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Genome wide association study using imputed sequence data for fertilityrelated traits in dairy and beef breeds
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Summary
The polygenic nature of fertility, and the reduced ability of common single nucleotide
polymorphisms (SNP) to explain a reasonable proportion of the genetic variation, has led to
an interest in exploiting whole genome sequence variants for fertility genomic predictions.
The objective of this study therefore was to identify whole genome sequence SNPs associated
with fertility in multiple breeds; the fertility traits described here were age at first calving and
calving interval. Imputation to whole genome sequence was completed using Run6.0 of the
1000 Bulls Genomes Project and predicted transmitting abilities (PTA) on 20,059 multi-breed
animals with an effective record contribution ≥1 were used. Whole genomic association
analysis was performed using a mixed linear model and the proportion of PTA variance
accounted by each chromosome was also estimated. Several genomic regions associated with
age at first calving and calving interval were identified when multiple breeds were analysed
simultaneously, although stronger genomic associations were identified when breeds were
analysed separately. This suggests the existence of breed-specific effects for fertility traits or
that the linkage phase between the imputed allele and the causal mutation varies between
breeds even at whole genome sequence level. The strongest genomic association (p=1.68 x108) identified for age at first calving was an intergenic variant on BTA2. Three genes were
located within 500kb of this association (COL5A2, COL3A1 and GULP1), of which the
GULP1 gene has been previously identified as a candidate gene for first luteal phase length.
Multiple strong associations for calving interval across all breeds were also identified on
BTA6, 7 and 23 near quantitative trait loci that have been previously associated with fertility
in cattle.
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Introduction
Understanding the genetic basis underlying phenotypic variation in cattle female fertility is a
complex and challenging task owing to its polygenic architecture, low heritability and the
difficulty in attaining large volumes of high quality phenotypic data. In addition, the negative
pleiotropic effects with variants improving milk yield resulted in a significant decline in
female fertility in several countries when breeding emphasis was solely placed on production
(Royal et al., 2000). This decline has been counteracted in recent years due to the greater
selection pressure on fertility in breeding programs compounded by the exploitation of
genomic evaluations contributing to a greater accuracy of selection, especially for low
heritability fertility traits. However, despite the recent improvement, female fertility still
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remains an issue, with many farms achieving sub-optimum performance for age at first
calving, six-week in calf rates, pregnancy rates and calving intervals. Indeed reduced fertility
performance is often still cited as the primary reason for premature culling (Kelleher et al.,
2016).
One factor impeding the improvement of female fertility is the less than ideal accuracy
of genomic predictions. The polygenic nature of fertility and the reduced ability of common
SNP to explain a reasonable proportion of the genetic variation (Haile-Mariam et al., 2013)
have made the incorporation of whole genome sequence (WGS) variants into genomic
predictions more desirable (Druet et al., 2014). The objective of the present study was to
exploit whole genome sequence to identify variants associated with fertility.

Material and methods
Imputation to whole genome sequence
A total of 621,211 animals genotyped on the Bovine Illumina SNP50 (n=5,642), Illumina
High Density (HD) (n=5,504), Irish Dairy and Beef (IDB) V1 (n=28,288), IDBV2
(n=147,235) and IDBV3 (n=434,404) with an animal call rate ≥90% were available. All
animals were imputed to HD using a two-step approach in FImpute2 (Sargolzaei et al., 2014);
this involved imputing the IDB genotyped animals to the Bovine SNP50 density and
consequently imputing all genotypes to HD using the 5,504 multi-breed HD genotyped
animals as the reference population. Imputation to WGS was then completed using Run6.0 of
the 1000 Bulls Genomes Project. All imputed HD genotypes were first phased using Eagle
(version 2.3.2) and subsequently imputed to WGS using a multi-breed reference population of
2,333 animals in minimac3. Imputation accuracy to WGS was estimated using a validation set
of 175 genotyped and sequenced animals; average genotype concordance rate was estimated
to be 0.98. After imputation, a total of 41,389,526 SNPs were imputed for all animals. To
identify regions of poor imputation accuracy, perhaps due to local mis-assemblies or misorientated contigs, Mendelian inconsistencies were identified across 147,309 verified parentprogeny relationships. Regions of poor imputation were subsequently identified using
GenWin, which uses splines to identify genomic regions where genotypes were consistently
imputed with high Mendelian errors. Genomic regions were initially analysed using a window
size of 5kb and all SNPs within windows where Mendelian inconsistencies were >0.02 were
removed from the analysis (n=699,043). In addition, to remove SNPs of very low minor
allele frequency (MAF) where imputation accuracy is known to be poor, a MAF threshold of
>0.0001 was applied. After edits 23,504,832 SNPs remained.
Phenotypes
Predicted transmitting abilities (PTAs) for age at first calving (AFC) and calving interval
(CIV), and their reliabilities were obtained from the Irish multi-breed national genetic
evaluation in July 2017 for all purebred bulls that had a reliability ≥40%. The effective
daughter contribution (ERC) of each individual was estimated using the Harris and Johnston
method (1998) and only animals with an ERC ≥1 were retained for analysis. Deregression of
the EBVs was completed using the secant method with a full animal model pedigree file.
After edits, 20,059 and 17,891 bulls across six breeds with AFC and CIV phenotypes were
available for analysis including; Angus (AFC n=1,468; CIV n=1,154), Charolais (AFC
n=6,975; CIV n=5,776), Hereford (AFC n=945; CIV n=735), Holstein-Friesian (AFC
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n=1990; CIV n=3,159), Limousin (AFC n=7,329; CIV n=5,971) and Simmental (AFC
n=1,352; CIV=1096).
Genome-wide association study
Whole genome association analyses were performed within each breed and across all breeds
using a mixed linear model association analysis based on the leave-one-chromosome-out
method in GCTA (Yang et al., 2011). Autosomal SNPs from the original HD density panel
(i.e., 622,044 SNPs) were used to construct the genomic relationship matrixes (GRM). The
following model was used for analysis;
y = µ +bx+g+e
(1)
where y is the dependent variable, µ is the overall mean, b is the additive effect of the
candidate SNP tested for association, x is the incidence matrix for the parameters b, g is the
accumulated polygenic effect of all SNPs except those on the chromosome where the
candidate SNP was located, and e is the residual. Only variants with a MAF> 0.002 were
retained for analysis. False discovery rate (FDR) control was performed using the BenjaminiHochberg method with a FDR of ≤0.05. In addition a meta-analysis was also performed
whereby within breed association results were combined using the weighted Z-score method
for each trait. Gene search was completed using Ensembl (http://ensembl.org/) on the UMD
3.1 genome build.
Chromosomal partitioning of the genetic variance
To partition the proportion of PTA variance accounted for by each chromosome and
quantitative trait loci (QTL), a GRM was built for all 29 autosomes and the discovered QTL
separately. The GRM for each of the QTL identified included SNPs within a 5 Mb window
up- and down-stream of the most significant SNP. The PTA variance attributable to just the
HD variants was also estimated for comparative purposes. The variance explained by each
GRM was estimated using the following model; where y is a vector of deregressed EBVs, is
a vector of genetic effects attributed to ith chromosome/QTL, and is a vector of random
residual deviates. Normal distribution of is assumed with), where is the GRM constructed
based on SNPs of the ith SNP class/random gene set. The proportion of variation attributable
to each GRM was calculated as.

Results and discussion
Several genomic regions associated with both AFC and CIV were identified when all breeds
were analysed together, although significant associations were found to differ per breed by
both location and direction of effect. The genomic architecture of both traits was also found
to differ considerably with AFC primarily influenced by thousands of polymorphisms of
small effect in comparison to identification of multiple QTL of larger effect for CIV. In the
meta-analysis across all breeds, a mere 3 SNPs remained significant after adjustment for
multiple testing for AFC whereas 25,314 SNP remained significantly associated with CIV
(Figure 1 and 2). The strongest genomic association (p=1.68x10-8) identified for AFC was an
intergenic variant on BTA2. Three genes were located within 500kb of this association
(COL5A2, COL3A1 and GULP1), of which the GULP1 gene has been previously identified
as a candidate gene for first luteal phase length, however no fertility-related function for this
gene is known (Tenghe et al., 2016). Several strong associations in the meta-analysis for CIV
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across all breeds were identified on BTA6, 7, 9 and 23; these chromosomes have been
previously identified to harbour fertility related QTL (Khatkar et al., 2014). The strongest
association was an intronic variant of the CRTC1 gene on BTA7 (p=1.7x10-31) which has
been previously associated with infertility in inactive CRTC1 (Crtc1 -/-) mice, with females
displaying low levels of circulating luteinizing hormone. Similarly to AFC, the strongest
associations for CIV differed when breeds were analysed separately, with SNPs on
chromosome 2, 6 and 7 showing strong associations in the Charolais, Limousin and HolsteinFriesian breeds, respectively. Within all breeds, the Holstein population had the strongest
genomic associations for both AFC and CIV with maximum p-values of 7.26x10-15 on BTA3
and 4.49x10-48 on BTA1, respectively.
The total PTA variance explained by all imputed sequence SNPs was 41.79% and
20.28% for AFC and CIV, respectively. This was marginally more than the variance explained
in comparison to the HD variants (35.08% and 19.14%, respectively). The proportion of
variation attributable to a particular chromosome varied by chromosome, with BTA7 and
BTA15 accounting for marginally more of the variation across all breeds in AFC whereas
BTA6 explained proportionally more of the variance for CIV. The QTL regions associated
with AFC were identified on BTA5 and BTA2 and accumulatively accounted for 1.87% of
the PTA variance. The QTL region identified on BTA6 for CIV explained 0.91% of the
variation.
In conclusion, the genomic architecture of fertility is complex and influenced by many
polymorphisms of small effect. Breed specific associations were also identified which may
have implications for across-breed genomic evaluations.
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Figure 1. Manhattan plots showing associations identified for age at first calving identified in
A) Angus B) Charolais C) Hereford D) Holstein-Friesian E) Limousin F) Simmental and G)
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meta-analysis results across all breeds.
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Figure 2. Manhattan plots showing associations identified for calving interval identified in A)
Angus B) Charolais C) Hereford D) Holstein-Friesian E) Limousin F) Simmental and G)
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meta-analysis results across all breeds

