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Antibiotic treatments and somatic cell count as phenotype to map QTL for
mastitis susceptibility in Holstein cattle breed
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ABSTRACT
Mastitis is one of the most significant diseases affecting dairy cattle profitability. A genome wide
association study (GWAS) was performed using the selective genotyping approach to identify
Quantitative Trait Loci (QTL) associated with mastitis susceptibility. According to the received
antibiotic treatments in all their productive life, 52 lactating cows have been classified in resist-
ant (no therapy and low SCC) and susceptible (more than one treatment and high SCC) to mas-
titis. Genotyping of animals was performed using the NEOGEN’s GGP Bovine 100K SNP chip and
QTL were identified comparing the SNPs allelic frequencies between the two groups. 26 SNPs
related to mastitis susceptibility were identified in 9 chromosomes. The use of treatment data,
coupled with SCC from milk recording, improved cow’s classification accuracy in resistant and
susceptible individuals. For this reason, the mandatory recording of treatments active from
January 2022, could be a new source of information to improve the genetic selection for mas-
titis resistance.
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Introduction

Mastitis is one of the most significant diseases affect-
ing dairy cattle herds’ profitability and is normally
treated with antibiotic therapy. As reported by
Mitchell et al. (1998) the most common use of anti-
biotic drugs in dairy cattle farming is to treat mastitis
infection. In fact, clinical mastitis in lactating cows is
mainly treated with intramammary administration of
antibiotic while in severe cases of mastitis antibiotics
are also used parenterally (Merle et al. 2013; Oliveira
and Ruegg 2014; Gomes and Henriques 2016).

The blanket therapy method to reduce the preva-
lence of intramammary infections, foresee that all the
animals of a herd are treated with antibiotic during
the dry period. This practice led to an increase in bac-
teria antimicrobial resistance (Kabera et al. 2021). The
Regulation (EU) 2019/6 on veterinary medicinal prod-
ucts, entered in to force in January 2022, promotes a
more conscious use of antibiotic products (https://eur-
lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32
019R0006&from=EN). To reduce the use of antibiotics,
in the recent years, the selective dry method has been

implemented in dairy farms. According to this
approach only cows that show mastitis symptoms dur-
ing lactation are treated.

Immune response to mastitis is a complex trait
under the control of multiple genes (Naserkheil et al.
2022). With the availability of high throughput geno-
typing technologies, genome-wide association studies
(GWAS) have become a useful tool for fine-scale quan-
titative trait loci (QTL) mapping (Hayes et al. 2009).
The discovery of genomic regions that influence quan-
titative (complex) traits may provide an opportunity to
gather new information about gene function, and lead
to a better understanding of how they interact to
impact physiology and immune response to infectious
diseases (Sharifi et al. 2020). In the recent past, many
studies identified QTL affecting mastitis susceptibility
in dairy cattle, using genetically correlated measures
such as Somatic Cell Count (SCC) and its logarithmic
transformation Somatic Cell Score (SCS) (Sahana et al.
2014; Welderufael et al. 2018; Meier et al. 2020).

Given the complexity of this trait, genetic selection
to increase immune resistance to mastitis in dairy cat-
tle populations has been developed for decades using,
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as indicator, milkt SCC (Thompson-Crispi et al. 2014;
Moretti et al. 2021).

Selective DNA pooling (Darvasi and Soller 1994) is a
recognised method used by several authors in GWAS
analyses to map QTL either in case vs control studies
or applied to complex traits (Strillacci et al. 2014;
Lipkin et al. 2016; Peletto et al. 2017; Kurz et al. 2019).
This approach is based on the theoretical demonstra-
tion that most information deriving from a GWAS
depends on the marker allelic frequencies of the best
and worst individuals according to the phenotype dis-
tribution in the population: with a maximum of 25%
per tail, the less and more extreme is the proportion
of considered individuals, the more powerful is the
statistical analysis (Darvasi and Soller 1992). With the
selective genotyping and DNA pooling approach, it’s
then possible to genotype only individuals showing
the most extreme values in an extended sampling,
thus reducing the costs of genomic analysis and main-
taining high statistical power.

A key factor in a GWAS to disclose QTL associated
to mastitis resistance is to accurately classify cows in
resistant and susceptible. In this study, to achieve an
accurate classification of resistant and susceptible
cows to mastitis, we proposed an innovative selection
criterion based on multiple information on the same
individual along all its productive life. The criterion
here used has been based on the antibiotic treat-
ments for mastitis across all the lactations of each
cow, coupled with the available SCC data from routine
milk tests registered during cows’ productive life. We
performed then a GWAS using a selective genotyping
of individuals and the DNA pooling design approach
and statistics to identify QTL associated with mastitis
susceptibility in Holstein dairy cows.

Materials and methods

Ethical issue

All animal procedures performed in this study were
carried out in accordance with the guidelines of the
care and use of laboratory animals established by the
Italian and UE laws (D. Lgs n. 2014/26, 2010/63/UE);
the project operative procedures on animals were
approved by the Animal Welfare Committee of the
Universit!a degli Studi di Milano (OPBA) protocol num-
ber 160_2019.

Sampling and genotyping

For this study, data from a total of 170 adult lactating
Holstein cows from a single herd with at least 2

completed lactations were used. All the antibiotic
treatments for mastitis done on each animal recorded
by the owner, a professional veterinarian, as well as
the SCC data from routine milk recording scheme
were available for each cow since 2014 (the oldest
cow was of 7th parity).

The use of data of only one herd allows to elimin-
ate any environmental difference among manage-
ment. Additionally, the owner is a professional
veterinarian capable as such to clearly identify mastitis
cases to be treated.

Animals were classified as susceptible and resistant
using as primary criterion the antibiotic treatments
provided to animals for mastitis: i) resistant cows
didn’t receive any treatment along their productive
life; ii) susceptible cows received at least one
treatment.

In addition, the information from milk SCC has
been considered. Milk SCC values were from the offi-
cial milking recording by ARAL, the Lombardy region
farmers association (data available for each cow
according to the AT4 ICAR system for all lactations).
All the registered data for SCC for all the lactations of
each cow were investigated to identify peaks of SCC
simultaneously to an antibiotic treatment. This infor-
mation has been used to assign a Case Score (CS) as
follows: CS ¼ 1 for any SCC test higher than 1 million
cells/mL; CS ¼ 0.5 for any SCC value between 400,000
and 1 million cells/mL; CS ¼ 0 for SCC values below
400,000 cells/mL. The cut-off of 400,000 cells/mL has
been chosen because representative of clinical mastitis
events according to (Beaudeau et al. 1997).

More to less susceptible cows were then ranked
according to number of treatments received (from
zero to 9) and, within treatments CS (from zero to 6)
(see Table S1 to visualise the CS values attributed to
each cow).

There were 26 cows with no treatment and CS
equal zero. Consequently 26 susceptible cows were
identified according to number of treatments and CS.
These cows represented the 15% best and worst cows,
in the normal distribution of the population’s pheno-
types, respect to the trait ‘resistance to mastitis’. The
individual EBVs for SCC were explored to compare
consistency with additive genetic values.

The 26 resistant and 26 susceptible cows (Table S1)
were then sampled using a Tissue Sampling Unit to
collect ear tissue. DNA was obtained using the Quick-
DNATM Miniprep Kit of Zymo Research (Zymo Research
Corporation). SNP genotyping was performed on each
individual with the NEOGEN’s GGP Bovine 100K. Only
SNPs located on the 29 autosomes, according to the
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bovine genome assembly ARS-UCD1.2, were consid-
ered in this study.

Statistical analysis

According to the selective DNA pooling design, both
the resistant (R) and the susceptible (S) cows were
randomly divided in two subgroups (R1 and R2 and
S1 and S2, respectively), each of them representing a
biological replicate. For each of the 4 subgroups (R1,
R2, S1 and S2), the allele frequency at each marker
was obtained. The frequency of alleles in each sub-
group was obtained from the individual genotyping.

The frequencies were then analysed as in the
selective DNA pooling design proposed by (Darvasi
and Soller 1994). Here, instead of pooling before the
genotyping, we have the individual genotyping data
to calculate the allele frequency, reducing as such the
possible error in DNA pooling and allele frequency
estimate from pools and maintaining the power and
the properties of the experimental design and
analysis.

The multiple markers test

The statistical analysis was performed using the A
allele frequencies at each marker, one of the two pos-
sible alleles (A or B) in a genotype. The frequencies
were obtained separately for each subgroup of the
tails (R1, R2, S1, S2), using the ‘genotype statistics by
marker’ function of Golden Helix’s SVS software (SNP
and Variation Suite v8.9 module, Golden Helix Inc.,
Bozeman, MT, USA).

We performed the GWAS analysis comparing the
average A allele frequency at each SNP of resistant
individuals with those of the susceptible ones, using
an in-house script of the R software (version 4.0.5).
Monomorphic markers were filtered out because non
informative. Additionally, those SNPs lying in the top
5% of the absolute value of allele difference between
replicates (i.e. R1 vs R2 and S1 vs S2) were also
excluded from the analysis. After this editing, out of
the 89,784 SNPs on the autosomes 58,285 SNPs were
available for the association analysis.

A single-marker test for the marker-trait association
was used, and the p-value for each marker was calcu-
lated as follows:

Ztest ¼ Dtest= SD Dnullð Þ½ %, (1)

where Dtest is the difference of the A allele frequen-
cies means among tails, and Dnull is the difference of
the A allele frequencies means within tails.

The association analysis results were then visualised
through a Manhattan plot made with the R package
‘qqman’ (Turner 2014). Both the Bonferroni and the
FDR genome wide correction were used to set the 5%
significance thresholds.

Gene annotation and functional analyses

The multi-species SNPchiMp v.3 database (Nicolazzi
et al. 2015) was used to convert the Illumina SNP
name of significant markers in the SNP rsID code
(Reference SNP cluster ID).

The Variant Effect Predictor (VEP) tool of Ensembl
database (https://www.ensembl.org/Tools/VEP) allowed
to annotate the significant SNPs through the rsID
codes according to the Bos taurus genome assembly
ARS-UCD1.2 (Annotation Release: 106). The gene anno-
tation analysis was performed using the Database for
Annotation, Visualisation and Integrated Discovery –
DAVID (https://david.ncifcrf.gov/home.jsp) with default
parameters.

Results and discussions

One of the main weakness in QTL analysis for mastitis
is the availability of accurate phenotype to cluster ani-
mals in susceptible and resistant. Genetic improve-
ment has been performed based on SCC from milk
recording tests. Nevertheless, the sole use of SCC data
from milk recording to identify mastitis cases is sub-
optimal: a mastitis case can in fact happen within two
subsequent milk recording tests occurring every
4weeks in the AT4 system.

In this study, to classify in an accurate manner
susceptible and resistant animals to mastitis, we used
veterinary treatments provided to each cow along
their complete productive life. To minimise false posi-
tive (and negatives) we considered only cows with at
least 2 completed lactations. The resistant in particu-
lar (Table S1) were cows with at least 3 lactations
without any treatment. To make the classification
more robust we coupled the treatment with the SCC.
The expectation was towards high SCC in corres-
pondence of treatment cases. This was always the
case in the 26 individuals selected in this study as
susceptible, except one. This individual received 2
treatments in 3 lactations: the date of treatments
was in between two subsequent milk recording tests
for SCC.

All resistant individuals had CS equal zero and the
average EBV for SCC was 106.5, with all EBVs greater
than 100, value representing the population’s genetic
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basis. The susceptible had an average EBV for SCC of
99.2, but several of them had positive value (i.e.
greater than 100). A possible interpretation is that
the genetic evaluation is very effective in identifying
resistant to mastitis individuals, while the susceptible
ones may be misidentified due to the AT4 method.
For this reason, the classification usually done in sus-
ceptible vs resistant animals based on EBV may be
suboptimal in GWAS aimed to map QTL.

In Figure 1 the scheme of the sampling and of
the experimental design is summarised according to
the criteria here used to cluster individuals in suscep-
tible and resistant, i.e. case to control study.

GWAS results

The Manhattan plot in Figure 2 shows the -log10(p) of
the GWAS analysis with the Bonferroni (red line) and
the FDR (blue line) genome wide thresholds, both set
at 0.05 significance value. The 3 SNPs over the red
threshold are located in chromosomes 16 and 28.

We considered as QTL the region of about 400,000
base pair located upstream and downstream
(±200,000 bp) each significant SNP (Table S2). In Table
1, we reported the significant SNP and the genes fall-
ing within these regions. Twenty-six SNPs (annotated
on 9 chromosomes) resulted located above the 5%
FDR genome wide threshold (in bold, the ones over

Figure 1. Experimental design scheme: Susceptible (S1 and S2) and Resistant (R1 and R2) cows in a Selective genotyping and
pooling approach.

Figure 2. Graphical representation (Manhattan plot) of Genome Wide Association Study (GWAS) results. Horizontal lines represent
the Bonferroni (red line) and the False Discovery Rate (FDR) (blue line) genome wide thresholds, both set at 0.05 significance
value.
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the 5% Bonferroni threshold). Among these SNPs, 16
were intragenic, all located in intronic positions. Only
10 SNPs lied between genes (intergenic). Gene enrich-
ment results for the genes listed in Table 1
(±200,000 bp) are reported in Table S3.

As shown in Figure 3 and in concordance with
available literature, 21 of the genes listed in Table 1
were already associated with immune response and
mastitis resistance (n¼ 12), with adipogenesis and
feed efficiency traits (n¼ 5) and with productive and
reproductive traits (n¼ 4).

Genes involved in mastitis and in immune
response

Among the genes associated with immune response
and with mastitis, the PTK2B – Protein Tyrosine Kinase
2 Beta – gene plays a role in the regulation of
humoral immune response and is required for macro-
phage polarisation and migration towards sites of
inflammation1. This gene resulted associated with clin-
ical mastitis in Holstein Chinese cattle via GWAS and
through a Post-transcriptional Analysis (Yang et al.
2019). The same authors found that the PTK2B gene
was down-regulated in peripheral blood leukocytes of
cows affected by clinical mastitis as well as in vitro lip-
opolysaccharides (E. coli) stimulated bovine mammary
epithelial cells.

Other genes were found differentially expressed in
case-control studies focused on mastitis resistance: the
EPHX2 gene – Epoxide Hydrolase 2 – (Li T et al. 2019),
the PLXNA2 gene – Plexin A2 – (Asselstine 2021), the
DGL2 gene – Discs Large MAGUK Scaffold Protein 2 –
(Wang et al. 2020), and the LYST gene – Lysosomal
Trafficking Regulator – (Naserkheil et al. 2022). This
last gene encodes for a protein involved in the trans-
port of molecules into and from lysosomes and from
lysosome-related organelles: loss of its function lead
to the development of abnormally large lysosomes,
and when the immune cells are involved, these altered
lysosomes could interfere with the immune response
to pathogens (Westphal et al. 2017).

Naderi et al. (2018) applying a random forest statis-
tical approach, identified the GAS1 – Growth Arrest
Specific 1 – as candidate gene involved in clinical mas-
titis resistance; the role of GAS1 in morphology and
physiology mechanisms proper of the udder has been
suggested by (Jaggi et al. 1996). Finally, the PTPRZ1 –
Protein Tyrosine Phosphatase Receptor Type Z1 – is one
of the genes mapped closely to genomic regions
found to be statistically associated with somatic cell
content in dairy cows (Chen et al. 2015).

The remaining genes reported in Figure 3 are all
involved in immune response: the LGALS8 (Galectin-8)
gene encodes for a membrane receptor with the abil-
ity to activate intracellular bacterial killing and it
would seem to have an important role in neutrophils
migration into target tissues (Lopreiato et al. 2020).
The AGK (Acylglycerol Kinase) gene is indispensable
for the metabolic reprogramming of CD8þ T cell and
for their function in immune responses (Hu et al.
2019); the TRIM35 (Tripartite motif TRIM35) gene has
an important role on innate immunity against viral
infections (Sun et al. 2020). Finally, also for PRKCQ
Protein kinase C theta (PKC-h) and PPP2R2A (Protein
Phosphatase 2 Regulatory Subunit Balpha) genes an
immunity role has been reported, as indicated in
human studies (Anel et al. 2012; Prince et al. 2020;
Li Z et al. 2021).

Genes involved in adipogenesis and feed
efficiency traits

Food represents the energy input that the body uses
for physiological or to cope with pathological proc-
esses, and for this reason feed efficiency is considered
one of the most important characteristics in animal
husbandry (Friggens et al. 2013). Over the years, sev-
eral authors investigated a possible link between a
prompt immune response and high feed efficiency in
different species (Vigors et al. 2016; Zerjal et al. 2021).
Among the genes identified in this study as possible
candidate ones for mastitis resistance, two have been
previously associated with feed efficiency traits: ETS1 –
ETS Proto-Oncogene 1, Transcription Factor – (De Lima
et al. 2020) and IPO11 – Importin 11. This latter is part
of a group of genes harbouring SNPs that are part of
a patented marker panel to select animals for feed
efficiency.2 IPO11 is also a nearby gene associated
with SCS (Somatic Cell Score) in Holstein cattle
(Welderufael et al. 2018).

Moreover, the PCP4 gene (Purkinje cell protein 4)
has been identified as one of the major genes regulat-
ing feed efficiency in beef cattle (Machugh et al. 2019)
and Amaral et al. (2019) found that the DSCAM – DS
cell adhesion molecule – regulates the Residual Feed
Intake in pigs. The homolog of this gene (DSCAM) in
insects and crustaceans have an immunity function
regulating their immune response to pathogens (Ng
and Kurtz 2020); even though the results of this study
make us speculate that this gene could have an
immunity role in the bovine species, there are no evi-
dence of this function in the vertebrates.
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The EBF2 (B-cell factor 2) gene promotes differenti-
ation of brown adipocytes and controls its adaptive
cold response (Angueira et al. 2020). Several studies
have shown that adipocytes have immunological func-
tions capable of employing and activating immune
cells: adipocyte in fact, would appear to be an anti-
gen-presenting cell (APC) expressing MHC class I and
II molecules (Song and Deng 2020).

Genes involved in productive and reproductive
traits

Over the years, selection for increased production in
specialised dairy breeds, such as the Holstein one,
determined a correlated genetic response causing a
reduction in reproductive efficiency and in the ability
to cope with diseases and infections, such as mastitis.

In this research two candidate genes for mastitis
resistance (RSU1 - Ras Suppressor Protein 1; B3GALNT2 -
b-1,3-N-acetylgalactosaminyltransferase 2) were previ-
ously reported as associated with milk yield (Farhadian
et al. 2018; Poulsen et al. 2019). The CACNB2 (Calcium
Voltage-Gated Channel Auxiliary Subunit Beta 2) gene
here found associated with mastitis resistance was pre-
viously found associated with reproductive traits
(Sammad et al. 2022) as well as the WEE2 (oocyte mei-
osis inhibiting kinase, also known as WEE1B) gene that
has been associated with oocyte development in don-
keys (Zhang et al. 2022) and fertilisation failure in pigs
and humans (Shimaoka et al. 2009; Hanna et al. 2020).

The existence of a clear genetic correlation
between mastitis with production and fertility may
explain why the genes here found as candidate ones
for mastitis resistance were previously reported for
other traits. In fact, according to Martin et al. (2019),
the genetic correlation values between age at first
insemination and clinical mastitis or considering SCS
indirect measure are ' 0.04 and ' 0.24, respectively.
The same authors estimated a more negative correl-
ation value between first service to conception and
clinical mastitis (-0.41). Also, between SCS and milk
yield the genetic correlation values found in literature

result negative (Haile-Mariam et al. 2001; Samor"e et al.
2011)

Conclusions

In this study we used the data of antibiotic treatments
for mastitis, recorded by the herd veterinarian on 170
Holstein cows for 7 years. These data were coupled
with longitudinal recording of SCC allowing to rank
individuals from the most susceptible (largest number
of treatments along lactations and SCC peaks
(recorded during the milk recording tests) to the most
resistant (no treatments in at least 3 lactations and no
SCC peaks). The cows used in the GWAS analysis are
then assumed to represent the extreme 15% more
susceptible and more resistant of the underlying distri-
bution of mastitis resistance.

Some of the genomic regions containing QTL iden-
tified in the present study were confirmed in previous
studies that considered different phenotypes to map
genetic basis of mastitis resistance: among them clin-
ical mastitis, SCC and SCS. This suggests that the
method used to classify the individuals with the med-
ical treatment records, could improve the identifica-
tion of QTL regions related to immune resistance to
mastitis.

The new regulations on veterinary treatments make
mandatory the recording of antibiotic prescription for
each individuals treatment. The integration of this
new database with routine milk recording data for
SCC may represent then a new possibility to improve
the genetic selection for mastitis resistance.

Notes

1. https://www.genecards.org/cgi-bin/carddisp.pl?gene=
PTK2B

2. https://patents.google.com/patent/US20210195876A1/en
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