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Is a potential regulatory region in the
vicinity of EDN3 linked to the
performance in Standardbred horses?

Abstract

Standardbred horses (SBs) are used in harness racing. Their common
breeding history with Coldblooded trotters (CBTs) led us to the
hypothesis, that the same region associated with race performance in
CBTs, may be linked to the performance of SBs as well. EDN3 SNP
(g.22:45748491C>T), was found to be associated (p<0.05) with
performance traits in CBTs (Fegraeus, 2017). EDN3 SNP has a high
frequency of the T-allele in breeds related to races and to the high
performance (Fegraeus, 2017). EDN3 SNP is located in the vicinity of
endothelin-3 (EDN3) gene. Protein endothelin-3 (EDN3) is
responsible for the development of the enteric nervous system and the
melanin distribution in the foetus and it is involved in the blood
regulation. Custom designed TagMan SNP Genotyping Assays
(Applied Biosystems StepOnePlusTM Instrument by Life
Technologies) were used to genotype 550 SBs. Four hundred and fifty-
seven genotypes were obtained and no statistically significant
association between racing performance traits and genotype was
found. Several associations (<0.05) between performance traits and
other fixed effects — sex and year of birth - were found. The T-allele
frequency of EDN3 SNP is 0.87 and the frequency of the C-allele is
0.13 for 467 genotyped SBs. Whole genome sequencing of
homozygotes for the C-allele and the T-allele in trotter horses is
planned. The follow-up research into the EDN3 vicinity is
recommended.
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Je potencionalni regulacni oblast v blizkosti
genu EDN3 spojena s vykonnosti
Amerického klusackého koné?

Abstrakt

Americky klusdk je oblibené dostihové plemeno. Jeho historie je
spojena se Severskym chladnokrevnym klusdkem (CBT), v jehoz
chovném programu byl Americky klusdk vyuzivan pro zlepSeni
dostihovych vlastnosti. Tato skutecnost nas vedla k hypotéze, Ze stejna
oblast genomu, kterd je spojena s vykonnosti CBTs, muzbyt
zodpovédnd za vykonnosti Amerického klusdka. EDN3 SNP
(g.22:45748491C>T) je zodpovédny (p<0.05) za vykonnost
Severského chladnokrevného klusaka (Fegraeus, 2017). Frekvence T-
alely v EDN3 SNP je vysoka v plemenech vyuzivanych pro dostihovy
genu endothelin-3 (EDN3). Protein endothelin-3 (EDN3) je
zodpoveédny za vyvoj nervirdvici soustavy a distribuci melaninu
v plodu koné¢ a také se podili na regulaci krevniho tlaku. Zakazkové
navrzeny TagMan SNP test genotypizace (Aplikované Biosystémy
StepOnePlusTM nastrojem Life Technologies) byl pouzit ke
genotypizaci 550 vzorkiDNA Amerického klusackého koné. Gita
Sedesat sedm genotypli ziskdno, a pitom nebyla nalezena
statisticky signifikantni asociace mezi zdnou proménnou
reprezentujici vykonnost a genotypm. Byl nalezeno nékolik asociaci
(<0.05) mezi vykonnostnimi proménnymi a fixnimi efekty — pohlavi a
rok narozeni. Frekvence T-alely v EDN3 SNP je 0,8 a C-alely je 0,13.
Sekvenovani celého genomu je planovano na homozygotech pro C a
T alelu u vybranych koni klusackych plemen. Navazujici vyzkum
oblasti genu EDN3 je doporucen.

Klicova slova: Vykonnost, Americky klusdk, EDN3, endothelin-3
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ATP
BLUP
CBT
DNA
EBV
EDN3
EDNRB
ENCC
ET
ETA
ETB
G
GWAS
HSCR
LD
LWFS
M
NSDH
PCR

S

SB
SNP
B
USA
VEGF

Adenosine triphosphate

Best linear unbiased prediction
Coldblooded trotter
Deoxyribonucleic acid
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Endothelin-3
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Lethal white foal syndrome
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Polymerase chain reaction
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1 Literature Review

1.1 Importance of horses in the life of mankind

During the last 5000 years, horses have been an integrated part of
human life (Clutton-Brock, 1999; Outram et al., 2009). The functional
use of horses has changed during the ages. First horses were hunted
for meat. Later, when the domestication process had started, the role
of a horse expanded to a human assistant in many ways. For example,
horses have made long-distance transport easier, being a carrier of
possession, to ride on or for pulling a carriage. In some cultures, horse
milk has been used for human diet enrichment (Levine, 1998). With
agriculture development, literally horsepower has been used for
cultivating the land. To own a horse has always been seen as a sign of
a high social position. When the civilization developed the use of
horses changed from only practical use more to the purpose of joy.
Different types of competitions and races were developed in different
cultures. In Ancient Greece, the Olympic Games had chariot horse-
races with two and four horses (Olympics, 2017) and in Mongolia, the

tribes have held different types of racing games.
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In Great Britain, horse racing became a local, traditional, seasonal
sport from the 12% century and onwards. It turned professional 500
years later, with the Jockey Club founded as an organization behind

races all over the United Kingdom (Horse racing History, 2017).

1.2 History of harness racing

Harness racing is as old as 3000 years, the first of these races, where
horses were put in straps and fitting, were held in Ancient Greece.
Modern trot races became common in the United States of America
(USA) at the end of the 18" century (Hendricks, 1995). In 1871, the
Grant Circuit, a Quadrilateral Trotting Combination, was established
and it has been one of the most famous annual harness races up until
today. For this type of race, there was a demand for a suitable breed.
To meet this demand a new breed was established based on cross-
breeding between local mares and the main gene donator Messenger,
a Thoroughbred stallion, imported from England. Messenger was bred
directly with local mares and with pure Thoroughbred mares and his

offspring became part of a new breed — the Standardbred.

1.3 History of Standardbreds

In 1879 the Standardbred was officially established as a new breed in
the USA. To be recognized as a Standardbred horse, the horse had to
make a one-mile track in 2 minutes and 30 seconds (Parker, 2008; Jill,

2018).



The Standardbred has been very popular all over the world, including
in the Nordic countries. Standardbreds were used as riding horses in
different categories including dressage, show jumping and endurance
but mainly they were used as trot racing horses (United States Trotting
Association, 2017). Over the course of years, Standardbreds have been
selected to improve the horse’s racing performance (Fegraeus, 2017).
The annual genetic performance progress of Standardbreds
corresponds with 5% of the phenotypic standard deviation

(Thiruvenkadan, 2009).

1.4 Endothelin-3 function

The EDN3 gene is located on chromosome 22 (Ensembl, 2018a)
and encodes the protein endothelin-3 (EDN3), the potent vasoactive
peptide (Peroutka, 2007). Peptides are used mainly for cell-cell
communication and they play the important role as transmitters in the
nervous system (Reid et al., 2018). Vasoactive peptides influence
directly vascular and other smooth muscles (Reid et al., 2018). EDN3
protein is produced in various tissues as muscular and nervous
peripherals (Genetics Home Reference, 2018). EDN3 is known to
influence the prenatal development of enteric nerves (Gazques et al.,
2016). Another known function of endothelin-3 is its role in the
production of melanocytes during a prenatal development (Genetics
Home Reference, 2018). The endothelin (ET) family contains three
isoforms — ET-1, ET-2 and ET-3. There are two receptors for ET,
endothelin receptor A (ETA) and endothelin receptor B (ETB)
(Arinami, 1991; Davenport, 2002). The signalling pathway for these
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receptors uses G-protein signalling cascade (Human Protein Reference
Database, 2018).

G-protein coupled receptors receive their signal by binding to
extracellular ligands. Then the G-protein coupled receptor activates
the G-protein by stimulating the exchange of the guanosine
diphosphate to the guanosine triphosphate. In active form, the G-
protein alpha subunit dissociates from the beta-gamma complex.
Effectors are released from subunits to continue the signalling
pathway. After the signal is sent from the G-protein, the bound
guanosine triphosphate is hydrolysed back to the guanosine
diphosphate. The G-protein is deactivated (Tuteja, 2009).

The endothelin-3 leads to the placement of enteric neural crest cells
(ENCC), which creates the enteric nervous system. The role of
endothelin-3 in this process is three-fold. Firstly, it is functioning in a
signalling pathway with Bl-integrins subfamily. Integrins are cell
surface receptors that are important for cell migration and survival.
These receptors have one a and one B chain with several different
subunits. The largest family is the B1-integrin. The B1-integrin has a
task to regulate the colonization of ENCC and controls the general
neurological network organization in the gut. Secondly, EDN3
influences directly ENCC. Endothelin-3 increases the adhesion of the
enteric neural crest cells during their colonization of the embryonic
gut. Thirdly, the protein is part of the maintenance and the recovery of
enteric progenitors (Gazquez et al., 2016). In prenatal development,
the manifestation of the gene is restricted to mesenchymal cells of the

caecum before and after neural crest cells arrived (Leibl et al., 1999).



For their work, muscles depend on oxygen distribution, as oxygen
is essential for aerobic adenosine triphosphate (ATP) production
(Shubhangi, 2018). ATP is a basic energy unit in every mammal’s
body. Physick-Sheard (1985) described how greater flow capacity of
oxygen in muscles influences the body exercise and that this capacity
is a limiting factor in the performance. Muscle capillarity is an effect
of intense training. The blood’s capacity to carry oxygen can be the
most important component of the horse’s workability in the aerobic
environment (Physick-Sheard, 1985) (Figure 1).

ET-1 and ET-2 are long-lasting constrictors of vessels (Davenport,
2002, Moore et al., 1992). ET-1 and ET-3 were found to be stimulators
of the vascular endothelial growth factor (VEGF) protein synthesis.
VEGEF is responsible for angiogenesis, the formation of new vessels
from existing ones. This stimulation is performed by a signalling
pathway including endothelin receptors ETA and ETB and protein
kinase C (Pedram et al., 1997). It was described in pigs how ET-1 and
ET-3 regulate vasoconstriction (Ushio-Fukai et al., 1995). The process
is slightly different for the two endothelins ET-1 and ET-3, but both
influence the level of plasmatic calcium (Ushio-Fukai ef al., 1995)
(Figure 1).

Plasma concentrations of ET-1 and ET-3 proved that these
vasoactive peptides have a role in the pathogenesis of the hepatorenal
syndrome and liver disease (Moore et al., 1992). Moore and his team
(1992) compared plasma concentration of ET-1 and ET-2 in subjects
with several categories of liver and renal diseases in comparison to

healthy individuals.
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Figure 1. The pathways how endothelin-3 may influence the

performance of horses.

The EDN3 gene interacts with the endothelin receptor type B
(EDNRB) gene, the latter being, responsible for the production of the
endothelin receptor B (ETB). EDNRB is associated with the frame
overo coat colour and Lethal white foal syndrome (LWFS). LWEFS is
manifesting by an intestinal aganglionosis (Ensembl, 2018b).

Different mutations of the endothelin 3 gene cause terminal
aganglionosis, known as the Hirschsprung’s disease (Leibl et al.,
1999) and Waardenburg syndrome in humans (Touraine et al., 2000).
This syndrome is inherited in an autosomal recessive manner, where
melanocytes and intrinsic ganglion cells of the terminal hindgut are
absent (Touraine ef al., 2000). The role of EDN3 in the development
of Hirschsprung (HSCR) disease in a Chinese population is described
by Garcia-Barcelo et al. (2004). Two mutations of EDN3 were
described as additional HSCR disease-causing mutations. Since they

were found only in a small part of the investigated sample, Garcia-
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Barcel6 et al. (2004) added that these mutations can be either specific

for a subpopulation or for certain individuals.

1.5 Performance trait of trotters

Performance in trotters is a complex trait which can have many
characteristics. Fegraeus (2017) used number of starts, number of
wins, number of placings (1-3), frequency of wins, frequency of
placings, earnings, earnings per start, time-record-volt start per
kilometre and time-record-auto start per kilometre as representative
traits for performance. Volt starts mean horses are walking in a circle
over a specific distance and starting a race from that formation. During
auto start, a car with wings is launching the race. Statistically
significant results with genotypes were found for the variables number
of starts, number of wins, number of placings, earnings, earnings per
start and time record volt start per race (Fegraeus, 2017).

Tanner et al. (2011) used the performance variables earnings and
number of starts. In Tanner’s statistical model (2011), estimated
breeding value (EBV) was included. The EBV for Swedish
Standardbred trotters was based on these traits: number of races (start
variable), percentage of races with first, second or third place, earnings
(for every race and sum per career), record time per 1 km and racing
(or start) status — if the horse started a race (1) or not (0) (Arnason,
1999). The best linear unbiased prediction (BLUP) evaluation has
been used for Standardbreds in Sweden since 1989 and since 1992 the
Animal model has replaced the previously used Sire model and has

brought more accurate values (Arnason, 1999).
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Cheetham et al. (2010) recommended using number of starts and
earnings for performance variables, as well as age, sex, breed, surface
of racetrack and gait. Cheetham et al. (2010) mentioned in their study,
that castration influences the performance of a horse, especially if it
was done during its racing career.

Suontama et al. (2013) described that the correlation in
Standardbred foals was 0.54 for trot and earnings variables. In
studbooks of Standardbreds the correlation between earnings and
character was 0.70 and between earnings and movement was 0.88.
These correlations were used in the EBV. Because these correlations
have high values, the EBV may be used as a representative parameter
of the performance trait.

The linear regression model was used in previous studies to
compare genotype and phenotype data (Arnason, 1999; Cheetham et
al., 2010).



2 Introduction

2.1 Previous research

Investigation of genetic markers in the vicinity of EDN3 was based on
the results from previous research done by Fegraeus ef al. (2018).
Fegraeus et al. (2018) found several potential regions linked to the
horse’s performance in harness racing, by comparing a fixation index
analysis of Standardbred horses, Coldblooded trotters and North-
Swedish draught horses (NSDH). One statistically significant
associated single-nucleotide polymorphism (SNP) located in the
vicinity of EDN3 linked to the performance in harness racing was
found — SNP g.22: 45 748 491 C>T (EDN3 SNP). In genotyping of
Coldblooded trotters, SNPs with high linkage disequilibrium (LD) to
EDN3 SNP were chosen to further analyse - SNP g.22:45748082T>G,
SNP g.22:45748586G>A, SNP g.22:45749526G>A and SNP
2.22:45749595G>A. These five SNPs were significantly associated
with performance traits in CBT. According to Fegraeus et al. (2018),
the variability of EDN3 SNP alleles’ variants within 14 breeds have
an obvious pattern, where the T-allele had a higher frequency in highly

18



performing breeds such as the Thoroughbred, the SB, the Swedish
Warmblood and the American Curly. On the other side, the C-allele is
most often present in breeds, which doesn’t race, as the NSDH and the
Exmoor. Based on this theory, future research of EDN3 SNP was

recommended in other racing breeds (Fegraeus et al., 2018).

2.2 EDNS3 vicinity description

The location of EDN3 SNP is shown in Figure 2. Because of a recent
update of the reference genome from EquCab 2.0 to EquCab 3.0 a new
location of EDN3 SNP has been defined (Table 1). The distance of
chosen SNP from the EDN3 gene was counted and compared for both
genomes (Table 1).

455 45,6 45,7 45,8 45,9 46,0 46,1

. Y o

eona  EDN3 SHP 1 (22 45 T48 491 CT)

Figure 2. Location of EDN3 SNP towards surroundings genes on a
chromosome 22, the forward strand (EquCab 2.0)

Table 1. The location and the distance between EDN3 SNP and EDN3
on a horse genome EquCab 2.0 and EquCab 3.0

Chromosome 22 EquCab 2.0 EquCab 3.0

EDN3 SNP 45 748 491 46 717 861

EDN3 gene 45 674 735 - 46 643 067 —
45 696 542 46 665 984

Distance of EDN3 SNP from | 51949 bp 51877 bp
EDN3



Zinc Finger Protein 831 (ZNF831) is a protein-coding gene. This
protein is metal ion binder (NCBI, 2018a). Other known function is
transcriptional repression activity (UniProt, 2018). Phosphatase and
Actin regulator 3 (PHACTR3) is also a protein-coding gene. Its
suggested function is a regulatory subunit of protein phosphatase-1
(Gene cards, 2018b).

The EDN3 SNP wasn’t found by using the BLAST method in the
human genome. There are no transcription factors binding sites known
in the location of EDN3 SNP on a horse genome (NCBI, 2018b).

In a human genome, the EDN3 has 24 regulatory elements, one
promoter and 24 enhancers, where the promoter is also behaving as an
enhancer (Gene cards, 2018a). Regulatory elements influencing EDN3
are located in both directions from the gene. ZNF&831 has three
promoters which have also a role of enhancers plus 28 other enhancers
(Gene cards, 2018c). These regulatory elements are located in both
directions, upstream and downstream. PHACTR3 has three promoters
and two of them have a role of enhancer as well next to other 40
enhancers, they are located in both directions from gene (Gene cards,

2018b).

2.3 Aim of this study

The aim of this study was to investigate the potential association
between EDN3 SNP and selected performance traits in Standardbred

horses.
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3 Material and Methods

3.1 Sample description

3.1.1 Population sample

The racing and pedigree data of Standardbred horses born between
2003 and 2014 were provided by the Swedish Trotting Association.
Deoxyribonucleic acid (DNA) samples were provided by the Animal
Genetics Laboratory, Swedish University of Agricultural Sciences
(SLU). The cleaning of data was performed in SAS software 9.4 (SAS
Institute Inc, 2013). Race data described information of 28 753 horses

and pedigree data contained information of 44 780 individual horses.

3.1.2 Defining phenotypes

Race data contained 867 453 observations. This dataset described
characteristics of individual races for each racing horse.

Raw race data were cleaned and variables representing different
performance traits were estimated. First of all, only races with earning

prices were chosen. For every variable, races data were individually
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grouped for each horse by ID of the horse. New variables were created.
The number of starts based on information of galloping and the
average earnings per race by dividing total earnings with the number
of starts. Performance sample data was controlled and duplicates were
removed.

The dataset containing information about the pedigree was used to
gain fixed effect variables for a statistical analysis. Extracting the first
numbers of the dates of birth created the variable birth year. To avoid
bias from unequal values, birth years were grouped into 3 groups -
2003-2006 (old age group), 2007-2010 (middle age group) and 2011-
2014 (young age group).

A dataset with the ID of horses, for which DNA is stored in the
Animal Genetics Laboratory, had 74 354 hair samples of
Standardbreds.

3.1.3 Performance traits definitions

The performance of trotter horses is a complex trait and can be
approach from different perspectives. Ten traits were chosen to
represent the performance in this study. These are — the number of
starts, total earnings, average earnings per race, gallops,
disqualifications, wins, placings, unplacings, the best time per
kilometre and the estimated breeding value.

Total earnings were calculated as the total number of all earnings
per career of each horse.

The number of starts was calculated as the total number of times a

horse entered a race.
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Average earnings per race were calculated from total earnings
divided by the number of starts for each horse.

The number of gallops was calculated as the total number of times
a horse was galloping during a race.

The number of wins was calculated as the total number of times a
horse finished a race in first place.

The number of placings was calculated as the total number of times
a horse finished a race in first, second or third place.

The number of unplacings was calculated as the total number of
times a horse finished a race in fourth or lower place.

The number of disqualifications was calculated as the total number
of times a horse failed for different reasons, as a gallop, health
problems or an involved person’s failure.

The best times per race for each horse were defined as the lowest
average time per kilometre in minutes, seconds and milliseconds.

The estimated breeding value was an individual value combining
several characteristics as sex, age, the number of starts, earnings and

it considered results of horse’s offspring as well.

3.1.4 Genotyped sample

Five hundred and fifty horses were randomly selected from the
population sample, what corresponds to slightly less than 2% of
population sample. More than 10 % of the genotyped sample dataset
were double checked with the online database of the Swedish trotting

association.
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3.1.5 Summary statistics

The summary statistics of the Standardbred population sample and the
genotyped sample were analysed using R software 3.4.4 (R core team,

2018).

3.2 Genotyping for EDN3

3.2.1 DNA isolation from hair samples

DNA was isolated from hair samples of Standardbreds, with the
material being provided by the Animal Genetics Laboratory at the
Department of Animal Breeding and Genetics, SLU. From each
sample five to seven hairs were collected, hair bulbs were cut off and
located randomly on plates. The DNA was isolated by adding 100ul
Chelex (5%) and 7 pl proteinase K (20 mg/ml) in a 100 pl:7 pl ratio.
The plates were heated for 60 min at 56°C and 10 min at 95°C. After
cooling down, the plates were frozen. A total of 548 DNA samples

were isolated.

3.2.2 StepOnePlus Real-Time PCR system (TagMan)

Custom designed TagMan SNP Genotyping Assays (Applied
Biosystems StepOnePlusTM Instrument by Life Technologies) were
used to genotype 548 DNA samples of Standardbreds. Analyses were
performed with one negative and two positive controls of each
genotype, 7 controls in total. TagMan uses a double-stranded template
and thanks to the fluorescence of the assay it detects the genotype of
the desired SNP. 467 genotypes were obtained.
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3.3 Association analysis

Statistical analyses were performed using the software program for
statistical computing R (R Development Core Team, 2018). All
dependent variables were tested for the normal distribution with the
Anderson-Darling’s normality test and the Quantile-Quantile plot. The
variables were not normally distributed and had to be transformed by
adding formula “log (variant + 1)”. A linear regression model was used
to investigate the links between genotypes and traits representing the
performance. The sex, the country of birth, the year of birth and the

genotype were set as fixed effects.
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4 Results

4.1 Summary statistics comparing the population sample
and the genotyped sample

4.1.1 Sex, country of birth and year of birth

In both datasets, the most represented sex was mares, followed by

geldings and - on 3" place - stallions (Figure 3).

50.00

50.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00

Mare Gelding Stallion
® Genotyped sample ™ Population sample

Figure 3: Sex ratio between genders in the genotyped sample and
the population sample for SB born 2003-2014
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Country of birth was divided into two levels — Sweden and other.
“Other” includes for example: Germany, France, the USA, Finland
and Norway. The proportions of these two levels in datasets can be
seen in Figure 4. There was a higher ratio of Swedish horses in the
genotyped sample than in the population sample.

100.00
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.00

Genotyped sample Population sample

® Sweden ®Other ®TUnknown

Figure 4. A country of birth ratio between the population sample
and the genotyped sample in SB born 2003-2014

The horses used for analyses, as well as those in the population
sample, were born between the years 2003 and 2014. There was a
higher frequency of horses born 2013 in the genotyped sample than
in the population sample. Horses born in the years 2014 and 2009
were less common in the genotyped sample than in the population
sample. Other years were fairly equally present in both the
population and the genotyped sample. Data about the birth year
variable can be found in the Supplementary Table 8. Three age
categories: Young age group (3-7 years old), Middle age group (8-
10 years old) and Old age group (11 to 14 years old) — were created
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to see how genetics influences the performance in young and older

horses.

4.1.2 Performance traits

In the Supplementary Table 7, the summary statistics of traits
representing the performance can be found. Minimum, mean, median
and maximum were presented for the genotyped sample dataset and
the population sample.

For all variables representing the performance traits minimum,
median and mean were similar in both datasets; maximum was
different. EBV was higher for the genotyped sample than for the
population sample.

The maximum values in the summary statistics of performance
traits may differ, because of a low frequency of high extremes in the
population sample and using random sampling. The number of starts
in the genotyped sample started with a value 1 because only racing

horses were used in the analyses.

4.2 Genotyping EDN3 SNP

Five hundred forty-eight horses were genotyped and 467 genotypes
were obtained. Some DNA samples had to low DNA concentration to
be genotyped. The ratio of genotypes’ frequency can be found in
Figure 5. 75% of samples were homozygous for T-allele, 23% were
heterozygous and only 2% were homozygous for C-allele. The alleles’

frequency can be found in table 2.
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BTT
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-Figure 5. The frequency of genotypes for EDN3 SNP, n=467
Standardbreds born between 2003 and 2014

Table 2. The alleles’ frequency for EDN3 SNP in the genotyped
sample of SB horses born 2003-2014, n=467
SNP T-allele C-allele
EDN3 SNP 0.87 0.13

4.3 Association study

The main result of the study was that EDN3 SNP is not linked to
performance in SBs.

The p-values of the performed statistical analysis for all traits are
presented in Table 3. All p-values of association study between fixed
effect genotype and performance traits were > 0.05. Analyses were
done for several models using fixed effects sex, genotype, birth year
and country of birth. Final models used for individual analyses are

presented in Table 4.
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Table 3. Linear regression analyses performed in R for SB’s
performance traits and EDN3 SNP, n=467 born 2003-2014
Significant results p<0.05 in bold

Total earnings
Coefficients

Sex M vs. S

Sex G vs. S

Sex Gvs. M

Birth year 07-10 vs. 03-06

Birth year 11-14 vs. 03-06

Birth year 07-10 vs. 11-14

Genotype CT vs. CC

Genotype TT vs. CC

Genotype CT vs. TT
Starts

Coefficients

Sex M vs. S

Sex Gvs. S

Sex Gvs. M

Birth year 07-10 vs. 03-06

Birth year 11-14 vs. 03-06

Birth year 07-10 vs. 11-14

Genotype CT vs. CC

Genotype TT vs. CC

Genotype CT vs. TT
Gallops

Coefficients

Sex M vs. S

Sex Gvs. S

Sex Gvs. M

Birth year 07-10 vs. 03-06
Birth year 11-14 vs. 03-06
Birth year 07-10 vs. 11-14
Genotype CT vs. CC
Genotype TT vs. CC
Genotype CT vs. TT

30

Estimate

-1.3081
-1.1889
0.1192
0.5633
-0.1033
0.6665
-0.4191
-0.5132
0.0942

Estimate

-0.2527
-0.0924
0.1603
0.0556
0.4095
0.4651
-0.0019
0.0576
-0.0596

Estimate

0.0225
0.2321
0.2096
0.0465
-0.2979
0.3444
-0.0684
0.0809
-0.1494

Standard error

0.5570
0.5607
0.2669
0.3638
0.3170
0.3318
0.9586
0.9324
0.3078

Standard error

0.1851
0.1863
0.0887
0.1194
0.1041
0.1089
0.3186
0.3098
0.1023

Standard error

0.1720
0.1731
0.0824
0.1099
0.0958
0.1003
0.2960
0.2879
0.0951

p-value

0.0193
0.0345
0.6555
0.1223
0.7447
0.0451
0.6622
0.5823
0.7599

p-value

0.1729
0.6201
0.0715
0.6420
<0.0001
<0.0001
0.9951
0.8526
0.5607

p-value

0.8960
0.1803
0.0114
0.6724
0.0019
0.0006
0.8173
0.7786
0.1168



Average earning per race
Coefficients

Sex M vs. S

Sex Gvs. S

Sex Gvs. M

Birth year 07-10 vs. 03-06

Birth year 11-14 vs. 03-06

Birth year 07-10 vs. 11-14

Genotype CT vs. CC

Genotype TT vs. CC

Genotype CT vs. TT
Placings

Coefficients

Sex M vs. S

Sex Gvs. S

Sex Gvs. M

Birth year 07-10 vs. 03-06

Birth year 11-14 vs. 03-06

Birth year 07-10 vs. 11-14

Genotype CT vs. CC

Genotype TT vs. CC

Genotype CT vs. TT
Disqualifications

Coefficients

Sex M vs. S

Sex G vs. S

Sex Gvs. M

Birth year 07-10 vs. 03-06
Birth year 11-14 vs. 03-06
Birth year 07-10 vs. 11-14
Genotype CT vs. CC
Genotype TT vs. CC
Genotype CT vs. TT

Estimate

-1.0157
-0.0522
-0.0365
0.4685
0.2875
0.1810
-0.4270
-0.6048
0.1778

Estimate

-0.5514
-0.3245
0.2269
0.1259
-0.3366
0.4626
-0.0221
-0.0229
0.0008

Estimate

-0.1409
0.0515
0.16238
0.1102
-0.2869
0.3981
0.0447
0.0556
-0.0109

Standard error

0.3999
0.4025
0.1916
0.2597
0.2263
0.2368
0.6882
0.6693
0.2210

Standard error

0.1988
0.2007
0.0953
0.1269
0.1106
0.1158
0.3421
0.3327
0.1098

Standard error

0.1685
0.1696
0.0808
0.1080
0.0941
0.0985
0.2899
0.2820
0.0931

p-value

0.0114
0.0092
0.8489
0.0719
0.2046
0.4452
0.5352
0.3667
0.4216

p-value

0.0058
0.1056
0.0176
0.3217
0.0025
<0.0001
0.9485
0.9452
0.9944

p-value

0.4034
0.7616
0.0176
0.3083
0.0024
<0.0001
0.8774
0.8637
0.9071
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Unplacings
Coefficients
Sex M vs. S
Sex Gvs. S
Sex Gvs. M
Birth year 07-10 vs. 03-06
Birth year 11-14 vs. 03-06
Birth year 07-10 vs. 11-14
Genotype CT vs. CC
Genotype TT vs. CC
Genotype CT vs. TT
Wins
Coefficients
Sex M vs. S
Sex Gvs. S
Sex Gvs. M
Birth year 07-10 vs. 03-06
Birth year 11-14 vs. 03-06
Birth year 07-10 vs. 11-14
Genotype CT vs. CC
Genotype TT vs. CC
Genotype CT vs. TT
Best time per kilometre
Coefficients

Sex M vs. S

Sex G vs. S

Sex Gvs. M

Birth year 07-10 vs. 03-06

Birth year 11-14 vs. 03-06

Birth year 07-10 vs. 11-14

Genotype CT vs. CC

Genotype TT vs. CC

Genotype CT vs. TT
EBVs

Coefficients

Genotype CT vs. CC
Genotype TT vs. CC
Genotype CT vs. TT

32

Estimate

-0.0737
0.0475
0.1212
0.0303
-0.4268
0.4571
-0.0826
0.0300
-0.1126

Estimate

-0.4855
-0.1992
0.2863
0.1012
-0.2367
0.3379
-0.1352
-0.1289
-0.0062

Estimate

0.0106
0.0014
-0.0092
-0.0109
0.0062
-0.0171
0.0115
0.0117
-0.0002

Estimate

-0.0271
-0.0312
0.0039

Standard error

0.1812
0.1824
0.0868
0.1163
0.1014
0.1061
0.3118
0.3033
0.1001

Standard error

0.1662
0.1672
0.0796
0.1062
0.0925
0.0968
0.2859
0.2781
0.0918

Standard error

0.0127
0.0127
0.0061
0.0080
0.0069
0.0073
0.0232
0.0227
0.0070

Standard error

0.0278
0.0269
0.0090

p-value

0.6846
0.7945
0.1636
0.0795
<0.0001
<0.0001
0.7912
0.9212
0.2613

p-value

0.0037
0.2343
0.0004
0.3412
0.0108
0.0005
0.6366
0.6430
0.9462

p-value

0.4017
0.9132
0.1283
0.3173
0.3710
0.0196
0.6225
0.6071
0.9843

p-value

0.3300
0.2500
0.6580



Table 4. Final models of linear regression used for individual
variables describing performance in SB

Variable (Y) Model

Total earnings Y=Sex + Genotype + Birth year
Starts Y=Sex + Genotype + Birth year
Gallops Y=Sex + Genotype + Birth year
Average earnings per race Y=Sex + Genotype + Birth year
Placings Y=Sex + Genotype + Birth year
Disqualifications Y=Sex + Genotype + Birth year
Unplacings Y=Sex + Genotype + Birth year
Wins Y=Sex + Genotype + Birth year
Best time per kilometre Y=Sex + Genotype + Birth year
Estimated Breeding Values | Y= Genotype

There were statistically significant results for other fixed effects
beside the genotype. According to the association analyses, the sex
was associated with performance in several ways. In general, stallions
had a probability to earn more money than geldings (p=0.0092) and
mares (p=0.0114). Males had better predisposition to be placed on 1%,
2" or 3" place than females (p=0.0004). Mares had a lower risk to be
disqualified (p=0.0176) or switch to the gallop (p=0.0114) during a
race than geldings.

Another investigated fixed effect with a significant association with
performance was the year of birth. It had a significant effect on all
performance traits except average earnings per race and the EBV. For
example: for total earnings, horses in the middle age group had a
chance to earn 0.7 times more money than horses in the young age
group (p=0.0451). The young age group horses had 0.3 times lower
probability to switch to gallop during a race than the old age group
horses (p=0.0006). Horses in the middle age group had 0.4 times
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higher probability to be disqualified than horses from the young age
group (p<0.0001) and the old age group horses had 0.3 times higher
chance to be disqualified than rivals from the young age group
(p=0.0024).

No significant effect was found for the country of birth in
performance traits, therefore this fixed effect wasn’t used in the final

models.
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5 Discussion

Endothelin-3 is mainly associated with horse’s prenatal
development of the enteric nervous system and melanin distribution
(Ensembl, 2018a). In other mammals, the link between EDN3 and a
blood pressure regulation (Ushio-Fukai et al., 1995), an aganglionosis
(Leibl et al., 1999), a hepatorenal syndrome and liver diseases (Moore
et al., 1992) has been proven. The EDN3 gene is located on equine
chromosome 22 (Ensembl, 2018a). Endothelin-3 may be linked to the
performance thanks to its effect on the vasoconstriction. Blood
pressure is an important factor during physical activity and oxygen
capacity in muscles is a limiting factor in performance (Physick-
Sheard, 1985). ET-1 and ET-3 are stimulating factors for VEGF and
VEGEF is important for control of angiogenesis. The number of muscle
blood vessels is an essential factor for oxygen distribution and
sufficient production of ATP in the exercising horse (Pedram et al.,
1997). Level of calcium (Ca®?") is also an essential factor for a
sufficient muscle contraction (Szent-Gyorgyi, 1975). ET-1 and ET-3
influence the Ca** level (Ushio-Fukai et al., 1995).

The performance of trotters is a complex trait which can be

approach from several different angles. Performance traits summary
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statistics was performed to prove that the genotyped sample is
representative of the population sample. Because the variables were
not normally distributed, median should be used for the best
comparison. Medians between the genotyped sample and the
population sample were very similar and this showed that the
genotyped sample is a good representation of the population sample.

As a fixed effect, sex, genotype, year and country of birth were
considered. There are several environmental variables that could
substantially influence the performance of a horse such as diet, climate
and for example how many times a trainer was changed. Social
environment and welfare status of the horse may be considered as well
for evaluating the performance trait.

Cheetham et al. (2010) used as fixed effects age, sex, breed, surface
of the racetrack and gait. Since in this study, only Standardbreds were
used and only trot gait was recorded, these two attributes can be
excluded. The surface of the racetrack was not included in provided
data set by the trotting association. Cheetham et al. (2010) described
how castration influences a horse’s performance, mostly if it was done
during its racing carrier. The Swedish trotting association recorded the
castration. The most often used gender in harness races in Sweden was
mares. On a second place were geldings. Very few stallions were used
for racing. When a male horse proves it-self in racing at a young age,
it goes to breeding and does not race anymore. The stallions, which
were not suitable for breeding, were castrated and left in races as
geldings. The fixed effect, country of birth was categorized into two

levels. This was done because of the few horses born in a foreign
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country in the population sample that was used for this study. Only
horses, that were considered to be very good, were imported. Swedish
horse owners probably choose horses bred in Sweden because of
financial reasons. This situation can affect the statistical analysis, but
the genotyped sample, in this case, represents the trend of the
population sample. According to summary statistics, the frequencies
of particular years of birth differ the most in 2013. This difference may
be an effect of the random sampling.

Saastamoinen et al. (2009) found a link between young age at the
start of the first race and the superior performance. A high correlation
between the first season’s performance and the performance of the
following three years of the horses” carrier was found (Saastamoinen
et al. 2009). In this analysis, horses were divided into three categories
of four years of birth.

Health is an important trait for every horse. It was found that
straight hocks and curby hocks were negatively associated with the
number of starts and earnings and cow hocks had a negative effect on
a start status (Dolvik et al., 2010). No health status was included in the
performed study.

Only horses, which have passed the qualifying races, were included
in the genotyped sample. It is possible that horses, which did not
participate in any money earning races, homozygous for the non-
performing allele variant (CC). If the genotyped sample includes these
horses as well, the link between the phenotype and the genotype may
be found. How horses are selected for racing career can depend on

unwanted characteristics, such as unfitting personality, conformation
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or health. Horses” personality not suiting for racing can be shown in
lack of motivation to compete, lack of a determination to win or
whether a horse had a general problem to cope with the racing or the
training environment. Horses excluded from the population sample,
horses without racing career, from these reasons may carry the
genotype what differs from highly performing horses and when such
genotypes would be compared, several regions linked to performance
may be found.

EDN3 SNP was proven to be associated with several performance
traits in Coldblooded trotters (Fegraeus, 2017). In contrast, results of
the performed analyses showed that the EDN3 SNP is not linked to
any of the chosen representative traits of performance in
Standardbreds.

In this study, only the one gene variant was examined. The
performance trait is expected to have more quantitative trait loci as it
is a complex trait.

The alleles’ frequencies for EDN3 SNP in SBs (n=467) were found
to be 0.87 for the T-allele and 0.13 for the C-allele. Fegraeus (2017)
found frequencies of T- allele 0.86 and C-allele 0.14 in SBs (n=250).

To analyse for the potential association between the performance
of SBs and EDN3 SNP was based on this association in CBTs. Before
paternity tests were introduced in Coldblooded trotter breeding, CBTs
were crossbred with Standardbreds to increase their racing
performance (Fegraeus ef al., 2017). Both breeds have been bred for
high racing performances. The T-allele is more often present in breeds

used in races and riding sports (Fegraeus, 2017).
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The expectation that EDN3 SNP may be associated with the
performance of SBs was assumed on EDN3 regulation of blood
pressure through vasoconstriction, angiogenesis and also its influence
of Ca®" level in muscles vessels.

The hypothesis, that the CBT’s and the SB’s performance is
associated with the same genotype, was tested. It is possible that the
CBT and the SB share the haplotype containing gene variants
associated with the performance and that the haplotypes don’t have the
same length and then the EDN3 SNP doesn’t tag the gene variant in
SBs. Obtained result from the performed association study may be
caused by different in pronouncing of the EDN3 SNP’s effect in these
two breeds. Or it is possible that the gene variants underlying the
performance in CBTs an SBs are different. Future research is needed

to find the right marker linked to the performance in trotter horses.
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6 Conclusions

EDN3 SNP is not tagging the gene variant associated with the chosen
performance traits in SBs. The alleles’ frequencies for EDN3 SNP in
SB (n=467) are for the T-allele 0.87 and for the C-allele 0.13. There is
an association (p<0.05) between the performance and the sex plus the
performance and the birth year. The haplotype tagging the associated
gene variant for the performance in CBTs may have a different length
than the haplotype of SBs related to the performance or the gene
variant of the performance is different one in CBTs and SBs. Identity
by descent mapping method, haplotype genotyping and whole genome
sequencing may be used to compare different breeds divided in high
performing and non-performing breeds. Statistical analysis within
chosen family can show higher association for a chosen genotype.
Because EDN3 is involved in melanin distribution and coat colour
pattern, mealy and non-mealy fixed coat colour in breeds may be used
to analyse if the same mutation is responsible for mealy coat pattern

and performance of horses. Further research is needed.
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The supplementary tables

The supplementary table 7. Summary statistics (minimum, mean,
median and maximum) of variables representing the performance trait
in the genotyped sample and the population sample for SB born 2003-

2014
Total Earnings (Swedish crown)

variable Genotyped sample  Population sample
Min 0 0
Median 93204 94 150
Mean 269 974 244 708
Max 7290 167 34 345 097
Average earnings per race (Swedish crown)
variable Genotyped sample  Population sample
Min 0 0
Median 4474 3979
Mean 8 084 7053
Max 132010 731 730
Starts (sum)
variable Genotyped sample  Population sample
Min 1 0
Median 19 23
Mean 26.28 30.17
Max 179 679
Gallop (sum)
variable Genotyped sample  Population sample
Min 0 0
Median 4 5
Mean 6.05 7.03
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Max 42
Placing (sum)

148

Population sample
0
6
8.54
217

Population sample
0

4

5.54

119

Population sample
0

16

21.63

460

Population sample
0

2

2.95

95

Population sample
1:00:0
1:14:1
1:14:7
9:00:0
3190

Population sample
64
99
99.08

variable Genotyped sample
Min 0
Median 5
Mean 7.89
Max 59
Disqualification (sum)
variable Genotyped sample
Min 0
Median 4
Mean 4.92
Max 44
Unplacing (sum)
variable Genotyped sample
Min 0
Median 13
Mean 18.36
Max 128
Wins (sum)
variable Genotyped sample
Min 0
Median 2
Mean 2.87
Max 23
Best Time per km (minutes : seconds : milliseconds)
variable Genotyped sample
Min 1:00:0
Median 1:14:2
Mean 1:12:5
Max 1:25:7
NA’s 45
Estimated breeding value
variable Genotyped sample
Min 76
Median 104
Mean 103.9
Max 124

135
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NA’s | 7| 4601
The supplementary table 8. The frequency of a birth year in the

population sample and the genotyped sample for SBs born 2003-2014

Genotyped Population
Birth year Groups Sample Sample
frequency (%) | frequency (%)

Age
(years)
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