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ABSTRACT: We used stochastic simulation to test
hypotheses that, (i) phenotyping proportion of high ranking
selection candidates based on estimated breeding values
(EBV) before genotyping could realize as much genetic
gains as phenotyping all candidates, and (ii) there is
diminishing return to selection as more candidates are
phenotyped in genomic breeding programs. Three
phenotyping criteria, namely, random (RS), EBV and true
breeding value (TBV) were investigated under two schemes
(across-population and within-litter) using traditionalBLUP and genomic-BLUP models. The EBV ranked above
RS and realized maximum achievable gains in the breeding
program at 80% phenotyping. There was diminishing return
to selection as more candidates were phenotyped; indicating
that information content is not so large in the last candidate
compared to the first candidate phenotyped. These findings
demonstrate the need to rank selection candidates and
phenotype only top 80% in genomic selection program as
no bias was detected.
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Introduction
Several studies have demonstrated the benefit of
genomic selection in pig breeding in terms of increased
rates of gain (Lillehammer et al. (2011); Wellmann et al.
(2013)). Generally, implementation of genomic selection in
breeding programs requires genotyping of selection
candidates as well as establishment of reference
population(s) of phenotyped and genotyped animals. In
practice, and especially in fecund species like pigs, there
are many candidates in a breeding program and decisions
need to be made on which and how many candidates to
phenotype and genotype.
In a simulation study, Henryon et al. (2012) showed
that genotyping 5 to 20% of the candidates would realize
most of the benefits of genomic selection with 100%
genotyping. In that study, the assumption was that all the
candidates had phenotypic information, which is consistent
with the current practice for traits like early growth rate.
Phenotypic information is important because it increases
the accuracy of predicted breeding values of phenotyped
candidates and such candidates can be added to the
reference population, thereby increasing the accuracy of all
selection candidates. Although, in practice, all candidates
are always phenotyped in breeding programs, we envision
that we could realize most benefits of genomic selection by
phenotyping only proportion the candidates just as in
genotyping (Henryon et al. (2012)). We reason that, if
parental generation information is available, then such
information could be utilized to estimate parents’ averages
of selection candidates. Then, high ranking candidates are

selected for phenotyping before genotyping. Such
candidates are expected to generate higher breeding values
because they are more likely to have large true breeding
values compared to low ranking ones and are more likely to
be selected for breeding. All candidates do not have similar
genetic merits and, therefore, the last candidate phenotyped,
i.e. the lowest ranking, may not be as valuable as the first
candidate phenotyped for two reasons. First, the
information in the phenotype is unlikely to increase the
selection criteria of the last candidate above the selection
threshold, and therefore, change selection decisions,
especially in species with high selection intensity. Second,
the phenotype of the highest ranking animal is likely more
valuable in the future reference population. This could
result in diminishing return to selection as more candidates
are phenotyped similarly to the case of genotyping as
demonstrated by Henryon et al. (2012). Based on these
arguments we hypothesized that: (i) phenotyping only a
proportion of high ranking selection candidates before
genotyping is almost as good as phenotyping all the
available candidates and (ii) there is diminishing marginal
return from genomic selection when more candidates are
phenotyped. We used stochastic simulation of breeding
scheme that resembled that used in pigs to investigate these
hypotheses.
Materials and Methods
Procedure: We used stochastic simulation to predict
genetic gains in a genomic selection program, where 20100% of the selection candidates were phenotyped before
all of the selection candidates were genotyped.
Phenotyping criteria: Three criteria were used to
choose which candidates to phenotype. They included:
• True breeding value (TBV): The assumption in this
criterion was that, we have perfect knowledge on the
genetic merits of the selection candidates and,
therefore, all the available candidates were ranked
based on their true breeding values and the highest
ranking candidates phenotyped.
• Estimated breeding value (EBV): This criterion
assumed that, the pedigree and genomic information
were available from the parental generation. This
information was used to estimate the parent averages
of the selection candidates. The candidates were
ranked based on estimated breeding values and the
highest ranking candidates phenotyped.
• Random selection (RS): Selection candidates were
randomly sampled from all the available selection
candidates for phenotyping.

Breeding scheme: A breeding program with 12
discrete generations and fixed numbers of boars and sows
per generation was considered. Ten boars were randomly
mated to 100 sows with each sow farrowing five piglets per
litter, resulting to 500 piglets per generation. All the
selection candidates were assumed to be genotyped after
they were phenotyped. Selection was for a single trait with
heritability h2=0.4 and genetic variance of 1. All the
scenarios were the same in the first seven generations
where traditional BLUP was used and all candidates
phenotyped. From generation 8, the scenarios differed as
the selection models traditional-BLUP or genomic-BLUP
and phenotyping criteria (RS, EBV and TBV) were used. In
each criterion, the phenotyping candidates were either
selected across the population (AP) or within litters (WL).
Six phenotyping strategies based on phenotyping criteria
and selection unit were therefore modeled and evaluated for
5 generations. They were categorized as AP (RS-AP, EBVAP and TBV-AP) and WL (RS-WL, EBV-WL and TBVWL) strategies. Since selection based on RS-WL and EBVWL was identical to RS-AP, they were ignored and
therefore only the three AP strategies and one WL strategy
(TBV-WL) were considered.
Simulated founder population: The genetic
architecture of the founder population was generated to
reflect the linkage disequilibrium observed in the Danish
pigs. The founder population was simulated from 50
animals (25 boars and 25 sows). Random mating was
applied in this population for 1000 generations. The
genome was assumed to consist of 18 chromosomes of 167
cM each. Each chromosome contained 3.0x108 loci evenly
distributed across the genome. The rate at which the
original allele converted to a new allele was 4.0x10-6 and
every 8th locus was a potential QTL. After 1000
generations, a total of 58,572 markers and 8,302 QTL were
segregating. Effects of QTL alleles were sampled from a
normal distribution with mean zero and afterwards scaled to
give a genetic variance of 1. Haplotypes from the last
founder generation were sampled to initiate the breeding
schemes.
Prediction of breeding values: The breeding values
were predicted using two evaluation methods. The first
method used the traditional best linear unbiased prediction
procedure (BLUP) to predict the estimated breeding values
which were used as bench mark for comparison purposes.
In this method, no genotyping was carried out. The BLUP
model was:
(1)
y = Xb + Zu + e
where y is the vector of observations, X and Z are incidence
matrices for the vectors of parameters b and u, u is the
vector of breeding values of animals with variance

Var (u ) = Aσ a2 , A is the numerator relationship matrix,
and

σ a2 the additive genetic variance equal to 1. The e is the

vector of random residual errors with

Var (e) = Iσ e2 ,

where I is the identity matrix and

σ e2

is the error variance

set to 1.5.
The second method used single-step genomic-BLUP
(GBLUP) procedures as described by Gao et al. (2012) to
predict the genomic breeding values. The GBLUP model
was:

y = Xb + Zg + e

(2)
where y, b, g, and e were the vectors of trait phenotype,
fixed effects, random effects and random residual errors,
while X and Z are incidence matrices. The fixed effects
included generational effects and overall mean. The g is the
vector of genomic breeding values of animals with variance

Var (u ) = Hσ a2 , where H is a combination of A and a
genomic relationship matrix calculated according to the
method by VanRaden (2008) and

σ a2

the additive genetic

variance, equal to 1. The e is the vector of random residual
errors with
and

σ e2

Var (e) = Iσ e2 where I is the identity matrix

is the error variance, set equal to 1.5.

Data Analysis: We used the stochastic simulation
program ADAM (Pedersen et al. (2009)) to test the
phenotyping strategies. Each strategy was replicated 100
times. The genetic gain for trait in the breeding objective
was calculated as a regression of generation means in
generations 8-12.
Results and Discussion
TBV-WL was found to be higher in genetic gains than AP
strategies in both BLUP and GBLUP models (Figure 1). In
GBLUP, for example, the genetic gains in TBV-WL were
1.1-4.2% higher than AP strategies with 20-60%
phenotyping. This could be explained by higher accuracy
(0.63) observed in WL compared to AP (0.48). The
superiority of WL selection has been reported earlier
(Lillehammer et al. (2013)). In that study, the accuracy of
genomic selection was found to be higher with withinfamily selection than across population selection.
The genetic gains achieved in the AP strategies
before 100% phenotyping differed significantly (p<0.05),
indicating that phenotyping strategy chosen has an impact
on genomic selection program. Generally, EBV-AP was
superior in genetic gains, while TBV-AP ranked lowest
under GBLUP model. On the other hand, genetic gains
realized in TBV-WL surpassed those obtained in AP
strategies with 20-60% phenotyping. The low ranking of
TBV-AP was unexpected as we reasoned that, having
perfect knowledge on an individual’s genetic merit could
give us better idea when choosing individuals to phenotype.
However, the findings demonstrate that, such information
does not add much value in genomic selection, but could be
important in traditional BLUP selection as TBV-AP and
TBV-WL ranked above EBV-AP and RS-AP strategies
when selection was based on traditional BLUP (Figure 1).

predictions (Boligon et al. (2012)). However, in no case
was there detectable bias irrespective of criteria or
proportion of phenotyped animals (results not shown). As
expected, GBLUP model resulted to higher gains than
BLUP (Figure 1). At 100% phenotyping the genetic gains
from GBLUP were 15.5% higher than those from BLUP.
The superiority of GBLUP could be attributed to higher
accuracy (0.74) obtained relative to BLUP (0.60). This is
consistent with previous studies which have demonstrated
that, genomic selection is superior to traditional BLUP by
8-38% (Lillehammer et al. (2011)).
Conclusion

Figure 1. Annual genetic gains for the four phenotyping

strategies under traditional BLUP (----) and GBLUP
(_____) models
The genetic gains realized by phenotyping 80% of
the candidates was found to be significantly different
(p<0.05) from 100% phenotyping when RS-AP was
employed, but had no difference with EBV-AP strategy
under GBLUP. The fact that EBV-AP ranked above RS-AP
(Figure 1) and realized maximum genetic gain achievable
with only 80% phenotyping, demonstrate its worth over
RS-AP. This means that if RS-AP is used then, the
remaining 20% of the candidates must be phenotyped to
achieve maximum genetic gain, while in EBV-AP,
phenotyping those candidates will not add much benefit to
the breeding program. These findings confirm our
reasoning that, we can achieve most of the benefit from
genomic selection by phenotyping just a proportion of
available candidates, provided we can utilize pedigree
information to rank them based on estimated breeding
values and phenotype only high ranking ones. This would
have a positive impact on cost reduction in a breeding
program.
Our hypothesis that the marginal returns in genetic
gain diminish as we increase the proportions of phenotyped
selection candidates in genomic breeding programs was
confirmed by the results. The genetic gains increased at
diminishing rate in all four strategies, but mostly so for
EBV-AP (Figure 1). For EBV-AP in GBLUP model, the
genetic gains increased by 0.073, 0.046, 0.030, and 0.001 as
phenotyping proportion increased from 20 to 40, 40 to 60,
60 to 80 and 80 to 100, respectively. These findings concur
with those reported by Henryon et al. (2012), where they
demonstrated that as more candidates were genotyped after
phenotyping, the genetic gain increased at a diminishing
rate. The diminishing returns to selection show that the
information content is not so large in the last phenotyped
candidate compared to the first phenotyped candidate.
We tested for bias in predicted breeding values, as
some concern has been raised that selective inclusion of
animals in reference population may lead to biased

This study has shown that, it would be beneficial
to rank selection candidates based on estimated breeding
values and select the highest ranking individuals for
phenotyping. Since there was no biasness detected,
adoption of EBV-AP strategy will not only results to high
genetic gains compared to random sampling, but will also
require only phenotyping 80% of the available selection
candidates to realize maximum achievable genetic gains in
the breeding program. This could be important especially in
terms of reducing production costs related to phenotyping
in the breeding program. Our finding also suggests that,
random sampling could be an alternative strategy but, more
candidates will be required for phenotyping. Generally,
irrespective of the strategy adopted there is diminishing
return to selection as more candidates are phenotyped.
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