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Abstract

This thesis examines the effects of selective breeding practices on the Thoroughbred horse population.
The Thoroughbred horse breed was founded in the 18" century and the studbook has been closed since
1791, resulting in contemporary Thoroughbred horses being the result of many generations of
inbreeding for the intensive selection of athletic performance. Selective breeding can result in genetic
improvement through increasing the frequency of variants pertaining to desirable traits and may also
potentially remove harmful alleles from a population. However, an increasing body of evidence has
shown that many domestic animal populations harbour high levels of deleterious variants as a result of
population bottlenecks and low effective population sizes from selective breeding practices. Until now,

no studies have reported the effects of these breeding practices on the Thoroughbred horse population.

The findings of this thesis provide important insights into the effects of selective breeding on genetic
load and genetic gain in the Thoroughbred horse population. These insights can be used to assist
breeding decisions in Thoroughbreds to increase genetic improvement in the population. The findings of
this thesis not only have important economic implications for one of the largest domestic animal
populations in the world, but also have the potential to improve welfare standards in an industry under
increasing scrutiny. More broadly, this thesis provides insights into the effects of selection, inbreeding
and population bottlenecks on the health and fitness of domestic breeds. The methods used in this
thesis can be applied to other animal populations to improve breeding and population management

decisions.



Chapter 1: Introduction

1.1 Inbreeding and genetic load
1.1.1 The principles of inbreeding

Inbreeding is the result of mating between related individuals and has well documented negative effects
on the health and fitness of individuals and populations’3. This phenomenon, known as inbreeding
depression and the mechanisms underlying its negative phenotypic effects are among the most
extensively researched topics in biology. The detrimental effects of inbreeding are commonly a major
concern for endangered species with small population sizes**. However, inbreeding depression is also
relevant for domestic animal populations, due to the economic repercussions of reduced health and
fitness?®®, In commercial breeding programs, some inbreeding for the selection of desirable traits is
necessary for genetic improvement®. However, high levels of inbreeding could also have unexpected

unfavourable effects on the fitness of a population in future generations™.

Inbreeding depression is caused by an increase in homozygosity due to the inheritance of identical
sections of DNA from a common ancestor'l. Characteristically, homozygosity that is a result of
inbreeding presents as long tracts of a chromosome that have not been broken by recombination which
are considered to be “identical by descent”!?. It is also possible to inherit identical alleles by chance
(known as “identical by state”) particularly when they are at high frequencies in a population. However,

alleles that are identical by state are usually not present as long homozygous regions.

There are two main mechanisms that have been proposed to explain how increased homozygosity
caused by inbreeding can lower fitness. According to the “over-dominance” hypothesis, the decline in
fitness is due to a reduction in favourable heterozygosity, which is normally associated with superior
fitness!1314 |n contrast, the “partial dominance” hypothesis predicts that the fitness decrease is due to
progeny inheriting two copies of a recessive mutation from their common ancestor. Inheritance of two
copies of a recessive deleterious mutation can lead to early embryonic death, reduced post birth
survival, stunted growth or a decrease in the general fitness characteristics of an individual. Recessive
deleterious alleles often persist in diploid populations at low frequencies, known as genetic load (see
Section 1.1.2). Under the partial dominance hypothesis, a population with high levels of inbreeding will
either become extinct, or recover from inbreeding depression because the deleterious alleles are

removed by selection (purging, see Section 1.1.2)1*>16 The partial dominance hypothesis is currently



favoured as the explanation of the majority of the fitness decline associated with inbreeding, although a

combination of the two mechanisms is likely responsible>17-19,

There is also growing evidence that the genetic mechanisms of inbreeding may be more complex than
initially believed. The importance of epistatic interacting gene networks in inbreeding depression has
been recognised more recently?®>?!, The complex genetic basis of many traits (quantitative traits) means
that the fitness of an inbred population could decline in a nonlinear fashion, in contrast to a steady
decline expected under the partial or over-dominance theories??. Thus, an understanding of the
molecular mechanisms involved in inbreeding depression is essential in predicting the impacts of

inbreeding on the fitness of an individual or population.
1.1.2 Genetic load and the cost of domestication

Genetic load is the reduction in fitness compared to the optimal genotype, and is often discussed in the
context of a whole population?*?*, All animal populations carry some genetic load which is concealed as
)25

rare recessive mutations found at low frequencies (see section 1.1.3)*. Genetic load is only expressed in

homozygous form, which can occur due to inbreeding increasing the frequency of these mutations in

24-26

the population***°. Individuals can carry different amounts of genetic load in their genome, so the

effects of inbreeding on fitness can vary between individuals and populations'’-?%27.28 For example,

humans are estimated to carry between one and two recessive lethal alleles in their genomes?>*,

Population bottlenecks from the domestication process often lead to increased genetic load in animal
populations. This process is known as the “cost of domestication” and has been widely observed in
many species of animals and plants3%. In this process, deleterious variants hitchhike on selective sweep
regions, thereby increasing their frequency in the population®*®. Many animal populations have
undergone severe population bottlenecks during domestication or breed formation, resulting in high
levels of genetic load being present3*%, Future inbreeding events, particularly due to selective breeding
practices, can inadvertently further increase the frequency of these deleterious variants in the

population, thereby also increasing genetic load>®.

Population bottlenecks and selective breeding practices decrease the number of breeding individuals in
a population, which is measured as effective population size (N.)*”*. N. estimates the size of an
idealised population that would show the same rate of loss of genetic diversity assuming random
1%

mating, equal genetic contribution and generational intervals between each individua In selective

breeding programs, N. can be small even with a large consensus population size due to extremely

3



skewed genetic contributions of some individuals with desirable traits3%*94°. Small N. reduces the
genetic diversity in a population, which can increase the levels of inbreeding in future generations*. The
reduced genetic diversity associated with small N. can also result in deleterious alleles drifting to high

frequencies or fixation, resulting in increased genetic load in a population®2:38,

1.1.3 Lethal genetic variation

Genetic variants that cause embryonic lethality are expected to be under strong negative selection in
populations due to their deleterious effects on phenotype?®?. Lethal recessive variants are often found at
low frequencies in populations and commonly have no impact on health and viability due to individuals
being extremely unlikely to inherit two copies of the same mutation by chance®®%. However,
inbreeding increases the likelihood that two copies of the same lethal mutation will be inherited from a
common ancestor*'%, Populations with high rates of inbreeding and small N. are at particular risk of
these recessive lethal mutations drifting to high frequencies (see section 1.1.2). High frequencies of
recessive lethal variants in a population can have a negative impact on fertility rates. For example, in a

10% increase in inbreeding level is associated with a 1% decrease in pregnancy rates in cattle’.

In recent times, a number of lethal variants have been identified at high frequencies in domestic animal

4856 |n some cases, these variants have reached high

populations, particularly cattle and pig breeds
frequencies in the population as they provide a phenotypic advantage in heterozygous state. For
example, a 600kb deletion in cattle that causes embryonic lethality in homozygous state may have
reached high frequencies due heterozygotes producing an increased milk yield*’. Similarly, a deletion in
the Bardet-Biedl syndrome 9 (BBS9) gene in pigs increases growth rates in heterozygotes, but results in
lethality when homozygous®. However, other variants may not provide a heterozygote advantage but

have drifted to high frequencies in animal populations due to being carried by an individual (often a sire)

that has made a large genetic contribution to the population®®.

The presence of recessive lethal variants in domestic animal populations are commonly identified by
scanning large samples of genotypic data for haplotypes that deviate from the Hardy-Weinberg
equilibrium®. Such studies are highly feasible for populations with large census population sizes and
substantial amounts of genotypic data available. However, smaller populations are also likely to be
susceptible to recessive lethal mutations drifting to high frequencies. Such analyses are often not

possible for these populations due to the lack of genotypic data available or the associated costs.



1.1.4 Purging

As the frequencies of deleterious alleles increase with inbreeding or drift, selection against these alleles
also becomes stronger*®°, This makes it possible for these mutations to be removed from the
population over time, alleviating genetic load?*. This rebound in fitness, known as purging, can result in
future inbreeding events having a neutral or even positive effect on fitness®. Purging is likely to be more
effective for alleles that have highly lethal effects as selection against them will be stronger5-%2, Mildly
deleterious alleles may be more difficult to purge®®, which could result in only a partial rebound in
fitness relative to the original outbred population'’?*%. Genetic drift caused by high rates of inbreeding
increases the probability of deleterious mutations becoming fixed in a population, so purging is more
likely to be effective in populations with slow rates of inbreeding?*%4. These reasons likely explain why
many studies in animal populations have found that purging is not effective in measurably improving

fitness!®3:63,

Some animal populations have shown no evidence of a relationship between inbreeding levels and
fitness. The most notable example is the Chillingham cattle population that show no indication of
inbreeding depression despite being so highly inbred that they are almost clonal®®®’. Additionally, a wild
fox population and The Chatham Island finch population also show no evidence of inbreeding
depression®®°. However, strong evidence of inbreeding depression has been found in many animal

populations with population bottlenecks and many generations of inbreeding?¥®°.

A further complication in predicting the likelihood of purging is that it may occur under certain
conditions and only for certain traits. Selective breeding may increase the chance of purging in a
population, for example, inbreeding of superior mates in the Cuvier’s gazelle population has resulted in
improved juvenile survival’®. However, under these conditions purging may occur for some traits but not
others. For example, selective breeding in dairy cattle has resulted in evidence of purging in milk
production traits, but not fertility’!. Deleterious variants that are linked to selective sweep regions are

also less likely to be purged from a population3%3234,

Additionally, inbreeding depression may manifest only under certain conditions. For example, the highly
inbred Chatham Island Black Robin still shows strong evidence of inbreeding depression, although inbred
chicks from inbred dams show increased juvenile survival rates®’2. These findings show that the exact

effects of purging are hard to predict. Evidence for purging may also depend on the method by which it



is measured’®. Consequently, deliberate inbreeding to induce purging is not a strategy recommended or

practiced in breeding programs.
1.1.5 Selective breeding and genetic gain

In selective breeding programs, some level of inbreeding between individuals with desirable traits is
needed to increase the frequency of the associated alleles in the population. However, a small number
of superior individuals making large genetic contributions will reduce diversity in the population®. This
practice is likely to increase the rate of inbreeding in subsequent generations as their descendants will
have limited outbreeding opportunities®. Therefore, selective breeding programs not only need to take
into account the inbreeding level of the parents and progeny, but also consider the overall genetic
contributions that each individual is making to the population®. Successful selective breeding programs

aim to maximise genetic gain whilst minimising rates of inbreeding in a population’.

For many centuries, selective breeding schemes were based on breeding animals with desirable traits
and hoping that their offspring inherited the same phenotype’. However, an increased understanding
of quantitative genetic concepts in the 20" century led to the development of more complex selection
schemes, based on relationships between animals and statistical probabilities of inheritance’*’¢. This
concept was first introduced by James and McBride in 1958 where they estimated the contributions
from ancestors on the phenotypic changes in their descendants”’. Best linear unbiased predictions
(BLUPs) are a commonly used method that utilizes phenotypic data from relatives to give an accurate
prediction of genetic merit known as estimated breeding values (EBVs) for tested and as yet untested
individuals’®’%7%, This method is particularly useful for animal populations with large and complex
pedigrees as the relationship between individuals can be accurately determined’®8%8, Best linear
unbiased predictions to maximise genetic gain are widely used in many livestock species, including

cattle, pigs and chickens®828°,

Traditionally, pedigree structures have been used to evaluate the genetic relationship between
individuals. However, the increasing availability of genomic information in the 21° century has allowed
for the incorporation of genotypic information into selective breeding schemes which is particularly
useful for populations with unknown or unreliable pedigrees®. The use of genomic selection methods
can assist in achieving homozygosity of favourable alleles in a population, which will result in greater

levels of inbreeding at these loci compared to other parts of the genome®.



1.2 The domestic horse
1.2.1 The foundation of the domestic horse population

Horses (Equus caballus) were first domesticated from their wild ancestors at around 3500B.C¥”. Many of
the paternal lines that existed in early domestic horse populations are no longer found in modern horse
breeds, probably due to a combination of selective breeding practices and genetic drift®, In contrast,
the broad diversity of mitochondrial DNA in domestic horses indicates that many maternal lines have
been maintained in the population®°%°1, These findings provide evidence that the early domestication
process involved the backcrossing of local wild mares to already domesticated stallions®”°%%,
Investigations of genetic load in domestic horses showed an accumulation of deleterious alleles

compared to their wild ancestors, probably as a result of this population bottleneck at the foundation of

the population®.

Comparison of prehistoric horse DNA with modern domestic breeds shows evidence of positive
selection in at least 125 candidate genes®. These loci provide an indication of the traits selected for
during the process of domestication, in particular the increasing energetic demands, requirement for
tameness and larger size®®. Furthermore, there is evidence that selective breeding practices targeted
coat colour in early domestic horses, as a high proportion of horse remains analysed from the Bronze
Age had the allele for appaloosa spotted coat colour. There was also evidence in these horses of
selection against the wild dun coat colour®>. Consequently, it can be assumed that early domestic

horses were selected for stamina, appearance and docility.

Approximately 500 different horse breeds are descended from the original domesticated horses, most
of which have been developed within the last several hundred years?’. Differing selective pressures have
led to a wide range of phenotypic diversity between the different horse breeds®. However, selective
breeding practices and severe population bottlenecks have also resulted in some horse populations
having extremely low within-breed diversity, some equivalent to endangered species on the brink of

36,89,93

extinction In particular there are a number of horse breeds with extremely low N. such as the

Sorraia and draft horse breeds3®°.

Population bottlenecks due to breed formation or near extinction
events have led to more recent increases in the mutational load of domestic horses®®. Genetic variation
has also decreased within the last 200 years by approximately 16%, which can be explained by dramatic
reductions in effective population sizes of many breeds due to the replacement of horses by machinery

for agriculture and transportation®%, As such, increasing mutational loads and decreasing genetic



diversity has the potential to affect the health, fitness and viability of horse breeds in future
generations. The effects of these past events and the impacts of current breeding practices on the

genetic diversity of future generations is a topical concern for domestic horse breeders.
1.2.2 Reproduction and fertility in domestic horses

Horses are seasonal breeders, with the increased photoperiod at the start of spring inducing hormonal
changes which are critical for oestrous cycling and parturition®-1°2, Reduced melatonin secretion in the
longer daylight hours of spring increases the levels of gonadotrophins released, stimulating the
production of sex hormones®. The oestrus cycles of some domestic horse breeds can start in late
winter, in contrast to wild populations that may not breed until late spring®-1%, Early oestrus cycling
may be the result of selective breeding favouring horses born earlier in the season, which indicates that

the trait may have a genetic basis.

Horses have an average gestation length of 342 days (approximately 11 months), also giving birth mostly
during the spring months. The survival of twins is rare, so most mares only produce one foal in a year!®.
Gestation length differs between some horse breeds, indicating that it may be influenced by selective
breeding strategies!®. However, an understanding of the genetic factors that influence gestation length
is complicated by the strong influence of a number of environmental factors. Increasing photoperiod
plays an important role in inducing parturition in mares, resulting in foals that are born at the end of the
spring/summer having shorter gestation lengths than those born in winter/early spring® 100105108 ‘NMale
foals have a significantly longer gestation length than female foals by about 2-3 days, which is likely due

to hormonal interactions between the mare and the foal'%11°,

A number of studies have also found that the age of a mare impacts her gestation length. However,

106,107,111 "\where others

trends differ between studies with some finding a linear increase with mare age
found that younger mares also have longer gestation lengths'%”1%112 The changing physiology of older
mares would explain why they have a longer gestation length!®. The longer gestation length of younger
mares may have been due to parity status as mares that had not produced a foal the year before have

increased gestation lengths®,

In natural horse populations, horses live in herds of several mares with their young offspring and a
harem stallion®’. Male horses in natural populations make uneven contributions to the next generation,
with dominant stallions producing many offspring and bachelor males very few®’. This is exaggerated in

domestic breeds, due to a large number of males being castrated and small numbers of stallions with

8



desirable traits producing large numbers of offspring!'®. Consequently, high levels of stallion fertility are
economically important for commercial breeding. A number of genes have been associated with stallion
fertility and mating success in different domestic horse breeds'**'?!, However, very little is understood
about the genetic variation underlying mare fertility rates and gestation length, probably because they
provide a far smaller genetic contribution to the next generation. Mare fertility rates and gestation
length both show evidence of significant heritable components in some breeds'®7.1% Mares from
endangered breeds such as the Sorraia and the Przewalski’s horse show abnormal oestrus cycles and
low covering success, possibly as a result of severe population bottlenecks and high levels of
inbreeding!?*123, Good fertility output in mares is important for commercial breeding programs and may

also be essential for the survival of smaller horse breeds!031%4,
1.2.3 Genomics in the domestic horse

A reference genome for the domestic horse (Equus caballus) was first published in 2009 and has led to
an increased understanding of history, health and disease!?. The reference genome was subsequently
used to develop commercial equine genotyping arrays, which are composed of common single
nucleotide polymorphisms (SNPs) evenly dispersed throughout the equine genome in order to capture
genome-wide trends®%, These arrays have been useful in understanding genetic diversity in different
horse populations and genome-wide association studies (GWAS) to identify areas of the genome that

may be targets of selection or harbour disease alleles®*127-134,

Following the publication of the reference genome, equine genes were annotated and characterised
based on motifs, start/stop codons and known sequences for human and mouse genes*>'%’, Annotation
of genes in the domestic horse genome has been essential in the fine mapping of variants underlying
many conditions in horses, and understanding the changes that mutations may have on protein
function3>13144 The annotation of the genome has made it possible to conduct transcriptomic analysis
in equine tissues!3®137:145-147 g,ch analyses have improved our understanding of differential expression

)148, 149

patterns in response to environmental stimuli (such as exercise and physiological changes due to

diseases®®*%1,



1.3 The Thoroughbred horse breed
1.3.1 The foundation of the Thoroughbred horse breed

The Thoroughbred horse breed was developed for the purpose of producing horses with good racing
ability. The foundation of the breed dates back to the early 18" century in England with the mating of
stallions from the Middle East to local English mares®. Although horse racing had been practiced for
many centuries prior to this, formal rules and regulations were implemented for the first time in 18™
century England. The results of races were recorded and weight handicaps for horses of different
abilities were implemented®®2. The breeding information for each horse was also recorded, resulting in
the beginning of the first formal studbook!®2. Private breeding information was collated into the first
official Thoroughbred stud book which was published in 17913, From that point onwards, only
Thoroughbred horses with parents registered in the studbook were permitted to race, resulting in a
closed population. As a result, all modern Thoroughbred horses can trace their ancestry back to this

time.

Many of the original horses used for breeding and racing in the 18" century quickly disappeared from
the pedigree of subsequent generations, resulting in all modern Thoroughbred horses in the world being
descended from a small number of foundation individuals®™>***. A reflection of the small foundation
population was highlighted in a 2001 study on Thoroughbreds in Britain showing that the top 20
founders have contributed to 65% to the genetic diversity in the modern population®®. This finding is
likely to be similar for Thoroughbred horses bred in other countries, due to continuous importation and

admixture over the past 200 years.

As a result of being descended from a small foundation population, all Thoroughbred horses can trace
their paternal ancestry directly back to three stallions imported from the Middle East: The Darley
Arabian, The Godolphin Barb and the Byerley Turk®*®. Over 95% of horses sampled in the 1990s traced
their paternal line back to the Darley Arabian, but this number could be higher 20 years later if selective
breeding has continued to favour this line. This finding agrees with a more recent study, which reports
that 96.5% of male Thoroughbreds share the same Y chromosome haplotype, which traces back to the
Darley Arabian®. Recently, some inconsistencies have found between Y chromosome haplotypes and
breeding records in Thoroughbreds, indicating that there may be some errors in early studbooks

entries®®.

10



On the other hand, a larger pool of mitochondrial haplotypes in modern Thoroughbreds indicates
greater female founder diversity’>”1°8, These haplotypes are most closely related to the modern day
Middle Eastern Barb, Irish Draft horse and Connemara, confirming pedigree records that a combination
of native British and imported mares from the Middle East founded the Thoroughbred breed!%1581%9,
Similar to findings from male lineages, some mitochondrial haplotypes in modern Thoroughbred horses

157 Many of these errors can be attributed to private records

show discrepancies with pedigree records
being collated into the first studbook. The lack of understanding of genetics and inheritance in the 18%
century led to the identity of many mares being poorly recorded, such that some mares had no name or
an unrecorded change of name with a change of ownership!®®. Additionally, mares could have been
misidentified when they were named only after their sire (e.g. Pot8os Marel and Pot8os Mare2), which

can lead to paternal half-sisters being recorded as the same horse!7:160,

1.3.2 Selective breeding in the Thoroughbred horse

Early Thoroughbred races were often held over 8 miles (13 km) with multiple heats on the same
day®®21%%, At this time, most horses started racing at around 5 years of age, with some continuing to race
up until 20 years old. In the 18" and 19" century, horses were the primary mode of transport, so
Thoroughbreds were often expected to walk to the racetrack to participate, resulting in races mostly
including local contestants®®. In the 19" century, racing quickly evolved to horses participating over
one- or two-mile races in a single race per day**2. The 20" century saw the increasing popularity of
races over shorter distances (less than one mile), and horses starting their racing career at younger

age5152,161'

The selection for racing performance over many generations has resulted in Thoroughbred horses
becoming physically distinct from other breeds!®?. Selective sweep comparison of Thoroughbred horses
compared to other breeds has identified a number of target regions that may contribute to their
superior athletic performance'®. Genes that play key roles in energy metabolism, insulin pathways,
bone formation and muscle and cardiac growth show strong evidence of positive selection in the

Thoroughbred breed!3162,

A number of neurological genes have also been associated with trainability and racing performance of
Thoroughbreds. Docility and tractability are important traits in Thoroughbred horses to allow them to be
successfully trained and managed®®. For example, a single SNP in the serotonin receptor HtrA serine

peptidase 1 (HTRA1) was found to be strongly associated with anxiety and tractability in Thoroughbred
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horses!®®. Increased anxiety was seen in heterozygotes, but few homozygous Thoroughbreds were
found, possibly due to selection against these individuals. The association with this SNP and tractability

was more pronounced in female horses potentially due to sex differences in the regulation of anxiety®3.

Variation in the functionally related neurotrimin (NTM) and opioid binding protein/cell adhesion
molecule like (OPCML) gene also showed strong associations with racing performance®. These genes
are thought to regulate neural growth, although their exact function is unknown. Variation in NTM has
been associated with childhood aggressiveness in humans and was identified as a selective target during
the domestication of the horse®, so may be important for the behavioural adaptations required for
racing and training!®®. Racing ability was also associated with variation in the prolylcarboxypeptidase
(PRCP) gene, which has been associated with voluntary wheel exercise in lab mice'®. The association of
these behavioural genes with racing performance suggests that a horse’s attitude towards training
regimes may play an important role in contributing to their racing performance. These findings suggest
that selective breeding over many generations in the Thoroughbred population may have increased the

frequency of variants associated with behaviour in addition to physical characteristics.
1.3.3 Reproduction in the Thoroughbred horse

Reproductive technologies including artificial insemination, embryo transfer and cloning are prohibited
in Thoroughbred horse breeding worldwide, making it essential to maintain high levels of natural
fertility in the population. Breeders aim for foals to be born in late winter or the start of spring so that
they have a maturing advantage over their peers. This has become particularly important in
Thoroughbreds because of the increasing emphasis on horses racing at two years old. For foals to be
consistently born at the same time each year, a mare needs to conceive within 25 days of foaling
down?®. In most cases, this does not happen, with mares foaling down at a later date each season until
they reach the end of the season and have to wait until the next year!'®. Consequently, mares that have
low covering success and increased gestation length will produce less offspring throughout their
lifetime. Despite the importance of maintaining good fertility rates in the Thoroughbred population,
currently there has been little investigation into the underlying genetic factors and genetic improvement
of these traits. Fertility studies have mainly focussed on optimising veterinary treatments (e.g. hormonal

supplements) and management techniques (e.g. light masks), rather than genetic selection®,

Most male Thoroughbreds are gelded (about 90%), and only a small proportion of elite performing

males provide large genetic contributions to the population. Consequently, good fertility rates are
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required in these males as they are expected to cover large numbers of mares at stud. Stallions with low
levels of covering success are often gelded and returned to racing, although the underlying basis of their
subfertility is rarely investigated. Currently, a SNP in the FK506 binding protein 6 (FKBP6) has been

119 although it is likely that other as yet unknown

associated with stallion subfertility in Thoroughbreds
variants at high frequencies also influence male fertility rates in the breed. An improved understanding
of the genetic basis of fertility traits could assist in mating and management decisions to improve

breeding outcomes in the Thoroughbred population.
1.3.4 Common diseases in the Thoroughbred breed

There are a number of common conditions that can have negative and sometimes debilitating effects on
a Thoroughbred horse’s racing career. Recurrent laryngeal neuropathy is a condition in Thoroughbreds
which results in the paralysis of one or both laryngeal nerves®’. This disorder results in a horse having
difficulty breathing under intensive exercise and a characteristic “roaring” sound can be heard under
these conditions'®®. The nerve can be tied back in corrective surgery, although these horses often still
show reduced racing performance?®. Historically, it was noted that taller horses were more likely to be
affected. Genome-wide association studies have since identified a link between the incidence of roaring
and an allele in the ligand dependent nuclear receptor corepressor (LCORL) gene. This gene is associated
with height, which is suggested to lead to longer laryngeal nerves'®®. However, the Belgian draft horse
breed is fixed for this allele but still show a higher risk of roaring in taller horses, indicating that other
unknown loci also contribute to the development of this disease!?>'’°, It seems likely that selection for
bigger, stronger Thoroughbreds has inadvertently selected for higher incidences of roaring in the

population.

Osteochrondrosis (OC) is a disease characterised by abnormal cartilage growth or lesions in joints.
Disturbance of growing cartilage leads to the development of a cartilage core, which can result in
fractures, cyst-like lesions, cartilage flaps or cracks. These abnormalities are associated with lameness
which reduces a horse’s racing careert’'’2, There also may be an association of OC with fracture risk
and suspensory ligament injury in Thoroughbreds'’®. In horses, OC is most commonly found in leg joints
particularly the fetlock, stifle or hock’:. The prevalence of OC varies between different horse breeds,
potentially due to different physiology, management and selective breeding techniques’*. Many
studies have found a significant genetic component, although heritability differs between breeds and
joints, with estimates between 0.05-0.46132134171175176  Heritability estimates in Thoroughbreds range

between 0.10-0.22 depending on the joint!32177,

13



A number of GWAS have attempted to find causal genetic variants underlying the incidence of OC, but
associated regions differ between studies'3*17%178179 Cuyrrently, it appears that the underlying genetic
basis of OC also differs between breeds and joints, and that larger sample sizes are needed for more
conclusive results!’t. A GWAS study in Thoroughbreds identified UDP-glucose dehydrogenase (UGDH) on
chromosome 3 as a potential candidate for harbouring causal variants!32. This gene contributes to
glycosaminoglycan synthesis in cells lining the cartilage surface!2. Environmental factors such as the
weight of the mare and insulin resistance status also appear to influence the prevalence of the

disease'”’.

Limb fracture in Thoroughbred horses is a condition that has attracted recent widespread media
attention, as it often results in euthanasia. A study conducted on Thoroughbreds racing in Britain found
that the heritability of distal limb fractures resulting in euthanasia was 0.48, Three regions showed
genome-wide significance levels with fracture risk, which encapsulated a number of genes associated
with bone formation®°. Further fine mapping of these regions has not yet been conducted, but could

assist in selective breeding strategies to reduce the incidence of limb fractures in Thoroughbred horses.

Exercise induced pulmonary haemorrhage results in burst capillaries in the lungs as a result of strenuous
exercise, resulting in epistaxis (bleeding from the nose)!!. Under the rules of Australian racing, epistaxis
from both nostrils results a three month ban for the first incident and then a lifetime ban of a horse
from racing at the second incident!®2. However, the regulations surrounding epistaxis differ between
racing jurisdictions. The occurrence of epistaxis in Thoroughbreds is relatively common (2.1%) and has
been found to have a significantly heritable component!®¥18, So far, SNPs found in an ectonucleotidase
family (CD39), which have been implicated to prevent bleeding and limit inflammation by binding to

receptors on blood cells are potential causal variants for this condition®*,

Although many studies have found that these conditions are heritable, and have identified potential
candidate genes, the exact causal variants associated with their increased prevalence in Thoroughbreds
are currently unknown. Further fine mapping to identify such variants may assist in optimizing breeding
strategies to reduce the incidence of these conditions in the population. However, many of these
conditions appear to have a complex genetic basis with multiple contributing loci and only occur under
certain environmental conditions, making the selection of appropriate cases and controls difficult. A
better understanding of these conditions would greatly benefit the Thoroughbred population as
breeding and management strategies to counteract the negative effects of these conditions could be

improved.
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1.3.5 Bottlenecks, inbreeding and genetic diversity in the Thoroughbred horse breed

From pedigree records and genetic findings, we can assume that there was a significant population
bottleneck at the foundation of the Thoroughbred breed®®153155 This bottleneck, combined with
selective breeding practices, could have increased deleterious variation through hitchhiking on selective
sweep regions®*. The closed pedigree structure and selective breeding strategies used from the 18"
century until the present day has resulted in contemporary Thoroughbred horses being the product of
many generations of inbreeding. The Thoroughbred horse has been found to have high levels of
genomic inbreeding when compared to other horse breeds®*1¢°, As a result of the genetic bottleneck at
the foundation of the breed and inbreeding for the selection of racing performance, Thoroughbred
horses have higher mutational loads compared with other closely related breeds such as the Arabian

and Akhal-Teke horses?®.

The global Thoroughbred population has an estimated effective population size of 330; however,
individual country estimates are between 93-197 (although this could be influenced by sample sizes)'*2.
There is strong evidence that N. and genetic diversity has been decreasing in recent years as a result of
selective breeding practices heavily favouring popular stallions'**31, Analysis of Thoroughbred genomes
show evidence for purging, which suggests that selective breeding for racing performance over many
generations may have removed some deleterious variation from the population®®. As seen in domestic
cattle populations, selective breeding practices could lead to purging for some traits and not others’.
Due to the recent reduction in genetic diversity and the closed population structure, the effects of
inbreeding on the health and fitness of the Thoroughbred population is a highly topical concern.
However, to date no studies have attempted to quantify this. A previous study on cattle found evidence
for purging only on traits that were targets of selection’, so the effects of inbreeding may also vary
between different traits in Thoroughbred horses. Understanding how inbreeding affects the
Thoroughbred population would assist in creating breeding strategies to improve the performance of

the population and assist in ensuring its continued viability in future generations.
1.3.6 The Thoroughbred breed in Australia

The first Thoroughbred horses were imported to Australia in the early 19* century. Thoroughbred racing
quickly became a popular sport in Australia, with many racetracks opened throughout the major cities of
Sydney and Melbourne throughout the 18" century®>*. The popularity of horse racing in Australia has led

to the growth and development of an industry which makes large contributions to the economy each
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year!3. Australia currently has the second largest Thoroughbred population in the world (behind the

United States of America)**3.

Thoroughbred breeding has become increasingly commercialised in the past 30 years, resulting in
popular stallions covering large numbers of mares over a number of seasons at stud. Elite stallions are
extremely valuable, often commanding large service fees, for example, the covering charge for the most
expensive stallion in Australia in 2019, “I Am Invincible”, was SAU247,500. Improved air transport has
allowed popular stallions to shuttle between the Northern and Southern hemispheres to cover mares
across both breeding seasons. This practice has the potential to provide new sources of genetic diversity
and outbreeding opportunities to different Thoroughbred subpopulations; however it could also reduce
the genetic diversity in the worldwide Thoroughbred breed. A reduction in genetic diversity is likely to
result in an unavoidable increase in inbreeding of future generations and provide less outbreeding
opportunities. Considering the closed nature of the Thoroughbred population, a loss of genetic diversity

cannot be recuperated in future generations.
1.4 Aims of this thesis

Despite the extensive phenotypic and pedigree data available to Thoroughbred horses, the effects of
selective breeding practices on the population are currently undetermined. Evidence of the negative
effects of inbreeding and population bottlenecks in other animal populations makes the potential
impact of such practices on the health and fitness of Thoroughbred horses a concern. The decreasing
effective population size of the Thoroughbred breed in recent generations makes the effects of

increased inbreeding particularly topical and relevant.

The over-arching aim of this thesis is to understand the effects of many generations of selective

breeding on the Thoroughbred population. To address this, the three main aims of this thesis are:

1. To examine the effects of inbreeding for selection on racing performance traits in Australian
Thoroughbred horses.

2. To examine the effects of inbreeding for selection on fertility traits in Australian Thoroughbred
horses.

3. To identify common genetic variants at high frequencies in the Australian Thoroughbred horse

population which are associated with embryonic lethality.
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The broader aims of this research is to understand how the many generations of breeding for the
selection of racing performance have impacted Thoroughbred horses in the 21 century. This research
aims to assist in the understanding of the potential impacts of current breeding decisions on the
Thoroughbred horse population in future generations. The findings of this thesis can provide insights for
breeding decisions to increase the chance of a positive outcome (i.e. a live foal and elite racehorse) and
improve the overall health and fitness of Thoroughbred horses. Ultimately, increasing the chance of a
mare producing a healthy foal, the horse making it to the racetrack, increasing trainability and reducing

injury risk is of benefit to all participants in the industry.

The Thoroughbred horse population has a large amount of documented phenotypic data available in the
form of breeding and racing records. Additionally, the Thoroughbred breed has one of the largest and
most detailed pedigrees of any animal population in the world. This allows for large scale analyses with
high statistical confidence and the examination of whole population trends over many generations. Such
studies are not possible for many animal populations, so insights from this research could be useful
where such information is not available. More broadly, the research done in this thesis will also assist in
understanding the overarching effects of animal domestication and selective breeding practices on
genetic load and genetic improvement in populations. Such populations include (numerically) small
horse and domestic animal breeds, and possibly endangered species where critical conservation

management is required.
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Chapter 2: The effects of inbreeding and selection on racing performance

in the Thoroughbred horse population
2.1 Synopsis
This chapter consists of a published manuscript and associated supplementary material:

E.T. Todd, S.Y.W. Ho, P.C. Thomson, R.A. Ang, B.D. Velie & N.A. Hamilton. Founder-specific inbreeding
depression affects racing performance in Thoroughbred horses. Scientific Reports 8, 6167,

doi:10.1038/s41598-018-24663-x (2018).

This publication has been formatted for consistency with this thesis. The original manuscript is available

in Appendix 2.

This chapter investigates the effects of inbreeding for the selection of racing performance in
Thoroughbred horses. This involved constructing linear mixed models to analyse racing performance
data from 135,572 horses and their associated pedigree dating back to the founders of the population (n
= 257,249). Analyses in this chapter show that higher levels of inbreeding were associated with
decreased racing performance in Australian Thoroughbred horses. However, there is evidence of
purging and selection for favourable alleles in the population over time which is associated with
improved racing performance. It was also found that the closed population structure has resulted in
some ancestors making large genetic contributions to contemporary Thoroughbred horses. Inbreeding
attributed to these individuals has variable effects on the racing performance of their descendants,

providing evidence that the effects of inbreeding can vary between individuals.

| designed this project and conducted the analyses using a number of population genetics software
programs and custom scripts in R and Perl. Dr Brandon Velie assisted in cleaning and restructuring the
raw data. Dr Natasha Hamilton and Ms Rachel Ang assisted in the collection and genotyping of the DNA
samples. Professor Simon Ho, Dr Natasha Hamilton and Dr Peter Thomson provided guidance with the

overall design of the project and in finalizing the manuscript.
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2.2 Main article

Founder-specific inbreeding depression affects racing performance in Thoroughbred horses.
Evelyn T. Todd"’, Simon Y.W. Ho", Peter C. Thomson®, Rachel A. Ang®, Brandon D. Velie? and Natasha A.
Hamilton'.

!School of Life and Environmental Sciences, The University of Sydney, Sydney, NSW 2006, Australia
’Department of Animal Breeding and Genetics, Swedish University of Agricultural Sciences, 75007

Uppsala, Sweden.
Abstract

The Thoroughbred horse has played an important role in both sporting and economic aspects of society
since the establishment of the breed in the 1700s. The extensive pedigree and phenotypic information
available for the Thoroughbred horse population provides a unique opportunity to examine the effects
of 300 years of selective breeding on genetic load. By analysing the relationship between inbreeding and
racing performance of 135,572 individuals, we found that selective breeding has not efficiently
alleviated the Australian Thoroughbred population of its genetic load. However, we found evidence for
purging in the population that might have improved racing performance over time. Over 80% of
inbreeding in the contemporary population is accounted for by a small number of ancestors from the
foundation of the breed. Inbreeding to these ancestors has variable effects on fitness, demonstrating
that an understanding of the distribution of genetic load is important in improving the phenotypic value
of a population in the future. Our findings hold value not only for Thoroughbred and other domestic
breeds, but also for small and endangered populations where such comprehensive information is not

available.
Introduction

The Thoroughbred horse population is one of the largest closed populations of animals in the world.
Thoroughbreds are extremely valuable because of the large amount of prizemoney on offer and the high
residual value of superior athletes. All Thoroughbred horses trace their ancestry back to three paternal
lines, due to the narrow bottleneck at the foundation of the population'®. More than 300 years of
breeding practices have produced signatures of selection in the 21* century Thoroughbred population,

contributing to the superior athleticism of the breed*”. At the same time, these practices have increased
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levels of inbreeding and reduced the genetic diversity of Thoroughbreds compared with other domestic

horse breeds>®’.

To our knowledge, there has been no detailed examination of the effects of inbreeding on the racing
performance of Thoroughbred horses and the genetic load of the population. Genetic load, the presence
of unfavourable genetic material, is a reflection of a population’s fitness because a higher genetic load
leads to a lower mean fitness level®. A large proportion of genetic load consists of recessive deleterious
mutations, known as mutational load. Inbreeding can expose mutational load because it increases an
individual’s chance of inheriting two copies of recessive deleterious alleles from a common ancestor®’.
The subsequent decrease in fitness caused by these expressed recessive deleterious mutations is
thought to be a major cause of inbreeding depression’®. Other mechanisms believed to contribute to

inbreeding depression include epistatic interactions and reductions in favourable heterozygosity'**".

The inevitable effect of selection in a closed population is an increase in the level of inbreeding™**.

There is some evidence that continued inbreeding for selection can purge a population of some or all of
its genetic load, such that new inbreeding events have negligible or even positive effects on phenotype’.

14-16

Although some domestic and wild populations show signs of purging™ =, others still show strong signs

of inbreeding depression even after multiple population bottlenecks and inbreeding events'’*

. Purging
is most likely to occur in populations under strong selection and slow rates of inbreeding, allowing
deleterious alleles to be effectively eliminated rather than fixed by genetic drift'*°. Additionally,
inbreeding for favourable phenotypic characteristics can have unexpected negative implications through
deleterious alleles hitchhiking on regions of the genome under positive selection, thereby increasing

their frequency in the population®*%.

Understanding the effects of selection is further complicated by the uneven distribution of genetic load
in a population. Inbreeding to different ancestors can have varying effects on fitness, such that the total
proportion of alleles identical by descent (IBD) might not be an accurate reflection of mutational load**
%% This raises the possibility that inbreeding in different pedigree lines has variable effects on genetic

load in the Thoroughbred population.

The availability of extensive phenotypic and pedigree records, dating back to the late 18" century,
makes the Thoroughbred population ideal for studying the long-term, population-wide effects of
selection on performance and genetic load. Here, we examine the effects of inbreeding on racing

performance and mutational load in the Australian Thoroughbred population. Australia has the second-
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largest racing and breeding population in the world, containing approximately 15% of all

Thoroughbreds®’.

We analyse a sample of 135,572 individuals, representing all Thoroughbred horses that had one or more
race starts in Australia between 2000 and 2011. A genealogy of these individuals, dating back to the
founders of the population (n = 257,249), is also included in our analyses. Although some lines of
pedigree are incomplete, we have comprehensive pedigree information for all individuals in the racing
performance data set, making our inbreeding estimates highly accurate. The availability of extensive
pedigree records not only allows us to study broad population trends over time, but also to determine
whether the selection for optimal racing performance has alleviated mutational load. We use these data
to measure inbreeding and ancestral coefficients for all individuals. We also identify the ancestors that
have made the greatest genetic contributions, in order to understand better the distribution of
mutational load in the population. For a representative subset of individuals, we perform high-density

genotyping to determine whether inbreeding load is reflected at the genomic level.

Results and Discussion
The effects of inbreeding and purging on racing performance

Our analysis of data from 135,572 Thoroughbred horses revealed a strong negative relationship (all
P<0.001, Figure 1) between Wright's inbreeding coefficient, F, and five measures of racing performance

%2 These included two

that encompass a range of factors that contribute to exercise performance
measures that are based on the assumption that more successful individuals earn more prizemoney:
cumulative prizemoney earnings and prizemoney earnings per start. We also included two measures of
constitutional soundness: total number of race starts and career length. Finally, we accounted for

consistency of performance with the measure winning strike rate.

The negative relationship between F and performance can be explained by a genetic load of partially
deleterious alleles still being carried by the population. We expect that the alleles causing the observed
inbreeding depression are more difficult to select out of the population than those with lethal or
debilitating effects on juvenile or embryonic survival’®***%*? Population bottlenecks that occurred
during the ancestry of the Thoroughbred, including the domestication of the horse®, and the foundation
of the breed™*, might have increased the frequency of deleterious alleles through genetic drift. It is also

possible that continued inbreeding of the Thoroughbred population over the past 300 years has
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inadvertently increased the frequency of deleterious variants in the population, potentially through

13,21,23

hitchhiking on selective sweep regions . As a result of many generations of inbreeding, the average

F of the 21*' century Thoroughbred population is 0.139 (s = 0.011).

In contrast with the results from Wright's inbreeding coefficient, the ancestral history coefficient, Ay,
showed a strong positive association with racing performance (all P<0.001, Figurel). This statistic,
described by Baumung, et al.**, counts the number of times that an allele has been IBD in an individual’s
pedigree, thus providing a comprehensive reflection of selection for favourable traits over time. The Ay
statistic is based on the assumption that an allele that has been IBD multiple times in an individual’s
pedigree is likely to have a neutral or positive effect on fitness. In contrast, an allele that is IBD for the
first time is more likely to have a negative effect on fitness. Therefore, individuals with higher A, are
more likely to contain larger proportions of alleles in their genomes that have been positively selected
over many generations. It is possible for an individual with a comprehensive pedigree to have an A,
greater than 1. As a consequence of the comprehensive and inbred pedigree, the reference population

had average A, cof 1.973 (s = 0.089).

The positive relationship between A, and all measures of racing performance is possibly due to the
many generations of selective breeding that have increased the frequency of alleles associated with
positive improvements with exercise physiology. These alleles will appear IBD more times in the
pedigrees of each subsequent generation, thus driving up A,c (Appendix S2). Our results indicate that
inbreeding for selection has effectively increased the frequencies of favourable alleles, but has not
completely eliminated genetic load from the population. Considering this finding, it is unsurprising that
parts of the Thoroughbred genome show signatures of selective sweeps linked to genes related to
athletic performance, including formation of muscular fibres, upregulation of mitochondrial activity,
angiogenesis, brown adipose tissue formation, and lipid metabolism®®>. In agreement with our results,
there is some evidence for selection improving racing performance in another horse breed, the

Norwegian cold-blooded trotter®.

Both F and A, showed the strongest associations with cumulative earnings and earnings per start
(Figure 1). We expect that this is because these measures reflect not only talent, but also good
constitution because horses that race more are more likely to win more prizemoney. The smallest

regression coefficient was for winning strike rate, probably because this measure is a crude estimate of
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consistency and does not reflect the race class, or the finishing order of a horse on non-winning

occasions.
The estimated breeding values of the population over time

We found that selective breeding practices have not increased the overall performance levels of the
population over time. We implemented a numerator relationship matrix in conjunction with a linear
mixed model to account for additive genetic relationships between animals in the pedigree (Materials
and Methods). Based on the racing performance of contemporary individuals (n=135,572), we used this
relationship matrix to calculate the estimated breeding values (EBVs) of all individuals in their pedigree
(n=257,249)°**". The large increase in EBVs at the foundation of the population indicates that early
selection events resulted in an initial jump in the frequency of favourable alleles (Figure 2). After this
initial increase, the distribution of EBVs remains constant; demonstrating that selective breeding from
the early 19" century was not effective in improving the racing performance of the population. The level
of F has increased constantly during this time (Figure S8), so we conclude that inbreeding has not
effectively removed mutational load from the population. This explains why we observe strong
inbreeding depression persisting in the contemporary population. We expect that this is due in part to a
change in racing and training regimes over time that, in turn, has changed selection pressures on the
population®. In the 18" and early 19" century, Thoroughbred races were held over a distance of several
miles, with each horse participating in multiple heats on the same day. In the 20" century, focus shifted
to breeding sprinters and early developers for two-year-old racing®. Similarly, there was very little
increase over time in the EBVs of Polish Warmblood horses despite selection for performance, indicating
that intensive selection might be necessary to improve the mean value of complex quantitative traits in

a population®.

The dip in EBVs between 1930 and 1980 can also be partly attributed to an increased number of
individuals with unknown pedigree information, as shown in red on Figure 2. This, together with the
increased variability of EBVs during this period, could also be due to the presence of less successful
pedigree lines that have not been purged from the modern population. We expect that the increase in
the average EBV from 1980 onwards is partly due to the introduction of parental testing in the 1980s,
leading to complete pedigrees for all registered individuals. The increasing trend in EBVs over recent

generations indicates a possibility for future improvement in the population’s overall phenotypic quality.
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The uneven ancestral genetic contribution in the contemporary Thoroughbred population

Selective breeding practices are likely to result in uneven ancestral genetic contributions, favouring
ancestors carrying beneficial alleles and leading to the extinction of less successful ancestral lines®*"**,
We found that a small number of ancestors in the early years of the breed formation accounted for

much of the inbreeding coefficient in the modern Australian Thoroughbred population.

We found that 10 ancestors accounted for, on average, over 80% of the IBD alleles in the modern
Australian Thoroughbreds (Table 1). AlImost 20% of the IBD alleles in the contemporary population were
attributed to a single individual, Herod. We selected these 10 ancestors because they provided the
greatest marginal contributions to the individuals in our racing performance data (Appendix S4). The
greatest marginal contributors are selected by first identifying the single ancestor with the greatest
contribution to the population, and then subsequently finding the other ancestors that provide the
greatest genetic contributions not accounted for by previously selected ancestors® (Appendix S4). We
then estimated the proportion of F (pF) and Ayc (pAyc) for each individual in our data set that is

attributed to each of these ancestors®***,

We identified these individuals as superior athletes that were also highly successful at stud. Historical
records show that most of these individuals are closely related to each other (Figure S7). One of them,
Godolphin Barb, was one of the three foundation stallions of the breed in the early 18" century’. He has
been reported to contribute to 13.8% of the genetic makeup of British Thoroughbred horses®. Another
of the foundation stallions, Eclipse, was identified as the source of a Y chromosome mutation that is

near fixation in the modern Thoroughbred population®.

The 10 notable ancestors accounted for over 82% of the A, coefficient in their modern descendants
(Table 1). We expected this relationship because these individuals appear many generations back in the
pedigree of modern horses. For alleles inherited from them to have such a large contribution to F, they
must appear IBD many times in the pedigrees of their descendants. In concordance with the principle of
the Ay coefficient, alleles that are found IBD multiple times in the pedigree are likely to have neutral or
beneficial effects on fitness. These findings are reflected in the positive trends in F and Ay over time in

the population (Figure S8).
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Uneven distribution of genetic load between different ancestors

We found evidence that founder-specific inbreeding depression differentially affects racing
performance in the Australian Thoroughbred population (Figure 3). We determined the distribution of
genetic load between the 10 dominant ancestors by using linear mixed models to examine the
relationship between partial inbreeding coefficients and racing performance. Genetic load may be
unevenly distributed between different ancestors, such that inbreeding to different individuals can have

2% If inbreeding to a particular ancestor results in a reduction in the racing

a variable effect on fitness
performance of their descendants, a higher proportion of the genetic load in the population can be
attributed to them. The variation in genetic load between different ancestors indicates that inbreeding
depression in Thoroughbreds is due to a small number of loci that have large effects on

performance® >,

We found that inbreeding resulting from four ancestors had significant effects on racing performance.
Individuals with more IBD alleles attributed to Herod had greater cumulative earnings, earnings per
start, and career length. This does not mean that increased inbreeding to Herod has had no negative
effects on the phenotypic value of his descendants, but that overall they exhibit less inbreeding
depression than other, equally inbred individuals®. Conversely, inbreeding to Eclipse, Stockwell, and
Touchstone had negative effects on the racing performance of their descendants. We propose that
these negative effects are partly due to the “cost of domestication”?*, whereby inbreeding these
individuals has inadvertently selected for deleterious alleles linked to sites that have undergone

selective sweeps*"?.

Additionally, historical reports describe these stallions to be potential carriers of disease alleles, which
may have predisposed their descendants to common conditions that reduce racing performance.
Touchstone was reported by his contemporaries to have a number of conformational and behavioural
issues®’, which might also have contributed to the reduced level of performance in his descendants.
Although Eclipse was a superior racehorse, his grandsire suffered from exercise-induced pulmonary

49,50
~°, and

haemorrhage (bleeding from the lungs)®. This hereditary condition reduces racing success
recurrent episodes result in a horse’s permanent ban from racing in Australia. Inheritance of this
condition might be a contributing factor to the reduced career lengths of Eclipse’s descendants.
Individuals with higher levels of inbreeding to Stockwell show reduced winning strike rates, although

this might be a statistical abnormality because P=0.04. However, Stockwell’s mother suffered from the

40



51-53

congenital condition of laryngeal neuropathy (paralysis of the larynx)”°, which may partly explain the

observed reduction in performance.

We expect that most of these ancestors have passed on a mix of alleles with both positive and negative
effects, such that inbreeding to them has the same effect as inbreeding to other individuals in the
pedigree. However, it is also possible that two individuals inbred to the same ancestor could have
inherited different sets of loci from different ancestral paths, making this ancestor’s effect on fitness
variable between different descendants®®. An instance of this has been found in cattle, where the
occurrence of ectodermal dysplasia in a number of calves from unaffected parents was traced back to a

de novo mutation in one bull**

. The condition was only revealed through inbreeding of his descendants,
when some of their progeny inherited two copies of the disease allele. This example demonstrates that
inbreeding to a particular individual can have highly variable effects on fitness levels between their

different descendants.

Considering the strong evidence for an uneven distribution in genetic load, we conclude that the

>42 Consequently, we

majority of inbreeding depression is only due to small proportion of IBD alleles
suggest that simply measuring the proportion of IBD alleles in the genome does not provide a
comprehensive reflection of a population’s genetic load. Understanding the heterogeneous distribution
of genetic load is important in assisting breeding decisions to minimize inbreeding to ancestors that

negatively affect fitness*.
Relationship between genome-based inbreeding coefficients and racing performance

In contrast with the pedigree-based estimates of inbreeding, we found that genomic measures of
inbreeding showed no overall relationship with any measure of racing performance (Table 2). For a
representative subset of the population (n=122), we estimated genomic inbreeding levels as the
proportion of the genome consisting of runs of homozygosity (Fron). This method reflects inbreeding
levels by capturing long, homologous tracts of DNA inherited from a common ancestor that have not

55-59

been broken by recombination®™". For our analyses, we selected minimal length thresholds of 5 Mb

(Fron_s) and 12 Mb (Frow 1) to correspond to old and new inbreeding, respectively (Appendix S2).

For this smaller data set, however, we also found that the F and Ay coefficients for these individuals
also showed no relationship with performance (Table 2). Considering that this relationship was

significant for a larger sample size, we conclude that a sample size of 122 was not sufficient to capture
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the relationship between inbreeding and performance. Our models were unable to account for a
number of confounding environmental factors that could affect racing performance (such as training
regime, jockey success, and foal-rearing process), so a large sample size is needed to tease out the
underlying relationship between inbreeding and performance. There is also a large continuum between
the best- and worst-performing individuals in such a large population that might not be captured by a
small subset of individuals. Our findings indicate that caution should be exercised in studies of smaller

populations.

Molecular estimates of inbreeding are often considered to be superior to genealogical measures
because they account for the unpredictable nature of recombination and inaccurate pedigree-recording
information. However, the parameters of Fzony measurements should also be chosen carefully, so that

they accurately reflect inbreeding levels. The accuracy of these estimations might be affected by

56,60 61,62

inadequate SNP density and long tracts of ROH persisting in areas of low recombination
(Appendix S2). Many studies use different parameters for genotyping densities, data trimming, and ROH,

making comparisons between them difficult to draw.

We found that the correlation between Fgoy and F in our data set (Figure S3) was lower than that

8384 \which may partly explain the contrasting results. We found that

reported in other domestic species
a large proportion of the inbreeding coefficient in the Australian Thoroughbred population was
accounted for by ancestors many generations back in the pedigree. Inbreeding to distant ancestors
results in shorter ROH regions that might not be captured by the SNP density used in our analysis

(Appendix S2).

For these reasons, we believe that for large populations with comprehensive pedigrees, genealogical
measures of inbreeding can provide important inferences if the size of the pedigree is much larger than
the number of individuals genotyped. The use of pedigree data allows inferences to be made for
deceased individuals, for which genotyping might not be possible. Additionally, using a pedigree to
analyse trends over time can be advantageous because it might not be possible to obtain molecular data
for deceased individuals (such as the founders of the population). Pedigrees also provide the

opportunity to estimate the effects of specific individuals over time on the fitness of their descendants.
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Conclusions

In this study, we have presented the effects of inbreeding and selection in a very large population with
extensive phenotypic and pedigree records. Our analyses have shown that genetic load can still persist
in a population even after many generations of inbreeding. However, we have also found evidence that
multiple generations of inbreeding for selection can have positive effects on the overall genetic value of
a population. We suggest that using EBVs whilst managing inbreeding levels will increase the efficiency
of selection to reduce inbreeding depression in subsequent generations. Further, our findings highlight
the need for caution in studies with small sample sizes because they can lead to inaccurate inferences

about the effects of inbreeding.

We have also found evidence that the genetic load is unevenly distributed in the Thoroughbred
population. This indicates that studies of inbreeding need to account for heterogeneity between
different ancestors, because the total proportion of IBD alleles might not accurately reflect genetic load.
Understanding the distribution of genetic load in the population will assist in breeding decisions to
reduce disease alleles and improve the overall fitness of the population in future generations. Our
findings open the possibility of evaluating the effects of particular individuals on the fitness of the

population in order to improve phenotypic quality and reduce genetic load in the future.
Materials and Methods
Calculating pedigree-based inbreeding coefficients

Racing Australia provided race records for all individuals that had participated in a race start in Australia
between 2000 and 2010 (n=135,572). A genealogy of all horses born after 1970, dating back to the
founders of the population, was provided by the Australian Stud Book (n=500,477) (Appendix S1). We
trimmed the pedigree file so that it only included the ancestors of the individuals in our data set, leaving
a pedigree size of 257,249. We found that all individuals included in our analysis had a comprehensively
recorded pedigree (an average of 24.60 discrete generational equivalents of known pedigree®*®).
Before 1980, however, a small number of individuals appear in the stud book with no recorded

pedigree®”®® (Appendix S6). These individuals accounted for 1.4% of the total ancestors included in our

genealogy file, and mostly appear more than 6 generations back in the pedigree.
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We estimated inbreeding levels for all individuals in the data set using Wright’s inbreeding coefficient
(F)®. We used this traditional measure of quantifying inbreeding to allow our results to be compared
with those from previous studies. We also used the pedigree data to estimate several ancestral
inbreeding coefficients that account for genetic load (S| Materials and Methods, Appendix S1, $2)*3%7°
We selected the ancestral history coefficient (Ayc) for further analysis because this measure counts the

number of times that an allele has been IBD in an individual’s pedigree, thus providing a comprehensive

reflection of selection for favourable traits over time3*.

We calculated F and Ayc for all individuals in the pedigree using 10° replications of simulated gene drops
in GRain 1.0* (Appendix S1). This method uses Mendelian segregation rules to simulate gene flow
through a population by flagging each allele as it runs through the pedigree. These data are then used to
estimate the probability-based inbreeding coefficients’*.The accuracy of the results depends on the
number of replications performed, which is proportional to the number of unlinked loci calculated in the
analysis®*. We checked the accuracy of our output by comparing F estimations using GRain with a
deterministic approach as implemented by PEDIG®. Estimates from the two methods had a correlation

coefficient of 0.99, indicating high accuracy of the inbreeding estimations by GRain.

We identified the 20 ancestors that provided the greatest marginal contributions to the population of

438 \We then used GRain to

135,572 individuals by using iterations in the prog_orig.f program in PEDIG
calculate pF and pA;c of each ancestor for each individual in our data set. Ten ancestors were chosen for
further analysis, and their identities were determined using the Australian Stud Book and the online

pedigree database (pedigreequery.com).
Estimating inbreeding from genomic data

We selected a representative subset of individuals for high-density genotyping (n=128). These
individuals were selected to provide a reflection of different bloodlines in the population and a
continuum of racing successes. We used these data to estimate the proportion of the genome consisting

of runs of homozygosity (Fron)-

To estimate genome-based levels of inbreeding, we first extracted DNA from hair samples (collected
under approval from University of Sydney Ethics Committee N00-2009-3-5109) using the Qiagen
Gentra® Puregene® Tissue Kit (Qiagen, Redwood City, CA, USA). We genotyped 105 individuals using the
Equine SNP70 BeadChip (lllumina, San Diego, CA, USA), which consists of 65,102 SNPs evenly distributed
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throughout the equine genome. Additionally, we typed 23 individuals on the Axiom Affymetrix SNP Chip
(670,671 SNPs), when this higher density array became available at a later date. We used custom Perl
scripts to extract only the SNPs that were common to these two panels, which we then used in further

analyses.

SNP data were edited and analysed using PLINK 1.07”%. The data were trimmed to be in concordance
using the following parameters: minor allele frequency >0.01; individual call rate >0.9; and SNP call rate
>0.9%”%. This process yielded a final data set comprising 45,451 SNPs for each of 122 individuals.

Additionally, we only analysed autosomal SNPs in order to exclude any bias between male and female.

We used these data to estimate the proportion of the genome consisting of runs of homozygosity (Fron)-
To define the parameters of an ROH, we set the minimum density to 0.05 Mb/SNP and the largest gap to
1 Mb, in accordance with the settings used by Goddard, et al.”* and Sili¢, et al.®. We set the minimal
number of SNPs in each ROH to 20, because our SNP coverage was approximately 1 SNP every 50 Mb,
making this sufficient to distinguish an ROH of 1 Mb. ROH lengths were calculated as a proportion of

total ROH length in relation to the total equine autosome size of 2,242,879,462 bp.
Measuring racing performance

We selected five different measures of racing performance that account for talent, consistency, and

constitutional soundness®*”®

. These measures were: cumulative earnings (SAU), earnings per start
(SAU), career length (months), total number of race starts, and winning strike rate. Cumulative earnings
and earnings per start favour talented individuals, because more prestigious races carry larger
prizemoney purses. Career length and total starts favour individuals with good constitutions; individuals
with health and conformational defects are unable to race for extended periods. Winning strike rate

accounts for consistency in horses, because more talented horses are expected to win a higher

proportion of their race starts (Appendix S3).
Statistical analysis

The relationship between each measure of inbreeding and racing performance was analysed using
(generalized) linear mixed models in ASRemI-R 3.0”°. We used the five measures of racing performance
as outcome variables. Cumulative earnings, earnings per start and career length were analysed with

linear mixed models. These variables were log-transformed; to accommodate zero-value in these
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measure, $100 was added to all career earnings and earnings per starts, and 1 month to all career length
values. Total starts was analysed using a Poisson generalized linear mixed model and winning strike rate

using a binomial generalized linear mixed model.

Each model included a predictor variable of either F, A, or F partitioned into partial coefficients for
each of the 10 important ancestors, making a total of 15 models. Sex and year of birth were also
included as predictor variables in each model. We also included a random animal effect that was

associated with the numerator relationship matrix derived from the pedigree (n=257, 249).

The significance of fixed effects was assessed using Wald tests. To allow comparisons of regression
coefficients across different traits, the regression coefficients were divided by the standard deviation of
their respective traits. EBVs were obtained from the fitted models. We summarised the EBV
distributions over time in 10-year bins, which approximately represents one generation interval. We

calculated the average generational interval to be 10.5 years using the intgen.f program from PEDIG®.
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2.3 Figures and tables

Table 1: The average partial F (pF;) and Ay (pAnc) coefficients of the contemporary population for the 10

ancestors with the greatest marginal contributions to the modern Australian Thoroughbred population

(n=135,572).

Percentage contribution by each
Ancestor Yearofbirth 2"t
name

PF PAuc
Herod 1758 19.87 25.13
Eclipse 1764 11.5 12.97
St Simon 1881 8.74 4.58
Godolphin Arabian 1724 8.34 10.34
Touchstone 1831 7.73 5.79
Stockwell 1849 7.15 4.76
Rachel 1763 5.75 6.32
Snap 1750 541 5.77
Partner 1718 3.62 12.97
Roxana 1718 2.28 2.49
Total contribution 80.40 82.18

The final pair of columns shows the total average contribution of all 10 ancestors to the F and Ay

coefficients. All values are expressed as a percentage of the total F or A, value.
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Table 2: Regression coefficients of linear mixed estimating the association between five measures of

racing performance and pedigree-based and genomic coefficients (n=122).

Fron s Fron 12 F Ayc
Cumulative earnings  1.95 (11.62) 5.05 (14.35) -10.56 (19.74) 3.04 (3.51)
Earnings per start 0.63 (8.53) 2.30(10.54) -10.10 (14.55) 1.61 (2.58)
Career length -0.69 (2.32) -0.84 (2.86) -3.26 (3.64) 0.54 (0.69)
Total starts -10.61 (87.49)  -24.01(107.94) 16.32(142.13)  38.81(25.81)
Winning strike rate -2.17 (4.16) -5.08 (5.14) -17.37 (6.61)* -0.43 (1.15)

Sex and year of birth were added as fixed effects and a numerator relationship matrix as a random
effect in each model. Cumulative earning, earnings per start, and career length were log transformed for
a normal distribution and analysed with a linear mixed model. Total starts was analysed using a Poisson
generalized linear mixed model and winning strike rate using a binomial generalized linear mixed model.
Inbreeding was measured using the pedigree measures of: Wright’s inbreeding coefficient (F) and the
ancestral history coefficient (Ayc). Genealogical inbreeding was measured as the proportion of runs of
homozygosity (ROH) in the genome with the minimal lengths of 5MB (Frou s) and 12MB (Fgron 12).

Standard errors are shown in parentheses. *P<0.05; **P<0.001.
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Figure 1: Regression coefficients showing the relationship between measures of racing performance and
inbreeding in Thoroughbred horses (n=135,572). All measures of racing performance have a negative
relationship with F but a positive association with Ayc. Error bars represent 1 standard error around the
mean. Regression coefficients and standard errors were divided by the standard error of their respective
traits. The relationship between each measure of inbreeding and racing performance was highly

significant (P<0.001).
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Figure 2: The distribution of estimated breeding values (EBVs) over time for Australian Thoroughbred
horses (n=257, 249), based on the cumulative earnings of 135,572 individuals that raced between 2000
and 2010. Bins were calculated over intervals of 0.2, with each bin representing a 10-year period.
Individuals with unknown parents are shown in red. The EBV results for the other measures of racing

performance follow the same trends and are included in the Appendix.

55



Ancestor

Regression

Cumulative Earnings Earnings per Start Career Length Total Starts Winning Strike Rate
O O H D
S S SN

= 7,
%

SIS S o &S &
S PFPEETS, 0 F & Py P& X, ST EITS, S
1 L 1

3 E B [ B
Ec‘Iipse : »—E »—E ._-Hq »-E}‘ il_.
Godolphin Barb - {3—! »—3—4 3_. 3—1 —H—
Stockwell : '-BH—‘ »—E]_‘ ._H} _B ,_.3_'
a T a
Partner — - T 1
Roxana »—Edl_. ._HI_. '_+_| ._Ell_. E_'

Figure 3: Inbreeding to different ancestors has variable effects on five measures of racing performance
in modern Australian Thoroughbred horses. Partial inbreeding coefficients were calculated for the 10
ancestors with the greatest marginal contributions to the contemporary Australian Thoroughbred
population. The relationship between each partial coefficient and inbreeding was analysed using
regression coefficients from restricted maximum likelihood models. Error bars represent 1 standard
error from the mean. This plot uses the same data set as in Figure 1, but with each inbreeding

coefficient split into partials. Red bars denote significant relationships.
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2.4 Supplementary information
S1: Materials and Methods
Calculating inbreeding coefficients

Racing data for all horses who had participated in a race start between 2000 and 2010 was
provided by Racing Australia (n=138,996). We pruned this data to exclude individuals who did not
have their complete race records outlined in the data (e.g. individuals that might have just started

their racing career in 2010), leaving a sample size of 135,572.

The genealogy of each individual born after 1970, dating back to the founders of the population
was also provided. The pedigree file consisted of 500,477 individuals and listed the sex, year of
birth, and sire and dam identification for each individual. Pedigree loops were identified using
verif_ped from PEDIG (1), and fixed by assigning the individual as a founder. F, F, gai, Fa kar and Ayc
coefficients were calculated by utilizing Grain 1.0 (2) to run 10° stochastic gene drops for each

individual.
Calculating inbreeding from genomic data

We first estimated the proportion of homozygous SNP’s in each individual’s genome (F). We then
calculated the proportion of each individual’s genome made up of runs of homozygosity (F ron).
We set the minimum number of SNP’s in each ROH to 20, because our SNP coverage was
approximately 1 SNP every 50Mb, making this sufficient to distinguish an ROH of 1Mb. We used
the minimal length parameters of 1, 2, 5, 8, 12 and 16 Mb, which correspond to approximately 50,
25, 10, 8, 5 and 3 generations respectively (3). Correlation statistics were generated between all

measures of inbreeding. Correlations were measured using Pearson’s correlation coefficient in R.
Results and Discussion

S2: The comparison between different methods of measuring inbreeding and purging
Comparison between genealogical measures of inbreeding

There are a number of ways to account for inbreeding and genetic load in a population. We compared a
number of genealogical and genomic measures to determine the optimal coefficients to analyse

inbreeding trends in individuals and populations. We used the stochastic gene dropping program GRain
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to calculate genealogical inbreeding values (2) (See Sl Materials and Methods). This simulation method
allows for accurate calculation of a number of ancestral inbreeding coefficients by accounting for alleles

which are IBD multiple times in the pedigree.

First, we calculated Wright's classical inbreeding coefficient (F) (4). Although F is the traditional method
for calculating inbreeding in a population, it does not always reflect the genetic load of the population
(5). There are a number of coefficients that can be calculated from pedigree data to account for purging
of load and favourable selection. These measures rely on the principle that selection will remove
deleterious alleles from the population, so alleles which are IBD multiple times in a pedigree are more

likely to have neutral or positive effects on fitness.

Theoretically, a population can be purged of some or all of its genetic load, so that individuals with a
high inbreeding coefficient may show little or no evidence of inbreeding depression (6-8). For this
reason, accounting for potential purging provides a better reflection of genetic load than simply
measuring F (9). A number of measures have been proposed, which all operate under the assumption
that an allele which has been IBD more than once in an individual’s pedigree is less likely to have a

deleterious effect on phenotype than one which is IBD for the first time.

The first of these coefficients was proposed by Ballou (5) that measures the proportion of the genome
which has been IBD one or more times in previous generations:

F _ [Fa+(1=Fa())F(s)*Fa@ *+(1-Fa@)F @)
a_BAL — 2

where F,) is the ancestral inbreeding coefficient of the sire, F is the inbreeding coefficient of the sire,
Fa(q) is the ancestral inbreeding coefficient of the dam, and F is the inbreeding coefficient of the dam.
Importantly, this measure accounts fr alleles that are IBD multiple times in each parents pedigree, so

Fa gaLcan be greater than 0 for individuals with F =0 (8).

In contrast, Kalinowoski’s coefficient (F, al) only accounts for alleles that are currently IBD, and have
also been IBD in the past at least once (10). Hence, when F=0, F, a is also O, resulting in a strong
correlation between the two measures (Figure S1). A major shortcoming of F, ga and F, xa is that they

only measure for alleles being IBD one or more times, so only account high lethal, recessive alleles (11).

The ancestral history coefficient (Ayc) differs from F, ga and F, ka. in that it accounts for the number of

times an allele has been IBD in an individual’s pedigree (2). This calculation is based on the assumption
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that the more times an allele has been IBD in an individual’s pedigree, the more likely it is to have a
neutral or beneficial effect on phenotype. It is therefore possible for an individual with a
comprehensive and inbred pedigree to have an Ayc>1. Ayc is closely correlated with F, ga because both
measures account for all inbreeding events throughout the pedigree, although the former always holds
a higher value because it quantifies the number of times an allele has been IBD (Figure S1). This measure

provides the most comprehensive and accurate reflection of purging in inbred individuals.

Comparison between genomic measures of inbreeding

The accuracy of genealogical based inbreeding measures are highly reliant on the base population used.
Each pedigree estimate assumes that the founders are unrelated, making them highly inaccurate for
populations without reliable and comprehensive records. Our population has a complex pedigree with
an average of 24.70 generations, allowing us to assume these estimates are fairly accurate. However,
the stochastic nature of recombination and the increase of allele frequencies through selection can lead
to variability between probability based and actual levels of autozygosity (approximately 2.43%) (12,
13). For this reason there are increasing numbers of studies using high density genomic information for
inbreeding estimates (14). Genomic measures of inbreeding assume that increased levels of alleles IBD

from common ancestors will result in higher levels of increased homozygosity (Fy) (14, 15).

To more accurately distinguish between alleles that are IBS and IBD, inbreeding levels are now often
measured using runs of homozygosity (ROH). These long homozygous segments show evidence of a
common ancestor, as they have not been broken down by recombination in meiosis (12, 16). The
stochastic process of recombination means that shorter ROH segments correspond to ancient
inbreeding, whereas larger ones correspond to recent consanguineous events (12, 17, 18). To
differentiate between new and old inbreeding, we measured ROH with the minimal thresholds 1Mb,
2Mb, 5Mb, 8Mb, 12Mb and 16Mb, which correspond to 50, 25, 10, 6, 5 and 3 generations, respectively
(19). We also measured each individual’'s genomic level of homozygosity (Fy), because it does not

distinguish between alleles that are IBS and IBD.

Pairwise relationships showed close correlations between each ROH threshold. There was very little
difference between F gon; and F roua (Figure S2), possibly because the 45,451 SNP panel did not provide
adequate density to distinguish between these thresholds (3, 20, 21). There is increasing evidence that

high density panels are needed for accurate estimations of smaller ROH lengths (3, 20, 21). Some
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individuals in our dataset showed no evidence of recent inbreeding: six individuals did not have an ROH

over 12Mb (five generations), and twenty three with none over 16Mb (three generations).
Comparison between genealogical and genomic based inbreeding estimates

As we expected, there are some correlations between pedigree and genomic based measures. F
showed the closest correlation with F gou1e (0.35, Figure S3), probably reflecting recent inbreeding
events (12, 22). Shorter ROH regions may not always correspond to autozygous segments, or may not be
detected due to insufficient SNP coverage, explaining their lower correlations with F. (21). Interestingly,
our studies show a lower correlation between F and F goy than many other studies, with reported
correlations of ~0.7 (22, 23). This is probably because much of F in the Thoroughbred population is
attributed to individuals many generations back. The SNP density used in our analysis was probably not

comprehensive enough to capture these distant inbreeding events.

The close relationship between F, «, and F measures has resulted in similar correlations with ROH
coefficients (Figure S3). Since Ayc and F, g, reflect levels of purging, rather than the proportion of the
genome which is IBD, it is unsurprising they show no significant relationship with any genomic
inbreeding measures. Fy had no relationship with any pedigree based-inbreeding, indicating that its

failure to distinguish between IBD and IBS alleles makes it a crude measure of inbreeding (Figure S3).
Which measure of inbreeding is best?

One major shortcoming that we have identified in using ROH estimations to quantify inbreeding is the
lack of concordance in the parameters used to define an ROH (24), making it difficult to compare results
between studies. For example, some studies allow for one heterozygous SNP in an ROH because of
genotyping errors, whereas others believe that it makes estimations inaccurate, particularly if the
heterozygous SNP is at the end of the ROH (24). Additionally, a 50k SNP panel may not be sufficiently
dense to accurately detect ROH, and increasing panel density can identify different ROH regions (3, 20,
21). Additionally, the discovery of long ROH segments in outbred human populations (25) brings into
question their accuracy for capturing levels of inbreeding. Recombination ‘hotspots’ and high LD are
proposed to account for these long IBD segments persisting for many generations (21, 25, 26).
Considering the Thoroughbred population has one of the highest LD rates of any domestic animal
population (27), this makes the accuracy of using ROH measurements to reflect inbreeding levels in the

population questionable.
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In contrast, F is a well-known and widely used method, so making comparisons between different
studies are much easier to make (although the accuracy and number of generations of the pedigree can
confound these results). For populations with deep and complex pedigrees, such as the Thoroughbred
population, F allows us to estimate whole population inbreeding levels, as well as those for deceased
individuals. In this respect, F is highly useful to study inbreeding trends over time and predict future
implications for the population. However F does not account for factors such as genetic drift and
selection in the population, making ROH advantageous in this respect (17). For this reason, using F_gon
measures may be the most accurate way of measuring individual inbreeding levels in the Thoroughbred

population.

Additionally, pedigree information can be used to estimate levels of purging and account for the
selection of favourable alleles in a population. However, F, g, and F, ¢, do not effectively detect the
purging of mildly deleterious alleles (11, 28). Therefore we propose that the best coefficient for
quantifying purging is Ayc. In a deep and complex pedigree (such as the Thoroughbred pedigree), this
coefficient best captures the effectiveness of selective breeding practices in increasing the frequency of

favourable alleles, and the purging of highly and mildly deleterious alleles.

Consequently, we have chosen F and Ay measures for the further analysis of the effects of inbreeding
on fitness. We have also chosen ROH thresholds of 5 and 12Mb (corresponding to 10 and 5 generations,
respectively). We chose the 5 Mb threshold to account for old inbreeding- with the SNP panel used in
our study, any ROH estimate below 5Mb may not truly reflect ROH coverage. We have also chosen the
12Mb threshold to reflect new inbreeding, as 10% of the individuals in our dataset did not have any

SNP’s in the 16Mb category.
S3: Further output from linear mixed models.

In our analyses we implemented multiple measures of racing performance to account for talent,
consistency, and constitutional soundness. The first measure, cumulative earnings, accounts for the
amount of prizemoney a Thoroughbred earns throughout their racing career, and is based on the
assumption that an individual’s ability will be reflected by the amount of prizemoney that they earn.
However, this measure can favour individuals that perform inconsistently, but win one big prizemoney
race in their career. For this reason, we included earnings per start, which favours individuals that
perform consistently well in high class races. Individuals that only contest in one or two race starts in

their lifetime could still have high cumulative earnings and earnings per start, so we also included career
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length as a performance measure. Career length does not account for long breaks in between race starts
on account of injuries or poor recovery, so total number of starts was also included in the analysis. Lastly
a measure of a horse’s consistency was also included as winning strike race, because top class
individuals should win most, if not all of their races. Consequently, these measures are all correlated

(Figure S4).

We found that sex and year of birth significantly affected all measures of racing performance. In all
models, female horses had lower levels of performance. For prizemoney measures, this discrepancy is
probably due to bigger, stronger males being able to win more races with higher prizemoney. This
probably also accounts for males having a higher winning strike rate, as females racing against males will
have less chance of winning. The lower total starts and career length observed for female horses can be
accounted for female horses being retired earlier for breeding purposes. Although some stallion
prospects may also be retired early to stud, castrated males will continue racing for longer due to having

no residual breeding value.

We used the linear mixed models to estimate the predicted values of each racing performance measure
over a range of F and Ay coefficients (Figure S5). These predictions follow the trends seen in the

regression coefficients, with increasing F decreasing performance, and increasing Ayc enhancing it.

Using the numerator relationship matrix incorporated into the linear mixed models, we calculated the
estimated breeding values (EBVs) for all individuals in the pedigree. The extensive pedigree information
available for each individual in our sample increases the accuracy of our EBV information. However, it
has been reported that phenotypic information over multiple generations will also increase the accuracy

of EBV estimates (29).

We found that the distribution of EBVs in the population has changed over time (Figure S6). The EBVs
for each phenotypic measure showed similar trends, probably because of the correlations between

measures. For this reason, we only present EBVs for cumulative earnings in the main body of the paper.

S4: The greatest ancestral contributions to the Thoroughbred population.

We calculated the 20 ancestors with the greatest marginal contributions to the current population using
iterations as implemented by PEDIG 1.0 (30). Calculating ancestral contributions rather than only

contributions from founders accounts for bottlenecks in the pedigree, and is particularly advantageous
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in our population because it allows us to estimate and understand the contributions of particularly

successful and popular breeders to the current Thoroughbred population.

Marginal contributions account for relationships between ancestors by finding the greatest contributor
to the population, then finding the contributions of other individuals not accounted for by the already
selected individuals (1). Founders and individuals near the top of the pedigree will be favoured in
marginal contribution estimations, as individuals further down in the pedigree will have their
contributions diluted by redundancy if their ancestors have also made large genetic contributions to the

population, leading to a large difference between their raw and marginal contributions.

In this respect, marginal contributions are advantageous when modelling the heterogeneity of
inbreeding depression. However, it is important to note that an ancestor will pass on different sets of
genes to each of its descendent (31), so marginal contributions could overestimate redundancies in the
pedigree, as close relations may have inherited completely different genetic information from the same
common ancestor. We found large differences in the raw and marginal contributions of some ancestors
in our dataset (Figure S7, Table S1) such that selecting individuals based on raw contributions would

result in a largely different sample space.

All of the greatest marginal contributors in our dataset are closely related, some of them sharing
common ancestors, and others that were mated to produce a number of successful and influential
progeny (Figure S8). The large contributions made by these close relatives demonstrate the narrow
population bottleneck from which the breed has originated, mirrored in the initial large increase in the F

coefficient at the foundation of the breed (Figure S9).

We found that many of these individuals were reported to be highly influential sires and dams in the
early days of the Thoroughbred breed formation. Historically, there are considered to be four great sire
lines responsible for the early formation of the Thoroughbred breed. Two of these, Herod and Eclipse,
both feature as the first and third greatest marginal contributors. The third, Highflyer is the son of Herod
and Rachel, and the fourth, Matchem, is the grandson of Godolphin Arabian, Roxana and Brown
Farewell. Highflyer’s remaining grandparent Croft’s Partner was not featured in the top ten contributors

because his contribution has been diluted by the inclusion of his son, Partner.

Of the 20 ancestors analysed for their partial contributions, five contributed to over 5% of the genomes
of the current population and ten contributed to over 2% (Figure S1). We selected the top ten

individuals for further analysis because they all had a pFi of over 0.005.
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S5: Whole-population inbreeding trends over time.

As expected in a closed population with a small number of dominant founders (32), F has increased
consistently since the foundation of the Thoroughbred population (Figure S9a). Ayc values have also
increased in the population over time (Figure S9b). The exponential increase of Ay, over time agrees
with our previous findings that selection for alleles contributing favourably to performance has
increased their frequency over time. This result is in concordance with the positive relationship found
between AHC and performance, indicating that an individual with a higher AHC has a greater

accumulation of these favourable alleles in their genome.

Of the 135,572 individuals included in our racing performance analysis, the average F was 0.139 and the
average Ayc was 1.973. The large difference in these values further demonstrates the selection for
favourable alleles derived from the individuals in the early breed formation has increased their

frequency over time.

We found that F levels rapidly increased after the bottleneck at the foundation of the breed. F then
increased slowly in relation to A, over later generations (Figure S9c). There is a collection of individuals
from 1930 onwards that have a lower F level than the majority of the population. These are the result of
a parent that has an unknown pedigree or from an outbreeding event, often with one parent originating
from a different continent. Although the F of these individuals is low, or 0, most of them have an A,
value above 0. This indicates that both parents have inbreeding events in their own pedigree, which is
not captured in F (see S2). We suggest that analysing both F and Ay is needed to thoroughly examine

inbreeding trends and effects in a population over time.
S6: Pedigree structure and missing ancestors

Although the individuals in our analysis trace back most of their pedigree lines to the founders of the
population, a small number of ancestors have incomplete pedigree information. There are a number of
reasons why their pedigrees are not completely recorded **. Firstly, an ancestor may not be registered in
the stud book because its owner could not pay the stud book fees. This was particularly relevant during
the Great Depression in the 1930s. Before 1980, it was acceptable in Australia for horses to be
registered for racing without having a complete pedigree in the stud book based on the assumption that
to be competitive in Thoroughbred races, these horses would have to be of Thoroughbred origin.
Pedigree records of some horses were lost when they were shipped from England to Australia in the

early 19" century. For horses with American bloodlines, many pedigree records were lost during the civil
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war. Additionally, when DNA testing was introduced in the late 20" century, an individual was found to

have false parentage. The proportion of ancestors with missing pedigree information by year is

modelled in Figure S10. These individuals accounted for 1.4% of the total ancestors in our pedigree file.

Additionally, we estimated the proportion of missing ancestors by generation for all individuals used in

our racing performance analysis (Figure S11). No individuals have missing parents, and most individuals

(80%) have a complete ancestry up to 6 generations (Figure S11). Considering that the majority of F is

captured in the first 6 generations of a pedigree®?, we consider that this pedigree structure makes the

inbreeding estimates used in our analyses are highly accurate.
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Table S1: The marginal and raw contributions for the top 20 ancestors for the current population

(n=135, 572), selected based on their marginal contributions.

Name Year of Birth Raw Marginal

Herod 1758 0.1811 0.1811
Godolphin Barb 1724 0.1383 0.1383
Eclipse 1764 0.133 0.1164
Snap 1718 0.0718 0.0718
Partner 1718 0.0966 0.0514
St Simon 1881 0.0996 0.0423
Rachel 1763 0.065 0.0364
Touchstone 1831 0.0813 0.0313
Stockwell 1849 0.0822 0.0307
Roxana 1718 0.0305 0.0224
Crab 1722 0.0268 0.0202
Trumpator 1782 0.0511 0.0196
Bartlet's Childers 1716 0.0447 0.0147
Grey Robinson 1723 0.0442 0.0145
Miss Slamerkin 1729 0.0182 0.0133
Bay Bolton 1705 0.036 0.0132
Brown Farewell 1753 0.0212 0.0116
Termagant 1772 0.0249 0.0112
Grecian Princess 1770 0.0256 0.0105
Flying Whigg 1715 0.0204 0.009
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by the total number of individuals found in each generation.
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Chapter 3: The effects of inbreeding on fertility traits in the
Thoroughbred horse population

3.1 Synopsis
This chapter consists of a manuscript:

E.T. Todd, N.A. Hamilton, B.D. Velie & P.C. Thomson. The effects of inbreeding on covering success,
gestation length and foal sex ratio in Australian Thoroughbred horses. BMC Genetics 21, 41,

https://doi.org/10.1186/s12863-020-00847-1 (2020).

This publication has been formatted for consistency with this thesis. The original manuscript is available

in Appendix 3.

This chapter examines the relationship between inbreeding levels and fertility traits in the
Thoroughbred population. Fertility data from 27,262 breeding records from Australian Thoroughbred
horses with an associated pedigree of 92,852 horses and these data were analysed by fitting of linear
and generalised linear mixed models. The fertility traits analysed in this chapter included covering
success, gestation length and sex ratio. These analyses showed that there was no association between
inbreeding levels and fertility traits in Thoroughbred horses. This is in contrast to the strong relationship
found between racing performance and inbreeding found in Chapter 2. However, all fertility traits
analysed in this study had a measurable heritable component from either the sire or the dam.
Additionally, this study examines the effects of environmental factors on fertility traits in Thoroughbred

horses and provides insights into optimizing breeding decisions to improve fertility levels.

| designed this project and carried out the analyses using custom scripts in R. Drs Peter Thomson,
Natasha Hamilton and Brandon Velie assisted in the overall design for the project and finalizing the

manuscript.
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3.2 Main article

The effects of inbreeding on covering success, gestation length and foal sex ratio in Australian
Thoroughbred horses.

Evelyn T. Todd'", Natasha A. Hamilton?, Brandon D. Velie! and Peter C. Thomson®.

1School of Life and Environmental Sciences, The University of Sydney, Sydney, NSW 2006, Australia.
2Racing Australia Equine Genetics Research Centre, Racing Australia, Sydney, NSW 2000, Australia.

Abstract
Background

Horses produce only one foal from an eleven-month gestation period, making the maintenance of high
reproductive rates essential. Genetic bottlenecks and inbreeding can increase the frequency of
deleterious variants, resulting in reduced reproductive levels in a population. In this study we examined
the influence of inbreeding levels on foaling rate, gestation length and secondary sex ratio in Australian
Thoroughbred mares. We also investigated the genetic change in these traits throughout the history of
the breed. Phenotypic data were obtained from 27,262 breeding records of Thoroughbred mares
provided by three Australian stud farms. Inbreeding was estimated using the pedigree of each individual

dating back to the foundation of the breed in the 18" century.
Results

While both gestation length and foaling rate were heritable, no measurable effect of inbreeding on
either trait was found. However, we did find that the genetic value for both traits had decreased within
recent generations. A number of environmental factors also had significant effects on foaling rate and
gestation length. Secondary sex ratio had only an extremely small paternal heritable effect and was not

susceptible to environmental influences.
Conclusions

In contrast to racing performance, inbreeding had no measurable effect on foaling rate or gestation
length in Australian Thoroughbred horses. This could be because the level of inbreeding in the
population examined is not high enough to show a discernible effect on reproductive traits. Populations
that experience higher levels of inbreeding due to use of artificial reproductive technologies or

extremely small population sizes may show a more pronounced reduction in natural foaling rate or

81



gestation length. It is also possible that the intensive management techniques used in the Thoroughbred
population masks any negative effects of inbreeding. The decrease in the genetic value of foaling rate is
likely to be because horses with unfavourable genetic potential have not yet been selected out of the
population. The change in genetic value of gestation length may be due to selective breeding favouring
horses with shorter pregnancies. We also found that prioritising the mating of older mares, and avoiding

out of season mating could lead to an increased breeding success.
Background

Horses have an eleven month gestation period, both conceiving and giving birth in the spring and
summer?. Like most spring seasonal-breeding animals, increased photoperiod induces ovulation cycles in
mares. Survival of twins is rare, so mares can only produce one foal a year. The long gestation period
and short breeding season make the maintenance of good fertility rates in horse populations imperative
to provide commercial returns for domestic breeds, and to increase the size of endangered

populations?3.

Deleterious genetic variants have accumulated in the genomes of modern horses as a result of
population bottlenecks during domestication and breed foundation events*°. In this process, also known
as the “cost of domestication”, deleterious mutations increase in frequency by “hitchhiking” on selective
sweep regions ®. These mutations can also increase in frequency through inbreeding, selective breeding
and genetic drift in a population’. The presence of these variants in a population can have negative
consequences for overall fitness, including a decrease in fertility rates. However, it is also possible that
selective breeding over a number of generations may have removed some or all of these deleterious
variants from contemporary horse populations. Evidence of positive selection in regions harbouring
genes related to conceptus development have been found in domestic horse breeds®®, indicating that

fertility rates may have been targeted and improved by breeding practices.

The effects of inbreeding on reproductive traits vary between studies. Increased inbreeding levels were

2310 |mpaired ovarian

associated with reduced fertility in some domestic and wild horse populations
function resulting from high levels of inbreeding was reported in the Przewalski’s horse, the most closely
related species to the domestic horse®. Conversely, a number of studies in other horse breeds have
shown no relationship between inbreeding levels and reproductive traits'*3. Varying relationships

between inbreeding and reproductive performance also exist for a number of other domestic animal
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populations™*°. It is possible that the effects of inbreeding on fertility may vary between different

populations depending on the rate of increase in inbreeding, selective pressures and genetic diversity.

As well as affecting fertility, there is some evidence that increased inbreeding can skew secondary sex
ratios (the sex ratio at birth) in animal populations®®. Variations in sex ratio exist due to an increased
chance of early conceptus loss of one sex under different conditions®®. As maternal condition declines
due to environmental stresses or inbreeding, the chance of producing a viable male conceptus may also

decrease!®?!

. Early female horse conceptuses produce more insulin like growth factor-1 than males,
which may promote their survival in adverse conditions?. It is possible that the environment at the time

of conception or levels of inbreeding in horses may favour the survival of one sex.

Maintaining high reproductive rates is particularly important for the Thoroughbred horse breed. The
Thoroughbred population has been closed since the 18" century, resulting in reduced levels of genetic

2224 Although selective breeding in Thoroughbred horses focusses on

diversity in current individuals
improving racetrack performance, the prohibition on reproductive technologies also makes it essential
to maintain good fertility rates in the population. Thoroughbred foals that are born early in the spring
season are assumed to have a size and maturing advantage over their peers. Mares that can conceive
within 30 days after parturition will give birth at the same time next year. However, mares often take
more than one covering each season, leading to their parturition date being delayed until later in the

spring every year?®. When a mare’s parturition date reaches the end of spring, she cannot be covered

until the next year. This will result in a two-year period in which she does not produce a foal.

Despite many generations of selective breeding for athletic ability, increased inbreeding is associated
with reduced racing performance in Thoroughbred horses?. In this study we examine the effects of
inbreeding levels on foaling rate, gestation length and secondary sex ratio in Thoroughbred mares. We
use the pedigree data of 21° century Thoroughbred horses to estimate the heritability and the effects of
inbreeding on these three reproductive traits. We also evaluate the environmental effects on these
reproductive traits in Australian Thoroughbred mares. Additionally, we used estimated breeding values
to measure the genetic change in foaling rate and gestation length since the foundation of the
Thoroughbred population in the 18" century. Estimated breeding values (or genetic values) can measure
the genetic potential of an animal for a trait based on the phenotypic information of themselves and
their relatives. Genetic values are not commonly used for Thoroughbred horses but are utilized to assist
in breeding management for other horse and livestock breeds. Although phenotypic data are not

available for previous generations, we utilize the comprehensive pedigree information available for
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Thoroughbred horses to calculate the genetic values for the ancestors in the pedigree, based on the

reproductive trait data available for their modern day descendants.

Results

Data were available for 27,296 coverings of 12,922 mares bred to 131 stallions between 2000 and 2017.
The pedigree of these individuals dating back to the founders of the population consisted of 92,852
individuals. The conceptuses, mares and stallions in the dataset had an average pedigree depth of 29

generations and a mean level of inbreeding of 0.156 + 0.012 (mean * SD).

The overall proportion of mares with a positive 15 day scan each season was 81.65% (22,287 out of
27,296). Based on the estimated variances from the mixed models, the maternal heritability of foaling
rate was 0.058 (+ 0.015), and 0.00 (+ 0.00) for paternal heritability. Estimated breeding values for all
individuals in the pedigree based on the foaling rate of their modern descendants showed a decrease in
recent generations from a mean of -0.002 (+ 0.092) in 1990 to -0.133 (+ 0.138) by 2017 (Figure 1).
Variation in the estimated breeding values of foaling rate was also estimated to increase dramatically
from 1990 onwards (between -1.05 and 0.502) from previous years (between -0.468 to 0.264) (Figure 1).
Mares that were covered later in the season showed a significant reduction in foaling success (P < 0.001)
(Figure 2). There was an overall decrease in foaling rate with increasing mare age (P < 0.001) (Figure 3).
Foaling rate had no relationship with the sire, dam or conceptus inbreeding level (P = 0.142, 0.788 and

0.701 respectively).

The sex of 7,578 live foal births were recorded in the dataset, 3,785 of which were colts (49.95%) and
3,793 were fillies (50.05%). Secondary sex ratio did not have an estimated heritable component for
maternal genetic estimates (0.005 (+ 0.026)), but had a small paternal heritability estimate of 0.011 (+
0.005). The sex ratio was not influenced by the sire, dam or foal inbreeding level (P = 0.637, 0.746 and
0.899, respectively). Environmental variables of mare age and month of birth also had no significant

relationship with sex ratio (P = 0.495 and 0.337, respectively).

Gestation length data were available for 764 foals from 152 mares covered by 89 stallions. Gestation
length was normally distributed, with a mean of 341 days (+ 8.633), a minimum of 311 and a maximum
of 376. Based on the estimated variances from the mixed model, the maternal heritability of gestation
length was found to be 0.562 (+ 0.042) and the paternal heritability was 0.004 (+ 0.001). The average
estimated breeding value in the pedigree remained at a mean of 0.03 (+ 0.241) and showed little

variation between -4.695 and 3.959 from the foundation of the population until 1990 (Figure 4). Since
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2000, the average estimated breeding value for gestation length has decreased to -0.7 (x 1.91) and
variation has increased, with a minimum of -11.82 and a maximum of 15.41. There was a significant
decrease in gestation length in the later months of the season (P < 0.001) (Figure 5). Gestation length
increased linearly with mare age (P < 0.001), going from a mean of 342 days at 2 years old to a mean of
over 354 days by 24 years old (Figure 6). Male foals had a significantly longer predicted gestation length
(349 days) than female foals (346 days) (P < 0.001). Gestation length had no significant association with
the sire (P =0.087), dam (P = 0.419) or foal (P = 0.062) inbreeding level.

Discussion

We found that inbreeding had no measurable effect on foaling rate, sex ratio or gestation length in
Australian Thoroughbred horses. This may be because intensive management techniques used on
commercial Thoroughbred stud farms have masked any negative effects of inbreeding on these traits.
Some studies have similarly shown that inbreeding has no effect on gestation length!>*3, or foaling rate™®
in domestic horses. However, high levels of inbreeding in the endangered Przewalski and Sorraia horse
breeds are associated with decreased birthing rates?>. It is possible that inbreeding has no measurable
effects on reproductive traits until it reaches a very high level. Both the Sorraia and the Przewalski’s
horse population have extremely high inbreeding levels (0.21 and 0.38, respectively) due to small
effective population sizes and recent severe population bottlenecks>*?%%’, In contrast, the relatively high
average inbreeding coefficient (0.156) found for Thoroughbreds in this study is due to many generations
of slow inbreeding. A large increase in the rate of inbreeding may lead to more noticeable effects on the
reproductive traits of Thoroughbred horses in the future. The prohibition of artificial reproductive
technologies (e.g. artificial insemination, cloning and embryo transfer) likely limits the rate of increase in
inbreeding in the Thoroughbred population. The use of these technologies in other horse populations

2825 which could show more measurable

has been associated with increases in the rate of inbreeding
effects on reproductive traits. It is also important for Thoroughbred breeders to be vigilant in their
selection of sires and dams to avoid overbreeding to successful families as it may increase inbreeding

rates in future generations and have unexpected negative effects on the population.

The maternal heritability estimate for gestation length based on our models was 0.562, higher than
previous estimates in horses of 0.18-0.3923%31 This increased heritability estimate may be because all
mares in this study have been intensively managed in the same way, minimising the amount of
environmental variation that can reduce such estimates. Sires were also estimated to have a smaller,

but still significant genetic effect on the gestation length of the foal. Stallions have similarly been found
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to influence gestation length in other horse breeds33!

, and such knowledge could assist in breeding
management decisions. For example, avoiding the mating of mares and stallions genetically predisposed
to longer gestation lengths, particularly towards the end of the season, could aid in avoiding delayed

parturition dates.

Foaling rate had a lower but still significant maternal heritability estimate of 0.058, which similarly to
gestation length was slightly higher than previous estimates (0.013-0.024)%2. Unexpectedly, paternal
heritability estimates from our models found no genetic influence of the sire on foaling rate. Only 131
sires were included in this study, so it is possible that a larger sample size would reveal significant
heritable effects. Additionally, Thoroughbred stallions that show suboptimal fertility may be gelded and
returned to racing. Analyses that include these individuals may reveal more measurable paternal genetic

effects on covering success.

In contrast to gestation length and covering success, we found that secondary sex ratio had a negligible
maternal heritable component (0.005) with a high standard error, indicating that genetic variation in the
mare has no influence on the sex of the foal. However, paternal heritability estimates revealed an
extremely small but nonetheless significant effect of sire genetic variation on foal sex ratios (0.011).
Other studies in mammals have also found evidence of male-driven sex ratio bias3*3*. However, in
contrast to these studies, we found no association between the inbreeding level of the sire and offspring
sex ratio®34, It is postulated that higher quality, less inbred fathers produce more male offspring®. The
artificial breeding practices used in the Thoroughbred population that only allow a small proportion of
high-quality males to breed may mitigate any effects of inbreeding on offspring sex ratios, and result

only a small measurable heritable effect.

In this study there was found to be little improvement in the estimated breeding value (genetic value)
for reproductive traits in Thoroughbred horses from the 18" century until present day. The horses for
which these values are obtained only include the direct ancestors to the horses with reproductive trait
records in our study. Some individuals in previous generations may have had greater variation in genetic
value but do not appear in the pedigree of modern Thoroughbreds. We found no change in the mean
genetic value for foaling rate until the most recent three generations (Figure 1). Selection may favour
mares that produce many offspring, making them more likely to be present in the pedigree of future
generations. On the other hand, female families with low fertility have less chance of appearing in the
pedigree of Thoroughbreds in future generations. It is possible that if we had been able to evaluate the

genetic value for all horses in the studbook from previous generations, we would have found a greater
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spread of values. Another reason for the minimal variation in the genetic value of earlier generations
may be due to the lack of information conveyed in the binary trait of foaling rate. The near zero values

may represent regression to the mean when there is limited information from previous generations.

In the past 30 years (approximately three generations), the average genetic value for foaling rate has
decreased, and variation has increased. The decreasing mean may be because horses with a lower
genetic value have not yet been selected out of the current Thoroughbred population. These horses may
not appear in the pedigree of future Thoroughbreds, such that the values from their generation will
show minimal variation. The decreasing average genetic value conflicts with an increased foaling rate
reported in recent years®. It is likely that the improving fertility rates in the population are due to better
management techniques rather than genetic gain. Recent advances in veterinary treatments have led to
widespread use of hormonal therapies to increase foaling rate®. Increasing commercial demand for
mares with good fertility may explain the outlying individuals with high genetic potential in recent years.
However, widespread use of intensive veterinary treatments could make selection against individuals
with lower genetic value less efficient, resulting in long term reductions in natural reproductive levels of

the Thoroughbred population.

Similarly to foaling rate, the genetic value for gestation length has shown little variation since the
foundation of the breed (Figure 4). However, unlike foaling rate, gestation length is not a binary trait.
Selection against horses with longer gestation lengths (corresponding to higher genetic values) is likely
to occur because they can produce fewer foals throughout their lifetimes. Extremely short gestation
lengths may also be selected against because foals born prematurely will have a lower survival rate.
These factors will remove individuals with high and low values, resulting in minimal variation and a
mean of zero in more distant ancestral generations. It is also possible that the low genetic diversity in
previous generations of the pedigree has resulted in reduced variation of the genetic value of these
individuals based on breeding records from the current population. In the past twenty years, the
average genetic value has reduced, showing that gestation length in Thoroughbred mares has, on
average, become shorter. The increase in commercial Thoroughbred breeding during this time may have
favoured mares with slightly shorter gestation lengths, as they are more likely to be successfully covered
again in the same season. Foals that are born earlier in the season can have a competitive advantage
over their peers when racing at a young age, which also favours mares with a decreased gestation

length. Variation in genetic values of gestation length has also increased in the recent generations of the
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pedigree, indicating that there are increasing numbers of mares with genetic potential for very long and

short gestation lengths. These individuals may be selected out of the population in future generations.

In contrast to foaling rate and gestation length, the genetic values for racing performance in the
Thoroughbred population have increased in recent generations?®. This may be because Thoroughbred
horses are directly selected for good racing success rather than fertility. If racing performance traits are
driven primarily by positive selection (selection for advantageous alleles), this would explain the
increase in genetic values for these traits over the past few generations. On the other hand,
reproductive traits may be driven by mostly negative selection against disadvantageous alleles,
explaining the decrease in genetic values of foaling rate in recent generations because there has not
been an opportunity for the population to be purged of these genes. Thoroughbred horses have been
selectively bred for racing performance since the start of the 18" century. However, it is likely that
domestic horses have been selected for reproductive traits for many generations prior to the foundation
of the Thoroughbred breed. Common signatures of selection for fertility have been found in domestic
horse breeds including the Thoroughbred #°. This could explain why an increase in genetic values for
racing performance traits, but not fertility measures, is seen at the foundation of the Thoroughbred

breed.

We also found that a number of environmental effects have significant influences on both gestation
length and foaling rate. Our results showed that mares foaling down later in the season had significantly
shorter gestation lengths (Figure 5). Our findings agree with previous studies!?3%32 and highlight the
importance of photoperiod length for inducing parturition in horses®”. This pattern may strongly depend

on the mare’s location, as photoperiod variation is highly dependent on the proximity to the equator.

We also found that mares who produced male foals had significantly longer gestation lengths than those
who produced female foals, possibly because of differences in maternal-foetal hormonal
interactions!>133238_ However, an average difference of 3 days between the gestation lengths of colts
and fillies is unlikely to impact breeding management decisions. Gestation length also increased with
mare age, which could be explained by changes in hormonal, nutritional and uterine changes as a
female ages®® (Figure 6). Some studies have found a similar linear increase with age3?, whereas others
have found that gestation length is longer in both younger and older mares?. This pattern may be
dependent on the veterinary management provided to maiden mares. Foaling rate declined with
increasing mare age, with mares over the age of 20 having less than 70% success (Figure 3). Foaling rate

reduced dramatically in November and December, most likely due to the accumulation of less fertile
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mares at the end of the season (Figure 2). To optimise foaling rate, the breeding of older mares would

need to be prioritized because they tend to have longer gestation lengths and lower foaling rates.

In contrast to foaling rate and gestation length, secondary sex ratio was not significantly influenced by
any environmental effects included in these models. Mares in a poor nutritional condition at conception
have been reported to have an increased chance of successfully carrying a female foetus, with reports of
female foal ratios up to 80%*>“. In the Mangalarga Marchador horse breed, higher ratios of female foals
were found in older mares?'. Additionally, increased dam inbreeding in cattle is associated with higher
female birth rate!®. However, we postulate that the high level of veterinary management and care
provided to Thoroughbred horses in commercial stud farms examined in this study has resulted in no
environmental or inbreeding factors having a measurable influence on foal sex ratios. Differing
management of other horse populations (e.g. feed and hormonal supplements) may show more
measurable effects on sex ratio. Wild animal populations with more variable environmental conditions

and rates of inbreeding may also show different trends.
Conclusions

In this study we found that inbreeding had no measureable effect on reproductive traits in Australian
Thoroughbred horses. Although this contrasts with previous findings in racing performance traits, we
postulate the inbreeding levels are not yet high enough to have a measurable effect on the
Thoroughbred reproduction traits examined in the current study. The effects of artificial reproductive
technologies on natural fertility rates in other horse populations should be examined to ensure that
such practices do not result in long-term reductions in natural fertility levels. Genomic scans for
reproduction traits in Thoroughbred and other breeds may assist in understanding genetic variation that
influences fertility. We also found that unlike racing performance, there has been little increase in the
breeding value of reproductive traits in Thoroughbred horses. Breeding values of foaling rates have
decreased in recent generations, possibly because these traits are primarily governed by negative rather
than positive selection. Further monitoring of these traits in future generations would assist in

understanding the selective forces influencing these traits.
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Methods

Reproductive trait data were provided by three large Australian Thoroughbred stud farms that provide a
representative sample of the population as a whole. These data included the mating records of 12,922
mares bred to 131 stallions between 2000 and 2017. The scan status of each mare covering (negative or
positive at the first scan 15 days after covering) was transformed into a binary trait. The sex of each live
foal recorded in the dataset (n = 7,578) was also transformed into a binary trait (female=1, male=0).
Additionally, more detailed reproductive trait data were available for 152 mares mated to 89 stallions
over multiple seasons (n = 764 foals), including the date of the foal birth. The gestation length of each

live foal birth was calculated from these data.

The pedigree for all the mares, stallions and conceptuses included in the study dating back to the
founders of the population consisted of 92,852 records. We used the CFC program (version 1) to reorder
the pedigree to ensure that each individual was listed after their parents and to estimate Wright's
inbreeding coefficient for all individuals **. We also used CFC to estimate the overall average of the

average number of generations in the pedigree for each mare and stallion**.

The genetic and environmental influences on the foaling rate, gestation length and sex ratio were
estimated in ASRem|-R*?, using a linear mixed model for gestation length, and a generalised liner mixed
model for the binary traits of foaling rate and foal sex. Details of the fixed and random effects in each
model are included in Table 1. The outcome variables were foaling rate, the sex of the foal and the
gestation length. The fixed effects included in each model were: inbreeding coefficient (of the mare, the
stallion and the foal), the month of covering, the year of covering, the age of the mare and the stud
farm. An animal model was implemented through an inverse relationship matrix using the pedigree in
ASReml-R*2. Multiple coverings of the same mare in the same season were accounted for in the models

by inclusion of a permanent environment effect of the mare, as a random effect.

The heritability of each outcome variable was estimated using the variance component estimates of the
fitted models. Significance of model terms was evaluated through Wald statistics and the estimated
value of each fixed effect tabulated. Estimated breeding values (i.e. genetic values) for foaling rate and
gestation length were calculated as best linear unbiased predictions for each individual in the pedigree
using the models fitted in ASReml-R. This method uses the available phenotypic data and the associated

pedigree structure in the models to provide genetic value estimates for all animals in the pedigree.
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3.3 Figures and tables

Table 1: Mixed models of each fertility trait for Australian Thoroughbred horses. Foal, sire and dam

inbreeding were estimated in separate models. Models were also fitted separately for the full and five-

generation pedigree. Model description are in R syntax, not full mathematical notation.

Outcome Model type Model
variable
Gestation LMM GL ~ mare.age + month + foal.sex + season + F + ped(mare) + ide(mare)
length
Covering Binomial CS ~ mare.age + month + season + F + ped(mare) + ide(mare)
success GLMM
Foal sex ratio Binomial SR~ mare.age + month + season + F + ped(mare) + ide(mare)
GLMM

LMM = linear mixed model, GLMM = generalised linear mixed model, GL = gestation length, CS =

covering success, SR = foal sex ratio, mare.age = age of the mare at the time of covering, month = month

of covering, F = inbreeding coefficient of the sire, dam or foal (models were run separately for each),

ped = pedigree of the mare, ide = permanent environmental effect of the mare.
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Figure 1: Boxplot of the distribution of estimated breeding values (EBVs) over time for Thoroughbred
horses (n =95,663), based on the covering success of 27,962 individuals bred between 2000 and 2017.

Each bin represents a 10-year period.
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Figure 2: The relationship between the predicted values of covering success by month of covering for
Australian Thoroughbred horses between 2000 and 2017 (n = 27,962). The error bars represents + 1

standard error of the predicted value.
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Figure 3: The relationship between the predicted values of covering success and mare age for Australian
Thoroughbred horses between 2000 and 2017 (n = 27,962). The grey band represents + standard error

of the predicted value.
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Figure 4: Boxplot of the distribution of estimated breeding values (EBVs) over time for Thoroughbred
horses (n =95,663), based on the gestation length of 764 individuals bred between 2000 and 2017. Each

bin represents a 10-year period.
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Figure 5: The relationship between the predicted values of gestation length by month of covering for

Australian Thoroughbred horses between 2000 and 2017 (n = 764). The error bars represents = 1

standard error of the predicted value.
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Thoroughbred horses between 2000 and 2017 (n = 764). The grey band represents + standard error of
the predicted value.
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Chapter 4: A genome-wide scan for candidate lethal variants in

Thoroughbred horses
4.1 Synopsis

This chapter consists of a manuscript and associated supplementary material prepared for submission to

BMC Genomics:

E.T. Todd, B.D. Velie, N.A. Hamilton, R.A. Ang, G. Lindgren, A. Viklund, S. Eriksson, S. Mikko, E. Strand &
P.C. Thomson. A genome-wide scan reveals a region in the LY49B gene that may harbour a recessive

lethal variant in horses. (BMC Genomics, under review).
This manuscript has been formatted for consistency with this thesis.

This chapter aimed to identify haplotypes that may harbour recessive lethal variants and are found at
high frequencies in the Thoroughbred horse population. SNP data from commercial genotyping arrays
were used to identify variants deviating from the Hardy-Weinberg Equilibrium with a high frequency of
heterozygotes and an absence of homozygotes for one allele. Two adjacent SNPs that fit such criteria
were identified and mapped to an intronic region in the LY49B gene. A similar absence of homozygotes
was found for these SNPs in other domestic horse breeds. A variant-calling pipeline was constructed for
analysis of 90 publicly-available whole-genome sequences from domestic horses to further investigate
this region. These data showed a similar absence of minor homozygotes for the candidate SNPs and
identified thee linked variants that may cause loss of function in the LY49B gene. Additionally, analysis of
transcriptomic data from early embryonic tissues indicated that the LY49B gene is expressed in

trophectoderm tissue during placentation and may be crucial for implantation success.

| designed this project, carried out the analyses using custom scripts generated in R, PLINK and Linux and
wrote the manuscript. Ms Rachel Ang and Drs Natasha Hamilton, Brandon Velie, Gabriella Lindgren, Asa
Viklund, Susanne Eriksson, Sofia Mikko and Eric Strand assisted in the collection and genotyping of the
DNA samples. Drs Peter Thomson, Natasha Hamilton and Brandon Velie assisted in the project design

and with finalizing the manuscript.
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2.2 Main article

A genome-wide scan for candidate lethal variants in Thoroughbred horses.
Evelyn T. Toddl*, Natasha A. Hamilton?, Rachel A. Angl, Gabriella Lindgren3, Asa Viklund?, Susanne
Eriksson®, Sofia Mikko?, Eric Strand*, Peter C. Thomson® and Brandon D. Velie'.

School of Life and Environmental Sciences, The University of Sydney, NSW 2006, Australia.
2Racing Australia Equine Genetics Research Centre, Racing Australia, NSW 2000, Australia.
*Department of Animal Breeding and Genetics, Swedish University of Agricultural Sciences, Uppsala,
Sweden.

“Livestock Genetics, Department of Biosystems, KU Leuven, Leuven, Belgium.
>Department of Companion Animal Clinical Sciences, Faculty of Veterinary Medicine, Norwegian
University of Life Sciences, Oslo, Norway.

Abstract
Background

Recessive lethal variants often segregate at low frequencies in animal populations, such that two
randomly selected individuals are unlikely to carry the same mutation. However, the likelihood of an
individual inheriting two copies of a recessive lethal mutation is dramatically increased by inbreeding
events. Such occurrences are particularly common in domestic animal populations, which are often
characterised by high rates of inbreeding and low effective population sizes. To date there have been no
published investigations into the presence of specific variants at high frequencies in domestic horse
populations. This study aimed to identify potential recessive lethal haplotypes in the Thoroughbred

horse breed, a closed population that has been selectively bred for racing performance.
Results

In this study, we scanned genotype data from Thoroughbred horses (n = 526) for adjacent single
nucleotide polymorphisms (SNPs) at high heterozygote frequencies, but with a complete absence of
homozygotes. Two SNPs that matched these criteria were mapped to an intronic region in the LY49B
gene, indicating that a closely linked mutation may cause lethality in homozygous state. Despite a
complete absence of homozygotes, almost 35% of Thoroughbreds included in these analyses were
heterozygous for both SNPs. A similar loss or absence of homozygotes was observed in genotype data

from other domestic horse breeds (n = 2025). Variant analysis of whole-genome sequence data (n = 90)
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identified two SNPs in the 3'UTR region of the LY49B gene that may result in loss of function. Analysis of
transcriptomic data from equine embryonic tissue revealed that LY49B is expressed in the trophoblast

during placentation stage of development.
Conclusions

In this study, a region in the LY49B gene was identified as a strong candidate for harbouring a variant
causing lethality in homozygous state. These findings suggest that LY49B may have an essential, but as
yet unknown function in the implantation stage of equine development. Further investigation of this
region may allow for the development of a genetic test to improve fertility rates in horse populations.
Identification of other lethal variants could assist in improving natural levels of fertility in horse

populations.
Introduction

There is estimated to be a high rate of natural embryonic mortality in mammals. A large proportion of
these embryonic losses occur soon after fertilisation, such that pregnancies often go undetected, with
the only sign being reduced fertility’. Mutation screens in mice reveal that many genes are essential for
development, with knockout of 29% of genes tested resulting in embryonic death by day 14>, Although
mutations in these genes are expected to be under strong negative selection due to being completely
deleterious, many species are estimated to carry between one and two recessive lethal mutations per
genome®. However, single mutations are often uncommon in a population, such that unrelated

individuals are unlikely to carry the same recessive lethal mutations®”.

The likelihood of an individual inheriting two copies of the same lethal mutation is dramatically
increased by inbreeding events, whereby alleles that are identical by descent are inherited from a
common ancestor®'®. Populations with high levels of inbreeding and low effective population size (N,)
are at risk of these otherwise rare lethal mutations drifting to high frequencies. Endangered and
fragmented species are particularly susceptible due to their small population size and low genetic
diversity'’. Recessive lethal mutations can also been found at high frequencies in domestic animal

populations despite their large census size due to inbreeding for the selection of desirable traits™.

In recent years, a number of studies in livestock have identified embryonic lethal mutations at high

13-20

frequencies due to intensive selective breeding practices™™ . This is often due to a limited number of

13,21

sires with desirable characteristics making large genetic contributions to the population™“". Moreover,
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population bottlenecks due to domestication and breed formation have also resulted in increased

deleterious mutation loads and diminished gene pools in many domestic breeds'>**%

. These processes
lead to genetic variation and N, being reduced in future generations, which increases the chance of drift
and inbreeding events. Lethal mutations that have reached high frequencies are often detected by
deviations from the Hardy-Weinberg equilibrium with a lack of homozygotes for one allele™.
Characterisation of such mutations can assist in improving breeding decisions to increase fertility rates

in these populations and prevent these mutations from drifting to higher frequencies®*.

The identification of high frequency lethal variants is of particular interest in domestic horse
populations. Although a recent study has identified some candidate mutations?’, to date there has been
no published comprehensive characterisation of common embryonic lethal alleles in horse populations.
Despite the large variety of domestic horse breeds found throughout the world, many breeds suffer

28-30

from low within-breed diversity and small N,”~". Genetic variation in most horse breeds has decreased

markedly within the last 200 years, largely due to their replacement by machinery in agriculture and

31,32

transport®°°. Some horse breeds with large consensus population sizes also experience low N, and

genetic diversity due to intense artificial selective breeding practices and closed population

structu reszg'w

. Maintaining good fertility rates is particularly important for horse populations due to the
seasonal nature of breeding and the low individual fertility output, as mares produce only one foal from
an eleven month gestation period®>. Despite the extensive use of hormonal therapies to increase
covering success in many domestic horse populations, per cycle pregnancy rates in some breeds only

average around 65%, suggesting the presence of unknown variables that may reduce fertility>*.

In this study, we aimed to characterise variants at high frequencies that may cause lethality in the
Thoroughbred horse population. The Thoroughbred breed is of particular interest due to the closed
population structure since the foundation of the studbook in the 18" century®. The population has

36,37

since been intensely selected for the improvement of athletic abilities™’, resulting in contemporary

30,38—40. Due to

Thoroughbred horses being characterised by high levels of inbreeding and a small N,
selective breeding practices, all Thoroughbred horses can trace their ancestry back to a small number of
individuals from the foundation of the breed®**°. Genetic diversity in the Thoroughbred breed has been
reduced in recent decades due to the increased commercialisation of popular stallions providing large
genetic contributions to the population*’. Although such practices are in line with selective breeding

principles®, they could also inadvertently increase the frequency of embryonic lethal variants in the

population. Reproductive technologies such as artificial insemination are banned in the Thoroughbred
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population, making the maintenance of high levels of natural fertility imperative. Additionally,
Thoroughbred horses have been used as foundation stock for other popular horse breeds including The
Quarter Horse, Standardbred, and Warmblood®, thus identification of embryonic lethal variants in
Thoroughbreds is also likely to assist in the breeding management of these populations. Therefore, we
also aimed to determine the frequency of any potentially lethal variants identified in the Thoroughbred

population in other horse breeds and examine their transcriptomic profile in embryonic tissue.
Results
Identifying candidate lethal SNPs at high frequencies in Thoroughbred horses

Analysis of genotype data from Thoroughbred horses (n = 156) identified only two adjacent, linked SNPs
that significantly deviated from the Hardy-Weinberg equilibrium with an absence of homozygotes (Table
1). Under Hardy-Weinberg equilibrium, seven minor allele homozygotes were expected for both of these
SNPs in the dataset. Genotype data from Japanese Thoroughbred horses (n = 370) also showed an
absence of homozygotes for these SNPs (Table 1). In this dataset, the expected number of minor
homozygotes for these SNPs under Hardy-Weinberg equilibrium was nine. Despite a complete absence
of homozygotes, almost 35% of Thoroughbreds across both of these datasets were heterozygous for this
two-SNP haplotype. These SNPs also showed an absence or reduction of minor homozygotes in

genotype data for other domestic horse breeds (n = 2025, Table 2).

These two candidate SNPs mapped to the coordinates of 6:38278097 and 6:38278874, which are found
in an intronic region of the LY49B gene on ECA6. This gene is part of the LY49 gene family, which plays
an important role in innate immunity. There are five functional members of the LY49 gene family in
Equus caballus, all of which closely grouped together on chromosome 6. Since both of the SNPs mapped
to a non-coding region of the LY49B gene, the likelihood of either being a causal variant for lethality is

low.

Phylogenetic origin of the candidate SNPs

1?22° and their associated SNP data, the

According to the phylogenetic tree generated by Petersen et a
SNPs of interest were present in heterozygous state across most phylogenetic branches of domestic
horse breeds. Of the 32 breeds in this dataset, 23 had at least one heterozygote for both SNPs of
interest. Notably, this two-SNP haplotype was not found in genotype data from one branch of the tree

which contains the North Swedish Horse (n = 19), Norwegian Fjord Horse (n = 21) and Exmoor Pony (n =
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24) (Table S1). A larger sample of Exmoor Pony data (n = 274, Table 2) found only one heterozygote for

this haplotype.
Frequency of the candidate SNPs in other breeds

Analysis of SNP data from other domestic breeds showed that heterozygotes for the SNPs of interest
were at a particularly high frequency in the Quarter Horse population (71%) (Table 2, Table S2). The
proportion of heterozygotes was also high in Swedish Warmbloods (n = 370) and Coldblooded Trotters
(n = 641), being 20% and 40% respectively (Table 2). Smaller datasets also revealed that Belgian Draft (n
= 19), French Trotter (n = 17), Paint (n = 15), Morgan (n = 19), Mongolian Paulista (n = 19) and Tuva (n =
15) breeds may also have a high proportion of heterozygotes for this haplotype in their populations

(Table S1).
Identifying candidate causal variants using whole-genome sequence data

To further investigate SNP frequencies in this region, variants were called from whole-genome sequence
data of 90 domestic horses. The two SNPs identified in the preliminary analysis showed a complete
absence of homozygotes for their minor alleles in these individuals (Table S3). Additionally, a number of
variants closely linked to these SNPs were identified (Table 3, Figure S1). Annotation of these loci using
SIFT*® identified three variants that may result in changes to protein structure or expression, so these

represent the most likely candidates to cause lethality in homozygous state (Figure 1).

The first of these variants, 6:38282610G>A, was located in an intronic region of the LY48B gene and
resulted in an amino acid change from a phenylalanine to a serine residue. This SNP is located next a
tryptophan residue that appears to be highly conserved across members of the LY49 family and across
species. However, there is little conservation of the phenylalanine residue across taxa; some species
have a phenylalanine and others a serine at this position. This SNP is annotated as being “tolerated” in

SIFT.

Two other variants that were closely linked to the candidate SNPs (6:38276742A>T and 6:38276955G>A)
were found within the 3'UTR region of the LY49B gene. Alignment of the 3'UTR region of the five
functional LY49 genes in Equus caballus revealed that the region containing the SNP 6:38276955G>A is
highly conserved in all members of the LY49 gene family (Table 4). This region may be important for

mMRNA stability and translation into a functional protein. The other variant was found in an AU-rich
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region at the end of the LY49B mRNA transcript, which is often associated with polyadenylation and post

translation stability.
Transcriptomic analysis of RNA sequence data

Measurable levels of LY49B mRNA were not detected in equine trophectoderm tissue collected on day
16 of development. However, LY49B mRNA was observed in trophectoderm tissue collected on days 23
and 24 of development (Table 5). Additionally, LY49B mRNA transcripts were detected in microarray
data from equine chorion and chorionic girdle tissue between days 27 and 34 of development (Table
S4). Inner cell mass tissue collected on days 15, 22 and 25 of development did not show any measurable
transcription of LY49B (Table 5). The genotypes of the SNPs of interest in the samples included in the

mRNA analysis are unknown.
Discussion

In this study, we aimed to identify variants at high frequencies in the Thoroughbred horse population
that may be lethal in homozygous state. Analyses of genotype data from Thoroughbred horses identified
only two adjacent SNPs that fit the strict filtering criteria (Table 1). Genotype data from other horse
breeds showed a similar reduction or absence of homozygotes for these SNPs (Table 2). Therefore, this
two-SNP haplotype is a strong candidate for harbouring a variant that causes lethality in homozygous

state.

The SNPs identified in the preliminary analysis mapped to an intronic region in the LY49B gene on ECA6.
The LY49B gene belongs to the LY49 (Killer cell lectin-like receptor subfamily A) family of receptors,
which consists of five functional members in Equus caballus**. Other species (including humans) have a
functionally similar, but structurally different gene family called KIR (Killer cell immunoglobin line
receptors)®. The LY49/KIR gene family are expressed across various types of immune cells, and mediate
their function through bindings to MHC-1%°. The LY49B gene is expressed in myeloid cells where it
regulates their activity through an inhibitory effect, possibly to prevent their spontaneous activation®’.
Despite the important role that they play in immunity, the function of LY49 genes in development is
currently unknown. In humans, incompatibilities between foetal KIR and maternal MHC (HLA)

48-50

genotypes are associated with an increased risk of miscarriage and preeclampsia™™". Additionally,

51,52

knockdown of LY49 in mice showed a high rate of implantation failure®*. These findings indicate that

LY49B may play an important role in maternal/foetal compatibility and implantation success in horses.
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Analysis of transcriptomic data found that LY49B was first expressed in equine trophoblast tissue during
the placental development stage. The first evidence of LY49B expression was found on day 23-24 of
development (Table 5), during which the glycoprotein capsule surrounding the embryo is broken down
and placental tissue starts to develop®®. Measurable expression of LY49B was also found in chorion and
chorionic girdle tissues between days 27 and 34 of development (Table S4). During this time,
trophoblast cells rapidly proliferate to form the chorionic girdle, which then invades the endometrium to
form epithelial cups™. It is possible that LY49B is important for successful implantation of the embryo by

mediating the action of MHC-1 which is expressed during this time>>>°

. However, it is also possible that
loss of function in LY49B may result in post-natal juvenile death, which would explain the lack of
homozygotes seen in our data. High rates of juvenile death would be more discernible in the population,
so loss of function leading to embryonic death seems more likely. Further investigations into the role of
LY49B in equine development would confirm whether impaired function causes lethality and the stage

of development at which this occurs.

Variant calling in whole-genome sequence data from 90 domestic horses further confirmed an absence
of minor homozygotes for the two SNPs of interest. Three variants closely linked to these SNPs were also
identified in these data as the most likely candidates to cause loss of function in the LY49B gene and
result in lethality in homozygous state (Table 3). One SNP was a missense mutation in the coding region
of the LY49B gene that results in the substitution of a negatively charged serine for an aromatic
phenylalanine residue. However, lack of conservation of this SNP in LY49 genes across taxa makes it
seem unlikely to be a causative mutation for embryonic lethality. Two other variants found in the 3'UTR
region of the LY49B gene were also closely linked to the SNPs identified in the preliminary analysis, and

seemed more likely candidates to cause embryonic lethality in homozygous state.

The 3’UTR region of a gene is responsible for transcriptional stability through the binding of miRNAs and
RNA binding proteins®’. The addition of the polyadenylation tail to the 3’'UTR is also essential to ensure
proper processing and translation of the mRNA strand®®. Mutations in the 3'UTR region can lead to
degradation of the mRNA, resulting in reduced or inhibited translation even when the gene is
transcribed™. Variation in the 3'UTR region of genes are associated with a number of diseases including

60,61

Huntington’s and breast cancer in humans”"". Additionally, SNPs in the 3'UTR region are associated

with production traits in livestock including milk production in cows, muscularity in sheep and obesity in

horses®®%%3
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Despite the importance of the 3'UTR region for the mRNA stability and normal expression of a gene,
little is known about how specific polymorphisms can affect post-transcriptional processing. This makes
it difficult to identify how the 3'UTR variants identified in this study could affect the translation of LY49B
mRNA into a functional protein. The 3'UTR variant 6:38276955G>A was identified as a possible
candidate for embryonic lethality because it is highly conserved between all members of the LY49B
family (Table 4) in horses, so may play an important role in mRNA stability. The other 3’"UTR variant
(6:38276742A>T) is found in an AU-rich region at the end of the transcript, so may be important in the
addition of the polyadenylation tail. Further examination of the effects that these variants have on post-

transcriptional processing would determine if they impact the normal expression of LY49B in horses.

Despite an absence of homozygotes, the two SNPs identified in this study were found at high
heterozygote frequencies in the Thoroughbred population. Currently, there is no evidence that variation
in the LY49B gene is associated with phenotypic advantages in horses. However, it is possible that one of
the variants linked to these SNPs confers a heterozygote advantage, which could explain why they have
reached such high frequencies in the breed. It is also possible that selective breeding practices favouring
a limited number of stallion bloodlines are responsible for this potentially lethal haplotype drifting to
high frequencies in the Thoroughbred population. This would be most likely to occur if a stallion that
made a large genetic contribution to the population was a carrier. A similar instance has recently been
documented in cattle, where a lethal mutation at high frequencies was traced back to a sire with an

extensive genetic influence on a population21.

The presence of this potentially lethal haplotype across many diverse breeds of domestic horses
indicates that it may not be the result of a recent mutation present only in the Thoroughbred
population. Rather, this haplotype may have been present in pre-domesticated horses as a rare variant,
and has become more frequent in some domestic breeds as the result of population bottlenecks due to
breed formations, selective breeding practices and potentially a heterozygote advantage. Domestication
and breed formation events have been well documented to result in increased deleterious mutation

24303184 A high proportion of heterozygotes for this

loads in horses and other domestic species
haplotype were found in some breeds closely related to the Thoroughbred including the Paint, French
Trotter, Morgan and Quarter Horse. Notably, over 70% of Quarter Horse samples included in this study
were heterozygous for these SNPs. The Quarter Horse has an open stud book, and higher genetic
diversity than the Thoroughbred population®®, making the high frequency of a potentially lethal

haplotype at first surprising. The Quarter Horse dataset reportedly did not contain full or half siblings®”,
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but the collection of samples from one geographical area may not fully reflect the diversity of the
worldwide population. An average relatedness analysis of these samples noted the large genetic
influence of one particular Thoroughbred stallion®®, which may explain the high frequency of
heterozygotes observed in this population. However, the extremely high frequency of heterozygotes in

this breed is more likely to be due to a heterozygote advantage.

The Belgian Draft, Mangalarga Paulista and Tuva breeds also show a high proportion of heterozygotes,
but are more distantly related to the Thoroughbred and to each other. Therefore, the high frequency of
heterozygotes in these breeds may be due to independent genetic drift events. Heterozygotes for the
SNPs of interest were notably absent from one branch of the tree containing small heavy horses from
Northern Europe, which are more distantly related to the Thoroughbred. A larger dataset of Exmoor
Pony samples from this phylogenetic branch revealed one heterozygote for this haplotype (Table 2). This
could be due to a calling error, but it is also possible that these SNPs exist at very low frequencies in
these breeds. The small sample size of the genotype data for many individual breeds in this study means
that heterozygote frequencies across all subpopulations found throughout the world may deviate from
that reported here. However, these data provide an indication of breeds with high proportions of
heterozygotes for this region. Overall, our findings suggest that this region shows evidence harbouring a
homozygous lethal variant, yet a high proportion of heterozygotes are found across many domestic

horse breeds.
Conclusions

In this study, we identified a haplotype at high frequencies in the Thoroughbred horse population that is
a strong candidate for harbouring a variant causing lethality in homozygous state. Similar analyses on
larger datasets in other livestock populations have identified multiple lethal haplotypes, so it is likely
that other such variants are present at high frequencies in the Thoroughbred population but were not
captured in this study. Additionally, the use of commercial SNP arrays only allows for the identification
of variants with high minor allele frequencies in populations. Analysis of larger sample sizes, and using
higher density genotype data could allow for identification of other variants associated with lethality in
domestic horses. The identification of this potentially lethal haplotype demonstrates the potential
implications of heavily favouring a limited number of bloodlines in selective breeding practices. The
association of this haplotype with lethality can be used to assist in breeding decisions to improve mating
outcomes in the Thoroughbred population. Although there are a high proportion of heterozygotes in

some domestic breeds, limiting the use of stallions that are carriers could reduce the frequency of this
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haplotype in future generations. Additionally, further investigations into a possible heterozygote
advantage could assist in understanding the high frequency of this haplotype across many domestic
breeds. Further characterisation of lethal haplotypes in other breeds would also assist in breeding

management to increase fertility rates in domestic horse populations.
Methods
Initial genotyping

Genotype data from a representative sample of Thoroughbreds were used to identify SNPs with a high
proportion of heterozygotes, but an absence of homozygotes for one allele. Genome-wide SNP data
were generated for 156 Australian Thoroughbred horses by genotyping them on either the lllumina 70K
Chip (65,102 SNPs) (n =102) or the Affymetrix 670K Chip (670,796 SNPs) (n = 54). Common genotyped
SNPs between the two arrays were scanned for deviations from the Hardy-Weinberg equilibrium with an
absence of homozygotes for one allele using PLINK (version 1.9)%. The P-values were adjusted using a

787 Since SNPs with an absence of

false discovery rate correction with the R package “gvalue
homozygotes could indicate a calling error, the search was narrowed to only include adjacent SNPs that

fit such criteria.

The frequencies of the candidate SNPs were then examined in publicly available genotype data from
Japanese Thoroughbreds (n = 370) typed on the Affymetrix 670K Chip®® and these were added the
Thoroughbred sample. The SNP frequencies were then characterised from genotype data from Swedish
Warmbloods (n = 380)*° and Coldblooded Trotters (n = 670)”° typed on the Affymetrix 670K Chip.
Publicly available data from Exmoor Ponies (n = 285, typed on the Affymetrix 670K Chip)’®, Quarter
Horses (n = 137, typed on the lllumina 70K Chip)’* and horses of 32 different domestic breeds (n = 582,

28,29

typed on the Illumina 50K Chip) were also included in this preliminary scan for SNP frequencies. In
these data, raw intensities were plotted to check for calling errors. If potential calling errors were
detected, SNPs were recalled using a mixture model fitted with an expectation-maximization algorithm

in R.
Variant discovery and mapping

Publicly available whole-genome sequence data were used to further examine the frequencies of the
candidate SNPs identified in the initial genotype analysis, and to identify linked variants. Paired end

whole-genome sequence data from 90 horses of different domestic breeds were used in this analysis
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(Table S5). The whole-genome datasets were downloaded from the European Nucleotide Archives (ENA,

https://www.ebi.ac.uk/ena) which included horses of different domestic breeds (PRJEB14779, n = 70)

and additional Thoroughbred samples (PRINA168142, n = 16 and PRINA184688, n = 4) (Table S5).

The SNP array used in the initial genotyping analysis was developed based on coordinates of the
EquCab2.0 reference genome. For consistency, we used the EquCab2.0 assembly as a reference for the
whole-genome sequence analysis. The raw reads were mapped to the EquCab2.0 reference genome
using BWA-MEM algorithm from Burrows-Wheeler Alignment Tool (version 0.7.17)"2. Duplicate reads
were flagged using Samblaster (version 0.1.22)"3, and base recalibration was performed using Genome
Analysis Toolkit (GATK) (version 4.0.8.1)"*. Variants (SNPs and INDELs (insertions and deletions)) were
called using Haplotype Caller and then filtered using the standard hard filtering recommendations in
GATK”. The individual SNPs were then filtered to only include high quality allele calls with an average

filtered depth over 10 and a Phred score over 20.

Variants that were linked to the SNPs identified from the genotype data were produced using the LD
function in PLINK (version 1.9) with a window size of 5 Mb®. Only SNPs with an r* value of over 0.8 and a
D' value > 0.9 were shortlisted. The effects of each SNP on gene structure and function was
characterised using SIFT (version 4G)*. The conservation of variants across taxa was analysed using the

NCBI Conserved Domain Database Search’®.
Transcriptomic analysis

Publicly available RNA sequence data were used to examine expression levels of the genes of interest in
embryonic tissue. The data included equine inner cell mass tissue (collected at day 15, 22 and 25, n = 3)
and trophectoderm tissue (collected at day 16, 23 and 24, n = 3) from the Functional Annotation of
ANimal Genomes (FAANG) equine biobank (available from ENA under the project name PRINA223157)"”.
Adaptors were trimmed using bbduk from BBtools (version 37.98)"%. Reads were aligned to the EquCab
2.0 genome using STAR (version 2.7.2b)”°. Counts were generated using featurecounts from subread
(version 1.5.1)*, then quantified in fragments per kilobase/million (FPKM) using the R package

R”#! with the Equus_caballus_Ensembl_94 file used for annotation. Microarray data for chorion (n

“edge
= 19) and chorionic girdle (n = 19) tissue collected from horse embryos between days 27-34 of

development® were also examined for gene expression levels.
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4.3: Figures and tables

Table 1: The allele frequencies of two adjacent SNPs with an absence of minor homozygotes in genotype

data from two Thoroughbred horse datasets. The expected number of minor homozygotes in each

population was calculated under Hardy-Weinberg equilibrium.

6:38278097 6:38278874

Sample
Population Reference Expected Expected

size GG | AG | AA CC | AC | AA

GG cc

Australian

156 Own data 7 0 66 | 90 7 0 66 | 90
Thoroughbreds
Japanese Fawcett et al.,

370 9 0 | 117 | 253 9 0 | 117 | 253
Thoroughbreds 2019%
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Table 2: Allele frequencies of SNPs in domestic horses at positions 6:38278097 and 6:38278874 on the

EquCab2.0 assembly. The total number of horses included in this analysis was 2025.

6:38278097 6:38278874
Sample
Breed . Reference Expected Expected
size GG AG AA CC AC AA
GG CcC
Privately provided,
Swedish Warmblood 380 Ablondi et al, 4 0 | 117 | 253 4 0 | 117 | 253
2019%
Privately provided,
Coldblooded Trotter 641 26 0 | 258 | 388 28 22 | 226 | 393
Velie et al., 2018
Petersen et al,
Quarter Horse 137 17 0 97 | 40 17 0 97 40
2014%
Exmoor Pony 285 Velie et al., 2016 0 0 1 | 279 0 0 1 | 282
Petersen et al,
Mixed breeds 582 " 15 0 85 | 497 15 0 85 | 497
2013
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Table 3: Variants linked to the SNPs at 6:38278097 and 6:38278874 on the EquCab2.0 assembly.

Variants were identified from whole-genome sequence data for 90 domestic horses of mixed breeds.

Only variants within 5 Mb of the SNPs of interest, with a r* < 0.8 and a D’ < 0.9 were included. Variants

most likely to cause a loss of function in homozygous state are indicated with a star.

Distance from

Variant r D' Annotation
6:38278097-6:38278874
6:38223012 0.83 1 55085 Intronic Variant LY4A9F
6:38264682 0.81 1 13415 Intronic Variant LY4A9F
6:38265144 0.85 0.92 12953 Intronic Variant LY4A9F
6:38273491 0.87 1 4606 Intronic Variant LY4A9F
6:38273498 0.87 1 4599 Intronic Variant LY4A9F
6:38273500 0.87 1 4597 Intronic Variant LYASF
6:38273759 0.93 1 4338 Intronic Variant LYASF
6:38274367 1 1 3730 Intronic Variant LY4ASF
6:38274942 1 1 3155 Intronic Variant LYASF
6:38276456 1 1 1641 Intronic Variant LYASF
6:38276742* | 0.83 1 1355 3'UTR variant LY49B
6:38276955* |1 1 1142 3'UTR variant LY49B
6:38278097 1 1 0 Intronic Variant LY4A9B
6:38278874 0.93 1 0 Intronic Variant LY49B
6:38281733 1 1 2859 Intronic Variant LY49B
6:38282610* |1 1 3736 Missense variant LY49B
6:38284541 0.93 1 5667 Synonymous variant LY49B
6:38285848 0.85 0.92 6974 Intronic Variant LY49B
6:38290614 0.85 0.92 11740 Intergenic variant
6:38292923 0.86 0.93 14049 Intergenic variant
6:38294589 0.85 0.92 15715 Intergenic variant
6:38296564 0.85 0.92 17690 Intergenic variant
6:38297140 0.86 0.93 18266 Intronic Variant MAGOHB

123



6:38297149 0.86 0.93 18275 Intronic Variant MAGOHB
6:38304295 0.83 0.91 25421 Intronic Variant MAGOHB
6:38319283 0.81 0.9 40409 Intergenic variant
6:38334772 0.82 0.91 55898 Intergenic variant
6:38341477 0.86 0.93 62603 Intergenic variant
6:38341607 0.86 0.92 62733 Intergenic variant
6:38345686 0.86 0.93 66812 Intergenic variant
6:38349116 0.86 1 70242 Intronic Variant LY49C
6:38349743 0.85 1 70869 Intronic Variant LY49C
6:38351619 0.8 0.93 72745 Intronic Variant LY49C
6:38352677 0.89 1 73803 Intronic Variant LY49C
6:38353265 0.85 1 74391 Intronic Variant LY49C
6:38354110 0.86 0.93 75236 Intronic Variant LY49C
6:38358475 0.83 1 79601 Intergenic variant
6:38360920 0.87 1 82046 Intergenic variant
6:38399815 0.86 0.93 120941 Intergenic variant
6:38441535 0.8 0.93 162661 Intronic Variant LY49E
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Table 4: Amino acid residue sequence in a conserved area of the 3'UTR found in all Equus caballus LY49

genes as mapped in the EquCab2.0 assembly. The SNP position of 6:38276955G>A is highlighted in

yellow.
Gene Sequence
LY49B AAAGACTTTCTCAGGGCCATTAAAGAGATGGGAAACTGCTTTCCAAAGAC

LY49C AGAGAATTTCCCAGGGCCATTAAAGAGAAGAGCAACTGATTTCCAAAGAC

LY49D AGAGAATTTCTCAGGGCCATTAAAGAGAAGGGCAACTGATTTCCAAAGAC

LY49E AGAGAATTTCTCAGGGCCATTAAAGAGAAGGGCAACTGATTTCCAAAGAC

LY49F AGAGAATTTTGCAGGGTCATTAAAGAGAGGGGTAACTGCTTTCCAAAGAC

Table 5: Gene counts from RNA sequence data of three trophectoderm and three inner cell mass tissue

samples from equine embryos. Transcript counts are in fragments per kilobase/million (FPKM).

Tissue Gene count (FPKM)

Day 15 Day 22 Day 25
Trophectoderm

0.000 0.031 0.024

Day 16 Day 23 Day 24
Inner cell mass

0.00 0.00 0.00
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Figure 1: The equine LY49B gene structure and SNP positions. The two variants in the intronic region
(6:38278097 and 6:38278874) were identified in preliminary analysis as showing a significant absence of
homozygotes for one allele. The three variants marked with a * are in linkage disequilibrium to these
SNPs and may cause a loss of function in homozygous state. The structure of the gene is based on the

EquCab 2.0 reference genome where the LY49B gene is on the reverse strand.
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4.4 Supplementary information

Table S1: Variant frequencies of SNPs 6:38278097 and 6:38278874 for mixed domestic horse from

Petersen et al. (2013)". The total number of individuals in this dataset is 582.

Sample 6.38278097 6.38278874
Breed Size GG AG AA CcC AC AA

Akhal Teke 19 0 0 19 0 0 19
Andalusian 18 0 2 16 0 2 16
Arabian 19 0 1 18 0 1 18
Belgian 19 0 4 15 0 4 15
Caspian 16 0 0 16 0 0 16
Clyde 24 0 0 24 0 0 24
Exmoor 19 0 0 19 0 0 19
Fell 19 0 0 19 0 0 19
Finn 18 0 0 18 0 0 18
Fjord 19 0 0 19 0 0 19
Frenches-Montagnes 19 0 2 17 0 2 17
French Trotter 17 0 8 9 0 8 9
Hanovarian 15 0 1 14 0 1 14
Icelandic 19 0 3 16 0 3 16
Mini 18 0 2 16 0 2 16
Mongolian 19 0 3 16 0 3 16
Morgan 19 0 5 14 0 5 14
New Forest Pony 14 0 7 7 0 7 7
Paint 15 0 1 14 0 1 14
Puerto Rican Paso

Fino 19 0 8 11 0 8 11
Mangalarga Paulista 19 0 5 14 0 5 14
Percheron 19 0 0 19 0 0 19
Peruvian Paso 19 0 2 17 0 2 17
Quarter Horse 19 0 12 7 0 12 7
Saddlebred 19 0 2 17 0 2 17
Shetland 19 0 2 17 0 2 17
Shire 19 0 2 17 0 2 17
Standardbred 19 0 3 16 0 3 16
North Swedish Horse 18 0 0 18 0 0 18
Swiss Warmblood 14 0 1 13 0 1 13
Thoroughbred 19 0 5 14 0 5 14
Tuva 15 0 4 11 0 4 11
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Table S2: Variant frequencies of SNPs 6:38278097 and 6:38278874 in different populations of Quarter

Horses (n=137). The SNP data was made publicly available from Petersen et al. (2014)>.

6:38278097 6:38278874

Breed SNP frequencies Proportion of SNP frequencies Proportion of

GG |AG | AA heterozygotes cC AC AA | heterozygotes
Reining (n=23) 19 0.826087 19 0.826087
Pleasure (n=23) 16 7 0.695652 16 0.695652
Halter (n=23) 11 12 0.478261 11 12 0.478261
:?,':;';')"g Cow o| 21| 3 0875 o| 21| 3 0.875
Racing (n=23) 13 10 0.565217 13 10 0.565217
Cutting (n=21) 17 4 0.809524 17| 4 0.809524
Total (n=137) 97 40 0.708029 97| 40 0.708029
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Table S3: Allele frequencies of shortlisted variants in high linkage equilibrium with the two SNPs of

interest (of 6:38278097 and 6:38278874). Variants were identified from whole-genome sequence data

for 90 domestic horses of mixed breeds.

Minor | Major ;)rls::nce
Variant Allele | Allele |B/B | A/B |A/A | P D' Annotation
®) a) 6:38278097-
6:38278874

Intronic Variant
6:38223012 | A AT 2 |11 |23 |o083 |1 55085 Vaor

Intronic Variant
6:38264682 | T C 1 |16 |51 |o081 |1 13415 Vaor
6:38265144 | C T 1 |13 |46 |085 |092 |12953 Intronic Variant

LY49F

Intronic Variant
6:38273491 | G A o |18 |50 |o087 |1 4606 Vaor

Intronic Variant
6:38273498 | T C o |18 |49 |o0s87 |1 4599 Vaor

Intronic Variant
6:38273500 | T C o |18 |50 |o087 |1 4597 Vaor

Intronic Variant
6:38273759 | T C o |15 |52 |093 |1 4338 Vaor
6:38274367 | A C o |16 |56 |1 1 3730 Intronic Variant
‘ LY49F
6:38274942 | C T 0 |14 |4a |1 1 3155 Intronic Variant
‘ LY49F
6:38276456 | C T o |15 |46 |1 1 1641 Intronic Variant
‘ LY49F

3'UTR variant
6:38276742 | T A o |11 |53 |o083 |1 1355 " aon

3'UTR variant
6:38276955 | A G o |15 |54 |1 1 1142 " aon
6:38278097 | G A 0 |16 |56 |1 1 0 Intronic Variant
‘ LY49B
6:38278874 | C A o |15 |54 |093 |1 0 Intronic Variant
‘ ' LY49B

Intronic Variant
6:38281733 | A AG o |16 |51 |1 1 2859 \vaon

Missense
6:38282610 | A G o |16 |47 |1 1 3736 e ok
) Synonymous
6:38284541 | C T o |16 |51 |093 |1 5667 o s

Intronic Variant
6:38285848 | A G o |14 |53 |085 [092 |6974 \vaon
6:38290614 | T A 1 |13 |49 o085 |092 |11740 Intergenic

variant
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Intergenic

6:38292923 | T A 14 |55 |0.86 [0.93 |14049 )
variant
6:38294589 | T C 13 |51 [085 [092 [15715 Intergenic
variant
6:38296564 | T C 13 |53 [085 [0.92 |17690 Intergenic
variant
Intronic Variant
6:38297140 | A G 14 |42 |086 [093 |18266 MAGOHE
Intronic Variant
6:38297149 | A C 14 |42 [086 [093 |18275 MAGOHE
Intronic Variant
6:38304295 | T A 11 |43 [083 [091 25421 MAGOHE
6:38319283 | * A 12 |27 [081 |0.90 |40409 Intergenic
variant
6:38334772 | T A 12 |47 |082 [091 |55898 Intergenic
variant
6:38341477 | A G 16 |48 [086 [093 |62603 Intergenic
variant
6:38341607 | A G 15 |58 [086 [092 |62733 Intergenic
variant
6:38345686 | A G 16 |58 [086 [093 |66812 Intergenic
variant
6:38349116 | C G 9 12 0.86 |1 20242 Intronic Variant
| ' LY49C
Intronic Variant
6:38349743 | A T 13 |48 [085 |1 70869 aoe
Intronic Variant
6:38351619 | C G 15 |57 [080 [093 |72745 aoe
Intronic Variant
6:38352677 | G A 9 |20 |o089 |1 73803 aoe
Intronic Variant
6:38353265 | A G 13 |51 [085 |1 74391 Vao
il Intronic Variant
6:38354110 | A TAGT 16 |59 [0.86 [0.93 |75236
LY49C
TTC
6:38358475 | ~ATA | aaT 11 |38 [083 |1 79601 Intergenic
T variant
6:38360920 | A T 15 |47 |087 |1 82046 Intergenic
variant
6:38399815 | A C 16 |40 |0.86 |0.93 |120941 Intergenic
variant
6:38441535 | G C 15 |52 |0.80 |093 | 162661 Intronic Variant

LY49E
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Table S4: Intensity values from microarray data of chorion and chorionic girdle equine embyronic tissue

samples. Data from Read et al. (2018)*

Tissue Day of development | Intensity value

Chorionic Girdle 27 6.602977
Chorionic Girdle 27 6.589985
Chorionic Girdle 27 6.62416
Chorionic Girdle 27 6.546489
Chorionic Girdle 30 6.611029
Chorionic Girdle 30 6.639321
Chorionic Girdle 30 6.656763
Chorionic Girdle 30 6.633977
Chorionic Girdle 30 6.561605
Chorionic Girdle 31 6.619057
Chorionic Girdle 31 6.637935
Chorionic Girdle 31 6.651646
Chorionic Girdle 31 6.607523
Chorionic Girdle 31 6.585455
Chorionic Girdle 34 6.568278
Chorionic Girdle 34 6.657548
Chorionic Girdle 34 6.624379
Chorionic Girdle 34 6.656019
Chorionic Girdle 34 6.659633
Chorion 27 6.620722
Chorion 27 6.558723
Chorion 27 6.672482
Chorion 27 6.570658
Chorion 30 6.57291
Chorion 30 6.602505
Chorion 30 6.55263
Chorion 30 6.58852
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Chorion 30 6.638503
Chorion 31 6.582505
Chorion 31 6.587206
Chorion 31 6.639011
Chorion 31 6.616271
Chorion 31 6.539944
Chorion 34 6.630667
Chorion 34 6.642043
Chorion 34 6.569519
Chorion 34 6.624507
Chorion 34 6.588266
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Table S5: Publicly available whole-genome sequence data for domestic horses used in variant calling

analysis. The study accession and sample accession relate to the fields under which the sample is listed

on The European Nucleotide Archive.

Sample Breed Study accession
ERR1527947 | Holsteiner PRJEB14779
ERR1527948 | Akhal-Teke PRJEB14779
ERR1527949 | Akhal-Teke PRJEB14779
ERR1527950 | Akhal-Teke PRJEB14779
ERR1527951 | Arabian PRJEB14779
ERR1527952 | Franches-Montagnes PRJEB14779
ERR1527953 | Franches-Montagnes PRJEB14779
ERR1527954 | Franches-Montagnes PRJEB14779
ERR1527955 | Franches-Montagnes PRJEB14779
ERR1527956 | Franches-Montagnes PRJEB14779
ERR1527957 | Franches-Montagnes PRJEB14779
ERR1527958 | Franches-Montagnes PRJEB14779
ERR1527959 | Franches-Montagnes PRJEB14779
ERR1527960 | Franches-Montagnes PRJEB14779
ERR1527961 | Franches-Montagnes PRJEB14779
ERR1527962 | Franches-Montagnes PRJEB14779
ERR1527963 | Franches-Montagnes PRJEB14779
ERR1527964 | Franches-Montagnes PRJEB14779
ERR1527965 | Franches-Montagnes PRJEB14779
ERR1527966 | Haflinger PRJEB14779
ERR1527967 | Koninklijk Warmbloed Paard Nederland PRIEB14779
ERR1527968 | Quarter Horse PRIEB14779
ERR1527969 | Quarter Horse PRIEB14779
ERR1527970 | Quarter Horse PRIEB14779
ERR1527971 | Franches-Montagnes PRJEB14779
ERR1527972 | Swiss Warmblood PRJEB14779
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ERR1545178 | Badenwiirttembergisches Warmblut PRJEB14779
ERR1545179 | Bayrisches Warmblut PRJEB14779
ERR1545180 | Hannoveraner PRIEB14779
ERR1545181 | Holsteiner PRJEB14779
ERR1545182 | Holsteiner PRJEB14779
ERR1545183 | Oldenburger PRJEB14779
ERR1545184 | Oldenburger PRJEB14779
ERR1545185 | Trakehner PRJEB14779
ERR1545186 | Westfale PRJEB14779
ERR1545187 | Westfale PRJEB14779
ERR1545188 | Swiss Warmblood PRIEB14779
ERR1545189 | Swiss Warmblood PRIEB14779
ERR1545190 | Holsteiner PRJEB14779
ERR1735862 | Thoroughbred PRJEB14779
ERR2179540 | Franches-Montagnes PRJEB14779
ERR2179541 | Franches-Montagnes PRJEB14779
ERR2179542 | German Riding Pony PRJEB14779
ERR2179543 | Welsh Pony PRJEB14779
ERR2179544 | Polish Warmblood PRJEB14779
ERR2179545 | German Riding Pony PRJEB14779
ERR2179546 | Morgan Horse PRJEB14779
ERR2179547 | Holsteiner PRJEB14779
ERR2179548 | Oldenburger PRJEB14779
ERR2179549 | Hannoveraner PRIEB14779
ERR2179550 | Welsh Pony PRJEB14779
ERR2179551 | Arabian PRJEB14779
ERR2179552 | Noriker PRJEB14779
ERR2179553 | Haflinger PRJEB14779
ERR2179554 | Haflinger PRJEB14779
ERR2179555 | Haflinger PRJEB14779
ERR2179556 | Swiss Warmblood PRJEB14779
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ERR2203766 | Trakehner PRIEB14779
ERR2731055 | American Paint Horse PRIEB14779
ERR2731056 | Shetland Pony PRJEB14779
ERR2731057 | Icelandic PRJEB14779
ERR2731058 | Holsteiner PRJEB14779
ERR2731059 | Holsteiner PRJEB14779
ERR2731060 | Holsteiner PRIEB14779
ERR2731061 | Akhal-Teke PRJEB14779
ERR3317814 | Deutsches Reitpony PRJEB14779
ERR3628171 | Traber PRJEB14779
ERR3628172 | Traber PRJEB14779
ERR3628173 | Traber PRJEB14779
ERR3628174 | Franches-Montagnes PRJEB14779
SRR505867 | Thoroughbred PRIJNA168142
SRR515202 | Thoroughbred PRIJNA168142
SRR515203 | Thoroughbred PRIJNA168142
SRR515204 | Thoroughbred PRIJNA168142
SRR515205 | Thoroughbred PRIJNA168142
SRR515206 | Thoroughbred PRIJNA168142
SRR515208 | Thoroughbred PRIJNA168142
SRR515209 | Thoroughbred PRIJNA168142
SRR515211 | Thoroughbred PRIJNA168142
SRR515212 | Thoroughbred PRIJNA168142
SRR515213 | Thoroughbred PRIJNA168142
SRR515214 | Thoroughbred PRIJNA168142
SRR515215 | Thoroughbred PRINA168142
SRR515216 | Thoroughbred PRINA168142
SRR515217 | Thoroughbred PRINA168142
SRR515218 | Thoroughbred PRINA168142
SRR641364 | Thoroughbred PRINA184688
SRR641365 | Thoroughbred PRINA184688

135



SRR641366

Thoroughbred

PRINA184688

SRR641367

Thoroughbred

PRINA184688

136



1.07

“ 0.61

havdes AL

Y
- S L
31 ;
o 5“ '\.;: ” -~
cop apd . .t
e ) L
) R N
P
QQ
%Q
N

Base position

Figure S1: Linkage disequilibrium patterns relative to the markers 6.38278097 and 6.38278874. The
positions of 6.38278097 and 6.38278874 are indicated with the blue line. The region spanning 5Mb on
either side of the 6.38278097 and 6.38278874 was included in this plot. Variants were called from

whole-genome sequence data of 90 horses.

137



References

1 Petersen, J. L. et al. Genetic diversity in the modern horse illustrated from genome-wide SNP
data. PLOS ONE 8, 54997, doi:10.1371/journal.pone.0054997 (2013).

2 Petersen, J. L., Mickelson, J. R., Cleary, K. D. & McCue, M. E. The American Quarter Horse:
population structure and relationship to the Thoroughbred. J. Hered. 105, 148-162,
doi:10.1093/jhered/est079 (2014).

3 Read, J. E. et al. Dynamic changes in gene expression and signalling during trophoblast

development in the horse. Reproduction 156, doi:10.1530/REP-18-0270 (2018).

138



Chapter 5: General discussion

5.1 Main findings

In this thesis, the effects of selective breeding practices on racing performance, fertility and lethal
haplotype frequencies in the Australian Thoroughbred horse population were examined. The key

discoveries were:

1. Recent inbreeding events are negatively associated with racing performance in Australian
Thoroughbred horses.

2. Genetic improvement for racing performance in contemporary Australian Thoroughbreds mainly
occurred during the foundation of the population and in the most recent three generations.

3. Inbreeding to different ancestors has had variable effects on the racing performance of their
modern day descendants.

4. Inbreeding has no measurable effect on foaling rate, gestation length or sex ratios in Australian
Thoroughbred horses.

5. All fertility traits were heritable, but covering success was only influenced by maternal genetic
variation and foal sex ratio by paternal genetic variation.

6. A potentially homozygous lethal haplotype was identified in the LY49B gene and may play an
important role in maternal/foetal compatibility or implantation success.

7. This haplotype segregates at high frequencies in the Thoroughbred population, and other

domestic horse breeds.
5.2 Summary of results

The first main aim of this thesis was to understand the effects of inbreeding on the racing performance
traits in Thoroughbred horses. In Chapter 2, a strong relationship was found between high levels of
inbreeding and reduced racing performance outcomes in Australian Thoroughbred horses. Although
there was also strong evidence for genetic improvement through selection, estimated breeding values
from racing performance traits showed that this mainly occurred at the foundation of the population
and in more recent generations. Additionally, inbreeding to different individuals with large genetic
influences on the breed had variable effects on the racing performance of modern day Australian

Thoroughbreds, indicating that genetic load is not evenly distributed across the population.

135



The second main aim of this thesis was to understand the impacts of inbreeding on reproductive traits in
Thoroughbred horses. In Chapter 3, no detectable relationship was found between inbreeding levels and
covering success, gestation length or foal sex ratio in Australian Thoroughbred horses. This contrasts to
the strong relationship found between inbreeding and racing performance traits in Chapter 2, which
may possibly be due to individuals with low fertility output being selectively removed from the
population. Individuals with low levels of fertility are more likely to quickly disappear from the pedigrees
of future generations due to having smaller numbers of descendants. Thoroughbred breeders often use
individuals with poor or no racetrack performance for breeding if their relatives show superior racing
ability, which is likely to reduce the efficiency of selection against low athletic abilities. However, this
practice is also likely to increase selection for female families with good fertility because a larger number
of relatives may increase the chance of an individual being related to an elite performer. The lack of a
relationship between inbreeding levels and fertility traits may also be due to the intensive veterinary
management practices used in the Thoroughbred population, including hormonal therapies to induce
ovulation and blue light masks to increase photoperiod signals2. However, an increase in the rate of
inbreeding in future generations of the Thoroughbred breed could lead to a more discernible

relationship with fertility traits.

The third and final main aim to this thesis was to identify recessive lethal variants at high frequencies in
the Thoroughbred horse population. In Chapter 4, SNP data from Thoroughbreds and other domestic
horse breeds were used to identify a haplotype in the LY49B gene on chromosome 6 with a high
proportion of heterozygotes, but a significant absence of homozygotes for one allele. Analysis of whole
genome sequencing data revealed three variants linked to this haplotype that were predicted to impact
the structure and expression of the LY49B gene. The two most likely variants were found in the 3'UTR
region of the LY49B gene, highlighting its potential importance in post-transcriptional processing and
expression. Studies of RNA transcriptomic data showed that the LY49B gene was expressed in
trophoblast tissue during the placental stage of embryogenesis, suggesting that it may be important in
implantation success. This haplotype presents a strong candidate for an association with lethality in the

homozygous state.

More broadly, this thesis aimed to understand the effects of selective breeding on the Thoroughbred
horse population. Although there was evidence that selection has resulted in genetic improvement of
racing performance over the 300 year history of the breed, there was also strong evidence that genetic

load still persists in the Thoroughbred population. Additionally, selective breeding practices favouring a
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limited number of popular stallions may have resulted in a recessive lethal haplotype in the LY49B gene
drifting to high frequencies in the Thoroughbred horse population. The effects of inbreeding varied
between different traits, highlighting the importance of evaluating multiple traits to understand the full

effects of breeding practices in a population.

The findings of this thesis can be used to assist in making breeding decisions both on an individual and a
population level scale in Thoroughbred horses. Aiming to promote genetic diversity in the population
will avoid increases in the rate of inbreeding and loss of genetic diversity in future generations, which
may impact the health and the viability of the Thoroughbred breed. Additionally, the identification of a
potential recessive lethal mutation may assist in improving mating decisions to increase foaling rates in
the Thoroughbred breed. More broadly, this research is also relevant to other animal populations. The
techniques used in this thesis to evaluate the effects of selective breeding on genetic load and lethal

mutation frequencies are also likely to hold value for other domestic and wildlife populations.
5.3 Future directions

In this thesis, a relationship between high levels of inbreeding and reduced racing performance was
found in Chapter 2. This finding is of particular concern for the Thoroughbred industry considering the
trend of reducing genetic diversity and effective population size in the breed®. The trend is likely to be
the result of selective breeding practices in recent generations favouring a limited number of stallion
bloodlines. Together, these findings indicate that current breeding practices could result in a population-
wide reduction of racing performance in future generations. More recently, some Thoroughbred racing
associations have considered limiting the number of mares covered by each stallion within a season to
promote genetic diversity. Additionally, a limit on the number of progeny that a stallion can produce
across their lifetime should also be considered to reduce extremely large genetic contributions being
made by a single individual. Such measures could be effective in maintaining genetic diversity in future
generations if they are implemented across all Thoroughbred racing jurisdictions. This is particularly
important considering that some popular stallions serve mares in both hemispheres each year. Such
measures may assist in maintaining levels of genetic diversity in the population in order to prevent

reductions in the phenotypic value of future generations.

More comprehensive genotyping of Thoroughbred horses on a population-level scale could allow for
advancements to improve breeding decisions and understand the underlying genetic basis of disease.

Recently, a study of privately-available large-scale genomic data from the Thoroughbred population
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worldwide revealed a trend of reduced genetic diversity and increased genomic inbreeding within the
past five generations®. In this thesis, pedigree records were utilized because they allow for the analysis
of larger sample sizes and deceased individuals that would not be possible with genomic data. However,
errors in the Thoroughbred pedigree have been identified which may confound pedigree-based
analyses*®, Further population-scale genotyping of the Thoroughbred breed would assist in continued
monitoring of genetic trends in the population and improving our understanding of the genetic basis of

disease.

Evaluating the proportion of the genome comprised of runs of homozygosity is a common technique
used to estimate genomic inbreeding levels®’. Analysis of the association between different runs of
homozygosity and performance traits may provide novel insights into differentiation between
favourable and unfavourable inbreeding in Thoroughbred horses. In Chapter 2, high levels of inbreeding
to Herod were found to have a positive relationship with racing performance traits. In contrast,
inbreeding to Eclipse, Touchstone and Stockwell had a negative relationship with the racing
performance of their modern day descendants. These findings show that although an individual and
their immediate progeny may have a superior phenotype, providing large genetic contributions to a
population may have an unexpected effect in future generations. Often these effects would not be seen
until at least five generations into the future, when there is inbreeding between the descendants of an
individual. An example of this is a recessive lethal mutation found at high frequencies in cattle

populations due to being carried by a male used extensively in artificial insemination practices®.

In addition, the availability of population-level genomic data could also lead to an increased
understanding of the underlying genetic basis of many common diseases in the Thoroughbred horse
population. As outlined in Chapter 1 (Section 1.3.3), although many of these conditions have a
measurable heritable component, the underlying genetic basis of disease remains unknown. In Chapter
2, we suggested that the relationship between increased inbreeding to Eclipse and Stockwell with
reduced racing performance may be due to a greater likelihood of inheriting congenital conditions from
these individuals. It is likely that these conditions have a complex quantitative genetic basis and are also
influenced by environmental stimuli. Consequently, large sample sizes are needed to identify the genetic
variants associated with increased or decreased disease occurrence. Such findings would assist in
improving breeding strategies to decrease the likelihood of an individual developing these conditions.
An understanding of the underlying genetic basis of disease may also assist in improving techniques to

manage these conditions (e.g. veterinary treatment, supplements or gene therapies).
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In Chapter 3 of this thesis, covering success was found to be measurably influenced by genetic variation
of the dam but not the sire. This finding is possibly because sub-fertile Thoroughbred stallions are often
gelded and returned to racing. However, the underlying genetic causes of reduced fertility in these
stallions are rarely investigated. A number of loci have been associated with stallion fertility in domestic
horses, most notably FK506 binding protein 6 (FKBP6) in Thoroughbreds %%, An improved understanding
of the genetic basis of sub-fertility in individual stallions may assist in the management of male horses
(e.g. it may be preferable to geld a male horse genetically pre-disposed to sub-fertility issues early in
their life). Alternatively, such knowledge could also assist in managing stallions with reduced fertility

rates (e.g. by using genetic or hormonal therapies to counteract the effects of these mutations).

Chapter 3 of this thesis also found that foal sex ratio had an extremely small, but still measurable
heritable component from the sire. This finding is in agreement with previous studies, which
hypothesise that superior males should produce more sons, whereas males with lower fitness are
advantaged by produced a greater proportion of daughters'>!, In populations such as horses, the
genetic contributions of males are highly skewed towards superior individuals. Under these
circumstances, sons from an inferior male would be unlikely to produce a large offspring output, thus
advantaging this male to produce a higher proportion of female offspring®®. In the Thoroughbred
population, artificial selection means that only superior males are allowed to breed, which may partly
explain why there was only a small heritable component, with no significant effect of inbreeding or
environmental influences on foal sex ratio. However, in this study, only data from large stud farms that
mainly breed from top-quality stallions were analysed. Analysis of data from other horse breeds, where
a larger proportion of males are allowed to breed may reveal more detectable inbreeding and

environmental influences on foal sex ratios.

The endangered Suffolk Punch horse breed has experienced highly skewed sex ratios in recent
generations. The breed is characterised by low population numbers and genetic diversity due to the
replacement of horsepower by machinery since the industrial revolution. Currently, there are no
published studies that have investigated the effects of genetic and environmental factors on the skewed
sex ratios observed in this breed. Skewed sex ratios could have severe effects on an already small
population by limiting breeding pairs and further reducing genetic diversity. Further investigation into
the genetic basis of foal sex ratios could assist in the management of many domestic horse breeds, and

other animal populations that may suffer from small N. and low genetic diversity.
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In Chapter 4 of this thesis, a haplotype in the LY49B gene segregating at high frequencies in the
Thoroughbred population that may cause embryonic lethality was identified. Based on the results of
similar studies in cattle and pig populations, it is highly likely that selective breeding practices have
resulted in multiple recessive lethal variants reaching high frequencies in the Thoroughbred breed. Large
population-wide genotype data over a number of generations were available for cattle and pig breeds
used in these studies'’?*, These data also allowed for the analysis of parent/offspring genotype ratios to
identify deviations from the expected allele frequencies?>?3, Availability of such comprehensive data for
the Thoroughbred and other horse populations would dramatically increase the statistical power to
detect lethal variants. Identification and characterisation of such variants would assist in making
informed breeding decisions to improve foaling rates in the Thoroughbred population. This could assist
in reducing the number of coverings that a mare requires to conceive each season, and may increase the
foal output of a mare over her lifetime. Such research may also benefit stallions, as they may require

fewer coverings per mare each season.

Chapter 4 of this thesis focussed on identifying lethal haplotypes at high frequencies in the
Thoroughbred horse breed. However, other domestic horse breeds are also likely to have lethal
haplotypes segregating at high frequencies due to population decline and selective breeding practices.
Such studies are particularly important for populations with small census sizes, including Caspian, Florida
Cracker and Sorraia breeds®>?’. Additionally, some domestic horse populations such as the Clydesdale,
Shire and Exmoor breeds have undergone severe population bottlenecks since World War 113%, These
breeds may be particularly susceptible to recessive lethal mutations drifting to high frequencies due to
the limited number of mating opportunities in the population leading to some individuals making large
genetic contributions. Identification of recessive lethal mutations may also be beneficial to other animal
populations, including cat and dog breeds where few such studies are currently published. Additionally,
genetic rescue programs for wildlife species may also benefit from similar studies to assist in managing

breeding decisions.

The haplotype identified in Chapter 4 of this thesis in the immune gene LY49B has not previously been
directly associated with embryonic lethality in any other species. However, the findings of this thesis
suggest that LY49B may play a role in maternal/foetal compatibility and the successful implantation of
the embryo during development. It is also possible that knockout of the LY49B gene results in post-natal
death due to the individual being immunocompromised. More detailed transcriptomic studies of equine

embryonic tissues would provide a more comprehensive expression profile for the LY49B gene and
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other lethal haplotypes identified in future studies. Such investigations may improve our understanding
of how genes function in development, which is often poorly understood. Additionally, knockout studies
of potentially lethal variants in equine embryos could confirm whether genes are essential for

embryogenesis and at which life stage loss of function results in death.

The Thoroughbred horse has been used in the foundation of many other popular breeds including the
Quarter Horse, Standardbred and Warmblood. These breeds are also popular throughout the world for
use in recreational riding as well as other horse sports. Examination of the origins of selective sweep
regions and genetic load from founders of different breed origins may assist in guiding future breeding
decisions. In particular, some of these breeds (e.g. The Quarter Horse) still maintain an open stud book.
Improved understanding of population genomics in the breed may provide valuable insights for the
inclusion of new individuals into the population. This technique would allow for the inclusion of new

sources of genetic diversity into the population, whilst also facilitating genetic improvement.

Overall, this thesis has provided novel insights into the effects of selective breeding practices in the
Thoroughbred horse population. These insights have to potential to provide valuable guidance for future
population genetic studies and breeding management decisions to maximise genetic gain across a range
of phenotypes. The findings of this thesis can be used to promote genetic improvement in the
Thoroughbred population and reduce the production of individuals unsuitable for racing and breeding.
This not only has productivity impacts for the breed, but also has the potential to reduce wastage which
is currently a topical concern for the industry. The methods used in this thesis can also be applied to

assist in optimising breeding management in other domestic and wild animal populations.
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ABSTRACT

Norwegian-Swedish Coldblooded Trotters can participate in premie races as two year olds, where
prize money is awarded for finishing the race within a specific time interval rather than winning. In
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this study, the association with premie race participation and future competitive racing success was

evaluated. Analyses including all raced horses born between 2000 and 2009 (n =9350) showed a
relationship between premie race participation with reduced career longevity and prize money
earnings. However, when analyses only included horses that raced competitively (n=7497; i.e.
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horses with participation in only premie or qualification races were excluded), premie race
participation was associated with increased racing success. These findings indicate that premie
race fields consist of both horses with good racing ability as well as horses with limited talent.
Overall this study shows that premie racing is likely to be beneficial for both the horse and the

trainer.

Introduction

The Norwegian- Swedish Coldblooded trotter (NSCT) is a
racehorse breed originating from draft horses (Jaderkvist
Fegraeus et al.,, 2018). Since the 1950's, the population
has been selectively bred for performance in harness
racing, a popular sport in Norway and Sweden (Jaderk-
vist Fegraeus et al., 2018). In Coldblooded trotters there
is a strong relationship between an early age at first
start and increased career length as well as prize
money earned (Saastamoinen & Ojala, 1991a; Saastamoi-
nen & Nylander, 1996; Velie et al., 2018a). This trend is
also reflected in larger populations of Thoroughbred
and Standardbred racehorses (Cheetham et al., 2010;
Knight & Thomson, 2011; Velie et al, 2013). An early
age at racing is often considered a desirable trait as
any prize money earned provides a quicker return on
investment to the owners and trainer of a horse (Saasta-
moinen & Nylander, 1996).

Although NSCTs may start training before 18 months of
age (Revold et al.,, 2010), very few competitive races are
available for two year olds. However, two year olds may
participate in both premie and qualification races.
Premie races, which are only available to two year olds,
differ from competitive racing in that they award prize
money to all horses that finish the race within a certain
time interval (2:10-1:55 per kilometre; minutes:seconds).

Thus, finishing first in a premie race provides no immedi-
ate financial benefits, compared to finishing in last place.
Premie races mainly serve as an early stepping-stone for
trainers and owners to assess the present physical and
mental capabilities of their 2-year-old horses for future
horse racing. Qualification races, on the other hand, simi-
larly require horses to finish within a certain time, but are
necessary in order for a horse to become eligible for entry
in competitive racing (Velie et al,, 2018a). Consequently,
premie races can potentially provide an opportunity for
young horses to prepare for qualification races, better
equipping them to enter competitive racing at an earlier
age. Premie races can also provide an opportunity for
horses with limited racing ability to earn some prizemo-
ney without having to qualify or race competitively.
However, it should be noted that premie race prize
money is not included in a horse’s official career earnings.
Previous studies that have evaluated the relationship
between age at first start and performance in Cold-
blooded trotters have excluded premie races in their ana-
lyses (Saastamoinen, 1991a; Saastamoinen & Nylander,
1996; Velie et al., 2018a). As a result, little information is
available as to the impact that premie race participation
has on the future career of NSCTs. In this study, we exam-
ined the relationship between participation in premie
races and future competitive racing success in NSCTs.
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Materials and methods
Description of data

Racing performance data for all NSCTs born between
2000 and 2009 that participated in at least one race
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Figure 1. Predicted values from the fitted linear mixed models of
the relationships between premie race participation and future
competitive racing performance of Norwegian- Swedish Cold-
blooded trotters. Separate analyses were conducted including all
horses (n=9350) and only horses that raced competitively (n=
7497). Bar charts represent the relationship of premie race partici-
pation with: a) cumulative earnings in Norwegian Krone (CE), b)
earnings per start in Norwegian Krone (EPS), ¢) number of competi-
tive starts (NCS), d) number of competitive starts with no disqua-
lifications (NSCD) and e) career length in months (CLM). Error bars
represent one standard error of the model based from the mean.

start as of the 8th of February 2017 (n =9350) was pro-
vided by the Norwegian and Swedish trotting associ-
ations (Det Norske Travselskap and Svensk Travsport).
The NSCT's in this dataset were born between
January and October. The majority of horses (8192)
were born between April and July. Only two horses
were born in September, and one in October. The
number of horses born each year varied between 808
and 1067. Of the horses in the dataset, 7634 partici-
pated in premie races, and 5781 of these premie par-
ticipants continued on to race competitively. The total
number of individuals in the sample with competitive
racing data was 7497, with 1716 of these horses not
having participated in a premie race. The data does
not specify whether the horse competed in more
than one premie race, or completed the premie race
within the required time interval.

A number of measures were used to evaluate each
individual’'s competitive racing success. More talented
horses tend to earn a greater amount of prizemoney,
thus cumulative prizemoney earnings (CE) and earnings
per start (EPS) were calculated for each individual.
Prizemoney from races in Sweden were converted to
Norwegian Krone (NOK) based on the average
exchange rate in the year that the race occurred.
Only prizemoney won in competitive races was
included in these calculations. Career longevity is also
an important trait for Coldblooded trotters (Saastamoi-
nen & Nylander, 1996). Therefore, career starts (NCS)
and career length in months (CLM) were also calcu-
lated for each individual. Horses can be disqualified
in a race for using a gait that is not allowed (i.e.
gallop or pace), so the number of career starts where
the horse was not disqualified was also calculated

Table 1. Linear mixed models for each outcome variable.

Outcome

variable Transformation Model

CE log log(CE) = u + PP + YOB + sex + COB +
sire + dam + €

EPS log log(EPS) = p + PP + YOB + sex + COB +
sire + dam + €

BT Power of 0.25  (BT)®?* =+ PP + YOB + sex + COB +
sire + dam + €

CM log log(CLM) = p + PP + YOB + sex + COB +
sire + dam + €

NCS Power of 0.25  (NCS)®% = i+ PP + YOB + sex + COB +
sire + dam + €

NCSD Power of 0.25  (NCSD)%?> = i + PP + YOB + sex + COB

+sire+dam+¢

Notes: Models were fitted using ASReml-R. PP, YOB, sex and COB were
included as fixed effects in each model. Sire and dam were included as
random effects. Models were log or power-transformed to achieve a
normal distribution and constant residual variance.

CE = Cumulative earnings, EPS = Earnings per start, BT = Best time, CLM =
career length (months), NCS=Number of competitive starts, NCSD =
Number of competitive starts with no disqualifications, PP = premie partici-
pation (yes/no), YOB = year of birth, COB = country of birth.

146



114 (&) E.T.TODDETAL.

(NCSD) to account for correct racing technique. Only
competitive race starts were included in these
measures. The career length of horses that only com-
peted in one competitive race was set at 1 day (0.03
months). More details on the dataset can be found in
Velie et al. (2018a).

Data analysis

The relationship between each racing performance
measure and premie race participation was analyzed
using linear mixed models in ASRemI-R (Butler et al,
2009) (Table 1). Sex, year of birth and country of origin
(either Sweden or Norway), were included as fixed
effects in each model. These traits were significantly
associated with each racing performance measure (all
P<0.001) and have previously been shown to
influence the racing performance of NSCTs (Velie et al.,
2018a). Additionally the sire and dam of each individual
were included as random effects to account for the non-
independence of data. Two analyses were performed
using the same model structure for each analysis: the
first including all horses (n=9350), and the second
including only horses that raced competitively (n=
7497). The significance of each fixed effect was assessed
through Wald statistics. These resulting fitted models
were used to estimate the predicted values of each
racing performance measure based on premie race par-
ticipation (Figure 1). Additionally, the relationship
between premie race participation with month and
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year of birth were assessed using generalized linear
mixed models.

Results and discussion

In analyses that included all horses, premie race partici-
pation in NSCTs showed a strong association with a
reduction in all measures of racing performance (all
P<0.001) (Figure 1). Generally speaking, the main
reasons that horses do not race competitively are lack
of talent, bad character, and injuries (Saastamoinen
1991a, 1991b; Velie et al., 2018b). It is highly plausible
that a portion of premie race participants are entered
simply because their owners and trainers are taking the
opportunity to earn prize money - all the while
knowing that due to their horse’s lack of talent or pro-
pensity for injury, competitive racing participation and
success in the future is unlikely.

Conversely, the analyses that only included horses
with a competitive racing record showed that premie
race participation was associated with higher levels of
competitive racing success in NSCTs (all P<0.001)
(Figure 1). These findings support previous studies that
have shown a link between early racing age and
increased career success (Saastamoinen & Ojala, 1991a;
Saastamoinen & Nylander, 1996; Velie et al., 2018a).
Over 75% of the premie participants in this dataset con-
tinued on to race competitively, suggesting that the vast
majority of horses that participate in premie races do so
because they have both a good constitution and have
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Figure 2. The proportion of premie race participants for each a) month and b) year of birth in Norwegian- Swedish Coldblooded trotters
(n=9350) born between 2000 and 2009. The total number of individuals for each month and year of birth is shown above the respect-

ive column.
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shown their trainers that they have enough ability to
start their career at an early age. Premie race partici-
pation also allows these horses to improve their fitness,
experience race day conditions, and practice their trot-
ting technique in order to qualify for competitive
racing more quickly. As such, premie race participation
and potential earlier qualification allows horses greater
opportunities to earn prizemoney and increases their
chance of a longer racing career.

Furthermore, NSCT’s born earlier in the breeding
season were more likely to participate in premie races
(P <0.01, Figure 2). These findings agree with a previous
study on other trotter breeds (Saastamoinen & Ojala,
1991b). However, the month of birth showed no relation-
ship with future competitive racing performance (all P >
0.05), a trend that was also found in Standardbred trot-
ters (Physick-Sheard, 1986). Although there are some
outliers, these findings suggest that more mature (early
season) foals may be more likely to start training or
show propensity for racing before 2 years of age. An
increasing trend shows that a greater proportion of
NSCTs born in the later years of the study participated
in premie races (P<0.001, Figure 2). The increasing
amount of horses participating in premie races each
year may be due to trainers observing the positive
effects of race practice on future performance, or the
benefits of early commercial returns to connections. It
is also plausible that this may be a side effect of changing
racing structures (e.g. more premie races available,
increases/decreases in money awarded for premie races).

These findings provide evidence that many in the
industry already suspect: premie races are made up of
both horses with limited talent as well as horses with
elite potential. It is highly likely that trainers, particularly
professional trainers, understand a horses racing potential
at an early age. For an NSCT to be physically fit and edu-
cated enough to successfully complete a premie race,
the horse would have to start training before 18 months
of age. While low intensity training regimes can be
sufficient for trotters to participate in racing at a young
age (Ringmark et al., 2015), some early training and practi-
cing under race conditions can also assist in optimising the
racing success of NSCTs, with premie races providing an
ideal opportunity for trainers to assess a horses potential
for future competitive racing. Additionally, these findings
demonstrate that premie races provide an important func-
tion in filtering out many individuals that lack the physical
and mental talent for racing.

Further research into the benefits of premie race par-
ticipation would confirm whether horses that participate
in premie races take fewer attempts to qualify for com-
petitive racing. Horses may participate in more than
one premie race, which could provide further advantage

in early qualification. However, once a horse has finished
within the specified time interval, they are not eligible to
participate in future premie races. Additionally, compar-
ing the career profiles of horses that finish premie
races within the required time interval versus those
that don’t may provide additional insight in early deter-
minants of career success in NSCTs. Future studies
could also benefit from a more comprehensive break-
down of prizemoney over different age brackets.
Overall, this study demonstrates that NSCTs that show
propensity for racing at a young age have significantly
longer and more successful careers.
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. TheThoroughbred horse has played an important role in both sporting and economic aspects of society
since the establishment of the breed in the 1700s. The extensive pedigree and phenotypic information
available for the Thoroughbred horse population provides a unique opportunity to examine the effects
of 300 years of selective breeding on genetic load. By analysing the relationship between inbreeding
and racing performance of 135,572 individuals, we found that selective breeding has not efficiently

. alleviated the Australian Thoroughbred population of its genetic load. However, we found evidence

. for purging in the population that might have improved racing performance over time. Over 80% of

© inbreeding in the contemporary population is accounted for by a small number of ancestors from the

. foundation of the breed. Inbreeding to these ancestors has variable effects on fitness, demonstrating

. that an understanding of the distribution of genetic load is important in improving the phenotypic value

. of a population in the future. Our findings hold value not only for Thoroughbred and other domestic
breeds, but also for small and endangered populations where such comprehensive information is not
available.

The Thoroughbred horse population is one of the largest closed populations of animals in the world.

. Thoroughbreds are extremely valuable because of the large amount of prizemoney on offer and the high residual

: value of superior athletes. All Thoroughbred horses trace their ancestry back to three paternal lines, due to the
narrow bottleneck at the foundation of the population!—. More than 300 years of breeding practices have pro-
duced signatures of selection in the 21% century Thoroughbred population, contributing to the superior athleti-
cism of the breed*®. At the same time, these practices have increased levels of inbreeding and reduced the genetic
diversity of Thoroughbreds compared with other domestic horse breeds>®’.

To our knowledge, there has been no detailed examination of the effects of inbreeding on the racing perfor-
mance of Thoroughbred horses and the genetic load of the population. Genetic load, the presence of unfavour-
able genetic material, is a reflection of a population’s fitness because a higher genetic load leads to a lower mean

. fitness level®. A large proportion of genetic load consists of recessive deleterious mutations, known as mutational

. load. Inbreeding can expose mutational load because it increases an individual’s chance of inheriting two copies

. of recessive deleterious alleles from a common ancestor®®. The subsequent decrease in fitness caused by these
expressed recessive deleterious mutations is thought to be a major cause of inbreeding depression'. Other mech-

: anisms believed to contribute to inbreeding depression include epistatic interactions and reductions in favourable

. heterozygosity'®!.

: The inevitable effect of selection in a closed population is an increase in the level of inbreeding'>!*. There is
some evidence that continued inbreeding for selection can purge a population of some or all of its genetic load,
such that new inbreeding events have negligible or even positive effects on phenotype’. Although some domestic
and wild populations show signs of purging!*-'¢, others still show strong signs of inbreeding depression even after
multiple population bottlenecks and inbreeding events'’~'°. Purging is most likely to occur in populations under
strong selection and slow rates of inbreeding, allowing deleterious alleles to be effectively eliminated rather than
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Figure 1. Regression coefficients showing the relationship between measures of racing performance and
inbreeding in Thoroughbred horses (n =135,572). All measures of racing performance have a negative
relationship with F but a positive association with Ayc. Error bars represent 1 standard error around the mean.
Regression coefficients and standard errors were divided by the standard error of their respective traits. The
relationship between each measure of inbreeding and racing performance was highly significant (P < 0.001).
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fixed by genetic drift'>*. Additionally, inbreeding for favourable phenotypic characteristics can have unexpected
negative implications through deleterious alleles hitchhiking on regions of the genome under positive selection,
thereby increasing their frequency in the population® -,

Understanding the effects of selection is further complicated by the uneven distribution of genetic load in a
population. Inbreeding to different ancestors can have varying effects on fitness, such that the total proportion
of alleles identical by descent (IBD) might not be an accurate reflection of mutational load?*-%. This raises the
possibility that inbreeding in different pedigree lines has variable effects on genetic load in the Thoroughbred
population.

The availability of extensive phenotypic and pedigree records, dating back to the late 18™ century, makes the
Thoroughbred population ideal for studying the long-term, population-wide effects of selection on performance
and genetic load. Here, we examine the effects of inbreeding on racing performance and mutational load in the
Australian Thoroughbred population. Australia has the second-largest racing and breeding population in the
world, containing approximately 15% of all Thoroughbreds?”.

We analyse a sample of 135,572 individuals, representing all Thoroughbred horses that had one or more race
starts in Australia between 2000 and 2011. A genealogy of these individuals, dating back to the founders of the
population (n =257,249), is also included in our analyses. Although some lines of pedigree are incomplete, we
have comprehensive pedigree information for all individuals in the racing performance data set, making our
inbreeding estimates highly accurate. The availability of extensive pedigree records not only allows us to study
broad population trends over time, but also to determine whether the selection for optimal racing performance
has alleviated mutational load. We use these data to measure inbreeding and ancestral coefficients for all indi-
viduals. We also identify the ancestors that have made the greatest genetic contributions, in order to understand
better the distribution of mutational load in the population. For a representative subset of individuals, we perform
high-density genotyping to determine whether inbreeding load is reflected at the genomic level.

Results and Discussion

The effects of inbreeding and purging on racing performance. Our analysis of data from 135,572
Thoroughbred horses revealed a strong negative relationship (all P < 0.001, Fig. 1) between Wright’s inbreed-
ing coefficient, F, and five measures of racing performance that encompass a range of factors that contribute to
exercise performance?®?. These included two measures that are based on the assumption that more successful
individuals earn more prizemoney: cumulative prizemoney earnings and prizemoney earnings per start. We also
included two measures of constitutional soundness: total number of race starts and career length. Finally, we
accounted for consistency of performance with the measure winning strike rate.

The negative relationship between F and performance can be explained by a genetic load of partially deleteri-
ous alleles still being carried by the population. We expect that the alleles causing the observed inbreeding depres-
sion are more difficult to select out of the population than those with lethal or debilitating effects on juvenile
or embryonic survival'®?3°-32, Population bottlenecks that occurred during the ancestry of the Thoroughbred,
including the domestication of the horse®, and the foundation of the breed®*, might have increased the frequency
of deleterious alleles through genetic drift. It is also possible that continued inbreeding of the Thoroughbred pop-
ulation over the past 300 years has inadvertently increased the frequency of deleterious variants in the population,
potentially through hitchhiking on selective sweep regions!**?*. As a result of many generations of inbreeding,
the average F of the 21% century Thoroughbred population is 0.139 (s=0.011).

In contrast with the results from Wright's inbreeding coefficient, the ancestral history coefficient, Ay, showed
a strong positive association with racing performance (all P < 0.001, Fig. 1). This statistic, described by Baumung,
et al.*, counts the number of times that an allele has been IBD in an individual’s pedigree, thus providing a com-
prehensive reflection of selection for favourable traits over time. The Ay statistic is based on the assumption that
an allele that has been IBD multiple times in an individual’s pedigree is likely to have a neutral or positive effect
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Figure 2. The distribution of estimated breeding values (EBVs) over time for Australian Thoroughbred horses
(n=257,249), based on the cumulative earnings of 135,572 individuals that raced between 2000 and 2010. Bins
were calculated over intervals of 0.2, with each bin representing a 10-year period. Individuals with unknown
parents are shown in red. The EBV results for the other measures of racing performance follow the same trends
and are included in the Appendix.

on fitness. In contrast, an allele that is IBD for the first time is more likely to have a negative effect on fitness.
Therefore, individuals with higher Ay are more likely to contain larger proportions of alleles in their genomes
that have been positively selected over many generations. It is possible for an individual with a comprehensive
pedigree to have an Ay greater than 1. As a consequence of the comprehensive and inbred pedigree, the reference
population had average Ay of 1.973 (s=0.089).

The positive relationship between Ay and all measures of racing performance is possibly due to the many
generations of selective breeding that have increased the frequency of alleles associated with positive improve-
ments with exercise physiology. These alleles will appear IBD more times in the pedigrees of each subsequent
generation, thus driving up Ayc (Appendix S2). Our results indicate that inbreeding for selection has effectively
increased the frequencies of favourable alleles, but has not completely eliminated genetic load from the popula-
tion. Considering this finding, it is unsurprising that parts of the Thoroughbred genome show signatures of selec-
tive sweeps linked to genes related to athletic performance, including formation of muscular fibres, upregulation
of mitochondrial activity, angiogenesis, brown adipose tissue formation, and lipid metabolism>*. In agreement
with our results, there is some evidence for selection improving racing performance in another horse breed, the
Norwegian cold-blooded trotter®2.

Both F and Ay showed the strongest associations with cumulative earnings and earnings per start (Fig. 1).
We expect that this is because these measures reflect not only talent, but also good constitution because horses
that race more are more likely to win more prizemoney. The smallest regression coefficient was for winning strike
rate, probably because this measure is a crude estimate of consistency and does not reflect the race class, or the
finishing order of a horse on non-winning occasions.

The estimated breeding values of the population over time.  We found that selective breeding prac-
tices have not increased the overall performance levels of the population over time. We implemented a numer-
ator relationship matrix in conjunction with a linear mixed model to account for additive genetic relationships
between animals in the pedigree (Materials and Methods). Based on the racing performance of contemporary
individuals (n =135,572), we used this relationship matrix to calculate the estimated breeding values (EBVs) of
all individuals in their pedigree (n =257,249)°%%". The large increase in EBVs at the foundation of the population
indicates that early selection events resulted in an initial jump in the frequency of favourable alleles (Fig. 2).
After this initial increase, the distribution of EBVs remains constant; demonstrating that selective breeding from
the early 19 century was not effective in improving the racing performance of the population. The level of F
has increased constantly during this time (Fig. S9), so we conclude that inbreeding has not effectively removed
mutational load from the population. This explains why we observe strong inbreeding depression persisting in
the contemporary population. We expect that this is due in part to a change in racing and training regimes
over time that, in turn, has changed selection pressures on the population®. In the 18™ and early 19" century,
Thoroughbred races were held over a distance of several miles, with each horse participating in multiple heats on
the same day. In the 20" century, focus shifted to breeding sprinters and early developers for two-year-old rac-
ing®. Similarly, there was very little increase over time in the EBV's of Polish Warmblood horses despite selection
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Percentage contribution by
Year of each ancestor
Ancestor name birth pF PAc
Herod 1758 19.87 25.13
Eclipse 1764 11.5 12.97
St Simon 1881 8.74 4.58
Godolphin Arabian 1724 8.34 10.34
Touchstone 1831 7.73 5.79
Stockwell 1849 7.15 4.76
Rachel 1763 5.75 6.32
Snap 1750 5.41 5.77
Partner 1718 3.62 12.97
Roxana 1718 2.28 2.49
Total contribution 80.40 82.18

Table 1. The average partial F (pF;) and Ayc (pApc;) coefficients of the contemporary population for the

10 ancestors with the greatest marginal contributions to the modern Australian Thoroughbred population
(n=135,572). The final pair of columns shows the total average contribution of all 10 ancestors to the F and Ay
coefficients. All values are expressed as a percentage of the total F or Ay value.

for performance, indicating that intensive selection might be necessary to improve the mean value of complex
quantitative traits in a population®’.

The dip in EBVs between 1930 and 1980 can also be partly attributed to an increased number of individuals
with unknown pedigree information, as shown in red on Fig. 2. This, together with the increased variability of
EBVs during this period, could also be due to the presence of less successful pedigree lines that have not been
purged from the modern population. We expect that the increase in the average EBV from 1980 onwards is partly
due to the introduction of parental testing in the 1980s, leading to complete pedigrees for all registered individ-
uals. The increasing trend in EBV's over recent generations indicates a possibility for future improvement in the
population’s overall phenotypic quality.

The uneven ancestral genetic contributioninthe contemporary Thoroughbred population.  Selective
breeding practices are likely to result in uneven ancestral genetic contributions, favouring ancestors carrying
beneficial alleles and leading to the extinction of less successful ancestral lines*>**2. We found that a small num-
ber of ancestors in the early years of the breed formation accounted for much of the inbreeding coefficient in the
modern Australian Thoroughbred population.

We found that 10 ancestors accounted for, on average, over 80% of the IBD alleles in the modern Australian
Thoroughbreds (Table 1). Almost 20% of the IBD alleles in the contemporary population were attributed to a
single individual, Herod. We selected these 10 ancestors because they provided the greatest marginal contri-
butions to the individuals in our racing performance data (Appendix S4). The greatest marginal contributors
are selected by first identifying the single ancestor with the greatest contribution to the population, and then
subsequently finding the other ancestors that provide the greatest genetic contributions not accounted for by
previously selected ancestors* (Appendix S4). We then estimated the proportion of F (pF;) and Ay (pAyg;) for
each individual in our data set that is attributed to each of these ancestors®***.

We identified these individuals as superior athletes that were also highly successful at stud. Historical records
show that most of these individuals are closely related to each other (Fig. S8). One of them, Godolphin Barb, was
one of the three foundation stallions of the breed in the early 18" century'. He has been reported to contribute
to 13.8% of the genetic makeup of British Thoroughbred horses®. Another of the foundation stallions, Eclipse,
was identified as the source of a Y chromosome mutation that is near fixation in the modern Thoroughbred
population®.

The 10 notable ancestors accounted for over 82% of the Ay coefficient in their modern descendants (Table 1).
We expected this relationship because these individuals appear many generations back in the pedigree of modern
horses. For alleles inherited from them to have such a large contribution to F, they must appear IBD many times
in the pedigrees of their descendants. In concordance with the principle of the Ay coefficient, alleles that are
found IBD multiple times in the pedigree are likely to have neutral or beneficial effects on fitness. These findings
are reflected in the positive trends in F and Ay over time in the population (Fig. S9).

Uneven distribution of genetic load between different ancestors. We found evidence that
founder-specific inbreeding depression differentially affects racing performance in the Australian Thoroughbred
population (Fig. 3). We determined the distribution of genetic load between the 10 dominant ancestors by using
linear mixed models to examine the relationship between partial inbreeding coefficients and racing performance.
Genetic load may be unevenly distributed between different ancestors, such that inbreeding to different individ-
uals can have a variable effect on fitness?*-%. If inbreeding to a particular ancestor results in a reduction in the
racing performance of their descendants, a higher proportion of the genetic load in the population can be attrib-
uted to them. The variation in genetic load between different ancestors indicates that inbreeding depression in
Thoroughbreds is due to a small number of loci that have large effects on performance?*2>6.
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Figure 3. Inbreeding to different ancestors has variable effects on five measures of racing performance in
modern Australian Thoroughbred horses. Partial inbreeding coefficients were calculated for the 10 ancestors
with the greatest marginal contributions to the contemporary Australian Thoroughbred population. The
relationship between each partial coefficient and inbreeding was analysed using regression coefficients from
restricted maximum likelihood models. Error bars represent 1 standard error from the mean. This plot uses
the same data set as in Fig. 1, but with each inbreeding coefficient split into partials. Red bars denote significant
relationships.

We found that inbreeding resulting from four ancestors had significant effects on racing performance.
Individuals with more IBD alleles attributed to Herod had greater cumulative earnings, earnings per start, and
career length. This does not mean that increased inbreeding to Herod has had no negative effects on the pheno-
typic value of his descendants, but that overall they exhibit less inbreeding depression than other, equally inbred
individuals®. Conversely, inbreeding to Eclipse, Stockwell, and Touchstone had negative effects on the racing
performance of their descendants. We propose that these negative effects are partly due to the “cost of domestica-
tion”?, whereby inbreeding these individuals has inadvertently selected for deleterious alleles linked to sites that
have undergone selective sweeps?"?2.

Additionally, historical reports describe these stallions to be potential carriers of disease alleles, which may
have predisposed their descendants to common conditions that reduce racing performance. Touchstone was
reported by his contemporaries to have a number of conformational and behavioural issues*’, which might also
have contributed to the reduced level of performance in his descendants. Although Eclipse was a superior race-
horse, his grandsire suffered from exercise-induced pulmonary haemorrhage (bleeding from the lungs)*. This
hereditary condition reduces racing success***’, and recurrent episodes result in a horse’s permanent ban from
racing in Australia. Inheritance of this condition might be a contributing factor to the reduced career lengths of
Eclipse’s descendants. Individuals with higher levels of inbreeding to Stockwell show reduced winning strike rates,
although this might be a statistical abnormality because P=0.04. However, Stockwell’s mother suffered from the
congenital condition of laryngeal neuropathy (paralysis of the larynx)*' -, which may partly explain the observed
reduction in performance.

We expect that most of these ancestors have passed on a mix of alleles with both positive and negative effects,
such that inbreeding to them has the same effect as inbreeding to other individuals in the pedigree. However, it
is also possible that two individuals inbred to the same ancestor could have inherited different sets of loci from
different ancestral paths, making this ancestor’s effect on fitness variable between different descendants?. An
instance of this has been found in cattle, where the occurrence of ectodermal dysplasia in a number of calves from
unaffected parents was traced back to a de novo mutation in one bull*%. The condition was only revealed through
inbreeding of his descendants, when some of their progeny inherited two copies of the disease allele. This example
demonstrates that inbreeding to a particular individual can have highly variable effects on fitness levels between
their different descendants.

Considering the strong evidence for an uneven distribution in genetic load, we conclude that the majority of
inbreeding depression is only due to small proportion of IBD alleles®>*2. Consequently, we suggest that simply
measuring the proportion of IBD alleles in the genome does not provide a comprehensive reflection of a pop-
ulation’s genetic load. Understanding the heterogeneous distribution of genetic load is important in assisting
breeding decisions to minimize inbreeding to ancestors that negatively affect fitness*>.

Relationship between genome-based inbreeding coefficients and racing performance. In con-
trast with the pedigree-based estimates of inbreeding, we found that genomic measures of inbreeding showed
no overall relationship with any measure of racing performance (Table 2). For a representative subset of the
population (n=122), we estimated genomic inbreeding levels as the proportion of the genome consisting of runs
of homozygosity (Frop). This method reflects inbreeding levels by capturing long, homologous tracts of DNA
inherited from a common ancestor that have not been broken by recombination®->. For our analyses, we selected
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Fyon s Fron 12 F Agc
Cumulative earnings 1.95(11.62) 5.05(14.35) —10.56 (19.74) 3.04 (3.51)
Earnings per start 0.63 (8.53) 2.30(10.54) —10.10 (14.55) 1.61 (2.58)
Career length —0.69 (2.32) —0.84 (2.86) —3.26 (3.64) 0.54 (0.69)
Total starts ~10.61 (87.49) | —24.01 (107.94) 1632 (142.13) | 38.81(25.81)
Winning strike rate —2.17 (4.16) —5.08 (5.14) —17.37 (6.61)* —0.43 (1.15)

Table 2. Regression coefficients of linear mixed estimating the association between five measures of racing
performance and pedigree-based and genomic coefficients (# = 122). Sex and year of birth were added as fixed
effects and a numerator relationship matrix as a random effect in each model. Cumulative earning, earnings
per start, and career length were log transformed for a normal distribution and analysed with a linear mixed
model. Total starts was analysed using a Poisson generalized linear mixed model and winning strike rate using
a binomial generalized linear mixed model. Inbreeding was measured using the pedigree measures of: Wright’s
inbreeding coeflicient (F) and the ancestral history coeflicient (Ayc). Genealogical inbreeding was measured as
the proportion of runs of homozygosity (ROH) in the genome with the minimal lengths of 5MB (Fyoy 5) and
12MB (Fgoy_12)- Standard errors are shown in parentheses. *P < 0.05; **P < 0.001.

minimal length thresholds of 5 Mb (Froy s) and 12Mb (Fyey ;,) to correspond to old and new inbreeding, respec-
tively (Appendix S2).

For this smaller data set, however, we also found that the F and Ay coefficients for these individuals also
showed no relationship with performance (Table 2). Considering that this relationship was significant for a larger
sample size, we conclude that a sample size of 122 was not sufficient to capture the relationship between inbreed-
ing and performance. Our models were unable to account for a number of confounding environmental factors
that could affect racing performance (such as training regime, jockey success, and foal-rearing process), so a large
sample size is needed to tease out the underlying relationship between inbreeding and performance. There is also
a large continuum between the best- and worst-performing individuals in such a large population that might not
be captured by a small subset of individuals. Our findings indicate that caution should be exercised in studies of
smaller populations.

Molecular estimates of inbreeding are often considered to be superior to genealogical measures because they
account for the unpredictable nature of recombination and inaccurate pedigree-recording information. However,
the parameters of Fpoy measurements should also be chosen carefully, so that they accurately reflect inbreeding
levels. The accuracy of these estimations might be affected by inadequate SNP density**® and long tracts of ROH
persisting in areas of low recombination®"%? (Appendix S2). Many studies use different parameters for genotyping
densities, data trimming, and ROH, making comparisons between them difficult to draw.

We found that the correlation between Fyoy and F in our data set (Fig. S3) was lower than that reported in
other domestic species®*, which may partly explain the contrasting results. We found that a large proportion
of the inbreeding coefficient in the Australian Thoroughbred population was accounted for by ancestors many
generations back in the pedigree. Inbreeding to distant ancestors results in shorter ROH regions that might not be
captured by the SNP density used in our analysis (Appendix S2).

For these reasons, we believe that for large populations with comprehensive pedigrees, genealogical measures
of inbreeding can provide important inferences if the size of the pedigree is much larger than the number of
individuals genotyped. The use of pedigree data allows inferences to be made for deceased individuals, for which
genotyping might not be possible. Additionally, using a pedigree to analyse trends over time can be advantageous
because it might not be possible to obtain molecular data for deceased individuals (such as the founders of the
population). Pedigrees also provide the opportunity to estimate the effects of specific individuals over time on the
fitness of their descendants.

Conclusions

In this study, we have presented the effects of inbreeding and selection in a very large population with extensive
phenotypic and pedigree records. Our analyses have shown that genetic load can still persist in a population even
after many generations of inbreeding. However, we have also found evidence that multiple generations of inbreed-
ing for selection can have positive effects on the overall genetic value of a population. We suggest that using EBV's
whilst managing inbreeding levels will increase the efficiency of selection to reduce inbreeding depression in
subsequent generations. Further, our findings highlight the need for caution in studies with small sample sizes
because they can lead to inaccurate inferences about the effects of inbreeding.

We have also found evidence that the genetic load is unevenly distributed in the Thoroughbred population.
This indicates that studies of inbreeding need to account for heterogeneity between different ancestors, because
the total proportion of IBD alleles might not accurately reflect genetic load. Understanding the distribution of
genetic load in the population will assist in breeding decisions to reduce disease alleles and improve the overall
fitness of the population in future generations. Our findings open the possibility of evaluating the effects of par-
ticular individuals on the fitness of the population in order to improve phenotypic quality and reduce genetic load
in the future.

Materials and Methods

Calculating pedigree-based inbreeding coefficients. Racing Australia provided race records for all
individuals that had participated in a race start in Australia between 2000 and 2010 (n = 135,572). A genealogy
of all horses born after 1970, dating back to the founders of the population, was provided by the Australian Stud
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Book (n=1500,477) (Appendix S1). We trimmed the pedigree file so that it only included the ancestors of the
individuals in our data set, leaving a pedigree size of 257,249. We found that all individuals included in our anal-
ysis had a comprehensively recorded pedigree (an average of 24.60 discrete generational equivalents of known
pedigree®>%¢). Before 1980, however, a small number of individuals appear in the stud book with no recorded
pedigree®”®® (Appendix S6). These individuals accounted for 1.4% of the total ancestors included in our genealogy
file, and mostly appear more than 6 generations back in the pedigree.

We estimated inbreeding levels for all individuals in the data set using Wright’s inbreeding coefficient (F)®.
We used this traditional measure of quantifying inbreeding to allow our results to be compared with those from
previous studies. We also used the pedigree data to estimate several ancestral inbreeding coefficients that account
for genetic load (SI Materials and Methods, Appendix S1, $2)'%347°, We selected the ancestral history coefficient
(Agc) for further analysis because this measure counts the number of times that an allele has been IBD in an
individual’s pedigree, thus providing a comprehensive reflection of selection for favourable traits over time**.

We calculated F and Ay for all individuals in the pedigree using 10° replications of simulated gene drops
in GRain 1.0** (Appendix S1). This method uses Mendelian segregation rules to simulate gene flow through
a population by flagging each allele as it runs through the pedigree. These data are then used to estimate the
probability-based inbreeding coeflicients”!. The accuracy of the results depends on the number of replications
performed, which is proportional to the number of unlinked loci calculated in the analysis*. We checked the
accuracy of our output by comparing F estimations using GRain with a deterministic approach as implemented
by PEDIG®. Estimates from the two methods had a correlation coefficient of 0.99, indicating high accuracy of the
inbreeding estimations by GRain.

We identified the 20 ancestors that provided the greatest marginal contributions to the population of 135,572
individuals by using iterations in the prog_orig.f program in PEDIG*°. We then used GRain to calculate pF and
pAgc of each ancestor for each individual in our data set. Ten ancestors were chosen for further analysis, and their
identities were determined using the Australian Stud Book and the online pedigree database (pedigreequery.
com).

Estimating inbreeding from genomic data. We selected a representative subset of individuals for
high-density genotyping (n = 128). These individuals were selected to provide a reflection of different bloodlines
in the population and a continuum of racing successes. We used these data to estimate the proportion of the
genome consisting of runs of homozygosity (Frop).

To estimate genome-based levels of inbreeding, we first extracted DNA from hair samples (collected under
approval from University of Sydney Ethics Committee N00-2009-3-5109) using the Qiagen Gentra® Puregene®
Tissue Kit (Qiagen, Redwood City, CA, USA). We genotyped 105 individuals using the Equine SNP70 BeadChip
(Illumina, San Diego, CA, USA), which consists of 65,102 SNPs evenly distributed throughout the equine
genome. Additionally, we typed 23 individuals on the Axiom Affymetrix SNP Chip (670,671 SNPs), when this
higher density array became available at a later date. We used custom Perl scripts to extract only the SNPs that
were common to these two panels, which we then used in further analyses.

SNP data were edited and analysed using PLINK 1.0772 The data were trimmed to be in concordance using
the following parameters: minor allele frequency > 0.01; individual call rate > 0.9; and SNP call rate > 0.9%7>. This
process yielded a final data set comprising 45,451 SNPs for each of 122 individuals. Additionally, we only analysed
autosomal SNPs in order to exclude any bias between male and female.

We used these data to estimate the proportion of the genome consisting of runs of homozygosity (Frop). To
define the parameters of an ROH, we set the minimum density to 0.05 Mb/SNP and the largest gap to 1 Mb, in
accordance with the settings used by Goddard, et al.”* and Silio, et al.®. We set the minimal number of SNPs in
each ROH to 20, because our SNP coverage was approximately 1 SNP every 50 Mb, making this sufficient to dis-
tinguish an ROH of 1 Mb. ROH lengths were calculated as a proportion of total ROH length in relation to the total
equine autosome size of 2,242,879,462 bp.

Measuring racing performance. We selected five different measures of racing performance that
account for talent, consistency, and constitutional soundness?*?*7°. These measures were: cumulative earnings
($AU), earnings per start ($AU), career length (months), total number of race starts, and winning strike rate.
Cumulative earnings and earnings per start favour talented individuals, because more prestigious races carry
larger prizemoney purses. Career length and total starts favour individuals with good constitutions; individuals
with health and conformational defects are unable to race for extended periods. Winning strike rate accounts for
consistency in horses, because more talented horses are expected to win a higher proportion of their race starts
(Appendix S3).

Statistical analysis. The relationship between each measure of inbreeding and racing performance was
analysed using (generalized) linear mixed models in ASReml-R 3.07°. We used the five measures of racing per-
formance as outcome variables. Cumulative earnings, earnings per start and career length were analysed with
linear mixed models. These variables were log-transformed; to accommodate zero-value in these measure, $100
was added to all career earnings and earnings per starts, and 1 month to all career length values. Total starts was
analysed using a Poisson generalized linear mixed model and winning strike rate using a binomial generalized
linear mixed model.

Each model included a predictor variable of either F, Ay, or F partitioned into partial coefficients for each
of the 10 important ancestors, making a total of 15 models. Sex and year of birth were also included as predictor
variables in each model. We also included a random animal effect that was associated with the numerator rela-
tionship matrix derived from the pedigree (n =257, 249).
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The significance of fixed effects was assessed using Wald tests. To allow comparisons of regression coefficients
across different traits, the regression coeflicients were divided by the standard deviation of their respective traits.
EBVs were obtained from the fitted models. We summarised the EBV distributions over time in 10-year bins,
which approximately represents one generation interval. We calculated the average generational interval to be
10.5 years using the intgen.f program from PEDIG®.

Data Availability Statement. The data that support the findings of this study are available from Racing
Australia and the Australian Stud Book. However, restrictions apply to the availability of these data, which were
used under license for the current study, and so they are not publicly available. Data are, however, available from
the authors upon reasonable request and with permission of Racing Australia. The data set can also be accessed
from the public repositories of www.racingaustralia.horse and www.studbook.org.au.
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Abstract

Background: Horses produce only one foal from an eleven-month gestation period, making the maintenance of
high reproductive rates essential. Genetic bottlenecks and inbreeding can increase the frequency of deleterious
variants, resulting in reduced reproductive levels in a population. In this study we examined the influence of
inbreeding levels on foaling rate, gestation length and secondary sex ratio in Australian Thoroughbred mares. We
also investigated the genetic change in these traits throughout the history of the breed. Phenotypic data were
obtained from 27,262 breeding records of Thoroughbred mares provided by three Australian stud farms. Inbreeding
was estimated using the pedigree of each individual dating back to the foundation of the breed in the eighteenth
century.

Results: While both gestation length and foaling rate were heritable, no measurable effect of inbreeding on either
trait was found. However, we did find that the genetic value for both traits had decreased within recent
generations. A number of environmental factors also had significant effects on foaling rate and gestation length.
Secondary sex ratio had only an extremely small paternal heritable effect and was not susceptible to environmental
influences.

Conclusions: In contrast to racing performance, inbreeding had no measurable effect on foaling rate or gestation
length in Australian Thoroughbred horses. This could be because the level of inbreeding in the population
examined is not high enough to show a discernible effect on reproductive traits. Populations that experience
higher levels of inbreeding due to use of artificial reproductive technologies or extremely small population sizes
may show a more pronounced reduction in natural foaling rate or gestation length. It is also possible that the
intensive management techniques used in the Thoroughbred population masks any negative effects of inbreeding.
The decrease in the genetic value of foaling rate is likely to be because horses with unfavourable genetic potential
have not yet been selected out of the population. The change in genetic value of gestation length may be due to
selective breeding favouring horses with shorter pregnancies. We also found that prioritising the mating of older
mares, and avoiding out of season mating could lead to an increased breeding success.
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Background

Horses have an 11 month gestation period, both con-
ceiving and giving birth in the spring and summer [1].
Like most spring seasonal-breeding animals, increased
photoperiod induces ovulation cycles in mares. Survival
of twins is rare, so mares can only produce one foal a
year. The long gestation period and short breeding sea-
son make the maintenance of good fertility rates in
horse populations imperative to provide commercial
returns for domestic breeds, and to increase the size of
endangered populations [2, 3].

Deleterious genetic variants have accumulated in the
genomes of modern horses as a result of population bot-
tlenecks during domestication and breed foundation
events [4, 5]. In this process, also known as the “cost of
domestication”, deleterious mutations increase in fre-
quency by “hitchhiking” on selective sweep regions [6].
These mutations can also increase in frequency through
inbreeding, selective breeding and genetic drift in a
population [7]. The presence of these variants in a popu-
lation can have negative consequences for overall fitness,
including a decrease in fertility rates. However, it is also
possible that selective breeding over a number of genera-
tions may have removed some or all of these deleterious
variants from contemporary horse populations. Evidence
of positive selection in regions harbouring genes related
to conceptus development have been found in domestic
horse breeds [8, 9], indicating that fertility rates may
have been targeted and improved by breeding practices.

The effects of inbreeding on reproductive traits vary
between studies. Increased inbreeding levels were associ-
ated with reduced fertility in some domestic and wild
horse populations [2, 3, 10]. Impaired ovarian function
resulting from high levels of inbreeding was reported in
the Przewalski’s horse, the most closely related species
to the domestic horse [3]. Conversely, a number of stud-
ies in other horse breeds have shown no relationship be-
tween inbreeding levels and reproductive traits [11-13].
Varying relationships between inbreeding and repro-
ductive performance also exist for a number of other
domestic animal populations [14—18]. It is possible that
the effects of inbreeding on fertility may vary between
different populations depending on the rate of increase
in inbreeding, selective pressures and genetic diversity.

As well as affecting fertility, there is some evidence that
increased inbreeding can skew secondary sex ratios (the
sex ratio at birth) in animal populations [19]. Variations in
sex ratio exist due to an increased chance of early concep-
tus loss of one sex under different conditions [20]. As ma-
ternal condition declines due to environmental stresses or
inbreeding, the chance of producing a viable male concep-
tus may also decrease [19, 21]. Early female horse concep-
tuses produce more insulin like growth factor-1 than
males, which may promote their survival in adverse
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conditions [20]. It is possible that the environment at the
time of conception or levels of inbreeding in horses may
favour the survival of one sex.

Maintaining high reproductive rates is particularly im-
portant for the Thoroughbred horse breed. The Thor-
oughbred population has been closed since the
eighteenth century, resulting in reduced levels of genetic
diversity in current individuals [22—-24]. Although select-
ive breeding in Thoroughbred horses focusses on im-
proving racetrack performance, the prohibition on
reproductive technologies also makes it essential to
maintain good fertility rates in the population. Thor-
oughbred foals that are born early in the spring season
are assumed to have a size and maturing advantage over
their peers. Mares that can conceive within 30 days after
parturition will give birth at the same time next year.
However, mares often take more than one covering each
season, leading to their parturition date being delayed
until later in the spring every year [25]. When a mare’s
parturition date reaches the end of spring, she cannot be
covered until the next year. This will result in a two-year
period in which she does not produce a foal.

Despite many generations of selective breeding for ath-
letic ability, increased inbreeding is associated with re-
duced racing performance in Thoroughbred horses [24].
In this study we examine the effects of inbreeding levels
on foaling rate, gestation length and secondary sex ratio
in Thoroughbred mares. We use the pedigree data of
twenty-first century Thoroughbred horses to estimate
the heritability and the effects of inbreeding on these
three reproductive traits. We also evaluate the environ-
mental effects on these reproductive traits in Australian
Thoroughbred mares. Additionally, we used estimated
breeding values to measure the genetic change in foaling
rate and gestation length since the foundation of the
Thoroughbred population in the eighteenth century. Es-
timated breeding values (or genetic values) can measure
the genetic potential of an animal for a trait based on
the phenotypic information of themselves and their rela-
tives. Genetic values are not commonly used for Thor-
oughbred horses but are utilized to assist in breeding
management for other horse and livestock breeds. Al-
though phenotypic data are not available for previous
generations, we utilize the comprehensive pedigree in-
formation available for Thoroughbred horses to calculate
the genetic values for the ancestors in the pedigree,
based on the reproductive trait data available for their
modern day descendants.

Results

Data were available for 27,296 coverings of 12,922 mares
bred to 131 stallions between 2000 and 2017. The
pedigree of these individuals dating back to the founders
of the population consisted of 92,852 individuals. The
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conceptuses, mares and stallions in the dataset had an
average pedigree depth of 29 generations and a mean
level of inbreeding of 0.156 + 0.012 (mean + SD).

The overall proportion of mares with a positive 15 day
scan each season was 81.65% (22,287 out of 27,296). Based
on the estimated variances from the mixed models, the ma-
ternal heritability of foaling rate was 0.058 (+ 0.015), and
0.00 (+ 0.00) for paternal heritability. Estimated breeding
values for all individuals in the pedigree based on the foal-
ing rate of their modern descendants showed a decrease in
recent generations from a mean of —0.002 (+ 0.092) in
1990 to - 0.133 (+ 0.138) by 2017 (Fig. 1). Variation in the
estimated breeding values of foaling rate was also estimated
to increase dramatically from 1990 onwards (between —
1.05 and 0.502) from previous years (between —0.468 to
0.264) (Fig. 1). Mares that were covered later in the season
showed a significant reduction in foaling success (P < 0.001)
(Fig. 2). There was an overall decrease in foaling rate with
increasing mare age (P < 0.001) (Fig. 3). Foaling rate had no
relationship with the sire, dam or conceptus inbreeding
level (P =0.142, 0.788 and 0.701 respectively).

The sex of 7578 live foal births were recorded in the
dataset, 3785 of which were colts (49.95%) and 3793 were
fillies (50.05%). Secondary sex ratio did not have an esti-
mated heritable component for maternal genetic estimates
(0.005 (+ 0.026)), but had a small paternal heritability esti-
mate of 0.011 (+ 0.005). The sex ratio was not influenced
by the sire, dam or foal inbreeding level (P =0.637, 0.746
and 0.899, respectively). Environmental variables of mare
age and month of birth also had no significant relationship
with sex ratio (P = 0.495 and 0.337, respectively).

Gestation length data were available for 764 foals from
152 mares covered by 89 stallions. Gestation length was
normally distributed, with a mean of 341 days (+ 8.633),
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a minimum of 311 and a maximum of 376. Based on the
estimated variances from the mixed model, the maternal
heritability of gestation length was found to be 0.562 (+
0.042) and the paternal heritability was 0.004 (+ 0.001).
The average estimated breeding value in the pedigree
remained at a mean of 0.03 (+ 0.241) and showed little
variation between - 4.695 and 3.959 from the foundation
of the population until 1990 (Fig. 4). Since 2000, the
average estimated breeding value for gestation length
has decreased to —0.7 (+ 1.91) and variation has in-
creased, with a minimum of — 11.82 and a maximum of
15.41. There was a significant decrease in gestation
length in the later months of the season (P<0.001)
(Fig. 5). Gestation length increased linearly with mare
age (P <0.001), going from a mean of 342 days at 2 years
old to a mean of over 354 days by 24 years old (Fig. 6).
Male foals had a significantly longer predicted gestation
length (349 days) than female foals (346 days) (P < 0.001).
Gestation length had no significant association with the
sire (P=0.087), dam (P=0.419) or foal (P=0.062) in-
breeding level.

Discussion

We found that inbreeding had no measurable effect on
foaling rate, sex ratio or gestation length in Australian
Thoroughbred horses. This may be because intensive
management techniques used on commercial Thorough-
bred stud farms have masked any negative effects of in-
breeding on these traits. Some studies have similarly
shown that inbreeding has no effect on gestation length
[12, 13], or foaling rate [11] in domestic horses. How-
ever, high levels of inbreeding in the endangered Prze-
walski and Sorraia horse breeds are associated with
decreased birthing rates [2, 3]. It is possible that
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inbreeding has no measurable effects on reproductive
traits until it reaches a very high level. Both the Sorraia
and the Przewalski’s horse population have extremely
high inbreeding levels (0.21 and 0.38, respectively) due
to small effective population sizes and recent severe
population bottlenecks [2, 3, 26, 27]. In contrast, the
relatively high average inbreeding coefficient (0.156)
found for Thoroughbreds in this study is due to many
generations of slow inbreeding. A large increase in the
rate of inbreeding may lead to more noticeable effects
on the reproductive traits of Thoroughbred horses in the
future. The prohibition of artificial reproductive tech-
nologies (e.g. artificial insemination, cloning and embryo
transfer) likely limits the rate of increase in inbreeding

in the Thoroughbred population. The use of these tech-
nologies in other horse populations has been associated
with increases in the rate of inbreeding [28, 29], which
could show more measurable effects on reproductive
traits. It is also important for Thoroughbred breeders to
be vigilant in their selection of sires and dams to avoid
overbreeding to successful families as it may increase in-
breeding rates in future generations and have unex-
pected negative effects on the population.

The maternal heritability estimate for gestation length
based on our models was 0.562, higher than previous es-
timates in horses of 0.18-0.39 [12, 30, 31]. This in-
creased heritability estimate may be because all mares in
this study have been intensively managed in the same
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way, minimising the amount of environmental variation
that can reduce such estimates. Sires were also estimated
to have a smaller, but still significant genetic effect on the
gestation length of the foal. Stallions have similarly been
found to influence gestation length in other horse breeds
[30, 31], and such knowledge could assist in breeding
management decisions. For example, avoiding the mating
of mares and stallions genetically predisposed to longer
gestation lengths, particularly towards the end of the sea-
son, could aid in avoiding delayed parturition dates.
Foaling rate had a lower but still significant maternal
heritability estimate of 0.058, which similarly to gestation
length was slightly higher than previous estimates
(0.013-0.024) [32]. Unexpectedly, paternal heritability

estimates from our models found no genetic influence of
the sire on foaling rate. Only 131 sires were included in
this study, so it is possible that a larger sample size
would reveal significant heritable effects. Additionally,
Thoroughbred stallions that show suboptimal fertility
may be gelded and returned to racing. Analyses that in-
clude these individuals may reveal more measurable pa-
ternal genetic effects on covering success.

In contrast to gestation length and covering success,
we found that secondary sex ratio had a negligible ma-
ternal heritable component (0.005) with a high standard
error, indicating that genetic variation in the mare has
no influence on the sex of the foal. However, paternal
heritability estimates revealed an extremely small but

3601

w w
B a
o o
1 L

Gestation Length
w
w
o

3201
3101
300
& &
0‘{9 c’}'éo
N (e
Q,Q
2

s 5
é\oﬁ 6\00
K &

< S

Month

Fig. 5 The relationship between the predicted values of gestation length by month of covering for Australian Thoroughbred horses between

2000 and 2017 (n = 764). The error bars represents +1 standard error of the predicted value
. J

164



Todd et al. BMC Genetics (2020) 21:41 Page 6 of 9
p
360 1
S
=)
S 3501
-
C
kel
T
b7
Jos
O]
340
5 10 15 20 25
Mare Age
Fig. 6 The relationship between the predicted values of gestation length by mare age for Australian Thoroughbred horses between 2000 and
2017 (n=764). The grey band represents + standard error of the predicted value

nonetheless significant effect of sire genetic variation on
foal sex ratios (0.011). Other studies in mammals have
also found evidence of male-driven sex ratio bias [33,
34]. However, in contrast to these studies, we found no
association between the inbreeding level of the sire and
offspring sex ratio [33, 34]. It is postulated that higher
quality, less inbred fathers produce more male offspring
[35]. The artificial breeding practices used in the Thor-
oughbred population that only allow a small proportion
of high-quality males to breed may mitigate any effects
of inbreeding on offspring sex ratios, and result only a
small measurable heritable effect.

In this study there was found to be little improvement
in the estimated breeding value (genetic value) for repro-
ductive traits in Thoroughbred horses from the eight-
eenth century until present day. The horses for which
these values are obtained only include the direct ances-
tors to the horses with reproductive trait records in our
study. Some individuals in previous generations may
have had greater variation in genetic value but do not
appear in the pedigree of modern Thoroughbreds. We
found no change in the mean genetic value for foaling
rate until the most recent three generations (Fig. 1). Se-
lection may favour mares that produce many offspring,
making them more likely to be present in the pedigree
of future generations. On the other hand, female families
with low fertility have less chance of appearing in the
pedigree of Thoroughbreds in future generations. It is
possible that if we had been able to evaluate the genetic
value for all horses in the studbook from previous gener-
ations, we would have found a greater spread of values.
Another reason for the minimal variation in the genetic
value of earlier generations may be due to the lack of in-
formation conveyed in the binary trait of foaling rate.

The near zero values may represent regression to the
mean when there is limited information from previous
generations.

In the past 30 years (approximately three generations),
the average genetic value for foaling rate has decreased,
and variation has increased. The decreasing mean may
be because horses with a lower genetic value have not
yet been selected out of the current Thoroughbred
population. These horses may not appear in the pedigree
of future Thoroughbreds, such that the values from their
generation will show minimal variation. The decreasing
average genetic value conflicts with an increased foaling
rate reported in recent years [36]. It is likely that the im-
proving fertility rates in the population are due to better
management techniques rather than genetic gain. Recent
advances in veterinary treatments has led to widespread
use of hormonal therapies to increase foaling rate [36].
Increasing commercial demand for mares with good fer-
tility may explain the outlying individuals with high gen-
etic potential in recent years. However, widespread use
of intensive veterinary treatments could make selection
against individuals with lower genetic value less efficient,
resulting in long term reductions in natural reproductive
levels of the Thoroughbred population.

Similarly to foaling rate, the genetic value for gestation
length has shown little variation since the foundation of
the breed (Fig. 4). However, unlike foaling rate, gestation
length is not a binary trait. Selection against horses with
longer gestation lengths (corresponding to higher gen-
etic values) is likely to occur because they can produce
fewer foals throughout their lifetimes. Extremely short
gestation lengths may also be selected against because
foals born prematurely will have a lower survival rate.
These factors will remove individuals with high and low
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values, resulting in minimal variation and a mean of zero
in more distant ancestral generations. It is also possible
that the low genetic diversity in previous generations of
the pedigree has resulted in reduced variation of the
genetic value of these individuals based on breeding re-
cords from the current population. In the past 20 years,
the average genetic value has reduced, showing that ges-
tation length in Thoroughbred mares has, on average,
become shorter. The increase in commercial Thorough-
bred breeding during this time may have favoured mares
with slightly shorter gestation lengths, as they are more
likely to be successfully covered again in the same sea-
son. Foals that are born earlier in the season can have a
competitive advantage over their peers when racing at a
young age, which also favours mares with a decreased
gestation length. Variation in genetic values of gestation
length has also increased in the recent generations of the
pedigree, indicating that there are increasing numbers of
mares with genetic potential for very long and short ges-
tation lengths. These individuals may be selected out of
the population in future generations.

In contrast to foaling rate and gestation length, the gen-
etic values for racing performance in the Thoroughbred
population have increased in recent generations [24]. This
may be because Thoroughbred horses are directly selected
for good racing success rather than fertility. If racing per-
formance traits are driven primarily by positive selection
(selection for advantageous alleles), this would explain the
increase in genetic values for these traits over the past few
generations. On the other hand, reproductive traits may be
driven by mostly negative selection against disadvantageous
alleles, explaining the decrease in genetic values of foaling
rate in recent generations because there has not been an
opportunity for the population to be purged of these genes.
Thoroughbred horses have been selectively bred for racing
performance since the start of the eighteenth century. How-
ever, it is likely that domestic horses have been selected for
reproductive traits for many generations prior to the foun-
dation of the Thoroughbred breed. Common signatures of
selection for fertility have been found in domestic horse
breeds including the Thoroughbred [8, 9]. This could ex-
plain why an increase in genetic values for racing perform-
ance traits, but not fertility measures, is seen at the
foundation of the Thoroughbred breed.

We also found that a number of environmental effects
have significant influences on both gestation length and
foaling rate. Our results showed that mares foaling down
later in the season had significantly shorter gestation
lengths (Fig. 5). Our findings agree with previous studies
[12, 30, 32] and highlight the importance of photoperiod
length for inducing parturition in horses [37]. This pat-
tern may strongly depend on the mare’s location, as
photoperiod variation is highly dependent on the prox-
imity to the equator.
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We also found that mares who produced male foals
had significantly longer gestation lengths than those who
produced female foals, possibly because of differences in
maternal-foetal hormonal interactions [12, 13, 32, 38].
However, an average difference of 3 days between the
gestation lengths of colts and fillies is unlikely to impact
breeding management decisions. Gestation length also
increased with mare age, which could be explained by
changes in hormonal, nutritional and uterine changes as
a female ages [13] (Fig. 6). Some studies have found a
similar linear increase with age [32], whereas others have
found that gestation length is longer in both younger
and older mares [12]. This pattern may be dependent on
the veterinary management provided to maiden mares.
Foaling rate declined with increasing mare age, with
mares over the age of 20 having less than 70% success
(Fig. 3). Foaling rate reduced dramatically in November
and December, most likely due to the accumulation of
less fertile mares at the end of the season (Fig. 2). To op-
timise foaling rate, the breeding of older mares would
need to be prioritized because they tend to have longer
gestation lengths and lower foaling rates.

In contrast to foaling rate and gestation length, sec-
ondary sex ratio was not significantly influenced by any
environmental effects included in these models. Mares
in a poor nutritional condition at conception have been
reported to have an increased chance of successfully car-
rying a female foetus, with reports of female foal ratios
up to 80% [39, 40]. In the Mangalarga Marchador horse
breed, higher ratios of female foals were found in older
mares [21]. Additionally, increased dam inbreeding in
cattle is associated with higher female birth rate [19].
However, we postulate that the high level of veterinary
management and care provided to Thoroughbred horses
in commercial stud farms examined in this study has re-
sulted in no environmental or inbreeding factors having
a measurable influence on foal sex ratios. Differing man-
agement of other horse populations (e.g. feed and hor-
monal supplements) may show more measurable effects
on sex ratio. Wild animal populations with more variable
environmental conditions and rates of inbreeding may
also show different trends.

Conclusions

In this study we found that inbreeding had no measure-
able effect on reproductive traits in Australian Thor-
oughbred horses. Although this contrasts with previous
findings in racing performance traits, we postulate that
inbreeding levels are not yet high enough to have a
measurable effect on the Thoroughbred reproduction
traits examined in the current study. The effects of artifi-
cial reproductive technologies on natural fertility rates in
other horse populations should be examined to ensure
that such practices do not result in long-term reductions
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Table 1 Mixed models of each fertility trait for Australian Thoroughbred horses. Foal, sire and dam inbreeding were estimated in
separate models. Model descriptions are in R syntax, not full mathematical notation

Outcome variable Model type Models
Gestation length LMM GL ~ mare.age + month + foal.sex + season + F + ped (mare) + ide (mare)
GL ~ mare.age + month + foal.sex + season + £+ ped (sire) + ide (sire)
Foaling rate Binomial GLMM CS ~ mare.age + month + season + F + ped (mare) +ide (mare)
CS ~ mare.age + month + season + £+ ped (sire) + ide (sire)
Foal sex ratio Binomial GLMM SR ~ mare.age + month + season + F+ ped (mare) + ide (mare)

SR ~ mare.age + month + season + F + ped (sire) + ide (sire)

LMM Linear mixed model, GLMM Generalised linear mixed model, GL Gestation length, CS Foaling rate, SR Foal sex ratio, mare.age = age of the mare at the time of
covering, month = month of covering, F = inbreeding coefficient of the sire, dam or foal (models were run separately for each), ped = pedigree of the mare, ide =

permanent environmental effect of the mare

in natural fertility levels. Genomic scans for reproduction
traits in Thoroughbred and other breeds may assist in un-
derstanding genetic variation that influences fertility. We
also found that unlike racing performance, there has been
little increase in the breeding value of reproductive traits
in Thoroughbred horses. Breeding values of foaling rates
have decreased in recent generations, possibly because
these traits are primarily governed by negative rather than
positive selection. Further monitoring of these traits in fu-
ture generations would assist in understanding the select-
ive forces influencing these traits.

Methods

Reproductive trait data were provided by three large
Australian Thoroughbred stud farms that provide a rep-
resentative sample of the population as a whole. These
data included the mating records of 12,922 mares bred
to 131 stallions between 2000 and 2017. The scan status
of each mare covering (negative or positive at the first
scan 15 days after covering) was transformed into a bin-
ary trait. The sex of each live foal recorded in the dataset
(n=7578) was also transformed into a binary trait (fe-
male =1, male =0). Additionally, more detailed repro-
ductive trait data were available for 152 mares mated to
89 stallions over multiple seasons (n = 764 foals), includ-
ing the date of the foal birth. The gestation length of
each live foal birth was calculated from these data.

The pedigree for all the mares, stallions and concep-
tuses included in the study dating back to the founders
of the population consisted of 92,852 records. We used
the CFC program (version 1) to reorder the pedigree to
ensure that each individual was listed after their parents
and to estimate Wright's inbreeding coefficient for all in-
dividuals [41]. We also used CFC to estimate the overall
average of the average number of generations in the
pedigree for each mare and stallion [41].

The genetic and environmental influences on the foaling
rate, gestation length and sex ratio were estimated in
ASReml-R [42], using a linear mixed model for gestation
length, and a generalised liner mixed model for the binary
traits of foaling rate and foal sex. Details of the fixed and
random effects in each model are included in Table 1.

The outcome variables were foaling rate, the sex of the
foal and the gestation length. The fixed effects included in
each model were: inbreeding coefficient (of the mare, the
stallion and the foal), the month of covering, the year of
covering, the age of the mare and the stud farm. An ani-
mal model was implemented through an inverse relation-
ship matrix using the pedigree in ASReml-R [42]. Multiple
coverings of the same mare in the same season were
accounted for in the models by inclusion of a permanent
environment effect of the mare, as a random effect.

The heritability of each outcome variable was esti-
mated using the variance component estimates of the fit-
ted models. Significance of model terms was evaluated
through Wald statistics and the estimated value of each
fixed effect tabulated. Estimated breeding values (ie.
genetic values) for foaling rate and gestation length were
calculated as best linear unbiased predictions for each
individual in the pedigree using the models fitted in
ASReml-R. This method uses the available phenotypic
data and the associated pedigree structure in the models
to provide genetic value estimates for all animals in the
pedigree.
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lethal variants in Thoroughbred
horses
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Domestic animal populations are often characterised by high rates of inbreeding and low effective
population sizes due to selective breeding practices. These practices can result in otherwise rare
recessive deleterious alleles drifting to high frequencies, resulting in reduced fertility rates. This

study aimed to identify potential recessive lethal haplotypes in the Thoroughbred horse breed, a
closed population that has been selectively bred for racing performance. In this study, we identified

a haplotype in the LY49B gene that shows strong evidence of being homozygous lethal, despite
having high frequencies of heterozygotes in Thoroughbreds and other domestic horse breeds. Variant
analysis of whole-genome sequence data identified two SNPs in the 3'UTR of the LY49B gene that
may result in loss of function. Analysis of transcriptomic data from equine embryonic tissue revealed
that LY49B is expressed in the trophoblast during placentation stage of development. These findings
suggest that LY49B may have an essential, but as yet unknown function in the implantation stage of
equine development. Further investigation of this region may allow for the development of a genetic
test to improve fertility rates in horse populations. Identification of other lethal variants could assist in
improving natural levels of fertility in horse populations.

There is estimated to be a high rate of natural embryonic mortality in mammals. A large proportion of these
embryonic losses occur soon after fertilisation, such that pregnancies often go undetected, with the only sign
being reduced fertility’. Mutation screens in mice reveal that many genes are essential for development, with
knockout of 29% of genes tested resulting in embryonic death by day 14**. Although mutations in these genes are
expected to be under strong negative selection due to being completely deleterious, many species are estimated to
carry between one and two recessive lethal mutations per genome*. However, single mutations are often uncom-
mon in a population, such that unrelated individuals are unlikely to carry the same recessive lethal mutations®”.
The likelihood of an individual inheriting two copies of the same lethal mutation is dramatically increased by
inbreeding events, whereby alleles that are identical by descent are inherited from a common ancestor®°.

In recent years, a number of studies in livestock have identified embryonic lethal mutations at high frequen-
cies due to intensive selective breeding practices''~'8. This is often due to a limited number of sires with desirable
characteristics making large genetic contributions to the population'"**. Moreover, population bottlenecks due
to domestication and breed formation have also resulted in increased deleterious mutation loads and diminished
gene pools in many domestic breeds?®->*. These processes lead to a reduction in genetic diversity indices includ-
ing effective population size, which is defined as the theoretical population size that shows the same rate of loss
in genetic diversity as the study population (N,)**?. Reduced genetic diversity can increase the risk of drift and
inbreeding events in future generations of a population. Lethal mutations that have reached high frequencies are
often detected by deviations from the Hardy-Weinberg equilibrium with a lack of homozygotes for one allele'?.
Characterisation of such mutations can assist in improving breeding decisions to increase fertility rates in these
populations and prevent these mutations from drifting to higher frequencies®*?’.
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6:38278097 6:38278874
Population Sample size | Reference Expected GG |GG | AG | AA |Expected CC |CC |AC |AA
Australian Thoroughbreds 156 Own data 7* 0 66 90 7* 0 66 90
Japanese Thoroughbreds 370 Fawcett etal.® | 9* 0 117 |253 | 9* 0 117 | 253
Privately pro-
Swedish Warmblood 380 vided, Ablondi | 4* 0 75 304 | 4* 0 74 306
etal”®
Privately
Coldblooded Trotter 646 provided, Velie | 26* 0 258 | 388 |28 22 226 | 393
etal ¥
Quarter Horse 137 Petersen et al.® | 17* 0 97 40 17* 0 97 40
Exmoor Pony 285 Velie et al.”! 0 0 1 279 |0 0 1 282
Various breeds 582 Petersen et al.®® | 15 0 85 497 |15 0 85 | 497

Table 1. The allele frequencies of two adjacent SNPs with an absence of minor homozygotes in genotype data
from two Thoroughbred horse datasets. The expected number of minor homozygotes in each population was
calculated under Hardy—Weinberg equilibrium. Observed genotype frequencies that significant deviate from
Hardy-Weinberg equilibrium frequency expectations (p <0.05) are denoted with an asterisk.

The identification of high frequency lethal variants is of particular interest in domestic horse populations.
Although a recent study has identified some candidate mutations®, to date there has been no published com-
prehensive characterisation of common embryonic lethal alleles in horse populations. Despite the large variety
of domestic horse breeds found throughout the world, many breeds suffer from low within-breed diversity and
small N,*73!. Some horse breeds with large census population sizes also experience low genetic diversity due
to intense artificial selective breeding practices and closed population structures®”*!. Maintaining good fertil-
ity rates is particularly important for horse populations due to the seasonal nature of breeding and the low
individual fertility output, as mares produce only one foal from an eleven month gestation period*?. Despite
the extensive use of hormonal therapies to increase covering success in many domestic horse populations, per
cycle pregnancy rates in some breeds only average around 65%, suggesting the presence of unknown variables
that may reduce fertility>.

In this study, we aimed to characterise variants at high frequencies that may cause lethality in the Thorough-
bred horse population. The Thoroughbred breed is of particular interest due to the closed population structure
since the foundation of the studbook in the eighteenth century*. The population has since been intensely selected
for the improvement of athletic abilities***®, resulting in contemporary Thoroughbred horses being characterised
by high levels of inbreeding and a small N,**”-*. Due to selective breeding practices, all Thoroughbred horses
can trace their ancestry back to a small number of individuals from the foundation of the breed*”*®. Genetic
diversity in the Thoroughbred breed has been reduced in recent decades due to the increased commercialisa-
tion of popular stallions providing large genetic contributions to the population*’. Although such practices are
in line with selective breeding principles*!, they could also inadvertently increase the frequency of embryonic
lethal variants in the population. Reproductive technologies such as artificial insemination are banned in the
Thoroughbred population, making the maintenance of high levels of natural fertility imperative. Additionally,
Thoroughbred horses have been used as foundation stock for other popular horse breeds including The Quarter
Horse, Standardbred, and many Warmblood breeds. Therefore, identification of lethal variants in Thorough-
breds is also likely to assist in the breeding management of these populations. We also aimed to determine the
frequency of any potentially lethal variants identified in the Thoroughbred population in other horse breeds and
examine their transcriptomic profile in embryonic tissue.

Results

Identifying candidate lethal SNPs at high frequencies in Thoroughbred horses. Analysis of
genotype data from Thoroughbred horses (1 =156) identified only two adjacent, linked SNPs that significantly
deviated from the Hardy-Weinberg equilibrium with an absence of homozygotes (Table 1). Under Hardy—Wein-
berg equilibrium, seven minor allele homozygotes were expected for both of these SNPs in the dataset. Geno-
type data from Japanese Thoroughbred horses (n=370) also showed an absence of homozygotes for these SNPs
(Table 1). In this dataset, the expected number of minor homozygotes for these SNPs under Hardy—Weinberg
equilibrium was nine. Despite a complete absence of homozygotes, almost 35% of Thoroughbreds across both of
these datasets were heterozygous for this two-SNP haplotype. These SNPs also showed an absence or reduction
of minor homozygotes in genotype data for other domestic horse breeds (1=2030, Table 1).

These two candidate SNPs mapped to the coordinates of 6:38278097 (rs68661802) and 6:38278874
(rs68663106), which are found in an intronic region of the LY49B gene on chromosome 6. This gene is part of
the LY49 gene family, which plays an important role in innate immunity. There are five functional members of
the LY49 gene family in Equus caballus, all of which closely grouped together on chromosome 6. Since both of
the SNPs mapped to a non-coding region of the LY49B gene, the likelihood of either being a causal variant for
lethality is low.
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Figure 1. The equine LY49B gene structure and SNP positions. The two variants in the intronic region
(6:38278097 and 6:38278874) were identified in preliminary analysis as showing a significant absence of
homozygotes for one allele. The three variants marked with a * are in linkage disequilibrium to these SNPs and
may cause a loss of function in homozygous state. The structure of the gene is based on the EquCab 2.0 reference
genome where the LY49B gene is on the reverse strand.

Gene Sequence

LY49B AAAGACTTTCTCAGGGCCATTAAAGAGATGGGAAACTGC
TTTCCAAAGAC

LY49C AGAGAATTTCCCAGGGCCATTAAAGAGAAGAGCAACTGA
TTTCCAAAGAC

LY49D AGAGAATTTCTCAGGGCCATTAAAGAGAAGGGCAACTGA
TTTCCAAAGAC

LY49E AGAGAATTTCTCAGGGCCATTAAAGAGAAGGGCAACTGA
TTTCCAAAGAC

LY49F AGAGAATTTTGCAGGGTCATTAAAGAGAGGGGTAACTGC
TTTCCAAAGAC

Table 2. Amino acid residue sequence in a conserved area of the 3'UTR found in all Equus caballus LY49
genes as mapped in the EquCab2.0 assembly. The SNP position of 6:38276955G > A is highlighted in bold.

Phylogenetic origin of the candidate SNPs. According to the phylogenetic tree generated by Petersen
etal.?**, and their associated SNP data, the SNPs of interest were present in heterozygous state across most phy-
logenetic branches of domestic horse breeds. Of the 32 breeds in this dataset, 23 had at least one heterozygote
for both SNPs of interest. Notably, this two-SNP haplotype was not found in genotype data from one branch of
the tree which contains the North Swedish Horse (n=19), Norwegian Fjord Horse (n=21) and Exmoor Pony
(n=24) (Table S1). A larger sample of Exmoor Pony data (n =274, Table 1) found only one heterozygote for this

haplotype.

Frequency of the candidate SNPs in other breeds. Analysis of SNP data from other domestic breeds
showed that heterozygotes for the SNPs of interest were at a particularly high frequency in the Quarter Horse
population (71%, n=137) (Table 1, Table S2). The proportion of heterozygotes was also high in Swedish Warm-
bloods (1=380) and Norwegian-Swedish Coldblooded Trotters (n=641), being 20% and 40% respectively
(Table 1). Smaller datasets also revealed that Belgian Draft (n=19), French Trotter (n=17), Paint (n=15), Mor-
gan (n=19), Mongolian Paulista (n=19) and Tuva (n=15) breeds may also have a high proportion of heterozy-
gotes for this haplotype in their populations (Table S1).

Identifying candidate causal variants using whole genome sequence data. To further inves-
tigate SNP frequencies in this region, variants were called from whole-genome sequence data of 90 domestic
horses. The two SNPs identified in the preliminary analysis showed a complete absence of homozygotes for their
minor alleles in these individuals (Table S3). Additionally, a number of variants closely linked to these SNPs were
identified (Table S3, Figure S1). Annotation of these loci using SIFT* identified three variants that may result
in changes to protein structure or expression, so these represent the most likely candidates to cause lethality in
homozygous state (Fig. 1).

The first of these variants, 6:38282610G > A (rs68663123), was located in an exonic region of the LY49B gene
and resulted in an amino acid change from a phenylalanine to a serine residue. This substitution is located next to
a tryptophan residue that appears to be highly conserved across members of the LY49 family and across species.
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Tissue Gene count (FPKM)
Day 15 Day 22 Day 25
Trophectoderm Y Y Y
0.000 0.031 0.024
Day 16 Day 23 Day 24
Inner cell mass
0.00 0.00 0.00

Table 3. Gene counts from RNA sequence data of three trophectoderm and three inner cell mass tissue
samples from equine embryos. Transcript counts are in fragments per kilobase/million (FPKM).

However, there is little conservation of the phenylalanine residue across taxa; some species have a phenylalanine
and others a serine at this position. This SNP is annotated as being “tolerated” in SIFT.

Two other variants that were closely linked to the candidate SNPs (6:38276742A > T and 6:38276955G > A)
were found within the 3'UTR (3'untranslated region) of the LY49B gene. Alignment of the 3'UTR of the five func-
tional LY49 genes in Equus caballus revealed that the region containing the SNP 6:38276955G > A (rs1139567427)
is highly conserved in all members of the LY49 gene family (Table 2). This region may be important for mRNA
stability and translation into a functional protein. The other variant 6:38276742A > T (rs1137325172) was found
in an AU-rich region at the end of the LY49B mRNA transcript, which is often associated with polyadenylation
and post translation stability.

Transcriptomic analysis of RNA sequence data. Measurable levels of LY49B mRNA were not detected
in equine trophectoderm tissue collected on day 16 of development. However, LY49B mRNA was observed in
trophectoderm tissue collected on days 23 and 24 of development (Table 3). Additionally, LY49B mRNA tran-
scripts were detected in microarray data from equine chorion and chorionic girdle tissue between days 27 and
34 of development (Table S4). Inner cell mass tissue collected on days 15, 22 and 25 of development did not show
any measurable transcription of LY49B (Table 3). The genotypes of the candidate SNPs in the mRNA samples
analysed were unknown.

Discussion

Analysis of genotype data identified a two-SNP haplotype as a strong candidate for harbouring a variant that
causes lethality in homozygous state. The SNPs identified in this preliminary analysis mapped to an intronic
region in the LY49B gene on ECAG6 (Table 1). The LY49B gene belongs to the LY49 (Killer cell lectin-like receptor
subfamily A) family of receptors, which consists of five functional members in Equus caballus®. Other species
(including humans) have a functionally similar, but structurally different gene family called KIR (Killer cell
immunoglobin line receptors)*. The LY49/KIR gene family are expressed across various types of immune cells,
and mediate their function through bindings to MHC-1%°. The LY49B gene is expressed in myeloid cells where
it regulates their activity through an inhibitory effect, possibly to prevent their spontaneous activation*®. Despite
the important role that they play in immunity, the function of LY49 genes in development is currently unknown.
In humans, incompatibilities between foetal KIR and maternal MHC (HLA) genotypes are associated with an
increased risk of miscarriage and preeclampsia®*°. Additionally, knockdown of LY49 in mice showed a high
rate of implantation failure®>*!. These findings indicate that LY49B may play an important role in maternal/foetal
compatibility and implantation success in horses.

Analysis of transcriptomic data found that LY49B was first expressed in equine trophoblast tissue during the
placental development stage. The first evidence of LY49B expression was found on day 23-24 of development
(Table 3), during which the glycoprotein capsule surrounding the embryo is broken down and placental tissue
starts to develop®. Measurable expression of LY49B was also found in chorion and chorionic girdle tissues
between days 27 and 34 of development (Table S4). During this time, trophoblast cells rapidly proliferate to form
the chorionic girdle, which then invades the endometrium to form epithelial cups®. It is possible that LY49B
is important for successful implantation of the embryo by mediating the action of MHC-1 which is expressed
during this time>**°. Further investigations into the role of LY49B in equine development would confirm whether
impaired function causes lethality and the stage of development at which this occurs.

Variant calling in whole-genome sequence data from 90 domestic horses further confirmed an absence of
minor homozygotes for the two SNPs of interest. Three variants closely linked to these SNPs were also identi-
fied in these data as the most likely candidates to cause loss of function in the LY49B gene and result in lethality
in homozygous state (Table S3). One SNP was a missense variant in the coding region of the LY49B gene that
results in the substitution of a negatively charged serine for an aromatic phenylalanine residue. However, lack of
conservation of this SNP in LY49 genes across taxa makes it seem unlikely to be a causative variant for embryonic
lethality. Two other variants found in the 3'UTR of the LY49B gene were also closely linked to the SNPs identified
in the preliminary analysis, and seemed more likely candidates to cause embryonic lethality in homozygous state.

The 3'UTR of a gene is responsible for transcriptional stability through the binding of miRNAs and RNA
binding proteins®. The addition of the polyadenylation tail to the 3'UTR is also essential to ensure proper pro-
cessing and translation of the mRNA strand®’. Mutations in the 3'UTR can lead to degradation of the mRNA,
resulting in reduced or inhibited translation even when the gene is transcribed®. Variation in the 3'UTR of genes
are associated with a number of diseases including Huntington’s and breast cancer in humans®*%. Additionally,
SNPs in the 3'UTR are associated with traits in livestock including milk production in cows, muscularity in
sheep and obesity in horses®®6162,
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Despite the importance of the 3'UTR for the mRNA stability and normal expression of a gene, little is known
about how specific polymorphisms can affect post-transcriptional processing. This makes it difficult to identify
how the 3'UTR variants identified in this study could affect the translation of LY49B mRNA into a functional pro-
tein. The 3'UTR variant 6:38276955G > A was identified as a possible candidate for embryonic lethality because
it is highly conserved between all members of the LY49B family (Table 2) in horses, so may play an important
role in mRNA stability. The other 3'UTR variant (6:38276742A > T) is found in an AU-rich region at the end
of the transcript, so may be important for the addition of the polyadenylation tail. Further examination of the
effects that these variants have on post-transcriptional processing would determine if they impact the normal
expression of LY49B in horses.

Despite an absence of homozygotes, the two intronic SNPs identified in this study were found at high het-
erozygote frequencies in the Thoroughbred population. Mares are often covered multiple times in a season, which
may explain why a more discernible reduction in fertility has not been observed as a result of the high frequency
of this variant. However, the presence of lethal variants at high frequencies may result in more coverings being
required for each mare in a season. Currently, there is no evidence that variation in the LY49B gene is associated
with phenotypic advantages in horses. However, it is possible that one of the variants linked to these SNPs results
in a phenotypic advantage in heterozygotes, which could explain why they have reached such high frequencies
in the breed. It is also possible that selective breeding practices favouring a limited number of stallion bloodlines
are responsible for this potentially lethal haplotype drifting to high frequencies in the Thoroughbred population.
This would be most likely to occur if a stallion that made a large genetic contribution to the population was a
carrier. A similar instance has recently been documented in cattle, where a lethal variant at a high frequency was
traced back to a sire with an extensive genetic influence on the population'.

The presence of this potentially lethal haplotype across many diverse breeds of domestic horses indicates that
it may not be the result of a recent mutation present only in the Thoroughbred population. Rather, heterozygotes
for this haplotype may have been present in pre-domesticated horses as a rare variant, and have become more
frequent in some domestic breeds as the result of population bottlenecks due to breed formations and selective
breeding practices. Domestication and breed formation events have been well documented to result in increased
deleterious mutation loads in horses and other domestic species?>**>*4, A high proportion of heterozygotes for
this haplotype were found in some breeds closely related to the Thoroughbred including the Paint, French Trotter,
Morgan and Quarter Horse. Notably, over 70% of Quarter Horse samples included in this study were heterozy-
gous for these SNPs (Table 1). The Quarter Horse has an open stud book, and higher genetic diversity than the
Thoroughbred population®, making the high frequency of a potentially lethal haplotype at first surprising. The
Quarter Horse dataset reportedly did not contain full or half siblings®, but the collection of samples from one
geographical area may not fully reflect the diversity of the worldwide population. An average relatedness analysis
of these samples noted the large genetic influence of one particular Thoroughbred stallion®, which may explain
the high frequency of heterozygotes observed in this population. However, the extremely high frequency of
heterozygotes in this breed may be due to selective breeding favouring these individuals.

The Belgian Draft, Mangalarga Paulista and Tuva breeds also show a high proportion of heterozygotes, but are
more distantly related to the Thoroughbred and to each other. Therefore, the high frequency of heterozygotes in
these breeds may be due to independent genetic drift events. Heterozygotes for this haplotype were notably absent
from one branch of the tree containing small heavy horses from Northern Europe, which are more distantly
related to the Thoroughbred. A larger dataset of Exmoor Pony samples from this phylogenetic branch revealed
one heterozygote for this haplotype (Table 1). This could be due to a calling error, but it is also possible that these
SNPs exist at very low frequencies in these breeds. The small sample size of the genotype data for many individual
breeds in this study means that heterozygote frequencies across all subpopulations found throughout the world
may deviate from that reported here. However, these data provide an indication of breeds with high proportions
of heterozygotes for this region. Analysis of SNP data from Northern-Swedish Coldblooded Trotters identified
22 homozygotes for the SNP at position 6:38278874. It is likely that there has been recombination between this
SNP and the causal variant, and may appear more frequent in this population due to differences in breed history
and recombination patterns®. However, additional analyses are required to explore this further. Overall, our
findings suggest that this region shows evidence harbouring a homozygous lethal variant, yet a high proportion
of heterozygotes are found across many domestic horse breeds.

In this study, we identified a haplotype at high heterozygote frequencies in the Thoroughbred horse popula-
tion that is a strong candidate for harbouring a variant causing lethality in homozygous state. Similar analyses
on larger datasets in other livestock populations have identified multiple lethal haplotypes, so it is likely that
other such variants are present at high frequencies in the Thoroughbred population but were not captured in
this study. Additionally, the use of commercial SNP arrays only allows for the identification of variants with high
minor allele frequencies in populations. Analysis of larger sample sizes, and using higher density genotype data
could allow for identification of other variants associated with lethality in domestic horses. The identification of
this potentially lethal haplotype demonstrates the potential implications of heavily favouring a limited number
of bloodlines in selective breeding practices. Further characterisation of lethal haplotypes in other breeds would
also assist in breeding management to increase per covering fertility rates in domestic horse populations.

Methods

DNA extractions. DNA was extracted from the hair samples of Australian Thoroughbred horses using the
Qiagen Gentra Puregene Tissue Kit (Qiagen, Redwood City, CA, USA). DNA was extracted from the hair sam-
ples of Norwegian-Swedish Coldblooded Trotters and Swedish Warmbloods by incubating the samples for 2 h at
56 °C with Chelex 100 Resin (Bio-Rad Laboratories, Hercules, CA) and Proteinase K (20 mg/mL; Merck KgaA,
Darmstadt, Germany). The Proteinase K was then inactivated by incubating for 10 min at 95 °C and DNA resus-
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pended in low TE (1 mM Tris, 0.1 mM EDTA). DNA was extracted from blood samples using the Qiasymphony
DSP DNA mini kit (Qiagen, Hilden, Germany).

Initial genotyping. Genotype data from a representative sample of Thoroughbreds were used to identify
SNPs with a high proportion of heterozygotes, but an absence of homozygotes for one allele. Genome-wide SNP
data were generated for 156 Australian Thoroughbred horses by genotyping samples on either the Illumina 70 K
Chip (65,102 SNPs) (1=102) or the Affymetrix 670 K Chip (670,796 SNPs) (n=54). Common genotyped SNPs
between the two arrays were scanned for deviations from the Hardy—Weinberg equilibrium with an absence of
homozygotes for one allele using PLINK (version 1.9)%". The p values were adjusted using a false discovery rate
correction with the R package “qvalue”®®. Since SNPs with an absence of homozygotes could indicate a calling
error, the search was narrowed to only include adjacent SNPs that fit such criteria.

The frequencies of the candidate SNPs were then examined in publicly available genotype data from Japanese
Thoroughbreds (n=370) typed on the Affymetrix 670 K Chip® and these were added the Thoroughbred sample.
The SNP frequencies were then characterised from genotype data from Swedish Warmbloods (n=380)"° and
Norwegian-Swedish Coldblooded Trotters (n=646)"! typed on the Affymetrix 670 K Chip. Publicly available
data from Exmoor Ponies (n=285, typed on the Affymetrix 670 K Chip)”!, Quarter Horses (n=137, typed on the
Ilumina 70 K Chip)”* and horses of 32 different domestic breeds (n="582, typed on the Illumina 50 K Chip)**
were also included in this preliminary scan for SNP frequencies. In these data, raw intensities were plotted to
check for calling errors. If potential calling errors were detected, SNPs were recalled using a mixture model fitted
with an expectation-maximization algorithm in R.

Variant discovery and mapping. Publicly available whole-genome sequence data were used to further
examine the frequencies of the candidate SNPs identified in the initial genotype analysis, and to identify linked
variants. Paired end whole-genome sequence data from 90 horses of different domestic breeds were used in
this analysis (Table S5). The whole genome datasets were downloaded from the European Nucleotide Archives
(ENA, https://www.ebi.ac.uk/ena) which included horses of different domestic breeds (PRJEB14779, n="70) and
additional Thoroughbred samples (PRINA168142, n =16 and PRJNA184688, n=4) (Table S5).

The SNP array used in the initial genotyping analysis was developed based on coordinates of the EquCab2.0
reference genome. For consistency, we used the EquCab2.0 assembly as a reference for the whole-genome
sequence analysis. The EquCab2.0 assembly was also used because of an issue with resolution in the area of
interest on the newer EquCab3.0 assembly. The raw reads were mapped to the EquCab2.0 reference genome
using BWA-MEM algorithm from Burrows-Wheeler Alignment Tool (version 0.7.17)”*. Duplicate reads were
flagged using Samblaster (version 0.1.22)%, and base recalibration was performed using Genome Analysis Toolkit
(GATK) (version 4.0.8.1)7. Variants (SNPs and INDELs (insertions and deletions)) were called using Haplotype
Caller and then filtered using the standard hard filtering recommendations in GATK’®. The individual SNPs
were then filtered to only include high quality allele calls with an average filtered depth over 10 and a Phred
score over 20.

Variants that were linked to the SNPs identified from the genotype data were produced using the LD function
in PLINK (version 1.9) with a window size of 5 Mb®”. Only SNPs with an 7* value of over 0.8 and a D’ value > 0.9
were shortlisted. The effects of each SNP on gene structure and function was characterised using SIFT (version
4G)*%. The conservation of variants across taxa was analysed using the NCBI Conserved Domain Database
Search””.

Transcriptomic analysis. Publicly available RNA sequence data were used to examine expression lev-
els of the genes of interest in embryonic tissue. The data included equine inner cell mass tissue (collected at
day 15, 22 and 25, n=3) and trophectoderm tissue (collected at day 16, 23 and 24, n=3) from the Functional
Annotation of ANimal Genomes (FAANG) equine biobank (available from ENA under the project name
PRJNA223157)78. Adaptors were trimmed using bbduk from BBtools (version 37.98)”. Reads were aligned to
the EquCab 2.0 genome using STAR (version 2.7.2b)*. Counts were generated using featurecounts from Sub-
read package(version 1.5.1)%, then quantified in fragments per kilobase/million (FPKM) using the R package
“edgeR"®? with the Equus_caballus_Ensembl_94 file used for annotation. Microarray data for chorion (n=19)
and chorionic girdle (n=19) tissue collected from horse embryos between days 27-34 of development®® were
also examined for gene expression levels.

Ethics statement. Hair samples from Australian Thoroughbred horses were collected under approval from
University of Sydney Ethics Committee (Number: N00-2009-3-5109.) Written informed consent to use the animals
in this study was obtained from the owners of the animals. The hair samples from Swedish Warmblood horses
were originally collected for parentage testing and stored in the biobank at the Animal Genetics Laboratory, SLU
so ethics approval was not applicable. Hair and blood samples of Norwegian-Swedish Coldblooded Trotters were
collected under approval from the Ethics Committee for Animal Experiments in Uppsala, Sweden (Number: C
121/14). All the methods were performed in accordance with the guidelines set out by the respective Animal Ethics
Committees and the guidelines contained in the Guide for the Care and Use of Laboratory Animals. No experimen-
tal procedure was performed on live animals. All other data was downloaded from publicly available repositories.

Data availability

The whole-genome sequence data used in this study is publicly available for The European Nucleotide Archive.
Genotype data for Japanese Thoroughbreds, Exmoor Ponies, Quarter Horses and other domestic horse breeds
can be found in the supplementary information of their respective papers (https://doi.org/10.1371/journ
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al.pone.0218407, 10.1371/journal.pone.0152966, 10.1093/jhered/est079 and 10.1371/journal.pone.0054997).
The exceptions are genotype data from Australian Thoroughbred, Swedish Warmbloods and North Swedish
Coldblooded Trotters, which are available on request but restrictions apply to the availability of these data which
were used under license for the current study and so are not publicly available.
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