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Genetic Evaluation of Susceptibility to- and Recoverability from
Mastitis in Dairy Cows

Abstract

Mastitis has been the focus of many dairy cattle research projects over the last decades.
However, in the genetic evaluation of udder health, only susceptibility to mastitis has
been considered, leaving aside the other aspect of the disease - the recoverability. The
aim of this thesis was to improve the genetic evaluation of udder health by introducing
a new approach and models that can make use of the information contained in both
directions: susceptibility to- and recoverability from mastitis.

In paper I, extensive simulation analyses were performed to develop a bivariate
model for joint genetic evaluations of susceptibility to- and recoverability from
mastitis. In paper 11, the bivariate model with an added time function as well as several
systematic effects was applied to real data to estimate genetic parameters in Danish
Holstein cows. In paper 111, genome-wide association studies were conducted to identify
associated single-nucleotide polymorphisms and thereof candidate genes. In paper Iv, a
dynamic health classification, which takes severity of possible infection into account
was introduced to further improve the genetic evaluation of mastitis.

Findings in paper I demonstrated that both traits can be modelled jointly and genetic
parameters could be correctly reproduced. In paper II, we detected presence of genetic
variation that resulted to heritability (ranging from 0.06 to 0.08) of similar size for both
traits. The between trait genetic correlation was -0.83. Despite the strong negative
genetic correlation, association signals in paper III did not overlap, suggesting that the
traits are at least partially regulated by different genes. Complexity of the traits was
manifested with the absence of strong association signals. In paper Iv, considerable
genetic variation was detected for cows’ presence in health classes defined for longer
periods, whereas the variations in health classes defined for short-term and sudden
changes (e.g., acute) were mostly attributed to environmental factors. Although
susceptibility to- and recoverability from mastitis are strongly negatively correlated,
recoverability which is as heritable as susceptibility could be considered a new trait for
selection. Evaluating and modelling the ability of animals to overcome infection could
be of specific benefit in situations of high disease incidence.
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1 Introduction

Modern dairy farms own high milk producing cows shaped by centuries of
selection and breeding for improved milk production. Advances in many
scientific disciplines, mainly quantitative genetics, have made a significant
contribution to the recorded genetic improvement of dairy cattle productivity
(Gianola & Rosa, 2015; Brotherstone & Goddard, 2005). The increase in milk
yield of cows in the UK by 1200kg per lactation in 12 years (1988 — 2000) is a
typical example of a successful application of quantitative genetics in dairy
cattle (Brotherstone & Goddard, 2005). Similar trend of genetic response in
production traits and milk yield per cow has been observed in all major
dairying countries (Brotherstone & Goddard, 2005). However, it did not take
long for scientists to discover unwanted consequences of selection for
improved milk production. Declining fertility, declining longevity and
deteriorating udder health are among the most unwanted consequences of
selection for increased milk yield (Oltenacu & Broom, 2010). Consequently,
selection indices have evolved to a more balanced breeding goal including
fertility, longevity, conformation traits, and udder health (Miglior et al., 2005).
Mastitis is the most relevant trait regarding udder health (Campbell &
Marshall, 2016; Govignon-Gion et al., 2016). The word mastitis comes from
the Greek words mastos and itis meaning “breast” and “inflammation”,
respectively (Campbell & Marshall, 2016). Bovine mastitis, therefore, refers to
inflammation of the mammary gland of the cow (Campbell & Marshall, 2016).
Currently, mastitis is one of the most important traits in the breeding goals for
dairy cattle. This is because mastitis is a common disease causing large
economic losses and problems in quality of milk and dairy products worldwide
(Hogeveen et al., 2011; Halasa et al., 2007). The need for breeding dairy cows
resistant to mastitis is, therefore, drawing the attention of modern dairy cattle
breeding programmes worldwide. Developing better models for genetic
evaluation of udder health is a prerequisite for the implementation of a
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successful breeding programme to breed cows with improved resistance to
mastitis.

In the genetic evaluation of udder health, susceptibility to mastitis has been
the focus of many dairy cattle research projects (Govignon-Gion et al., 2012;
Carlén, 2008; de Haas, 2003), disregarding the other aspect of the disease - the
recoverability. Because mastitis is a common and unavoidable problem,
evaluation of the ability of cows to recover should, therefore, be of interest.
Introduction of the recovery aspect as a new trait in the analyses is expected to
enhance the genetic evaluation of udder health by capturing more information
from both directions of the disease, contracting and recovery (Franzén et al.,
2012). In the studies compiled in this thesis, a great emphasis was given to
introduce and include the recovery aspect in the modelling and analyses of
mastitis to improve udder health in dairy cattle.

By analysing the changes that each cow exhibits during lactation, we have
developed models that can make better use of available information in disease
data with mastitis focus. Models that can make use of additional and time
dependent information are valuable to the dairy cattle systems as well as for
researchers and producers working on milk production systems. The additional
and time dependent information will result in higher accuracy of selection by
accounting all variations a cow may exhibits over the course of a lactation, in
both directions of the disease (susceptibility and recoverability). This thesis has
introduced a novel approach to include and model the recoverability in the
genetic analyses of mastitis to improve udder health. In situations with high
disease incidences, like mastitis which can have detrimental effects, evaluating
the capacity of cows for recovery could be of specific benefit to the dairy
industry.
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2 General background

2.1 Mastitis in dairy cattle

Mastitis in dairy cattle (bovine mastitis) is defined as an inflammatory reaction
of the mammary gland to various pathogenic infections (International Dairy
Federation, 1987). It is a very common disease in the dairy industry. Mastitis
can be either clinical or subclinical (Viguier et al., 2009). Clinical mastitis
(CM) is accompanied by visible symptoms such as swelling, redness, abnormal
secretion in the infected mammary gland and other systemic effects on the cow
(Wu et al., 2007). On the other hand, subclinical mastitis (SCM) has no visible
signs of infections and hence difficult to detect. SCM is generally monitored
and characterised by an increase in somatic cell count (Schukken et al., 2003).
SCM is the most prevalent form of mastitis affecting between 20 and 40% of
cows in commercial dairy herds in many countries (Ramirez et al., 2014).

Mastitis could be further classified on the basis of severity and duration of
infection as acute and chronic. Acute mastitis is characterised by a sudden
onset whereas chronic mastitis is characterised by an inflammatory process that
lasts for months (International Dairy Federation, 1987). Chronic mastitis is
typically characterised by no obvious clinical signs but may show periodical
clinical symptoms (International Dairy Federation, 2011). If achieved,
objective classification of mastitis could help to implement efficient mastitis
control programmes and decision making. For example, identification of cows
with chronic mastitis and timely decision (may be culling) could be necessary
to maintain herd health as cows with chronic mastitis act as a reservoir of
infection for the healthy cows in a herd and hence, are a headache in every
dairy farm.
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2.1.1 Importance of mastitis

Economically, mastitis is the most expensive disease in the dairy industry
incurring huge cost from declining in milk yield, increased treatment costs,
discarded milk, increased culling, associated cow replacement rates, and
sometimes financial penalties for exceeding legal milk quality limits
(Bennedsgaard et al., 2003). Affecting one third of all dairy cows, estimates
show that mastitis costs over $1.8 billion a year in the US alone (Schroeder,
2012). Recently, Rollin et al. (2015) estimated a cost of $444 for each incident
of CM that occurs during the first 30 days of lactation for a representative of a
typical large US dairy herd. In a herd-simulation model, Hagnestam-Nielsen
and Ostergaard (2009) estimated a maximum loss of €97 per cow/year due to
CM in Sweden. Nielsen and Emanuelson (2013) reported that incidence of CM
has not changed significantly over the last two decades. Although more
difficult to quantify, SCM accounts for almost two-third of economic loss
(Halasa et al., 2007; Seegers et al., 2003). In a study to estimate (milk)
production loss due to SCM measured via somatic cell count increase in Dutch
dairy cows, Halasa et al. (2009) found that the greater the somatic cell count
increases above 100,000 cells/mL, the greater production losses. Primiparous
and multiparous cows were predicted to lose 0.31 and 0.58 kg of milk/day,
respectively, at somatic cell count of 200,000 cells/mL (Halasa et al., 2009).
The Swedish Board of Agriculture (http://www.jordbruksverket.se/) put
mastitis on the top of the list of diseases in dairy cattle in 2013/14 across all
herd sizes (Table 1) and across all breed types (Table 2) in Sweden.

Table 1. Occurrence of disease in dairy cows by herd size and disease, cases of disease per 100
animals included in the control 2013/14

Disease Average herd size in the control year

- 25t0 S50to 75to 100to  150to  200to  300- Overall
249 499 749 999 149.9 199.9 299.9

Calving difficulty 0.5 0.5 0.5 0.3 0.3 0.4 0.3 03 04
Milk fever 36 33 3.1 2.8 2.6 2.4 2.7 24 28
Retained placenta 0.6 0.6 0.6 0.5 0.7 0.7 0.5 0.6 0.6
ketosis 22 15 1.1 0.6 0.5 0.4 0.4 04 038
mastitis 11.1 109 9.7 9.9 10.3 10.8 10.9 144 108
Udder injuries 03 03 0.2 0.2 0.1 0.1 0.1 0.1 0.2
Other diseases 103 108 11.0 10.8 9.8 10.7 10.4 129 10.8

Source: Swedish Board of Agriculture (http://www.jordbruksverket.se/)
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Table 2. Occurrence of disease in dairy cows by breed and disease, cases of disease per 100
animals included in the control 2013/14

Disease Breed
Swedish Red Swedish Swedish Swedish other Overall
and White Friesian Polled Jersey breeds
Calving difficulty 0.3 0.4 0.2 0.3 0.3 0.4
Milk fever 24 3.1 2.6 5.4 25 2.8
Retained placenta 0.6 0.6 0.4 0.3 0.5 0.6
ketosis 0.8 0.7 2.6 1.0 0.6 0.8
mastitis 9.5 11.8 10.7 10.0 8.9 10.7
Udder injuries 0.2 0.2 0.3 0.1 0.1 0.2
Other diseases 9.3 12.0 8.6 12.7 8.8 10.7

Source: Swedish Board of Agriculture (http://www.jordbruksverket.se/)

The importance of mastitis goes beyond economics. Seriously affecting animal
well-being, mastitis is a primary reason for culling or death of dairy cattle
(Grohn et al, 1998). Furthermore, mastitis is associated with the use of
antibiotics, which is a public concern (Hansson & Lagerkvist, 2014). Because
of concern about overuse of antibiotics that risks the development of antibiotics
resistance bacteria, Swedish legislation stipulates that antibiotic therapy may
only be initiated after a diagnosis has been made by a veterinarian (Hansson &
Lagerkvist, 2014; Nielsen, 2009).

2.1.2 Pathogens of mastitis

Mastitis is often caused by invading pathogens. Multiple microorganisms (e.g.,
bacteria, viruses, mycoplasma, yeasts and algae) have been implicated as
pathogens of bovine mastitis (Watts, 1988). However, just a few species of
bacteria are the main pathogens for mastitis (Kuang et al., 2009). Those
mastitis-causing pathogens are commonly categorised as contagious and
environmental based on their primary source and mode of transmission. The
sources of contagious mastitis are infected cows and transmission is hence
from cow to cow whereas the primary source of environmental pathogens is
the surroundings in which a cow lives (Hogan & Smith, 1987).

The magnitude and increase of somatic cell counts in response to infection
varies according to the pathogen involved (Djabri et al., 2002). Depending on
the magnitude of inflammatory response, pathogens can be grouped as major
or minor pathogens. Major pathogens group include Staphylococcus aureus,
Streptococci (agalactiae, dysgalactiae, uberis), Escherichia coli and Klebsiella
spp. (Kuang et al., 2009; Djabri et al., 2002) . These major pathogens are
usually implicated with CM resulting changes of milk composition (Djabri et
al., 2002). On the other hand, Staphylococci other than S. aureus (S.
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chromogenes, S. hyicus, S. epidermidis, and S. xylosus), and Corynebacterium
bovis are grouped as minor pathogens (Djabri et al., 2002). These pathogens
are associated with a modest infection (Djabri et al., 2002).

Mastitis is a complex and multifactorial disease and hence, for pathogens to
enter the udder and cause an infection, depends on a multitude of other factors
(Schroeder, 2012). Those factors can be grouped as the individual genotype,
the pathogens involved, the environment (housing, bedding, hygiene, climate,
milking machines, feeding) and interactions among these (Schroeder, 2012;
Oviedo-Boyso et al., 2007) (Figure 1).

Pathogens

-~ Environment

i

Figure 1. The factors involved in the development of mastitis: the pathogens, the cow as a host,
and the environment, which can influence both the cow and the pathogens, adapted from
Schroeder (2012).

2.2 Somatic cell count as indicator for mastitis

Somatic cell count (SCC) is the total number of cells normally present in a
millilitre of (cow) milk. SCC consists of various cell types with relative
proportion depending on the health status of the udder (Nielsen, 2009). In
healthy mammary glands, leukocytes (white blood cells) account for the major
proportion of SCC (Oviedo-Boyso et al., 2007). These white blood cells are
primarily macrophages and lymphocytes with a small proportion of neutrophils
and epithelial cells (Kehrli & Shuster, 1994). Infection of mammary glands
with mastitis pathogens results in a considerable increase in SCC that are
primarily neutrophils (Oviedo-Boyso et al., 2007; Kehrli & Shuster, 1994).
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The fact that SCC increases as part of the cow’s immune response and the
observed high genetic correlation (0.97) (Lund et al., 1994) between SCC and
mastitis, makes SCC a widely used and feasible indicator for mastitis.

Most genetic evaluations of mastitis are performed based on either the
analyses of recorded treatments of CM or measurements of SCC. Routine
genetic evaluations on the bases of CM records have been implemented in the
Nordic countries and recently in France (Govignon-Gion et al., 2016) and
Canada (Jamrozik et al., 2013). Selection would be more efficient, if genetic
evaluations are based on occurrences of CM. However, routine recording of
occurrences of CM at farm or cow level is not easily available in many
countries because of difficulties associated to its detection (Carlén et al., 2006).
With advancements in farming equipment in general and in farms using
automatic milking systems (AMS) in particular, SCC records are easily
accessible at large scale and with almost no cost (e.g., through the online cell
counter fitted in the AMS for continuous monitoring of cow udder health). For
this reason, SCC or log-transformed SCC (somatic cell score, SCS) are still used
as major phenotypic measures in genetic evaluations to improve udder health
of dairy cows (Serensen ef al., 2009). The use of SCC in genetic evaluations of
dairy cattle has a long history. In the US during late 1970 and early 1980s, dairy
herd breeding programmes began to implement SCC measurements for
assessment of mastitis cases (Shook & Schutz, 1994). Such historical and wide
acceptance of SCC as a proxy for mastitis is due to its ease of recording and
high genetic correlation with mastitis (Gernand & Konig, 2014; Lund et al.,
1994). Use of Scc which is easily accessible is further justified by the 2 to 3
times higher heritability of SCC than CM and by the fact that SCC is an indicator
of not only CM but also SCM (reviewed by Dekkers et al. (1998)).

Misclassifications are unavoidable when SCC is used as an indicator for
mastitis. If the boundary between healthy and diseased is too low, high random
fluctuations around “normal” ScC levels will lead to falsely classified cases of
mastitis (Franzén et al., 2012). Bishop and Woolliams (2010) demonstrated
that non-genetic factors such as imperfect sensitivity and specificity of
diagnosis are likely to impact genetic parameters for disease traits. The choice
of scc threshold can affect the model’s sensitivity and specificity to detect
mastitis cases. The SCC that are normally present in a health cow is about
70,000 cells/mL (Djabri et al., 2002) but are dependent on cow factor such as
age, breed, stage of lactation, and milk yield (Hiitio et al., 2017; Nyman et al.,
2014; Dohoo et al., 2011). Several literatures (Nyman et al., 2014; Schroeder,
2012) propose a threshold of 200,000 cells/mL as optimal cut-off point to
determine whether a cow is infected with mastitis.
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2.3 Breeding against mastitis

Mastitis is a frequent and costly disease in dairy cattle, but the genetic
variability seems to represents a small proportion of the total variance,
indicating that genetic progress could be slow. Literature reviews (Rupp &
Boichard, 2003; Heringstad et al., 2000) show that SCC and CM have moderate
and low heritability, respectively. The low heritability is partially due to the
complex nature of the trait and failure of conventional models to capture the
available genetic variation (Lipschutz-Powell et al., 2012), otherwise the role
of genetics is not negligible. Despite its low heritability, mastitis exhibits
genetic variation giving opportunity for efficient genetic improvement of
resistance to mastitis in dairy cattle (Govignon-Gion et al., 2016). “From
economic and genetic analyses, and according to welfare and food safety
considerations and to breeders and consumer’s concern, there is more and more
evidence that mastitis should be included in breeding objective of dairy cattle
(Rupp & Boichard, 2003)”.

Selection and breeding against mastitis is performed directly using actual
CM records and/or indirectly using indicator traits. In the Scandinavian
countries, breeding schemes were redefined in the 90’s and have been selecting
directly against CM for over 35 years (Osteras et al., 2007; Rupp & Boichard,
2003). More recently, France (Govignon-Gion et al., 2016) and Canada
(Jamrozik et al., 2013) have introduced routine national genetic and genomic
evaluations for direct selection against CM. However, in most other countries
selection against mastitis is performed indirectly through Scc (Miglior et al.,
2005). The heritability of Scc (h? = 0.17, Jamrozik and Schaeffer (2012)) is
higher than the heritability of cM (h* = 0.06 to 0.12, Heringstad et al. (2000)),
giving opportunity for more effective genetic progress than direct selection for
CM that requires accurate recording systems. Because many countries record
mastitis cases on a voluntary basis the reliability of the genetic estimates for
CM are questionable (Thompson-Crispi et al., 2014). The reliability of genetic
estimates for CM and other producer-recorded health event data, however, can
be improved through genomic selection (Parker Gaddis et al., 2014).

Genomic selection refers to selection methods based on genetic merits
directly estimated from genetic markers spanning the genome (Goddard, 2009;
Meuwissen et al., 2001). In dairy cattle, this involves shifting from the
traditional (progeny testing proven bull-based) breeding programme to
genomic estimated breeding value (GEBV-based) breeding programme. These
GEBV are calculated from markers spanning the whole genome to the level that
every quantitative trait loci (QTL) is in linkage disequilibrium (LD) with at least
one marker (Goddard, 2009; Meuwissen et al., 2001). The genetic marker
effects are estimated from a subset of individuals from a population with both
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phenotypes and genotypes information known called reference population.
These marker effects are then used to select candidates with genotypes
information but not necessarily phenotypes information (Boichard et al., 2016),
highlighting the attractiveness of genomic selection as a tool to improve the
genetics of traits difficult or expensive to measure including mastitis. The
absence of sufficient recording of CM at farm or cow level because of
difficulties associated to its detection has been a limiting factor in breeding
against mastitis. The dairy cattle breeding industry is rapidly shifting to
genomic selection (Boichard et al., 2012; Hayes et al., 2009). The possibilities
to accurately predict the genetic merit of bulls early in life and the increase in
prediction reliabilities as well as the economic benefit from these
developments are main factors for the rapid adoption of genomic selection by
the dairy cattle breeding industry (Hutchison et al., 2014; Schaeffer, 2006). As
early as 2012, the use of genomically tested young bulls had reached 50.9% in
the US Holstein herds (Hutchison et al, 2014). Traditional breeding
programme takes 64 months to complete progeny testing activities for young
bulls (Schaeffer, 2006), whereas in the GEBV-based breeding programme a
young bull is ready to get its genomic evaluation right after its birth and can be
used to sire the next generation once it reached sexual maturity, usually around
12 months. Higher rate of genetic gain is expected from the use of genomically
tested young bulls as a result of short generation interval and high reliability.
Literature reviews (Hayes et al., 2009) show an increase of 2 to 20 % in
reliabilities of GEBV compared to EBV for bull calves with no daughter records
i.e. bull calves with only parental average EBV.

Nowadays, genome-wide association studies (GWAS) are the most
preferable methods to locate genomic variants or markers associated with
complex disease phenotypes. GWAS utilise information on genetic markers
like single nucleotide polymorphisms (SNPs) to determine association with a
trait of interest assuming that the genetic marker is in LD with, or close to, a
causative mutation (Goddard & Hayes, 2009; Hirschhorn & Daly, 2005). In
cattle, GWAS have been performed to evaluate marker or SNP association with
mastitis related traits and many quantitative trait loci (QTLs) have been
reported. QTLs have been reported for SCS on Bos faurus autosome (BTA) 0,
13, 14 and 20 in Nordic Holstein cattle (Sahana et al., 2013); on BTA 6, 10, 15,
and 20 in Irish Holstein-Friesian cattle (Meredith et al., 2012); genetic variants
(a total of 171 significant SNPs) in 24 chromosomes in Valdostana Red Pied
cattle breed (Strillacci et al., 2014); and on BTA 6, 13, 19 and X in German
Holstein cows (Abdel-Shafy et al., 2014). A review (Sender et al., 2013)
indicated that QTLs have been found on almost all chromosomes.
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2.3.1 Genetic evaluation of udder health

In current genetic evaluations, only the susceptibility to mastitis is taken into
account. A method developed by Franzén er al. (2012) included both the
disease susceptibility and the recovery process by modelling transitions to and
from states of infection. The model was built on the idea that measurements are
taken at regular intervals (say, weekly) and that for each measurement an
individual cow is classified into one of two possible states (healthy or
diseased), whereupon transition probabilities between these states are analysed.
This method models transitions to and from states of infection, i.e. both the
disease susceptibility and the recovery process are considered, enhancing the
genetic evaluation of mastitis. The SCC-based analysis by Franzén et al. (2012),
however, ignored possible genetic correlation between susceptibility and
recoverability from mastitis. Though both susceptibility to- and recoverability
from mastitis were considered, the traits were analysed separately with a single
trait model. A simple product-moment correlation between estimated breeding
values failed to reproduce different values of simulated genetic correlations
between mastitis susceptibility and recoverability. Literature on estimation of
genetic correlation between mastitis susceptibility to- and recoverability from
mastitis is not available. To be able to investigate whether a genetic correlation
exists between mastitis susceptibility and recoverability, a bivariate model had
to be developed. Such bivariate methods and models, if applied to real data
could enhances the genetic evaluation of mastitis by the ability to capture
genetic variation not only for susceptibility to mastitis but also for recovery
from mastitis.

Since mastitis is a relatively frequent and unavoidable problem, evaluation
of capacity for ability to recover should, therefore, be of interest. The
introduction of the recovery aspect as a new trait in the analyses enhance the
genetic evaluation of udder health by capturing as much genetic information as
possible from the entire disease course. The methods and studies compiled in
this thesis allows a simultaneous evaluation of the genetic potential of cows for
both susceptibility to- and recoverability from mastitis. In the initial stage of
the PhD project, simulation studies were carried out to develop models for
simultaneous genetic evaluation of susceptibility to- and recovery from
mastitis, followed by real data analyses and estimation of genetic parameters.
Genes associated with capacity of animals for recovery were searched and
towards the end of the PhD studies a more realistic and dynamic health
classification which take severity of possible infection into account was
introduced for future genetic evaluation of udder health, specifically mastitis.
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2.3.2 Contribution of this thesis to both animal science and the dairy industry

In situations with high mastitis prevalence, evaluating the capacity of cows for

recovery could be of specific benefit to the dairy industry. Generally, the dairy

industry may benefit from the new approach and models presented in this
thesis as follows:

1. Use of estimated breeding values (EBVs) not only for susceptibility but also
for recoverability and therefore increased genetic progress per generation as
a result of using more information (more accurate estimates).

2. Use of genetic marker assisted selection not only for susceptibility but also
for recoverability.

3. Differentiate between different patterns of SCC and assign cows to more
realistic and dynamic health classes. This may enable a refinement of the
EBVs and/or the breeding goal.

4. Assess individual cows for their susceptibility against mastitis as well as
their ability to recover, enabling more informed decisions about culling
strategies.

5. Contribute to a better understanding of the dynamics of SCC and mastitis.
Furthermore, the approach and models could be applied to other disease traits
and species. Since phenotypic recording is expected to become more
sophisticated and automated (e.g., SCC records from AMS), approaches
developed in this study can help to exploit such information and model disease
data over time. The new approach and models are tailored to monitor health
status of animals over time that enables us to make selection decisions for an
animal with fast recoverability or even a resistant animal.
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3 Aims of the thesis

The aim of the thesis was to improve the genetic evaluation of udder health by
introducing a new approach and thereof develop models that can make use of
the information contained in the entire disease course. In today’s genetic
evaluation of udder health, only susceptibility to contract mastitis is taken into
account. The thesis aimed to enhance the genetic evaluation of udder health by
adding genetics of recoverability in the analyses. Specifically the aim of this
thesis was to introduce new models that captures as much genetic information
as possible that each cow exhibits during lactation. The objectives of the
studies compiled in this thesis were, therefore, to:

(Paper 1)

» develop methods and models for a joint genetic evaluation of
susceptibility to- and recoverability from mastitis.

» evaluate the effect of daughter group sizes and level of mastitis
incidence on breeding value accuracies.

(Paper 11)

» evaluate whether the developed methods and models in paper I is
identifiable and can be fitted to real data.

» estimate genetic parameters of susceptibility to- and recoverability from
mastitis in Danish Holstein cows using the methods and models
developed in paper 1.

(Paper 111)

» identify new or confirm previously identified variants and regions of the
genome associated with susceptibility to mastitis.

» identify variants and regions of the genome associated with recovery
from mastitis.

(Paper 1v)

> improve mastitis health classification by assigning cows to more

realistic and dynamic health classes .
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» estimate genetic parameters among the newly defined health classes.



4 Summary of investigations

This thesis consists of four studies presented in four papers. In paper I,
extensive simulation analyses were performed to develop methods and models
for simultaneous genetic evaluation of susceptibility to- and recoverability
from mastitis. The bivariate model was evaluated for its performance and
findings suggested that it could be used to analyse both traits and genetic
parameters could be correctly reproduced. In paper II, the bivariate model
developed through simulation with added systematic effects and a function of
time was applied to real data. Findings in paper II indicated presence of genetic
variation in both traits with heritabilities of similar size. Therefore, in paper I,
we performed GWAS to find positions on the genome that affect susceptibility
to and/or recoverability from mastitis. Though findings from paper 11 showed
that the traits are strongly negatively correlated, association signals for
susceptibility to mastitis were mapped in different locations from associations
for recoverability from mastitis, implying that the two traits are at least
partially regulated by different genes. Despite the absence of strong association
signals, several SNPs were identified within and nearby genes annotated in
immunity and wound healing. In the last stage of the PhD project (paper 1V) a
new and more dynamic health classification which take severity of possible
infection into account was introduced as a means to further improve the genetic
evaluation of udder health in dairy cattle.

4.1 Material and methods

Often, mastitis is seen as a categorical or binary trait, reflecting presence or
absence of mastitis within a defined time interval (Vazquez et al., 2012). In
genetic evaluations, this all-or-none trait definition may not fully utilise all
information available in the data, for instance the time it takes to recover or
different levels of infection (Vazquez et al., 2009; Carlén et al., 2005). The
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methods and models developed and used in this thesis have tried to address this
issue by adopting the concept of a transition model to define traits of interest
(susceptibility to- and recoverability from mastitis). The transition model helps
to capture the variations an individual cow may exhibit in the entire disease
course- contracting and recovery. During a specified period of time, a cow is
assumed to move between or within two states — healthy (H) and diseased (D).
A cow may return to the same state more than once, meaning repeated disease
cases are acknowledged by the model (Franzén et al., 2012). For a healthy
cow, there is a risk of becoming infected and for a mastitic cow there is a
possibility of recovering, which is conceptualised into probabilities of mastitis
and recovery (Franzén et al., 2012). For each cow, several transitions from H to
D, denoted as HD, and from D to H, denoted as DH, can occur within a lactation.
Franzén et al. (2012) depicted such occurrences in a transition probability
matrix, T, , for cow i, as follows:
T [1- mP P
! mPH 1-miPH

where 1-n/'P= Probability of remaining in the H state for cow i

7;'°= Probability of moving from H to D state for cow i
m)"'= Probability of moving from D to H state for cow i

1-nP"= Probability of remaining in the D state for cow i.

In the above transition probability matrix, the first row consists the
probabilities of being in either of both states at time ¢+/for cow i healthy at
time ¢, and the second row consists probabilities of being in either of both
states at t+/ for cow i diseased at time ¢. In practise, the transition matrix is
desired to have high values of 1-n!'® (probability of remaining in the H state for
cow i) and nP"(probability of moving from D to H state i.e. fast recovery if cow
i had moved from H to D state), and consequently low values of m/"°
(probability of moving from H to D state) and 1-zP" (probability of remaining
in D state) (Franzén et al., 2012).

Thus, for each cow and lactation the sequence of H’s and D’s, indicating
whether or not a cow had mastitis on subsequent test weeks, was converted
into a new sequence of weekly transitions indicators: 0 if a cow remains in the
same state and 1 if the cow changes state. This resulted into two series of
transitions: one for healthy to diseased (HD, to define susceptibility to mastitis)
and the other for diseased to healthy (DH, to define recoverability from
mastitis). Only diseased cows can recover, and only healthy cows can get
diseased. A cow without a case of classified mastitis did therefore not have any
data for transitions in the D to H direction. This resulted in a much smaller
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dataset for DH in comparison to HD. Hereafter, HD and DH refers to
susceptibility to- and recoverability from mastitis, respectively. This concept of
traits definition is generally applicable to papers I - I11.

4.1.1 Simultaneous genetic evaluation of simulated mastitis susceptibility and
recoverability using a bivariate threshold sire model (paper 1)

The aim of paper I was two-fold: 1) to develop methods and models for a joint
genetic evaluation of HD and DH and 2) to evaluate effect of daughter group
size and level of mastitis incidence on breeding values for HD and DH.

Data simulation and statistical model

Simulation software by Carlén et al. (2006), further developed by Franzén et
al. (2012), was used to generate SCC observations for individual cows on the
basis of simulated mastitis cases. Weekly SCC observations (generated from the
simulated mastitis status) were used to assess whether a cow was in an H or D
state. If a cow’s observed weekly SCC exceeded a predefined boundary, the
cow was considered mastitic and in the D state; otherwise the cow was in the H
state i.e. below the boundary (Figure 2).
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Figure 2. Somatic Cell Count (SCC) level based boundary (B(t), solid line) and observed SCC
(broken line) as a function of time (weeks) in lactation for a given cow. According to the
observed SCC, the cow in this figure has made a transition from Healthy (H) to Disease (D) state at
week 15 and stayed diseased for 2 weeks, recovered at week 18 to stay in H state until week 35
and moved to D state in the next two weeks and finally recovered to remain in H state throughout
the remaining lactation period.

Two levels of mastitis incidence were considered: scenario 1 (0.28

cases/lactation) and scenario 2 (0.95 cases/lactation). Three different genetic
correlations (r, = 0.0, r, = 0.2 and r, = —0.2) between HD and DH were
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simulated. Both traits were simulated to have a within-herd heritability of
0.039. The cows were daughters of either 400 or 100 unrelated sires distributed
over 1200 herds with fixed herd size of 20, which resulted into daughter group
sizes of 60 and 240, respectively. All combinations of mastitis incidence,
daughter group sizes, and genetic correlations were produced in 20 replicates.

Assuming scCy, to be the observed SCC value for cow i, daughter of sire j,
from herd k at time ¢, for =1, 2, 3.... A binary response h, stated whether the
™ observation of SCC was below or above the boundary. All the transitions
between states were recorded as a binary variable which indicates whether or
not a transition took place between two consecutive observations, at time ¢ and
t+1.

1, if hijkt =0and hi]'k(t+1) =1
Yil-jl}]zt = 0, if hijkt =0and hijk(t+1) =0
missing, if h, =1 and hyyqy =0o0r1

and

1, if hijkt =1and hijk(t+1) =0
yll:])lflt = 0, ifhijkt =1and hijk(t+1) =1
missing, if hjy, = 0 and hyqy =0 or 1

for HD and DH, respectively, forz=1,2.3..., ¢, — 1.

The following bivariate threshold (probit) sire model was fitted to the series of
binary transitions indicators:

A= pn+XB+17Zs + e

where, A is a vector of the underlying liabilities linked to the transition scores
(vike and yfi,) with probit function, p is mean of HD and DH for an average cow,
B is vector of fixed effects (herd), s is a vector of random additive sire genetic
effects, e is a vector of random residuals, X and Z are appropriate incidence
matrices. The random effects were assumed to be normally distributed with
zero means, additive genetic variance var(a) =I;0% and residual variance
var(e) = 1,02, where I and I, are identity matrices with dimensions equal to
the number of sires and transition records, respectively for each trait. 62 and o2
are the sire additive genetic and residual variances, respectively. The 0% was
fixed to 1. The two traits were never observed simultaneously and the residual
covariance between them was therfore constrained to zero.

28



Analysis, sampling and Bayesian inference

Bayesian analysis with the RIMC package in DMU (Madsen & Jensen, 2013)
was performed to obtain the posterior distribution of all model parameters. Flat
prior distributions were employed for all (co)variance components. We ran
single chains of 50000 iterations with the first 10000 iterations discarded as
burn-in and a sampling interval of 25 to produce a posterior distribution of
sample size of 2000 from which point estimates of parameters were derived.

4.1.2 Bivariate threshold models for genetic evaluation of susceptibility to- and
recoverability from mastitis in Danish Holstein cows (paper 1)

The aim of paper II was two-fold: 1) to evaluate and apply the methods and
models developed in paper I to real data and 2) to estimate genetic parameters
of HD and DH in Danish Holstein cows.

Data

Data were extracted from a database connected to VMS milking robots
(Voluntary Milking System, DeLaval International AB, Tumba, Sweden) fitted
with online somatic cell count (OCC) measuring units. Because individuals with
an unknown sire are not very informative (especially in a sire model), they
were filtered out. Only cows from sires with five or more daughters were kept.
After filtering and editing, a total of 1,791 Danish Holstein cows were used for
the final analyses. Table 3 shows the number of records, sires, and cows by
herd for the edited data used in the final analyses for paper 1.

Table 3. Number of transition records, sires, and cows by herd

Herd! Sires Cows? Records®
1 45 134 9,848

2 68 388 13,039

3 68 270 11,102

4 45 233 7,006

5 61 346 14,896

6 52 224 15,569

7 43 302 17,772
Total 382 1,897 89,232

IThe first six herds were commercial farms. The 7th herd was a research herd

2For cows changing herds during the lactation (1,897-1791=106 cows), only the records from the first herd
were kept

3Records were made for weekly transitions between assumed states of mastitis and non-mastitis; 0 if the cow
stayed within the same state during the whole week, and 1 if the cow changed state.
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Converting OCC to EMR and state transitions

The ocC were converted to elevated mastitis risk- EMR to define a cow’s health
status on a continuous scale according to the procedure outlined by Serensen et
al. (2016). The EMR predicts the risk of a cow having mastitis: values close to
zero indicate low risk of mastitis and values close to one indicate high risk of
mastitis. The EMR values were used to determine health states (H or D): EMR
values above a certain threshold (EMR = 0.6) (Figure 3) were assumed to
indicate that the cow had mastitis. If there were multiple observations per day,
the highest EMR value was used to create a sequence of transitions. Multiple
records of elevated cell counts (EMR values above the threshold) within seven
consecutive days for an individual cow were assumed to describe the same
case. For each cow and lactation, the sequence of health states was converted
to weekly state transitions: 0 if the cow stayed within the same state during the
whole week, and 1 if the cow changed state. A time variable was added to
indicate the length of each episode. The time indicator counted the weekly
intervals until a transition occurred. Because only a few cows had high occ for
a long time, there were very few data points for DH following long mastitis
episodes. The time indicator was therefore log-transformed, to avoid
substantial influence of these data points in the analyses.
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Figure 3. Converting OCC (online somatic cell count) to EMR and state transitions. The smoothed
(Smoothed 0cCC) and In-transformed OCC from every milking of a cow were combined into
elevated mastitis risk (EMR). From the sequence of risk indicator, EMR based health states
(’mastitis’ if EMR > 0.6), two series of transitions were created: one to model susceptibility to
mastitis and the other to model recoverability from mastitis.
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Analysis of transitions

In addition to the bivariate threshold sire model (paper 1), the transitions were
analysed with a threshold animal model for comparison. The observed
transitions were modelled as a linear combination of systematic effects and of a
function of time. The days in milk (DIM) over the lactation curve [f(DIM)] was
modelled by a combination of Legendre polynomials and a Wilmink term
(exp003*PM) (Wilmink, 1987), to reflect that susceptibility and recoverability
are not constant during the lactation. Changes of risk during each episode
[f(time)] were modelled with Legendre polynomials. This time effect reflects
that the recovery rate during the first week after getting infected may be
different from the recovery rate in, say, the third week post-infection, and that
a healthy cow may have different risk the first week after recovery from a
previous episode compared to a cow having been healthy for many weeks.
After comparing models using deviance information criterions (DIC), the traits
were analysed with the following threshold model:

}\=Xb+Z1h+Z2C+Z3p+Z3a+e

where A was a vector of unobserved liabilities to linked to the observed
transition scores (y); b was a vector of all fixed effects (herd and parity) and
covariates (regression coefficients of a second order polynomial on DIM plus a
Wilmink term and regression coefficients of a third order polynomial on time);
h, ¢, p, and a were vectors of random effects of herd-test-week, cow-parity
interaction, cow permanent environmental and animal additive genetic (in
animal model) or sire additive genetic (in sire model) effects, respectively; X,
71, 7Z,, and Z3 were respective incidence matrices, e was a vector of the
residual effects. The vectors of random effects (h, ¢, p, a, and e) were assumed
to be normally distributed: h ~ N(0, 6%,,, I), ¢ ~ N(0, cgp I), p ~ N(O, 6%,8 D),
a ~N(0, 65 A), and e ~ N(0, 62 I) where, I are identity matrices of appropriate
size. A is the additive genetic relationship matrix. The o7, ogp, of,e, o2 and &2
were variances for herd-test-week, cow-parity interaction, cow permanent
environmental, sire or animal additive genetic, and residual effects,
respectively.

Odds ratios (OR) were calculated to demonstrate the influence of fixed
effects on the two traits. We calculated OR for parity and herd relative to parity
one and herd one considered as reference classes for parity and herd,
respectively. An OR > | indicates that the specified factor has an increased risk
than the reference value (Pantoja ef al., 2009; Green et al., 2007).
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4.1.3 Genome-wide association study for susceptibility to- and recoverability
from mastitis in Danish Holstein Cows (paper Iil)

Paper 111 was motivated by the observed high negative genetic correlation and
presence of genetic variation in both traits that resulted in heritabilities of
similar size (paper II). The aim of paper 11l was three-fold: 1) to identify new or
confirm previously identified regions of the genome for their association with
susceptibility to mastitis and 2) to identify variants and regions of the genome
associated with recoverability from mastitis and 3) to find common genes that
affect both traits.

Phenotypic data and phenotypic statistical analyses

The data analysed in paper 11 were used as raw phenotype data. Phenotypic
statistical analyses were performed and the phenotypes were adjusted for the
different fixed and random effects stated in paper 1. The phenotype data were
analysed with a threshold model using the statistical software package
MCMcCglmm (Hadfield, 2010) in R (R Core Team, 2016). The random cow plus
cow*parity effects retrieved from each Markov chain Monte Carlo (MCMC)
iteration of the phenotypic analyses were used as the dependent variable in the
association analysis.

Genotype data and quality control

The raw data contained 1957 cows genotyped with the BovineSNP50
BeadChip (Illumina Inc., San Diego, CA) for a total of 46931 autosomal SNP
markers. After matching the phenotype to the genotype data, only 997 cows
with phenotypes remained in the genotype data. Quality control (QC) for
markers was done using PLINK (Purcell et al., 2007). SNPs with more than
10% missing genotypes, SNPs with minor allele frequency (< 1%) and cows
with less than 90% genotype call rate were excluded. In order to visualise
possible population stratifications, multidimensional scaling (MDS) plots of an
identity-by-state (IBS) matrix was generated containing first two MDS
components of the underlying genetic variation using PLINK (Purcell ef al.,
2007). After QC and removal of four cows (one for having less than 90%
genotype data and three other cows for being genetic outliers), 39378 SNPs and
993 cows were used for final association analyses.

Association analysis and significance test

Each SNP was fitted as a covariate in a single SNP association analysis. To
account for shared genetic effects of related individuals, pedigree-based
polygenic effect was included by fitting individual animal as a random effect in
the model. To account for the confounding effect of population structure, the
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first top five eigenvectors were included as covariates. The single SNP
regression analysis was performed using the following statistical model:

y=1p+ Xb+Sa+ Za+e,

where y was a vector of corrected phenotypes; 1 was a vector of ones; 1 was
the general mean; X was a matrix containing the five eigenvectors derived and
fitted as covariates, and b was a vector of associated effects; S was vector of
SNP genotypes coded as 0, 1, or 2 for genotype copies of one of the alleles at
each locus; o was the allele substitution effect; a was a vector of random
additive polygenic effects, which was assumed to follow multivariate normal
distribution, a ~ N(0, Ac2) where A is the pedigree-based additive genetic
relationship matrix; Z was an incidence matrix relating elements of the vector
of additive polygenic values a to individual phenotypes; e was a vector of
random residuals and the residuals were assumed to follow multivariate normal
distribution, ¢ ~ N(0, Wo2), where W was a diagonal matrix with diagonal
element of 1/(PSD)%; o2 and o2 were the additive polygenic and residual
variances, respectively. The weight =1/(PSD)?>, where PSD is the posterior
standard deviation of the cow plus cow*parity effects, is used to account for
the different residual variances due to parities.

Association analyses were carried out on four datasets (each parity
separately and all parities together) to investigate parity specific associations.
The analysis was conducted using the statistical software package DMU
(Madsen & Jensen, 2013). The null hypothesis Ho: b=0 was tested with a t-test.
A somewhat liberal threshold of p-value < 10 was used to declare significant
SNP by trait associations. Genes either harbouring or nearby to significantly
associated SNP variants were identified using the Variant Effect Predictor
(McLaren et al., 2016) and the ‘“ensemble” gene annotation system
(https://www.ensembl.org/index.html) in general (Aken et al., 2016).

4.1.4 Dynamic udder health classification using online cell count (paper V)

In paper 1V, a more realistic and dynamic udder health classification defined
according to assumed disease severity was introduced. The adoption of AMS by
dairy farms presents opportunities to cheaply and easily collect data on a daily
basis, or even at individual milkings. Paper 1v aimed to further improve the
genetic evaluation of mastitis by better capturing the changes in OCC that each
cow exhibits in every milking. Accordingly, six mutually exclusive udder
health classes with increasing severity were defined. The newly defined
mutually exclusive health classes and the criteria use to define them are
presented in Table 4.
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Table 4. Criteria for dynamic udder health classification and newly defined health classes”

Health Health class criteria

classno.  name

1 Very healthy EMR < 0.04 and smoothed OCC value < 50,000 cells/mL
2 Normal healthy 0.04 <EMR <0.20

3 Less healthy 0.20 <EMR < 0.60

(short term)
Short-term sick EMR > 0.60 unless acute sick
Acute sick™ First time EMR > 0.60

6 Long term sick  This class utilises fluctuating OCC patterns which may indicate
presence of pathogens expressing a cyclic shredding pattern

“In cases where a milking failed to produce a valid OCC measurement (Serensen et al., 2016), the previous
udder health class assignment was retained. "*To distinguish between 2 separate acute mastitis cases at least 8
days with EMR < 0.60 was required. Cows only stay in this class until next milking.

Genetic analyses were performed on data restricted to parities 1-5. Cows with
an unknown sire were filtered out. Lactations were divided into 3 periods of
100 days each with DIM=5-104, 105-204, and 205-305. Number of milkings in
each health class were used as a response variable in the genetic analyses. The
number of milkings is a proxy for the amount of time a cow is in a certain
health class and as such the genetic parameters reflect the genetic disposition
of a cow to stay healthy (many milkings in lower classes) or to recover when ill
(fewer milking in higher classes). Cows with less than 30 milkings in a period
were not considered in the genetic analyses. For normalization of data, the
number of milkings were log-transformed.

Statistical analysis of log-transformed milkings

The log-transformed milkings in each health class were analysed with a linear
animal and sire models:

y=Xb+ Z,u+Z,a+ Z,pe+e

Where; y is the vector of the log-transformed milkings in each health class; b is
the vector of fixed effect of herd; u is a vector of random effects of cow-
lactation- period; pe is a vector of random effects of permanent environment of
cow; a is a vector of additive genetic (animal model) or sire genetic effect (sire
model); e is a vector of random residuals; X, Z,, and Z, are incidence matrices
associating b, u, and pe and a with y. The vectors of random effects (u, pe, a,
and e) were assumed to be normally distributed with u ~ N(0, g2I) , pe ~
N(0, a2.I), a ~ N(0, 07A) and e ~ N(0,02I), where o, 05, o4 and 6 were
variances for cow-lactation-period, permanent environment, additive (animal
model) or sire (sire model) genetic, and residual effects, respectively. I, I,
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and I, were identity matrices. A was the additive genetic relationship matrix
from a pedigree consisting of 22073 animals.

The analyses were performed using the average information restricted
maximum likelihood (AI-REML algorithm in DMU (Madsen & Jensen, 2013).
Heritabilities were estimated with univariate models (each health class
analysed separately), whereas the random effects correlations among health
classes were derived from bivariate models (two health classes analysed at a
time).

4.2 Main findings

In this section of the thesis we present a condensed version of the main
findings of each study. The reader is referred to each paper for detailed and
complete descriptions of results in each study.

4.2.1 Simultaneous genetic evaluation of simulated mastitis susceptibility and
recoverability using a bivariate threshold sire model (paper 1)

Genetic correlation and heritability

Estimates of genetic correlations and heritabilities were mostly in agreement
with the simulated (true) values. The mean (of 20 replicates) estimate of
genetic correlation deviated by -0.055, 0.001, and 0.008 from the alternative
simulated values of r,= 0.0, r,= 0.2, and r,= -0.2, respectively, over all
daughter group sizes and mastitis incidences. However, estimates were
characterized by a relatively high degree of uncertainty for the alternative with
small daughter group size and low mastitis incidence. Example, the length of
the 95% highest posterior density (HPD) width in scenario 1 for daughter group
size of 60 was larger than 1 (paper I).

The mean of estimated heritabilities for HD (ranging from 0.035 to 0.044)
were consistent with the true value (0.039). On the other hand, the mean of
estimated heritabilities for DH (ranging from 0.036 to 0.066) were upwardly
biased. However, the posterior modes of heritabilities for both HD and DH were
closer to the true value (0.039). It is clearly shown that posterior mode predicts
better than posterior mean.

Accuracies of breeding values

Defined as the Pearson correlation between sire TBV and EBV, the mean of
accuracies of breeding values for HD, in scenario 1, was 0.57 for the daughter
group size of 60. For the daughter group size of 240 the accuracies ranged from
0.80 to 0.83. Similarly, in scenario 2, the accuracy of breeding values markedly
improved from 0.69 for the daughter group size of 60 to a minimum of 0.88 for
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the daughter group size of 240. The accuracies of breeding values for DH were,
in all cases, low compared to those for HD and this is because of little
information about recoverability due to low mastitis incidence. Accuracies of
breeding values for DH in scenario 1 ranged from 0.26 to 0.27 for the daughter
group size of 60 and from 0.49 to 0.50 for the daughter group size of 240. In
scenario 2, the accuracy improved from a minimum value of 0.44 in the
daughter group size of 60 to 0.71 in the daughter group size of 240. Effect of
level of mastitis incidence on accuracy of breeding value for both HD and DH
was as important as the number of daughters per sire. As expected, over all
cases, the more daughters per sire combined with more mastitis incidence, the
more accurate EBVs were observed.

4.2.2 Bivariate threshold models for genetic evaluation of susceptibility to- and
recoverability from mastitis in Danish Holstein cows (paper 1)

Descriptive statistics

Defined by transitions from healthy to diseased status, on average, mastitis
incidence was 6% per lactation. The average recovery rate over three lactation
periods was 45%. As expected, risk of getting diseased was lowest in lactation
1 and highest in lactation 3.

This  trend  of

disease risk was 3 -
confirmed with the
calculated odds
ratios presented in
Figure 4. Compared
to the reference
class of OR = 1
(parity 1), there was
higher risk  of
mastitis for later 1 9 3
parities. Later
parities were also
associated with low
recovery rates.

mHD
= DH

QOdds ratio

ki

Lactation

Figure 4. Odds ratio of lactation effect (lactation 1 as reference)
for susceptibility (HD) to- and recoverability (DH) from mastitis

Similar patterns across and within lactations were reported by Gernand et al.
(2012) for different dairy cow disease traits including mastitis. Our results
confirm that mastitis incidence is most frequent in the first weeks of lactation
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(Nyman et al., 2007; de Haas et al., 2002a) and differ between lactations
(Sargeant et al., 1998).

Genetic parameters

There was considerable genetic variation among cows. In general, the posterior
means of the variances for HD were higher than for DH except for the herd-test-
week variance. Higher herd-test-week variance for DH than for HD indicates
that treatment methods and herd management effects would make a bigger
difference for DH than for HD. However, the posterior mean of heritabilities and
repeatabilities for HD and DH were of similar size in the animal and sire
models. Findings indicate presence of additive genetic variation in both traits
resulted in heritabilities of similar size ranging from 0.06 to 0.08 (Table 5).

The posterior mean of genetic correlations between the traits were negative
for all animal related random effects. This indicates that cows that easily
contract mastitis will not recover easily. The correlation between HD and DH
for the herd-test-week effect included zero in the 95% HPD intervals in both the
sire and animal models (Table 5). Whereas high susceptibility was associated
with slow recovery at animal level, a close to zero correlation for the herd-test-
week effect (1, = 0.05, PSD = 0.16) suggested this to be different at herd
(management) level: recoverability could be fast even though susceptibility
was high at herd level.

Table 5. Posterior mean (standard deviation) and 95% highest posterior densities (HPD) of
genetic parameters for mastitis susceptibility (HD) and recoverability (DH) from sire and animal
models

Sire Model Animal Model
Parameter M HPD M HPD
ean ean _—

lower  upper lower  upper
I OT Ty -0.83 (0.13) -0.99 -0.54 -0.90 (0.08) -1.00 -0.75
Tpe -0.90 (0.07) -1.00 -0.76 -0.80 (0.21) -1.00 -0.41
Tep -0.30 (0.10) -0.50 -0.10 -0.31 (0.11) -0.51 -0.10
Thiw 0.05 (0.16) -0.26 0.38 0.05 (0.16) -0.26 0.38
heritability,, 0.07 (0.03) 0.03 0.13 0.07 (0.02) 0.04 0.10
heritability ), 0.08 (0.03) 0.03 0.14 0.06 (0.02) 0.02 0.09
repeatability,, s 0.11 (0.01) 0.08 0.13 0.11 (0.01) 0.09 0.14
repeatability, 0.09 (0.02) 0.06 0.13 0.10 (0.02) 0.06 0.13

Correlations: 1 OF Iy, Iy, Thyy are correlations between mastitis susceptibility (HD) and recoverability (DH) for
sire or animal additive genetic, cow permanent environmental, cow-parity interaction, and herd-test-week,
respectively.
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4.2.3 Genome-wide association study for susceptibility to- and recoverability
from mastitis in Danish Holstein cows (paper I11)

Complexity of the traits was manifested with the absence of strong association

signals suggesting that numerous genes with small effects could be involved in

both directions of the disease. However, depending on the level of significance,

several SNP by trait associations were identified. The number of significant

SNPs at different p-value cut-off levels is presented in Table 6.

Table 6. Number of associated SNP variants at different nominal significance levels

Trait! p-value < 1e-04  p-value <0.001  p-value <0.01 p -value< 0.05
HD 2 44 424 2144

DH 4 46 353 1862

PIHD 4 36 398 2154

P1DH 2 36 374 1933

P2HD 3 44 419 2065

P2DH 5 50 403 1959

P3HD 5 38 468 2262

P3DH 4 25 231 1512

Total 29 319 3070 15891

ITrait: HD and DH represents susceptibility to- and recovery from mastitis all parities analysed together; P1HD,
P2HD and P3HD = susceptibility to mastitis in parity 1, 2 and 3, respectively; PIDH, P2DH and P3DH = recovery
from mastitis in parity 1, 2 and 3, respectively.

The nominal significance levels of p-value < 10 was considered to determine
genome-wide significant SNP-trait association. Hence, for the full data (all
parties analysed together), significant SNP by trait associations were detected
on BTA3 for HD and on BTA7 and 15 for DH. Parity specific significant SNP by
trait association were also detected on the same chromosomes but no
overlapping association signals were observed. Significant association signals
in parity 1 and in the other parities (parity 2 or 3) detected on the same
chromosome did not overlap, for either of the traits. For HD, the highest
number of significant associations were observed on BTA7 and 13. For DH, the
highest number of significant associations were observed on BTA12 and 13. In
total, 29 significant SNPs (14 for HD and 15 for DH) were detected. The
identified significant SNP variants were annotated within or near a region
known for their role in immune systems. Only genes that harbour identified
significant SNP variants in each trait are presented in Table 7.
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Table 7. Candidate genets identified by overlapping SNPs showing significant [-logl0(P-value)
> 4] associations with susceptibility to- (HD) and recovery (DH) from mastitis

Trait” BTA  SNP1sID  Position (bp)" a SEa -logioP Overlapping candidate gene

HD 7  Rs43732911 28337398 -0.24 0.06 4.09 MARCH3

DH 15 RS110414316 53138487 -0.09 0.02 5.13 ATGI6L2
PIDH 15 RS42550814 4668361 0.09 0.02 4.87 PDGFD
P2HD 5 RS109785134 67780167 0.15 0.03 5.21 STAB2
P2DH 1 RsS109126926 111030092 0.08 0.02 4.11 PTX3
P3HD 13 RS43150474 3815373  0.16 0.04 4.67 SLX4IP

*Trait: HD and DH represents resistance to- and recovery from mastitis all parities analysed together; P1HD,
P2HD and P3HD = resistance to mastitis for parity 1, 2 and 3, respectively; P1DH, P2DH and P3DH = recovery
from mastitis for parity 1, 2 and 3, respectively. The SNP positions in base pairs (bp) were based on the UMD3.1
genome assembly (ftp:/ftp.cbcb.umd.edu/pub/data/assembly/Bos_taurus/Bos_taurus_UMD_3.1/)

4.2.4 Dynamic udder health classification using online cell count (paper Iv)

Results indicated presence of considerable additive genetic variance in health
classes defined for longer periods, whereas the variations in health classes
defined for short-term and sudden changes (e.g., acute) were rather attributed
to environmental factors. The estimated heritability for the acute health class
was 0.00. Heritabilities were highest for the very healthy class in both the sire
and animal models. Heritability of long-term sick was modest (h> = 0.07) in the
sir model (Table 8) and a bit lower in the animal model (paper 1v). Estimated
genetic parameters for all the newly defined health classes from the sire model
are presented in Table 8.

Table 8. Heritabilities (diagonal), genetic correlations (above diagonal) and phenotypic
correlations (below diagonal) of log-transformed milkings in each health class

Health Class No.” 1 2 3 4 5 6

1 0.11 -0.86 -1.00 -0.82 -0.99 -1.00
2 -0.37 0.08 0.43 0.60 -1.00 0.88

3 -0.34 0.24 0.06 1.00 1.00 1.00

4 -0.01 -0.22 0.17 0.09 1.00 1.00

5 -0.10 0.10 0.49 0.11 0.00 -0.98
6 -0.14 -0.26 -0.06 -0.06 -0.16 0.07

Health Class No.": 1= Very healthy, 2 = Normal healthy, 3= Less healthy (short-term), 4 = Short-term sick, 5 =
Acute, 6 = Long-term sick.

Though results in Table 8 are preliminarily, the genetic correlations suggest
that the health classes could be reduced to 3 i.e. 1) very healthy; 2) normal
healthy; 3) diseased that includes four of the other intermediate classes (short-
and long-term less healthy acute and long-term sick or persistent).
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Lactation stage (period) effects on number of milkings are presented in Figure
5. The frequency of milkings belonging to the different stages of lactation
followed to a certain extent similar patterns across stages, with the least
numbers in the acute health class. Lactation 1 and 2 showed higher numbers in
the healthy classes and lower numbers in the disease classes compared to later
lactations (Figure 5).

Average Milkings
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1 | | |
L
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I
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Health Class

Figure 5. Lactation effect on health classes. Health Class: 1= Very healthy, 2 = Normal healthy,
3= Less healthy (Short-term), 4 = Short-term sick, 5 = Acute, 6 = Long-term sick.
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5 General discussion

5.1 Joint modelling of susceptibility to- and recoverability from
mastitis

The overall aim of this thesis is to improve the genetic evaluation of udder
health using methods and models that can make use of the information
contained in both directions of the disease: susceptibility to contract mastitis
and recoverability from mastitis. With regard to introduction of recoverability
or modelling both directions of mastitis, this thesis is novel in the area of
genetic evaluation of udder health. In addition to the introduction of
recoverability, the studies compiled in this thesis have made use of transition
methods (papers I-11) and time-dependent models (papers 11 and III) to better
use of the information contained in SCC than does the often used lactation-
average models which is prone to loss of information.

Mastitis is a common disease causing large negative economic and animal
welfare consequences for the dairy industry (Rollin et al., 2015; Nielsen, 2009;
Halasa et al., 2007). For this reason, the need for better modelling is high and
several dairy cattle researches have been focused on mastitis over the last
decades (Govignon-Gion et al., 2012; Philipsson & Lindhe, 2003). Selection
against mastitis has been performed indirectly (mainly using SCC traits as
indicator) and/or directly (with CM records) in many countries (Govignon-Gion
et al., 2016; Jamrozik et al., 2013). None of these countries has yet included
the recoverability of animals in the selection index for udder health, partly
because of the fact that knowledge of different genetic and non-genetic
parameters of a trait is a prerequisite to do so. The literature offers little
information regarding parameters of recoverability from mastitis such as its
recoding difficulty, economic importance, presence of genetic variance, and
genetic correlations with other traits of interest (e.g., with susceptibility). A
few studies (Fogsgaard et al., 2015b; Franzén et al, 2012) have been
performed to evaluate the genetic and non-genetic merits of recoverability
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from mastitis in dairy cows. Franzén et al. (2012) developed a model using
transition probabilities for genetic evaluation of susceptibility to- and
recoverability from mastitis using simulation studies. Recently, Fogsgaard
(2015) studied behavioural changes with regard to feed intake and production
performances during and weeks after recovery from CM. These authors have
proposed the introduction of the recovery aspect as a new trait in the analyses
to enhance the genetic evaluation of udder health (Franzén et al., 2012) and to
promote normal levels of production, feed intake and behaviour (Fogsgaard,
2015) in dairy cows. The studies compiled in this thesis (papers I-IIT), have
incorporated this novel idea of modelling recoverability to improve the genetic
evaluation of udder health. The information from the genetics of recoverability
will result in higher accuracy of estimates. Moreover, since mastitis is a
common and unavoidable problem, evaluation of ability of animals to recover
should be of interest. In papers I-11, we have evaluated and presented important
genetic parameters such as the between traits genetic correlation, size of the
additive genetic variance, and associated SNP variants in the bovine genome
not only for susceptibility but also for recoverability from mastitis.

Despite considerable research, response to mastitis has not yet been a
success story for the animal geneticists and breeders. One of the main factors
for this is the low accuracy of selection mainly resulting from less accurate
diagnosis of health status and failure of methods and models to capture
available information in disease data. For example, often genetic evaluation of
mastitis is based on two phenotypes: healthy or diseased, which is prone to loss
of information and failure to take the dynamic nature of susceptibility into
account, leading to low accuracy. Lipschutz-Powell et al. (2012) showed
failure of conventional models (such as sire models) to capture the genetic
variation even if it is present in a disease data. The methods and models
developed and used in this thesis (papers I-1lT) have been tailored to address
this issue by adopting the concept of transition model to define traits of
interest. Furthermore, Several studies (Koeck et al, 2010; Negussie et al.,
2008) suggest that CM and SCC in an interval may have a more similar genetic
basis than CM and SCC in a different interval, and therefore, the application of
test-day (longitudinal) models for SCC would be more appropriate. In addition
to addressing dynamics of SCC using transition methods, papers II and III,
adopted longitudinal models considering time-dependent variables and
lactation effect to model time-dependent observed transitions. The observed
transitions were modeled as a linear combination of systematic effects and of a
function of time to reflect the dynamic nature of susceptibility and
recoverability within and across lactations.
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Moreover, the use of OCC from AMS (papers 1I-IV) makes the methods and
models developed in this thesis more relevant for the dairy industry. The global
dairy industry is in a continuous structural change. Particularly, in most
developed countries, the average size of dairy herds is continuously increasing
and in parallel, the use of AMS is becoming more popular (Barkema et al.,
2015). The adoption of AMS by dairy farms presents opportunities to cheaply
and easily collect data on a daily basis, or even at individual milkings. This
thesis offers methods and models to exploit the information collected via AMS.
Parameter estimates obtained from such information rich data are more
accurate and relevant to enhance the overall genetic evaluation of mastitis as
information collected via AMS is more objective and timely than information
collected with human observation (reviewed by Barkema et al. (2015)).

5.2 Analysis of major findings

5.2.1 Performance of methods and models

In paper 1 extensive simulation analyses of susceptibility to- and recovery from
mastitis were performed to develop a bivariate model and test its performance
in reproducing different genetic parameters. We put emphasis on the between
traits genetic correlations to evaluate the ability of the model in reproducing
the simulated true parameter values. The mean (of 20 replicates) estimate of
genetic correlation deviated by —0.055, 0.005, and 0.008 for the alternative
with simulated true values of 0.0, 0.2, and —0.2, respectively, over all daughter
group sizes and mastitis incidences. Figures 6 and 7 show the 95% highest
posterior density (HPD) interval of genetic correlations for the 20 replicates for
the daughter group size of 240 and 60, respectively. In most cases (93% of the
replicates), the true parameter value was within the HPD interval, indicating that
the methods and models can provide accurate estimates for the between trait
genetic correlation. However, in situations where there is little information
about recovery because of the fact that only diseased cows can recover,
estimates were characterised by a wider HPD interval, indicating relatively high
degree of uncertainty (Figure 7, left).
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Figure 6. 95% highest posterior density intervals for genetic correlations between susceptibility to
— and recoverability for mastitis cases of 0.28 (left) and 0.95 (right) per lactation for the daughter
group size of 240 in each replicate (20 replications). Dashed red lines indicate true (simulated)
values of genetic correlations of rG = -0.2, 0.0 and 0.2. Dark dots represent the posterior mean in
each replicate derived from posterior distribution of sample size of 2000.
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Figure 7. 95% highest posterior density intervals for genetic correlations between susceptibility to
— and recoverability for mastitis cases of 0.28 (left) and 0.95 (right) per lactation for the daughter
group size of 60 in each replicate (20 replications). Dashed red lines indicate true (simulated)
values of genetic correlations of 1G = -0.2, 0.0 and 0.2. Dark dots represent the posterior mean in
each replicate derived from posterior distribution of sample size of 2000.
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Heritability estimates were approximately in agreement with the true value
(0.039). However, due to the smaller number of observations, the heritability
estimates for DH were slightly upwardly biased. In a study with the same
simulation design, different models (linear, threshold, and survival) were
compared and a range of heritability estimates were reported (Carlén et al.,
2006). For survival analysis of time to first mastitis they reported a value of
0.037, which is very close to the true value. This supports our estimates,
because their survival analysis model is conceptually equivalent to analysing
state transitions with a probit model. One difference, and advantage, is that our
model allows repeated mastitis cases, whereas their survival analysis did not.

The model was also evaluated for its performance in estimating accuracies,
measured via the Pearson product-moment correlation between EBV and TBV.
As expected, accuracies were higher for the larger population size and higher
mastitis incidence. In earlier analysis of single trait threshold sire model using
the same simulation design, the accuracy of breeding values ranged from 0.53
to 0.60 (Carlén et al., 2006) for the daughter group of 60 in scenario 1. The
corresponding accuracy in paper I (ranging from 0.56 to 0.57) was consistent
with that study. The accuracies of breeding values for DH (ranging from 0.26 to
0.48) compared to HD were, however, low in all cases. Similar accuracies of
breeding values for DH that ranged from 0.24-0.48 were reported by Franzén et
al. (2012). The reason for this is the much reduced information in the DH data;
because of little information in recoverability.

5.2.2 Application of the methods and models

The bivariate model developed through simulation in paper 1 with added time
function as well as several systematic effects to allow for difference of
susceptibility or recoverability over the course of lactation was applied to real
data. Since this was the first time that the method developed in paper I is
applied to real data, we had little options to compare and contrast the genetic
parameter estimates particularly for the DH trait. A few studies (e.g., Urioste et
al. (2012)) have evaluated different traits but conceptually equivalent to the DH
trait in this thesis. Urioste et al. (2012) analysed average days diseased (per
lactation) in Swedish Holstein cows as a trait and reported increased days
diseased for later parities which is comparable to the results in paper Il for DH
where recovery rate was highest in parity 1 (fewer days diseased) and lowest in
parity 3 (more days diseased). They also reported parity specific heritabilities
that ranged from 0.06 - 0.17, with lower heritability for late parity and higher
heritability for earlier parity. Both the results by Urioste et al. (2012) and our
heritability estimates from the sire (h2 = 0.08) and animal (h2 = 0.06) models in
paper 11 indicate the presence of heritable variation in the DH trait. The
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posterior distributions of heritabilities (Figure 8) also indicate that the trait DH
has similar size of heritability as the trait HD and hence, could be considered a
new trait for selection.
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Figure 8. Posterior distributions of heritability estimates from a Markov chain Monte Carlo
sample size of 5000 for susceptibility (HD, gray and overlapped area) to- and recoverability (DH,
blue and overlapped area) from mastitis obtained from the animal model.

The heritability estimate for HD was consistent with literature values, indicating
the successful application of the methods and models to real data. A review by
Heringstad et al. (2000) indicated that estimates of heritability for
susceptibility to CM from threshold models ranged from 0.06 to 0.12. Other
studies (Koeck et al., 2010; de Haas et al., 2008) showed heritability of SCC-
based traits ranging from 0.09 to 0.13, which is consistent with the heritability
for HD in paper 1. Despite differences in analyses and definitions of SCC-
related traits, results from several previous reports (Koeck et al., 2010; de Haas
et al., 2008; Lassen et al., 2003) and our estimates in paper 1I fell within the
range of estimates presented by Heringstad ez al. (2000).

The genetic correlation between HD and DH in paper II is strongly negative.
Urioste et al. (2012) reported strong positive genetic correlations (0.97)
between average days diseased and average SCC in early lactation (5-150 days)
implying that in genetic terms either of the traits could be explained by the
other one. A strong negative genetic correlations could point at a single
underlying genetic mechanism affecting both HD and DH. However, the
observed genetic correlation between HD and DH (-0.83 and -0.90 from the sire
and animal models, respectively) in paper II is not complete (i.e. 1), meaning
there may be some merit in selecting also for the DH trait.
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Contrary to the observed high negative genetic correlation (paper II),
association signals in paper 111 were mapped in different locations, showing the
traits to be rather polygenic. Much larger GWAS would be required to get a
better estimate of which SNP affect both traits. We also observed no overlap of
signals across parities implying not only the traits but also lactations could be
polygenic. Effect of genes has been shown to vary depending on parity or age
of cows (Wojdak-Maksymiec et al., 2013). Wojdak-Maksymiec et al. (2013)
reported that allele T of the gene TNF-a was associated with a lower number of
mastitis cases in lower parities and a higher number of mastitis cases in higher
parities. Similarly the casual variants or genes could be different for HD and DH
confirming the findings that quantitative trait loci (QTLs) even for highly
correlated traits (e.g., SCC and CM) present on the same chromosome do not
necessarily overlap (Sender et al.,, 2013). Complexity of the traits was
manifested with the absence of strong association signals suggesting that
numerous genes with small effects could be involved in both directions of the
disease, making it difficult for GWAS to identify causal genes as described in
Hayes et al. (2010). Further exploration of the genetic basis of susceptibility
and recoverability would require a much larger GWAS study in terms of animals
with records. With the increased use of milking robots with automated
recording and the routine genotyping of cows a much larger GWAS using the
same approach should be feasible in the foreseeable future.

Despite the absence of strong association signals, several SNP variants were
identified within or nearby genes known for their role in immunity and wound
healing. Most of the suspected candidate genes for HD and DH are found in
chromosomes frequently reported (e.g., on the cattle QTL database;
https://www.animalgenome.org/cgi-bin/QTLdb/BT/index) for their association
with mastitis traits defined from SCCs. From the several candidate genes
identified by nearby or overlapping SNP variants, here we discuss just a few of
them that have been reported for their association with immune systems. From
literature and gene annotation databases (e.g., the human gene database,
http://www.genecards.org/), it is plausible to suggest that MARCH3 (involved in
regulation of the endosomal transport pathway (Fukuda et al., 2006)), MAST3
(highly expressed in antigen-presenting cells and in lymphocytes (Labbe et al.,
2008) and STAB2 (involved in lymphocyte homing, cell adhesion, and receptor
scavenging (Howard et al, 2015; Schledzewski et al., 2011)) as casual
candidate genes for susceptibility to mastitis. For recovery from mastitis we
suggest EPS15L1 (essential for lymphocyte development (Seiler et al., 2015)),
PDGFD (involved in macrophage recruitment and wound healing, (Uutela et al.,
2004)), and PTX3 (involved in regulating inflammation,
http://www.genecards.org/) as candidate for the casual genes.
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5.2.3 More detailed and dynamic health classification

Another point this thesis tried to consider is the unavoidable misclassifications
when SCC is used as an indicator for mastitis. In the boundary-based
classification (papers I-111), if the boundary between healthy and diseased is too
low, high random fluctuations around “normal” SCC levels will lead to falsely
classified cases of mastitis (Franzén et al., 2012). Bishop and Woolliams
(2010) demonstrated that non-genetic factors such as imperfect sensitivity and
specificity of diagnosis are likely to impact genetic parameters for disease
traits. The misclassification and probability of inaccurate diagnosis may be
improved by going from a strict limit between two states to a more flexible and
realistic classification. Recently, a dynamic and realistic assignment to udder
health classes that reflect the continuous nature of susceptibility to a disease
has been recommended by Levendahl and Serensen (2016). In paper 1v, we
introduced a more dynamic health classification which takes, severity of
possible infection and trend of OCC increase into account. This will potentially
improve the genetic evaluation of mastitis even further as variations observed
at every milking can be accounted in either of the health classes (very healthy,
normal healthy, short-term less healthy, short-term sick, acute , and persistent
or long-term sick).

Results presented in paper IV show possibilities to capture additive genetic
variance not only in the two extremes of health classes (healthy and diseased)
but also from intermediate health classes. The health classes: very healthy,
normal healthy, short-term less healthy, short-term sick, acute, and long-term
sick had heritability of 0.11, 0.08, 0.06, 0.09, 0.00, and 0.07, respectively.
Results in paper IV indicate the presence of considerable genetic variance for
cows’ presence in health classes defined for longer periods, whereas the
variations in health classes defined for short-term and sudden changes (e.g.,
acute) were mostly attributed to environmental factors. Methods and models
presented in paper IV can help to capture the changes in SCC that each cow
exhibits in every milking and to make selection more efficient by taking into
account the dynamic nature of disease susceptibility.

5.3 Limitations of the studies

The methods and results presented in this thesis have shown possibilities of
joint modelling and analyses of susceptibility to- and recoverability from
mastitis. The application of a transition method (paper 1) as well as the
application of test-day (papers II and 111) and the more detailed health classes
(paper 1v) are tailored to better capture changes in SCC and account the
dynamics of SCC a cow may exhibit during lactation. However, the major
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limitation of the studies compiled in this thesis is absence of recorded cases of
CM. In the genetic evaluation of udder health the use of SCC compared to use of
recorded cases of CM has been justified, because: 1) SCC is easy and
inexpensive to collect; 2) SCC is genetically highly correlated with cM; 3) scC
is 2 to 3 times as heritable as CM; 4) SCC is an indicator of not only SCM but
also CM (reviewed by Dekkers et al. (1998)). Despite these justifications there
are studies (Schukken et al., 2011; Suriyasathaporn et al., 2000) questioning
the concept of selection against higher SCC because of its potential to
jeopardise the immune system. In addition, though SCC is genetically highly
correlated with CM and SCM, the correlation has never been complete (i.e. 1),
meaning health classes are inaccurate and misclassifications are unavoidable
when SCC is used as an indicator for mastitis. Moreover, there are reports
(Koeck et al., 2010) showing that CM and SCC may describe different aspects
of udder health, making it difficult to get accurate health classes. Accounting
both scc and recorded cases of CM could help to get accurate health classes
which determine the rate of genetic gain. Recently Canada has developed a
selection index of mastitis resistance derived from both ¢M and scc (Van
Doormaal & Beavers, 2014).

Another limitation of this thesis (specifically papers I-11I) is the observed
incomparable data structure between the HD and DH traits. The trait
recoverability can only be observed in cows with mastitis history. In other
words, only diseased animals can recover, limiting the number of observations
for the DH dataset. For example, the observations for HD were above one
million per replicate, but for DH observations were in ten thousands (paper I).
Results in paper 1, indicate that the predictive ability of the model was sensitive
to the number of observations. The more daughters per sire combined with
more mastitis incidence, the more accurate EBVs were observed. Additionally,
the size of the real data used in papers II - IV was much smaller than the
simulated data in paper 1. This is shown by the observed large SE on the genetic
parameters in papers Il and III. For example, the SE of heritability estimates
from the sire model for HD and DH are 0.002 and 0.006 in paper 1 whereas the
average corresponding estimate in paper II is at least 10 times larger than these
estimates. We also think that the whole GWAS in the current thesis has probably
been influenced by the small data size. We say this because several of the QTLs
for mastitis reported in literature have not been replicated in our GWAS (paper
1). Therefore, much larger data and probably whole genome sequencing will
be required to efficiently detect marker effects for both traits. The statistical
power of GWAS can be increased by increasing the sample size of genotyped
cows and using high density SNP arrays than the current marker density from
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the Illumina SOK SNP array data (Mao, 2016). Nevertheless, the current GWAS
had some power to pick up large effects, if they segregated.

Studies compiled in this thesis did not answer how recovery was achieved.
We do not know if recovery was achieved with antibiotics or without
antibiotics and hence, treatment was not accounted in the methods and models.
By ignoring treatment we assume all treatment effects were equal for every
animal. This is a very simplified assumption and should be considered as
limitation in this study. In reality, recovery from mastitis could be achieved
with antibiotics treatments or naturally without treatments by the ability of
cows to overcome infection. From genetics point of view both ways of
recovery are relevant because not only the natural recoverability but also the
response to treatment is somewhat genetically controlled. For efficient genetic
gain, however, it is important to distinguish how recovery is achieved and to
use appropriate data in the genetic evaluations.

5.4 Future research and directions

Better modelling for genetic evaluations and accurate classification of health
status are necessary to improve udder health through selection and breeding.
This thesis has introduced better models and methods to accommodate the
dynamic nature of susceptibility and recoverability over time. However, the
SCC-based classification of cows as healthy or mastitic presented in this thesis
is critical, and therefore, it is important that the methods and models are further
investigated using recorded cases of CM and recovery, including records of
treatments. To improve the indictor traits based health classification, the EMR
could be supplemented by other traits that are routinely recorded. For example,
electrical conductivity of milk (EC) is automatically recorded at every milking
in most herds using AMS. The genetic correlation between EC and mastitis is
strong, ranging from 0.65 to 0.8 (reviewed by, Norberg (2005), making it a
suitable trait to supplement the EMR-based health classification.

The introduction of the recoverability in the genetic evaluation of mastitis
opens a new avenue of future research. Selection and genetic improvement of
cows to overcome mastitic infection requires balance against other traits. Do
cows that recover from mastitis have the ability to come back to full capacity
of production and other performances? A study (Fogsgaard et al., 2015a) has
shown that fast recovered cows can quickly return to normal levels of
production, feed intake and behaviour. However, the study by Fogsgaard et al.
(2015a) was limited in its genetic scope. Therefore it is important that genetic
correlation between recoverability and other traits of dairy cattle is investigated
in the future.
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Another interesting point that deserves future investigation is the contradicting
results shown in papers II and 11I. Understanding the biological background for
the observed high negative genetic correlation (paper 1) and absence of
overlapping association signals (paper III) is not easy without further
investigations. SCC are usually extremely polygenic and under high
environmental influence, however, as the HD and DH traits are genetically
highly correlated, we expect overlapping signals for both HD and DH on same
chromosome, but results indicate rather absence of overlapping association
signals. This may indicate the need for (much) more data than the current
genotype data. The findings in paper 11 could, therefore, considered as a
starting point for larger GWAS, especially for recoverability as this is the first
GWAS to report associated SNP variants and candidate genes.

Mastitis is not only polygenic but also multifactorial and different
pathogens may invoke a different immune response (Oviedo-Boyso et al.,
2007). Studies (Holmberg et al., 2012; Sgrensen et al., 2009; de Haas et al.,
2002b) show presence of genetic variation for pathogen-specific mastitis,
implying that selection without the knowledge of the pathogens involved may
be effective in reducing the incidence of mastitis due to specific pathogens but
less effective in reducing the incidence of mastitis caused by other pathogens.
Applying the methods and models to pathogen specific mastitis data could
therefore be considered for future research and directions. We also hope the
methods and models developed in this thesis will be further evaluated and
applied to a wider context of disease data modelling. Adding the genetics of
recoverability in the genetic evaluation of disease data could be of specific
benefit in situations of high disease prevalence. Other endemic diseases with
high prevalence that are negatively affecting the industry such as the porcine
reproductive and respiratory syndrome virus in pigs or nematode infections in
sheep could benefit from the methods and models developed in this thesis.
PRRSYV inflicts high negative economic impact in pig production by interfering
in the reproductive performance of sows (Holtkamp ef al., 2013) and nematode
infections negatively impacts weight gain, wool production and milk yield in
sheep (reviewed by, Mavrot et al. (2015).

The thesis also leaves an open research topic on the models and methods for
future investigation. Ideally, the transition-based traits definitions and methods
(papers I-1T) could be expanded to the more detailed and newly defined
dynamic health classes presented in paper IV. The transition methods in
combination with the newly defined health classes have the potential to capture
more genetic variation and hence to further improve the genetic evaluation of
udder health. Estimation of genetic parameters for- and among the multiple-
transitions from/to very healthy, normal healthy, short-term less healthy, short-
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term sick, acute, and persistent are important for efficient decision support and
selection. Expanding the methods to multiple-transitions will most likely need
(much) more data than the current data in papers II-1v. Getting large data is
hopefully only a matter of time as more and more farms are using AMS
(Barkema et al., 2015) that are capable of cheaply and easily collecting data on
a daily basis, or even at individual milkings. Hence there will be more data in
the future and the true utility of these novel models is likely to increase.

In addition to the large phenotype data collected from AMS in the
foreseeable future more cows are routinely genotyped as genotyping costs are
rapidly coming down. The dairy cattle breeding industry is shifting to genomic
selection (Boichard et al., 2012; Hayes et al., 2009). In the era of genomic
selection, methods and models developed in this thesis could be instrumental to
enhance the genetic and genomic evolution of health traits. Genomic selectin
has particular advantageous features to the dairy cattle breeding industry and
compared to the traditional (progeny testing proven bull-based) breeding
programme, it could double the rate of genetic gain (Schefers & Weigel, 2012).
Summarised by Schefers and Weigel (2012), the accelerated genetic gain from
genomic selection is attributed to: 1) a greater accuracy of predicted genetic
merit for young animals, 2) a shorter generation interval from the use of young
animals, and 3) a higher selection intensity from testing large group of animals.
Though sufficient and accurate phenotype is a requirement for genomic
selection, once the reference population is well established, genomic selection
is a novel tool to improve the genetics of traits that are more difficult/expensive
to measure (e.g., mastitis).
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6 Conclusions

Unlike the higher milk yield production resulted from genetic improvement as
well as improved nutrition and management, response to selection against

mastitis has not yet been a success story for the animal geneticists and
breeders. One of the main factors for this is the genetic evaluation of mastitis is
prone to loss of information, leading to low accuracy. This thesis has presented
methods and models that can make use of more information by analysing the
changes in SCC that each cow exhibits during lactation in both directions of the
disease. From the methods and results presented in this thesis, we can make the
following conclusions:

>

>

The thesis has introduced methods and models for joint genetic evaluation
of susceptibility to- and recoverability from mastitis.

The methods and models are capable of correctly reproducing genetic
parameters and they offer an option to estimate breeding value for both
directions of the disease.

The methods and models are applicable to real data and they produce and
estimate genetic parameter consistent with literature values.

Although susceptibility to- and recoverability from mastitis are strongly
negatively correlated, recoverability is as heritable as susceptibility and
could be considered a new trait for selection.

The absence of strong association signal in the GWAS proves that mastitis is
a complex trait and different functional genes could be involved over
lactations and directions of the disease.

This thesis is the first in reporting SNP-trait association particularly for
recoverability from mastitis in Danish Holstein cows.

This novel methods and modelling, if adopted, should enhance the genetic
evaluation of mastitis by its ability to capture time-dependent and additional
information from recoverability in the modelling and analyses of disease
data, specifically mastitis.
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7 Summary of the thesis

Mastitis in dairy cows is a common disease and has large negative economic
and animal welfare consequences for the dairy industry. For this reason,
mastitis has been the focus of many dairy cattle research projects over the last
decades. However, in the genetic analyses, only susceptibility to contract
mastitis has been considered, leaving aside the other aspect of the disease - the
recoverability. Since mastitis is a frequent and unavoidable problem,
evaluation of the ability of cows to overcome an infection should, therefore, be
of interest. The aim of this thesis was to improve the genetic evaluation of
udder health by introducing methods and models that can make use of the
information contained in both directions of the disease (susceptibility and
recoverability). To achieve this we have conducted four studies presented in
the following four scientific papers:

In paper 1, extensive simulation analyses were performed to develop a
bivariate model for joint genetic evaluation of susceptibility to- and
recoverability from mastitis. Mastitis incidences measured via somatic cell
count (OCC) were simulated and a transition model was applied to define traits
of interest. The mastitic or healthy states were converted to two series of
transitions indicators: one for healthy to diseased (HD, to define mastitis
susceptibility) and the other for diseased to healthy (DH, to define
recoverability). The traits were analysed with a bivariate threshold sire model
using the Bayesian statistics approach in DMU. Heritabilities for HD were
consistent with the simulated (true) value (0.039). On the other hand,
heritabilities for DH were a bit upward biased and this could be due to the fact
that recoverability can only be observed if there has been mastitis, limiting the
number of observations for the DH dataset. The average genetic correlations
between HD and DH deviated by —0.055, 0.005, and 0.008 from the alternative
simulated values of 0.0, 0.2, —0.2, respectively. The study demonstrated that
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both traits can be modeled jointly and simulated correlations could be correctly
reproduced.

In paper 11, the model developed in paper I with an added time function as
well as several systematic effects was applied to real data from Danish
Holstein cows using automatic milking systems equipped with online somatic
cell count (OCC) measuring units. The OCC were converted to elevated mastitis
risk, a continuous variable (on a [0-1] scale) indicating the risk of mastitis.
Risk values above 0.6 were assumed to indicate that a cow had mastitis. As in
paper 1, the mastitic or healthy states were converted to HD and DH. In addition
to the bivariate threshold sire model, the traits were analysed with a threshold
animal model for comparison. The heritabilities (ranging from 0.06 to 0.08)
were of similar size across models and traits. The between trait genetic
correlation was -0.83. Results indicated the presence of a genetic component in
both traits and a strong genetic correlation.

In paper I, we performed genome-wide association studies to find
positions on the genome that affect HD and/or DH. Phenotypic statistical
analyses were performed to correct the phenotypes for different fixed and
random effects. After quality control a total of 39378 autosomal single-
nucleotide polymorphisms (SNPs) were used for the association analysis. Single
SNP regression analysis was performed and substitution effect of each SNP was
tested with a t-test. Contrary to the observed high negative genetic correlation
(in paper I1), association signals were mapped in different locations, suggesting
that the traits could be regulated by different genes. Many of the SNP variants
associated either with HD or DH were located in or very near to genes that have
been reported for their role in the immune system. Genes involved in
lymphocyte developments (e.g., MAST3 and ST4B2) and genes involved in
macrophage recruitment and regulation of inflammations (e.g., PDGFD and
PTX3) were suggested as possible casual genes for HD and DH, respectively.
However, complexity of the traits was manifested with the absence of strong
association signals suggesting that numerous genes with small effects could be
involved in both directions of the disease.

In paper 1v, a more dynamic health classification which takes, severity of
possible infection into account, was introduced. Considerable genetic variance
was detected for cows’ presence in health classes defined for longer periods,
whereas the variations in health classes defined for short-term and sudden
changes (e.g., acute) were mostly attributed to environmental factors.

Although susceptibility to- and recoverability from mastitis are strongly
negatively correlated, recoverability has a similar size of genetic component as
susceptibility and could be considered a new trait for selection. This thesis has
introduced a method for joint estimation of breeding values for susceptibility
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to- and recoverability from mastitis. Modelling and analyses of the genetics of
recoverability could be of specific benefit in situations of high disease
incidence. This novel modelling approach, if adopted, should enhance the
genetic evaluation of mastitis by its ability of capturing time-dependent and
additional information from recovery in the modelling and analyses.
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8 Sammanfattning

Mastit (juverinflammation) hos mjdlkkor dr en vanligt forekommande sjukdom
som har stora negativa ekonomiska och vilfardsmissiga konsekvenser for
mejeriindustrin. Mastit har darfor varit fokus for ménga forskningsprojekt de
senaste artiondena. Genetiska analyser av juverhidlsa har hittills fokuserat pa
kons mottaglighet for mastits. Den andra aspekten av sjukdomen, kons
tillfrisknande, har tidigare varit outforskad. Eftersom mastit &r en vanligt
forekommande och oundviklig sjukdom, borde kons aterhdmtningsférméga
efter en infektion vara av intresse. Malet med denna avhandling var att
forbéttra den genetiska evalueringen av juverhdlsa genom att introducera
metoder och modeller som kan anvédnda information frén sjukdomens hela
utveckling, badde mottaglighet och tillfrisknande. Vi har utfort fyra studier som
ar presenterade i fyra vetenskapliga artiklar.

I artikel | utférdes omfattande simuleringsanalyser for att utveckla en
bivariat modell for simultan genetisk evaluering av mottaglighet for- och
tillfrisknande fran mastit. Fall av mastit, klassificerade genom celltal,
simulerades och en overgdngsmodell (transition model) anvéndes for att
definiera de 6nskade egenskaperna. Sjuka och friska tillstdnd omvandlades till
tva typer av Overgangsindikatorer: en fran frisk till sjuk (HD, definition av
mottaglighet for mastit) och en annan frén sjuk till frisk (DH, definition av
tillfrisknande fran mastis). Egenskaperna blev analyserade med en bivariat,
troskel- och tjurmodell med hjélp av Bayesianska statistiska funktioner i DMU.
Arvbarhet for HD sammanfoll med det simulerade sanna virdet (0.039).
Déremot var arvbarheten for DH lite for hog. Detta kan mojligtvis forklaras
med att tillfrisknande bara kan observeras om en ko fatt mastit, vilket
begrinsar antalet observationer for DH. Den genomsnittliga genetiska
korrelationen mellan HD och DH avvek med -0.055, 0.005 och 0.008 fran de
simulerade virdena pé 0.0, 0.2, och -0.2. Studien visade att bada egenskaperna
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kan modelleras simultant och att simulerade korrelationer kan bli korrekt
atergivna.

I artikel 11 vidareutvecklades modellen frén artikel I med en tidsfunktion och
flera systematiska effekter och anvéndes sedan pé data fran danska Holsteinkor
mjolkade 1 automatiska mjélkningssystem utrustade med enheter for métning
av celltal (OCC) online. Métningarna blev omvandlade till ”6kad mastitrisk”, en
kontinuerlig variabel pa en [0-1] skala som indikerar risken for mastit. Virden
over 0.6 antogs indikera att en ko hade mastit. Precis som i artikel I blev sjuka
och friska tillstind konverterade till HD och DH. I tilldgg till den bivariata,
troskel- och tjurmodellen blev egenskaperna ocksa analyserade med en troskel-
och djurmodell i jdmforande syfte. Arvbarheterna (0.06 till 0.08) var i samma
storleksordning for alla modeller och egenskaper. Den genetiska korrelationen
mellan egenskaperna var -0.83. Resultaten indikerar forekomsten av en
genetisk komponent for bada egenskaperna samt en stark genetisk korrelation
mellan dem.

I artikel 111 utfordes en GWAS studie (genome-wide association study) for att
hitta positioner pd genomet som paverkar HD och/eller DH. Fenotypiska
statistiska analyser utférdes for att justera fenotyperna for olika systematiska
och slumpmaissiga effekter. Efter kvalitetskontroll &terstod 39378 autosoma
SNP (single nucleotide polymorphism) som anvéndes for associationsanalyser.
Enkel SNP regressionsanalys utfordes och substitutionseffekter for varje enskild
SNP testades for signifikans med hjélp av t-test. I motsats till de observerade
hoga negativa korrelationerna (i artikel 11) blev associationssignalerna
lokaliserade pd olika platser. Detta indikerar att egenskaperna kan vara
reglerade av olika gener. Manga av SNP varianterna associerade med HD eller
DH er lokaliserade pé eller mycket ndra gener som dr kianda for deras paverkan
pa immunsystemet. Gener involverade i lymfocytutveckling (t.ex. MAST3 och
STAB2) och gener involverade i1 makrofagrekrytering och reglering av
inflammation (t.ex. PDGFD and PTX3) foreslogs som mojliga kausala gener for
HD respektive DH. Emellertid ger egenskapernas komplexitet utslag 1 bristen pa
starka associationssignaler vilket indikerar att atskilliga gener med liten effekt
kan vara involverade i sjukdomens bada riktningar (HD och DH).

I artikel 1V blev en mer dynamisk hélsoklassificering introducerad, vilken
tar hinsyn till graden av infektion. Betydande genetisk varians pavisades for en
kos nérvaro i hdlsoklasser definierade for ldnga perioder, medan variationen i
hilsoklasser definierade for korta perioder och plotsliga &ndringar (t.ex. akut
mastit) mest kunde forklaras av miljoméssiga faktorer.

Aven om mottaglighet for- och tillfrisknande frdn mastit 4r starkt negativt
korrelerade sd &r tillfrisknandet péverkat av gener i samma grad som
mottagligheten och kan introduceras som en ny egenskap for genetisk
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selektion. Den hédr avhandlingen har introducerat en metod for simultan
estimering av avelsvirden for mottaglighet for- och tillfrisknande frén mastit.
Modellering och analyser av gentiken bakom tillfrisknandet kan vara sérskilt
fordelaktigt i1 situationer med hog incidens av mastit. Om denna nya
modelleringsansats infors, kan den forbattra den genetiska evalueringen av
mastit genom sin férmaga att tillvarata tidsberoende samt utokad information
frén tillfrisknandet i modeller och analyser.
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9 Sammendrag

Mastitis hos malkekoer er almindeligt forekommende og har store
konsekvenser for malkekvaegssektoren bade okonomisk og
dyrevelferdsmassigt. Mastitis har derfor veret omdrejningspunktet for
adskillige forskningsprojekter i de seneste Aartier. Genetiske analyser af
yversundhedsegenskaber har indtil videre udelukkende fokuseret pad koens
modtagelighed for mastitis. Derved overses den anden side af sygdommen,
nemlig det at blive rask. Da mastitis er et hyppigt og uundgéelig problem burde
koens evne til at komme sig efter en infektion ogsd vare af interesse. Formalet
med denne afhandling var at forbedre den avismassige evaluering af
yversundhed ved at introducere metoder og modeller, som kan gere brug af
information pa begge sider af et sygdomstilfelde, modtagelighed og
raskmelding. I den forbindelse har vi udfert fire studier, som er prasenteret i
fire videnskabelige artikler:

I artikel 1 blev der udfert omfattende simuleringsanalyser som grundlag for
udviklingen af en bivariat model til samtidig genetisk evaluering af modtagelig
og raskmelding for mastitis. Mastitis incidens malt pa baggrund af celletal blev
simuleret, og en overgangsmodel (transition model) blev anvendt til at definere
de enskede egenskaber. Henholdsvis syge og raske tilstande blev omdannet til
to typer overgangsindikatorer: én for rask til syg (HD, til definition af
mastitismodtagelighed) og en anden for syg til rask (DH, til definition af
raskmelding). Egenskaberne blev analyseret med en bivariat terskel- og
tyremodel ved hjelp af den bayesianske statistiske funktionalitet i DMU.
Arvbarheder for HD var sammenfaldende med de simulerede (sande) vaerdier
(0.039). P4 den anden side var arvbarhederne for DH en smule for hgje. Dette
kan muligvis forklares ved at raskmelding kun kan observeres, hvis der har
vaeret et forudgdende mastitistilfeelde. Derved begrenses antallet af
observationer i DH datasettet. Den gennemsnitlige genetiske korrelation
mellem HD og DH afveg med hhv. -0.055, 0.005 og 0.008 for de simulerede
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vaerdier pd hhv. 0.0, 0.2 og -0.2. Underspgelsen demonstrerede at begge
egenskaber kan modelleres samtidig og at simulerede korrelationer i hgj grad
kan genfindes.

I artikel 11 blev modellen fra artikel I udvidet med en tidsfunktion og flere
systematiske effekter for derefter at blive anvendt pa data fra danske Holstein
keoer malket i automatiske malkesystemer pasat udstyr til online maling af
celletal (0cC). Disse mélinger blev omdannet til “gget mastitis risiko” — en
kontinuert variabel, pa en [0-1] skala, som indikerer risikoen for mastitis. Det
blev antaget, at en ko havde mastitis, nar risikoen var over 0.6. Ligesom i
artikel 1 blev syge og raske tilstande konverteret til hhv. HD og DH. Udover en
bivariat teerskel- og tyremodel blev egenskaberne ogsa analyseret vha. teerskel-
og dyremodel. Arvbarhederne (0.06 til 0.08) var ens pa tveers af modeller og
egenskaber. Den genetiske korrelation mellem de to egenskaber var péa -0.83.
Resultaterne antyder tilstedevarelse af en genetisk komponent for begge
egenskaber og en sterk genetisk korrelation.

I artikel 11 udferte vi en GWAS undersogelse (genome-wide association
study) for at fastsld omrader pd genomet som pavirker HD og/eller DH.
Fenotypiske, statistiske analyser blev udfert for at justere faenotyperne for
forskellige systematiske og tilfeldige effekter. I alt 39,378 autosomale SNP
(single nucleotide polymorphisms) var til radighed for associationsanalyserne
efter kvalitetskontrol. Enkel SNP regressionsanalyse blev udfert og
substitutionseffekter for hver enkel SNP blev testet for signifikans med t-test. I
modsatning til de den staerke negative korrelation (i artikel 1I) blev
associationssignalerne lokaliseret forskellige steder. Dette antyder, at
egenskaberne kan vaere reguleret af forskellige gener. Mange af SNP
varianterne associeret med hhv. HD eller DH er lokaliseret meget tet pd gener,
som er kendt for deres pavirkning af immunsystemet. Gener involveret i
lymfocytudvikling (f.eks. M4AST3 og STAB2) og gener involveret i
makrofagrekruttering og regulering af betendelsestilstande (f.eks. PDGFD og
PTX3) blev foreslaet som mulige kausale gener. Imidlertid giver egenskabernes
kompleksitet sig udslag i manglen pé sterke associationssignaler. Dette
antyder at adskillige gener kan vare involveret pa bade modtagelighedens og
raskmeldingens side af et mastitistilfaelde.

I artikel 1v blev en mere dynamisk yversundhedsklassification introduceret.
Der blev fundet betydelig genetisk varians for en kos tilstedevarelse i en klasse
af lengere varighed sammenlignet med klasser af kortere varighed og
pludselige e@ndringer (f.eks. akut mastitis). De sidstnaevnte kunne mest
forklares vha. miljemassige faktorer.

Selvom modtagelighed for og raskmelding fra mastitis er sterkt negativt
korrelerede, er raskmelding pévirket af gener i samme storrelsesorden som
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modtagelighed og kan introduceres som en ny egenskab for genetisk selektion.
Denne athandling har introduceret en metode til samtidig estimering af
avlsveerdier for modtagelighed for og raskmelding fra mastitis. Modellering og
analyser af genetikken bag raskmelding kan vere serlig fordelagtig i
situationer med hej mastitisincidens. Dette nye modelleringsaspekt, hvis
indfert, kunne forbedre den genetiske evaluering for yversundehed pga. evnen
til at opfange ekstra og tidsathaengig information fra raskmelding i modellering
og analyser.
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