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 Abstract 

 Millions of years evolution shaped the modern horse, Equus caballus. A key 

evolutionary trend was an expanded neocortex, part of the brain that processes sensory 

information. The horse was domesticated after other livestock species which suggests 

behavioural unsuitability to a captive lifestyle. Nonetheless, the past ~5500 years have 

seen humans utilise horses for many purposes such as meat, war, and transport. Ancient 

DNA has revealed that selection for genes contributing to behavioural flexibility have 

enabled adaption to the domestic setting. Evidence suggests individuals with greater 

behavioural flexibility may fare better in the domestic setting. The Thoroughbred is a 

product of >300 years of artificial selection targeting athletic performance traits and only 

half of foals born each year reach the racetrack. Underlying a percentage of these 

individuals may be a behavioural unsuitability. Trainers observe behaviour/training 

progression daily and modify training regimen accordingly. Anecdotally Thoroughbred 

behaviour is believed to have a familial basis. Recent genome-wide approaches identified 

genes with neurobiological functions associated with racing durability and precocity. 

Heritability and genetic contributions to athletic performance and health traits have been 

the focus of many studies and to date limited research has targeted underlying genetic 

variation contributing to behavioural traits. Behavioural traits are known in other species 

to be shaped by physiological systems and also environmental stimuli, life experience 

and genetic makeup of an individual. Behavioural assessment using handler-completed 

questionnaires is well-established in equine research, and has been used solely, and in 

conjunction with objective measures. In this thesis objective and subjective measures of 

stress response were used to test the primary hypothesis that there are underling genetic 

contributions to behavioural traits in the Thoroughbred. In Chapter 2 saliva samples were 

collected from n=96 Thoroughbreds before and ~30 mins after early training milestones. 

Results showed significant differences in mean concentration, concurrent with previous 
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studies that training events are stressful. This demonstrated that this method can be used 

to non-invasively detect stress response. The same n=96 Thoroughbreds were 

prospectively assessed for coping. Together with % change cortisol response to first 

backing for n=34 Thoroughbreds from Chapter 2, Chapter 3 tested the hypothesis that 

handler perceived behavioural differences correlate with an objective measure of 

behaviour. No significant association was found between cortisol and perceived coping. 

These findings indicate that handlers cannot detect cortisol response differences, and 

therefore the objective measure identifies an invisible behavioural phenotype. In Chapter 

4 the saliva response (% change) phenotype was used to investigate selection signals 

underlying behavioural traits in the Thoroughbred. For the first time a composite selection 

signals (CSS) approach using genome-wide genetic markers was used with a behavioural 

phenotype in the horse. Significant selection signals were detected at eleven genomic 

regions with overrepresentation of behaviour and nervous system development genes 

identified. In Chapter 5 perceived coping was applied to CSS analysis in a test set of 

n=96 Thoroughbreds unbiased for racing performance. Selection signals at thirteen 

regions of interest were identified with overrepresentation of GABA receptor signalling 

and neuroinflammation genes. For the first time, subjective phenotypes derived from 

handler and trainer observations of stress response have been used with a CSS approach 

to identify regions of the equine genome where selection has acted. This thesis presents 

two stress response phenotypes, which when engaged by genome-wide CSS analyses 

identified divergent gene sets with overlapping neurobiological themes. 
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Chapter 1. General Introduction 
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1.1. Origins of the modern horse 

1.1.1. Early equine ancestors 

The modern domestic horse, Equus caballus, is the product of more than 50 

million years of evolution (Orlando et al., 2013) and around 5500 years of domestication 

(Librado et al., 2016). The ancestral horse, Hyracotherium, from which E. caballus 

descends (Solounias et al., 2018) was markedly different physiologically, and has been 

crudely described as being comparable in size to a fox, or small pig. The modern horse is 

much larger than such ancestors according to the evidence provided by fossil evaluation 

(MacFadden, 1986). Physiological features that are often described in contrast when 

comparing modern horses to ancestral equidae include size (Solounias et al., 2018), limbs 

and digit formation (Solounias et al., 2018; McHorse, Biewener and Pierce, 2017), diet, 

dental structures and digestive functioning (Mihlbachler et al., 2011), as well as spinal 

structure (Jones, 2016).  

The modern horse, E. caballus, is often characterised by a long, straight spine, a 

large and long skull housing many teeth, laterally positioned eyes, a sophisticated 

gastrointestinal tract which is a hybrid of mono-gastric and ruminant digestive systems, 

and a fused ulna and radius in the distal limb with only one functional ‘toe’ (hoof) (Mills 

and Nankervis, 1999). It could be suggested that these features contribute to the highly 

specialised physiological capacity that underpins the athletic capabilities of the modern 

horse as an elite competitor. Moreover, these salient differences in aesthetic and 

physiological characteristics that define the modern horse from early ancestors have 

likely been shaped by environmental changes and the influence of humans through 

domestication (Solounias et al., 2018; Librado et al., 2016).  
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1.1.2. Environmental change leads to adaptation 

The modern horse now inhabits an environment quite different to that it once 

adapted-to, and that which shaped the evolution of many characteristic physiological 

features. These are features which now distinguish the modern equid from its early 

ancestors. The early forest-dwelling mammals would likely have had a diet that consisted 

largely of berries and small low-lying fruit (Mihlbachler et al., 2011) and so the spinal 

structure of Hyracotherium, was more flexible (Jones, 2016). The straightening and 

strengthened spine not only facilitated the specialisation of the hindgut, housing a 

population of efficient microbiota to capitalise on available forage, but likely also 

influenced running speed (Jones, 2016). Moving from sheltered and protective forest-

foraging, to open grassland and expansive plains the changing habitat likely catalysed 

changes in a number of anatomical features in the ancestors of E. caballus (MacFadden, 

1986). Eye position shifted towards the current, lateral location allowing a wide rotational 

range for effective surveillance of the surroundings, and the skull grew larger 

accommodating the changing dental arcades (MacFadden, 1986) both of which allow for 

sufficient energy intake through constant grazing (Mihlbachler et al., 2011).  

 Alongside the evolution of physical features, evolution of neuroanatomy likely 

coordinated protection from predation, escape from threat and survival within the 

changing landscape (Sih, 2013). A significant characteristic of the evolution of the horse 

is the developed brain including an expanded neocortex (Mills and Nankervis, 1999). 

This central trend in equine neurology has been described following investigating of 

endocasts from Hyracotherium, and it was proposed that even the early equine brain was 

more advanced than other members of perissodactylia (Radinsky, 1976). The neocortex 

is the area of the brain concerned primarily with processing of sensory information, as 

well as learning tasks  (Mills and Nankervis, 1999; Spear, 2000). The complex and 

developed nature of the equine brain has made it a candidate for the model investigation 
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of certain diseases with a recent study using magnetic resonance imaging to generate an 

average equine brain atlas (Johnson et al., 2019). 

Environmental variation throughout the evolutionary timeline of the horse has 

influenced breed-specific adaptations, now observed as breed characteristics. An example 

of one such adaptation to differing climatic environments is coat type. The coat of an 

Arabian horse adapted for arid desert conditions is fine to allow for thermoregulation 

(Cosgrove et al., 2020), whereas a Shetland pony develops a substantial winter coat to 

ensure minimal heat losses (Brinkmann, Gerken and Riek, 2012). The Yakutian horse 

which inhabits the Far East of Siberia, where temperatures can reach -70 o C, has evolved 

not only a very dense hairy coat, but seasonal metabolic activities which have been shown 

to be under genetic control (Librado et al., 2015). Notably these adaptations occurred 

relatively quickly in evolutionary terms, as it was shown that the Yakutian horse does not 

descend from native equine populations of the region, but are mostly likely a product of 

human introduction to the area (Librado et al., 2015). 

 

1.1.3. Domestication and Breed Development 

It could be said that attempting to understand the genetic aetiology of behaviour 

in the horse is something that horse breeders have been doing for centuries, even in the 

absence of genomics technologies. When humans first began to utilise the potential of the 

horse (other than as a food source) to travel and for battle, then later for leisure and sport 

(Librado et al., 2016), making choices about which horses to breed together would have 

been focused on producing the most suitable animal for the task. The domestication of 

the horse brought with it diversity among emerging breeds, and selection signatures now 

allow an understanding of some of the characteristics, including the behavioural and 

cognitive processes, that people were identifying and selecting for in the beginnings of 

the horse-human dyad (Petersen et al., 2013; Librado et al., 2016). 
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1.2. Formation of a Thoroughly-bred horse 

1.2.1. Development of the General Stud Book 

James Weatherby established the General Stud Book (GSB) in England in 1791 

(Weatherby, 1791) and since then this has been the established archive for racehorse 

records. Motivated to record accurate details of breeding records and pedigrees for the 

horses racing at the time, scrutiny of lineages drove segregation of Thoroughbred and 

non-Thoroughbred animals. The term ‘Thoroughbred’ was actually only introduced in 

the second volume in the early 1800’s after the cessation of foreign imports and it was 

declared that the racing horse was now thoroughly-bred. Parentage verification of 

Thoroughbred horses was introduced through the use of blood typing in 1986, which was 

later replaced by DNA verification in 2001. The current volume of the stud book, 48, was 

published in 2017. 

 

1.2.2. Paternal ancestry 

The founding paternal ancestors of the Thoroughbred date back to the 17th 

century. Approaching the mid-19th century there were three stallions which formed the 

founding sires of the modern Thoroughbred population: The Byerley Turk, the Darley 

Arabian and the Godolphin Arabian, also known as the Godolphin Barb, each of which 

contribute a unique history to the Thoroughbred. The Byerley Turk, it is held, was a 

captured warhorse that was brought to Ireland in 1689. The Godolphin Arabian was 

exported from Yemen and bought in Paris by an Englishman before being sold to the 2nd 

Earl of Godolphin. Although unraced the Godolphin Arabian was considered a leading 

sire and this legacy lives on through the 80 foals he sired, and in turn their progeny 

thereafter. The Darley Arabian, arguably the most influential sire, is related to 95% of 

the modern Thoroughbred population (Cunningham et al., 2001).  
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1.2.3. Maternal lineages 

The maternal heritage of the Thoroughbred is quite a different story with 10 

foundation mares accounting for 72% of the maternal lineages (Cunningham et al., 2001). 

The founding maternal ancestors contributed the so-called speed allele; the C-variant 

(g.66493737C/T) at the myostatin (MSTN) gene, to the modern Thoroughbred horse 

(Bower et al., 2012). Whereas the paternal lineages contributed highly selected-for 

athletic genetic capabilities (Cunningham et al., 2001) and it has been hypothesised that 

it was the group of British and Irish native mares that introduced genetic contributions to 

sprint ability (Bower et al., 2012).  

 

1.2.4. Artificial selection 

Since the horse was once a prey animal, needing to quickly assess and escape the 

threat of predation, natural selection facilitated reactive and vigilant tendencies. Strong 

selection for athletic and performance-related traits has been acting on the horse, 

particularly throughout the foundation and establishment of the Thoroughbred breed. 

Over 300 years the intense artificial selection that has resulted in the modern 

Thoroughbred has refined and concentrated these natural athletic features. The 

homogeneous nature of the Thoroughbred has offered a unique opportunity to study the 

genetic basis of exercise (Rivero and Hill, 2016) and performance traits (Hill et al., 

2010a). Whilst the understanding of genetic contributions to many behavioural and 

cognitive traits in the Thoroughbred is limited to-date, the genetic contributions to racing 

performance traits has recently revealed an influence from genes known to be involved 

with temperament and cognitive processing (Hori et al., 2016; McGivney et al., 2019; 

Farries et al., 2018). 
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1.3. The sport of horseracing 

1.3.1. A diverse global sport 

Horse racing is popular around the globe and has varying economic impact in 

countries across Europe, America, Australia and Asia. Flat races are run over distances 

between 1000-4000m, with different classes of race, Group, Listed, Handicap and 

Restricted which denotes the experience and ability of the horses in the field. Whilst 

commonalities in racing exist around the world there are variations across a number of 

factors; track surface; racecourse length, topography and shape; climate; starting style; 

and prohibition of certain pharmacological agents. It has also been noted that there are 

differences in race pacing between racing regions such as Europe and Australia. Prize 

money distribution could be suggested as having influenced modern selection trends, with 

a greater number of high-value races run over shorter distances and open only to 2-year-

old horses in the southern hemisphere, with less racing opportunities for racing over 

longer distances for older horses. In contrast a race considered by some as the pinnacle 

of the Australian racing calendar, the Melbourne Cup, is run over 3200m. Dating back to 

the 1700s there are a small number of prestigious so-called Classic races including the 

Epsom Derby and Epsom Oaks which are both run over distances longer than 2000m. 

National Hunt racing where courses are typically between 3200m and 7300m, with 

jumping efforts, is also a popular sporting test of horse and jockey in Great Britain and 

Ireland.  

 

1.3.2. Measures of racehorse success 

Anecdotally toughness and willingness, are said to underwrite to a horse’s ability 

to win races, and there is a notion that the scope of the equine heart extends beyond the 

physiological capacity to pump 400L of blood per minute (Hinchcliff, Kaneps and Geor, 

2008).  Racehorse trainers are known to comment on a horse’s attitude, ‘will-to-win’, and 
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temperamental characteristics as being contributing factors in the success of their racing 

career. 

Objective measures of a horse’s success as a racehorse have been assessed using 

multiple factors, but most commonly race times, handicap ratings and earnings are used 

to rank horses. Racing times for Thoroughbreds were thought to be nearing a genetic 

ceiling (Gaffney and Cunningham, 1988), but a recent study showed that in fact racing 

times have continued to become faster beyond the scope of the original analysis (Sharman 

and Wilson, 2015). To ensure races are competitive and to give all horses running in the 

race the best possible chances of winning, handicaps are allocated to a horse by an expert 

handicapper. Handicaps are used to dictate the weight a horse will carry in handicap races. 

Slower horses will carry less weight than faster horses, that will carry more weight.  

 

1.3.3. Significant events during the life and career of a Thoroughbred 

racehorse 

In the Northern Hemisphere Thoroughbred horses are generally born between 

January and May, with all Thoroughbreds having the official birthday of January 1st. In 

the Southern Hemisphere the foaling season generally begins in August and runs through 

to December. The official birthday for all Southern Hemisphere Thoroughbred foals is 

August 1st. Foal and yearling sales are important times for Thoroughbred breeders, and it 

is at this time that decisions are made about whether to keep or sell young horses, prior 

to the opportunity to evaluate racing ability. Assessment of both physical and mental 

attributes of the foal or yearling is required which is done so individually by owners, 

breeders and prospective purchasers. Preparation for sale can be an intensive process for 

young horses.  

Foals tend to be weaned at approximately 6 months of age which usually involves 

removing mares one at a time from groups of mares and foals until only foals remain 
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housed or turned out together. Some foals may be weaned through a less natural process 

where they are abruptly separated from mares either individually or in groups. Physical 

preparation of young stock for bloodstock sales begins with exercise using a horse walker 

in order to allow muscles to grow and develop. 

For Flat racehorses, at approximately 18 months horses will begin entering a pre-

training/early training process, varying between farms and yards, but with common 

features including exercise using horse walkers, being long-reined or lunged, and 

prepared for ridden exercise. Generally, all young horses will have already been exposed 

to being handled, stabled, farriery and veterinary care. These experiences differ greatly 

from the usual maturing and development process of pre-domesticated or feral horse 

populations. Young horses entering this pre-training process if observed by the handlers 

to be mentally or physically immature at this juncture will often be given more time to 

grow and mature, usually at a satellite farm or yard away from the main training 

environment.  

The process of being ridden as a racehorse is initiated by so-called ‘breaking’. 

This involves a rider laying their weight over the horse gradually, often on serval 

occasions ahead of them finally sitting astride the horse. As part of early training 

Thoroughbred yearlings are closely monitored and their progress evaluated by the 

handlers, riders and trainer to ensure no undue distress or harm occurs. Once a horse has 

become accustomed to being ridden their exercise increases as the horse becomes fitter. 

Fast, intense bouts of exercise are called ‘work’ and tend to be interspersed in the training 

regime in order for trainers to assess fitness and training progress. A number of horses 

may continue to be trained to race before being sold as 2-year-olds. These sales are much 

different from foal and yearling sales and involve a bout of exercise called a breeze, 

therefore these sales are known as breeze-ups. 
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Before being ready for racing trainers use stalls to train the horse to being loaded 

into the starting stalls, waiting in the stall to race and leaving the stall with a group of 

horses. This process is vital to the safety of the jockeys and handlers, but also the horses. 

It is often reported that for some horses this process is not straightforward, and a number 

of horses require encouragement from handlers, and/or a lead ‘pony’. In fact, it is not 

uncommon to see horses at the racetrack wearing a blindfold or being eased into the stalls 

with help from a number of handlers. In Australia this process of stall entry is deemed an 

important gauge of readiness to progress from early training to racing proper such that 

young horses are required to gain ‘barrier tickets’ at special barrier trial races. These 

training races simulate real racing in a group and show that a horse is sufficiently safe 

and ready to race at the racecourse. If a horse cannot safely enter and leave the stall, or 

race showing adequate levels of maturity and tractable behaviour they are not passed as 

being fit to progress to racing in accordance with the national racing body rules. 

Once a horse has completed early training it may be decided that more time is 

required for maturing – either physical or mentally. A young horse deemed not ready to 

progress to race training may be ‘turned-away’ to grow and mature. It is estimated that 

>50 % of Thoroughbred foals do not ever reach the racetrack (Jeffcott et al., 1982). 

Typically, horses racing on the flat will race for between 3-4 years and then will 

be retired, either to stud, or may go on to a second career such as dressage, show-jumping, 

three-day eventing or polo/polocrosse. Horses may be retired earlier for breeding due to 

injury or sometimes temperamental unsuitability to racing (Wilsher, Allen and Wood, 

2006) however, there is little description or definition of the characteristics outlining these 

decisions other than anecdotal comment or the use of a descriptor such as behavioural 

issue or temperament. Figure 1.1 depicts the key milestones and training events that occur 

throughout a racehorse’s lifetime. 
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Figure 1.1 The key milestones and training events in the typical lifetime of a racehorse 
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Figure 1.1 shows that training for racing continues through the lifetime of a 

racehorse. Weaning, ‘breaking’ and racing at the track are all major life events for a 

Thoroughbred. At each stage horses may be retired to stud, usually due to injury, but 

occasionally for other reasons such as ability or value of pedigree (Wilsher et al., 2006). 

At the end of their racing career Thoroughbreds that do not go on to breed may go on to 

have sporting careers in other disciplines such as polo, eventing or showing. Throughout 

the lifetime of a racehorse similar inputs are required; food, veterinary attention, 

husbandry care and handling. From an economic perspective this can be considered a 

significant investment, as well as when considering from purely a time and training 

perspective. Whether the horse reaches the racetrack or not it must pass through the first 

couple of stages of training milestones (Figure 1.1) and so by the time the horse becomes 

two years old expectations can be high, particularly where economic returns are required. 

 

1.3.4. Breeding and breeding stock 

Of horses retired from racing, or racing training, a number of these horses will 

continue their career as a breeding animal (Wilsher et al., 2006; Bailey et al., 1997). 

Importantly a horse may go on to a breeding career in spite of being unraced, or having 

difficulties in the training environment (Wilsher et al., 2006). Breeding stock are highly 

valuable, with mares usually producing multiple progeny in their lifetime and stallions, 

that can produce up to one hundred times more foals than a mare during a breeding career, 

generate large monetary income for the stud farms where they stand. This high value 

placed on bloodstock continues to perpetuate the desire to breed the next great racehorse 

rewarded by wealth and status. 
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1.4. Equine Genetics 

1.4.1. The Equine Genome 

In February 2006, at The Broad Institute of MIT and Harvard, USA, the 

international collaborative effort to sequence the equine genome commenced after 20 

years of equine molecular genetics research. The project involved over 100 researchers 

working across Europe, North America, the Middle East, Asia and Australia. The horse 

genome sequencing project was funded by the National Human Genome Research 

Institute (NHGRI) to provide comparative genomic data to contribute to understanding 

the human genome. The horse was chosen for sequencing as a representative of the 

mammalian family Perissodactylia. The horse was one of 24 other mammals to have 

genomes sequenced in conjunction with the Human Genome Project, including Mus 

musculus, Gallus gallus, Pan troglodytes, Canis familiaris, and Bos taurus. The assembly 

of the first genome sequence for the horse used samples from a Thoroughbred horse, 

‘Twilight’, and was completed in 2007 (Wade et al., 2009). The most recent assembly 

and annotation of the equine genome is EquCab 3.0 (Kalbfleisch et al., 2018), though to-

date the majority of published papers have used the EquCab 2.0 assembly.  

Using the single nucleotide polymorphism (SNP) array-based technologies that 

were developed following the sequencing project, many studies have explored genetic 

contributions to a range of phenotypes including health and disease traits  such as 

laminitis (McCue, Geor and Schultz, 2015) and respiratory diseases, recurrent laryngeal 

neuropathy (RLN) (Herdan et al., 2014); genetic contributions to performance (Hill et al., 

2010b; McGivney et al., 2012; Rivero and Hill, 2016; Tozaki et al., 2011; Han et al., 

2020; McGivney et al., 2019; Bryan et al., 2017; Farries et al., 2018; Hill et al., 2010a; 

Hill et al., 2012a); skeletal muscle function (McGivney et al., 2010; Rooney et al., 2016), 

; physiological and anatomical changes due to domestication (Orlando et al., 2013; 

Schubert et al., 2014; Petersen et al., 2013); and equine behaviour (Hori et al., 2016; 
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Farries et al., 2018; Hori et al., 2013; Finn et al., 2016; Ninomiya et al., 2013). Recent 

research has demonstrated that it is possible to predict the chances of a horse reaching the 

racetrack using genetic markers (McGivney et al., 2019). Evidence for a heritable 

component of a horse’s chance of racing was presented, with the suggestion that a 

component of this probability was driven by genes that may be linked to temperamental 

suitability and attitude to racing (McGivney et al., 2019). 

 

1.4.2. Heritability 

The term heritability refers to the ratio of total variance that can be apportioned to 

a trait by genetic contributions, and this definition of heritability can be separated into so-

called ‘broad sense’ heritability (H2) and ‘narrow sense’ heritability (h2) (Visscher, Hill 

and Wray, 2008). Whilst measured similarity of a phenotype between related individuals 

can be used to evaluate heritability by comparing the measurement of the trait to the 

average trait measured in the parents (Visscher et al., 2008), single nucleotide 

polymorphism (SNP) data can be used to calculate h2 for a population of unrelated 

individuals (Yang et al., 2017). Some traits may be under genomic influence where the 

expression of one gene is dependent upon another (epistasis) (Starr and Thornton, 2016) 

which is incorporated in H2 calculations. However, it may be the case that multiple genes 

influence a single trait (polygenic), or in fact that the entire genome acts as a regulatory 

network influencing the trait (omnigenic) (Boyle, Li and Pritchard, 2017). In both these 

cases the small effect size of the contributions may go undetected by a genome-wide 

analysis study (GWAS) approach (Dudbridge, 2016). Furthermore where multiple traits 

are under pleiotropic influence it may prove difficult to detect causal variants (Boyle et 

al., 2017). 
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1.4.3. Approaches to studying genetic and genomic contributions to traits 

Since the sequencing of the equine genome three generations of SNP genotyping 

arrays have been developed (Raudsepp et al., 2019). Two Illumina (Illumina, San Diego 

CA) arrays; the Equine SNP50 genotyping beadchip, and the Equine SNP70 genotyping 

beadchip, and most recently the Affymetrix Axiom® Equine Genotyping Array 

(Affymetrix, Santa Clara CA). The Affymetrix Axiom® array encompasses >670,000 

SNP markers has been used to impute ~2 million SNPs in the Thoroughbred (Schaefer et 

al., 2017). Whilst initially prohibitively expensive whole genome sequencing (WGS) is 

becoming more accessible and will likely be more widely used in the field of equine 

genomics research (Raudsepp et al., 2019). 

Whilst the heritability of racing performance, measured for example by prize 

money, was investigated (Tozaki et al., 2012) the underlying genetic variation could not 

be revealed without further study. The genetic variation that contributed to racing 

performance traits was uncovered then through the use of genomic approaches such as 

candidate gene study using a priori knowledge of gene functions from study of similar 

phenotypes in other species (Hill et al., 2012a), or by using GWAS approaches with no 

assumption of a priori knowledge .  

Candidate gene studies 

Candidate gene studies in horses have been used to explore genetic associations 

with racing performance (Hill et al., 2010a; Farries et al., 2018), and more recently a 

limited number of behaviour and temperament traits (Hori et al., 2013; Ninomiya et al., 

2013; Momozawa et al., 2005b; Hori et al., 2016). There has been some work carried out 

exploring candidate genes for behavioural traits in the horse, focussed on genes 

previously associated in human research as influencing behavioural traits.  

Genetic variation in dopamine receptor genes have been associated with attention-

deficit hyperactivity disorder (ADHD) and behavioural dysfunction (Grünblatt et al., 
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2019; Swanson et al., 2000; Tripp and Wickens, 2009). Dopamine receptor-4 gene 

(DRD4) has been investigated for associations with temperament traits in horses. 

Associations between two SNPs in the DRD4 gene and temperament scores assessed by 

handler-completed questionnaire were investigated in a cohort of 136 Thoroughbred 

horses (Momozawa et al., 2005b). One of the SNPs examined (an A-G substitution) was 

found to be associated with differences in curiosity and vigilance traits (Momozawa et 

al., 2005b).  This same SNP was associated with frustration behaviours of stabled horses 

in another study (Ninomiya et al., 2013). Breed-specific differences in DRD4 were 

detected between Thoroughbreds and native Japanese breeds as associated with this SNP 

(G292A) (Hori et al., 2013). Dopamine function has been more recently hypothesised 

(Roberts et al., 2016; McBride et al., 2017) as playing a role in coping styles and strategy 

in domestic horses. The findings of these candidate studies, and the rationale presented 

by McBride et al. (2017) suggests a possible role for dopamine in coping and future 

equine welfare assessment.  

Serotonin (5-HTT) is another neurotransmitter with receptors that have been 

associated with behavioural and cognitive functioning in humans (Drago, Ronchi and 

Serretti, 2008). Two candidate gene studies have investigated SNP associations between 

temperament traits and serotonergic genes in the horse. One study investigated anxiety 

traits characterised by questionnaire with four SNPs in the serotonin transporter gene 

SLC6A4 using a cohort of 67 Thoroughbred horses (Momozawa et al., 2006). No 

significant association between the trait and the detected SNPs was found. However, 

another study identified 5-hydroxytryptamine receptor 1A gene (HTR1A) as having 

significant associations with tractability in the Thoroughbred horse (Hori et al., 2016). 

This association is suggestive of a potential serotoninergic-centric mechanism 

influencing temperament and behavioural response to training in the Thoroughbred. 
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Stereotypic behaviours are generally acknowledged to be undesirable (McGreevy, 

2004). Eight proposed candidate genes for stereotypic behaviours were investigated in a 

cohort of 233 horses of mixed breeds (Hemmann et al., 2014). The eight candidates 

included a dopamine receptor gene (DRD1A) and a serotonin receptor gene (HTR1B), but 

also comprised leptin (LEP), ghrelin (GHRL), cadherin 2 (CDH2), semaphorin 

(SEMA6D), and opioid receptor mu 1 (OPRM1). None of these genes, reviewed by 

Hemmann et al. (2014) were shown to be associated with the stereotypic behaviour ‘crib-

biting’ which was assessed subjectively in this experiment. It is likely that the relatively 

small sample size and candidate gene approach were not sufficient to reveal genetic 

contributions by these genes which all have biological functions relevant to stereotypy 

(Hemmann et al., 2014).  

Genome-wide Association Studies 

GWAS have been applied to the study of multiple traits in Thoroughbred, as well 

as other traits in other non-Thoroughbred breeds. Perhaps one of the most studied traits 

best race distance (Hill, Ryan and MacHugh, 2012b; Hill et al., 2010a; Hill et al., 2010b), 

has been investigated by a number of GWAS efforts (Hill et al., 2010b; Tozaki et al., 

2010; Binns, Boehler and Lambert, 2010), with all studies highlighting the fundamental 

role of the myostatin gene (MSTN) in this trait which it could be said is central to the 

career of a racehorse. More recently quantitative phenotypes using a GWAS approach 

were used to interrogate genetic contributions to precocity traits in the Thoroughbred 

(Farries et al., 2018). The same MSTN SNP on ECA18 that has previously been associated 

with predictions of best race distance (Hill et al., 2010a) was found to be most 

significantly associated with precocity (Farries et al., 2018). A locus on ECA1 which 

contains the serotonin receptor gene HTR7 was also identified as significantly 

contributing to precocity. When considered along with the findings of a previous 
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candidate gene study of HTR1A (Hori et al., 2016) these results further support 

serotonergic influence on racing and training.  

Whilst the aforementioned racing aptitude traits have been well-studied (Binns et 

al., 2010; Farries et al., 2018; Hill et al., 2010b; Tozaki et al., 2010) health traits have also 

been a focus of genome-wide investigation. Fracture risk was examined in a case-control 

study of 522 Thoroughbreds, identifying four chromosomal regions that reached genome-

wide significance (Blott et al., 2014). Another health trait which can interfere with the 

career of racing Thoroughbreds is exercised-induced pulmonary haemorrhage (EIPH). 

Genetic risk for EIPH has been investigated in 79 flat racing Thoroughbreds (Blott et al., 

2019). Three regions on ECA3, ECA13, and ECA23 reached genome-wide significance. 

Further evaluation of individual biological mechanisms hypothesised by this study may 

allow the development of risk-limiting therapies (Blott et al., 2019). Both these studies 

show multiple genomic regions associated with the traits, and therefore a possible 

polygenic influence on the traits being investigated. These findings support that genome-

wide analysis approaches allow the complex nature of traits to be detected.  

To date no GWAS has been performed specifically investigating behaviour in the 

Thoroughbred horse. However, a GWAS approach was applied to a behavioural 

phenotype derived from questionnaire assessment of 20 behaviour and temperament 

items in a cohort of 276 Tennessee Walking horses (Staiger, Albright and Brooks, 2016). 

Principal component analysis (PCA) showed that four factors accounted for >60% 

temperament variation, and three of these four temperament components; ‘anxiety’, 

‘tractable’, and ‘agnostic’ were used for GWAS analysis. Loci on ECA1, ECA13, 

ECA21, ECA23, and ECA25 were identified as associated with the traits used. Putative 

candidate genes proposed by Staiger et al. (2016) included aldehyde dehydrogenase 18 

family member A1 (ALDH18A1) gene which was suggested to impact stimulus 
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habituation, and protein kinase C beta type (PRKCB) gene which was proposed to play a 

role in training stress response.  

Composite Selection Signatures Analysis 

 In livestock species the composite selection signals (CSS) approach has facilitated 

the identification of genes which underly monogenic and polygenic traits which have 

been under selection pressure (Randhawa et al., 2014; Randhawa et al., 2015). Well 

established in livestock species such as Bos taurus (Randhawa et al., 2015), the original 

composite of multiple signals method (CMS) combined multiple statistics to identify 

variants with causal influence (Grossman et al., 2010). These composite methods are 

unlike traditional candidate gene studies since, through this approach, it is possible to 

identify genetic variation with no a priori knowledge of allele distribution (Randhawa et 

al., 2014). Moreover, when compared with candidate gene and GWAS methodologies 

this approach has successfully detected regions of genomic interest under selection using 

relatively small cohort sizes in the Thoroughbred (Han et al., 2020). In an investigation 

of early two-year-old speed and genetic variation under selection in a population of 

Australian Thoroughbreds, genomic regions detected with significant signals of selection 

contained genes involved with stress response, synapse development and locomotion 

(Han et al., 2020). This method has also been employed in the Thoroughbred population 

to identify genomic regions that have been targeted by selection for athletic performance 

(McGivney et al., 2020). 
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1.5. Behaviour  

1.5.1. Overview 

Behaviour can be used to describe emotions, social interaction styles, cognitive 

capability and stress responses (Sachser, Kaiser and Hennessy, 2013). In the context of 

equine science, behaviour has been described as a method of adjustment which reflects 

the environment (Mills and Nankervis, 1999). The terms behavioural profile and 

behavioural phenotype are often used interchangeably and both may be used to describe 

personality, temperament or specifically a behavioural syndrome, without indication of 

the underlying mechanisms or mediating factors (Sachser et al., 2013). It is difficult to 

study behaviour in animals, especially horses, without first considering the influence of 

humans and therefore the process of domestication. 

 

1.5.2. Domestication and the influence of humans 

Wild and domestic animals have observable differences in behavioural traits such 

as tameness, as well as distinctive aesthetic characteristics like coat colour (Wilkins, 

Wrangham and Fitch, 2014). The now disputed idea (Lord et al., 2020) that distinct sets 

of behavioural and physiological traits exist in wild and domestic populations was first 

proposed by Charles Darwin (Darwin, 1868). It can be said that tameness is a trait which 

is key to the domestication of an animal, as it allows for interaction with humans. Stress 

response to unfamiliar stimuli is regulated by the hypothalamic-pituitary-adrenal (HPA) 

axis and is hypothesised to underpin tameness, and therefore domestication syndrome 

(Wilkins et al., 2014). Neural crest cell development has been proposed as a central causal 

factor influencing ‘domestication syndrome’ (Sánchez-Villagra, Geiger and Schneider, 

2016; Wilkins et al., 2014). Moreover, a study of ancient equine genomes found evidence 

of selection patterns supporting the neural crest hypothesis (Librado et al., 2017). When 

considering behaviours to phenotype for exploration of genetic contributions to behaviour 
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it could be argued on the basis of the neural crest hypothesis that breeding and husbandry 

are crucial environmental factors where variation between individuals should be 

minimised. 

Behavioural flexibility or ‘plasticity’ facilitates adaption and survival in 

unfamiliar situations (Mery and Burns, 2010), and thus individuals with greater 

behavioural plasticity may be at an advantage where selection pressures include captivity 

(Wilkins et al., 2014). It has indeed been shown by genomic analysis that selection for 

behavioural plasticity occurred as part of the process of the domestication of the horse 

suggesting a favourability of the malleable, immature and undeveloped character 

(Schubert et al., 2014). However, the ~9,500 year gap between domestication of Canis 

familiaris and E. caballus (MacHugh, Larson and Orlando, 2017) may be indicative of 

species-specific trends in suitability to domestication. Nonetheless evidence for the 

influence of domestication on physiology controlling fear reactivity (Wilkins et al., 2014) 

indicates that the horse-human dyad has been heavily influenced by genomic variation in 

response to stimuli and fear reaction. 

 

1.5.3. Plasticity 

During the physical maturation and simultaneous brain development of an 

individual the mechanism of synaptic pruning is of particular interest to understanding 

environmental influences on temperament and behaviour (Spear, 2000). Synaptic pruning 

is the process by which the most used neural connections important to the individual are 

strengthened, whilst lesser and unused neural connections are pruned (Paolicelli et al., 

2011). In humans this period is considered to take place from when an individual begins 

puberty, to the time at which they have a stable and independent role in society (Spear, 

2000). This process is influenced by the environment and experiences of the individual 

(Sachser et al., 2013). There is evidence that the adolescent brain is highly plastic, 
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(Fuhrmann, Knoll and Blakemore, 2015) and this neural malleability is sometimes 

characterised by emotional switching and risk taking (Blakemore and Robbins, 2012). 

Human teenagers are often described as displaying a moody temperament or overly 

emotional behaviours, as well as showing a higher propensity to risk taking. These 

behaviours are thought to be a result of incomplete synaptic pruning (Selemon, 2013), 

but this behavioural plasticity facilitates development within the context of environmental 

stimuli (Blakemore and Robbins, 2012). Considering the life events of a racehorse (Figure 

1.1) in the biological context of adolescence it might be suggested that the period of pre-

training and so-called ‘breaking’ is a key period in the shaping of the animal. 

Furthermore, when it is borne in mind that racehorses are weaned and enter early training 

whilst they are still relatively young (Figure 1.1) it could be reasoned that unfinished 

synaptic pruning allows behavioural flexibility and adaption to the unnatural training 

environment, but also may be responsible for some of the behavioural characteristics 

which lead to a horse being described colloquially as bold, dangerous, mad, or crazy. 

 

1.5.4. Anatomy and physiology underpinning behaviour 

Anatomical structures and systems involved with shaping behaviour include the 

brain and central nervous system (CNS) facilitated by associated neurotransmitters and 

the endocrine system (McGreevy, 2004; Bartolomé and Cockram, 2016). These systems 

interact to shape behaviour both as a response to environmental stimuli (Wingfield, 2013), 

as well as motivating important functions such as finding food or securing a mate (Snell-

Rood, 2013). 

In order to process the plethora of stimuli occurring every second and to decide 

which, if any, it must act upon, the horse, like other mammals relies on both the central 

and peripheral nervous systems (Bartolomé and Cockram, 2016; McGreevy, 2004). The 

brain and CNS are responsible for processing sensory inputs. The horse brain has been 
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specialised for surviving predation during evolution and the result of this development is 

an expanded neocortex (Mills and Nankervis, 1999; Radinsky, 1976). This area of the 

brain is located in the frontal lobe and is the centre for processing sensory information. 

Efficient and effective processing of such information facilitates a rapid response to a 

stimulus (Moberg, 1985; Hausberger et al., 2019). Sensory signals come to the brain and 

CNS via sense organs such as the eyes or ears, and receptor cells such as taste and touch 

receptors (McGreevy, 2004). These organs or receptors enable the horse to take in 

information from the surrounding environment. Once information has been received from 

the sensory organs and/or receptors, processed by the brain and CNS an action may be 

required. The action is facilitated by the (peripheral nervous) motor system comprising 

autonomic and somatic configurations (Bartolomé and Cockram, 2016).  

The importance of applying a more comprehensive neurological approach 

considering more than solely brain anatomy when studying behaviour is to not to exclude 

other body regions with high concentrations of neurons, which are part of the processing 

and response to stimuli, such as in the gut (Johnson and Foster, 2018). Recent interest in 

this area has described involvement of the brain-gut axis in behaviour and conditions 

manifesting in behavioural dysfunction (Lyte, 2013). The equine gastro-

intestinal/digestive system has been highly specialised for continuous or ad libitum 

feeding, and efficient processing of a diet centred around grazing for up to 18 hours a day 

(McGreevy, 2004; Mills and Nankervis, 1999). As a hind-gut fermenter it can be said that 

health of the microbiome of the horse is crucial to harnessing the nutrient content of the 

ingested materials, as well as maintaining general health (Garber, Hastie and Murray, 

2020). Research in humans, now suggests that the population of gut bacteria, the 

microbiome, is implicated in many different disease pathogeneses but particularly those 

characterised by mood changes, neurological degeneration, psychiatric dysfunction, and 



 24 

chronic immune dysfunction (Lyte, 2013; Pulikkan, Mazumder and Grace, 2019; Van 

Ameringen et al., 2019; Winter et al., 2018; Ghaisas, Maher and Kanthasamy, 2016). 

 

1.5.5. Heritable factors: Genetics 

A number of studies have reported genetic polymorphisms associated with equine 

behavioural traits as reviewed by Inoue-Murayama (2008). Genetic influences on 

behaviours and temperament have also been reported in murine research (Kolb et al., 

2013; Mazitov et al., 2017), as well as in human studies (Kim et al., 2015; Caspi et al., 

2003). Moreover, much work has been carried out assessing the heritable factors of 

behaviour in Canis familiaris (Cyranoski, 2010; Serpell and Hsu, 2005; Ilska et al., 2017), 

and the temperament traits fear and aggression have been shown not only to have heritable 

components, but also differences among breeds (Duffy, Hsu and Serpell, 2008; Tang et 

al., 2014; Zapata, Serpell and Alvarez, 2016). 

In the horse there is evidence for breed differences in curiosity and vigilance traits 

in horses that have been associated with polymorphisms in the equine dopamine receptor 

4 (DRD4) gene. Moreover the advances in equine genomics (McCue et al., 2012; Wade 

et al., 2009) have supported an increased interest in possible genetic factors influencing 

equine behaviour. Initial studies have indicated that  the process of intense selection that 

occurred during the development of the Thoroughbred influenced a tendency for 

vigilance over curiosity, whereas native breeds remain more curious and Thoroughbreds 

show a tendency toward more vigilant and less curious behaviours (Hori et al., 2013). 

This was also found to be the case in a previous study examining equine personality 

(Momozawa et al., 2005b). 

Behavioural aetiology for voluntary exercise behaviour has been studied in rodent 

models and is known to be under genetic control (Kelly et al., 2012).  A gene associated 

with voluntary exercise in mice, prolylcarboxypeptidase (PRCP), has also been identified 
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in a cohort of Thoroughbred horses as influencing racing durability (McGivney et al., 

2019). Interestingly voluntary exercise behaviour has also been associated with serotonin 

receptor gene HTR7, which was associated with decreased wheel running in mice 

selectively bred for increased voluntary exercise traits (Claghorn et al., 2016). Serotonin 

is a neurotransmitter central to neuroplasticity and cognitive functions, and has been 

detected in humans, rodents and horses as influencing behaviour. In equine models 

serotonin receptor genes HTR1A (Hori et al., 2016), and HRT7 (Farries et al., 2018) have 

been shown to be associated with tractability and  precocity traits in Thoroughbred horses. 

1.5.6. Environmental factors: gene-environment interaction (G × E) 

The study of behavioural ontogeny considers the interaction between genetic 

composition of an individual and the environment it inhabits. While the genetic 

components of an individual may not be changed, the expression of an individual’s 

genetic composition may not be seen if the relevant environmental prompt is absent. The 

relationship between stressful life events and genetic polymorphism of the serotonin 

transporter gene (Caspi et al., 2003) has been suggested as a debatable example of G × E 

in a review of heritability (both broad and narrow sense) in the age of genomics (Visscher 

et al., 2008). 

In the context of equine science, behavioural research has principally focused on 

undesirable, so-called stereotypic or vice behaviours. In this field, differences have been 

identified between locomotor and oral stereotypies with evidence of dopaminergic 

control supporting theories for the a genetic basis of behaviours including weaving, box 

walking and windsucking or cribbing (Roberts et al., 2017). It has been argued that these 

undesirable behaviours are learned from other horses exhibiting such actions, but it has 

also been suggested that aspects of such behaviours may be inherited (McBride et al., 

2017). It has also been put forward that stereotypic behaviours are neither learned nor 

inherited, but are a reflection of features of the horse managed in the loose-box stabled, 
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meal-feeding domestic setting which differs greatly from the free-roaming, frugal feeding 

lifestyle from which it has evolved (Hemmann et al., 2014). Whilst there are numerous 

anecdotal theories and discussions surrounding causes, management and treatment of 

these behaviours the studies to date are yet to provide compelling evidence detailing the 

aetiology of these behavioural traits, and as such there can be no effective and unified 

treatment or management prescription. However, the increasing understanding of genetic 

aetiology for health and disease traits may, with continued study, extend to behaviour. 

There have been a small number of studies which link genetic mutations at locations on 

neurotransmitter genes which are thought to act on undesired, and stereotypic behaviours 

(Ninomiya et al., 2013; Swanson et al., 2000; Hemmann et al., 2014).   

The ancestral environment of the horse required surviving threats such as 

predation, giving rise to behaviours such as the fight-or-flight response (Visser et al., 

2010). Environmental factors shown to be involved in influencing behaviour of the horse 

include; diet (Bulmer et al., 2015); disease status (Jones et al., 2007); pain (Reid et al., 

2017); and housing style (Cooper, McDonald and Mills, 2000; Yarnell et al., 2015). 

Limitations which are acknowledged in behavioural studies using cohorts of non-lab-

based sample groups include both genomic, and environmental features such as 

nutritional intake. Using a sample cohort of a non-lab species where breed, diet and 

environment are closely controlled may result in the identification of more realistic levels 

of genetic contributions to behaviour, and therefore an indication whether further 

genomic-behaviour studies would be worthwhile. 

 

1.5.7. Thoroughbred and Racing Industry context 

Within the global equine community, although fragmented across the multiple 

disciplines, anecdotal evidence of correlations between behaviour or temperament, and 

performance or success and economic value of animals are often presented. Factors often 
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discussed as having a relationship with behavioural traits include age, sex, breed, and 

lineage, which have been found to be associated with behaviours in scientific studies 

(Hori et al., 2013; Finn et al., 2016; Visser et al., 2001; Janczarek and Kędzierski, 2011). 

An example of a trait that has been widely noted in anecdotal commentary in the context 

of behaviour is coat colour, specifically the chestnut (red) coat colour. However, a pilot 

study (Finn et al., 2016) found no evidence to support an association between the chestnut 

phenotype and temperament and behavioural traits as reported by owners through an 

online survey.  

There is a body of anecdotal evidence presented in post-race interviews, industry-

specific lay publications and discussed at industry events which supports the notion that 

racing ability and suitability to the racing and training environment has a familial basis. 

Horses entering training yards for Flat race training are usually aged between one 

and two-years old. Having spent much of their time up to that point housed or at grass in 

groups with companions of a similar age following the weaning process, the shift from 

stud farm to training environment can be considered as a great change in the environment 

to the animal. Whilst every effort is made to ensure that this process is carried out in such 

a way that allows time for a horse to gradually adjust to the new surroundings, it is thought 

not to be uncommon to observe behaviours indicating a struggle to adjust by some of the 

horses beginning their training regime. Undesirable behaviours that are often observed in 

racing yards at this time include those described as extreme nervousness or anxiety when 

being exposed to novel objects or situations; aggressive behaviours which endanger the 

horse and associated handlers, as well as behaviours where a young horse may try to avoid 

carrying out a task such as getting into a horse box or walking onto a weighbridge.  

Young racehorses will normally have been exposed to equipment such as 

automatic horse walkers, horse boxes and tack as some of their first training environment 

experiences with weighbridges, starting stalls and ‘work days’ coming later in their 
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training. The active environment of a busy racing and training yard itself may be extreme 

in its contrast to the breeding environment where the young horse has come from. This 

transitionary period may offer an opportunity to investigate horses’ adjustment to a new 

environment, response to novelty, as well as excitement/anxiety or anticipation of the 

multiple new stimuli to which they are exposed during this time. 
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1.6. Measuring Equine Behaviour  

1.6.1.Overview 

Behaviour studies may be carried out using qualitative, quantitative or mixed-

method approaches. Qualitative methods which have been applied to studying equine 

behaviours include designing questionnaires (Momozawa et al., 2005a), assessments or 

surveys (Finn et al., 2016). Quantitative study designs have recorded data from 

physiological parameters including heart rate and heart rate variability (Stucke et al., 

2015), blood counts, immune response (Strand et al., 2002) and salivary cortisol (Peeters 

et al., 2011). Some behavioural assessment experiments have combined these two styles 

of data collection methods using a questionnaire or survey alongside a physiological 

measure such as spontaneous eye blink rate (SBR) (Roberts et al., 2016) or a novelty test 

(Momozawa et al., 2007). Using a mixed-methods approach has a number of benefits 

since behavioural phenotyping in a measurable, repeatable and objective way has 

challenged scientists both within and outside of the equine field. In human research it is 

possible to directly ask study participants to answer self-reflective questions, answers 

which can be evaluated using a rigorous thematic analysis for example. Furthermore, if 

required, such studies can then be evaluated and validated using observational measures 

and/or learning tasks. With animal studies however, questionnaire-based methodologies 

become more complex because it is the animal owner or carer who must answer the 

questions, which can present a difficulty in limiting the biases.  

 

1.6.2. Physiological Behavioural Measures 

There are a number of physiological measures which may be used to define 

objective behavioural phenotypes, and more recently interest and effort has been applied 

to the development of non-invasive methods for measuring biological underpinnings of 

behaviour. An example of this type of measurement is for a neurotransmitter, dopamine, 
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which facilitates the reward system of brain function (Roberts et al., 2016).  Physiological 

behavioural measures can be used to gather objective phenotypes for designing behaviour 

studies. However, as yet many of the methods, described in more detail below, have only 

been used in a limited manner in candidate gene studies and they have not yet been fully 

utilised for behavioural aetiology and epidemiology experiments. 

Heart Rate and Heart Rate Variability 

A measure of health and indicator of disease commonly used to monitor welfare 

is heart rate (HR). An established objective measure of behavioural response useful for 

evaluating pain and stress is heart rate variation (HRV) (Stucke et al., 2015). Analysing 

inter-beat-intervals (IBI) can be used to generate HRV values which are a popular method 

for studying autonomic nervous system (ANS) response to stimuli (Stucke et al., 2015). 

IBI is a measure of the time between two cardiac ventricle contractions which is 

represented by the distance between R wave peaks in electrocardiogram (ECG) data 

(Stucke et al., 2015). IBI can also be presented as standard deviation of beat-beat intervals 

(SDRR) when quantifying HRV (Rietmann et al., 2004). As the sympathetic nervous 

system (SNS), a subdivision of the ANS, is responsible for engaging the so-called fight-

or-flight response in times of perceived threat or stress, measuring HRV using a non-

invasive and accurate measure presents an opportunity to examine variation in ANS 

response between individuals. Power spectral analysis (PSA) is a signal estimation 

approach that has been applied to measuring HRV in the horse (Rietmann et al., 2004). 

HRV was compared with HR, along with behavioural parameters such as movement and 

head position for a group of warmblood horses finding that using a PSA approach to 

determine HRV may be an appropriate measure of stress response for horses at low 

exercise (Rietmann et al., 2004).  
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Cortisol 

The measurement of the stress hormone cortisol has been employed in the study 

of hypo-adrenal-axis (HPA) function and endocrine response to environmental stimulus 

(Peeters et al., 2011). Measuring the glucocorticoid hormone, cortisol, provides objective 

insight to systemic behavioural reaction to stimuli and threats, or hyperarousal often 

referred to as the fight or flight response. It has been shown that salivary cortisol measures 

are representative of serum cortisol measures, thus presenting a less invasive method that 

HPA function and response to stimuli can be studied (Peeters et al., 2011). Studies in 

equine behaviour science have used salivary cortisol measures to evaluate the stress 

response to handling, training and exercise procedures (Cayado et al., 2006; Janczarek 

and Kędzierski, 2011; Hada et al., 2003). Faecal corticosterone metabolites have also 

been used to analyse group housing effects in domestic horses (Yarnell et al., 2015). 

Methods of analysing glucocorticoid function which do not themselves prompt a stress 

response are important and therefore salivary cortisol sampling has become increasingly 

popular within equine research (Peeters et al., 2011). 

Behavioural Switching and Behavioural Initiation Frequencies 

Rates of behavioural switching, so-called behavioural switching rate (BSR) or 

initiation known as behavioural initiation frequency (BIR) have been used to assess 

circulating dopamine levels in the study of stereotypy and coping behaviours (McBride 

et al., 2017; Roberts et al., 2015). As a non-invasive observational measure BSR or BIR 

are recorded by defining an ethogram specific for the behaviours of the species of interest, 

which may include eating or recumbence in the horse (McBride et al., 2017; Roberts et 

al., 2015). Stable activity and levels of BSR, have been found to be higher for horses 

performing both oral and locomotor stereotypies than for controls (Moore-Colyer, 

Hemmings and Hewer, 2016) and since stereotypies have been suggested as a active 

coping strategy to environmental and training stressors (Hemmings, McBride and Hale, 
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2007) BSR may be of interest when determining differences in stress loadings of horses 

in training. 

Spontaneous-eye blink rate  

Spontaneous-eye blink rate (SBR) is another non-invasive objective measure in 

studies of stereotypy in horses to measure neural dopamine levels. SBR is a time-

consuming and labour-intensive methodology, but has proved useful when applied as a 

behavioural probe for brain function in one assessment of temperament (Roberts et al., 

2016). The method involves counting the number of total occlusions of the left eye for a 

period of 30 minutes. This observation count is then repeated a further two times before 

an average value is calculated (Roberts et al., 2015). 

Immune response  

Immune response is known to be linked to stress (Alexander and Irvine, 1998), 

and has been measured through complete blood counts and phytohemagglutinin (PHA) 

skin tests when studying the effects of social isolation on horses (Strand et al., 2002). 

Whilst a sensitive indication of biological stress response, analysing the immune response 

to a stressor presents the challenge to overcome other causes of increased or decreased 

immune responses like elevated neutrophil: lymphocyte ratios (Alexander and Irvine, 

1998) such as infection or other illness. 

Skin and Eye Temperature  

 Infrared thermography can detect sensitive changes to temperature (McManus et 

al., 2016) of an animal without the need for invasive insertion of thermometers as is 

common practice in animal husbandry. Detecting small temperature changes can be used 

to indicate changes in blood flow such as those which occur when the HPA axis is 

activated during periods of stress (McManus et al., 2016). Like with other physiological 

measures of behaviour such as SBR or BIR a desirable and necessary feature for 

measuring behaviours associated with stress is that of a non-invasive data capture. 
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Infrared thermography to measure skin and eye temperature has been employed in the 

field of equine science (Bartolomé et al., 2013) showing early promise. One study sought 

to show if correlations were observed between rectal temperature, salivary cortisol and 

HR (Soroko et al., 2016). However, a major limitation to the use of these measures 

includes the control of external environment factors. For example skin temperature a.k.a. 

thermography, can reflect changes in the environmental temperature, as well as increased 

HPA activity, and so were environmental temperature not correctly controlled it would 

be difficult to draw conclusions from the study data. Whilst thermography represents a 

novel and remote sampling technique, for studies where it is necessary to capture multiple 

data points for a horse undergoing a busy training schedule this method presents practical 

limitations which may not be mediated for in environmental control. 

Behavioural Reactivity and Novel Object Testing 

 Anecdotally behavioural reaction and response is frequently commented on by 

horse owners and handlers. A number of studies have shown not only that behavioural 

reaction to novelty can be objectively measured (Visser et al., 2001), but that responses 

in behavioural tests relate to temperament as assessed by riders (Visser et al., 2010). 

Behavioural reactivity tests are generally used in multi-modal study designs where 

another type of behavioural assessment is being carried out simultaneously, such as a 

questionnaire (Momozawa et al., 2007) or measurement of HR (Rietmann et al., 2004).  

Questionnaire Studies 

Animal scientists have been successfully using behavioural profiling through 

carer or handler-completed questionnaires and surveys to describe and explore 

mechanisms or patterns in behavioural traits in domestic dog breeds as well as native and 

pedigree breeds of horses, with a view to investigating a possible genetic basis (Ijichi et 

al., 2013; Momozawa et al., 2003; Rayment et al., 2015; Taylor and Mills, 2006; Visser 

et al., 2001; Hori et al., 2013). To overcome the subjective limitations of questionnaire 
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data experiments have successfully validated questionnaires by correlation with an 

objective, ethological behavioural measure as a reliable measure of behavioural 

phenotype (Momozawa et al., 2003). Systematic validation of the use of subjective 

behavioural evaluation by questionnaire studies, with and without objective behavioural 

assessment measurements is improving. In the context of the horse, a number of studies 

describe the development of an experimental design and optimisation of behavioural 

questionnaire methodology to evaluate equine temperament. 

Horse owners and carers spend a large amount of time each day observing animals in 

their care and evaluating their behaviours. Whilst deemed subjective, these observations 

have been used in scientific studies carrying out behavioural profiling for personality and 

temperament assessment (Ijichi et al., 2013). The concept of collecting and quantifying 

the knowledge of experienced caretakers and trainers of animals has been used in a 

number of studies (Hori et al., 2016; Momozawa et al., 2003; Momozawa et al., 2005a; 

Momozawa et al., 2007; Roberts et al., 2016).  

One of the first behavioural genetics studies in horses adopted a combination of 

quantitative behavioural measures with a qualitative assessment profile to determine the 

credibility of using handler-completed behavioural data as a phenotype (Momozawa et 

al., 2003). This assessment has been used by numerous researchers subsequently as a 

basis for behavioural quantification and phenotyping. The assessment evaluated 17 

behavioural traits split between two sections; so-called ordinary behaviours and 

temperament where single word descriptors were rated by the handler. For each 

temperament descriptor the handler chose a rating between 1 and 5 where ratings 1 and 5 

had single word explanation to indicate the extremes of each temperament trait. For 

example, ‘curiosity’ varied from 1 (‘not curious) to 5 (‘curious’) (Momozawa et al., 

2003). For the ordinary behaviours a single word descriptor for the trait was also given, 

but in this case three ratings options were provided with each one having a descriptor. 
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For example ‘curious watching’ had the response ratings; 1 (‘never’), 2 (‘sometimes’), or 

3 (‘frequently’) (Momozawa et al., 2003). For the objective measure, a behavioural 

reactivity test was carried out and quantitative measures recorded. These measured HR 

and BIR of defecation, urination, whinnying, snorting, intentional touching of a novel 

object and movement versus standing still, as well as general activity levels. This mixed-

methods experiment demonstrated that variation in behavioural response to the novel 

stimulus could be described by three factors – understanding, novelty seeking, and 

anxiety – which were extracted from the qualitative behavioural assessment using 

varimax rotation and orthogonal transformation. These three factors accounted for 84% 

of the variation in behavioural responses to the novel stimulus and notably the caretakers’ 

assessment of a horse’s behavioural traits correlated significantly with HR measurements 

and BIR observations for the anxiety factor. The results from this study which included 

n=86 horses of mixed breed present evidence supporting the use of experienced equine 

caretakers to objectively characterise and differentiate between equine behavioural traits. 

This experiment was followed by a study by the same authors which further 

developed the original questionnaire (Momozawa et al., 2005a). In this study n=70 

Thoroughbred horses were assessed for behavioural traits as previously described, but in 

this study the single word descriptor was scored with a rank between 1 and 9 using the 

same two words to explain the extremes of the trait. The authors added descriptors for 

each question/statement to ensure a more accurate interpretation of the question by the 

caretaker carrying out the assessment. For example, for the trait nervousness the 

description: “become nervous about insects, noises, etc.” was provided. Varimax rotation 

and orthogonal transformation factor analysis was used to extract multiple factors; 

anxiety, trainability, affability and gate entrance. These factors accounted for over 70% 

of the variance among horses in rating by trait. Since each horse was rated by each of 

three caretakers the inter-rater reliability was statistically interrogated and a significant 
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reliability in the caretaker responses was observed. Notably the trait ‘anxiety’ was 

identified in both studies to be the trait that is most accurately characterised by handlers 

and trainers. 

This behavioural assessment was used as the measure of temperament for a 

candidate gene study investigating associations between equine temperament and 

polymorphisms in the equine DRD4 gene (Momozawa et al., 2005b). Results showed an 

association between temperament and the A-allele frequency at one of the two variant 

sites. Horses without the A allele had higher scores for curiosity and lower scores for 

vigilance. The results supported findings in human research where novelty-seeking 

behaviours were associated with polymorphisms at the DRD4 locus (Hori et al., 2013). 

This finding is noteworthy as it is the first report of a role for a neurotransmitter-related 

gene in a discrete temperament trait in a domestic animal species. 

A new objective behavioural reactivity test was combined with the previously 

described questionnaire (Momozawa et al., 2005a) in another study specifically exploring 

equine anxiety (Momozawa et al., 2007). Behavioural reaction response to isolation was 

used as an objective measure investigated for association with the equine anxiety trait by 

measuring HR, number of steps, latency to break free from ties, and frequency of pawing 

which were combined with a caretaker’s ‘anxiety score’. The behavioural reactivity 

(isolation) test had two phases, the first lasting two minutes where a familiar caretaker 

was present and the horse could see a self-reflection in a mirror mounted in front of the 

cross-ties and a second phase where the caretaker left the horse and the image in the 

mirror was removed through the use of a dim backlight. Analysis showed a significant 

correlation between time taken to break the safety cords of the cross-ties in the two phases 

of the isolation test. There were also highly significant associations between sex and 

measured heart rate, number of steps taken and phase of study, significant associations 

for pawing frequency between phases, and between heart rate and number of steps in 
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phases I and phase II. Anxiety scores from the qualitative behavioural assessment 

negatively correlated with time taken to break the safety cords in phase 2 of the isolation 

test. These data suggest that behavioural reaction to isolation, and HR measures in 

response to isolation, provide a suitable objective measure for investigation of the 

behavioural trait anxiety in horses. Notably differences in anxiety, characterised by the 

qualitative behavioural assessment were observed between males and females. 

 Recently a questionnaire assessment alongside quantifiable observational 

behavioural data from ‘Spontaneous Eye Blink Rate’ (SBR) and ‘Behavioural Initiation 

Rate’ (BIR) measurements was used (Roberts et al., 2016). The questionnaire was 

comprised of two sections, the first section gathered demographic information such as 

management (feeding etc.) regime, animal’s competition discipline and competition level 

which reflected a diverse study population representing a cross section of the UK horse 

population. The second section comprised 41 descriptions of equine temperament traits 

with answers on a scale between 1 and 9. SBR and BIR observations were recorded over 

a period of 30 minutes. It was found that leisure horses exhibited lower median ‘anxiety’ 

scores than that of sports discipline (including polo) horses. Furthermore, the results of 

correlation and principal component analyses showed a relationship between 

‘anxiety’/‘docility’ and SBR. As the first study in the equine literature to provide evidence 

that links inferred neural dopamine activity (as measured by SBR) with temperament 

traits this technique may prove to be important for assessing biochemical CNS activity 

without itself causing anxiety and a stress response. 

Most recently a behavioural assessment profile completed by the handlers of a 

cohort of Thoroughbreds was used to test the hypothesis that individual variability in 

tractability was controlled by a genetic factor (Hori et al., 2016). The questionnaire 

assessment comprised 17 features of the young racehorse training process such as first 

grooming and these features were divided into four main sections; manageability of the 
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horses at stabling, manageability of the horses at breaking, manageability of the horses at 

training and caretakers’ perception of the horse. For each of these training features three 

caretakers rated each horse using scores of 1, 2, or 3 (1 reflecting horses that were ‘easy’ 

and 3 reflecting horses that were ‘difficult’). The questions were grouped for principal 

component analysis in order to analyse the genotype in context of statements which 

reflected different aspects of trainability, termed tractability by the authors (e.g. first 

breaking or at stabling). The results also showed significant relationships between HTR1A 

polymorphisms and a behavioural trait characterising ease of training – ‘tractability’. This 

experiment provides further indication that handler-completed behavioural assessment 

can provide reliable data for studying the genetic basis for behaviour. 

A common finding amongst many qualitative and mixed-method studies seeking 

to better describe individual variations in equine behaviour (Momozawa et al., 2005a; 

Momozawa et al., 2006; Momozawa et al., 2007; Hori et al., 2016) was a sex effect 

between colts and fillies, or mares and stallions or geldings. It is important therefore, 

when designing temperament and behaviour studies to consider sex as a covariate in 

analyses as appropriate cohort composition should reflect equivalent numbers of each sex 

where possible. As discussed by Roberts et al.  (2016) some sporting disciplines may 

have a disproportionate representation of mares, geldings or entire males, giving the 

example that in polo mares seem to be the preferred sex, and therefore this sex-use effect 

should be considered both prior to experimental design and at the analyses stage as well. 

 

1.6.2 Considerations for current research methods and behavioural 

measures 

Since the environment influences and contributes to shaping behaviour it is a 

crucial consideration in the design and analysis of research of behavioural traits, genetic 

or otherwise. Controlling environmental variables such as diet or housing provision in 
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experiments on cohorts of animals in a real-life setting, as opposed to animals in a 

laboratory setting, can be more challenging. Without limiting environmental variation 

between animal subjects can lead to limits in the strength of the conclusions which can 

be drawn from such data. While highly controlled laboratory settings often provide a more 

suitable setting in which to examine the causation and mechanisms of behaviours, they 

do not however take into account the real-life settings in which these behaviours are 

expressed. 

 

1.6.3. Phenotyping equine behaviour 

Reliable and reproducible phenotyping methods are crucial for exploring the 

genetic basis of traits of interest, in particular for complex traits. Comprehensive 

phenotyping methodology such as those used in the genetic study of racing performance 

traits provide evidence that accurate phenotyping can provide novel insight into genetic 

contributions to a trait (Farries et al., 2018). Therefore, studies presenting methods for 

objectively measuring behaviour (Hori et al., 2016) serve as a foundation for future 

equine behavioural genetics experimental design.  

 

1.6.4. Heritability of equine behaviour 

The heritability of behavioural traits in the Thoroughbred were estimated in one 

study that utilised a ‘Gibbs sampling’ method (Oki et al., 2007). The behavioural 

responses to the three standard quarantine examinations carried out on young horses 

entering the central racing training facility in Japan were used to investigate heritability 

and genetic variation amongst 4452 two-year-olds. Four reaction scores; 0, 1, 2, and 3 

which ranged from ‘calm’ to ‘horse required a treatment crate’ were provided to rate the 

horse’s response to each of the three examinations; venopuncture blood sampling, 

inspection of the conjunctiva, and cardiac assessment using a stethoscope. Heritability 
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was then calculated with the Gibbs method. Amongst the three examinations <27% of the 

horses sampled were assessed as not calm -needing ‘treatment crate’. It was concluded, 

that the heritability of temperament traits is ~0.23 in the Thoroughbred. 
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1.7. Conclusions 

The genetic contributions to athletic phenotypes in the Thoroughbred are 

beginning to be revealed after 10 years of systematic research. A number of candidate 

gene studies have revealed suggestions for a genetic basis of behavioural traits, and recent 

GWAS studies among Thoroughbred cohorts for performance-related traits have 

highlighted the potential for a strong genetic influence on behavioural and temperamental 

suitability for training. This may be explained by the following: 

• Behaviour has evolved alongside anatomical and other features allowing 

adaptation to a changing environment (Mills and Nankervis, 1999; McGreevy, 

2004) 

• Most ‘successful’ behaviours will result in the propagation of offspring (whether 

that is hunting/foraging for food, escaping predation or seeking out a mate)  

• Reaction (short-lived) to stimuli can influence mood (temporary) which over time 

shapes how a handler may characterise temperament (not fixed, but more long 

lasting) (McBride and Mills, 2012) 

• Environment influences temperament through behavioural responses to stimuli 

(Bartolomé and Cockram, 2016) 

• Human influences on behaviour are clear (Sih, 2013), and there is evidence that 

a) horses have capacity to read and remember human emotions (Baragli et al., 

2009; Trösch et al., 2020), b) human mood may influence horse behaviour 

(Keeling, Jonare and Lanneborn, 2009) and c) that humans have shaped 

behavioural profiles of domestic horses through domestication processes (Librado 

et al., 2017; Schubert et al., 2014) 
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• Individuals may respond differently to a stressor, meaning certain individuals may 

have an advantage or disadvantage depending on their response (Sih, 2013; 

Tsatsoulis and Fountoulakis, 2006) 

• Exercise is known to have beneficial effects on response to stress and 

neurobiology (Basso and Suzuki, 2017) therefore a) studying stress response 

behaviours in a species which has great athletic capabilities is interesting, but in 

a breed that has undergone targeted/artificial selection for exercise success may 

reveal interesting features of the genetics of stress-exercise interactions. 

 

It is known that stressful life events are responsible for behavioural and 

temperamental changes in humans and rodents which are under genetic control (Cabib et 

al., 2020; Zucchi et al., 2014; Blackburn and Epel, 2012; Szyf, Weaver and Meaney, 

2007). There are now a number of established phenotyping methods available for 

measuring various behavioural and cognitive traits, including stress response behaviours, 

in the horse (McBride et al., 2017). However, there is a limited availability of descriptive 

phenotyping methods for assessing behavioural responses in the Thoroughbred, and 

limited genome-wide analyses investigating  behavioural traits in the horse (Staiger et al., 

2016). There have however, been genome-wide approaches applied which have 

incidentally detected potential behavioural contributions to performance related 

phenotypes (Farries et al., 2018).  

The availability of a large archive of pan-genomic SNP data and access to a cohort of 

Thoroughbred horses-in-training housed and managed in a single, active racing yard, 

which may reduce environment noise within practical limitations, presents a unique 

opportunity to refine an appropriate phenotype for assessing genetic contribution to 

behaviour and cognitive suitability specific for application in the Thoroughbred horse. 
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Data arising from an investigation of genetic association with behavioural traits may 

provide the requisite foundation for further study of genotype-environment interactions.  
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1.11. Hypothesis and Aims 

The principal aim of this project is to test the hypothesis that there are underlying 

genetic contributions to behaviour in the Thoroughbred horse. To test this primary 

hypothesis secondary hypotheses have been developed to focus specifically on 

behaviours relating to stress response, adjustment to training, and the reliability of trainer 

observations in assessing behaviour in the Thoroughbred horse. 

 

1. Handler-completed questionnaires and behavioural profiling assessments have been 

previously validated in the horse. In this project handler-completed behavioural 

assessment profiles will be applied to prospective and retrospective cohorts of horses 

to test the hypothesis that there is phenotypic variation in stress response and 

adjustment behaviours of the Thoroughbred to the training environment. 

2. Previous studies have reported physiological ethological measures of stress response 

including salivary cortisol to show individual variation in physiological stress 

response. Salivary cortisol will be used as an objective behavioural phenotype in this 

project to test the hypothesis that there is underlying individual variation in the 

neurobiological contributions to stress response in the Thoroughbred horse. 

3. The existing literature demonstrates that handlers and trainers are able to reliably 

assess behavioural and temperamental characteristics of horses in their care using 

behavioural assessment questionnaires. A specific behavioural assessment 

questionnaire will be prospectively carried out in a cohort of young racehorses 

entering training, unbiased for racing performance, and compared with salivary 

cortisol measures to test the hypothesis that handler observations accurately detect 

neurobiological contributions to stress response behaviours. 

4. A relatively large set (n = 836) of high-density genome-wide SNP data (Affymetrix 

Axiom® Equine Array)_genotypes is available for a cohort of Thoroughbred horses 
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that have all been housed and trained at the same racing yard. Selection signatures 

analyses will be performed to test the hypothesis that phenotypic variation in stress 

response and adjustment behaviours have an underlying genetic basis. Phenotypes 

will be derived from handler-completed behavioural assessment profiles and 

objective behavioural measures. 
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Chapter 2. Salivary cortisol variation in a 

cohort of Thoroughbred horses entering 

race training.  
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2.2. Abstract 

 Young racehorses enter training whilst still relatively young (~15-18 months) and 

undergo introductory training prior to exercise conditioning for racing, a period that 

requires rapid adjustment to a novel environment. Horses are prey animals and have 

adapted a ‘fight-or-flight’ stress response in which the hypothalamic-pituitary-axis (HPA) 

is activated and cortisol is released. In the Thoroughbred, salivary cortisol measures have 

been previously used to identify a significant difference in cortisol concentrations 

between pre- and post-first backing by a jockey, an important milestone in the early 

training period. Genetic variation has also previously been associated with differences in 

tractability as defined by a handler-completed questionnaire in a cohort of Thoroughbreds 

(Hori et al., 2016). In order to develop a robust, objective phenotype for genetic 

association studies, this study aimed to test the hypothesis that analysis of salivary cortisol 

concentrations may be used to objectively detect individual variation in the stress 

response to being backed by a jockey for the first time. Saliva samples were collected 

from cohorts of inexperienced young Thoroughbred horses that were all raised at the same 

breeding farm and housed and trained at the same training yard at rest, and both before 

and ~30 mins after exposure to novel training stimuli such as first time being backed by 

a jockey. Significant differences in mean salivary cortisol concentrations before and after 

first backing agree with previous reports that salivary cortisol concentrations can be used 

to detect stress responses at first backing, a key early training milestone in the career of 

Thoroughbred racehorses. These results also suggest individual variation in the measured 

HPA stress response, which may reflect differences in an individual’s stress response to 

the first backing and the early training environment. The results from this study can be 

used as an objective measurement of differences in stress response to novel stimuli for 

use as a phenotype in genetic association studies. 

 



 70 

2.3. Introduction 

The Thoroughbred  horse is a product of more than 300 years of selection for 

athletic traits (Cunningham et al., 2001) and is generally maintained in an environment 

vastly different to the wild habitats of ancestral horses. Evolutionary and domestication 

processes have shaped an expanded neocortex in the horse, required for processing of 

sensory inputs (Mills and Nankervis, 1999). In the wild, hyperarousal, often described as 

the ‘fight or flight’ response, originated with the need to escape and survive 

environmental dangers, particularly predation (Cooper and Albentosa, 2005; Budzyńska, 

2014). The observed physiological and behavioural responses to danger or stress stimuli 

are the result of a systemic reaction which can be in part characterised by a release of the 

glucocorticoid hormone, cortisol, and an increased heart rate (HR) (McCann et al., 1988; 

Reid et al., 2017; Rietmann et al., 2004; Stucke et al., 2015; Visser E et al., 2010). 

Psychological stress can elicit the same stress response observed in the ‘fight or 

flight’ response to a perceived threat, inducing neuroendocrine responses - activation of 

the hypothalamic-pituitary-adrenal (HPA) axis and sympathetic nervous system (SNS)  

leading to increased secretion of glucocorticoids and catecholamines (Miller and 

O'Callaghan, 2002). These increased hormones direct mobilisation of endogenous 

substrates and insulin resistance in the skeletal muscles to ensure adequate energy supply 

to the brain and muscles (Tsatsoulis and Fountoulakis, 2006). Often the psychological 

stress is not related to changes in metabolic demand such that the mobilised energy is not 

used but rather stored in visceral fat depots leading to physiological disturbances involved 

in the metabolic syndrome and enhanced cardiometabolic risk factors in humans 

(Bjorntorp, 2001; Tsatsoulis and Fountoulakis, 2006; Vanitallie, 2002). Furthermore, 

chronic stress has deleterious effects on the brain, particularly impacting the hippocampal 

structure, an area that regulates the stress response (Herman and Cullinan, 1997), leading 

to cognitive and mood disturbances (Sapolsky, 2000).  
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Cortisol is the primary glucocorticoid produced in the adrenal cortex, with acute 

stress eliciting rapid increases in blood cortisol concentration. Only 5-10% of blood 

cortisol is biologically active and unbound to protein; this portion rapidly diffuses into 

saliva such that salivary cortisol concentration effectively mirrors blood cortisol 

concentration (Peeters et al., 2011). Cortisol levels are under circadian control with the 

highest levels of circulating hormone being detected in the morning during the waking 

and rising period (Bohák et al., 2013). Measuring cortisol through use of salivary cortisol 

assays has been validated as corresponding with serum cortisol levels (Peeters et al., 

2011) and studies in horses have used salivary cortisol measures to evaluate stress 

response to handling and training procedures (Cayado et al., 2006; Janczarek and 

Kędzierski, 2011; Hada et al., 2003). It has been previously demonstrated that first 

mounting or ‘backing’ is the most stressful event among early training events for 

Thoroughbred horses (Kędzierski, Wilk and Janczarek, 2014). Salivary cortisol levels 

have also been shown in Thoroughbreds to be significantly higher post-exercise than at 

rest prior to exercise which is indicative of the relative intensity of the exercise bout 

(Kędzierski et al., 2013), and in sport horses undergoing different types of exercise 

(Strzelec, Kankofer and Pietrzak, 2011).  

For horses entering an exercise training programme, behavioural plasticity 

enables adaptation to an unnatural environment with reduced stress. Acute stress 

responses are normally evolved processes that are protective whereas chronic over-

activity of the stress system increases the risk of disease (McEwen, 2000); behavioural 

plasticity enables a horse to experience new situations with reduced stimulation of the 

acute stress response. Husbandry practices for competitive horses often result in exposure 

to an unnatural environment with restricted movement and social isolation, contrary to a 

horse’s natural behaviour (McBride and Mills, 2012). Trainers and handlers modify 

individual training regimes and the environment for each horse according to subjective 
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observations of how they adjust to different events during the training regime in order to 

ensure high standards of welfare and productivity of the horses in their care. Such 

adjustment is sometimes referred to as ‘coping’. 

As well as during the period of ‘breaking in’, throughout the career of a racehorse, 

a horse will encounter novel situations and environments such as when travelling to and 

racing at unfamiliar locations. Although racehorse training is recognised to be one of the 

more stressful types of training programmes due to the housing typically used (individual 

stalls vs. herds in a field) and exercise and performance requirements (high-intensity 

exercise training, frequent travel), not all horses raised in the same environment 

experience the same degree of stress. Some horses develop an ‘active coping style’ 

characterised by behavioural hyperactivity (stall walking, crib-biting) and deficits in 

cognitive flexibility, both of which can reduce responses to effective training and add 

further stress to the horse (McBride and Cuddeford, 2001). Horses experiencing chronic 

stress, with the development of behavioural hyperactivity, may have problems 

maintaining a good body condition and are at increased risk of developing pathological 

diseases (Kienzle et al., 2016; Monki, Hewetson and Virtala, 2016). Horses not 

employing an active coping style may exhibit behaviours considered dangerous as part of 

a ‘reactive’ style (Ijichi et al., 2013). Furthermore, horses that do not easily adapt to a 

high-pressure training environment may have extended periods out-of-training to allow 

them to mature/settle into the training schedule, resulting in a delay in racing and a 

negative impact on economic earnings. It has been reported in an Australian population 

of Thoroughbreds that 'unsuitable temperament/behaviour' is responsible for >6% of 

horses discontinuing a racing career (Thomson et al., 2014). 

Measures to objectively assess the stress response may be useful for developing 

robust phenotypes which can be used to identify genetic markers associated with 
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differences in stress response. It has been previously suggested that screening processes 

for horses prior to entering the potentially stressful training environment could reduce 

unnecessary stress to animals that may not be well suited to high performance training 

environments (Ninomiya et al., 2013).  Moreover, measuring stress responses through 

objective physiological measures may make it possible to identify variation within the 

Thoroughbred population and indicate vulnerability or strengths in adjusting to the rigors 

of the racing training environment (Mills, 1998). Collection of salivary samples is 

considered to be a less-invasive method for measurement of cortisol when compared with 

that of venepuncture, which itself may cause an acute stress response (Ingram and 

Matthews, 2000). 

The aim of this study was to develop a reliable, quantitative behavioural 

phenotype which could be used in genetic studies and could also be used to assess validity 

of handlers’ subjective assessment of stress response in further studies.  
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2.4. Materials and Methods 

Data Collection 

Ethics statement 

The University College Dublin Animal Research Ethics Committee approved the 

research (AREC-E-17-39-Katz) and informed owners’ consent was obtained for use of 

the animals in research. 

Animal Cohort 

The entire study cohort comprised of n = 46 female and n = 50 male Thoroughbred 

yearlings that were the progeny of 18 sires and 96 dams that were born in 2017. The 

horses were privately owned and all management and training decisions were made by a 

single trainer. The horses were all housed and trained at the same race-training yard for 

the study period and had been born and raised at the same stud farm where they spent 

their first 13-15 months. During this time, they were weaned, raised in groups at grass 

and introduced to simple handling procedures such as being led by halter and veterinary 

inspection. The horses, aged 13-15 months, were then transported to a nursery yard prior 

to commencement of the study. At the nursery yard the young horses were acclimatised 

to being stabled individually and introduced to exercise on automated horse walkers. At 

the trainer’s discretion horses, aged 15-18 months, were transported a short distance to 

the main training yard. The horses were not prepared for sales and did not have any other 

major variations in human-mediated interventions or novel experiences at the stud farm 

or nursery yard.  

The cohort of horses used for the time-course experiment comprised n = 5 female 

horses that had been housed in the main training yard for a minimum of three weeks and 

had completed the early training events including being driven in hand in long reins, being 

backed by a jockey and being ridden on the gallops with a group of other horses. There 

was some attrition of the cohort due to the following factors: incomplete sample pair, 
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early movement of horse to another yard, injury and assay QC failure, and therefore the 

numbers of horses analysed at the different time points are detailed in Table 2.2. 

Saliva Collection Protocol 

Cortisol concentrations were measured from saliva samples collected from horses 

standing in their own stalls. A dental sponge was held with blunt-edge forceps inserted 

into the corner of the horse’s mouth (Figure 2.1 and 2.2). The sponge was carefully moved 

over/under and around the tongue and cheek absorbing the available saliva for ~30 

seconds before being placed into a 1.5ml sterile collection tube which contained a small 

piece of pre-prepared plastic drinking straw in the base (Figure 2.3) to ensure that saliva 

collected was not reabsorbed by the dental sponge following centrifugation prior to 

storage (Kędzierski et al., 2013; Strzelec et al., 2011). Samples were refrigerated within 

30 minutes of collection and centrifuged at 1500 × g for 10 minutes (Peeters et al., 2011) 

before the dental sponge and drinking straw were removed and placed into a separate 

sample tube. The saliva retrieved post-centrifugation was aliquoted into a labelled 1.5ml 

Eppendorf tube. Saliva and sponge/straw samples were stored at -20°C until batch 

analysis (Kędzierski et al., 2013; Peeters et al., 2011; Strzelec et al., 2011). For all time 

points other than the time-course experiment the horses had not received hard feed for 

two-hours prior to sampling and had not been exercised within the two-hours prior to 

sampling. 
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Figure 2.1. Salivary sample collection from Thoroughbred yearling 
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Figure 2.2. Salivary collection apparatus 
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Figure 2.3. Collection tubes following centrifugation at collection 
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Sampling time course and events 

 Figure 2.4 shows a timeline of the sampling timepoints as described below. 

Resting Nursery  

To establish a baseline cortisol measurement for horses prior to movement to the 

main training yard saliva samples were collected from stabled horses at rest at the nursery 

yard. Samples were collected between 14:00-15:30. Considering the daily routine at the 

main yard this period was deemed most suitable for collecting baseline ‘resting’ samples 

across the two locations since the horses were stabled in both yards with minimal activity 

and events taking place which could potentially trigger a behavioural or stress response 

and elevate cortisol levels. 

Resting Main Yard 

To establish a baseline cortisol measurement for horses after arriving at the main 

training yard saliva samples were collected from stabled horses at rest within 3 days of 

being transported from the nursery yard. As with the nursery resting samples, samples 

were collected between 14:00-15:30. 

Follow-up Main Yard 

To investigate whether the main yard training environment and early training 

events affect baseline/resting cortisol concentration saliva samples were collected from 

stabled horses at rest at the main training yard following 2-3 weeks after entering the main 

training yard. As with both nursery resting and main yard resting samples, samples were 

collected between 14:00-15:30. 

Resting time-course in Main Yard 

To investigate whether time-of-day influenced cortisol concentrations saliva 

samples were collected from n = 5 female stabled horses at rest in the main training yard 

at five 2-hour intervals between 08:00-16:00 (T1 – T5). This period encompassed most 

of the time during which the yard environment and horses were active. Horses received 
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their normal hard feed rations at 06:00 and 12:00 and were exercised on an automated 

walker for approx. 30-60 mins in both the morning and afternoon.  Since exercise is 

known to influence cortisol concentrations (Kędzierski et al., 2013) samples were 

collected at least 1 hour after exercise.  

Pre/Post-driving 

Saliva samples were collected from stabled horses at rest at the main training yard 

prior to tack being applied and the driving training session (Table 2.1) commencing 

(FD_T1). Saliva samples were collected from stabled horses ~30 minutes after the end of 

the driving training session before the horse had access to drinking water (FD_T2). The 

time of day of the driving training sessions varied and were either between 10:00 and 

12:00 or between 15:00 and 16:30.  

Pre/Post-backing 

Saliva samples were collected from stabled horses at rest at the main training yard 

prior to tack being applied and the first backing by a jockey training session commencing 

(FR_T1). Saliva samples were collected from stabled horses ~30 minutes after the end of 

the first backing by a jockey training session before the horse had access to drinking water 

(FR_T2). The time of day of the first backing by a jockey training sessions varied and 

were either between 10:00 and 12:00 or between 15:00 and 16:30.  

Pre/Post-first time on gallops 

Saliva samples were collected from stabled horses at rest at the main training yard 

prior to tack being applied and the first time training on the gallops commencing 

(FG_T1).  Post-first time on gallop saliva samples were collected from stabled horses ~30 

minutes after the end of the first time training on the gallops before the horse had access 

to drinking water (FG_T2). Sampling took place between 10:00-12:00. Figure 2.5 shows 

racehorses training on the gallops. 
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Figure 2.4 Sampling timepoints for yearlings entering training environment 
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Figure 2.5 Group of Thoroughbred racehorses training on the gallops (photo courtesy of Mr J. S. Bolger) 
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Table 2.1. A table of equestrian terms and abbreviations in the manuscript 

Term Description 
Yearling A Thoroughbred horse aged 12-23 months prior to the second 

January 1st of their lifetime. 

Training Preparation for racing through introduction to tack and 
groundwork, to first racing and a racecourse. 

Groundwork Teaching a horse basic aids from the ground, in preparation 
for being ridden by a jockey. 

Aids Directions or instructions from a rider/trainer to the horse. 

Backed Being sat on by a jockey under tack. This event is often 
referred to within the equine industry as being ‘broken-in’ or 
‘mounted’. 

Driven Using long reins to direct a horse from the ground. An 
introductory process where the young horse learns some of 
the same aids as will be used when being ridden by a jockey. 

Gallops Track covered with bark chips used for fitness training and 
race preparation. 

Barriers/stalls Starting gates used to hold horses prior to the start of a race 
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Table 2.2. Overview of sampling time points and cohorts 

Sample 
Type Timepoint Cohort Collection details 

Timecourse T1 – T5 
n= 5 

Samples collected from stabled horse at rest every two hours between 08:00 and 
16:00 inclusive. 5 female 

0 male 

Resting 
Nursery RN 

n= 66 
Samples collected from stabled horse at rest between 14:00-15:30 at the nursery 
yard prior to entering main training environment. 

34 female 
32 male 

Resting 
Main Yard RY_T1 

n= 67 
Samples collected from stabled horse at rest between 14:00-15:30 within 3 days of 
entering main yard training environment. 33 female 

34 male 

Follow-up 
resting 
(Main Yard) 

RY_T2 
n= 50 

Samples collected from stabled horse at rest between 14:00-15:30 between 2-3 
weeks after entering main yard training environment. 26 female 

24 male 

Pre-driving FD_T1 
n= 6 

Samples collected from stabled horse before tack applied and driving session 
beginning. 5 female 

1 male  

Post-
driving FD_T2 

n= 6 
Samples collected from stabled horse ~30 mins after first time being backed driven 
using long reins.  

5 female 

1 male 
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Pre-
backing FR_T1 

n= 38 
Samples collected from stabled horse before tack applied and backing process 
started. 

14 female 

24 male  

Post-
backing FR_T2 

n= 43 
Samples collected from stabled horse ~30 mins after first time being backed by 
jockey. 19 female 

24 male 

Pre-first 
time on 
gallops 

FG_T1 
n= 10 

Samples collected from stabled horse before tack applied and exercise session 
began. 2 female 

8 male 

Post- first 
time on 
gallops 

FG_T2 
n= 10 

Samples collected from stabled horse ~30 mins after first time being exercised on 
gallop. 2 female 

8 male 
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Cortisol Enzyme-Linked Immunosorbent Assay (ELISA) 

Cortisol concentrations were determined using the SalimetricsTM Salivary ELISA 

Kit (SalimetricsTM, Newmarket, U.K.), an immunoassay previously validated for use in 

horses (Scheidegger et al., 2016). Samples were prepared and processed as per the 

manufacturer’s instructions. Samples were thawed, mixed and centrifuged before being 

loaded onto the coated plate provided in the kit. Enzyme conjugate was added and the 

plate was mixed using a plate rotator. The plate was washed and then substrate solution 

was added to each well. The plate was mixed again using a plate rotator before stop 

solution was added. The plate was then mixed a final time using a plate rotator before 

being read. Plates were read within 10 minutes of adding stop solution at 450nm, with a 

secondary filter correction at 490-492nm . 

Data Analysis 

All data formatting and statistical analyses were performed within RStudio 

[version 3.6.0] (R Core Team, 2019). Raw data files generated by the microplate 

spectrophotometer (Epoch, BioTek® Instruments Inc.) were formatted using Tidyverse 

[version 1.2.1] (Wickham, 2017). Cortisol concentrations were calculated using a custom 

script following the protocol set out by the commercially available Salivary Cortisol 

ELISA assay kit. 

Two outliers were identified where it appeared that the assay had failed and the 

observed values were below values from the lowest resting values detected across the 

entire cohort. These results were therefore removed from further analysis. 

 Only paired samples in which both pre- and post- stimuli values were available 

for the same individual were included in analysis of responses to events. For all other 

resting cohorts all available samples were included in the analysis. 
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 Results for each timepoint/event were visualised simply using a basic histogram 

to visually examine normality of the data. Where non-normal distributions were observed 

non-parametric statistical tests were used. 
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2.5. Results 

The inter-assay coefficient of variation (CV) amongst all samples was 0.96%. The 

mean intra-assay CV was 0.83% (SD±0.69), and the range in intra-assay CV amongst 

the 9 plates was 0.29-2.55%). All CV calculations were calculated from raw read data, 

following the cessation of each assay run.  

Where CV calculations presented intra-assay CV values >10% the samples were 

tested again on another plate where possible, and the value from the second test was used 

for downstream analysis. There were a small number of samples (n= 6) where insufficient 

volume was available for re-testing and so the original value was included for analysis so 

as to retain the largest possible cohort size for each time point. 

The lowest concentration detected by the assay was 1.03nmol/L, and the highest 

concentration detected was 36.18nmol/L. Cortisol concentrations for all samples at all 

timepoints from this study are presented in Figure 2.6, and the raw cortisol concentrations 

are presented in Appendix I. 



 

 

89 

 

Figure 2.6. Salivary cortisol concentrations across all cohorts and timepoints 
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Time course results 

Cortisol concentrations varied significantly (ANOVA, P < 0.05) among resting 

samples collected across five timepoints. Concentrations calculated from samples 

collected at timepoint 1 [08:00] (T1 -Table 2.2) varied significantly (Pair-wise T-test, P 

< 0.05, Table 2.4) from concentrations calculated from samples collected at the other four 

timepoints (T2-T5 -Table 2). The other four timepoints (T2-T5 -Table 2.4) did not vary 

significantly (Pair-wise T-test, P > 0.05 , Table 4). Mean concentrations, ranges and SD 

are presented in Table 2.3. 

 

Table 2.3. Salivary concentrations of time-course cohort 

Timepoint Mean 
(nmol/L) ± SD Range 

(nmol/L) 

T1 3.33 0.63 2.55 - 4.00 
T2 1.95 0.34 1.55 - 2.44 
T3 2.19 0.53 1.50 - 2.76 
T4 1.94 0.48 1.54 - 2.66 
T5 2.18 0.58 1.56 - 2.90 

 

 

Table 2.4. P value results from pairwise T-tests showing differences 
between individual timepoints from Timecourse experiment (n= 5) 

  T1 08:00 T2 10:00 T3 12:00 T4 14:00 
T2 10:00 0.0041 - - - 
T3 12:00 0.0191 1.0000 - - 
T4 14:00 0.0041 1.0000 1.0000 - 
T5 16:00 0.0191 1.0000 1.0000 1.0000 
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Resting results 

There was no significant (ANOVA, P > 0.05) difference in mean cortisol 

concentration observed among samples collected at three resting timepoints; Rest 

Nursery, Resting Main Yard, Resting Main Yard follow-up. Mean concentrations, ranges 

and SD are all presented in Table 2.5. 

Table 2.5. Salivary concentrations of resting cohorts 

Timepoint Mean 
(nmol/L) 

± SD Range 
(nmol/L) 

RN 2.69 1.08 1.28 – 6.53 
RY_T1 2.3 0.92 1.04 – 5.24 
RY_T2 2.36 1.19 1.19 – 6.79 

 

 

Pre/post training event results 

First time being driven 

Cortisol concentrations were significantly higher (Wilcoxon rank sum test, P < 

0.005)  in samples collected following first time being driven (FD_T2) than in samples 

collected before the event (FD_T1) (Figure 2.7). 

 Mean and range values (nmol/L) are detailed in Table 2.6. 

Table 2.6. Salivary concentrations for first time being driven cohort 

Timepoint Mean 
(nmol/L) 

± SD Range 
(nmol/L) 

FD_T1 3.09 1.42 1.29 – 5.60 
FD_T2 9.73 5.66 3.88 – 19.62 
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Figure 2.7. Saliva concentrations (nmol/L) before/after first time being 
driven for n=6 TB yearlings. 
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First time being backed by a jockey 

Cortisol concentrations were  significantly higher (Wilcoxon rank sum test, P = 

1.533 × 10-13)  in samples collected following first time being backed (FR_T2) than in 

samples collected before the event (FR_T1) (Figure 2.8). 

Mean and range values (nmol/L) are detailed in Table 2.7. 

 

Table 2.7. Salivary concentrations of first backing cohort 

Timepoint 
Mean 
(nmol/L) 

± SD 
Range 
(nmol/L) 

FR_T1 3.17 1.48 1.33 – 7.81 

FR_T2 11.09 7.21 2.71 – 36.18 
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Figure 2.8. Saliva concentrations (nmol/L) before/after first-backing by 
rider for n=34 TB yearlings.  
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First time being ridden on the gallops 

Cortisol concentrations were significantly higher (Wilcoxon rank sum test, P = 

1.083 × 10-5) in samples collected following the first time on the gallops (FG_T2) than in 

samples collected before the event  (FG_T1) (Figure 2.9). 

Mean and range values (nmol/L) are detailed in Table 2.8. 

 

Table 2.8. Salivary concentrations for first time on gallops cohort 

Timepoint 
Mean 
(nmol/L) 

± SD 
Range 
(nmol/L) 

FG_T1 2.67 0.56 1.93 – 3.85 

FG_T2 12.69 5.77 4.40 – 24.33 
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Figure 2.9. Saliva concentrations (nmol/L) before/after first time on gallops 
for n=10 TB yearlings.  
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2.6. Discussion 

This study has, for the first time, measured variation in cortisol concentrations in 

a cohort of Thoroughbred yearlings entering training and experiencing important early 

training events which they have not previously encountered. To establish that the time of 

day the samples were collected would not introduce variation due to normal circadian 

hormonal fluctuations as has been previously reported (Bohák et al., 2013) we performed 

a timecourse experiment. A small representative cohort of horses (n=5) were sampled 

every two hours over an 8-hour period during which normal yard functions were carried 

out. The mean cortisol concentration for the first timepoint (08:00) was significantly 

higher than all other timepoints sampled (08:00-16:00) which is concordant with 

previously reported findings of a diurnal cortisol rhythm with a peak in the morning, 

during the waking phase (Bohák et al., 2013; Erber et al., 2013; Irvine and Alexander, 

1994). There was no significant difference in mean cortisol levels across the other time 

points. 

To establish baseline cortisol measurements for horses prior to movement to the 

main training yard saliva samples were collected from stabled horses at rest at the nursery 

yard. Samples were collected again from stabled horses at the same time of day, at rest 

between 24 and 72 hours of arriving in the main yard. Additional resting samples were 

collected from stabled horses at rest in the main training yard 2-3 weeks after entering 

early training. Samples were collected between 14:00-15:30. Considering the normal 

daily routine of the horses at the main training yard this period was deemed most suitable 

for collecting ‘resting’ samples since the horses were stabled with minimal activity and 

events taking place with potential to trigger a behavioural/stress response, therefore 

influencing cortisol levels. Interestingly no significant difference in the mean cortisol 

concentration from any of the resting samples was measured across these three 

timepoints. This study was not conducted with the purpose of measuring acute stress 
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reaction to the movement process itself, rather to investigate potential lasting effects on 

baseline cortisol levels indicating insufficient adjustment and increased stress to entering 

the early training phase of a racing career. Road transport (Schmidt et al., 2010) and 

novelty presented to naïve animals (Janczarek and Kędzierski, 2011; Harewood and 

McGowan, 2005) have both been previously studied using salivary cortisol in horses, and 

found to promote an acute stress response.  The results from the present study may be 

indicative that movement from pre-training to the training yard proper has no significant 

effect on the baseline resting cortisol levels of Thoroughbred yearlings during the initial 

period of early training at the main training yard. Young animals have greater behavioural 

plasticity to allow them to adapt to and learn from their interaction with the surrounding 

environment (Bateson, 2015). 

It is likely that whilst breeders and racehorse trainers have been selecting 

Thoroughbreds for athletic attributes, they have also been selecting for attributes relating 

to adjustment to training, learning and memory. In fact it has been demonstrated that 

tractability has a heritable component, being associated with variation in the 5-

hydroxytryptamine receptor 1A (HTR1A) gene in a cohort of Japanese Thoroughbreds 

(Hori et al., 2016). Furthermore, a study of mixed breeds found that Thoroughbreds were 

more vigilant, when compared to native breeds such as the Hokkaido and Taishu horse 

breeds (Hori et al., 2013). Racehorse trainers commonly describe Thoroughbred horses 

as being sensitive and responsive and it is possible that these subjective observations are 

underpinned by differences in stress reactivity which is observed in this dataset. It is 

unlikely that movement from the nursery yard to the main training yard has no effect on 

cortisol levels. It could be suggested that the response to transport is acute, and the effect 

is not detected following a period of adjustment. However, capturing this potential 

response was beyond the scope of the sampling timepoints of this study and further 

research would be required to investigate this idea fully. 
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The greatest variation (2.71 ± 5.66 – 36.81 ± 7.62 nmol/L) in cortisol levels were 

observed following stimuli that the young Thoroughbreds had not previously 

encountered. These stimuli or ‘early training events’ -the first time being driven using 

long-reins, the first time being mounted by a jockey, and the first experience of being 

ridden out in a group on an exercise track- are all part of the initial training that a young 

horse undergoes prior to racing. In this study the training event that recorded the greatest 

variation in salivary cortisol concentration was first backing, specifically the post-first 

backing (FR_T2) timepoint. Novel stimuli, particularly first time being backed, has 

previously been shown to be highly stressful for naïve horses (Janczarek and Kędzierski, 

2011). Our findings support previous research highlighting first backing as the key 

training milestone likely to be the most stressful during early training. Moreover, the 

results presented here demonstrate individual variation in response to first backing. This 

variation indicates individual differences in circulating salivary cortisol levels which 

suggests there are individual differences in HPA activity.  

Handler body language and emotional state is known to have a significant effect 

on anticipatory behaviour (Keeling, Jonare and Lanneborn, 2009) as well as other stress 

response measures; heart rate/heart rate variability (Visser et al., 2001) which suggests 

an influence on the emotional reactivity of the horse. The observed increase in salivary 

cortisol concentration in this dataset cannot exclude handler-induced variation as a result 

of varying body language (Baragli et al., 2009), emotional state (Keeling et al., 2009) or 

skill (Ono et al., 2017). However, a comparison of two first-saddling and two first-

backing methods showed that regardless of handler style and method, the event of first 

backing was always most stressful, defined by salivary cortisol concentration, to a naïve 

horse (Kędzierski et al., 2014). The training style used by all handlers who worked with 

horses in this study were more similar than the two distinctly different styles investigated 

by Kędzierski et al. (2014) which suggests that whilst some variation may be a result of 
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different handlers, the significant variation in response observed is likely to be related to 

other factors. 

Variation observed across all pre-stimulus timepoints, collected from the horses 

when stabled, at rest and prior to any training activities commencing, was consistently 

and significantly lower than those collected post-stimulus. This contrast in the significant 

increase in mean salivary cortisol concentration observed post-stimulus might reflect the 

response to novelty as already discussed, but it may also allude to a number of 

contributory influencing factors. Early training events such as being driven (using long 

reins) and being mounted by a jockey for the first time are experiences which involve a 

lone horse being required to perform a task away from their familiar housing and stable 

neighbours. Whilst horses are housed in looseboxes which are individual they can still 

visually and audibly communicate with nearby companions which has been shown to 

reduce stress when compared with completely isolated housing (Yarnell et al., 2015). 

Since horses are herd animals with highly complex social hierarchies in the feral setting 

(Strand et al., 2002) being segregated and asked to carry out novel tasks such as learning 

the riders aids during early groundwork may be a cause of considerable psychological 

stress. Recent research has shown horses are capable of reading emotion (Trösch et al., 

2020) and remembering positive and negative experiences (Fortin et al., 2018). As 

already discussed, while handler style has not been shown to have significant impact on 

cortisol response to first backing (Kędzierski et al., 2014) it is possible however, that 

environmental observations of other horses undergoing early training nearby may have 

an impact on their mood (Trösch et al., 2020).  

Although data collection within the active racing yard was opportunistic in nature, 

presenting some limitation in the timing of training session and horse-handler 

distribution, having access to racehorses in training at a single racing yard as opposed to 

a cohort situated across several yards reduces variation for many other variables which 
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often pose a challenge to behavioural research. Where previously, resting cortisol 

variation has been associated with the time of year (Shawaf et al., 2020; Aurich et al., 

2015), it is unlikely the variations in salivary cortisol concentrations measured here are a 

result of seasonal effects as sampling took place over a three-month period between 

October and January (2018-19). Husbandry practice, specifically type of housing, is 

known to elicit short term stress response (Erber et al., 2013). All horses were stabled, 

and subject to uniform feeding and husbandry practices throughout the period of study, 

which is a major strength of the experimental set-up at the host yard, especially since 

dietary carbohydrates are known to have an effect on circulating cortisol (Jacob et al., 

2018). Variation in cortisol levels have also been previously reported as associated with 

experience and training of athletes (Irvine and Alexander, 1994) but since all yearlings 

were entering training their experience can be considered equivalent. 

Unavoidable limitations to this work such as the variation in time when resting 

samples (RY_T2) were collected at the main training yard following initial training, 

reflects what is already known in racing industry, that trainers respond and adjust the 

regimen in response to their interpretation of the behavioural feedback of individual 

horses, with some horses taking longer than others to complete early training events. The 

methodological, technical and operational nature of these limitations is not unique to 

equine or behavioural research, and such constraints are commonly presented when 

working with real-world datasets (Cave, Kurz and Arlett, 2019).  

Detecting individual levels of stress response is useful in the management of 

animals, particularly those that are considered high-performing such as racehorses 

(McBride and Mills, 2012). Whilst stress has potential to increase exercise capacity (Hada 

et al., 2003), it is likely it also has longer-term welfare implications (Anshel and 

Anderson, 2002; Adell et al., 1988). Behavioural response and stress tolerance within the 

training environment are thought to have a familial basis and ‘tractability’ measured by 
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subjective assessment has been demonstrated as having a genetic component in the 

Thoroughbred (Hori et al., 2016). A reliable objective measure of stress response such as 

salivary cortisol presented by this study will provide a robust phenotype for the study of 

potential genetic contributions to stress response, and associated behaviour.  

  



 

 103 

2.7. Concluding remarks 

The purpose of this study was to determine if salivary cortisol is a reliable method 

for objectively detecting variations in stress response to horses entering pre-race training. 

A significant difference between mean concentrations of cortisol sampled before and after 

encountering early training events, and individual variation at first backing demonstrate 

that salivary cortisol can be used as a sensitive biomarker of neurobiological stress 

response. This objective measure can be used effectively to stratify a cohort into distinct 

phenotype cohorts. In particular, the significant variation in cortisol concentration 

measured at first-backing by a jockey indicates that this training event may be used as an 

objective phenotype in experiments to investigate genetic contributions to stress response 

behaviours. 
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Chapter 3. Multi-modal evaluation of 

perceived coping and temperament in a 

cohort of Thoroughbred horses 

encountering early training events.  



 

 112 

3.1. Declaration of co-authorship and collaboration 

PhD candidate: Amy R. Holtby 

Student number: 16204750 Email: amy.holtby@ucdconnect.ie 

School: UCD School of Agriculture and Food Science 

Principal Supervisor: Prof. Emmeline W. Hill  Email: emmeline.hill@ucd.ie 

Research Degree for which thesis is being submitted: PhD 

Title of PhD thesis: 
Investigation of genetic contributions to behaviour 
in Thoroughbred horses. 
 

PhD thesis chapter: 
Chapter III: Multi-modal evaluation of perceived coping 
and temperament in a cohort of Thoroughbred horses 
encountering early training events 

 

This work will be prepared for publication in a peer-reviewed scientific journal. 

Amy R. Holtby’s contribution to the research work described in this chapter: 

• Project conception and experimental design 

• Design and completion of prospective behavioural assessment questionnaire 

• Collation of saliva phenotypes 

• Collation of horse records 

• Bioinformatics and statistical analyses 

• Writing up and preparation of work completed 

Other Authors’ contributions to the research work: 

K. Murphy Assistance with project and questionnaire concept. 

L. M. Katz Assistance with project concept and experimental design. 

B. A. McGivney 
Assistance with project concept, experimental design and statistical 
analyses. 

E. W. Hill 
Overall PhD project supervision; assistance with project conception, 
experimental design; preparation of written material. 



 

 113 

Principal supervisor: Emmeline W. Hill 

Signature: 
 

Date: 30th July 2020 

PhD candidate: Amy R. Holtby 

Signature: 
 

Date: 30th July 2020 

  



 

 114 

3.2. Abstract 

 There is much anecdotal evidence that Thoroughbred temperament and 

behavioural traits have a familial basis, and heritability of behavioural traits in the breed 

has been estimated to be ~ 0.23. Questionnaire assessment of behavioural and 

temperament traits has been applied in canine research which has facilitated identification 

of genomic loci associated with a number of traits of interest. In equine research 

questionnaire assessment of behavioural traits has been validated using novel object tests, 

and phenotypes derived from subjective questionnaire assessment have been applied in 

candidate gene studies to detect genetic association with tractability and vigilance traits. 

Racehorse trainers and handlers observe subtle behavioural responses during training in 

order to modify husbandry and exercise regimen for optimal performance outcomes. 

Since it was previously demonstrated that questionnaire assessment of behavioural traits 

is a practical method for subjective behavioural phenotyping this study aimed to test the 

hypothesis that prospective qualitative assessment of stress response behavioural traits 

completed by handlers correlates with salivary cortisol concentrations, an established 

quantitative measure of the stress response in the racing training environment. A cohort 

of n= 96 Thoroughbreds, that had not raced and therefore were unbiased for racing 

performance, which could otherwise potentially influence handler opinion of the animal, 

were assessed subjectively using a questionnaire adapted from previous publications. 

Handlers were asked to select from three response descriptors to stratify the cohort based 

on how well handlers perceived the young horses to cope as they entered the racing 

training environment. Handlers were also asked to categorise the horses (using pre-

defined response descriptors) based on their perception of how the horses reacted to the 

early training events; first time being driven, first time being backed by a jockey, first 

time being ridden on the gallops with other young horses and first-entry to starting stalls. 

Finally the handlers categorised horses (using three pre-defined response descriptors) for 
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five temperament traits; Independence, Risk-taking, Sensitivity, Tractability, and 

Learning. Factor analysis showed that the five temperament traits were highly correlated 

and <11% horses were assessed as not ‘coping’ well, having undesirable reactions to early 

training events or being categorised with unfavourable temperament tendency. Salivary 

cortisol response at first backing was not significantly associated with the handler-

assessed reaction to this key training milestone, which suggests that salivary cortisol 

response may be detecting a cryptic stress response phenotype which warrants further 

study. Moreover no significant association was identified between perceived ‘coping’ and 

resting cortisol concentration, or between cortisol response and perceived ‘coping’, 

suggesting that these behavioural measures may be detecting distinct phenotypes. 
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3.3. Introduction 

When a young racehorse enters the training environment it is exposed to a range 

of new experiences. These experiences range from encountering a new and unfamiliar 

location, to learning new handling procedures such as having tack applied or being lunged 

in a round pen. All of these preparatory events are part of a learning curve that young 

Thoroughbreds undergo during the second year of their lives, on their way to reaching 

the racetrack. Trainers and handlers of Thoroughbreds observe the behaviours of the 

horses in their care. Often changes will be made to the husbandry and handling procedures 

where a young horse shows signs of not being ready to progress from one stage to the 

next. This could involve being given a little extra time at a stage, or it may involve the 

use of companion animals for support. This individualised approach to training a 

racehorse suggests that trainers and handlers are able to identify variations in how an 

individual animal responds to changes in the environment, as well as subtle temperament 

differences amongst an intake of young Thoroughbreds entering training at ~12-18 

months of age (referred to as yearlings). 

In the field of psychological research, the term ‘coping’ is defined as having a 

consciously invested effort (Anshel and Anderson, 2002) however, this term is often used 

by horse trainers and handlers when subjectively assessing individual stress levels of a 

yearling’s adjustment to the rapidly changing environment and upon encountering 

training events. Stress levels are an important consideration in training an athlete (Anshel 

and Anderson, 2002), particularly since stress has been both suggested and shown to 

affect performance outcomes (Ishizaka et al., 2017; Bartolomé and Cockram, 2016; Hada 

et al., 2003). Long-term exposure to stress can cause chronic stress which has numerous 

detrimental effects (Song et al., 2018; Blaze, Asok and Roth, 2015; Garbarino and 

Magnavita, 2015; Pinto et al., 2015; Adell et al., 1988). 
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To characterise behavioural traits in animals, handler-completed questionnaires 

are commonly used and have been validated as reliable methods for objectively 

describing equine behavioural profiles (Finn et al., 2016; Ijichi et al., 2013; Momozawa 

et al., 2003; Momozawa et al., 2005a; Momozawa et al., 2007; Roberts et al., 2016). 

Behavioural assessment questionnaire methods have been used to phenotype behavioural 

profiles to investigate associations between the genotype of an individual horse and 

differences in personality (Momozawa et al., 2006; Roberts et al., 2016; Hori et al., 2016), 

temperament (Momozawa et al., 2005b) and behavioural response to the environment 

(Ninomiya et al., 2013). Using this method allelic variation at the dopamine receptor D4  

gene (DRD4) was associated with curiosity and vigilance traits (Momozawa et al., 

2005b). Behavioural response measured by observation, assessment and categorisation of 

reaction to three veterinary procedures that incorporated: inspection of the conjunctiva, 

examination of auscultation, and blood sampling upon entering a racing training facility 

was also shown to have a heritable component in a cohort of Japanese Thoroughbreds 

(Oki et al., 2007). Questionnaires are an established, extensively utilised method for 

behavioural trait characterisation and assessment in the horse. 

Whilst subjective assessment of behavioural phenotypes using questionnaires can 

be  viewed with caution in both animal and human research, it has been shown that 

perceived equine temperament evaluated by handler-completed questionnaire is 

concordant with the plasma cortisol response to a single bout of exercise (Bohák et al., 

2017). Bohák et al. (2017) used a 25-item questionnaire which comprehensively 

characterised temperament of 20 Thoroughbred horses in order to stratify horses into two 

cohorts; calm and temperamental. Plasma cortisol levels 30 minutes after exercise were 

significantly higher in the temperamental cohort of horses indicating that handlers were 

able to identify reactive individual horses using a qualitative assessment. However, in 

contrast, another study which investigated the effect of personality on cortisol reactivity 
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in 149 sport horses found no significant association between temperament and salivary 

cortisol (Sauer et al., 2019). Whilst it is difficult to directly compare these studies due to 

size and diversity of the sample populations, and the type of cortisol response measured 

(plasma cortisol versus ACTH stimulation), the significant association between 

temperament cohort and stress response to exercise measured by cortisol that Bohák et 

al. (2017) identified in a Thoroughbred-only cohort may suggest breed-specific variation 

in temperament traits. A candidate gene study identified breed-specific variation in 

dopamine receptor D4 gene (DRD4), and differences in G292A allele frequency 

differentiated the Thoroughbred from 7 other breeds that included native Japanese breeds, 

Criollo and Selle Français horses (Hori et al., 2013). 

 Competition scores for Warmblood horses from dressage and showjumping 

competition have also been used as subjective behavioural assessments to be compared 

against circulating cortisol levels to investigate whether there are neuroendocrinological 

contributions to performance (Munk et al., 2017). Within the published literature there is 

a degree of disagreement in the associations between cortisol reactivity and qualitative 

temperament measurements. However, salivary cortisol has been well-established as a 

robust and objective method to measure stress reactivity in the horse non-invasively. 

From the results of these studies experimental design is clearly an important factor to be 

considered alongside the findings presented.      

The aim of this study was to test the hypothesis that a prospective qualitative 

assessment of  stress response behavioural traits completed by handlers correlates with 

salivary cortisol concentrations, an established quantitative measure of the physiological 

stress response in the racing training environment (Chapter 2).  
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3.4. Materials and Methods 

Data Collection 

Ethics statement 

The University College Dublin Animal Research Ethics Committee approved this 

research (AREC-E-17-39-Katz and LS-E-17-34-Holtby-Hill) and informed owners 

consent was obtained for use of the animals in research. 

Animal cohort 

A group of 96 Thoroughbred yearlings entering training, housed at a single racing 

training yard described in detail in Chapter 2 comprised the study cohort. Questionnaire 

responses were collected for the entire cohort (n =96) whilst salivary samples were 

collected from subsets of this cohort for the measurement of cortisol concentration. Two 

cohorts of n =34, and n =66 horses had salivary samples collected as detailed in Table 

3.1. 

Table 3.1. Animal cohort and corresponding data available 

Data type n Males 
(n) 

Females 
(n) 

Sires 
represented 

Dams 
represented 

Prospective 
Questionnaire 96  48  48 18  96  

Cortisol 
Concentration: 

‘Resting 
Nursery’ 

66  32  34  13 66  

Cortisol 
Concentration: 
‘Response to 
first backing ‘ 

34 22  12  10   34 
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Equine handlers 

All questions in the questionnaire were answered by three of the senior handlers 

at the study yard, who had responsibility over the care of the horses and early training 

events being observed in this study. The three handlers agreed upon a single response for 

each question for each of the horses. The handlers have extensive experience in the racing 

industry, and early training process and therefore were considered to have sufficient 

expertise to assess reactions of the horses to the training events being observed.  

Questionnaire design  

A prospective questionnaire comprising three sections was designed, adapted 

from existing behavioural assessments (Momozawa et al., 2005a; Hori et al., 2016; Finn 

et al., 2016). To test the hypothesis of this study, and for further research investigating 

genetic contributions to behavioural traits, factors identified by the work by Momozawa 

et al. (2005a), Finn et al. (2016) and Hori et al. (2016) were the basis of the abridged 

questions included in this questionnaire. Further amendments were made to the questions 

and responses (including descriptors) following consultation with racing industry 

professionals regarding behavioural traits believed to make the greatest contributions to 

racing performance, and those which are long thought to have familial associations based 

upon their experienced, expert observations. The questionnaire and answer sheets can be 

found in Appendix II. 

The questions and answers used in this study were reviewed with the handlers to 

ensure a clear understanding of the terminology and descriptions used. The handlers were 

asked to report how well they recalled each horse, and this response was used as a quality 

control measure to identify any horses in the cohort where there was insufficient 

recollection to rely upon the data. 
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Section I asked the handlers to appraise each horse in the cohort, selecting one of 

three custom descriptions to categorise “How did this horse adjust to and live with the 

stresses of the racing/training environment?”. Response options were ‘Well’, ‘Average’ 

and ‘Not Well’. Descriptors were provided as presented in Table 3.2 to ensure consistent 

assessment across the cohort from the handlers. 

Table 3.2. Responses and descriptors for Section I of the prospective 
questionnaire assessment. 

Response Descriptor 

Not Well 

The horse did not adjust to and live with the racing/training 
routine and environment as expected after a normal period of 

adjustment. The horse could be difficult to handle in the yard and 
required careful management to settle. The horse would often 

show adverse behaviours (e.g. kicking the door, stamping 
hooves, head tossing, pinning back ears). 

Average 

The horse adjusted to and lived with the racing/ training routine 
and environment and settled after a period of adjustment (as 

expected). The horse was mostly easy to handle in the yard only 
rarely showing adverse behaviours (e.g. kicking the door, 

stamping hooves, head tossing, pinning back ears). 

Well 

The horse settled into the racing/ training yard and managed with 
the routine and environment with only a very short period of 

adjustment. The horse was settled and easy to deal with on the 
yard, and did not require specific management. 

 

Section II asked the handlers to choose from one of three descriptions how each 

horse in the cohort reacted to five early training events: first time being long-reigned; first 

time being mounted by a jockey; first time being exercised with a group of other young 

horses; and (where applicable) first time being loaded in to barriers/stalls. Response 

options were ‘Well’, ‘Average’ and ‘Not Well’. Descriptors were provided as presented 

in Table 3.3. 
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Table 3.3. Responses and descriptors for reaction to early training events 
for Section II of the prospective questionnaire assessment. 

Response Descriptor 

Not Well 
Reacts violently to event by 
displaying avoidance and/or 

aggression 

Average Reacts to event but is 
reasonably quickly settled 

Well Little to no reaction to the 
event 

 

Section III asked the handlers to choose from one of three descriptions for five 

temperament traits: sensitivity/reactivity; self-reliance/independence; risk-taking; 

learning; and tractability. The temperament traits selected for this section were based 

upon previous questionnaire assessment of temperament in the horse (Momozawa et al., 

2005a; Hori et al., 2016; Finn et al., 2016), customised to reduce the overall number of 

questions the handlers were required to answer, and emphasising traits deemed 

particularly relevant to racing. Again three response options were provided with 

accompanying descriptors, this time relating to temperament characteristics of interest. 

Responses and corresponding descriptors are presented in Table 3.4. 
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Table 3.4. Responses and descriptors for temperament characteristics for Section III of the prospective questionnaire 
assessment. 

Characteristic                                                        Descriptor 
Sensitivity/reactivity Not reactive to novelty Average Highly reactive to novelty 

Sensitivity and reactivity in the 
context of changes in routine 

and/or environment 

Easily adjusts to novelty in 
and/or changes to routine. 

Adjusts as expected to 
novelty in and/or changes to 

routine. 

Very sensitive/reactive to novelty in and/or 
changes to routine. Does not adjust well. 

Self-reliance/Independence Self-reliant Average Not self-reliant 

Independence from peers in 
training environment. 

Settled when alone, doesn’t 
look to peers/handler for 

reassurance. 

Settles when alone after time, 
adjusts to not looking to 

peers/handler for 
reassurance. 

Does not settle well when alone. Looks to 
peers/handler for reassurance. May require 

companion box and/or other regimen 
modifications to manage preferences. 

Risk-taking Not reckless Average Reckless 

Recklessness and risk-taking 
with regards to self-

preservation. 

Does not exhibit reckless 
behaviours and shows high 
regard for self-preservation. 

Rarely exhibits reckless 
behaviours and shows high 
regard for self-preservation. 

Often exhibits reckless behaviours with low 
regard to self-preservation. 

Learning Quick to learn Average Slow to learn 

Ability to understand training 
requests. 

Quickly understands concepts 
and progresses through 

training regime, more quickly 
than expected. 

Understands concepts of 
training requests and 

progresses as expected. 

Takes time to understand training request. 
May require repeated introduction of single 

training concept. 

Tractability Tractable Average Not tractable 

Ease of management within 
training environment and 

compliance to demands of 
training regime. 

Easy to handle and obedient 
during training. Willing. 

Only occasionally shows 
disobedient attitude, but easy 

to handle and obedient 
during training most (more 

than 75%) of the time. 

Difficult to train. Disobedient during training 
and often displays aggressive and 

avoidance behaviours such as biting or 
kicking towards handlers or other horses. 

Unwilling 
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Cortisol measurements 

 Described in detail in Chapter 2, saliva samples were collected from the cohorts 

presented in Table 3.1 for the measurement of cortisol concentration. Briefly, saliva 

samples were collected using dental sponges held with blunt-ended forceps and stored in 

1.5ml sterile collection tubes which contained a small piece of drinking straw in the base. 

Sampling timepoint details are set out in Table 3.5.  

Table 3.5. Overview of saliva samples 

Sample Type Collection details 

Resting Nursery 

Samples collected 
from stabled horse at 
rest between 14:00-
15:30 at the nursery 
yard prior to entering 

main training 
environment. 

Pre-backing 

Samples collected 
from stabled horse 
before tack applied 

and backing process 
started. 

Post-backing 

Samples collected 
from stabled horse ~30 

mins after first time 
being backed by 

jockey. 
 

As previously described (Chapter 2) cortisol sample tubes were spun down and 

the dental straw removed on the day of collection to allow temporary storage at -20°C, 

before later batch processing. Cortisol concentration was determined using a 

commercially available Salivary Cortisol Enzyme-Linked Immunosorbent Assay 

(ELISA) assay kit (SalimetricsTM, Newmarket, U.K.). 
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Data analysis 

All data formatting and statistical analyses were performed within RStudio 

[version 3.6.0] (R Core Team, 2019). 

Questionnaire responses 

Questionnaire responses were inputted using Microsoft Excel and formatted using 

Tidyverse [version 1.2.1] (Wickham, 2017). Horses were excluded from further analysis 

where ‘No recollection’ was the given response for the Question “How well do you recall 

this horse?”. 

A factor analysis was performed (base R function ‘factanal’) with default settings 

to interrogate the questionnaire components for covariance between observed question 

responses. A varimax rotation was applied, as is a recognised method in psychological 

research, and has been used extensively in previous studies of questionnaire data 

(Momozawa et al., 2003; Momozawa et al., 2005a; Momozawa et al., 2005b).  

Correlation analyses were performed with Corrgram [version 1.13] (Wright, 

2018) using default settings which uses the Pearson correlation coefficient (PCC) 

statistic. This method was used to establish the statistical relationship of the questionnaire 

components in sections II which focussed on reactions to events in training,  and section 

III which focussed on the temperament traits deemed as most important to training for 

racing. 

Cortisol measurements 

The quantification of cortisol concentrations is detailed in Chapter 2. In brief, 

cortisol concentrations were calculated by exporting raw read data (Excel) generated by 

the microplate spectrophotometer (Epoch, BioTek® Instruments Inc.) and tidying using 



 

 126 

Tidyverse [version 1.2.1] (Wickham, 2017). Calculations of salivary cortisol 

concentration in nmol/L were performed using a custom R script which followed the 

standard protocol of the ELISA assay kit. 

Since the measurements for the first backing response (Post-backing – Pre 

backing) were not normally distributed data was transformed by percentage change 

(Hackney and Anderson, 2016). Percentage change values were used for the comparison 

of objective stress response to the subjective handler assessment. Absolute values 

(presented as nmol/L) were used when performing statistical testing of significance 

between timepoints.   

Two horses were excluded from further statistical analysis where the 

concentrations of the samples were below that of measured resting levels (Chapter 2) 

suggesting a problem with the quality of the sample.  

Questionnaire responses versus cortisol measurements 

 To test whether questionnaire responses used in this study to stratify the cohort 

accurately represent the cortisol response, as a measurement of stress response and 

‘coping’ in Thoroughbred yearlings entering training, a Wilcoxon rank-sum test was 

performed in to test for significance for three separate analyses: 

1) Cortisol measurements for response to ‘first backing’ and horses described as 

‘coping’ ‘well’ compared to those described as ‘coping’ ‘not well’.  

2) Cortisol measurements for response to ‘first backing’ and horses described as 

reacting ‘well’ to ‘first backing’ compared to those described as reacting ‘not 

well’ to ‘first backing’. 

3)  ‘Nursery Resting’ cortisol measurements and horses described as ‘coping’ 

‘well’ compared to those described as ‘coping’ ‘not well’. 
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3.5. Results 

Questionnaire responses 

Responses for all questions showed a similar, skewed distribution with most 

horses assessed as ‘coping’ ‘well’ (67%), reacting ‘well’ (70-85%) or having a 

‘favourable’ temperament (72-80%).  11% horses were assessed by the handlers as not 

‘coping’ well. Less than 10% of horses were assessed by handlers as not reacting well to 

the novel training events; first time being driven, first time being backed by a jockey, first 

time being exercised in a group with other young horses, and first time being loaded in 

the starting barriers. Less than 7% were assessed by the handlers as having less favourable 

behavioural characteristics for the five elements investigated by this study: sensitivity, 

independence, recklessness, learning, and tractability. 

 

Factor Analysis 

Factor Analysis was performed on the questionnaire responses to evaluate the 

extent to which factors represented the total variance from behavioural traits and reactions 

assessed by the handlers. Factor 1 ‘Temperament’ is plotted versus Factor 2 ‘Training 

Reactivity’ (Figure 3.1) where the distribution of the factors highlights ‘coping’ as 

belonging to both factors with similar loadings (0.52-0.61) (Table 3.6). Horses did not 

cluster by behavioural scorings (Figure 3.2). 
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Figure 3.1. Factor Analysis plot for prospectively-assessed handler-perceived reaction to early training events, and assessment 
of temperament traits for a cohort of 96 Thoroughbred yearlings. 
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Factor 1 ‘temperament’ (Table 3.6) contained all five elements of section III -

behavioural characteristic- (Table 3.4) where loadings are all >0.7. Factor 2 ‘training 

reactivity’ contained three of the four reaction responses from section II -reactions to 

training events- with loadings >0.7 (Table 3.4). As visualised (Figure 3.2) ‘coping’ did 

not belong strongly to Factor 1 (0.52) or 2 (loading 0.61) (Table 3.4). 

Table 3.6. Factor analysis of handler-completed questionnaire data of a 
prospective cohort of Thoroughbred yearlings.  

  Factor1 Factor2 

Sensitivity 0.74* 0.60 
Independence 0.86* 0.49 
Recklessness 0.88* 0.46 

Learning 0.70* 0.61 
Tractability 0.71* 0.55 

Coping 0.52 0.61 
Reaction Driving 0.42 0.81* 
Reaction Backing 0.42 0.75* 
Reaction Exercise 0.54 0.77* 

Reaction Barrier Loading 0.44 0.66 
*denotes factor loading >0.7 identifying elements belonging to Factors 1 and 2. 
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Figure 3.2 Factor Analysis data structure for prospectively-assessed handler-perceived reaction to early training events, and 
assessment of temperament traits for a cohort of 96 Thoroughbred yearlings.  
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Correlation Analysis 

A correlation analysis (Figure 3.3, 3.4, and 3.5) revealed that while all reaction 

responses were closely correlated (PCC >0.65), reaction to driving, and reaction to 

exercise were most closely correlated (PCC = 0.85) in section II (Figure 3.3). Section III 

-‘temperament traits’ were the most correlated (PCC >0.86) questions within the 

questionnaire. However, the characteristics were not as well correlated (PCC = 0.65-0.78) 

overall with ‘coping’ (Figure 3. 5). This analysis showed that the temperament traits were 

more closely correlated than the reaction responses (PCC = 0.86-0.98) (Figure 3.4 and 

3.5), with independence and recklessness being the most correlated  (PCC = 0.98) 

behavioural characteristics measured (Figure 3.5).  
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Figure 3.3. Correlation plot for handler-assessed reactivity from handler-completed questionnaire data of a prospective cohort 
of Thoroughbred yearlings. 
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Figure 3.4. Correlation plot for five handler-assessed temperament traits from handler-completed questionnaire data of a 
prospective cohort of Thoroughbred yearlings. 
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Figure 3.5. Correlation plot for all from handler-completed questionnaire data of a prospective cohort of Thoroughbred 
yearlings. 
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Cortisol measurements  

Cortisol concentrations from all saliva sample timepoints are presented in detail 

in Chapter 2, but here only results from selected timepoints (Table 3.5) were used for 

analysis and comparison of the objective versus subjective behavioural assessments. The 

selected cohorts compared and concentrations analysed are presented in Table 3.7 and 

Table 3.8. 

As presented in Chapter 2, the  mean salivary cortisol concentration for resting 

samples collected in the nursery yard was 2.69 ± 1.08nmol/L.  Here, the percentage 

change (PC) was calculated for the response to first backing by a jockey (Post-backing – 

Pre-backing × 100) (Table 3.7). The range of PC response was -13.09 – 1418.38% (0.58-

33.8 nmol/L). 

 

Table 3.7. Overview of selected saliva cohorts and concentrations used to 
characterise objective phenotype for comparison with subjective 
phenotype. 

Measure Cohort n Mean ± SD Range 

% 

Change  
All 34 324.66% 346.96% 

-13.09 – 

1418.38% 

Absolute 

Difference 
All 34 8.51nmol/L 7.62nmol/L 

-0.58 – 

33.80nmol/L 

Absolute 

Value 

Resting 

Nursery 
66 2.69nmol/L 1.08nmol/L 

1.28 – 6.53 

nmol/L 
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Subjective versus Objective Behavioural Phenotypes 

There was no significant (P >0.05) association between questionnaire responses 

and the salivary cortisol measures. Mann Whitney-U test results are presented in Table 

3.8 for each of the objective versus subjective measures tested. 

 

Table 3.8. Mann Whitney-U test results for questionnaire responses 
versus salivary cortisol concentration differences 

 

Question Salivary cortisol 
sample 

Mann 
Whitney-U 
test results 

Handler assessment of response to first 
backing by a jockey. 

Response to 
backing cortisol P= 0.270 

“How did this horse adjust to and live with 
the stresses of the racing/training 

environment?“ 

Response to 
backing cortisol P= 0.406 

“How did this horse adjust to and live with 
the stresses of the racing/training 

environment?”  

Nursery resting 
cortisol P= 0.573 
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3.6. Discussion 

 This study used a handler-completed behavioural assessment as a subjective 

behavioural measure of stress response, and temperament evaluation, in a cohort of 

Thoroughbred yearlings entering the racing training environment and encountering key 

training milestones. Handler-completed behavioural assessment is an established 

behavioural measure in equine behaviour research, and has been used in a number of 

studies to explore temperament traits and personality trends in multiple breeds 

(Momozawa et al., 2003; Momozawa et al., 2005a; Ijichi et al., 2013; Roberts et al., 2016; 

Finn et al., 2016). 

Prospective questionnaire assessment of the yearling cohort stratified horses into 

three groups for each question or temperament characteristic, those categorised as; ‘well’, 

‘average’ and ‘not well’, or where specific temperament traits were described as the most 

favourable, average and least favourable. In all questions, across the three questionnaire 

sections, the distribution of the responses showed greater frequency of favourable and 

average responses compared to the least favourable. The sub-groups, as stratified by 

responses for each question which had the fewest (≤11%) horses were those; not ‘coping’ 

well; not responding well; or having unfavourable temperament characteristics. Less than 

half of all Thoroughbred foals born each year reach the racetrack (Wilsher, Allen and 

Wood, 2006). A study which explored the reasons that a Thoroughbred may be unraced 

analysed a cohort of  >1000 horses. Of the 106 two-year olds that did not continue racing 

as three year-olds, 10% of those were reported as not continuing to race due to injury or 

problems with temperament (Wilsher et al., 2006). A recent study of genomic prediction 

for racecourse starts identified candidate genes with known neurobiological function 

among genomic regions of interest significantly associated with durability and likelihood 

to race (McGivney et al., 2019). Whilst the proportion of horses that remain unraced due 
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to behaviour problems or unfavourable temperament is not fully known, the proportions 

of horses unraced as described by Wilsher et al. (2006), and the recent identification of 

neurobiological genes likely influencing racing durability suggests that there is a heritable 

component to important racing behaviours. 

The distribution of favourable temperament and reaction to training events observed 

in this cohort suggests, in the context of the Thoroughbred breed which has undergone 

>300 years of targeted, artificial selection (Bower et al., 2012), that stress response 

behaviours and temperament traits important to racing training are variable within a 

similarly managed cohort of horses. This suggests there may be underlying genetic 

contributions to behaviours that may affect the athletic phenotype. This idea is supported 

by recent findings in multiple studies investigating Thoroughbred phenotypes that have 

identified genes with known neurobiological functions associated with specific racing 

traits (Han et al., 2020; McGivney et al., 2019; Farries et al., 2018) which have been 

recently reviewed (Raudsepp et al., 2019). Furthermore, breed differences in vigilance 

and curiosity were detected in a candidate gene study which included native Japanese 

breed as well as Thoroughbred horses (Hori et al., 2013). Results from this study suggest 

that the selection by owners, breeders and trainers for stress response behaviour traits best 

suited to the racing training environment is well established in current selection methods. 

Recent genomic investigation into precocity and population-specific selection presents 

further evidence for this idea; with associations between racing phenotypes and 

identification of genes involved in behavioural plasticity, neurological function, and 

cognitive processes being presented in multiple studies (McGivney et al., 2020; Han et 

al., 2020; Farries et al., 2018; Bryan et al., 2017).  

A factor analysis was performed to establish to what extent factors ‘temperament’ and 

‘training reactivity’ may influence the differences assessed by handlers, and a correlation 
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analysis explored the relationship between each of the components of the questionnaire. 

Visualisation of the factor analysis did not produce defined clusters of questionnaire 

components that account for the total variance observed, however there were some broad 

groups. Learning, sensitivity and tractability plotted closely with loadings ≥ 0.7 

belonging to factor one –‘temperament’. The highest factor loadings were for 

independence = 0.88 and recklessness = 0.86 belonging to factor one -temperament-, and 

belonging to factor two –‘training reactivity’- reaction driving = 0.81. ‘Coping’ plotted 

within the midline of both axes for factors one and two with factor loadings for both 

factors 0.52-0.61. The distribution of the factor loadings is suggestive that ‘coping’ 

comprises both factors with almost equal loadings. The closely inter-related (PCC = 0.65-

0.85) handler-assessed reactions to training events, and individual temperament 

characteristics have all been shown in this cohort to influence the total variance. This 

variance observed by the handlers could therefore be broadly represented by the single 

component ‘coping’. 

Correlation analysis that used a Pearson correlation coefficient approach showed, 

within each of the three questionnaire sections (broadly coping, reaction to training events 

and behavioural characteristics), the responses were all well correlated (PCC >65%). 

Temperament traits that were considered most important to racing and training aptitude 

such and learning and tractability were most closely correlated (PCC = 86-98%). This 

may be suggestive of selection through Thoroughbred mating choices by owners, 

breeders and trainers.  

The objective behavioural measure, salivary cortisol concentration (Chapter 2) was 

used here to compare quantitative and qualitative behavioural measures for assessment 

of stress response behaviour in a cohort of young Thoroughbreds entering training. 

Salivary cortisol concentration detected a stress response to young Thoroughbred horses 



 

 140 

encountering new training events (Chapter 2). Here, the salivary cortisol concentrations 

were transformed to a percentage change (Hackney and Anderson, 2016) from the most 

important early training milestone -first backing by a jockey- and used to test the 

hypothesis that trainer observations correlate with an objective behavioural measure. 

The salivary cortisol response at first backing was calculated from samples collected 

from stabled horses at rest before tack was applied prior to and after ~30 minutes 

following the first time the young horses were backed by a jockey. First backing by a 

jockey has been previously noted as the most influential, in terms of training stressors, of 

all early training events for young racehorses (Kędzierski, Wilk and Janczarek, 2014), 

and the salivary cortisol concentrations measured in this cohort also exhibited a 

significant difference before and after first backing (Chapter 2). The salivary cortisol 

concentration measured and calculated response at a key training milestone can therefore 

define hypothalamic-pituitary-adrenal (HPA) axis response to a known stressful event, 

and here it is interpreted to reflect the individual stress response characteristics for each 

horse in the cohort.  

Handler assessment of behavioural traits deemed central to training and racing 

success observed here, were not concordant with cortisol concentrations with no 

significant (P >0.05) correlation detected. Previous studies have reported concordance 

between objective and subjective behavioural measurements, specifically handler-

completed questionnaires with salivary cortisol concentration (Munk et al., 2017). 

However, this study presents contrasting results. The subjective and objective 

behavioural measures evaluated here most likely describe two distinct aspects of stress 

response behaviours in the Thoroughbred. Therefore, it may be that this study has 

identified a cryptic stress response trait’ that is not well perceived by expert handlers. 

This hidden component to the overall stress response could be potentially described as a 
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‘pre-action’ phase, where preparatory biochemical changes are taking place silently, and 

readying the horse for action. The following visible or ‘action’ phases of the stress 

response, that have been shown to be detected by handlers in this cohort, may then take 

place. These may seem out of context for those horses where very reactive behaviours 

such as avoidance or aggressive avoidance to a task may result in possible distress of both 

the handler and the horse. This potentially hidden phase of stress response behaviour may 

influence the behavioural reaction itself, through individual variation in emotional 

reactivity (Coppens, de Boer and Koolhaas, 2010). Models of so-called ‘coping styles’ 

depict proactive and reactive coping styles together with stress reactivity, suggesting that 

high stress reactions can be reactive or proactive, likewise low stress reactions can be 

reactive or proactive (Koolhaas et al., 2010). Reactive coping styles are characterised by 

environmentally driven stimulus response (Coppens et al., 2010), such as with the 

exposure to novel experiences when a young horses enters the training yard. Proactive 

coping styles however, are characterised by rigidity of behaviours reliant on routines 

(Coppens et al., 2010).  

Cognitive bias has been suggested to influence information processing in human 

research, and it has been demonstrated that cognitive bias reflects affective state in 

animals (Harding, Paul and Mendl, 2004). Events, such as first backing by a jockey here, 

that are perceived as stressful by an individual horse generate emotional arousal through 

HPA activation. The divergent reactive and proactive coping styles discussed facilitate 

adaptation to future stressors through learning and neuroplasticity (Cabib et al., 2020). A 

highly reactive emotional response activates synaptic plasticity to regulate changes in the 

structural components, or brain circuitry, that in turn alters behaviours (Cabib et al., 

2020). Greater levels of behavioural flexibility increase the scope of adaptation to the 

surrounding environment (Cabib, Campus and Colelli, 2012). It has been previously 

proposed that psychological state influences optimal performance (McBride and Mills, 
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2012). The psychological components which influence performance in the horse have 

been reviewed thoroughly,  exploring aspects of temperament, mood and emotionality 

(McBride and Mills, 2012) (Figure 3.6). 

 

Reaction  →    State   →  More stable 

Emotion  →   Mood   →  Temperament 

Figure 3.6. Emotional reaction influences temperament traits over time 

 

Behavioural phenotypes have previously been derived from questionnaire assessment 

of horses by handlers revealing genetic associations with genes of known neurobiological 

function (Momozawa et al., 2005b; Momozawa et al., 2006; Hori et al., 2016). The 

distinct stress response characteristics from 1) salivary cortisol response to first backing, 

and 2) the subjective assessment of stress response behaviour both present important 

contributions to racing and training. The targeted selection that has resulted in the modern 

Thoroughbred has broadly incorporated both of these divergent stress response 

characteristics by the nature of artificially selecting mating pairs for race performance, of 

which behaviour likely contributes. Since this study has shown that stress response 

[behaviour] may not be wholly detected by expert handlers it would be prudent to further 

investigate possible genetic contributions to the two phenotypes independently. 

Considering these results and the findings of previous research exploring coping 

styles and stress reactivity, it could be concluded that the ‘pre-action’ phase of stress 

response measured by salivary cortisol here, may be reflective of the emotional variability 

between animals in the cohort and in turn influence the secondary behavioural response. 
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Furthermore the behavioural response, measured by the handler assessment, may itself 

be an independent reflection of coping style preference. Previous correlation of salivary 

cortisol and subjective assessment (Bohák et al., 2017) could be a product of 

methodology, or could be a representation of the reasoning suggested by Koolhaas et al. 

(2010) that selection pressures limit phenotypic plasticity and therefore neuroendocrine 

differentiation. 
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3.7. Concluding remarks 

In this cohort, at this race training yard, the salivary cortisol response and 

prospective questionnaire assessments were not concordant (P >0.05), which suggests 

that they are likely defining different equine stress response characteristics. Since there 

was no significant relationship observed here, it is possible that the subjective and 

objective behavioural measures present distinct descriptions of behavioural variation in a 

cohort of Thoroughbred yearlings entering training. The results of these analyses suggest 

that according to handler-assessed responses to training events, the training environment 

itself, and selected temperament characteristics; modern Thoroughbred racehorses are 

well adapted to the rigours of training. The two measures evaluated by this study provide 

a quantitative and a qualitative description of stress response in the cohort, detecting 

independent aspects of stress response behaviour at a critical time in a young racehorse’s 

career. Based on genetic associations reported in previous literature, it may be prudent to 

explore both the distinct aspects of these measures independently, at a genome-wide level. 
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Chapter 4. The genetic profile of stress 

response phenotypes measured by 

change in salivary cortisol at first 

backing by a jockey in a cohort of 

Thoroughbred horses entering training.  
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4.2. Abstract 

The Thoroughbred is a product of hundreds of years artificial selection targeting 

athletic performance. Since the sequencing of the equine genome genome-wide 

approaches have been employed to investigate genetic variation contributing to racing 

performance. The Thoroughbred breeding industry has a global economic impact and 

behavioural traits such as attitude to racing and the ‘will to win’ are of great interest to 

breeders and trainers. Genetic variation contributing to behaviour and temperament traits 

have been examined in other species such as the domestic dog. Evaluation of 

paleogenomes from early domestic animals and their wild ancestors has revealed 

evolutionary changes at genes linked to behaviour. Recently, loci containing genes that 

have known neurobiological functions have been identified as being under selection in 

the Thoroughbred, as well as reaching significance at genome-wide level in investigations 

of racing performance traits. Salivary cortisol is a robust objective behavioural measure 

established in the horse, and has revealed individual variation in HPA response to early 

training experiences in this thesis. The current study aimed  to apply an objective 

phenotype using a genome-wide approach to identify novel genes that may underpin the 

stress response in young horses. A composite selection signals (CSS) approach employed 

comparator cohorts (12 ‘high’ responders Vs 12 ‘low’ responders) of cortisol response at 

first backing by a jockey. Eleven regions of interest were identified among the top 0.1% 

SNPs located on ECA1, ECA2, ECA4, ECA7, ECA11, ECA12, ECA18, and ECA31. 

Functional enrichment analysis showed that of the genes identified in the significant 

regions of genomic interest there was an overrepresentation of genes involved with  

behaviour and nervous system function and development. This study has for the first time 

utilised a genome-wide approach to investigate selection signals underlying behavioural 

traits in the Thoroughbred. 
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4.3. Introduction 

It is commonly acknowledged in the Thoroughbred, and wider equine industry 

that the ‘mental toughness’ of a horse to adjust to and thrive in the training environment 

may be as important as athletic prowess, and literature has suggested the possible effects 

of psychological state on performance (McBride and Mills, 2012; Bartolomé and 

Cockram, 2016). Like other athletes racehorses are subject to a demanding training 

regime and how a young Thoroughbred horse adjusts to and copes with the rigours of 

early training events may impact its ability to reach the racetrack and perform optimally.  

Precocity is a trait of considerable economic value with regards to the training and 

upkeep costs associated with breeding and training a racehorse. In two separate studies 

of Thoroughbred horses born in 1975 and 1999 it was reported that fewer than 40% of 

foals born make a racecourse start before the end of their fourth year of age (Jeffcott et 

al., 1982; Wilsher, Allen and Wood, 2006). A genome-wide association study for 

precocity, reflecting adaptation to early training and racing identified genes associated 

with tractability in Thoroughbreds contributing to the trait (Farries et al., 2018). It is likely 

that selection by horse breeders for a horse’s aptitude to sustain psychological 

components of racing and training occurred simultaneously to the three hundred years of 

targeted selection for optimal physical characteristics, such as speed and stamina, 

associated with the Thoroughbred. Whilst the genetic tools available to inform breeding 

decisions continue to advance (McGivney et al., 2019; Hill, Ryan and MacHugh, 2012b) 

Thoroughbred breeding continues to be heavily reliant upon pedigree analysis and the 

study of form as well as the number of winners in a horse’s pedigree, which is often 

referred to as ‘black type’, for sire selection. Since little is currently known about the 

heritability of behavioural traits in the Thoroughbred, and there is a perception of a 
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familial basis to such traits, it is possible that the perception of the inheritance of 

behavioural traits itself may indeed be influencing sire selection. 

Since the sequencing of the equine genome there has been a rapid growth in 

understanding genetic contributions to physiological traits influencing racing 

performance (Hill et al., 2010; Eivers et al., 2010; Tozaki et al., 2011; McGivney et al., 

2012; Hill et al., 2012a; Rivero and Hill, 2016; Rooney et al., 2016; Bryan et al., 2017; 

Han et al., 2020).  An emerging theme in exercise and performance genomics is the 

contribution from genes with neurological and behaviour functions (Velie et al., 2018). 

With advances in genomic technologies, and following identification of genes with 

known neurological and behavioural functions by studies targeting fundamental athletic 

phenotypes in the Thoroughbred (Farries et al., 2018; McGivney et al., 2019), there has 

been an increase in interest surrounding behavioural characteristics contributing to racing 

performance. The use of genomic prediction models that leverage machine learning 

techniques such as the random forest algorithm, alongside genome-wide association study 

(GWAS) methods have identified genes with functions that are suggestive of behavioural 

and physiological adaptations to early racing and training (McGivney et al., 2019). It is 

particularly interesting therefore, that one of the genes identified with an association to 

the chance of having a racecourse start (McGivney et al., 2019) neurotrimin (NTM) was 

previously identified as being under positive selection during domestication (Schubert et 

al., 2014). Another gene identified as associated with the probability of having a racetrack 

start (McGivney et al., 2019), was the prolylcarboxypeptidase gene (PRCP), which is 

known to influence voluntary exercise in mice (Kelly et al., 2012). These findings 

indicate that there may be multiple genes with neurobiological functions influencing 

racing performance. 
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Studies investigating athletic phenotypes have identified genes related to nervous 

system signalling, neurodevelopment (Bryan et al., 2017) and neurotransmitters (Farries 

et al., 2018). Although athletic phenotypes have been pursued through rigorous, 

expanding research, few studies have used quantitative, objective behavioural phenotypes 

in genome-wide genetic analysis approaches to target genes influencing behavioural 

traits. Multiple studies have identified serotonin receptor genes with associations to 

production and performance phenotypes in the Thoroughbred. For instance, 5-

hydroxytryptamine receptor 1A,  (HTR1A) was associated with tractability in the 

Thoroughbred, and more recently, 5-hydroxytryptamine receptor 7 (HTR7) was identified 

in the study of precocity traits in Thoroughbreds. Conclusions of these previous studies 

focussed on performance and important athletic traits by Hori et al. (2016), Farries et al. 

(2018), McGivney et al. (2019), Bryan et al. (2017) all present evidence supporting a 

likely genetic influence on a behavioural profile best suited to training and racing. 

Thoroughbreds are known to have alert, observant temperaments and differences 

at the dopamine receptor D4 gene (DRD4) were found to be specific to the Thoroughbred 

when compared to native Japanese breeds (Hori et al., 2013). The DRD4 gene has been 

previously associated with lower reported curiosity but more highly vigilant 

temperaments (Momozawa et al., 2005) indicating that the DRD4 breed differences may 

be responsible for the temperament differences observed in the Thoroughbred and not in 

other native breeds (Hori et al., 2013). A subjective phenotype in the form of a handler-

completed questionnaire identified an association between HTR1A and tractability in a 

cohort of Thoroughbreds (Hori et al., 2016).  

Whilst stress and the cascade of biochemical changes that follow exposure to a 

stimulus were founded in survival of wild populations (Boyce and Ellis, 2005), repeated 

exposure to stressors results in chronic stress (Adell et al., 1988). Chronic stress is known 
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to have implications in health and wellness of animals and humans (Hausberger et al., 

2019; Garbarino and Magnavita, 2015; Frankham, 2005; Broom and Johnson, 1993), and 

has been previously described as the fundamental psychopathology not determined by 

genetics (Cabib, Campus and Colelli, 2012). Chronic stress has been suggested as having 

a fundamental role with chronic illness (Thorne et al., 2002), mental illness (Weiss et al., 

1981), and autoimmunity (Song et al., 2018). The link between stress and 

neurodegeneration (Pinto et al., 2015) has become a topic of interest in recent years. Not 

only are health and wellness of both humans and animals impacted negatively by chronic 

stress, but also performance in cognitive functioning (Harding, Paul and Mendl, 2004), 

memory (Tollenaar et al., 2008) and learning tasks through structural hippocampal 

changes (Pinto et al., 2015).  

Originating in the adrenal cortex, the hormone cortisol has been effectively used 

as an objective measure of stress response for the study of behaviour (Kalman and Grahn, 

2004). Measurements of serum and salivary cortisol concentrations have been used as a 

reliable indicator of both baseline stress levels (Bohák et al., 2013) and the stress response 

to novelty (Hada et al., 2003) as well as exposure to a stressor (Ishizaka et al., 2017). 

Salivary cortisol has also been used effectively to study saddling methods (Kędzierski, 

Wilk and Janczarek, 2014). Introducing a horse to tack and the early training events of 

being mounted by a jockey for the first time were investigated using heart rate (HR) and 

salivary cortisol concentration in a cohort of 22 half-bred Anglo-Arab horses. The first 

mounting by a rider was found, irrespective of the handling technique used, to 

significantly increase salivary cortisol concentration suggesting that it is a particularly 

stressful training event for the young, naïve horse encountering novel stimuli (Kędzierski 

et al., 2014).  
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Competition scores have also been used in conjunction with circulating cortisol 

levels to investigate whether there are neuroendocrinological contributions to 

performance (Munk et al., 2017). Competition scores of 126 Hanoverian horses 

competing in national show jumping and dressage events were analysed to investigate 

any relationship between the stress response measure -cortisol- and performance 

outcomes.  Across the three events sampled no clear relationship reaching significance 

was observed between these two variables. Only one of the three events showed a 

relationship between the scores and cortisol concentration (P <0.001). No age or sex 

effect was observed on cortisol concentration, but there was a measurable difference 

between the two sporting disciplines; the dressage horses had higher basal cortisol 

concentrations than show jumpers. Diurnal cortisol levels were measured at the home and 

competition environments, concurrent with the body of literature studying equine cortisol 

concentrations (Bohák et al., 2013; Peeters et al., 2011). Although there is some 

discordance in the associations between cortisol reactivity and temperament measured 

qualitatively, salivary cortisol is a well- established method to measure HPA activity in 

the horse in a non-invasive manner. 

Composite Selections Signals (CSS) methods have been successfully used in 

livestock species for identifying genes underlying monogenic and polygenic traits under 

selection (Randhawa et al., 2014; Randhawa et al., 2015). A CSS approach has been 

applied to Thoroughbred populations to identify genomic regions which have been targets 

of selection for the athletic Thoroughbred phenotype (McGivney et al., 2020). This 

approach has also been used in relatively small Thoroughbred populations when 

compared to the size of cohorts required by GWAS, to identify genomic regions under 

selection in regional subgroups, and these loci contained genes involved in the stress 

response, synapse development and locomotion (Han et al., 2020). The original 

composite of multiple signals (CMS) approach was developed using five fundamental 
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statistical tests and offers the advantage of using the multiple signals to detect location 

and causal variants (Grossman et al., 2010). However, the CSS approach has too been 

used to identify signals of selection with no a priori knowledge of allele distributions 

(Randhawa et al., 2014). The combination of evidence through the component statistics 

used may be particularly useful for research in the horse, a domesticated species, where 

selection for behavioural traits likely occurred from the origins of the horse-human dyad. 

The aim of the study was to employ a quantitative objective phenotype in a genome-

wide approach to identify novel genes that may underpin the stress response in young 

horses. 
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4.4. Materials and Methods 

Ethics statement 

The University College Dublin Animal Research Ethics Committee approved this 

research (AREC-E-17-39-Katz and LS-E-17-34-Holtby-Hill) and informed owners 

consent was obtained for use of the animals in research. 

Animal cohort 

A subset of n =34 Thoroughbred yearlings entering training and undergoing first 

time being backed by a jockey for the first time as described in detail in Chapter 2, were 

used for this study. As with all the cohorts studied in this project all horses were housed 

at a single racing training yard for the duration of the study period. Salivary samples were 

collected as described in detail in Chapter 2. 

Cortisol measurements 

As previously described in Chapter 2 saliva samples were collected from TB 

yearlings entering training undergoing being backed by a jockey for the first time (Table 

2.4 and Table 2.7, Chapter 2). Samples were collected using dental sponges held with 

blunt-ended forceps, and sponges placed into 1.5ml sterile collection tubes which 

contained a small piece of drinking straw in the base. Briefly, ‘pre-backing’ samples were 

collected from stabled horses at rest, located at the main training yard, prior to tack being 

applied ahead of the training session where the first backing by a jockey would occur. 

‘Post-backing’ samples were collected from stabled horses ~30 mins after the end of the 

first backing by a jockey training session was completed, before the horses had access to 

drinking water. As previously described cortisol samples were processed  using a 

commercially available Salivary Cortisol assay kit  (SalimetricsTM, Newmarket, U.K.). 
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Genotyping & QC 

DNA was isolated from whole blood samples and genotyped using the Affymetrix 

Axiom™ Equine 670K SNP genotyping array. Only samples with a genotyping rate of 

>95% and a minor allele frequency (MAF) of >5% were included for analysis. 

EquCab2.0 was remapped to EquCab3.0 using the conversion file from (Beeson 

et al., 2019). SNPs which could not be mapped to EquCab3.0 were removed from the 

data set.  

  

Data analysis 

Cortisol measurements 

The quantification of cortisol concentrations in the sample cohort is detailed in 

chapter 2. Briefly, cortisol concentrations were calculated by exporting raw read data 

generated by the microplate spectrophotometer (Epoch, BioTek® Instruments Inc.) in 

Microsoft Excel format, and reading into RStudio (R Core Team, 2019). Calculations of 

salivary cortisol concentration in nmol/L were performed using a custom R script which 

followed the standard protocol of the assay kit.  

Horses were assigned to two comparator cohorts for the purposes of identifying 

selection signals among horses that showed different responses to a novel, stressful 

stimulus. ‘High responders’ (n= 12) were assigned as cases, and ‘low responders’ (n= 12) 

were assigned as controls for the purposes of this analysis. The cohorts were selected by 

ranking the calculated percentage change response and assigning the highest 12 responses 

and the lowest 12 responses to the ‘high responder’ and ‘low responder’ groups 

respectively.  
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Composite selection signals (CSS) method 

The CSS method uses fractional ranks of fundamental tests excluding P value 

statistics to combine data of past selection from the fundamental selection tests. In this 

study the CSS analysis comprised the fixation index (FST), change in selected allele 

frequency (DSAF) and the cross-population extended haplotype homozygosity (XP-

EHH). The tests were combined into a composite statistic for each SNP. As in (Han et 

al., 2020) the CSS were computed with the following workflow: 

1) For each fundamental test, test statistics were ranked (1, …, n) genome-wide on n 

SNPs. 

2) Ranks were converted to fractional ranks (r) (between 0 and 1) by 1/ (n +1) through 

n (n+ 1). 

3) Fractional ranks were converted to z-values as z = F-1(r’) where F-1(•) is the inverse 

normal cumulative distribution function (CDF). 

4) Mean z scores were calculated by averaging z-vales across all fundamental tests at 

each SNP position and P-values were directly obtained from the distribution of 

means from a normal N (0, m-1) distribution where m is the number of fundamental 

test statistics. 

5) Logarithmic (–log10 of P-values) of the mean z-values were declared as CSS and 

were plotted against the genomic positions to identify the significant selection 

signals. 

6) To reduce spurious signals, the individual test statistics were averaged (smoothed) 

over SNPs across chromosomes within 1 Mb sliding windows. 

Selection peaks were defined, according to a modification of the approach by 

(Randhawa et al. 2014) where significant regions were defined by at least one significant 

SNP among the top 0.1% SNPs surrounded by five SNPs among the top 1%. In this study 
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stringency was such that significant selected regions were defined as those which 

consisted of ≥five SNPs among the top 0.1%. In the Thoroughbred linkage 

disequilibrium extends to up to 0.4 Mb (McCue et al., 2012)and so sliding windows of 

1Mb (± 0.5Mb) were deemed reasonable for this population. Using this tailored definition 

SNPs among the top 0.1% smoothed CSS value within the sliding windows were 

considered significant.  

One of the component selection signature statistics, ∆SAF, highlights differences in 

allele frequency between cohorts being analysed. This is useful for distinguishing the 

directional change in frequency distribution (Randhawa et al., 2014). For the purposes of 

this study the  ∆SAF was used to identify candidate genes within significant clusters 

ranked by overall CSS score. 

A CSS approach was used to investigate selection signatures among horses that were 

defined as ‘high responders’ when compared with those defined as ‘low responders’.  

Gene mining 

 Genes underlying the selection peaks as well as flanking regions (± 0.5 Mb) were 

mapped to an annotated protein coding gene list from EquCab3.0 downloaded from 

Ensembl (accessed: 2019-02-13). Genes identified were interrogated for functional 

significance. 

Functional enrichment analysis 

 All genes under the selection peaks, and in sliding windows were collated into a 

single gene list for examination using Ingenuity® Pathway Analysis (IPA®: Qiagen, 

Redwood City, CA, USA; release date June 2017). The reference set was the Ingenuity® 

Knowledge Base genes only and only default settings were used for a core variant effects 
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analysis. P values reported are as -log10 of adjusted P value taken after Benjamini-

Hochberg procedure (Benjamini and Hochberg, 1995). 
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4.5. Results 

Cortisol measurements 

 Salivary cortisol concentration, as presented in detail in Chapter 2, was used in 

the current study to define the behavioural phenotype of stress response to entering the 

race training environment for the investigation of genetic contributions to stress response 

in young Thoroughbred horses.  

Presented in Chapter 3 the response to first backing by a jockey was calculated as 

a percentage change in salivary cortisol concentration. In summary (Table 4.1) the change 

in cortisol concentration at first backing by a jockey is presented as absolute values, and 

calculated percentage change. Presented in Chapter 2 the mean difference amongst the 

entire cohort before and after first backing by a jockey was 8.51nmol/L (SD = 

7.62nmo/L). Percentage change is visualised in Figure 4.1, with absolute values 

visualised in Chapter 2 (Figure 2.6).  

The difference in cortisol concentration before and after first time being backed 

by a jockey was highly significant (P= 1.533 × 10-13) (Chapter 2). The mean response, 

data transformed as calculated percentage change, for the 12 horses ranked highest in the 

cohort was 652.19%, and the mean response for the 12 horses ranked lowest in the cohort 

was 81.81% (Chapter 3). Here, the difference in the response is presented in Figure 4.2. 

Table 4.1. Salivary cortisol concentrations of first backing cohort 

Measure Cohort n Mean ± SD Range 
% 

Change All 34 324.66% 346.96% -13.09 – 
1418.38% 

Absolute 
Difference All 34 8.51nmol/L 7.62nmol/L -0.58 – 

33.80nmol/L 

% 
Change 

High 
responder 12 652.19 390.91% 288.39 – 

1418.38% 

% 
Change 

Low 
responder 12 81.81  54.07% -13.1 – 

184.36% 
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Figure 4.1. Percentage change in salivary cortisol response to first backing for n=34 TB 
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Figure 4.2. Percentage change in salivary cortisol response to first backing for n=24 TB subdivided into comparator cohorts for 
the CSS analysis – low responders versus high responders 
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Composite Selection Signatures 

Horses were assigned into two comparator cohorts, ‘high responders’ versus ‘low 

responders’, for a CSS approach to investigate underlying genetic variation contributing 

to the phenotype.  

Eighteen distinct genomic regions of interest (ROI) were identified with signatures of 

selection. The strongest signal was located on ECA22 (Figure 4.3).  
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Figure 4.3. Manhattan plots of CSS and CSS (smooth) results for cortisol response to the first mounting by a jockey. 
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Eleven ROI were identified, defined by ≥ 5 SNPs in a cluster among the top 0.1% 

SNPs (Table 4.2). The ROI were located on ECA1, ECA2, ECA4, ECA7, ECA11, 

ECA12, ECA18, and ECA31.  

The top region ranked by CSS score (CSS score = 6.9) was located on ECA22. This 

ROI spanned ~1.6Mb, and contained seven  genes; NK2 Homeobox 2 (NKX2-2), 5’-3’ 

Exoribonuclease 2 (XRN2), Kizuna Centrosomal Protein  (KIZ), Ral GTPase Activating 

Protein Catalytic Subunit Alpha 2 (RALGAPA2), Crooked Neck Pre-MRNA Splicing 

Factor 1 (CRNKL1), N-Alpha-Acetyltransferase 20, NatB Catalytic Subunit (NAA20) and 

Ras And Rab Interactor 2 (RIN2).  

The second ranked ROI  ( CSS score =  5.5) was located on ECA12. The region 

contained eight genes; troponin T3, fast skeletal type (TNNT3), insulin like growth factor 

(IGF2), insulin (INS), potassium voltage-gated channel subfamily Q member 1 (KCNQ1), 

tetraspanin 32 (TSPAN32), CD81 molecule (CD81), tumour suppressing subtransferable 

candidate 4 (TSSC4) and transient receptor potential cation channel subfamily M member 

5 (TRPM5). 

Two loci were identified with CSS scores 4- 5 where no genes were contained within 

the ROI. A short region spanning ~0.06Mb on ECA2 (CSS score = 4.97) was close to 

five genes in the 500kb upstream flanking region and four genes located in the 500kb 

downstream flanking region. A second, was on ECA7 (CSS score = 4.04), with four genes 

in the 500kb upstream flanking region and four genes located in the 500kb downstream 

flanking region.  

A short region was identified on ECA18, spanning ~0.22Mb , that contained two 

genes; mitogen-activated protein kinase 20 (MAP3K20), cell division cycle associated 7 

(CDCA7). 

A region identified on ECA31 contained just one gene poly(ADP-Ribose) 

glycohydrolase (PACRG), which was downstream of another single gene, QKI, KH 
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domain dontaining RNA binding (QKI). Another region identified containing just one 

gene, B-raf proto-oncogene, serine/threonine kinase (BRAF), was on ECA4. This locus 

had 22 genes in the upstream and downstream flanking regions. 

Two chromosomes (ECA1 and ECA11) had more than one locus identified among 

the top 0.1% SNPs that were within 1Mb of each other. Two loci (maximum CSS score 

3.71-4.15) on ECA1 (32.94-33.03 and 36.79-37.17) separated by a region of <4Mbs. The 

compound locus contained a total of 5 genes within the ROI defined by CSS. Two loci 

(maximum CSS score >4) on ECA11 were separated by <1Mb (3.96-4.07 and 4.58-4.65). 

This compound locus contained only one gene within the ROI (3.96-4.07) cytohesin 1 

(CYTH1) with 44 genes (24, and 20 genes respectively) within the upstream and 

downstream flanking regions. All CSS results are detailed in Table 4.2. 
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Table 4.2. Genomic regions of interest defined by clusters with ≥ 5 SNPs among top 0.1% SNPs identified by first backing 
response behavioural phenotype ranked by composite selection (CSS) signal. 

ECA Top 0.1% 
SNPs (n) Region (Mb) Top CSS 

score 
Cluster 

genes (n) 
Genes within 

region 
Genes Upstream 

(± 0.5Mb) 
Genes Downstream 

(± 0.5Mb) 

22 75 3.56-5.25 6.93 7 

NKX2-2, 
XRN2, KIZ, 
RALGAPA2, 

CRNKL1, 
NAA20, RIN2 

  SLC24A3, SCP2D1 

12 66 34.24-35.08 5.47 8 

TNNT3, IGF2, 
INS, KCNQ1, 

TSPAN32, 
CD81, TSSC4, 

TRPM5 

SHANK2, DHCR7, 
NADSYN1 

SLC22A18, NAP1L4, 
CARS, HRAS, 

LRRC56, LMNTD2, 
RASSF7, PHRF1, 

IRF7, CDHR5, 
DEAF1, EPS8L2, 
TALDO1, GATD1, 

CEND1, SLC25A22, 
CRACR2B, CD151, 
TSPAN4, CHID1, 
AP2A2, POLR2L 

2 8 61.92-61.98 4.97 0   
ADAM29, GLRA3, 

HPGD, CEP44, 
FBXO8 

HAND2, SCRG1, 
HMGB2, GALNT7 
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18 16 52.2-52.42 4.43 2 MAP3K20, 
CDCA7 

HAT1, METAP1D, 
DLX1, ITGA6, 

PDK1, RAPGEF4 

SP3, OLA1, CIR1, 
SCRN3, GPR155, 

WIPF1 

11 6 4.58-4.65 4.31 0   

RBFOX3, 
ENGASE, 
C1QTNF1, 

CANT1, 
LGALS3BP, 
CEP295NL, 

TIMP2, USP36, 
CYTH1, SOCS3, 

TMEM235, 
AFMID, TK1, 

SYNGR2, TMC8, 
TMC6, TNRC6C 

SEC14L1, MGAT5B, 
MFSD11, METTL23, 

JMJD6, 
ST6GALNAC1, 

CYGB 

11 10 3.96-4.07 4.20 1 CYTH1 

CBX8, CBX2, 
ENPP7, RBFOX3, 

ENGASE, 
C1QTNF1, 

CANT1, 
LGALS3BP, 
CEP295NL, 

TIMP2, USP36 

SOCS3, TMEM235, 
AFMID, TK1, 

SYNGR2, TMC8, 
TMC6, TNRC6C 

1 5 36.79-37.17 4.15 2 38412, BTAF1 

CEP55, MYOF, 
CYP26A1, 

EXOC6, HHEX, 
KIF11, IDE 

PPP1R3C, HECTD2, 
ANKRD1, RPP30, 

HTR7, PCGF5 
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31 10 6.26-6.41 4.09 1 PACRG QKI   

7 12 16.32-16.39 4.04 0   

GRIA4, 
MSANTD4, 
KBTBD3, 

AASDHPPT 

GUCY1A2, 
CWF19L2, ALKBH8, 

ELMOD1 

4 5 93.83-93.9 3.95 1 BRAF 

HIPK2, TBXAS1, 
PARP12, KDM7A, 
SLC37A3, RAB19, 

MKRN1, 
DENND2A, 

ADCK2, NDUFB2 

MRPS33, AGK, 
KIAA1147, WEE2, 
SSBP1, TAS2R3, 

TAS2R4, PRSS37, 
CLEC5A, TAS2R38, 

MGAM 

1 9 32.94-33.03 3.71 3 
TLL2, 

OPALIN, 
DNTT 

UBTD1, MMS19, 
ZDHHC16, 

EXOSC1, RRP12, 
SLIT1, LCOR, 

PIK3AP1, TM9SF3 

BLNK, CCNJ, 
ENTPD1, TCTN3, 

ALDH18A1, 
SORBS1, PDLIM1 
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Candidate genes for the stress response 

Significant ROI were identified on ECA12 and ECA22 (Table 4.2). The most 

significant region ranked top by CSS score was on ECA22 containing NKX2-2. Results 

are given in table 4.3.  

 

Table 4.3. Selected genomic regions (≥5 SNPs) among top 0.1% SNPs 
identifying candidate genes for stress response at first backing by a 
jockey.  

 

ECA Region 
(Mb) 

Top 
0.1% 
SNPs 

(n) 

Top 
CSS 

score 

Cluster 
genes 

(n) 

Candidate 
genes Gene function 

22 3.56-
5.25 75 6.93 7 

NKX2-2 

Nuclear 
transcription 

factor, 
dopaminergic 
neurogenesis 

RIN2 

Signal 
transduction, 
regulation of 

GTPase activity 

XRN2 Hippocampus 
development 

12 34.24-
35.08 66 5.47 8 

IGF2 

Major mammalian 
foetal growth 

hormone, 
differentiation of 

dopaminergic 
neuron-like cells 

in the brain 

KCNQ1 

Sensory 
perception of 

sound, cardiac 
functioning 

SHANK2 
Excitory synaptic 

junction 
functioning 
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Functional enrichment analysis 

Functional enrichment analysis was performed among the set of 182 genes 

identified within the top 0.1% ROI. The top canonical pathway was PI3K Signalling in B 

Lymphocytes. The top five canonical pathways are given in Table 4.4. 

Table 4.4. Top five canonical paths identified by IPA. 

Ingenuity Canonical Pathways P value 

PI3K Signalling in B Lymphocytes 5.24 ×10-3 

NAD biosynthesis II (from tryptophan) 5.50 ×10-3 

Gustation Pathway 8.04 ×10-3 

Acyl Carrier Protein Metabolism 8.05 ×10-3 

Cancer Drug Resistance By Drug Efflux 1.15 ×10-2 

 

The top five over-represented physiological system development and functions 

are presented in Table 4.5. These included Behaviour, Nervous System Development and 

Function, and Embryonic Development. 

Table 4.5. Top five Physiological System Development and Functions 
identified by IPA 

Name P value (range) 

Connective Tissue Development and Function 1.37 ×10-2 - 1.51 ×10-4 

Behaviour 8.05 ×10-3 - 1.92 ×10-4 

Digestive System Development and Function 1.23 ×10-2 - 1.92 ×10-4 

Nervous System Development and Function 1.55 ×10-2 - 1.92 ×10-4 

Embryonic Development 1.34 ×10-2 - 3.83 ×10-4 
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4.6. Discussion 

Here, using an objective behavioural phenotype that was derived from the salivary 

cortisol response to first backing, novel, underlying genetic contributions to stress 

response in the Thoroughbred have been identified. Generally, genome-wide association 

studies require very large data sets to detect significant associations with complex traits. 

The novel application of a composite selection signals approach (CSS) has been used to 

assess variance in the genetic architecture between discrete breeds of horses with distinct 

evolutionary trajectories to identify genes segregating for muscle function, locomotion, 

behavioural plasticity (Han et al., 2020) and other targets of selection for athletic traits in 

small cohorts of Thoroughbreds (McGivney et al., 2020). For the first time this study used 

a genome-wide approach to evaluate a behavioural trait through the CSS method.  

 As with other complex traits, behavioural traits are likely to be influenced by multiple 

genes rather than being under monogenic control. Without the availability of a large 

dataset where genotypes and well-defined phenotypes exist for thousands of horses it is 

not possible to measure the heritable contribution to behaviour. Nonetheless, the CSS 

approach can expose quantitative trait loci with small effect sizes where a GWAS may be 

inconclusive (Storz, 2005) especially with smaller cohort numbers. Selection signals 

methods also enable identification of SNPs at influential loci, even where phenotypes 

show small selection coefficients (Storz, 2005). Of particular importance since selection 

for behavioural traits has likely been occurring since the origins of the Thoroughbred, 

CSS methods have the advantage of detecting selection even if the favourable alleles are 

fixed before the time of investigation (Qanbari and Simianer, 2014).  

Salivary cortisol has been used in this study as an objective measure of stress response 

to a key training milestone the career of a young racehorse. Salivary cortisol was chosen 

as a robust behavioural phenotype, having been extensively used in the study of behaviour 
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in the horse, and has been demonstrated to sensitively measure variation in stress response 

in a cohort of young Thoroughbreds entering the training environment (Chapter 2).  

Stress response, the biological reaction to environmental cues, serves to prepare the 

individual to act in an effort co-ordinated by sophisticated neuroendocrine molecules and 

circuitry. Amongst other purposes stress response plays a role in refining circuitry (De 

Miguel et al., 2019) that, itself, mediates future behavioural response to environmental 

cues (Adell et al., 1988). In this study, using stress response as a phenotype, provides 

insight into the pre-action phase of stress response behaviours. This pre-action phase may 

not be easily, if at all, observed by those caring for and training the young horses. The 

findings here of a common genetic architecture among horses with shared cortisol 

response characteristics, show that there are differences between the pre-action phase of 

response to environmental cues amongst the individual animals in the cohort of young 

racehorses sampled. This behavioural trait, whilst potentially silent, may influence 

subsequent components of stress response behaviours such as ‘flight’ or aggression 

through systemic arousal.  

The CSS method applied here identified ROI showing significant clusters of SNPs 

containing genes with known functions in nervous system development and immune 

response. Candidate genes that may be contributing to the stress response among young 

horses were identified based on the location of the highest-ranking SNPs in the ROI, and 

reviewing gene functions that we hypothesise may contribute to the trait.  

NKX2-2, a homeobox gene located in top CSS ranked region on ECA22 plays a role 

in serotonergic neuron specification and differentiation (Smidt and Van Hooft, 2013), and 

cholinergic system development, learning and memory (Magno et al., 2017). Another 

gene found within this cluster on ECA22, XRN2, is involved with hippocampal 

development through DNA binding and transcription (Morales et al., 2016; Kinjo et al., 
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2013). RIN2 is also located within this key cluster. RIN2 is a Ras-Rab interactor protein 

which regulates GTPase activity (Fernandez-Borja, 2012). GTPases facilitate cellular 

functioning and behaviour, and action signal transduction (Filić et al., 2018). In murine 

research small GTPases such as Rab17 have been demonstrated in regulating 

hippocampal dendritic morphogenesis (Mori, Matsui and Fukuda, 2013). The 

hippocampus is an area of the brain particularly vulnerable to long term stress (Sapolsky, 

2000), and benefits from the effects of exercise (Basso and Suzuki, 2017). Perhaps this 

can be considered most interesting when taking into account the targeted selection toward 

an athletic phenotype in the Thoroughbred.  

Of particular interest is the overlap of the top ranked cluster on ECA22 with signatures 

of selection that have previously identified in Thoroughbreds (Moon et al., 2015). The 

RALGAPA2 and RIN2 genes were identified in a genome-wide scan for selective sweeps 

in racehorses, where it was suggested that this region is under strong selection. 

Interestingly, the selective sweeps were identified using the FST statistic by comparing 

Thoroughbred sequences with sequences obtained from two Jeju ponies  (Moon et al., 

2015). Previous candidate gene studies have identified variation in behaviour-related 

genes when comparing the Thoroughbred to non-Thoroughbred breeds (Hori et al., 2013; 

Ninomiya et al., 2013; Momozawa et al., 2005; Hori et al., 2016). 

The ∆SAF can often help to identify candidate genes since it is likely to be the closest 

SNP to a functional variant (Han et al., 2020). This makes ∆SAF useful when evaluating 

ROI and possible candidate genes within those regions, particularly where regions are 

large and clusters contain multiple genes. Three of the top 15 regions as ranked by ΔSAF 

were all located on ECA22, and NKX2-2 is located most closely to a SNP ranked third by 

ΔSAF. 
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The second ranked region according to ΔSAF contained the fourth ranked SNP 

located on ECA12, which was a region ranked second in top 0.1% SNPs by overall CSS 

score. This locus contained genes insulin like growth factor (IGF2) and insulin (INS), and 

is close to gene SH3 and multiple ankyrin repeat domains 2 (SHANK2). SHANK2 is a 

synaptic scaffolding gene in postsynaptic density of developing brain and excitatory 

synapses (Lim et al., 1999). SHANK2 has been associated with intellectual disability and 

autism spectrum disorder (Berkel et al., 2010). IGF2, is an important mammalian growth 

factor which has been associated with a reactive, inhibited behavioural profile in children 

(Pardo et al., 2019). In a rodent study IGF2 has been shown to play an chief role in 

memory consolidation and enhancement through long-term potentiation (Chen et al., 

2011).  

The fourth ranked SAF SNP is closest to Potassium voltage-gated channel 

subfamily Q member 1 (KCNQ1). Identified as the top region of interest by the XP-EHH, 

with the top 32 SNPs, also ranked 2nd by ΔSAF a region on ECA12 contained 8 genes of 

which KCNQ1 was included. Ion channel gene KCNQ1 is involved in cardiac conduction 

pathways and has been associated with long Q-T syndrome (Maguy et al., 2020), and 

atrial fibrillation (Zhou et al., 2019). Over expressed in the adrenal gland, mutations in 

KCNQ1 have been demonstrated to cause deficiency in pituitary hormone (Tommiska et 

al., 2017). Potassium voltage-gated channels are central to the regulation of neuronal 

excitation (Brown and Delmas, 2005), and the inhibition of KCNQ1 was shown to act on 

prefrontal neurons (Rannals et al., 2016). The prefrontal cortex is an area of the brain 

concerned with processing of sensory information, and is an expanded area of the modern 

equine brain (Mills and Nankervis, 1999).  

To understand the function of genes located within and flanking the SNP clusters 

a functional enrichment analysis was performed using IPA. Functional processes, systems 
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and canonical pathways overrepresented in the gene list significantly associated with the 

endophenotype, salivary cortisol response to first backing by a jockey, were established. 

The functional enrichment analysis identified an overrepresentation of genes associated 

with behaviour, developmental, metabolic and immunological processes.  

The top five canonical pathways included NAD biosynthesis II (from Tryptophan) and 

Acyl Carrier Protein Metabolism. NAD+ is a ubiquitous coenzyme responsible for 

homeostasis, and regulation of immune responses (Rodriguez Cetina Biefer, Vasudevan 

and Elkhal, 2017). A metabolic synthesis in which tryptophan plays a fundamental role 

is serotonin (Rodriguez Cetina Biefer et al., 2017), which is of note within the context of 

a behavioural phenotype. The serotonin system gene HTR7, a gene previously identified 

as being linked to precocity in Thoroughbreds (Farries et al., 2018), similar to HTR1A 

previously associated with tractability in Thoroughbreds (Hori et al., 2016), was 

identified in this study located in a flanking region among top 0.1% SNPs on ECA1. The 

role of candidate NKX2-2 in serotonergic differentiation, and the identification of HTR7 

here indicate that the serotonin system may be playing a central role in adaption to 

training. The variation observed in previous studies in the training behaviour phenotypes; 

tractability (Hori et al., 2016), precocity (Hori et al., 2016; Farries et al., 2018) and here: 

‘pre-action phase stress response’ have all been associated with serotonergic receptors, 

or genes with known serotonergic functions. In humans HTR7 has been suggested as a 

candidate for neuro-psycho-pathologies including autism spectrum disorder (Lassig et 

al., 1999). Interestingly HTR1A has been previously proposed in shaping aggressive 

behaviours in rats (Popova, Naumenko and Plyusnina, 2007).  

The hypothesis that variation in stress response behaviour is influenced by variation 

in the underlying genotype is supported here by the significant physiological system 

development and functions ranked by IPA identified. ‘Behaviour’ (P =8.05 ×10-3 - 1.92 
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×10-4), ‘Nervous system development and function’ (P =1.55 ×10-2 - 1.92 ×10-4), and 

“Embryonic development’ (P =1.34 ×10-2 - 3.83 ×10-4) were all shown to be significantly 

overrepresented in the gene list from regions identified by the CSS approach. Through 

IPA interrogation of the top 0.1% genes identified by CSS SHANK2 was reported within 

the significant overrepresentation of behavioural  genes with known associations to 

human social communication and vocalisation in autism-spectrum disorder (Berkel et al., 

2010), as well as an involvement in the clustering of hippocampal neurons in murine 

research (Peykov et al., 2015). This strengthens the suggestion of polygenic influence on 

stress response through hippocampal neurogenesis and regulation. 

Behaviour, as a function to survive in and adapt to the changes in environment can be 

characterised and studied in many ways. Here as an objective, quantitative phenotype 

derived from salivary cortisol measurements sampled at a stressful period in the life of 

the young thoroughbred the genes within the regions of interest identified here indicate 

the influence of adaptive system genes and facilitators of plasticity. From this study it can 

be proposed that the pre-action phase of stress response in the Thoroughbred, seems to 

influenced by multiple genes which are known to facilitate and contribute to composite 

modules of the stress response itself through neurodevelopment, immune response and 

metabolism. An understanding to the extent of individual variation in stress response, and 

how pre-defined this is by genotype could help to guide management of young horses in 

order to mitigate against potential detrimental effects of chronic stress, and prolonged 

cortisol exposure.  
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4.7. Concluding remarks 

 For the first time this study has used CSS methods to identify targets of selection 

for behavioural traits, specifically stress response behaviour, in the horse. Horses in this 

cohort assigned as ‘high-’ and ‘low-responders’ to ‘salivary cortisol response to first 

backing by a jockey’ showed genetic variation at loci containing behavioural, nervous 

system, and developmental systems genes. Whilst these findings show significant genetic 

similarities amongst horses with shared stress response characteristics, the exact genetic 

variants and mechanisms driving the response remains unknown. The genes identified 

through a CSS approach suggest that stress response in the horse shares genetic 

architecture and mechanisms that have been previously observed in humans. 
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5.2. Abstract 

 The modern domestic horse has been developed during ~5500 years of 

domestication and it has been shown by recent genomic investigations that genes that 

may contribute to temperament and behavioural traits may have been under selection 

during this time. It is widely acknowledged in the racing industry that temperament traits 

can influence a horse’s training and racing progression, and recent studies of precocity 

traits and prediction for racing durability have shown that genes with known 

neurobiological function influence these racing performance phenotypes. Racehorse 

trainers observe the horses in their care and modify husbandry and exercise regimen 

according to their perception of how the horses are ‘coping’ with the demands of training. 

Questionnaire assessment is a well-established method for measuring behavioural traits 

in the horse, and this thesis has used a handler-completed questionnaire to evaluate 

genetic variation associated with perceived ‘coping’ as well as other temperament traits 

in the Thoroughbred. The current study aimed to test the hypothesis that there are genetic 

contributions to handler-assessed behaviour in the Thoroughbred in the training 

environment. Perceived ‘coping’ was prospectively assessed in a test set cohort of n= 96 

Thoroughbreds entering training and used to phenotype this population for a composite 

selection signals (CSS) analysis. Thirteen regions of interest were identified on ECA1, 

ECA3, ECA7, ECA8, ECA11, ECA13, ECA14, and ECA21. The highest CSS score was 

observed for a cluster of SNPs located on ECA1 that contained 190 SNPs among the top 

0.1%. The most strongly selected loci revealed three key regions, two located on ECA1 

and one located on ECA14. Interrogation of these results using Ingenuity® Pathway 

Analysis revealed selection at loci within GABA genes, as well as genes involved with 

neuroinflammation and GTPase signalling. A SNP association test was performed on a 

larger validation cohort of n =754 horses where perceived ‘coping’ was retrospectively 

assessed. No SNPs were significantly associated with this phenotype after correction for 
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multiple testing. Two SNPs with the lowest P values (both P =0.04) were located on 

ECA1 and ECA14, but further work is required to validate any statistical importance of 

these loci. This study has shown for the first time that phenotypes derived from the 

subjective observations made by handlers and trainers can be used to detect variation 

within the genome of the horse, as has been anecdotally suggested within industry. 
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5.3. Introduction 

The modern horse is a result of hundreds of thousands of years of evolution 

(Librado et al., 2016). Evolving from a free-ranging, social lifestyle as a grazing animal, 

the modern, domesticated horse now often inhabits a relatively socially isolated 

demanding environment with performance expectations (Mills and Nankervis, 1999). 

Recent advances in genetic and genomic technologies have identified hallmarks of 

selection in the horse genome containing genes for temperament, behaviour and cognition 

which have shaped the horse during the process of domestication (Petersen et al., 2013; 

Schubert et al., 2014). The Thoroughbred racehorse has subsequently been developed 

over 300 years by selecting for traits associated with racecourse performance and success 

(Bower et al., 2012). 

During a racehorse’s development, trainers and handlers observe, and modify 

accordingly, the individual training regimes and environment for each horse in their care. 

There is a body of anecdotal evidence presented in post-race interviews, industry specific 

lay publications and discussed at industry events which supports the supposition that 

behaviour and temperament play a role in performance at the racetrack. Multiple studies 

have shown that racing ability and suitability to the racing and training environment has 

a heritable component (Velie, Hamilton and Wade, 2015; Tozaki et al., 2012; Gaffney 

and Cunningham, 1988; Field and Cunningham, 1976). Recent studies have investigated 

genetic variants associated with likelihood to race and precocity traits, and these have 

identified genes with known functions in neurological system development and 

functioning (Farries et al., 2018; McGivney et al., 2019). Notably, one of the genes 

associated with racecourse starts (McGivney et al., 2019) neurotrimin (NTM) was also 

previously highlighted as a hallmark of domestication in the horse (Schubert et al., 2014). 

Another gene associated with racecourse starts,  the prolylcarboxypeptidase gene 
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(PRCP), has been shown to be associated with voluntary wheel running in mice (Kelly et 

al., 2012). Also two SNPs within the serotonin receptor gene, HTR7, have been found to 

be significantly associated with age at first race and age at best race (Farries et al., 2018). 

These results suggest that genes influencing neurological systems may be important to 

the Thoroughbred athletic phenotype. 

The cognitive and behavioural influence on performance and training for high 

performance equine sporting disciplines has been discussed for Racing, Show Jumping, 

and Dressage, and it is suggested that high emotional arousal, often referred to as the fight 

or flight response, is required for high levels of racing performance (McBride and Mills, 

2012). Yet if this response causes behaviours which endanger the handlers or animal 

itself, such as where a horse may violently avoid being loaded onto a lorry, or into starting 

stalls at the racetrack, then this variation in behavioural response to stimuli can be 

described as unfavourable. As such, in Australia horses are required to gain a barrier ticket 

demonstrating they can safely enter and exit the barriers (starting stalls) and race safely 

with a group of horses ahead of racing at a racecourse. 

It has been reported that less than half of Thoroughbred foals born in Britain and 

Ireland have a racecourse start at two-years-old (Wilsher, Allen and Wood, 2006). In a 

cohort of horses studied (n >1000) 10% of horses did not continue in training as 3 year-

olds. Of this 10% (n =106) either died or were destroyed due to temperament or injury, 

whilst 30% retired to stud (Wilsher et al., 2006).  Notably, of the reasons contributing to 

the two-thirds of animals with so-called non-performance a survey of trainers reported 

that a filly’s sire, not her racecourse performance heavily influences decisions regarding 

breeding status (Wilsher et al., 2006).  

Candidate gene studies have provided some evidence supporting associations 

between trainability and genetic polymorphisms in neuroreceptor genes including the 
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serotonin receptor gene HTR1A in the Thoroughbred (Hori et al., 2016). Associations 

between temperament and the dopamine receptor gene DRD4 were identified by using 

the same candidate gene approach (Momozawa et al., 2005b). A candidate gene study 

investigating genetic influence in elite human athletic performance found polymorphisms 

in the dopamine receptor gene DAT to be associated with elite performance (Filonzi et 

al., 2015). DAT polymorphisms have previously been found to have a role in anxiety and 

depression symptoms in patients with neurodegenerative disease (Parkinson’s) 

(Weintraub et al., 2005). 

To establish behavioural phenotypes, questionnaires are commonly used and have 

been validated as useful methods for objectively describing equine behavioural profiles 

(Finn et al., 2016; Ijichi et al., 2013; Momozawa et al., 2003; Momozawa et al., 2005a; 

Momozawa et al., 2007; Roberts et al., 2016). Using the assessed behavioural profile as 

developed by a questionnaire variation in the DRD4 gene was shown to be associated 

with personality, temperament and behavioural responses to the environment (Hori et al., 

2013; Momozawa et al., 2005b; Ninomiya et al., 2013; Roberts et al., 2016). Behavioural 

response, measured by observation and categorisation of response, to veterinary 

procedure has also been shown to have a heritable component in the Thoroughbred (Oki 

et al., 2007). 

The aim of this study was to test the hypothesis that there are genetic contributions 

to handler-assessed stress response behaviours in the Thoroughbred horse in a racing 

training environment. This study used a behavioural assessment questionnaire to 

investigate whether animals that were described by handlers as not ‘coping’ well with the 

rigors of the racing / training environment shared common genetic variants. 
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5.4. Materials and Methods 

Ethics statement 

The University College Dublin Animal Research Ethics Committee approved this 

research (LS-E-17-34-Holtby-Hill) and informed owners consent was obtained for use of 

the animals in research. 

Animal cohort 

A test set of n = 96 Thoroughbred horses prospectively assessed for perceived 

‘coping’ behaviour was used for a Composite Selection Signals (CSS) analysis. The 

subjectively assessed perceived ‘coping’ behaviour phenotypes are described in detail in 

Chapter 3. Briefly, all horses were yearlings entering training at the time of assessment 

and born in 2017. All horses and were untrained and therefore unbiased for racing ability. 

There were no recollection issues reported by the handlers for the animals in this cohort 

since they were assessed prospectively, upon entering the training facility. 

A larger set of n = 830 Thoroughbred horses with mixed year of birth (YOB 2007-

2014) (Table 5.2) were retrospectively assessed for perceived ‘coping’ using the same 

question “How did this horse adjust to and live with the stresses of the racing/training 

environment?” as used to prospectively assess perceived ‘coping’ in the test set (Chapter 

3). Response options were ‘well’, ‘average’ and ‘not well’ and the same descriptors were 

provided as were used for the prospectively assessed perceived ‘coping’ in the test set 

(Table 5.1). The retrospective questionnaire provided to handlers is included as Appendix 

II.  

Only horses n = 758 for which the recollection by the handlers was reported as 

‘Good’ or ‘Very Good’ were included for genetic analysis. Existing 50K – 670K equine 

SNP array genotypes were available for n = 754 of horses, that were included in the SNP 
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association study. All horses had been maintained in a single racing yard in Ireland and 

trained for Flat racing between 2007 and 2014. 149 sires and 401 dams were represented 

by the cohort (Tables 5.1 and 5.2).  

Table 5.1. Details of prospectively assessed test set cohort 

Coping n % 

Total number of horses 96 100 

YOB (range) 2017 n/a 

Males (n) 48 50% 

Females (n) 48 50% 

Sires represented (n) 18 n/a 

Dams represented (n) 96 n/a 

 

Table 5.2.  Details of retrospectively assessed validation cohort 

Coping N % 

Total number of horses 754 100 

YOB (range) 2007-2014 n/a 

Males (n) 362 48% 

Females (n) 392 52% 

Sires represented (n) 148 n/a 

Dams represented (n) 401 n/a 
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Equine handlers 

The questions in the handler-completed assessment were answered by three of the 

senior handlers at the host yard, with responsibility over the care and training of the horses 

included the study. The handlers discussed their responses, and all agreed upon a single 

response option for each horse, for each question. The handlers who took part in this study 

have extensive experience in the racing industry, and race training process, and were 

therefore considered to have ample expertise to comment on the behaviours being 

assessed.  

Qualitative Behavioural Phenotypes 

The qualitative behavioural phenotype that characterised perceived ‘coping’ in this 

study has been described in full in Chapter 3. Briefly, an abridged handler-completed 

behavioural assessment was modified from three scientific publications (Momozawa et 

al., 2005a; Roberts et al., 2016; Finn et al., 2016). A reduced number of questions and 

response options were refined for this study to allow for practical and timely completion 

by handlers working in an active racing yard. All questions and response options were 

reviewed with the handlers prior to commencement of the study to ensure a clear 

understanding of the terminology and descriptions used. 

The behavioural assessment that characterises the phenotype comprised two 

independent questions with standardised responses and descriptors provided to handlers 

(Table 5.3). As described previously (Chapter 3) handlers were asked to report how well 

they recalled each horse, and this response was used as a quality control measure to 

identify any horses in the cohort where there was insufficient recollection to rely upon 

the data. Only responses where recollection was “Good” or “Very Good” were included 

in further analyses. 
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Table 5.3. Questions and response descriptors for a retrospective handler-completed assessment of stress response behaviour 
in an extended cohort of Thoroughbred racehorses. 

 

Question Response Options Response Descriptor  

How did this 
horse adjust to 
and live with 

the stresses of 
the racing/ 

training 
environment? 

Not Well 

The horse did not adjust to and live with the racing/training routine and environment as 
expected after a normal period of adjustment. The horse could be difficult to handle in 

the yard and required careful management to settle. The horse would often show 
adverse behaviours (e.g. kicking the door, stamping hooves, head tossing, pinning 

back ears). 

Average 

The horse adjusted to and lived with the racing/ training routine and environment and 
settled after a period of adjustment (as expected). The horse was mostly easy to 
handle in the yard only rarely showing adverse behaviours (e.g. kicking the door, 

stamping hooves, head tossing, pinning back ears). 

Well 
The horse settled into the racing/ training yard and managed with the routine and 

environment with only a very short period of adjustment. The horse was settled and 
easy to deal with on the yard, and did not require specific management. 
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Genotyping & QC 

DNA was isolated from whole blood samples and genotyped using either Illumina 

Equine SNP50 BeadChip, Illumina Equine SNP70 BeadChip, or Affymetrix Axiom™ 

Equine 670K SNP genotyping array. Only samples with a genotyping rate of >95% and 

a minor allele frequency (MAF) of >5% were included in downstream analyses. 

Samples used for these genetic analyses were part of a larger data set in which samples 

genotyped on lower density arrays were imputed to 500K using a reference set of 6,664 

Thoroughbreds genotyped on the Affymetrix Axiom™ Equine 670K SNP genotyping 

array. 

EquCab2.0 was remapped to EquCab3.0 using the conversion file from (Beeson 

et al., 2019). SNPs which could not be mapped to EquCab3.0 were removed from the 

data set. SNP names were revised to standardise across the SNP genotyping platforms 

using the NCBI published RS symbols and, where absent, using chromosome number and 

bp position in the following format; chrN_BP e.g. chr1_31946694. 

For the purpose of imputation a MAF threshold of >0.0005 (Roshyara et al., 2014) 

was applied using PLINK version 1.9 (Purcell et al., 2007). SNP and individual 

genotyping call rates were greater than 90% for all samples. SNP positions were based 

on the EqCab3 genome assembly (Schaefer et al., 2017) and SNPs which could not be 

mapped were discarded. This resulted in 488,576 SNPs remaining for imputation. 

Imputation was performed using the BEAGLE version 5.0 software. The 670K samples 

were phased and used as the reference set for imputation and phasing of the 70K samples. 

Beagle provides a dosage R-squared (DR2) quality metric. Imputed SNPs with a DR2 < 

0.3 were excluded from further analysis and a MAF <0.01 was applied as imputation 

accuracy is reduced at lower minor allele frequencies.  
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As the Equine SNP670 chip was developed for use in multiple breeds many 

variants are uninformative in the Thoroughbred either due to fixation/low minor allele 

frequencies or due to complete linkage disequilibrium with neighbouring variants 

(Schaefer et al., 2017). To remove SNPs in near complete linkage disequilibrium a high 

threshold pruning was applied, in PLINK using the ‘indep’ function with a 50 SNP sliding 

window moving 5 SNPs and a variance inflation factor (VIF) of 100 which corresponds 

to a R2 of > 0.99 across SNPs. The VIF is 1/(1-R2) where R2 is defined in the PLINK 

software suite as “the multiple correlation coefficient for a SNP and all other SNPs in the 

window based on allele counts” (Purcell et al., 2007). 

The quality control measures resulted in a set of 245,933 SNPs available for 

haplotype analysis. Phasing was performed with BEAGLE version 5.0 software using 

default parameters without pedigree information. Further details of the imputation 

protocol are provided in Appendix III.  

Data Analysis 

Questionnaire responses 

As detailed for the test set of prospectively assessed horses (n = 96) (Chapter 3), 

the questionnaire responses for the larger (n = 836)  retrospectively-assessed cohort were 

inputted into Microsoft Excel and formatted in Rstudio (R Core Team, 2019) using 

Tidyverse [version 1.2.1] (Wickham, 2017). Horses were excluded from further analysis 

where ‘No recollection’ was the given response for the recall Question “How well do you 

recall this horse?”. A total of n = 830 horses remained following this quality control 

criteria. 

For the Composite Selection Signals (CSS) analysis the test-set of n = 96 horses 

were assigned to two comparator cohorts for the purposes of identifying selection signals 
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for perceived ‘coping’ (Chapter 3). Horses categorised as ‘coping’ “Not Well’ and 

‘Average’ (n= 29) were assigned as cases, and horses categorised as ‘coping’ ‘Well’ (n= 

67) were assigned as controls. 

Composite Selection Signatures 

CSS analyses have been used successfully to identify genomic regions associated with 

monogenic and polygenic traits which are under selection (Randhawa et al., 2014; 

Randhawa et al., 2015). A CSS method uses fractional ranks of constituent tests excluding 

P value statistics to combine data of past selection from the selection tests. In this study 

the CSS analysis comprised the fixation index (FST), change in selected allele frequency 

(∆SAF) and the cross-population extended haplotype homozygosity (XP-EHH). The tests 

were combined into a composite statistic for each SNP. As in Han et al. (2020) the CSS 

were computed with the following workflow: 

1. For each fundamental test, test statistics were ranked (1, …, n) genome-wide on 

n SNPs. 

2. Ranks were converted to fractional ranks (r) (between 0 and 1) by 1/ (n +1) 

through n (n+ 1). 

3. Fractional ranks were converted to z-values as z = F-1(r’) where F-1(•) is the 

inverse normal cumulative distribution function (CDF). 

4. Mean z scores were calculated by averaging z-vales across all fundamental tests 

at each SNP position and P-values were directly obtained from the distribution of 

means from a normal N (0,  m-1) distribution where m is the number of 

fundamental test statistics. 

5. Logarithmic (–log10 of P-values) of the mean z-values were declared as CSS and 

were plotted against the genomic positions to identify the significant selection 

signals. 



 

 210 

To reduce spurious signals, the individual test statistics were averaged (smoothed) 

over SNPs across chromosomes within 1 Mb sliding windows. 

Selection peaks were defined, according to a modification of the approach by 

Randhawa et al. (2014) where significant regions were defined by at least one significant 

SNP (top 0.1%) surrounded by five SNPs among the top 1%. In this study stringency was 

such that significant selected regions were defined as those which consisted of ≥ five 

SNPs among the top 0.1%. In the Thoroughbred linkage disequilibrium extends to up to 

0.4 Mb (McCue et al., 2012) and so sliding windows of 1Mb (± 0.5Mb) were deemed 

reasonable for this population. Using this tailored definition SNPs among the top 0.1% 

smoothed CSS value within the sliding windows were considered significant. 

 ∆SAF indicates allele frequency difference between the comparator cohorts, and 

differentiates the change in frequency distribution (Randhawa et al., 2014). The current 

study used this statistic as a tool to identify candidate genes within significant clusters 

that had multiple genes within the region of genomic interest. The ∆SAF generally 

indicates the position of the most likely causative variant. 

 The cluster SNPs identified by the CSS analysis were used in a SNP association 

study to determine if there was an association with the same behavioural phenotype in a 

larger cohort of n = 754 horses. The cluster SNPs were taken directly from the top 0.1% 

SNPs identified in the CSS analysis.  

Gene mining 

 Genes underlying the selection peaks as well as flanking regions (± 0.5 Mb) were 

mapped to an annotated protein coding gene list from EquCab3.0 downloaded from 

Ensembl (accessed: 2019-02-13). Genes identified were interrogated for functional 

significance. 
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 All genes under the selection peaks, and in sliding windows were collated into a 

single gene list for examination using Ingenuity® Pathway Analysis (IPA®: Qiagen, 

Redwood City, CA, USA; release date June 2017). The reference set was the Ingenuity® 

Knowledge Base genes only and only default settings were used for a core variant effects 

analysis. P values reported are as -log10 of adjusted P value taken after Benjamini-

Hochberg procedure (Benjamini and Hochberg, 1995). 

SNP Association with perceived ‘coping’ in a large retrospective cohort 

 Behavioural phenotypes for n = 754 horses where recollection was reported as 

‘good’ and ‘very good’ (Table 5.3) were used to perform a candidate SNP association 

analysis using PLINK. Of the n=758 horses where good/very good phenotypes existed, 

genotypes were available for n= 754 horses. Horses assessed as ‘coping’ ‘not well’ and 

‘average’ were assigned as cases, whilst horses described as ‘coping’ ‘well’ were 

assigned to controls for this analysis.  

The 234 cluster SNPs identified using a CSS approach were extracted (control vs 

case). Association analysis for these SNPs was run in PLINK with sex included as a co-

variate.   
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5.5. Results 

Qualitative Behavioural Phenotypes 

 Perceived ‘coping’ assessed by handlers as defined for the purpose of this study 

(Table 5.3) showed a skewed distribution. In this retrospectively assessed cohort most 

horses were reported by handlers to have coped ‘well’ (60%), 35% were assessed as 

coping ‘averagely’, and just 6% did not ‘cope’ well according to the questionnaire.  

Composite Selection Signatures 

A CSS approach was used to investigate selection signatures among the 

qualitatively described comparator cohorts. CSS was performed using a test set (n=96) to 

identify genomic regions of interest (ROI) associated with the qualitatively characterised 

behavioural phenotype, ‘Coping’.  

Thirteen ROI were identified (max CSS score >3.7) located on ECA1, ECA3, ECA7, 

ECA8, ECA11, ECA13, ECA14, and ECA21. The highest CSS score was observed for a 

cluster of SNPs located on ECA1 that contained 190 SNPs among the top 0.1% (Figure 

5.1).  
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Figure 5.1. Manhattan plots of CSS and CSS (smooth) results for handler assessment of ‘coping’. 
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The most strongly selected loci revealed three key regions, two located on ECA1 (max 

CSS score 4.87-8.10) and one located on ECA14 (max CSS score =4.84). 

The top region ranked by max CSS score (8.10) was located on ECA1, spanned 

~3.4Mb, and contained 12 genes; gamma-aminobutyric acid type A receptor subunit 

beta3 (GABRB3), gamma-aminobutyric acid type A receptor subunit alpha5 (GABRA5), 

gamma-aminobutyric acid type A receptor subunit gamma3 (GABRG3), OCA2 

melanosomal transmembrane protein (OCA2), HECT and RLD domain containing E3 

ubiquitin protein ligase 2 (HERC2), NIPA magnesium transporter 1 (NIPA1), NIPA 

magnesium transporter 2 (NIPA2), cytoplasmic FMR1 interacting protein 1 (CYFIP1), 

tubulin gamma complex associated protein 5 (TUBGCP5), fumarylacetoacetate hydrolase 

(FAH), zinc finger AN1-Type containing 6 (ZFAND6), and BLC2 protein related A1 

(BCL2A1) (Table 5.4).  

The second-ranked ROI (max CSS score 4.87) was also located on ECA1, spanned 

~0.62Mb, and contained a single gene OTU deubiquitinase 7A (OTUD7A).  

The third ranked ROI (max CSS score = 4.84) was located on ECA14 (Table 5.4). 

This relatively small region (~0.36Mb) included 13 SNPs and contained two genes 

clathrin interactor 1 (CLINT1) and TRNA-histidine guanylyltransferase like 1 (THG1L). 

Three other loci were identified on ECA14, but with just a single SNP or two cluster 

SNPs. These small regions were separated by <660kb, and just 1.21Mb from the strong 

signal at 20.35-20.71Mb (Table 5.4).  

 The signals (max CSS score <4.31) from single SNPs on ECA7, ECA11, ECA13, 

ECA14, ECA21, and clusters of <5 SNPs on ECA3, ECA8, ECA14 and ECA21 were not 

deemed significant by the criteria of  ≥5 SNPs in the cluster used by this study. 
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Table 5.4. Genomic regions of interest among top 0.1% SNPs identified by qualitative behavioural phenotype: perceived 
'coping' ranked by composite selection (CSS) signal 

ECA 
Top 
0.1% 

SNPs (n) 
Region 

(Mb) 
Top 
CSS 

score 

Cluster 
genes 

(n) 
Genes within region Genes Upstream 

(± 0.5Mb) 
Genes Downstream 

(± 0.5Mb) 

1 190 112.28-
115.73 8.10 12 

GABRB3, GABRA5, GABRG3, OCA2, 
HERC2, NIPA1, NIPA2, CYFIP1, 

TUBGCP5, FAH, ZFAND6, BCL2A1 

SNRPN, UBE3A, 
ATP10A 

TMED3, ANKRD34C, 
RASGRF1, ADAMTS7 

1 14 109.91-
110.53 4.87 1 OTUD7A 

MCEE, 
MPHOSPH10, 

FAN1, MTMR10, 
TRPM1 

NDN, SNRPN 

14 13 20.35-
20.71 4.84 2 CLINT1, THG1L UBLCP1, RNF145, 

EBF1 

SOX30, ADAM19, 
NIPAL4, FNDC9, 

CYFIP2, ITK, 
FAM71B, MED7, 
HAVCR2, SGCD 

3 3 52.15-
52.17 4.31 0   

ABCG2, PKD2, 
SPP1, MEPE, IBSP, 
DMP1, SPARCL1, 

HSD17B11, 
HSD17B13, KLHL8, 

AFF1 

SLC10A6, PTPN13, 
MAPK10, ARHGAP24 

13 1 38.46-
38.46 4.30 1 RBFOX1   NAGPA, SEC14L5, 

PPL, UBN1, GLYR1 
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14 1 17.97-
17.97 4.20 0   GABRG2, GABRA1, 

GABRA6, GABRB2 

ATP10B, SLU7, 
ZBED8, CCNJL, 
FABP6, TTC1, 

ADRA1B 

21 2 43.25-
43.26 4.16 0   CDH18   

21 1 36.66-
36.66 4.16 0     CDH9 

14 2 19.13-
19.14 3.98 0   

ATP10B, SLU7, 
ZBED8, CCNJL, 
FABP6, TTC1, 

ADRA1B 

IL12B, UBLCP1, 
RNF145, EBF1 

8 4 9.62-
9.65 3.89 1 AP1B1 

PES1, GAL3ST1, 
SEC14L3, MTFP1, 

RNF215, 
CCDC157, SF3A1, 
CASTOR1, OSM, 

HORMAD2, 
MTMR3, ASCC2, 
ZMAT5, CABP7, 
NF2, NIPSNAP1, 

THOC5 

RASL10A, GAS2L1, 
EWSR1, RHBDD3, 
EMID1, KREMEN1, 

ZNRF3, XBP1, 
CCDC117, HSCB, 

CHEK2, TTC28 
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7 1 2.04-
2.04 3.88 0   

ATP8B3, REXO1, 
ABHD17A, 
SCAMP4, 

CSNK1G2, BTBD2, 
MKNK2, MOB3A, 
IZUMO4, AP3D1, 
DOT1L, SPPL2B, 

TMPRSS9, 
TIMM13, LMNB2, 
GADD45B, GNG7, 
THOP1, ZNF554, 
ZNF555, ZNF556 

TLE2, GNA11, CELF5, 
NFIC, FZR1, TJP3, 

MATK, ZFR2, ATCAY, 
NMRK2, DAPK3, 

PIAS4, EBI3, TMIGD2, 
FSD1 

14 1 18.63-
18.63 3.87 0   

GABRB2, ATP10B, 
SLU7, ZBED8, 
CCNJL, FABP6 

TTC1, ADRA1B, 
IL12B, UBLCP1, 
RNF145, EBF1 
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11 1 51.05-
51.05 3.77 0   

TM4SF5, 
ZMYND15, 

CXCL16, MED11, 
ARRB2, PELP1, 

RNASEK, BCL6B, 
SLC16A13, 

SLC16A11, ASGR2, 
ASGR1, DLG4, 
ACADVL, DVL2, 
ELP5, CLDN7, 

SLC2A4, YBX2, 
EIF5A, GPS2, 

ACAP1, KCTD11, 
TNK1, PLSCR3, 
NLGN2, SPEM1, 

TMEM102, FGF11, 
CHRNB1, ZBTB4, 

EIF4A1, CD68, 
MPDU1, SOX15, 

FXR2, SAT2, 
SHBG, ATP1B2, 
TP53, WRAP53, 

EFNB3 

KDM6B, TMEM88, 
NAA38, CYB5D1, 
CHD3, KCNAB3, 

TRAPPC1, CNTROB, 
GUCY2D, ALOX15B, 
ALOX12B, ALOXE3, 

HES7, PER1, 
TMEM107, BORCS6, 
AURKB, CTC1, PFAS, 
RANGRF, SLC25A35, 
ARHGEF15, KRBA2, 

RPL26, RNF222, 
NDEL1, MYH10, 

CCDC42, PIK3R6, 
PIK3R5 
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Candidate genes for perceived ‘coping’ 

 Candidate genes were identified within the clusters that contained ≥5 SNPs among 

the top 0.1%. Candidate genes among the significant ROI located on ECA1 and ECA14 

are detailed in Table 5.5.  

Table 5.5. Candidate genes for perceived 'coping' located within the 
selected genomic regions (≥5 SNPs  among top 0.1% SNPs)  

ECA Region 
(Mb) 

Top 
0.1% 
SNPs 

(n) 

Top 
CSS 

score 

Cluster 
genes 

(n) 

Candidate 
genes Gene function 

1 112.28-
115.73 190 8.10 12 

GABRG3 
Receptor mediating 
inhibitory effects of 

GABA 

GABRB3 
Receptor mediating 
inhibitory effects of 

GABA 

GABRA5 
Receptor mediating 
inhibitory effects of 

GABA 

CYFIP1 WAVE regulatory 
complex component 

1 109.91-
110.53 14 4.87 1 OTUD7A Immune regulation via 

TNF signalling 

14 20.35-
20.71 13 4.84 2 

CLINT1 Fine-tuning of 
neuroreceptors  

CYFIP2 Actin dynamics 
regulation 

THG1L Mitochondrial 
biogenesis 
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Functional enrichment analysis 

Functional enrichment analysis was performed among the set of 218 genes 

identified within the top 0.1% ROI. The top canonical pathway was ‘GABA receptor 

signalling’. The top five canonical pathways are given in Table 5.6. 

Table 5.6. Top 5 Canonical Pathways identified by IPA 

Name P Value 

GABA Receptor Signalling 3.04 ×10-6 

Neuroinflammation Signalling Pathway  1.26 × 10-4 

Role of p14/p19ARF in Tumour Suppression  1.45 × 10-4 

Signalling by Rho Family GTPases  4.96 × 10-4 

Antiproliferative Role of Somatostatin  7.7 × 10-4 

 

SNP Association with perceived ‘coping’ in a large retrospective cohort 

 In a larger cohort (n =754) of horses, 234 SNPs identified by the CSS analysis 

were analysed using a SNP association study. The two SNPs with the lowest P values 

were located on ECA1 and ECA14 (Table 5.7).  

 
Table 5.7. Candidate SNP association study results (raw P values) using 
the subjective phenotype: perceived ‘coping’, in a retrospectively 
assessed cohort n =754. 

ECA SNP Bp P Gene 

14 rs1151835772 20,455,365 0.04 
<150kb from 

CLINT1, 500kb from 
EBF1, and ~500kb 

from CYFIP2 

1 rs68620184 114,605,402 0.04 
HERC2 and 

~360kb from 
CYFIP1 
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One of the two SNPs with the lowest P values in the candidate SNP association 

analysis was rs1151835772 located on ECA14. This SNP (20,455,365 bp) was located 

<150kb from the clathrin interactor 1 gene (CLINT1), approximately 500kb from the early 

B-cell factor 1 gene (EBF1) and approximately 500kb from the cytoplasmic FMR1 

interacting protein 2 gene (CYFIP2). 

Another SNP with the lowest P value in the candidate SNP association analysis was 

rs68620184 located on ECA 1. This SNP (114,605,402 bp) was within HERC2 

(114573229-114829235 Mb) and less than 360kb from the cytoplasmic FMR1 interacting 

protein 1 gene (CYFIP1). 
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5.6. Discussion 

This study aimed to test the hypothesis that ‘coping’ with the stresses of the racing 

and training environment has an underlying genetic component. The qualitative 

behavioural trait, ‘coping’, was characterised by prospective handler assessment in a 

cohort of young Thoroughbreds (Chapter 3) and therefore here it is referred to as 

perceived ‘coping’. First, the ‘coping’ phenotype was used in a test set (n =96) of horses 

to investigate common genetic variants that appear as selection signals among comparator 

(sub)cohorts that were categorised by handlers as (1) ‘coping’ ‘well’ and (2) ‘coping’ 

either ‘average’ or ‘not well’. Genomic regions of interest containing signatures of 

selection were identified using a comparative selection signals (CSS) analysis that has 

previously been used to identify stratification of genetic variation among subsets of the 

Thoroughbred population (Han et al., 2020). Then, the set of 234 SNPs identified in the 

CSS analysis was used to investigate genetic association with the trait in a larger, 

retrospectively assessed cohort of 754 horses. The test set cohort was unbiased for racing 

performance since the horses were phenotyped as they entered the training environment, 

prior to any racing opportunity. However, it is possible that the handlers’ perception of 

‘coping’ for the retrospective cohort may have been biased by their knowledge of the 

horses’ subsequent success (or not) in racing. 

Perceived ‘coping’ is a behavioural trait observed by trainers and handlers of 

horses, and often evaluated when considering changes to husbandry and training regimen. 

The concept of ‘coping’ has been said to imply a conscious effort (Anshel and Anderson, 

2002) and so there are limitations to the use of this concept in the study of animal 

behaviour. However, the link between coping and stress resilience is one which has been 

discussed within the wider context of psychopathology (Cabib, Campus and Colelli, 

2012). Neuroadaptive processes such as synaptic plasticity facilitate the shaping of future 
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behavioural responses (Mery and Burns, 2010) following previous reactions to stimuli 

(Cabib et al., 2020). The term ‘coping’ is frequently used by horse trainers when 

describing progress of a young animal through the early phases of the training process. 

This study has sought to investigate to what extent selection for athletic success has 

influenced ‘coping’ traits which we hypothesise may play a role in the behavioural 

suitability to racing training and performance.  

In this study, such ‘coping’ traits were as perceived and recorded by expert 

handlers. The visible nature of this behavioural trait, that is observable by the handlers, 

supports the hypothesis that there are genetic contributions to ‘coping’ that have been 

honed during the 300 years (Bower et al., 2012) targeted, artificial selection that has 

produced the modern Thoroughbred racehorse. This hypothesis lends from the 

observation that in managed animal populations selection tends to be driven by 

preferences for cultural, aesthetic or economically advantageous phenotypes. In 

signatures of selection, genes for aesthetic physical phenotypes including height, stature, 

coat and plumage colour are commonly encountered in genomic regions since they are 

easily identifiable (Li et al., 2019; Randhawa et al., 2016; Rochus et al., 2018; Rubin et 

al., 2012). The behaviour phenotype of the horse is also a clearly observable trait on 

which selection may act. 

 The vast majority of horses (60%) were categorised as ‘coping’ ‘well’, with 35% 

‘coping’ ‘averagely’ suggesting that selection has shaped ‘coping’ within the 

Thoroughbred population. Just 6% of the horses were perceived not to ‘cope’ well 

indicating that there are only a relatively small number of horses that may require 

additional husbandry support or regimen modifications. Whilst this may appear to be a 

small number, these few horses may require a disproportionately higher proportion of 

resources including personnel, time and space which can have a significant impact on an 
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equine business. It has previously been reported that up to 10% of horses  do not make it 

to the racetrack as a result of behavioural issues (Wilsher et al., 2006).   

Whilst two questions makes this qualitative assessment considerably smaller than 

those used in earlier studies (Momozawa et al., 2005a; Roberts et al., 2016; Finn et al., 

2016)–which contain up to 17 separate items–here, the concise assessment focusses on 

traits of particular relevance to the racing context. This study presents only questions 

relating specifically to the adjustment of the horse to a racing and training environment 

which was developed and characterised in a prior behavioural characterisation effort 

(Chapter 3). 

The CSS approach detected ROI with significant clusters of SNPs containing 

genes with known functions contributing to ‘GABA signalling’ and ‘Neuroinflammation’. 

Thirteen selection signals were detected in the prospectively assessed test-set cohort. 

Clusters of SNPs were identified in these regions containing genes which may have an 

influence on perceived ‘coping’.  

A significant cluster of 190 SNPs was detected at a locus on ECA 1. Contained within 

this ROI were multiple GABA receptor genes GABRB3, GABRA5, and GABRG3. GABA 

is the principal inhibitory neurotransmitter in the mature brain responsible for stabilising 

and hyperpolarising resting action potential at the synapse (Owens and Kriegstein, 2002). 

Fundamental to neuronal development (Li and Xu, 2008), GABA receptors mediate the 

inhibitory effects of GABA and much research has been conducted into receptor subunit 

functions (Kasaragod and Schindelin, 2018; Mulligan et al., 2012). In infancy, and the 

developing brain, GABA is predominantly excitory rather than inhibitory (Ben-Ari, 

2002).  
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The GABA receptor gene GABRB3 is over expressed in the frontal cortex, and has 

been associated with autism spectrum disorder (Noroozi et al., 2018). The frontal cortex 

is an area of the brain concerned with sensory input and processing (McGreevy, 2004; 

Mills and Nankervis, 1999). Knock-out mice deficient in GABRB3 have been shown to 

have reduced motor co-ordination and perform more risk-assessment behaviour (Hashemi 

et al., 2007). GABRA5 has been implicated in the susceptibility to bipolar disorder (Otani 

et al., 2005). GABRA5 knock-out mice had lowered hyperpolarisation of hippocampal 

neurons (Bonin et al., 2013). Through interaction with pain signalling pathways (Goudet 

et al., 2009) GABRG3 has also been shown to influence exercise intensity tolerance 

(Flack et al., 2019). Previously in the Thoroughbred, the GABA type A receptor protein 

1 gene (GABRAPL1) was revealed to be significantly (+1.49-fold; P = 6.5 × 10−12) 

upregulated in skeletal muscle in response to exercise, and was the top hub and bottleneck 

gene in groups of untrained resting, and exercise samples (Bryan et al., 2017). This 

finding, when considered along with the clusters of GABA genes identified in this study 

indicate that GABAergic signalling and hippocampal functioning are highly influential 

the early training and response to exercise. There has been extensive research 

demonstrating the effects of exercise on hippocampal functioning (Basso and Suzuki, 

2017).  

Of particular interest in the context of this study, GABRB3 and GABRA5 together, 

have been shown to influence susceptibility to panic in humans (Hodges et al., 2014). 

GABA has previously been used as a calming agent in Thoroughbred racehorses, 

however, was banned from use in 2012.  A naturally occurring inhibitory neurotransmitter 

(Owens and Kriegstein, 2002) but when administered intravenously to horses it can have 

sedative-like effects (Knych, Steinmetz and McKemie, 2015). When tested GABA levels 

in leisure horses were lower than in American Thoroughbreds. There is debate as to 
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whether this is an artefact of administration as a way to preserve a horse’s energy prior to 

racing. 

Two genes identified within this key cluster of 190 SNPs on ECA1 have roles in 

development and maintenance of the central nervous system: NIPA1 and NIPA2 are 

magnesium transporter genes (Schaffers et al., 2018). It is particularly interesting that 

these genes have been detected here since magnesium is a common central ingredient for 

many equine and human supplements marketed as ‘calming’ products.  

The second ranked ROI (CSS score 4.87) was also on ECA1, close (109.91-

110.53Mb) to the top region (112.28-115.73Mb). This region contained 14 SNPs within 

the top 0.1% and the gene contained within this region was OTUD7A. An important 

neurodevelopmental and neurological functioning gene (Uddin et al., 2018), variation at 

OTUD7A has been associated with Schizophrenia (Forsingdal et al., 2016).  

The candidate SNP association analysis showed some associations to the qualitative 

behavioural phenotype, perceived ‘coping’, in a larger set of TB racehorses (n= 754). 

However, the two SNP associations found (P <0.05), did not remain significant after a 

Bonferroni correction for multiple testing. The results from the SNP association analysis 

presented here should be viewed cautiously and whilst these two SNP-associations 

detected cannot be relied on without statistical significance, it is interesting to note here 

the locations of these SNPs. One SNP with one of the lowest P values (unadjusted P 

=0.04) was on ECA1 at a locus (114605402 Mb) within the HERC2 gene. HERC2 

regulates chromosomal damage (Bekker-Jensen et al., 2010), and embryonic 

development (Cubillos-Rojas et al., 2016). Mutations in the HERC2 gene have been 

associated in humans with autism spectrum disorder (Puffenberger et al., 2012). HERC2 

and OCA2 which were within the top-ranked cluster by CSS (max score >8) are both 

melanocyte effector genes. Such genes, interacting with melanocytes have been 
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previously suggested as playing a role in behavioural phenotypes (Finn et al., 2016), and 

anecdotally there are proposed behavioural oddities associated with particular equine coat 

colours (chestnut mares).   

A characteristic of mental health disorders, specifically autism spectrum disorders 

(ASDs) is the sensitivity to sensory stimulus (He et al., 2017). CYFIP1 is located within 

a key cluster of 190 SNPs on ECA 1 which was identified using the behavioural 

phenotype here. Overexpression of CYFIP1 in murine research has been associated with 

exaggerated fear response and changes to learning capacity (Fricano-Kugler et al., 2019). 

CYFIP1 also regulates actin filament reorganisation. Actin filaments comprise a key part 

of the cytoskeleton. CYFIP1 plays a central role in the WAVE regulatory complex (WRC) 

which regulates actin filament structure (Zhang, Lee and Han, 2019). Actin cytoskeleton 

signalling was the 8th ranked canonical pathway identified by IPA. 

One of the three component statistics of the CSS approach,  ∆SAF, commonly 

indicates the SNP closest to the functional variant  (Han et al., 2020; Randhawa et al., 

2014).  In this study, where many SNPs were labelled by CSS as significant within the 

clusters, evaluating the SNPs ranked by ∆SAF proved illuminating. The top ranked SNP 

by ∆SAF within the third ranked ROI (CSS score =4.84) on ECA14 was rs1147747094 

(17, 969, 903 Mb) proximal to a group of GABA-receptor genes, thus supporting the 

candidacy of the GABA receptor genes as likely influencing this behavioural phenotype. 

Nearby, genes EBF1 (156102BP), CLINT1 (2633813 BP), and CYFIP2 (2967457 BP) 

are also located on ECA14.  

One of the two SNPs with one of the lowest P values (unadjusted P =0.04) was SNP 

(rs1151835772) on ECA14 detected by candidate SNP association analysis using 

perceived ‘coping’. This SNP was at a locus (20455365 Mb) within the gene CLINT1 

gene (20603716-20666150 Mb). CLINT1 plays a role in the fine tuning of neuronal 
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process through clathrin vesicles and trans-golgi trafficking (Hirst et al., 2015). Mutations 

in Epsin 4, an alias of CLINT1 have been associated in humans with psychosis and 

schizophrenia (Schubert et al., 2012; Pimm et al., 2005). This SNP is ~500kb from EBF1 

and CYFIP2. Like CYFIP1, CYFIP2 is central to the WRC regulating actin dynamics, 

and neuronal development (Zhang et al., 2019). EBF1 has been implicated with adiposity 

and stress in a Korean population (Kim, Min and Min, 2016), and G ×	E genome wide 

association study (GWAS) identified this gene as a risk factor for metabolic and 

cardiovascular disease via stress interaction (Singh et al., 2015b; Singh et al., 2015a). 

The horses studied in the test set cohort, prospectively assessed for perceived ‘coping’ 

enter training aged ~12-18 months. At this time, they are maturing and growing 

physically, in a period of their life that could be speculatively compared to adolescence. 

The role of GABA in the formation of synapses during maturation (Li and Xu, 2008) may 

form a basis for the explanation as to the observed clusters of GABA receptor genes this 

behavioural phenotype detects through a CSS method.  

Of the 218 genes identified through the CSS method candidate genes were 

distinguished though evaluation of the highest SNP rankings within the ROI and 

reviewing of gene functions which we hypothesise contribute to this behavioural trait. 

The functional enrichment analysis using IPA® detected the most significant (P =3.04 × 

10-6) overrepresentation of genes in the ‘GABA Receptor Signalling’ canonical pathway. 

Another overrepresentation identified by IPA® amongst the genes from the CSS analysis 

was ‘Neuroinflammation Signalling Pathway’. Inflammation is implicated in psychiatric 

and depressive disorders (Bauer and Teixeira, 2019; Pace et al., 2006). The genes found 

within these cohorts are suggestive of similar patterns of systemic response to stress as is 

known in humans. Whilst horses cannot undergo the same types of psychological 

assessment that often reveals the extent of stress in humans, nor are the same clinical 
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mental health disorders characterised, it is important to consider these results when 

evaluating welfare status of processes and standards used within equine industry. 

5.7. Concluding remarks 

A prospective assessment of perceived ‘coping’ has identified genomic regions 

containing genes with known neurobiological function. Since some of these genes, such 

as GABRG3 and GABRA5 together, are well known to be involved in susceptibility to 

panic in humans (Hodges et al., 2014). While these regions of interest were not validated 

in a candidate SNP association analysis in a larger, retrospectively assessed set of horses, 

these results further the understanding of the possible biological processes underpinning 

equine behaviour. The results should also be considered within the methodical 

limitations, concluding that whilst handler-assessment can be used to prospectively 

phenotype perceived ‘coping’ behaviour, further study is required to establish this 

phenotype in larger cohorts. Nonetheless, this study shows for the first time that the 

subjective observations made my handlers and trainers are accurately detecting some of 

the variation within the genome of the horse, as has been anecdotally suggested within 

industry. 
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6.1. Discussion 

6.1.1 Intense selection for athletic capability has likely shaped behavioural 
traits in the Thoroughbred horse. 
 

Breeding racehorses is often referred to as an ‘art’ and the nuanced skills of those 

owners and breeders making mating decisions can be considered at least in-part as 

subjective. The Thoroughbred horse has been subject to intense artificial selection for 

more than 300 years (Bower et al., 2012) targeting athleticism and traits such as 

trainability, which are thought to contribute to racecourse success. The advancement and 

availability of genomic technologies has revealed the genetic contributions to traits such 

as best race distance (Hill et al., 2012a), tractability (Hori et al., 2016), and precocity 

(Farries et al., 2018). With regards to more elusive psychological traits thought to 

influence performance at the racetrack the notion of a ‘will-to-win’ or a ‘resilience to 

overcome the odds’ are often the subject of comment by owners and trainers in post-race 

interviews. Factors of psychological involvement in equine performance have been 

considered and reviewed in a broader range of equine sporting disciplines that include 

racing, and even when the ideal training methods and facilities are available it is 

concluded that peak performance also requires the most current exercise science to be a 

part of management and training practices (McBride and Mills, 2012).  

A study of Thoroughbred horses showed that fewer than 50% of the foals born in 

Britain and Ireland have a racecourse start at two-years-old (Wilsher, Allen and Wood, 

2006). Ten percent of the horses which did not continue racing at three-years-old either 

died or were destroyed as a result of injury or temperament. Furthermore, of the horses 

that did not continue racing at three years old, 30% were retired to stud, all of which were 

female. This is particularly interesting when it is considered that a filly’s sire, not 

racecourse performance, is heavily influential in the decisions around her breeding status 

(Wilsher et al., 2006). With this in mind the long-held industry suggestion of a familial 
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component to behavioural traits that are commonly observed and discussed by owners, 

breeders and trainers has likely been influencing sire selection and mating choices even 

with little understanding of the genetic contributions to such traits.  

Thoroughbreds intended for Flat racing enter the training environment whilst still 

relatively young, and are required to rapidly learn and develop social skills and 

understand sensory cues from their environment that are often at odds with the natural 

free-roaming herd structure of the horse (Harewood and McGowan, 2005; Cooper and 

Albentosa, 2005; Yarnell et al., 2015). The racing training environment is much different 

to that of the natural free-roaming lifestyle for a horse and is characterised by solitary 

loose boxes, little social contact, limited grazing and a multitude of new experiences and 

training events which demand focus, co-operation and behavioural flexibility. 

Behavioural flexibility allows adaptation by an individual to the environment (Mery and 

Burns, 2010). The breed-specific differences in curiosity and vigilance between native 

Japanese breeds and the Thoroughbred at DRD4 which has known neurobiological 

functions influencing reward circuitry (Hori et al., 2013) support the idea that targeted 

selection for racing ability in the Thoroughbred has included behavioural traits which 

include behavioural flexibility. 

 
6.1.2 Perceived ‘coping’ according to handlers characterises observable 
stress response behaviour phenotype. 
 

 In Chapter 3 the behavioural observations made by trainers and handlers as 

young horses enter the race training environment were used to characterise an observable 

behavioural phenotype that was referred to here as perceived ‘coping’. Developed 

following discussion with expert handlers and the trainer at a single racing operation, a 

succinct questionnaire was adapted from previous equine behavioural studies 

(Momozawa et al., 2005; Hori et al., 2016; Roberts et al., 2016; Finn et al., 2016; Ijichi 
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et al., 2013). The adapted questionnaire considered one of the central observations that 

handlers consider when they are managing and making subtle adjustments to husbandry 

practice, outside of health status, which is how well the horse is ‘coping’ with the training 

process. The term coping has a specific definition in the field of psychology which 

implies a conscious effort (Anshel and Anderson, 2002). However, this term is frequently 

used in the discussion between owners, trainers and jockeys as to describe how a horse is 

progressing through the phases of early training for racing, and likewise in other equine 

sporting disciplines.  

A cohort of n = 96 horses all born in 2017 and unbiased for racing performance 

was prospectively assessed for perceived ‘coping’. The questionnaire also assessed this 

cohort for the handler perception of reaction to the early training events that horses 

experience for the first time upon entering training; first time being driven (with long 

reins), first time being mounted by a jockey, first time being ridden on the gallops with a 

group of other young horses, and the first time being loaded into starting stalls/barriers. 

Only a small proportion of the cohort was reported as not coping well (11%) or not 

reacting well to early training events (≤10%) which quite closely reflects the proportion 

of horses that do not continue racing aged three-years-old that was previously reported 

by Wilsher et al. (2006). The final section of the three-part questionnaire asked the 

handlers to assess five temperament traits; sensitivity, independence, recklessness, 

learning, and tractability according to pre-defined descriptions. Similar to the responses 

of perceived ‘coping’ and the assessed reactions, ≤7% horses were assessed to be at the 

less favourable end of the three-point answer scale (sensitivity – highly reactive to 

novelty; independence – not self -reliant; recklessness – reckless; learning – slow to learn; 

tractability – not tractable). These temperament traits whilst well-defined were well 

correlated (0.66-0.98). This distribution suggests that young Thoroughbreds generally 

‘cope’ with, and have temperaments perceived to be suited to the training environment, 
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but a proportion of horses (<10%) may not be well suited the rigours of the demanding 

environment.  

Whilst 10% is a relatively small proportion of the overall population safety is an 

important consideration for those working among ~450Kg animals. Horses are flight 

animals, said to be unpredictable, and in the case of those called dangerous, can have 

volatile outbursts which are most commonly seen in the early stages of training. When 

considering that successful and unsuccessful racehorses usually go on to stud to breed 

(Wilsher et al., 2006) and produce the next generation the attention placed on evaluating 

temperament is important. Moreover successful racehorses, no matter how dangerous, are 

prized, highly valuable animals.  This can mean that sometimes economics, over difficult-

to-quantify temperament, can drive breeding and selection decisions. 

 

6.1.3. Salivary cortisol as an objective stress response phenotype identified 
underlying genetic contributions to stress response behaviour in the 
Thoroughbred horse. 
 
 In Chapter 2 salivary cortisol was used as an objective measure of stress response 

for the same cohort of n =96 Thoroughbred yearlings. All horses were housed and trained 

at a single yard and were born in the same year (2017). This objective measure has 

previously been used to evaluate stress in horses (Erber et al., 2013; Miller and 

O'Callaghan, 2002; Alexander and Irvine, 1998; Ishizaka et al., 2017). With an 

understanding of the natural fluctuations as part of circadian control (Bohák et al., 2013; 

Irvine and Alexander, 1994) , this measure has been applied as a measure of welfare status 

in the horse considering housing (Pawluski et al., 2017; Harewood and McGowan, 2005; 

Strand et al., 2002; Aurich et al., 2015), and transport by road (Schmidt et al., 2010). This 

measure has also been used to investigate competition stress (Cayado et al., 2006), and 

the relationship between competition performance and cortisol (Munk et al., 2017). 

Finally, in the Thoroughbred horse salivary cortisol has been used as an effective measure 
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of response to exercise (Kędzierski et al., 2013), and temperament has been shown to 

affect cortisol following mild exercise in a limited sample set (n =16) (Bohák et al., 

2017). 

The results in Chapter 2 have for the first time profiled the cortisol responses of 

a cohort of Thoroughbred yearlings entering the race training environment. A timecourse 

experiment that followed a small group of fillies over the course of a normal working day 

at the main training yard agreed with previous findings that there is a cortisol peak in the 

morning which is followed by a relatively stable decrease over the rest of the day (Aurich 

et al., 2015; Bohák et al., 2013). In this cohort baseline, resting cortisol levels were not 

significantly affected by the movement from nursery yard to the main training facility, 

and whilst it may be likely that the transit itself (Schmidt et al., 2010) and entry to a novel 

environment (Harewood and McGowan, 2005) caused an acute response, a lasting effect 

of this transition was not detected in the measurements which suggests that the horses 

adjust to such transition. However, whilst no significant difference was detected between 

these timepoints (mean =2.45 ±0.17 nmol/L) it was observed that the mean range was 

5.02 ±0.59 nmol/L), suggestive of a level of variation amongst the horses in the cohorts. 

This could mean that not all horses respond in the same way to the same environment. 

This concept has been reviewed (Sih, 2013; Mery and Burns, 2010) and may indicate 

individual differences in behavioural plasticity allowing adaptation to novel 

environments.  

Three key, early training events were studied using paired samples to investigate 

whether there was variation in cortisol response to a stressful stimulus. Significant 

differences were detected between pre and post-training event samples for all three 

events; first time being driven, first time being backed by a jockey, and first time being 

ridden on the gallops with a group of other horses. Concurrent with a previous study of 

first mounting by a jockey (Kędzierski, Wilk and Janczarek, 2014), of the early training 
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events sampled, samples collected ~30 minutes following the first time being sat on under 

saddle by a jockey showed the greatest variation in cortisol concentration among the 

horses (P = 1.533 × 10-13). The results of the current study are concordant with the 

findings reported by Kędzierski et al. (2014), that this key training event poses a 

significant stressor on naïve horses, and so all available paired samples collected were 

used as a phenotype characterising salivary cortisol response to first backing. 

Using the percentage change calculated for n = 34 of the horses for which both 

pre- and post-backing cortisol samples were available for analysis, the horses were sub-

categorised into the uppermost 12 ‘high’ responders, and the lowermost 12 ‘low’ 

responders. A Composite Selection Signature (CSS) approach in Chapter 4 used these 

sub-cohorts as comparator cohorts to investigate genetic similarities among the horses in 

each of the cohorts. This was the first time that a CSS approach has been used to evaluate 

behavioural phenotypes in the horse. A generally accepted behavioural attribute of flat 

race horses is reaction to stimuli (McGreevy, 2004). The objective phenotype here seems 

to be characterising a part of the reactivity to stimuli, through an activation of the HPA 

axis. This activation could be termed a ‘pre-action phase’ of stress response behaviours 

since it is occurring silently, behind-the-scenes so to speak from any reaction or 

behavioural response that is observable. This idea is supported here by the lack of 

correlation between the cortisol response and perceived ‘coping’, or between cortisol 

response and perceived reaction to backing assessed by the handlers. 

This ‘Pre-action’ stress phenotype in Chapter 4 detected genomic regions with 

signatures of selection that contained an overrepresentation of genes with known 

functions in ‘Embryonic development’, ‘Nervous system Development and Function’ and 

‘Behaviour’. Significant regions of interest with putative candidate genes were located 

on ECA22 and ECA12. The KCNQ1 gene was located within the second ranked ROI 

(ECA12) according to max CSS score (5.47), and the fourth ranked SAF SNP was closest 
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to this gene. Some potassium voltage-gated channel genes are activated by γ-

aminobutyric acid (GABA) (Manville and Abbott, 2020). The detection of potassium 

channel genes in Chapter 4 alongside GABA receptor genes detected using the 

subjective stress response phenotype in Chapter 5 suggests that these genes may work 

together in the regulation of excitability and inhibition of synapses leading to behavioural 

actions. Furthermore, these ion channels not only interact with neurotransmitters, but also 

metabolites and pharmaceuticals. Therefore, these genes, and their networks may warrant 

further investigation as they may offer potential therapeutic targets to mitigate overactive 

stress responses. 

 IGF2 and INS were both contained within the same ROI on ECA12. Stress is 

known to impact on wellbeing and health outcomes, specifically insulin resistance 

(Nirupama, Devaki and Yajurvedi, 2012). The so-called ‘fight or flight’ response is a 

systemic reaction to potential threat. Whether the threat that is perceived is real, or 

psychosocial, the resulting effect is a cascade of biological responses that prepare an 

animal to face danger or flee from it (Boyce and Ellis, 2005). One component of this 

multifaceted biological response, the neuroendocrine response, influences metabolism 

and insulin functioning via the release of cortisol (Miller and O'Callaghan, 2002). This is 

with the purpose of providing sufficient energy to the brain and muscles (Tsatsoulis and 

Fountoulakis, 2006). It is therefore not surprising to find such genes when carrying out a 

genome-wide analysis with a phenotype that characterises stress response. Multiple genes 

within the selected regions in Chapter 4 are involved with insulin secretion and 

regulation, and energy metabolism, suggestive of a complex relationship between cortisol 

exposure and metabolic changes in response to psychological stressor.  
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6.1.4. Perceived ‘coping’ and the salivary cortisol response to stress are 
distinct phenotypes, that are underpinned by different sets of genes that fit 
into common neurobiological themes. 
 

 In Chapter 3 the relationship between the subjective perceived ‘coping’ 

phenotype and the objective salivary cortisol phenotype was assessed, with no significant 

association between the phenotypes observed. The cortisol response at first backing was 

tested for association with the handler perception of reaction to this event, and also the 

‘coping’ question – “How well did this horse adjust to and live with the stresses of the 

training environment?”. This question was also tested for any association with the 

nursery resting cortisol measure. In all three tests there were no significant associations 

observed (P >0.05) and so it can be surmised that perceived ‘coping’ and salivary cortisol 

measures detect distinct phenotypes which characterise independent aspects of stress 

response.  

 Coping styles can be broadly categorised into two main strategies (Coppens, de 

Boer and Koolhaas, 2010). Active coping styles are associated with volatile, 

unpredictable reactions in the horse, whereas so-called ‘passive’ styles are quite different. 

Passive coping styles are characterised by freezing behaviour aka behavioural inhibition, 

withdrawal and a higher physiological or hypothalamus-pituitary-adrenal (HPA) axis 

response (Bartolomé and Cockram, 2016). Passive coping behaviours, particularly the 

greater HPA response may not be so obvious as the sometimes aggressive, active 

reactions, and so are not always detected by handlers interacting with ‘passive coping’ 

horses. Interpretation of passive coping behaviours in the horse (i.e. lowered activity and 

behavioural freezing) as the animal having an ‘unwilling’ temperament may result in 

handler-attempts to modify the behaviour, or motivate the animal, which may actually 

increase stress further  (Squibb et al., 2018). In some cases these behaviours may go 

undetected entirely. 
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The results of a selection signatures analysis in Chapter 5 revealed genetic 

similarities among those horses assessed as coping ‘well’ when compared with horses 

described as coping ‘averagely’ and ‘not well’. Three significant regions of interest (ROI) 

were identified on ECA1 (two regions >1.5 Mb apart) and ECA14, with clusters of 190, 

14 and 13 top 0.1% SNPs respectively. These genes suggest that GABA function and 

signalling appears to be central to the genetic basis for perceived ‘coping’. However, the 

ROI detected in Chapter 4 were entirely different from the ROI detected in Chapter 5 

where, there seems to be a complex set of neuroendocrine and metabolic genes 

underpinning the ‘pre-action’, cryptic stress response measured using salivary cortisol. 

The coincidence of functionally related genes in completely different genomic 

regions however may indicate a commonality in selection for a particular functional 

ontology. Here, there were two related genes identified in two completely independent 

genomic regions. CYFIP1 was located within the top ranked ROI on ECA1 and CYFIP2 

was within a downstream flanking region of the third ranked ROI on ECA14. CYFIP1 

and CYFIP2 both encode central components of the WAVE regulatory complex (WRC) 

(Zhang, Lee and Han, 2019). The presence of these genes suggests that selection may be 

acting on the behavioural response to threat stimuli. Specifically, overexpression of 

CYFIP1 in murine research shows altered learning and exaggerated fear response 

(Fricano-Kugler et al., 2019) and CYFIP2 has been shown to play a regulatory role in the 

innate startle threshold (Marsden et al., 2018). The two subtly different cytoplasmic 

FMR1-interacting protein family genes may have distinct roles in neuronal function but 

likely act together on inhibitory and excitory synaptic functioning. The presence of these 

two genes in the significant ROI is suggestive of a role for the WRC and actin remodelling 

and regulation in shaping stress response behaviour phenotypes. 

In a follow-on analysis in Chapter 5 perceived ‘coping’ was assessed for a larger 

set of n =754 Thoroughbreds that had been trained at the same training yard as the 
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prospective cohort studied. Using SNPs extracted from the ROI identified in the 

prospective CSS analysis,  a candidate SNP association study was performed in this larger 

sample cohort. A suggestive association was detected for a SNP on ECA 14 

(rs1151835772) which was located within the CLINT1 gene. CLINT1 has a known role 

in fine-tuning of neuronal processes (Schubert et al., 2012) and mutations in CLINT1 are 

associated with psychosis and schizophrenia (Pimm et al., 2005). This SNP is just ~500kb 

from EBF1 and CYFIP2. EBF1 is a known stress-linked risk factor gene for metabolic 

and cardiovascular disease (Singh et al., 2015a; Singh et al., 2015b; Kim, Min and Min, 

2016). 

Here, perceived ‘coping’, as assessed by expert handlers, appears to characterise 

neurobiological contributions to stress response for horses entering the training 

environment. These findings suggest that multiple loci are influencing the visible 

behavioural phenotype perceived ‘coping’, and moreover the signals of selection 

observed here indicate that this trait has likely been a part of the selection for racing for 

some time. 

 Since two clearly different sets of genes were identified by the two different 

selection signature analyses it can be proposed that the objective phenotype is genetically 

distinct from the subjective phenotype. However, common themes exist among the 

genetic profiles of perceived ‘coping’ and cortisol response at first backing. The themes 

identified reflect known neurobiological mechanisms previously identified or suggested 

to play a role in stress response, immune function, CNS development and maintenance, 

and cellular signalling. Therefore, whilst the two distinct phenotypes can be used to detect 

genetic profiles under selection for the respective phenotypes, it seems that there are 

common themes which overlap. These distinct phenotypes, and divergent gene sets may 

act together influencing the systemic response to stress, acute and chronically over the 
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early training period. Figure 6.1 presents the shared and distinct themes found among the 

two analyses. 
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Figure 6.1. Gene sets identified by CSS analyses of two distinct stress response behaviour phenotypes show overlapping 
themes 
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The putative candidate genes in the selected regions in Chapter 5 included 

multiple GABA receptor genes. GABA is the primary inhibitory neurotransmitter in the 

brain (Owens and Kriegstein, 2002). This is not the first time that genes with known 

functions involving GABA signalling, and function, have been detected in recent studies 

in the Thoroughbred (Bryan et al., 2017). The importance of GABA receptor signalling 

was further supported by the enrichment analysis that found among the genes in the ROI, 

there was an overrepresentation of genes with known functions in GABA receptor 

signalling’ (P = 3.04 ×10-6). This however may be a result of clustering of related genes 

in the same genomic region, which presents a limitation to the interpretation of 

enrichment analyses in genomics-based studies. The themes represented by the candidate 

genes identified here present the question that these phenotypes may overlap to 

characterise stress resilience. Moreover, the overlap with specific areas of difference 

related to the distinct phenotypes may be a result of the idea that the type of stressor may 

limit correlations between physiology and behaviour (Killen et al., 2013). This idea has 

been reviewed with conclusions suggesting that so-called ‘moderate’ stressors detect such 

associations, where so-called  ‘severe’ stressors often diminish any associations (Killen 

et al., 2013). 

 

6.1.5. Application of novel genetic profiles for stress response phenotypes 

in the Thoroughbred industry. 

 

The findings presented here support the hypothesis that genetic contributions to 

behavioural traits exist in the Thoroughbred horse. Selection for racing performance has 

likely incorporated ‘coping’ tendencies and stress-susceptibility, as well as other 

behavioural traits. Indeed, based upon the selection signatures identified using perceived 

‘coping’ and the neurobiological so-called ‘pre-action’ cortisol response it seems likely 
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that breeders have been making mating selection choices that have incorporated these 

temperament characteristics.  

It is quite common for equine researchers to employ the expertise of owner 

knowledge as a method for investigating behavioural traits in the horse (Ijichi et al., 

2013). This approach has also been used in canine research to study personality and 

behavioural traits (Rayment et al., 2015). A method of standardising this type of 

potentially subjective assessment for the specific purpose of evaluating potential 

assistance dogs, the Canine Behavioural and Research Questionnaire (C-BARQ) (Hsu 

and Serpell, 2003), has been applied in multiple genetic studies of canine personality, 

such as aggression and fear (Zapata, Serpell and Alvarez, 2016). Almost two thousand 

pedigree Labradors were phenotyped using this well-established approach, and using a 

genome-wide analysis several regions of interest were identified that showed significant 

variation with the traits investigated (Ilska et al., 2017). In another study the C-BARQ 

questionnaire detected haplotypes associated with fear and aggression traits in dogs, that 

have also been associated with anxiety and aggression in knock-out mice (Zapata et al., 

2016). The association in these findings are particularly interesting considering the 

neuroanatomical structures (i.e. amygdala and HPA axis) and systems that influence the 

traits. In relation to the findings of the current study it seems that subjective assessments 

are able to detect specific neurobiological mechanisms which affect the specific traits of 

interest in the horse.  

Breed-specific trends in behavioural characteristics have been reviewed in 

canines, and the human-canine relationship has been discussed as an influencing factor 

(Cyranoski, 2010). The comparison between canine behavioural disorders, and their 

genetic basis, and human psychopathologies has also been presented. Here, the findings 

of these experiments could form a basis for further exploration of the genetic basis for 

stress-linked disease that may also expand beyond the horse. The genes identified using 
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objective and subjective phenotypes not only provide insight into genetic contributions 

to the early adaptation of the early training period, but also seem to reflect the complex 

interplay of neurobiological (Miller and O'Callaghan, 2002), immunobiological 

(Dhabhar, 2009) and metabolic (Bjorntorp, 2001; Nirupama et al., 2012) mechanisms 

with stress response. The Thoroughbred has the potential to be a useful model for the 

study of genetic contributions to stress-linked physiology due to the genetically 

homogenous nature of the breed (McGivney et al., 2020).  

The two gene sets identified by the two stress phenotypes characterised in this 

research project could be developed and built-on to stratify young unraced 

Thoroughbreds into those best-suited to the demanding, high-pressure environments and 

those that may be vulnerable to decreased welfare status, or those requiring additional 

husbandry practice or adjusted environments. Enriched environments and specialised 

dietary interventions may well mitigate some of the health complications that chronic 

cortisol exposure and prolonged stressors are known to exacerbate. For example, omega-

3 fatty acids have been used in human diets to modify stress exposure (Bradbury, Myers 

and Oliver, 2004). 

Exercise has been shown to be hugely beneficial in the management of stress, 

depression, mood disorders and maintaining good overall mental health (Basso and 

Suzuki, 2017). Racehorses are athletes, trained to peak physical fitness. However, 

racehorses are housed in generally socially isolated circumstances, quite different from 

the free-roaming herd lifestyle to which they once evolved. The nature of this change is 

shown to be a cause of distress and impaired welfare (Yarnell et al., 2015). Horses with 

variation at genes likely to cause stress sensitivity, as seen in the cohorts here, may be 

more susceptible to lower mood and impaired welfare when housed in a more socially 

isolated environment. It is possible that this susceptibility could be mediated through the 

use of enriched environment (Ashokan, Hegde and Mitra, 2016), and more social contact 
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and time grazing. Racehorse trainers and handlers often have to make subtle adjustments 

to the individual husbandry practice of horses seeming unsettled and difficult to manage. 

The modifications may be to the environment itself in the case of companion boxes where 

two horses have windows or bars into an adjoining stable, or it may involve in-hand 

grazing allowing more time trickle feeding outside (and away from the busy yard 

environment). Nonetheless even just clear, coherent communication of the deeper 

understanding this work provides of ‘coping’ and stress susceptibility of young 

Thoroughbred racehorses may have a place in the longevity planning of modern racing 

welfare management.  

 The variation in stress response that was detected by salivary cortisol, but not 

observed by the handlers in the qualitative assessment shows that the pre-action phase of 

stress response is indeed ‘invisible’ to expert observation. Since exposure to chronic 

stress can have a detrimental effect on health outcomes, specifically a deleterious impact 

on hippocampal structures in the brain, which itself modulates stress response (Herman 

and Cullinan, 1997), it could be suggested that careful stress management could minimise 

the risks presented by chronic stress. In order to manage this risk, the vulnerability must 

first be identified. Using the genetic profile from this research would form a basis for 

developing a predictive tool to ‘screen’ for those horses more likely to suffer highly 

reactive cortisol response to stress stimuli. The findings here are indicative of a suite of 

genes working together in the response to stress, and so it is unlikely that this test would 

be a single SNP PCR protocol, such as that which has previously been developed (Hill, 

Ryan and MacHugh, 2012b) and well-adopted by the Thoroughbred industry but rather 

may require more complex predictive modelling to develop polygenic risk scores (PRS) 

(Chatterjee, Shi and García-Closas, 2016; Khera et al., 2018). This would likely require 

additional validation sample sets to test the PRS development. 
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 Where it is possible to sensitively identify those horses that are more susceptible 

to highly-reactive stress responses it may then be possible to put in place sympathetic 

management strategies to reduce negative health outcomes associated with prolonged 

exposure to stress (Bartolomé and Cockram, 2016; Blaze, Asok and Roth, 2015; 

Garbarino and Magnavita, 2015). One possible management tool which could be further 

investigated would be the introduction of dietary fats. Docosahexaenoic acid (DHA) is 

one component of omega-3 fish oils found in many food supplements which targets 

memory and brain health. DHA supplementation has been shown to reduce anxiety 

symptoms (Kiecolt-Glaser et al., 2011) and perceived stress (Bradbury et al., 2004). One 

of the genes, free fatty acid receptor 4 (FFAR4), identified within a region on ECA1 in 

the selection signatures identified in Chapter 4 is a G-protein coupled receptor that has 

been shown to play a role in insulin sensitising and the anti-inflammatory response (Oh 

et al., 2010). It has been shown in mice that pharmacological intervention stimulating 

central GPR120 (FFAR4) can reduce anxiety-like behaviours (Auguste et al., 2016). 

There are equine supplements currently being marketed that contain DHA. Some of these 

products contain DHA from fish oil, and others from other plant-based sources such as 

algae and seaweed. There seems to be some difference in the bioavailability of DHA for 

horses (Hess et al., 2012), specifically in reference to ingestion with other micronutrients 

such as vitamin E (Libinaki and Gavin, 2017). A dose-dependent increase in plasma DHA 

was found however in a cohort of polo ponies supplemented with a ‘DHAGold’ (Hess, 

Braun and Herkelman, 2019). Additionally, it is suggested that supplementing a mare’s 

diet with omega-3 fatty acids may benefit the foal in-utero and post-partum (Hodge et al., 

2017). Plasma DHA was shown to decrease significantly following the end of 

supplementation in the horse suggesting that oral supplementation is an effective delivery 

method (King et al., 2008). Within the context of mitigating a stress response DHA 

supplementation in murine research has shown a selective influence on plasma 
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metabolites of the endocannabinoid system, which may present therapeutic opportunity 

(Wood et al., 2010).  

Another dietary intervention which is still in its infancy is the use of pre- and 

probiotics. The link between the brain and the gut, and the influence the brain-gut axis 

can have on behaviour is well-understood (Lyte, 2013; Winter et al., 2018; Johnson and 

Foster, 2018; Davidson et al., 2018). This concept has been studied among athletes also 

(Clark and Mach, 2016), and it has been suggested that the diversity of the microbiome 

may play a role in neurodegenerative diseases (Ghaisas, Maher and Kanthasamy, 2016), 

as well as mental health dysfunction (Pulikkan, Mazumder and Grace, 2019; Van 

Ameringen et al., 2019; Foster and McVey Neufeld, 2013). It may be pertinent to give 

proper attention to the promotion of diverse gut health for the horse which is a high-

specialised and sociable herbivore. This is particularly true in the modern, domestic 

setting when considering that this environment is often isolated single loose box housing 

with restricted grazing access -a far cry from the expansive grasslands of its past (Yarnell 

et al., 2015). The serotonin receptor gene HTR7, and an over representation (P =5.50 × 

10-3) of genes among the ‘NAD biosynthesis II (from tryptophan)’ canonical pathway was 

identified using the objective phenotype in Chapter 4. The serotonergic influence on the 

brain-gut axis, and the serotonergic influence on behaviour (O'Mahony et al., 2015) 

supports the plausibility that the effect of stress on the gut and central nervous system 

(CNS) via the vagus nerve (Bonaz, Bazin and Pellissier, 2018) (Figure 6.2) may be a part 

of the behavioural shaping process (Foster, Rinaman and Cryan, 2017).  
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Figure 6.2. Crude overview of gut-brain axis and influence on behaviour 

 

Ultimately whilst acute stress can boost performance (Tollenaar et al., 2008; 

Anshel and Anderson, 2002), chronic stress primes the body for sensitivity to future 

stresses (De Miguel et al., 2019; Adell et al., 1988), and may over time reduce 

performance/ handling of animals (McBride and Mills, 2012; McBride et al., 2017). 
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6.2. Future work 

 The novel findings of distinct behavioural phenotypes and associated genetic 

profiles presented here provide a basis for further investigation of heritability of 

neurophysiological and neurobiological traits. The cohorts studied were relatively small 

in the context of genome-wide association studies. However, identification of signatures 

of selection in regions containing genes with known functions that are biologically 

relevant to the phenotypes of perceived ‘coping’ and stress response suggest it would be 

worthwhile gathering phenotype data for a larger cohort of horses to allow for a robust 

GWAS experiment. 

 The phenotypes generated in Chapter 2 and 3 were characterised by the same 

expert handlers within a single racing breeding and training operation. Whilst handler 

style and method has been shown not to significantly influence the stress response to first 

backing (Kędzierski et al., 2014), anticipatory behaviour of the horse (Keeling, Jonare 

and Lanneborn, 2009), and handler body language (Baragli et al., 2009) have been shown 

to influence emotional response measured by heart rate. Though HR was not part of the 

objective measure used to characterise the stress and emotional state in these studies, it 

would be interesting to phenotype a cohort of yearlings entering training at another, 

independent racing breeding and training operation to explore any effect of the training 

facility itself, or indeed the perception of coping between different groups of expert 

handlers. 

A review of developmental behavioural expression presents the debate whereby 

the term ‘adolescence’ is argued to be uniquely human (Spear, 2000). This time has been 

referred to specifically as “a period of transitions” (Rosenblum, 1990), and whilst there 

is difficulty in drawing comparisons between animal models and human behavioural 

disorders support for species-specific (Pereira and Fairbanks, 1993) pubertal behavioural 

modifications have been presented (Spear, 2000). A sophisticated experiment 
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manipulated cortisol levels to investigate whether cortisol (and therefore glucocorticoids 

-GC) during the period of pre-puberty (adolescence) influenced risk-taking and social 

behaviours (Guenther et al., 2018). It was demonstrated that animal personality, and 

therefore coping style, is shaped by increased cortisol levels during adolescence. Passive 

coping styles were associated with the animals that experienced heightened cortisol levels 

during adolescence. The results of this research suggests passive coping styles may be 

more difficult to visibly identify by handlers, as even though they can be characterised 

by increased reactivity the observed traits may be considered introverted and quiet 

(Koolhaas et al., 2010). The authors concluded this study provides further evidence that 

adolescence, not just early life experiences, shape personality into adulthood. However, 

a longitudinal study of collie dogs using a standardised subjective personality assessment 

where the objective was a method of matching pups to suitable homes found that only 

exploratory activity was correlated between pups and adult dogs (Riemer et al., 2014), 

suggesting that this idea may be limited to specific periods of susceptibility. As with the 

results of the subjective assessment in Chapter 3 Guenther et al. (2018) observed that 

coping behavioural traits were well-correlated. Risk-taking behaviours were also 

correlated with each other, but they were not correlated with cortisol. The lack of 

association between perceived ‘coping’ and cortisol response in Chapter 3 supports the 

idea that cortisol shapes the stress-coping traits (Guenther et al., 2018) in later life. It is 

not yet known whether this is true in the horse, but the phenotypes and cohorts used in 

the current studies present an opportunity to investigate this as the horses mature and 

proceed with their racing careers. Perceived ‘coping’ phenotypes and other stress-coping 

data could be gathered relatively easily to test the hypothesis that horses with higher 

cortisol responses during early training differ in stress-coping from horses with lower 

cortisol responses. This information could be analysed alongside racing performance 
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data, such as number of races, number of wins, periods out of training, to evaluate to what 

extent racing performance is impacted by stress behaviours and ‘coping’ styles. 

 Since it is known that cortisol has the capacity to shape animal behavioural 

syndromes as well as personality (Guenther et al., 2018) it is interesting to consider the 

idea of early career experiences of young horses potentially shaping their behaviour in 

their later life. Stallions are investments of significant endeavour and the selection of 

stock that make successful stallion prospects is a subject of great debate. Often the 

decision may be taken to castrate a young entire male horse to manage behavioural 

difficulties in training (Line, Hart and Sanders, 1985). There are numerous factors which 

influence this type of decision, but it means that potentially fewer male horses with 

difficult temperaments are feeding into the breeding population. However, this seems to 

be individually approached by different racing operations and there has been recent 

speculation into the extent to which gelding of high-priced bloodstock takes place. This 

presents the question of the proportion of ‘difficult’ or those horses that do not ‘cope’ 

well are breeding. It would therefore be interesting to evaluate the SNP allele frequencies 

for a number of the genes with known functions interacting with personality and 

temperament through age-related mechanisms in a cohort of stallions. 

 Features of racing durability have been shown to be under the influence of 

genetics (McGivney et al., 2019).  These features include whether the horse reaches the 

racetrack or remains unraced, the number of starts a racehorse makes, and the number of 

days between the first start and the last start at the racecourse. Since a proportion of horses 

that do not race are unraced due to ‘lack of ability’ or temperament problems it would be 

prudent to explore if there is any relationship between the race records for the 

prospectively assessed cohort of 96 horses with a 2017 year of birth and both subjective 

and objective phenotypes. This would only be possible to evaluate following their three-

year-old racing season (i.e. 2020). 
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 Furthermore, as perceived ‘coping’ is easily distinguished by expert handlers of 

the horses the question of how these phenotypes affect and influence sales price at 

yearling, and/or breeze-up horse sales is also of interest. In other non-racing equine 

sporting disciplines it is suggested that top riders positively select for so-called ‘active 

coping’ strategies (McBride et al., 2017). On the basis of a genomic prediction model, it 

has been previously shown that there was no significant difference in sales price between 

horses phenotyped as having ‘high’, ‘medium’ and ‘low’ genetic potential for racing 

potential, despite a significant difference in average earnings among the three groups 

(McGivney et al., 2019). Horses stratified into ‘high potential’ to race were statistically 

more likely to earn more when compared to ‘low potential’ horses, even though this trait 

was not ‘visible’ to buyers at the point of sale or had no perceived value. It would 

therefore be interesting to test the hypothesis that perceived coping influences sales price. 

 Additionally, to what extent this phenotype is a part of racing longevity would be 

particularly interesting to follow in the 96 horses with a 2017 year of birth that are now 

actively racing. An evaluation of how perceived coping relates to number of races, strike 

rate and days off work would provide critical supporting information as to the economic 

and long-term welfare implications of psychological components of racing performance. 

This information could serve as a further tool for bloodstock agents matching horses to 

buyers with different objectives, such as days racing, commerciality of breeding potential, 

precocity or trainability. 

 Wilsher et al. (2006) discussed how a filly’s sire nomination fee was very 

influential in the breeding decisions made about the filly irrespective of her racing career. 

Analysing the frequency of the significant SNPs detected by the analyses in Chapter 5 

in a cohort of stallions could better characterise the distribution of the stress susceptibility 

and perceived ‘coping’ phenotypes in the breeding population. At a time when inbreeding 
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and genomic sustainability of the breed are under review (McGivney et al., 2020) this 

information could enhance the ongoing conservation and diversity efforts. 

 It has been shown here that it is possible to systematically characterise behavioural 

phenotypes in the Thoroughbred. A study that investigates possible epigenetic 

mechanisms of inheritance of behavioural traits would be illuminating, especially with 

regards to stress response where it has been previously demonstrated in murine research 

that stress, coping and maternal care behaviours are under reversible, epigenetic control 

(Zhang and Meaney, 2010; Szyf, Weaver and Meaney, 2007; Weaver, Meaney and Szyf, 

2006; Meaney, 2001). 

 The extent to which stress susceptibility can be managed through personalised 

dietary and housing/ environment  modifications could present an opportunity to 

intervene in order to maintain performance whilst increasing welfare status (McBride et 

al., 2017). 
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6.3. Conclusions 

 The two distinct stress response phenotypes that have been characterised here 

provide novel insight into the overlapping and complex mechanisms by which 

psychological stresses are processed by, and influence neurobiology. Studying behaviour, 

a highly complex trait, in the Thoroughbred afforded a unique opportunity to study a 

largely genetically and environmentally homogenous population in a real-life setting. 

Following a cohort of yearlings through the crucial early training period allowed 

unprecedented access to a cohort of real-life elite athletes. In doing this the findings of 

this research provide insight into the pre-action ‘invisible’ phase of stress response, and 

lays the foundations for future research to develop genetic screening methodologies for 

vulnerable animals predisposed to requiring enriched environments and altered 

management to prevent irreversible behavioural changes that may impact on future 

performance. This research presents a much-needed basis for the further study of the 

genetics of behavioural traits in the Thoroughbred. 
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Raw Cortisol Data 
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Table of raw cortisol concentrations for all sampling timepoints described in Chapter 2 
 

ID FD_T1 FD_T2 FG_T1 FG_T2 FR_T1 FR_T2 RN RY_T1 RY_T2 T1 T2 T3 T4 T5 Response
_Driving 

Response
_Backing 

Response
_Ride 

1 
5.5972
88409 

10.883
81463 NA NA NA NA NA NA NA NA NA NA NA NA 

5.286526
219 NA NA 

2 NA NA NA NA NA NA 

2.3
938
196
84 NA NA NA NA NA NA NA NA NA NA 

3 NA NA NA NA 
1.8948
98025 

13.430
83278 NA 

1.3753
58101 

1.4544
97608 NA NA NA NA NA NA 

11.53593
475 NA 

4 NA NA NA NA 
4.4156
76739 

3.8375
24094 

2.3
257
084
36 

1.0401
46449 

1.6426
59532 NA NA NA NA NA NA 

-
0.578152

645 NA 

5 NA NA NA NA 
5.3120
26473 

15.302
88215 NA 

4.7707
35356 

2.3121
38394 NA NA NA NA NA NA 

9.990855
673 NA 

6 NA NA NA NA 
2.4345
89653 

11.297
04263 NA 

2.2344
90871 

1.7361
6832 

2.5
501
246

4 

1.82
0186
338 

2.02
6838
165 

1.70
0148

98 

1.56
2641
462 NA 

8.862452
976 NA 

7 NA NA NA NA NA NA 

2.9
374
205
71 

1.2011
66759 NA NA NA NA NA NA NA NA NA 

8 NA NA NA NA NA NA NA 
2.1765
38955 

2.2087
06861 NA NA NA NA NA NA NA NA 

9 NA NA 
1.9276
26529 

4.3984
70807 NA NA NA 

1.9685
83987 

1.3841
32392 NA NA NA NA NA NA NA 

2.470844
278 

10 NA NA NA NA 
5.5956
19836 NA 

3.1
110
159
53 

1.4221
45253 

2.2876
20291 NA NA NA NA NA NA NA NA 
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11 NA 
3.8875
05751 

2.6714
26495 

9.9480
45475 NA NA NA 

1.5396
61005 NA NA NA NA NA NA NA NA 

7.276618
98 

12 NA NA NA NA NA 
15.843
14811 

3.4
834
002
58 

1.4940
40158 

1.9049
3538 NA NA NA NA NA NA NA NA 

13 
2.4184
07539 

8.3729
12689 NA NA NA NA NA 

1.8555
73115 

1.9397
64756 NA NA NA NA NA 

5.954505
149 NA NA 

14 NA NA NA NA NA NA 

1.8
196
776
23 

3.1611
06852 NA NA NA NA NA NA NA NA NA 

15 NA NA NA NA 
1.7361
44479 

6.7909
19991 

1.2
813
587
16 

1.1659
57953 

1.5240
03671 NA NA NA NA NA NA 

5.054775
512 NA 

16 NA NA NA NA NA NA 

2.7
033
595
16 

2.7061
7114 NA NA NA NA NA NA NA NA NA 

17 NA NA NA NA NA NA 

1.5
151
081
43 NA NA NA NA NA NA NA NA NA NA 

18 NA NA NA NA 
1.5265
74449 

3.7018
27713 

1.6
600
920
63 

1.7569
33003 

2.0998
67068 NA NA NA NA NA NA 

2.175253
263 NA 

19 NA NA NA NA NA NA NA 
1.8911

6172 NA NA NA NA NA NA NA NA NA 

20 NA NA NA NA NA NA 

4.3
370
212
78 

1.8410
89784 

2.1274
88357 NA NA NA NA NA NA NA NA 
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21 NA NA NA NA NA NA 

1.2
771
361
38 NA 

3.8199
02393 NA NA NA NA NA NA NA NA 

22 NA NA NA NA NA 
13.127
07076 NA 

3.8192
98009 

2.6983
52104 NA NA NA NA NA NA NA NA 

23 NA NA NA NA 
2.5401
63163 

4.0091
01665 

3.2
256
727
24 

2.3012
88366 

1.1262
0503 NA NA NA NA NA NA 

1.468938
502 NA 

24 NA NA NA NA NA 
6.4093

5567 NA NA NA NA NA NA NA NA NA NA NA 

25 NA NA NA NA NA 
8.5229
13695 

2.2
099
916
08 

1.4138
05295 NA NA NA NA NA NA NA NA NA 

26 NA NA NA NA NA NA 

2.5
252
702
38 

3.0609
27286 NA NA NA NA NA NA NA NA NA 

27 NA NA NA NA NA NA 

1.8
071
391

5 NA NA NA NA NA NA NA NA NA NA 

28 NA NA NA NA 
4.2432
98675 

12.066
1369 

1.8
758
708
18 

2.5137
61744 NA NA NA NA NA NA NA 

7.822838
227 NA 

29 NA NA 
3.8482
70965 

14.452
13078 NA NA NA 

5.2381
79669 

1.2404
14462 NA NA NA NA NA NA NA 

10.60385
982 

30 NA NA NA NA NA NA 

1.3
992
787
55 NA NA NA NA NA NA NA NA NA NA 
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31 NA NA NA NA 
2.8509
56466 

12.282
68841 

2.3
760
399
87 

2.3111
2644 

5.8076
77958 NA NA NA NA NA NA 

9.431731
947 NA 

32 NA NA NA NA NA 
9.9375
91411 

3.4
971
479
75 

3.0216
13492 

1.0274
7479 

4.0
018
185
32 

2.43
6458
203 

1.97
9999

24 

1.58
6005
772 

2.36
4679
761 NA NA NA 

33 NA NA NA NA 
3.6622

4397 
11.594
37193 NA 

3.4974
27407 

3.6714
15791 NA NA NA NA NA NA 

7.932127
961 NA 

34 
3.2272
39829 

3.8835
67412 NA NA 

1.3402
4972 

10.095
84367 NA 

1.9814
45422 NA NA NA NA NA NA 

0.656327
583 

8.755593
946 NA 

35 NA NA NA NA NA NA 

1.2
840
939
85 NA 

1.3030
29753 NA NA NA NA NA NA NA NA 

36 NA NA NA NA 
5.7180
75464 

13.480
85719 

3.2
130
926
25 

1.9547
72163 NA NA NA NA NA NA NA 

7.762781
725 NA 

37 NA NA NA NA NA NA 

3.5
103
161
83 

2.3172
50581 NA NA NA NA NA NA NA NA NA 

38 NA NA 
1.9296
69234 

9.6899
63439 NA NA NA 

1.7798
27195 NA NA NA NA NA NA NA NA 

7.760294
205 

39 NA NA NA NA NA NA 

2.2
237
239
51 NA NA NA NA NA NA NA NA NA NA 

40 NA NA NA NA 
2.4737
69077 

7.1431
26182 NA NA NA NA NA NA NA NA NA 

4.669357
105 NA 

41 NA NA NA NA 
3.7090
64955 

12.814
20705 

2.9
761

2.7900
79242 

6.7876
7407 NA NA NA NA NA NA 

9.105142
095 NA 
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415
32 

42 NA NA NA NA 
7.8067
57533 

12.545
02833 

4.8
979
500
78 NA 

1.1354
19035 NA NA NA NA NA NA 

4.738270
795 NA 

43 NA NA NA NA NA NA 

1.8
298
025
63 

2.2362
34297 

3.0395
0851 NA NA NA NA NA NA NA NA 

44 NA NA NA NA NA NA 

2.0
758
127
98 NA NA NA NA NA NA NA NA NA NA 

45 NA NA NA NA NA NA 

1.8
252
972
29 NA NA NA NA NA NA NA NA NA NA 

46 NA NA NA NA 
1.9546
04447 

7.1502
28085 

2.7
068
741
54 NA 

2.2683
30158 NA NA NA NA NA NA 

5.195623
638 NA 

47 NA NA NA NA NA NA 

3.5
878
025
37 

2.5747
004 NA NA NA NA NA NA NA NA NA 

48 NA NA NA NA NA 
6.0117
55605 

2.0
496
184
99 

2.4604
99635 

2.1433
39836 NA NA NA NA NA NA NA NA 

49 NA NA 
2.6823
30894 

9.7182
17056 NA NA NA NA NA NA NA NA NA NA NA NA 

7.035886
161 

50 NA NA NA NA NA NA NA 
4.2752
24312 NA NA NA NA NA NA NA NA NA 
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51 NA NA NA NA NA 
12.866
64983 

2.9
406
289
51 

2.1393
38061 

1.3561
75066 NA NA NA NA NA NA NA NA 

52 NA NA NA NA 
2.0578

0555 
2.7075
12405 

2.0
107
582
24 

1.3760
08577 

2.4044
4083 NA NA NA NA NA NA 

0.649706
854 NA 

53 NA NA NA NA 
3.2486
10447 

12.617
15854 NA 

1.7565
6267 

1.9498
55908 NA NA NA NA NA NA 

9.368548
097 NA 

54 
2.8843
63457 

13.936
87726 

2.8014
81557 

17.161
65655 NA NA NA 

1.8578
22721 NA NA NA NA NA NA 

11.05251
381 NA 

14.36017
5 

55 NA NA NA NA 
1.4839
76273 

4.9089
40177 

1.7
805
418

1 NA 
1.3392
57532 NA NA NA NA NA NA 

3.424963
904 NA 

56 NA NA NA NA NA NA 

2.8
571
510
33 NA NA NA NA NA NA NA NA NA NA 

57 NA NA NA NA NA 
5.2245
96247 

3.8
984
818
47 

3.2873
18617 

2.8454
16637 NA NA NA NA NA NA NA NA 

58 NA NA 
3.1945
37696 

16.186
57307 NA NA 

1.8
006
149
71 

2.8579
27816 

2.3070
32752 NA NA NA NA NA NA NA 

12.99203
537 

59 NA NA NA NA NA NA 

1.3
949
445
86 NA 

1.4144
90335 NA NA NA NA NA NA NA NA 

60 NA NA NA NA NA NA NA 
3.3478
73098 NA NA NA NA NA NA NA NA NA 
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61 NA NA NA NA 
4.5176

7848 NA 

3.5
540
295
21 

2.7822
62317 NA NA NA NA NA NA NA NA NA 

62 NA NA NA NA NA NA 

2.5
326
409
52 

1.2518
96104 NA NA NA NA NA NA NA NA NA 

63 NA NA NA NA NA NA 

2.0
983
489
81 

3.8387
15791 NA NA NA NA NA NA NA NA NA 

64 NA NA NA NA 
2.3828
66119 

36.180
96217 

5.0
140
381
07 

5.0318
19943 

3.1761
06324 NA NA NA NA NA NA 

33.79809
605 NA 

65 NA NA 
2.5616
73201 

24.334
35523 NA NA 

2.1
712
029
94 

2.2820
51293 

2.5659
16185 NA NA NA NA NA NA NA 

21.77268
203 

66 NA NA NA NA NA NA 

2.8
609
132
52 NA NA NA NA NA NA NA NA NA NA 

67 NA NA NA NA 
3.6946
02885 

6.4597
23974 NA NA NA NA NA NA NA NA NA 

2.765121
089 NA 

68 NA NA NA NA 
2.0392
20067 

16.288
36449 

6.5
336
789
11 

1.8770
38505 

2.3964
72576 

3.2
811
587
04 

2.09
8111
644 

2.75
6137
022 

2.65
7999
358 

2.90
1063
308 NA 

14.24914
442 NA 

69 
3.1201
89605 

19.619
30752 NA NA NA NA NA 

1.5212
29665 

2.0259
66593 NA NA NA NA NA 

16.49911
791 NA NA 

70 NA NA NA NA 
3.6794

7841 
11.711
89537 

2.4
131

2.5383
00004 

3.6414
89962 NA NA NA NA NA NA 

8.032416
961 NA 
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693
44 

71 NA NA NA NA 
2.6041
17194 

9.0127
84588 

1.9
787
209
63 NA 

3.2531
37763 NA NA NA NA NA NA 

6.408667
394 NA 

72 NA NA NA NA NA NA 

2.0
789
776
38 NA NA NA NA NA NA NA NA NA NA 

73 NA NA NA NA 
1.6724
53682 

24.327
25142 

1.6
414
893
42 

1.2988
12884 

1.2757
11115 NA NA NA NA NA NA 

22.65479
773 NA 

74 NA NA NA NA 
2.7642
22726 

8.7275
20109 

2.9
528
923
25 NA NA NA NA NA NA NA NA 

5.963297
383 NA 

75 NA NA NA NA 
1.3303
71073 

2.9933
75652 

4.8
262
501
62 NA 

4.6527
52487 NA NA NA NA NA NA 

1.663004
579 NA 

76 NA NA NA NA 
2.7385
26625 

3.7287
08218 

2.2
248
892
65 NA NA NA NA NA NA NA NA 

0.990181
593 NA 

77 NA NA NA NA NA NA 

3.9
300
548
51 

1.3277
52393 NA 

3.9
181
911
99 

1.84
5134
493 

2.68
5383
403 

1.53
9417
569 

2.48
5481
114 NA NA NA 

78 NA NA NA NA NA NA 

1.7
755
224
65 NA NA NA NA NA NA NA NA NA NA 
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79 NA NA 
2.5954
09913 

6.9899
35266 NA NA 

2.2
302
980
83 

2.3960
54931 NA NA NA NA NA NA NA NA 

4.394525
354 

80 
1.2904
43888 

7.4952
38612 NA NA NA NA NA NA NA NA NA NA NA NA 

6.204794
724 NA NA 

81 NA NA NA NA NA NA NA 
2.1314

3925 NA NA NA NA NA NA NA NA NA 

82 NA NA NA NA NA NA 

2.7
453
425

8 NA NA NA NA NA NA NA NA NA NA 

83 NA NA NA NA 
5.8490

2697 
24.671

0871 

3.0
092
161
45 

1.5395
42167 

2.3172
50581 NA NA NA NA NA NA 

18.82206
013 NA 

84 NA NA NA NA NA NA 

2.7
439
871
14 

3.1981
46081 NA NA NA NA NA NA NA NA NA 

85 NA NA 
2.5195
93359 

14.051
00819 NA NA 

1.7
340
761
03 

1.6521
83563 

3.1985
40939 NA NA NA NA NA NA NA 

11.53141
483 

86 NA NA NA NA NA NA NA 
2.2795
10904 NA NA NA NA NA NA NA NA NA 

87 NA NA NA NA 
3.1308
16644 NA 

2.8
902
468
76 

2.1677
57236 

3.5103
81321 NA NA NA NA NA NA NA NA 

88 NA NA NA NA NA NA NA NA 
1.2338
78163 NA NA NA NA NA NA NA NA 

89 NA NA NA NA 
4.0355
90845 

22.369
74368 

5.2
984

2.2554
72307 NA NA NA NA NA NA NA 

18.33415
284 NA 
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978
4 

90 NA NA NA NA 
3.0486
37237 

6.0423
50368 NA NA 

1.4228
35311 NA NA NA NA NA NA 

2.993713
131 NA 

91 NA NA NA NA 
2.1332

0671 
3.1542
74727 NA NA 

4.3014
92411 NA NA NA NA NA NA 

1.021068
017 NA 

92 NA NA NA NA NA NA NA 
1.9745
63831 NA NA NA NA NA NA NA NA NA 

93 NA NA NA NA NA NA NA 
2.2365
69199 NA NA NA NA NA NA NA NA NA 

94 NA NA NA NA NA NA NA 
1.9886
44185 NA NA NA NA NA NA NA NA NA 

95 NA NA NA NA 
2.2818
01293 NA NA 

1.6574
49672 

1.5002
79415 NA NA NA NA NA NA NA NA 

96 NA NA NA NA 
2.4178
09562 

27.610
37946 NA 

1.4755
92592 NA NA NA NA NA NA NA 

25.19256
99 NA 

97 NA NA NA NA NA 
4.1955
11473 NA NA 

1.6418
94158 NA NA NA NA NA NA NA NA 

98 NA NA NA NA 
4.3028
73368 

13.544
47651 

2.4
793
412
27 

2.1809
8504 

1.7751
6113 NA NA NA NA NA NA 

9.241603
138 NA 

99 NA NA NA NA NA NA 

4.8
546
192
64 NA NA NA NA NA NA NA NA NA NA 

100 NA NA NA NA NA NA 

2.4
684
073

8 NA NA NA NA NA NA NA NA NA NA 

101 NA NA NA NA NA NA 

2.1
898
701
84 

1.2714
49477 

2.0259
66593 

2.8
978
631
33 

1.54
6370
067 

1.50
2548
328 

2.19
5086
584 

1.60
2445
006 NA NA NA 
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Prospective Behaviour Questionnaire 

 

Introduction 

 

This questionnaire forms part of a project which is investigating the heritability of behavioural traits in the Thoroughbred. 
 

 
For the purposes of this questionnaire and in the context of the racing training yard scenario please consider ‘Coping’ as meaning: 
 

“the horse shows sufficient progression through the standard training programme and manages the demands and stresses of the 

training environment without obvious distress”. 

 

 

Thank you for taking time to answer the questions. 
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Questions, Answers and Definitions 

Section I 

How did this horse adjust to and live with the stresses of the racing/training environment? Please choose the answer which 

best describes this horse. 

‘Not Well’ 
The horse did not adjust to and live with the racing/training routine and environment as expected after a normal period of 
adjustment. The horse could be difficult to handle in the yard and required careful management to settle. The horse would often 
show adverse behaviours (e.g. kicking the door, stamping hooves, head tossing, pinning back ears). 
‘Average’ 
The horse adjusted to and lived with the racing/ training routine and environment and settled after a period of adjustment (as 
expected). The horse was mostly easy to handle in the yard only rarely showing adverse behaviours (e.g. kicking the door, stamping 
hooves, head tossing, pinning back ears). 
‘Well’ 
The horse settled into the racing/ training yard and managed with the routine and environment with only a very short period of 
adjustment. The horse was settled and easy to deal with on the yard, and did not require specific management. 
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Section II 
 

Consider the below descriptors for ‘Well’, ‘Average’ and ‘Not Well’ for reactions to new events. Please choose the response which best describes 

this horse. 
 

Reaction classification> 
 
Event 

Well  Average  Not Well  

First time being driven/ long reigned 

little to no reaction to 
the event 

reacts to event but is 
reasonably quickly 

settled 

reacts violently to 
event by displaying 
avoidance and/or 

aggression 

First time being backed [‘broken’] 

little to no reaction to 
the event 

reacts to event but is 
reasonably quickly 

settled 

reacts violently to 
event by displaying 
avoidance and/or 

aggression 

First time being exercised with a group of other young horses 

little to no reaction to 
the event 

reacts to event but is 
reasonably quickly 

settled 

reacts violently to 
event by displaying 
avoidance and/or 

aggression 

(If applicable) 
 First time being loaded into stalls/ barriers 

little to no reaction for 
the event 

reacts to event but is 
reasonably quickly 

settled 

reacts violently to 
event with displaying 

avoidance and/or 
aggression 

 

  



 

 

295 

Section III 
Consider the three temperament characteristics; Sensitivity, Self-reliance (Independence), and Tractability. Please choose the description for best-
fitting this horse. 

 

Characteristic                                                        Descriptor 
Sensitivity/reactivity 
Sensitivity and reactivity in 
the context of changes in 
routine and/or environment 

Not reactive to novelty 
Easily adjusts to novelty in 
and/or changes to routine. 

Average 
Adjusts as expected to novelty in 
and/or changes to routine. 

Highly reactive to novelty 
Very sensitive/reactive to novelty in and/or 
changes to routine. Does not adjust well. 

Self-
reliance/Independence 
Independence from peers in 
training environment. 

Self-reliant 
Settled when alone, doesn’t 
look to peers/handler for 
reassurance. 
 

Average 
Settles when alone after time, 
adjusts to not looking to 
peers/handler for reassurance. 

Not self-reliant 
Does not settle well when alone. Looks to 
peers/handler for reassurance. 
May require companion box and/or other 
regimen modifications to manage preferences. 

Risk-taking 
Recklessness and risk-
taking with regards to self-
preservation. 

Not reckless 
Does not exhibit reckless 
behaviours and shows high 
regard for self-preservation. 

Average 
Rarely exhibits reckless behaviours 
and shows high regard for self-
preservation.  

Reckless 
Often exhibits reckless behaviours with low 
regard to self-preservation. 

Learning 
Ability to understand 
training requests. 

Quick to learn 
Quickly understands concepts 
and progresses through 
training regime, more quickly 
than expected. 

Average 
Understands concepts of training 
requests and progresses as 
expected. 

Slow to learn 
Takes time to understand training request. May 
require repeated introduction of single training 
concept. 

Tractability 
Ease of management within 
training environment and 
compliance to demands of 
training regime. 

Tractable 
Easy to handle and obedient 
during training. Willing. 

Average 
Only occasionally shows 
disobedient attitude, but easy to 
handle and obedient during training 
most (more than 75%) of the time. 

Not tractable 
Difficult to train. Disobedient during training 
and often displays aggressive and avoidance 
behaviours such as biting or kicking towards 
handlers or other horses. Unwilling 
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Retrospective Behaviour Questionnaire 

Introduction 
This questionnaire forms part of project which is investigating the heritability of 
behavioural traits in the Thoroughbred.  
 
Questions, Answers and Definitions 
For each horse please use the answer space provided to describe (using the following 
list) how well you recall this horse’s time at the yard: 
 

Very good recollection, good recollection, poor recollection.  
If you have no recollection of a horse’s time at the yard, please select and leave answer 
blank. 
 

Question 2- 
How did this horse adjust to and live with the stresses of the racing/ training 
environment? 
‘Not Well’- 
The horse did not adjust to and live with the racing/training routine and environment as 
expected after a normal period of adjustment. The horse could be difficult to handle in 
the yard and required careful management to settle. The horse would often show 
adverse behaviours (e.g. kicking the door, stamping hooves, head tossing, pinning back 
ears). 
 
‘Average’- 
The horse adjusted to and lived with the racing/ training routine and environment and 
settled after a period of adjustment (as expected). The horse was mostly easy to handle 
in the yard only rarely showing adverse behaviours (e.g. kicking the door, stamping 
hooves, head tossing, pinning back ears). 
 
‘Well’-  
The horse settled into the racing/ training yard and managed with the routine and 
environment with only a very short period of adjustment. The horse was settled and easy 
to deal with on the yard, and did not require specific management. 

 
Thank you for taking time to answer these questions. 
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Imputation methodologies 

  



 

 

301 

Using Beagle 5.0 to Impute all genotype data to 

670K 

[prepared by Dr. Beatrice McGivney] 

SNP imputation and QC for all genotypes used in this thesis performed by Dr. Beatrice 

McGivney (Plusvital Ltd.) 

 

Introduction 

Three genotyping arrays are available for the horse, containing~54 000 and~65 000 

and ~670,000 markers, of which only~45 000 are shared. All three were developed and 

mapped based on EquCab2. Marker IDs are not consistent across arrays. This leads to a 

loss of information when combining datasets generated on separate arrays. Genotype 

imputation offers a potential solution to this problem. Our objective was to  

• Map all SNP to EquCab3 

• Revise SNP IDs for consistency across arrays 

• Impute genotypes on all lower density arrays up to the higher density array 

• Quality control to test reliability of imputation 

Methods 

Genotyping platforms 

6,664 horses were genotyped on the Axiom Equine Genotyping Array (Axiom 

MNEC670), 5,537 on the Illumina Equine SNP70 BeadChip (Illumina, San Diego, CA) 

and 397 horses were genotyped on the Illumina Equine SNP50 BeadChip (Illumina, San 

Diego, CA).  
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Mapping from EquCab2 to EquCab3 and revising of SNP names 

EquCab 2 was remapped to EquCab 3 using the conversion file available from 

Beeson et al. (2018). 

SNP names were revised to standardise across SNP genotyping platforms using 

the NCBI published RS names and, where absent, using chromosome number and bp 

position in the following format chrN_BP, e.g. chr1_31946694.  

 

SNP data quality control 

Genetic duplicates were removed using –genome –min 0.95 in PLINK version 1.9 

(Purcell et al. 2007). Over 90% of horses genotyped were Thoroughbreds. Non-

Thoroughbreds were removed based on available breed/pedigree data and removal of 

outliers using principal component analysis using smartPCA from the EIGENSOFT 

package (version 4.2) (Price et al., 2006). The absence of other breeds was confirmed by 

performing principal component analysis on the cleaned data set. 

A minor allele frequency (MAF) threshold of >0.0005 was applied using PLINK. 

SNP and individual genotyping thresholds were set at 90% using PLINK. 

For a subset of samples (n = 4,000) genotyped on the SNP70 platform and the set 

of 397 samples genotyped on the SNP50 platform more stringent quality control 

thresholds of MAF < 0.05 and SNP and individual genotyping thresholds >95% were 

applied as these samples had already been processed for the inclusion in other studies .  

This resulted in a set of 47,862K SNPs available for imputation.  

 

Beagle Imputation 

Samples genotyped on the Axiom Equine Genotyping Array (670k SNPs) were 

used as the reference set. These were phased using BEAGLE version 5.0. The samples 
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genotyped on the Illumina Equine SNP70 and SNP50 BeadChips were submitted to 

Beagle for imputation via the “gt=” option. The Java heap size option, “-Xmx”, was 

maximised as this is a memory-intensive operation. Dosage R-squared (DR2)was 

calculated for all SNPs. 

Validation was then conducted on samples that were genotyped on more than one 

different platform to evaluate imputation accuracy. 

 

Post Imputation quality control 

Imputed SNPs with a DR2 < 0.3 were excluded from further analysis. SNPs with 

MAF <0.01 were excluded from the data set. Incorrect strand or other technical issues 

could result in SNPs being called inconsistently so a chi-squared test for significant 

differences in allele frequency in all reference samples compared to the imputed panel 

was implemented using the -assoc function in PLINK. SNPs with a five-fold difference 

in allele frequency in the imputed compared to the reference data set were removed from 

further analysis.  

 

Concordance across duplicate samples 

A set of samples genotyped on both the 670K and 70K array were used to test the 

accuracy of the imputation. This was done using the IBD function in PLINK which 

provides values for genetic similarity and for relatedness. This analysis was performed 

using the following QC parameters. All SNPs identified through the post imputation QC 

procedures were removed. 
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Pruning 

As the SNP670 chip was developed for use in multiple breeds many variants are 

uninformative in the Thoroughbred either due to fixation/low minor allele frequencies 

which was addressed above or due to complete linkage disequilibrium with neighbouring 

variants. Therefore, a high threshold pruning was applied, in PLINK using the indep 

function with a 50 SNP sliding window moving 5 SNPs and a variant inflation factor 

(VIF) of 100 which corresponds to a R2 of > 0.99 across SNPs.    

 

Results 

Mapping from EquCab2 to EquCab3 and revising of SNP names 

Over 90% of SNPs were successfully remapped to EqCab3 and assigned an rs 

code. Among the SNPs remapped to EqCab3 68,437 were common to both genotyping 

platforms.  

 

  Ecab2 Ecab3 RSname ChN and bp 

SNP49K 48896 47862     

SNP70K 73784 71030 69361 1669 

SNP670K 670797 619888 613721 6167 

 

 

SNP data quality control 

Following quality control procedures 488,576 SNPs and 6,887 samples were 

retained in the reference set. A set of 61,285 SNPs for 1,101 samples were retained in the 
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SNP70 data set to be imputed. A set of 47,862 SNPs and 5,011 samples were retained in 

the 49K data set. 

This resulted in a final data set of 12,999 samples with genotypes at 488,576 SNP 

positions. 

 

Post Imputation quality control and pruning. 

Following quality control 92,699 (19%) of SNPs were removed. A further 

149,944 SNPs (31%) were removed due to very high linkage disequilibrium (LD). This 

resulted in a final data set of 245,933 SNPs.  

 

  --indep 50 5 100 
 

N % Total 

SNPs Imputed 488,576 100 

R2 < 0.3      81,701       16.72  

MAF < 0.01      10,494         2.15  

Different allele frequency across chips            504         0.10  

LD pruning    149,944       30.69  

PostQC SNPs    245,933       50.34  

 

 

 Concordance across duplicate samples 

A set of 260 samples were genotyped on both the SNP670 and lower density 

arrays. Post imputation concordance across duplicate samples was greater than 99% for 

82% of samples (213/260). Concordance was between 98 and 99% for 15% of samples 

40/260. The lowest concordance across duplicates was 95.7% and five samples had 

concordance of 97%. 


