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a b s t r a c t

Use of genome-wide single-nucleotide polymorphism (SNP) data enables accurate esti-
mates of breeding value (EBV) for young animals when a sufficiently large number of
animals in a population are genotyped. The objective of this study was to evaluate the
accuracy of integrating genomic data into the national evaluation system for milk traits in
a small population of Slovenian Brown bulls using univariate national evaluation based on
phenotype and pedigree data (U), international direct genomic value (DGV), and bivariate
national evaluation incorporating DGV as a correlated trait (B). Comparison of approaches
was assessed separately for training and validation subset of bulls using theoretical and
empirical accuracy. Genetic correlation between the phenotype based EBV and DGV was
between 0.79 and 0.86 confirming the utility of DGV for prediction. Use of DGV did not
improve already high accuracy (0.98) for proven bulls due to the substantial number of
daughters per bull. In young bulls, inclusion of DGV in B analysis has increased theoretical
accuracy of prediction from 0.58 to 0.89 and further from 0.92 to 0.96 when these bulls
were progeny tested. Empirical correlations on the validation subset confirmed the
observed increases in theoretical accuracy although values were considerably lower
due to the low and variable number of daughters per bull in the validation subset.
When combining both progeny and DGV data, correlation between the U and B evaluation
was 0.92 in validation subset confirming the usefulness of integrating both data sources.
Integration of all the available information is not only beneficial for the use of all the
data, but also to simplify publication since all information can be combined in a single
breeding value.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The advantage of using genome-wide single-nucleotide
polymorphism (SNP) data in dairy cattle is to increase
the accuracy of estimated breeding value (EBV) for young
non-phenotyped animals allowing to shorten generation

interval and to increase genetic gain per year (Schaeffer,
2006). The highest increase in accuracy can be expected in
populations with a large number of genotyped and phe-
notyped animals (Goddard, 2009). When populations are
small prediction equations for EBV using SNP data can be
developed on the experimental populations of reasonable
size and later blended with the national evaluation system
as proposed in beef cattle populations (Johnston et al.,
2012; MacNeil et al., 2010). An alternative is to develop
prediction equations on a larger combined international
data as in Brown breed, where an international reference
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population had been setup with almost 8000 bulls from
Austria, France, Germany, Italy, Slovenia, Switzerland, and
the United States of America via the InterGenomics con-
sortium (Jorjani et al., 2012).

Within the scope of the InterGenomics consortium
specific prediction equations for each country are devel-
oped based on all available SNP data and multiple across
country evaluation (MACE) EBV on a country's specific
scale (Jorjani et al., 2012). Each bull has therefore several
evaluations at the national level (parent average for young
bulls and progeny test EBV for proven bulls) and at the
international level (SNP genotype based EBV called direct
genomic value (DGV) and a blended genomically enhanced
breeding value of DGV and parent average EBV for young
bulls and progeny test MACE EBV for proven bulls). All
these evaluations complicate the publication of results and
inhibit the use of all the available data.

The objective of this study was to evaluate the accuracy
of progeny and genomic evaluations in a small population
of Slovenian Brown bulls utilizing all the available data.
Specifically, the accuracy of evaluations was assessed
using: univariate national evaluation based on phenotype
and pedigree data, international DGV, and bivariate
national evaluation incorporating international DGV as a
correlated trait.

2. Materials and methods

2.1. Phenotype and genotype data

Phenotypic data from the Slovenian Brown breed popula-
tion consisted of 1,342,134 test-day records for milk, fat, and
protein yield from 56,670 cows that were progeny of 736
bulls. Among these, 184 bulls born between 1990 and 2007
were genotyped with the Illumina 50 K BovineSNP chip. In
addition, international direct genomic value (DGV) was avail-
able from the InterGenomics consortium for the analyzed
traits (Jorjani et al., 2012). This informationwas considered for
399 bulls that had daughters in the national data, namely for
184 Slovenian and 215 foreign bulls (Table 1).

2.2. Evaluation methods

Based on the available data the following approaches
were used for the evaluation of EBVs. The first approach
was univariate repeatability test-day model (U) based on
the national phenotypic and pedigree data:

y¼ XbþZaaþZccþZppþe;

where y is a vector of phenotypic observations, b is a
vector of parameters for fixed effects, a�Nð0; As2aÞ is a
vector of parameters for breeding values with pedigree
relationship matrix A; c�Nð0; Is2c Þ is a vector of para-
meters for herd effect, p�Nð0; Is2pÞ is a vector of para-
meters for permanent environment effect, and
e�Nð0; Is2e Þ is a vector of residuals, while X; Za; Zc; and
Zp are incidence matrices linking y and b;a; c; and p.

The second approach was based on the bivariate model
(B) combining the U approach and DGV as a correlated
trait into a national estimate (Kachman, 2008; Mäntysaari
and Strandén, 2010):
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Estimation of required (co)variance components was per-
formed with the residual maximum likelihood method.
Conditional on these estimates, breeding values were
evaluated. All computations were performed with VCE
(Kovač et al., 2002). In addition to the U and B approach,
we have used the international DGV as a direct predictor of
a national proof.

2.3. Validation of evaluations

For the purpose of validation, the complete data was
divided into training and validation subset by removing
daughter phenotypes in the validation subset (Table 1).
Training subset was comprised of 701 bulls born before the
year 2004. Validation subset was comprised of 35 geno-
typed bulls born in the years between 2004 and 2007.
Evaluations using the U and B approaches and different
data sets were named: Ut – the U approach using the
training subset, Uc – the U approach using the complete
data set; Bt – the B approach using the training subset, and
Bc – the B approach using the complete data set. EBVs
evaluated with a certain approach (e.g., Uc) were always
obtained for all bulls and were denoted accordingly (e.g.,
EBVU,c). Validation of predictions was assessed via theore-
tical and empirical accuracies separately for proven and
validation bulls and separately for different evaluations
(EBVU,t, EBVU,c, EBVB,t, EBVB,c). Theoretical accuracy was
evaluated from the variance of prediction errors and
additive genetic variance in base generation, while empiri-
cal correlations were computed as a correlation between
EBVs from different evaluations.

3. Results and discussion

Heritability estimates were 0.28 for milk, 0.21 for fat,
and 0.25 for protein yield and were the same for both the
U and the B approach (Appendix Table A1). In the B
approach, heritabilities for DGV were equal to 1.00 (after

Table 1
Description of data sets used in evaluation.

Data set No. of bulls Birth year Origin of bulls with direct
genomic value

Slovenian Foreign

Complete 736 1990–2007 184 215
Training 701 1990–2003 149 215
Validation 35 2004–2007 35 –
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rounding) since DGV is in principle a fully heritable trait
with a complete penetrance due to the same SNP equation
being used for all animals. Genetic correlation between the
phenotype based EBV and DGV was 0.86 for milk, 0.80 for
fat, and 0.79 for protein yield.

These results suggest that DGV is a useful early pre-
dictor. Applications of such a bivariate approach are not
present in the literature for dairy traits. For beef popula-
tions, lower genetic correlations between phenotypic
based EBV and DGV are found. The average of reported
values was 0.48 in Angus (Saatchi et al., 2011), 0.50 in
Simmental (Saatchi et al., 2012), and 0.55 in Limousine
breed (Saatchi et al., 2012). These correlations are lower
than in our case which can be attributed to several factors.
Training set used for the development of DGV equation
was larger in the InterGenomics consortium. In addition,
dairy populations tend to have a smaller effective popula-
tion size with stronger linkage disequilibrium leading to
tighter linkage between SNP markers and potential QTLs
(Goddard, 2009). Finally, part of the data used for the
development of DGV equation was also used in this study,
which leads to double counting of data in the presented
analysis. However, the number of such bulls is small
compared to the total number of bulls in the InterGe-
nomics consortium leading to the negligible amount of
double counting. Mäntysaari and Strandén (2010) pro-
posed a method for the correction of double counting for
the B approach and found that required corrections tend to
be small. Therefore, the issue of double counting was
neglected in this analysis. The use of different sources of
information can be performed via the modification of a
prior distribution for the additive genetic effect. In this
way, correction for double counting can be applied directly
opening opportunity to improve current analyses
(Vandenplas and Gengler, 2012).

The average theoretical accuracy of proven bulls was
0.98 for all milk traits using the Uc approach and the
inclusion of DGV via the Bc approach did not lead to the
significant increase in the accuracy (Table 2). This can be
attributed to the sizeable number of daughters per bull
(231 on average). However, for a small number of bulls
with a low number of daughters, a significant increase in
accuracies was observed. The average theoretical accuracy
of parent average information for bulls in the validation set
(Ut) was 0.58 for milk and protein yield, and 0.52 for fat

yield (Table 2). The inclusion of DGV in the Bt analysis led
to an increase in the accuracy up to 0.89. Further increases
in the theoretical accuracy were achieved using both, the
Uc and Bc analyses, when these validation bulls were
progeny tested.

In line with the theoretical accuracies in proven bulls
there were also empirical correlations between EBVs from
different approaches (Fig. 1). For proven bulls high correla-
tions were observed between the national phenotype
based evaluation (EBVU,c) and genomic prediction using
DGV (0.98) for milk yield. With the B approach correla-
tions were similar. Results for fat and protein yield were
similar to those of milk yield (Appendix Fig. A1 and A2).
Since proven bulls had a sufficient number of daughters,
blending of DGV with phenotype evaluation did not
change their EBV significantly.

Empirical correlations in a set of validation bulls were
lower. Correlation between parent average (EBVU,t) and
progeny evaluation (EBVU,c) was 0.49 in milk yield (Fig. 1).
Using DGV as a sole predictor had better correlation (0.56)
with progeny evaluation than pedigree prediction via
parent average. Inclusion of DGV in the Bt approach led
to a small increase in correlation between the progeny
evaluation and prediction via the genomically enhanced Bt
approach (cor(EBVU,c, EBVB,t)¼0.61). Such a low correla-
tion can be attributed to the low number of daughters per
bull in the validation set, decreasing the correlation
between these two evaluations due to the initial low
accuracy of the Uc evaluation (Table 2). Finally, when
combining both progeny and DGV data correlation
between the EBVU,c and EBVB,c was 0.92. Similar trends
in empirical correlations in the validation set of bulls were
observed also for fat and protein yield, with higher values
for fat yield and lower values for protein yield (Appendix
Fig. A1 and A2).

Empirical correlations show the benefit of combining
all the available information via the B approach in the
analyzed population characterized by a small population
size and a small number of daughters per tested bull. The
availability of genomic information from a larger consor-
tium provided the opportunity to implement genomic
prediction in this population even though the size of
own reference population is not sufficiently large. This
paves the way of integrating the external genomic infor-
mation into other small populations of dairy cattle with

Table 2
Average theoretical accuracies (minimum and maximum) for milk traits using different approach and data for a group of proven and validation bulls.

Bulls No. of daughters Data seta Accuracy

Milk yield Fat yield Protein yield

Proven (n¼149) 231 (40–1067) Uc 0.98 (0.52–0.99) 0.98 (0.43–0.99) 0.98 (0.51–0.99)
Bc 0.99 (0.87–0.99) 0.98 (0.84–0.99) 0.99 (0.83–0.99)

Validation (n¼35) 57 (1–213) Ut 0.58 (0.30–0.68) 0.52 (0.38–0.64) 0.58 (0.29–0.68)
Bt 0.89 (0.86–0.91) 0.86 (0.82–0.88) 0.85 (0.81–0.88)
Uc 0.92 (0.62–0.99) 0.90 (0.56–0.99) 0.91 (0.61–0.99)
Bc 0.96 (0.89–0.99) 0.95 (0.86–0.99) 0.95 (0.85–0.99)

a Uc – phenotypic and pedigree data used in the national genetic evaluation on complete data set; Bc – bivariate analysis based on Uc and DGV for all
genotyped bulls in the national pedigree on complete data set; Ut – phenotypic and pedigree data used in the national genetic evaluation on training
subset; Bt – bivariate analysis based on Ut and DGV for all genotyped bulls in the national pedigree on training subset.
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the national evaluation system. Additional benefit of the B
approach is the unified system integrating all the available
data in a single EBV instead of reporting several EBV from
different data sources for the same animal.

4. Conclusion

Different approaches of integrating genomic informa-
tion into a national evaluation system for small population

Fig. A1. Empirical correlations between EBVs from different approaches and dataset for proven and validation bulls for fat yield.

Fig. 1. Empirical correlations between EBVs from different approaches and dataset for proven and validation bulls for milk yield.
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of Brown breed were evaluated in comparison to the
conventional evaluation based on phenotype and pedigree
data. Results indicate that integration of DGV from a large
consortium into the national evaluation as a correlated
trait enabled combination of all the available data. In
addition, this approach provides a way to automatically
blend all the results in a single value avoiding the need to
publish several estimates of breeding values per animal.
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