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Letter

Identification of a missense mutation in the bovine
ABCG2 gene with a major effect on the QTL on
chromosome 6 affecting milk yield and composition

in Holstein cattle

Miri Cohen-Zinder,'* Eyal Seroussi,"* Denis M. Larkin,? Juan |. Loor,?
Annelie Everts-van der Wind,? Jun-Heon Lee,? James K. Drackley,? Mark R. Band,?
A.G. Hernandez,® Moshe Shani," Harris A. Lewin,? Joel I. Weller,-> and Micha Ron'

TInstitute of Animal Sciences, Agricultural Research Organization, Bet-Dagan 50250, Israel; °Department of Animal Sciences and
3W.M. Keck Center for Comparative and Functional Genomics, University of Illinois, Urbana, lllinois 61801, USA

We previously localized a quantitative trait locus (QTL) on chromosome é affecting milk fat and protein
concentration to a 4-cM confidence interval, centered on the microsatellite BMI43. We characterized the genes and
sequence variation in this region and identified common haplotypes spanning five polymorphic sites in the genes
IBSP, SPPI, PKD2, and ABCG2 for two sires heterozygous for this QTL. Expression of SPPI and ABCGZ in the bovine
mammary gland increased from parturition through lactation. SPPI and all the coding exons of ABCG2 and PKD2 were
sequenced for these two sires. The single nucleotide change capable of encoding a substitution of tyrosine-581 to
serine (Y58IS) in the ABCGZ transporter was the only polymorphism corresponding to the segregation status of all 3
heterozygous and 15 homozygous sires for the QTL in the Israeli and U.S. Holstein populations. The allele
substitution fixed effects on the genetic evaluations of 335 Israeli sires were —341 kg milk, +0.16% fat, and +0.13%
protein (F-value = 200). No other polymorphism gave significant effect for fat and protein concentration in models
that also included Y58IS. The allele substitution effects on the genetic evaluations of 670 cows, daughters of two
heterozygous sires, were —226 kg milk, 0.09% fat, and 0.08% protein (F-value = 394), with partial dominance
towards the 581S homozygotes. We therefore propose that Y58IS in ABCG2 is the causative site for this QTL.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been
submitted to EMBL/GenBank/DDB] under accession nos. A)871966, A)871964, A]871963, A]871176, A)871967,

A]871968, A)871965, AJ877268.]

Although many studies have demonstrated linkage between ge-
netic markers and quantitative trait loci (QTL) in commercial
animal populations, the actual DNA polymorphism responsible
for the observed effect—a quantitative trait nucleotide (QTN),
has been identified in only a single case in dairy cattle. Grisart et
al. (2002) identified a polymorphism in exon 8 of the gene en-
coding acylCoA:diacyglycerol acyltransferase (DGATI) on Bos
taurus chromosome 14 (BTA 14), which was associated with in-
creased fat yield, fat, and protein percent, as well as decreased
milk and protein production. This gene was identified using bio-
informatics, comparative mapping, and functional analysis
(Grisart et al. 2002; Weller et al. 2003; Winter et al. 2002).
Segregating QTL for milk production traits on BTA6 were
found in U.S. Holsteins (Georges et al. 1995; Zhang et al. 1998),
Canadian Holsteins (Nadesalingam et al. 2001), Dutch Holsteins
(Spelman et al. 1996), German Holsteins (Kuhn et al. 1999), Brit-
ish black and white cattle (Wiener et al. 2000), Norwegian cattle
(Olsen et al. 2002), and Finnish Ayrshires (Velmala et al. 1999).
Ron et al. (2001) found that three QTL affecting milk, fat, and
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protein production, as well as fat and protein concentration, are
segregating on BTAG in the Israeli Holstein population. The QTL
with the greatest significance was located near the middle of the
chromosome, with a confidence interval of 4 cM for protein per-
centage centered on microsatellite BM143. Two unrelated Israeli
sires were found to be heterozygous for this QTL, whereas seven
other sires were homozygous for the QTL.

The QTL confidence interval on BTA®6 is orthologous to two
regions on both arms of human chromosome 4 (HSA4) that con-
tain the following annotated genes: FAM13A1, HERC3, HERCS,
HERC6, PPM1K, ABCG2, PKD2, SPP1, MEPE, IBSP, LAP3, MED2S,
KIAA1276, HCAP-G, MLR1, and SLIT2 (Everts-van der Wind et al.
2004). Olsen et al. (2005) used physical mapping and combined
linkage and linkage disequilibrium (LD) mapping to determine
that this QTL is located within a 420-Kb region between ABCG2
and LAP3.

In this study, we present very strong evidence for the second
positional cloning of a QTL in an outbred cattle population. A
single nucleotide polymorphism (SNP) capable of encoding a
substitution of tyrosine-581 to serine in ABCG2 is most likely
responsible for the major QTL affecting milk yield and composi-
tion. Jonker et al. (2005) demonstrated that ABGC2Z is responsible
for the active secretion of clinically and toxicologically impor-
tant substrates into mouse milk, and that mice homozygous for
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an ABCG2 knock-out mutation lack this function. However,
—/— mice and their suckling progeny showed no adverse effects.
It therefore remains unclear why ABCG2 is functionally active in
the mammary gland. This study sheds light on this important
question, as the first example of a functional role for this gene in
natural milk secretion.

Results

Comparative and physical mapping of the critical region
for the BTAS6 QTL

By combining comparative genomics and in silico gene cloning,
we produced a map of genes and sequence variation in the criti-
cal region of the QTL (Fig. 1). We confirmed gene order by physi-
cal mapping of PCR probes in BAC clones that are part of ge-
nomic contigs 503 and 8342 (Supplemental Table 1). BM143 and
SLIT2 were identified within contig 8342. Fifteen genes within 2
cM centromeric to BM143 were identified within contig 503 or-
thologous to two different regions on HSA4. Figure 1 shows the
predicted order, size, and orientation of transcription of the
genes within contig 503, based on their corresponding features in
the human genome.

Polymorphism detection, LD mapping, and haplotype analysis
A total of 31,655 bp was sequenced in intergenic, exonic, and
intronic regions of 10 genes within the critical region of the QTL

using DNA of two sires (2278 and 3099) heterozygous for the QTL
(Table 1). Thirteen sites heterozygous in at least one of the two
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Figure 1. Genes within the critical region of the QTL on BTA6 proximal
to BM143 were ordered based on the cattle-human genome compara-
tive map, 23 bovine BAC clones representing contig 503, with SPP1, IBSP,
and LAP3 as anchors for the orthologous regions on HSA4. BM143 is
indicated (in boldface type) as the most informative marker for the QTL
in cattle. Polymorphism is displayed at the respective gene positions for
the two sires 2278 and 3099, heterozygous for the QTL (+/—). For the
diallelic markers the allele with the higher frequency is denoted 1, and the
allele with the lower frequency is denoted 2. BM143 alleles were num-
bered consecutively from shortest to longest based on all alleles detected
in the population. Shared haplotypes in concordance with the segrega-
tion status of the two sires for the QTL are displayed in red and blue.

sires were selected as markers and genotyped for 411 sires. A
single polymorphic site was genotyped in seven genes, and two
polymorphic sites were genotyped in each of the three genes
SPP1, ABCG2, and FAM131A1. Henceforth, the polymorphisms
will be denoted by gene symbol for seven single-gene polymor-
phisms, and by the gene symbol followed by either (1) or (2) for
the genes with two polymorphisms. All sites of polymorphism
were in highly significant LD (P<0.0001) with at least one other
site. LD values of adjacent markers are plotted in Supplemental
Figure 1. Generally, LD values between adjacent markers were
>0.2. Exceptions were the BM143-MRL1-MED28 segment, LAP3-
IBSP, and HERC6-FAM13A1. The two sires heterozygous for
the QTL share common haplotypes for the polymorphic sites
at IBSP, SPP1, PKD2, and ABCG2 (Fig. 1). For both sires, the
same haplotype was associated with increased protein concen-
tration.

Cloning of bovine ABCG2, PKD2, and SPPI genes

A bovine BAC clone containing the three genes SPP1, PKD2, and
ABCG2 (GenBank accession no. AJ871176) was shotgun se-
quenced. By aligning this sequence with bovine ESTs and human
orthologous genes, we identified in this BAC the last 15 exons of
the bovine ABCG2 gene, which included the whole putative
polypeptide sequence of the ABCG2 transporter (protein
CAI38796.1). In the opposite orientation on the BAC, we anno-
tated 15 exons of the gene orthologous to human PKD2
(CAI38797.1) and seven exons of bovine SPP1 (CAI38798.1). The
entire description of the cloning procedure is presented in the
Supplemental data.

Expression of candidate genes in the bovine mammary gland

Of the eight genes analyzed, three genes, SPP1, ABCG2, and
MED28, showed significant differential expression in the mam-
mary gland during lactation, as compared with the dry period
(P <0.02). Significant differential expression was not found in
liver tissue. Expression of SPPI and ABCG2 in the mammary
gland and liver during lactation and the dry period is shown in
Figure 2. The increase in the mammary gland was 8- and 20-fold
for the two genes, respectively.

The ABCG2 missense mutation Y58IS

Using this BAC data, we sequenced the exons, introns, and part
of the regulatory region of SPP1 and all of the coding exons of
PKD2 and ABCG2 for the two Israeli sires heterozygous for the
QTL. The single nucleotide change, A to C, denoted ABCG2(2),
capable of encoding a tyrosine-to-serine substitution at position
581 (Y581S) in the fifth extracellular region of the ABCG2 pro-
tein, was detected. Henceforth, the A allele, capable of encoding
tyrosine, which was the more frequent allele in the population,
will be denoted the + QTL allele. The + allele decreases milk yield
and thus increases fat and protein concentration. Of the 341 sires
with valid genotypes, 12 were homozygotes (—/—), 109 were
heterozygotes, and 220 were homozygotes (+/+). The + QTL allele
frequency was 0.805. Thus, the genotype frequencies corre-
sponded nearly exactly to the expected Hardy-Weinberg frequen-
cies. ABCG2(2) was the only polymorphism corresponding to the
segregation status of all three heterozygous and 15 homozygous
sires for the QTL in the Israeli and US Holstein populations. The
probability of concordance by chance, computed as described in
the methods, is (0.68'%)(0.16%) = 0.00008.
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Table 1. Polymorphism detection in the course of positional cloning the QTL on BTA6

Number of exons Sequencing size (bp) Polymorphism
Gene Total Sequenced Exons Introns Promoter Type? Location
MLR1 7 2 482 228 Insertion TGAT Exon 7 (A)J871966)
MED28 5 2 133 1268 CtoT Exon 4 (A]871964)
LAP3 13 2 147 450 CtoT Exon 12 (A)J871963)
IBSP 7 1 560 Ato G Exon 7 (NM_174084")
SPP1(1) 7 7 1362 5633 1205 Ato G Intron 5 (AJ871176)
SPP1(2) Tto G Exon 7 (AJ871176)
PKD2 15 15 3023 2485 2931 Insertion A Promoter (AJ871176)
ABCG2(1) 16 15¢ 2029 3416 AtoT Intron 3 (AJ871176)
ABCG2(2) Ato C¢ Exon 14 (AJ871176)
PPMIK 7 1 490 GC to AT Exon 2 (AJ871967, AJ871968)
HERC6 23 330 Insertion C Intron 5 (A]877268)
FAM13A1(1) 18 18 2580 2190 Ato G Intron 9 (Cohen et al. 2004a)
FAMT13A1(2) Cto A Exon 12 (Cohen et al. 2004a)
Total 10,806 16,713 4136

“The more frequent allele is listed first.

PAt position 802.

“Coding region of this gene starts in exon 2.
9Y581S.

Allele substitution effects and dominance

The Model 1 effects of the markers on the quantitative traits are
given in Table 2. This model estimated the effects associated with
the polymorphisms on the sire evaluations for the milk produc-
tion traits, with each polymorphism-trait combination analyzed
separately (Cohen et al. 2004a). The number of bulls with valid
genotypes and the frequency of the more common allele for each
marker are also given. Most of the markers had highly significant
effects on protein concentration, but the effect associated with
ABCG2(2) was more than double the next largest effect. LAP3,
MED28, ABCG2(2), and HERC6 had significant effects on fat and
protein yield, whereas ABCG2(2), SPP1(1), SPP1(2), and PKD2
were associated with milk yield. The effect associated with
ABCG2(2) on milk was double the next largest effect, and the
effect associated with percentage fat was triple the next largest
effect observed.

The effects on the quantitative traits associated with 670
daughters of the two sires heterozygous for the QTL are given in
Table 3, both as class effects and as regression effects. The class
effects are given relative to the 581S homozygote (—/—). Domi-
nance was estimated from the class effects, relative to the 5818
homozygote. The regression effects estimated from the animal
model analyses of the entire Israeli Holstein population are also
given. Israel and Weller (1998) demonstrated that QTL effects

10 SPP1
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L L l L M J

Fold change

20 ABCG2

mw
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Figure 2. Expression data for SPPT and ABCG2 in bovine mammary (M)
and liver (L) tissues. Fold-change values are normalized intensity during
pregnancy (— 65, —30, and —15 d to calving date) and lactation (1, 15,
30, 60, and 120 d postpartum) using day — 15 as a base for comparison.

will be underestimated by the analysis of genetic evaluations,
especially genetic evaluations of cows, which have relatively low
heritability, while estimates derived from animal model analyses
of the entire population will be unbiased. The effects derived
from the animal model for milk, percentage fat, and percentage
protein were more than double the regression effects from the
analyses of the genetic evaluations. This was not the case for fat
and protein yield, but these effects were only marginally signifi-
cant in the analyses of the genetic evaluations. For all five traits,
the heterozygous effect was within the range of the two homo-
zygous effects. Significant partial dominance was obtained for
both percentage fat and percentage protein towards the 581S
homozygote, which was also the less frequent allele among the
daughters of the heterozygous sires.

Variance components and marker substitution
effects from REML analysis

The numbers of genotyped bulls and ancestors included in the
variance component analyses are given in Supplemental Table 4
for the analyses of ABCG2(2) alone, and the analyses of ABCG2(2)
with SPP1(2), HERC6, and LAP3. These analyses are presented
because these markers gave the greatest Model 1 effects on the
production traits after ABCG2(2). In each analysis, the number of
ancestors was slightly greater than the numbers of genotyped
bulls. The total number of bulls included in each analysis ranged
from 641 to 758.

The variance components are presented in Table 4 for all
four analyses. The residual effects were generally low, because
genetic evaluations were analyzed. In all four analyses, the vari-
ance components and the substitution effects associated with
ABCG2(2) for fat and protein percentage were quite similar. The
substitution effects were close to 0.21% for both traits in all
analyses. These values are also close to the values of 0.22% and
0.19% for fat and protein percentage obtained from the animal
model analysis. The variance components for all the markers
other than ABCG2(2) were near zero for fat and protein percent-
age. The variance components associated with SPP1(2) were near
zero for all five traits. These results correspond to the hypothesis
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Table 2. Effects of the polymorphisms on the bulls’ breeding values for the quantitative traits with each marker analyzed separately
Quantitative traits

Frequency of the
Marker Number of bulls more common allele Milk Fat Protein % Fat % Protein
BM1432 346 55.1 -34 0.7 —3.5%* 0.019 —0.022*
MLRT 298 50.5 —-67 -2.8 0.7 —0.005 0.025*
MED28 316 57.2 80 6.0%** 4.4%** 0.031 0.018*
LAP3 341 57.3 13 6.1** 4.7%** 0.053** 0.039****
IBSP 336 61.3 -35 1.1 0.6 0.021 0.015
SPPI(T) 366 57.0 —123* -0.1 0.8 0.039* 0.043****
SPP1(2) 309 72.9 —171%* -0.7 1.4 0.048* 0.0671****
PKD2 326 67.1 —1471** 0.6 0.9 0.046* 0.048****
ABCG2(2)° 335 80.5 — 347 xxx* 5.3* 4.7 0.159%*** 0.135%***
ABCG2(1) 282 55.4 -67 0.8 2.4 0.029 0.042%***
PPMIK 369 73.6 —58 -1.7 1.8 0.001 0.033**
HERC6 328 67.9 —-14 4.9** 5.6%%** 0.049** 0.056****
FAMT13A1(1) 381 81.8 —64 0.3 1.1 0.023 0.028*
FAM13A1(2) 370 41.1 —-107* 2.0 1.2 0.053** 0.042%***

Significance: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

“This microsatellite was analyzed as a diallelic marker as described in the Supplemental data.
PFor ABCG2(2) effects were computed relative to the Y581 allele. This allele, denoted the + allele, was associated with increased protein concentration.
For all the other markers, the effects were computed relative to the allele in LD association with the + allele for ABCG2(2).

that ABCG2(2) is the causative mutation for the QTL affecting fat
and protein concentration.

The variance component associated with ABCG2(2) for milk
was similar in all analyses, except for the analysis that included
HERCS. In this analysis, the variance component for ABCG2(2)
increased to 160,000. This can be explained by postulating that
two QTL are segregating on this chromosome that affect milk
production, and that, in general, these two QTL are in repulsion
throughout the population. Thus, a greater effect was observed
associated with ABCG2(2) with HERC6 included in the model,
because the “masking” effect was removed. These results corre-
spond to the previous results of Ron et al. (2001) that found three
QTL segregating on this chromosome. Sire 2278 was also segre-
gating for the QTL proximate to the centromere, but the effects
on milk were in repulsion for this sire. Thus, the effects associated
with HERC6 correspond to the QTL proximate to the centromere
described previously by Ron et al. (2001). This QTL affects milk,
fat, and protein production but not fat or protein concentration.
The effects associated with LAP3 partially correspond to the third
segregating QTL also described by Ron et al. (2001), which chiefly
affected milk and fat yield and protein concentration. Unlike the
analyses including ABCG2(2) and HERCS, in the analyses includ-

Table 3.
model analyses

ing ABCG2(2) and LAP3, the variance components associated
with both markers were positive for fat and protein yield. This
corresponds to the hypothesis that neither of these markers is in
complete linkage for the QTL responsible for fat and protein
yield.

Genetic trend

The genetic trend for the 581Y of ABCG2(2) in the entire cow
population is shown in Figure 3. The mean annual breeding val-
ues for fat and protein percent are also given. The frequency of
581Y allele by birth date of cows decreased from 0.75 in 1982 to
0.62 in 1990, and then increased to 0.77 in 2002. These trends
correspond to the change in the Israeli breeding index, which
was based chiefly on milk production until 1990. Since then, the
index has been based chiefly on protein with a negative weight
for milk yield (Weller et al. 2003).

Conservation of ABCG2 581 in mammals

Comparison of this protein domain across mammals is presented
in Figure 4 for the region spanning amino acid 557 to 630. The
arrow indicates position 581, for which tyrosine and serine were

Effect of ABCG2(2) on the breeding values of the daughters of the heterozygous sires and QTL effects derived from the animal

Quantitative traits

Number

Analysis Genotype? of cows Kg milk Kg fat Kg protein % Fat % Protein
Class effects® —/= 78 0 0 0 0 0

+/— 328 —185 0.4 1.2 0.059 0.065

+/+ 264 —432%** 4.2%* 3.3%* 0.169**** 0.145%***
% Dominance*© 14.3 80.9 27.3 30.2* 17.2*
Regression? 670 —226**** 2.6** 1.8** 0.093**** 0.076****
Animal model® —597 2.2 1.3 0.225 0.193

Significance: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

2581S was denoted the “—" QTL allele; Y581 was denoted the “+” QTL allele.
bSignificance of the class effect is indicated in the +/+ row. Effects are computed relative to the —/— homozygote.

“Relative to the —/— homozygote.
dAllele substitution effects assuming additivity.
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Table 4. Variance components and marker substitution effects from REML analysis of the sire evaluations

Trait
Kg milk Kg fat Kg protein % Fat % Protein

Variance components

ABCG2(2) 86,640 13.0 12.9 0.0145 0.0128

Polygenic 272,720 553.0 286.4 0.0481 0.0101

Residual 84,504 1.2 0.1 0.0005 0.0001
Substitution effects®

ABCG2(2) 520 6.4 6.3 0.213 0.200
Variance components

ABCG2(2) 103,080 2.71 5.1 0.0135 0.0129

SPP1(2) 0 0.0 0.0 0.0000 0.0000

Polygenic 270,550 563.0 289.1 0.0480 0.0096

Residual 77,542 1.6 0.0 0.0000 0.0007
Substitution effects®

ABCG2(2) 568 2.9 4.0 0.213 0.201

SPP1(2) 0 0.0 0.0 0.000 0.000
Variance components

ABCG2(2) 161,952 0 0 0.0158 0.0153

HERC6 15,178 20.6 22.6 0 0

Polygenic 267,670 521.3 282.3 0.0456 0.0093

Residual 86,103 1.0 0.1 0 0.0002
Substitution effects®

ABCG2(2) 711 0 0 0.222 0.219

HERC6 218 8.0 8.4 0 0
Variance components

ABCG2(2) 85,277 4.7 8.4 0.0133 0.0134

LAP3 2697 9.2 7.1 0 0

Polygenic 291,069 556.9 286.0 0.0493 0.0094

Residual 77,829 1.0 0 0 0
Substitution effects®

ABCG2(2) 516 3.8 5.1 0.204 0.205

LAP3 92 5.4 4.7 0 0

2Computed as described in the Methods section.

found for the three sires heterozygous for the QTL. Phenylala-
nine is the conserved amino acid in the mammals analyzed, ex-
cept for Canis familiaris and Bos taurus with tyrosine at this po-
sition. Both tyrosine and phenylalanine are aromatic acids,
whereas serine is a nucleophilic acid.

Discussion

As of 2002, the molecular basis of approximately 30 genes was
found for complex traits (Glazier et al. 2002), with only one
documented gene in cattle, DGAT1 on BTA14, which chiefly af-
fects milk fat concentration (Grisart et al. 2002).

Various studies have proposed candidate genes for the QTL
on BTAG6 based on their putative physiological role on the trait of
interest (Wayne and McIntyre 2002). Weikard et al. (2004) sug-
gested that PPARGC1A (peroxisome proliferator activated recep-
tor gamma, coactivator 1, alpha) is a positional and functional
candidate gene for the QTL on BTA6, because of its key role in
energy, fat, and glucose metabolism. Olsen et al. (2005) postu-
lated that the function of PKD2 best corresponds with the QTL
effect. This gene encodes an integral membrane protein involved
in intracellular calcium homeostasis and other signal transduc-
tion pathways (Nauli et al. 2003). Cohen et al. (2004b) suggested
that SPPI has an essential role in mammary gland differentiation
and branching of the mammary epithelial ductal system, and is
therefore a prime candidate. Furthermore, anti-sense SPPI trans-
genic mice displayed abnormal mammary gland differentiation
and milk secretion (Nemir et al. 2000).

Mackay (2001) postulated that the only option to achieve

the standard of rigorous proof for identification of a gene under-
lying a QTL in commercial animal populations is to collect “mul-
tiple pieces of evidence, no single one of which is convincing,
but which together consistently point to a candidate gene.”

In this study, diverse pieces of evidence support the conclu-
sion that ABCG2 is the segregating QTL on BTA6:

1. The shared haplotypes of the two sires segregating for the QTL
spanned five sites of polymorphism in the genes IBSP, SPP1,
PKD2, and ABCG2. This is equivalent to the 420-Kb region
found in the Norwegian cattle (Olsen et al. 2005), except that
it is shorter on the 5’ end of ABCG2 (exons 1 to 3) and the 3’

0.12 —0.80
e g
s 0.06 075 §
[ o
s 2
- =
] 2
S 0.00 070 3
S -0.06 065 ©
[34] - <

0.12 0.60

1982 1987 1992 1997 2002
Birth year

Figure 3. Genetic trends for protein and fat concentration and fre-
quency of the ABCG2 581Y allele in the Israeli Holstein cow population by
birth year. (Solid line) ABCG2 581Y allele frequency; (dotted line) mean
yearly breeding values for % fat; (broken line) mean yearly breeding
values for % protein.
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Bos taurus

Canis familiaris
Sus scrofa
Macaca mulatta
Pongo pygmaeus
Homo sapiens
Pan troglodytes
Mus musculus
Rattus norvegicus BEFR|

Figure 4. Conservation of the 5 extracellular domain of ABCG2 protein in mammals. The ClustalW
(Thompson et al. 1994) alignment of predicted amino acid sequences of nine orthologous ABCG2
genes is shown. Identity and similarity between the amino acid sequences are indicated by black and
gray boxes, respectively. White boxes indicate nonconservative amino acid changes between the
proteins. Dashes indicate gaps introduced by the alignment program. The position of 581Y in Bos
taurus for which the sires heterozygous for the QTL were 581Y/581S is indicated by an arrow. A
conserved phenylalanine residue is located in this position for most of the other mammals.

end of LAP3 (exons 12 and 13). The same haplotype was as-
sociated with the + QTL allele in both sires.

2. The two genes within the shared haplotype, ABCG2 and SPP1,
were preferentially expressed in the bovine mammary gland at
the onset of lactation. Furthermore, large-scale analysis of hu-
man and mouse transcriptomes revealed that ABCG2 had the
highest expression in the mammary among 61 organs and
tissues tested (Su et al. 2002).

3. Of the polymorphisms genotyped, only ABCG2(2) was in con-
cordance with the segregation status of all 3 heterozygous and
15 homozygous sires for the QTL in the Israeli and U.S. Hol-
stein populations. The probability that this would occur by
chance is 0.00008.

4. ABCG2(2) is capable of encoding a non-conservative amino acid
change (Y581S) that may affect this gene’s transporter function.

5. The highest population-wide substitution effects on milk yield
and fat and protein concentration were obtained for the
Y581S polymorphism in ABCG2, and these effects were more
than double the next largest effects associated with any of the
other polymorphisms.

6. In the analysis of over 300 genotyped bulls, none of the other
polymorphisms gave significant effects for fat and protein
concentration in models that also included Y581S.

7. The high YS581S allele substitution effects on the genetic
evaluations of 670 cows, daughters of two heterozygous sires,
represent the joint effects of both paternal and maternal alle-
les. The F-value was 394 for percentage protein.

8. Protein and fat concentration for cows homozygous for the
581S allele was lower than the heterozygotes, even though the
second 5818 allele was of maternal origin, and therefore un-
related to the daughter design effects.

9. The frequency of 581Y allele by birth date of cows decreased
from 0.75 in 1982 to 0.62 in 1990, and then increased to 0.77
in 2002, in correspondence with the changes in the Israeli
Holstein selection index. The close correspondence between
the two analyses supports the conclusion that ABCG2(2) is the
QTN, although it could also be due to a “hitch-hiker” effect
(Weichenhan et al. 2001).

10. Weller et al. (2002) estimated the frequency of the + QTL
allele in the Israeli Holstein population as 0.69 and 0.63,
relative to fat and protein percent, by the modified grand-
daughter design for cows born between 1992 and 1996. This
corresponds closely to the frequency of 0.69 for 581Y as es-
timated in the current study for cows born in 1994.

Schnabel et al. (2005) proposed that OPN3907 in the regulatory
region of SPP1 is the QTN. We sequenced all 18 Israeli and US

sires with known QTL genotypes, and
found that this chromosomal segment is
hyper-variable. At least four single
nucleotide changes were found within
the 20-bp region centered on the poly-A
sequence. All sires except one were het-
erozygous for at least one of these poly-
morphisms. We thus conclude that
OPN3907 is not the QTN. However,
as long as the entire chromosomal
segment within the confidence interval
of the QTL has not been sequenced in
the sires with known QTL genotypes, it
is not possible to completely eliminate
the possibility that the QTN may be
some other polymorphism in strong LD with Y581S. Further-
more, formal proof that this polymorphism is in fact the
QTN can only be obtained by functional studies (Grisart et al.
2004).

None of the other markers displayed significant effects on
fat and protein concentration in models that also included
ABCG2(2). However, this was not the case for milk, fat, and pro-
tein yield. These results correspond to the results of several stud-
ies that indicate multiple QTL affecting milk production traits
segregating on this chromosome (Ron et al. 2001; Olsen et al.
2005). Ron et al. (2001) found that the other QTL were at some
distance from the major QTL affecting fat and protein concen-
tration, but confidence intervals for QTL location are quite large
for QTL of moderate effects (Weller 2001). The LD effects ob-
served in this study may indicate that the additional QTL are in
fact quite close to ABCG2.

The genetic and economical potential of the identification
of the gene is quite modest for the Holstein populations ana-
lyzed, in which the + QTL allele is already at a high frequency. At
present, allelic frequencies in other populations are unknown. In
a recent study, Kaupe et al. (2004) estimated the allele frequency
of DGAT1 polymorphism in 38 cattle breeds representing the
entire range from zero to fixation.

ABCG2, a member of the ATP binding cassette (ABC) super-
family, is a “halftransporter,” with only one ATP binding cassette
in the N terminus and one C-terminal transmembrane domain
(Ejendal and Hrycyna 2002; Gottesman et al. 2002). In an ATP-
dependent process, ABCG2 transports various xenobiotics and
cytostatic drugs across the plasma membrane (Litman et al.
2000). Analysis of different stages of mammary development by
immunohistochemistry and Western analysis revealed that
ABCG2 was not expressed in virgin mice but was greatly induced
during late pregnancy and especially during lactation (Jonker et
al. 2005). They demonstrated that ABCG2 expression is confined
to the apical membrane of alveolar, but not ductal mammary
epithelial cells of mice, cows, and humans and is responsible for
the active secretion of clinically and toxicologically important
substrates into mouse milk. ABCG2 is thought to be a drug trans-
porter, but it is induced by estrogen. Related genes, namely,
ABCG1, ABCGS, and ABCGS8 are sterol transporters (Schmitz et al.
2001). It is therefore reasonable to propose that ABCG2 might
transport cholesterol into milk.

Whereas in other tissues ABCG2 generally has a xenotoxin-
protective function, transfer of xenotoxins from the mother to
the suckling infant or young via milk is difficult to reconcile with
a protective role. Our study provides the first example of a func-
tional role for this gene in natural milk secretion. The effect of
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the specific Y581S polymorphism on the activity of the ABCG2
protein remains to be explored.

Methods

PCR primers and their corresponding numbers are presented in
Supplemental Table 3.

Physical mapping and bioinformatics

The order and location of the genes in the QTL region were de-
termined in the bovine bacterial artificial chromosomes (BACs)
from the CHORI-240 BAC library (Warren et al. 2000). We used
repeat-masked end sequences from CHORI-240 clones obtained
from the GenBank for BLASTN search against the human ge-
nome sequence (NCBI build 33). The cattle fingerprint contigs
(BCCRC, Vancouver, British Columbia, Canada) were identified
that contain clones anchored to the human genome by sequence
similarity. Cattle fingerprint contig 503, which covers the confi-
dence interval region of the QTL upstream to BM143 in HSA4, is
diagramed in Figure 1. The contig is represented on the axis of
HSA4 in the following positions: 89,077,921-90,827,214 and
17,255,215-17,699,645 (http://genome.ucsc.edu/cgi-bin/
hgGateway?org=human). A minimum tiling path of 23 cattle
BACs, listed in the Supplemental data, between these positions
covering the region of the QTL from FAM13A1 to MLRI were
selected. The exact position of each gene in the human genome
was identified using the UCSC Genome Browser database. Bovine
BAC clones presumably containing the same gene in cattle were
identified by their end sequence similarity to the human genome
and are presented in Supplemental Table 1. When there was no
BAC clone with both ends covering the whole interval of the
candidate gene, several overlapping BACs with single ends
matching the upper and lower boundaries of the gene interval
and covering the whole region were selected for PCR analysis.
The BAC templates were prepared by picking colonies grown over-
night and boiling them in 200 pL of ddH,O for 10 min. Bioinfor-
matics procedures, management of DNA sequences and EST assem-
bly were done as previously described (Cohen et al. 2004a).

Identification of polymorphism in genes within the critical
region of the QTL

To search for relevant informative genomic variation in the criti-
cal region of the QTL we used the genomic DNA of the two sires
heterozygous for the QTL as a template. We PCR amplified ge-
nomic fragments of the bovine orthologs of the human genes
listed in Table 1. In most cases, we obtained the bovine sequence
required for the design of PCR primers from bovine ESTs of the
orthologous genes. The PCR products were sequenced for poly-
morphism detection. Nucleotide substitution was detected by
double peaks for the specific nucleotides, and insertion was de-
tected by sequence overlap that was analyzed using ShiftDetector
(Seroussi et al. 2002). The entire description of the cloning and
the identification of polymorphism procedures for HERCS6,
PPM1K, ABCG2, PKD2, SPP1, IBSP, LAP3, MED28, and MLR1 are
presented in the Supplemental data.

Experimental design and haplotype analysis

The search for the QTN was based on genotyping of the following
samples:

1. Two sires heterozygous for the QTL (2278 and 3070) and
seven sires homozygous for the QTL in the Israeli population
as determined using a daughter design (Ron et al. 2001).

2. A single sire heterozygous for the QTL (DBDR family 9) and
eight sires homozygous for the QTL in the US population

(DBDR family 1 to 8) as determined using a granddaughter
design analysis (Ashwell et al. 2004).

3. Six hundred seventy daughters of two Israeli sires heterozy-
gous for the QTL with genetic evaluations for production
traits (Ron et al. 2001).

4. Four hundred eleven progeny-tested Israeli sires with genetic
evaluations for production traits (Cohen et al. 2004a).

5. Eight cows with mammary biopsies and five cows with liver
biopsies.

The 411 Israeli Holstein sires with genetic evaluations for all five
milk production traits were genotyped for the 13 markers listed
in Table 1 and BM143. Eleven markers were SNPs, one was a
two-base polymorphism, and two were microsatellites (BM143,
and the polymorphic site in MLR1). Twenty daughters of each of
the two Israeli sires heterozygous for the QTL were also geno-
typed for all 14 markers to determine the haplotypes of the two
sires. Genotyping of polymorphism was performed following the
methods of Cohen et al. (2004a). The genotyping platform and
specific assay for each site are presented in Supplemental Table 2.

Statistical analysis

LD parameters values were computed between each pair of mark-
ers as described by Hedrick (1987). Probability of concordance by
chance between the QTL and a polymorphism was computed
only for ABCG2(2), which was the only marker in complete con-
cordance with the 18 sires with known QTL genotype (Ron et al.
2001; Ashwell et al. 2004). Since only polymorphisms heterozy-
gous in at least one of the sires heterozygous for the QTL were
genotyped on the complete sample of bulls, the probability of
concordance with the QTL only considered the remaining 17
sires. This is computed as the probability that all 15 sires homo-
zygous for the QTL should also be homozygous for the polymor-
phism, and that the two remaining sires heterozygous for the
QTL should also be heterozygous for the polymorphism, and that
in all three heterozygous sires the same QTL allele should be
associated with the same marker allele. Thus probability of con-
cordance is p;'*(p,/2)%, where p, is the probability of homozy-
gotes, and p, is the probability of heterozygotes. P, was divided
by two, because for concordance to be complete, the two addi-
tional heterozygous sires must have the same ABCG2(2) allele
associated with the + QTL allele as the original genotyped sire.

Genetic evaluations for milk, fat, and protein were com-
puted by a multi-trait animal model analysis of the entire Israeli
Holstein population (Weller and Ezra 2004). Evaluations for fat
and protein percent were derived from the evaluations for the
production traits. The following fixed linear model, denoted
Model 1, was used to estimate the effect associated with each one
of the polymorphisms for each of five traits analyzed (Cohen et
al. 2004a):

Yiju =a;] + bK + ¢;(K)* + Cijk1

where Yy is the genetic evaluation of sire 1 with marker geno-
type j and birth year k for trait i; J is the number of + alleles (j = 0,
1, or 2); K is the sire’s birth year; a;, b;, and c¢; are regression
coefficients for trait i; and e;;,, is the random residual for each sire
for trait i. The + allele for ABCG2(2) was the allele associated with
increased protein concentration. For all of the other markers, the
allele in LD association with the + for ABCG2(2) was denoted the
+ allele. BM143 was analyzed as a diallelic marker, as described in
the Supplemental data. The linear and quadratic effects of the
sires’ birth year were included to account for genetic trends in the
population. The effects of the markers were also analyzed with
three marker genotypes as class effects. Linear and quadratic
birth year trends of the markers were also estimated.
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Model 1 does not account for the relationships among sires
or linkage among markers. Thus, the genetic evaluations were
also analyzed for a subset of the markers with the greatest effects
by the following model, denoted Model 2:

Yije = aiJ + 8 + €4k

where g;, is the additive polygenic effect for animal k on trait i,
and the other terms are as defined previously. This model dif-
fered from the previous model in that all three effects were con-
sidered random, and the numerator relationship matrix was used
to compute the variance matrix for the polygenic effect. To ob-
tain a more complete relationship structure, all known parents
and maternal grandsires of the genotyped bulls were included in
the analysis. The numbers of animals in each analysis are given
in Supplemental Table 2. REML variance components were com-
puted for the “a” and “g” effects by the MTC program (http://
nce.ads.uga.edu/~ignacy/oldprograms.html). Marker substitu-
tion effects were derived as: [(Var a)/(2pq)]” where “Var a” is the
marker variance component, and p and q are the frequencies of
the two QTL alleles, as derived from the sample of 411 genotyped
sires (Weller 2001). This model was also used to analyze marker
pairs with highly significant effects on the quantitative traits as
determined by Model 1.

Dominance of the QTL effect can only be estimated by com-
parison of cows that are heterozygous for the QTL with cows that
are homozygous for the two alternative alleles (Weller et al.
2003). The genetic evaluations for the five milk production traits
of 670 daughters of two Israeli sires heterozygous for the QTL
were analyzed by a model that also included the sire effect. The
QTL was considered a class effect and significance of dominance
was estimated by significance of the difference between the mid-
point of the two homozygote effects and the mean of the het-
erozygote effect. The dominance effect was estimated as the ratio
of the difference between the heterozygote effect and the mid-
point of the homozygote effects, divided by half the difference
between the homozygote effects. Cow genetic evaluations are
based on relatively few records and are therefore highly re-
gressed. Thus, the QTL effects estimated from this model will also
be underestimated (Israel and Weller 1998). However, this should
not have a major effect on the estimate of dominance, which was
derived as a ratio of the estimated effects.

Genotype probabilities for ABCG2(2) were determined for
the entire Israeli Holstein milk-recorded population, including
600,478 cows and 1670 bulls, using the segregation analysis al-
gorithm of Kerr and Kinghorn (1996), based on the 335 bulls
with valid genotypes. Finally, the QTL effects for milk, fat, and
protein yield were estimated from the entire Israeli Holstein milk-
recorded population based on the genotyped cows, as proposed
by Israel and Weller (1998). These QTL estimates should be un-
biased, unlike the estimates derived from analysis of the genetic
evaluations. The effects for fat and protein percent were derived
from the estimated effects for the yield traits as described by
Weller et al. (2003).

The detailed procedures for biopsy procedures, RNA extrac-
tion, BAC clone selection, subcloning and shotgun sequencing,
real-time PCR, and computation of LD parameter values and
ABCG2(2) genotype probabilities for the entire Israeli Holstein
population are presented in the Supplemental data.
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