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Sequence variants of BIEC2-808543 near LCORL are associated
with body composition in Thoroughbreds under training
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Ligand-dependent nuclear receptor compressor-like (LCORL) encodes a transcription
factor, and its polymorphisms are associated with measures of skeletal frame size and
adult height in several species. Recently, the single nucleotide polymorphism (SNP)
BIEC2-808543 located upstream of LCORL was identified as a genetic diagnostic marker
associated with withers height in Thoroughbreds. In this study, 322 Thoroughbreds-in-
training were genotyped for BIEC2-808543 to evaluate the association between genotype
and body composition traits, including body weight, withers height, the ratio of body weight
to withers height, chest circumference, and cannon circumference. Of these, withers height
and cannon circumference were significantly associated with LCORL genotypes throughout
almost the entire training period in males and females. Animals with a C/T genotype had
higher withers height (maximum differences of 1.8 cm and 2.1 cm in males and females,
respectively) and cannon circumstance (maximum differences of 0.65 ¢cm and 0.48 cm
in males and females, respectively) compared with animals with a T/T genotype. These
results suggested that the regulation of LCORL expression influences the skeletal frame
size in Thoroughbreds and thus, indirectly affects the body weight. Although LCORL and
BIEC2-808543 would be useful for selective breeding in Thoroughbreds, the production
of genetically modified animals and gene doping based on genetic information should be
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prohibited in order to maintain racing integrity.
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The Thoroughbred is a breed that was developed in the
early 18th century. The origin of Thoroughbreds can be
traced back to a small number of Arab stallions and native
British mares approximately 300 years ago [2, 4, 24].
Current Thoroughbreds have larger body sizes compared
with their ancestors. For instance, the withers height of old
racehorses, such as the Darley Arabian, was reported to be
about 152 c¢cm in old literature, whereas the withers height of
current Thoroughbreds is about 160.5 cm [5]. Morphological
characteristics of Thoroughbreds have been improved to
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obtain superior performance by selective breeding [6, 13,
22, 23].

The ligand-dependent nuclear receptor compressor-like
(LCORL) is thought to encode a transcription factor associ-
ated with measures of skeletal frame size and adult height
in humans and several animals [8, 10, 11, 20, 21]. In horses,
LCORL has been mapped on Equus caballus autosome 3
(ECA3), and it has been reported that BIEC2-808543, a
single nucleotide polymorphism (SNP) located upstream of
the gene, is significantly associated with withers height [14,
19]. It is known that height is a quantitative trait controlled
by numerous genes in humans; however, the genetic basis
of body size in Thoroughbreds is still understudied.

In this study, we investigated the relationships between
sequence variants of BIEC2-808543 and measured morpho-
logical characteristics, such as body weight, withers height,
chest circumference, and cannon circumference, in male
and female Thoroughbreds prior to the initiation of training
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and at monthly intervals during the first seven months
of training. We hypothesized that identification of genes
controlling body size in Thoroughbreds might be relatively
simple, since the breeding population includes a limited
number of sires and dams. We also assumed that LCORL
might affect the body composition of Thoroughbreds.

Materials and Methods

Thoroughbreds

This study was performed according to the ethical stan-
dards in animal research. A total of 322 (165 males and
167 females) Thoroughbreds were used in this study. All
horses were born between January and June of 2009-2014,
and the majority of them were born in March and April.
All horses were purchased at commercial livestock auctions
at one year of age, introduced to the Hidaka Training and
Research Center (Japan Racing Association, JRA) by the
end of September, trained to be ridden (initial training)
during October, and trained for racing (full-scale training)
from November through April.

Body composition measurement

Body composition assessment was initially performed
in September (approximately 18 months of age) and was
subsequently performed at monthly intervals during the
following six months of training. Measurements included
body weight (kg), withers height (cm), chest circumference
(cm), and cannon circumference (cm). The ratio of body
weight to withers height (kg cm™) was calculated and
defined as the “muscle content”, since the skeletal muscle
mass of Thoroughbreds comprises over 55% of their total
body mass [7], and thus, it can be used as an indicator of
skeletal muscle mass.

SNP genotyping

Blood samples were collected from each animal and
stored at —40°C. Genomic DNA was extracted using an
MFX-2000 MagExtractor System (Toyobo, Osaka, Japan),
according to the manufacturer’s protocol. Genotyping
for BIEC2-808543 was performed using a Tagman SNP
Genotyping Assay with a 7500 Fast Real-Time PCR System
(Applied Biosystems, Foster City, CA, U.S.A.), according
to the manufacturer’s protocols. The primer and probe
sequences used in this study are shown in Table 1.

Statistical analysis

Genetic association analysis for body weight, withers
height, chest circumference, cannon circumference, and the
ratio of body weight to withers height was performed using
Student’s #-test. In a previous study, we observed differ-
ences in body composition between males and females [22].

Table 1. Primer and probe sequences used in this study
Sequence

F-primer CCAAATTTGCCTGGCTAGAGA

R-primer TGTTCCCTGTGATTCTGCCTTT

MGB_VIC _C CATTCCAGCTTATTTCTGTA

MGB FAM T CATTCCAGTTTATTTCTGTAC

Thus, phenotypic data and SNP associations were separately
evaluated for each sex. In the present study, double blind
experiments were designed to avoid errors arising from
bias in phenotyping and SNP genotyping. All statistical
analyses were performed using IBM SPSS Statistics 19
(IBM, Armonk, NY, U.S.A.).

Results

Growth trends in body composition

To avoid pedigree-based and age-based systematic
errors, 59 males and 48 females were selected, excluding
animals with full-sibling and half-sibling relationships
and/or those born in January, February, May, or June. No
significant differences were observed in age between the
subpopulations.

Body weight, withers height, the ratio of body weight
to withers height, and chest circumference increased with
time in both males and females, although the changes
(increase or decrease) were minimal prior to the initiation
of full-scale training (Table 2, Fig. 1). Body weight, withers
height, and chest circumference of both males and females
significantly (P<0.05) increased in March compared with
those in October (Table 2, Fig. 1). Body weight and the ratio
of body weight to withers height decreased in November,
when full-scale training started, and then increased from
December through April (Table 2, Fig. 1).

Differences between males and females

Body weight and the ratio of body weight to withers
height were significantly (P<0.05) different between males
and females from December through March (Table 2, Fig.
1). Additionally, no significant differences were observed in
withers height between males and females throughout the
experimental period (Table 2, Fig. 1). Chest circumference
was significantly (P<0.05) higher in females in September
and November, whereas no differences were observed
between males and females from December through March
(Table 2, Fig. 1). Cannon circumference was significantly
(P<0.05) different between males and females throughout
the experimental period (Table 2, Fig. 1); the measured
values were significantly (P<0.05) higher in males than in
females.
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Table 2. Body weight (kg), withers height (cm), ratio of body weight to withers height (kg cm™), chest circumference (cm), and cannon
circumference (cm) (average values + standard error; SE) from September to March by gender

Sep. Oct. Nov. Dec. Jan. Feb. Mar.
Ratio of body weight to withers height (kg-cm™")
Male (59) 2.92+0.02 2.95+0.02 2.92+0.02 2.94+0.02 2.96 +0.02 299+0.02  3.03+0.02
Female (48) 2.88+0.02 2.90+0.02 2.88+0.02 2.87+0.02 2.89+0.02 292+0.02  2.94+0.02
P-values 0.1631 0.0983 0.1754 0.0160* 0.0224* 0.0149* 0.0018*
Body weight (kg)
Male (59) 448.5+3.0 455.0+3.2 453.1+£32 459.1+£3.2 464.3 +3.2 473.6+3.1 482.7+3.0
Female (48) 4434+33 4482 +3.2 4475+33 447.6+3.4 453.0+3.4 462.0+3.5  467.1+3.4
P-values 0.2572 0.1386 0.2355 0.0170* 0.0170* 0.0143* 0.0007*
Withers height (cm)
Male (59) 153.8+0.3 154.4+0.3 155.1+0.3 155.9+04 157.1+0.4 1582+04 159.2+04
Female (48) 154.1+0.3 154.6 £ 0.3 1553+0.3 155.8+0.3 156.9+0.3 158.0+0.3 158.7+0.3
P-values 0.5261 0.7230 0.7076 0.8252 0.6340 0.7694 0.2954
Chest circumference (cm)
Male (59) 1743+ 0.4 175.7+0.5 176.3 0.5 1773+ 0.4 178.7+0.4 179.5+ 0.4 180.8 + 0.4
Female (48) 176.8 +0.5 177.0+0.5 177.8+0.5 178.1 £ 0.4 178.9+0.4 179.3+0.4 180.9 + 0.4
P-values 0.0002* 0.0769 0.0339* 0.2187 0.8319 0.7280 0.8894
Cannon circumference (cm)
Male (59) 19.54+0.08 19.58£0.08 19.56+0.08 19.60+0.08 19.63+0.08 19.67+0.08 19.74+0.07
Female (48) 19.18+0.07  19.13+£0.07 19.16+0.06 19.17+0.06 19.18+0.06 19.20+0.06 19.24 +0.06
P-values 0.0015%* <0.0001* 0.0002* <0.0001* <0.0001* <0.0001* <0.0001*
*Statistically significant P-values (<0.05) in a ¢-test.
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Fig. 1. Changes in the mean ratio of body weight to withers height, body weight, withers height, chest circumfer-
ence, and cannon circumference from September to the following March in each sex. The black square (m) and gray
circle (®) indicate male and female, respectively. An asterisk (*) indicates a statistical difference at P<0.05 by sex.
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Genotypic distribution

All the animals used in this study were successfully
genotyped for BIEC2-808543. No significant differ-
ences were observed in genotypic distribution and allele
frequency between males and females (Table 3). Since the
C/C genotype had a very low frequency in the population,
only the C/T and T/T genotypes were used for the genotype-
phenotype association study.

Four subpopulations were assigned based on BIEC2-
808543 genotype and gender. Animals (n=200) with full
and half-sibling relationships and/or those born in January,
February, May, or June were excluded from the four subpop-
ulations in order to eliminate pedigree-based and age-based
systematic errors. Therefore, the four subpopulations
included a total of 67 males and 55 females. These numbers
were different from those in the growth trend analysis (59
males and 48 females) due to the classification by sex and
genotype. No significant differences were observed in age
among the four subpopulations. The four subpopulations
were used for the association study.

Genotype association with body composition in males

Significant (P<0.05) differences were observed in body
weight in September, October, November, and February;
in withers height from September to January; in chest
circumstance in September; and in cannon circumstance
from September to February between genotypes in males
(Table 4, Fig. 2). The measured values were significantly
(P<0.05) higher in the C/T genotype than in the T/T geno-
type throughout almost the entire experimental period.
However, no significant differences were observed in the
ratio of body weight to withers height between genotypes
at any point during the experimental period.

Genotype association with body composition in females
Withers height and cannon circumference in females were
significantly (P<0.05) higher in the C/T genotype than in the
T/T genotype throughout the experimental period. Withers
height tended to increase during the training period, whereas
cannon circumstance did not show any changes (Table 4,
Fig. 2). No significant differences were observed in body
weight, the ratio of body weight to withers height, and chest
circumstance between genotypes at any point during the
experimental period, although the measured values tended
to be higher in the C/T genotype than in the T/T genotype.

Discussion

To our knowledge, this is the first report of relationships
between sequence variants of BIEC2-808543 and measured
morphological characteristics in Thoroughbreds under
training. Our data demonstrated that BIEC2-808543 was

Table 3. Genotypic frequency of BIEC2-808543 near the
ligand-dependent nuclear receptor compressor-like (LCORL)
gene on Equus caballus autosome 3 (ECA3)

Cc/C T/C T/T
Male 0 0.15 0.85
Female 0.01 0.18 0.81

significantly associated with withers height (Table 4, Fig.
2), and the results were consistent with those reported in
previous studies on several horse breeds [14, 19]. Animals
with a C/T genotype had higher withers heights (maximum
differences of 1.8 cm in males; maximum differences of 2.1
cm in females) compared with animals with a T/T genotype.
We also demonstrated that BIEC2-808543 was associ-
ated with cannon circumstance in Thoroughbreds under
training. Animals with a C/T genotype had higher cannon
circumstances (maximum differences of 0.65 cm in males;
maximum difference of 0.48 in females) compared with
animals with a T/T genotype. These findings suggested that
LCORL on ECA3 was closely associated with the skeletal
frame and body composition in Thoroughbreds. BIEC2-
808543 polymorphism disrupts a putative binding site of
the transcription factor TFIID [15], which suggests that the
influence on the skeletal frame is caused by a regulation
mechanism of LCORL expression.

We also observed associations between genotypes and
phenotypes when all 322 animals were used for analysis
(data not shown). Although the C/C genotype was not evalu-
ated in this study because of a low frequency (Table 3), one
female horse with the C/C genotype showed a withers height
of 162.0 cm in March. Therefore, it is expected that horses
with a C/C genotype would have a much higher withers
height and cannon circumstance compared with those with
a C/T or T/T genotype. Overall, our findings suggested that
the C-allele at BIEC2-808543 increased the skeletal frame
size and that the T-allele decreased it.

In the present study, no statistical differences were
observed in chest circumference throughout almost the entire
experimental period, suggesting that LCORL does not have
a strong effect on chest circumference in horses (Table 4,
Fig. 2). The differences between genotypes in terms of the
association with chest circumference seemed to decrease
with growth and/or advanced training. The thoroughbreds
used in this study trained almost every day; thus, LCORL
was not able to strongly affect their chest circumstance.

Our data showed that cannon circumstance was affected
by gender (Table 2, Fig. 1). In the four subpopulations,
males with a C/T genotype had the highest cannon circum-
stance, males with a T/T genotype and females with a
C/T genotype had an intermediate cannon circumstance,
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Table 4. Body weight (kg), withers height (cm), ratio of body weight to withers height (kg cm™), chest circumference (cm), and
cannon circumference (cm) (average values + standard error; SE) from September to March by genotype in males and females

Sep. Oct. Nov. Dec. Jan. Feb. Mar.

Male
Ratio of body weight to withers height (kg-cm™")

C/T (13) 2.98 +£0.04 3.02+0.04 2.98 £0.05 3.00+0.04 2.99 +0.04 3.05+0.04 3.07+0.03

T/T (54) 2.90 +0.02 2.93+0.02 2.91£0.02 2.93+0.02 2.95+0.02 2.98+0.02 3.02+0.02

P-values 0.0582 0.0608 0.1099 0.1715 0.2955 0.1193 0.2389
Body weight (kg)

C/T (13) 462.5+7.0 469.5+7.8 466.9 + 8.0 471.8 +£8.0 4744 +7.3 485.8+7.1 4892+ 6.4

T/T (54) 4452 +3.1 451.4+3.1 450.1+3.2 456.4+3.3 461.6 +3.2 470.1 +3.1 480.0 3.1

P-values 0.0175%* 0.0168* 0.0292* 0.0502 0.0901 0.0340%* 0.2012
Withers height (cm)

C/T (13) 155.1£0.6 155.7+0.6 156.5+0.6 157.2+0.7 158.5+0.6 159.4+0.6 159.4+£0.8

T/T (54) 153.5+04 154.0+0.3 154.7+04 1555+04 156.7 + 0.4 157.8+0.4 159.0+0.3

P-values 0.0434%* 0.0368%* 0.0270* 0.0382%* 0.0351%* 0.0594 0.6640
Chest circumference (cm)

C/T (13) 176.2 +0.8 1773 +1.2 177.7+1.2 178.5+1.1 179.5+0.9 180.2+0.9 180.2 +0.6

T/T (54) 173.8+0.5 1752 +0.5 175.7+0.5 176.9 0.5 178.3 +0.4 179.0 £ 0.4 180.7 0.5

P-values 0.0277* 0.0797 0.1045 0.1430 0.2563 0.2272 0.5840
Cannon circumference (cm)

C/T (13) 20.09+0.18 20.09+0.17 20.11£0.18 20.11+£0.18 20.12+0.18 20.15+0.17 20.00+0.19

T/T (54) 19.44+0.08 19.48+0.08 19.47+0.08 19.51+£0.08 19.54+0.08 19.59+0.07 19.70 +0.07

P-values 0.0011%* 0.0015%* 0.0012* 0.0023* 0.0021%* 0.0020* 0.0710
Female
Ratio of body weight to withers height (kg-cm™")

C/T (11) 2.91+0.04 2.93 +0.04 2.92+0.04 2.88 +0.04 2.89+0.04 2.93+0.04 2.96 +0.04

T/T (44) 2.87+0.02 2.89+0.02 2.87+0.02 2.86 +0.02 2.88 +£0.02 2.91+0.02 2.94 +0.02

P-values 0.5163 0.4336 0.2508 0.6778 0.8515 0.7514 0.6298
Body weight (kg)

C/T (11) 4512 +6.5 456.0 £ 6.7 457.5+7.1 452.3+6.9 4574 +6.6 4672 +6.7 4749 +£6.7

T/T (44) 441.5+3.6 4456 +3.5 443.6 £ 3.4 444.6 £3.6 449.8 +3.7 458.5+3.7 465.4+3.6

P-values 0.2218 0.1846 0.0752 0.3440 0.3565 0.2961 0.2351
Withers height (cm)

C/T (11) 155.2+0.7 155.5+0.7 156.5+0.9 156.8 0.9 158.4+0.7 159.6 £ 0.8 160.2 0.8

T/T (44) 153.7+0.3 154.1+0.2 154.7+0.3 1553+0.3 156.4+0.2 157.5+0.2 158.3+0.3

P-values 0.0131%* 0.0176%* 0.0154* 0.0347* 0.0013* 0.0018* 0.0059*
Chest circumference (cm)

C/T (11) 178.5+0.7 178.3+0.9 179.2 + 1.0 179.0 0.9 179.8 £ 1.1 180.6 0.9 181.4+0.8

T/T (44) 176.3 +£0.5 176.5+0.5 1772+0.5 177.6 £0.4 178.3+0.4 178.8+0.5 180.5+0.4

P-values 0.0505 0.1142 0.0744 0.2007 0.1226 0.0824 0.3515
Cannon circumference (cm)

C/T (11) 19.58+0.13  19.50+0.11 19.55+0.10 19.56+0.10 19.55+0.10 19.53+0.11  19.51+0.12

T/T (44) 19.10+0.07 19.07+0.07 19.08£0.06 19.08+0.05 19.10£0.06 19.14+0.05 19.22+0.06

P-values 0.0020* 0.0038* 0.0004* 0.0002* 0.0006* 0.0021* 0.0344*

*Statistically significant P-values (<0.05) in a #-test.

and females with a T/T genotype had the lowest cannon
circumstance (Table 4, Fig. 2). Because it is generally
considered that bone size is an important determinant of
bone strength, cannon circumstance may play an important
role in bone fractures, which are a common cause of loss in
Thoroughbreds [17]. Therefore, further studies are needed to
investigate the association between bone fracture, LCORL,
and sex in order to improve horse health and welfare.

Males with a C/T genotype at LCORL had relatively
higher body weights and withers heights. Therefore, body
weight was related to withers height in LCORL genotypes,
but not to muscle content, since no significant differences
were identified in the ratio of body weight to withers height
(Table 4, Fig. 2). A similar tendency was also observed in
females (Table 4, Fig. 2). In our previous study, racehorses
with a C/C genotype at the myostatin (MSTN) gene demon-
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a statistical difference at P<0.05 in females.

strated a relatively higher body weights and skeletal muscle
masses than racehorses with other genotypes [6, 13, 22, 23].

Based on genotypes at LCORL and MSTN and sex, we
may be able to identify the ideal body composition for
each racehorse. For instance, male racehorses with a C/C
genotype at LCORL and a C/C genotype at MSTN may have
large and heavy bodies, whereas female racehorses with a
T/T genotype at LCORL and a T/T genotype at MSTN may
have small and light bodies. Thus, animal care and training,
such feeding and exercise for regulating body weight, could
be applied based on individual genotypic information in a
manner similar to that in personalized medicine in humans
[1]. In addition, genotypic information could contribute
to the development of effective breeding strategies for
producing Thoroughbreds with favorable body traits.
Because of the relatively low frequency of the C-allele at
LCORL, withers height could be modified based on the

LCORL genotype, leading to improved racing performance.

Although selective breeding based on genetic informa-
tion is effective for producing racehorses with desired
traits, gene doping, which may be defined as the “abuse/
misuse of gene therapy”, should be prohibited in order to
maintain racing integrity [3]. The CRISPR/Cas system for
genome editing [9] and the adeno-associated virus (AAV)
vector [12, 18] for gene transfer have been developed for
the production of genetically modified animals and gene
therapy, respectively. In addition, the combination of both
technologies allows for in vivo genome editing that directly
modifies the genome in postnatal animals [16]. Therefore,
these technologies raise concerns regarding the production
of genetically modified animals and gene doping in race-
horses. Since LCORL and MSTN influence body phenotype
and/or racing performance, the genes should be monitored
to protect the genomic and genetic integrity of racehorses.
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