genetics and molecular genomics,
disease resistance, support in genetic improvement, animal welfare, and sustainable livestock
production (Doerge, 2002)(Dekkers, 2004)(Hayes & Goddard, 2010).

Pinpoint loci for traits like growth, Enable marker-assisted and
milk production, fertility, and genomic selection for precise
disease breeding

Y .

Mapping in

Animal
Breeding

Develop climate resilient,

Sustainable, and diverse cattle
population

Produce healthier, more resilient
and efficient livestock

Fig 1: Genomic Selection in Animal Breeding
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Schematic illustration of genomic selection using genome-wide SNP markers and QTL data
to derive genomic estimated breeding values (GEBVs), allowing for early and accurate
selection and increased genetic gain for critical economic traits.

Principles of QTL Mapping

QTL mapping is based on the genetic variation which is statistically connected with the
phenotypic variation. It uses molecular markers such as SNPs and microsatellites as genomic
landmarks to track the inheritance of chromosomal areas throughout generations (Collins et
al., 1997). A genetically heterogeneous mapping population (e.g., F2, backcross, recombinant
inbred lines) which is derived from the parents contrasting for the target traits is necessary to
expose the trait-associated genomics areas through recombination. Individual phenotyping
must be accurate and consistent, as inconsistencies impair QTL detectability. QTL mapping
ultimately provides information on the number, position, and effect size of loci that control
quantitative traits, which serves as the foundation for marker-assisted and genomic selection
in animal breeding.

Methods of QTL Mapping

1. Single Marker Analysis

It is the most fundamental way of QTL finding, in which each genetic marker is examined
independently for its relationship to the quantitative characteristic. Individuals in the mapping
population are classified according to their marker genotypes, and differences in mean
phenotypic values are measured using statistical methods such as analysis of variance
(ANOVA) or regression. Although simple and computationally efficient, this method does
not account for recombination between markers and QTLs, limiting its power and mapping
precision. It provides information on the number, position, and effect size of loci controlling
quantitative traits, which serves as the foundation for marker-assisted and genomic selection
in animal breeding (Zeng, 1994).

2. Interval Mapping (IM)

Developed by Lander and Botstein (1989), it increases QTL detection by assessing the
likelihood of a QTL being present at numerous sites between adjacent genetic markers. This
method uses a maximum likelihood framework and recombination frequencies between
flanking markers to predict the most likely QTL site, additive and dominant effects, and
statistical significance, which is commonly reported as a logarithm of odds (LOD) score.

3. Composite Interval Mapping (CIM)

It includes selected background markers as covariates in the statistical model to mitigate the
impact of additional segregating QTLs elsewhere in the genome. CIM improves mapping
accuracy and precision by lowering residual variance and minimising confounding factors.
This approach produces more reliable estimations of QTL effects and is commonly used in
animal and plant genetic studies because of its robustness.

4. Multiple QTL Mapping (MQM) / Multiple Interval Mapping (MIM)

Also known as multiple interval mapping, which involves fitting several QTLs into a single
statistical model. This method identifies epistatic interactions, dominance effects, and QTL-
QTL interactions while offering more precise estimates of individual QTL impact sizes.
MQM/MIM is very beneficial for dissecting complicated traits and reducing the
overestimation of QTL effects caused by small population numbers, also known as the Beavis
effect.

5. Genome-Wide Association Studies (GWAS)

It is a high-resolution type of QTL mapping that employs dense genome-wide SNP markers
in vast, heterogeneous populations instead of controlled experimental crossings. GWAS
investigates the relationship between individual SNPs and phenotypic variance, utilising past
recombination events for fine mapping resolution. This method is particularly useful in
livestock animals like cattle, pigs, and poultry, where high-density SNP arrays are accessible.
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6. Fine Mapping

Once QTLs have been identified, fine mapping is done to identify candidate genes or
causative variations and to narrow down large genomic regions. High-density SNP
genotyping, whole-genome or focused sequencing, haplotype analysis, and targeted
association testing are all steps in this procedure. Gene expression studies or genome-editing
technologies like CRISPR are then used for functional validation. Finding the causing
mutations and enhancing the effectiveness of genomic and marker-assisted selection
techniques depend on fine mapping.

Key Applications in Animal Breeding

1. Marker-Assisted Selection (MAS)

Marker-Assisted Selection (MAS) guides breeding decisions by using DNA markers related
to favourable QTLs, allowing for genotype-based selection rather than observable qualities
alone. This increases the precision, speed, and efficiency of genetic improvement, especially
for qualities that are difficult, expensive, sex-limited, or expressed late in life, such as feed
efficiency, milk yield, carcass quality, and longevity (Dekkers, 2004).MAS reduces the
generation gap and improves long-term genetic gain in cow breeding by allowing for the
early identification of genetically superior animals, particularly young bulls in dairy programs
(Lande & Thompson, 1990).

2. ldentification of Candidate Genes

Identifying candidate genes inside QTL regions is a critical step towards understanding the
genetic basis of economically significant traits in livestock. Once a QTL has been assigned to
a specific genomic interval, researchers examine the genes in that area to identify which have
a direct influence on the trait. This approach combines linkage mapping, genome annotation,
functional genomics, and comparative biology to identify genes that cause variation in
variables such as meat quality, milk productivity, egg production, and growth performance

(Dekkers, 2012).

Table 2: Summary of Candidate Genes Identified Through QTL Mapping in Livestock

Meat Quality
(Marbling, Tenderness,

DGAT1

CAST (Calpastatin)

Triacylglycerol synthesis
regulates fat deposition
Inhibits proteolysis;
influences tenderness
Muscle protein

Cattle

Cattle, sheep

A major gene affecting
milk and meat fat content
Polymorphisms strongly

linked to tenderness
Key determinant of meat

Fat Deposition) CAPNL1 (Calpain 1) degradation Cattle tenderness
. Energy balance, fat . Marker for marbling and
LEP (Leptin) deposition Cattle, pigs backfat thickness
Controls milk fat . One of the most
DGATL K232A percentage Dairy cattle important QTL in cattle
Milk Yield & GHR (Growth Mediates GH signaling; Cattle Associated with yield,
Composition Hormone Receptor) milk synthesis fat, and protein %

PRL (Prolactin)

Regulates lactation

Cattle, buffalo

Marker used in MAS for
milk traits
Affects egg number and

BMP15 Follicle development Chickens - -
ovarian function
FSHR (Follicle Influences layin
Egg Production Stimulating Hormone  Reproductive physiology Poultry - ying
persistency
Receptor)
0OCX-32 Eggshell matrix protein Chickens ASSOC'atequZ\II:ES eggshell
Appetite and metabolism . A major gene affecting
MC4R regulation Pigs growth and fatness
Growth Rate & Feed IGF1 (Insulin-Like Muscle growth and Cattle, pigs, Linked to growth rate and
Conversion Growth Factor 1) metabolism poultry efficiency
MYE5 / MYOD Muscle development Cattle, pigs Candidate genes from
(myogenesis) meat QTL regions
ACGRI MACAZINE ISSN: 3048-8656 Page 96




Sharma et al. (2026) Agri Magazine, 03(02): 94-99 (FEB, 2026)

3. Improvement of Disease Resistance

Improving disease resistance is one of the most important applications of QTL mapping in

animal breeding. Disease resistance qualities are frequently polygenic, impacted by both

genes and the environment, and are challenging to assess using classic phenotypic selection.

QTL mapping identifies genetic areas linked to immunological characteristics, pathogen

tolerance, and host resistance. These findings provide evidence for marker-assisted selection

(MAS), genomic selection, and breeding for naturally disease-resistant sheep populations.

Key examples are:

3.1. Mastitis Resistance in Cattle

Mastitis is a major economic disease caused by bacterial infection of the udder. QTL studies

have identified several genomic regions influencing somatic cell count (SCC), immune

response, and susceptibility to mastitis (Carlén et al., 2004).

Key Findings:

e QTL on chromosomes 3, 5, 6, 14, and 20 affect SCC and clinical mastitis.

o Candidate genes include LY6 family genes, CXCR1, TLR4, and TNF-a, which regulate
inflammation and immune function.

e These markers are now incorporated into genomic selection programs for improving
udder health.

3.2. Marek’s Disease Resistance in Poultry

Marek’s disease (MD) is a viral cancer-like disease in chickens. QTL mapping has identified

loci associated with resistance and immune response to MD.

Key Findings:

e The major histocompatibility complex (MHC-B region) is strongly associated with
resistance.

« Additional QTL on chromosomes 1, 2, 5, and 19 influence tumor regression and viral
load.

« Candidate genes include CD8A, SOCS1, and several immune signaling genes (Smith et
al., 2020).

3.3 PRRS (Porcine Reproductive and Respiratory Syndrome) Resistance in Pigs

PRRS is one of the most devastating swine diseases. QTL mapping has been instrumental in

discovering genes affecting viral tolerance and immune response.

Key Findings:

e« A major QTL on chromosome 4 (SSC4) was found to reduce viral load and improve
weight gain.

« The GBP5 (guanylate-binding protein 5) gene within this region is strongly associated
with PRRS tolerance.

o Resistant pigs clear the virus faster and maintain better growth performance (Seréo et al.,
2016).

3.4 Resistance to Parasitic Infections (e.g., Gastrointestinal Worms)

Gastrointestinal parasites reduce productivity in cattle, sheep, and goats. QTL mapping has

identified loci regulating immune tolerance and parasite load.

Key Findings:
e QTL for faecal egg count (FEC) detected on chromosomes 2, 3, 14, and 20 in sheep.
o Candidate genes include IFN-y, IL-4, MHC genes, and serpin family genes, which

modulate immune signalling, inflammation, and parasite recognition.
e Goats also show QTL linked to resistance to Haemonchus contortus (barber pole
worm) (Hayward, 2022).

Importance:

These markers support selection for parasite-resistant breeds, reducing drug use and

improving sustainability.

4. Genomic Selection (GS)

Genomic Selection (GS) is a cutting-edge breeding technique that employs genome-wide

SNP markers and QTL information to forecast an animal's genetic merit with high accuracy.
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By estimating genomic breeding values (GEBVSs) from thousands of markers, GS allows for
the early selection of superior animals, even before traits are displayed. The use of QTL data
enhances prediction accuracy by highlighting major-effect loci. Genomic selection has
transformed livestock breeding by accelerating genetic gain, shortening generation intervals,
and enhancing economically significant qualities, including milk supply, fertility, growth,
feed efficiency, and disease resistance (Hayes et al., 2009)(Meuwissen et al., 2001).

5. Breed Improvement Programs

QTL-based selection is crucial for expediting genetic improvement in livestock by
incorporating genomic information into breeding decisions. Breeders can better choose
animals with favourable alleles by identifying genomic areas that regulate economically
relevant qualities, including growth, milk production, fertility, carcass quality, and disease
resistance. This tailored technique accelerates genetic gain when compared to standard
selection strategies based solely on phenotype or pedigree. QTL-assisted breeding also helps
to conserve elite traits by allowing breeders to monitor and keep good alleles in the
population while avoiding excessive inbreeding. Furthermore, genomic information enables
breeders to identify and balance selection pressure across several loci, which contributes to
the preservation of genetic diversity (Meuwissen et al., 2016).

Advantages of QTL Mapping

QTL mapping offers significant benefits in current cattle breeding by finding genetic areas
that influence complex variables like milk yield, growth, fertility, carcass quality, and disease
resistance. This enhances comprehension of the genetic architecture of quantitative traits,
allowing for more accurate and informed selection decisions. QTL mapping improves
breeding efficiency, speeds genetic gain, and decreases reliance on sluggish phenotype-based
selection. It also clarifies additive, dominance, and epistatic gene effects while reducing
breeding program time, cost, and generation intervals (Dekkers, 2004).

Limitations, Challenges, and Future Prospects

Despite its importance, QTL mapping confronts several problems, including the need for
large populations, reliable phenotyping, high costs, environmental interference, and the minor
effects of multiple QTLs. Future integration with whole-genome sequencing, CRISPR, and
multi-omics methods will improve mapping resolution and biological knowledge, allowing
for precision breeding of productive, disease-resistant, and climate-resilient cattle.

Conclusion

QTL mapping is an important method in modern animal breeding since it connects genetic
areas to complicated variables, including growth, milk supply, fertility, and disease
resistance. It allows for faster and more precise genetic improvement by facilitating marker-
assisted and genomic selection. Advances in genomic and gene-editing technology will help
to build more productive, robust, and sustainable cattle herds.
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