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  ABSTRACT 

  The purpose of this study was to investigate the 
imputation error and loss of reliability of direct ge-
nomic values (DGV) or genomically enhanced breeding 
values (GEBV) when using genotypes imputed from 
a 3,000-marker single nucleotide polymorphism (SNP) 
panel to a 50,000-marker SNP panel. Data consisted of 
genotypes of 15,966 European Holstein bulls from the 
combined EuroGenomics reference population. Geno-
types with the low-density chip were created by erasing 
markers from 50,000-marker data. The studies were 
performed in the Nordic countries (Denmark, Finland, 
and Sweden) using a BLUP model for prediction of 
DGV and in France using a genomic marker-assisted 
selection approach for prediction of GEBV. Imputation 
in both studies was done using a combination of the 
DAGPHASE 1.1 and Beagle 2.1.3 software. Traits con-
sidered were protein yield, fertility, somatic cell count, 
and udder depth. Imputation of missing markers and 
prediction of breeding values were performed using 2 
different reference populations in each country: either 
a national reference population or a combined EuroGe-
nomics reference population. Validation for accuracy of 
imputation and genomic prediction was done based on 
national test data. Mean imputation error rates when 
using national reference animals was 5.5 and 3.9% in 
the Nordic countries and France, respectively, whereas 
imputation based on the EuroGenomics reference data 
set gave mean error rates of 4.0 and 2.1%, respectively. 
Prediction of GEBV based on genotypes imputed with 
a national reference data set gave an absolute loss of 
0.05 in mean reliability of GEBV in the French study, 
whereas a loss of 0.03 was obtained for reliability of 

DGV in the Nordic study. When genotypes were im-
puted using the EuroGenomics reference, a loss of 0.02 
in mean reliability of GEBV was detected in the French 
study, and a loss of 0.06 was observed for the mean 
reliability of DGV in the Nordic study. Consequently, 
the reliability of DGV using the imputed SNP data was 
0.38 based on national reference data, and 0.48 based 
on EuroGenomics reference data in the Nordic valida-
tion, and the reliability of GEBV using the imputed 
SNP data was 0.41 based on national reference data, 
and 0.44 based on EuroGenomics reference data in the 
French validation. 
  Key words:    genomic selection ,  imputation ,  reliability , 
 reference population 

  INTRODUCTION 

  Genomic selection (Meuwissen et al., 2001) is becom-
ing a routine tool for genetic evaluation in dairy cattle 
breeding. Currently, a SNP panel with 54,000 mark-
ers is widely used. A new low-density panel with only 
3,000 markers at a lower price, potentially decreasing 
genotype costs, is now also available (Illumina Inc., San 
Diego, CA). Using the low-density panel instead of the 
current one may allow cattle breeders to genotype more 
bulls and cows. 

  Several options for selecting a low-density panel have 
been suggested. One option is to select several mark-
ers with large effects for a given trait; another is to 
use markers evenly spaced across the genome. Previous 
studies showed that the difference in reliability of the 
genomic breeding values, when using 3,000 markers 
with large effect or 3,000 markers evenly spread across 
the genome, is small (Moser et al., 2010). The option of 
evenly spaced markers removes the need for trait- and 
breed-specific low-density SNP panels. The efficiency 
of a trait-specific marker panel also depends on the 
linkage disequilibrium (LD) between the markers with 
large effect and the actual QTL. This LD might de-
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crease through generations. The other advantage of 
evenly spaced markers is the possibility to use statistical 
methods to impute the missing markers, thus extend-
ing the 3,000 markers to 50,000 markers, albeit with 
some uncertainty. This is also possible with unevenly 
spread markers, but then the accuracy of imputation is 
expected to be lower.

It has been reported that a lower marker density leads 
to lower reliability of genomic prediction (Moser et al., 
2010). A feasible strategy is to extend the low-density 
markers to the current 50,000 markers by imputation. 
Several methods for imputation of SNP markers, re-
lying on either linkage based on family information 
(Daetwyler et al., 2010) or LD based on population 
information (Scheet and Stephens, 2006; Browning 
and Browning, 2007), have been proposed. It is also 
possible to combine both types of information (Druet 
and Georges, 2010). In a study using this combined 
approach to impute from 3,000 to 50,000 markers, 
where the 3,000 markers were specially selected for 
high minor allele frequency, Zhang and Druet (2010) 
found an allele error rate (i.e., the proportion of incor-
rectly predicted alleles, of approximately 3%). A study 
by Weigel et al. (2010) on American Jersey cattle has 
shown that using 3,000 SNP for candidates imputed to 
a 50,000-marker SNP panel can provide approximately 
95% of the predictive ability achieved using the real 
50,000-marker SNP panel.

The accuracy of imputation can be increased by 
increasing the size of the reference population. Eu-
roGenomics is a collaboration between 4 European AI 
companies and scientific partners: Deutscher Holstein 
Verband e.V.-Vereinigte Informationssysteme Tierhal-
tung w.V. (DHV-VIT; Germany), Union Nationale des 
Coopératives d’Élevage et d’Insémination Animale- 
Institut National de la Recherche Agronomique (UN-
CEIA-INRA; France), Coöperatie Rundvee Verbetering 
(CRV; the Netherlands, Flanders), and Viking Genet-
ics-Aarhus University (Denmark-Finland-Sweden). 
The collaboration includes the sharing of reference 
populations for genomic selection, where each country 
initially contributed 4,000 genotyped Holstein bulls 
with progeny-tested breeding values. A previous study 
showed a significant increase in reliability of genomic 
breeding values using this combined reference popula-
tion (Lund et al., 2010). We expect that the accuracy of 
imputation based on EuroGenomics reference data will 
be higher than that based on national reference data.

The objective of this study was to investigate the 
imputation error, when imputing from a 3,000-marker 
SNP panel to a 50,000-marker SNP panel using a group 
of reference animals with 50,000-marker information. 
The 3,000 markers were the same as the Illumina 
3,000-marker SNP panel. The imputed SNP markers 

were used for genomic prediction to assess how the 
imputation error rate affects the reliability of genomic 
breeding values and the ranking of the animals. This 
assessment was carried out in the Nordic countries 
and France. For both analyses, a validation population 
consisting of national test animals with 3,000-marker 
genotype was imputed to the 50,000-marker genotype 
using a reference population made of either national or 
EuroGenomics data.

MATERIALS AND METHODS

Data

The combined EuroGenomics reference population 
contains 15,966 progeny-tested bulls with genotypes 
from the Illumina Bovine 50,000-marker SNP panel 
(Matukumalli et al., 2009). Four thousand Dutch bulls 
were genotyped using a customized CRV 60,000-marker 
chip, but by double genotyping 972 influential bulls 
with the Illumina 50,000-marker chip, it was possible 
to impute markers from the Illumina chip for all Dutch 
bulls with an imputation error of less than 1% (Druet 
et al., 2010).

Measurement of imputation error rate and reliabil-
ity of genomic predictions for Nordic and French bulls 
were carried out separately, using either national or Eu-
roGenomics reference data. Deregressed proofs (DRP) 
on the scale of the target population, calculated from 
Interbull 2010–01 multiple-trait across country evalua-
tion (MACE) proofs (www.interbull.org), were used for 
predicting and validating direct genomic values (DGV) 
and GEBV, if the equivalent daughter contribution was 
at least 20 (Lund et al., 2010). In the French study, 
daughter yield deviations (DYD) from the October 
2009 national evaluation were used as phenotypes for 
the French bulls. The reference and validation popula-
tions were divided according to the bulls’ birth dates. 
The cut-off dates were October 1, 2001 and June 13, 
2002 in the Nordic and French case, respectively. Thus, 
about 25% of national genotyped bulls were taken as a 
validation set.

The traits studied were protein yield, SCC, fertility 
(defined as non-return rate in the Nordic countries and 
conception rate in France), and udder depth. Herita-
bilities and number of animals available for the specific 
traits are shown in Table 1.

Marker data were edited according to procedures 
used in Nordic countries and in France.

Nordic Marker Editing

The genotypic data was edited both per animal and 
per locus. At the animal level, the requirements were a 
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call rate above 95%, except for some old animals that 
were accepted with call rates of at least 85%. Marker 
loci were accepted if they had a call rate of at least 
95% in a large reference sample. Loci with a minor 
allele frequency (MAF) less than 5% were excluded. 
Loci without a known map position in the Bos taurus 
(Btau) 4.0 assembly or mapped on the X chromosome 
were discarded. Animals with an average GenCall score 
(Illumina Inc., 2005) of less than 0.65 were excluded. 
Individual marker typings with a GenCall score of less 
than 0.6 were also discarded.

French Marker Editing

The French genotypic data was first edited per lo-
cus. Markers without a known map position in the 
Btau 4.0 assembly or mapped to the X chromosome 
were removed. Markers were then filtered for Hardy-
Weinberg equilibrium (q-value <0.01). Markers with 
call rates below 0.85 were removed. Markers with MAF 
strictly equal to 0 were removed. Genotype data were 
finally checked for Mendelian inconsistencies between 
parents and offspring. Inconsistent genotypes were set 
to missing. Marker-editing procedures differed slightly 
between France and the Nordic countries (including 
GenCall score, for example).

While checking for inconsistencies between parents 
and offspring, Mendelian segregation rules were also 
applied to determine marker types of ungenotyped an-
cestors. Inferred marker data was not complete. How-
ever, it is important for ancestors with large numbers of 
progeny. Thus, the French national training population 
included 3,071 animals with real observed marker types 
(Table 2) and a total of 3,505 when ancestors with 

imputed genotypes were included. The corresponding 
figures for the EuroGenomics population were 12,078 
and 13,947 animals, respectively. This might help for 
further imputation, especially through linkage informa-
tion.

Simulating Illumina Bovine 3K BeadChip Data

The 2,900 SNP in the Illumina Bovine 3,000-mark-
er (3K) BeadChip are all included in the Bovine 
50,000-marker (50K) BeadChip (except for 14 markers 
located on the Y chromosome). To mimic the low-
density chip, marker types of test animals (i.e., animals 
born after the cut-off date), were obtained by erasing 
markers from the 50,000-marker type (i.e., in silico 
chip). As 3,000-marker genotypes are simulated from 
50,000-marker data, they do not account for a possibly 
higher genotyping error rate with the 3K BeadChip. 
After marker editing as outlined above, 2,285 and 2,635 
markers were kept for the Nordic and French data (see 
Table 2).

Imputation of Missing SNP Markers

Imputation of markers was done using the PHASE-
BOOK package (Druet and Georges, 2010) in combina-
tion with Beagle 2.1.3 (Browning and Browning, 2007). 
The method was applied as a stepwise procedure using 
both linkage and LD information. The same procedure 
as in Zhang and Druet (2010) was applied. First, all 
markers that can be determined unambiguously using 
Mendelian segregation rules were phased using the 
LinkPhase software (part of PHASEBOOK; Druet and 
Georges, 2010). In the first step, both training and 

Table 1. Heritabilities (h2) and number of animals used for protein yield, SCC, fertility, and udder depth (UD) in the Nordic and French studies 

Trait

Nordic study French study

h2
Nordic  

reference
Euro  

reference
Nordic  

validation h2
French  

reference
Euro  

reference
French  

validation

Protein yield 0.39 3,038 10,701 899 0.3 3,071 12,078 966
SCC 0.15 3,077 10,800 899 0.15 3,071 12,078 966
Fertility 0.02 3,069 10,712 895 0.02 3,071 12,078 966
UD 0.37 2,958 10,755 900 0.36 3,071 12,078 966

Table 2. Number of animals and number of markers used 

Study

National EuroGenomics No. of markers

Reference Validation Reference Validation Reference Validation

Nordic 3,058 1,086 10,880 1,086 38,545 2,285
French 3,071/3,5051 966 12,078/13,9471 966 43,582 2,635
1Including bulls with partially reconstructed genotypes.
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test animals were included. An iterative procedure was 
then applied, where a directed acyclic graph (DAG), 
describing the haplotype structure of the genome, was 
fitted to the partially phased data from the previous 
step. This was, however, only done for the reference 
animals. This was done for 10 iterations and then the 
final DAG, the genotype file, and the output from Link-
Phase (partially phased data) were used to reconstruct 
haplotypes and impute missing markers for both test 
and training animals using the Viterbi algorithm. With 
Beagle and PHASEBOOK, all markers are imputed 
and the method does not leave any missing markers. 
More details on the imputation procedure can be found 
in Druet et al. (2010) and Zhang and Druet (2010).

Allele Imputation Error Rate Calculation

The number of errors was counted as 0 when the 
imputed and observed marker types were identical, 1 if 
the real marker type was homozygous and the imputed 
genotype was heterozygous (or vice versa), and 2 if real 
and imputed marker types were opposite homozygous. 
Error counting only considered markers/animals where 
observed marker types were not missing in the original 
non-imputed data set. The error rate was calculated as 
the total number of errors divided by twice the number 
of imputed loci. This gives the number of falsely pre-
dicted alleles, which is an appropriate measure when 
using an additive prediction model, as in this study. 
For other purposes, the genotype error rate could be 
easily found as approximately twice the allele error rate 
(Zhang and Druet, 2010).

Prediction of Direct Genomic  
Values in Nordic Countries

Prediction of DGV was performed using a BLUP 
model at SNP level (VanRaden, 2008). Specifically, the 
model is given by

y = 1μ + Zu + e,

where y is the vector of phenotypic observations, μ is 
the mean, u is a vector of SNP effects, e is the random 
error vector, and Z = M – P is a design matrix for 
the random effects. The marker matrix M is an m by 
n matrix, where m is the number of animals and n is 
the number of markers. Entries in the ith row of M are 
the genotypes for the ith animal and are represented by 
−1 if the animal is homozygous aa, 0 if the animal is 
heterozygous, and 1 if the animal is homozygous AA. 
The matrix P has n columns, where the elements in 
column j are Pj = 2pj – 1, where pj is the frequency of 

allele A at locus j. Subtraction of the allele frequencies 
standardizes the allele effects to a population mean of 
0. Thus, a = Zu gives the direct genomic values.

Deregressed proofs were used as phenotypic values in 
the model. The weighting factor r rDRP DRP

2 21−( ) was 

used to scale the inversed residual variance of an obser-
vation.

The DGV reliability was calculated as the weighted 
squared correlation between DRP and DGV, divided 
by the mean reliability of DRP. The weights were given 
by r rDRP DRP

2 21−( ), standardized to a mean weight of 1.

Prediction of Genomic Breeding Values in France

The French genomic prediction is an extension of the 
marker-assisted evaluation method by Fernando and 
Grossman (1989). The model is the following:

 y Zu e= + + + +
=
∑1 1 2
1

μ ( ) ,h hi i
i

nQTL
 

where y is the vector of phenotypic observations, μ is 
the overall mean, u is a vector of random pedigree-
based residual polygenic effects, hij is the random effect 
of haplotype j for QTL i, and e is a vector of residuals, 
with heterogeneous residual variances inversely propor-
tional to equivalent daughter contributions.

The selection of QTL included in the model was the 
result of a combination of 2 approaches (Boichard et 
al., 2010). First, dozens of QTL per trait were detected 
after QTL fine mapping, as described below. Then, 
hundreds of haplotypes were chosen using the elastic 
net algorithm (EN).

For QTL mapping, a LD linkage analysis (LDLA), 
combining both within-family linkage information and 
population-based LD, was used on the EuroGenomics 
training population (12,078 animals), following the ap-
proach described by Druet et al. (2008). Identity by 
descent probabilities were calculated as in Meuwissen 
and Goddard (2001). The likelihood ratio test threshold 
to retain a QTL was arbitrarily set to 6. This resulted 
in the selection of 80 to 100 QTL, depending on the 
trait. Fine-mapped QTL were traced by haplotypes of 
5 flanking markers.

Then, an EN procedure was run on the French train-
ing population (3,071 animals), following the approach 
described by Croiseau et al. (2010). The selected SNP 
were grouped into haplotypes of 3 to 5 SNP. The 2 sets 
of haplotypes were included in the model. For compu-
tational reasons, the number of markers detected by 
the EN procedure included in the model was limited so 
that the total number of QTL was at maximum 700.
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The genetic variance attached to each QTL detected 
through LDLA mapping was proportional to the vari-
ance estimated in the single QTL analysis. The vari-
ance explained by each haplotype selected by EN was 
assumed to be constant and their sum over all EN hap-
lotypes was set to 30% of genetic variance. As shown in 
Table 3, 442 to 693 QTL were included in the model, 
explaining 51 to 57% of genetic variance.

RESULTS AND DISCUSSION

Accuracy of Imputation

Imputation in the Nordic population showed a mean 
error rate of 5.5% when using only Nordic animals as 
the reference set (Table 4). The extension of this refer-
ence set with the EuroGenomics animals gave an error 
rate of 4.0%. The same pattern was found in the French 
population, where a French reference set gave a mean 
imputation error rate of 3.9%, whereas increasing the 
reference set with EuroGenomics animals decreased 
it to 2.1%. The lower error rate in the French study 
is likely due to the inclusion of more markers for the 
study on the 3K BeadChip (2,635 vs. 2,285) because 
of different marker-editing rules (such as selection on 
MAF), giving a denser genome coverage and a higher 
homozygosity. A previous study by Zhang and Druet 
(2010) showed that both the number of reference 
animals and the number of markers in the low-density 

panel affect the imputation error rate. This error rate 
is also affected by the relationship between validation 
and reference animals.

In the Nordic study, it was observed that the mean 
error rate depended on whether or not the animals had 
their sire in the reference data, confirming that a closer 
relationship to the reference population decreases the 
imputation error rate in the test population. All of the 
animals in the French validation population had their 
sire in the reference population, and an additional step 
based on Mendelian segregation rules was carried out to 
partially reconstruct genotypes of ungenotyped ances-
tors. The results indicate that if low-density genotyp-
ing and imputation are widely used in the future, the 
imputation accuracy might decrease unless all breeding 
bulls are genotyped with the 50,000-marker panel.

The results in the present study are consistent with 
the error rates obtained by Zhang and Druet (2010) us-
ing the same method for imputation (i.e., between 2.1 
and 4%). Their reference population was smaller (500 
to 2,000 animals) but their 3,000-marker panel was 
optimized according to MAF for their population; thus, 
all markers on the 3,000-marker panel were available, 
whereas some were excluded during the quality control 
in the present study. Comparing imputation error rates 
based on different studies is, however, difficult because 
the relationship between training and validation popu-
lations differs, and because the number of reference 
individuals and the number of markers vary.

Table 3. Number (n) of QTL selected for the French prediction model using either linkage disequilibrium 
linkage analysis (LDLA) or an elastic net (EN) procedure and percentage of allocated genetic variance (% var) 
for protein yield, SCC, fertility, and udder depth (UD) 

Trait

LDLA EN Total

n % var n % var n % var

Protein yield 100 24 593 30 693 54
SCC 80 27 362 30 442 57
Fertility 80 21 392 30 472 51
UD 80 27 482 30 562 57

Table 4. Imputation allele error rates (%) for Nordic and French test animals using a national reference 
population or the EuroGenomics reference population 

Test population

National EuroGenomics

N Error rate N
Error  
rate

Nordic
 All 1,086 5.5 1,086 4.0
 Sire in ref.1 795 4.5 1,039 3.8
 Sire not in ref. 291 8.3 47 7.0
 Sire and maternal grandsire in ref. 650 4.3 953 3.8
French
 Sire in ref. 966 3.9 966 2.1
1Ref. = reference population.
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Reliability of Genomic Prediction

Prediction of DGV based on either true or imputed 
genotypes in the Nordic data (Table 5) showed that 
using the Nordic reference population, the observed 
marker types had a mean reliability of DGV over the 
4 traits of 0.41, whereas the imputed marker types led 
to a mean reliability of 0.38. Using the EuroGenomics 
data as the reference population for prediction of DGV 
resulted in a mean reliability of 0.54 with the observed 
marker types, whereas using imputed genotypes re-
sulted in a mean reliability of 0.48.

For the prediction of GEBV based on either observed 
or imputed marker types for the French validation data 
(Table 6), with a French national reference population 
and observed marker types, a mean reliability across 4 
traits of 0.46 was obtained. The corresponding value for 
imputed marker types was 0.40. Using the EuroGenom-
ics data as a training population, the mean reliability of 
GEBV of young animals was 0.48 and 0.46 for observed 
and imputed marker types, respectively.

Lund et al. (2010) reported that reliabilities of ge-
nomic prediction using the EuroGenomics reference 
data were considerably higher than those using national 
data, because of the increased size of the reference data. 
The French validation in this study, however, showed 
a small difference between reliabilities of GEBV pre-
dicted from the national and the EuroGenomics refer-
ence data. The small difference can be explained by the 
way the QTL were chosen for the prediction model. For 
both, the prediction model based on national reference 

data and the prediction model based on EuroGenom-
ics reference data, the QTL selected using the LDLA 
procedure were based on EuroGenomics data, and the 
QTL selected using the EN procedure were based on 
national data. On one hand, the genomic prediction 
based on French data gained from LDLA based on the 
whole EuroGenomics population. On the other hand, 
genomic predictions based on EuroGenomics data were 
probably suboptimal because the EN procedure used 
only French data. The only way to properly measure 
the effect of increasing the reference population on ge-
nomic reliability based on real genotypes would have 
been to do 2 LDLA QTL mappings (as in Lund et al., 
2010), but the main focus of this study was on imputa-
tion. The haplotype effects were, however, estimated 
on either EuroGenomics data or national data, leading 
to a gain in reliability when increasing the reference 
population.

The patterns of differences between reliabilities of 
genomic predictions using observed 50,000-marker 
types and the imputed marker types were not consis-
tent between the Nordic and French validations. The 
difference was smaller when using national reference 
data than when using EuroGenomics reference data in 
the Nordic evaluation, whereas an opposite pattern was 
observed in the French validation. The reasons for the 
inconsistent pattern were not clear. A possible reason 
was that the markers with high imputation error rate 
might give different contribution to genomic prediction 
when using different reference data sets. For example, 
MAF for the loci with high imputation error rate might 

Table 5. Reliabilities of direct genomic values for Nordic candidates with full (50,000; 50K) or imputed (3,000; 
3K imp) marker data for protein yield, SCC, nonreturn rate (NRR), and udder depth (UD) using either Nordic 
reference population (Nor-ref) or EuroGenomics reference population (EU-ref) 

Trait N
Nor-ref  

50K
Nor-ref  
3K imp

EU-ref  
50K

EU-ref  
3K imp

Protein yield 899 0.41 0.32 0.56 0.51
SCC 899 0.41 0.39 0.55 0.49
NRR 895 0.44 0.42 0.49 0.45
UD 900 0.40 0.36 0.55 0.49
Average 0.41 0.38 0.54 0.48

Table 6. Reliabilities of genomically enhanced breeding values for French candidates with full (50,000; 50K) 
or imputed (3,000; 3K imp) marker data for protein yield, SCC, conception rate (CR), and udder depth (UD) 
using either French reference population (FR-ref) or EuroGenomics reference population (EU-ref) 

Trait N
FR-ref  
50K

FR-ref  
3K imp

EU-ref  
50K

EU-ref  
3K imp

Protein yield 966 0.40 0.32 0.37 0.36
SCC 966 0.55 0.52 0.58 0.57
CR 966 0.44 0.41 0.47 0.44
UD 966 0.45 0.40 0.51 0.48
Average 0.46 0.41 0.48 0.46
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be smaller (less informative) in one set of reference 
data, whereas they might be larger (more informative) 
in another set of reference data.

Correlations between DGV/GEBV based on imputed 
or observed marker types were high (Table 7). The cor-
relation ranged from 0.92 to 0.95 using national refer-
ence data and from 0.93 to 0.96 using EuroGenomics 
data in the Nordic validation. Similarly, the correla-
tions ranged from 0.91 to 0.94 using national reference 
data and from 0.94 to 0.97 using EuroGenomics data in 
the French validation. These results indicate no serious 
re-ranking of animals when using imputed data.

CONCLUSIONS

Imputation of the commercially available low-density 
bovine 3K BeadChip to the bovine 50K BeadChip gave 
allele error rates between 2.1 and 5.5%. The accuracies of 
imputation were higher when using the EuroGenomics 
reference data sets than when using national reference 
data sets. Imputation was more accurate when the sire 
of the candidate was genotyped on the 50,000-marker 
panel. Using the imputed markers for candidates, the 
mean reliability of DGV was 0.38 based on based on 
national reference data, and 0.48 based on EuroGe-
nomics reference data in the Nordic validation, and the 
reliability of GEBV using the imputed SNP data was 
0.41 based on national reference data, and 0.44 based 
on EuroGenomics reference data in the French valida-
tion. Therefore, a 3K SNP BeadChip imputed to 50K 
could be a feasible alternative for pre-selection of young 
animals. One may also consider 3,000-marker genotyp-
ing as an attractive tool for a large pre-screening of the 
female population.
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