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Introduction 

EuroGenomics is a partnership between the European cattle breeding organizations VIT and 

DHV from Germany, UNCEIA from France, Viking Genetics from Denmark, Sweden and 

Finland and CRV from the Netherlands and Flanders, and their scientific partners (Lund et 

al., 2010). One of the goals of the project was to exchange genotypes of progeny-tested bulls 

to increase the accuracy of genomic breeding values. Progeny-tested bulls from CRV were 

genotyped on the CRV chip, a custom-made 60K Illumina panel (Charlier et al., 2008), 

whereas for the remaining organizations, bulls were genotyped with the Illumina 

BovineSNP50
TM

 (Illumina, San Diego, CA) chip (IB50K). 

The goals of our study were to test the feasibility of marker imputation (prediction of missing 

marker alleles) between these two chips and then apply it to impute IB50K markers for 

animals genotyped with the CRV chip, as part of the EuroGenomics project. 

 

Material and methods 

Feasibility study. 4738 animals genotyped for 45,836 markers on the CRV chip were used 

to test efficiency of genotype imputation. The markers were assigned to two virtual chips 

(CHIP1 and CHIP2): 9265 common markers between the CRV and IB50K chip were also 

common to CHIP1 and CHIP2 whereas the 36,571 remaining markers were randomly 

assigned to CHIP1 or CHIP2, resulting in two chips of approximately 27,500 markers. 

Animals were genotyped for both chips (reference animals), CHIP1 or CHIP2. Animals with 

at least one genotyped descendent were selected as reference animals. Additional reference 

animals were randomly selected to obtain 500, 1000 or 2000 reference individuals. 

Remaining animals were randomly assigned to CHIP1 or CHIP2 (number of animals 

genotyped on each chip for the six tested designs are indicated on top of Table 1). Imputation 

error rates were computed by comparing imputed and real genotypes. 

 

Cross-validation study. For the EuroGenomics project, 6039 animals genotyped on CRV 

chip were used including 974 bulls also genotyped on the IB50K panel. To perform a cross-

validation study, IB50K markers from 34 bulls genotyped on both CRV and IB50K chips 

were erased. The error rate was estimated by the ratio between the number of incorrectly 
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imputed alleles divided by the total number of imputed alleles. This process was repeated 

three times, resulting in approximately 100 bulls used for cross-validation. 

 

Marker imputation method. Markers were imputed using Beagle (Browning and 

Browning, 2007) and DAGPHASE from the PHASEBOOK package (Druet and Georges, 

2010). The method relies on linkage and linkage disequilibrium information. Linkage is used 

to model chromosome transmission when a parent and the offspring are genotyped. When 

the parent is not genotyped, haplotype reconstruction and marker imputation rely on a 

directed acyclic graph (DAG) described in Browning and Browning (2007). This graph is 

constructed by merging nodes from a tree representing all the haplotypes in the sample. 

Nodes are merged based on haplotype similarity. After reconstruction of the DAG, the most 

likely path in the graph is inferred for each haplotype. When two haplotypes received the 

same chromosome segment from a distant ancestor, they should traverse a common path of 

the graph on a short distance (modeling ancestral LD). For segments received from a recent 

ancestor, the haplotype should match the path of the ancestor on a longer distance. Therefore, 

the DAG indirectly uses information from genotyped ancestors. 

Programs were first used iteratively 10 times with only the reference individuals and 10 more 

iterations with all individuals. 

 

Results and discussion 

Feasibility design. Mean imputation errors rates for the six designs are presented in table 1. 

They were estimated on the 1351 individuals genotyped only on CHIP1 in the six designs in 

order to compare results for a fixed group of animals. With no animals genotyped on CHIP2 

only, mean imputation error rates for the SNP unique to CHIP2 were equal to 1.12, 0.79 and 

0.58% with 500, 1000 and 2000 reference individuals, respectively. When animals 

genotyped only on CHIP2 were also available, mean imputation error rates decreased to 

0.73, 0.58 and 0.48% with 500, 1000 and 2000 reference individuals, respectively. 

 

Table 1: Mean imputation error rate in the feasibility design 
 

Number of genotyped 

animals 

Genotyped on CHIP1 or on both 

chips 

Genotyped on CHIP1, CHIP2 or 

both 

on both chips 500 1000 2000 500 1000 2000 

on CHIP1 4238 3738 2738 2851 2351 1351 

on CHIP2 0 0 0 1387 1387 1387 

Mean error rate (%) 1.12 0.79 0.58 0.73 0.58 0.48 
 

 

Animals genotyped only on CHIP2 improved imputation accuracy of CHIP2 markers 

because they bring additional information to learn LD between markers of CHIP2 and 

between markers of CHIP2 and common markers. This indicates that when it is possible it is 

better to include all genotyped animals in the imputation rather than using only the reference 

individuals. 

 



In addition to number of reference individuals and design, local marker density and marker 

position along the chromosome influenced imputation efficiency. Markers at both end of 

chromosomes showed increased imputation error rates. 

 

Finally, having more ancestors genotyped on both chips improved imputation error rates. 

This relationship was measured as the expected proportion of the genome inherited from 

reference individuals. The error rates decreased from 1.041 to 0.625% when this expected 

proportion increased from below 0.875 to 1.0 (Table 2) when using 1000 reference 

individuals and no animal genotyped on CHIP2 only. 

 

Table 2: Mean imputation error rates for animals grouped according to a score equal 

to the expected proportion of the genome inherited from reference individuals (with 

1000 reference individuals and no animal genotyped on CHIP2 only)  

 

Score Number of 

individuals 

Mean imputation error rate 

0.484375 ≤ score ≤ 0.875 174 0.01041 

0.875 < score ≤ 0.90625 118 0.00934 

0.90625 < score ≤ 0.9375 201 0.00832 

0.9375 < score ≤ 0.953125 100 0.00794 

0.953125 < score ≤ 0.96875 233 0.00731 

0.96875 < score ≤ 0.984375 207 0.00732 

0.984375 < score < 1.0 81 0.00710 

score = 1 237 0.00625 

 

 

Cross-validation with the EuroGenomics project. Mean imputation errors rates for 102 bulls 

used for cross-validation were equal to 1.05%, close to the value obtained in the feasibility 

design considering that the mean expected proportion of the genome inherited from reference 

individuals was lower in the EuroGenomics project than in the feasibility design. Indeed, for 

the EuroGenomics project this score ranged from 0.22 to 0.98 with a median of 0.875 while 

it ranged from 0.48 to 1.00 with a median of 0.97 in the feasibility design.  

 

Conclusion 

These results show that imputation between 60K SNP chips in dairy cattle can be achieved 

with error rates below one percent. The imputation efficiency was influenced by the number 

of reference individuals (animals genotyped on all markers), the marker density, the marker 

position and the proportion of ancestors that are genotyped on all markers. The method was 

successfully applied in the EuroGenomics project to integrate CRV genotypes with 

BovineSNP50 genotypes. 
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