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Summary Using 1710 Thoroughbred racehorses in Japan, a cohort study was performed to evaluate

the influence of genotypes at four single nucleotide polymorphisms (SNPs) on equine

chromosome 18 (ECA18), which were associated in a previous genome-wide association

study for racing performance with lifetime earnings and performance rank. In males,

both g.65809482T>C and g.65868604G>T were related to performance rank

(P = 0.005). In females, g.65809482T>C (P = 1.76E-6), g.65868604G>T (P = 6.81E-6)

and g.66493737C>T (P = 4.42E-5) were strongly related to performance rank and also to

lifetime earnings (P < 0.05). When win-race distance (WRD) among all winning racehorses

and best race distance (BRD) among elite racehorses were considered as the phenotypes,

significant associations (P < 0.001) were observed for all four SNPs. The favourable race

distance of both elite (BRD) and novice racehorses (WRD) was also associated with geno-

types in the ECA18 region, indicating the presence of a gene in this region influencing

optimum race distance in Thoroughbred racehorses. Therefore, the association with per-

formance rank is likely due to the bias in the race distances. The location of the SNPs within

and proximal to the gene encoding myostatin (MSTN) strongly suggests that regulation of

the MSTN gene affects racing performance. In particular, the g.65809482T>C,

g.65868604G>T and g.66493737C>T SNPs, or their combinations, may be genetic

diagnostic markers for racing performance indicators such as WRD and BRD.
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Introduction

Thoroughbred horses originated from a small number of

Arab, Barb and Turk stallions and native British mares

�300 years ago (Cunningham et al. 2001; Hill et al.

2002; Bower et al. 2010). During the past 300 years,

Thoroughbred horses have been selectively bred to im-

prove speed and stamina, making them superior competi-

tive racehorses. Thoroughbred horses have a very high

skeletal muscle mass comprising over 55% of their total

body mass (Gunn 1987). The aerobic capacity of Thor-

oughbred horses (VO2max > 200 ml O2/kg/min) is superior

to that of other athletic species of similar size (Jones et al.

1989; Jones & Lindstedt 1993; Young et al. 2002). Such

traits have been enhanced by intense artificial selection for

sequence variants contributing to exceptional racing per-

formance (Gu et al. 2009). Various measures for the

evaluation of racing performance in Thoroughbred horses,

such as earnings, race times and handicap ratings, have

been used to estimate heritabilities (Tolley et al. 1985;

Gaffney & Cunningham 1988; Williamson & Beilharz

1998; Mota et al. 2005; Sobczynska 2006), and breeding

values have also been calculated to evaluate horses�
potential ability to transmit genetic factors related to

racing performance. While most of these studies have

estimated the genetic contribution to variation in racing

ability to be between 0.35 and 0.55, the heritability of best
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race distance (BRD) has been estimated to be as high as

0.94 (Williamson & Beilharz 1998).

Many significant advances have been achieved in the

horse genome project (http://www.uky.edu/Ag/Horsemap/

welcome.html), such as the construction of half- and full-

sibling linkage maps (Penedo et al. 2005; Swinburne et al.

2006), horse-human comparative maps (Tozaki et al. 2007;

Raudsepp et al. 2008), and the completion of a high-quality

draft horse genome sequence with over 1.1 million identi-

fied SNPs (Wade et al. 2009). This genetic infrastructure for

the horse has enabled the identification of a genomic region

on ECA18 as being associated with racing performance

phenotypes. Four independent studies, including a candi-

date gene study (Hill et al. 2010a), a microsatellite-based

genome-wide association study (Tozaki et al. 2010), and

two genome-wide SNP association studies (Binns et al.

2010; Hill et al. 2010b), have identified the same genomic

region on ECA18 associated with racing performance. In

this region, four SNPs (g.65809482T>C, g.65868604G>T,

g.66493737C>T and g.66539967A>G) were identified as

candidates for genetic prediction of racing performance in

Japanese racehorses based on lifetime earnings and perfor-

mance rank (Tozaki et al. 2010). In particular, the SNP

g.66493737C>T, which is located in the first intron of the

myostatin (MSTN) gene, has been associated with BRD

among a cohort of elite race winning Thoroughbreds (Hill

et al. 2010a). The MSTN gene is known to contribute to

muscle hypertrophy phenotypes in a variety of mammalian

species (Grobet et al. 1997; McPherron & Lee 1997; Schu-

elke et al. 2004; Mosher et al. 2007). It was observed that

Thoroughbreds with the C/C genotype at g.66493737C>T

were better suited to short-distance races, C/T horses com-

peted favourably in middle-distance races, and T/T horses

had greater stamina and represented the majority of win-

ning horses at the longer distances (Hill et al. 2010a).

In this study, we designed a retrospective cohort study to

evaluate the influences of the four SNPs associated with

racing performance in Japanese Thoroughbred racehorses.

The Japan Racing Association (JRA) is the largest racing

authority in Japan and hosts horse races for �50% (�4000

horses) of the Thoroughbred horse population born in Japan

every year. In this study, 1710 Thoroughbred racehorses

born in the same year (2000) were followed over their athletic

career in JRA horse races to evaluate racing performance

based on lifetime earnings, JRA performance rank, BRD, and

win-race distance (WRD), defined as the average distance of

races won. The findings of the current study corroborate

those reported by Hill et al. (2010a) and Tozaki et al. (2010).

Materials and methods

Thoroughbred horse populations

Performance information from 3927 Thoroughbred race-

horses kept at JRA training centres in October 2002 was

available for this study. These 3927 Thoroughbred race-

horses are the same sample set used in a previous study

(Tozaki et al. 2010). All the animals had retired by

December 2006. Of the 3927 Thoroughbred horses, 3706

blood samples from 2397 males and 1309 females were

available for SNP genotyping. The 3706 Thoroughbred

horses were born between 1993 and 2000 and were reg-

istered as JRA racehorses by October 2002. From the 3706

horses, a sample set comprising 1710 individuals born in

2000, including 1023 males and 687 females, were used

for a retrospective cohort study (Fig. 1). For BRD, 120 males

and 31 females were also picked from the 3706 horses. The

cohorts in the current study have some degree of overlap

with the previous study; 17.8% (182 males) and 29.3%

(201 females) were also genotyped in the previous study

(Tozaki et al. 2010). The performance data for horses born

between 1993 and 1999 are biased, as only horses that

were performing well were still in training centres by

October 2002. Therefore, such samples were omitted from

this retrospective cohort study.

SNP genotyping

Genomic DNA was extracted from 3706 blood samples

stored at )40 �C using the MFX-2000 MAGEXTRACTOR Sys-

tem according to the manufacture�s protocols. Four SNPs

(g.65809482T>C, g.65868604G>T, g.66493737C>T and

g.66539967A>G on ECA18), which have been associated

with lifetime earnings, performance rank (Tozaki et al.

2010) and BRD (Hill et al. 2010a), were genotyped by high-

resolution melting and unlabelled probe methods using a

LightScanner system (Idaho Technology, Inc.) according to

the manufacturers� protocols. The primers, probes and

annealing temperatures used for SNP genotyping are pro-

vided in Table S1. Three of the SNPs, g.65809482T>C,

g.65868604G>T and g.66539967A>G, are documented as

the loci BIEC2-417210, BIEC2-417274 and BIEC2-417372

in the EquCab2.0 SNP database (http://www.broadinsti-

tute.org/), and g.66493737C>T was identified following re-

sequencing and is located in the first intron of the MSTN

gene (Hill et al. 2010a).

Characteristics of racing performance

To evaluate the influence of genotype differences on racing

performance in Japanese Thoroughbred racehorses, we used

the following phenotypes: lifetime earnings on the racetrack,

final performance rank, and WRD, defined as the average of

the distances of races that were won. The JRA tabulates and

reports earnings using two methods. First, total prize money

won during a racing career is recorded and is designated as

lifetime earnings. The top five racehorses in each race are

usually awarded prize money based on Japanese yen (JPY).

Second, a record of earnings, which is kept of money won only

for first place finishes, is used to calculate final performance

� 2011 The Authors, Animal Genetics � 2011 Stichting International Foundation for Animal Genetics, doi: 10.1111/j.1365-2052.2011.02201.x
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Figure 1 Genotype distributions for three SNPs (g.65809482T>C, g.65868604G>T and g.66493737C>T) for win-race distance among Japanese

Thoroughbred racehorses born in 2000. The left-hand graphs show the distributions for males using data from 1070 races. The right-hand graphs

show the distributions for females using data from 474 races. The bottom graphs show the distribution of the proportion of race distances competed

by males and females, respectively.
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rank (lifetime rank). There are five JRA ranks of total earn-

ings. Rank 1 (0 million JPY class) is the rank for non-winning

horses, followed by rank 2 (£5 million JPY class), rank 3

(£10 million JPY class), rank 4 (£16 million JPY class) and

rank 5 (>16 million JPY class). This second metric is referred

to as performance rank. In this study, we roughly divided the

five ranks into either three performance ranks [non-winning

horse class (0 million JPY class), novice horse class (>0–

16 million JPY class), and superior horse class (>16 million

JPY class)] or two ranks (non-winning and winning, or

superior and other horse groups).

The JRA also tabulates and reports racing histories for

each racehorse in the JRA. For all 3706 Thoroughbred

racehorses, we collected the race distances for winning

racehorses and their racing grades. To calculate WRD for

cohorts born in 2000, the distances of all the races that

each horse won were averaged. For example, if a racehorse

won 10 races, then the 10 race distances were used. To

calculate BRD, the distances of each Grade race won were

collected from all the racehorses used in this study, and the

distance of the highest Grade race was used as the BRD for

each horse. If the horse had multiple wins in races of the

same grade, the most valuable race, in terms of prize money,

was chosen for this study. The criterion for BRD was the

same as described by Hill et al. (2010a). Grade races make

up just 3.6% of all JRA races per annum. Therefore, in this

study, of the 3706 individuals, 120 males and 31 females

were elite racehorses and were used for evaluating BRD. In

JRA, there are six categories of Grade race, including G1,

Jpn1, G2, Jpn2, G3 and Jpn3. For example, G1 and Jpn1

races are the most valuable races in JRA and are the same

grade, but Jpn1 is limited to racehorses born in Japan. Al-

most all G1 and Jpn1 races are competed over distances

ranging from 1600 to 3200 m.

Tests of genetic association were performed using chi-

square tests and the Fisher exact tests for performance rank

as a categorical trait, and ANOVA and Kruskal–Wallis tests

for lifetime earnings, WRD and BRD, as quantitative traits.

In this study, two statistical tests based on average and

median were evaluated for the quantitative traits to provide

confidence for the associations. All statistical analyses were

performed using IBM SPSS Statistics 19 (SPSS Japan Inc.). In

the previous study (Tozaki et al. 2010), we observed differ-

ences in the distributions of performance indicators, such as

lifetime earnings, according to gender. Therefore, in this

study, the associations of the four SNPs were determined

independently for each gender.

Results

Characteristics of populations used in this study

Of the 3927 Thoroughbred racehorses, 3706 individuals

(2397 males and 1309 females) were available for

genotyping the SNPs g.65809482T>C, g.65868604G>T,

g.66493737C>T and g.66539967A>G. These four SNPs

were successfully genotyped in all 3706 individuals. The

genotype frequencies and performance information for the

cohort populations are shown in Table S2. In males, no

significant difference was found in genotype frequency

among the different birth-year groups. In females, however,

clear differences in genotype frequency were observed

depending on birth-year group. Furthermore, like genotype

frequency, average lifetime earnings and athletic period also

tended to differ across birth-year groups. The performance

data for horses born between 1993 and 1999 are biased, as

only well-performing horses were still in training centres by

October 2002, suggesting that those populations born be-

tween 1993 and 1999 were not suitable for the current

cohort study.

A retrospective cohort study using individuals
born in 2000

The cohort consisted of 1023 males and 687 females

(Table S2). Table 1 shows how differences in the genotype

of each SNP influenced performance rank, lifetime earnings

and WRD. As an overall trend, higher statistically signifi-

cant differences were found in females than in males. In

females, all four SNPs demonstrated a statistically signifi-

cant influence on performance rank. Three SNPs,

g.65809482T>C (P = 0.003), g.65868604G>T (P =

0.009) and g.66493737C>T (P = 0.021), also influenced

lifetime earnings. In males, g.65809482T>C (P = 0.005)

and g.65868604G>T (P = 0.005) influenced performance

rank, but no statistically significant influence was observed

for g.66493737C>T (P = 0.074) or g.66539967A>G (P =

0.119) for this trait. Unlike in females, genotype differences

in males were not associated with a statistically significant

difference in lifetime earnings, although non-significant

differences in mean lifetime earnings were observed.

Statistically significant differences in WRD (P < 0.001)

were observed in both males and females. For example,

males with a T/T genotype at locus g.65809482T>C had

an average WRD of 1308 m, while C/C individuals had a

WRD of 1859 m (see Table 1). Therefore, it was expected

that the T-allele at g.65809482T>C, G-allele at

g.65868604G>T, C-allele at g.66493737C>T and A-allele

at g.66539967A>G were suited to short-distance races,

while the C-allele at g.65809482T>C, T-allele at

g.65868604G>T, T-allele at g.66493737C>T and G-allele

at g.66539967A>G were suited to long-distance races.

In particular, g.65809482T>C, g.65868604G>T and

g.66493737C>T resulted in clear differences in WRD.

When the distance differences between two homozygous

genotypes, such as T/T and C/C genotypes at

g.65809482T>C inferring short- and long-distance alleles,

respectively, were compared between males and females,

the males showed a larger difference than the females.

Figure 1 shows the distance-specific win frequency

� 2011 The Authors, Animal Genetics � 2011 Stichting International Foundation for Animal Genetics, doi: 10.1111/j.1365-2052.2011.02201.x
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according to the genotypes of the three SNPs that showed a

clear difference in WRD. For example, males with a T/T

genotype at g.65809482T>C were mainly distributed be-

tween 1000 and 1800 m, individuals with a T/C genotype

were mainly distributed between 1200 and 2000 m, and

individuals with C/C genotype were mainly distributed

>1800 m. Similar genetic trends were observed for the

other SNPs. The distribution of win frequencies indicated

that differences in genotype influence WRD.

As it was observed that among females the performance

rank (non-win, novice and superior) was influenced by the

genotype of each SNP (Table 1), and among males two

SNPs had a significant relationship, a more detailed evalu-

ation was performed (Table 2). Performance rank was

analysed based on two classifications (see Materials and

methods); (i) non-winning horse vs. winning horse groups

and (ii) superior horse vs. other horse groups. The first

classification is important for planning a racing strategy to

result in a win within 1 year after debuting, because horses

competing in JRA races must win at least one race to con-

tinue racing in the JRA system. The latter classification is

important for planning to produce superior racehorses

(‡16 million) competing within the JRA system. In males,

the T-allele at g.65809482T>C and the G-allele at

g.65868604G>T may have a marginally dominant influ-

ence (both relative risk: 1.27, 95% CI: 1.10-1.47) in the first

classification, while the C-allele at g.66493737C>T and the

A-allele at g.66539967A>G may have a recessive influ-

ence. However, none of the SNPs had a statistically signif-

icant influence on whether or not a horse was likely to

achieve a superior performance rank. In females, all the

SNPs had statistically significant influences in both cate-

gories. We observed a trend in which the T-allele at

g.65809482T>C, the G-allele at g.65868604G>T, the

C-allele at g.66493737C>T and the A-allele at

g.66539967A>G had a dominant influence, and relative

risks were higher than those for males (see Table 2). As to

whether or not a horse may be a superior horse, unlike in

males, higher relative risks were observed (generally ‡3) in

a dominant model of the allele suited to short-distance races

on WRD. These data may therefore be useful for predicting

racing performance among horses competing under JRA

rules.

Best race distance

As Hill et al. (2010a) reported that a SNP located within

the MSTN gene influenced BRD, for the present study we

Table 2 Relative risks (RR) for performance rank based on the cohort study using JRA racehorses that were born in 2000.

Male (2000)

(N = 1023 males) Model

Non-winning vs. Winning horse groups Superior vs. Other horse groups

P-value

RR 95%CI

P-value

RR 95%CIChi-square Fisher�s exact Chi-square Fisher�s exact

g.65809482T>C T/T + T/C:C/C 7.7E-04 <0.001 1.27 1.10–1.47 0.070 0.076 1.43 0.97–2.12

T/T:T/C + C/C 0.007 0.008 1.26 1.08–1.46 0.154 0.162 1.37 0.89–2.12

g.65868604G>T G/G + G/T:T/T 7.4E-04 <0.001 1.27 1.10–1.47 0.078 0.094 1.42 0.96–2.10

G/G:G/T + T/T 0.007 0.009 1.25 1.08–1.46 0.175 0.209 1.35 0.88–2.09

g.66493737C>T C/C + C/T:T/T 0.072 0.080 1.14 0.99–1.31 0.223 0.239 1.28 0.86–1.90

C/C:C/T + T/T 0.009 0.010 1.24 1.07–1.43 0.133 0.145 1.38 0.91–2.08

g.66539967A>G

A/A + A/G:G/G 0.091 0.105 1.15 0.97–1.37 0.114 0.139 1.48 0.90–2.42

A/A:A/G + G/G 0.022 0.022 1.17 1.03–1.34 0.272 0.270 1.23 0.85–1.78

Female (2000)

(N = 687 females) Model

Non-winning vs. Winning horse groups Superior vs. Other horse groups

P-value

RR 95%CI

P-value

RR 95%CIChi-square Fisher�s exact Chi-square Fisher�s exact

g.65809482T>C T/T + T/C:C/C 1.8E-07 <0.001 1.78 1.41–2.24 0.003 0.004 3.11 1.40–6.94

T/T:T/C + C/C 0.080 0.094 1.27 0.99–1.65 0.011 0.021 2.41 1.22–4.77

g.65868604G>T G/G + G/T:T/T 4.4E-07 <0.001 1.74 1.39–2.20 0.004 0.004 3.05 1.37–6.81

G/G:G/T + T/T 0.171 0.187 1.21 0.93–1.58 0.037 0.045 2.12 1.05–4.32

g.66493737C>T C/C + C/T:T/T 2.4E-06 <0.001 1.72 1.35–2.19 0.006 0.006 3.07 1.31–7.22

C/C:C/T + T/T 0.108 0.127 1.25 0.97–1.61 0.057 0.082 1.99 0.98–4.05

g.66539967A>G A/A + A/G:G/G 4.0E-04 <0.001 1.62 1.21–2.16 0.018 0.018 3.64 1.14–11.67

A/A:A/G + G/G 0.407 0.408 1.10 0.88–1.37 0.333 0.339 1.38 0.72–2.67

JRA, Japan Racing Association.

� 2011 The Authors, Animal Genetics � 2011 Stichting International Foundation for Animal Genetics, doi: 10.1111/j.1365-2052.2011.02201.x
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conducted a similar survey using the winners of Grade ra-

ces, which included JRA G1, Jpn1, G2, Jpn2, G3 and Jpn3.

As shown in Table 3, 120 males and 31 females taken from

all 3706 individuals were used as the sample cohorts.

Three SNPs, g.65809482T>C, g.65868604G>T, and

g.66493737C>T, were associated with a clear difference in

BRD among males. The average BRD tended towards longer

distances compared with the average WRD, presumably

because of the distance distribution of the Grade races. The

frequency of short-distance races was low, while the fre-

quency of middle/long-distance races was high in the Grade

races (data not shown). Although we expected similar ge-

netic trends for BRD among females, there was no difference

in BRD observed, which is likely explained by the small

sample size.

Genetic diagnostic markers for optimum race distances

These results suggest that each SNP influences WRD and

BRD in the JRA horse racing system. The three SNPs

g.65809482T>C, g.65868604G>T and g.66493737C>T

were the most likely to have an influence on WRD and BRD

in Japanese Thoroughbred racehorses. These three SNPs

were shown to be in strong linkage disequilibrium, with

r2 > 0.8 (Tozaki et al. 2010). Thus, we investigated the

influence of their combinations. To collect data from a lar-

ger number of individuals to more accurately infer haplo-

types, we used distance data from all the races won among

the winners of all genotyped individuals (n = 3706).

Table 4 shows WRD based on individual genotypes and

diplotypes predicted from multiple SNPs. Although no clear

differences were observed when single SNPs and diplotypes

were evaluated, we observed a marginal trend towards a

larger difference between WRD-short distance and WRD-

long distance both in males and females when multiple

SNPs were used. While this suggests that the use of multiple

SNPs facilitates prediction of optimum race distance, mul-

tiple SNPs may not necessarily be required.

Discussion

In a previous genome-wide association study, we demon-

strated that four SNPs associated with racing performance

were located near the MSTN gene on ECA18 (Tozaki et al.

2010). In the present retrospective cohort study, we

examined which aspects of racing performance were

influenced by these SNPs in the JRA horse racing system.

Optimum race distances, defined as WRD, were clearly

influenced by genotype in both males and females, which

is consistent with the findings reported by Hill et al.

(2010a). Importantly, this study represents a valuable

independent replication study, as the sample sets used here

were entirely independent of the samples used in Hill et al.

(2010a). The study using multiple SNPs (Table 4) suggests

Table 3 Average best race distance (BRD) for 120 males and 31 females that were Grade race winners in JRA races and were a subset of the 3706

individuals.

Genotypes P-value Differences of distance

between homozygous

genotype (m)Homozygote Heterozygote Homozygote ANOVA (Kruskal–Wallis)

Male (N = 120)

g.65809482T>C T/T T/C C/C <0.001 (<0.001) 859

1422 1877 2281

g.65868604G>T G/G G/T T/T <0.001 (<0.001) 901

1422 1874 2324

g.66493737C>T C/C C/T T/T <0.001 (<0.001) 783

1524 1901 2307

g.66539967A>G A/A A/G G/G <0.001 (0.010) 438

1800 1917 2238

Female (N = 31)

g.65809482T>C T/T T/C C/C 0.577 (0.423) 0

1600 1739 1600

g.65868604G>T G/G G/T T/T 0.482 (0.319) 40

1560 1742 1600

g.66493737C>T C/C C/T T/T 0.482 (0.319) 40

1560 1742 1600

g.66539967A>G A/A A/G G/G 0.716 (0.652) )44

1644 1731 1600

JRA, Japan Racing Association.

� 2011 The Authors, Animal Genetics � 2011 Stichting International Foundation for Animal Genetics, doi: 10.1111/j.1365-2052.2011.02201.x
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that a susceptible SNP or other regulatory element that

influences WRD may be located in the region between

g.65868604G>T and g.66493737C>T, specifically in the

regulatory region, such as upstream of the MSTN gene.

However, re-sequencing in the immediately proximal

region �2 kb upstream did not identify a variant that

performed better than the g.66493737C>T SNP for the

prediction of optimum race distance (Hill et al. 2010b).

The g.66493737C>T SNP disrupts a transcription factor

binding site, and functional studies will be required to

determine whether this locus represents the functional

variant.

The distribution of race distances in JRA seems to be a

major contributing factor to the observed influence of

genotypes on performance rank and lifetime earnings. The

distribution of race distances competed within the JRA was

considerably unbalanced, with 1200 (short) and 1800-m

(middle) races conducted more frequently (Figs 1 & S1).

This imbalance indicates that individuals with the genotype

suited to these distances may be more likely to achieve a

Table 4 Average win-race distance (WRD) by genotype of single SNPs and diplotypes of multiple SNPs for all race winners in JRA races, taken from

the 3706 individuals.

SNPs

Number of

counted

races

Genotypes P-value Differences of distance

between homozygous

genotype (m)Homozygote Heterozygote Homozygote ANOVA (Kruskal–Wallis)

Male

g.65809482–g.658686041 4810 TG/TG TG/CT CT/CT <0.001 (<0.001) 472

1342 1620 1814

g.65868604–g.664937371 4595 GC/GC GC/TT TT/TT <0.001 (<0.001) 485

1341 1622 1826

g.65809482–g.664937371 4551 TC/TC TC/CT CT/CT <0.001 (<0.001) 484

1340 1623 1824

g.65809482T>C 4854 T/T T/C C/C <0.001 (<0.001) 466

1342 1621 1808

g.65868604G>T 4854 G/G G/T T/T <0.001 (<0.001) 473

1342 1619 1815

g.66493737C>T 4854 C/C C/T T/T <0.001 (<0.001) 457

1369 1627 1825

g.66539967A>G 4854 A/A A/G G/G <0.001 (<0.001) 333

1488 1653 1821

Female

g.65809482–g.658686041 1726 TG/TG TG/CT CT/CT <0.001 (<0.001) 303

1262 1463 1565

g.65868604–g.664937371 1650 GC/GC GC/TT TT/TT <0.001 (<0.001) 340

1252 1465 1592

g.65809482–g.664937371 1643 TC/TC TC/CT CT/CT <0.001 (<0.001) 340

1252 1464 1592

g.65809482T>C 1733 T/T T/C C/C <0.001 (<0.001) 298

1267 1463 1565

g.65868604G>T 1733 G/G G/T T/T <0.001 (<0.001) 303

1262 1463 1565

g.66493737C>T 1733 C/C C/T T/T <0.001 (<0.001) 330

1263 1461 1592

g.66539967A>G 1773 A/A A/G G/G <0.001 (<0.001) 208

1362 1468 1570

1Individuals with the recombinant haplotype, such as TG/TT at g.65809482–g.65868604, were excluded from the calculations for WRD, as the

haplotypes �TGC� and �CTT� for the three SNPs were the most common in the previous study (Tozaki et al. 2010).

JRA, Japan Racing Association.
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A cohort study of racing performance 9



more favourable performance rank and to obtain higher

lifetime earnings. While an association between genotypes

and optimum race distance was observed using Japanese

Thoroughbreds, the distribution of race distances in the JRA

means that the short-distance alleles (i.e. T-allele at

g.65809482T>C, G-allele at g.65868604G>T and C-allele

at g.66493737C>T), as well as short- and middle-distance

genotypes by their combinations, would result in the

greatest opportunity to achieve a favourable performance

rank (Table 2) and to acquire higher lifetime earnings

(Table 1). In particular, short-distance alleles may have a

dominant effect on performance rank within the JRA racing

system (Table 2). These observations explain how our pre-

vious study (Tozaki et al. 2010) identified the candidate

genomic region on ECA18 using lifetime earnings as the

performance phenotype. While the actual trait associated

with this region on ECA18 seems to be optimum race dis-

tance, it may be that the previous identification of associa-

tion with lifetime earnings may have been observed because

of the relatively low variation in non-genetic factors (i.e.

frequency of races at certain distances), as we have used

exclusively racing and pedigree information from Japanese

Thoroughbreds competing in the JRA. In contrast, Hill et al.

(2010a) did not observe a statistically significant associa-

tion with racing performance for the g.66493737C>T SNP,

as the horses in that study had competed in Europe, Aus-

tralasia and North America, where the race distances of the

elite races were not biased as in the JRA. Our successful

GWAS (Tozaki et al. 2010) indicates the power to identify

candidate genomic regions for interesting traits by collect-

ing samples under the same environmental conditions, such

as the same racing environments, even if the trait was

indirectly associated with the candidate genomic region.

Figure S1 shows the distribution of WRD for all the

individuals whose genotype was determined in this study.

Individuals with a short-distance-suited genotype were dis-

tributed mainly between 1000 and 1800 m, while those

with a middle-distance-suited genotype raced favourably

between 1200 and 2000 m. The distribution of those with a

long-distance-suited genotype was similar to that of middle

distance, although a slight shift towards longer distances

was observed. It should be noted that our findings do not

mean that a horse with a long-distance-suited genotype can

never win short-distance races; some horses with this

genotype won shorter distances, such as 1000–1400 m,

albeit with a low frequency. However, horses are more likely

to compete favourably within the distance range that they

are most genetically suited to.

In summary, of the four SNPs, g.65809482T>C,

g.65868604G>T and g.66493737C>T were found to have

similar diagnostic effects for optimum race distance. This

finding is supported by the strong linkage disequilibrium

(r2 > 0.8) associating these three SNPs. In addition, the

use of multiple SNPs, such as g.65809482T>C–

g.66493737C>T and g.65868604G>T–g.66493737C>T,

may lead to a more accurate genetic prediction of WRD and

BRD. This finding suggests that a cis-regulatory element or

an actual susceptible SNP for racing performance is located

in the candidate genomic region on ECA18 at the MSTN

gene locus.
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