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ABSTRACT: Simulated results predict an increase in ge-
nomic prediction accuracy through inclusion of whole ge-
nome sequence data. Very initial results indicate that im-
provements obtained using real data do not match those 
predicted using simulated data. However, results from beef 
cattle simulated data showed that differences in how the 
reference population was chosen, the number of animals 
sequenced and the fold coverage of the sequence influenced 
the genomic prediction accuracy. More complete 
knowledge of the underlying genetic architecture for a giv-
en trait could lead to more comprehensive genetic evalua-
tion models and the ability to predict the influence of non-
genetic effects on animal phenotypes. Increased data stor-
age needs, more comprehensive evaluation models, and 
increased phenotyping will increase costs however these 
need to be balanced against the benefits. Sensitivity analy-
sis using the cost-benefit models can assist organizations in 
addressing the uncertainty in key inputs and outputs. 
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Introduction 
 

At the 9th World Congress on Genetics Applied to 
Livestock Production in Leipzig, Germany there were dis-
cussions on the use of whole genome sequence data, for 
example Meuwissen (2010). In the following years there 
have been several projects and research devoted to the use 
of whole genome sequence data in livestock genetics. Cur-
rently several swine breeding organizations utilize genomic 
information in their genetic improvement programs. This 
includes information on specific mutations as well as mark-
er or single nucleotide polymorphism (SNP) information. 
Most economically important traits in swine breeding pro-
grams involve complex traits, those controlled by many 
genes each with relatively small effect. Complex traits will 
be the focus of this paper. The aim of this paper is to ex-
plore the potential applications of whole genome sequence 
data in swine breeding programs. 

 
Why Whole Genome Sequence Data 

 
Whole genome sequence data offers a significant 

advantage compared to moderate (~50K) to higher (~800K) 
density SNP panels. Whole genome sequences, by defini-
tion should contain the actual causative mutations. This has 
potentially significant impacts on accuracy of genomic pre-
diction, reduction in the erosion of associations between 
SNP and causative mutations and causative mutations are 
expected to persist across breeds and crossbred populations 
Hayes (2013). In addition, investigation of dominance, epi-
stasis and pleiotropic effects on the genetic architecture of 

complex traits should be enhanced with whole genome se-
quences (Andersson and Georges (2004)). Finally and per-
haps most importantly the cost of sequencing and high-
density SNP panels has reduced significantly in the last few 
years. Ludu and Plastow (2013) report that the cost of se-
quencing beef bulls in Canada was approximately $2500 for 
8 to 10 times coverage. This cost is expected to decline 
further making the use of sequence data a possibility in 
livestock genetic improvement programs. 

 
Genomic Prediction using Whole  

Genome Sequence Data 
 
Accuracy of prediction. Accuracy of prediction is 

an important component of increased genetic gain from 
programs including genomic tools. The advantage of whole 
genome sequence data is the removal of the restriction that 
the maximum accuracy is bound by the proportion of the 
genetic variance explained by the SNP array (linkage dise-
quilibrium between the SNP and the causative mutations 
affecting the trait). The removal of the restriction is because 
the causal mutations are in the whole genome sequence data 
(Druet, Macleod and Hayes (2014)). Meuwissen and God-
dard (2010), using simulated data and quite dense SNP 
markers showed that including causative mutations in-
creased the accuracy of prediction by 2.7 and 3.5% for a 
trait affected by 30 and 3 quantitative trait loci (QTL) re-
spectively. Similarly Clark, Hickey and van der Werf 
(2011) observed an increase in accuracy of prediction of 3 
to 6% when using simulated whole genome sequence data 
versus 60K SNP data for a trait affected by 1000 or 100 
QTL, respectively. However this increase in accuracy has 
not been observed in real data using model species as re-
ported by Druet, Macleod and Hayes (2014). They suggest 
that given the expected small effects of individual causative 
mutations, a large number of individuals will need to be 
sequenced to accurately estimate the effects. 

 
What animals to sequence. Despite the decrease 

in sequencing costs it is still too costly to the sequence the 
large numbers of animals required to accurately estimate 
individual causative mutation effects. As evidenced by 
Goddard and Hayes (2008) for the Australian Holstein Frie-
sian, many current livestock populations are typically de-
rived from a relatively small group of common ancestors 
that are only a few generations removed from the selection 
candidates. Assuming sequences of these ancestors exist, 
then a low density SNP array can be used to infer the ge-
nome sequence of descendant animals (Druet, Macleod and 
Hayes (2014)). Therefore a strategy to determine what ani-
mals to sequence is required for application of whole ge-
nome sequence data in livestock breeding. Two key ques-



tions must be answered to determine the best set of ances-
tors to sequence; (1) what is the best method for selecting 
the key ancestors, and (2) how many individuals should be 
sequenced and at what fold coverage (Druet, Macleod and 
Hayes (2014)). Fold coverage is important in outbred popu-
lations because increased fold coverage increases the preci-
sion of correct heterozygote genotype determination (Druet, 
Macleod and Hayes (2014)). The authors, using simulated 
data based on a beef cattle pedigreed population concluded 
that selecting animals to sequence based on a strategy that 
maximized the number of unique haplotypes gave the best 
performance across a range variant minor allele frequen-
cies. This strategy required that all potential animals for 
sequencing had moderately dense SNP panel data in order 
to determine unique haplotypes. With respect to number of 
animals to sequence by fold coverage Druet, Macelod and 
Hayes (2014) determined that for a maximum fold coverage 
of 600x the optimum strategy was to sequence 75 individu-
als at eightfold coverage.  

 
Imputation of whole genome sequence data. 

Imputation of whole genome sequence data for animals not 
sequenced is important in the strategy to utilize whole ge-
nome sequence data in livestock improvement programs. 
Obviously the accuracy of the imputation models is im-
portant. Additionally the effect of using imputed data com-
pared to moderate density SNP data on the accuracy of the 
genomic prediction is also important. Druet, Macleod and 
Hayes (2014) examined the change in prediction accuracy 
when the sequencing strategy was 75 individuals at 8x fold 
coverage. The advantage of using imputed sequences over 
SNP panel data was 4.5% when the QTL were at low fre-
quency. 

 
Training versus test populations. One issue with 

SNP data is the relationship between the training and test 
populations. As the relationship decreases, such as the test 
population being several generations removed from the 
training population the accuracy of prediction decreases 
(Habier et al. (2010)). Since the causative mutations are in 
the sequence data then the decline in accuracy of genomic 
predictions should be reduced or eliminated. Meuwissen 
and Goddard (2010) and Clark, Hickey and van der Werf 
(2011) both using simulated data demonstrated that the ac-
curacy of genomic prediction was improved in less related 
training and test populations when using whole genome 
sequence  instead of SNP panel data. When genomic pre-
dictions are made across breeds or crossbred populations 
then the use whole sequence data is expected to be advanta-
geous for prediction accuracy, assuming that the causative 
mutations exist among the breeds whereas the SNP-
Causative mutation associations will likely not exist across 
breeds. 

 
Genetic Architecture and  

Phenotype Prediction 
 

The genetic architecture of traits of interest to 
breeding organizations are generally assumed to be under 
the control of a large number of QTL each with a small 
effect. This has driven the evaluation models used to esti-

mate the genetic value of individuals. However the effects 
of dominance, epistasis and pleiotropic effects have been 
documented (Andersson and Georges (2004)). Hayes et al. 
(2010) using dairy cattle data and Dekkers (2012) using 
layer chicken data examined the genetic architecture of 
traits using moderately dense SNP data. The results gener-
ally agree between the two studies indicating that (1) genet-
ic architecture differs between traits, (2) genes with large 
effect exist, depending on the trait, and (3) over 50% of the 
genetic variance resides in a large number of genomic re-
gions spread across the genome with effect sizes consistent 
with a polygenic model (Dekkers (2012)). While this is 
supportive of the present approach to estimating genetic 
value there are some important results that need to be con-
sidered as we move forward. Some traits are influenced by 
more than additive effects and some genes have large ef-
fects. The use of whole genome sequence data should allow 
for identification of the causative mutations which will al-
low more detailed and non-additive models to be used to 
examine the genetic architecture of traits. Current Bayesian 
models do allow dominance and epistatic effects to be fit 
but are computationally very demanding. Additionally in 
situations where genotype data is from multi-generational 
and multiple populations or crossbred populations the abil-
ity to include dominance and epistatic effects may become 
more important to accurately model the diverse genetic 
backgrounds (Dekkers (2012)). One area that would be of 
interest and benefit to many breeding organizations would 
be the ability to predict expected phenotype of individuals, 
especially commercial crossbred animals under a variety of 
management and environmental situations. Understanding 
the genetic architecture can enhance our ability to utilize 
information on management to fit specific genotypes to 
specific production environments for the economically im-
portant traits. 

 
Considerations for Application of Whole  

Genome Sequence Data 
 
To date the use of whole genome sequence data in 

swine genetic improvement programs is considered negligi-
ble. There is much to understand about the nature and use 
of the whole genome sequence data. There are a few pro-
jects utilizing whole genome sequence data in other species, 
such as the 1000 Bull Genomes Project (Hayes (2013)). 
There are several factors that need to be considered before 
whole genome sequence data is routinely applied in swine 
breeding programs.  

 
Sequencing and genotyping cost. While the cost 

of sequencing a specific animal has decreased significantly 
over the last few years and the cost is expected to continue 
to decline it still represents a significant cost especially giv-
en that swine improvement programs typically include sev-
eral different populations. It is assumed that causative mu-
tations for specific traits are mostly consistent across breeds 
or populations but there will be a need to examine this as-
sumption. The other consideration is that while whole ge-
nome sequencing cost, in itself may not be large given the 
complete genotyping cost the use of whole genome se-
quencing data does require the genotyping (low to mid den-



sity SNP panels) of selection candidates for imputation. 
Thus one has to consider the complete sequencing and gen-
otyping cost from a program including whole genome se-
quence data. 

 
Data storage and genetic evaluation cost. As the 

density of SNP panels increase up to whole genome se-
quences the data storage and computation aspects of genetic 
evaluation increase as well. There is a many fold increase in 
data storage requirements as the use of whole genome se-
quence data, either complete or imputed is implemented. 
The main cost of this increase in data storage requirements 
are probably not the cost of increased hardware but the per-
sonnel and software costs associated with managing such 
large databases. Genetic evaluation software systems will 
also need to be significantly enhanced as new statistical 
models and approaches will be required.  

 
Phenotypes. While not specifically dependent on 

use of whole genome sequence data it is still worth raising 
the issue of phenotype collection. One advantage of whole 
genome sequence data and programs incorporating it is the 
opportunity to significantly enhance genetic gain for traits 
that are routinely difficult to incorporate into traditional 
selection programs. These include sex-limited traits (e.g. 
litter size), traits recorded later in life (e.g. sow longevity), 
traits requiring animals to be sacrificed (e.g. meat quality), 
expensive to measure traits (e.g. feed intake) and animals 
exposed to conditions that do not allow them to be returned 
to the herd (e.g. disease challenges). There is a significant 
lack of data on animals of interest for whole genome se-
quence data utilization. This includes not only data on ani-
mals from the nucleus level but also data from the commer-
cial level using well-defined populations related to the re-
spective nucleus populations. Ludu and Plastow (2013) 
refer to this as the “phenomic gap”. This is a problem that 
requires some very novel approaches to develop a solution. 
Very few organizations have the opportunity or resources to 
address these issues independently. One approach being 
used is a collaborative model whereby competing genetic 
organizations contribute genetics, share costs and data 
among all contributors. An example of this approach is 
PigGen Canada which includes nine different breeding or-
ganizations. Two keys for the success of such an organiza-
tion is that (1) the research has to be costly enough that any 
one organization would have a very difficult time to fund a 
project of required size, and (2) the research must focus on 
pre-competitive research such that each organization has 
complete control over how the results are used in their re-
spective organizations. 

 
Cost-benefit analysis. There are significant poten-

tial enhancements from using whole genome sequence data, 
either directly sequenced or imputed with respect to in-
creased genetic gain. Swine breeding organizations need to 
clearly identify all costs associated with implementation of 
such technology. While the total benefit is not known at this 
time, organizations need to fully assess the costs associated 
with incorporating this technology. This needs to include 
the research and development cost for getting the technolo-
gy to the point of implementation. However, this cost can 

be amortized over several years. Because of the uncertainty 
in both benefit and cost estimates it would be beneficial for 
an organization to conduct a sensitivity analysis. 

 
Future Considerations 

 
The potential improvement from utilization of 

whole genome sequence data given the decreasing genotyp-
ing costs compels further examination of the cost- benefits 
of utilizing this type of data in swine breeding programs. 
Further research and development is required to quantify 
the benefits and also develop strategies for defining the 
reference population and phenotyping key individuals for 
existing and new traits. The potential enhancement of swine 
genetic potential for traits currently ignored or inaccurately 
evaluated must be examined as part of the current industry 
research and development efforts. 
 

Literature Cited 
 

Andersson,  L., Georges, M. (2004) Nature. Rev. Genet. 5:202211 
Clark, S. A., Hickey, J. M., van der Werf, J. H. J. (2011) Gen. Sel. 

Evol. 43:18 
Dekkers, J. C. M. (2012) Current Genomics 13:207-212 
Druet, T., Macleod, I. M.,  Hayes, B. J. (2014) Heredity 112:39-47 
Habier, D., Tetens, J., Seefried, F. R. et al. (2010) Genet. Sel. 

Evol. 42:5 
Hayes, B. J., Goddard, M. E. (2008) Patent Appl. No. 

W0/2008/074101 
Hayes, B. J., Pryce, J., Chamberlain, A. J. et al. (2010) PLos 

Genet. 6:e1001139 
Hayes, B. J., Daetwyler, H. D., Fries, et al. (2013) Proc. Plant & 

Animal Genome XXI W150 
Ludu,  J.  S.,  Plastow,  G. S. (2013). Genome 56:556-566  
Meuwissen,  T. (2010) Proc 9th WCGALP 0018 
Meuwissen,  T.,  Goddard,  M. E. (2010) Genetics 185:623-631 


