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SUMMARY

Chronic subclinical mastitis is an udder inflammation widely defined as milk somatic cell count
(SCC) above 200 000 cells/ml for a prolonged period of time, often caused by bacterial
infection. Several authors have studied subclinical mastitis (SCM) with the purpose to identify
underlying genetic predispositions, while in the case of chronic SCM to date only a few studies
exist. Therefore, the genetic mechanisms associated with chronic SCM still remains to be
identified. The present thesis focus on chronic SCM in the Norwegian Red (NR) population,
aiming to identify underlying biological processes contributing to high SCC in milk.

Firstly (Paper I), the available SCC phenotype records on NR cows in lactation 1 to 3 were used
to estimate genetic parameters of novel defined chronic SCM traits and for lactation average
somatic cell score (LSCS). Ten SCM traits were defined as binary and scored as 1 if two testday
SCC in a row were above SCC thresholds from 50 000 to 400 000 cells/ml (SCM50, -100,
-150, -200, -250, -300, -350, -400); and if three testday SCC in a row were above 200 000 and
400 000 cells/ml, respectively (SCM200 3, SCM400_3). Also the number of days before the
first case with SCM50=1 (D50) or SCM400=1 (D400) were analysed. The estimated
heritability of the SCM traits varied from 0.01 to 0.10 and for LSCS the heritability was 0.3.
High genetic correlations were estimated between the alternative SCM traits, ranging from 0.7
to 1.

The estimated genetic parameters from Paper [ were used as input in a genome-wide association
study (GWAS) together with genotype data from 3795 NR bulls (Paper II). The analyses were
based on single nucleotide polymorphism (SNP) data from NR bulls and SCC records from
their daughters (n=3 543 764). The GWAS detected 36 significant SNPs associated with one or
more of the alternative SCM traits. Based on converted bovine topologically associated domain

(TAD) regions with significant SNPs, 181 genes were identified and analysed by Ingenuity



Pathway Analysis (IPA) in order to recognise involved canonical pathways and networks.
Several significant pathways and putative candidate genes for the alternative SCM traits and
for LSCS were identified, which illustrates the complexity of chronic SCM. A group of
chemokine (C-X-C motif) ligand genes (CXCLI, CXCL2, CXCL3, CXCL5, CXCLS8) were found
associated to SCM200_3, in addition to the Fos proto-oncogene, AP-1 transcription factor
subunit (FOS), that was also found as a top significant gene for the traits SCM150, -200, -250,
-300, -350, -400 and D400.

Further, expression profiles of selected candidate genes identified in association with the
chronic SCM traits, were analysed in samples of unstimulated peripheral blood mononuclear
cells (PBMC) from twenty NR cows; ten cows with high and ten cows with low estimated
genomic breeding value (GEBV) for LSCS (Paper III). Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) on isolated RNA revealed differences between the NR
cows. Significantly higher expression level of the CXCL/ gene was found in unstimulated
PBMC samples from the group of cows with high GEBV for LSCS compared to the group of
cows with low GEBV. Higher expression of the CXCL/ gene may contribute to more rapid
immune response, calling for more neutrophil cells when an invading pathogen enters the udder.
In Paper IV, two groups of NR cows with high (n=6) or low (n=6) GEBV for LSCS were
studied. Macrophages isolated from blood samples were challenged in vitro with the
Streptococcus agalactiae strains ST12 or ST10. Challenge with the bacterial strains revealed
5936 and 6443 differentially expressed (DE) genes in the groups infected with ST103 or ST12,
respectively, versus unchallenged controls. The results observed in Paper IV, indicates
involvement of neutrophils in high SCC in milk during inflammation in the udder. Such as, the
observed up-regulation of Myosin IF (MYOIF) in the ST103 infected macrophages from cows
with low GEBYV for LSCS, imply increased neutrophil migration in to the infected tissue, which

may cause high SCC in milk.



In summary, our study have contributed for better understanding of biological mechanisms
underlying the development of chronic SCM in NR cattle. The defined alternative SCM traits
are genetically different from the LSCS trait currently used in genetic evaluations for NR and
can therefore add information in order to improve breeding for better udder heath. Moreover,
the observed cellular expression profiles of genes involved in neutrophil influx indicates
regulation of neutrophil movement as an important part of the biological mechanisms behind

chronic SCM traits in NR and the number of somatic cells in milk.



NORSK SAMMENDRAG

Kronisk subklinisk mastitt defineres vanligvis som jurbetennelse med hoyt celletall i melk (over
200 000 celler/ml) i en lengre periode, ofte forarsaket av en bakterieinfeksjon. Flere har
analysert subklinisk mastitt (SCM) og brukt alternative definisjoner av egenskapen for & finne
den genetiske bakgrunnen. Men for kronisk SCM finnes det per dags dato kun noen fa studier
der alternative definisjoner av egenskapen har blitt analysert. Kunnskapen om de genetiske
mekanismene som styrer kronisk SCM er derfor fortsatt mangelfull. I denne studien har vi
fokusert pa kronisk SCM i Norsk Redt Fe (NRF) populasjonen med mal om & identifisere
grunnleggende biologiske prosesser som bidrar til heyt celletall i melk.

I artikkel I, ble data for celletall (SCC) hos NRF kyr i laktasjon 1 til 3 brukt til & estimere
genetiske parametere for 12 nye SCM egenskaper og for gjennomsnitt laktasjonscelletall
(LSCS). Ti binzere SCM egenskaper ble definert som 1 hvis SCC i melk to testdager pé rad var
hayere enn en gitt terskelverdi fra 50 000 til 400 000 celler/ml (SCM50, -100, -150, -200, -250,
-300, -350, -400); og hvis SCC tre testdager pa rad var over 200 000 og 400 000 celler/ml,
henholdsvis (SCM200 3; SCM400 3). I tillegg ble antall dager for SCM50 (D50) eller
SCM400 (D400) oppstar for forste gang analysert. Den estimerte arvegraden for SCM
egenskapene varierte fra 0,01 til 0,10 og for LSCS var den 0,30. Hoye genetiske korrelasjoner,
med variasjon fra 0,7 til 1, ble estimert mellom de 12 alternative SCM egenskapene.

De estimerte genetiske parameterne ble videre brukt i artikkel II i en assosiasjonsstudie
(GWAS) med genotypedata i form av enkeltbasepolymorfier (SNPer) for NRF okser (n=3795)
og SCC fenotypedata for detrene til oksene (n=3 543 764). Ved GWAS analysen ble 36
SNP-markerer identifisert som signifikant assosiert med en eller flere av de alternative SCM
egenskapene. Basert pa konverterte topologiske omrdder (TAD) med signifikante SNPer i

storfegenomet, ble 181 gener identifisert og analysert med Ingenuity Pathway Analysis (IPA)



for & finne involverte biologiske prosesser og genetiske nettverk. Flere péaviste likheter og
forskjeller mellom de alternative SCM egenskapene illustrerer kompleksiteten til kronisk SCM.
En gruppe av kjemokin (C-X-C motiv) ligand gener (CXCLI, CXCL2, CXCL3, CXCLS,
CXCLS) ble identifisert for SCM200 3 i tillegg til Fos proto-onkogen, AP-1
transkripsjonsfaktor subenhet (FOS). FOS genet ble ogsa funnet som ett av de mest signifikante
genene for SCM 150, -200, -250, -300, -350, -400 og D400.

Uttrykket av selekterte kandidatgener identifisert i forbindelse med de kroniske SCM
egenskapene ble videre studert i ustimulerte perifere mononukleare blodceller (PBMC) fra ti
NRF kyr med hey genomisk avlsverdi (GEBV) for LSCS og ti kyr med lav GEBV for LSCS
(artikkel IIT). Revers transkripsjon-kvantitativ polymerasekjedereaksjon (RT-qPCR) ble
benyttet pa RNA isolert fra de ustimulerte PBMC provene og forskjeller i genuttrykk ble pavist.
Signifikant heyere ekspresjon av genet CXCLI ble pavist i prever fra kyr med hoy GEBV
sammenlignet med gruppen med lav GEBV. Hayere ekspresjonen av CXCL/ kan vaere med pa
a forklare bedre motstand mot kronisk SCM gjennom en raskere immunrespons ved & tilkalle
flere neytrofile granulocytter for & angripe invaderende patogener i juret.

I artikkel IV ble grupper av NRF kyr med hey (n=06) eller lav (n=6) GEBV for LSCS studert.
Makrofagceller isolert fra blodprever ble i kultur (in vitro) infisert med Streptococcus
agalactiae stammene ST12 eller ST103 i tillegg til ustimulerte kontrollpraver. Det ble funnet
totalt 5936 og 6443 gener med signifikant forskjellig uttrykk i gruppene infisert med
henholdsvis ST103 og ST12 sammenlignet med ustimulerte kontrollprover. Resultatene i
artikkel IV indikerer at neyrofile granulocytter er involvert i gkt SCC i melk ved en
inflammasjon i juret. For eksempel opp-regulering av Myosin IF (MYOIF) genet i ST103
infiserte makrofager fra kyr med lav GEBV for LSCS antyder oket tilstremning av neytrofile

granulocytter til infisert vev og kan dermed bidra til heyere SCC i melk.



Kort oppsummert har denne avhandlingen bidratt til en bedre forstaelse av de biologiske
mekanismene som ligger til grunn for utviklingen av kronisk SCM hos NRF. Nye alternativt
definerte SCM egenskaper er genetisk forskjellige fra LSCS egenskapen som brukes ved
beregning av avlsverdier for NRF per i dag. De nye egenskapene vil dermed kunne bidra med
mer informasjon som kan forbedre avl for bedre jurhelse. I tillegg indikerer de observerte
cellulere ekspresjonsprofilene av gener involvert i migrasjon av neytrofile granulocytter at
regulering av neytrofil vandring fremstar som en viktig del av de biologiske mekanismene bak

kronisk SCM i NRF og antall av somatiske celler i melk.



ABBREVIATIONS

bMDMs bovine Monocyte Derived Macrophages

BTA Bos Taurus autosome

cDNA complementary Deoxyribonucleic Acid
CM Clinical Mastitis

Ct Cycle threshold

DE Differential Expression

dsDNA double strand Deoxyribonucleic Acid
DYD Daughter Yield Deviation

EBV Estimated Breeding Value

FDR False Discovery Rate

GEBV Genomic Estimated Breeding Value
GS Genomic Selection

GWAS Genome-Wide Association Study

IL Interleukin

IPA Ingenuity Pathway Analysis

LD Linkage Disequilibrium

IncRNA long non coding Ribonucleic Acid

LSCS Lactation mean Somatic Cell Score
miRNA micro Ribonucleic Acid
mRNA messenger Ribonucleic Acid

NDHRS Norwegian Dairy Herd Recording System
NR Norwegian Red

PBMC Peripheral Blood Mononuclear Cell
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QTL
rRNA
RT-qPCR
scc
SCM
SCs

SD

SE

SNP
TAD

tRNA

Quantitative Trait Loci

ribosomal Ribonucleic Acid

Real Time quantitative Polymerase Chain Reaction
Somatic Cell Count

Subclinical Mastitis

Somatic Cell Score

Standard Deviation

Standard Error

Single Nucleotide Polymorphism

Topologically associated domain

transfer Ribonucleic Acid
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The list of the official full names to bovine gene name abbreviations (Bos Taurus;

https://www.ncbi.nlm.nih.gov/)

ACOT?2 — acyl-CoA thioesterase 2

ACOT4 — acyl-CoA thioesterase 4

ATP5B — ATP synthase F1 subunit beta

C6 — complement C6

CCNBI — cyclin Bl

CDK7 — cyclin-dependent kinase 7

CXCLI, also known as GROI — chemokine (C-X-C motif) ligand 1
CXCL2 — chemokine (C-X-C motif) ligand 2

CXCL3 — chemokine (C-X-C motif) ligand 3

CXCLS5 — chemokine (C-X-C motif) ligand 5

CXCLS, also known as IL8 — C-X-C motif chemokine ligand 8
EIF2B2 — eukaryotic translation initiation factor 2B subunit beta
FOS — Fos proto-oncogene, AP-1 transcription factor subunit
GAPDH — glyceraldehyde-3-phosphate dehydrogenase

GLI2 — GLI family zinc finger 2

GROI — chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating activity alpha)
MARCO — macrophage receptor with collagenous structure
MYOIF —myosin IF

PADI4 — peptidyl arginine deiminase 4

PLPPI — phospholipid phosphatase 1

PPIA — peptidylprolyl isomerase A

RAD17 — checkpoint clamp loader component

RPL12 — ribosomal protein L12
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SDHA — succinate dehydrogenase complex flavoprotein subunit A
SELIL — ERAD E3 ligase adaptor subunit

SLC18A2 — solute carrier family 18 member A2

STAT4 — signal transducer and activator of transcription 4

TGFB3 — transforming growth factor beta 3
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INTRODUCTION

Background

Chronic subclinical mastitis (SCM) in dairy cattle is widely defined as somatic cell count (SCC)
above 200 000 cells/ml in milk for a prolonged period of time (e.g. Harmon 1994; Schepers et
al. 1997; Pantoja et al. 2009). High SCC can result in reduced milk production and consequently
economic loss (Hagnestam-Nielsen et al. 2009). Previously, SCC and clinical mastitis (CM)
have been studied in Norwegian Red (NR) cattle in analyses of Quantitative traits loci (QTL),
for better understanding of the underlying mechanisms (Klungland et al. 2001; Sodeland et al.
2011; Olsen et al. 2016). Nevertheless, the threshold SCC of chronic SCM has not been defined
precisely neither in Norway nor in other countries. Hence, better understanding of the genetic
and functional background is needed in order to identify the biological process underlying
chronic SCM in dairy cattle and further define this trait by using SCC as indicator. The
Norwegian Dairy Herd Recording System (NDHRS) provides records on milk and meat
production, fertility and veterinary treatments for CM and other diseases. Phenotypic data on
SCC have been routinely collected in the form of testday SCC records since 1978. These data
represent a large database available for analyses with solid historical background and a huge
amount of records. By using the NDHRS database in combination with genotype and pedigree
information on the NR population, novel traits can be identified and thoroughly analysed with
the purpose to contribute additional information and improve the genetic evaluation of udder

health in NR in order to reduce chronic SCM cases as well as SCC in the population.
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The breeding program for Norwegian Red

Geno Breeding and Al Association is responsible for development of the breeding program for
the NR population (www.geno.no). CM has been included in the breeding goal for NR since
1978 (Heringstad et al. 1999). While SCC became included in the genetic evaluation of udder
health in 2014 as lactation average somatic cell score (LSCS). This trait is derived from testday
SCC records as a log. transformed somatic cell score (SCS; Schukken et al. 1992). Genomic
selection (GS; Meuwissen et al. 2001; see below) is used for breeding of NR. GS is widely used
in many dairy cattle breeding schemes (Loberg & Diirr 2009). This selection method is based
on genomic estimated breeding values (GEBV). To calculate GEBV in NR a single step
genomic best linear unbiased prediction (ssGBLUP) model is used by Geno, where both
pedigree (A) and single nucleotide polymorphism (SNP) based (G) relationship matrices are
taken into account, by using a combined H matrix (VanRaden 2008; www.geno.no).
Relationship estimated based on the SNP data, also called genomic relationship matrix G, is
based on the realized proportion of the genome that two individuals share (Goddard et al. 2011).
The traditionally estimated matrix A is based on the expected proportion of the genome that
two individuals have in common. Combining A and G give higher accuracy on the relationship
between individuals. The total merit index for NR consists of the following trait groups with

relative weights given as percentage in parenthesis (www.norwegianred.com): Production

(23.54), udder confirmation (22.56), udder health (15.66), daughter fertility (13.87), beef (7.16),
claw health (4.02), foot and leg confirmation (2.18), calving ease (5.40), stillbirth (0.55),
milking speed (3.76), leakage (0.53), other diseases resistance (0.35) and temperament (0.42).
The udder health index for NR consist of SCC (68 %) and CM (32 %). Information on SCC
is recorded through laboratory analysis of testday milk samples, while CM is recorded as

veterinary treatment and reported to the NDHRS.
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Mastitis in dairy cattle

Mastitis is one of the most frequent and costly diseases in dairy cattle, often characterized by
increased SCC (Harmon 1994). CM is described as an inflammation of the udder with clinical
symptoms, such as abnormal milk and swelling or pain in the udder. While SCM is present with
no visible changes, but milk production decrease, SCC increase and often bacteria are present
in the milk secretion. There are several mastitis pathogens that cause udder inflammation e.g.
Staphylococcus aureus and Streptococcus agalactiae and coliforms (Smith 2014). In Norway,
S. aureus is the most common bacteria causing bovine mastitis, while S. agalactiae is among
the leading causative bacteria of subclinical bovine mastitis. Both bacteria are found in the
environment (Zadoks et al. 2002; Jorgensen et al. 2016) and after milking, since the teat canal
still remains dilated, they may easily invade the udder and attack tissues lining the milk-
collecting ducts and cisterns (Figure 1; Viguier et al. 2009; Bogni et al. 2011). Production of
several virulence factors cause swelling and death of milk-secreting cells. By bacterial invasion
the leukocytes in the udder signals additional leukocytes to move from the blood into the udder
quarters and teat canals to destroy the bacterial infection. However, if the invading bacteria are
not completely removed, they continue to attack ducts and alveolar areas. In some cases,
infection is cleared and udders return to normal but if the infection persists milk secretory tissue
may be destroyed or alternatively the infection become chronical. When an innate immune
response is activated, the number of leukocytes together with macrophages and epithelial cells
increase in the mammary glands and define the threshold of SCC in milk (Miller et al. 1991;

Schwarz et al. 2011).

18



alveolus

/'QJ ?/%Y( .
cv gland alveolus:
é udder V_)

macrophages

epithelial cells

7\ cistern
teat cistern

3 ’; pathogens
blood vessel

N\

[

b, S
{ \g\i“ \ff

environment ¢ {

somatic cells

pathogens

Figure 1. Mastitis infection. Schematic physiological structure of the udder quarter in dairy
cattle is presented. On the right picture invading pathogens have entered the udder quarter and
alveolus through an open teat canal, causing damage of epithelial cells and leading to atrophy
of alveolus. The pathogens recognized by immune cells trigger activation of an innate immune

response, increase in somatic cell count and may lead to the inflammation process.

Somatic cell count as indicator of mastitis

SCC in bovine milk is an indicator of an inflammatory process in the udder quarter. CM can
easily be detected by observing abnormalities, such as flakes or clots in milk and redness,

hardness or pain in the udder. The detection of SCM is more difficult, since no clinical
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symptoms are present. Quantification of the number of SCC in milk is often used to determine
whether a cow is infected with mastitis pathogens or not. Previously it has been reported that
in healthy quarters the somatic cells consist mostly of immune cells, such as lymphocytes and
macrophages (Sarikaya et al. 2006) with variation from < 50 000 —200 000 cells/ml (Schepers
et al. 1997; Pantoja et al. 2009). While in the case of an inflammation SCC will increase
(Sarikaya et al. 2006) and is expected to be above 200 000 cells/ml (Schepers et al. 1997).
However, several authors have analysed different SCC threshold levels and concluded that
alternatively defined SCC traits provide information that may improve genetic evaluation and
selection on udder health (e.g. de Haas et al. 2008; Winding et al. 2010; Koeck et al. 2012;
Bobbo et al. 2018). Furthermore, SCC have higher heritability compared to CM (Rupp and
Biochard, 2003). Genetically, SCC is an indicator of both types of mastitis — clinical and
subclinical (Martin et al. 2018). SCC records are routinely collected and used as an indicator of
mastitis in bovine breeding programs in many countries. In genetic evaluations it is common to

use the log. transformed lactation-average somatic cell score (Schukken et al. 1992).

Selection against high Somatic Cell Count

Selection against high SCC in milk is a selection against inflammation and neutrophil
concentration in milk (Rainard et al. 2018). Selection for lower SCC is often based on the LSCS
trait and used to genetically improve udder health. However, in GS one of the methods includes
estimation of the GEBV directly from genetic markers located on the genome (Goddard 2011).
Based on a reference population effect of specific SNP markers on the trait of interest are
estimated. SNP associated with QTL of the trait is probably in linkage disequilibrium (LD) with
it. LD means that there is a non-random association of alleles (a variant form of a given gene)
at different loci in a given population. Locus (loci in plural) is a fixed position for a gene/genetic

marker on a chromosome. The detected markers are correlated with effects on the traits of

20



interest across families and further can be used for selection. Genome-wide association study
(GWAS) is one of the most frequently used method to identify markers associated with trait
phenotypes (Delvin & Risch 1995). The trait associated markers will contribute to more precise
selection as well as better understanding of the biological mechanisms of complex traits, such
as functional traits — fertility, SCC (e.g. Kiihn et al. 2003; Sahana et al. 2010; Sodeland et al.
2011) and CM (e.g. Sahana et al. 2013; Wu et al. 2015; Olsen et al. 2016). In the case of CM
in NR significant QTL was previously reported on bovine chromosome (BTA — Bos Taurus
autosome) 2, 3, 4, 6, 14, 20 and 27 (Klungland et al. 2001; Nilsen et al. 2009; Sodeland et al.
2011; Olsen et al. 2016). While QTL affecting SCC have been reported on BTAS8, BTA12,
BTA19 and BTA26 (Klungland et al. 2001; Sodeland et al. 2011) for NR, it has been reported
on BTAS5, BTA6, BTA13, BTA16, BTA19 and BTA20 (Sahana et al. 2014) for other breeds
such as Nordic Red cattle. GWAS results can be further analysed using topologically associated
domain (TAD) regions to identify candidate genes (Wang et al. 2018; see the chapter “Activity
of genes” below for more details). Furthermore, candidate genes can be studied by pathway-
based analysis in order to understand biological functions behind complex traits, such as
mastitis in dairy cattle (Lewandowska-Sabat et al. 2012; Olsen et al. 2016). In order to activate
the biological processes in the udder the immune system of an individual have to recognize

invading pathogens.

Immune system

The immune system protects the body from infectious agents entering the organism and is
classified into the innate and the adaptive immune system. Innate immune response, also called
inherited, identify pathogens and provide the signals necessary to activate an adaptive immune
response, also known as acquired (Gallucci & Matzinger 2001). The signals are cytokines, that

are proteins, secreted by cells during external stimulus and providing coordination of immune
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cells. The first line of innate immune response cells are monocytes and macrophages. When
bacteria or other pathogens invade the udder, monocytes migrate from blood to the tissue and
differentiate into macrophages that can perform phagocytosis. Earlier it has been reported that
S. aureus can survive within mammalian host cells and escape from macrophage phagosomes
(Bayles et al. 1998). This may lead to chronic inflammation by inducing alternative activation
of macrophages (Figure 2; Parham 2015). Normally, when bacteria enter the macrophage,
T helper 1 cell type activation start a pro-inflammatory response through interferon gamma
(IFN-y), a cytokine that binds to the IFN-y receptor on macrophages. The secondary possible
activation of macrophages can be performed through a signal delivered when the CD40 ligand,
a cytokine bound to the membrane of T helper 1 cells, binds to it’s receptor CD40, on
macrophages. Further, combination of the signals coming from the CD40 and IFN-y receptors
lead to changes in gene expression in order to activate macrophages. Only macrophages with
cytokine receptors bound to the T helper 1 cells become antigen-specific activated and can react
on specific antigens from invading pathogens, a mechanism preventing an unnecessary damage
of healthy tissue by activated macrophages. However, macrophages may produce a large
amount of inflammatory cytokines in response to an antigen, that can contribute to potentially
pathological inflammatory processes, hyperinflammation and eventually pathological tissue
damage (Hamidzadeh et al. 2017). Alternative activation of the macrophages is characterized
with anti-inflammatory effects that may inhibit the pro-inflammatory cytokines (Parham 2015).
There are several possible types of alternative activation of macrophages (Avdic et al. 2013).
The first type acts through the T-helper 2 cytokines interleukin 4 and 13 (IL-4; IL-13) resulting
in tissue repair macrophages. In the second type, macrophages become deactivators of the
immune response after stimulation by interleukin 10 (IL-10). The last possible alternative

activation is known as induced by immune complexes and agonists of Toll-like receptors.
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Figure 2. Classically and alternatively activated macrophages. In udder quarters and alveolus
macrophages become antigen-specific activated by signals from CD40 and interferon gamma
(IFNg) receptors. Such called classically activated macrophages start to produce interleukin 4
and 13 (IL-4, IL-13) to activate other macrophages. Alternatively activated macrophages

produce IL-10 that inhibits pro-inflammatory cytokine signalling.

Activity of genes
The central dogma of biology is known as a two-step process, starting with replication of

information provided by DNA by transcription into messenger RNA (mRNA) followed by
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translation from mRNA to protein (Watson et al. 2008). The best known types of RNA are a
mRNA, transfer RNA (tRNA) and ribosomal RNA (rRNA). Function of the mRNA is to carry
information from DNA to the ribosomal sites of protein synthesis. tRNA translate the genetic
codes of the mRNA into amino acids. Each class of tRNA binds a specific amino acid and
transfer it to the ribosome for incorporation in the protein. rRNA combine with protein to form
the ribosome (nucleoprotein). In addition, several other types of RNA, such as microRNA
(miRNA) and long non coding RNA (IncRNA) exists. These are non coding but have regulatory
functions. The miRNA binds to and destabilises mRNA and thereby inhibits protein synthesis
(O’ Brien et al. 2018). IncRNA can regulate the expression of genes in cis (neighbouring genes)
or trans (distant genes) by binding to protein or other nucleic acids and modulating their
function (Bassett et al. 2014). To initiate transcription of a gene the RNA polymerase binds to
the promoter upstream of the gene sequence (Lewin 2000). A promoter is a region of DNA that
is located close to the start site of transcription of a specific gene. Promoters regulate gene
expression together with other regulatory regions, such as enhancers, that activate transcription
of a gene, and silencers — that deactivate transcription. Normally, gene expression is controlled
by silencers and enhancers, but non-genetic i.e. epigenetic, factors influence the expression of
genes in an organism. Epigenetic inheritance denotes phenotypes inherited without any changes
in the sequence of DNA. Such epigenetic modifications can change the structure of chromatin
resulting in transcriptional activation or repression (Das & Singal 2004). DNA methylation and
histone modification are examples of the mechanisms that cause functional changes in the
genome without changes in the nucleotide sequence. DNA methylation is a process where
methyl groups are added to the DNA molecule and leads to repression of transcription of
specific genes. While histone modification may influence all DNA-based processes, such as
transcription and chromatin compaction (Lawrence et al. 2016). Chromatin located in the

nucleus includes a complex of proteins and DNA and forms chromosomes. In chromatin, long
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DNA molecules become packaged in to compact shape, to avoid DNA damage and to contribute
to regulation of DNA replication and gene expression (Mondal et al. 2010). A TAD (Figure 3;
Dixon et al. 2012) is a genomic region characterised by more frequent self-interaction of DNA
sequences within the TAD region compared to sequences outside the region. TAD regions are
defined by analyses of chromatin conformation, by using capture methods with following
sequencing. TADs are also defined as chromatin domains with important role in gene

expression regulation.

chromosome territory

topologically
associated
domains (TAD)

active TAD
region

Figure 3. Topologically associated domains (TAD). Schematic structure of chromosome
territory is shown with TAD regions. The active TAD has relaxed structure and consist of a

region with active genes, surrounded by compacted regions with inactive genes.
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TAD (Figure 3) are known from human biology as highly conserved domains with self-
interacting chromatin (Krefting et al. 2018). TAD are stable during replication (Pope et al.
2014) and they are conserved between different cell types and between species (Dixon et al.
2012). Such stability and impact on the functional regulation of the genome makes TAD useful
for identification of underlying gene regulation and mechanisms of a trait or disease. Moreover,
information on TAD can improve the search for candidate gene variants compared to using
arbitrarily chosen distances from significant SNPs associated with a trait (Wang et al. 2018). In
the bovine genome coordinates for TAD regions based on bovine sequence data are not yet
available (September 2019), but they have been described and analysed previously by using a
liftover tool (Wang et al. 2018). The TAD coordinates available from several human, mice, dog
and macaque cell types were successfully converted to the bovine genome. Furthermore, the
most significant QTL associated with variation in expression of a specific gene or alleles of a
gene were found to be located within the same TAD as the gene more often than expected.
Additionally, Krefting et al. (2018) confirmed that TAD are highly conserved regions of the
genome with regulatory functions and are stable against rearrangements during evolution.
Therefore, TAD regions may be used as alternative search regions for causative regulatory

variants in the bovine genome.
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AIM OF THE STUDY

The primary aim of this project was to increase the understanding of the genetic and functional
background of chronic SCM in NR dairy cows. Hence, the following sub-aims were formulated:
1. Define alternative chronic SCM traits based on the available information and estimate
heritability and genetic correlations for these traits
2. Perform GWAS to identify candidate genes associated with chronic SCM, based on
alternative chronic SCM traits
3. Study expression profiles of candidate genes in groups of animals with high and low
GEBYV for LSCS
4. Analyse expression profiles (mRNA) in bMDM, infected in vitro with S. agalactiae, an

agent causing SCM in cattle
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SUMMARY OF THE PAPERS

Paper 1

Alternative Subclinical Mastitis Traits for Genetic Evaluation in Dairy Cattle

Chronic SCM in NR cows were analysed as 12 new traits, defined based on SCC thresholds of
50-, 100-, 150-, 200-, 250-, 300-, 350- and 400 x 1000 cells/ml (SCM50 — SCM400). Binary
SCM traits were set equal to 1 if at least two consecutive testday SCC records within 2 months
were above a fixed threshold, otherwise 0. Moreover, two similar traits based on three testdays
within 3 months with SCC above 200- or 400 x 1000 cells/ml, respectively, were analysed in
order to identify long lasting subclinical infections. Number of days before first case with
SCM50=1 (D50) and SCM400=1 (D400) were analysed to take the time aspect into account.
Data from the NDHRS were edited and used (n=701 440) for estimation of variance
components by linear animal repeatability model. A smaller dataset was used to estimate
genetic correlations (n=243 556). The total mean frequency of SCM traits ranged from 1.2 %
(SCM400 3) to 51.8 % (SCM50). The mean number of days were 104 for D50 and 117 for
D400. The mean LSCS was 4.4, equivalent to approximately 82 000 SCC in milk.

The estimated heritability for the twelve SCM traits ranged from 0.01 (SCM400 3) to 0.10
(SCM100). Estimated genetic correlation between SCM traits ranged from 0.7 (between D50
and SCM400) to 1 (between SCM350 and SCM400). Additionally, heritability for LSCS was
estimated to 0.3 and genetic correlation between LSCS and the SCM traits ranged from 0.9
(with D50) to 1 (with SCM50). Estimated genetic correlation between milk yield trait and SCM
ranged from 0.07 (LSCS) to 0.30 (D400). Based on the results defined traits might provide

additional information on chronic SCM and can improve breeding for better udder health.
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Paper 11

Identification of Candidate Genes Affecting Chronic Subclinical Mastitis in Norwegian
Red cattle: Combining Genome Wide Association Study, Topologically Associated
Domains and Pathway Enrichment Analysis

The 12 new chronic SCM traits from Paper I, were further analysed using GWAS in order to
identify candidate genes affecting these traits. Genotype data from NR bulls (n=3 795) were
combined with phenotype information from their daughters (n=3 543 764). First, daughter yield
deviations (DYD) for each genotyped NR sire were calculated using phenotype data from cows
and corresponding pedigree file (n=4 124 678). Secondly, DYD data was combined with SNP
(n=613 908) genotypes from each sire and the corresponding genomic relationship matrix,
based on SNP data provided by Geno SA. The genomic location of identified significant SNPs
(n=36 unique SNPs) were used to choose bovine TAD regions for the following selection of
potential candidate genes. The list of genes (unique gene ID n=181) were analysed by the web-
based software IPA in order to recognize involved canonical pathways and networks.

The LSCS trait showed similar significant genes as the SCM traits with SCC > 50 000 and
>100 000 cells/ml in two testdays in a row (SCM50 and SCM100), i.e. checkpoint clamp loader
component (RAD17) and cyclin B1 (CCNB1). Moreover, the SCM traits with SCC > 250 000;
300 000; 350 000; or 400 000 cells/ml at two testdays in a row and D400 displayed similar top
significant genes; acyl-CoA thioesterase 2 and 4 (ACOT2; ACOT4). For the traits SCM150,
SCM200 and SCM200 3, a group of chemokine (C-X-C motif) ligand genes and the Fos proto-
oncogene, AP-1 transcription factor subunit (FOS) gene were identified. These results
illustrates the complexity of chronic SCM. Further functional studies are necessary in order to

clarify the actual role of these genes in development of chronic SCM in NR.
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Paper 111

Expression Analysis of Candidate Genes for Chronic Subclinical Mastitis in Norwegian
Red

Several candidate genes for the alternatively defined chronic SCM traits from Paper II were
selected to compare RNA expression profiles from unstimulated peripheral blood mononuclear
cell (PBMC) in different groups of animals. Blood samples were taken from twenty NR cows
selected based on their GEBV for LSCS. RNA expression were studied in association with
leukocyte subset in the samples. Using RT-qPCR and flow cytometry methods differences in
gene expression were found between animals grouped by high/low GEBV for LSCS and
early/late lactation stage. The gene CXCLI showed higher expression and the gene FOS showed
lower expression in the group with high GEBV for LSCS. Grouping by lactation stage revealed
significant higher expression of FOS gene in early lactation (two — three month after calving)
compared to late (seven-eight month after calving). No significant differences were found in
leukocyte subsets among the grouped samples, indicating that the identified gene expression
were unlikely to be caused by elevated numbers of cells in the PBMC samples. The identified
genes in the current study can be considered as possible candidate genes for chronic SCM in

NR cows.

Paper IV
Transcriptional Profiling of Monocyte-Derived Macrophages Infected in vitro with Two
Strains of Streptococcus agalactiae Reveals Candidate Pathways Affecting Subclinical

Mastitis in Cattle
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For better understanding of the host defence during subclinical mastitis gene expression profiles
in bovine monocyte derived macrophages (bMDMs) from blood samples were studied. bMDMs
were isolated from twelve NR cows and stimulated in vifro with the two Streptococcus
agalactiae strains ST12 and ST103. The individuals were selected based on their GEBV for
LSCS. The cells were challenged with bacteria and left for 6 h. Unchallenged controls were
included. Further, mRNA isolated from the bMDMs were sequenced and the results
investigated for differentially expressed (DE) genes and pathway analyses. This resulted in
5936 and 6443 DE genes between groups infected with ST103 and ST12 respectively versus
unchallenged controls. Ingenuity pathway analysis (IPA) of the up-regulated DE genes showed
significant enrichment for type 1 and type 2 T helper cell activation in the samples stimulated
with ST12. While significant enrichment of granulocyte adhesion and diapedesis was identified
among the up-regulated genes in the samples stimulated with ST103. The gene MYOIF was
found as significantly higher expressed in the group of low GEBV for LSCS bMDMs
challenged by ST103 compared to high GEBV for LSCS. While the PADI4 gene was lower
expressed in bMDMs challenged by ST12 in the group of low GEBV for LSCS. No
significantly DE genes were identified between low and high GEBV for LSCS in the control
samples. In addition the samples were grouped by high and low SCC in milk given as the
geometric mean of three measurements during the last lactation. Six, three and two DE genes
were identified in samples challenged by ST103, ST12 and control, respectively. This study
reported pathogen-induced regulation of key genes activated in bMDMs during immune

response against mastitis causing Streptococcus agalactiae in NR.
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MATERIALS AND METHODS

Animals and data

In Paper I and II, available data from the NDHRS (TINE Oslo, Norway) from 1979 to 2016
were analysed. The data were used to define traits based on SCC thresholds, defined as
described by Svendsen and Heringstad (2006) with 400 000 cells/ml as the highest acceptable
level of SCC in bovine milk allowed for human consumption (European Commission Milk
Hygiene Directive 92/46, 1992). Ten SCM traits were defined as binary (set to 1 or 0) and
scored as 1 if two testday SCC in a row within a 2 month period were above SCC thresholds
from 50 000 to 400 000 cells/ml (SCM50, -100, -150, -200, -250, -300, -350, -400); and if three
testday SCC in a row within a 3 month period were above 200 000 and 400 000 cells/ml
(SCM200 3, SCM400 3). The hypothesis in Paper I was that high SCC during a 2 testdays
long period will indicate cows with chronic long-term SCM infection, and more long-lasting
stronger chronic SCM cases during a 3 testdays long period. Moreover, two traits: D50 and
D400 were defined as the number of days from calving to the first case with SCC threshold
above 50 or 400 x 1000 cells/ml, respectively, during 2 testdays within a 2 month period. These
traits were supposed to give information on how long cows can stay without any increase in
SCC in milk. The hypothesis was that cows who stay longer with low SCC have better ability
to resist infections and chronic SCM compared to other NR cows. Finally, LSCS, the trait
currently used in routine genetic evaluations of udder health for NR, was analysed. The data
were restricted to testday SCC records during the first 3 lactations and between days in milk
from 21 to 305 (to avoid the naturally high SCC after calving) and only from herd-years with
at least 15 NR cows were included. Two datasets (A and B) from NDHRS were used:
year/month of first calving: A) from 2006.01 to 2016.12 and B: from 2014.01 to 2016.12; age

at calving in months by lactation number: from 19 to 63 months during 1 — 3 lactations for both
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A and B dataset; interval from calving to conception called days open: from 20 to 150 days;
herd year: A) 14 860 and B) 13 450. Dataset A including 701 440 cows with corresponding
1 209 128 records and 1 473 837 individuals in a pedigree file, was used for estimation of
variance components. The software DmuTrace (Madsen 2012) was used to build the pedigree
file by including available relationship information based on the ID-number of animals. The
subset of dataset A, the smaller dataset B, including 243 556 cows with 357 203 observations
and the corresponding pedigree file of 933 049 individuals, was used for estimation of genetic
correlations. It was necessary to reduce the dataset for estimation of the parameters due to
computational limitations.

In Paper II, genotype information from 3795 NR bulls with 613 908 SNPs was combined with
phenotype records from their 3 543 764 daughters (first calving in 1979 — 2016) with
corresponding 7 300 847 observations of testday SCC records, used to define the traits in
Paper I and 4 126 678 individuals in the pedigree file. Genotype data on NR sires provided by

Geno SA (www.norwegianred.com), the breeding organization for NR, were analysed. Geno

SA has typed NR sires using the Affymetrix 25 SNP array (Affymetrix, Santa Clara) or the
[llumina BovineSNP50 BeadChip (54K; Illumina Inc., San Diego, CA; Matukumalli et al.
2009) combined with the Illumina BovineHD Genotyping BeadChip (777K; Illumina, San
Diego). Further, Geno SA has imputed missing SNP data.

In Paper III, 20 NR cows in the research herd at The Animal Production Experimental Centre,
Norwegian University of Life Sciences, were selected for collection of blood samples and test
for expression of candidate genes. These cows were chosen based on lactation number and
calving date, in addition to maximizing the differences in the cows GEBV for LSCS below and
above 100, that is high risk (< 100) and low risk (> 100) to get high SCC in milk during
lactations. In Paper IV, twelve NR cows from different herds in Norway were selected based

on GEBV for LSCS, maximizing the difference between groups.
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Statistical and Genetic Analyses

In Paper I, the SAS software version 9.4 (SAS Inst. Inc., Cary, NC; www.sas.com) was used to
edit data. (Co)variance components for the twelve defined SCM traits and the LSCS trait were
estimated with the DMU software DMUALI program (Madsen and Jensen 2013) using a linear
animal repeatability model. The animal repeatability model is used for estimation of repeated
records, such as SCM traits for different lactation numbers (Mrode et al. 2012). For estimation
of the heritability the single trait repeatability model was used for each trait, and for estimation
of the genetic correlations bivariate repeatability models were used. When traits are defined as
binary, the results of the linear model will depend on the frequency in the studied population
(Gianola 1982). Therefore, low frequency may result in underestimated heritability for the trait.
In Paper I, heritability and genetic correlations were calculated. To estimate heritability the
estimated genetic variance was divided by the sum of estimated herd-year, permanent
environmental, genetic and residual variances. The covariance between two traits was divided
by the geometric mean of standard deviations (SD) for those traits to calculate genetic
correlations. Finally, standard errors (SE) were calculated by the DMU software as the
asymptotic SE.

The variance components estimated in Paper [ were used in Paper II, as input for the estimation
of breeding values (EBV) by the DMUS procedure in the DMU software (Madsen and Jensen
2013). Solutions for the fixed and random effects were then used for calculation of the daughter
yield deviations (DYD; VanRaden & Wiggans 1991) for the NR sires, DYD being the average
of daughter phenotypes corrected for fixed and non-genetic random effects. DYD were used as
input in the GWAS. Identified significant SNPs were further analysed by using converted
bovine genome TAD coordinates. TAD regions are known to be conserved between the

different cell types and species (Dixon et al. 2012; Rao et al. 2014; Rudan et al. 2015) as well
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as stable during replication (Pope et al. 2014). The percentage of TADs successfully converted
to the bovine genome ranged between 92.6 —93.2 % and 86.0 — 86.8 % from human and mouse
respectively. Then, the lists of identified genes were analysed using the network based software

IPA (www.qgiagenbioinformatics.com), known as one of the most updated pathway analysis

software, primary designed for human pharmaceutical industry. IPA has specific focus on
human diseases such as cancer, and this need to be taken into consideration when interpreting
the results in relation to chronic SCM in cattle.

In Paper 111, statistical analyses of the expression results for the identified candidate genes was
performed using GraphPad Prism version 8.1.1 software (GraphPad Software, La Jolla

California USA, www.graphpad.com). To estimate differences in gene expression levels

between the groups of cows with high and low GEBV for LSCS, multiple t-test with following
False Discovery Rate (FDR) correction of the estimated p-values was used. The significance
level was defined at 5 % FDR P-value (Q-value).

To estimate statistically significant differences between DE transcripts in control and treatment
samples in Paper IV, the packages DESeq2 v.1.4.5 (Love et al. 2014) and edgeR v.3.20.9

(Robinson & Oshlack 2010) in the R software v.3.4.1 (http://www.R-project.org) were used.

DE genes were defined as significant when both FDR was <5 % in edgeR and the Benjamini
and Hochberg corrected p-value was <5 % in DESeq2. In Paper II and IV, using IPA to analyse
gene function, Fisher Extract-Test at 5 % level and Benjamini and Hochberg corrected p-values
<5 %, respectively were used to define the significance level of candidate gene expression.
Bonferroni correction was used to control the family-wise error rate when testing multiple
hypotheses (Vickerstaff et al. 2019). Bonferroni correction is very conservative and ignore
correlation between markers that become higher with higher density of markers (Han e al.
2009). In the case of low power of QTL, identifying Bonferroni correction will result in a high

number of false negatives. In Paper II, the significance level of the identified SNPs was not
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high and in order to include most SNPs of interest in further analyses the 5 % chromosome-

wide significance threshold (Sahana et al. 2010) was implemented.

Genome-wide Association Study

In Paper II, GWAS was used to analyse the association between the traits defined in Paper I
and SNPs to identify involved genes/chromosomal regions. To perform the GWAS analyses
the package GenABEL v.1.8-0 (Aulchenko et al. 2007) in R software v.3.4.1 (http:/www.r-
project.org/) was used. GWAS is commonly used to identify genes associated with phenotypes
of interest. In Paper II, DYD were used as phenotypes in a GWAS model with GRAMMAR-
Gamma function, a variance component-based two-step method used for unbiased estimation
of SNP effects for samples with genetic sub-structure, such as relatives (Svischeva et al. 2012).
During the first step residuals and GRAMMAR-Gamma factor are estimated, using the
polygenic function. The polygenic function give the inverse of the covariance matrix and
estimates the residuals of the analysed traits by using kinship matrix of relatedness. In Paper II,
the kinship relationship matrix was estimated from SNP genotype data provided by Geno SA.
To avoid biased estimates of regression coefficient it is recommended to use the GRAMMAR-
Gamma function (Svischeva et al. 2012). During the first step in the analysis the GRAMMAR-
Gamma factor have been estimated, which gives correct estimation of test statistic and unbiased
estimates of SNP effects. Further, in the second step the estimated effect of SNPs and test

statistic values are divided by the GRAMMAR-Gamma genomic inflation factor.

Analyses of gene expression

To perform analysis of gene expression reverse transcription quantitative polymerase chain
reaction (RT-qPCR) and mRNA sequencing was used. These methods are used for detection

and quantification of specific genes in the form of mRNA sequences. In the current project RT-
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gPCR were performed to identify the expression level of selected candidate genes for chronic
SCM (Paper III).

The RT-qPCR method is divided in three steps. The first step is the reverse transcription (RT)
where the enzyme reverse transcriptase produce a complementary DNA strand (¢cDNA) from
the RNA. During the second step, amplification, cDNA is amplified through repeated cycles of
denaturation and polymerization producing copies of the sequence targeted by specific primers.
Additionally, at the end of each cycle fluorescence is emitted to quantify the level of double
strand DNA (dsDNA). The final step, quantification, includes relative quantification by
defining the number of amplification cycles needed for the fluorescence signal to cross a pre-
set threshold. The cycle threshold (Ct) value is calculated as the cycle number at which the
amplification curve cross the defined fluorescence threshold. The Ct value is related to the level
of target RNA in the analysed sample, i.e. the higher Ct value, the lower level of target RNA.
In Paper III, 40 cycles were run in the qPCR using the EXPRESS SYBR™ GreenER™ qPCR
Supermix, with premixed ROX (Invitrogen) dye that intercalates in all dSDNA and emits a
fluorescent signal, followed by melting curve analyses. The EXPRESS SYBR™ GreenER™

gPCR Supermix kit (https://www.thermofisher.com/) provides higher sensitivity, specificity
and reproducibility by producing a brighter signal, less PCR inhibition and reduced
contamination in qPCR compared to the original SYBR Green I. However, the SYBR Green
detection is not specific for the target sequence, since it binds to all dSSDNA including erroneous
amplicons. Hence, additional melting curve analysis for each RT-qPCR run is necessary to test
for product purity. In addition, PCR products for each of the designed primers were analysed
for size on agarose gel and sequenced to ensure that the correct amplicons were produced.
Moreover, for each sample no RT controls were included to test for contamination of the RNA

samples with genomic DNA. Without the RT reaction pure samples should only consist of RNA
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and the PCR reactions will not work. For each primer pair negative controls with no added
template (no template control) were included to test for contamination of the reaction mix .

In Paper III the RT-qPCR method was used to evaluate expression of genes selected as possible
candidates with effect on chronic subclinical mastitis in NR cows, based on the GWAS
analyses. All gene specific primers were designed using the Primer BLAST tool (Ye et al. 2012)
and checked for polymorphisms as far as possible in the NR genome to ensure their specificity.
To quantify the level of gene expression normalizing the Ct values against the expression of
reference (housekeeping) genes, with the same level of expression in all experimental
situations, was performed. In addition, to examine if the differences in expression of the
analysed genes were caused by differences in cellular expression and not by different numbers
of monocytes, dendritic cells or other fractions of PBMC, flow cytometry was performed.
Mixes of primary monoclonal antibodies and secondary isotype-specific antibodies were used
for specific designation of the types of leukocyte cells in the PBMC samples.

The bovine geNORM kit combined with the software gbase+ 3.2 (http://www.qbaseplus.com)
were used (Paper I1I) to identify the most stable reference genes expressed in the bovine PBMC
samples. This kit includes primers for six housekeeping genes (GAPDH, PPIA, ATP5B,
EIF2B2, RPL12, SDHA) that are candidates for reference genes to be used in the samples.
Several RNA samples isolated from PBMC (representing each group of high and low LSCS
GEBYV) were tested for all of the six reference genes and the most stable results were obtained
for the EIF2B2 and RPL12 genes. The average expression stability value (M) were calculated
as the lowest among the six genes and were below 0.3 for both E/F2B2 and RPLI2. Hence,
these two genes were chosen as optimal reference targets and calculated as the geometric mean
for normalization of the expression level of the tested genes. To calculate the changes in
expression level of the genes of interest the 22t method was used. This method performs

correction of gene expression against reference genes in the same run, i.e.
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ACt = Ctarget gene) — Clreference gene). Additionally, the efficiency of all primer pairs were tested
by template dilution series. Three samples from cows with high GEBV for LSCS and three
from low GEBV were used. The number of molecules of the target sequences should double
during each replication cycle and in our study (Paper III) the efficiency of all the primer pairs
were 100 % (£10).

Alternatively, RNA sequencing and differential expression analysis can be performed. In Paper
IV mRNA isolated from bMDM challenged in vitro by the mastitis causing S. agalactiae strains
ST12 and ST103 were sequenced in order to analyse for DE genes among defined groups. The
samples with bMDM were exposed to bacteria for 1 hour before addition of 1%
penicillin/streptomycin to the cultures in order to stop further growth of extracellular bacteria
which would kill the cells within a couple of hours. The control cultures without bacteria were
treated likewise. By sequencing RNA isolated from the samples, all the involved genes in the
bovine genome may be identified. Moreover, the sequence data can be analysed in order to
identify SNPs by comparing data from several individuals. This method, called variant calling,
are used to identify SNP variants from RNA sequencing data (Piskol et al. 2013; Olson et al.
2015). But this is a multistep process that may give wrongly mapped reads and could hamper
accurate identification of genomic variants. Microarray analysis is an older method that also
may reveal differentially expressed genes (Lewandowska-Sabat et al. 2013). But by using a
microarray analysis only the genes printed on the array can be identified, while sequencing is
not depending on known information and can reveal unknown genes and splice variants

expressed in the analysed samples.
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KEY RESULTS AND GENERAL DISCUSSION

The aim of this project was to increase the understanding of the genetic and functional
background of chronic SCM in NR dairy cows. The hypothesis is that cows with low SCC in
milk have different gene variants that manage a quick and effective immune response reacting
on an invading pathogen. Those cows are likely to have better ability to resist infections,
including development of chronic SCM, compared to cows who stay with high SCC in milk for
a prolonged period of time. Moreover, individuals with high and low GEBV for LSCS were
expected to have different gene expression profiles in PBMC. Statistical and genetic analyses
were performed in order to test the hypothesis.

The 12 alternative traits for chronic SCM were analysed in order to investigate different
thresholds of SCC in milk. Several traits were defined, since it is still not clear which threshold
is optimal to use to define the chronic SCM cases. Strong genetic correlations were estimated
among the SCM traits, ranging from 0.7 (D50 and SCM400) to 1 (SCM350 and SCM400) as
described in Paper I. The estimated heritability was low and ranged from 0.01 (SCM400_3 and
D400) to 0.12 (SCM100) among the defined SCM traits. Similar traits have been defined for
other dairy cattle populations (e. g. Koeck et al. 2010; Bobbo et al. 2018; Narayana et al. 2018;
Bobbo et al. 2019). Several authors have studied alternative SCC traits (reviewed by Martin et
al. 2018), in order to identify the most informative traits for udder health. However, estimated
genetic parameters, such as the heritability and genetic correlations of the defined traits cannot
be compared directly, due to use of different models for estimation of the parameters and
different trait definitions. Estimated genetic correlations between alternatively defined SCC
traits and SCM reported previously vary from a positive correlation of 0.99 to favourable
negative correlation of -0.85, depending on definition of the traits (de Haas et al. 2008; Windig

et al. 2010; Urioste et al. 2012). The estimated heritability was reported to vary from 0.05 to
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0.09 for traits defined similar to SCM200 — SCM50, respectively (Svendsen and Heringstad
2006), from 0.09 to 0.14 for a trait similar to SCM 150 (Koeck et al. 2012; Urioste et al. 2012;
Bobbo et al. 2018) and from 0.11 to 0.19 for LSCS (Luttinen & Juga 1997; @degérd et al. 2004;
Haugaard et al. 2013). In Paper I, cows with high SCC for a long-term period, that is two and
three testdays in a row above different SCC thresholds was analysed. We assumed that such
traits may indicate chronic SCM events. The advantage of studying SCC is that SCC is an
indicator for both CM and SCM (Martin et al. 2018) and more heritable than the direct record
of CM (Rupp and Biochard, 2003). Increase of SCC in udder is mainly caused by influx of
white blood cells required for response to invading pathogens (Coffey et al. 1986). Therefore,
SCC thresholds is often used as indicator of udder health and a combination of several defined
SCM traits could better represent the chronic SCM events. Including these traits in genetic
evaluations of udder health may improve resistance to chronic SCM. Most studies have used a
linear model for estimation of SCC and SCM heritability (Koivula et al. 2004; Svendsen and
Heringstad 2006; de Haas et al. 2008; Urioste et al. 2012; Narayana et al. 2018; Bobbo et al.
2019). This model fits for routine estimation based on a large dataset, due to less computational
demand. While, the alternative threshold model that can be used for categorical traits (0 or 1)
may pose a problem in routine genetic evaluation using large dataset (Narayana et al. 2018). In
the current study the linear animal repeatability model was used because it fits best for further
estimation of DYD used in the GWAS in Paper II. GWAS (Delvin & Risch 1995) is a widely
used tool to identify significant SNPs associated with traits of interest. In Paper II, using GWAS
with DYD as the bulls phenotype, a total of 36 significant SNPs were identified across all the
defined traits, with 16 SNPs significant for more than one trait and 20 significant for one trait
only. The chronic SCM traits were associated with several SNPs located on BTA2 (2),
BTAS (1), BTA6 (1), BTA7 (1), BTA10 (5), BTA12 (8), BTA20 (12) and BTA26 (6), with

number of SNPs in parenthesis. To date, little information on sources of variation in novel
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chronic SCM traits has been published. Corresponding QTL for SCC has previously been
reported on BTAS, BTA6, BTA7, BTA10, BTA12, BTA20 and BTA26, but with different
chromosomal regions or significant SNPs for Nordic Holstein, Nordic Red, Danish Jersey,
Holstein-Fresian and German Holstein cattle populations (Klungland et al. 2001; Kuhn et al.
2003; Sahana et al. 2010; Sodeland et al. 2011; Meredith et al. 2012; Meredith et al. 2013;
Raven et al. 2014; Sahana et al. 2014). For NR significant QTL for SCC and SCS were reported
by Klungland et al. (2001) on BTA8 by using microsatellites and by Sodeland et al. (2011) on
BTA12, BTA19 and BTA26 by using SNPs, respectively. Microsatellites are short DNA
fragments with repetitive motifs (one — six basepair(s)) yielding highly polymorphic fragment
lengths. Microsatellites are scattered in the genome and has been widely used as markers to
map genome-wide LD (Farnir et al. 2000). In the current study, to the best of our knowledge,
we used the highest number of markers (n=613 908 SNPs) in NR that has been analysed in
order to identify candidate genes involved in chronic SCM. The differences in the GWAS
results compared to the literature may be explained by the present use of a better bovine
reference genome and different sets of animals with more comprehensive data on phenotypes
and genotypes. In the present work, the most updated version of the bovine genome at the time
of the study UMD3.1.1 (UCSC Genome Browser assembly ID: bosTau8) was used. Further,
the SNP chip of 777K was used including a larger number of SNPs, compared to 25K SNPs
and 288 markers studied by Sodeland et al. (2011) and Klungland et al. (2001), respectively.
The number of animals analysed is also higher in our study and might represent more genetic
variation within the NR population. Variability both at individual and breed level may explain
differences in the results (Begley et al. 2009; Mielczarek et al. 2018). The NR breed is known
to have more genetic variation due to cross breeding and historical intercrossing of old

Norwegian breeds (www.norwegianred.com). For CM QTL in the NR population have been

reported on BTA2, BTA3, BTA4, BTA6, BTA14, BTA20, BTA27 (Klungland et al. 2001;
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Nilsen et al. 2009; Sodeland et al. 2011; Olsen et al. 2016). It is well known that CM has a
positive genetic correlation with SCC (e.g. Lund et al. 1999; de Haas et al. 2008). Genetic
correlations between alternative SCM traits and CM were estimated by Svendsen and
Heringstad (2006) and ranged from 0.26 to 0.62. CM have lower heritability than SCC, ranging
from 0.02 — 0.04 as estimated with the linear model (Heringstad et al. 2000) and from 0.06 —
0.12 when the threshold models were used (Lund et al. 1999; Heringstad et al. 2003; Zwald et
al. 2004). The heritability for SCC in the current study (Paper I) was estimated to 0.26 for LSCS
and ranged from 0.01 to 0.12 for the alternatively defined SCM traits, using the linear model.
SCM and SCC are not the same trait genetically and the alternatively defined traits displayed
different correlations with LSCS, which is used in genetic evaluation of udder health for NR.
Therefore, including alternatively defined traits from the current study in genetic evaluations
will give more information in order to improve genetic selection against chronic SCM, since
neither CM nor LSCS represent the full spectrum of the occurrence of chronic subclinical
mastitis in the population.

In our study (Paper II) we have combined the results from GWAS with converted bovine TAD
positions, that revealed 181 unique genes with 168 genes mapped by the following IPA
analyses. A reason for using TAD regions instead of arbitrarily chosen distances from
significant SNPs to identify potential genes involved in the analysed trait is that TAD represent
functional domains of the genome (Figure 3) which in turn can improve the search for causative
variants as reported by Wang et al. (2018). The resulting list of genes in the current study was
further analysed and the most frequent genes from top canonical pathways or the genes that
were unique for only one trait were selected for expression analysis in unstimulated cells from
blood samples (Paper III). Among other results in Paper II, the genes RAD17, CDK7 and
CCNBI were involved in SCM50 — SCM200 and LSCS, traits with not necessarily very high

SCC in milk. While CXCLS8 and CXCLI were unique for SCM200 3, the most representative
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trait for long term chronic SCM, since based on definition the threshold of SCC remain above
200 000 cells/ml in milk within three continuous testday measurements within a 3 month period.
The genes GLI2, SLC18A42, SELIL and STAT4 were only found in association with the
SCM400 3 trait and the C6 gene was associated with D50. The genes ACOT2, ACOT4, TGFB3,
and FOS were associated with SCM150 — SCM400 and D400, and the FOS gene was in addition
associated with the SCM200 3 trait. For better understanding of the function of the identified
genes we investigated gene expression profiles from unstimulated samples (Paper III) and
samples challenged with S. agalactiae (Paper IV), a bacterium causing subclinical mastitis in
dairy cattle. Reports on expression in blood cells were not available for several of the selected
genes, hence we decided to test all. The genes GLI2, C6 and SCL18A42 turned out to not be
expressed in bovine PBMC. The GLI2 gene was previously found to be expressed in the liver
of Qinchuan cattle (Liu et al. 2014) and C6 was found to be expressed in plasma samples of
Chinese Holstein cows (Min et al. 2016). We did not find any information on SLC/842 and
expression in bovine blood samples. The remaining tested genes were expressed in the
unstimulated bovine PBMC samples (Paper III). Two samples tested for expression of the
TGFB3 gene had to be excluded due to large differences (SD > 0.3) between repeated triple
reactions. This might be due to undiscovered polymorphisms in the regions for primer binding
making binding of primers unstable. Therefore, 18 samples were analysed for this gene. In order
to identify significant results samples were grouped by official GEBV for LSCS as high (>100,
n=10) vs low (<100, n=10) and stage of lactation as early period (one — two month after calving,
n=12) and late period (seven-eight month after calving, n=8). Two (CXCLI and FOS) of nine
genes displayed significant differential expression in the unstimulated PBMC samples. CXCL/
was significantly higher expressed in samples from high GEBV for LSCS based on g-value
(0.02). The FOS gene was higher expressed in the group of cows with low GEBV for LSCS

and in the early lactating period, based on p-value (0.02) and g-value (0.05), correspondingly.
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The chemokine ligand CXCLI gene situated 637 998 bp from a significant SNP located on
BTAG6 (at 90 184 750 bp, Paper II), was previously identified to be included in udder
inflammatory response to S.aureus causing clinical and subclinical mastitis (Rainard et al.
2008). CXCL] is a neutrophil-oriented chemokine, involved in massive influx of neutrophils to
infected tissue (Sipka et al. 2014). Neutrophils play a major role in the mammary gland
immunity (Verbeke et al. 2015). Neutrophils together with macrophages, natural killer cells and
cytokine signals constitute the first line defence of the innate immune system. During bovine
mastitis the number of neutrophils and macrophages increase in bovine milk, through migration
from the bloodstream to the mammary gland when foreign invading pathogens are recognized
(Oviedo-Boyso et al. 2007). Both macrophages and neutrophils can perform phagocytosis of
bacteria and be responsible for the production of several cytokines required for the immune
response (Stelwagen et al. 2009). The ability to perform a quick immune response define the
susceptibility or resistance to infection. In bovine mastitis bacteria can survive within the host
cells and escape phagocytosis by triggering alternative activation of macrophages (Gordon et
al. 2010). This may lead to chronic inflammation (Parham 2015) with high SCC in milk for a
prolonged period of time. Therefore, the difference between NR cows in how they handle
chronic SCM may be due to higher cellular expression of CXCL!. This might result in more
effective influx of neutrophils and other immune cells from blood to the infected tissue in order
to respond against invading pathogens, and quickly kill the majority of the bacteria. Further,
the FOS gene is a transcription factor reported previously in association with S. aureus infection
in NR (Lewandowska-Sabat et al. 2013). This gene play a main role in proliferation,
differentiation and survival of cells (Bahrami and Drables 2016) and can be activated and react
within minutes after stimulation (Healy et al. 2013). Such potential for quick reaction may
explain low SCC in milk for cows with high GEBV for LSCS. In the UMD3.1.1 genome

assembly FOS was found to be situated on BTA10 (at 86 887 kb) more than 1 Mb from a
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significant SNP position (87 958 kb). Such results make the identified genes interesting
candidates for regulation of chronic SCM in NR and this merits further investigation.
Additionally, we have performed flow cytometry analyses (Paper III) to investigate the
leukocyte subsets in the PBMC samples and identify number and type of cells as potential
sources for differential gene expression. However, no significant differences in lymphocyte
cells were found between the groups of high and low GEBYV for LSCS or stage of lactation, i.e.
the results reported for the CXCL/ and FOS genes must be caused by higher cellular expression.
Most studies have analysed bovine gene expression in samples stimulated with different
bacteria (e.g. Casey et al. 2015; Hop et al. 2017; Roy et al. 2018). In our study we also studied
differences in immune response of isolated bMDMs from cows with low (n=6) and high (n=6)
GEBYV for LSCS challenged in vitro with S. agalactiae strains ST12 and ST103 (Paper 1V).
Additionally, the cows were grouped by phenotypes, high (n=3) and low (n=9) SCC in milk.
To identify DE genes mRNA isolated from the bMDMs were sequenced and mapped against
the bovine genome assembly UMD3.1. The following DE analysis revealed 5936 and 6443
significantly DE genes (p-value < 0.05) in bMDMs challenged by ST103 and STI2
respectively, vs unchallenged controls. While between ST12 and ST103, 588 DE genes were
identified. There were no difference between high and low GEBV for LSCS in the control
samples. The myosin IF (MYOIF) gene was up-regulated in low GEBV for LSCS samples
challenged with ST103 and peptidyl arginine deiminase 4 (PADI4) down-regulated in low
GEBYV for LSCS samples challenged with ST12. The gene MYOIF, has an important role in
neutrophil trafficking during inflammation, through neutrophil migration (Salvermoser et al.
2018) and PADI4 has a role in neutrophil regulation (Suzuki et al. 2003). Interesting results
were found in the groups of SCC phenotype in milk. In the unstimulated control groups the
genes phospholipid phosphatase 1 (PLPPI) and macrophage receptor with collagenous

structure (MARCO) were up-regulated in samples with high SCC. The MARCO gene have a
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role in recruitment of mononuclear cells and pro-inflammatory cytokines in case of bacterial
infection, while the PLPPI gene is important for the hydrolysis and uptake of lipids from
extracellular space. Moreover, the MARCO gene were up-regulated in samples stimulated with
both ST12 and ST103 in cows with high SCC compared to low. Hence, the gene MARCO is
suggested to be used as a potential biomarker for persistent chronic mastitis, since transcription
of this gene was found in macrophages long after the exposure (Paper V). The PADI4 and
MYOIF genes may be considered as candidates with important roles in chronic bovine mastitis.
Indicating that NR cows with low GEBV might have reduced neutrophil response due to the
down-regulation of PADI4 and higher SCC in milk because of up-regulated MYOIF.

To summarise, several genes have been identified in association with alternatively defined
chronic SCM traits in NR dairy cows. These traits were genetically different from LSCS, the
trait currently used in routine genetic evaluations of udder health for NR cattle, i.e. the traits
analysed in the current study will add valuable information in order to improve udder health.
The threshold of 200 000 cells/ml (SCM200) commonly used to define SCM have shown
equally significant genes to 150 000 cells/ml (SCM150), indicating similar background
mechanisms for these threshold. Further, the results of gene expression (CXCLI, MYOIF and
PADIA4) points to a role of neutrophils in development of chronic SCM, since the CXCL! gene
was found in association with the SCM200 3 trait. However, further investigation of the
candidate genes is necessary for improved understanding of their function in relation to chronic
SCM in NR cattle. Our analyses of unstimulated blood cells in healthy animals were performed
during mid lactation, that is a period with low level of stress to the cow. Analyses of gene
expression profiles during higher stress levels, such as close to parturition, might be useful for
better understanding of the function of the candidate genes in development of chronic SCM and

SCC in bovine milk.
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CONCLUSIONS

This thesis provides new knowledge on the genetic and functional background of chronic

subclinical mastitis in the Norwegian Red cattle population.

>

Novel alternative chronic SCM traits have been defined and analysed. The new traits
were heritable and had a genetic correlation with milk yield from 0.07 to 0.34 and to the
LSCS varying from 0.88 to 0.99 (Paper I).

Thirty-six significant SNPs were revealed among the defined SCM traits (Paper II).
Identical SNPs were identified for SCM150 and SCM200 and for SCM250 and
SCM300. Otherwise the SCM traits displayed different sets of SNPs, demonstrating the
complexity of the chronic SCM traits.

CXCL1 with higher cellular expression for cows with high GEBV for LSCS was
revealed as a candidate gene based on TAD regions including or nearby significant SNP
(Paper II, III). The FOS gene was revealed significant when cows were grouped by
lactation stage with a higher expression for cows in an early period of lactation.
Candidate genes (Paper 111, IV) central in regulation of neutrophil trafficking (CXCLI,
MYOIF and PADI4) and recruitment of mononuclear cells and pro-inflammatory
cytokine production in response to bacterial infection (MARCO) have been identified.
Our results indicate that cows with high GEBV for LSCS have potential for a quicker
and more effective immune response by calling more neutrophil cells from blood in

order to respond to pathogens invading the udder.
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PROPOSITIONS FOR FUTURE STUDIES

» Further analyses of the identified candidate genes CXCLI, FOS, MYOIF, PADI4 and
MARCO in order to understand the function of these genes in association with chronic
SCM in NR.

» Evaluation of a new udder health index for NR including novel chronic SCM traits to
find an optimal combination of the defined traits that might be most informative.

» Expand investigation on differences in the genetic background between individuals with
high and low GEBV for udder health with focus on the identified candidate genes.

» Gene expression analyses of a higher number of NR cows to identify genes differentially
expressed between the groups.

» Analyses of blood and milk samples of same individuals for a prolonged period of time
(throughout lactation periods) in order to study changes over time in gene expression

profiles.
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ABSTRACT

Chronic subclinical mastitis (SCM), characterized
by changes in milk composition and high somatic cell
count (SCC) in milk for a prolonged period of time, is
often caused by a bacterial infection. Different levels
of SCC have been suggested and used as threshold to
identify subclinical infection. The aim of this study
was to examine different definitions of SCM based on
test-day SCC and estimate genetic parameters for these
traits and their genetic correlation to milk production.
Test-day SCC records from 1,209,128 Norwegian Red
cows in lactation 1 to 3 were analyzed. Twelve SCM
traits were defined as binary with 2 test-day SCC in a
row above SCC thresholds from 50,000 to 400,000 cells/
mL (SCM50, SCM100, SCM150, SCM200, SCM250,
SCM300, SCM350, and SCM400), with 3 test-day
SCC in a row above 200,000 and 400,000 cells/mL
(SCM200_3 and SCM400_3), and the number of days
before the first case with SCM50 (D50) or SCM400
(D400). The heritability and genetic correlations were
estimated for SCM traits and the mean lactation-
average somatic cell score (LSCS) using linear animal
repeatability models. The total mean frequency of SCM
ranged from 1.2% to 51.8%, for different trait defini-
tions, high for low SCC threshold (SCM50) and low
for the highest SCC threshold (SCM400_3). For the 2
traits based on number of days, the mean values were
104 (D50) and 117 (D400) days. The mean LSCS was
4.4 (equivalent to around 82,000 SCC). Heritabilities for
the 12 alternative SCM traits were low and varied from
0.01 (SCM400_3) to 0.1 (SCM100), whereas for LSCS
the estimated heritability was 0.3 and standard error
varied from 0.001 to 0.003. Genetic correlations among
the SCM traits ranged from 0.7 (D50 and SCM400) to
1 (SCM350 and SCM400), whereas between SCM traits
and milk production the correlation ranged from 0.07
(LSCS) to 0.3 (D400). The standard error for genetic
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correlations varied from 0.001 to 0.06. The heritability
was low and the genetic correlations were strong among
SCM traits. Genetic correlations lower than 1 suggest
that the alternative SCM traits are genetically different
from LSCS, the trait currently used in genetic evalua-
tions for Norwegian Red. Hence, the alternative traits
will add information and improve breeding for better
udder health.

Key words: somatic cell count, Norwegian Red,
heritability, genetic correlation

INTRODUCTION

Mastitis is one of the most frequent and costly dis-
eases in dairy cattle, characterized as an inflammatory
process in the mammary gland, often with increased
SCC in milk (Harmon, 1994). Clinical mastitis (CM)
is characterized by clinical symptoms such as severe
udder inflammation, whereas chronic subclinical mas-
titis (SCM) is recognized by changes in milk composi-
tion such as high SCC for prolonged periods of time
(Harmon, 1994; Osteras et al., 2007). Normal SCC in
healthy udder quarters has been reported to be lower
than 100,000 cells/mL (Schwarz et al., 2011). High
SCC, commonly used to characterize SCM, is defined
as more than 200,000 cells/mL, and will often lead to
decreased milk production (Dohoo and Leslie, 1991;
Harmon, 1994; Schepers et al., 1997; Osteras et al.,
2007; Pantoja et al., 2009). Staphylococcus aureus and
Streptococcus agalactiae are known as some of the most
common bacteria causing udder inflammation. Ac-
cording to the health status report for Norwegian Red
(NR) cows in 2017, S. aureus is the major causative
bacterium of mastitis, found to be present in 25.4% of
milk samples (TINE SA, 2017). Somatic cells consist
of epithelial cells together with polymorphonuclear leu-
cocytes and macrophages involved in defense against
infections in the udder (Miller et al., 1991; Schwarz et
al., 2011). Hence, the amount of these cells in milk gives
an indicator of the inflammatory process in the udder.

Alternative definitions of the SCC-based mastitis
traits have been analyzed previously. Windig et al.
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(2010) defined SCM as binary traits based on whether
or not 2 consecutive SCC test days were above 150,000
and 250,000 cells/mL by using Dutch herd records
from the Nederlands Rundvee Syndicaat. Koeck et al.
(2012) defined 7 SCC traits, for different parts of the
lactation, for genetic evaluation of mastitis in Canadian
Holsteins. Urioste et al. (2012) defined SCM in Swedish
Holsteins as number of periods from days in milk >45
with SCC >150,000 cells/mL. de Haas et al. (2008)
estimated high genetic correlation (0.98) between SCM,
defined as a binary trait (0/1), as absence or presence
of test-day SCC >150,000 cells/mL in lactation, and
suspicion of IMI. Svendsen and Heringstad (2006) de-
fined SCM traits as present if 2 test days with SCC
were above a fixed threshold of 50,000 to 200,000 cells/
mL and reported genetic correlation among these SCM
traits was between 0.89 and 0.92. Estimated heritabil-
ity was lower for higher thresholds and ranged from
0.05 to 0.09 across the 3 first lactations.

Which SCC threshold to use to classify chronic
SCM is still not clear. Also, most of the literature is
on Holsteins, and breed differences have been reported
for udder health and immune response (e.g., Begley et
al., 2009). Hence, the aim of this study was to examine
novel alternative definitions of chronic SCM traits in
NR based on prolonged high SCC, and estimate heri-
tability of and genetic correlations among these SCM
traits together with their genetic correlation to milk
yield.

MATERIALS AND METHODS
Animals and Phenotypes

Phenotypic data have been collected routinely in the
Norwegian Dairy Herd Recording System since 1978,
which is a complete historical database for the NR pop-
ulation that is available for analyses. Records of test-
day SCC for NR cows with calving in the years 2006
to 2016 were obtained from the Norwegian Dairy Herd
Recording System. Data set A with 1,209,128 observa-
tions from 701,440 cows with a corresponding pedigree
file of 1,473,837 individuals was used for estimation of
variance components and heritability. Records from the
first 3 lactations of cows from herd-years with at least
15 NR cows were included. The data set was further
restricted to only test-day SCC records from DIM be-
tween 21 and 305, and from lactations with 2 or more
test day records. Due to computational limitations, a
smaller data set B, including information from 2014 to
2016, was used for estimation of genetic correlations.
The last data set contained 357,203 observations from
243,556 cows and had a corresponding pedigree file of
933,049 individuals.
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Trait Definition and Distribution

Four SCM traits were defined with the same SCC
thresholds of 50, 100, 150, and 200 x 10° cells/mL as
Svendsen and Heringstad (2006). Additional traits with
higher SCC thresholds up to 400 x 10° cells/mL, the
highest acceptable level of SCC in bovine milk allowed
for human consumption (European Commission Milk
Hygiene Directive 92/46, 1992) were also included.
Thus, 8 binary SCM traits were defined based on SCC
thresholds of 50, 100, 150, 200, 250, 300, 350, and
400 x 10* cells/mL (SCM50, SCM100, SCM150,
SCM200, SCM250, SCM300, SCM350, and
SCM400, respectively). The SCM50 to SCM400 were
set equal to 1 if SCC was above the given threshold at
2 test days in a row within a 2-mo period, otherwise
0. The hypothesis is that high SCC at 2 test days will
indicate cows with chronic long-term SCM infection.

Two additional novel SCM traits were defined for SCC
thresholds 200 and 400 x 10° cells/mL; SCM200_3
and SCM400_3 were set to 1 if SCC was above the
threshold at 3 test days in a row within a 3-mo period,
otherwise 0. By requiring 3 test days with high SCC,
which indicates stronger, more long-lasting chronic
SCM cases, we assume these traits will identify cows
unable to overcome chronic subclinical mastitis, neither
going into a clinical phase nor able to reduce SCC in
milk.

The number of days from calving to the first case of
2 test-day SCC records above 50 or 400 x 10° cells/mL
during a 2-mo period were defined as D50 and D400,
respectively. These traits are of interest because they
could give information on how long cows can stay un-
infected without any increase in SCC. We assume that
cows who stay longer with SCC below 50 x 10° cells/
mL have better ability to resist chronic SCM compared
with other cows. Thus, these traits can provide addi-
tional information for genetic evaluations and indicate
cows with either better or worse ability to get SCM for
a prolonged period of time.

Additionally, LSCS (the lactation-average SCS; log,
SCC; Schukken et al., 1992) was included in the analy-
sis. The mean frequencies for the alternative SCM traits
from first to third lactation based on 559,988, 401,848,
and 247,292 phenotypic records, respectively, for data
set A and 163,513, 119,727, and 73,963 for data set B
are given in Table 1. The mean 305-d milk yield was
7,441 kg in data set A and 7,844 kg in data set B.

Statistical Analyses

Software packages SAS, version 9.4 (SAS Inst. Inc.,
Cary, NC) and DMU (Madsen and Jensen, 2013) were
used to perform editing and genetic analyses, respec-
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tively. The pedigree files were built by the DmuTrace
software (Madsen, 2012). (Co)variance components
were estimated with REML using the DMUAI program
(Madsen and Jensen, 2013). Heritability was estimated
by single trait repeatability models, whereas genetic
correlations between the traits were estimated using
bivariate models.

The following linear animal repeatability model was
used for estimation of the variance components for all
the SCM traits:

y = year_month + age + days_open + herd_year
+ pe + animal + e,

where y is the observations for each trait, year_month
is the fixed effect of calving year/month (A: 396 levels:
2006.01 to 2016.12; B: 108 levels: 2,014.01 to 2,016.12),
age is the fixed effect of age at calving in months by lac-
tation number (58 levels: from 19 to 63 mo during 1-3
lactations), days_open is the fixed effect of days open
(i.e., calving-to-conception interval; number of days
from 20 to 150 grouped each 10 d for each lactation),
herd_year is the random effect of herd year (A: 49,860;
B: 13,450 levels), pe is the permanent environmental
effect of repeated cow measurements, animal is the ad-
ditive genetic effect of animal, and e is the residual. An
exception was made for the LSCS trait, by changing
the herd_year effect to fixed in the model.
Heritability was calculated using the formula
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where 03 is the estimated genetic variance, and 0,2“/, Cl’ge,
2 . .
and o, are the estimated herd-year, permanent environ-
mental, and residual variance, respectively.
Genetic correlations between the traits were calcu-

lated by the following formula:
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where Cov(gl,gQ) is covariance between 2 traits and

0,0, is the geometric mean of standard deviations
for those traits.

Standard errors (SE) estimated from asymptotic
SE calculated by DMU, based on the Al-information
matrix including the asymptotic correlation matrix
parameter vector.

RESULTS AND DISCUSSION
Descriptive Statistics

The mean frequency of the SCM traits ranged from
0.8 to 64.7%, presented in Table 1. For all traits, the
frequency increased with higher lactation number, but

Table 1. The mean frequency of alternative chronic subclinical mastitis (SCM) traits,' mean lactation-average somatic cell score (LSCS), and
305-d milk yield overall and for lactation 1 to 3 (1st, 2nd, and 3rd) in data sets A and B

A,
test-day SCC records
(2006-2016)

B,
test-day SCC records
(2014-2016)

Trait 1st 2nd 3rd Total 1st 2nd 3rd Total
SCM50, % 41.6 57.6 64.5 51.6 41.5 57.8 64.7 51.8
SCM100, % 23.8 35.9 42.7 31.7 23.8 36.4 43.5 32.1
SCM150, % 15.3 24.1 29.7 21.2 15.4 24.6 30.7 21.7
SCM200, % 10.5 17.0 21.5 14.9 10.7 17.6 22.6 154
SCM250, % 7.5 12.5 16.1 10.9 7.7 12.9 17.1 11.4
SCM300, % 5.6 9.6 12.5 8.3 5.8 9.9 13.3 8.7
SCM350, % 4.3 7.5 9.9 6.5 4.5 7.8 10.5 6.9
SCM400, % 34 5.9 8.0 5.2 3.6 6.3 8.4 5.5
SCM200_3, % 3.1 5.1 6.5 4.5 4.1 6.7 8.7 5.9
SCM400_3, % 0.8 1.4 1.9 1.2 1.0 1.8 2.5 1.6
D50, d 104 106 104 105 104 105 103 104

D400, d 123 115 114 117 124 116 113 117

LSCS 4.3 4.4 4.6 4.4 4.3 4.4 4.6 4.4
Milk yield, kg 7,472 7,364 7,498 7,441 7,875 7,779 7,880 7,844

"Traits: SCM50, SCM100, SCM150, SCM200, SCM250, SCM300, SCM350, and SCM400 = subclinical mastitis above the threshold in 2 test
days at 50,000, 100,000, 150,000, 200,000, 250,000, 300,000, 350,000, and 400,000 cells/mL, respectively; SCM200_3 and SCM400_3 = subclini-
cal mastitis traits above the threshold of 200,000 or 400,000 in 3 test days; D50 and D400 = number of days before the first case with SCM50
and SCM400, respectively; LSCS = lactation-average somatic cell score; milk yield = milk production during 305 d.
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decreased with higher SCC threshold. The mean num-
ber of days before the first case with 2 test-day SCC
>50,000 or SCC >400,000 was similar across parities,
with range of 103 to 106 and 113 to 124 d, respectively.
Mean LSCS increased from 4.3 in 1st lactation to 4.6
in 3rd lactation, corresponding to 72,000 and 100,000
cells/mL. The mean frequency of SCM, based on SCC
threshold 50,000 to 200,000, corresponded with the
results reported for NR by Svendsen and Heringstad
(2006). The highest frequency for SCM50 follows di-
rectly from the definition. The lowest frequency was
calculated for SCM200_3 and SCM400_3 because of
the requirement of 3 test days in a row above the fixed
threshold; moreover, the risk of culling increase with
high SCC and the frequency may be underestimated.
The number of days before SCM50 and SCM400 dis-
plays small variation between lactations, but increases
with higher threshold. Number of days varies from 21
to 289 (D50) and 21 to 288 (D400).

Heritability

The estimated heritabilities presented in Table 2,
ranged from 0.04 (SCM400) to 0.12 (SCM100), with
SE of 0.002, across SCM traits based on 2 SCC test
days. For SCM200_3 and SCM400_3, based on 3 SCC
test days, the heritability (SE) was 0.04 (0.002) and
0.01 (0.001), for D50 and D400 it was 0.02 (0.001) and
0.01 (0.001), respectively. For LSCS and 305-d milk
yield the heritability was 0.26 (0.003) and 0.26 (0.002).
The estimated heritability of SCM150 was the same as
reported for Canadian Holsteins (Koeck et al., 2012).
Slightly higher heritability for SCC150 (0.14) was
reported for Swedish Holsteins (Urioste et al., 2012)
and lower (0.09) for Italian Holsteins (Bobbo et al.,
2018). Our results were in agreement with estimated
heritabilities reported for SCM in NR based on test-day
SCC thresholds of 50 to 200 x 10° cells/mL for each
of the 3 first lactations, where heritability varied from
0.05 for threshold 200,000 to 0.09 for 50,000 cells/mL
(Svendsen and Heringstad, 2006). For LSCS, previous
estimated heritabilities for NR vary from 0.11 (@Qde-
gard et al., 2004) to 0.17 (Haugaard et al., 2013). For
other populations, such as Finnish dairy cattle (Ayr-
shire and Holstein-Friesian), Austrian Fleckvieh cows,
and Holstein-Friesians, LSCS heritabilities of 0.19 (Lut-
tinen and Juga, 1997) and 0.13 (de Haas et al., 2008;
Koeck et al., 2010) have been reported. However, SCM
traits were defined as binary and variance components
estimated by linear models. Heritability estimated on
binary traits from linear models depends on frequency,
and results from different studies therefore cannot be
compared directly. Moreover, SCM can be caused by
several different bacterial species giving different SCC.
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Haugaard et al. (2013) showed that mastitis caused by
different pathogens is not the same trait genetically and
have different heritabilities. Subclinical mastitis caused
by S. aureus had a heritability of 0.04, whereas mas-
titis caused by Streptococcus uberis or unspecific had
a heritability of 0.11. The variation in the heritability
found in the current study may indicate differences in
the causative pathogen and association with different
threshold.

Genetic Correlation

Estimated genetic correlations among the SCM traits
are presented in Table 2. High genetic correlations were
observed among the SCM traits, with low SE from
0.001 to 0.06. An unfavorable low or moderate genetic
correlation was found to milk yield (0.07-0.34). The
correlation between LSCS and milk yield was 0.07,
which is in agreement with a correlation of 0.08 re-
ported by Luttinen and Juga (1997) for Finnish dairy
cattle. However, a weighted average genetic correlation
between SCC and milk production of 0.14 was reported
in a review (Mrode and Swanson, 1996). The high ge-
netic correlations among SCM traits corresponded to a
previous study for NR (Svendsen and Heringstad, 2006).
In other studies, genetic correlations between SCM and
alternative SCC traits have been reported to range
from a negative favorable correlation such as —0.85 to
positive 0.99 (de Haas et al., 2008; Windig et al., 2010;
Urioste et al., 2012). A high genetic correlation close
to 1 indicates that the same genetic mechanisms affect
the traits, otherwise lower genetic correlation indicates
that even if traits have some common background they
are not exactly the same genetically. The high genetic
correlation between SCM50 and LSCS reveals that the
threshold of 50,000 cells/mL is most similar to LSCS in
the NR population, the trait used in the current genetic
evaluation of NR. The D50 trait, based on the same
threshold of 50,000 cells/mL, showed lower genetic cor-
relations to other alternative SCM traits with variation
from 0.67 to 0.93. The threshold of 400,000 was most
different from LSCS and showed the highest (moder-
ate) unfavorable genetic correlation with milk yield.
This corresponds to loss in milk production caused by
SCM as reported by Hagnestam-Nielsen et al. (2009)
and reviewed by Ruegg (2017).

Genetic correlation to CM was not estimated in
the current study; however, a positive genetic corre-
lation between SCC and CM was reported previously
by several authors (e.g., Lund et al., 1999; de Haas et
al., 2008). Svendsen and Heringstad (2006) estimated
genetic correlations ranging from 0.26 to 0.62 between
CM and SCM traits, and found a stronger correlation
between SCM based on higher threshold of SCC and



5327

SUBCLINICAL MASTITIS TRAITS FOR GENETIC EVALUATION

“Aatyoadsor ‘OOFINDS PUR OCINDS [HM dseDd 11 oY) 210Jo sARp Jo Ioqumu = (0F(] Pue (g ‘siep
3893 € UL 000°00F PU® 000005 PIOYSIIY} 9} SAOQE S3LI} SHUSEUL [RMUIDANS = £-O0FINDS PU® £7002INDS *A[2aB0adsor “Tui/s[[20 000°007 PTe ‘000°0SE ‘000°00€ ‘000°0SZ ‘000002
‘000°0ST “000°00T ‘000°0¢ Y& SAp 193 UL PIOYSIIYY Y DAOE SHIISLUL [eIIUANS = O0FINDS PU® ‘0SEINDS ‘00£NDS ‘0SZINDS “00ZINDS “0GTINDS ‘00TINDS “0SINDS 1181t INDS,

'90°0 0% T00"0 WOIJ PASUR SUOIRIDLIOD DU 10] S,

(100°0)
100 00va
(100°0)
0L°0 200 0sa
(100°0)
660 19°0 100 £007INOS
(200°0)
1670 LL°0 160 70°0 £7002INDS
(200°0)
660 69°0 66°0 16°0 70°0 007INDS
(200°0)
660 Tl 66°0 86°0 001 500 0SEINDS
(200°0)
660 90 660 66°0 660 001 90°0 00£INDS
(200°0)
860 110 860 00T 860 660 00T 200 0S2INDS
(300°0)
160 6,0 160 00T 160 860 660 00T 80°0 00GINDS
(200°0)
96°0 780 76°0 660 960 960 860 66°0 001 010 0CTINDS
(300°0)
€60 180 16°0 860 €60 76°0 960 16°0 860 66°0 480 00TINDS
(200°0)
980 €60 780 €60 98°0 88°0 06°0 260 €60 96°0 860 zro (000) 0SINDS
£00°0
260 880 690 96°0 260 76°0 460 460 960 860 860 660 920 000) SOST
2000
70 610 €0 920 1270 6z0 720 €20 120 910 GT0 110 L0°0 920 PIoI& I
[(iiget 0 €00FINDS € 002INDS  00FINDS  0SEINDS  00EINDS  0SINDS  002NDS  0STINOS  00TINDS  0SINDS  SOST PRIk o
N

(rewoBerp oy wo FG yim AqIqeIrioy) prat yru

P-G0E PU® ‘SUOIRIOR] ¢ 0} T SuLmMp (§DGT) 91098 [[00 DI1FRIIOS OFLIOAR-UONRIOR] ‘S)Ter} (JNDS) SHIISBUI [BOIUIINS DIUOID dATJRUIDI[ER AU} U0dMIO( UONROLIOD J1JOURY) g O[RT,

Journal of Dairy Science Vol. 102 No. 6, 2019



5328

CM in late lactation. Haugaard et al. (2012, 2013)
estimated genetic correlations lower than 1 between
pathogen-specific CM and SCM in NR dairy cows and
concluded that they should be considered as partly dif-
ferent traits.

Trait Definitions

The definition of the traits in the current study were
based on previous genetic analyses of SCC and SCM in
the NR population (Svendsen and Heringstad, 2006).
Eight SCC thresholds from 50,000 to 400,000 cells/mL
were evaluated. A healthy mammary gland usually has
a SCC below 50,000 cells (Barbano et al., 2006), but
is often defined as SCC <100,000 cells/mL (Schwarz
et al., 2011). The discussion on possible effects of too
low SCC in bovine milk has increased in recent years
(Rainard et al., 2018). For example, Schalm et al.
(1971) reported that any mid-lactation milk samples
with SCC >20,000 cells/mL are a sign of inflammation.
Other studies considered SCC <100,000 cells/mL to
be defined as healthy quarters (Schwarz et al., 2011)
and others use below 200,000 cells/mL (Schepers et al.,
1997; Pantoja et al., 2009). Sarikaya et al. (2006) re-
ported that SCC in healthy quarters consists mostly of
immune cells, such as lymphocytes and macrophages,
whereas in case of increased SCC all inflammatory
factors will increase. Several authors concluded that
alternatively defined SCC traits provide additional
information that may improve genetic evaluation and
selection on mastitis resistance and udder health (de
Haas et al., 2008; Windig et al., 2010; Koeck et al.,
2012; Bobbo et al., 2018). The SCC limit of 400,000
cells/mL in bovine milk allowed for human consump-
tion was applied by the European Commission Milk
Hygiene Directive (92/46) in 1992 and used as the up-
per limit in the current study. To identify chronic SCM
cases, 2 and 3 subsequent SCC records were evaluated.
The number of affected cows with SCC above 200,000
cells/mL was reduced from 14.9% (SCM200) to 4.5%
(SCM200_3) between 2 and 3 subsequent test day re-
cords, respectively, and from 5.2% (SCM400) to 1.2%
(SCM400_3) for 400,000 cells/mL. The main reason for
the very low frequency of SCM with 3 test days with
high SCC in the NR population is probably censoring
(i.e., culling of cows with high SCM) because SCM led
to reduced milk production followed by economic loss.
Moreover, by doubling SCC above 50,000 cells/mL,
production losses of 91 and 181 kg of milk per lacta-
tion for parity 1 and >1, respectively, will be expected
(reviewed by Ruegg, 2017). Low frequency will affect
the estimated parameters as mentioned above, but by
requiring 3 subsequent test days with high SCC we
will identify stronger cases with chronic inflammations
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and possibly have a more precise definition of chronic
SCM cases. Traits D50 and D400 take the time aspect
into account, namely how long cows can stay with SCC
below 50,000 cells/mL or below 400,000 cells/mL. A
higher number of days indicates better ability to resist
SCM. The number of days for D50 displayed little or
no variation between parities, indicating no effect of
lactation number on the D50 trait. However, for D400
the number of days was lower with increased lactation
number and compared with D50 were higher on aver-
age. Several of the alternative SCM traits (D50, D400,
and SCM400_3) included in the current study are novel
in definition. Relatively high frequency and lower cor-
relation to the other traits indicate that these novel
traits should be taken into account to improve breeding
strategies against chronic SCM. However, udder health
is a complex trait and further research is needed before
we can make any recommendations on how to combine
the many aspects of udder health in a selection index.

CONCLUSIONS

The 12 alternatively defined traits for chronic SCM
display genetic variation, and the estimated genetic
correlations among the traits were strong. The trait
used in genetic evaluation for NR, LSCS, had the high-
est genetic correlation with SCM50, whereas milk yield
had the strongest unfavorable genetic correlation with
SCM400_3 and D400, which were the most different
from the LSCS trait. Based on the genetic correlations
that were lower than 1, all traits can be considered as
partly different traits, which provide additional infor-
mation on chronic subclinical mastitis and may be used
for genetic evaluation to improve breeding for better
udder health.
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enrichment analysis
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Summary The aim of this study was to identify genes associated with chronic subclinical mastitis
(SCM) in Norwegian Red (NR) cattle. Twelve SCM traits defined based on fixed threshold for
test-day somatic cell count (SCC) were, together with lactation-average somatic cell score
(LSCS) used for association and pathway enrichment analyses. A GWAS was performed on
3795 genotyped NR bulls with 777K SNP data and phenotypic information from
7 300 847 test-day SCC observations from 3 543 764 cows. At 5% chromosome-wide
significance level 36 unique SNP were detected to be associated with one or more of the
traits. These SNPs were analysed for linked genes using genomic positions of topologically
associated domains (TAD). For the SCM traits with SCC >50 000 and >100 000 cells/ml on
two test-days in a row and LSCS, the same top significant genes were identified — checkpoint
clamp loader component (RAD17) and cyclin B1 (CCNBI). The SCM traits with SCC
>250 000, 300 000, 350 000 or 400 000 cells/ml on two test-days in a row and D400
(number of days before the first case with SCC >400 000 cells/ml) displayed similar top
significant genes: acyl-CoA thioesterase 2 and 4 (ACOT2; ACOT4). For the traits SCM200_3
(SCC >200 000 cells/ml on three test-days in a row) and SCM150, SCM200 (SCC
>150 000; 200 000 cells/ml on two test-days in a row) a group of chemokine (C-X-C
motif) ligand genes and the Fos proto-oncogene, AP-1 transcription factor subunit (FOS)
gene, were identified. Further functional studies of these identified candidate genes are
necessary to clarify their actual role in development of chronic SCM in NR cattle.

Keywords genome-wide association study, somatic cell count

2004; Svendsen & Heringstad 2006; Haugaard et al. 2013)

Introduction
and associations studies (e.g. Sodeland et al. 2011; Olsen

Chronic subclinical mastitis (SCM) is a complex trait
characterised by high somatic cell count (SCC) for a
prolonged period of time, often with SCC> 200 000 cells/
ml (Harmon, 1994). In Norway, SCC has been recorded
since the 1970s in the Norwegian Dairy Herd Recording
System (@steras et al. 2007). The data have been used in
genetic analyses (e.g. @degard et al. 2003; Odegard et al.
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et al. 2016). GWASs (Delvin & Risch 1995) have been
widely used for identification of chromosomal regions and
for mapping of functional traits such as SCC (e.g. Kuhn et al.
2003; Sahana et al. 2010; Sodeland et al. 2011) and clinical
mastitis (CM) in dairy cattle (e.g. Sahana et al. 2013; Wu
et al. 2015; Olsen et al. 2016). In Norwegian Red (NR)
cattle, significant QTL that affect somatic cell score have
been reported on bovine chromosome (BTA-Bos Taurus
autosome) 12, 19 and 26 (Sodeland et al. 2011), and for NR
cattle on BTAS, -6, -13, -16, -19 and -20 (Sahana et al.
2014). GWAS combined with pathway-based analysis is
often used to understand biological functions involved in
complex traits. There are several methods used to select the
genes for pathway analysis. Using topologically associated
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domains (TADs; Dixon et al. 2012), representing functional
regulatory regions of the genome can improve the search
for causative variants compared with using arbitrarily
chosen distances from significant SNPs (Wang et al. 2018).
TADs are highly conserved domains with self-interacting
chromatin, and constitute one type of functional annotation
of the regulatory structure of the genome (Krefting et al.
2018). TAD regions are known to be stable during
replication (Pope et al. 2014) and they are conserved
between different cell types and between species (Dixon et al.
2012; Rao et al. 2014; Rudan et al. 2015). The stability and
impact on gene regulation makes TADs an important tool
for identification of underlying gene regulation and mech-
anisms of a trait or disease. In the bovine genome, TADs
were first described and analysed by Wang et al. (2018).
TAD coordinates from available humans, mice, dogs and
macaques from several cell types were converted to the
bovine genome with 79.63-98.88% mapped. TADs at least
200 kb wide were included to avoid small homological
genomic fragments incapable of forming TADs in the bovine
genome. Coordinates for TAD regions based on bovine
sequence data are not yet available (September 2019).
However, the analysis by Wang et al (2018) showed that
the liftover TAD regions provide useful information about
causative regulatory variants in the bovine genome and
constitute a sensible search space.

The aim of this study was to identify genes with potential
effect on chronic SCM in NR cattle using GWAS on 777K
SNP data and the alternative SCM traits described by
Kirsanova et al. (2019) and subsequently perform enrich-
ment analysis using ingenuity pathway analysis (IPA) with
genes identified within TAD regions.

Materials and methods

Phenotypic data

Phenotypic test-day SCC records from 1979 to 2016 for NR
cows were obtained from the national Norwegian Dairy
Herd Recording System and edited using SAS version 9.4
(SAS Inst. Inc., Cary, NC, USA; www.sas.com). Lactations
1-3 with two or more test-days in a row within a 2-month
period, from 3 543 764 cows with 7 300 847 observations,
were analysed. The DMU trace (Madsen 2012) was used to
build the corresponding pedigree file of 4 126 678 animals.

Traits and statistical analyses

Kirsanova et al. (2019) defined 12 alternative SCM traits,
and estimated genetic parameters for these together with
lactation-average somatic cell score (LSCS). Briefly, there
were eight binary SCM traits defined based on whether or
not two test-day SCCs in a row were above the given SCC
threshold, with threshold from 50 000 to 400 000 cells/ml
(SCM50, -100, -150, -200, -250, -300, -350 and -400);
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two similar traits were based on three test-day SCC records
in a row above 200 000 and 400 000 cells/ml respectively
(SCM200_3 and SCM400_3); and finally, two traits were
defined as the number of days before the first case with
SCM50 or SCM400 (D50 and D400). All of the defined traits
were within the days in-milk period between 21 and
305 days after calving. Linear animal repeatability models
with estimated variance components from Kirsanova et al.
(2019) were used for analyses in the DMUS5 procedure in
the DMU (Madsen & Jensen 2013). Solutions for fixed and
random effects were used in calculations of daughter-yield-
deviation (DYD; VanRaden & Wiggans 1991) for NR sires.
DYDs are daughter phenotypes corrected for fixed and non-
genetic random effects. The following model was used to
calculate yield deviation (YD) for each cow for each trait:

YD = trait — year_month — age — days_open
— herd_year — pe — 0.5 EBV o

where year_month is calving year/month; age is age at
calving in month by lactation number; and days_open is
days open grouped (each 10 days for each lactation
number). Non-genetic random effects (herd_year, herd year
of calving; pe, permanent environment effect) and 0.5 of
dam’s estimated breeding value (EBV,,,) were used to
correct for genetic effect of dam in the model. All the fixed
and random effects have been described by Kirsanova et al.
(2019). The DYDs for sires were calculated as the arithmetic
mean of the daughter’s YD.

Genotypes

Sires were genotyped with the Affymetrix 25K SNP array
(Affymetrix, Santa Clara, CA, USA), or the ILLumina
BovineSNP50 BeapCure (54K) (Illumina Inc., San Diego,
CA, USA; Matukumalli et al. 2009) and combined with the
IteomiNa BovineHD GenotypING BeapChip (777K). Geno SA
(www.geno.no), the breeding organisation for NR cattle,
performed imputation of missing genotypes. Genotypes from
3795 NR bulls with 613 908 SNP located on 29 chromo-
somes passed the quality control. A MAF of 1%, a minimum
call rate of 95% and an individual call rate of 85% were
used. The genome assembly Bos taurus UMD 3.1.1 (Zimin
et al. 2009) was used for location of the SNP positions.

GWAS

GWAS analyses were performed using the R version 3.4.1
package GENABEL version 1.8-0 (http://www.r-project.org/;
Aulchenko et al. 2007). DYDs were used as phenotypes in
the GWAS. GRAMMA-Gamma function, a variance com-
ponent-based two-step method, was used for unbiased
estimation of SNP effects (Svischeva et al. 2012). The
polygenic function included the kinship relationship matrix
calculated and provided by Geno SA, based on 35 652
genotyped SNPs. The P-values were corrected by dividing
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the observed test statistic by genomic inflation factor
estimated in GENABEL. Chromosome-wide significance level
was defined according to Sahana et al. (2010). The 5%
chromosome-wide significance threshold ranged from the
point-wise P-value of 1.29 x 107® on BTA1 to 4.31 x 10
on BTA25. Therefore P-values of <5 x 10™° were required
for significance. To create Manhattan plots the ggman
package version 0.1.4 was used (Turner 2014).

TAD and pathway analysis

Genomic TAD coordinates from mouse cortex (Shen et al.
2012) and embryonic stem cells in the mm9 genome (Dixon
et al. 2012) in addition to TAD coordinates from human
embryonic stem cells and foetal lung IMR90 fibroblasts
(IMR90) in the hg18 (Dixon et al. 2012) were obtained from
Bing Ren’s Lab, University of California, San Diego (down-
loaded from: http://chromosome.sdsc.edu/mouse/hi-c/down
load.html). Using the UCSC Barcu CONVERSION program
(liftOver tool; Kuhn et al. 2013) provided on the UCSC
Genome Browser page (http://genome.ucsc.edu/), all of the
TAD coordinates were converted (default settings, as
described by Wang et al. 2018) to the bovine reference
genome Bos taurus UMD3.1.1 (UCSC Genome Browser
assembly ID: bosTau8). The genome version UMD3.1.1 has
more correctly closed gaps and 173 contigs defined as
contaminants and suppressed, compared with the version
UMD3.1 used in Wang et al. 2018. Both human and mouse
genomes were converted from hg18 and mm9 to the bosTau8
(NCBI Assembly ID 189361) through hg38 (NCBI Assembly
ID 5800238) and mm10 (NCBI Assembly ID 327618)
respectively. Bedtools coverage version 2.29.0 (Quinlan &
Hall 2010) was used to compute the percentage of converted
TADs that covered the reference genome Bos Taurus
UMD3.1.1 (presented in Supplementary Appendix S1). Addi-
tional summary statistics of TAD mapping are described in
Table 1. The length of the bovine TADs varied from 275 805
to 5775052 bp and from 271 661 to 6 763 506 bp,
converted from the human and mouse genome respectively.
TAD coordinates with at least 200 kb length (Wang et al.
2018) that matched converted TAD from the human and
mouse genomes for all types of tissue were defined as stable
and used for further analysis. For two SNP no annotated genes
were found within the TAD regions containing the SNP. In
order to include these in further analyses close TAD regions
were used. For trait SCM400_3, SNP BTA2:84213972,
BovineHD0200024041, the TAD region was located
100 158 bp from the SNP and for trait SCMS50, SNP
BTA20:10493654, BovineHD2000003312, the TADs were
located 475 073 bp from the SNP. The number of genes
detected using the UCSC Genome Browser across the defined
traits ranged from 11 to 28 and from 4 to 76, based on the
human and mouse TAD position respectively.

The list of genes for each trait was analysed using IPA
(https://www.qiagenbioinformatics.com/). IPA is a

database based on human gene ID, presenting top canonical
pathways, upstream regulators and functional networks. In
IPA, Fisher’s extract-test at 5% level was used for calcula-
tion of significant P-values.

Results

A total of 36 significant SNPs across all 13 traits were
identified by GWAS; 20 of these were unique for only one
trait, whereas 16 were significantly associated with more
than one trait (Table 2). Significant SNPs for SCM in NR
cattle were found on BTA2, -5, -6, -7, -10, -12, -20 and -26
for the alternative SCM traits, whereas for LSCS there were
found only on BTA20. The highest number of SNPs was
observed on BTA20 (12 SNPs), followed by BTA12 (eight
SNPs), BTA26 (six SNPs) and BTA10 (five SNPs). Only one
or two SNPs were identified on BTA2, -5, -6 and -7. The
SNPs that showed significant association to most traits was
BovineHD1000025012 on BTA10, affecting eight of the 13
traits, followed by BovineHD2600010426 on BTA26,
affecting seven traits. The rest of the identified SNPs showed
significant association with one to six traits. SNPs located
on BTA10 affected 10 of the analysed traits, followed by
nine on BTA26 and eight on BTA12 and BTA20. Manhat-
tan plots for each trait at 5 and 1% significant chromosome-
wide thresholds are presented in Fig. 1.

In total 181 unique genes were identified using the
bovine TAD approach. Many genes were associated with
more than one SCM trait, and the number of identified
associated genes ranged from 15 (LSCS) to 100 (SCM150;
SCM200) per trait. Subsequently IPA mapped 168 genes.
The genes found by IPA in the top five significant pathways
for each trait are presented in Table 3. Additional informa-
tion on the top five canonical pathways with upstream
regulators, P-values and gene ID for all the traits are
presented in Table S1 and Table S2.

Some of the analysed traits showed highly overlapping
IPA results, with the same genes and pathways identified.
The results for SCM150 were identical to those for SCM200,
and so were results for SCM250 and SCM300. For five traits
(SCM250, SCM300, SCM350, SCM400 and D400) acyl
coenzyme A (CoA) hydrolysis, part of the metabolism of
fatty acids, was identified as the top significant pathway
involving the acyl-CoA thioesterase 2 (ACOT2) and acyl-
CoA thioesterase 4 (ACOT4) genes. For three traits (SCM50,
SCM100 and LSCS) DNA damage-induced 14-3-3 ¢ sig-
nalling, responsible for control of the biological activity in
the cell cycle, was identified as the top pathway involving
the checkpoint clamp loader component enzyme (RAD17)
and cyclin B1 kinase (CCNB1) genes. Retinoic acid receptor
activation, which may act as transcription factor, was one
of the genes in the top pathway detected for SCM150/
SCM200. For the SCM200_3 the top pathway was a role of
interleukin (IL) 17A in psoriasis with four significant genes
from the chemokines family. For the last two traits,
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Table 1 Topologically associated domains (TAD) statistics mapped to bovine reference genome Bos taurus UMD3.1.1.

Reference Percentage of TADs Percentage of the UMD3.1.1
Genome Tissue assembly Number of TADs converted successfully covered by converted TADs
Human' hesc? hg18 3127
bostau8 2914 932 % 89.1 %
IMR90? hg18 2349
bostau8 2174 92.6 % 87.6 %
Mouse' mESC* mm9 2200
bostau8 1893 86.0 % 80.7 %
Cortex mm9 1519
bostau8 1319 86.8 % 77.4 %

The cell and tissue with input data on TADs from human and mouse genomes were converted to the latest version of the bovine reference genome
Bos taurus UMD3.1.1. The number and percentage of TADs successfully converted to the bovine genome and percentage of the genome covered by

converted TADs are shown.

"Human/mouse — data from study by Dixon et al. (2012).
2hESC — human embryonic stem cells.

3IMR90 - foetal lung IMR9O fibroblasts.

“mESC — mouse embryonic stem cells.

SCM400_3 and D50, only one gene for each trait was
identified within any canonical pathways, hence no signif-
icant pathways could be assigned (Table 3 with corre-
sponding abbreviations in List S1). The top networks for the
traits (presented with score in Table S3) were mainly
associated with developmental disorders (SCM150/
SCM200, SCM350), abnormalities (SCM250/SCM300,
D50, D400, SCM400) and cellular growth (LSCS) in
addition to cell death and survival (SCM50, SCM100) and
cell-to-cell signalling (SCM200_3).

Discussion

Associated SNP positions

QTL located on eight different chromosomes were identified
across the 13 analysed SCM traits. Other authors reported
QTL for SCC at the same chromosomes BTA5, -6, -7, -10, -
12, -20 and -26 for different breeds (Klungland et al. 2001;
Kuhn et al. 2003; Sahana et al. 2010; Sodeland et al. 2011;
Meredith et al. 2012; Meredith et al. 2013; Raven et al.
2014; Sahana et al. 2014). However, even if QTL on the
same chromosome were reported in other studies and
breeds, positions were different in NR cattle. Possible
reasons include slightly different traits, different breeds
and populations. To the best of our knowledge, only the
previous GWAS analysis by Kirsanova et al. (2018) for the
equally defined SCM50-SCM400 traits based on 35 605
SNP showed similar results. Some false-negative associa-
tions are also expected, even if a significant level applied
(Korte & Farlow 2013). The GRAMMAR-Gamma function
used in this study is a mixed-model-based method that is
supposed to estimate unbiased SNP effects (Svischeva et al.
2012). Ekine et al. (2014) reported the GRAMMAR function
to have the lowest type 1 error rate compared with other
methods used for GWASs. That method can be recognised

© 2019 The Authors. Animal Genetics published by

as conservative, and the false-positive rate in this case was
lower than 0.04.

Analyses of biological processes and pathways
underlying the traits

The genes identified in this study were based on TAD
positions converted to bovine from mouse and human.
Owing to the limited amount of available data and few
detected significant genes, TAD data from both these two
species were combined. The first study describing TAD
positions successfully converted from several species to the
bovine genome was Wang et al. (2018). Moreover, Wang
et al. (2018) concluded that TAD positions can be used as a
search space for causative regulatory variants and also
around significant SNPs. In the current study TAD positions
from the human genome mapped better to the bovine
genome compared with those from mouse, in agreement
with Wang et al. (2018).

In Norway Staphylococcus aureus is the major bacterium
causing SCM (TINE SA 2017). This bacterium is Gram-
positive and the cell wall components — lipoteichoic acid or
peptidoglycan — are assumed to trigger activation of
immune response through expression of interleukin 8 (IL-
8; Bannerman et al. 2004). In the current study, IL-8 or C—-
X—C motif chemokine ligand 8 also known as CXCL8 was
identified as an associated gene for the SCM200_3 trait in
all of the five top canonical pathways (Table S1). More-
over, IL-8 is located within a TAD region and 375 132 bp
from a significant SNP identified by GWAS. Also, IPA has
defined the IL-1 gene as a one of the central genes in the
top networks for SCM200_3 (Table S3). Moreover, CXCLI,
CXCL3 and CXCL5 genes in addition to CXCL8 were found
for the SNPs placed on BTA6 within the TAD region. The
top canonical pathway involving those genes was a role of
IL-17A in psoriasis. IL-17A is a pro-inflammatory cytokine,
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Table 2 Significant SNP detected by GWAS for alternative subclinical mastitis (SCM) traits’.

Position Minor Major

BTA? N?®  SNP (bp)* allele A1°  allele A2°  Trait - see text for further explanations

2 1 BovineHD0200021808 75996043 C T SCM400_3

2 2 BovineHD0200024041 84213972 G A SCM400_3

5 3 BovineHD0500024021 84931066 G A SCM350

6 4 BovineHD0600024697 90184750 T C SCM200_3

7 5 BovineHD0700010862 37686316 A G D400

10 6 BovineHD1000025012 87958006 T C SCM150, SCM200, SCM250, SCM300, SCM350, SCM400,
SCM200_3, D400

10 7 BovineHD1000025014 87970294 A G SCM400, SCM200_3, D400

10 8 BovineHD1000027284 94432205 T C SCM200_3

10 9 ARS-BFGL-NGS-54789 94425952 A G SCM200_3

10 10 BovineHD 1000027289 94462757 T C SCM100, SCM200_3, SCM400_3

12 11 BovineHD1200027006 54131183 T C SCM100, SCM150, SCM200, SCM250, SCM300, SCM200_3

12 12 BovineHD1200014960 54126754  C T SCM100, SCM150, SCM200, SCM300, SCM200_3

12 13 BovineHD1200014962 54143111 C T SCM100, SCM150, SCM200, SCM300, SCM200_3

12 14 BovineHD4100009623 54124043 A G SCM100, SCM150, SCM200, SCM200_3

12 15 BovineHD 1200006048 20069484 A C SCM50, D50

12 16 BovineHD4100009623 19138863 G A D50

12 17 BovineHD1200005799 19142767 G T D50

12 18 BovineHD 1200006023 19980842 C T SCM50

20 19 BovineHD2000003312 10493654  C T SCM50, SCM100, SCM150, LSCS

20 20 BovineHD2000003308 10486199 A G SCM50, SCM100, SCM150, SCM200, LSCS

20 21 BTB-00772821 10486993 C T SCM50, SCM100, SCM150, SCM200, LSCS

20 22 BovineHD2000003309 10488085 C T SCM50, SCM100, SCM150, SCM200, LSCS

20 23 BovineHD2000003310 10489403 A G SCM50, SCM100, SCM150, SCM200, LSCS

20 24 BTB-00772795 10435385 A C SCM50, SCM100

20 25 BovineHD2000003311 10491752 T C SCM50, SCM100, SCM150, SCM200

20 26 BovineHD4100014652 32962559 A C D50

20 27 BovineHD2000009441 32966444  C T D50

20 28 BovineHD2000017367 61885151 C A SCM400_3

20 29 BovineHD2000017376 ~ 61894720 A G SCM400_3

20 30 BovineHD2000017384 61902955 T C SCM400_3

26 31 BovineHD2600010426 ~ 37927026 G A SCM100, SCM150, SCM200, SCM250, SCM300, SCM350,
SCM400

26 32 BovineHD2600010455 38009502 G A SCM400_3

26 33 BovineHD2600010690 39029294 T C SCM400_3

26 34 BovineHD2600012556 44579917 G A D400

26 35 BovineHD2600012565 44604386 T C D400

26 36 BovineHD2600012933 45869170 T C D400

Traits — SCM50, -100, -150, -200, -250, -300, -350 and -400, subclinical mastitis above the threshold on two test-days at 50 000, 100 000,
150 000, 200 000, 250 000, 300 000, 350 000 and 400 000 cells/ml respectively; SCM200_3 and SCM400_3, subclinical mastitis traits above the
threshold 200 000 and 400 000 on three test-days; D50 and D400, number of days before the first case with SCM50 and SCM400 respectively.

LSCS, Lactation-average somatic cell score during 1-3 lactations.
2BTA, Bos Taurus autosome.

3N, Number of significant SNP.

“Position (bp) —position in base pair.

5A1, Minor allele.

SA2, Major allele.

known to take part in human chronic skin inflammation,
contributing to the inflow of neutrophils, dendritic cells
and memory T-cells (Nograles et al. 2008; Pfaff et al.
2017). This corresponds to the activation of CXC chemoki-
nes for SCM200_3, involved in the recruitment of neu-
trophils to the inflamed or infected tissue (Kobayashi
2006). The IL-8 gene corresponds with the assumed
activation of immune response by the bacterium as
described by Bannerman et al. (2004). CXCL1, also known
as GROI, has previously been found to be induced in

response to S. aureus, together with CXCL2, CXCL3 and
CXCL8 (Rainard et al. 2008; Bougarn et al. 2010). The last
associated gene, CXCLS5, was previously identified in a
microarray analysis by Pareek et al. (2005) as an
important gene in initiating the innate immune response
to Escherichia coli infection in bovine mammary epithelial
cells. Additionally, for the SCM200_3 trait, IL-1 was found
to be associated. IL-1 important receptor on
macrophages, providing signalling for initiation of immu-
nity and the inflammation processes.

is an
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Figure 1 Manhattan plots from GWAS for alternative subclinical mastitis traits showing significant SNPs with genome-wide corrected P-values. The
red horizontal line indicates defined chromosome-wide significance threshold on —log10(P) = 5.30103 (P = 5 x 10~°) at 5%. The blue horizontal line
indicates threshold on —log10(P) = 6.0 (P =1 x 10~°) at 1%. Number of significant SNPs — see Table 1 for further explanations.
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Figure 1 (Continued)

Interesting results were obtained for almost all of the
alternative SCM traits with the thresholds higher than
250 000 cells/ml, which definitely indicate SCM. Acyl-CoA,
a main associated canonical pathway for five of the
analysed traits (SCM250, SCM300, SCM350, SCM400
and D400) involves the ACOT2 and ACOT4 genes, both
placed 2.5 Mb from the significant SNP on BTA10. These
genes, found to have an important role in bovine milk fat
synthesis regulation during lactation (Strillacci et al. 2014),
may be associated with decreased milk production in
chronic SCM cases. For other traits with SCC threshold
lower than 100 000 cells/ml (SCM50 and SCM100) and for
LSCS, the canonical pathway of DNA damage-induced 14-
3-3 ¢ signalling appears with two associated genes, RAD17
and CCNBI, on BTA20 at 193 and 52 kb respectively,
away from the significant SNP. Both genes are involved in
regulation of the cell cycle process (Griffiths et al. 1995).
RAD17 is required for repair in response to DNA damage,
which is important for correct duplication of DNA before
cell division, whereas activation of the CCNB1 gene decides
that mitosis will be activated (http://www.ncbi.nlm.nih.
gov/). Moreover, DNA repair genes are known to be
involved in the inflammatory response during infections
(Roth et al. 2014; Spanou et al. 2017). The phosphoinosi-
tide 3-kinase (PI3K) complex is a central molecule in the
networks identified to be associated to LSCS, SCMS50,
SCM100 and SCM350. PI3K is most known in association
with cancer, but it is a part of cellular function, e.g. cell
growth, survival, motility and migration, which also
corresponds to the increasing number of cells during udder
inflammation (Harmon 1994). Nuclear factor kappa B
(NFkB) was shown to be one of the central molecules in the

-og, (7

g, (P
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1o

1 2 3 4 5 8 7 8 9 101112 14 16 18 20 22 242628
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identified networks for SCM100 as well as for SCM400_3
and D50. NFkB is a part of the classic macrophages
activated by S. aureus (Lewandowska-Sabat et al. 2013). By
entering the macrophages the bacterium initiates activation
of NFkB, which activates the pro-inflammatory cytokines
and the following inflammation response. Boutet et al.
(2007) confirmed that inflammatory responses in bovine
mammary epithelial cells occur via NFkB activation. For the
traits SCM250, SCM400, SCM200_3 and D400, the most
central molecules were found to be extracellular signal-
regulated kinase 1 and 2 (ERK 1/2). ERK are members of
MAPK]1 (ERK2) and MAPK3 (ERK1), which are involved in
regulation of the NFkB (complex) and FOS genes, in
addition to having a role in survival, migration and cell
death. Yonezawa et al. (2008) reported the importance of
ERK 1/2 genes in combination with Akt gene (serine/
threonine kinase) in the bovine mammary epithelial cells
via unsaturated fatty acid proliferation. In the current
study, the Akt gene was also identified in one of the
networks for the SCM200_3 and SCM250 traits as well as
in a combination of Akt, FOS and NFkB as central genes in
the network detected by IPA for D400. Moreover, ERK 1/2
is activated by S. aureus infection (Ellington et al. 2001).
Finally, for SCM150/200 the FOS gene appears as a main
component of the top network and as one of the associated
genes for SCM250/300, SCM350, SCM400, SCM200_3 and
D400. FOS is placed at 86 887 kb on BTA10, which is more
than 1 Mb from the significant SNP position (87 958 kb).
The FOS gene is a transcription factor, and has previously
been found in several Ingenuity canonical pathways asso-
ciated with S. aureus infection in macrophages (Lewan-
dowska-Sabat et al. 2013). This gene was significant for
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Table 3 Alternative subclinical mastitis (SCM) traits" with detected
associated genes by ingenuity pathway analysis.

N Trait Gene ID
1 SCM50 RAD17, CCNB1, TAF9, CDK7, KPNA3, PIK3R1
2 SCM100 RAD17, CDK7, CCNB1, TAF9, GRK5

32 SCM150/200  FOS, PIK3R1, CDK7, TGFB3, SNW1, ACOT2,
ACOT4, RAD17, CCNB1, ARHGEF12, PSEN1
ACOT2, ACOT4, NUMB, PSEN1, FOS, TGFB3,

ALDH6A1, EDNRB, PGF

4% SCM250/300

5 SCM350 ACOT2, ACOT4, FOS, ITPR2, KRAS, TGFB3,
PGF

8 SCM400 ACOT2, ACOT4, NUMB, PSEN1, FOS, TGFB3,
ALDH6A1, SNW1

9 LSCs RAD17, CCNB1, CDK7, TAF9, PIK3R1

10 SCM200_3 CXCL8, CXCL3, CXCL1, CXCL5, CXCL2, PF4,
FOS

11 SCM400_3 GLI2, SLC18A2, SEL1L, GLI2, STAT4

12 D50 NADP

13 D400 ACOT2, ACOT4, NUMB, PSEN1, FOS, TGFB3,

ALDH6A1, SNW1

"Traits — SCM50, -100, -150, -200, -250, -300, -350, -400, subclinical
mastitis above the threshold in two test-days at 50 000, 100 000,
150 000, 200 000, 250 000, 300 000, 350 000 and 400 000 cells/ml
respectively; LSCS, lactation-average somatic cell score during 1-3
lactations; SCM200_3 and SCM400_3, subclinical mastitis traits above
the threshold 200 000 and 400 000 on three test-days; D50 and D400,
number of days before the first case with SCM50 and SCM400
respectively.

23/4, Traits with identical results.

eight of the 13 analysed traits in the current study, which
makes it a promising candidate involved in regulation of
chronic SCM.

However, IPA is a database primary designed for the
human pharmaceutical industry with specific weight on
cancer, owing to a high level of activity in this area. Hence,
it can be difficult to interpret the IPA results in relation to
bovine chronic SCM. In addition, some of the bovine genes
identified in the UCSC Genome Browser were unmapped by
IPA and have not been included in the analysis.

Conclusion

Possible causative genes affecting chronic SCM in NR cattle
were identified. The most significant genes were not the
same across traits, which illustrates the complexity of
chronic SCM. Alternatively defined traits can cover addi-
tional genetic information to improve genetic evaluation
and selection for improved udder health in NR cattle.
Moreover, TAD regions proved to make sense as alternative
search space for candidate genes linked to significant SNP.
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ABSTRACT

Chronic subclinical mastitis is a long-term inflammation in the udder, characterized with high
somatic cell count (SCC) in milk. Previously, several novel alternative subclinical mastitis
(SCM) traits for Norwegian Red (NR) cattle have been defined in order to improve breeding
strategies against chronic SCM. Quantitative trait loci and candidate genes affecting chronic
SCM in NR have been identified. The aim of this study was to analyse the expression profiles
of fourteen selected candidate genes (RAD17, ACOT2, ACOT4, FOS, CXCLI, CXCL8, CCNBI,

CDK7, TGFB3, SELIL, STAT4, C6, GLI2, SLC18A2). Twenty healthy NR cows with official
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genomic estimated breeding values (GEBV) for lactation average somatic cell score (LSCS)
were selected. Where ten cows with high GEBV for LSCS (cows with low probability to have
high SCC in milk during lactation) and ten cows with low GEBV for LSCS (cows with high
probability of having high SCC in milk). RNA from unstimulated peripheral blood
mononuclear cells (PBMC) from these were isolated. Two out of the fourteen analysed genes
showed significantly different results between groups. The group with high GEBV for LSCS
displayed significantly higher expression of the CXCLI gene than the low GEBV group.
Grouping by lactation stage revealed significant differential expression of the FOS gene, with
higher expression in early lactation (two — three months after calving) compared to late lactation
(seven — eight months after calving). In addition, flow cytometry was performed on the PBMC
samples to analyse if number and type of isolated cells influence the gene expression in the
groups. The results in the current study provide identified genes that can be considered as

possible candidate genes for chronic SCM in NR cows.

Keywords: RNA expression-profile, peripheral blood mononuclear cells, Dairy Cattle,

Somatic Cell Count

INTRODUCTION

Chronic subclinical mastitis (SCM) is a complex trait, characterized by increased somatic cell
count (SCC) in milk (Harmon, 1994). SCM is a frequent disease that leads to economic loss
due to reduced milk production and culling of animals. It is often characterized by inflammatory
response in the mammary gland mostly caused by environmental or pathogenic microorganisms
(Oviedo-Boyso et al., 2007). One of the bacterial species known to cause subclinical bovine
mastitis is Streptococcus agalactiae (S. agalactiae). In order to identify genes associated with

susceptibility to mastitis in dairy cattle several studies on expression profiles have been
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performed during the last decades (e.g. Fonseca et al., 2009; Lewandowska-Sabat et al., 2018).
On Norwegian Red (NR) cattle microRNA and mRNA expression profiles of bovine monocyte-
derived macrophages stimulated in vitro with different strains of S. agalactiae, have been
analysed (Lewandowska-Sabat et al., 2018; Lewandowska-Sabat et al., 2019). Significantly up-
regulated transcript levels of tumor necrosis factor and tumor necrosis factor alpha (TNF,
TNF @), interleukin-1 beta (IL-1f3), interleukin-6 (IL-6), interleukin-8 (IL-8) and interleukin-10
(IL-10) were found in macrophages stimulated with ST12 and ST103 strains, and fransforming
growth factor beta 1 (TGFf1) was identified as down-regulated in macrophages stimulated
with ST12 strain. The pro-inflammatory cytokines such as TNFe, IL-1f3, IL-6 and IL-8
produced by macrophages are required to kill pathogens entering the mammary glands (Stout
& Suttles, 2004). IL-10 and TGF}31 are anti-inflammatory cytokines required to inhibit further
activation of pro-inflammatory cytokines and preventing chronic conditions. However, through
alternative activation of macrophages (Martinez et al., 2009) intracellular pathogens can survive
and be able to escape the host immune response mechanism thus leading to long term chronical
infections (Gordon & Martinez, 2010).

The peripheral blood mononuclear cells (PBMC) consist of lymphocytes and monocytes, where
the latter can differentiate into macrophages. Monocytes and macrophages are the first line of
the innate immune response cells that react against invading pathogens and in the bovine udder
macrophages are present in the mammary gland (Sarikaya et al., 2006). The macrophages have
ability to perform phagocytosis and produce pro-inflammatory and anti-inflammatory
cytokines that have an essential role in defence against invading bacteria and other pathogens.
The PBMC has been used to study the pathogenic mechanisms in disease processes and
expression profiles of genes in cattle (MacHugh et al., 2009). Therefore, analysis of PBMC
constitute a valid and well documented method for analysis of gene expression profiles in

infected and healthy cows.
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Elevated SCC in milk is an indicator of mastitis, and SCC is commonly used in the genetic
evaluation of udder health. Genomic estimated breeding values (GEBV) for lactation average
somatic cell score (LSCS) are included in the routine genetic evaluation of NR and in the total
merit index used for selection (www.norwegianred.com). Recent research has shown
significant differentially expressed genes between groups of NR cows with high and low GEBV
for LSCS, respectively (Lewandowska-Sabat et al., 2019). Such as, in the group of animals with
high GEBYV for LSCS myosin IF (MYO1F) was found to be up-regulated and peptidyl! arginine
deiminase 4 (PADI4) was down-regulated in bovine monocyte-derived macrophages (bMDMs)
stimulated with S. agalactiae strain ST103 or strain ST12 respectively.

In a previous study (Kirsanova et al., 2019a) we have defined novel alternative chronic SCM
traits for NR by analysing genotype data from NR bulls with corresponding testday SCC
records of their daughters. Moreover, genes associated with the novel defined traits were
identified (Kirsanova et al., 2019b). The aim of the present study was to perform further
functional analysis of the identified genes. Expression profiles of 14 selected candidate genes
for chronic SCM were investigated in unstimulated samples of PBMC from groups of NR cows
with high and low GEBYV for LSCS, respectively. In parallel, the PBMC samples were assessed
for cellular composition by flow cytometry, in order to identify differences in number and types

of cells as potential sources for differential gene expression.

MATERIAL AND METHODS

Animals and peripheral blood mononuclear cells isolation

Twenty healthy NR cows (presented in Table 1) from the research herd at As gird, Norwegian
University of Life Sciences, were selected based on parity (one to six), stage of lactation (from
one to eight months after calving) and official GEBV for LSCS. Ten cows with low GEBV for

LSCS (< 100), and ten cows with high GEBV for LSCS (> 100) were selected. High GEBV for
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LSCS is favourable, and cows with LSCS index above 100 have a higher probability than
average to keep a low SCC in milk during the lactation period. Sampling of blood were
performed by certified personnel and the study was approved by the Norwegian Animal
Research Authority (Norwegian Food Safety Authority, FOTS id 16486). Ten ml blood from
each individual were collected from the tail in EDTA tubes. PBMC were isolated from the
blood samples using lymphoprep (Axis-Shield, Norway) and density gradient centrifugation
(30 min, 3,200xRPM). After isolation, aliquots of the cells were either used for flow cytometry

or snap frozen in liquid nitrogen and stored in -86°C for later extraction of total RNA.

Flow cytometry

Flow cytometric analysis was performed on fresh PBMC cell suspensions. Cells were first
stained with LIVE/DEAD® Fixable yellow dead cell stain kit (Life Technologies), for 10 min
on ice. The washed cells were then incubated for 20 min on ice with mixes of primary
monoclonal antibodies as listed in Supplementary Table S1.1. Subsequently washed cells were
incubated for 20 min on ice with mixes of secondary isotype-specific antibodies as listed in
Supplementary Table S1.2. Finally, cells were washed and fixed for 10 min in room temperature
using FACS Lysing solution (BD Biosciences), washed and resuspended with staining buffer
until analysis within the same or next few days. All reagents were used at previously determined
optimal concentrations. Stained samples were run in a 3-laser Gallios flow cytometer (Beckman
Coulter). Compensation matrixes were resolved using single stain controls. Data was analyzed
using Kaluza 2.1 software (Beckman Coulter). Gating strategies (Supplementary Figure) were
set using secondary antibody-only controls and gross leukocyte subsets were defined as
follows: Monocyte gate = high Side scatter (SSC), showing monocytes = CD172ah¢"/CD26
and dendritic-like cells (DC-like) = CD172a'°%/CD26" (Talker et al., 2018; Hussen et al., 2013).

Lymphocyte gate = low SSC, showing B-cells = sum of CD21* and BB2", natural killer (NK)
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cells =NKp46*/CD3" (Storset et al., 2004), T-cells = CD3* divided into ydT-cells = TCR1* and
afT-cells = TCRI1-, the latter further divided into CD8" and CD4", and finally TCR-

/CD4*/CD25" comprising activated and regulatory af3T-cells.

RNA extraction and reverse transcription-quantitative PCR analysis.

Total RNA were extracted from PBMC using the MirVANA isolation kit (Ambion, Austin,
TX, USA) in accordance with the manufacturer's instructions and subsequently treated with
amplification grade DNase I (Invitrogen, Carlsbad, USA) to ensure removal of any traces of
genomic DNA. RNA concentration was measured using NanoDrop 1000 (Thermo Fisher
Scientific, Wilmington, USA). For reverse transcription 500 ng RNA per sample was used as
template for cDNA synthesis employing the Tetro cDNA synthesis kit (Nordic BioSite,
Norway) according to the manufacturer's protocol. For one qPCR reaction cDNA equivalent to
5 ng of total RNA was used. qPCR was performed using Express SYBR GreenER SuperMix
with premixed ROX (Invitrogen) according to the manufacturer's protocol, and run in a
7900HT Fast Real-Time PCR System (Applied Biosystems) with standard program: 50°C for
2 min, 95°C for 2 min followed by 40 cycles with first 95°C for 15 sec and then 60°C for 1 min,
with final melting curve analysis included. The qPCR was set up as triple reactions for each
sample with each specific primer pair. The efficiencies of all primer pairs were tested by
template dilution series using pooled PBMC cDNA from three cows with low and three cows
high official GEBV index for LSCS, and were found to be 100 % (£10). Additionally, no RT
control for each sample were included to check for genomic DNA contaminations and negative
controls with no added template (no template control) was run for each primer pair.

Results from the qPCR reactions were analysed in RQ Manager 1.2 (Applied Biosystems) with
accepted standard deviation of < 0.3 per triplicate. The ACt method was used to calculate gene

expression compared to two reference genes, i.e. ACt = Ctiarget gene) — Clireference geney and
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normalized gene expression was defined as 2 2“9, The geNORM 6 gene bovine reference gene
selection kit (Primerdesign Ltd, Southampton, UK) and the software gbaset+ 3.2
(www.gbaseplus.com) was used in order to identify the most stable reference genes for PBMC
derived from bovine blood. The optimal normalization factor i.e. average expression stability
value (M) lower than 0.3, was calculated as the geometric mean of the reference targets
eukaryotic translation initiation factor 2B subunit beta (EIF2B2) and ribosomal protein L12
(RPL12) hence they were used as reference genes. Primers for each of the other genes were
designed using the Primer-BLAST tool (Ye et al, 2012) avoiding Single Nucleotide
Polymorphisms (SNPs) in the primer sequences as far as known in the NR genome, no G on
the 5 end and max melting temperature difference of 2°C between the two primers. All primers
are listed in Supplementary Table S2. All the designed primer pairs were tested on liver samples
of NR by PCR followed by separation in 2% agarose gels using 100 bp DNA ladder standard
for verification of correct amplicon size. Moreover, all of the PCR products were sequenced

and correct gene sequence verified by BLAST against the bovine genome.

Selection of candidate genes

Fourteen candidate genes (RAD17 - checkpoint clamp loader component, ACOT2 - acyl-CoA
thioesterase 2, ACOT4 - acyl-CoA thioesterase 4, FOS - Fos proto-oncogene, CXCLI, also
known as GROI: chemokine (C-X-C motif) ligand 1, CXCLS, also known as /LS - C-X-C motif
chemokine ligand 8, CCNBI - cyclin Bl, CDK7 - cyclin-dependent kinase 7, TGFB3 -
transforming growth factor beta 3, SELIL - ERAD E3 ligase adaptor subunit, STAT4 - signal
transducer and activator of transcription 4, C6 — complement C6, GLI2 - GLI family zinc finger
2, AP-1 transcription factor subunit, SLC1842 - solute carrier family 18 member A2) presented
in Table 2 and 3 were selected based on the results from a genome-wide association study of

alternative chronic SCM traits (Kirsanova et al., 2019b). The most frequent genes involved in
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several canonical pathways associated with several defined traits or unique genes were
analysed. The genes were located within converted bovine topologically associated domains
(TAD; as converted from mouse and human) containing SNP significantly associated with

several novel defined SCM traits described previously (Kirsanova et al., 2019a).

Statistical analyses

GraphPad Prism version 8.1.1 (GraphPad Software, La Jolla California USA,
www.graphpad.com) was used for statistical analyses of the flow cytometry and gene
expression results. Multiple t-test (one unpaired t-test per row, n=11) was performed by using
the approach recommended by GraphPad software, as two-stage step-up method of Benjamini,
Krieger and Yekutieli (Benjamini et al., 2006) with FDR (Q) = 5 % used to define significant
results. For more power of computation it was assumed that all rows are samples from
populations with the same scatter (SD). The samples were grouped by high (>100) and low
(<100) official GEBV for LSCS (Table 1). Further, samples were grouped by stage of lactation
defined as early period (one — two month after calving, n=12) and late period (seven — eight

month after calving, n=8).

RESULTS

Gene expression results for the GEBV for LSCS groups is displayed in Figure 1 In addition
gene expression normalized against the two reference genes EIF2B2 and RPL12 calculated as
2 (A% is presented in Supplementary File S1.1 with GraphPad Prism 8 analyses in
Supplementary File S1.2. Significant differential expression for the CXCL/ gene (p-value =
0.0019, g-value = 0.02) were identified between the groups of cows with low or high GEBV
for LSCS, with mean expression values of 1.19 and 1.90 respectively (Figure 1; Supplementary

File S1.1 and S1.2). The gene FOS showed significant differential expression based on p-value
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(0.02), but not on g-value (0.13), for these two groups, mean expression was 2.35 in the low
and 1.84 in the high GEBV for LSCS group. Grouping samples by stage of lactation also
revealed differences. In the early period of lactation (one or two months after calving) the FOS
gene displayed higher expression than later in the lactation (seven - eight months after calving)
with expression 2.36 and 1.69 respectively (Supplementary File S1.2). The gene TGFB3
displayed a standard deviation (SD) higher than 0.3 for the triple reactions in sample one and
eight. The reactions were repeated using new primer mix and new cDNA samples without any
changes in the results. This may be due to undiscovered polymorphisms in the primer regions
making primer binding unstable. Sample one and eight were excluded from further analysis,
but no differential expression of this gene were observed among the remaining individuals
(n=18). For the genes SCLI8A, C6 and GLI2 no detectable expression was observed in the
samples.

In order to assess if differences in PBMC composition might influence differential gene
expression, the PBMC samples were analysed for lymphocyte subsets. The results are presented
in Figure 2 and in Supplementary File S2.1 (lymphocyte composition) and S2.2 (GraphPad
Prism 8 analyses). Supplementary Figure present the flow cytometric gating strategy showing
representative plots of bovine PBMCs. No significant differences for any of the leukocyte cells
were found neither between the high and low GEBV for LSCS groups (Figure 2) nor when

grouping the samples for early and late lactation (Supplementary file S2.2).

DISCUSSION

In the present study we aimed to investigate selected candidate genes for chronic SCM traits in
order to identify potential differences between groups of NR cows with high and low GEBV
for LSCS. The CXCLI gene was observed to have higher level of expression in the group of

cows with high GEBV for LSCS, that is, cows with expected low probability to get high SCC
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level in milk in comparison to cows with low GEBV for LSCS. This gene was found in
association with a long-term chronic subclinical mastitis trait with SCC > 200,000 cells/mL
during three test-days period (Table 2; Kirsanova et al., 2019b) and reported previously as up-
regulated after infection of monocyte cells with mastitis causing bacteria (Lewandowska-Sabat
et al., 2012; Han et al., 2019). In PBMC, the main sources of CXCL! are described to be
monocytes and dendritic cells (DCs) (Eberlein et al., 2010; Hussen et al., 2013). The differential
CXCLI expression was unlikely to be caused by elevated numbers of monocytes, DCs, or any
other cellular fractions in the PBMC, as all major cell subsets were similar in numbers as
measured by flow cytometry. This indicates a stronger constitutive cellular expression of
CXCLI in the high GEBV for LSCS group. CXCLI is a gene involved in massive influx of
neutrophils to inflamed or infected tissue (Rainard et al., 2008; Sipka et al., 2014). Higher
number of neutrophils has been reported in association with cortisol (stress-related hormone)
concentration (Kulberg et al., 2002). Correspondingly, higher number of neutrophils for cows
with high milk production compared to average production have been reported for Holstein
cows (Kimura et al.. 1999) and in case of stimulation with lipopolysaccharide to activate the
immune system (Dickson et al., 2019). In the current study, neutrophils were not quantified.
The cows were healthy and had low SCC in milk at the time of sampling (Table 1). However,
due to the higher CXCLI gene expression, immune cells may react more quickly on invading
pathogens in the udder, clearing the infection and thus avoiding development of clinical or
chronic subclinical mastitis with critical levels of SCC. Another gene, FOS, which was found
to be significantly differentially expressed in our study has previously been reported by several
studies as significantly higher expressed in cells stimulated with different bacterial species (e.g.
Staphylococcus aureus, Streptococcus uberis and S. agalactiae) causing bovine mastitis (e.g.
Lutzow et al., 2008; Naeem et al., 2012; Lewandowska-Sabat et al., 2013; Kosciuczuk et al.,

2017; Lewandowska-Sabat et al., 2019). In addition, the FOS gene was found in association
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with a long-term chronic SCM200 _3 trait with SCC > 200,000 cells/mL during three test-days
period, similarly to the CXCL/ gene (Table 2; Kirsanova et al. 2019a). In the current study FOS
displayed higher expression in PBMC samples from cows with low GEBV for LSCS, but
significant only based on p-value (0.02) results and not significant for g-value (0.13), which
may indicate false results. Further, the FOS gene was significantly higher expressed in the early
lactation period compared to late (Supplementary File S1.2). Within the PBMC population FOS
is restricted to myeloid cells (Sariban et al., 1988), and as discussed for CXCLI, cell numbers
cannot explain the differential FOS gene expression, since monocytes were similar between the
LSCS groups as well as between the lactation stage groups. This gene has an important role in
regulation of the innate immune response through coordination of the induction of genes
encoding inflammatory mediators (reviewed by Guha & Mackman, 2001). Moreover, FOS
plays a main role in proliferation, differentiation and survival of cells (Bahrami & Drables,
2016) and is one of the immediate-early genes, that can be activated and react within minutes
after stimulation (Healy et al., 2013). Interestingly, the FOS gene showed lower expression in
the high GEBV for LSCS group, which may indicate that a lower basic expression level leads
to fewer number of cells moving from blood in to the infected tissue. This corresponds to the
previously reported association of the FOS gene with SCM traits with SCC threshold above
150,000 — 400,000 cells/mL (Kirsanova et al., 2019b). The association might be explained by
higher expression of the FOS gene that in turn leads to higher number of cells in milk. The
present information on the expression of the CXCLI and FOS genes might be useful for
development of better strategies to improve immune response and decrease high SCC in milk,
eventually reducing subclinical infection in the mammary gland.

However, further investigation of candidate genes for chronic SCM is needed. Analysis of cows

during periods of higher stress, such as close to parturition or during an udder infection, might
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reveal more important differences related to the genetic and molecular mechanisms involved in

defence against infections.

CONCLUSIONS

Analyses of 14 candidate genes for chronic SCM in samples of PBMC from healthy NR cows
revealed significant differential expression among the studied groups, with no influence from
the number and type of lymphocyte subsets in the PBMC samples. The CXCL! gene displayed
higher and the FOS gene lower expression in the group of cows with high GEBV for LSCS
compared to the group with low GEBV for LSCS. Based on these results the expression of
CXCLI and FOS candidate genes for chronic SCM in NR can be used as additional information

for selection in order to improve breeding for better udder health.
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APPENDIX

Supplementary Table S1. Antibodies used for flow cytometry analyses.

Supplementary Table S2. List of primers used for quantitative PCR (qPCR).

Supplementary File S1. Normalized expression of candidate genes for chronic subclinical
mastitis (SCM) of twenty Norwegian Red cows (S1.1), including GraphPad Prism8 analyses
(S1.2)

Supplementary File S2. Number of leukocyte cells in % for twenty Norwegian Red cows (S2.1),

including GraphPad Prism8 analyses (S2.2).

Supplementary Figure. Flow cytometric gating strategy showing representative plots of bovine

PBMCs.
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TABLES

Table 1. Twenty healthy Norwegian Red cows selected based on genomic estimated breeding

values (GEBV) for lactation average somatic cell score (LSCS) presented with LSCS index,

parity, stage of lactation and SCC per November 2018 (the date of collection of the blood

samples).

Sample N LSCSindex' parity  stage of lactation’? SCC x1,000 cells/mL?
sl 118.4 6 Early 90
s2 99.5 6 Early 120
s3 93.6 3 Late 70
s4 120.5 3 Late 20
s5 114.5 2 Late 10
s6 89.7 2 Late 70
s7 97.0 2 Early 20
s8 110.6 2 Early 10
s9 97.9 2 Early 20
s10 107.1 1 Early 10
sl1 114.0 1 Early 40
s12 106.4 2 Late 110
s13 1143 1 Early 20
sl4 99.1 1 Late 10
s15 1144 1 Late 40
sl6 98.9 1 Late 50
s17 110.5 1 Early 10
s18 87.1 1 Early 10
s19 95.8 1 Early 10
s20 89.8 1 Early 40

LSCS index' — official genomic estimated breeding value (GEBV) for lactation average

somatic cell score (LSCS).
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stage of lactation? — is defined as early period (one — two month after calving, n=12) and late
period (seven — eight month after calving, n=8).

SCC x 1,000 cells/mL? — Somatic cell count per millilitre milk.
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FIGURES

A) Basic gates
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Supplementary Figure. Flow cytometric gating strategy showing representative plots of
bovine PBMCs. A) Exclusion of dead cells, single cell gate and definition of regions for
myeloid cells (Mono gate) and lymphocytes (Lympho gate). B) Monocytes defined as
CD172abright/CD26- in Mono gate, dendritic-like cells (DCs) defined as CD172Mid-
Lo/CD26+. C) B-cells were defined as the sum of indicated regions in the Lympho gate, i.e.

expressing B-B2 antigen and/or CD21. D) NK cells defined as NKp46+/CD3- cells in the
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Lympho gate. E) T-cells defined as CD3+ cells in the Lympho gate subdivided into gamma
delta T-cells (TCR1+) or alpha beta T-cells (TCR1-). Further subdivision of T-cells into
CD8+ or CD4+ T-cells (shown for abT-cells), the latter subset analyzed for CD25+ cells to

indicate activated or regulatory CD4+ abT-cells.
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466  Figure 1. Gene expression measured by reverse transcription-quantitative PCR (RT-qPCR).
467  The expression was normalized against two reference genes (EIF2B2 and RPL12) and
468  calculated as 2 A%,

469
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471  Figure 2. Leukocyte subsets investigated in groups of Norwegian Red cows with low (< 100)
472 and high (> 100) official genomic estimated breeding value (GEBV) for lactation average
473  somatic cell score (LSCS).
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Macrophages are key cells of innate immune response and serve as the first line of defense
against bacteria. Transcription profiling of bacteria-infected macrophages could provide
important insights on the pathogenicity and host defense mechanisms during infection.
We have examined transcription profiles of bovine monocyte-derived macrophages
(bMDMs) isolated from the blood of 12 animals and infected in vitro with two strains of
Streptococcus agalactiae. lllumina sequencing of RNA from 36 bMDMs cultures exposed
in vitro to either one of two sequence types of S. agalactiae (ST103 or ST12) for 6 h
and unchallenged controls was performed. Analyses of over 1,656 million high-quality
paired-end sequence reads revealed 5,936 and 6,443 differentially expressed genes
(p < 0.05) in bMDMs infected with ST103 and ST12, respectively, versus unchallenged
controls. Moreover, 588 genes differentially expressed between bMDMs infected with
ST103 versus ST12 were identified. Ingenuity pathway analysis of the differentially
up-regulated genes in the bMDMs infected with ST103 revealed significant enrichment
for granulocyte adhesion and diapedesis, while significant enrichment for the phagosome
formation pathway was found among down-regulated genes. Moreover, Ingenuity
pathway analysis of the differentially up-regulated genes in the bMDMs infected with
ST12 showed significant enrichment for type 1/type 2 T helper cell activation, while the
complement activation pathway was overrepresented in the down-regulated genes. Our
study identified pathogen-induced regulation of key genes and pathways involved in the
immune response of macrophages against infection but also likely involved in bacterial
evasion of the host immune system. These results may contribute to better understanding
of the mechanisms underlying subclinical infection such as bovine streptococcal mastitis.

Keywords: cattle, macrophages, pathway analysis, RNA sequencing, Streptococcus agalactiae, subclinical mastitis
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INTRODUCTION

Monocytes and macrophages are critical cells associated
with innate immunity, regulation of inflammation, and host
defense against invading pathogens. Macrophages are capable
of phagocytosis, a major immune mechanism used to remove
pathogens, and local recruitment and action of macrophages
in the mammary gland is an essential immunological defense
mechanism against infection such as mastitis (Politis et al., 1991;
Barber and Yang, 1998; Riollet et al., 2001; Alluwaimi et al., 2003).
Intramammary infections will trigger macrophages to produce
not only pro-inflammatory cytokines required to eliminate
pathogens but also anti-inflammatory factors essential for
immune regulation of the inflammation and preventing chronic
conditions (Gunther et al., 2016).

Mastitis is a multi-factorial disease, affected by load and
virulence of infecting pathogens and host genotype. Some
cows develop chronic subclinical mastitis with high somatic
cell count (SCC) in milk. Such animals may shed the bacteria
and contribute to infection spreading to other cows and herds.
However, the mechanisms that underlie the pathogenesis of
subclinical mastitis are not well understood.

In the last decade, genomic selection has been implemented
in animal breeding worldwide. Large genetic differences exist in
cows’ susceptibility to mastitis (Heringstad et al., 2007). Routine
genetic evaluation of udder health of Norwegian Red is based on
information both on veterinary treatment of clinical mastitis and
on SCC. SCC is an indicator of mastitis widely used in genetic
evaluation of udder health (Miglior et al, 2017). Genomic
breeding values (GEBV) for SCC can be used to identify cows
with different susceptibility to chronic subclinical mastitis.

The first objective of this study was to examine the genome-
wide transcription profiles of primary bovine monocyte-derived
macrophages (bMDM:s) infected in vitro with two Streptococcus
agalactiae strains, one of the leading causative agents of subclinical
bovine mastitis worldwide. Strain ST103 is the most prevalent
bovine S. agalactiae isolate found in farms with considerable
environmental contamination, while ST12, a strain usually
associated with colonization of pregnant women, has been found
in cattle herds with no positive environmental samples (Manning
et al., 2009; Jorgensen et al., 2016). The second objective was to
examine differences in transcript profiles of bMDMs isolated from
two groups of animals differing in their genomic (low vs high
GEBYV for SCC) and phenotypic (high vs low SCC) characteristics.

To the best of our knowledge, this study is the first report of
genome-wide transcriptome profiling of bMDMs infected with
S. agalactiae. The identification of key differentially expressed
genes and pathways in infected bMDMs provides a basis for
improved understanding of central mechanisms of host defense
during subclinical infections such as mastitis.

MATERIAL AND METHODS
Animals and Cell Isolation

Twelve healthy Norwegian Red cows aged 4-8 years were used
in the experiment. The cows came from three Norwegian herds,

and both animals with low (total n = 6) and high (total n = 6) GEBV
were selected from each farm to avoid potential farm induced bias.
Among these 12 animals, three with high and nine with low SCC
phenotype were found (for details, see Supplementary Table 1).

Five hundred milliliters of blood was collected from the
neck of each animal (n = 12) in sterile glass bottles with sodium
citrate as anticoagulant. Peripheral blood mononuclear cells were
extracted as described earlier (Lewandowska-Sabat et al., 2013).
Briefly, density gradient centrifugation (2,210 x g, 30 min) on
lymphoprep (Axis-Shield, Norway) was used, and CD14+ cells
were isolated by positive selection of monocyte differentiation
antigen CD14 using anti-human CD14 MACS MicroBeads
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany),
according to the manufacturer’s instructions. Purity of selected
cells was verified by flow cytometry by staining positively selected
cells with PE-conjugated anti-mouse IgG2 (Southern Biotech,
Birmingham, AL, USA), analyzing in a Gallios flow cytometer
(Beckton Dickinson), and found to be in the range of 95-98%.
The CD14+ cells were subsequently grown in six-well dishes at a
density of 1.5 x 10° cells per well in RPMI medium supplemented
with 10% FCS (Invitrogen, Carlsbad, USA). Cells were left over
night at 37°C in an atmosphere with 5% CO,. The phenotypic
morphology of cells, i.e., differentiation of monocytes into an
early-stage adherent macrophage phenotype, was visualized and
confirmed by phase contrast microscopy.

Bacterial Infection

Two previously described S. agalactiae strains (ST103 and
ST12) derived from Norwegian dairy herds were obtained from
The Norwegian Veterinary Institute (Jorgensen et al., 2016).
These bovine adapted strains were isolated from milk samples.
Bacteria were collected from blood agar plates and grown in
“Todd Hewitt broth” (Sigma-Aldrich) until mid-log phase as
described previously (Lewandowska-Sabat et al., 2018a). Briefly,
growth was measured by optical density at 600 nm. The mid-
log phase cultures were aliquoted and frozen at —70°C as 20%
glycerol stocks. The final number of colony-forming units
(CFU) was determined by serial dilutions and plating on blood
agar plates. Bacteria used in this study all came from aliquots of
the same batch.

For each individual animal (n = 12), the wells with bMDMs
were grouped into three classes with an equal number of wells
and cells per class as possible, constituting in total 36 different
samples. Two classes were infected with either ST103 or ST12
using a multiplicity of infection of 1 (1 bacterium per cell, on
average). The third cell class was left uninfected (negative
control). After 1 h of exposure, 1% of penicillin/streptomycin
(60 pg/ml penicillin and 100 pg/ml streptomycin) were added
to prevent growth of the remaining extracellular bacteria. The
controls and the infected cells were treated equally. Inhibition
of bacterial growth by antibiotics was verified by microscopy.
Incubation was continued for five more hours for both bacteria-
infected cells and negative controls for a total of 6-h incubation
(i.e., 6-h infection in the samples exposed to bacteria). Medium
was aspirated, and the cells were collected using a cell scraper.
Cells were centrifuged (400 x g, 5 min), and the pellet was
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washed with cold PBS buffer, snap frozen in liquid nitrogen, and
stored at =70°C.

RNA Extraction

Thirty-six different samples of cells, i.e., three classes (control,
ST103-infected, and ST12-infected), from each of the 12 animals,
were used to extract RNA. Total RNA was isolated from control and
infected cells using the MirVANA isolation kit (Ambion, Austin,
TX) following the manufacturer’s instructions. All RNA samples
were treated with amplification grade DNase I (Invitrogen) to
remove any traces of genomic DNA. RNA concentration and quality
was measured using NanoDrop 1000 (Thermo Fisher Scientific,
Wilmington, USA) and 2100 BioAnalyzer with Agilent RNA 6000
Nano kit (Agilent Technologies, Palo Alto, USA), respectively. The
RNA integrity numbers (RIN), concentrations, and optical density
A260/A280 ratios are listed in Supplementary Table 2.

RNA Sequencing and Data Analyses

The 36 RNA samples (control = 12, ST12 = 12, ST103 = 12;
Supplementary Table 3) extracted above were subsequently
submitted for RNA deep sequencing. RNA-seq libraries were
prepared from 500 ng of total RNA using TruSeq Stranded mRNA
prep kit with polyA enrichment (Illumina), according to the
manufacturer’s protocol. Libraries were sequenced (150 bp paired-
end, 250-300 M reads per end) on five lanes with an Illumina
HiSeq 3000 machine (Illumina). Preparation of RNA-seq libraries
and sequencing were performed by the Norwegian Sequencing
Centre (Oslo, Norway; http://www.sequencing.uio.no/).

The read quality of the RNA-seq libraries was evaluated
using FastQC software ver. 0.11.2 (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). Cutadapt ver. 1.8.3 (http://
www.cutadapt/) was then used to trim adaptor sequences.
Reads were mapped against the bovine genome assembly v.3.1.
(UMD3.1) using the STAR aligner (v.2.3.1y) (Dobin et al., 2013).

The “rsem prepare reference” script of RSEM package was used
to generate reference transcript sequences by using gene annotation
file (GTF format) and the full genome sequence (FASTA format) of
Bos taurus v.3.1. The calculation of relative transcript abundances
in each sample was performed by the “rsem calculate expression”
script of the RSEM package (Li and Dewey, 2011).

Differential Expression Analysis
In order to identify statistically significant differentially expressed
(DE) transcripts between negative control and treatment samples,
DESeq2 ver. 1.4.5. (Love et al, 2014) and edgeR ver.3.20.9
(Robinson and Oshlack, 2010) were applied in R ver.3.4.1 (http://
www.R-project.org). The gene raw counts obtained from RSEM
were used as an input, and genes with low expression were
removed with a minimal set threshold of one count per million
in edgeR. The analyses were performed pairwise, i.e., negative
control with one treatment group (ST103 or ST12, respectively).
In addition, a comparison between the two bacterial treatment
groups (ST103 and ST12) was performed.

Furthermore, a pairwise comparison between low (n = 6) and
high (n = 6) GEBV animals was performed for each treatment

(e.g., negative control low GEBV vs negative control high
GEBYV, ST103 low GEBV vs ST103 high GEBYV, etc). We have
also performed a pairwise comparison between high (n = 3)
and low (n = 9) SCC animals for each treatment. DE genes were
considered significant when both the false discovery rate (FDR)
was <0.05 in edgeR and the Benjamini and Hochberg corrected
P-value (adjusted) was <0.05 in DESeq2 (i.e., only genes that were
identified by both methods as significantly DE are presented in
the results and analyzed further). In order to determine how well
samples cluster together based on the similarity of their overall
RNA expression profiles, hierarchical clustering of the samples
was performed in R using “pheatmap” package ver.1.0.8. The
heatmap of all samples is presented as Supplementary Figure 1.

Pathway Analysis

Significant DE genes identified both by edgeR and DESeq2, and with
a log fold change (logFC) either <—1.5 for down-regulated or >1.5
for up-regulated as estimated by edgeR were used in constructing
Venn diagrams  (http://jvenn.toulouse.inra.fr/app/index.html)
and for Ingenuity Pathway Analysis (IPA; http://www.ingenuity.
com). The list of genes found to be DE between negative controls
and ST103- or ST12-infected bMDMs, and between ST103- and
ST12-infeceted bMDMs, was used as input in IPA in order to
identify canonical pathways, biological functions, and networks
overrepresented in the datasets. The down- and up-regulated genes
were analyzed separately. Benjamini and Hochberg corrected
P-value < 0.05 was defined as significant in IPA.

RESULTS
Summary Statistics for the RNA-seq Data

For each library, 31-69 million paired-end reads were generated
during the sequencing run. Preliminary quality control of
the resulting 36 fastq files revealed that all libraries passed the
quality criteria with a Phred score > 32. The sequencing resulted
in 1,656 million high-quality paired-end reads, and 1,648 million
sequences (99.5%) remained after adaptor trimming. A mean
of 86.3% of the reads per RNA-Seq sample aligned to unique
locations in the Bos taurus v.3.1 genome. The total number of read
pairs per sample, the number and percentage of reads passing
filters, and the percentage of uniquely mapped reads for each
sample are presented in Supplementary Table 2. The datasets
analyzed during the current study have been deposited at EMBL-
EBI (https://www.ebi.ac.uk/ena/) under study accession number
PRJEB24166 (Lewandowska-Sabat et al., 2018b).

Differentially Expressed Genes

in Macrophages Challenged With

S. agalactiae

The difference between the negative control and the ST103- or

ST12-infected samples was confirmed by hierarchical clustering

(Supplementary Figure 1). All control samples clustered together

and separately from both the bacterial strain-treated samples.
Analyses of differential expression revealed 5,936 significant

DE genes in bMDM s challenged with ST103 and 6443 DE genes
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in bMDMs challenged with ST12, compared to the respective
unchallenged negative controls (FDR < 0.05 and p < 0.05).
Moreover, 588 significant DE genes were detected when bMDMs
challenged with ST12 were compared to bMDMs challenged
with ST103 (FDR < 0.05 and p < 0.05; Supplementary Table 4).

The analyses of differential expression between low and
high GEBV animals revealed one significant DE gene in
bMDMs challenged with ST103, one significant DE gene
in bMDMs challenged with ST12, and no significant genes
in unchallenged negative controls. Furthermore, the analyses
of differential expression between low and high SCC animals
revealed six significant DE genes in bMDMs challenged with
ST103, three significant DE genes in bMDMs challenged with
ST12, and two significant DE genes in unchallenged controls
(Supplementary Table 5).

Enriched Pathways of Differentially
Expressed Genes

In order to identify the most biologically relevant DE genes,
those with logFC either <-1.5 for down-regulated or >1.5 for
up-regulated genes were identified and used in IPA (Supplementary
Table 4). Venn diagrams for up-regulated and down-regulated
genes identified above were constructed (Figure 1; Supplementary
Table 6). The top significantly enriched canonical pathways
identified by IPA are presented in Table 1.

Analysis of genes that were up-regulated in response to
ST103 infection (1 = 809) revealed that one of the top biological
networks with 27 focus molecules was associated with cellular
development, cellular growth and proliferation, hematological
system development, and function (Figure 2A). Furthermore,
Interleukin 1 (IL-1) was identified as one of the top regulators
affecting the viability of leukocytes (Figure 3A).

Analysis of ST103 down-regulated genes (n = 882) showed
that one of the top biological networks with 30 focus molecules
was associated with cell morphology, cellular assembly and
organization, cellular function, and maintenance (Figure 2B).
Moreover, top regulators affecting movement of leukocytes were
identified among ST103 down-regulated genes (Figure 3B).

Analysis of genes that were up-regulated in response to ST12
infection (1 =934) revealed that the top biological networks with 32
focus molecules was associated with cancer, organismal injury and
abnormalities, and lipid metabolism (Figure 4A). Furthermore,
angiotensinogen (AGT) was identified as one of the top regulators
affecting recruitment of leukocytes (Supplementary Figure 2).

Analysis of ST12 down-regulated genes (n = 845) showed that
one of the top biological networks with 19 focus molecules was
associated with cell-to-cell signaling and interaction, cellular
movement, hematological system development, and function
(Figure 4B). Moreover, top regulators affecting movement of
antigen-presenting cells were identified for ST12 down-regulated
genes (Supplementary Figure 3).

Analysis of genes up-regulated in ST12 compared to ST103
(n = 42) revealed that the top biological network with 13 focus
molecules was associated with cell-mediated immune response,
cellular development, cellular function, and maintenance
(Figure 5A). Moreover, the top regulators involved in apoptosis

of lymphocytes and inflammatory response were identified for
these up-regulated genes (Supplementary Figure 4).

Analysis of genes down-regulated in ST12 compared to
ST103 (n = 18) revealed that the top biological network with
eight focus molecules was associated with hematological
system development and function, immune cell trafficking, and
inflammatory response (Figure 5B). There were no top regulators
identified for these genes.

All detailed information from IPA are presented in
Supplementary Table 7.

DISCUSSION

Transcription profiles of macrophages infected with several types
of bacteria and bacterial and viral ligands have been studied
earlier (Lewandowska-Sabat et al., 2013; Nalpas et al., 2013;
Casey et al., 2015; Mavromatis et al., 2015; Hop et al,, 2017; Roy
etal, 2018; Toca et al., 2019). To the best of our knowledge, this
is the first study of the early-phase transcriptome of bMDMs
infected in vitro with two strains of S. agalactiae. S. agalactiae is
not a main causative agent of subclinical mastitis in Norway, but
its occurrence has increased in modern freestalls and automatic
milking systems the last years. The agent is also a main cause
of life-threatening infections in human neonates, pregnant
females, and elderly adults (Henneke and Berner, 2006). The two
strains used in this study vary in their capability to survive in
the environment and transmit within dairy herds. ST103 is the
most prevalent and persistent isolate found in bovine herds with
substantial environmental contamination, while ST12 was found
in cattle herds with no positive environmental samples (Jorgensen
etal., 2016). We have analyzed over 1,648 million reads and found
several thousand transcripts that were significantly differentially
regulated in response to infection (Supplementary Table 4). In
order to identify the most biologically relevant genes, the logFC
threshold was set to >1.5 for up-regulated and <-1.5 for down-
regulated transcripts (Figure 1), and pathways analyses of these
transcripts were performed.

We observed that ST103 induced a different transcript profile
during the early stage of macrophage infection compared to
ST12 (Figure 1 and Table 1). The observed differences may be
explained by differences in virulence factors and/or the different
niches and modes of transmission of these strains. It has been
demonstrated that specific sequence types of bacteria often
associate with specific virulence factors, which, in turn, are
associated with the outcome of infection in the host (Tassi et al.,
2015; Budd et al., 2016). The virulence factors in strain ST103
are associated with growth ability in milk, biofilm formation, and
adhesion to bovine mammary epithelial cells as well as higher
cytotoxicity compared to most of the other bovine strains (Pang
et al., 2017). On the other hand, the characterization of ST12
revealed that this strain can survive within macrophages (Korir
etal., 2017).

Analyses of global transcriptomics and gene networks have
been performed earlier in livestock in order to reveal candidate
genes and pathways (Kogelman et al., 2014; Drag et al., 2017). One
of the top canonical pathways for the up-regulated transcripts
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A up-regulated

ST103 vs control ST12 vs control

ST12 vs ST103

ST103 vs control

both up- and down-regulated: logFC > 1.5 and logFC < -1.5.

Cc up- & down-regulated

ST12 vs ST103

FIGURE 1 | Venn diagrams of differentially expressed (DE) genes in bovine monocyte-derived macrophages (bMDMs) challenged with Streptococcus agalactiae
strain ST103 or strain ST12, compared to the respective unchallenged negative controls, and in bMDMs challenged with strain ST12 compared to strain ST103
(FDR < 0.05). (A) Genes that were only up-regulated: log fold change (logFC) = 1.5. (B) Genes that were only down-regulated: logFC < —1.5. (C) Genes that were

B down-regulated

ST103 vs control

ST12 vs control

ST12 vs ST103

ST12 vs control

in ST103-infected macrophages was granulocyte adhesion and
diapedesis (Table 1). During host defense against infection, the
polymorphonuclear neutrophils and macrophages are rapidly
recruited to sites of bacterial invasion. This multi-step process
involves an action of several chemokines and their ligands
mediating the initiation of contact between granulocytes and
endothelial cells. Integrins are cell adhesion molecules involved
in this process, and many bacterial species, such as group A

streptococci (Ozeri et al,, 2001), S. aureus (Agerer et al., 2005),
and E. coli (Plancon et al., 2003), use host integrins for adhering
to and invading host cells. Furthermore, a recent study has
identified virulence factors in strain ST103 of S. agalactiae
associated with ability to adhere to bovine mammary epithelial
cells (Pang et al., 2017). Interestingly, a recent study from our
group showed that target genes of microRNAs that were down-
regulated in ST103-infected bovine macrophages were associated
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TABLE 1 | Top significant pathways overrepresented among differentially expressed (DE) genes in response to in vitro exposure of bovine monocyte-derived
macrophages (bMDM) to Streptococcus agalactiae strain ST103 or strain ST12, as compared to negative controls.

Pathway name P-value Genes
ST103 vs Up-regulated Differential Regulation of Cytokine Production in 3,44E-11 IL9, CSF2, CCL5, TNF, CCL2, IL17A, IL10, IL12B, CSF3,
control (809) Macrophages and T Helper Cells by IL-17A and CCL4
IL-17F
Granulocyte Adhesion and Diapedesis 5,46E-10 GNAI1, CCL8, CLDN4, CCL20, HRH1, CCL3L3, SDC1,
IL1RN, TNF, ITGB3, CCL4, SDC3, IL33, CCL5, CXCL10,
EZR, CXCL2, HSPB1, CCL22, CCL2, CSF3, SDC4,
ICAMT, IL36G, PECAM1
Differential Regulation of Cytokine Production in 7,78E-10 IL9, CSF2, CCL5, TNF, CCL2, IL17A, IL10, IL12B, CSF3,
Intestinal Epithelial Cells by IL-17A and IL-17F CCL4
Down-regulated IL-8 Signaling 9,28E-08 PLCB2, GNG7, PLD1, ARRB2, IRAK3, VCAM1, NCF2,
(882) FOS, PIK3CD, RND3, VEGFC, PRKCE, LIMK2, ITGBS,
ANGPT2, FLT4, PRKD3, PLD4, MYL9, PIK3CG, PIK3R2,
CCND1, CXCR2, PLD2, CYBB
Role of Pattern Recognition Receptors in 3,49E-06 PRKCE, OAST, IL12A, TLR7, PRKD3, NOD1, OAS2,
Recognition of Bacteria and Viruses C3AR1, C1QA, PIK3CG, C1QC, IL18, PIK3CD, TLR3,
PIK3R2, C5AR1, CLEC6A, CLEC7A
Phagosome Formation 2,76E-05  PRKCE, TLR7, PRKD3, PLCB2, MRC2, MSR1, C3ART,
PIK3CG, INPP5D, PIK3CD, TLR3, PIK3R2, C5AR1,
ITGA4, RND3, CLEC7A
ST12 vs control Up-regulated Th1 and Th2 Activation Pathway 9,08E-12  PRKCQ, JAK3, IL12RB2, GAB1, CD274, IL27, DLL4,
(934) IL9, STAT1, CD3D, STAT5A, IL12B, CRLF2, NFIL3,
IL33, IL27RA, S1PR1, CD3E, STAT4, PIK3R3, JAG1,
LTA, IL2RA, HLA-DOB, NFATC1, TNFSF4, DLL1, IL10,
ICAM1, TBX21
Differential Regulation of Cytokine Production in 152E-10  CSF2, IL9, CCL5, TNF, CCL2, IL17A, IL12B, IL10, CSF3,
Macrophages and T Helper Cells by IL-17A and CCL4
IL-17F
Role of Hypercytokinemia/Hyperchemokinemia in 2,88E-09 CCL5, CXCL10, IL37, CXCLS, IL9, IL1RN, TNF, CCL2,
the Pathogenesis of Influenza IL17A, IL12B, CCL4, IL36G, IL33
Down-regulated IL-8 Signaling 5,65E-05  ITGB5, LIMK2, ANGPT2, FLT4, PLCB2, GNG7, MYL9,
(845) PLD4, PLD1, ARRB2, VCAM1, NCF2, FOS, PIK3CD,
PIK3R2, CCND1, CXCR2, PLD2, RND3
Role of Pattern Recognition Receptors in 7,97E-05 OAS1, TLR7, C1QB, NOD1, OAS2, C3AR1, C1QA,
Recognition of Bacteria and Viruses C1QC, IL18, PIKBCD, TLR3, C5AR1, PIK3R2, CLECBA,
CLEC7A
Complement System 2,36E-04 C1QC, C5AR1, C1QB, C7, CFD, C3AR1, C1QA
ST12 vs ST103 Up-regulated IL-12 Signaling and Production in Macrophages 1.30E-04 FOS, REL, PIK3R3, ALOX15
(42) Prolactin Signaling 4.36E-04 FOS, PIK3R3, TCF7
Rac Signaling 1.18E-03 PIK3R3, CYFIP2, ABI2
Down-regulated Thiosulfate Disproportionation Ill (Rhodanese) 1.78E-03 TST
(18) Th2 Pathway 3.46E-03  TNFSF4, IL2RA
Granulocyte Adhesion and Diapedesis 4.89E-03 CCL8, CLDN4

The number in parentheses represents the number of DE genes used for Ingenuity Pathway Analyses (IPA).

with the integrin signaling pathway (Lewandowska-Sabat et al.,
2018a). These findings, together with the present results, may
indicate that granulocyte adhesion is crucial for invasion of
macrophages or mammary epithelial cells by S. agalactiae strain
ST103. Furthermore, one of the most central molecules in the
network associated with the response to strain ST103 was
interleukin-9 (IL-9; Figure 2A). This cytokine stimulates cell
proliferation and prevents apoptosis, is associated with type 2
immune responses, and has been identified as a susceptibility
factor in bacterial infection (Arendse et al., 2005; Wynn, 2015).
In recent years, type 2 immune response has emerged as a major
effector response either acting in a host protective manner or
having pathogenic activity (Wynn, 2015). It has been shown
that type 2 cytokine responses suppress the development of
protective type 1 immunity to bacterial pathogens and facilitate

uncontrolled or persistent infection (Erb et al., 1998; Harris et al.,
2007). Although type 2 immune response enables tissue repair,
prolonged activation of this pathway may contribute to the
development of pathological conditions as it is observed in many
chronic fibroproliferative diseases (Wynn and Ramalingam,
2012). We have also identified several molecules associated with
cell viability of leukocytes (Figure 3A). It has been demonstrated
recently that S. agalactiae survive intracellularly inducing injury
to murine macrophages (Guo et al., 2014) and that an increased
expression of anti-apoptotic genes in Staphylococcus aureus
infected human macrophages contributes to extended phagocyte
lifetime allowing intracellular bacterial survival (Koziel et al.,
2009). These observations, together with our findings, may
suggest that decreased apoptosis and amplified type 2 immune
response may likely be an evasion strategy developed by
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FIGURE 2 | Functional networks overrepresented in the list of DE mRNA in response to infection of bMDMs with Streptococcus agalactiae strain ST103 compared
to uninfected controls. Ingenuity Pathway Analysis (IPA) identified 27 associated molecules with a network score of 37 for (A) up-regulated genes and 30 associated
molecules with a network score of 41 for (B) down-regulated genes.
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S. agalactiae strain ST103 to avoid host defense and promote its
intracellular replication and persistence.

One of the top canonical pathways for the down-regulated
transcripts in ST103-infected macrophages was phagosome
formation (Table 1). In addition, cellular assembly and organization
was identified as one of the most significant networks associated with
the down-regulated transcripts (Figure 2B). Phagocytosis is driven
by a tightly controlled rearrangement of the actin cytoskeleton to
form the phagosome upon recognition of pathogens, and it has
been shown that some bacteria, e.g. Mycobacterium tuberculosis
(Wong et al., 2013), Listeria monocytogenes (Portnoy et al.,

2002), and Group B Streptococcus (Korir et al., 2017), can exploit
phagocytosis as an evasion strategy. Furthermore, interleukin-8
(IL-8) signaling pathway (Table 1) and movement of leukocytes
(Figure 3B) were recognized as the most significant pathways
and regulator effects, respectively, for the ST103 down-regulated
transcripts in bMDMs. It has been shown that monocyte
recruitment is critical for immune defense against a broad range
of pathogens (Peters et al.,, 2001; Pamer, 2004; Copin et al.,, 2007).
These results suggest that inhibition of chemotaxis of other
immune cells, e.g., neutrophils to the site of infection, may be
used by strain ST103 in order to either evade or suppress host
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FIGURE 4 | Functional networks overrepresented in the list of DE mRNA in response to infection of bMDMs with Streptococcus agalactiae strain ST12 compared
to uninfected controls. IPA identified 32 associated molecules with a network score of 46 for (A) up-regulated genes and 19 associated molecules with a network
score of 21 for (B) down-regulated genes.
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FIGURE 5 | Functional networks overrepresented in the list of DE mRNA in response to infection of bMDMs with Streptococcus agalactiae strain ST12 compared
to infection with strain ST1083. IPA identified 11 associated molecules with a network score of 23 for (A) up-regulated genes and eight associated molecules with a
network score of 20 for (B) down-regulated genes.
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immune response. These hypotheses need to be confirmed,
however, by functional studies.

The most significant canonical pathway identified among the
up-regulated transcripts in ST12-infected macrophages was the
type 1/type 2 T helper cell (Th1/Th2) activation pathway (Table 1).
In addition, many genes associated with the lipid metabolism
network were identified (Figure 4A). While M1 macrophages
produce IL-12 and constitute the first line of defense against
pathogens, M2 macrophagesappearasafavorable environment for
long-term persistence of many pathogens (reviewed in Muraille
et al, 2014). Several studies suggest that some intracellular
bacteria such as Brucella abortus and Mycobacterium tuberculosis
responsible for chronic infections actively manipulate signal
transducer and activator of transcription 6 (STAT6)-peroxisome
proliferator activated receptor gamma/delta (PPARy/S) pathways
to circumvent M1 macrophage polarization and benefit from a
nutrient-rich niche associated with lipid metabolism (Jensen et al.,
2011; Xavier et al., 2013; Almeida et al., 2014). In our previous
study, we demonstrated that both bacterial strains regulate
miRNAs involved in the alternative activation of macrophages
(Lewandowska-Sabat et al., 2018a). This may suggest that both
strains of S. agalactiae may induce alternative macrophage
activation; however, ST12 seems to contribute to M2 polarization
to a larger extent than ST103. This result, however, needs to be
confirmed by more comprehensive functional studies.

Complement system activation was one of the top canonical
pathways identified among the down-regulated transcripts in the
ST12-infected macrophages (Table 1). The complement system
is a central component of innate immunity, produced by several
cellular sources, including macrophages (Lubbers et al., 2017).
Several microorganisms have developed many ways to evade
complement actions (reviewed in Lambris et al., 2008). Several
of the genes of the complement system were down-regulated in
bMDMs in response to ST12 infection (Table 1 and Figure 4B),
which indicate that this may be one of the mechanisms developed
by ST12 to escape the attack of complement.

Analysisofdifferential generesponse between ST103-and ST12-
infected bMDMs revealed that IL-12 signaling and production
in macrophages (Table 1) and gene network associated with
cell-mediated immune response (Figure 5A) were significantly
up-regulated in ST12 compared to ST103. Fos proto-oncogene
(FOS), early growth response 1 (EGRI), and early growth response 2
(EGR2) are transcription factors known as immediate-early genes
(IEGs), i.e., they are able to respond very quickly to regulatory
signals, for example, in immune responses (reviewed in Bahrami
and Drablos, 2016). It has been demonstrated that stimulation of
mouse bone marrow-derived macrophages with lipopolisacharide
leads to strong induction of these genes (Ramirez-Carrozzi et al.,
2009). FOS plays a key role in proliferation, differentiation, and
survival of the cell (O’'Donnell et al.,, 2012), and EGRI promotes
expression of IL-8, interleukin-6 (IL-6), and tumor necrosis factor
(TNF) by binding to their promoter region (de Klerk et al., 2017).
FOS, EGRI, and EGR2 are significantly up-regulated in ST12-
compared to ST103-infected bMDMs. These results may suggest
that infection of bMDMs by ST12 promotes gene responses
crucial for bacterial intracellular survival. Moreover, suppression
of these transcription factors in ST103-infected cells may possibly

constitute a strategy to evade an early immune response and favor
persistence of this S. agalactiae strain.

One of the top canonical pathways identified for down-
regulated genes in ST12- compared to ST103-infected bMDMs
was granulocyte adhesion and diapedesis (Table 1). This pathway
was also significantly overrepresented among up-regulated genes
in ST103-infected bMDMs compared to uninfected controls,
which suggests that ST103 modifies expression of genes involved
in cell adhesion in order to invade the macrophages.

Myosin IF (MYOIF) was found to be significantly up-regulated
in ST103-infected bMDMs from animals with low compared
to high GEBV for SCC (Supplementary Table 5). It has been
demonstrated recently that MYOIF plays an important role in
neutrophil trafficking during inflammation by regulating neutrophil
extravasation and migration (Salvermoser et al, 2018). This
suggests that low GEBV animals, i.e., those with a higher probability
of having high SCC in milk, have increased MYOIF expression
that facilitates neutrophil migration to the infected udder during
mastitis, which, in turn, may explain high SCC in milk. MYOIF is
a possible functional candidate gene for susceptibility to subclinical
mastitis and high SCC in Norwegian Red; however, functional
studies are required to verify this hypothesis.

Peptidyl arginine deiminase 4 (PADI4) was found to be
significantly down-regulated in ST12-infected bMDMs from
animals with low compared to high GEBV for SCC (Supplementary
Table 5). It has been shown that PADI4 mediates chromatin
decondensation in neutrophils in response to inflammatory stimuli
(Neeli et al., 2008). This suggests the possibility that PADI4 might
display a role in the susceptibility to subclinical mastitis and that
low GEBV animals may have impaired neutrophil responses to
infection. However, this hypothesis needs to be further tested.

A few genes were found to be differentially expressed between
high and low SCC animals (Supplementary Table 5). Defensin
beta 5 (DEFB5) was down-regulated in both ST103- and ST12-
infectedbMDMs, while C-X-Cmotifchemokinereceptor 2(CXCR2)
was down-regulated only in ST103-infected bMDMs from
animals with high compared to low SCC. Bovine beta-defensins
are antimicrobial peptides providing first-line protection against
pathogens, and their importance in host defense against mastitis-
causing pathogens has been demonstrated (reviewed in Meade
et al., 2014). The lower abundance of DEFB5 mRNA observed in
our study in bMDM:s from high compared to low SCC animals
may be associated with delayed clearance of bacteria from the
udder during infection. CXCR2 regulates neutrophil recruitment
in a number of pathological conditions (Del Rio et al., 2001).
It has been recently demonstrated that CXCR2-deficient mice
display pro-inflammatory responses and increase in macrophage
accumulation at inflamed sites during acute inflammation (Dyer
etal., 2017). The observed lower abundance of CXCR2 mRNA in
bMDMs from high compared to low SCC animals can indicate a
higher level of inflammatory response in these animals, resulting
in a high number of SCC in milk. Additionally, macrophage
receptor with collagenous structure (MARCO) was up-regulated
in ST103-infected, ST12-infected, and uninfected control
bMDMs from animals with high compared to low SCC. MARCO
is a scavenger receptor that enables recruitment of mononuclear
cells and pro-inflammatory cytokine production in response to
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bacterial infection (Areschoug and Gordon, 2009; Dorrington
etal.,2013). Interestingly, this gene was found 4.8 Mb from a single
nucleotide polymorphism (SNP) significantly associated with
high SCC in Norwegian Red (Kirsanova et al. in prep). Higher
abundance of MARCO mRNA in bMDMs from high compared
to low SCC animals may be associated with higher level of pro-
inflammatory response and macrophage accumulation in high
SCC animals. MARCO mRNA level was higher in unstimulated
control bMDMs from high compared to low SCC animals. This
indicates that transcription of this gene in monocytes is triggered
by a pathogen infection and remains at the high level even long
after the exposure. This may point toward MARCO as a potential
biomarker for persistent chronic mastitis.

Whereas high milk SCC is a mastitis-related phenotype, the
animals with low GEBV for SCC are likely to develop a high milk
SCC phenotype, though it is not always the case. This indicates
that the differentially expressed genes between low and high
GEBV animals may be putative candidates for susceptibility to
subclinical mastitis in Norwegian Red. However, comprehensive
functional studies, both in vitro and in vivo, are necessary in
order to verify all of these findings before including information
on genetic variants of these genes in the genomic selection
schemes. It is worth noting that even though the methods used
for estimation of the differential expression (edgeR and DESeq2)
perform well and are recommended for these type of analyses
(Schurch etal., 2016), it may still be likely that some of these genes
are false positives. Furthermore, it is important to mention that
the results presented in our study are based on relative low sample
size, which can, in turn, affect the outcomes of the analyses.

In conclusion, in our study, several genes and pathways
were identified as differentially expressed during an early stage
of bMDM infection with two S. agalactiae strains. Genes of
granulocyte adhesion and phagosome formation pathways were
significantly regulated in ST103-infected bMDMs, which may
indicate the essential strategy of this strain to avoid host defense
and promote its intracellular replication and persistence. Genes
of Th1/Th2 activation and complement activation pathways were
affected by ST12 infection, suggesting putative mechanisms
developed by ST12 to escape the attack of the immune system.
Furthermore, significant differences in gene responses between
ST103 and ST12 have been identified, such as IL-12 signaling
and granulocyte adhesion, which may partly be explained by
differences in virulence factors between these strains. However,
whether these pathways are evasion strategies developed by
S. agalactiae to avoid host defense and promote its intracellular
survival remains to be determined by functional studies. We have
also identified MARCO as a potential biomarker for persistent
chronic mastitis, and MYOIF and PADI4 as putative candidates
for susceptibility to subclinical mastitis in Norwegian Red.
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Supplementary Table 1.

The animals used in the study.

APPENDIX

Animal | Farm GEBVon |SCC Grouping Grouping Farm type
ID 1D SCC (cells/ml) GEBV SCC

1 1 93 754,000 Low High AMS/F
2 1 114 15,000 High Low AMS/F
3 2 95 15,000 Low Low AMS/F
4 2 97 18,000 Low Low AMS/F
5 2 105 18,000 High Low AMS/F
6 2 109 18,000 High Low AMS/F
7 1 90 779,000 Low High AMS/F
8 1 93 667,000 Low High AMS/F
9 1 107 18,000 High Low AMS/F
10 3 97 13,000 Low Low CMS/F
11 3 120 16,000 High Low CMS/F
12 3 122 16,000 High Low CMS/F

GEBYV — genomic estimated breeding value, SCC — somatic cell count, SCC (cells/ml) —

geometric mean of three measurements of somatic cell count in milk during the last lactation,

AMS — automatic milking system, F — freestall, CMS — conventional milking system.




Supplementary Table 2.

Summary of the results from Illumina sequencing of bovine monocyte-derived macrophages
(bMDMs) transcriptome and alignment to the bovine reference genome Bos taurus v3.1. Control
— negative control: uninfected bMDMs; ST103 and ST12 — bMDMs infected with the ST103 or

the ST12 strain of Streptococcus agalactiae, respectively.

Sample name Total number of Total number of reads Percentage of
reads (paired end)  passing filters uniquely mapped
(percentage) reads
1-RNA 1-control 46,716,220 46,522,156 (99.6%) 85.73%
2-RNA1-ST12 55,211,689 54,841,861 (99.3%) 86.77%
3-RNA1-ST103 43,583,615 43,416,422 (99.6%) 86.79%
4-RNA2-control 46,453,702 46,130,305 (99.3%) 79.27%
5-RNA2-ST12 57,132,859 56,924,239 (99.6%) 86.89%
6-RNA2-ST103 44,305,652 44,124,250 (99.6%) 86.66%
7-RNA4-control 43,210,326 42,942,817 (99.4%) 87.42%
8-RNA4-ST12 49,028,231 48,819,816 (99.6%) 86.67%
9-RNA4-ST103 54,733,215 54,497,956 (99.6%) 78.89%
10-RNAS5-control 59,267,812 58,930,499 (99.4%) 87.53%
11-RNAS5-STI12 41,598,991 41,246,491 (99.2%) 89.13%
12-RNAS5-ST103 40,005,853 39,512,928 (98.8%) 82.61%
13-RNA6-control 56,282,438 55,966,732 (99.4%) 88.02%
14-RNA6-ST12 31,101,943 30,768,233 (98.9%) 85.72%
15-RNA6-ST103 35,049,353 34,698,255 (99.0%) 87.96%
16-RNA7-control 43,382,792 43,144,051 (99.4%) 86.73%
17-RNA7-ST12 69,204,326 68,743,984 (99.3%) 87.70%
18-RNA7-ST103 67,310,229 66,574,650 (98.9%) 88.14%
19-RNAS8-control 41,369,950 41,173,893 (99.5%) 87.98%
20-RNAS-ST12 37,210,508 37,090,345 (99.7%) 84.42%
21-RNAS8-ST103 34,940,864 34,839,101 (99.7%) 87.77%
22-RNA9-control 36,572,962 36,439,529 (99.6%) 85.89%
23-RNA9-STI12 44,110,490 43,971,700 (99.7%) 89.15%
24-RNA9-ST103 39,831,179 39,744,268 (99.8%) 89.11%
25-RNA10-control 52,317,464 52,151,716 (99.7%) 88.14%
26-RNA10-ST12 66,448,527 66,008,925 (99.3%) 86.96%
27-RNA10-ST103 49,827,661 49,656,291 (99.7%) 87.93%
28-RNA11-control 39,688,837 39,511,757 (99.6%) 80.72%
29-RNA11-STI2 46,690,018 46,539,724 (99.7%) 83.38%

30-RNA11-ST103 36,320,764 36,104,819 (99.4%) 82.45%



31-RNA12-control
32-RNA12-ST12
33-RNA12-ST103
34-RNA13-control
35-RNA13-ST12
36-RNA13-ST103

37,743,793
44,230,782
44,485,208
33,538,407
52,134,761
35,726,168

37,634,899 (99.7%)
44,119,535 (99.7%)
44,406,157 (99.8%)
33,372,974 (99.5%)
51,948,766 (99.6%)
35,571,863 (99.6%)

87.31%
87.09%
88.21%
86.31%
88.43%
86.91%




Supplementary Table 3.

The RNA samples used in the study.

Sample ID Animal ID | Conc. (ng/ul) A260/280 RIN
RNA1 control 1 75,8 2,1 8,8
RNA1 STI2 1 74,1 2,1 9,2
RNA1 ST103 1 45,5 2,2 8,7
RNA2 control |2 85,5 2,1 9,0
RNA2 STI2 2 60,4 1,9 N/A
RNA2 ST103 2 32,8 2,0 9,0
RNA4 control 3 111,8 2,0 8.5
RNA4 STI12 3 62,9 2,2 8,4
RNA4 ST103 3 49,2 2,0 9,0
RNAS5 control 4 35,5 2,2 9,2
RNAS5 STI2 4 38 2,0 8,3
RNAS ST103 4 25,5 2,8 8,7
RNAG6 control |5 61,6 2,1 8,8
RNA6 STI12 5 24,7 2,0 8,6
RNA6 ST103 5 22,6 2,1 8,8
RNA7 control |6 28 2,1 9,0
RNA7 STI12 6 35,5 1,8 8,2
RNA7 ST103 6 23 1,7 9,1
RNAS control 7 18,9 2,0 8,9
RNAS8 STI2 7 18,9 2,0 7,7
RNAS8 ST103 7 10,1 2,3 N/A
RNA9 control 8 63,5 2,2 8,6
RNA9 STI2 8 40,5 2,2 N/A
RNA9 ST103 8 57,7 2,2 8,7
RNA10 control |9 16,2 2,0 N/A
RNA10 ST12 9 24,3 2,0 N/A
RNA10 ST103 |9 13,4 2,7 N/A
RNA11 control | 10 80,4 2,0 9,4
RNAI11 STI2 10 35,6 2,2 4,0
RNA11 ST103 |10 104,2 2,1 7,2
RNA12 control | 11 110,7 2,0 9,9
RNA12 ST12 11 38,9 2,0 N/A
RNA12 ST103 |11 72,9 2,0 N/A
RNA13 control | 12 79,1 2,1 9.5
RNA13 STI12 12 34,8 2,3 N/A
RNA13 ST103 |12 66,7 2,1 N/A

RIN - RNA integrity number, N/A — not available.
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The top regulator identified by Ingenuity Pathway Analysis (IPA) for genes up-regulated in response to infection of bovine monocyte-

derived macrophages (bMDM) with Streprococciis agalactiae strain ST12.

Supplementary Figure 2.
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Additional supplementary material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fgene.2019.00689/full#supplementary-material

Supplementary Table 4.
Supplementary Table 5.
Supplementary Table 6.

Supplementary Table 7.
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