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Summary
Atypical progesterone profiles have been associated with compromised fertility and reduced
conception rate (Darwash et al. 1998), and also an antagonistic correlation with milk yield in
early lactation (Nyman et al., 2014). Our study aimed to identify genomic regions and causal
variants associated with normal and atypical progesterone profiles in Holstein-Friesian dairy
cows. Firstly, genome-wide association studies (GWAS) were executed using Illumina
BovineSNP50 v1 BeadChip (50K) genotypes to identify the most promising genomic regions
for the traits and secondly, the associated regions were fine-mapped by using imputed
sequences. In a 8820 basepair region on chromosome 17, SNPs significantly associated with
Delayed cyclicity and Commencement of Luteal Activity (CLA) (-Log10(P-value)=4.64 and
4.07 respectively) were identified. These two traits are physiologically very similar and have
similar heritabilities which are why these finding could be expected. The regions found in this
study can be used for further analysis to identify regulatory genes and variants that may
explain variation in Delayed cyclicity and CLA.
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Introduction
Female fertility has a major role in the dairy production and is an economically important
trait affecting profitability in dairy farms. Endocrine fertility traits, such as progesterone
profiles, are interesting indicators of dairy cow fertility because they more accurately reflect
the cow’s physiology and have higher heritability compared to classical fertility traits. These
heritability estimates range from 0.13 to 0.24 (Berry et al., 2012; Royal et al., 2002; Nyman
et al 2014). Atypical progesterone profiles have been associated with compromised fertility
(Darwash et al., 1998) and an antagonistic relationship with milk yield in early lactation
(Nyman et al., 2014).
By using genome-wide association studies (GWAS), a large number of SNPs associated
with complex traits have been identified across the cattle genome. To identify quantitative
trait loci (QTL) for reproduction performance, previous GWAS have used classical fertility
traits. Endocrine fertility traits, such as progesterone profiles, might be more useful since they
have higher heritabilities and more closely reflect the biology of the cow. Furthermore,
Duchemin et al. (2016) showed it possible to increase the power and precision of QTL
mapping by increasing the numbers of markers with imputed sequences.
The objective of this study was to perform a GWAS in order to identify genomic
regions associated with normal and atypical progesterone profiles in the Holstein-Friesian
(HF) breed.

Material and Methods
Animals and genotypes
The data consisted of progesterone records from 1,126 primiparous and multiparous HF cows
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belonging to four research herds: 1) Teagasc, Moorepark (Ireland), 2) Jälla, Swedish
University of Agricultural Science (Sweden), 3) the Scotland’s Rural College (United
Kingdom; UK), and 4) Wageningen UR Livestock Research (the Netherlands). The traits
analyzed were the endocrine fertility traits: including Delayed cyclicity, Cessation of
cyclicity, Prolonged Luteal Phase, Commencement of Luteal Activity (CLA), Inter-Ovulatory
interval (IOI), Luteal Phase Length (LPL) and Inter-Luteal Interval (ILI) More detailed
information about the herds and traits can be found in Nyman et al. (2014).
DNA extracted from blood samples were used for genotyping purposes. Genotyping
was performed with the Illumina BovineSNP50 v1 BeadChip (Illumina Inc., San Diego, US;
50K). The quality criteria applied before imputation was minimum call rate of 95%, and
minor allele frequency above 1%. Furthermore, whole genome sequences (WGS) were
available for 547 HF cows and bulls from the 6th run (Run6) of the 1000 Bull Genomes
Consortium (Daetwyler et al., 2014), and these sequences represented the reference
population. All positions of the variants on sequences were aligned to the bovine genome
assembly UMD3.1 (Zimin et al., 2009). Alignment, variant calling, and filtering of the
sequence data were done in accordance with Daetwyler et al. (2014).
Statistical analysis
A total of 1735 HF cows with genotypes were used for all association analysis. The model
was as follows:
yijklmn = µ + Pi + Yj+ Sk + variantl + am + pen + eijklmn
where yijklmn was the analyzed trait, µ was the overall mean, Pi was parity within
country, Yj was calving year within country, Sk was calving season within country, variantl
was the fixed effect of a SNP/variant, a was the random effect of animal, pen was the
permanent environment to account for repeated measures (i.e. if more than one lactation and
more than one progesterone profile within an lactation) within animal, eijklmn was the random
error term. More information about the effects is provided by Nyman et al. (2014). All
analyzes were performed with the GenABEL package RepeatABEL in R 2.15.0 software
(Rönnegård, 2015, R Code Team, 2015).
Imputation
A significant association was selected at –Log10(P-value) > 4 for all seven of the fertility
traits. We focus on chromosome (BTA) 17, because this BTA contains promising associations
for four of the traits (Delayed cyclicity, CLA, Cessation of cyclicity and IOI). Therefore,
BTA17 was imputed to sequence level.
BTA17 of the 50K genotypes was imputed to WGS using Beagle version 4.1 (Browning
and Browning, 2016). Imputation started by checking the inconsistency between 50K and the
WGS reference population of 547 HF bulls, using the Conform-gt software
(http://faculty.washington.edu/browning/conformgt.htmlhttp://faculty.washington.edu/browning/conform-gt.html). After this check, the
genotypes were imputed from 50K to sequence level. The accuracy of imputation of each
marker was provided by Beagle as the bi-allelic r2 (AR2).
Based on the reference population 1,299,023 sites were imputed on BTA17. Of all sites,
82.8% were monomorphic variants and were excluded from the analyses. All polymorphic
variants with AR2≥0.2 were considered for further studies and the final data set consisted of
76,895 variants. GWAS using sequences was performed with the same model and software as
for the 50K.
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Results
In total, 47 significant SNP associations (-log10(P-value)>4) were detected across all
chromosomes except on BTA 10, 13, 18, 20, 21, 26, 27, and 28. The greatest numbers of
significant associated SNP were on BTA17, followed by BTA8. At BTA17 significant SNP
for Delayed cyclicity, CLA, Cessation of cyclicity and IOI were found. Our analyses focused
on the traits Delayed cyclicity and CLA, because significant associations were found at the
same location on BTA17 for both traits. Manhattan plots based on the 50K genotypes for
Delayed cyclicity and CLA are shown in Figures 1 and 2.

Figure 1. Manhattan plot for Delayed cyclicity using Illumina BovineSNP50 v1 BeadChip in
Holstein-Friesian dairy cows.

Figure 2. Manhattan plot for Commencement from Luteal Activity using Illumina
BovineSNP50 v1 BeadChip in Holstein-Friesian dairy cows.
After imputation, the total number of variants at BTA17 increased from 1,601 SNPs on
the 50K to 76,895 variants, with an AR2≥0.2, on the sequence level. This is an increase of
about 50 times in the total of variants. The average accuracy of imputation using our
approach were 0.56 for variants imputed with AR2≥0.2 and for variants imputed with

Proceedings of the World Congress on Genetics Applied to Livestock Production, 11.380
AR2≥0.8 the average accuracy was 0.91.
Regarding the 50K genotypes on BTA17 the strongest association was significant at Log10(P-value)=4.64 for Delayed cyclicity and at -Log10(P-value)=4.07 for CLA. Regarding
imputed sequences on BTA17, 12 significant variants were associated with Delayed cyclicity,
and 11 significant variants were associated with CLA. With imputed sequences, the most
significant variants were -Log10(P-value)=3.71 for Delayed cyclicity and -Log10(Pvalue)=3.55 for CLA. These significant associations were located at 55.07 mega base-pairs
(Mbp) on BTA17. Manhattan plots for fine-mapping using imputed sequences for Delayed
cyclicity are shown in Figure 3, and for CLA are shown in Figure 4.
Figure 3. Fine-mapping of BTA17 for Delayed cyclicity using imputed sequences.
Figure 4. Fine-mapping of BTA17 for Commencement from Luteal Activity using imputed
sequences.

Discussion
Due to low heritability of fertility traits, detecting QTL regions on the genome are of high
importance. These regions could be incorporated into the selection strategies which could
lead to a greater genetic progress. In this study, a GWAS with 50K for seven endocrine
fertility traits were performed where 47 SNP significantly (-Log10(P-value)>4) associated
with the progesterone profiles. BTA17 was fine-mapped with imputed sequences for Delayed
cyclicity and for CLA. With using imputed sequences, the number of associations increased.
When imputation accuracy is high, GWAS based on imputed genotypes can increase the
chance of a causal SNP can be directly identified (Marchini and Howie, 2010). In the present
study variants with AR2≥0.2 and an average imputation accuracy of 0.56 were used to get
more variants for the associations studies.
To our knowledge, this is the first GWAS for atypical progesterone profiles. Although
the same data as Berry et al. (2012) was used, the present study identified different associated
regions. Both Berry et al. (2012) and Tenghe et al. (2015) found significant association with
CLA on BTA2, and also on BTA21 (Berry et al., 2012). In the present study one significant
SNP at 13.01 Mbp on BTA2 with 50K was identified. In addition, no significant SNP was
identified on BTA21.
By fine-mapping BTA17 with imputed sequences, additional SNPs were found in
perfect LD with the 50K. Variants from imputed sequences were less significant than with the
50K: a) for Delayed cyclicity, -Log10(P-value)=3.71 with imputed sequences vs. -Log10(Pvalue)=4.64 with 50K; and b) for CLA, -Log10(P-value)=3.55 with imputed sequences vs. Log10(P-value)=4.07 with 50K. One possible explanation is that the present study has used a
one-step imputation instead of the two-step imputation procedure used in other studies (e.g.
Duchemin et al., 2017).
The dataset used in the present study was relatively small for the detection of SNPs
associated with low heritability traits. Although imputing the genotypes from 50K to WGS
increased the chance of finding regions with variants associated with the traits.

Conclusions
This study found several regions across the genome associated with normal and atypical
progesterone profiles in HF cows. Among these regions, two regions were identified on
BTA17 associated with Delayed cyclicity and CLA. These two regions warrant further
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investigation to identify interesting genes.
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