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ABSTRACT: A cost-effective strategy to increase the 
density of available markers within a population is to 
sequence a small proportion of key individuals, and impute 
the remaining population, genotyped on a commercial SNP 
chip. Using 54,602 SNPs for 1,077 Franches-Montagnes 
(FM) horses and next generation sequencing (NGS) data for 
28 representative FM horses and 14 Warmblood horses we 
performed genome-wide imputation for ~13 million SNPs. 
Imputation was performed with Impute2, Beagle and 
FImpute. The accuracy of the imputed genotypes was 
assessed using a cross-validation scheme. The mean 
imputation accuracy of FM horses using Impute2 was 
95.6%. Using Beagle and FImpute this value was found to 
be 74.7% and 77.3%, respectively. After including 
Warmblood horses in the reference population the mean 
imputation accuracy increased to 96.8%. This indicates that 
imputation to high-density genotypes derived from NGS 
data was accurate. 
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INTRODUCTION 
Rapid innovations in next-generation sequencing 

(NGS) have drastically reduced the costs of sequencing 
(Schuster (2008)). With the application of NGS it became 
feasible to re-sequence a large fraction of any mammalian 
genome. However, sequencing thousands of individuals is 
still too cost intensive for routine implementation in 
breeding programs. To date, 50k SNP chips typically build 
the genetic resource for genomic predictions and genome-
wide association studies (GWAS) in livestock and other 
species (Nicholas and Hobbs (2013)).  
NGS represents a powerful alternative to array-based 
genotyping methods. It also provides exceedingly high 
numbers of genotypes, e.g. ~ 17 million SNPs in cattle 
(Jansen et al. (2013)) compared to array-based methods. To 
circumvent the economical and logistical difficulties 
involved in re-sequencing more than 1,000 individuals, 
genotype imputation can be performed. Genotype 
imputation is a well-established method for combining 
information across collections of individuals with similar 
ancestry (McCoy and McCue (2013)) and to derive high 
density genotype information for individuals genotyped on 
a low or medium density set of loci (Pausch et al. (2013); 
Khatkar et al. (2012); Ma et al. (2013)). The numerous 
studies in cattle demonstrated, that the imputation of high 
quality genotypes is strongly dependent on diverse 

parameters including the proportion of missing genotypes 
(Khatkar et al. (2012)), the effective population size (Ne), 
the level of linkage disequilibrium (LD) (Hozé et al. 
(2013)), the number of key ancestors and relatives in the 
reference population (Pausch et al. (2013)) and the 
algorithms applied (Khatkar et al. (2012)). 
Here, we investigated imputation in the Franches-
Montagnes (FM) horse breed. The FM breed shows 
admixture with Warmblood. The last introgression occurred 
in the early 1990 using two Warmblood stallions (Poncet 
(2009)). The current Ne of FM horses varies between 29.1 
and 128.1 depending on the applied estimation method 
(Hasler et al. (2011)). Recently, we successfully identified 
major quantitative trait loci (QTLs) for height and maxillary 
prognathism in FM horses (Signer-Hasler et al. (2012); 
Signer-Hasler et al. (2014)). However, we could not detect 
genome-wide associations for many other traits. A possible 
reason could be an insufficient density of the applied SNP 
chip (50k). It has been demonstrated that increasing the 
marker density improves the power of genetic predictions 
(Khatkar et al. (2012)) and GWAS (Jansen et al. (2013)). 
Therefore, we evaluated three different methods for 
genotype imputation from 50k SNP chip data to sequence 
level in the FM population. 

 
MATERIALS AND METHODS 

Animals. We genotyped 1,077 horses of the FM 
horse breed with the Illumina Equine SNP50 BeadChip® 
including 54,602 SNPs. This dataset was already previously 
described in more detail (Signer-Hasler et al. (2012)). We 
selected a total of 30 FM horses including 2 trios and 3 
duos for whole genome sequencing. From this dataset 28 
horses were already included in the aforementioned dataset 
of 1,077 genotyped FM horses, while the remaining 2 
horses were additionally genotyped on the 65k SNP chip. 
We used pedigree information to determine the proportion 
of admixture of horses, by calculating the pedigree-based 
relatedness with crossbred horses. To account for the effect 
of admixture, we additionally included 14 unrelated 
Warmblood horses in our analyses.  

Genotype concordance of sequenced horses. 
After sequencing and variant calling, we compared the 
array-derived genotypes with the sequence-derived 
genotypes for the 30 sequenced FM horses. 



Genotype Imputation. We compared three 
commonly used imputation programs including two 
population based methods, Beagle (Browning and 
Browning (2009)) and Impute2 (Howie et al. (2009)), and 
one method that combines LD and pedigree information, 
FImpute (Sargolzaei et al. (2011)). The different imputation 
scenarios were evaluated for equine chromosome (ECA) 16 
and ECA 31 respectively. 
Using Beagle we performed an imputation scenario based 
on pre-phased genotypes (pre-phasing also with Beagle). 
Along with Impute2 we have additionally used the program 
SHAPEIT (Delaneau et al. (2013)) to pre-phase the 
genotypes of the data, since this program additionally 
includes first generation family information (duos and trios) 
for haplotype phasing. In SHAPEIT and Impute2 we set Ne 
to 100, which corresponds to the current population size of 
the FM breed (Hasler et al. 2011). In Impute2 imputation 
was performed for fragments of 6 Mb. We kept only SNPs 
passing a probability threshold of 0.9 for further analysis. 
SNPs below this threshold were set as missing. Finally we 
used FImpute, which can additionally include larger 
pedigree information. All programs were run with default 
parameters, except where specifically noted. 

Accuracy of imputation methods. We applied a 
cross-validation scheme to measure the accuracy of our 
genotype imputation pipeline. We had 28 FM horses with 
genome sequence and either 50k SNP chip genotypes (n = 
26) or 65k SNP chip genotype information (n = 2). We split 
these horses into a test group of four horses and a reference 
population of 24 horses. We repeated this procedure seven 
times so that each horse with 50k SNP chip genotypes was 
once represented in the test group. The horses with 65k 
SNP chip information were only used in the reference 
population. The duos and trios were equally distributed 
over all groups. We included all 1,077 FM horses with 50k 
SNP chip genotypes for the haplotype reconstruction. 
After the imputation we determined the genotype 
concordance between true and imputed genotypes of the 26 
sequenced horses. After the evaluation of the three 
imputation methods, all chromosomes were imputed with 
Impute2. Genotype concordance was assessed for each 
chromosome applying the same cross-validation scheme 
described above and the proportion of horses with correct 
imputation of a given SNP was calculated. 
 

RESULTS AND DISCUSSION 
Genotype concordance of 30 sequenced FM 

horses. We called SNPs of the sequenced horses with 
respect to the reference genome and used informative SNPs 
with MAF > 1.5% for the subsequent analyses. In total 
13,127,080 SNPs were used for genotype imputation. 

Furthermore, we compared the concordance 
between SNP chip and sequence derived genotypes. This 
comparison provided an objective quality measurement for 
our NGS experiment and the variant calling pipeline. The 
mean overall concordance per horse was 98.5%. 28 FM 
horses had a genotype concordance of more than 97%. The 
two remaining horses had a concordance of 85% and 91% 
respectively. These two horses had the lowest sequence 
coverage in our genome sequencing experiment, which is 
the most likely explanation for the low genotyping 

concordance. They were not considered as reference 
animals. In the meantime, additional sequence reads for 
these horses were collected, which brought their genotype 
concordance to the same level as in the other horses. 

Genotype imputation accuracy of 3 different 
softwares. We imputed all SNPs of ECA 16 and 31 for the 
sequenced horses in a cross-validation experiment. In this 
experiment we had a total of 26 FM horses with both 50k 
genotypes and whole genome sequences. We analyzed the 
concordance between the true and imputed genotypes using 
three different programs (Table 1).  

Table 1. Imputation accuracies for 3 different softwares 

 
The values indicate the concordance between true and imputed genotypes 
for two different chromosomes. 
 

We determined small imputation accuracy 
differences between the two analyzed chromosomes with 
the three applied programs. Impute2 outperformed the two 
other programs. In cattle, Impute2 has also been found to 
outperform Beagle, fastPhase, and FImpute (Khatkar et al. 
(2012), Ma et al. (2013)). Several factors may explain the 
different performance of the imputation softwares (i.e. the 
extent of LD, and the size of the reference population). 
Impute2 reconstructs haplotypes based on SNP information 
of the reference and test population, which becomes 
especially useful for small reference populations. Therefore, 
the difference between the two population based methods is 
likely a result of the small reference population. 

Genome-wide genotype imputation accuracy 
with Impute2. We then performed imputation for each 
chromosome separately in the 26 FM horses using the same 
cross validation design as before. For genome-wide 
imputation 13,127,080 SNPs were used. After imputation, 
on average 11,770,355 SNPs per horse passed the 
probability threshold of 0.9. The overall genome-wide 
concordance between experimental and imputed genotypes 
was 95.3%. The lowest accuracy was found for ECA 12 
with only 91.9%. We suspect that SNPs on this 
chromosome may have incorrect positions on the reference 
genome EquCab2.0. This chromosome already showed the 
highest discrepancies between SNP chip and sequence 
derived genotypes. 

Individual imputation accuracy per horse. The 
individual accuracy was estimated after imputing with 
Impute2 on ECA 31. The accuracies per horse varied 
between 85.7% and 99.8%. Investigating the level of 
admixture of the horses revealed a major influence on the 
accuracy (Figure 1). 

To account for the effect of admixture and to 
improve the overall accuracy of the imputation we added 
genome sequence data of 14 Warmblood horses to our 
initial reference population of 28 FM horses. Including the 
Warmblood horses in the reference population led to an 

Software ECA 16 ECA 31 
Impute2 0.958 0.954 

Beagle 0.750 0.743 
FImpute 0.774 0.772 



increase of the mean imputation accuracy from 95.3% to 
96.8%. The individual accuracy increased for 24 of the 26 
tested FM horses. After the inclusion of the Warmblood 
sequences the individual accuracies ranged from 91.9% to 
99.4% (Figure 1).  

Figure 1. Imputation Accuracy and admixture per 
horse. 

The grey shaded bars show the accuracy per individual when only 28 FM 
horses were used as reference, the green bars show the accuracy when 14 
Warmblood horses were added to the reference population. The blue dots 
show the Warmblood admixture of each evaluated FM horse.  

We demonstrated that the major factor causing the 
variation between horses is the level of admixture with 
introgressed Warmblood horses. Therefore, we expect that 
sequence level genotype imputation in closed populations 
performs better than in highly admixed populations, 
especially when the number of sequenced animals and 
relatives is limited (Pausch et al. (2013)). For the FM breed 
we were able to increase the genotype accuracy by 
including Warmblood horses in the reference population.  

 

CONCLUSION 
Our data show that imputation from 50k SNP chip 

data to 13 million SNPs with 95% accuracy is feasible in 
the FM horse breed. Impute2 was the best software for 
imputation in our dataset and the inclusion of additional 
Warmblood reference sequences further increased the 
accuracy of imputation. 
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