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Summary

The objective of the study was to estimate the efficiency of genotypes imputation of the
Affymetrix Axiom Equine genotyping array (670,806 SNP), from genotypes of the Illumina
Equine SNP50 BeadChip (54,602 SNP) and the Illumina Equine SNP70 BeadChip (65,157
SNP). Genotypes from 5 populations: Arabs (AR, 1,207 horses), Trotteurs Français (TF, 979
horses), Selle Français (SF, 1,979 horses), Anglo-Arabs (AA, 229 horses), and various
foreign sport horses (FH, 209 horses) were available. In AR, 15% of horses were genotyped
with the high-density chip, in SF 57%, in TF 30%, in AA 10% and FH 15%. A validation set
equal to the third of the sample was drawn in horses genotyped with high-density chip and
their genotypes suppressed. Two strategies were compared, one with a reference population
with only the horses of the same breed as the validation set and another one with horses from
multi-breed. The software FImpute was used.
For the first strategy, the mean error rates were 0.97% in TF, 1.29% in SF and 2.16% in AR
populations. For the second strategy, the mean error rates ranged from 1.11% (TF) to 2.63%
(AR). SF, FH and AA populations had intermediate error rates: 1.35%, 1.55% and 1.87%
respectively. For each population and each strategy, the mean error rates were inferior to 3%
which indicates that imputation of high-density genotypes from medium-density genotypes is
feasible and accurate. The imputation accuracy depended on the size of the reference
population, the genetic diversity of the breed, the importance of relationship between
validation and reference populations and the linkage disequilibrium (LD). The comparison
between the two imputation strategies showed that the addition of horses from different
populations in the reference population did not improve the imputation accuracy.

Keywords: horse, genotype imputation, high and medium-density chips, population structure,
LD.

Introduction



The first genome sequence of the domestic horse was published in November 2009 as a
collaborative effort by the worldwide equine research community (Wade et al., 2009). Soon
after, a genotyping array (Illumina EquineSNP50 BeadChip, 54K) was developed (McCue et
al., 2012). In January 2011, a second-generation of the Illumina chip (Illumina Equine SNP70
BeadChip, 65K) was developed. After that, a high density commercial chip was developed
based on a selection of an experimental 2 million SN chip designed by using multiple breeds
whole genomes of the international consortium: the Affymetrix Axiom Equine genotyping
array (670K) (Schaefer et al., 2017).

Imputation enables us to combine data derived from population samples genotyped with
different density chips. In the horse, imputation accuracy has been poorly explored. McCoy et
al. (2014) investigated imputation accuracy from arrays (54K and 65K) to a medium marker
density (74K). A study found that imputation was feasible from a very low-density marker (1-
6K) to a medium-density (65K) (Corbin et al., 2014). Another study, they imputed whole
genome sequence (~13 million SNPs) from medium-density (54K) (Frischknecht et al.,
2014). And recently, Schaefer et al. (2017) tested genotype imputation accuracy from a
MNEc670k SNP set to a MNEc2M SNP set (~2 million SNPs).

Due to the need to merge genotype data produced with different previous chip versions,
the objectives of this study were to evaluate the accuracy of the imputation of high density
genotypes (670K) from medium density genotypes (54K-65K) in French equine breeds and to
compare a same breed imputation and a multi-breed imputation.

Material and methods

Animals

The data consisted of 4,603 genotyped horses, 37% of them were genotyped with the Illumina
EquineSNP50 BeadChip (54K, 54,602 SNP), 26% with the Illumina Equine SNP70 Beadchip
(65K, 65,157 SNP), and 36% with the Affymetrix Axiom Equine genotyping array (670K,
670,806 SNP). No difference was made between the 54K and the 65K, both referred as
medium density chip (MD) and the 670K as high density chip (HD). The breeds have been
grouped into 5 populations: Arabs (AR, 1,207 horses), Trotteurs Français (TF, 979 horses),
Selle Français (SF, 1,979 horses), Anglo-Arabs (AA, 229 horses), and various foreign sport
horses (FH, 209 horses). In AR, 15% of horses were genotyped on the HD chip, in SF 57%,
in TF 30%, in AA 10% and FH 15% (Table 1).

Genotypes and quality control

Table 2 represents the number of SNP usable by chip. A quality control was performed on
horses and SNP using the usual criterions: call rate (>90%), minor allele frequency (>2%),
and Hardy-Weinberg equilibrium (p-value>10-6). SNP on X-chromosome and on Y-
chromosome were excluded. Finally, we deleted also the SNP present on the 54K or 65K and
absent on the 670K. The final data set comprised 4,603 horses and 517,496 SNP.

Strategy for imputation



To assess accuracy of imputation, we applied a cross-validation scheme. A subset of the HD
genotyped data was considered as a validation population. The remainder of the HD
genotyped data consisted in the reference population. For animals in the validation
population, markers that were only present on the HD chip and not on MD chip were masked
to mimic a target population genotyped with the MD chip. The validation sets were chosen
according to the population: AR, TF, SF, AA and FH. For AR, TF and SF, the validation
population was the third of the HD genotyped data drawn at random. The process was
repeated 3 times without replacement and results were pooled together for the analysis. Two
strategies were compared for the reference set: 1) only horses from the same population were
used (“same breed”) or 2) the entire set of reminder horses genotyped with HD were used
(“multi-breed”). Due to the low number of horses in AA and FH, only the second strategy
was tested, and the validation population consisted in all horses genotyped with HD. In all
cases, horses with MD genotypes were included in the imputation process.

Genotype imputation and evaluation of imputation accuracy

The software FImpute was used for imputation (Sargolzaei et al., 2014).
Imputation accuracy was assessed using the allele error rate determined as the

proportion of wrongly imputed alleles out of all alleles that were inferred after imputation.
Allele error rate was computed by horse and by SNP.

To explore possible causes of differences in imputation accuracy across populations, the
linkage disequilibrium (LD) and the population structure were analyzed. LD was measured by
the squared correlation between genotypes (r2). Pairs of SNP were ranged according to their
distance by interval of 1,000 bp from 0 to 100,000 bp. Mean of r2 was computed for each
interval. A cluster analysis was performed on the genomic relationship matrix by principal
component analysis using GenABEL packages (Aulchenko et al., 2007) and the genotypes of
all HD genotyped horses (n=1,659).

Results and discussion

Population structure

The cluster analysis revealed 3 major clusters: AR, TF and a pool of SF, AA and FH (Figure
1). This is consistent with the history of these stud-books (closed for AR and TF, open to
crossing with FH and AA for SF). Some AA or SF horses, with high percentage of AR
ancestors, are closer to AR than SF. This result may be in favor of “same breed” strategy.

Horse imputation accuracy

Results

For the “same breed” strategy, the population mean of error rate per horse ranged from 0.97%
(TF) to 2.16% (AR). For the “multi-breed” strategy, the population mean of error rate per
horse ranged from 1.11% (TF) to 2.63% (AR). Whatever the population and the strategy, the
population mean of error rate per horse was under 3%, i.e. the mean accuracy was 97%
(Table 3). In cattle, imputation accuracy higher than 97% indicates that the imputation was
accurate (Hozé et al., 2013). The imputation accuracies were similar and often higher to those
found in other horses study, from chips of different densities. Horse concordance rate (1-



error rate) ranging from 82.2% to 100% for imputations from arrays (54K and 65K) to a
medium marker density (74K) in Quarter Horse, Standardbred and Thoroughbred were
published by McCoy et al. (2014). Another study found that imputation in Thoroughbred was
feasible (proportion of genotypes correctly imputed per horse ranged from 95% to 98%) from
a very low-density marker (1-6K) to a medium-density (65K) (Corbin et al., 2014). A study
using whole genome sequencing (~13 million SNPs) from 44 Franches-Montagnes and
Warmbloods imputed SNP from the medium array (54K) genotypes to nearly 13 million
SNPs with horse concordance rates ranging from 85% to 99% (Frischknecht et al., 2014). A
recent study designed, for genotype imputation, two arrays: MNEc670k, consisting of ~670
thousand SNPs and MNEc2M, a next-generation high-density SNP chip (~2 million SNPs).
Genotype imputation accuracy from the MNEc670k SNP set to the MNEc2M SNP set ranged
between 96.6% and 99.4% in the 15 breeds tested (Schaefer et al., 2017).

Difference between populations

Differences of imputation accuracies were observed between populations. In both strategies,
the population mean of error rate per horse was higher in AR, intermediate in SF and lower in
TF. Four reasons for these differences can be mentioned: size of reference population (Pausch
et al, 2013), homogeneity of the breed, importance of relationship between validation and
reference populations (Hayes et al., 2011) and linkage disequilibrium (Hozé et al., 2013). The
mean number of HD genotyped horses in the reference population ranged from 756 in the SF,
195 in TF to 119 in AR. Thus, error rate was higher in AR which had the lower reference
population size. But, SF which had the higher reference population size did not have a lower
error rate. According to Hozé et al. (2013), the size of the reference population had a limited
effect when the number of HD genotyped horses was greater than a minimum threshold that
was estimated at 200-400 animals.

AR and TF have a closed stud-book whereas SF that have an open stud-book; it means
the genetic diversity in the SF is higher than for AR and TF which is visible on the cluster
analysis. That can explain the lower imputation accuracy of SF compared to TF. Similarly,
Frischknecht et al. (2014) showed that the variation in genotype imputation accuracies
between horses was caused by the level of admixture. They observed greater imputation
accuracies in closed populations than in highly admixed populations.

There was no sire-progeny relationship inside HD genotyped samples. The closest
relationship was half sibs. Size of half sibs’ families differs between populations. In AR, 62%
of the sires had more than one offspring, in TF, 12% and in SF, 49%. The hierarchy
corresponds to the hierarchy of error rates.

The results of LD decay with distance are presented in Figure 2. LD levels were higher
for AA, intermediate for FH, TF and AR, and lower for SF. This ranking was not in
agreement with the imputation accuracies between these 5 populations.

According to these results, imputation accuracy was affected by a combination of all
these factors.

Difference between strategies

The population mean of error rate per horse was higher for “multi-breed” strategy compared
to “same breed” strategy. The “multi-breed” strategy was expected to increase the size of the



reference population, which was the case, especially for AR and TF. But this increase did not
compensate the genetic distance between the breeds, and consequently the difference of allele
frequency which cause errors of imputation. Differences between the two strategies were
higher for AR than SF and TF. These results were similar to those of McCoy et al. (2014).
They demonstrated that a reference population, breed-matched to the imputed population
gives better imputation accuracies than a mixed reference population.

Allelic and chromosome imputation accuracies

Results for population and strategies on the error rate per SNP over the 455,711 SNP imputed
showed the same pattern than the one obtained per horse.

The mean of error rate per SNP was computed by chromosome to determine if all
chromosomes will have the same imputation accuracy. There were higher error rates for
ECA12, ECA20 for all populations and strategies and ECA31 for AR (Figure 3).

There was no systematic and significant effect of minor allele frequency (MAF), DL
(measured at 4,000 pb) or density (number of imputed SNP/chromosome length) on the mean
of error rate per chromosome (Table 4). But ECA12 and ECA20 were part of the
chromosomes with a low LD and a high density, with ECA1 and ECA6. The ECA20 had also
a high mean MAF (0.21). Pereira et al. (2017) also observed low imputation accuracy for the
ECA12, but they also observed low imputation accuracies for ECA6.

Conclusion

Our data showed that imputation from MD chip to HD chip is feasible with accuracies higher
than 97% in the 5 investigated populations (AR, TF, SF, AA, and FH). An investigation of the
sources of differences in imputation accuracy revealed complex interactions with the size of
the reference population, the genetic diversity of the breed, the importance of relationship
between validation and reference populations and finally, to a lesser extent, LD.

The comparison between the “same breed” strategy and the “multi-breed” strategy
shows that the addition of horses from different equine sports in the reference population does
not improve imputation accuracy. Thus, the “same breed” strategy will be retained for future
imputation.
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Tables and Figures

Table 1. Number of genotyped horses by population (AR: Arabs, TF: Trotteurs Français, SF:
Selle Français, AA: Anglo-Arabs, FH: Foreign sport Horse) and type of chip, after quality
control.



Chip AR TF SF AA FH Total

Illumina 54K 7 687 745 137 168 1744

Illumina 65K 1021 0 100 70 9 1200

Affymetrix 670K 179 292 1134 22 32 1659

Total 1207 979 1979 229 209 4603

Table 2. Distribution of SNPs usable by chip (0/1: missing/present).

Illumina 54K Illumina 65K Affymetrix 670K Number of SNP

0 0 1 476296

0 1 0 642

0 1 1 16129

1 0 0 303

1 0 1 6578

1 1 0 1814

1 1 1 42172

Table 3. The population mean of error rate per horse (Mean error rate), standard error (s.e),
minimum (Min) and maximum (Max) horse error rate for AR (Arabs), TF (Trotteurs
Français) and SF (Selle Français) populations and for the “same breed” and “multi-breed”
strategies (A). The mean horse error rate (Mean error rate), standard error (s.e), minimum
(Min) and maximum (Max) horse error rate for AA (Anglo-Arabs) and FH (Foreign sport
Horses) populations and for the “multi-breeds” strategy (B). N pop Ref= Number of horses in
the reference population (Mean of the 3 samples) and N pop Val= Number of horses in the
validation population (Mean of the 3 samples.)

  AR   TF   SF

 A. Same breed Multi-breed   Same breed Multi-breed   Same breed Multi-breed

N pop Ref 119.3 1599.3 194.6 1561.6 756 1281

N pop Val 59.6 59.6 97.3 97.3 378 378

Mean error rate 0.0216 0.0263 0.0097 0.0111 0.0129 0.0135

s.e 0.0120 0.0125 0.0030 0.0032 0.0058 0.0051

Min 0.0101 0.0101 0.0051 0.0058 0.0057 0.0058

Max 0.1003 0.0776 0.0313 0.0694 0.0831 0.0694

  AA FH

 B. Multi-breed Multi-breed

N pop Ref1 1637 1627

N pop Val2 22 32

Mean error rate 0.0187 0.0155



s.e 0.0123 0.0073

Min 0.0102 0.0082

Max 0.0693 0.0410

Table 4. Mean error rate per chromosome (ECA) for “same breed” and “multi-breed”
strategies, linkage disequilibrium measured at 4,000 pb (LD), mean MAF (minor allele
frequency) and density (number of imputed SNPs/chromosome length) in Arabs population.

  Same
breed

Multi-breed      

ECA Mean error rate LD Mean
MAF

Density

1 0.017 0.024 0.208 0.202 0.00025

2 0.016 0.023 0.211 0.197 0.00033

3 0.020 0.022 0.237 0.195 0.00016

4 0.020 0.023 0.242 0.169 0.00016

5 0.021 0.026 0.225 0.189 0.00017

6 0.019 0.029 0.196 0.206 0.00042

7 0.020 0.023 0.241 0.194 0.00016

8 0.022 0.025 0.250 0.159 0.00016

9 0.020 0.026 0.212 0.202 0.00017

10 0.022 0.026 0.225 0.189 0.00018

11 0.021 0.026 0.230 0.212 0.00017

12 0.034 0.046 0.208 0.201 0.00021

13 0.024 0.029 0.217 0.203 0.00018

14 0.019 0.021 0.261 0.202 0.00017

15 0.019 0.022 0.238 0.159 0.00017

16 0.019 0.021 0.236 0.201 0.00017

17 0.021 0.023 0.230 0.199 0.00017

18 0.021 0.025 0.247 0.200 0.00017

19 0.020 0.023 0.245 0.157 0.00018

20 0.025 0.038 0.184 0.214 0.00046

21 0.020 0.022 0.227 0.193 0.00017

22 0.022 0.028 0.253 0.198 0.00017

23 0.019 0.025 0.240 0.195 0.00017

24 0.020 0.023 0.218 0.198 0.00017

25 0.019 0.024 0.236 0.190 0.00018

26 0.023 0.027 0.222 0.200 0.00018

27 0.023 0.026 0.229 0.193 0.00018

28 0.022 0.025 0.228 0.196 0.00017

29 0.026 0.031 0.232 0.202 0.00019

30 0.027 0.032 0.227 0.203 0.00019

31 0.032 0.038 0.238 0.198 0.00020



Figure 1. Relationship between first 2 principal components for the 1,659 horses genotyped
with the HD chip. Yellow, green, orange, red, and blue circles correspond to Selle Français
(SF), Arabs (AR), Trotteurs Français (TF), Anglo-Arabs (AA), and Foreign sport Horses
populations (FH), respectively.

Figure 2. Linkage disequilibrium decay in the 5 populations.



Figure 3. The mean error rate per chromosome for “same breed” (red) and “multi-breed”
(black) strategies for Arabs (A), Trotteurs Français (B) and Selle Français populations (C).
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