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Abstract

Milk is composed of a complex mixture of lipids, proteins, carbohydrates and various vitamins and minerals as a source of
nutrition for young mammals. The composition of milk varies between individuals, with lipid composition in particular
being highly heritable. Recent reports have highlighted a region of bovine chromosome 27 harbouring variants affecting
milk fat percentage and fatty acid content. We aimed to further investigate this locus in two independent cattle
populations, consisting of a Holstein-Friesian x Jersey crossbreed pedigree of 711 F2 cows, and a collection of 32,530 mixed
ancestry Bos taurus cows. Bayesian genome-wide association mapping using markers imputed from the Illumina BovineHD
chip revealed a large quantitative trait locus (QTL) for milk fat percentage on chromosome 27, present in both populations.
We also investigated a range of other milk composition phenotypes, and report additional associations at this locus for fat
yield, protein percentage and yield, lactose percentage and yield, milk volume, and the proportions of numerous milk fatty
acids. We then used mammary RNA sequence data from 212 lactating cows to assess the transcript abundance of genes
located in the milk fat percentage QTL interval. This analysis revealed a strong eQTL for AGPAT6, demonstrating that high
milk fat percentage genotype is also additively associated with increased expression of the AGPAT6 gene. Finally, we used
whole genome sequence data from six F1 sires to target a panel of novel AGPAT6 locus variants for genotyping in the F2
crossbreed population. Association analysis of 58 of these variants revealed highly significant association for polymorphisms
mapping to the 5'UTR exons and intron 1 of AGPAT6. Taken together, these data suggest that variants affecting the
expression of AGPAT6 are causally involved in differential milk fat synthesis, with pleiotropic consequences for a diverse
range of other milk components.
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percentage, yield, and composition, protein percentage and yield,
and milk volume [6,7]. The effects of DGATI! on milk fat
composition reflect its role as a key acyltransferase of the
mammary triglyceride synthesis pathway, responsible for catalys-
ing diacylglycerol to triacylgycerol [8].

Introduction

The lactating mammary gland is a sophisticated secretory
organ, producing a complex mixture of lipids, proteins, carbohy-
drates and various vitamins and minerals as a source of nutrition

for the developing young. The relative proportions of these milk
components vary widely both between and within species [1], with
some of this variability attributable to genetics. In Bos taurus, large
scale genetic studies have led to the identification of numerous
genomic regions affecting the abundance of major milk compo-
nents [2-5]. Although quantitative trait loci (QTL) for differential
milk composition have been detected on most bovine autosomes,
few of the causative genes underlying these signals have been
identified. Of those genes with confirmed effects, the most studied
is diacylglycerol acyltransferase 1 (DGATI). Variant forms of
DGATI have been shown to have major effects on milk fat
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Several recent genome-wide association studies (GWAS) have
highlighted a region of bovine chromosome 27 affecting the lipid
composition of milk [9-11]. Although the causative gene
underlying these QTL has not been functionally demonstrated,
AGPATG6 has been proposed as a candidate for these effects [9-11].
The AGPATG6 gene represents an excellent positional candidate in
this regard since, like DGAT1, AGPAT® plays pivotal roles in milk
fat synthesis. Triglyceride synthesis occurs through the stepwise
addition of fatty acyl groups to glycerol-3-phosphate, with DGAT's
catalysing the last step in this chain, and l-acylglycerol-3-
phosphate acyltransferases (AGPATS) an intermediary step [12].
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In the bovine mammary gland, AGPAT6 appears to be the most
abundant AGPAT isoform, with AGPAT6 expression strongly
upregulated during lactation [13]. Knockout of the AGPAT6 gene
in mice also produces animals with defects in lactation, where milk
from double knockout animals is depleted in diacylglycerols and
triacylglycerols by approximately 90% [14].

In the current study, we aimed to further investigate the
chromosome 27 milk fat percentage locus. Using markers imputed
from the Illumina BovineHD chip, association analysis was
conducted to assess variant effects on milk lipid content and a
range of other milk production and composition phenotypes. We
also report use of RNA sequencing (RNAseq) and quantitative
PCR (qPCR) analysis in lactating mammary tissue to conduct
expression QTL mapping of AGPAT6 and other genes in the milk
fat percentage QTL interval. Finally, we used whole genome
sequence data to investigate a range of novel, candidate causative
AGPATG6 variants for association with milk fat percentage.

Results

Genome-wide Association Analysis Identifies a
Chromosome 27 QTL for Milk Fat Percentage in Two

Independent Cattle Populations

Bayes B association mapping using 653,725 genome-wide SNP
markers in 32,530 MA cows revealed a strong QTL for milk fat
percentage on chromosome 27, with the largest effect estimated
for the ARS-BFGL-NGS-57448 SNP chr27 g.36155097C>T on
the UMD3.1 genome build (Figure 1A; Table S1). Relative to gene
annotations derived from mammary RNA sequence data, this
SNP maps to intron 6 of the GINS4 gene, ~29 kbp downstream
of GOLGA7, and 43 kbp upstream of AGPAT6. When estimating
the combined effect of markers partitioned into 1 Mbp windows
throughout the genome, this signal was the second largest milk fat
percentage QTL genome-wide, with the largest effect estimated
for the well-studied DGAT]I locus on chromosome 14 (Table S2).
In MA animals, 54.4% of the variance in milk fat percentage was
explained by all fitted SNPs, with the chromosome 27 36-37 Mbp
window of markers accounting for 1.5% of the genetic variance.
Association analysis using the same set of high density SNP
markers used in the analysis of MA cows was conducted in a
crossbreed population of 711 F2 animals. This analysis similarly
revealed a large QTL for milk fat percentage on chromosome 27,
with the largest effect estimated for the BovineHD2700010331
SNP chr27 ¢.36175805C>T (Figure 1B; Table S3). This SNP
maps ~50 kbp downstream of GOLGA7, ~17 kbp downstream of
GINS4, and ~22 kbp upstream of AGPAT6. Consistent with the
findings in the MA population, the chromosome 27 QTL was the
second largest milk fat percentage QTL in the genome using
window analysis, with the largest effect corresponding to the
DGATI locus (Table S4). In FJX animals, 18.4% of the variance in
milk fat percentage was explained by all fitted SNPs, with the
chromosome 27 36-37 Mbp window of markers accounting for
3.4% of the genetic variance.

Chromosome 27 Milk Fat Percentage Locus Variants
Associate with Diverse Milk Composition Phenotypes
Given the effects of chromosome 27 variants on milk fat
percentage indicated by Bayes B analysis, we investigated a wide
range of other phenotypes to test for pleiotropic effects on milk
composition at this locus. Point-wise associations were analysed
using the ARS-BFGL-NGS-57448 SNP, since this variant was
highly associated with milk fat percentage in both the MA and
FJX populations (Table S1, Table S3), and data representing this
variant comprised real (versus imputed) genotypes. These models
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differed from the Bayes B models used for genome-wide
association in that they fitted a single SNP at a time, and
accounted for pedigree relationships by fitting a pedigree-based
relationship matrix. In the MA population, the ARS-BFGL-NGS-
57448 SNP was significantly associated with all milk composition
traits tested (Table 1). Highly significant associations were found
for total milk volume (5.17x107"), total protein vyield
(P=8.38x10"%, and total lactose vyield and percentage
(P=3.70x10"% and P=1.49x10"% respectively). The most
significant  association ~was for milk fat percentage
(P=5.31x10"%), with this SNP accounting for 1.6% of the
genetic variance, and 1.3% of the phenotypic variance in MA
animals. The allele frequency of the high-fat percentage ‘C’ allele
of the ARS-BFGL-NGS-57448 SNP was 0.60 in the MA
population. When animals in this population were divided into
‘pure’ Holstein-Friesian and Jersey subgroups (at least 13/16ths
ancestry), the frequencies of this allele were 0.71 and 0.47
respectively. In FJX animals, the most significant association was
also for milk fat percentage (8.90x107'%), with the ARS-BFGL-
NGS-57448 SNP accounting for 7.8% of the genetic variance, and
5.7% of the phenotypic variance. Significant effects were also
demonstrated for milk fat yield (P=0.02), and lactose yield and
percentage (P=0.01 and P=9.89x10™° respectively; Table 1). In
FJX animals, the ARS-BFGL-NGS-57448 SNP was also signifi-
cantly associated with the proportions of a range of milk fatty acids
(Table 1; Table S5). The high milk fat percentage allele
corresponded to increased proportions of saturated fatty acids
(P=4.63x10"% and C16 fatty acids (P=5.22x10"°). Recipro-
cally, the same allele was associated with decreases in unsaturated
fatty acids (P=4.60x10"%, and reductions in omega-3 and
omega-6 fatty acids (P=1.25x10"" and P=1.91x10"%, cis-
monoenoic fatty acids (P=2.40x10""), poly-unsaturated fatty
acids (P=2.88x10"%), and fatty acids with a chain-length longer
than C16 (P=0.01; Table 1). Association statistics for individual
fatty acids within each of the above categories are detailed in
Table S5. The allele frequency of the high-fat percentage ‘C’ allele
of the ARS-BFGL-NGS-57448 SNP was 0.54 in the FJX

population.

Milk Fat Percentage QTL Genotype Associates with
AGPAT6 Transcript Abundance in the Lactating Mammary
Gland

To examine the expression of genes at the chromosome 27 milk
fat percentage locus, high-depth mammary RNAseq data from
212 lactating cows was assessed. Of the ten genes annotated in a
1 Mbp interval centred around the top milk fat percentage-
associated SNP in the MA population (ARS-BFGL-NGS-57448;
chr27 g.36155097C>T 500 kbp), only SFRPI, GOLGA7,
AGPAT6, and KAT6A were appreciably expressed (Figure 2C).
Of these four genes, AGPAT6 was the most highly expressed, with
between 10 and 25-fold greater mean fragments per kilobase of
exon model per million mapped (FPKM) expression values.
Notably, the Cufflinks-predicted transcript structure of AGPAT6
differed to the Entrez RefSeq annotation (NM_001083669),
containing an additional exon approximately 14 kbp upstream
of the NM_001083669 transcription start site (Figure 2D).

Association analysis of the expression of these four genes was
conducted using logy-transformed FPKM values in conjunction
with the 281 Illumina BovineHD SNPs located in the 1 Mbp
interval. This analysis revealed strong eQTL for both the SFRP!
(P=5.14x10"7% and AGPAT6 (P=4.69x10™% genes (Figure 2A;
Table S6). Association analysis was also conducted with milk fat
percentage in the 1 Mbp interval in FJX animals (Figure 2A).
Rank-correlation analysis of SNP p-values between the milk fat
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Figure 1. Milk fat percentage QTL on chromosome 27. Chromosome 27 Manhattan plots showing milk fat percentage QTL for the mixed
ancestry (n=32,530; Figure 1A) and Friesian-Jersey crossbreed (n=711; Figure 1B) populations. The X-axis shows Mbp position on chromosome 27
according to the UMD3.1 Bos taurus genome build, the Y-axis shows the absolute value of the allele substitution effect on milk fat percentage as

estimated using Bayes B models.
doi:10.1371/journal.pone.0085757.g001

percentage QTL and eQTL association results was then
conducted to assess genetic similarities of association between
phenotypes. This analysis showed the p-value ranking for the
AGPAT6 ¢QTL and milk fat percentage QTL were highly
correlated (R?=0.83; P=2.38x10""%), whereas p-values for the
milk fat percentage QTL and SFRP! eQTL were not correlated
(R*=0.22; P=0.06; Figure 2E). Quantitative PCR analysis of
AGPAT6 gene expression was also conducted using mammary
RNA samples from 25 lactating cows, overlapping with the set
used for RNAseq analysis. Association analysis using qPCR data in
conjunction with ARS-BFGL-NGS-57448 genotype confirmed a
significant eQTL  for AGPAT6  transcript abundance
(P=1.20x10"?). Figure 3 shows box and whisker plots of AGPAT6
gene expression for ARS-BFGL-NGS-57448 genotype groups for
both qPCR and RNAseq data. The allelic direction of effect was
the same across both expression technologies, with the high-
expression ARS-BFGL-NGS-57448 ‘C’ allele being the same allele
associated with increased milk fat percentage in FJX and MA
animals.

Typing and Association Analysis of Novel AGPAT6
Variants Demonstrates Strong Association with Milk Fat
Percentage in FJX Animals

The AGPAT6 gene was examined further as the potential
causative gene underlying the chromosome 27 milk fat percentage
QTL. Analysis of whole genome sequence data from the six F1
sires at the heart of the FJX pedigree revealed 77 AGPATG target
variants for genotyping in the IJX F2 population. Genotyping and
quality filtering of these genotypes yielded 59 variants, and these
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were added to the 1 Mbp interval of imputed Illumina BovineHD
panel SNPs to yield 332 unique variants for association analysis.
This analysis revealed strong association of novel AGPAT®6 variants
with milk fat percentage in the FJX I2 animals (Figure 4A; Table
S6). A biallelic 3 bp repeat expansion variant in AGPAT6 5'UTR
exon | was the most significant variant in the interval
(2.36198118GGC(4_5) VNTR; P=4.81x10""%, though the
ARS-BFGL-NGS-57448 and BovineHD2700010321 chip-SNPs,
and nine sequence-derived AGPAT6 variants had similar associ-
ation statistics, and were in strong linkage disequilibrium (LD) with
the g.36198118GGC(4_5) VNTR (R?>0.95). Using the AGPAT6
gene structure determined from mammary RNA sequence data,
all ten sequence-derived AGPAT6 variants mapped to the 5'UTR
regions of exons 1 and 2, and the connecting intron 1 sequence
(Figure 4B & 4C). Site-wise genome evolutionary rate profiling
(GERP) scores calculated from 35-way mammalian genome
alignments indicated that these ten variants were evolutionarily
conserved to varying degrees, though the g.36198118GGC(4_5)
VNTR also coincided with a highly conserved element (Figure 4D).
An additional 13 less highly associated AGPAT6 variants were also
statistically significant, with one of these mapping to the 3'UTR
region of exon 13, and the others mapping to intronic or
downstream  sequence  (Figure 4B; Table S7). The
2.36198118GGC(4_5) VNTR explained 7.8% of the genetic
variance and 5.9% of the phenotypic variance in milk fat
percentage in  the FJX F2 animals. Relative to
2.36198118GGC(5) homozygous individuals, this translated to a
3.0% increase in milk fat percentage per high-fat GGC(4) allele.
Individually fitting the g.36198118GGC(4_5) VNTR, the ARS-

S
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Table 1. Chromosome 27 locus effects on milk composition phenotypes.

Parameter-adjusted means

Pheno

Animal N Parameter Estimate TT TC cC variance p-value
MA Animals - Gross Milk Composition
Milk fat % 32530 0.0991 (+0.0050) 4.814 4913 5.012 1.269 5.31x107%¢
Milk fat yield 32528 0.0042 (+0.0013) 0.711 0.715 0.719 0.034 1.33x10°3
Milk protein % 32505 0.0080 (*0.0024) 3.827 3.835 3.843 0.039 7.17x107*
Milk protein yield 32530 —0.0058 (+0.0010) 0.573 0.567 0.561 0.110 8.38x107°
Milk lactose % 19519 —0.0180 (*0.0016) 5.173 5.155 5.137 0.727 1.49%10°%°
Milk lactose yield 19635 —0.0104 (+0.0018) 0.712 0.701 0.691 0.167 3.70x1078
Milk volume 32528 —0.1812 (+0.0276) 15.116 14.935 14.753 0.143 517x107"
FJX Animals - Gross Milk Composition
Milk fat % 71 0.1631 (*0.0262) 5.162 5325 5.488 5733 8.90x10'°
Milk fat yield 711 0.0110 (+0.0047) 0.649 0.660 0.671 0.939 0.020
Milk protein % 711 0.0248 (*+0.0136) 3.928 3.952 3977 0.481 0.070
Milk protein yield 711 —0.0047 (+0.0035) 0.498 0.493 0.488 0.315 0.179
Milk lactose % 711 —0.0295 (*0.0066) 4.944 4914 4.885 3314 9.89x10°°
Milk lactose yield 711 —0.0128 (+0.0052) 0.626 0.614 0.601 1.071 0.013
Milk volume 711 —0.1759 (+0.0995) 12.892 12.716 12.540 0.546 0.078
FJX Animals - Milk Fatty Acid Composition
C4-C15 671 —0.1465 (*£0.1142) 30.468 30.321 30.175 0.082 0.200
c16 671 0.5778 (+0.1258) 28.473 29.051 29.628 1.377 522x107°
C17-C24 671 —0.4309 (+0.1758) 41.008 40.577 40.146 0.585 0.015
Omega-3 671 —0.0194 (+0.0060) 1.141 1.122 1.102 0.486 1.25x1073
Omega-6 671 —0.0218 (*+0.0058) 1.308 1.286 1.264 1.363 1.91x10™*
Saturated 671 0.4412 (+0.1253) 69.862 70.303 70.744 1.248 463x10°*
Unsaturated 671 —0.4413 (+0.1253) 30.138 29.697 29.255 1.245 4.60x10"*
Poly-unsaturated 671 —0.0670 (+0.0224) 4.267 4.200 4.133 0.971 2.88x1073
Branched 671 —0.0162 (+0.0102) 2.079 2.063 2.047 0.247 0.113
Cis-monoenoic 671 —0.3792 (+0.1027) 21.122 20.743 20.364 1.325 2.40x107*
Trans-11-monoenoic 671 0.0029 (*+0.0384) 4.760 4763 4.766 0.001 0.939

doi:10.1371/journal.pone.0085757.t001

BFGL-NGS-57448 or BovineHD2700010321 SNPs, or any of the
nine highly correlated AGPAT6 variants as a fixed effect in the
phenotypic model removed the significance of all other SNPs in
the 1 Mbp interval.

Discussion

We report a major QTL affecting milk fat percentage on bovine
chromosome 27, in line with previous findings at this locus
[10,11]. Our analysis also suggests pleiotropic effects on a wide
range of other milk components, including the individual
proportions of milk fatty acids, milk volume, and protein and
lactose content and yield. Using RNA sequencing and qPCR
analysis of mammary tissue from lactating cows, we provide the
first functional evidence of a causal role for AGPAT6 underpinning
these QTL, demonstrating differences in AGPAT6 transcript
abundance in conjunction with QTL genotype. We also report
strong association of novel AGPAT6 sequence variants with milk
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Genetic associations with the ARS-BFGL-NGS-57448 are shown for the mixed ancestry (MA) and Friesian-Jersey crossbreed (FJX) populations. The number of individuals
used in each analysis is indicated in the ‘Animal N’ column. Parameter estimates are given with standard errors in units of kilograms for yield traits, litres for milk volume,
and g/100 g of fatty acids for milk fatty acids. Parameter adjusted means are indicated in the same units. The percentage of the total phenotypic variance explained by
the ARS-BFGL-NGS-57448 SNP for each trait is indicated in the ‘Pheno variance’ column. P-values of genetic association are indicated in the right-most column.

fat percentage, highlighting a subset of candidate causal polymor-
phisms in the 5" UTR exons and intron 1 of the AGPAT6 gene.
The milk fat percentage QTL on chromosome 27 was the
second largest genome-wide QTL in both populations studied.
Point-wise analysis using pedigree-based mixed models indicated
that the ARS-BFGL-NGS-57448 SNP accounted for 1.6% and
7.8% of the genetic variance, and 1.3% and 5.7% of the
phenotypic variance in MA and FJX animals respectively. The
difference between these values across populations likely reflects
the large difference in population size and allelic diversity
represented by the MA and FJX animals, as well as differences
in QTL allele frequency. Greater effects still were demonstrated
for the well-studied DGAT'1 locus on chromosome 14. Compared
to analyses of most quantitative traits in humans where effect sizes
are typically small, these observations further demonstrate that the
genetic architecture of milk fat percentage in the cow models that
of other bovine physiological traits such as stature [15], where
single loci can account for large effects and large proportions of the
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marker significance. Figure 2B indicates the ten genes mapping to the 1 Mbp interval, Figure 2C shows mean RNA sequence read depth across the
interval. Figure 2D indicates alternative AGPAT6 transcript structures according to the RefSeq entry NM_001083669.1, and the structure determined
empirically from mammary RNA sequence data. Figure 2E shows correlation plots based on association data from individual markers for the milk fat
percentage QTL and SFRPT eQTL (pink dots) and AGPAT6 eQTL (green dots). The X-axes indicate the —log,, p-values of marker association for
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phenotypes are indicated. The top associated marker for milk fat percentage in the mixed ancestry population is indicated on each plot as a blue dot
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doi:10.1371/journal.pone.0085757.g002

total genetic and phenotypic variance. Quantitative trait loci using linkage analysis [15], and more recently GWAS [9-11]. It is
affecting milk fat percentage, yield, and composition have been interesting to note however that in recent genome scans of US
previously reported for the distal end of chromosome 27, detected Holstein-Friesian cattle [16,17], large effects at this locus were not
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Figure 3. Box plots for AGPAT6 expression by QTL genotype.
Box plots showing expression of the AGPAT6 gene in lactating
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tive PCR data.

doi:10.1371/journal.pone.0085757.9003

observed. New Zealand Holstein-Friesians comprised a major
proportion of animals in our outbred population, and although US
Holstein ancestry was represented in these animals, the QTL allele
frequency in cattle of exclusive US ancestry is unknown. The large
number of Jerseys will have assisted QTL detection in our
population however, since the Holstein-Friesian and Jersey breeds
in our sample carry opposing major alleles for this QTL. Given the
commercial importance of the milk composition phenotypes
associated with AGPAT6 locus polymorphisms, it would be of
interest to assess the frequency of tagging variants for this Q'T'L in
other cattle populations, since use of these variants may assist
selection in dairy cattle breeding schemes.

The AGPATG6 gene has been previously proposed as a candidate
gene underlying milk fat composition QTL [9-11], though no
functional data has been presented to support these claims. Two
pieces of evidence from our analysis of mammary expression data
support the status of AGPAT6 as the causative gene underlying
these QTL. First, of the four genes expressed in the 1 Mbp interval
encompassing the milk fat percentage QTL, AGPAT6 was by far
the most abundantly expressed (~10-25 fold greater mean
FPKM). Second, and more definitively, we detected a strong cis
eQTL for AGPAT6 in this interval. Interestingly, a highly
significant eQTL was also detected for the SFRPI gene. To assess
whether either of these eQTL might underlie the milk fat
percentage QTL, SNP p-value rank correlations were performed
for gene expression and milk fat percentage association results.
This analysis shows that the milk fat percentage and AGPAT6
expression QTL are highly correlated, sharing the most signifi-
cantly associated (and non-associated) SNPs in common. Although
the SFRPI eQTL broadly coincides with the QTL for milk fat
percentage, the genetic signature underlying SFRPI expression
appears to be different than that for milk fat percentage,
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supporting the status of AGPAT6 as the likely causative gene
underlying this effect.

Irrespective of mammary expression evidence, AGPAT6 also
makes an excellent candidate gene on the basis of its own,
relatively well-described biology. Most milk lipids are triglycerides,
with triglyceride synthesis proceeding through the stepwise
addition of fatty acyl groups to glycerol-3-phosphate. The AGPAT
family of enzymes catalyse an intermediate step in this chain,
converting 1-acylglycerol-3-phosphate to 1,2-diacylglycerol-3-
phosphate [18]. Multiple AGPAT genes have so far been
identified, but AGPAT6 appears to be the most abundantly
expressed isoform in the bovine mammary gland, with its
expression correlating strongly with stage of lactation [13].
Notably, knockout of the AGPAT6 gene in the mouse results in a
reduction in the size and number of milk lipid droplets in
mammary cells and ducts, with diacylglycerol and triacylglycerol
content significantly reduced [14]. In the context of these findings,
a straightforward hypothesis as to the mechanism underlying the
milk fat percentage QTL proposes the following: that a genotype-
driven increase in mammary AGPATG6 gene expression results in a
corresponding increase in AGPAT6 enzyme abundance, resulting
in increased milk triglyceride synthesis.

In addition to looking at effects on crude milk fat percentage for
the AGPATG6 locus, we also investigated possible effects on the
underlying composition of milk fatty acids. The most significant
finding from this analysis was an association with the relative
proportion of C16 fatty acids, an effect that has been noted
previously for this locus [9]. The same allele that was associated
with increased AGPAT6 gene expression and total milk fat
percentage was associated with increased proportions of C16 fatty
acids. This result could reasonably be expected, since the saturated
fatty acid C16:0 is the most predominant fatty acid in milk, about
half of which is produced by de novo triglyceride synthesis in the
mammary gland [19]. We also observed a significant increase in
saturated fatty acid content, a result that can be partially explained
by the increase in C16:0. The high milk fat percentage allele was
associated with decreases in most of the other fatty acids,
suggesting competition in synthesis between C16 and the other
mammary-gland derived fatty acids, and potentially some form of
homeostatic mechanism for the long-chain dietary-derived lipids.
We also found significant effects for the AGPAT6 locus on lactose
percentage and yield, protein percentage and yield, and milk
volume. Although not all associations were significant in both the
MA and FJX populations, in all cases, the allelic direction of effect
was the same across populations, with increased milk fat
percentage accompanying increased milk fat yield and protein
percentage, and decreased lactose yield and percentage, milk
volume, and milk protein yield. Since differences in AGPAT6
expression presumably only directly impact fat synthesis, these
pleiotropic effects must be coupled through secondary mechanisms
of milk composition regulation. Lactose is a key osmo-regulator in
milk [20], so a reduction in lactose synthesis would be expected to
lead to a reduction in milk volume, and a corresponding increase
in milk protein percentage. The interplay between these mecha-
nisms is unknown, though remarkably, the traits affected and the
allelic direction of effects are identical to those attributed to
variants of the bovine DGATI gene [6]. Both AGPAT6 and DGATI
are key acyltransferase enzymes of the mammary triglyceride
synthesis pathway, being separated by a single node in this chain
[12]. The analogous roles of AGPAT6 and DGATI might suggest
that these pleiotropic effects on milk composition are a response
peculiar to alterations in the rate of triglyceride synthesis, however
we have observed similar pleiotropic effects for other major milk
components. As an example, the fourth largest milk fat percentage
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Figure 4. Analysis of AGPAT6 candidate causative variants. Manhattan plot showing association of variants with milk fat percentage in
Friesian-Jersey crossbreed animals in the chromosome 27 1 Mbp interval of interest (Figure 4A). The X-axis shows Mbp position on chromosome 27,
the Y-axis shows —log;o p-values of marker association. lllumina BovineHD panel SNPs are indicated by blue dots. Custom-genotyped AGPAT6 variants
are indicated by red (highly associated), green (associated), and yellow (un-associated) dots, with significance of other markers demarcated by the
dashed blue line. Figure 4B shows the distribution of F1 sire variants across the AGPAT6 gene. The black variant track shows all variants targeted for
genotyping from analysis of whole genome sequence data, the blue variant track shows genotyped variants that passed quality filtering criteria prior
to association analysis. The red and green variant track shows significantly associated variants as displayed in Figure 4A. Figure 4C shows the
distribution of highly associated variants with genome evolutionary rate profiling (GERP) conservation scores calculated from multiple genome
alignments of 35 eutherian mammals. Site-wise scores are indicated by the light purple bar graph, with positive scores indicating conservation.
Evolutionarily constrained elements are indicated by dark purple blocks, calculated from the same 35-way alignments. Figure 4D shows exploded
views for each variant, with individual GERP scores indicated. For indel variants, the most and least conserved scores for the corresponding sequence

are shown. An interspecies regional alignment for the g.36198118GGC(4_5) VNTR polymorphism is also shown.

doi:10.1371/journal.pone.0085757.9g004

effect estimated in our GWAS of 32,530 cows was for the 103—
104 Mbp interval on chromosome 11 (Table S2), representing a
region that encompasses a well-documented QTL for the major
milk protein beta-lactoglobulin [21]. Taken together, these
observations suggest that there are broad, interrelated regulatory
mechanisms governing the yield and concentration of major milk
components, and that a change in one of these components leads
to a reconfiguration of total milk composition. Interestingly, the
effects of AGPAT6 variants may also impact lipid synthesis outside
of the mammary gland, with the same chromosome 27 QTL
region also implicated in back fat thickness and marbling in beef
cattle [22-24], effects that have been observed for DGATI
polymorphisms [25,26]. This proposition is further supported by
the observation that, in addition to defects in mammary lipid
synthesis, AGPAT6 knockout mice also have significantly reduced
adipose tissue mass [27].

By analysing whole genome sequence data representing the six
F1 sires of the IJX pedigree, we aimed to identify candidate
causative variants underlying the milk fat percentage and AGPAT6
expression QTL. Non-synonymous coding variants were not
identified in these animals, consistent with these QTL being
underpinned by an expression-based mechanism. Genotyping and
association analysis of 59 AGPAT6 locus variants in the FJX F2
population revealed strongest associations for a subset of 10
variants spanning AGPAT6 5'UTR exons 1 and 2, and the
connecting intron. Fitting any one of these variants as an effect in
the milk fat percentage phenotypic model removed significance for
all other variants at this locus, suggesting that these variants fully
account for the milk fat percentage QTL at this locus. The
AGPATG gene was recently proposed as a candidate gene for milk
fat percentage in a GWAS of German Holstein-Friesian animals
[10]. The authors of that study targeted two AGPATG6 variants for
genotyping in their study population, and demonstrated associa-
tion for a substitution variant g.36211257GA>T. On the basis of
transcription factor binding site prediction, the authors speculated
a functional role for the g.36211257GA>T variant. Interestingly,
the ¢.36211257GA>T substitution is one of the ten highly
associated variants identified in the current study, though based on
the transcript structure identified by mammary RNAseq analysis,
this variant falls within intron 1 of AGPATG6, as opposed to
upstream of the transcription start site. This does not preclude a
cis-regulatory role for the g.36211257GA>T variant, however on
the basis of our analysis, the GGC repeat expansion
2.36198118GGC(4_5) in exon 1 seems the most likely causal
candidate. This insertion maps to an evolutionarily constrained
element identified by conservation analysis of 35-way mammalian
alignments, and coincides with a number of ENCODE transcrip-
tion factor binding sites and open chromatin signals [28] for the
syntenic region of human AGPAT6 exon 1. These observation
aside, without functional testing it cannot be determined whether
the g.36198118GGC(4_5) insertion, g.36211257GA>T substitu-
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tion, or any of the other associated variants have any biological
impact on AGPAT6 gene expression and milk fat synthesis in the
mammary gland. We assessed a 5 kbp region of sequence
upstream of the AGPAT6 transcription start site for candidate
causal variants for FJX genotyping. Attempts to genotype two
upstream variants that were in strong LD with the ARS-BFGL-
NGS-57448 SNP, and therefore likely to be statistically associated
with AGPAT6 expression and milk fat percentage, failed to yield
genotypes of sufficient quality for analysis. Although neither of
these variants are evolutionarily conserved, it is also possible that
one of these, or other untested variants at the broader AGPAT6
locus may be causal for these QTL.

In summary, we report investigation of a major QTL affecting
diverse milk composition phenotypes on bovine chromosome 27.
We provide transcriptomic evidence suggesting that expression
variants of the AGPAT6 gene likely underlie these effects, and
propose a number of candidate causative polymorphisms for
future analysis and testing. It is noteworthy from our analysis that
the two largest genome-wide effects on milk fat percentage
implicate two genes that are separated by a single node in the
triglyceride synthesis pathway. Future work will examine the genes
and genetic relationships of other members of this pathway, and
help shed further light on the genetic underpinnings of milk
composition regulation.

Methods

Ethics Statement

Animal ethics approval was granted for all animal work by the
Ruakura Animal Ethics Committee, Hamilton, New Zealand. No
animals were sacrificed for this study. Mammary tissue samples
were obtained by needle biopsy in accordance with protocols
approved by the ethics committee (approval AEC 12845).

GWAS Animal Populations

The cross-breed pedigree consisted of a subset of 864 I2 New
Zealand Holstein-Friesian X Jersey (FJX) dairy cows representing
the half-sib daughters of six F1 sires [29]. This pedigree was
comprised of two cohorts bred over successive years and located
on the same research farm, which is a resource that has been used
previously for the discovery of QTL and causative genes and
variations [30-32]. The mixed ancestry (MA) population consisted
of 32,530 female dairy cows located on commercial dairy farms
throughout New Zealand, forming part of a large phenotypic and
genotypic database of animals used for evaluation of sire
performance. These animals were born between 1994 and 2010,
with ~99% of records (32,120) derived from animals born after
2004. The MA cows consisted of 11,096 NZ Holstein-Friesians,
8,096 Jerseys, and 13,338 NZ Holstein-Friesian X Jersey cross
breeds in the case where pure Holstein-Friesians and Jerseys were
defined as having a breed proportion of at least 13/16ths. Minor
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proportions of other breeds were also present in these animals,
including Ayreshire, Brown Swiss, Guernsey, Hereford, Milking
Shorthorn, Swedish Red, and others.

Milk Composition Analysis

The concentrations of major milk components were measured
as part of standard herd-testing procedures using Fourier
transform infrared spectroscopy. Most milk samples were
processed by LIC Testlink (Newstead, Hamilton, New Zealand)
using the MilkoScan FT6000 mnstrument (FOSS, Hillered, Den-
mark). A subset of samples representing the FJX animals were
alternatively processed by DairyNZ (Newstead, Hamilton, New
Zealand) using the MilkoScan FT120 instrument (FOSS). For
animals in the MA population (32,530 animals), milk composition
records were restricted to first lactation measurements from
October to January inclusive. For FJX F2 cows (711 animals), herd
test results from the animals’ second lactation were used,
representing a three month period in mid-lactation (November
to January in the 2004 and 2005 seasons for cohort 1 and 2
respectively). Second lactation data was also used for fatty-acid
analysis of milk fat in FJX animals, with milk samples taken at
peak (September/October), mid (November) and late lactation
(February). Fatty acids were extracted by a modification of the
Roése Gottlieb technique [33], and quantified by gas-liquid
chromatography on a Shimadzu GC17A instrument (Shimadzu
Clorporation) at Fonterra Research Centre in Palmerston North,
New Zealand. The relative proportions of individual fatty acids
were calculated as grams per 100 g of total fatty acid, but for
simplification of presentation, groups of individual fatty acids were
also combined into categories. See Methods S1 for detailed
descriptions of animal phenotype inclusion criteria, herd testing
details, and fatty acid categorisation and chromatography
methods..

High Throughput Genotyping and Variant Imputation

Genomic DNA extraction for the FJX, MA, RNAseq, and
gPCR animals is described in Methods S1. All high throughput
genotyping was conducted by GeneSeek (Lincoln, NE, USA). FJX
and MA animals were typed using the Illumina BovineSNP50
BeadChip (Illumina), with a proportion of MA animals also typed
using the Illumina BovineHD BeadChip. Both FJX and MA
populations were then imputed to 711,678 BovineHD BeadChip
SNPs using Beagle software (Beagle v3.3.2) [34], using a reference
population of 3,206 animals. Animals that were biopsied for
RNAseq in 2013 were also genotyped using the Illumina
BovineHD BeadChip. For the 12 non-FJX animals that were
analysed by qPCR, the Illumina BovineHD BeadChip SNP ARS-
BFGL-NGS-57448 was manually genotyped using PCR and
Sanger sequencing, as described in Methods S1.

RNA Sequencing

High-depth RNAseq was undertaken using mammary gland
tissue samples from 217 lactating cows. These samples comprised
three subgroups sampled at different points through time. One
hundred and eighty-eight biopsies were taken in January 2013,
sampled from Holstein-Friesian cows in their second or third
lactation and producing 10-17 L of milk per day. Twenty-nine of
the samples came from F2 animals from the same FJX pedigree
used for genetic association analysis, with 12 of these producing 7—
15 L of milk per day and sampled in March 2012, and 17 of these
producing 6-15 L of milk per day sampled in April 2004 as part of
a separate study [35]. Tissue samples were taken by needle biopsy
for all animals as previously described [35], and total RNA was
extracted by NZ Genomics Limited (NZGL; Auckland, New

PLOS ONE | www.plosone.org

AGPAT6 Variants and Milk Composition

Zealand) as detailed in Methods S1. For the 29 RNA samples
derived from FJX F2 animals, libraries were prepared using the
TruSeq RNA Sample Prep Kit v2 (Illumina), and sequenced by
NZGL (Dunedin, New Zealand) using the Illumina HiSeq 2000
instrument. For the 188 samples taken in 2013, libraries were
prepared using the TruSeq Stranded Total RNA Sample Prep Kit
(Ilumina) with ribosomal RNA depletion using the Human/
Mouse/Rat Ribo-Zero kit (Epicentre/Illumina). These samples
were sequenced by the Australian Genome Research Facility
(AGRF; Melbourne, Australia) using the Illumina HiSeq 2000
instrument. Sequence data were mapped to the UMD 3.1 genome
using Tophat2 (version 2.0.8) [36], locating an average of 87
million read-pairs for the 29 IJX animals, and 84 million pairs for
the 188 Holstein-Friesian animals. Cufflinks software (version
2.1.1) [37] was used to quantify expressed transcripts, and yielded
fragments per kilobase of exon model per million mapped (FPKM)
expression values. For the 10 genes in the chromosome 27 1 Mbp
region of interest, genes were considered for downstream analysis
if they had non-zero FPKM values in at least 75% of samples, and
had a mean expression of 0.5 FPKM or greater. Methods S1
outlines read mapping and transcript calling parameters in greater
detail.

AGPAT6 Quantitative RT-PCR

Biopsies from lactating mammary tissue were taken from
animals as previously described [35]. A total of 25 samples from
25 animals were used for qPCR analysis, with 13 of these taken
from FJX F2 animals, eight of which overlapped with the set used
for RNA sequencing (described above). The remaining 12 samples
were taken from unrelated mixed-age Holstein Friesian and
Holstein Friesian-Jersey crossbred cows at mid-lactation in
January 2004 (approximately 150 days post-partum). Total RNA
was extracted and integrity assessed as previously described [35].
Complementary DNA was synthesised using the Superscript IIT
Supermix kit (Invitrogen). A custom intron-spanning assay
targeting exons 7 & 8 of the AGPAT6 transcript reference
sequence (NM_001083669.1) was designed using Roche Universal
Probe Library software (Roche). Two additional assays targeting
EIF3K and RPS15A genes were designed to serve as endogenous
controls for PCR normalisation. Quantitative PCR was conducted
using the Roche Lightcycler 480 instrument (Roche Diagnostics).
Relative quantification was performed by dividing mean AGPAT6
concentration values by mean endogenous control gene values,
yielding normalised ratios of AGPATG transcript to each endog-
enous control gene for each sample. The geometric mean of these
values was then normalised to a calibrator sample to transform
data to positive values for downstream data presentation and
statistical analysis. Further information regarding cDNA synthesis,
qPCR assay design, amplification conditions and other qPCR
experimental parameters is detailed in Methods S1.

Genome Sequence Analysis and Custom Genotyping
High-depth whole genome sequencing was conducted on the six
F1 males of the IJX pedigree as described previously [32].
Sequence read mapping and variant-calling for these data is
described in Methods S1. All F1 sire variants within an
approximately 40 kb interval encompassing the AGPAT6 gene
were extracted for further analysis. This interval contained 20 kb
of 5" upstream sequence and 5 kb of 3'downstream sequence
relative to the AGPAT6 RefSeq entry NM_001083669.1 gene co-
ordinates. Twenty kilobases of upstream sequence was targeted
since this encompassed an alternative AGPATG6 first exon that was
not included in the Entrez Gene annotation (NM_001083669.1),
though evidenced by EST data (e.g. GenBank EST AV610098),
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and RNAseq data from lactating mammary samples. This 40 kb
genomic interval therefore included 5 kb upstream and down-
stream of the mammary-expressed transcript, and contained 121
low quality-threshold variants generated from automated calling of
sequence data. A subset of 76 of these variants (73 SNPs and three
indels) was targeted for Sequenom iPLEX assay design and
genotyping by GeneSeek (Lincoln, NE, USA). Methods S1 and
Table S7 detail the filtering steps from raw variants to manually
curated target variants. Sequence.BAM files representing the
target region in the six F1 sires can be accessed at the NCBI
Sequence Read Archive (http://www.ncbinlm.nih.gov/sra), ac-
cession number SRP033212. The high priority indel variant chr27
2.36198118GGC(4_5) VNTR could not be typed using the
Sequenom platform so was instead targeted using a fluorescent
PCR-based assay. Details for this assay are in Methods S1.

Statistical Analysis

Primary data. Genotype, phenotype, and pedigree data used
for analysis in the MA, FJX, RNAseq, and qPCR populations
have been deposited in the Dryad digital data repository (http://
datadryad.org/; doi:10.5061/dryad.d6508).

Bayesian genome-wide association analysis in the MA
and FJX populations. A minor allele frequency (MAF) filter of
0.1% was applied to the union of MA and FJX genotype data
yielding 653,725 SNPs across the 32,530 MA and 711 EJX
animals. Genome-wide association analysis was conducted using
GenSel software (Version 4.53R) [38]. Markers were fit simulta-
neously by running a Bayes B model [39] for 50,000 iterations,
including a burn-in of 20,000 iterations. R-inverse weights were
applied according to the reliability of the phenotype, and
covariates for birth year, proportion NZ Holstein-Friesian
ancestry, proportion US Holstein-Friesian ancestry, and propor-
tion Jersey ancestry were also included in these models. Bayes B
genetic and residual variance priors were estimated by running
Bayes Cpi with pi=0.95 for 20,000 iterations, including a burn-in
of 10,000 iterations. In addition to considering effects for
individual markers, the genome was also partitioned into 1 Mbp
windows and the combined effects of SNPs within these intervals
were estimated.

Genetic association analysis of AGPAT6 locus
variants. Sequence-derived AGPAT6 variants were analysed
together with imputed Illumina BovineHD SNPs in a 1 Mbp
interval on chromosome 27. This interval centred around the top
associated SNP identified by Bayes B analysis in the MA
population (ARS-BFGL-NGS-57448; chr27 ¢.36155097C>T
*500 kbp). Prior to association analysis, custom genotyping data
were filtered according to a number of quality criteria, yielding 59
variants for analysis. Methods S1 details the criteria used for
filtering, Table S7 lists these variants. For Illumina BovineHD
SNPs, 281 variants (pre-filtered using the same criteria used for
genome-wide association analysis) mapped to the interval, with
eight of these variants excluded due to redundancy with custom-
genotyped SNPs (yielding 273 SNPs; Table S6). Associations
between SNPs and the milk fat percentage phenotype were
quantified by restricted maximum likelihood (REML) using
pedigree-based mixed models in ASReml-R [40,41]. Each SNP
was fitted in a separate model, with SNP treated as a quantitative
variable based on the number of allele copies. Pedigree
relationships were accounted for by fitting a pedigree-based
relationship matrix, and a fixed effect for birth year was also
included in each model. Variants were considered significant at
P<1.51x10™*, incorporating a Bonferroni correction for multiple
hypothesis testing using an alpha = 0.05. For point-wise analysis of
the ARS-BFGL-NGS-57448 SNP in conjunction with other gross
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milk composition phenotypes in the FJX and MA populations, the
same model components were used as described above. For
repeated measures analysis of milk fatty acids in FJX animals,
models additionally included stage of lactation as a fixed effect
(peak, mid, late), animal as a random effect, and days from the
mean herd calving date as a covariate. The proportion of
phenotypic variance explained by each SNP for each phenotype
was calculated using (2p(1-p)a®)/t, where p is the frequency of the
A allele, a is the estimated allele substitution effect, and ¢ is the total
phenotypic variation. Similarly, the proportion of genetic variance
explained by cach SNP was calculated using (2p(1-p)a®)/g, where g
is the total genetic variance.

AGPAT6 eQTL analysis — RNA sequencing. For the 217
mammary biopsy samples that sequenced, Illumina
BovineHD BeadChip genotypes were available on 212 individ-
uals. Four of the ten genes in the chromosome 27 1 Mbp
interval of interest passed the nominal expression threshold for
analysis (see RNA Sequencing section above). Association
analysis was conducted using logo-transformed FPKM values
and the same 281 Illumina BovineHD BeadChip SNPs used for
analysis of FJX milk fat percentage, quantified by restricted
maximum likelihood (REML) using pedigree based mixed
models in ASReml-R [40,41]. Each SNP was treated as a
quantitative variable, biopsy year and sequencing facility were
included as fixed effects, and pedigree relationships were
accounted for by fitting a pedigree-based relationship matrix.
Variants were considered significant at P<1.80x10™*, incorpo-
rating a Bonferroni correction for multiple hypothesis testing
using an alpha =0.05.

AGPAT6  eQTL analysis -  quantitative RT-
PCR. Association analysis between AGPAT6 qPCR transcript
abundance and AGPATG6 locus genotype was conducted by fitting
an Im model in R (v3.0.1) [42]. Relative AGPAT6 gene expression
was transformed using a logs transformation and ARS-BFGL-
NGS-57448 was treated as a quantitative variable based on the
number of allele copies. Biopsy group was fitted as a fixed effect to
account for potential differences in expression between the two
different biopsy time-points.

QTL correlation analysis. To provide insight into whether
the co-locating QTL for milk fat percentage and gene
expression might have common genetic underpinnings, correla-
tion analysis was conducted using the lists of SNP association
statistics between traits. This approach postulates that two QTL
underpinned by a single causative variant will produce similar
patterns of association for a given set of SNPs (or rather the
haplotypes that they tag), whereas two QTL underpinned by
discrete variants on different haplotypes will generate a different
association signature, and different associated SNP ranking. By
this logic, the relative ranking of these SNPs should correlate
between co-regulated traits, and be wuncorrelated between
independently regulated traits. In reality, the haplotype structure
underlying any two co-located QTL is unlikely to give rise to
truly independent signals, and QTL may be correlated due to
shared haplotypes alone. For comparative purposes, however, as
in the case of comparing cis eQTL of candidate causative genes
with physiological QTL, the degree of correlation may allow
differentiation between candidate genes. In the current applica-
tion, we selected all SNP from a 250 kbp window centred
around the top milk fat percentage associated SNP identified by
the Bayes B analysis for the MA population (ARS-BFGL-NGS-
57448; chr27 g.36155097C>T =*£125 kbp). This window size
was selected to proportionally increase the number of SNPs
positively associated with milk fat percentage in the correlation
set, since although non-associated SNPs also provide differen-

were
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tiation in correlation between QTL, an excess of non-associated
SNPs would decrease the sensitivity of rank correlation.
Spearman’s rank correlation coeflicients were then calculated
for the milk fat percentage and eQTL p-values for the 72 SNPs
this interval. Nonparametric correlation analysis was
performed since the relative sizes of the p-values are not
necessarily numerically comparable between different QTL. It
should also be noted that different populations of animals were
used in this analysis, so this method also assumes shared
haplotypes across populations.

in

Conservation Analysis of Candidate Causative Variants

The degree of evolutionary conservation was assessed for
sequence-derived AGPAT6 variants that were highly associated
with milk fat percentage. Site-wise genomic evolutionary rate
profiling (GERP) [43] scores were retrieved for these variants
from whole-genome multiple alignments of 35 eutherian
mammals, calculated against the Btau4.0 bovine genome and
visualised using the Ensembl genome browser [44]. Constrained
elements were also retrieved for these regions, defined as
stretches of the multiple alignment where sequences are highly
conserved based on the previous GERP score. The Ensembl
browser was also used to visualise ENCODE [28] open
chromatin and transcription factor binding sites for human
AGPAT6. Multiple species alignments for AGPAT6 exon 1 were
conducted using Clustal W [45], using cow, human, dog,
dolphin, armadillo, and mouse genomic sequences.

Supporting Information

Table S1 Individual SNP effects from genome-wide association
analysis in the MA population. ‘Mkr_ID’ indicates the Illumina
BovineHD SNP name, ‘Effect’ indicates the allele substitution
effect estimated by Bayes B. This file is a modified output from the
GenSel analysis package, see Fernando & Garrick [38] for a
detailed description of other output fields.

(XLSX)

Table 82 Top 50 milk fat percentage Q'T'L identified by window
analysis in MA animals, where the variances of consecutive 1 Mbp
windows of SNPs throughout the genome are estimated by Bayes
B. This file is a modified output from the GenSel analysis package,
see Fernando & Garrick [38] for a detailed description of output
fields.

(XLSX)

Table 83 Individual SNP effects from genome-wide association
analysis in the FJX population. ‘Mkr_ID’ indicates the Illumina
BovineHD SNP name, ‘Effect’ indicates the allele substitution
effect estimated by Bayes B. This file is a modified output from the
GenSel analysis package, see Fernando & Garrick [38] for a
detailed description of other output fields.

(XLSX)

Table $4 Top 50 milk fat percentage Q'T'L identified by window
analysis in FJX animals, where the variances of consecutive 1 Mbp
windows of SNPs throughout the genome are estimated by Bayes
B. This file is a modified output from the GenSel analysis package,
see Fernando & Garrick [38] for a detailed description of output
fields.

(XLSX)

Table S5 Individual fatty acid association statistics for the ARS-
BFGL-NGS-57448 SNP. ‘PhenName’ indicates the individual
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fatty acids tested, n’ is the number of animals used for analysis.
‘Parameter_estimate’ and ‘Parameter_se’ indicate the per-allele
parameter estimate and standard errors calculated from the
restricted maximum likelihood models, with parameter adjusted
genotype group means also indicated. ‘Pheno_variance’ indicates
the proportion of phenotypic variance explained by the ARS-
BFGL-NGS-57448 SNP for each fatty acid tested, with p-values of
association indicated in the right-most column.

(XLSX)

Table S6 Association statistics for variants within the 1 Mbp
milk fat percentage QTL region. ‘Var_name_custom_and_HD’
indicates the merged custom-genotyped and Illumina BovineHD
SNP-chip variant names, with ‘Var_name_HD’ indicating names
of variants from the SNP-chip only. ‘Chr’, ‘bp’, and ‘Mbp’ indicate
the positions of variants on the UMD3.1 genome build. For each
block of association statistics for the milk fat percentage and
AGPAT6 and SFRPI expression phenotypes, the parameter
estimates, the parameter estimate standard errors, p-values of
association, and the percentage of phenotypic variance explained
by each SNP are indicated. ‘Vars_for_corrs’ indicates the 250 kbp
window of variants used for calculation of Spearman’s rank
correlation coefficients for lists of p-values between phenotypes.

(XLSX)

Table S7 List of AGPAT6 locus variants discovered by whole
genome sequencing of the six FJX FI1 sires, and subsequent
curation and quality filtering steps for target variants.
‘#CHROM’, ‘POS’, ‘REF’, and ‘ALT’ indicate the position
and reference and alternate alleles for each variant called by the
automated variant callers, ‘QUAL’ indicates the quality score of
each variant. ‘Assay_Curation’ indicates details of target variant
selection, and the likely validity of variant calls following manual
mspection of sequence alignments. ‘SNPEft’ Effect’ shows the i
sthico functions predicted by SNPEf software, “T'arget_vars_cor-
rected’ indicates the subset of variants targeted for genotyping in
the FJX F2 animals. ‘Quality_filtered_vars_for_assoc’ lists the
variants that were successfully genotyped and passed genotype
quality threshold criteria, highlighted in yellow across all fields.
(XLSX)

Methods S1 Supplementary methods.
(DOCX)
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