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Summary

The objective of this study was to investigate effects of additional single nucleotide
polymorphisms (SNPs) selected from whole genome sequence (WGS) data on reliabilities of
genomic prediction in Danish Jersey. Additional SNPs selected from WGS data mainly included
quantitative trait loci (QTL) SNPs, structure variants, SNPs in regulatory regions of genes and
SNPs with specific function annotations. Firstly, animals genotyped with 54K chip and different
versions of LD chip were imputed to 54K and additional WGS SNPs by a 2-step approach using
FImpute. Secondly, genomic best linear unbiased prediction (GBLUP) considering all SNPs as
one variance component, or considering 54K and WGS SNPs as two separate variance
components was applied to predict breeding values for milk production, female fertility and
mastitis traits. The validation population was 281 DK bulls born in and after 2005, while
reference populations were either 1,029 DK bulls born before 2005 (DK) or a combination of
1,029 DK bulls and 1,153 US bulls (DK-US). The results showed that using additional SNPs
selected from WGS data improved reliabilities of predicted breeding values for milk production
and female fertility traits, but not for mastitis. Improvements of reliabilities from different sets
of additional WGS SNPs were different, and the inclusion of all additional WGS SNPs generally
achieved highest reliabilities. Besides, a joint DK-US reference led to higher reliabilities
compared with a DK reference for all traits. Furthermore, using additional WGS SNPs further
improved reliabilities of a joint DK-US reference. Generally, a two-component model
considering 54K and additional WGS SNPs as two separate variance components further
improved reliabilities for milk production traits.
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Introduction

Genomic prediction has been widely applied in dairy cattle breeding (Hayes et al., 2009). To
achieve a fast genetic gain, a reliable prediction is crucial (Falconer and Mackay, 1996).
However, it’s quite challenging to get reliable genomic prediction in a numerically small
population (Lund et al., 2016), such as Danish Jersey.
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To improve reliabilities of genomic prediction, many approaches have been investigated
previously (Brondum et al., 2015, Lund et al., 2016, van den Berg et al., 2016). One approach is
to increase marker density since better linkage disequilibrium between SNPs and causative
mutations can be obtained (de Roos et al., 2008). However, reliabilities of genomic prediction
using HD chip is only a little higher than those using 54K chip (Su et al., 2012). The reason can
be only a few additional SNPs in HD chip are in high linkage disequilibrium with causative
mutations and the inclusion of large number of non-causative mutations bring noise (Pérez-
Enciso et al., 2015). Therefore, an obvious approach is to integrate only causative mutations or
SNPs with high linkage disequilibrium with causative mutations into genomic prediction (van
den Berg et al., 2016). Although most of causative mutations in cattle remain unknown, large
numbers of QTL SNPs, structure variants, regulatory regions of genes and SNPs with specific
function annotations have been detected from WGS data (Mao et al., 2016, Bourneuf et al.,
2017). The inclusion of these SNPs in genomic prediction is expected to improve reliabilities of
genomic prediction, and improvements can vary for SNPs selected from different classes.
However, effects of using additional SNPs selected from WGS data in genomic prediction have
been less investigated, especially for WGS SNPs selected from function annotations. Besides,
using a joint reference combining reference animals from different populations can improve
reliabilities, and the magnitude of improvements depends on the proportion of linkage
disequilibrium information in genomic prediction originates from SNPs that are tightly linked to
QTL (Lund et al., 2014). Therefore, the inclusion of causative mutations or SNPs with high
linkage disequilibrium with causative mutations into genomic prediction could improve
reliabilities when using a joint reference. Furthermore, different models in terms of assumptions
for SNP effects could influence the efficiency of using important WGS SNPs for genomic
prediction (Brondum et al., 2015).
Primary objective of this study was to investigate effects of additional SNPs selected from

WGS data on reliabilities of genomic prediction in Danish Jersey using a DK reference and a
joint DK-US reference. We assessed different models on their efficiency to use information of
additional SNPs.

Material and methods

Data

The de-regressed proof (DRP) for milk production, female fertility and mastitis traits were
available for 1,310 DK Jersey bulls and 1,153 US Jersey bulls. All DK and US Jersey bulls were
genotyped with 54K chip. In addition, 30,811 DK Jersey cows were genotyped with 54K,
standard LD or customized LD chip. The customized LD chip included SNPs in the standard LD
chip and additional WGS SNPs, which were 1,754 SNPs selected for Nordic dairy breeds (NOR
SNPs) and 4,325 SNPs selected for French dairy breeds (FRA SNPs). Pedigree of each
genotyped animal was traced back as many generations as possible. Finally, the full pedigree of
genotyped animals included 66,466 females and 6,102 males.

Selection of NOR SNPs and FRA SNPs

The NOR SNPs were peaks of QTL detected from imputed WGS data for Nordic
Holsteins, Nordic Red and Danish Jersey (Brondum et al., 2015). The FRA SNPs were selected
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from one of following categories: i) literature; ii) within genes with a strong variant effect
predictor annotation (e.g. frameshift, stop gain, splicing site and non-synonymous substitution
with strong predicted effect); iii) regulatory regions of genes; iv) peaks of QTL; v) breakpoints
of structural SNPs (Boichard et al., unpublished data).

Imputation to 54K + NOR + FRA SNPs

Animals genotyped with 54K chip and different versions of LD chip were imputed to
54K + NOR + FRA SNPs by a 2-step approach using FImpute (Sargolzaei et al., 2014): firstly,
individuals genotyped with different LD chips were imputed to 54K; Secondly, individuals with
54K or imputed 54K SNPs were imputed to 54K + NOR + FRA SNPs. The SNP-wise
imputation accuracy was measured using two definitions. One is the correlation between
observed and imputed genotypes. The other is the concordance rate calculated as the proportion
of correctly imputed SNPs to all imputed SNPs. Ultimately, 36,835 autosomal SNPs (33,166
54K SNPs, 1,242 NOR SNPs and 2,408 FRA SNPs) with both correlation and concordance rate
higher than 0.8, and minor allele frequency higher than 1% were used for genomic prediction.
The imputation accuracies for these SNPs were 97.0 % for 54K SNPs, 96.9 % for NOR SNPs
and 95.9 % for FRA SNPs regarding correlation; 98.3 % for 54K SNPs, 98.1 % for NOR SNPs,
and 97.8 % for FRA SNPs regarding concordance rate.

GBLUP

Effects of additional SNPs selected from WGS data on genomic prediction were
investigated by comparing four SNP scenarios:): (i) 54K SNPs; (ii) 54K + NOR SNPs; (iii) 54K
+ FRA SNPs; (iv) 54K + NOR + FRA SNPs. A one-component GBLUP model considering all
SNPs as one variance component was fitted for all scenarios:

(1)
An additional two-component GBLUP model considering 54K and additional WGS SNPs as two
separate variance components was fitted for scenarios including additional WGS SNPs.

(2)
where is the vector of DRPs, is the vector of ones, is the overall mean; is the vector of
additive genetic effects for 54K SNPs or 54K and additional WGS SNPs; is the vector of
additive genetic effects for 54K SNPs; is the vector of additive genetic effects for addition WGS
SNPs; , and are incidence matrices relating , and to phenotypes, and is the vector of random
residuals. It was assumed that , , and , where , , and are genomic matrices constructed from
54K SNPs or 54K and additional WGS SNPs, from 54K SNPs, and from addition WGS SNPs
(VanRaden, 2008); , and are additive genetic variances explained by SNPs in , , and ; is the
diagonal matrix with elements to account for heterogeneous residual variances due to different
reliabilities of DRP (); and is the residual variance. The estimation of variance components and
prediction of breeding values were performed using DMU (Madsen and Jensen, 2012).

Validation of GBLUP

The validation population was 281 DK bulls born in and after 2005, while reference
populations were either 1,029 DK bulls born before 2005 (DK) or a combination of 1,029 DK
bulls and 1,153 US bulls (DK-US). The reliability of genomic prediction was measured as the
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squared correlation between genomic breeding values and DRP divided by the average reliability
of DRP for the bulls in the validation population.

Results and discussion

Reliabilities (in percentage point) of genomic prediction are presented in Table 1. Using
additional SNPs selected from WGS data improved reliabilities of predicted breeding values for
milk production and female fertility traits, but not for mastitis. In scenarios applying a one-
component model and a DK reference, improvement of reliability by adding additional WGS
SNPs ranged from 4.2 to 6.4 for milk, from 1.2 to 2.9 for protein and from 2.5 to 3.1 for fat.
These improvements could be due to additional WGS SNPs being causative SNPs or in high
linkage disequilibrium with causative mutations for milk production traits.

Table 1. Reliabilities (in percentage point) of genomic prediction using a one-component model
(M1) and a two-component model (M2) with different SNP scenarios for a DK reference and a
joint DK-US reference.

Trait Reference Model
SNP scenarios

54K
54K+NOR
SNPs

54K+FRA
SNPs

54K+ NOR SNPs
+FRA SNPs

Milk DK M1 36.5 40.7 41.9 42.9
M2 -- 42.4 47.0 46.4

DK-US M1 43.8 48.7 49.7 50.6
M2 -- 50.6 52.5 53.4

Protein DK M1 25.9 27.1 28.5 28.8
M2 -- 26.9 31.2 30.3

DK-US M1 31.3 33.1 34.2 34.7
M2 -- 34.5 36.0 36.5

Fat DK M1 21.3 23.8 24.0 24.4
M2 -- 23.5 25.5 24.5

DK-US M1 24.0 27.2 27.4 27.9
M2 -- 27.3 28.5 28.4

Fertility DK M1 25.9 25.9 26.4 26.4
M2 -- 21.8 26.2 24.5

DK-US M1 29.9 30.1 30.8 30.8
M2 -- 29.8 31.1 30.8

Mastitis DK M1 36.3 36.3 34.9 35.0
M2 -- 32.5 34.3 31.8

DK-US M1 39.1 38.8 37.9 37.7
M2 -- 33.6 37.4 34.4

Improvements of reliabilities from different sets of additional WGS SNPs were different,
and the inclusion of all additional WGS SNPs generally achieved highest reliabilities. Ranks of
reliabilities were consistent across all milk production traits: 54K + NOR + FRA SNPs > 54K +
FRA SNPs > 54K + NOR SNPs > 54K. In a previous study for Nordic Holsteins and Red,
improvements of reliabilities were also achieved for milk production traits after adding
additional QTL SNPs selected from WGS data (Brondum et al., 2015). For female fertility,
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slight improvements (0.6) were observed after adding FRA SNPs, whereas no difference was
observed after adding only NOR SNPs. For mastitis, however, no improvement was observed
after adding additional WGS SNPs.

A joint DK-US reference led to higher reliabilities compared with a DK reference across
all traits, which were consistent with previous studies for DK and US Jersey using 54K SNPs
(Su et al., 2016). Using scenarios applied a one-component model as examples, average
improvements of reliabilities of a joint DK-US reference compared with a DK reference when
using 54K SNPs were 7.3 for milk, 5.4 for protein, 2.7 for fat, 4.0 for female fertility and 2.8 for
mastitis. Besides, using additional WGS SNPs further improved reliabilities of a joint DK-US
reference. Compared with using 54K SNPs, average reliabilities over milk production and
fertility traits of a joint DK-US reference were further improved by 2.3 when using 54K + NOR
SNPs, 3.2 when using 54K + FRA SNPs and 3.7 when using 54K + NOR + FRA SNPs.

Generally, a two-component model considering 54K and additional WGS SNPs as two
separate variance components further improved reliabilities for milk production traits, but not
for female fertility and mastitis. For milk production traits, a two-component model performed
better than a one-component model, except for scenarios using 54K + NOR SNPs and DK
reference for fat and protein. For female fertility, no clear trend of differences was observed
between two models. For mastitis, however, a one-component model performed better than a
two-component model.

Conclusion

Using additional SNPs selected from WGS data improved reliabilities of genomic predictions for
milk production and female fertility traits, but not for mastitis. Improvements of reliabilities
from different sets of additional WGS SNPs were different, and the inclusion of all additional
WGS SNPs generally achieved highest reliabilities. Besides, a joint DK-US reference improved
reliabilities compared with a DK reference for all traits. Furthermore, using additional WGS
SNPs further improved reliabilities of a joint DK-US reference. Generally, a two-component
model considering 54K and additional WGS SNPs as two separate variance components further
improved reliabilities for production traits.
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