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Summary
Most Genome Wide Association Studies (GWAS) identified quantitative traits locus (QTLs)
based on their average effect over the lactation. However, it is known that additive genetic
variance changes during lactation and genetic correlations among milk production traits
during different lactation stages deviates from unity. We conducted a GWAS specifically for
SNPs whose effects on milk protein content change during lactation, i.e. those that show
significant SNP by lactation stage interaction. Significance thresholds for SNP by lactation
stage interaction cannot be based on standard distributions but requires permutation of the
data. We detected regions on BTA 10 and 14 with significant SNP effects as well as
significant SNP by lactation stage effects. Regions on BTA 3 and 27 only showed significant
SNP by lactation stage effects. Regions on BTA 6, 15, 16, 20 and 26 only showed significant
effects in a traditional GWAS. These results show that a GWAS accounting for a SNP by
lactation stage interaction effect can help elucidate the genetic background of milk protein
content.
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Introduction
QTL detection benefits the traditional animal breeding programs that solely rely on
phenotypes and pedigree information and increases the understanding of genetic background
of complex economic traits in livestock. Some QTLs underlying milk production traits have
been reported, for example, diacylglycerol O-acyltransferase 1 (DGAT1) (Grisart et al.,
2004), ATP binding cassette subfamily G member 2 (ABCG2) (Cohen-Zinder et al., 2005)
and growth hormone receptor (GHR) (Blott et al., 2003). Using GWAS additional
chromosomal regions affecting milk production traits were detected for example on BTA 6
where the casein gene cluster is located (Jiang et al., 2010, Cole et al., 2011, Schopen et al.,
2011). Most GWAS, studies are based on 305-day lactation records. Consequently, these
studies do not account for possible changes of genetic effects throughout the lactation.
However, QTL effects might change during the course of a lactation. When the QTL effect
changes during lactation, longitudinal models might substantially increase QTL detection
power (Lund et al., 2008).
There is some evidence that QTL affecting milk production traits change during
lactation. The additive genetic variance (Druet et al., 2003) as well as the heritabilities are not
stable throughout a lactation (Druet et al., 2005, Bastin et al., 2011). Moreover, genetic
correlations of milk yield and milk protein yield between the beginning and later lactation
stages differ from 1 (Jakobsen et al., 2002). Expression of genes involved in milk protein
synthesis also change during the course of lactation (Bionaz & Loor, 2011, Wickramasinghe
et al., 2012). It also has been shown that effects of the DGAT1 polymorphism on milk
production traits changes during lactation: a significant effect of DGAT1 on the shape of the
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lactation curve has been detected (Strucken et al., 2011) and significant DGAT1 by lactation
stage interactions were detected for milk production traits (Bovenhuis et al., 2015).
To our knowledge, there has not been a systematic screening of the genome for QTLs
whose effects on milk production traits change throughout lactation. The objective of this
study is to conduct genotype by lactation stage GWAS for milk protein content and compare
results with those of traditional GWAS, i.e. assuming genotypic effects are constant
throughout lactation. Such a study might result in the detection of novel chromosomal regions
which cannot be detected based on traditional GWAS and may help to elucidate the genetic
background of milk protein content.

Materials and Methods
Phenotypes and genotypes
For this study data on 1,829 first-parity cows were available. Details about the animals used
are available in Schopen et al. (2009). Milk protein content was measured by infrared
spectroscopy. For each cow on average 10.7 test-day records were available and the total
number of test day records was 19,593.
DNA was isolated from the blood samples of all cows and genotyped by a 50k SNPs chip
with the Infinium assay (Illumina). The SNP chip was designed by CRV (cooperative cattle
improvement organization, Arnhem, the Netherlands) and obtained from Illumina (San
Diego, CA). In total cows were genotyped for 50,856 SNPs. SNP were not included in the
GWAS if observations of a genotype class contained less than 10 test day records at a specific
lactation stage. After pruning, 30,348 SNPs were left for the GWAS.
Statistics model and significance
GWAS for milk protein content was performed using an animal model. First a GWAS was
performed without a SNP by lactation stage interaction using the following model:
yjklmnop = μ + b1*afcjklmnop + seasonj + scodek + lactl + SNPm + HYMn + animalo + pep + ejklmno
where yjklmnop is milk protein content; μ is the overall mean; afcjklmnop is the covariate
describing the effect of age at first calving; seasonj is the fixed effect of calving season;
scodek is the fixed effect accounting for differences in genetic level between groups of
proven bull daughters, young bull daughters, and other bull daughters; lactl was the fixed
effect of the lactation stage (26 classes of 15 days each); SNPm was the fixed effect of SNP
genotype; HYMn was the random effect of herd year month, assumed to be distributed as ;
animal was the random additive genetic effect of the individual, assumed to be distributed as ;
pep was the permanent environmental effects, assumed to be distrusted as ; and ejklmnop was
the random residual, assumed to be distributed as . A is the additive genetic relationships
matrix which was constructed based on 14,062 individuals and I is the identity matrix.
Subsequently, we specifically searched for SNPs who showed a SNP by lactation stage
interaction. For this purpose the model was extended with a SNP by lactation stage
interaction term (SNP*lact)lm. All analyses were performed using in ASReml 4 (Gilmour
et al., 2006).
In the GWAS without accounting for SNP by lactation stage interaction, the genomewide false discovery rate (FDR) was controlled based on the P values of SNP effects using
the R package “qvalue”. A genome-wide FDR < 0.01 was considered significant. When the
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interaction term was included in the model the false discovery rate could not be applied to test
the significance of the interaction term. Instead we used permutation to estimate the
significance threshold. In 100 permutations, we simultaneously assigned all 30,348 SNPs to
another animal. After each permutation, we ran the GWAS and selected the lowest P value for
the SNP by lactation stage interaction in order to form the empirical distribution under the
null hypothesis. The 5% level of the empirical distribution was used as a threshold.

Results and discussions
The –log10(p) values of all SNPs using a traditional GWAS, i.e. without a SNP by lactation
stage interaction are shown in Figure 1A. Significant regions for milk protein content were
detect on BTA 6, 14, 15, 16, 20 and 26. In addition, on BTA 4, 7, 8, 10, 11 one single SNP
passed the significance threshold. The significant region on BTA 6 ranges from 56.71Mb to
97.25Mb. It contains the SNP rs43703016 which is 1 of the 2 SNPs that is causal for the
protein variants A and B of κ-CN. This SNP is significant associated with κ-CN, β-LG, casein
index and milk protein percentage (Schopen et al., 2011). ABCG2 are located on around 38
Mb and are reported associated with milk protein content (Cohen-Zinder et al., 2005). On
BTA 14, two significant regions were detected for milk protein content. The first region
ranges from 0.08Mb to 11.96Mb and another region ranges from 49.13Mb to 49.33Mb. SNP
ULGR_SNP_AJ318490_1c located in the first significant region is 1 of the 2 SNP
responsible for the DGAT1 K232A polymorphism. This SNP is significant associated with
αS1-CN, αS2-CN and milk protein percentage (Schopen et al., 2011). A significant region on
BTA 20 ranges from 31.18Mb to 36.79Mb and contains the GHR gene. This region has also
been associated with milk protein percentage in other studies (Jiang et al., 2010). Significant
SNPs on BTA 10, 15 and 26 are in agreement with results reported in previous studies (Cole
et al., 2011, Schopen et al., 2011).
The –log10(p) values for SNP by lactation stage interaction are shown in Figure 1B.
First we used the FDR to control false positives, but the test statistic for the interaction term is
strongly inflated. Inflation of test statistics for interaction terms has been observed in other
studies as well, e.g. GWAS for genotype by environment interaction in humans (Almli et al.,
2014, Marigorta & Gibson, 2014). Voorman et al. (2011) also noted that the FDR adjustment
for multiple testing did not worked for interaction terms in a GWAS. One of the tactics to
alleviate this problem is permutation which was applied in the current study. In the current
study, the threshold was based on 100 permutations. The estimated 5% threshold was –
log10(p) =15.74. In Figure 1B, we took a conservative approach by taking the lowest P value
out of the 100 permutations which is a –log10(p)=18.56.
Significant regions whose effect changed during lactation stages were detected on BTA
3, 10, 14 and 27. Regions on BTA 10 and 14 were also significant in the traditional GWAS,
i.e. without a SNP by lactation stage interaction (Figure 1A). The lead SNP for the interaction
model on BTA 10 is rs41591350 located at 48.72Mb. The lead SNP for the model without
interaction (rs43629218) is 3 MB away from rs41591350. SNP rs43629218 is in the intron
region of myosin IE (MYO1E) and associated with milk protein percentage (Schopen et al.,
2011). The region on BTA 14 contains the DGAT1 polymorphism. This region is in line with
previous studies which showed that the effect of DGAT1 on milk protein content changes
during lactation (Strucken et al., 2011, Bovenhuis et al., 2015). Besides the significant
regions on BTA 10 and 14, we also identified two new regions on BTA 3 and 27. These two
regions were not significant in a traditional GWAS. The lead SNPs of these two significant
regions were rs29011303 and rs109651365, and they were located on 93.22Mb of BTA 3 and
37.92Mb of BTA 27, respectively. These two regions do not contain obvious candidate genes.
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In the genotype by lactation stage interaction GWAS, regions on BTA 6, 15, 16, 20 and 26
did not show significant effects. This indicates that the effects of these regions stay constant
during lactation.
We conducted a GWAS to explore genes whose effect change through lactation and
proposed a permutation strategy to estimate threshold in jointly GWAS exploring the SNP
effect and SNP by lactation stages interaction effect together. These strategy resulted in the
detection of new regions associated with milk protein content.
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Figure 1, A:Manhattan plot of the SNP effects for milk protein content. The horizontal line
indicates a FDR < 0.01 B: Manhattan plot for SNP by lactation stage interaction on milk
protein content. The horizontal line indicates the genome wide significance threshold based
on permutation.
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