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Introduction
Genomic Selection using evenly spaced low-density single nucleotide polymorphisms (SNPs)
was proposed (Goddard, 2008; Habier et al., 2009) as an alternative to using high-density
SNPs (HD-SNPs) for cost-effective genomic selection in animal and plant breeding. The principle is to track HD-SNP alleles from ancestors to selection candidates that are genotyped for
evenly spaced low-density SNPs (ELD-SNPs) by utilizing information from cosegregation of
SNP alleles. The main advantage of this approach, compared to selection of markers for inclusion in a low-density panel based on estimated effects, is that a single ELD-SNP panel can
be used for all quantitative traits of interest. Habier et al. (2009) showed that the loss in accuracy of genomic estimated breeding values (GEBVs) relative to using HD-SNPs was limited
in simulations when both parents of selection candidates were HD-genotyped. However, this
might not be cost-effective, e.g. for species where the economic value of a dam for breeding
is low. Furthermore, the amount of linkage disequilibrium (LD) in the population might affect
the loss in accuracy when using ELD-SNPs.
The objective of this study was to analyze the loss in accuracy of GEBVs obtained by using ELD-SNPs with respect to both the LD in the population and which parents of selection
candidates were HD-genotyped.

Material and methods
Statistical analysis. HD-SNP effects were estimated using trait phenotypes of individuals in
the training data set and the Bayesian model averaging approach proposed by Meuwissen et al.
(2001), termed BayesB. To track HD-SNP alleles from ancestors to selection candidates, the
order of HD-SNP genotypes of the ancestors must be estimated in practice, but was assumed
known here. This assumption is well justifiable if the parents and grandparents of those ancestors are also HD-genotyped. Three LD scenarios were analyzed as well as the following four
scenarios with respect to which parent of a selection candidate was HD-genotyped: 1) both
parents, 2) only sires, 3) only dams, and 4) none. Probabilities of descent of HD-SNP alleles
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were estimated by using ELD-SNPs of all individuals in the pedigree, i.e., of both individuals
genotyped for HD-SNPs and individuals genotyped for ELD-SNPs. As described in Habier
et al. (2009), a Gibbs sampler with overlapping blocks was applied to first estimate joint probabilities of grand-parental origins at adjacent ELD-SNPs, which were then used to calculate
probabilities of descent of HD-SNP alleles. These were then used to estimate the allele states
at HD-SNPs. For example, the maternal allele state at HD-SNP k of selection candidate i, xm
ik ,
can be estimated as
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where xm
dk and xdk are the maternal and paternal allele states, respectively, of dam d at HDm
SNP k, and pi is the probability that the maternal allele of i descended from the maternal
allele of d. If the parent is not HD-genotyped, then estimated allele states are used for d in
(1). The same principles are applied correspondingly to estimate paternal allele states. The
ELD-GEBV of i is finally estimated as
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where β̂k is the estimated effect of HD-SNP k, as obtained from the training data. The accuracy of ELD-GEBVs was compared to the accuracy of HD-GEBVs obtained by replacing
the estimated allele states in (2) by the true simulated allele states. Standard phenotype-based
BLUP-EBVs were also estimated. The accuracy of each method was calculated as the correlation between the true simulated breeding value and the EBV in question.
Simulations. The simulated genome consisted of 8 chromosomes of 75 cM each and each
containing 100 QTL, 1,000 HD-SNPs and 11 ELD-SNPs at an average spacing of 8 cM. QTL
effects were sampled from a gamma with shape 0.4 and scale 1.66. All loci were biallelic with
an initial allele frequency of 0.5 in a base population of 1,000 individuals. The mutation rate
of 0.005 was high so that a similar number of loci was segregating in the following scenarios.
In the first scenario, the base individuals were founders of the pedigree used in the analyses,
hence there was no LD from historic mutations nor from selection or recent drift. In the
second scenario, LD from selection and recent drift was generated by simulating genotypes for
individuals of a broiler pedigree spanning 13 generations, but assuming linkage equilibrium
in the first generation. Individuals of the last generation of this pedigree were founders of
the analyzed pedigree. In the third scenario, historic LD was generated by random mating
of a base population for 1,000 generations. The population was then reduced to a size of
100 individuals and mated for another 50 generations before the simulation proceeded as in
scenario 2 with the broiler pedigree. The pedigree finally analyzed consisted of four discrete
generations in which the first generation was obtained by random mating of 50 sires to 500
dams, where each dam was mated only once and produced one male and one female offspring,
which applies also to the following generations. Generations 2-4 were generated by random
mating of 35 males and 35 females in each generation. Only the trait phenotypes of the 1,000
individuals from generation 1 were used for training, which had a heritability of 0.5.

Results and discussion
LD between HD-SNPs and QTL measured as r2 on map distance is depicted for scenarios 2
and 3 in Figure 1. As expected, LD was lower in scenario 2 than in the more realistic scenario
3, because no historic LD was generated.
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Figure 1: Linkage disequilibrium without and with historic LD in scenarios 2 and 3
measured as r2 on map distance in centimorgan (cM).
Figures 2 and 3 show the accuracy of breeding values estimated by using HD-SNPs, ELDSNPs and BLUP for generations 1-4. Without LD from historic mutations, selection or recent
drift (Scenario 1, Figure 2), all ELD methods gave the same accuracies as the HD approach and
outperformed BLUP. The decay in accuracy of GEBVs was similar to that observed for BLUPEBVs indicating the impact of additive-genetic relationships on the accuracy of GEBVs, as
demonstrated by Habier et al. (2007). Nevertheless, the difference between the accuracy of
GEBVs and the accuracy of BLUP-EBVs increased from generation 2-4, showing that LD
between linked SNPs and QTL existed. In contrast, in simulations by Habier et al. (2007)
in which all SNPs were on different chromosomes, the accuracy of GEBVs approached the
accuracy of BLUP-EBVs as the number of SNPs increased.
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Figure 2: Accuracies for scenario 1 of HD-GEBVs, ELD-GEBVs and BLUP-EBVs obtained for generations 1 to 4 by using trait phenotypes of 1,000 individuals in generation
1. Results are based on 20 replicates and standard errors were 0.015.
Figure 3 shows accuracies for scenario 2 in which recent LD was generated by the broiler
pedigree. In comparison to scenario 1, the accuracies of GEBVs were higher and the decay

over generations was smaller. Moreover, the ELD approach was inferior to using HD-SNPs,
and the loss in accuracy of ELD-GEBVs relative to that of HD-GEBVs depended on which
parents were HD-genotyped. As expected, the loss was lowest when both parents were HDgenotyped and highest when none of them had HD-SNPs. Similar losses were obtained when
either the sire or the dam was not HD-genotyped. With historic LD in scenario 3, the GEBV
accuracy in the training generation was similar to scenario 2, but the decay of GEBV accuracy
over generations was lower in scenario 3. The loss in accuracy of ELD-GEBVs was not
significantly different between scenarios 2 and 3, but differences between the ELD-methods
tended to be larger in scenario 3. In that scenario, the difference in loss of accuracy between
both parents HD-genotyped and either one of them increased from 2% to 4% in generations
3 and 4, respectively. The loss in accuracy was constant over generations when both parents
were HD-genotyped and was equal to 3-4%.
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Figure 3: Accuracies for scenarios 2 and 3 of HD-GEBVs, ELD-GEBVs and BLUPEBVs obtained for generations 1 to 4 by using trait phenotypes of 1,000 individuals in
generation 1. Results are based on 20 replicates and standard errors were 0.015.

Conclusion
LD from recent selection and drift is sufficient to provide a relative high and persistent accuracy of ELD-GEBVs if both parents are HD-genotyped. If only one of the parents is
HD-genotyped, then the loss in accuracy accumulates over generations, and thus both parents should be HD-genotyped at regular generation intervals. However, economic studies
should be conducted that account for genotyping costs and losses in accuracy to assess the
optimal strategy in a breeding program. Differences in the extent of LD in real populations
are expected to only have little effect on the loss in accuracy of ELD-GEBVs compared to
HD-GEBVs.
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