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ABSTRACT: An A/C mutation responsible for the
ability to pace in horses was recently discovered in the
DMRT3 gene. It has also been proven that allele C has
a negative effect on trotters’ performances. However,
in French trotters (FT), the frequency of allele A is
only 77% due to an unexpected positive effect of allele
C in late-career FT performances. Here we set out to
ascertain whether the genotype at SNP BIEC2-620109
(linked to DMRT3) should be used to compute EBV
for FT. We used the genotypes of 630 horses, with
41,711 SNP retained. The pedigree comprised 5,6
horses. Qualification status (trotters need to comple
a 2,000-m race within a limited time to begin thei

type at SNP BIEC2-620109 was removed from the
file of genotypes when already taken into account as
a fixed effect. Alternatively, 3 groups of 100 candi-
r validation. Validations were also
random-clustered groups of 126
ared against the results of the 3
ances on which DMRT3 has
ients of correlation were not

d effect in the model (earnings at 3 and 4 yr).
r traits proven strongly related to DMRT3,
of evaluation was improved, increasing
arnings at 2 yr, +0.04 for earnings at 5 yr
nd older, and +0.09 for qualification status (with the
BLUP method). For all traits, the bias was reduced
en the SNP linked to DMRT3 was a fixed effect in
the model. This work finds a clear rationale for using
the genotype at DMRT3 for this multitrait evaluation.
Genomic selection seemed to achieve better results
than classic selection.

© 2015 American Society of Animal Science. All rights reserved.

INTRODUCTION

Andersson et al. (2012) discovered a major gene af-
fecting locomotion in horses. A stop mutation in DMRT3
is strongly associated with ambling gaits, which are
very comfortable gaits that some breeds naturally have
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or are easily able to learn due to a genetic predisposi-
tion, in addition to the usual gaits (walk, trot, and can-
ter). This mutation is caused by a single base change:
the wild-type allele C is replaced by the mutant allele
A. Promerova et al. (2014) found that the mutated allele
was also fixed in many breeds dedicated to trot races but
missing in breeds selected for gallop races. A feature of
trot races is that horses that break stride are disquali-
fied, and so trotters have been selected on their ability to
trot easily at high speed. The mutated allele was prov-
en to have a positive effect on racing performances in
Swedish standardbred trotters and is fixed in American
standardbred trotters. Nevertheless, in French trotters
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(FT), the frequency of the mutation is only 77%. Ricard
(2015) studied the effect of the genotype at SNP BIEC2-
620109 (linked to DMRT3; C-C and A-T[AU: please
confirm changes|) and confirmed positive effects of the
mutation on ability to trot easily and on earnings through
most of the career of FT. Nevertheless, the greater earn-
ings are obtained in prestigious events that are mainly
raced at 5 yr and older by only few horses. The wild-type
allele in heterozygotes had a positive and highly signifi-
cant effect on these late earnings (P < 0.001), which justi-
fied its frequency in a long-term-selected breed such as
FT. Our objective is to ascertain whether using the gen-
otype at this same SNP in high linkage disequilibrium
(LD) with DMRT3 would enable a better estimation of
breeding values for performances by FT in harness races.
We also considered the effect of the method used to ob-
tain the relationship matrix: expected relationships based
on pedigree or realized relationships based on genotypes.
This work, therefore, reports the results of a first attempt
at genomic selection in FT.

MATERIALS AND METHODS

Phenotypes

The races studied in this work are harness races, 1
which the horse pulls an ultralight roadster called a su

races. The qualification test consists of a'$
that has to be completed within a i

is, therefore, an important trait for 2 réasons: Lt

relatively highly heritable (Table 1) and early trait, and
second, it means that horses that will race are a selected
sample of their generation. The subsequent career of a
trotter can then be considered at 3 stages. The first stage
is racing as a 2 yr old. This is an early stage trait as only
20% of the horses racing at 3 yr started at 2 yr. The sec-
ond stage, racing as a 3 or 4 yr old, is the crux of a trot-
ter’s career. Few of them will go on to make the third
stage, that is, racing at 5 yr and older: one-third of the
horses stop racing after 4 yr old and another one-third
will stop each year that follows. Horses win money priz-
es depending on their ranking. Most of the time, only the
first 7 horses receive a prize. The first horse earns half of
the total prize, and then the second receives half of the
remaining money, and so on down to the seventh horse.
The next 9 horses are ranked but do not earn money.
According to Thiruvenkadan et al. (2009), performances

Table 1. Heritability (diagonal), genetic correlation
(upper triangle), and residual correlation (lower tri-
angle) for logarithm of annual earnings divided by
the annual number of finished races (LnE) at different
ages and qualification status as per Ricard (2015)

LnE at Qualification
Trait 2yr 3yr 4yr >5yr status
LnE at2 yr 0.28 0.85 0.76 0.56 0.48
LnE at 3 yr 0.29 0.32 0.91 0.81 0.61
LnE at4 yr 0.12 0.27 0.25 0.92 0.47
LnE at 5 yrand older 0.14 0.23 0.41 0.26 0.44
Qualification status ~ 0.00"  0.00"  0.00!  0.00! 0.56

IResidual correlations between qualification status and LnE were fixed to 0.

in trot racing can be studied using the logarithm of annual
earnings divided by the annual number of finished races
horse can be disqualified if it breaks
dy LnE based on these 3 stages: early

records for all these traits were provided by
for the Promotion of French Horse Breeding
ncouragement a I’élevage du cheval francais;
, France) and by the French
; efor Horses ana Riding (Institut frangais du che-
val et de I’équitation; [AU: please p En e city], France).
Although records were available for—amr horses that took
part in French races from 1996 to 2011, the data were
truncated: records were kept only for horses born be-
tween 1994 and 2008 to have a sufficient amount of in-
formation on all horses.

Horses

The blood samples of 623 hor=== had been previ-
ously collected for a genomewisociation study
on osteochondrosis in FT (Teyssedre et al., 2012). The
horses were recruited between 2008 and 2010 at French
Center for Imaging and Research on Equine Locomotor
Disorders (J[AU: please provide @, France) and at
a few veterinary clinics. These horsesare not exactly a
random sample of the population, and they have global-
ly better performances than other trotters (79% of them
were qualified whereas only about 40% of a generation
usually makes the cut). Another 59 horses were geno-
typed, giving a total of 682 genotyped horses available.
Finally, 630 were retained, based on the availability of
their records for racing performances: they were born
between 1994 and 2008 and their performances were re-
corded between 1996 and 2011. Of the retained sample,
41% were females and 61 horses were sires. Looking in
from an alternative perspective, 300 genotyped horses
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had their sire genotyped. As sires are selected on their
own performances, their presence in the sample also ex-
plains the better performances recorded. The 630 trot-
ters were included in a pedigree of 5,699 horses.

Genotypes

The genotypes were obtained using the Illumina
Equine SNP50 BeadChip ([AU: please provid
full name of manufacturer and manufacturer’s city
and state (or city and country if outside the U.S.)]).
A quality control of SNP genotypes based on mini-
mum allele frequency (>1%), genotype assessment rate
(>80%), and Hardy—Weinberg equilibrium (P-value for
the test >10 x 10*8) was performed, and 41,711 SNP
were retained. The chip marker that had the strongest
LD with the mutation identified in DMRT3 (Andersson
etal., 2012) was the SNP BIEC2-620109. Promerova et
al. (2014) estimated a LD of 0.91 between this SNP and
the DMRT3 mutation in a population of 2,749 horses
including 59 FT. The C allele at SNP BIEC2-620109
is associated with the C allele in the mutation, whereas
the T allele of the SNP is associated with the A allele.
The frequencies for the 3 genotypes among the retained
horses were 56% for TT, 39% for TC, and 5% for

Statistical Models

used the following model:
y=Xb +Za +e,

in which y is the performance vector,®1s the fixed effect
vector that combines gender and year of birth, a is the
vector of random polygenic values, and e is the vector
of residuals. V(a) = csza, in which A is the zelation-
ship matrix and & the [AU: please define and
V(e) = Icsze, in which 026 is the [AU: please define

X and Z are incidence matrices. Heritability, genetic cor-
relations, and residual correlations between traits had
been estimated in a multitrait model using more than
173,000 FT, with about 64,000 of them qualified. Here
we used performances precorrected for fixed effects
according to the estimations obtained with this model.
This same approach has already been used by Pribyl et
al. (2010). We realized a multitrait estimation of breed-
ing values for qualification status and LnE at different
ages to exploit the genetic correlations between traits
(Table 1). Note that qualification status was first a binary
variable (0 = unqualified and 1 = qualified), but the cor-

rection for fixed effects turned it into a continuous trait.
Qualification status is important in the multitrait evalua-
tion because it allows the use of horses that are not quali-
fied and have not yet posted earnings. It has been dem-
onstrated that it is important to use those horses without
earnings in the estimation of breeding values to reduce
the bias (Klemetsdal, 1992; Arnason, 1999).

Our first objective was to assess whether the gen-
otype of the SNP linked to DMRT3 should be used to
compute the EBV, as it has been shown that QTL are a
useful source of information for animal selection (Soller
and Beckmann, 1983). Our second objective was to
check whether genomic selection should be preferred
over pedigree-based selection. For comparison of classic
vs. genomic selection, 2 methods were used to compute
the EBV: a BLUP and a genomic BLUP (GBLUP). On
the one hand, EBV were calculated using the pedigree,
hand, genomic EBV were calculated
ionship matrix deduced from the horse

y* is the vector of precorrected performances
horses, 1 is a vector of ones, L is the overall
random vector of additive genetic values,
@ vector of residuals. In BLUP, var(g) = Ac, 2,
in which A is the pedigree-based relationship matrix
and ng is t Qlditive genetic variance. In GBLUP,

Z—de G is the genomic relationship ma-
trix as defined by VanRaden (2008). Z is an incidence
matrix. This model allows the comparison of pedigree-
based and marker-based evaluations. To test the value
of using the SNP linked to DMRT3 for the estimation
of breeding values, we modified the model by adding
a fixed effect. The model, therefore, became

y*=1u+Zg+WB+@

in which B is the vector of the fixed effect of the 3 geno-
types and W is the incidence matrix for the horse’s gen-
otype at this SNP. When this model was coupled to the
GBLUP method, the SNP BIEC2-620109 was removed
from the file of genotypes that was used to compute G;
therefore, the genotype at this SNP was used only once
in the model. Estimated breeding values were comput-
ed using BLUPF90 (Misztal et al., 2002).

Validation

Comparison between methods was based on cross-
validation. The file was divided into 2 populations: ref-
erence population and candidate population. Estimated
breeding values were calculated including performances
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Table 2. Correlation coefficients between EBV and performances for the corresponding traits: logarithm of
annual earnings divided by the annual number of finished races (LnE) at different ages or qualification status

The SNP linked to DMRT3 is not used The SNP linked to DMRT3 is a fixed effect

Effective number

Trait! of candidates? BLUP GBLUP3 BLUP GBLUP
LnEat2 yr 38 0.19 0.27 0.40 0.44
LnE at 3 yr 171 0.21 0.29 0.19 0.27
LnE at 4 yr 134 0.28 0.34 0.22 0.26
LnE at 5 yr and older 83 0.43 0.41 0.44 0.45
Qualification status 300 0.13 0.16 0.27 0.25

IEstimated breeding values were computed in a multitrait analysis, with 4 combinations of models and methods, and for 3 nonoverlapping validation
data sets of 100 candidates each.

2Results are presented for all candidates pooled together. Qualification status was the only trait for which all candidates had a performance record. For
LnE, the nonqualified horses had missing values and could not, therefore, be candidates.

3GBLUP = genomic BLUP.

of the reference population only, and the validation cri-
teria were then based on relationships between EBV and
performances of the candidate population. For the accu-
racy, we used the correlation coefficient between the can-
didates” EBV and their realized performances. For the
bias, we used the regression of the realized performances
of candidates on their EBV. When the model included
the SNP BIEC2-620109, the total EBV of a horse was the
solution for the animal effect summed to the solution for
its genotype at SNP BIEC2-620109.
The candidates had to meet the following requi
ments:
- have at least one record (not necessarily 2
each of the traits studied in the multig
- be genotyped,

least one record, and
- not have any progeny
Because the performan€
fixed effects including year of bi
not used to design the reference and
A tota 0 horses were potenti@! candidates. If
EBYV had beemrcomputed simultaneously for all of them,
the reference population would have been reduced to
330 individuals. To use enough information to compute
candidates” EBV, a 3-fold cross-validation was used.
Candidates were randomly divided into 3 nonoverlap-
ping training data sets of equal size (100 horses), and
each group of candidates was then evaluated one by
one, with the 2 other groups included in the reference
population. This method has already been used in dairy
cattle (Luan et al., 2009), beef cattle, (Saatchi et al.,
2011), and pine (Resende et al., 2012). The advantage
of this method was to guarantee that EBV of the trotters
in the validation sample would be computed using a
reference population counting at least 5 times more in-
dividuals, in line with recommended practice (Legarra
etal., 2008). Accuracy and bias were then computed for
the 3 groups of candidates together.

To quantify the SE due to sampling of the results of
lidation, EBV were also computed
ups of 126 candidates, yielding four-
orses with performances in the refer-

ccuracy and the bias separately for each of the
ion data sets. The accuracy and bias obtained
d cross-validation were compared against
tions of the correlation and regression coef-
cients obtained for the 50 overlapping data sets.

RESULTS

Validation on 3 Nonoverlapping Data Sets

The accuracy and the bias computed for the 300
candidates evaluated in the 3-fold cross-validation are
shown in Tables 2 and 3. All the horses of the valida-
tion population had a record for qualification status but
may have had earnings for only some of the years of
their career or no earning at all. Therefore, the correla-
tion and regression coefficients were computed for dif-
ferent numbers of candidates depending on the number
of trotters that truly had a record for the trait. Early and
late earnings (LnE at 2 yr and LnE at 5 yr and older)
were the traits that had lower numbers of candidates, at
38 and 83, respectively. Logarithm of annual earnings
divided by the LnE at 3 and 4 yr had higher numbers of
candidates (at 134 and 171, respectively).

Early and late earnings and qualification status
achieved greater accuracies when the SNP BIEC2-
620109 was included as a fixed effect in the model
(Table 2). The superiority of this model was more ob-
vious for LnE at 2 yr (+0.21 for BLUP and +0.17 for
GBLUP) and qualification status (+0.14 for BLUP and
+0.09 for GBLUP) than for LnE at 5 yr and older (+0.01
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Table 3. Regression coefficients of the performances on EBV for the corresponding traits: logarithm of annual
earnings divided by the annual number of finished races (LnE) at different ages or qualification status

Effective number

The SNP linked to DMRT3 is not used

The SNP linked to DMRT3 is a fixed effect

Trait of candidates! BLUP GBLUP3 BLUP GBLUP
LnEat2 yr 38 1.70 1.55 1.39 1.44
LnE at 3 yr 171 1.28 133 1.02 1.16
LnE at 4 yr 134 1.67 1.65 1.04 1.06
LnE at 5 yr and older 83 2.29 1.83 1.35 1.25
Qualification status 300 0.74 0.60 1.05 0.78

IEstimated breeding values were computed in a multitrait analysis, with 4 combinations of models and methods, and for 3 nonoverlapping validation

data sets of 100 candidates each.

2Results are presented for all 300 candidates pooled together. Qualification status was the only trait for which all candidates had a performance record.
For LnE, the nonqualified horses had missing values and could not, therefore, be candidates.

3GBLUP = genomic BLUP.

for BLUP and +0.04 for GBLUP). This result was con-
sistent with the significant effect of the SNP linked to
DMRTS3 on those traits as originally evidenced by Ricard
(2015). With this model, GBLUP provided slightly
greater accuracies for LnE at 2 yr (+0.04) and 5 yr and
older (+0.01), whereas for the qualification status, BLUP
gave marginally better results than GBLUP (+0.02).
For LnE at 3 and 4 yr, greater accuracies were
achieved when the SNP BIEC2-620109 was not a
fixed effect of the model, particularly for LnE at
(+0.12). This is consistent with previous results
Ricard (2015): the SNP linked to DMRT3 is thought

(early and
> regression

model (Table 3). For LnE at 3 and”4 yr, the regres-
sion coefficients were nearly unbiased when the SNP
linked to DMRT3 was in the model, although their co-
efficient of correlation was not improved.

Validation on 50 Overlapping Groups of Candidates

Figure 1 shows the distribution of the accuracy
achieved by the 50 random-clustered validation data
sets. Like for the nonoverlapping groups, the number of
effective candidates for each trait in one group was dif-
ferent depending on availability of records. The num-
bers of effective candidates are shown in Table 4. The
distributions of accuracy for LnE at 2 yr and qualifica-
tion status clearly showed the superiority of the model
including the SNP linked to DMRT3 as a fixed effect.
For LnE at 5 yr and older, the superiority of this model
was less patent, although the distributions for the mod-

el including the SNP BIEC2-620109 visibly achieved
slightly better accuracies. For LnE at 3 yr, the distribu-
tions of acc es for both models were very similar,
although LUP approach achieved greater ac-
curacies LUP method. For LnE at 4 yr, the
ions of accuracy did not single
tter method. Note in Fig. 1 that
values of accuracies among the 50 valida-
sets were very close to the accuracies com-
e 3 nonoverlapping validation data sets.

2 charts the distributions of bias. For all
distributions were closest to 1 when the model
included the SNP linked to DMRT3 as a fixed effect.
This result was consistent with observations on the vali-
dation based on the 3 nonoverlapping groups. For these
models including SNP BIEC2-620109, GBLUP seemed
to more often achieve unbiased estimations than BLUP
for LnE at 2 yr, LnE at 5 yr and older, and qualification
status. The BLUP method seemed to achieve regres-
sion coefficients closer to 1 for LnE at 3 yr. For LnE at
4 yr, neither BLUP nor GBLUP emerged as superior in
terms of the bias. Once again, these results were con-
sistent with the difference between methods evidenced
with the 3 nonoverlapping groups.

Table 4. Effective number of candidates in the 50 ran-
dom-clustered validation data sets for the logarithm of
annual earnings divided by the annual number of finished
races (LnE) at different ages and qualification status

Effective number of candidates

Trait Mean Minimum Maximum
LnE at2 yr 16 9 21
LnE at3 yr 72 64 78
LnE at4 yr 56 47 64
LnE at 5 yr and older 35 28 43
Qualification status 126 126 126
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Figure 1. Distributions of correlation coefficients between the EBV and the corresponding performances for 50 randomly clustered validation data
sets of 126 candidates each. Estimated breeding values were computed in a multitrait evaluation including logarithm of annual earnings divided by the
annual number of finished races (LnE) at different ages and qualification status, with 4 combinations of models and methods. GBLUP = genomic BLUP.
[AU: In the figure, please change “-years” to “ yr” (yr with a space between the numeral and the abbreviation yr). Please make DMRTS3 italic.]

DISCUSSION

The results of our study were consistent with
the results of Ricard (2015). On one hand, accuracy
was improved for LnE at 2 yr, LnE at 5 yr and older,
and qualification status when the genotype at SNP

BIEC2-620109 was included in the model. Ricard
(2015) found that the genotype with the SNP linked to
DMRT3 had a very highly significantly different effect
(P <0.001) on these 3 traits. In our estimation of geno-
type effects with the GBLUP method based on the 50
validation groups, the difference of effect of genotype
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Figure 2. Distributions of regression coefficients of the performances on EBV for the corresponding traits for 50 randomly clustered validation data
sets of 126 candidates each. Estimated breeding values were computed in a multitrait evaluation including logarithm of annual earnings divided by the
annual number of finished races (LnE) at different ages and qualification status, with 4 combinations of models and methods. GBLUP = genomic BLUP.
[AU: In the figure, please change “-years” to “ yr” (yr with a space between the numeral and the abbreviation yr). Please make DMRT3 italic.]

CT compared with TT was very highly significant for
LnE at 2 yr (P < 0.001, —0.84 phenotypic SD) and
highly significant for LnE at 5 yr and older (P < 0.01,
+0.44 phenotypic SD) and the difference of effect of
genotype CC compared with TT was highly signifi-
cant for qualification status (P < 0.01, —0.70 pheno-
typic SD). On the other hand, the accuracy for LnE at

3 and 4 yr was slightly lower when the SNP linked to
DMRT3 was included in the model. This could be due
to a weak effect of SNP B/EC2-620109 on these traits:
no useful information is added for the computation of
the corresponding EBV.

For qualification status, the accuracy reached with
the GBLUP method coupled with the model with the
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SNP linked to DMRT3 may be idered low (0.25), as
this trait has the greatest 42 (0-56 Q the greatest number
of horses with recorded performances. Qualification sta-
tus is a discrete trait, so we had to use averaged perfor-
mances for the multitrait evaluation, and the correlation
coefficient that we used might not be the most suitable
way of measuring accuracy for this kind of phenotype.
However, it nevertheless made it possible to observe an
increase in accuracy due to the addition of the effect of
SNP BIEC2-620109 in the model, even if we can sup-
pose that accuracies for this trait are generally underesti-
mated with the coefficient of correlation used.

Logarithm of annual earnings divided by the LnE at
5 yr and older obtained quite high accuracies in models
both with and without the SNP linked to DMRT3. This
result was unexpected according to 4% and the number
of horses that do have performances for this trait. These
high values may be due to selection.

Even if adding qualification status in the multitrait
evaluation is supposed to reduce bias, high regression
coefficients were obtained for LnE at 2 and 5 yr and
older. This may be due to relative overselection of
those horses that do have performances for these traits.

The distributions obtained for accuracy and bias
with 50 randomly selected validation data sets showg
that very different values could be obtained for both a

and found that the better resultsWere obtainéd when the
major gene was considered as a fi t, with no im-
provement of accuracy when the genotype of the major
gene was imputed for all animals. Zhang et al. (2010)
developed a different method: they realized a weighted
genomic evaluation with a trait-specific marker-derived
relationship matrix and achieved better accuracy for
traits depending on a major gene compared with BLUP
and GBLUP. In their method, the marker-derived rela-
tionship matrix is different from the realized relation-
ship matrix used in GBLUP, because a greater weight
is attributed to loci depending on the genetic variance
they explain. Zhang et al. (2010) did not compare their
weighted GBLUP to the method used here (a GBLUP
with the major gene as a fixed effect in the model), but
there is every reason to believe that this method could be
very valuable in trotters given how DMRT3 has a strong
effect on performances. Nevertheless, as discussed ear-
lier, the evaluation of breeding values of trotters is a
multiple-trait model that should include qualification

status in addition to LnE, and it considers the earnings
obtained in each year of a horse’s career. As the effect
of SNP BIEC2-620109 is different for each of the traits
that we evaluated simultaneously, this would imply de-
riving a weighted relationship matrix for each of the
traits and implementing|AU: please confirm chan
a method able to take into account these different matri-
ces, likely resulting in longer computation times.

For now, we recommend using a model with the
SNP linked to DMRT3 as a fixed effect. This model
achieved better accuracies for LnE at 2 yr, LnE at 5 yr
and older, and qualification status. The drop in accu-
racy when the SNP linked to DMRT3 was added in the
model was low for LnE at 3 yr but higher for LnE at
4 yr. However, the model including the SNP linked to
DMRT3 as a fixed effect had the advantage of being
less biased than model without the SNP. With the
e SNP linked to DMRT3, we recom-
P, as it yields greater accuracies than

h a model including the effect
gene, therefore, looks like a good com-
or estimating breeding values in FT. The way
e breeding values remains open to discus-
ic indexes may be produced with differ-
its for each trait depending on the breeder’s

arge weight on qualification status and LnE at 3 and 4
old to produce horses that would be easy to qualify.

We could also imagine an index with a higher weight

on performances at 5 yr and older to select horses that
would be harder to qualify but expected to perform bet-
ter later in their career in prestigious high-pay-off races.
This type of selection would entail breeding for the C
allele. As the CC genotype has a negative effect on all
traits, a strategy should be defined to keep this allele in
heterozygous horses while minimizing the frequency of
the homozygotes in the population.
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