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Abstract

Domestication and selection significantly changed phenotypic and behavioural
traits in modern domestic animals. In this study, to identify the genomic regions
associated with mastitis, genomic data of German Holstein dairy cattle were an-
alysed. The samples were genotyped using the Bovine 50K SNP chip. For each
defined healthy and sick group, 133 samples from 13,276 genotyped dairy cows
were selected based on mastitis random residual effects. Grouping was done to
infer selection signatures based on XP-EHH statistic. The results revealed that
for the top 0.01 percentile of the obtained XP-EHH values, five genomic regions
on chromosomes 8, 11, 12, 14 and 26 of the control group, and four regions on
chromosomes 3, 4 (two regions) and 22 of the case group, have been under selec-
tion. Also, consideration of the top 0.1 percentile of the XP-EHH values, clarified
21 and 15 selective sweeps in the control and case group, respectively. This study
identified some genomic regions containing potential candidate genes associated
with resistance and susceptibility to mastitis, immune system and inflammation,
milk traits, udder morphology and different types of cancers. In addition, these
regions overlap with some quantitative trait loci linked to clinical mastitis, im-
munoglobulin levels, somatic cell score, udder traits, milk fat and protein, milk
yield, milking speed and veterinary treatments. It is noteworthy that we found
two regions in the healthy group (on chromosomes 12 and 14) with strong sig-
nals, which were not described previously. It is likely that future research could
link these identified genomic regions to mastitis. The results of the current study
contribute to the identification of causal mutations, genomic regions and genes

affecting mastitis incidence in dairy cows.
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1 | INTRODUCTION

Animal selection left detectable signatures on the genome
of modern cattle. Identification of these signals can help
us to genetically improve species in terms of economically
important traits (Qanbari et al., 2014). The genomic re-
gions that are or have been under selection (natural or arti-
ficial) due to harbouring a beneficial mutation carry some
genomic signs that are known as “selection signatures”
(Sabeti et al., 2002). Selection signatures studies can pro-
vide invaluable information about the genes or genomic
regions that have been under selection, contributing to a
deeper understanding of genotype-phenotype relation-
ships (Gholami, 2014; Moradi et al., 2012). “Neutral the-
ory” in this context indicates that most of the mutations
in the genome are not selectively important, without any
effects on individual's genetic fitness (Kimura, 1989).
Hence, a substantial increase in the allele frequency for
new variants needs a long time, and recombination will
break down linkage disequilibrium (LD) in the respective
chromosome segments. Oppositely, if a new mutation
makes a subset of the population more qualified than oth-
ers, the allele frequency will increase rapidly by natural
or artificial selection. In such case, recombination cannot
decay LD in short time. Thus, an allele with an unusually
long-range haplotype will be a signature of positive selec-
tion (Sabeti et al., 2002). Around this new allele, genetic
variety decreases and LD increases. Hence, it is expected
that a specific haplotype carrying some genes is unique in
a population (Akey et al., 2002; Barrett & Schluter, 2008;
Qanbari & Simianer, 2014).

Different statistical approaches have been designed to
identify selective sweeps in the genome, based on the neu-
tral theory predictions as null hypothesis. Departures from
equilibrium-neutral expectations can indicate the presence
of selection pressure on chromosomal segments under
investigation or at tightly linked sites (Kreitman, 2000).
The statistical power of these methods to detect selec-
tion signals depends on the allele or haplotype frequency,
age and objectives of selection, SNP density and number
of genotyped individuals (Sabeti et al., 2006). The cross-
population extended haplotype homozygosity (XP-EHH)
test detects selection footprints on the genome based on
LD, i.e., considering the non-random association of alleles
between two or more loci. This test searches for haplotypes
with high-frequency and long-range haplotypes, whereas
haplotype length is measured by the extended haplotype
homozygosity (EHH). XP-EHH compares the integrated
EHH between two populations at the same SNP and de-
tects selected alleles, which have approached or achieved
fixation in one population while remaining polymorphic
in the populations as a whole (Cheruiyot et al., 2018;
Diao et al., 2019; Sabeti, et al., 2007). Many researchers
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successfully applied this test and detected selection signals
in different species such as pigs, sheep, horse and cattle
(Chen et al., 2016; Diao et al., 2019; Manzari et al., 2019;
Nolte et al., 2019).

Mastitis (OMIA 001744-9913, https://omia.org/) is
one of the most important infectious diseases in lactating
animals, resulting from the intrusion and proliferation of
pathogenic agents. An obvious symptom of mastitis usu-
ally is an inflammation of the mammary gland. There is
remarkable concern addressing farm profitability, due to
involuntary culling of sick animals, quantity and quality
of milk production, the costs of veterinary treatments, an-
imal welfare, the entrance of antibiotic residues into milk
and environmental aspects. The genetically antagonistic
relationship between milk yield and udder health implies
that selection on increasing milk yield may cause an in-
crease in susceptibility to mastitis (Ebrahimie et al., 2018).
Several factors such as invading organisms, the subse-
quent immune response to eliminate pathogens, inflam-
matory response and animal genetics influence mastitis
severity and susceptibility (Izquierdo et al., 2017; Pighetti
& Elliott, 2011; Tiezzi et al., 2015). Hence, it is expected
that most of the identified genes of healthy animals be
directly or indirectly related to immunity and resistance
to mastitis, whereas some genes of the sick group may be
involved in milk yield and other production traits.

Consequently, the aim of the present study was to re-
veal genomic regions, which are divergently selected in
healthy and sick groups. Annotated potential candidate
genes in the respective chromosomal segments were stud-
ied in detail, including their functions, biological path-
ways and networks. Both aspects in combination, i.e.,
identified selection signatures and associated candidate
genes, will shed some light on the genetic architecture of
this disease in cattle.

2 | MATERIALS AND METHODS

The data used in the present study were obtained from a
project initiated by the German Holstein breeding organi-
zations, focusing on the implementation of a cow train-
ing set for national genetic evaluations. Hence, committee
approval for data recording including cow genotypes and
cow traits was not necessary prior to the study.

2.1 | Genotyping data and quality control
In this project, 15,405 dairy cows from 72 large-scale herds
were genotyped with the BovineSNP50 BeadChip. Quality
control of SNP data was carried out using the software
package Plink 1.07 (Purcell et al., 2007). For this purpose,
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animals with more than 5% missing genotypes (animal
call rate) were excluded. Afterwards, an SNP minor allele
frequency (MAF) of at least 2%, an SNP call rate of at least
95% and Hardy-Weinberg disequilibrium with p<10~°
were considered for data mining at SNP level.

2.2 | Classification of animals to
control and case groups

In the current study, the genomic information from
13,276 first-lactation dairy cows were used to investigate
the selection signatures associated with mastitis. Mastitis
was recorded according to the definitions of the hierarchi-
cal diagnosis key as introduced by Stock et al. (2013). All
Holstein cows with at least one entry for mastitis (clini-
cal or subclinical) (Baeza, 2016; Mbindyo et al., 2020)
were allocated to the case (sick) group. On the contrary,
cows without any entry for mastitis, were assigned in the
control (healthy) group. The genetic background and ge-
netic parameters for mastitis are outlined by Shabalina
et al. (2021), who used the same cows from the same
herds in their study. According to Bagheri et al. (2013)
and Naderi et al. (2018), the most susceptible and the most
resistant groups were selected based on mastitis random
residual effects obtained from a single-trait animal model
including herd and year-season of calving as the fixed
effects through the application of the DMUv6 software
package (Madsen & Jensen, 2013). Based on the extreme
values for estimated residual effects, a fraction of 1% of
cows representing the most negative values was defined
as healthy, and a fraction of 1% of cows representing the
most positive values was allocated to the sick group.

2.3 | Creation of haplotypes

The creation of haplotypes is implemented in the fast-
PHASE v.1.4 software package (Scheet & Stephens, 2006).
This program imputes missing genotypes and defines hap-
lotype phases based on maximum likelihood estimations.
The results include a pair of created haplotypes for each
chromosome per individual.

2.4 | XP-EHH calculation

The final analysis using phased haplotype data was car-
ried out by applying the XP-EHH program at http://hgdp.
uchicago.edu. Input files include map and haplotype files.
For the XP-EHH calculation, the ancestral allele state
of each SNP must be specified. Ancestral alleles were
extracted from http://genome.jouy.inra.fr/downloads/

Bovine_Ancestral_Allele/ and prepared by applying the R
3.5.1 software package.

EHH calculates haplotype diversity reduction. For
a bi-allelic SNP, EHH is calculated as follows (Sabeti
et al., 2002):

()
2 )\ 2

where, n, and n, represents the number of haplotypes with
alleles A and a, respectively; n; is the count of the ith haplo-
type within a sub-population, and h, is the number of dis-
tinct haplotypes in a genomic region up to a distance x from
the core locus. XP-EHH was calculated for each SNP (SNP
i) in both populations (i.e., the extreme groups) A and B. In
each population, the integrated EHH for all SNPs between
the core SNP and point X was assigned as I, and Ij. Finally,
unstandardized XP-EHH was calculated by In L (see Sabeti
et al., 2007 for more details). These values Were standard
normalized using the mean and standard deviation of the
obtained values. Afterwards, Manhattan plots were created
using the Excel 2013 software package. The extreme positive
values represent the regions that have been under selection
in population A (= the healthy group), and extreme negative
values indicate the selective sweeps in population B (= the
sick group).

2.5 | Gene and QTL annotation,
functional and network analysis

The bioinformatics investigations were carried out using
the Ensembl database (Cunningham et al., 2022) for cow
genes (ARS-UCDI1.2), to identify potential candidate
genes which already have been reported in/or surround-
ing genomic regions containing the peak of absolute ex-
treme XP-EHH values. The regions corresponding to the
upper and lower 0.01% of positive and negative obtained
XP-EHH scores were considered as regions under selec-
tion. Gene detection was performed by introducing a win-
dow of 500 Kbp downstream and upstream of each core
SNP (Moradi, 2012).

The DAVID 6.8 database (Huang et al., 2009) and QTL
Animal Database (Hu et al., 2022) were utilized to search
for biological processes and quantitative trait loci (QTLs),
respectively.

Furthermore, gene networks for annotated genes in
the top 0.1 percentile were reconstructed by applying the
STRING database v11.0 (Jensen et al., 2009). The basic in-
teraction unit in STRING is the “functional association,”
which is defined as a specific and meaningful interaction
between two proteins that jointly contribute to the same
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functional process. To reach the goal, some approaches
in STRING were used including neighbourhood, gene
fusion, co-occurrence, co-expression, text mining, data-
bases and experiment analyses (Jensen et al., 2009). For
accuracy improvement of defined gene relationships, high
confidence (0.7) was elected (Laodim et al., 2019). Finally,
engaged biological pathways in gene networks were exam-
ined (p <0.05).

3 | RESULTS

Among the 13,276 genotyped and phenotyped Holstein
cows in first lactation, 266 cows (133 sick animals and 133
healthy animals) were used for ongoing genomic analyses.
After quality control and checking for ancestral alleles, a
total of 43,678 SNP markers from the 266 cows were con-
sidered (Table 1).

3.1 | Genomic distribution of XP-EHH
values in the German Holstein dataset

XP-EHH was calculated for all SNPs across the genome of
sick and healthy groups to detect the genomic regions that
might be targets of recent selections (Figure 1).

As shown in Figure 1, some SNPs tend to make a clus-
ter with outlier SNPs in similar regions due to genetic
hitchhiking. For the chosen threshold considering the top
0.1 percentile of negative and positive values, we identi-
fied some more candidate regions containing suggestive
SNPs on chromosomes 3, 4 (2 regions), chromosomes 6, 7,
8 (2 regions), chromosomes 9, 10, 11, 12 (2 regions), chro-
mosomes 13, 14 (2 regions), chromosome 15 (2 regions),
chromosome 24 (2 regions), chromosomes 26, 28 for the
healthy group, and some other regions on chromosomes 3,
4 (6 regions), chromosomes 6, 8 (2 regions), chromosome
9 (3 regions), chromosomes 14, 22 embracing selection
signatures in the sick group. The corresponding XP-EHH

TABLE 1 Summary of data mining
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values were larger than 5.198 for the healthy group, and
smaller than —8.324 for the sick group.

The targets of recent selection also were detected as
significant SNPs, considering a rigorous threshold for the
top 0.01 percentile of negative or positive scores of XP-
EHH (Moradi et al., 2010). These regions were located on
chromosomes 8, 11, 12, 14 and 26 for the healthy, and on
chromosomes 3, 4 (2 regions) and 22 for the sick group.
The corresponding threshold values were +8.475 for the
healthy group and —13.217 for the sick group. Candidate
regions included one significant SNP on chromosome 8
(rs41609496), two SNPs on chromosome 11 (rs43671283,
rs43672234), one SNP on chromosome 12 (rs43705112),
one SNP on chromosome 14 (rs41737187) and one SNP
on chromosome 26 (rs42096776). Further investigations
of these regions harbouring selective sweeps revealed 21
genes, which already have been reported for these ge-
nomic positions. For the sick group, one significant SNP
on chromosome 3 (rs43349513), two SNPs on chromosome
4 (rs43408665, rs43375405) and one SNP on chromosome
22 (rs41643918) harbouring 20 genes, were identified as
well. The genes of the top 0.01 percentile are presented in
Table S1 for healthy and sick animals.

Candidate regions were surveyed for QTL in the online
animal QTL database. The results show that most regions
of interest encompass QTLs which have been reported for
clinical mastitis, immunoglobulin functions, somatic cell
score, udder swelling score, milk fat and protein content,
305-day milk yield, milking speed and veterinary treat-
ments (Table S1).

3.2 | Gene ontology enrichment analysis

For the gene sets found in the detected genomic regions
of the healthy and sick animals according to the top 0.1
percentile, the GO terms including biological processes,
cellular component and molecular functions, were sur-
veyed using the DAVID database (Huang et al., 2009).

steps on genotyping data in the two Healthy Sick

populations of healthy and sick cows Total number of animals 133 133
Excluding animal with call rate<95% 0 0
Remaining animals 133 133
Total number of SNPs? 45,613 45,613
Excluding SNPs with MAF<2% 1180 1180
Excluding SNPs with call rate<95% 0 0
Excluding SNPs with deviation from HWE (<107 2 2
SNPs remaining 44,431 44,431
SNPs remaining with ancestral allele 43,678 43,678

“The number of SNPs used in the national genetic evaluations (VIT, Germany).
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FIGURE 1 Distribution of XP-EHH values across the genome of German Holstein cows. The SNP position in the genome is shown on
the x-axis, and XP-EHH values are plotted on the Y-axis. The negative values indicate selection in sick and positive values indicate selection
in healthy animals. The values above the lines are in the top 0.01 (blue line) and the top 0.1 (red line) percentile. [Colour figure can be
viewed at wileyonlinelibrary.com|

GO term

G0:0000303
G0:0097021

G0O:0000305
G0:0010862

G0:0010939
GO0:0032101
G0:0060389

G0:0048731
GO:0006396
G0O:0006979
G0:0050728

G0:0050727
GO0:0019216
GO0O:0031347
G0O:0006636

Term

response to superoxide

lymphocyte migration into lymphoid
organs

response to oxygen radical

positive regulation of pathway-restricted
SMAD protein phosphorylation

regulation of necrotic cell death
regulation of response to external stimulus

pathway-restricted SMAD protein
phosphorylation

system development
RNA processing
response to oxidative stress

negative regulation of inflammatory
response

regulation of inflammatory response
regulation of lipid metabolic process
regulation of defence response

unsaturated fatty acid biosynthetic process

p-value

2.8E-3
3.0E-3

3.2E-3
4.2E-3

6.7E-3
8.3E-3
9.6E-3

1.8E-2
1.8E-2
2.2E-2
2.4E-2

3.2E-2
4.4E-2
4.5E-2
4.9E-2

TABLE 2 Biological pathways in

Count
candidate regions by XP-EHH analysis in

4 healthy animals

18

67
21
10

13
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In the healthy animals, the main identified biological
processes were related to the regulation of response to
external stimulus, regulation of defence response, nega-
tive regulation of inflammatory response, regulation of
pathway restricted SMAD protein, RNA processing and
response to superoxide and oxygen radicals (Table 2). For
sick animals, significant pathways including response to
stimulus, regulation of signalling, regulation of biological
processes and morphogenesis of an epithelial bud, were
detected using a p-value <0.05 (Table 3).

The protein—protein interaction networks in sick and
healthy groups are shown in Figures 2 and 3. Among all
genes entered into interaction networks, some of them
were connected. The biological pathways and functions
of the genes involved in networks were surveyed by the
use of GeneCards (Safran et al., 2022) and Gene Ontology
(p<0.05) (Ashburner et al., 2000), and considering results
of past studies.

4 | DISCUSSION

Nowadays, mastitis is the main economically important
disease in dairy cattle, possibly due to intense selection
for milk production during the recent decades (Loor
et al., 2011). In this study, an initial selection map was
developed via whole genome scanning for selection sig-
natures associated with mastitis in German Holstein dairy
cattle. Results were verified by applying bioinformatics
surveys including gene function, gene ontology and gene
network analysis.

4.1 | The function of the identified genes
in detected regions

Some regions embracing selection signals were detected
through the top XP-EHH values. Afterwards, the genes
reported in these regions were evaluated. Bioinformatics
investigations discovered that functions of the identified
genes in both healthy and sick groups address immune
system mechanisms, diseases susceptibly for mastitis,

TABLE 3 Biological pathways in
candidate region by XP-EHH analysis in
sick animals

GO term

GO:0051716
G0:0023051
GO:0050789
GO:0060572
G0:0050896
GO0:0050794
G0:0060603
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productivity (milk yield, milk fat and protein components)
as well as different types of cancers such as breast cancer
and apoptosis. Results reflect divergent pressure of selec-
tion with respect to higher production and animal health.
The immune system is regulated by several thousands
of genes, all contributing with its effects on the genetic
priority of immunity as an overall fitness trait (Mallard
et al., 2015). Nowadays, a challenge is the reduction of
antibiotic treatments by improving the natural resistance
ability of animals against the infection. This strategy im-
plies a better understanding of the host immune response
at the early phases of infection (Brenaut et al., 2014).
Healthier animals demonstrate superior immune re-
sponses, and adaptive immune response traits are herita-
ble. Hence, identifying important chromosomal regions in
this regard for selective breeding on improved immunity
will improve the animal health status. In dairy cows with
superior antibody-mediated and cell-mediated immune
responses, incidences of many diseases including mastitis
were on a quite low level (Moravcikova et al., 2018).

In the present study, the segment on chromosome 8
where the SNP rs41609496 is located, includes the genes
AKNA, MIR455, ORM1, GNGI10 with functions on immu-
nity. Previous studies indicated the key function of the
AKNA (AT-hook transcription factor) gene with regard
to immunity, inflammation and overall body develop-
ment regulations (Moliterno & Resar, 2011; Resar, 2010).
Enrichment analysis inferred the strong association
between GNGIO genotypes and Staphylococcus aureus
infection, neutrophil activation and degranulation,
neutrophil-mediated immunity and defence response
(Shao et al., 2021).

MIR455 (MicroRNA 455), as an RNA gene, is affiliated
with the miRNA class (GeneCards) and modulates epithe-
lial immune mechanisms in the innate immune network
(Zhou et al., 2011). MicroRNAs play an important role in
regulating responses to infection (Eulalio et al., 2012). In
the research by Li et al. (2015), the expression of MIR455
in the infected mammary gland tissue was significantly
down-regulated when compared to the control samples.

Orosomucoid 1 (ORM1) is one of the identified genes
on chromosome 8 that is also known as alpha 1 acid

Term p-value Count
cellular response to stimulus 2.0E-2 42
regulation of signalling 2.5E-2 23
regulation of biological process 3.4E-2 63
morphogenesis of an epithelial bud 3.9E-02 2
response to stimulus 4.6E-2 48
regulation of cellular process 4.8E-2 59
mammary gland duct morphogenesis 8.3E-02 2
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FIGURE 2 Gene network related
to identified genes in candidate regions
(99.9%) of sick animals. Coloured nodes
and blue edges represent query proteins
(genes) and protein-protein associations
of genes jointly contributing to a shared
function, respectively. The numbers
indicate different functional clusters of
a gene network. [Colour figure can be
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FIGURE 3 Gene network related to identified genes in candidate regions (99.9%) of healthy animals. Coloured nodes and blue edges
represent query proteins (genes) and protein-protein associations of genes jointly contributing to a shared function, respectively. The

numbers indicate different functional clusters of a gene network. [Colour figure can be viewed at wileyonlinelibrary.com]

glycoprotein A (AGP-A). This gene encodes a key acute
phase protein of plasma with anti-inflammatory and
immune-modulating properties. Gemelli et al. (2013)
identified an association between ORMI gene expres-
sions and vitamin D3 levels. Vitamin D3 concentrations
in the mammary gland were associated with the response
of the immune system against udder infections due to
Streptococcus uberis (Lippolis et al., 2011).

Infected mammary glands affected milk yield and its
composition, such as remarkable high concentrations of
whey protein and albumin, an increase in fat content and
a reduction in lactose percentage (Kobayashi et al., 2016).
LTBP1 and GPAM contribute to the synthesis of

unsaturated fatty acids (Lung et al., 2019) and to the fatty
acid metabolic process (GO: 0006631) (Yang et al., 2015),
respectively. The function of ACSL5 in fatty acids synthe-
sisand UGCG in milk fat synthesis was reported by Wathes
et al. (2021) and Mumtaz et al. (2022). ACSL5 has a cen-
tral function in the occurrence of ketosis and is associated
with negative energy balance (NEB) (Soares et al., 2021;
Wathes et al., 2021) which occurs in early lactation, es-
pecially in cows with high genetic merit for milk produc-
tion. Non-esterified fatty acids are one of the metabolic
indicators for cows in NEB (de Vries & Veerkamp, 2000;
Kaneene et al., 1997) and are related to diminished im-
mune response. Hence, the risk of common infectious
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diseases such as mastitis will increase (Kaupe et al., 2007;
Loor et al., 2011; Naderi et al., 2018).

Among the identified genes in the case group, PGM1
and ARL4A are related to milk production traits such as lac-
tose synthesis and glucose metabolism (Lemay et al., 2013),
milk yield and/or composition (Raschia et al., 2018).
When the mammary glands are exposed to mastitis infec-
tions, inflammatory cytokines decrease the expression of
PGM1 in mammary epithelial cells, consequently causing
a down-regulation of lactose synthesis in mammary glands
(Kobayashi et al., 2016). In addition, PGM1 plays a role in
inverted teat defections, triggering the risk of mastitis infec-
tions (Chomwisarutkun et al., 2012). Lashneva et al. (2021)
mentioned RORI on chromosome 3 as a causal gene for so-
matic cell count, which is close to the identified significant
SNP (rs43349513) in the case group of this study.

Furthermore, some other genes such as RASGRP3 on
chromosome 11 are involved in immune system mech-
anisms, cytokine signalling and B-cell receptor signal-
ling (Li et al., 2019; Parker Gaddis et al., 2018), CFAP69,
STEAP2, ITGB3BP (chromosome 4) are related to immune
system mechanisms and stimulate apoptosis in breast can-
cer cells (Gomes et al., 2012; van Roosmalen et al., 2015;
Yang et al., 2017), FAM98A (chromosome 11) has a par-
tial role in the organization of stress granules (Ozeki
et al.,, 2019), which is a factor in tumour proliferation
(Zheng et al., 2018).

Previous studies reported some genes and genomic
regions as identified in the present study. Gutiérrez-
Gil et al. (2015) indicated that the genes TNS3, HUSI,
GTPBP10 and STEAP2 are located in genomic regions
under selection in dairy breeds. Mokhber (2015) and
Fu et al. (2016) introduced CSMD3 as a candidate gene
under selection in Iranian buffaloes and broiler chicken.
Korku¢ et al. (2021) stated that PTGRI on chromosome
8 at 101 Mb is associated with enzymes or receptors tar-
geting milk components. Likewise, using selective sweep
approaches, TNS3, HUS1, GTPBP10, CFAP69 and STEAP2
(74.9-75.9 Mb on chromosome 4) were reported as candi-
date genes by Mokhber (2015) and ACSL5 as a candidate
gene by Soares et al. (2021). The same genes and regions
we identified on chromosomes 4 and 26 in this study,
respectively.

The QTLs in the proximity of the detected SNPs in
the control group (rs41609496, rs43671283, 1s43672234,
rs43705112, rs41737187, rs42096776) are relevant for
udder swelling (chromosome 8), clinical mastitis, immu-
noglobulin G level and somatic cell count (chromosome
11), 305-day milk yield, milk fat and protein yield (chro-
mosome 26). Previous studies have detected the same
QTLs affecting clinical mastitis and milk yield on chromo-
somes 11 and 26 (Holmberg & Andersson-Eklund, 2004;
Lund et al., 2008).

Likewise, we clarified some QTLs detected in the case
group for somatic cell score and somatic cell count (chro-
mosomes 3 and 4), milk yield and milking speed (chromo-
some 3), immunoglobulin G level (chromosome 4), milk
protein percentage and veterinary treatments (chromo-
some 22) were reported in previous studies. For example,
Schulman et al. (2004) and Tribout et al. (2020) identified
QTLs associated with veterinary treatments and milk
protein content on chromosome 22, and Cohen-Zinder
et al. (2011) reported QTLs for milk yield on chromosome
3 as well.

In the current study, we addressed the CSMD3 gene
on chromosome 14 (51,566,496 bp), but we did not infer
related QTLs. However, Lund et al. (2007) applied single-
trait analyses, and detected QTLs for SCS on chromosome
14 at 51cM. Also, the detected region (56,601,235bp) on
chromosome 12 (with a strong signal of selection in the
healthy group) has not been reported in previous studies,
and there is no information addressing the existing genes
in this region. Therefore, it can be valuable to study these
segments in more detail as novel candidate gene regions
associated with resistance to mastitis.

4.2 | Biological pathways

RNA processing is one of the detected biological pathways
linked to the genes of healthy animals. Ansel (2013) an-
nounced that RNA processing plays essential role in the
development and functions of the mammalian immune
system. Inflammatory response acts as a quick defence in
reaction to infection or injuries due to chemical or physi-
cal agents (Bannerman, 2009). In this way, after pathogen
controlling and deletion, the immune response should be
controlled to avoid ongoing tissue damage and chronic
inflammation (Vigano et al., 2012). Therefore, negative
regulation of inflammatory response will be activated
which involves any process that prevents or decreases the
inflammatory response rate (Bult et al., 2019).

Response to superoxide and oxygen radical are the
other annotated pathways in the healthy group. High pro-
duction of reactive oxygen species (ROS) causes oxidative
stress, and in further consequence, inflammation. Under
some conditions, ROS is released: (i) As mentioned ear-
lier, there is a relationship between the risk for a masti-
tis infection and milk yield. Particularly in high-yielding
cows, excessive production of ROS due to metabolic stress
was observed, which induces inflammation in alveolar
cells of the mammary gland (Bae et al., 2017). (ii) In the
transition period of the dry period to early lactation owing
to metabolic challenge and NEB, the antioxidative status
is impaired and both the oxidative stress and inflamma-
tory response prepare predisposing conditions for higher
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susceptibility to intramammary infections and mastitis.
(iii) When pathogens enter into the udder, polymorpho-
nuclear leukocytes release enzymes, inflammatory medi-
ators and ROS to eliminate bacteria. Excessive production
of ROS causes oxidative changes in the cell that induce
lipid peroxidation, inhibition of protein function, muta-
tion and cell death (Abd Ellah, 2013; Turk et al., 2017).
The relation between ROS production with inflammatory
response and mastitis indicates the importance of de-
fined pathways and their function in the pathogenesis of
mastitis.

Mammary gland duct morphogenesis was one of the
identified pathways in the sick group. If stenosis of ductus
papillaris as the first barrier against invading pathogens
is damaged, pathogens can enter easily into the udder
and cause infection and inflammation (Turk et al., 2017).
Moreover, we can point to the importance of epithelial
bud morphogenesis in mammary gland development and
health (Sternlicht, 2005). Pathway analysis was performed
by Ogorevc et al. (2009), considering a cattle database with
943 candidate genes and genetic markers associated with
milk production and mastitis. As a result, they identified
that some loci are involved in inflammatory response, de-
velopment and function of connective tissue, muscle de-
velopment, cell-mediated immune response and cancer.

Pathway-restricted SMAD protein is an effector pro-
tein that acts directly downstream of the transforming
growth factor family receptor. Malhotra and Kang (2013)
indicated the relationship between SMAD regulatory
network and immune system mechanisms. In exposure
to pathogens, SMAD proteins are activated to initiate a
protective inflammatory immune response. Additionally,
the SMAD-dependent biological pathway participates in
tumour suppression by TGF-beta (Nagaraj & Datta, 2010).

4.3 | Gene networks

As depicted in Figures 2 and 3, some networks of the
candidate genes under selection pressure, directly or in-
directly, are related to mastitis. In sick animals, three
networks were detected. Most of the genes implicates in:
cluster (1) cancer and progression of inflammation, clus-
ter (2) regulation of cell development and breast cancer
and cluster (3) cytosolic immune recognition (GeneCards;
Paik et al., 2017). In healthy animals, five networks were
identified with the main functions as outlined in the fol-
lowing. Cluster (1) cell cycle progression, stress responses,
tumour-suppressing activity, immunity and overall sur-
vival (Li et al.,, 2017; Xu et al., 2010). A significant ef-
fect on immune response was reported by Behdani and
Bakhtiarizadeh (2017) for CDC20 due to its influence on
the proliferation of immune cells. SMC3 is a gene in this

network that has a role as a regulator in the differentia-
tion and activation of B cell function (Zhao et al., 2021).
The cluster (2) group involves JAK2 which is directly re-
lated to mastitis resistance in bovine (Tiezzi et al., 2015).
Other genes in this category implicate in the innate im-
mune system, mammary development and milk secretion
(Gene Ontology; Chen et al., 2018). Cluster (3) pre-mRNA
processing and development, breast cancer, regulation of
lipid metabolism and immune system (Cie$la et al., 2021;
Godfrey et al., 2009). Meier et al. (2020) identified PPIE as
a gene related to immunity and mastitis. They also cited its
influence on the adaptive immune system and its respon-
sibility for immune system activation in cattle. Cluster
(4) RNA processing, immune system, (Gene Ontology;
GeneCards). In the cluster (5) group, PRDXI plays an an-
tioxidant protective role in cells and may contribute to the
antiviral activity of CD8(+) T-cells (GeneCards). ATP6VOB
implicates in innate immune response (Wee et al., 2012)
and OGDHL suppresses tumours indirectly through apop-
tosis activation (Maijaroen et al., 2022).

Ibeagha-Awemu et al. (2010) focused on proteomics,
genomics and pathway analyses on infected milk whey
with S. aureus and Escherichia coli. They revealed some
molecular pathways and networks involved in masti-
tis such as lipid metabolism, cancer and immunological
diseases, supporting the results from the present study.
Ogorevc et al. (2009) utilized a database of candidate
genes and genetic markers related to milk production and
mastitis. They clustered genes of the mammary gland into
five functional networks linked to a variety of biological
functions such as mammary gland phenotypes, milk and
mastitis traits. The results of network analysis by Zhao
et al. (2015) indicated the differentially expressed proteins
in cows infected with E. coli are related to mammary ep-
ithelial cells, immune defence and structural molecule
activities.

5 | CONCLUSION

Our research provides a selection map to survey the ge-
netic architecture of mastitis in the genome of German
Holstein cows. To reach this goal, the XP-EHH approach
was used and most of the regions with a strong signal of
selection in both groups represented a relationship with
mastitis. These detected loci have likely been influenced
by the different intensities of selection to achieve various
commercial breeding goals. Although some inferred can-
didate regions overlap with reports of previous studies,
most of the identified regions were detected for the first
time suggesting novel loci connected to mastitis. Given
that the LD-based methods depend on ancestral allele
information, frequency and the distance among SNPs,
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utilizing high-density marker arrays chiefly full sequenc-
ing data, will bring additional value to the overall topic.
Nevertheless, the information generated from this study
may shed new light on the genomic regions associated
with mastitis in dairy cows.
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