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ASSINATURAS DE SELEGCAO EM BOVINOS DE LEITE

RESUMO - Tanto a selecao natural como a selecio artificial deixam marcas
no genoma, conhecidas como assinaturas de selegcdo, que podem revelar regides
relacionadas a caracteristicas adaptativas e economicamente importantes para a
producgao de leite. Além disso, a selegao pode alterar a diversidade genética de uma
populacdo. Elevada intensidade de selecéo e uso recorrente de um numero reduzido
de reprodutores podem diminuir a diversidade genética, com possiveis impactos
negativos em programas de melhoramento a longo prazo. Como exemplo de
populacao leiteira, a raca Holandesa tem sido fortemente selecionada para alta
produtividade no Canada e nos Estados Unidos, enquanto a ragca Gir desempenha
papel relevante na producdo de leite em regides tropicais, como india e América
Latina. No Brasil, o gado Gir foi introduzido entre os séculos XIX e XX e, desde
1985, é selecionado para produgao de leite. O objetivo desta tese foi caracterizar
assinaturas de selecdo em populacdes de bovinos leiteiros. O capitulo 2 teve como
objetivo avaliar a diversidade genética e identificar assinaturas de selegdo em
bovinos Holandeses da América do Norte (HOL), Gir da india (GIR_IN) e Gir Leiteiro
(GIR_BR). A diversidade genética foi medida por meio da nucleotide diversity,
densidade de variantes de nucleotideo Uunico, frequéncia do alelo menor,
heterozigosidade observada e esperada, e coeficiente de endogamia. As assinaturas
de selecdo foram detectadas utilizando Tajima’s D, iHS (integrated haplotype score),
Fst (fixation index) e XP-EHH (cross-population extended haplotype homozygosity)
nos cromossomos autossomos, além de Tajima’s D e iHS no cromossomo X. A
populacdo HOL apresentou menor diversidade, enquanto GIR_IN e GIR _BR
apresentaram maior variabilidade genética. Genes previamente associados a
caracteristicas de importancia econbmica, incluindo crescimento, reproducéo,
mastite, producdo de leite, tolerancia ao calor, saude e adaptagao, foram
identificados em regides sob sele¢cdo. No capitulo 3, uma revisédo sistematica sobre
assinaturas de selegao em bovinos leiteiros é apresentada. O total de 21 estudos em
19 ragas (taurinas, zebuinas e compostas) foram selecionados, com assinaturas de
selecdo que sobrepuseram 5.099 genes. Genes sob selecdo relacionados a
caracteristicas como fertilidade, saude, produgao e composigcao do leite, adaptagcao
ambiental, padrbes de pelagem e genes com possivel pleiotropia, foram discutidos.
Genes foram relatados recorrentemente nos estudos de assinaturas de selecéo,
como PLAG1 e HMGA2. Embora DGAT1 seja um gene importante para
caracteristicas do leite, ndo apresentou evidéncias de selecao na literatura revisada.
A revisao também discutiu perspectivas futuras envolvendo ferramentas moleculares
e abordagens integrativas. Como uma conclusdo geral, a selecdo em bovinos
leiteiros € moldada ndo somente por caracteristicas econdmicas, mas também por
pressdes ecologicas e adaptativas. Em ambos os capitulos 2 e 3, os genes sob
selecao foram relacionados a diversas caracteristicas de importancia econémica.
Por fim, o estudo de assinaturas de selecdo fornece informacdes valiosas para o
melhoramento genético e a sustentabilidade da pecuaria leiteira.

Palavras-chave: assinatura de seleg¢do, bovinos de leite, diversidade genética,
genes
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SELECTION SIGNATURES IN DAIRY CATTLE

ABSTRACT - Natural and artificial selection leave footprints on the genome,
known as selection signatures, which can reveal regions related to adaptive and
economically important traits for the dairy sector. Additionally, selection may also
alter the genetic diversity of a population. Strong selection pressure and the recurrent
use of a limited number of sires may decrease genetic diversity, with possible
negative effects on long-term breeding programs. As an example of dairy cattle, the
Holstein breed has been strongly selected for high productivity in Canada and the
United States. In contrast, the Gir breed has an important role in milk production in
tropical regions such as India and Latin America. In Brazil, Gir cattle were introduced
during the 19th and 20th centuries and, since 1985, have been selected for milk
production. This doctoral dissertation aimed to characterize selection signatures in
dairy cattle populations. The second chapter aimed to assess genetic diversity and
identify selection signatures in Holstein cattle from North America (HOL), Gir cattle
from India (GIR _IN), and Dairy Gir cattle from Brazil (GIR_BR). Genetic diversity was
measured using nucleotide diversity, single-nucleotide variant density, minor allele
frequency, observed and expected heterozygosity, and the inbreeding coefficient.
Selection signatures were detected using Tajima’s D, integrated haplotype score
(IHS), fixation index (FST), and cross-population extended haplotype homozygosity
(XP-EHH) on autosomes, as well as Tajima’s D and iHS on the X chromosome. The
HOL population showed lower diversity, while GIR _IN and GIR_BR presented
greater variability. Genes previously associated with traits of economic importance
were identified, including traits related to growth, reproduction, mastitis, milk
production, heat tolerance, health, and adaptation. In addition, in the third chapter,
we systematically reviewed studies published from 2016 to 2023 on selection
signatures in dairy cattle. A total of 21 studies in 19 breeds (taurine, indicine, and
composite) identified selection signatures overlapping with 5,099 genes. We
discussed genes under selection related to economically important traits, such as
fertility, health, milk production and composition, environmental adaptation, color
patterns, and potential pleiotropic genes. Several genes were reported in numerous
selection signature studies, such as PLAG1 and HMGAZ2. Although DGAT1 is an
important gene for milk production and composition, it did not show evidence of
selection in recent literature. The systematic review also discussed future
perspectives involving molecular tools and integrative approaches. As a general
conclusion, dairy cattle selection is shaped not only by economic traits but also by
ecological and adaptive pressures. In both chapters, the genes under selection were
linked to several traits, including growth, reproduction, milk production and
components, heat tolerance, health, and adaptation. The study of selection
signatures provides valuable information for genetic improvement and sustainable
breeding.

Keywords: dairy cattle, genes, genetic diversity, selection signatures



CHAPTER 01 — GENERAL CONSIDERATIONS
1 INTRODUCTION

The identification of regions under selection and their consequences on the
modification of species is one of the interests of genetic and animal breeding area.
The combination of geographic separation and natural and artificial selection has
shaped the genomic architecture of cattle, leading to genetic differentiation among
bovine breeds. Therefore, this differentiation can shape patterns of genetic variation
of selected regions, leading to selection signatures that provide information on
genome-changing mechanisms and can be used to identify loci subject to selection
(Campos et al. 2017). The study of selection signatures and genetic diversity
contributes to understanding processes related to genome evolution (Nielsen et al.
2005). Furthermore, it may help the identification of causal variants that control the
economically important phenotypes in cattle, such as milk production, reproduction,
body conformation, diseases and parasites resistance, and behavior.

In Brazil, the Dairy Gir cattle in the main dairy zebu breed, and Holstein is the
primary dairy taurine breed. However, the genetic mechanism underlying selection
signatures in these populations remains incompletely elucidated. Taurine cattle have
higher performance but also larger environmental demands. Zebu cattle are better
adapted to breeding conditions in the tropics. Taurine breeds have been selected for
economic traits for a longer period and with greater intensity than zebu breeds,
especially when referring to zebu populations from developed and sub-developed
countries.

The strong selection pressure may be the reason for the higher linkage
disequilibrium (LD) level observed in Bos taurus than in Bos indicus animals
(Thévenon et al. 2007; O’Brien et al. 2014). The detection of selection signatures is
based on the frequency of alleles that are under selection or in adjacent haplotypes.
When the frequency is higher, it may generate segments of consecutive homozygous
genotypes (Ghoreishifar et al. 2020b, a).

With the widespread use of reproductive technologies and increasing selection
pressure, monitoring genetic diversity and selection signatures in dairy genetic

resources is fundamental. This importance is recognized in Sustainable Development
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Goal (SDG) 2.5, which aims to maintain genetic diversity. The aim of this thesis is to
characterize selection signatures in dairy cattle populations. In Chapter 2 of this
thesis, a study on selection signature and genetic diversity in Holstein and Dairy Gir
cattle is presented. In Chapter 3, a systematic review of recent studies on selection

signatures in dairy cattle is reported.

2 LITERATURE REVIEW
2.1 Breeds
2.1.1 Gir

The Gir zebu breed originates from India, specifically from the Kathiawar
peninsula, in the southwest of Gujarat state, bordering the Arabian Sea. The
importation of animals from India occurred between 1870 and 1962, during which
approximately 6,000 zebu cattle were brought to Brazil, and fewer than 700 were Gir.
Due to their adaptation to Brazilian conditions, both Gir cattle and their crosses with
local criollo animals spread rapidly (O’Brien et al. 2015).

In 1938, the establishment of the herdbook for zebu breeds by the Brazilian
Association of Zebu Breeders (ABCZ), in Uberaba, contributed to the regulation and
dissemination of the Gir breed in the country. During the 1960s, some breeders
selected animals for dual purpose, while a smaller group focused exclusively on milk
production. After decades of phenotypic selection, the National Breeding Program of
Dairy Gir (PNMGL) was created in 1985. In the same year, the progeny test program
was implemented, contributing to population growth and to increased milk production
of the breed. In the same year, the progeny test program was implemented,
contributing to both the increase in population size and the enhancement of milk
production within the breed (Santana et al. 2014).

Molecular studies in the breed began in 2001, with the collection of blood and
semen to establish the Dairy Gir DNA bank. Following this, molecular studies using
microsatellite markers were conducted on milk protein genes. Currently, the PNMGL
reports the genotypes of kappa-casein, beta-lactoglobulin, and beta-casein. In 2013,
analyses for hereditary diseases were introduced, including DUMPS (Deficiency of
Uridine Monophosphate Synthase), CVM (Complex Vertebral Malformation), and

BLAD (Bovine Leukocyte Adhesion Deficiency). Since 2016, genomic information
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has been utilized for parentage verification. After 2018, genotypes have also been
applied to predict genomic estimated breeding values (GEBV) for females and bulls,
including progeny-tested animals (Panetto et al. 2025). These advances highlight the
importance of genomic studies in the breed.

There has been a decline in the effective population size (Ne) of Dairy Gir
cattle, with the last five generations showing a Ne of just 11 animals (Garcia et al.
2023). These findings raise concerns about the genetic diversity within this
population. The reduction may be associated with the extensive usage of the bull
Sansao and his offspring. Sansao has ranked as the leader for milk production in the
PNMGL summary for ten years, and many of his sons have also been featured
among the top bulls for milk production in the PNMGL reports (Compre Rural and
Peruchi 2019).

According to the PNMGL genetic evaluation report from 2025 (Panetto et al.
2025), the average and standard deviation (xtSD) were 3,743 + 2,089 kg for 305 days
milk yield, 135 £ 82 kg for fat yield, 4.08 + 0.85% for fat rate, 121 + 71 kg for protein
yield, 3.36 + 0.32% for protein rate, 459 + 284 kg for total solids, 12.54 + 1.27% for
total solids rate, 273 + 83 days for lactation length, and 1,166 £ 195 days for age at
first calving. As a strategy to improve milk yield in Brazil, Dairy Gir are crossed with
taurine breeds, particularly Holstein cattle, resulting in the Girolando cattle, which

contribute to 80% of the national milk production.

2.1.2 Holstein

The Holstein breed originated approximately 2,000 years ago in the
Netherlands. Migrant European tribes, specifically the Batavians with their black
cattle and the Friesians with their white cows, raised animals using limited feed
resources. Dutch exports to European countries and North America began to flourish
after 1880, which led to the emergence of the highly productive Holstein-Friesian

cattle  (https://www.holsteinusa.com/holstein_breed/breedhistory.html).  Currently,

Holstein is the dominant dairy breed worldwide, known for producing the highest milk
yield.
The establishment of the Holstein breed in the United States of America (USA)

began when dairy breeders sought cattle from Holland due to the growing market for
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milk. Between 1852 and 1905, a total of 7,757 black and white cattle, primarily from
the Netherlands, were imported, forming the genetic foundation of the current
Holstein population. In 1885, the Holstein-Friesian Association of America was
established, and it was later renamed the Holstein Association USA, Inc. in 1994.
The genomic evaluation in the USA began in 2008, and the number of genotyped
animals rapidly expanded

(https://www.holsteinusa.com/holstein _breed/breedhistory.html). In 2024, the Council

on Dairy Cattle Breeding advertised that they had achieved 10 million dairy cattle

genotypes, with the majority being Holstein breed (https://uscdcb.com/database-

stats/).

Holstein cattle were brought to Canada in 1881, starting with Michael Cook
and Son's herd in Ontario. Herman Bollert acquired foundation stock from Cook in
1883, and most of Canada's Holsteins trace back to Bollert's two animals. A
depression in 1896 led to the dispersal of Bollert herd, which helped spread Holstein
genetics across Canada. Further genetic development occurred after 1924, when the
Montvic Farms in Quebec acquired stock. Animals from this superior Montvic herd
had a lasting impact on the Holstein breed in Canada, with many of their
descendants still found in Canada's Holstein Herdbook today

(https://www.holstein.ca/Public/en/About Us/The Canadian Dairy Industry/The Hol

stein_Breed).
According to the USA National Performance Metrics in 2023

(https://webconnect.uscdcb.com/#/national-performance-metrics), the standardized

lactation averages at the age of 36 months, average and SD metrics were 11,868 *
1,831 kg for 305 days milk yield, 498 + 83 kg for fat yield, 4.21% for fat rate, 390 + 57
kg for protein yield, 3.29% for protein rate, and 23.9 £ 2.2 months for age at first
calving. In Canada, the average in 2023 was 11,253 kg for 305 days milk yield,
4.08% for fat rate, and 3.32% for protein rate

(https://agriculture.canada.ca/en/sector/animal-industry/canadian-dairy-information-

centre/statistics-market-information/dairy-animal-genetics/production-breed/per-cow)

2.2 Selection signatures

2.2.1 Molecular technologies and assembly
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One of the first molecular techniques used in studies to detect selection
signatures in cattle was microsatellites (Wiener et al. 2003). However, with the
advancement of molecular and bioinformatic technologies, single nucleotide
polymorphism (SNP) arrays and whole-genome sequencing (WGS) data have
become the primary sources of genomic information for studies on the detection of
selection signatures. The identification of selection signals from SNP arrays depends
on the density and distribution of markers across the genome. The capacity to detect
selection signatures is influenced by the density of the array, particularly for low to
medium coverage. This limitation is due to an insufficient number of markers to
properly identify a selection signature, which may also exist in areas without marker
coverage. Gaps in marker coverage can inflate the statistical signals, causing false
positives (Gautason et al. 2021). The use of WGS data enables more accurate
detection of selection signatures owing to its resolution, but the cost of sequencing
numerous individuals is still high, and the computational demand is a limiting factor.
Other molecular techniques allow the identification of selection signatures, including
genotype by sequencing (GBS) (Liu et al. 2021) and double digest restriction-site
associated DNA sequencing (ddRAD) (Sukhija et al. 2024).

Genomic studies in cattle benefit from updates in the reference genome, with
better assemblies and functional annotations than those of other domestic animals.
The choice of reference genome can affect selection signature results (Lloret-Villas
et al. 2021). In the same manner, studies using the latest cattle reference genome
(ARS_UCD) (Rosen et al. 2020) are more accurate than studies that used the
previous versions. As ARS _UCD versions are completer and contiguous, with fewer
gaps and larger contigs, it provides more confidence in the position of variants
(Rosen et al. 2020) and, consequently, selection signatures. The continued
improvement of the bovine reference genome assembly, such as through the
telomere-to-telomere project or the use of pangenomes, will enhance the
investigation of selection signatures in dairy cattle. Additionally, better functional
annotation through the study of genes, quantitative trait /oci (QTL), and non-coding
RNA, as well as the provision and curation of information in genomic databases, is
essential for identifying causal regions under selection.



2.2.2 Theoretical framework

The synonyms for selection signature are signatures of selection and selective
sweep. The distribution of selection signatures across the genome can be
concentrated in single regions or spread across multiple /oci. The spread of genetic
variation in a population is influenced by the origin of the variation and the rate of
adaptive allele sweep (Qanbari and Simianer 2014; Utsunomiya et al. 2015;
Saravanan et al. 2020; Panigrahi et al. 2023). Two selection signature classifications
are observed: hard sweeps and soft sweeps, and interesting illustrations are

presented in Saravanan et al. (2020) (Figure 1).
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Figure 1. Types of selective sweeps (Saravanan et al. 2020). A). Hard/ classic
selective sweep: 1) DNA sequences from a population with neutrally segregating
alleles (blue) prior to selection; 2) a beneficial mutation in the second sequence (red)
causes genetic variability around the favorable allele; 3) the beneficial allele
increases in frequency in subsequent generations during the selection process and

eventually reaches fixation in the population. B) Soft selective sweep due to standing
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genetic variation: 1) DNA sequences from a population with neutral mutations (blue
and green); 2) some genetic or environmental changes cause neutral alleles that
segregate in a population (green) to become beneficial (red); 3) selection fixes the
beneficial alleles in the population while leaving some genetic variation surrounding
them. C) Multiple origin soft sweep (due to current independent mutations): 1) The
first advantageous mutation (red) appears in the second DNA sequence; 2) both the
associated neutral sites and the advantageous allele (red) become more frequent
during selection. At the same locus, a second advantageous mutation (yellow) takes
place; 3) the frequency of both advantageous mutations rises, but none of them can

become fixed.

A hard sweep occurs when a beneficial allele is rapidly selected, causing the
favored allele to reach fixation and inadvertently increasing the frequency of linked
alleles. Soft sweep is either a single-origin or multiple-origin type. In the single-origin
soft sweep, selection acts on standing genetic variation that was previously neutral or
deleterious but has become beneficial or adaptive due to environmental or genetic
changes (Hermisson and Pennings 2005). In the multiple-origin soft sweep, multiple
beneficial mutations occur at a single locus on different genomic backgrounds, and
they all increase in frequency simultaneously without reaching fixation (Pennings and
Hermisson 2006). The softness of the sweep makes it more difficult to detect, as
patterns of diversity around the selected site begin to resemble those expected under

neutrality (Harris et al. 2018).

2.3 Approaches to detect selection signatures

Selecting an appropriate statistical approach for detecting selection signatures
in dairy cattle should consider the sample type, study objectives, and a good
understanding of how different tests detect selection signatures. Their statistical
power depends on allele or haplotype frequency, age and objective of selection,
number of individuals, and genotyping density (Abbasi-Moshaii et al. 2023).

Various tests have been employed to detect selection signatures and can be
primarily classified into between- and within-population. For between-populations

analysis with different breeds, the distinct domestication and selection histories are
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explicit. However, for subpopulations within the same breed, it becomes important to
consider phenotypic divergence, supported by statistical tests or evidence of
substructure in genotype data, often shown through PCA or discriminant analysis
(Jombart et al. 2010). Additionally, it is important to control relatedness among
sampled individuals in order to capture population variation and minimize
confounding signals resulting from family patterns. Such analyses confirm genetic
divergence between the two groups, forming a robust basis for detecting selection
signatures.

A new beneficial genetic variant that has been under positive selection
pressure creates distinct signatures in the corresponding genomic region, including
(i) an increase in the allele frequency spectrum towards extreme (high or low)
frequencies; (i) an excess of homozygous genotypes; (iii) the occurrence of
haplotypes with high frequency, and (iv) an unusually high level of local population
differentiation (Ma et al. 2015).

2.3.1 Within-population tests
In this section, we will discuss common approaches used to identify selection
signatures on dairy cattle populations, such as those based on site frequency

spectrum, LD, reduced local variability, and haplotype homozygosity.

2.3.1.1 Approaches based on linkage disequilibrium (LD)
Integrated haplotype score

Integrated haplotype score (iHS) is a highly sensitive test based on identifying
high LD regions. It is a standard measure of decay in Extended Haplotype
Homozygosity (EHH), and its score reflects how unusual the haplotypes carrying the
ancestral (positive values) and derived (negative values) allele are, compared to the
whole genome (Voight et al. 2006; Utsunomiya et al. 2013b). The iHS test is
particularly effective at detecting selection signature when the selected allele has
risen to intermediate frequencies, but it requires that the derived allele must have
existed solely on a distinct background prior to selection and must not have reached
fixation (Voight et al. 2006; Sabeti et al. 2006).



2.3.1.2 Approaches based on site frequency spectrum

All approaches based on site frequency spectrum assume the neutral
evolutionary model, which assumes that genetic variation within a population arises
only through random genetic drift and mutation and is not influenced by non-random

forces.

Tajima’s D

The Tajima’s D statistic compares two measures of genetic diversity, the
number of segregating sites (S) and the nucleotide diversity (11), which is the average
number of pairwise nucleotide differences between sequences in a sample. Tajima’s
D value is expected to be zero under the standard neutral evolutionary model.
Tajima’s D may deviate from zero in populations that have experienced selection or
other non-neutral forces. Negative values suggest the fixation of rare alleles, and
positive values denote balancing selection, which reflects an abundance of

intermediate allele frequencies (Tajima 1989; Korneliussen et al. 2013).

Fu and Li’s D* statistic

As an extension of Tajima’s D, Fu and Li's D* statistic detects selection
signature by comparing the number of segregating sites and the number of singleton
mutations (alleles appearing only once in the sample) in a genomic region. It
assumes that these two estimates are correlated under the neutral evolutionary
model (Fu and Li 1993).

CLR

The composite likelihood ratio (CLR) measures the skewness of the frequency
spectrum across multiple loci. It compares data under a model assuming neutral
evolutionary versus selection, while also incorporating information on the
recombination rate to differentiate selection from other demographic events (Kim and
Stephan 2002; Nielsen et al. 2005). This approach is not influenced by different
demographic events, as Tajima’s D, and has high power to detect selective alleles
that have achieved fixation recently (Rajawat et al., 2022; Stella et al., 2010).
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2.3.1.3 Approaches based on reduced local variability
ROH

Runs of homozygosity (ROH) are contiguous stretches of homozygous
genotypes within an individual that arise when two haplotypes share a recent
common ancestor (Gibson et al. 2006; Rebelato and Caetano 2018). Because
recombination is random, the distribution of ROH across samples is expected to be
highly heterogeneous under neutrality, and a high frequency of ROH detected around
a specific locus in most individuals, such as a ROH island, can indicate positive
selection (Curik et al. 2014). Populations with non-random mating are expected to
have more and longer ROH segments. In admixed populations, the number of ROH
is reduced and remains short due to the introgression of different haplotypes
(Rajawat et al. 2022). Recent studies in dairy cattle have shown that breeds subject
to higher selection pressure and inbreeding have more medium and longer ROH
segments than breeds with lower selection pressure (Saravanan et al. 2021; Jin et al.
2022; Rajawat et al. 2022; Zhang et al. 2022).

2.3.1.4 Approaches based on haplotype homozygosity
H1, H2 and H12

Garud et al. (2015) developed three haplotype-based homozygosity
approaches that focus on the detection of soft sweeps: H1, H2, and H12. H1
measures expected haplotype homozygosity, with hard sweeps expected to have a
higher H1 value than soft sweeps. H2 is a measure of expected haplotype
homozygosity omitting the most frequent haplotype, and it is expected to be larger for
soft sweeps than hard sweeps. H12 combines the first and second most frequent
haplotype in a sample into a single combined haplotype frequency, and then
homozygosity is recalculated using the revised haplotype frequency distribution. H12

is expected to have more power to detect hard and soft sweeps than H1.

2.3.2 Between-population tests
In this section, two approaches used to identify selection signatures between
dairy cattle populations, such as those based on single-site differentiation and

haplotype differentiation, will be discussed.
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2.3.2.1 Approaches based on single-site differentiation
Fst

The fixation index Fst (Wright 1949) is an SNP-specific approach that
measures population genetic differentiation and can detect actual genetic variants
under selection. Fst values vary between zero, which implies no differences in allelic
frequencies between two populations, to one, meaning each population is fixed for a
different allele. The power of Fst approach is limited when studying distantly related
populations, and Fst values are subject to bias and false positives when the
population does not have the same effective size and is hierarchically structured
(Price et al. 2010; Fariello et al. 2013).

FLK

The FLK approach is an extension of Lewontin and Krakauer’s (LK) statistic
(Lewontin and Krakauer 1973) that considers historical branching (population
subdivision) and heterogeneity of genetic drift. Unlike Fst, the FLK approach
integrates the hierarchical population characteristics. It accounts for the population
history through a kinship or coancestry matrix, based on the Reynolds distance,
which captures (i) differences in effective population sizes (Ne) between populations

and (ii) possible shared ancestry between populations (Bonhomme et al. 2010).

2.3.2.2 Approaches based on haplotype differentiation
hapFLK

hapFLK is a haplotype-based extension of the FLK approach that also
accounts for the hierarchical structure and heterogeneity of different populations.
hapFLK uses haplotype clustering to calculate how different the haplotype
frequencies are between two populations, which allows it to detect selection
signatures. This approach has high power to detect selection signatures with high

and medium frequencies (Fariello et al. 2013).

XP-EHH
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The cross-population extended haplotype homozygosity (XP-EHH) test is
based on LD, a non-random association of alleles between two or more loci, and
identifies alleles that have rapidly increased to high frequency and are still associated
with nearby polymorphism. XP-EHH compares the integrated extended haplotype
homozygosity (EHH) between two populations at the same SNP and detects selected
alleles that have approached or achieved fixation in one population but not in the
other (Sabeti et al. 2007). XP-EHH is indicated for detecting ongoing or nearly fixed
selection signatures. In addition, this test was found to have more power than Fst but

less power than hapFLK for detecting hard sweeps (Fariello et al. 2013).

2.3.3 Using complementary approaches and combining approaches

In addition to the signatures of selection tests mentioned above, several other
approaches have been employed in dairy cattle. Other approaches were reviewed by
Saravanan et al. (2020), Utsonomiya et al. (2015), Qanbari and Simianer (2014), and
Panigrahi et al. (2023). It is a frequent practice to utilize multiple approaches in a
study to take advantage of complementary tests. Statistical power can be increased
with the use of
distinct approach-based tests, which rely on different information to detect selection
signatures.

Some methods have previously been proposed to combine various tests.
Grossman et al. (Grossman et al. 2010) proposed a method that involves combining
various p-values to produce a composite of signals (CMS). However, CMS relies on
demographic history, which can be a limitation for livestock species with complex and
unknown demographic histories (llla et al. 2021). To address this, Utsunomiya et al.
(2013b) suggested a combined statistic called meta-SS, which merges different
genome-wide scan statistics without relying on demographic simulations. Randhawa
et al. (2016) proposed a method called Composite Selection Signals (CSS), which
integrates multiple pieces of selection evidence from constituent tests' rank
distribution. However, meta-SS and CSS do not account for covariance among
different single approaches. Ma et al. (2015) proposed a de-correlated composite of
multiple selection signals (DCMS) to combine the outcomes of complementary tests
while accounting for covariance structure among a single approach. DCMS is more
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effective than earlier methods and facilitates the prioritization of candidate genes
affecting major economic traits in animal breeding (llla et al. 2021). DCMS has been
used in several studies (Peripolli et al. 2020; llla et al. 2021; Rajawat et al. 2022).
However, most studies use complementary tests, but do not use composite

approaches.

2.4 Copy number variations (CNV) under selection in dairy cattle

Structural variants, such as copy number variations (CNV), have contributed to
evolution, adaptation, and production. CNV are gains or losses of DNA segments
that can occur at multiple sites in the genome (Redon et al. 2006). CNV are heritable
and most CNV follows Mendelian inheritance (Locke et al. 2006). CNV can reveal
selective sweeps beyond SNP; however, research on the relationship between
selection signatures and CNV is still in its initial stage.

CNV are related to selection signatures in several ways. A CNV may be swept
and arise as a selection signature. A CNV might provide beneficial advantages and
increase frequency due to directional selection or be hitch-hiked due to positive
selection. For example, a strongly selected 12 kb multiallelic CNV with pleiotropic
effects was identified in Holstein cattle on chromosome 6. This CNV, with a segment
number of 4-6, had a positive effect on milk yield but a negative effect on fertility and
resistance to mastitis (Lee et al. 2021).

The identification of selection signatures from CNV is possible in two distinct
groups, using population frequencies of allelic CNV segment numbers (0, 1, 2, 3, 4,
>4) (McCarroll et al. 2008; Poptsova et al. 2013) or Log R Ratio (LRR) from SNP
arrays instead of allele frequencies (Redon et al. 2006). In dairy cattle, few studies
have identified selection signatures from CNV data. In a study between Jersey and
Holstein populations, the authors found segments related to starch digestion and
body size (Lee et al. 2020) using Fstbased on CNV regions (CNVR).

Bickhart et al. (2016) identified a dairy-specific (Holstein, Jersey, and Gir) CNV
under selection in the RICTOR gene using a heuristic approach with beef-purpose
breeds. This gene encodes the RICTOR protein, a key component of the mTORC2
complex, which regulates lipogenic gene expression, lipid synthesis, and secretion in

bovine mammary epithelial cells (Guo et al. 2019). Strillacci et al. (2018) used Vsr,
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which is correlated to Fst, and identified the lysosome gene (LYZ) under selection
with Valdostana Red Pied (dual purpose) and ltalian Brown-Swiss cattle pair
analyses. The authors hypothesized that this gene is involved in bacterial infections,
including mastitis, and highlighted that Valdostana is less susceptible to mastitis than
Holstein cattle.

Although CNV roles are associated with traits such as production, fertility, and
disease resistance (Lee et al. 2020, 2021; Butt et al. 2021), their mechanisms remain
poorly understood and require further investigation in genomic studies. Integrating
CNV into selection signature analyses aids in identifying regions under selective
pressure. Advances in high-resolution genotyping and sequencing techniques
provide new opportunities to detect CNV more effectively. Therefore, these
discoveries are expected to enhance genomic selection strategies, improving the

efficiency of dairy cattle production through the exploitation of CNV.

2.5 Biodiversity variables
2.5.1 Genetic Diversity

Genetic diversity offers resilience against abrupt changes and enables species
and ecosystems to adapt to changing environments, climates, and other challenges.
Ultimately, genetic variation allows species to develop into distinct and new lineages.

Genetic diversity refers to the level of genetic variability present within a
population. To properly capture genetic diversity, both richness and evenness should
be evaluated. Richness denotes the count of genetic variants within a population,
adjusted for sample size (e.g., an expectation for a given sample size). Nucleotide
diversity (1) and allelic richness are two examples of richness metrics. The only way
to increase genetic richness is through mutations or, locally, through gene flow.
Evenness of genetic diversity is the expected proportion of heterozygotes in a
population at equilibrium, a common example of which is the expected
heterozygosity (He). This metric indicates the probability that two randomly selected
alleles from a sample are different. Like richness, evenness will help a population
respond rapidly to changes in the environment through adaptation (Hoban et al.
2022).
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2.5.2 Genetic Differentiation

Genetic differentiation refers to the divergence in genetic composition,
specifically the allele frequencies, between multiple populations of the same species.
This divergence can be caused by natural selection, genetic drift, and restricted gene
flow. The degree of genetic differentiation among populations can be quantified by
fixation index (Fst) (Hoban et al. 2022). The Fst ranges from zero to one. A value of
zero indicates no differences in allele frequencies between the two subpopulations,
while one suggests that the allele frequencies are completely different in the two
subpopulations. In the latter case, each of the two populations is fixed for a different
allele; thus, within-population diversity must be zero (Ajmone-Marsan et al. 2023).
Genetic drift occurring within a single population may result in an increased Fst value
in between-population analysis, reflecting greater genetic differentiation between the

two populations under consideration.

2.5.3 Inbreeding

Inbreeding occurs when related individuals’ mate. Inbreeding metrics are used
to determine the level of diversity within individuals. As such, these metrics can
reveal potential risks related to genetic diversity, which indicates the need for
management interventions. In selecting for the improvement of a particular trait, the
accumulation of homozygosity at favorable variants is the primary objective.
However, the unintended result of how selection is conducted in breeding programs
is the accumulation of inbreeding depression (Maltecca et al. 2020). Inbreeding
increases the frequency of homozygotes for deleterious alleles because of selection
and drift, which results in inbreeding depression (Falconer and Mackay 1996). Highly
inbred individuals typically exhibit lower fithess, which can compromise population
growth and persistence by reducing demographic rates (e.g., decreased fecundity).
Inbreeding rates tend to be reduced when populations are large and there is
sufficient gene flow both within and between populations. Inbreeding is often a result
of small population size, increasing rapidly when Ne is less than approximately 50
and in fragmented populations where gene flow dynamics are limited (Hoban et al.
2022).
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CHAPTER 02 — SELECTION SIGNATURES IN GIR AND HOLSTEIN CATTLE

ABSTRACT - Natural and artificial selection leave footprints on the genome,
known as selection signatures, that can indicate regions related to adaptive and
economically important traits. The recurrent use of a limited number of sires and
increased selection pressure may affect genetic diversity, potentially affecting long-
term breeding programs. Among dairy cattle, the Holstein breed has been intensively
selected to maximize productivity, particularly in Canada and the United States. In
the dairy industry, the Gir breed plays an important role in milk production in tropical
regions such as India and Latin America. Gir cattle were introduced into Brazil in the
19th and 20th centuries, and since 1985, this breed has been intensively selected for
milk production. This study aimed to assess the genetic diversity and characterize
the selection signatures in Holstein cattle from the United States and Canada (HOL),
Gir cattle from India (GIR_IN), and Dairy Gir cattle from Brazil (GIR_BR). Genetic
diversity was assessed by nucleotide diversity, single nucleotide variant density
analysis, minor allele frequency, observed and expected heterozygosity, and the
inbreeding coefficient. Selection signatures were identified via Tajima's D, the
integrated haplotype score (iHS), the fixation index, and the cross-population
extended haplotype homozygosity test for autosomes. Additionally, the analysis of
selection signatures using Tajima's D and iHS was conducted for the X chromosome.
Lower genetic diversity was observed in the HOL population, whereas the GIR_IN
and GIR_BR populations presented greater diversity. Several genes previously
related to economically important traits were identified as being under selection,
including DNAJC18, FSHR, HELB, HMGA2, PLAG1, GAB3, and PTEN. In
conclusion, the genes identified within the selection signatures were linked to several
traits, including growth, reproduction, mastitis, milk production, heat tolerance, health,
and adaptation.

Keywords: milk, selection signature, selective sweep, genetic diversity
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1 INTRODUCTION

The selection process, either natural or artificial, leaves footprints on the
genome that can be detected. Unique genetic patterns or marks in the genomes of
selected individuals are called selection signatures or selective sweeps (Jensen et
al., 2016; Fay and Wu, 2000). Selection signature studies can identify genes and
beneficial mutations linked to adaptive and economically important traits in dairy
cattle, including reproduction, health, and milk production. Additionally, studying
selection signatures can contribute to understanding genetic architecture diversity
within and between populations.

Taurine cattle breeds have been selected for economic traits for a longer
period and have been subjected to greater selection pressure than indicine breeds,
especially when referring to indicine populations from developing and subdeveloping
countries. As a major example, the Holstein—Friesian breed (Bos taurus) is the most
widely distributed breed of cattle in more than 150 countries. This breed originated in
the northern provinces of North Holland and West Friesland of the Netherlands
(McGuffey and Shirley, 2011). It was exported to the United States in the 1870s and
1880s and was strongly selected to increase milk yield (Theunissen, 2012). After the
implementation of genomic selection, there has been a notable increase in the rate of
inbreeding and co-ancestry in Holstein populations (Makanjuola et al., 2020). Owing
to the intense selection that has been applied, monitoring both the genetic diversity
and the impact of selection on the genome of Holstein cattle is important.

The Gir breed (Bos indicus) is an indicine breed adapted to tropical conditions
that originated in the Indian state of Gujarat. It is one of the most important local dairy
breeds in India. Between 1870 and 1962, approximately 6,000 zebu cattle were
imported from India to Brazil, including fewer than 700 Gir individuals (O'Brien et al.,
2015). After their arrival in Brazil, the Gir cattle were initially bred for dual purposes
(meat and milk). In 1985, the Brazilian Dairy Gir Breeding Program (PNMGL) was
established, which resulted in an increase in milk production from 2,200 kg to 5,500
kg per 305 d of lactation on average. The Dairy Gir is well adapted to the harsh
conditions of tropical dairy production, and it is considered the main dairy indicine

breed in Brazil (Prata et al., 2015). It can also be found in most other Latin American
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countries (Corredor et al., 2023). Dairy Gir cattle are also used in crossbreeding with
taurine breeds, such as Holstein cattle or locally adapted breeds.

A motivation for investigating selection signatures is that these regions can
pinpoint genes and mutations with large phenotypic effects in a population even if
they are no longer segregating. Additionally, selection signatures can complement
GWAS. Genetic diversity is an important element to consider in breeding programs
because selection often affects allele and genotype frequency and may affect the
capacity to respond to environmental changes. Careful planning and monitoring are
required to maintain diversity and offer alternatives for long-term breed improvement
or the selection of animals for specific immediate purposes (Makanjuola et al., 2020;
Carrier et al., 2023). Studying selection signatures and genetic diversity can provide
valuable insights into the progress of selection and aid in genetic improvement in
livestock populations. This study aimed to assess genetic diversity and characterize

selection signatures in Holstein and Gir cattle breeds.

2 MATERIALS AND METHODS

The institutional research ethics board of the Sdo Paulo State University
(Jaboticabal, Brazil), University of Guelph (Guelph, Canada), and the Brazilian
Agricultural Research Corporation (Embrapa; Juiz de Fora, Brazil) did not require
ethics approval for this study because the data used in this investigation were

assessed from previous projects

2.1 Samples and Sequencing

For the Gir breed, 14 samples from Gir bulls from India (GIR_IN) and 42
samples from Dairy Gir sires from Brazil (GIR_BR) born between 1960 and 2007
were used. In brief, the sires that had the most progeny in PNMGL, representing
most lineages in the population, were selected for whole-genome sequencing
(WGS).

For GIR_BR, DNA was extracted via either the DNeasy Blood and Tissue Kit
(Qiagen, Valencia, CA), following the recommendations of the manufacturer, or a

saline buffer and phenol/chloroform purification protocol (Machado et al., 2010). The



26

concentration and quality of the isolated DNA were evaluated via a NanoDrop 1000
spectrophotometer (Thermo Scientific, Wilmington, DE) or a Qubit fluorometer 2.0
(Life Technologies, Grand Island, NY). For library preparation, the lllumina TruSeq
Nano Kit (lllumina Inc., San Diego, CA) was used according to the manufacturer's
recommendations. Sequencing was performed via the lllumina HiSeq2000 platform
(lumina Inc., San Diego, CA), producing reads measuring 2 x 100 bp and 2 x 200
bp, with an average sequencing coverage of 13.9X, or via the NovaSeq 6000
platform (lllumina Inc., San Diego, CA), with an average sequencing coverage of 16X
and reads measuring 2 x 100 bp and 2 x 200 bp.

The GIR_IN population consisted of 14 samples of bulls and cows from
Guijarat state in India raised for milk production. DNA extraction was performed by
following the Sambrook and Russel adapted protocol (Sambrook and Russel, 2001).
The sequencing was performed on the lllumina HiSeq2500 platform (lllumina Inc.,
San Diego, CA), producing reads measuring 2 x 125 bp, with an average sequencing
coverage of 13.5X.

The WGS processing for the GIR_BR and GIR_IN samples followed the same
pipeline, according to the recommendations of the 1000 Bull Genomes Project
protocol (http://www.1000bullgenomes.com, last accessed on 11/20/2020; Hayes
and Daetwyler, 2019). In summary, read quality was evaluated using the FastQC
tool, and trimming was performed using SeqyClean software (Zhbannikov et al.,
2017). The reads were aligned to the bovine reference genome ARS-UCD 1.2 using
the mem option of the BWA algorithm (Li and Durbin, 2009). Conversion to binary
format, sorting, and indexing were completed via SAMtools (Li et al., 2009).
Duplicates were removed using the MarkDuplicates option of the Picard tool software
(2019; https://broadinstitute.github.io/picard/). Base quality score recalibration
(BQSR) was performed via BaseRecalibrator and PrintReads of the Genome
Analysis Toolkit (GATK; v. 3.8-1-0-gf15c1c3ef; https://gatk.broadinstitute.org/hc/en-
us). The set of known variants provided by the 1000 Bull Genomes project (Hayes
and Daetwyler, 2019) was applied for BQSR. Variant calling was performed using the
HaplotypeCaller option from GATK according to the same protocol (-ERC GVCF -
variant_index_type LINEAR -variant_index_parameter 128000).
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Following BQSR, samples were combined using the option genotypeGVCFs
from the GATK software. The variant filtering followed the variant quality score
recalibration (VQSR) from GATK software (v. 4.4.0) according to the parameters in
the Run 9 pipeline from 1000 Bull Genomes (Hayes and Daetwyler, 2019). Variant
quality score recalibration uses machine learning algorithms to learn from training
datasets the annotation profile of good variants and bad variants, integrating
information from multiple dimensions. The training and validation sets of the variants
were provided by the 1000 Bull Genomes Project (Hayes and Daetwyler, 2019). Only
variants occurring in the tranche 99% were used (Neumann et al., 2023). Duplicate
samples were checked through the KING-robust estimator (Manichaikul et al., 2010)
with a cutoff of 0.354 using Plink2 software (Chang et al., 2015).

Single nucleotide variants (SNVs) from WGS data from 307 Holstein bulls and
cows from Canada and the United States (HOL) were accessed from the 1000 Bull
Genomes project (Run 9; Hayes and Daetwyler, 2019). Only samples with a
minimum coverage of 6X and autosomal SNVs occurring in the tranche 99% (from
the VQSR performed by the 1000 Bull Genomes Project) were used (Neumann et al.,
2023). Duplicate samples were excluded through the KING-robust estimator
(Manichaikul et al., 2010) with a cutoff of 0.354 via Plink2 software. For GIR_BR,
GIR_IN, and HOL, autosomes were retrieved for diversity and selection signature
analysis, and the Bos taurus X chromosome (BTX) was scanned for within-

population selection signatures.

2.2 Genomic Diversity

Principal component analysis (PCA) was performed using the genotype matrix
as follows. For each population, one marker of pairs with a high level of linkage
disequilibrium (LD) was filtered out using an r? threshold of 0.2, a window size of 50
SNVs, and a step size of 5 SNVs (—indep-pairwise 50 5 0.2). Additionally, variants
with missing call rates exceeding 0.05 (—geno 0.05) were filtered out. These quality
control steps were applied only for PCA. For the population differentiation metric, the
ratio of averages of the fixation index (Fst) based on Hudson's method (Hudson et
al., 1992) was computed via the option —fst from Plink2 between each pair of

populations.
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The genomic variation within populations was assessed separately using
nucleotide diversity (1), SNV density analysis, minor allele frequency (MAF),
observed (Ho) and expected (He) heterozygosity, and inbreeding coefficient based on
the methods-of-moments estimator (From). Nucleotide diversity is defined as the
average number of nucleotide differences per site between 2 DNA sequences
sampled from a population, in which higher values indicate greater diversity (Nei and
Li, 1979). The software VCFtools v. 0.1.15 (Danecek et al.,, 2011) was used to
estimate the nucleotide diversity of each population in nonoverlapping window sizes
of 50 kb with a step of 20 kb containing at least 5 SNVs. Descriptive statistics of total
(Trrotat) @and chromosome (TTchr) nucleotide diversity were subsequently calculated.
Biallelic marker distribution was evaluated with an SNV density plot through the
CMpilot package (Yin et al.,, 2021) in R software (https://www.r-project.org/), which
uses a bin of 1 Mb.

For heterozygosity, MAF, and inbreeding coefficient, only variants with a
minimum mean depth of 10X were retrieved to avoid biased estimates (Kardos and
Waples, 2024). The MAF was calculated via Plink 1.9 (--freq) for each population.
SNVs with MAF greater than 0.1 (10%) were classified as polymorphic SNVs
(Rajawat et al., 2024). VCFtools v. 0.1.15 was used to estimate Ho and He (--het).
Heterozygosity is a measure often used to track the amount of genetic variation
retained by a population. The Fnom was computed according to the method-of-

moments estimator (Li and Horvitz, 1953) using the following equation: Fyoy =

Oyom—EHoMm

, where Onowm represents the number of observed homozygous genotypes,
Nyvar—EHoMm

Erowm the number of expected homozygous genotypes, and Nvar the total number of

variants.

2.3 Selection Signatures

For autosome chromosomes, within- and between-population analyses were
performed using the total number of variants after VQSR procedures. For
chromosome X, only within-population analyses were conducted. All variants in the
99% tranche in the VQSR were used in the analysis.

2.3.1 Within-population
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Integrated Haplotype Score Test Statistic: The R package rehh v. 3.2.2
(Gautier et al., 2017) was used to perform the integrated haplotype score (iHS) test
within each population with unpolarized markers. Phasing within each population was
performed via Beagle v. 5.1 (Browning and Browning, 2007) with default parameters.
To identify potential selection signatures, |iHS| was calculated for windows of 50 kb
containing a minimum of 5 SNVs. For autosomes, the top 1%, and for chromosome
X, the top 0.5% were considered potential selection signatures, and adjacent
windows were merged. Integrated haplotype score is a highly sensitive test that
identifies high-LD regions, and it is a standard measure of decay in extended
haplotype homozygosity (EHH). The iHS detects selection when the selected allele
has achieved intermediate frequencies, but before selection; the derived allele must
have existed on a distinct background and not yet reached fixation (Voight et al.,
2006; Utsunomiya et al., 2013). In the case of unpolarized markers, this test uses
major and minor alleles instead (Klassmann and Gautier, 2022), which was applied in
this study.

Tajima's D Test Statistic: Tajima's D statistic was computed within the
population in window sizes of 50 kb via VCFtools software. Only windows with at
least 5 markers were considered. For autosomes, the bottommost 1%, and for
chromosome X, the bottommost 0.5% were retrieved, and adjacent selection
signatures were merged. Tajima's D statistic compares 2 measures of genetic
diversity, the number of segregating sites (S) and the nucleotide diversity, which is
the average number of pairwise nucleotide differences between sequences in a
sample (Tajima, 1989). The purpose of Tajima's D test is to distinguish between a
DNA sequence evolving randomly and one evolving under a nonrandom process,
which may include, for instance, selection, demographic expansion, contraction, or
introgression. Tajima's D statistic value is expected to be zero under the standard
neutral evolutionary model. However, deviations from zero may indicate nonneutral
forces or selection. Negative Tajima's D values suggest the fixation of alleles or rare
alleles, whereas positive values denote balancing selection, which reflects an
abundance of intermediate allele frequencies (Tajima, 1989; Korneliussen et al.,
2013).
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2.3.2 Between-populations

Fixation Index: Pairwise autosomal Wright's Fst values were estimated based
on Hudson's method (Hudson et al., 1992) using the scikit-allel v1.3.7 library (Miles et
al., 2023) in Python with windows of 50 kb and a minimum of 5 markers. Only the top
1% of windows were selected as signature candidates. The fixation index (Wright,
1949) is a test that measures population genetic differentiation and can detect actual
genetic variants under selection. The Fst values vary from zero, which implies no
differences in allelic frequencies between 2 populations, to one, meaning that each
population is fixed for a different allele. Hudson's method performs better than
traditional Fst calculation when there is a large variation in sample size across
populations and accounts for changes in the demographic history of the populations
being compared (Bhatia et al., 2013).

Cross-Population Extended Haplotype Homozygosity (XP-EHH): Phasing
within each population was performed using Beagle v. 5.1 (Browning and Browning,
2007), and selection signatures between populations were subsequently investigated
via the XP-EHH test with windows of 50 kb containing a minimum of 5 SNPs via the
rehh (Gautier et al., 2017) R package. The top and bottom 0.5% extreme windows
were considered potential selection signatures, and adjacent windows were merged.
Cross-population EHH compares the integrated EHH between 2 populations at the
same SNP and detects selected alleles that have approached or achieved fixation in
one population but not in the other. This test is indicated for detecting ongoing or
nearly fixed selection signatures because this test is based on LD and identifies
alleles that have rapidly increased to high frequency and are still associated with

nearby polymorphisms (Sabeti et al., 2007).

2.4 Functional Analysis

The GALLO package (Fonseca et al., 2020) from R software was used to
identify genes and QTL within selection signatures. Genes and QTL were retrieved
from the Ensembl Genes database (Ensembl Release 110, ARS_UCD1.2;
https://www.ensembl.org) and the Animal Genome database
(https://www.animalgenome.org/cgi-bin/QTLdb/BT/index, ARS_UCD1.2),

respectively. Additionally, colocalized genes were also evaluated for the top 10
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windows with the highest nucleotide diversity and the regions with the highest and
lowest SNV density. For genes within selection signatures, terms from the Gene
Ontology (GO) database and metabolic pathways predicted by the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database were enriched (false
discovery rate [FDR] <0.05) using the WebGestaltR package (Wang and Liao, 2020)
in R software. The enrichment analysis was performed via hypergeometric
overrepresentation analysis. Gene Ontology terms are divided into 3 groups: Cellular
Components, Biological Processes, and Molecular Functions. Metabolic pathways
predicted by the Reactome database (https://reactome.org/) were also enriched
(FDR <0.05) using the website of the repository. Gene under selection were used to
perform protein-protein interaction network using STRING database (Szklarczyk et
al., 2023). The networks were clustered using the k-mean algorithm to improve

visualization.

3 RESULTS
3.1 Alignment and Variant Calling

After duplicate removal, 14 GIR _IN, 42 GIR_BR, and 307 HOL were used in
the analysis. Overall, the coverage ranged from 6.38X to 51.78X. The alignment
metrics and coverage per sample are presented in Supplemental Table S1 (see
Notes). The number of consensus markers for the HOL and GIR_IN pair was
31,229,604, for the HOL and GIR_BR pair, 37,296,579, and for the GIR_IN and
GIR_BR pair, 30,395,111 (Table 1).

Table 1 Summary of number of samples, minimum coverage, mean and standard
deviation, maximum coverage, and numbers of autosome biallelic SNVs and
multiallelic SNVs after quality control, as well as transition/transversion rate (Ts/Tv)

per population’.

, Min. Max. Biallelic Multiallelic
Population N (X) Mean (X) (X) SNVs SNVs Ts/Tv
GIR_IN 14  6.60 17.77 29.20 31,253,205 352,760 2.26
(5.47)

GIR_BR 42 10.20 16.09 25 31,264,796 353,009 2.26
(3.02)

HOL 307 6.38 17.55 51.78 57,106,559 2,538,795 218

(8.08)
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N = number of samples, Min. (X) = minimum coverage, Mean (X) = mean and

standard deviation (parentheses), Max. (X) = maximum coverage.

3.2 Genomic Diversity
The PCA results are shown in Figure 1A, in which the 3 populations exhibit
distinct clusters. The ratio-of-average Fst values obtained via the Hudson method

can be found in Table 2.
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Figure 1. (A) Principal component analysis of individuals. After filtering for missing
call rate, 279,397 variants were used for PCA. (B) Violin and boxplot graphs of
nucleotide diversity for populations of Holstein bulls and cows from Canada and the
United States (HOL), Dairy Gir sires from Brazil (GIR_BR), and Gir bulls from India
(GIR_IN). The midline indicates the median; the upper and lower edges of the box

represent the first and third quartiles; the whiskers extend to 1.5 times the
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interquartile range; and the dots represent outliers. The shape of each violin
illustrates the kernel density estimation of the distribution of nucleotide diversity for

each population.

Table 2. Pairwise ratio-of-averages of Fst based on Hudson’s method among
Holstein bulls and cows from Canada and the United States (HOL), Dairy Gir sires
from Brazil (GIR_BR), and Gir bulls from India (GIR_IN) populations.

Population 1 Population 2 Ratio-of-averages Fst value
HOL GIR_IN 0.5411
HOL GIR_BR 0.4671
GIR IN GIR BR 0.1062

The GIR_BR population exhibited the highest TrTota, Whereas the HOL
population presented the lowest mean value despite having a larger sample size
(Table 3; Figure 1B; Supplemental Figure S1; see Notes). For the GIR_IN population,
a higher mean 1rchr was observed in BTA 28, whereas the lowest was noted in BTA2
and 11 (Supplemental Table S2; see Notes). In the GIR_BR population, the highest
mean Trchr Was observed in BTA27 and 28, whereas the lowest was found in BTAS3,
5, 13, and 19 (Supplemental Table S3; see Notes). For the HOL population, the
highest mean Ttrchr was observed in BTA23, with the lowest in BTA13 and 22
(Supplemental Table S4; see Notes). The top 10 windows with the highest nucleotide
diversity and colocalized genes across the 3 populations are reported in

Supplemental Table S5 (see Notes).

Table 3. Minimum, first quartile, median, mean, third quartile, and standard deviation
(SD) of 1rrotal for HOL, GIR_BR, and GIR_IN populations. All Trrotar measures are

shown as percentages (%).

st rd
Population Minimum 1 . Median Mean 3 . Maximum  SD
quartile quartile

GIR_IN 2.17e-04 0.175 0.267 0.278 0.366 2.716 0.143
GIR_BR 1.07e-04 0.233 0.330 0.338 0.431 2.351 0.146
HOL 2.34e-05 0.073 0.122 0.152  0.203 2.475 0.112
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The SNV density plots for each population are displayed in Supplemental
Figures S2—S4 (see Notes). There was an absence of SNVs in BTA10:23.78-24.78
Mb across all populations. No gene is described in the ARS_UCD1.2 bovine
annotation, and no variants are reported for this region (https://www.ensembl.org/).
We hypothesize that this region is highly conserved in bovines. The region
BTA23:24.00-30.00 Mb presented a greater density of SNVs for all populations. The
annotated genes for this region are presented in Supplemental Table S6 (see Notes).
The Ho, He, FHom, MAF, and proportion of polymorphic SNVs results are reported in
Table 4 and Figure 2A.

Table 4. Mean and standard deviation in brackets of observed heterozygosity (Ho),
expected heterozygosity (He), inbreeding coefficient based on the method-of-
moments (Frowm), minor allele frequency (MAF), and proportion of polymorphic SNVs

for three cattle populations.

He From Proportion of

Population Ho MAF polymorphic SNVs
0.3727 0.3412 -0.0924 0.1576
GIR_IN (0.0327) (0.0002) (0.0955) (0.1643) 0.5179
0.2761 0.2791 0.0109 0.1912
GIR_BR (0.0232) (0.0002) (0.0828) (0.1496) 0.6272
0.2186 0.2256 0.0309 0.0448

HOL (0.0189)  (0.0003) (0.08) (0.1084) 0.1460
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Figure 2. (A) Histogram plot of minor allele frequencies (MAF). The y-axis represents
the allele count within each MAF bin. (B) Boxplots of inbreeding coefficient based on
method-of-moments (Fxowm) for Holstein bulls and cows from Canada and the United
States (HOL), Dairy Gir sires from Brazil (GIR_BR), and Gir bulls from India
(GIR_IN). The midline indicates the median; the upper and lower edges of the box



37

represent the first and third quartiles; the whiskers extend to 1.5 times the

interquartile range; and the dots represent individual animals.

3.3 Selection Signatures and Genes Under Selection

Supplemental Table S7 lists the top 10 extreme windows from each test and
population. No metabolic pathway from the Reactome database was enriched for the
list of genes under selection in all 3 populations. Protein-protein interactions networks

are listed in Supplemental Figures S5-S19.

3.3.1 Within-population
- iHS Test Statistic for Autosomes

The Manhattan plots of autosomal windows are shown in Figure 3, and for
BTX, in Supplemental Figure S20 (see Notes). In GIR_IN, after the top windows were
merged, 326 nonoverlapping selection signatures were revealed. The largest length
of a selection signature was BTA22:23.55-23.95 Mb. Across 252 selection
signatures, a total of 354 genes and 1,315 QTL were found, with 39 enriched QTL
(FDR <0.01; Supplemental Tables S8 and S9; see Notes).


https://www.sciencedirect.com/science/article/pii/S0022030225004151#fig3
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populations: (A) Gir bulls from India (GIR_IN), (B) Dairy Gir sires from Brazil
(GIR_BR), and (C) Holstein bulls and cows from Canada and the United States
(HOL). The red dashed line indicates the threshold values of 2.16, 1.69, and 1.72 for

the identification of potential selection signatures in each population, respectively.

For the GIR_BR population, the largest selection signature in length was
BTA11:11.65-12.4 Mb. After merging, 320 non-overlapping selection signatures
were identified. A total of 884 QTL and 314 genes were under selection in 231
selection signature regions in the functional analysis (Supplemental Table S10; see
Notes). Furthermore, QTL enrichment revealed 27 enriched QTL (FDR <0.01;
Supplemental Table S9).

For the HOL population, the largest length of a selection signature was found
in BTA20:26.75-27.1 Mb. After merging, 385 non-overlapping selection signatures
were identified (Supplemental Table S11; see Notes). For the functional analysis,
274 regions revealed 374 candidate genes and 1,342 QTL in selection signature

regions, 22 of which were enriched (FDR <0.01; Supplemental Table S9).

- Tajima's D Statistic Test for Autosomes

The Manhattan plots of autosomal windows are shown in Figure 3, and for the
BTX, in Supplemental Figure S21 (see Notes). In GIR_IN, the autosomal mean
Tajima's D was 1.24, and the SD was 1.12 (Figure 4). After merging overlapping
windows, 292 selection signatures were identified. The largest length of a selection
signature was found in BTA14:39.25-39.70 Mb. In the functional analysis, 378
candidate genes and 1,203 QTL were under selection across 232 selection signature
regions (Supplemental Table S12; see Notes). Furthermore, QTL enrichment
analysis revealed 32 enriched QTL (FDR <0.01; Supplemental Table S9). The KEGG
term “axon guidance” was significantly enriched (FDR <0.05) for the genes PPP3R1,
ROCK2, ABLIM3, TRPC4, PARD3, CFL2, PARD6G, NTN3, PRKCZ, and


https://www.sciencedirect.com/science/article/pii/S0022030225004151#fig3
https://www.sciencedirect.com/science/article/pii/S0022030225004151#fig4

40

L RBIINRINRE 25 ) ¢

& IR 1% 377w ¢
1 ORI A, \ V7.
* 1 SANRRTARIIRNT WA 5, 1,
o 31 VORI 720y 0% ¢+ *[* oo s
+ PSSR SN i a4, Yot 'l
e DI P Y
4. SNSRI TTINGSR Y + f.o¥:

.
] ¢

,,
+ L SRR T X T i ey 1N

Y ARG+ P 3.
(254 AR O L - ¢
© b N DIABEERIBIIIA MY 1y Y
R e 1 i.
RER R
U NNDERIRRNIRAAL AV |1
ARG, .
2192 C A RRERBRRRCIAs
1Y RS 7.1y e ¢

pe g
B

! TR 0.8 14420

<t RN £ 5 P« LT

AR 1 ,V-.sc
SRS BIR Rt, L2 K A t T

anjea g s,ewile]

BTA

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

9

af By is.i?.. -
T 5

' .;,i.i 8
——— L

. ...ii\!.::.
AP 3 .

. .—22
|

Bk ARG

o ¢ TR XA, . ¥
RN

* o L IR 02 2., 0 ¢
|

...i.c? e
o ..»l.w.?:. .

< L) o~ el °

anjea g s;ewile]

e

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

9

BTA

H

IR 0 .
e IR 1
¢ AROIMABEIREI . ¢ 1,
RN S 5
L A e TR 2
" ISR i
IR UARRRIRRAN N, - ¢
Lo L NI R |
A i
e ARSI L1 .
L R
.si..s,f
- U MR & -

.

- VAN SRR RIRREROERRR T |

L ORISRy s |
B L
Ry = PN
TSRS
B rereage
e R SRR S,
4 ARSI 5, !
YRS D

N e [ OE

| e NSRRNERE

* AR i s
it
A R

TR

© 0 + m ~ - o o o

anjea g s,ewife]

L

BTA

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

L]

8

Figure 4. Manhattan plot of Tajima's D values for 3 dairy cattle populations: (A) Gir
bulls from India (GIR_IN), (B) Dairy Gir sires from Brazil (GIR_BR), and (C) Holstein
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bulls and cows from Canada and the United States (HOL). The red dashed line
indicates the thresholds of -2.20, -1.11, and -1.74 used to identify potential
selection signatures in each population, respectively.

For GIR_BR, the autosomal Tajima's D mean was 1.31 (SD: 0.82). A total of
304 non-overlapping selection signatures were observed. The selection signature
with the greatest length was BTA11:11.85-12.4 Mb. We identified 1,392 QTL and
531 genes under selection in 264 selection signatures for the functional analysis
(Supplemental Table S14; see Notes). Among the QTL, 33 were enriched (FDR
<0.01; Supplemental Table S9).

In the HOL population, the autosomal Tajima's D mean was 1.48 (SD: 1.46). A
total of 357 non-overlapping selection signatures were detected after merging. The
largest selection signature was found in BTA8:105.9-106.4 Mb. In the functional
analysis, 283 regions revealed 457 candidate genes and 1,713 QTL under selection
(Supplemental Table S15; see Notes), 40 of which were enriched (FDR <0.01;
Supplemental Table S9).

3.3.2 Between-populations
- Fixation Index

For the HOL and GIR_IN population pair, the Fst values ranged from 0 to
0.991 (Figure 5A). By merging adjacent windows, 324 non-overlapping selection
signatures were identified. In the functional analysis, 268 putative selection
signatures were colocalized with 558 genes and 1,417 QTL (Supplemental Table
S19; see Notes), of which 32 QTL were enriched (FDR <0.01; Supplemental Table
S9).


https://www.sciencedirect.com/science/article/pii/S0022030225004151#fig5
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Figure 5. (A) Manhattan plot of Fst values for HOL (Holstein bulls and cows from
Canada and the United States) and GIR_IN (Gir bulls from India) population pair; the
red dashed line represents the threshold of 0.92 to consider potential selection
signatures. (B) Manhattan plot of Fst values for HOL and GIR_BR (Dairy Gir sires
from Brazil) population pair; the red dashed line represents the threshold of 0.84 to
consider potential selection signatures. (C) Manhattan plot of Fst values for GIR_IN

and GIR_BR population pair; the red dashed line represents the threshold of 0.37 to
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consider potential selection signatures.

For the HOL and GIR_BR population pair, the Fst values ranged from 0.008 to
0.988 (Figure 5B). After adjacent windows were merged, 326 non-overlapping
selection signatures were identified. The functional analysis revealed 1,962 QTL and
633 genes under selection in 288 selection signatures (Supplemental Table S20; see
Notes). Furthermore, QTL enrichment revealed 37 enriched QTL (FDR <0.01;
Supplemental Table S9). The KEGG terms “EGFR tyrosine kinase inhibitor

” “ ” “*

resistance,” “Bacterial invasion of epithelial cells,” “Chronic myeloid leukemia,”
“Cellular senescence,” and “Thyroid hormone signaling pathway” were significantly
enriched (FDR <0.05) for several genes (Supplemental Table S13).

For the GIR_IN and GIR_BR pair, the Fst values ranged from 0 to 0.713
(Figure 5C). Following the merging of adjacent windows, a total of 341 non-
overlapping selection signatures were identified. The functional analysis revealed
that 1,268 QTL and 376 genes are potentially under selection within 269 selection
signatures (Supplemental Table S21; see Notes). Quantitative trait loci enrichment

revealed 29 enriched QTL (FDR <0.01; Supplemental Table S9).

- Cross-Population Extended Haplotype Homozygosity

For the HOL and GIR _IN population pair, positive values denote selection in
HOL, and negative values indicate selection in GIR_IN (Figure 6A). Following the
merging of adjacent windows, 144 top and 185 bottom nonoverlapping selection
signatures were identified for the HOL GIR_IN pair. A total of 119 genes and 464
QTL under selection in 98 selection signatures were found in the functional analysis
for HOL (Supplemental Table S16; see Notes), and 8 QTL were enriched (FDR
<0.01; Supplemental Table S9). The molecular function GO term “calcium ion
binding” was significantly enriched (FDR <0.05) for the genes CHP1, EHDA4,
PLA2G4D, PLA2G4F, S100A2, S100A3, S100A4, S100A5, and HPCA
(Supplemental Table S13). For selection signatures related to the GIR_IN population,
166 genes and 390 QTL were under selection in 131 windows (Supplemental Table
S16). The results of the QTL enrichment analysis revealed that 21 QTL were
significant (FDR <0.01; Supplemental Table S9). The biological process GO term
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“regulation of lipase activity” was significantly enriched (FDR <0.05) for the genes
PLA2G5, SORT1, LPAR1, and ANXAS8L1 (Supplemental Table S13).
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Canada and the United States) and GIR_IN (Gir bulls from India) pair. The red

dashed lines represent thresholds of 2.232 and —1.280 to consider potential selection
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signatures for HOL and GIR_IN populations, respectively. (B) Manhattan plot of XP-
EHH value for HOL and GIR_BR (Dairy Gir sires from Brazil) pair. The red dashed
lines represent thresholds of 2.252 and -1.561 to consider potential selection
signatures for HOL and GIR_BR populations, respectively. (C) Manhattan plot of XP-
EHH value for GIR_IN and GIR_BR pair. The red dashed lines represent thresholds
of 2550 and -1.486 to consider potential selection signatures for GIR_IN and

GIR_BR populations, respectively.

For the HOL and GIR_BR population pair, positive values indicate selection in
HOL, and negative values indicate selection in GIR_BR (Figure 6B). Following the
cutoff and combination, 153 top and 198 bottom nonoverlapping selection signatures
were observed. A total of 110 putative selection signatures overlapped with 160
genes and 631 QTL (Supplemental Table S17, see Notes), 24 of which were
enriched (FDR <0.01) in the HOL population (Supplemental Table S9). The
molecular function GO term “calcium ion binding” was significantly enriched (FDR
<0.05) for the genes S100A1, S100A13, S100A14, S100A16, S100A2, S100A3,
S100A4, S100A5, EHD4, PLA2G4D, and PLA2G (Supplemental Table S13). For the
GIR_BR population, 160 genes and 587 QTL were located on 160 putative selection
signatures (Supplemental Table S17), and 15 QTL were enriched (FDR <0.01;
Supplemental Table S9).

For the GIR_IN and GIR_BR population pair, positive values indicate selection
in GIR_IN, and negative values indicate selection in GIR_BR (Figure 6C). After
combination, 101 top and 201 bottom nonoverlapping selection signatures were
found. The functional analysis revealed 83 selection signature regions harbored 125
genes and 492 QTL (Supplemental Table S18; see Notes), with 6 enriched QTL
(FDR <0.01) for GIR_IN (Supplemental Table S9). For the GIR_BR population, 146
selection signatures with 151 genes and 402 QTL (Supplemental Table S18), of
which 10 were enriched (FDR <0.01) for GIR_BR (Supplemental Table S9).

3.4 Overlapping Selection Signatures
Figure 7 illustrates the overlapping autosomal selection signatures among

populations and tests. In the within-pulation analyses (Figure 7A), GIR_IN and
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GIR_BR shared more selection signatures with each other than with the HOL
population, as expected, given that they are different populations of the same breed.
However, in the between-population analyses (Figure 7B), the highest number of

shared selection signatures was observed between GIR_BR and HOL and between

GIR_IN and HOL.

Intersection Size

I Tojimo GIR_6R

—— .;‘Ilml[llmmw’Hl

(S Smm—y v EFE T ) iHS HOL .

[ex——=—— e =] Tajima HOL .

500 400 300 200 100 0

Set Size
300 4 i RN
]
@
c
£
8
B
5 2004
p
6 5 5 ] 3 2 2 1 1 1 1 1 1
il - am
I xP-EHH GIR_IN GIR_BR . I
T o T S| F. GIR_IN GIR_BR . I
[ s XP-EHH GIR_IN HOL . [ I
SRt T VPO R Fir GIR_IN HOL . I
I XP-CHH GIR_BR HOL .
L ] I

I . GIR_BR HOL

44444



https://www.sciencedirect.com/science/article/pii/S0022030225004151#fig7

47

Figure 7. (A) UpSet plot of overlapping autosomal selection signatures among Gir
bulls from India (GIR_IN), Dairy Gir sires from Brazil (GIR_BR), and Holstein bulls
and cows from Canada and the United States (HOL) populations and Tajima's D and
iHS tests. (B) UpSet plot of overlapping selection signatures among pairwise
population analyses and XP-EHH and Fsr tests. Single dots indicate the total number
of selection signatures identified by each test and population; connected dots

represent regions shared across tests or populations.

4 DISCUSSION

This study assessed genetic diversity and selection signatures in 3 cattle
populations: a Holstein population from the United States and Canada, Gir from
India, and Dairy Gir from Brazil, which were originally imported from India and have
been selected for milk production in Brazil over the past 40 years. We assessed
several diversity metrics and detected regions under selection via within-population

and between-population tests.

4.1 Population Differentiation and Genetic Diversity

As expected, a high ratio of averages of Fst based on Hudson's method was
observed when the HOL population was included in the pair. Specifically, we
observed a similar genetic differentiation between the HOL and GIR_BR populations
(0.4671) compared with the findings (0.436) reported by Tijjani et al. (2022) when
Holstein cows from Europe and Dairy Gir cows from the same GIR_BR population
that were studied in our research. Moderate (0.1062) genetic differentiation was
observed between the GIR_BR and GIR_IN pair. Despite belonging to the same
breed, these populations have diverse backgrounds and have experienced distinct
selection processes, with greater selection pressure on the GIR_BR population.

The Gir populations, particularly GIR_BR, presented higher values of mean
TIrotal than did the HOL population, indicating considerably greater genetic diversity
for Gir populations. In contrast to HOL, GIR BR, and GIR_IN populations
experienced weaker selection intensity, likely resulting in more alleles segregating

and sequences more divergent, creating more different sites per sequence (Nei and
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Li, 1979). Masharing et al. (2023) reported a greater nucleotide diversity value
(0.356) for Gir from India using ddRAD sequencing than our study did (mean TTotal =
0.278). Differences in sampling methods and the density of the molecular sequencing
technique used may have contributed to this discrepancy. The HOL population
showed the lowest mean Tr1otal (0.152%), likely due to the stronger selection pressure
for maximizing productivity. Neumann et al. (2023) reported a similar value for
nucleotide diversity in the Holstein population (Mean Trrotar = 0.147%). The authors
used a set of Holstein samples from Run 9 of the 1000 Bull Genomes project,
including 60 individuals from Canada and the United States.

The regions with the highest levels of nucleotide diversity across all
populations were BTA4 (113.1-113.17 Mb, 105.56-105.63 Mb), BTA12 (71.16-71.27
Mb, 72.8 - 72.85 Mb), BTA15 (45.96-46.01 Mb, 46.2—-46.25 Mb), and BTA23 (26.04—
26.17 Mb, 27.1-27.15 Mb). The top 10 regions with relatively high nucleotide
diversity were associated with uncharacterized genes (LOC genes; Supplemental
Table S5). Among the characterized genes with higher nucleotide diversity, GIMAP?,
on BTA4, is a member of the GTPase family that is conserved in both plants and
vertebrates (Kriicken et al., 2004). Regions with high genetic diversity are known to
be responsible for regulating immunity (Li et al., 2023). Future research could further
unravel the genomic architecture and impact of regions with high nucleotide diversity.

The region with the highest SNV density (Supplemental Figures S2-S4) aligns
with our analysis of nucleotide diversity on BTA23 (regions 26.04—26.17 Mb and
27.1-27.15 Mb) across all populations. When a region has a high density of SNVs
and exhibits much higher-than-average nucleotide diversity, this suggests that the
region has accumulated many mutations over time. These mutations contribute to
increased genetic variation within each population, because nucleotide diversity
measures the degree of variation between the sequences of different alleles (Nei and
Li, 1979). Several gene families related to immunity (i.e., major histocompatibility
complex, BOLA), olfaction (olfactory receptor family), and reproduction (i.e.,
glutathione S-transferase a; Rabahi et al., 1999) were annotated in this region

(Supplemental Table S6).
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4.2 Minor Allele Frequency (MAF)

The GIR_BR cows showed the highest mean MAF (0.191) among the studied
populations. This may be because the animals sampled for this population were
strategically chosen to represent the different lineages of the Brazilian Dairy Gir. A
previous study including a sample of 5 Peruvian Gir descendants from Brazilian Dairy
Gir reported a lower MAF of 0.13 (Corredor et al., 2023). An MAF score higher than
0.1 indicates sufficient polymorphism in a population for effective genomic selection
(Rajawat et al., 2024). The proportions of polymorphic markers (markers with an MAF
>0.1) in GIR_IN and GIR_BR were 0.52 and 0.63, respectively. The GIR_IN
individuals were not part of an animal breeding program. The lower MAF (0.044)
observed in the HOL population corroborates the intense selection pressure applied

on this breed in Canada and the United States.

4.3 Heterozygosity and Inbreeding Coefficient

The Ho and He in the HOL population (0.219 and 0.226, respectively) were
lower than those reported for other Holstein populations. Previous studies reported
Ho ranging from 0.36 to 0.38 and He between 0.31 and 0.37 (Makina et al., 2014;
Vostry et al., 2023). The inbreeding coefficient in HOL was 0.031, similar to values
previously reported for Holsteins from Canada and the United States (Vostry et al.,
2023). Our results suggest that, despite the lower levels of heterozygosity, the overall
level of inbreeding remains relatively low. The reduced genetic diversity is likely
associated with the intensive selection pressure applied to Holsteins, which
increased after the implementation of genomic selection (Makanjuola et al., 2020).
The average inbreeding coefficient increased by 0.26% between 2010 and 2020 in
Canadian Holsteins (Van Doormaal, 2024) while maintaining high productivity, which
agrees with our findings.

The GIR_IN population displayed the lowest mean of the inbreeding coefficient
(-0.092) and the highest difference between Ho (0.373) and He (0.341). The lower
levels of selection pressure, compared with the other populations, may have
contributed to these results. However, this comparison should be taken with caution
due to the GIR_IN population sample size. A small sample size (<20 animals) can
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lead to underestimation of He and, thus, alter the genetic distances to other
populations (Ajmone-Marsan et al., 2023).

The GIR_BR population displayed an Fuom of 0.011. Using a part of the
population used in this study, Peripolli et al. (2020) reported an inbreeding coefficient
based on runs of homozygosity (Fron) of 0.04, and Garcia et al. (2023) reported an
Fron of 0.19; however, those coefficients rely on distinct methods, and low to high
correlations were observed between Fron and FHowm in Dairy Gir cattle (Peripolli et al.,
2018).

4.4 Selection Signatures and Genes Under Selection

This study used several tests to identify selection signatures within and
between Holstein and 2 populations of Gir cattle. The genes colocalized with the
selection signatures highlight positive selection pressure related to adaptation and
the selection criteria applied, especially for Holstein and Dairy Gir cattle. More
specifically, the genes under selection were related to immunity, milk production,
mammary gland function, embryogenesis, reproduction, and environmental
adaptation.

We assumed the extremes of the 1% windows as candidate selection
signatures, and we merged adjacent windows to identify signs of potential recent
selection. This is because there has not been enough time for crossover events
during meiosis to disrupt and recombine the chromosomal segments exhibiting these
signatures. The positive mean Tajima's D value observed in the genome across all
genome regions is expected because only approximately 5% of the mammalian
genome is under selection (Mouse Genome Sequencing Consortium, 2002), and
selection is applied for numerous traits in breeding programs. Although the 3
population sets had a large difference in number of individuals, the chosen tests for
between-population analyses (XP-EHH and Fst) were suitable for unbalanced
sample sizes.

Employing multiple methods enhances the reliability of selection signature
detection (Qanbari and Simianer 2014) and strengthens confidence in the results,
highlighting candidates for future studies. However, because these strategies are
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grounded in varying statistical assumptions, they may generate different findings that

can complement one another (Rodrigues et al. 2025).

4.4 1 Environmental Adaptation

Selection signatures between Holstein (Bos taurus taurus) and Gir (Bos taurus
indicus) populations may reflect the long-term evolutionary divergence that led to
differentiation between the 2 subspecies. We detected selection signatures through
multiple tests (iHS GIR_IN, iHS GIR_BR, Tajima's D GIR_BR, Fst GIR_IN and HOL,
and Fst GIR_BR and HOL) that coincided with the regions reported by Naval-
Sanchez et al. (2020) and Balbi et al. (2023). These regions are also colocalized with
the HELB gene. Naval-Sanchez et al. (2020) identified exclusive indicine variants
and a selection signature in BTA5:47.67-48.1 Mb, whereas Balbi et al. (2023)
identified a main peak on BTA5:46.94-48.03 Mb in a GWAS for coat score and hair
length in Brangus animals. The HELB gene is an ATP-dependent DNA helicase
involved in DNA replication, damage repair, and replication stress responses
(Hazeslip et al., 2020). Thus, the HELB gene may have contributed to the adaptation
of indicine cattle to the environmental conditions of tropical regions (Naval-Sanchez
et al., 2020).

Members of the heat shock protein 70 (HSP70) family were found in the
selection signatures for the Gir populations. This family is the largest and most
abundant family of heat shock proteins (HSP). These proteins are chaperones that
provide protection against cellular stress by maintaining protein folding and
decreasing apoptosis (Velichko et al., 2013). The HSPA4 gene was found in the
GIR_IN population through the iHS test. HSPA4 also regulates the progression of
spermatogenesis, directly affecting male fertility (Held et al., 2011). Additionally, the
HSPA12A gene was detected in the analysis between GIR _IN and GIR_BR via the
Fst test, which could be explained by the particular differences between Brazil and
India, because the expression of this gene may be linked to environmental stressors
and adaptation between Brazil and India.

Members of the heat shock protein 40 (HSP40) family were also found in our
analyses, especially for Gir populations. This protein collaborates with other HSP to

maintain protein homeostasis, forming an important chaperone system (Liu et al.,
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2020). The DNAJC18 gene was found in the GIR_IN and HOL pair and in the
GIR_BR and HOL pair in the Fst analysis and in the GIR_BR population through the
iHS test. This gene is involved in thermogenesis and cold and heat adaptation
(Huang et al., 2023). The DNAJC3 gene was observed under selection pressure in
the HOL population via the iHS test and in HOL (GIR_IN and HOL pair) and GIR_BR
(GIR_IN and GIR_BR pair) through the XP-EHH test. This gene was previously
implicated in endoplasmic reticulum stress in hepatocytes exposed to nonesterified
fatty acids (NEFA), indicating that this gene might be directly related to negative
energy balance (Fang et al., 2022).

Many members of the olfactory family were identified via intra- and between-
population analyses. Olfaction is a primary sense in cattle and is essential for the
recognition of toxic plants; behavioral interactions, such as mother—offspring and
social relationships; and the communication and recognition of fear, danger, estrus,
disease, and death (Salesse, 2017). Several olfactory genes are subjected to copy
number variation in Holstein and Dairy Gir cattle (Butty et al., 2020; Braga et al.,
2023). For example, the gene OR2AJ9 was found in the GIR_IN and GIR_BR
pairwise analyses and was previously found to be subjected to deletion in Dairy Gir
animals from the same population as in this study (Braga et al., 2023).

Several phospholipase A2 (PLA2) family genes were found under selection
across the 3 populations. PLA2G4E, PLA2G4D, and PLA2G4F were identified via the
XP-EHH statistic for HOL with both Gir populations. Phospholipase A2 is involved in
several biological events, such as the production of lipid mediators, the immune
response, membrane remodeling, and skin barrier maintenance (Murakami et al.,
2020). The PLA2G gene family was previously reported to be subjected to copy
number variation in cattle and related to the immune response (Golik et al., 2006;
Stothard et al., 2011; Seroussi et al., 2013). The PLA2R1 gene was identified via
within-population tests for the GIR_IN population and between-population tests for
the GIR_IN and GIR_BR pair, highlighting that this gene is under selection in the
GIR_IN population. This gene has been linked to stress, the immune response, and
oxidative stress in heat-stressed Holstein cows (Zheng et al., 2014), and may be
related to heat tolerance in this population
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4.4.2 Milk Production and Mammary Gland Function in Relation to Embryogenesis

The greater selection pressure for milk traits in GIR_BR led by PNMGL,
compared with GIR_IN, may have left a distinct genetic footprint related to milk
production. In the Fst analysis, the window with the highest value in the GIR_BR and
GIR_IN pair was 0.713 (BTA 14:0.05-0.1 Mb). This region harbors QTL related to
milk yield (243502) and ACER3, OR5D70P, and U6 genes. Further studies are
encouraged to take a closer look at this region in Gir cattle because this region may
be related to increased milk production. The QTL colocalized with ACERS3, insulin
level (193405), was significantly enriched (FDR <0.01) in our analysis. Insulin levels
are directly related to milk yield (Horst et al., 2021). However, no study comparing
insulin levels in Brazilian Gir and Gir from India has been published to our
knowledge. Another gene that might affect lactation is PTEN. This gene was found in
the HOL population via the iHS test. PTEN regulates fatty acid metabolism (Fu et al.,
2012) and can inhibit mammary gland development and lactation in dairy cows
(Wang et al., 2014).

Genes previously found to affect embryogenesis and mammary gland function
were found under selection. The CAV1 gene is downregulated in Holstein cows with
hemorrhagic mastitis (Zhang et al.,, 2022). The authors also observed strong
detection of CAV1 protein in vascular cells of healthy mammary glands and minor
evidence of the same protein in hemorrhagic mastitis. Moreover, this gene was found
to be upregulated in bovine oviduct epithelial cells exposed to elevated NEFA
compared with basal levels (Jordaens et al., 2017), as well as in granulosa cells
during ovulation and peri-ovulation (Lussier et al., 2017). These findings suggest that
the CAV1 gene influences fertility and mammary gland health.

The AQP1 gene was found in a Tajima's D selection signature in HOL, and
AQPS8 was found in an iHS selection signature in GIR_BR. Aquaporins (AQP) are
integral transmembrane proteins that regulate water transport across cell membranes
(Laloux et al., 2018). AQP1 and AQPS8 play essential roles in early bovine embryo
development. It was previously found to be expressed in the cumulus—oocyte
complex and blastocyst embryo stage (Petano-Duque et al., 2022). The AQP are
expressed in the bovine mammary gland and might be responsible for increasing

permeability and, to a lesser extent, milk secretion (Mobasheri et al., 2011).
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4.4 .3 Fertility

Several genes and QTL related to reproduction were under selection in the
BTX. The GAB3 gene was found to be under selection via Tajima's D in the HOL
population. This gene has been previously associated with spontaneous abortion in
Holstein cattle (Oliver et al.,, 2019). GAB3 mutant mice exhibited defects in their
ability to successfully complete pregnancies (Sliz et al., 2019). DACH2 was found in
the GIR_BR population via iHS, and it is associated with premature ovarian failure in
humans (Bione et al., 2004) and puberty in cattle (Canovas et al., 2014).

The FSHR gene was found to be under selection in the GIR_IN population in
the XP-EHH, GIR_IN and HOL pair analysis. This gene was previously related to
early reproductive traits in the Brahman breed (Tahir et al., 2021). It encodes the
follicle-stimulating hormone receptor, which controls follicle development,
spermatogenesis, steroidogenesis, ovulation, and hormonal balance (Ulloa-Aguirre et
al.,, 2018). Several genes of the family spermatogenesis-associated proteins
(SPATA2L, SPATA13, SPATA24, and SPATA33) were identified via iHS for the HOL
population and between-population pairwise analyses with the HOL population.

Genes previously related to reproduction traits and embryogenesis were also
identified via GIR_IN and GIR_BR pair analyses. The SAMD5 and SNORA70 genes
were found to be under selection pressure in the Fst analysis. The SAMDS5 gene is
related to the sire-conception rate in Holstein cattle (Fang et al., 2019), and
SNORA7O is linked to scrotal circumference at 18 months of age in Nelore, Brahman,
and Tropical Composite breeds (Melo et al., 2019, Miles et al., 2023), underscoring
the importance of reproductive traits under selection pressure. In pairwise XP-EHH
analysis, the WDR36 gene was found to be under selection pressure. The WDR36
gene is related to blastocyst development in cattle through miR-146b regulation
(Pavani et al., 2024). Knockdown of WDR36 can lead to preimplantation embryonic
lethality in mice, and its knockout causes the apoptotic death of blastomeres
(Gallenberger et al., 2011).

4.4.4 Growth Traits and Development
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Selection signatures overlapping genes affecting growth traits and milk
production were found in this study. The PLAG1 gene was found to be under
selection via the Fst test in the GIR_IN and HOL pair and in the HOL population via
Tajima's D test. The region harboring the PLAG1 gene is fixed or near fixation in
Holstein cattle, as supported by our findings and its identification under selection in
multiple studies (Signer-Hasler et al., 2017; Taye et al., 2017; Zinovieva et al., 2020;
Bertolini et al.,, 2022; Jin et al., 2022). PLAG1 regulates embryonic and fetal
development in cattle (D'Occhio et al., 2024) and is ubiquitously and highly
expressed in fetuses compared with adult cattle (Li et al., 2020). In Holstein cattle,
this gene was previously associated with milk composition traits (Fink et al., 2017),
stature (Karim et al., 2011; Littlejohn et al., 2012; Bouwman et al., 2018), growth
traits (Littlejohn et al., 2012; Fink et al., 2017), and heifer livability (Gao et al., 2023).

Genes related to stature in cattle, such as IGF2, HMGA2, CCNDZ2, and
NCAPG, were found in selection signatures for the GIR_BR population (Bouwman et
al., 2018). HMGAZ regulates IGF2, a paralog of IGF1 known to regulate growth (Abi
Habib et al., 2018). The HMGAZ2 gene is associated with ovarian length and height in
various cattle breeds (Shen et al., 2024). An indicine-specific copy number variant in
the HGMA2 gene was previously associated with navel length in Nelore cattle
(Aguiar et al., 2018).

Several QTL associated with muscularity and body fat were enriched for
GIR_IN, GIR_BR, and HOL, including traits such as Longissimus muscle area,
Subcutaneous fat thickness, Carcass weight, Marbling score, and Body weight.
These findings may be related to the fact that, especially during the early lactation
period, absorbed nutrients and body reserves need to be partitioned toward milk
synthesis to allow milk production and vyield to increase (Piantoni and VandeHaar
2023).

4.4.5 Health and Disease Resistance

Our research also revealed numerous genes from the solute carrier family
across different populations and tests. Interestingly, a selection signature region
harboring SLC11A1 (also known as NRAMP1) was close to fixation in the HOL

population. This gene plays an important role in host innate immunity by modulating
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iron metabolism in macrophages and influencing early-phase macrophage activation
(Wyllie et al., 2002). Polymorphisms in the SLC11A71 gene were previously related to
susceptibility to tuberculosis in Holstein cattle (Liu et al., 2017) and resistance to
several intracellular pathogen infections, including brucellosis (Cortés and Gonzalez,
2015), paratuberculosis (Pinedo et al., 2009), and tuberculosis (Kadarmideen et al.,
2011; Liu et al.,, 2017), in various breeds of cattle. Compared with indicine and
crossbred cattle, Holstein cattle are more susceptible to tuberculosis (Ameni et al.,
2007), whereas indicine and crossbred cattle exhibit a greater degree of diversity in
the SLC11A1 gene (Cortés and Gonzalez, 2015; Soares Fioravanti et al., 2020).
Therefore, increasing variability within the SLC11A7 gene might benefit Holstein
cattle health.

Another iron-related gene was found under selection in the BTX for the
GIR_IN population via iHS analysis. TMEM164 has a key role in ferroptosis, an iron-
dependent regulated cell death implicated in health and disease. This gene was
previously linked to Mycobacterium bovis infection (Correia et al., 2022) and SCS
(Sanchez et al., 2023).

5 CONCLUSIONS

We investigated genetic diversity and selection signatures in a Holstein cattle
population from the United States and Canada, Gir cattle from India, and Gir cattle
imported from India to Brazil and selected for milk production over the past 40 years
(Dairy Gir cattle). We observed that genetic diversity was lower in the Holstein
population than in the Dairy Gir population. Genes linked to major economic traits in
dairy cattle, including growth traits, reproduction, mastitis, milk production, heat
tolerance, health, temperament, and adaptation, were found to be under selection
pressure. Additionally, we also recommended target areas for increasing diversity
and areas that should be further assessed as advantageous for marker-enhanced

selection.
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CHAPTER 03 — SELECTION SIGNATURES IN DAIRY CATTLE: A SYSTEMATIC
REVIEW

ABSTRACT - Dairy cattle have undergone both natural and artificial selection,
which has shaped the genomes of current populations. Throughout this process,
individuals under selection acquire genomic footprints called selection signatures.
Identifying footprints of selection is helpful in the study of artificial selection, as it can
provide insights into the genetic improvement of dairy breeds, particularly in
identifying genes and beneficial mutations associated with adaptive and economically
important traits in dairy production. This systematic review aimed to characterize
research findings from 2016-2023 on selection signatures in dairy cattle. We
analyzed 21 studies conducted in19 breeds (taurine, indicine, and composite), in
which 5,099 genes were colocalized with selection signatures. This review examined
the potential of such selection signatures to identify genes and beneficial mutations
associated with traits under selection in dairy production, including fertility, health,
milk production and composition, environmental adaptation, and color traits. We
highlighted genes commonly found under selection, such as PLAG1. While DGAT1 is
an important gene for dairy production that was found to be under selection in
previous studies, it did not present evidence of selection within the reviewed
literature. Additionally, we emphasized the relationship between copy number
variations (CNV) and selection signatures and explored prospects related to
molecular technology, integrative approaches, and new frontiers of research. Our
review has demonstrated that dairy cattle selection is driven not only by economic
traits but also by ecological pressures and desirable color patterns.

Keywords: artificial selection, genes, natural selection, selection pressure, selective
sweep



68

1 INTRODUCTION

Dairy cattle production is one of the pillars of the agribusiness industry
worldwide. The dairy production sector will continue to expand, supported by the
growing demand for milk and dairy products. Efforts are being focused on optimizing
milk production systems to improve productivity and quality, animal health, and feed
efficiency in herds (OECD-FAO 2022) by selecting genetically superior animals for
economic traits under selection. The natural and artificial selection process leaves
footprints on the genome that can be detected through genetic analysis. Unique
genetic patterns or marks in the genome of selected individuals are called selection
signatures or selective sweeps (Fay and Wu 2000; Jensen et al. 2016).

Selection signature analyses can provide insights into the history and
evolution of dairy cattle populations. The ancestors of modern cattle are the extinct
aurochs (Bos primigenius), from which both taurine and indicine (or zebu) cattle have
evolved (Pitt et al. 2019), resulting in the formation of more than 1,000 contemporary
breeds (FAO 2015). Archaeological and genomic evidence suggests that taurine
cattle (Bos taurus) were domesticated from Bos primigenius primigenius in the Fertile
Crescent during the Neolithic period, more than 10,000 years ago, and are currently
inhabiting the Persian Gulf region to the Nile River Valley (Bruford et al. 2003;
Ajmone-Marsan et al. 2010; MacHugh et al. 2017). Approximately 1,500 years later,
a second domestication event occurred in the Indus Valley, current regions of India
and Pakistan, from Bos primigenius nomadicus, resulting in indicine cattle (Bos
indicus) (Loftus et al. 1994). During domestication, animals were exposed to
heterogeneous environmental pressures related to temperature, parasites, altitude,
and water and food shortage.

In addition to revealing ancient selection signals, the motivation for
investigating selection signatures is that these regions can pinpoint genes and
mutations with large phenotypic effects regardless of whether they are currently
segregating within a population. Variants that are no longer segregating can be
detected using classical quantitative genetics methods, but this requires designing
linkage experiments through specific crosses (Ramey et al. 2013; Utsunomiya et al.

2015). Given that genes and beneficial mutations are linked to adaptive and
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economically important traits, selection signature studies provide valuable insights
into the changes in and progress of artificial selection, aiding in genetic improvement
in livestock populations (Cesarani et al. 2018). Single-nucleotide polymorphisms
(SNP) harboring or located within a selection signature related to economic traits can
serve as population-informative markers and, therefore, can be included in arrays
focused on specific breeds (Schiavo et al. 2020). Additionally, selection signatures
can be used to validate the results of genome-wide association studies (GWAS) for
phenotypic variation (Gonzalez-Prendes et al. 2022).

Foundational studies on selection signatures have focused on taurine animals
and milk yield traits (Gutiérrez-Gil et al. 2015; Randhawa et al. 2016). However, with
the increasing demand for resilient and disease-resistant animals, studies have
focused on health and environmental adaptation traits. Numerous studies, including
those involving indicine and indigenous cattle breeds, have also been published due
to the widespread use of SNP arrays and whole-genome sequencing (WGS). This
review aimed to characterize research findings from 2016-2023 on selection
signatures in dairy cattle, highlighting genes under selection that are related to
economically important traits in the dairy industry, including fertility, health, milk
production and composition, environmental adaptation, and color traits. Additionally,
we addressed fundamental concepts of selection signatures, the molecular

technologies employed to detect them and discussed prospects in this field.

2 MATERIAL AND METHODS
2.1 Literature search and inclusion criteria

To guide this systematic review, we selected studies between 2016 and 2023
that focused on selection signatures of dairy-purpose cattle, which were available in
the Web of Science and Scopus databases. For the literature search, we used a

combination of the terms "selection signatures", "selective sweep", "signatures of
selection", “dairy”, “milk*”, “cattle”, “bovine”, and “cow”.

To select relevant scientific articles, we initially checked if the study contained
any of the search terms in the abstract, in title or in keywords. After removing
duplicate scientific articles, we applied the additional inclusion criteria: (1) peer-

reviewed articles published in English; (2) the study used methods to identify
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selection signatures within- or between-population; (3) the study used dairy purpose
cattle as the experimental model; (4) availability of full-text articles. Articles meeting
these criteria proceeded to the full-text review stage. In cases where articles
conducted multiple analyses, including both dairy and non-dairy cattle, the results

were screened to extract only those related to dairy-purpose cattle.

2.2 Exclusion criteria

Duplicates, review articles, and studies not published in English were not
included. Additionally, analysis that mixed dairy-purpose cattle with dual or beef
purposes and runs of homozygosity (ROH) results were not included in the review
due to their multifactorial nature. Studies published before 2016 were not reviewed,
as they were previously addressed in earlier meta-analyses and reviews on selection

signatures in cattle (Gutiérrez-Gil et al. 2015; Randhawa et al. 2016).

2.3 Functional analysis

Although within and between-population approaches were considered, only
genes identified in within-population analyses were compiled in this systematic
review. Previously uncharacterized genes (ENSAGBTA) were checked for gene
name updates via the gprofiler2 R package (Peterson et al. 2020). For the studies
that did not display gene search results, the corresponding genomic windows were
annotated via genes retrieved from the Ensembl Genes database (Ensembl Release
113, https://www.ensembl.org/, last accessed 28/01/2024) and the GALLO R
package (Fonseca et al. 2020b). For studies that reported genomic windows in
previous genome reference versions (i.e., UMD_3.1), the genomic coordinates were
converted to ARS_UCD1.2 via the UCSC Lift Over tool (Raney et al. 2024) using

default parameters.

3 RESULTS AND DISCUSSION
3.1 Studies and genes under selection

After the exclusion of duplicated and non-dairy selection signatures articles,
35 studies of selection signatures in dairy cattle were screened for this systematic

review, including within- and between-population studies (Table 1).
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Table 1. Details on selection signature studies in dairy cattle published from 2016 to

2023.
Author Number of Breed (number of DNA molecular Tests
retrieved animals) technology*
genes
Persichilliet  Not applied Italian Holstein (74), SNP array Fst, wFsT, XP-
al., 2023 Parmigiano Reggiano (Imputed 86K) EHH, Rsb
Holstein (105), North
American Holstein (101)
Rajawat et 1045 Gir (24), Hariana (10), SNP array (50K) iHS, ROH,
al., 2023 Nelore (24), Ongole Tajima's D,
(20), Red Sindhi (10), Fst
Sahiwal (17),
Tharparkar (72)
Velayudhan  Not applied Crossbred Indian+Exotic SNP array (62K) XP-EHH
et al., 2023 (37), Holstein-Friesian
(50), Jersey (7)
Nayak et al., 292 Tharparkar (72), SNP array (50K) iHS, CLR,
2023a Vrindavani (72), ROH, Tajima's
Frieswal (14), Gir (24), D, Fst, XP-
Sahiwal (17), Red EHH, Rsb
Sindhi (10), Holstein-
Friesian (63), Jersey
(28), Ongole (20)
Velayudhan  Not applied Not reported SNP array (62K) XP-EHH
et al., 2023
Rocha etal., Notapplied Gir (2093) SNP array (50K) ROH, Fsr
2023
Nayak et al., Not applied Tharparkar (72), SNP array (50K) ROH, Fsr, XP-
2023b Frieswal (14), EHH
Vrindavani (72), Gir
(24), Sahiwal (17), Red
Sindhi (10), Kankrej
(10), Ongole (20),
Hariana (10), Nelore
(24), Holstein Friesian
(63), Jersey (28),
Ayrshire (18), Guernsey
(21), Brown Swiss (24)
Abbasi- Not applied Holstein (266) SNP array (50K) XP-EHH
Moshaii et
al., 2022
Ruvinsky et ~ Not applied Yaroslavl (22), WGS (>6X) wFst, HapFLK
al., 2022 Kholmogory (20), Yakut
(20) and Holstein (20),
Run 9 of 1000Bulls
genome project (4779)
Jin et al., 1553 Dengchuan (10), Angus  WGS (8.2-23X) ROH,
2022 (9), Holstein (8) nucleotide

diversity (pi-



Rajawat et
al., 2022

Tijani et al.,
2022

Gonzalez-
Prendes et
al., 2022

llla et al.,
2021

Gautason et
al., 2021

Schmidtman
n et al., 2021

Saravanan et
al., 2021

Liu et al.,
2021

Lloret-Villas
et al., 2021
Singh et al.,
2020

Not applied

1239

110

Not applied

118

357

254

25
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Tharparkar (72),
Ayrshire (18), Brown
Swiss (24), Gir (24),
Guernsey (21), Hariana
(10), Holstein Friesian
(30), Jersey (28),
Kankrej (10), Ongole
(20), Red Sindhi (10),
and Sahiwal (17)

Gir (10), Kenana (10),
Butana (10), Aryashai
(10), Baggara (10),
Gash (10), Fulani (10),
Ogaden (9), Kenyan
Boran (10), Savannah
Muturu (10), N'Dama
(10), Ankole (10)
Holstein Friesian (5),
Groningen White
Headed (21), Meuse-
Rhine-Yssel (23), Dutch
Belted (23), Dutch
Friesian (24), Deep Red
(24)

Sahiwal (193)

Icelandic (8064)

Red and White Dual-
Purpose (744), Red
Holstein (88), Meuse-
Rhine-Yssel (292)
Tharparkar (24), Gir
(24), Sahiwal (17), Red
Sindhi (10), Kankrej
(10), Ongole (20),
Hariana (10), Holstein
Friesian (30), Jersey
(28), Ayrshire (18),
Guernsey (21), Brown
Swiss (24)

Holstein (1092)

Brown Swiss (161)

Vrindavani (96), Hariana
(18), Holstein Friesian

SNP array (50K)

WGS (NA)

WGS (7X to 13X)

SNP chip (53K)

SNP array (777K,
50K)
SNP array (777K,
50K)

SNP array (50K)

Genotyping by
genome reducing
and sequencing
(GGRS)

WGS (8.8-62.4X)

SNP array (777K,
50K)

72

ratio), CLR,
XP-CLR, Fsr
Tajima's D, Fu
& Li's D*,
CLR, ROH,
iHS, Fst, FLK,
hapFLK

Hp, Fst, XP-
EHH

CLR, w-
statistic

Fst, H1, H12,
Tajima's D,
nucleotide
diversity
ROH, iHS

iHS, XP-EHH

ROH, iHS, Fsr

iHS, ROH

CLR

iHS, XP-EHH,
Fst



(30), Jersey (21), Brown
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Swiss (24)
Ghoreishifar  Not applied Fjallnara (16), Fjall (23), SNP array (150K) DCMS with
et al., 2020 Swedish Holstein— Fst, H1, H12,
Friesian (24), Swedish Tajima's D,
Red (25), Swedish Red nucleotide
Polled (18) diversity
Zinovieva et Not applied Holstein (25), Yaroslavl SNP array (777K) ROH, Fsr,
al., 2020 (31), Kholmogor (25) hapFLK
Huson etal., Not applied Island Jersey (49), SNP array (777K) Fst, ROH
2020 nonisland Jersey (46)
Moradianet 9 Sarabi (20) SNP array (777K) iHS
al., 2020
Tijjani etal.,, 882 Jersey (10), Holstein WGS (2-45X) iHS, Rsb
2019 (10), N'Dama (10),
Muturu (10)
Refoyo- 3 Brown Swiss (4), WGS (NA) and Sb
Martinez et Holstein (10), Jersey (9), SNP array (777K)
al. 2019 Kerry Cattle (4)
Mekonnen et  Not applied Sheko (12), East African SNP array (777K) iHS, CLR, Rsb
al., 2019 Shorthorn Zebu (92),
Ankole (25),
Karamojong (16),
Nganda (23), Serere
(12), Fogera (11)
Bahbahani et 53 Kenana (25), Butana SNP array (777K) iHS, Rsb
al., 2018 (25), Small East African
shorthorn zebu (92),
Holstein Friesian (59),
Jersey (32), N'Dama
(24), Nelore (35), Sheko
(18)
Zhang etal., Notapplied Holstein (32), Brown WGS (>~10X) iHS, Fst, ROH
2018 Swiss (20), Danish Red
(45)
Cheruiyotet 52 Lushoto (485), Rungwe  SNP array (150K, iHS, XP-EHH,
al., 2018 (346), Ndama (24), East 777K) pcadapt
African Shorthorn Zebu
(50)
Signer- Not applied Brown Swiss (281), SNP array (50K, Fst
Hasler et al., Braunvieh (3386), 777K)
2017 Original Braunvieh

(167), Holstein (2568),
Red Holstein (1960),
Swiss Fleckvieh (547),
Simmental (248),
Eringer (36), Evoléner
(21)

Taye et al., 209 Holstein (10), Hanwoo WGS (average of  Tajima’s D,

2017 (11), N'Dama (10) ~11X) XP-CLR, XP-
EHH

Iso-Touru et  Not applied Finnish Ayrshire (28), SNP array (50K) XP-EHH

al., 2016 Western Finncattle (40),
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Nothern Finncattle (25),
Eastern Finncattle (40),
Yarovslavskaya (20),
Busha (35), Kalmykian
cattle (22), Podolian
cattle (16), Ukrainian
Grey (24), Yakutian (40)

Khayatzadeh 81 Red Holstein-Friesian SNP array (50K) iHS, XP-EHH
et al., 2016 (101), Simmental (91),

Swiss Fleckvieh (308)
Chen et al., 37 Holstein (96), Simmental SNP array (777K) LRH, XP-
2016 (447) EHH, Fst

*For SNP array, density is in brackets. For whole-genome sequencing (WGS),
coverage is in brackets. Whether the information was not found in the article or
supplementary material, not available (NA) was written.

In total, 5,001 genes and 98 miRNA were found to be under selection in 20
studies. Little overlap was observed among studies and breeds (not shown data),
likely due to differences in methodology, marker density and position in SNP arrays,
varying natural selection, selection objective depending on population purpose and
history, and potential divergence among subpopulations of the same breed.

The number of genes found in studies that used WGS differed from those that
relied on SNP arrays, which can be explained by the greater power of sequencing
technology detection. Holstein cattle are the most studied breed (Table 1, Figure 1).
Notably, 41.8% of the studies explored Holstein selection, leading to a greater
number of retrieved genes. However, despite the relatively lower number of
individuals with available genomic information, indigenous and locally adapted
breeds are in the spotlight owing to their dairy productivity and unique ability to cope
with environmental pressures, such as diseases, heat, and cold stress. The most
popular tests for selection signatures between-populations were Fst (19 studies) and
XP-EHH (14 studies). For the within-population tests, iHS was the most popular (16
studies) (Table 1).
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Figure 1. (A) Number of genes under selection per breed identified by within-
population tests in studies published from 2016 to 2023 for dairy-purpose cattle. (B)
Number of studies for each breed, highlighting that the most studied breeds are
Holstein and Gir. Molecular technology and the number of studies, animals, and tests
impact the number of genes identified under selection.

Selection signature analysis provides valuable insights into the genetic basis
of complex traits selected in dairy cattle breeding worldwide. The following sections

were split into specific traits, such as fertility, health, milk production and composition,
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environmental adaptation, color patterns, and potential pleiotropic genes for better

clarity and understanding.

3.2 Fertility

The identification of selection signatures provides insights into the genetic
architecture of fertility traits in dairy cattle. Rocha et al. (2023) identified selection
signatures in two groups of Dairy Gir cattle, which differed in their breeding values for
the total number of oocytes, viable oocytes, and number of embryos. Using the Fst
approach, these authors identified selection signals covering transcription factors and
genes that could contribute to the performance of these traits. For instance, the
KNTC1 gene was related to ovarian dysfunction in mice (Kaune et al. 2022), and the
ABL?2 gene was differentially co-expressed between highly fertile and sub fertile cows
(Fonseca et al. 2020a).

Reproductive hormones, such as choriogonadotropin, luteinizing hormone,
and estrogens, play a core role in reproductive processes, and artificial selection
pressure may have left patterns in genes related to steroid hormones and
steroidogenesis. Velayudhan et al. (2023b) identified several genes involved in the
synthesis of steroids and encoding the receptor of choriogonadotropin and luteinizing
hormones via the XP-EHH test in crossbreds (Indian native dairy cows with exotic
milk breeds) and Holstein-Friesian cattle, such as CYP17A1 (Singh et al. 2022) and
LHCGR (Yuan et al. 2017).

In the dairy cattle industry, it is widely recognized that strong directional
selection for milk production has negatively impacted fertility (Misztal and Lourenco
2024), resulting in effects not only on the phenotypic average of herds but also at the
DNA level. Huson et al. (2020) applied the Fsr test to compare genetic differentiation
between Jersey from the island and non-island Jersey (from the United States,
Canada, New Zealand, and Denmark). The strongest signal (0.74) harboured DSC1,
DSC2, and DSC3, which are members of the desmocolin gene family. The DSC2
gene has been associated with several fertility traits in the literature, such as age at
first calving, productive life, and cow, daughter, and heifer conception rate (Cochran
et al. 2013; Ortega et al. 2016; Zuleica Trujano-Chavez et al. 2022; Gonzalez Berrios
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et al. 2024). These findings illustrate the effect of distinct selective objects and
pressure on subpopulations of the same breed.

However, as they share a common genetic background, different populations
of the same breed are also expected to exhibit similar genomic patterns. For
example, Persichilli et al. (2023) found selection signatures in common with three
subpopulations of Holstein cattle breed (i.e., individuals from the United States and
Canada, ii. Italian Holstein cattle not involved in Parmigiano Reggiano cheese
production, and iii) Italian Holstein cattle used for Parmigiano Reggiano cheese
production) using Fst. The overlapping genes under selection between Italian
involved or not Parmigiano Reggiano cheese production and non-ltalian Holsteins
are related to fertility, such as LEO1, FER, and ZFPM1. The LEO1 gene was related
to oocyte and sperm production (Chu et al. 2012; Lillepea et al. 2024). The FER gene
encodes the FER protein, a tyrosine-protein kinase involved in the process of sperm
capacitation (sperm ability to fertilize) (Alvau et al. 2016; Bathala et al. 2018). The
ZFPM1 gene has been associated with dizygotic twin births (Mbarek et al. 2024).

Understanding the genetic basis of fertility can help address the challenges
faced in dairy cattle production, such as reduced fertility and decreased reproductive
efficiency, which lead to economic losses for dairy farmers. However, studies on
gene expression are needed to validate these findings. Furthermore, weighted single
step GWAS (WssGWAS) and genomic selection methodologies that account for
varying weights of selected variants in specific regions should enhance our
understanding of how these regions impact the genetic variation in fertility traits. This

will enable more informed decisions for more effective breeding in dairy cattle.

3.3 Health

The ability of a cattle population to cope with specific diseases can be
identified in the genome through selection signature approaches. Health and
immunity traits are essential for improving disease resistance and overall animal
health in dairy cattle, leading to increased milk production and profitability.

Mastitis is an important disease affecting dairy cattle worldwide, resulting in
substantial economic losses to the dairy industry, and selection signatures may

contribute to understanding the genomic architecture underlying this disease.



78

Persichilli et al. (2023) studied selection signatures between Italian and North
American Holsteins using Fsr test and identified the MAPKG6 gene, which is related to
mastitis (Ghahramani et al. 2021).

Specifically, experimental designs focused on identifying selection signatures
associated with mastitis resistance and susceptibility can aid in the development of
breeding strategies to improve mastitis resistance in dairy cattle by pinpointing
regions involved in this disease. For instance, Abbasi-Moshaii et al. (2023) performed
a genomic scan for selection signatures related to mastitis via the XP-EHH approach
on German Holstein cows with one or more records for clinical or subclinical mastitis
(sick group) and without any entry (healthy group) in their first lactation. The miRNA
MIR455 gene, identified in the healthy group, was downregulated in infected
mammary gland tissue in another study (Li et al. 2015). These findings suggest that
MIR455 may be a potential candidate for mastitis resistance.

Natural selection may have shaped immune-related and disease-resistance
genes in indicine and indigenous cattle breeds. Comparing these populations with
high-productivity dairy breeds through between-populations analysis may reveal their
specific adaptations and evolutionary history. In this section, we provide three cases
as examples of this narrative.

Nayak et al. (2023a) studied selection signatures in the major
histocompatibility complex (MHC) region for indicine (Gir, Hariana, Kankrej, Nelore,
Ongole, Red Sindhi, Sahiwal, and Tharparkar), taurine (Holstein Friesian, Jersey,
Ayrshire, Guernsey, and Brown Swiss), and composite cattle (Frieswal and
Vrindavani). A selection signature involving the BOLA and MIC1 genes in Red Sindhi
and Jersey was reported using the Fst test. BOLA belongs to the bovine MHC class
[I gene family, which mediates disease resistance (Behl et al. 2012). The MHC is
important for initiating the adaptive immune response; class | and class || molecules
encoded by MHC genes communicate infection by presenting peptides derived from
pathogens to receptors CD8+ and CD4+ on T-cells (Behl et al. 2012). MIC1 is the
macrophage inhibitory cytokine 1 gene, and macrophages are part of the
inflammatory response.

Interleukin family genes are known for their involvement in the immune system

and inflammatory processes. Iso-Touru et al. (2016) studied selection signatures
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between Finnish Ayshire and rare and endangered Eurasian taurine breeds. These
authors found a selection signature between Finnish Ayshire and native dairy breeds
(Yarovslavskaya, Eastern, and Northern Finncattle) encompassing several genes
from the interleukin family on chromosome 16 via the XP-EHH test. Using de-
correlated composite of multiple signals (DCMS), Ghoreishifar et al. (2020a)
identified several genes under selection associated with host resistance to
gastrointestinal nematodes, including CYP4F2 and TMEM37 (Li et al. 2011), in Fjall
and Swedish Red Polled breeds, respectively. The northern cattle were initially raised
in woodlands in the summer and may have adapted to their local environment and its
challenges.

Bahbahani et al. (2018) reported genes under selection related to
trypanotolerance in African cattle from Sudan. The authors analyzed the selection
signatures between the trypanotolerant breeds Butana and Kenana and Holstein and
Jersey breeds (Butana_Holstein+Jersey, Kenana_Holstein+Jersey) via the Rsb test.
The authors identified the IRAK3 (also known as IRAK-M) gene under selection,
which is related to the activation of innate immunity following Trypanosoma infection
(Campos and Gazzinelli 2004). The IRAKS3 protein plays an essential role in initiating
the innate immune response as a part of the signaling cascade of Toll-like receptors
and interleukin-1 receptors (Pereira and Gazzinelli 2023).

Within-population selection signature may also reveal evolutionary history of
indigenous breeds. Gautason et al. (2021) identified the TRAMZ2 gene as being under
selection in Icelandic dairy cattle via iHS test. This gene was previously associated
with leukemia virus susceptibility (Carignano et al. 2018). This disease has never
been reported in Iceland. Thus, the authors hypothesize that selection for the TRAM2
gene may have led to the extinction of the virus in the country or that selection for the
gene occurred prior to the migration of the breed to Iceland. However, further
research is needed to elucidate the exact mechanism behind this identified selection

pattern.

3.4 Milk production and components
Milk and its components are major economic factors in dairy cattle production.

Identifying selection signatures related to these traits can help pinpoint causal
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regions under selection in dairy purpose breeds. In many countries, milk fat is a
major selection criterion due to the profitability of fat (Mariani et al. 2022).

Holstein cattle are the most popular breed worldwide because of their high
productivity and strong selection pressure, which have left remarkable footprints in
the breed genome. Using the long-range haplotype (LRH) (Sabeti et al. 2002) test,
Chen et al. (2016) reported a selection signature encompassing the MGST1 gene in
Holstein cattle. The MGST1 gene has been previously associated with milk fat
production in QTL mapping studies (Littlejohn et al. 2016) and GWAS (Raven et al.
2014; Cruz et al. 2019). On one hand, different tests can be complementary, as they
allow the detection of different patterns in the genome, even in different
subpopulations of the same breed. On the other hand, the same test can spot similar
selection signatures in different subpopulations. For instance, genes involved in the
lactation pathway, such as GHR (growth hormone receptor) and GHRHR (growth
hormone-releasing hormone receptor), were found to be under selection in Holstein
cattle by Tijjani et al. (2019) and Liu et al. (2021) via the iHS test. GHR encodes a
transmembrane receptor for growth hormone and affects milk yield, fat, and protein
components (Blottet al. 2003; Waters et al. 2011).

In Red Holsteins, Schmidtmann et al. (2021) reported a set of selection
signatures on chromosome 18 between 16.5 and 33.5 Mb related to milk production
traits. One of the strongest signals observed by the authors was located near FTO
gene, which was previously linked to milk protein and fat yield in Holstein cattle
(Zielke et al. 2013).

The major protein in milk is casein; it accounts for approximately 80% of the
total protein, and its quality and abundance are essential for dairy products. The
casein group is mainly composed of four unique proteins, including as1, as2, 3, and k-
casein (Rajput and Sharma 2023). Taye et al. (2017) studied selection signatures in
Holstein, Hanwoo, and N'Dama cattle. The authors identified selection signatures via
Tajima’s D in Holstein cattle spanning the CSN1, CSN2, and CSN3 genes from the
casein family. CSN3 regulates the milk kappa casein profile in cattle (Martin et al.
2002; Caroli et al. 2009; Amalfitano et al. 2022). Additionally, the authors reported
that the SNP rs43703015 and rs43703016 in the CSN3 gene were exclusive to the



81

Holstein population. Therefore, the authors hypothesized that these signals might be
related to dairy specialization.

Over the genomic era, commercial breeds have benefited from relevant
genetic improvements in milk production. In contrast, indicine and indigenous
populations worldwide still face challenges in this regard due to their relatively recent
artificial selection compared with the most popular dairy breeds. However, it is
possible to detect selection signatures related to several aspects of dairy production
in indicine and indigenous populations, such as milk yield, composition, and lactation
persistency.

llla et al. (2021) identified selection signatures encompassing several genes
related to milk production and composition in Sahiwal cattle. These authors reported
genes possibly related to fat milk content (SLC25A1, HADH, CYP2U1, and SGMS?2),
milk yield (GHR and ADGRL4), the mammary gland (CCL28), and lactation
persistency (HMGCS1). Compared with Holstein cattle, Sahiwal cattle have a slightly
more desirable profile of fatty acid composition (Sharma et al. 2018). The findings
highlight the potential of native breeds and their crosses for the dairy industry.

Nayak et al. (2023b) identified several genes related to milk production and fat
and protein content in indicine (Tharparkar, Gir, Sahiwal, Red Sindhi), crossbred
(Vrindavani, Frieswal) and taurine (Holstein—Friesian, Jersey) dairy breeds via
multiple within- and between-population tests. The authors highlighted the EPHA6
gene identified by iHS, XP-EHH, Rsb, and Fst in Holstein—Friesian cattle, which is
related to milk fat production (Liu et al. 2020; Laodim et al. 2023). Rajawat et al.
(2023) studied selection signatures in indicine (Gir, Hariana, Nelore, Ongole, Red
Sindhi, Tharparkar, and Sahiwal) and dairy taurine breeds (Holstein Friesian, Jersey,
Brown Swiss, and Ayrshire). The author found that the gene CACNG2 was under
selection via the Fsr test in Gir and dairy taurine animals. This gene was previously
associated with fat percentage in Holsteins (Kolbehdari et al. 2009).

Cheruiyot et al. (2018) applied the iHS test and identified several genes under
selection related to lactation persistence and milk yield, such as ABCG2 (Cohen-
Zinder et al. 2005; Do et al. 2017), HERC5 (Do et al. 2017; Pedrosa et al. 2021), and
HERCG6 (Cohen-Zinder et al. 2005; Do et al. 2017), in Tanzanian crossbred cattle.

The Tanzanian crossbreeds are the product of crossing local East African Shorthorn
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Zebu with imported exotic dairy breeds (mainly Holstein, Friesian, and Ayrshire). This
practice started during the colonial era and was further encouraged by government
initiatives in the 1980s (Mwenya 1993). Rajawat et al. (2022) also reported that
HERCS and HERC6 were under selection in Gir via Tajima’s D test.

Although DGAT1 is a gene of major interest in milk production and has been
mentioned under selection in a past study in dairy cows (Qanbari et al. 2010), this
gene did not appear in any selection signal in the analyzed literature. DGAT1 is part
of the Diacylglycerol acyltransferases (DGAT) family, which are key enzymes in lipid
storage. The K232A allele has a widely studied influence on milk production traits, in
which K and A allele frequency varies among breeds and localities (Da Silva et al.
2010; Parra-Bracamonte et al. 2025). However, Esfahani et al. (2025) reported 146
missense mutations in the bovine DGAT1 gene that could also affect milk production
but need to be further studied. While it has been a focus in dairy systems, we can
hypothesize several reasons for DGAT1 was not shown to be under selection,
including: i) the selection pressure on DGAT1 alleles is relatively recent and it has
not yet left a detectable pattern in a region of the genome, as the first studies on
DGAT1 were published in 2002 (Grisart et al. 2002) or DGAT1 is not under
directional selection; ii) there are differences among subpopulations, such as
genomic differences within DGAT1 and the genotyped population is not currently
under selection, especially in studies that used the WIDDE database

(http://widde.toulouse.inra.fr/widde/); iv) the current tests may not effectively capture

selection signals within this gene.

3.5 Environmental adaptation

Thermotolerance is an important physiological mechanism that can influence
milk production in cattle. Heat stress impacts the expression of gluconeogenic genes,
which reduces the synthesis of hepatic glucose and the levels of nonesterified fatty
acids in the blood. These changes disrupt lactose synthesis in the mammary gland,
resulting in a decrease in milk yield (Wheelock et al. 2010; Rhoads et al. 2011).

Due to climate change, indicine and indigenous breeds, as well as their
crossbreeds, are valuable genetic resources and can be used to establish breeding

strategies for developing resilient and productive dairy cattle populations in tropical
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and subtropical regions. Knowledge of selection signatures helps in understanding
the underlying mechanism of heat tolerance and disease resistance, which are the
main adaptable traits of indigenous cattle breeds (Saravanan et al. 2021). The
genetic architecture of heat tolerance indicators via selection signature studies in
indicine and indigenous cattle can pinpoint candidate genes related to environmental
adaptability. This highlights the potential for conservation and genetic improvement in
these breeds. In addition, genes under selection related to heat stress can be used in
marker-enhanced selection for poorly thermotolerant cattle.

The most recognized biological markers of thermal stress responses are heat
shock proteins (HSP) and heat shock factors (HSF), the genes responsible for their
activation and expression. Saravanan et al. (2021) detected selection signatures
harboring genes related to thermal stress in indicine breeds using iHS test. The
authors identified the HSPA7TL gene in Gir cattle and the HSPA1B gene in
Tharparkar and Gir breeds.

Members of the DNAJ family serve as cofactors for heat shock protein 70
(Hsp70). llla et al. (2021) identified selection signatures in Sawihal cattle harboring
the DNAJB4 gene. Liu et al. (2021) identified another member of this family,
DNAJBS5, via iHS in Shangai Holsteins. The investigated Holstein population was
exposed to a subtropical climate with long, hot, and humid summers and conditions
of thermal discomfort. Tijjani et al. (2022) identified heat shock protein genes (HSPA9
and DNAJC18) via the pooled heterozygosity (Hp) test (Lewontin and Krakauer
1973) in Kenana and Dairy Gir cattle.

Heat stress activates HSF genes, which are responsible for the transcription of
heat shock protein genes (Wu 1995). Bahbahani et al. (2018) identified the HSF5
gene under selection via a pairwise Rsb test between the Butana breed and
European taurine dairy cattle (Holstein—Friesian and Jersey, combined).

Extremely arid conditions may leave specific patterns in the genome related to
survival and drought tolerance. Tijjani et al. (2022) used the pooled heterozygosity
(Hp), Fst, and XP-EHH approaches to identify selection signatures related to
adaptation to Sudan desert and semi-desertic regions in African Sudanese indicine
and other indicine breeds. The authors identified selection signatures in the Kenana

and Butana breeds, including genes involved in glucose homeostasis and insulin
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signaling (FAAP20, PRKCZ, SKI, and PLCH?2). These biological processes contribute
to animal survival during nutritional shortages in deserts, where periods of dietary
restriction increase insulin sensitivity and glucose absorption (Tijjani et al. 2022).

Given their distinct subspecies and selection history, differences in selection
signatures between taurine and indicine animals are expected. Rajawat et al. (2022)
conducted a study to detect selection signatures in seven indicine breeds (dairy and
dual purpose) and five taurine dairy breeds. They combined different approaches in
the DCMS framework (Ma et al. 2015). Interestingly, they found selection signatures
encompassing the ITPR2 gene via the Fst approach in the Jersey-Tharparkar pair.
This finding may indicate differences in the selection for heat tolerance between
taurine and indicine cattle, as ITPRZ2 is related to heat stress (Sigdel et al. 2019;
Cheruiyot et al. 2021).

In the matter of environmental adaptation, selection signatures can reveal the
direction of selection in composite breeds. Singh et al. (2020) employed iHS, XP-
EHH, and Fsr to study selection signatures in Vrindavani, an Indian composite dairy
cattle breed, and its parental breeds (Hariana, Holstein Friesian, Jersey, and Brown
Swiss). Despite milk yield being the main goal of artificial selection in the Vrindavani
breed, their findings imply that selection in this breed was more pronounced in
genomic regions related to environmental adaptation. This finding indicates that the
selection pressure in this composite breed was more influenced by environmental
factors, such as heat stress, rather than only by selective breeding for milk
production.

Extreme cold climates and limited forage availability are the main challenges
for dairy cattle breeds in arctic regions. These abilities can be studied at the genomic
level through selection signatures that can identify causal genomic regions for
adaptation to harsh environments. Ruvinsky et al. (2022) applied the Fst and
HapFLK tests to detect selection signatures in Yaroslavl cattle, a native Russian
dairy breed known for its small stature, low productivity, and ability to cope with cold
climates and lack of forage. The authors compared this breed with two related breeds
(Russian Kholmogory and Holstein) and the taurine set of the 1000 Bull Genomes
Project. Their analysis revealed a haplotype at the BTA28:30056005-30201884

position that encompassed the MSS57 and KAT6B genes, which were previously
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linked with skeletal muscle (Moyer and Wagner 2015) and leg morphology (Van Den
Berg et al. 2014), respectively. This haplotype was associated with lower weight and
height in adult life in the Yaroslavl breed in the study by Ruvinsky et al. (2022), which
may have been historically beneficial under harsh environmental conditions and a
low feeding base in Russia.

Furthermore, the haplotype was present at a low frequency in the two other
breeds, Modern Angler and Lithuanian Red, which are also adapted to cold climates.
High-altitude environments require that their inhabitants adapt to low levels of
oxygen. In a Swedish mountain breed, Fjall, Ghoreishifar et al. (2020a) reported
genes related to hypoxia and high-altitude adaptation, such as PPP1R12A (or
MYPT1) (Lopez et al. 2016) and SLC16A3 (Goyal et al. 2013).

Artificial selection is not the only anthropogenic action that impacts genome
patterns; pollution can also impact dairy cattle. Velayudhan et al. (2023a) studied
selection signatures among dairy cattle populations in India, considering their
exposure to heavy metals (cadmium and lead) and their geographical locations
(rural, urban, and a combination of urban and rural areas). For heavy metal exposure
analysis, the authors identified genes related to stress response and inflammatory
response, such as OPDR1, KDR and ADORAZ2A.

3.6 Color patterns

Regions controlling eye pigmentation are under selection in cattle breeds. A
lack of ambilateral circumocular pigmentation (pigmentation surrounding the eyes) is
a possible etiology for bovine ocular squamous cell carcinoma (eye cancer)
(Pazhanivel and Umarani 2022). llla et al. (2021) reported a selection signature in the
Sawihal breed harboring the LEF1 gene, and Rajawat et al. (2023) reported a
selection signature encompassing the CRIM1 gene in Gir cattle, both of which
display ambilateral circumocular pigmentation. LEF1 and CRIM1 were related to
ambilateral circumocular pigmentation in Fleckvieh cattle (Pausch et al. 2012).
Gonzalez-Prendes et al. (2022) performed a GWAS for ambilateral circumocular
pigmentation and complemented this approach with signature analysis using various
white- and nonwhite-headed breeds. The regions with the most significant
associations obtained by both methods were found on BTA3 (115-118 Mb) in Dutch
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Belted cattle and BTA3 (12-13 Mb), BTA11 (93-94 Mb), and BTA22 (45-48 Mb) in
Holstein Friesian cattle, which are both nonwhite-headed breeds. These genes and
regions might be especially important for the selective breeding of animals that have
increased susceptibility to eye tumors, i.e., European taurine cattle breeds
(Pazhanivel and Umarani 2022).

Well-studied genes (e.g., MC1R, KIT, ASIP (Girardot et al. 2006), and TYRP1)
(Berryere et al. 2003)) are targeted in cattle for the investigation of coat color. The
KIT gene was found to be under selection in Yaroslavl, Kholmogory, and Holstein
cattle via the Fst and HapFLK tests (Zinovieva et al. 2020; Ruvinskiy et al. 2022). All
three breeds exhibit black-and-white patterns. Rajawat et al. (2022) reported several
genes related to red and brown coat color, such as MC1R via the VarLD test in
Sahiwal cattle and ASIP and TYRP1 in Red Sindhi, both of which are reddish breeds.
Jin et al. (2022) identified the MC1R gene under selection in Holstein cattle via the
CLR test, and Rajawat et al. (2023) identified the same gene in Sahiwal cattle via
Tajima's D test. A selection signature encompassing the PMEL gene was found in
Butana cattle in a between-population analysis with Kenana (Bahbahani et al. 2018).
Kenana cattle are born with red coats that turn grey as they mature. Butana cattle are
distinguished by their deep red coat color, and PMEL may be connected to this color
(Bahbahani et al. 2018).

Coat color is a prominent phenotypic trait in cattle and other species and is
frequently influenced by both natural and artificial selection pressures. Its importance
spans practical factors, such as adaptation to environmental conditions and
sociocultural considerations, including breeders’ preferences for specific aesthetic
types. Compared with other quantitative traits, such as milk yield or milk fat
percentage, the genetic architecture of coat color is generally less complex.
However, dominance and epistatic interactions may still contribute to phenotypic
variation, especially for crossed breeds. It is expected that advances in selection
signatures with sequencing data and omics approaches will enable a more detailed
understanding of the genetic basis of coat color in cattle, facilitating the identification,
functional validation, and characterization of novel genetic variants and their

interactions.
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3.7 Possible pleiotropic genes under selection

Several studies using taurine and composite breeds have identified selection
signatures encompassing the PLAG1 gene. For example, this gene was identified
under selection within Chinese Holstein cattle via the CLR test (Jin et al. 2022),
Swedish cattle (Ghoreishifar et al. 2020a), Tanzanian crossbred cattle via the iHS
test (Cheruiyot et al. 2018), and between Holstein and Dengchuan cattle via the Fst
(Jin et al. 2022), and several Swiss dairy breeds (Brown Swiss, Red Holstein,
Holstein, and Braunvieh) via the Fst (Signer-Hasler et al. 2017).

The PLAG1 gene is a widely recognized gene with pleiotropic effects in cattle.
In Holstein cattle, the PLAG1 gene was previously associated with milk composition
traits (Fink et al. 2017), stature (Karim et al. 2011; Littlejohn et al. 2012; Bouwman et
al. 2018), growth traits (Littlejohn et al. 2012; Fink et al. 2017) and heifer livability
(Gao et al. 2023). A mutation in the PLAG1 gene was found to be introgressed in
indicine cattle (Utsunomiya et al. 2017), and in addition to regulating growth traits and
stature, it may also regulate puberty. The PLAG1 gene was previously related to birth
weight (Utsunomiya et al. 2013a, 2017) and heifer fertility in Nelore cattle (Mota et al.
2020, 2022) and puberty in Brahman cattle (Hawken et al. 2012; Fortes et al. 2013;
Engle and Hayes 2022).

Another possible pleiotropic gene, HMGA2, was identified in a selection
signature in Kenana, Butana, and Dairy Gir cattle by Tijjani et al. (2022). This gene is
known to be involved in growth in mammals (Habib et al. 2018) and was previously
linked to ovarian length and height in a various cattle breed (Shen et al. 2024) and
navel length in Nelore cattle (Aguiar et al. 2018). Aguiar et al. (2018) reported a copy
number gain in this gene that is indicine-specific and has ancient origins. Together,
these studies provide evidence for the important role of HMGAZ2 in the evolution and
adaptation of indicine breeds.

Genes affecting mammary gland tissue are important not only for milk
production but also for mastitis. Zhang et al. (2018) studied the modern Danish Red
Dairy Cattle employing the iHS test and identity-by-descent approach to identify
selection signatures resulting from the strategic crossbreeding of traditional Danish
Red Dairy Cattle with high-yielding breeds such as Holstein and Brown Swiss. The

authors identified regions under selection that were introgressed from the Brown
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Swiss flaking LAP3 gene. Polymorphisms in this gene have been related to milk
production traits and mastitis resistance (Zheng et al. 2011; Worku et al. 2022, 2023).
Jin et al. (2022) conducted a selection signature analysis in Holstein, Angus, and
Dengchuan, an endangered yellow cattle breed in China. The authors identified the
RERE gene under selection via the use of a mr-ratio and CLR. The RERE gene was
reported to be associated with milk fat percentage (Buaban et al. 2022) and was
differentially expressed between healthy cows and cows with mastitis (Asselstine et
al. 2022). The RERE protein regulates apoptosis and cell proliferation and
differentiation (Waerner et al. 2001; Wang et al. 2017), which may explain the role of

the RERE gene in multiple traits related to the mammary gland.

4 PROSPECTS
4.1 Molecular technology

With the ongoing reduction in the cost of long-read sequencing, this
technology has been used more widely in selection signature studies. However,
underrepresentation in SNP arrays of markers from local and indicine breeds persists
as most of these breeds are raised in developing and sub-developed countries.
Sequencing usage allows for more accurate identification of genetic variants, their
extensions, and associated functional effects, providing insights into the genetic
basis of traits in dairy cattle. Additionally, the use of pangenomes can provide a

better scenario for between-population studies.

4.2 Integrative approaches

The integration of selection signatures to complement GWAS should be
further explored. The validation of results through functional genomics is necessary
but may face challenges in livestock due to practical complexities, high costs, and the
management of animal populations. Combining GWAS and selection signature
approaches will provide a comprehensive understanding of the genetic basis of
complex traits in dairy cattle, enabling the identification of genes and genomic
regions under selection linked to important traits for the dairy industry.

The design of experimental studies influences the creation of a robust

database for exploring polygenic traits. Joint studies on CNV and selection
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signatures require further exploration. CNV are an important source of genetic
variation and have been associated with several simple and complex genetic traits in
cattle. However, their relationship with selection signatures remains poorly

understood and requires further investigation.

4.3 Future hot topics

Due to climate change, studies about the selection process in indigenous and
locally adapted dairy cattle will continue to be a topic of interest. Understanding how
these cattle have adapted to their local environments and identifying the favored
alleles that have enabled them to produce in challenging conditions may help

develop strategies to mitigate the impacts of climate change on dairy production.

6 CONCLUSIONS

This review provided a comprehensive overview of the current scenario of
selection signatures in dairy cattle studies, including the selection of the most
relevant traits for milk production worldwide and specific adaptive and disease
resilience traits of dairy breeds. We highlighted important genes found to be under
selection in taurine, indicine, and composite dairy cattle breeds. However, there is a
lack of functional validation of candidate genes; these studies will enhance
understanding in multiple fields of animal breeding and genetics. An alternative that
can provide more information is the integration of GWAS and selection signature
studies, as this may lead to gains in marker-enhanced selection and functional
understanding of complex traits.

Dairy cattle populations have not been selected only for traits that are present in
the selection indices; rather, their genomes are also shaped by environmental
pressures and the selection of desirable exterior traits, such as human preference
regarding coat color. As selection indices evolve to incorporate sustainable traits
such as feed efficiency and methane emission, the identification of selection
signatures linked with these traits is encouraged in future generations.
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