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ABSTRACT

The aim of this paper was to develop a national single-
step genomic BLUP that integrates multi-national ge-
nomic estimated breeding values (EBV) and associated
reliabilities without double counting dependent data
contributions from the different evaluations. Simulta-
neous use of all data, including phenotypes, pedigree,
and genotypes, is a condition to obtain unbiased EBV.
However, this condition is not always fully met, mainly
due to unavailability of foreign raw data for imported
animals. In dairy cattle genetic evaluations, this issue is
traditionally tackled through the multiple across-coun-
try evaluation (MACE) of sires, performed by Interbull
Centre (Uppsala, Sweden). Multiple across-country
evaluation regresses all the available national informa-
tion onto a joint pedigree to obtain country-specific
rankings of all sires without sharing the raw data. In
the context of genomic selection, the issue is handled
by exchanging sire genotypes and by using MACE
information (i.e., MACE EBV and reliabilities), as a
valuable source of “phenotypic” data. Although all the
available data are considered, these “multi-national”
genomic evaluations use multi-step methods assuming
independence of various sources of information, which
is not met in all situations. We developed a method
that handles this by single-step genomic evaluation that
jointly (1) uses national phenotypic, genomic, and pedi-
gree data; (2) uses multi-national genomic information;
and (3) avoids double counting dependent data con-
tributions from an animal’s own records and relatives’
records. The method was demonstrated by integrating
multi-national genomic EBV and reliabilities of Brown
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Swiss sires, included in the InterGenomics consortium
at Interbull Centre, into the national evaluation in Slo-
venia. The results showed that the method could (1)
increase reliability of a national (genomic) evaluation;
(2) provide consistent ranking of all animals: bulls,
cows, and young animals; and (3) increase the size of
a genomic training population. These features provide
more efficient and transparent selection throughout a
breeding program.
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INTRODUCTION

This paper presents a national single-step genomic
method that integrates multi-national genomic EBV
and associated reliabilities. Breeding programs collect
phenotypic and genetic data and distill it in the form
of EBV and associated reliabilities by using BLUP
(Henderson, 1984). Simultaneous use of all data is a
condition to obtain unbiased EBV but this condition
is not always fully met. For example, most breeding
programs make some use of elite parents imported from
other populations. When the imported individuals or
their relatives are evaluated as a part of the routine
national genetic evaluation, only their national data
are commonly used. The inability to include foreign
data in national evaluations can lead to bias and lower
reliability of EBV. This is particularly the case in small
breeding programs that often rely more on importation
than do large programs.

In dairy cattle, the issue of incomplete across-coun-
try data is traditionally tackled through the multiple
across-country evaluation of sires (MACE; Schaeffer,
1994). A unit of information in such evaluations is a
sire’s EBV and associated reliability. Conducted by
Interbull Centre (Uppsala, Sweden), MACE simultane-
ously regresses all the available national information
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onto a joint pedigree to obtain country-specific rank-
ings of all sires without sharing the “raw” data. Because
all sires are evaluated on each country scale, MACE has
proved to be a valuable source of “phenotypic” data for
genomic evaluations. By using the MACE information
and exchanging sire genotypes, the national programs
have been able to build large training populations that
facilitate accurate genomic predictions (VanRaden et
al., 2009; Lund et al., 2010; Jorjani et al., 2012).

The most common approach to use MACE informa-
tion in genomic evaluation is via the so-called multi-step
method. The method involves deregressing the MACE
EBYV to obtain pseudo-records and regressing these on
genomic relationships with implicit or explicit blending
of the traditional pedigree-based information (Van-
Raden, 2008). Although breeding programs perform
such evaluations nationally, the evaluations involve a
multi-national training population with domestic and
foreign information. We refer to such an evaluation as
a “multi-national genomic evaluation.”

An example of the multi-step method is the genomic
evaluation in the Brown Swiss breed operated through
the InterGenomics consortium at Interbull Centre (Jor-
jani et al., 2012). Individual Brown Swiss breeding pro-
grams in several countries (Austria, France, Germany,
TItaly, Slovenia, Switzerland, and the United States)
have limited training populations for genomic selection
because of the limited size of their respective national
populations. To enable accurate genomic evaluation,
the programs agreed to combine national genotype data
sets, and the phenotypic data (the MACE information)
are readily available for all sires on each country scale.

An alternative to the multi-step method is the single-
step method that jointly uses phenotypic, genomic, and
pedigree data in one analysis (Legarra et al., 2014).
Although the multi-step method is practical, it rests
on several assumptions that are not met in all situa-
tions (Legarra et al., 2014). For example, the multi-step
method assumes that pseudo-records are independent.
This can be assumed for pseudo-records with high reli-
ability, as is the case with sires tested on a large num-
ber of progeny in large breeding programs. However,
independence cannot be assumed for pseudo-records
with low reliability, as is the case with sires tested on a
smaller number of progeny in small breeding programs.
When records are dependent, the analysis should take
this into account to avoid double counting of informa-
tion and consequently overestimating reliability (e.g.,
Calus et al., 2016). The single-step method, referred
here to as the single-step genomic BLUP (ssGBLUP),
avoids this because it simultaneously utilizes any phe-
notypic, genomic, and pedigree data in a single evalua-
tion (Legarra et al., 2014).
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However, standard ssGBLUP cannot integrate
multi-national information. A breeding program with
national evaluation based on ssGBLUP needs a way to
integrate multi-national information to use all available
sources of information optimally. Such a method would
have to consider that the multi-national information
might be partially based on national information, which
needs to be accounted for to avoid double counting.
Specifically, double counting can occur due to double
use of data that pertains to an individual animal, as
well as to double use of data that is correlated among
relatives (Vandenplas and Gengler, 2012; Vandenplas et
al., 2014). We will refer to these 2 as double counting
contributions from records and double counting contri-
butions from relatives, respectively.

The aim of this study was to develop and demon-
strate the potential of a national single-step genomic
method that integrates multi-national genomic infor-
mation and avoids the double counting. The method
delivers a national genomic evaluation that uses all the
available data in an appropriate manner and presents
results on the same scale for bulls, cows, and young
animals. These 2 properties enable efficient and trans-
parent selection among all animals.

MATERIALS AND METHODS

The first part of this section describes theory of (1)
the standard ssGBLUP, (2) the integration of multi-
national ssGBLUP information into a national ssGB-
LUP, and (3) the required corrections to avoid double
counting. The second part describes a demonstration.

Theory

The Standard ssGBLUP. The standard ssGBLUP
can be applied to a univariate linear mixed model:

y = Xb + Za + e, [1]

where y is the vector of phenotypic records, b is the
vector of fixed effects, a is the vector of random ad-
ditive genetic effects, and e is the vector of residuals.
The matrices X and Z are incidence matrices linking y
with, respectively, b and a.

In the context of ssGBLUP, it is assumed that
a~MVN (O, HO’Q) where MVN = multivariate normal,

a |’
H is a combined genomic and pedigree relationship
matrix, 03 is the additive genetic variance of the trait;
and that e ~ MVN (0, Iaf), where I is an identity matrix

and o7 is the residual variance (Legarra et al., 2014).
The inverse of H is
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where the subscript n refers to nongenotyped animals,
the subscript ¢ refers to genotyped animals,
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a genomic relationship matrix, and « is a weight used

to account for genetic variation not captured by the
marker genotypes (Legarra et al., 2014).

In this study, a genomic relationship matrix G was
constructed following the first method of VanRaden
(2008), using current allele frequencies and adjusted to
have mean of diagonal elements and off-diagonal ele-
ments equal to those of A . Other methods to compute
G could be used without loss of generality.

Integration of Multi-National Genomic Infor-
mation that Is Independent of National Informa-
tion. Consider a national and multi-national ssGBLUP
for the same set of individuals with the same pedigree
and genotype data but completely independent pheno-
typic data. We want to integrate the results of multi-
national ssGBLUP into the national ssGBLUP. For
clarity of equations, we assume that individuals whose
multi-national genomic information is to be integrated
in the national ssGBLUP have all been genotyped and
that all their genotypes are available to the national
ssGBLUP. However, the developed equations can be
applied to more general cases, such as genotyped and
nongenotyped foreign animals associated with foreign
information. Following Vandenplas et al. (2014), this
integration can be performed by adopting a Bayesian
view of the linear mixed model [1] and assuming the
following prior:

A= is the pedigree relationship matrix, G is

a~ MVN (aH) 3]

3
/\* a
where a =

a,

national genomic EBV (GEBYV; obtained from the
multi-national ssGBLUP) for the genotyped animals
and a, = Hn’gH;’éé; being the vector of multi-national

, with é:; being the vector of multi-

GEBYV for the nongenotyped animals, and H is the
matrix of predictiog error covariances of a .
The inverse of H is

0

H'=H'"02+A =H'0,? + )
0 A,

4]
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. * . . . .
where the matrix A is a diagonal variance matrix

with the ith element equal to ERC, o, > and ERC] being
the effective number of records (Misztal and Wiggans,
1988; also called “effective record contributions”) that
contributed to the multi-national ssGBLUP for the ith
animal (Vandenplas et al., 2014). Because contributions
from relationships are already accounted through the
matrix H™', the effective number of records must be
free of contributions from relatives (Vandenplas and
Gengler, 2012).

Estimation of the Effective Number of Records
Free of Contributions from Relatives. In the con-
text of traditional pedigree-based genetic evaluation,
Vandenplas and Gengler (2012) developed an algorithm
(named TSA) to estimate ERC, in 2 steps. We only
provide a summary of the algorithm here for complete-
ness. The first step identifies animals in the multi-na-
tional evaluation associated with E‘RC’;k equal to zero.
This identification involves the estimation of a matrix
D such that the diagonal elements of the matrix

—1 2 1 _—2\! -
P :(Doe +A, 0, ) are sufficiently close to the

prediction error variances of the multi-national evalua-
tion. The matrix P mimics the part of the left-hand-
side of system of equations for the additive genetic ef-
fect of the multi-national evaluation. The diagonal ele-
ments of D approximate ERO; . Knowing animals as-
sociated with ERC; equal to zero, the second step
computes ERC’: , similarly to the first step, but with a
matrix P that mimics the full system of equations of
the multi-national evaluation. This can be done by ab-
sorbing one hypothetical fixed effect that takes into
account that some animals may have ERC’: equal to
zero, and that mimics the unknown fixed effects consid-
ered in the multi-national evaluation.

In our context, modifications of the algorithm of
Vandenplas and Gengler (2012) are required because
both the national and multi-national ssGBLUP use
both pedigree and genomic relationships. Therefore, in
addition to the contributions from relatives via pedi-
gree relationships, the contributions from relatives via
genomic relationships must be taken into account. Con-
tributions from both sources can be taken into account
by replacing A;; with H;;.

Integration of Multi-National Genomic Infor-
mation that Is Not Independent of National In-
formation. Consider a national and multi-national
ssGBLUP for the same set of individuals with the same
pedigree and genotype data and partially dependent
phenotypic data. This situation can arise through ex-
change of data between breeding programs or, more
commonly, by using the MACE information as pheno-
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types, which combines information from several na-
tional evaluations. In such a situation, the integration
of multi-national information into the national ssGB-
LUP must avoid double counting of contributions that
arises from the partially dependent phenotypic data
(i.e., double counting of contributions from records).
This latter double counting must be avoided in addi-
tion to double counting of contributions from relatives.
Consideration of the double counting of contributions
from records can be achieved by using a hypothetical
pedigree-based evaluation, which is run for all individu-
als using the partially dependent phenotypic data, sum-
marized by the vector y*. The system of equations for
this hypothetical pedigree-based evaluation can be
written as

(A7'0, + A" )a% = A"y,

where a” is the vector of EBV, and the matrix

Hok

*k
, with A . being a diagonal variance

9.9
matrix with the ith element equal to ERC, o, %, and
ERC; " is the effective number of records of the ith ani-
mal that contributed to the hypothetical pedigree-based
evaluation. Values for ERC; " are computed as described
before, but this time with the original algorithm of
Vandenplas and Gengler (2012). This evaluation is hy-
pothetical because the vector y* of partially dependent
phenotypic data is unknown.

Multi-national genomic information, dependent of
national information, can be integrated into the na-
tional ssGBLUP by assuming the following prior (see
Vandenplas et al. (2014) for details):

a~ MVN (aH) [5]

ARk,
where the vector a is

a" = H B - (AT 4 AT ek, [6]
and the inverse of H' is
H '=H '-A =H'- o |- [7]
0 Ag_’g

The vector a” contains GEBV of a (hypothetical)
multi-national ssGBLUP independent of national infor-
mation, and the matrix H' is the prediction error (co)
variance matrix associated with a™,
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The system of equations of the national ssGBLUP
that integrates the dependent multi-national genomic
information and avoids double counting, is

b

a

X'R™IX X'R™'Z
ZR'X ZR'Z+H !

X’R_ly 8]
ZR 'y +H 8"

where R is the residual (co)variance matrix. Fortu-
nately, the vector a in the equation [8] need not be
computed explicitly. Using equations [5-7], the left-
hand side of [8] simplifies to

X'R'X X'R'Z 9]
ZR'X ZRZ+H 02 +A —A7|
and the right-hand side of [8] simplifies to
X'R 1y
.[10]

ZR 'y +(H 0+ A Ja" — (A0, 7 + AT )a?

We refer to this type of evaluation as a national ssGB-
LUP with integration, because it uses national data (y)
and integrates multi-national genomic information
(ﬁ* and A" ) through prior distribution for breeding val-

ues. The double counting is avoided by using a# and A™,
which corrects for the partial dependencies.

Demonstration

The demonstration considered the integration of
multi-national genomic information (InterGenom-
ics; Jorjani et al., 2012) into the national evaluation
of Brown-Swiss dairy cattle in Slovenia (Poto¢nik et
al., 2000). Figure 1 depicts the flow of data between
national and multi-national (genomic) evaluations for
the Slovenian situation. The motivation behind this
demonstration was to have an evaluation that fulfills
4 criteria:

(1) Use all the available information jointly.

(2) Deliver combined ranking of all animals: bulls,
cows, and young animals.

(3) Integrate multi-national genomic information

into national evaluation to propagate foreign

information onto domestic animals that did not

participate in the multi-national genomic evalu-

ation.

Avoid double counting, because the multi-na-

tional genomic information is dependent on the

national information through MACE.
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Figure 1. Flow of data between national and multi-national genomic (evaluations) for the Slovenian situation. MACE = multiple across-
country evaluation; REL = reliability; GEBV = genomically enhanced EBV; EBVy = EBV obtained from a foreign pedigree-based evaluation;
EBV,; = EBV obtained from MACE; EBVy = EBV obtained from the national pedigree-based evaluation; GEBV;; = GEBV obtained from the
multi-national genomic evaluation; and GEBVy = GEBV obtained from the national genomic evaluation with integration.

The proposed method fulfills all the criteria. In ad-
dition, as a by-product, it upgrades national pedigree-
based evaluation into a genomic evaluation, because
the integration also uses the multi-national genomic
relationship matrix.

The different evaluations and notation for the associ-
ated EBV were (1) national pedigree-based evaluation
(EBVy, a” in [9]); (2) multi-national genomic evalua-
tion (GEBVig, a in [9]); and (3) national genomic
evaluation with integration (GEBVp, a in [8]). Na-
tional data comprised 1,286,698 test-day records for
milk, fat, and protein yields for 56,764 cows in Slovenia,
recorded between the years 2000 and 2014. The associ-
ated pedigree comprised 101,522 animals.

Multi-national genomic information was obtained
from the second routine InterGenomics evaluation in
2014 for 5,852 bulls, and included the GEBV;; and
associated reliabilities. Although the InterGenomics

evaluation is based on a multi-step method, we assumed
that it is equivalent to a single-step method.

Genotypes were available through the InterGenom-
ics consortium. After editing, genotypes for 5,852 bulls
at 38,863 markers were used. Only 191 bulls were
genotyped in Slovenia. Edits were performed to avoid
possible genotyping errors and misidentifications. The
edits involved (1) removal of markers that had minor
allele frequency <0.05 or genotype call rate <0.90, (2)
removal of animals that had genotype call rate <0.90,
and (3) removal of animals if these animals had Mende-
lian conflicts with their sire at more than 2% of mark-
ers.

Computations were performed using the BLUPF90
program (Misztal, 2013) modified to include the de-
veloped method. National data were used for both the
national pedigree-based evaluation and the national
genomic evaluation with integration. The national
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pedigree-based evaluation uses a single-trait multiple-
lactation repeatability model (Potoénik et al., 2000).
The national genomic evaluation with integration in-
cluded genotypes for 5,852 bulls, as well as GEBVq
and associated reliabilities for these bulls comprising
their multi-national genomic information.

The double counting was avoided in 2 ways. First,
we avoided double counting of contributions from re-
cords by determining which bull’s national information
(i.e., its EBVy and associated reliability) contributed
to MACE, and therefore also to the multi-national
genomic evaluation. This determination is based on
the nonzero national effective daughter contributions
reported by Interbull Centre. Among the 5,852 bulls
with the multi-national genomic information, 277 bulls
had nonzero national effective daughter contributions,
meaning that these 277 bulls’ national information con-
tributed to MACE. The EBVy and associated reliabili-
ties for these bulls summarized the partial dependence
and were used to avoid double counting of contribu-
tions from records. Second, we avoided double counting
of contributions from relatives with the TSA algorithm,
for both the national information and multi-national
genomic information. The GEBV;q were harmonized by
adjusting the scale and mean difference toward EBVy.
The weight o [2] was set to 0.85 for milk yield and
0.95 for fat and protein yields. These weights provided
the best model fit associated with a national ssGBLUP
without integration, as measured by trial and error and
compared using the Akaike information criteria.

Reliability (REL) of the national pedigree-based
evaluation and national genomic evaluation with inte-
gration for the 4th animal was computed as
REL, = 1-PEV,s,” (ignoring inbreeding), where PEV,
is the prediction error variance obtained from the in-
verse of the left-hand side of the system of equations.

Analysis of evaluations was performed in 2 ways.
First, we compared the national genomic evalua-
tion with integration to the multi-national genomic
evaluation. The multi-national genomic evaluation
was considered as the reference, because it uses all the
national and foreign information. If integration was
successful, we should detect no differences in results
for animals that participated in both evaluations. The
comparison was performed separately for (a) 319 bulls
with phenotyped daughters in the national data set,
and (b) 5,533 bulls without phenotyped daughters in
the national data set. The 319 bulls had, on average,
135 phenotyped daughters in the national data set.
The comparison was based on Spearman rank correla-
tions between the different types of EBV, regression of
GEBV;; on EBVy, regression of GEBV;; on GEBVy,
and reliabilities of (G)EBV. Additionally, regressions of
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reliabilities of GEBV;q on reliabilities of GEBVy were
performed to evaluate the effects of double-counting
contributions from relatives or from records. Second, we
compared national genomic evaluation with integration
to the national pedigree-based evaluation to evaluate
the gain brought about by integration. The comparison
was performed separately for (a) the 43,007 domestic
cows that had their own phenotype records in the na-
tional data set, (b) the 23 imported cows that had their
own phenotype records in the national data set, and (c)
the 1,971 domestic bulls and cows that did not have
their own phenotype records in the national data set.
All animals considered in the comparison were sired by
bulls evaluated in the InterGenomics consortium. The
comparison was based on Spearman rank correlations
between EBVy and GEBVp, and reliabilities of (G)
EBV.

RESULTS

The results showed that the developed method inte-
grated multi-national genotypes, GEBV, and reliabili-
ties into a national evaluation with almost no double
counting for bulls with multi-national information.
This information was propagated to relatives as shown
by the increased reliabilities for the animals that had
little information in the national data set.

Demonstration of the National Genomic
Evaluation with Integration

The developed method enabled integration of the
multi-national information into the national evaluation
for bulls with multi-national information. This is shown
in Tables 1 and 2, which compare the national pedigree-
based evaluation without integration and the national
genomic evaluation with integration to the multi-na-
tional genomic evaluation. The multi-national genomic
evaluation was considered as a reference. This means
that a high correlation and a regression coefficient close
to 1.00 was sought between the multi-national genomic
evaluation and national genomic evaluation with inte-
gration. A total of 319 (national or foreign) bulls had
at least one phenotyped daughter in the national data
set. This group included the 277 bulls whose national
information contributed to MACE. For the 319 bulls,
rank correlations between the national pedigree-based
evaluation without integration and the multi-national
genomic evaluation ranged from 0.76 to 0.79 for the
3 traits, whereas integration increased these correla-
tions to >0.99 (Table 1). Integration also improved
regressions of the national pedigree-based evaluation
onto the multi-national genomic evaluation (the regres-
sion coefficient was closer to 1.00) and increased aver-
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Table 1. Comparison of the national pedigree-based evaluation without integration (N) and national genomic
evaluation with integration (B) to the multi-national genomic evaluation (IG) for the 319 bulls with phenotyped

daughters in the national data set’

Trait Evaluation r b R’ Reliability
Milk yield N 0.79 0.92 (0.040) 0.68 0.87 (0.19)
B >0.99 1.00 (0.003) 0.99 0.97 (0.02)
1G — — — 0.97 (0.02)
Fat yield N 0.76 0.90 (0.040) 0.62 0.87 (0.20)
B 0.99 1.01 (0.003) 0.99 0.97 (0.02)
1G — — — 0.97 (0.02)
Protein yield N 0.76 0.90 (0.040) 0.62 0.87 (0.19)
B 0.99 1.00 (0.003) 0.99 0.97 (0.02)
1G — — — 0.97 (0.02)

!y = rank correlation between genomic (G)EBVg and EBVy and between GEBV | and GEBVy; b = regres-
sion coefficient (SE in parentheses) and R? = associated coefficient of determination (regression of GEBV on
EBVy and of GEBV|g on GEBVy); reliability = average reliability (SD in parentheses).

age reliability from 0.87 to 0.97 (Table 1). The same
was observed for the 5,533 bulls without phenotyped
daughters in the national data set. The rank correla-
tions between the national pedigree-based evaluation
without integration and the multi-national genomic
evaluation for these bulls were in the range from 0.51
to 0.60 for the 3 traits, and integration increased these
correlations above 0.99 (Table 2). Reliability for these
bulls increased from 0.17 to 0.90 and above (Table 2).

The developed method avoided most double count-
ing when the multi-national information was integrated
into the national evaluation. This is shown for the
milk yield trait in Tables 1-3, and Figures 2 and 3.
Double counting of contributions from relatives or re-
cords biased GEBVyp, as shown by coefficients of the
regression of GEBV;; on GEBVy <1 when double
counting was not avoided (Table 3). Double counting
also led to higher average reliabilities for the national
genomic evaluation with integration than those for the
multi-national genomic evaluation (Tables 1-3). Higher
reliabilities with the national genomic evaluation with
integration than with the multi-national genomic eval-
uation could indicate double counting, because both

evaluations used the same information and therefore
should not have different reliabilities. Reliabilities were,
on average, equivalent between the multi-national ge-
nomic evaluation and the national genomic evaluation
with integration (Tables 1-3), which indicates that the
developed method avoided almost all double counting.

Effect of potential double counting of contributions
from relatives was minimal in the demonstration. This
is shown in Table 3, which demonstrates the national
genomic evaluation with integration when we avoided
double counting of contributions from both records and
relatives or only from records. Only results for milk
yield are shown. The correlation was >0.99 and did
not differ when we avoided double counting or not, but
the regression coefficient improved from 0.98 or 0.99 to
1.00 when we avoided double counting. When we did
not avoid double counting, the reliabilities were higher,
especially for the lowest values (Table 3; Figures 2 and
3), because the evaluation was not informed that the
same information was used twice. However, on average,
the overestimation of reliability in the demonstration
was minimal, at most 0.01 (Table 3), because they were
already close to the upper bound of 1.

Table 2. Comparison of the national pedigree-based evaluation without integration (N) and national genomic
evaluation with integration (B) to the multi-national genomic evaluation (IG) for the 5,533 bulls without

phenotyped daughters in the national data set'

Trait Evaluation r b R’ Reliability
Milk yield N 0.55 1.40 (0.030) 0.35 0.17 (0.10)
B >0.99 1.00 (0.000) >0.99 0.91 (0.02)
IG - — — 0.90 (0.02)
Fat yield N 0.51 1.41 (0.030) 0.33 0.17 (0.10)
B >0.99 1.00 (0.000) >0.99 0.90 (0.02)
1G — — — 0.90 (0.02)
Protein yield N 0.60 1.53 (0.020) 0.41 0.17 (0.10)
B >0.99 1.00 (0.000) >0.99 0.90 (0.02)
IG — — — 0.90 (0.02)

v = rank correlation between genomic (G)EBV); and EBVy and between GEBV; and GEBVg; b = regres-
sion coefficient (SE in parentheses) and R* = associated coefficient of determination (regression of GEBV g on
EBVy and of GEBVi¢ on GEBV3); reliability = average reliability (SD in parentheses).
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Table 3. Comparison of the milk yield national genomic evaluation with integration (B) to the multi-national genomic evaluation (IG) when
double counting contributions from relatives or from records was avoided or not*

Double counting r b R’ Reliability brer,
Bulls with phenotyped daughters in the national data
set (n = 319)
Records not avoided >0.99 0.99 (0.005) 0.99 0.98 (0.02) 1.04 (0.01)
Relatives not avoided >0.99 0.99 (0.003) 0.99 0.98 (0.02) 1.22 (0.01)
Both avoided >0.99 1.00 (0.003) 0.99 0.97 (0.02) 1.06 (0.01)
Bulls without phenotyped daughters in the national
data set (n = 5,533)
Records not avoided >0.99 0.99 (0.000) >0.99 0.91 (0.02) 1.02 (0.001)
Relatives not avoided >0.99 0.98 (0.001) >0.99 0.92 (0.02) 1.12 (0.005)
Both avoided >0.99 1.00 (0.000) >0.99 0.91 (0.02) 1.02 (0.001)

!y = rank correlation between genomic (G)EBV,; and GEBVy; b = regression coefficient (SE in parentheses) and R” = associated coefficient
of determination (regression of GEBVq on GEBVy); reliability = average reliability (SD in parentheses); brg, = regression coefficient (SE in
parentheses) for regression of reliabilities of GEBV ¢ on reliabilities of GEBVy.

Effect of potential double counting of contributions
from records was also minimal in our demonstration
and mainly affected the evaluation of the 319 bulls with
phenotyped daughters in the national data set. This is
shown in Table 3, which demonstrates the national ge-
nomic evaluation with integration when we avoided
double counting of contributions from both relatives
and records or only from relatives. The correlation did
not differ when we avoided double counting or not, but
the regression coefficient improved from 0.99 to 1.00
when we avoided double counting (Table 3). Higher
reliabilities were also observed on average for the bulls
with phenotyped daughters in the national data set
when we did not avoid double counting of contributions
from records. Avoiding this type of double counting led
to reliabilities of the national genomic evaluation with
integration similar to the reliabilities of the multi-na-
tional genomic evaluation (Tables 1-3; Figures 2 and
3). Higher reliabilities for some bulls are likely due to
various approximations and computations, for example,
of (multi-)national reliabilities and ERC; .

Comparison of the National Evaluation Without
and With Integration

Integration of the multi-national genomic informa-
tion into the national evaluation increased reliability
for animals with low amounts of information in the
national data set. This is shown in Table 4 and Figure
4. Table 4 compares the national pedigree-based evalu-
ation without integration and the national genomic
evaluation with integration. For the domestic cows
with phenotypes in the national data set, the reliability
did not increase with integration, and rank correlation
between the 2 evaluations was >0.99 for all 3 traits.
For the imported cows with phenotypes in the national
data set, the reliability increased slightly, from 0.64 for
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fat yield and from 0.67 to 0.70 for milk and protein
yields. The integration had little effect on ranking of
these cows. Figure 4 compares reliabilities from the
national genomic evaluation with integration to reli-
abilities from the national pedigree-based evaluation
without integration for animals without own pheno-
type in the national data set. Figure 4 shows that there
was no change in reliability for animals that already
had high reliability before integration (progeny-tested
bulls), whereas reliability increased for animals that
had low reliability before integration (nonphenotyped
animals). For example, animals with reliability of <0.25
before integration received, with integration, an aver-
age increase in reliability of 0.08.

DISCUSSION

Our results highlight 3 main points for discussion:
(1) the developed method, (2) implications for breeding
programs using the developed method, and (3) other
potential applications of the developed method.

The Developed Method

The results showed that the developed method was
successful in integrating multi-national genomic infor-
mation into a national evaluation and achieved this
without double counting the national information. To
our knowledge, this is the first time that the results of a
multi-national genomic-based evaluation have been in-
tegrated into a national genomic evaluation. This work
builds on previous theoretical and applied work (Quaas
and Zhang, 2006; Legarra et al., 2007; Vandenplas and
Gengler, 2012; Vandenplas et al., 2013), in particular
on the previous work of integrating multi-national
pedigree-based (MACE) information into a national
pedigree-based evaluation (Vandenplas et al., 2014) or
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Figure 2. Reliabilities from the national genomic evaluation with
integration against reliabilities from the multi-national genomic evalu-
ation for milk yield in bulls with phenotyped daughters in the national
data set. Double counting of contributions from relatives (records) was
avoided or not.
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Figure 3. Reliabilities from the national genomic evaluation with
integration against reliabilities from the multi-national genomic evalu-
ation for milk yield in bulls without phenotyped daughters in the
national data set. Double counting of contributions from relatives (re-
cords) was avoided or not.
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Figure 4. Reliabilities from the national genomic evaluation with integration against reliabilities from the national pedigree-based evaluation
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without integration for milk yield in domestic animals (bulls and cows) without own phenotype in the national data set.

a national genomic evaluation (Colinet et al., 2013). well with the multi-national genomic evaluation, both
The demonstration of the method gave a national for the bulls that had phenotyped daughters in the
genomic evaluation with integration, which compared national data set and for those that did not. We based

Table 4. Comparison of the national {)edigree-based evaluation without integration (N) and the national
)

genomic evaluation with integration (B

Trait r Reliabilityy Reliabilityp
Domestic cows with own phenotype records in the
national data set (n = 43,007)
Milk yield >0.99 0.74 (0.09) 0.74 (0.09)
Fat yield >0.99 0.71 (0.09) 0.72 (0.09)
Protein yield >0.99 0.74 (0.09) 0.74 (0.09)
Imported cows with own phenotype records in the
national data set (n = 23)
Milk yield 0.98 0.67 (0.14) 0.70 (0.12)
Fat yield 0.98 0.64 (0.16) 0.67 (0.13)
Protein yield 0.99 0.67 (0.15) 0.70 (0.12)

'y = rank correlation between EBVy and genomic EBVy; reliability = average reliability (SD in parentheses).
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the method on the ssGBLUP framework (Legarra et
al., 2014), which naturally uses all phenotype, pedi-
gree, and genotype data, and now also the results of
an external genetic (genomic) evaluation. The method
assumes that ssGBLUP is used both at the national
and multi-national level. The latter was not the case in
the demonstration, but the InterGenomics’ evaluation
through the multi-step method using a genomic rela-
tionship matrix and blending with the pedigree-based
evaluation can be seen as approximately equivalent to
ssGBLUP (VanRaden et al., 2009; Aguilar et al., 2010).

The developed method emphasizes the importance
of avoiding double counting of dependent sources of
information. Any genetic evaluation aggregates the ani-
mal’s own phenotypes and those of relatives through a
relationship matrix (Misztal and Wiggans, 1988). An
evaluation that attempts to integrate EBVs from some
other evaluation needs to account for this aggregation to
avoid counting the same contributions more than once.
This is of particular importance for the setting as used
in this study, because the multi-national genomic EBV
are commonly a result of 3 consecutive evaluations that
accumulate information from each of the previous ones.
The first is the national pedigree-based evaluation; the
second is the multi-national pedigree-based evaluation
(MACE); and the third is the multi-national genomic
evaluation, which can be performed truly multi-nation-
ally as in the case of InterGenomics (Jorjani et al., 2012)
or nationally but using multi-national data (e.g., Lund
et al., 2010; Piibyl et al., 2013). Integrating the results
of the third into the first therefore must avoid counting
national information twice. Although this is commonly
taken into account for an animal’s own contributions
in the context of multi-national pedigree-based evalua-
tions (e.g., Ptibyl et al., 2013; VanRaden et al., 2014),
it is less often taken into account for contributions from
relatives (Calus et al., 2016). The developed method
takes this into account.

The potential of double counting of contributions
from relatives or from records in the demonstration was
limited. For example, when double counting of contri-
butions from relatives was not avoided, the reliability
of EBVs was overestimated by only 0.01 and the slope
of regression was just below 1.00 (Table 3). When this
type of double counting was avoided, the reliability was
as expected and the slope of regression of GEBV;q on
GEBVy was 1.00. These results show the phenomenon
of double counting (reliability is overestimated when
double counting is not avoided) and that the method
works (reliability is not overestimated when double
counting is avoided). However, in this demonstration,
avoiding the double counting of contributions from
relatives did not have much effect, especially on GE-
BVyg. This is expected, because most bulls had highly
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reliable GEBV, which means that their GEBV have
high contribution of their “own” effective records and
less so on relatives’ records (Sigurdsson and Banos,
1995; Guo et al., 2010; Vandenplas et al., 2014). This
observation suggests that multi-step methods—that as-
sume independent pseudo-records for sires tested on a
large number of progeny with precisely estimated con-
temporary groups —also do not have an issue of double
counting contributions from relatives. The (modified)
TSA algorithm (Vandenplas and Gengler, 2012) could
therefore be skipped for applications that integrate (G)
EBV with high reliability. However, for applications
where (G)EBV are based more on relatives’ contribu-
tions (e.g., sires tested on a smaller number of prog-
eny or genomically predicted from a smaller training
population), the method can be used to estimate the
amount of double counting and decide whether it is
important to avoid it or not. Avoiding double counting
of contributions from records did not have high im-
portance in our demonstration. This is because most
bulls had highly reliable GEBVs and only 277 national
bulls out of the 5,852 bulls with multi-national genomic
information contributed to the multi-national genomic
evaluation. However, accounting for double counting of
contributions from records does not have a high com-
putational cost and we advise using it.

Implications for Breeding Programs

The developed method; that is, a national ssGBLUP
with integration, has at least 3 implications for breed-
ing programs. The method can (1) increase reliability
of a national evaluation, (2) combine all available in-
formation in one evaluation that gives unified ranking
of all animals, and (3) increase the size of an otherwise
small national genomic training population.

The method can increase reliability of a national
evaluation. If a breeding program participates in some
kind of multi-national genomic evaluation (such as
InterGenomics or a multinational genomics program
run separately by each breeding program), the method
allows integrating those additional results back into the
initial evaluation, which increases reliability for animals
that have limited amount of information in the national
breeding program. This is likely to be very important
for sires with few phenotyped progeny in the national
data set but substantial numbers of phenotyped proge-
ny in other breeding programs. It will also be important
for the imported animals or young animals, which will
benefit from the increased information coming through
pedigree and genomic relationships. However, the in-
crease in reliability for the latter 2 groups of animals
will likely be marginal, unless these animals are geno-
typed. If these animals are not genotyped, the value of
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information on ancestors diminishes very quickly with
increasing distance in the pedigree. If these animals
are genotyped, the increase in reliability is likely to
come from the increased size of the genomic training
population (Daetwyler et al., 2008; Goddard, 2009) and
increased presence of close relatives in the training pop-
ulation (Clark et al., 2012; Pszczola et al., 2012).The
method is also well adapted to increase reliabilities of
a national evaluation for novel traits with very limited
phenotypic information obtained in small populations
with detailed data recording but spread over different
places and countries (e.g., Egger-Danner et al., 2015).

The method can combine all available information
in one evaluation that gives a unified ranking of all
animals. In relation to the previous implication, the
ability to perform a national evaluation that uses all
national phenotype, pedigree, and genotype data and,
in addition, the multi-national genomic information is
appealing, because it provides a way to integrate the
different evaluations and provide unique ranking of
all animals: domestically and internationally proven
bulls, cows, as well as young animals. As ssGBLUP
blends the pedigree-based and genomic evaluations, our
method additionally blends national and multi-national
evaluations.

The method can increase the size of the genomic
training population. Because integration is performed
through the joint pedigree and genomic relationship
matrix, the method enables increasing the size of the
genomic training population. This critically depends
on access to the multi-national pedigree and, more
importantly, multi-national genotypes to build such
a relationship matrix. In the demonstration, this was
the case and we were able to increase the size of the
training population from 191 to 5,852, which essentially
upgraded the national pedigree-based evaluation with
a too-small training population to a national genomic
evaluation with a sufficiently large genomic training
population. This was not our primary objective, be-
cause the breeding programs that participate in the
InterGenomics consortium already have a shared multi-
national genomic evaluation. However, the ability to
routinely conduct genomic evaluation in each country
in addition to the regular consortium evaluation is a
welcome by-product of the method. In other words, the
upgraded evaluation can include new genotyped ani-
mals by simply extending the relationship matrix.

Other Potential Applications
of the Developed Method

The developed method or its components can be used
in other settings that were not studied in detail here.
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First, although the method and the demonstration im-
plied that all individuals have multi-national genomic
information including genotype data, the method can
be applied to more complex situations. For example,
the method could be used when some national animals
are genotyped but do not have multi-national informa-
tion (e.g., young animals, cows). Integration of multi-
national information of nongenotyped individuals can
also be performed.

Second, the method can be extended to integrate re-
sults of univariate or multivariate multi-national evalu-
ations into national evaluations based on multivariate
(random regression) models (Quaas and Zhang, 2006;
Vandenplas et al., 2013, 2014, 2015). For situations
where we would like to integrate results of different
traits from a multivariate multi-national evaluation,
contributions from correlated traits must be accounted
to avoid double counting when computing ERC: . This
can be done by computing ER C: for all the traits simul-
taneously using the TSA algorithm modified to mimic
the left-hand side of a system of equations of a multi-
variate evaluation.

The method can also be used for integration of ge-
nomic MACE (GMACE) results (Sullivan and Van-
Raden, 2009) into a national ssGBLUP. The GMACE
aggregates national genomic evaluations just like
MACE aggregates national pedigree-based evaluations.
The GMACE also accounts for the frequent exchange
of data between the breeding programs, which is some-
what related to our method. If breeding programs were
interested in integrating the GMACE results back
into their national genomic evaluations, the developed
method could be used. In such a setting, double count-
ing of national information must be avoided, which can
be accomplished by modifying the right-hand side of
[10] as follows:

X'Rly

Z'R 'y + (H*lo—j T A )a* - (H*laj 4 A**)a# - [

where a" is the vector of GMACE GEBV for the geno-
typed animals and of GMACE GEBYV predicted for the
nongenotyped animals, a” is a vector of national GEBV
obtained from the hypothetical ssGBLUP, and A™ is a
diagonal variance matrix with the diagonal element
equal to R: *0;2 for the #th animal that participated in
GMACE. Elements R, can be computed using the al-
gorithm of Vandenplas and Gengler (2012) modified for
the genomic evaluations as shown in this study.

The modified TSA algorithm could also be used in
multi-step methods. The multi-step methods assume
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independent pseudo-records for sires tested on a large
number of progeny with precisely estimated contempo-
rary groups in large breeding programs, leading to little
effect of double counting contributions from relatives.
However, training populations increasingly include
genotyped animals with lower reliabilities; for example,
cows or sires tested on a smaller number of progeny
(e.g., Gao et al., 2015). The (modified) TSA algorithm
could be used in such a setting for computation of in-
dependent pseudo-records required by the multi-step
methods, similarly to Calus et al. (2016).

CONCLUSIONS

The developed method simultaneously and optimally
integrates the results of a multi-national genomic evalu-
ation into a national evaluation that uses phenotype,
pedigree, and genotype data. Importantly, it avoids
double counting of the dependent data contributions.
The resulting evaluation provides consistent and more
reliable ranking of all animals: bulls, cows, and young
animals. This in turn provides more efficient and trans-
parent selection among all animals.
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