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Summary

This study reports the accuracy of imputation to whole-genome sequence (WGS) using a
reference population of up to 935 Australian and overseas sheep from many breeds. The
accuracy of imputation to WGS from HD array genotypes was assessed by 5 fold-cross
validations with subsets of sequenced animals. Minimac3 software was used for imputation
combined with Eagle2 software for pre-phasing genotypes. The Minimac3 software
imputation quality statistic (R2) for each variant was found to be a useful indicator of
empirical imputation accuracy. The mean empirical accuracy of imputation in WGS variants
was 0.97 (filtered on R2 > 0.4), assessed as the correlation between the imputed variants and
their real sequence variants. A multi-breed reference gave higher empirical imputation
accuracy than single-breed. The imputation accuracy varied across breeds, chromosomes, and
chromosomal regions. Based on the findings from this study, we imputed 46,910 Australian
sheep with lower density genotypes up to WGS.
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Introduction

A large number of Australian sheep have already been genotyped using low- (12k), medium-
(50k), and high-density (HD) SNP chips. With the rapid drop in cost of whole-genome
sequencing it has become possible to develop a large database of sheep with whole-genome
sequences (WGS) (SheepGenomesDB, Daetwyler et al., 2017). More than half of these WGS
have already been released in the public domain (https://www.ebi.ac.uk/eva/?eva-
study=PRJEB14685) and the remaining set will soon be released. This reference database of
WGS provides an opportunity to impute any animal already genotyped for lower density
SNP arrays up to WGS variants. Imputation is the process of predicting unknown genotypes
for animals genotyped at lower density using a reference set of animals genotyped at the
higher density. Provided imputation is highly accurate, this would enable cost effective
implementation of genomic selection and gene discovery using sequence variants. However,
there are challenges, such as combining the genotype data from various sources to a single
data set (e.g. different allele calling systems, different density SNP chips). A range of
software programs is available to carry out imputation, each implementing different
algorithms that can affect both speed and accuracy.

mailto:Bolormaa.sunduimijid@ecodev.vic.gov.au


Proceedings of the World Congress on Genetics Applied to Livestock Production, 11.263

To our knowledge this is the first study to impute whole genome sequence into sheep
populations, therefore it is important to evaluate imputation accuracy to deliver the highest
imputation accuracy possible.

We evaluated the accuracy of imputation from high density SNP (~500k) genotypes
to WGS genotypes in single- and multi-breed sheep reference populations using Minimac3
(version 2.0.1; Howie et al., 2014). We compared the empirical imputation accuracies with
the imputation quality statistic, R2, which is estimated within the Minimac3 software by
comparing imputed and true genotypes. We also identified some poorly imputed ovine
genome regions, which may be rich in structural variants.

Material and methods

Reference genotype data

Whole-genome sequence data (with read depth of ~10×) was available for 935 animals
representing multiple breeds as described by Daetwyler et al. (2017). We evaluated
imputation accuracy based on three different reference sets:

1. ‘MER’, 117 Merino animals
2. ‘EUR’, 726 animals only from European breeds
3. ‘ALL’, 935 animals from many breeds world-wide.

For each of the three scenarios, prior to imputation we removed variants with minor allele
counts of <4 (across all reference animals) and variants with more than 2 alleles.

Target genotype data

The imputation accuracies were assessed using 5-fold cross-validation in 3 different target
populations including 117 Australian Merinos (MER), 29 Poll Dorsets (PD), and 59 F1
crosses of Merino×Border Leicester (F1). For each fold validation, the WGS genotypes for
one fifth of MER, PD, and F1 animals were reduced to HD SNPs, and then these animals
were used as a target set for imputation to sequence.

Imputation

To reduce computational requirements, we tested imputation accuracy for 6 chromosomes
(OAR): 1, 5, 10, 15, 20 and 25 as a random selection of the 26 sheep autosomes. The
imputation from HD genotypes to WGS was carried out using Minimac3 (version 2.0.1;
Howie et al., 2014), which requires pre-phased genotypes, both reference (WGS) and target
(HD) sets and does not consider pedigree information to infer haplotypes and missing
genotypes. Eagle2 (version 2.3; Loh et al., 2016) was used for pre-phasing in both reference
and target sets. The accuracy of imputation was assessed across all 5 fold-cross validations
within each breed as the correlation between real and imputed genotypes for non-HD
sequence variants. These accuracies were then compared with the R2 quality statistic from
Minimac3 using two approaches: a) evaluating the mean imputation accuracies for groups of
variants allocated to R2 bins: 0-0.01,0.01-0.02, … 0.98-0.99, 0.99-1.00; and b) plotting the
average imputation accuracy and R2 for all the WGS variants in non-overlapping 1Mb
windows along each chromosome. We also tested the effect of imposing a minimum
Minimac3 R2 threshold on empirical accuracy. That is, prior to calculating the correlation
between imputed and sequenced variants, variants were discarded if their R2 was below a
given threshold.
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Results and Discussion

The total number of imputed variants in the 3 reference sets (ALL, EUR, and MER) was
42,249,885, 39,844,235, and 30,660,937 respectively. As seen in previous studies (e.g.
Pausch et al. 2017), the imputation accuracy decreased at low (<0.05) MAF for all scenarios
tested. The accuracy of imputation using mixed breed reference sets (ALL or EUR) was
slightly higher or the same as in the MER single-breed reference (Table 1). The range in
accuracy was similar even when we evaluated accuracy only in the reduced set of WGS
variants as imputed in MER reference across the other 2 reference sets. This demonstrates
that a large mixed breed reference is preferred because it allows accurate imputation for a
large range of breeds. This agrees with previous imputation studies in cattle (Pausch et al.
2017). However, we found little difference in accuracy using either ALL or EUR reference
sets, which may partly be due to the fact that our target breeds were all present in the EUR
set, and the ALL set represented only 209 extra animals.

Table 1. Imputation accuracy in Merino validation animals using 3 different reference sets.

R2 threshold
Reference set

ALL EUR MER
Evaluates all variants imputed in each reference set1

thr02 0.935 0.938 0.918
thr42 0.965 0.962 0.963
Evaluates only those variants imputed in MER reference set3

thr0 0.924 0.929 0.918
thr4 0.962 0.959 0.963
1Total number of imputed variants in each reference set differs
2thr0 and thr4 refer Minimac3 R2 thresholds 0 and >0.4, respectively
3All scenarios evaluated only on the same variants in MER set (30,660,937)

Comparing target populations, Figure 1 presents the imputation accuracies for the MER, PD,
and F1 validation animals when the reference set was EUR. Although the number of PD was
small in the reference set compared to MER, the accuracy in PD was always higher than in
MER (Figure 1). This is probably because PD has a smaller effective population size than
MER (Kijas et al. 2012). The accuracy for the F1 population was slightly higher than MER,
but lower than PD. Figure 1 also shows the increase in empirical imputation accuracy when
the imputation quality statistic, R2, estimated by the Minimac3 software was used at a range
of thresholds to filter out variants with low R2. The relative increase in imputation accuracy
was more apparent between thr0 (no threshold R2) to thr4 (R2 > 0.4) compared to thr4 to thr8
(R2 > 0.8) (Figure 1). The accuracy varied from 0.93 (thr0) to 0.98 (thr8).

This study detected clear differences in the average imputation accuracies across the 6
chromosomes tested. The highest imputation accuracy (with no threshold applied on
Minimac R2 ) was found for OAR 1 and 5 (~0.95) and the lowest accuracy was observed for
OAR10 and 20 (~0.92). To further investigate these differences in accuracy between
chromosomes, we calculated the mean R2 and mean imputation accuracy within non-
overlapping 1Mb windows along each chromosome before and after applying a range of R2

thresholds. A very poorly imputed 4Mb region on OAR 10 was identified at around 70Mb
(Figure 2). This indicates a regional mapping issue because a low mean accuracy was
observed in 1 Mb windows, which would not be influenced by an occasional poorly imputed
variant. Indeed, several poorly imputed regions were observed on OAR1, 4, 7, 10, 14, 17, 20,
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21, and 25. Also the chromosome ends tended to be less accurately imputed due to lack of
flanking haplotype information. In dairy cattle, Pausch et al. (2017) also found a sharp
decline in imputation accuracy at several regions of the bovine genome and those regions
often matched regions previously identified as containing large tandem segmental
duplications. Similar to that cattle study, we also discovered poor imputation accuracy in the
MHC region. This may be due to either issues with the reference map in this region and/or it
may be that this region is more challenging to impute if it is more highly polymorphic than
other regions. In humans, the MHC region is found to be highly polymorphic, which is
thought to be due to strong selection by evolutionary pressures such as many different
pathogens, resulting in heterozygosity conferring higher fitness (Janeway et al., 2001)

Figure 3 shows there was a clear relationship between empirical imputation accuracy
versus the Minimac3 R2 (for groups of variants allocated to R2 bins; EUR reference and all
target animals). For example, the mean empirical imputation accuracy was 0.8 within R2 bin
of 0.40 – 0.41 and 0.9 for R2 bin of 0.60 – 0.61. The trend in both mean Minimac R2 and
mean empirical imputation accuracies along the ovine chromosomes (before and after
applying different thresholds of Minimac3 R2) was similar (e.g. Figure 2). This demonstrates
that Minimac3 R2 is a useful indicator of empirical imputation accuracy and could be used as
a guide to drop poorly imputed variants from WGS. Errors in imputed sequence data will
reduce the accuracy of downstream sequence based studies (e.g. Pausch et al. 2017).

In conclusion, we were able to achieve a mean imputation to sequence accuracy of
0.97 using Minimac3 with Eagle2 pre-phasing, and applying a filter threshold of R2 >0.4.
This threshold resulted in removing approximately 20% of variants. The empirical accuracy
varied according to MAF, breeds, chromosome regions and Minimac3 R2. We have now
implemented the findings from this imputation study to impute over 46,000 Australian sheep
to WGS, using the EUR reference set. All imputed SNPs and indels with the Minimac R2 >
0.4 were retained, resulting in a final set of 31,154,082 imputed variants. This large mixed
breed sheep population with imputed sequence is also recorded for a range of traits,
providing a valuable resource for further studies on how best to exploit WGS to improve the
accuracy of genomic prediction.
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Figure 1. Imputation accuracy in Merino (MER), Poll Dorset (PD, and F1 crosses of Merino
and Border Leicester (F1) using a mixed breed target set and imposing different Minimac3 R2

thresholds 0 (thr0), >0.4 (thr4) and >0.8 (thr8) to filter the imputed data .

Figure 2. Mean Minimac R2 and imputation accuracy (r) based on non-overlapping 1Mb-
windows along chromosome 10 before and after applying different thresholds (thr) of
Minimac3 R2 : thr0= no thr; thr4 = thr >0.4; thr8 = thr >0.8.
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Figure 3. Mean empirical imputation accuracy (r) for all variants within each of 100
Minimac R2 bins: 0-0.01,0.01-0.02, … 0.98-0.99, 0.99-1.00.


