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Description

BACKGROUND

[0001] Although many studies have demonstrated linkage between genetic markers and quantitative trait loci (QTL)
in commercial animal populations, the actual DNA polymorphisms responsible for the observed effects - a quantitative
trait nucleotide (QTN), has been identified in only a single case in dairy cattle (a polymorphism in exon 8 of the gene
encoding acylCoA:diacyglycerol acyltransferase DGAT1) on Bos taurus chromosome 14 (BTA 14), which was associated
with increased fat yield, fat and protein percent, as well as decreased milk and protein production. This gene was identified
using bioinformatics, comparative mapping, and functional analysis.
[0002] Various studies have proposed candidate genes for the QTL on BETA6 based on their putative physiological
role on the trait of interest. PPARGC1A (peroxisome proliferator activated receptor gamma, coactivator 1, alpha) was
suggested as a positional and functional candidate gene for the QTL on BTA6, due to its key role in energy, fat, and
glucose metabolism. The function of PKD2 corresponds with the QTL effect. This gene encodes an integral membrane
protein involved in intracellular calcium homoeostasis and other signal transduction pathways. SPP1 was set forth as
having an essential role in mammary gland differentiation and branching of the mammary epithelial ductal system, and
is therefore a prime candidate. Furthermore, anti-sense SPP1 transgenic mice displayed abnormal mammary gland
differentiation and milk secretion.
[0003] Segregating quantitive trait loci (QTL) for milk production traits on chromosome BTA6 were reported in U.S.
Holsteins, British black and white cattle, Norwegian cattle, and Finish Ayrshires. Three QTLs affecting milk, fat, and
protein production, as well as fat and protein concentration are segregating on BTA6 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 percentage 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.
[0004] The QTL confidence interval on BTA6 is orthologous to two regions on both arms of human chromosome 4
(HSA4) that contain the following annotated genes: FAM13A1, HERC3, HERC5, HERC6, PPM1K, ABCG2, PKD2,
SPP1, MEPE, IBSP, LAP3, MED28, KIAA1276, HCAP-G, MLR1, and SLIT2. Physical mapping and combined linkage
and linkage disequilibrium mapping determined that this QTL is located within a 420 Kbp region between genes ABCG2
and LAP3.
[0005] ABCG2, a member of the ATP binding cassette (ABC) superfamily, is a ’halftransporter," with only one ATP
binding cassette in the N-terminus and one C-terminal transmembrane domain. In an ATP dependent process, ABCG2
transports various xenobiotics and cytostatic drugs across the plasma membrane. Analysis of different stages of mam-
mary development by immunohistochemistry and western analysis revealed thatABCG2 was not expressed in virgin
mice, but was greatly induced during late pregnancy and especially during lactation. 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. Mice homozygous for an
ABCG2 knock-out mutation lack this function. However, -/- mice and their suckling progeny showed no adverse effects.
ABCG2 is thought to be a drug transporter, but it is induced by estrogen. Related genes i.e. ABCG1, 5, and 8 are sterol
transporters. It is therefore reasonable to propose that ABCG2 might transport cholesterol into milk.
[0006] Whereas in other tissues ABCG2 generally has a xenotexin-protective function, transfer of xenotoxins from
the mother to the suckling infant or young via milk is difficult to reconcile with a protective role.
[0007] As compared to other agricultural species, dairy cattle are unique in the value of each animal, the long generation
interval, and the very limited fertility of females. Thus unlike plant and poultry breeding, most dairy cattle breeding
programs are based on selection within the commercial population. Similarly, detection of quantitative trait loci (QTL)
and marker assisted selection (MAS) programs are generally based on analysis of existing populations. The specific
requirements of dairy cattle breeding has led to the generation of very large data banks in most developed countries,
which are available for analysis.

SUMMARY

[0008] An isolated polynucleotide includes a coding region of the ABCG2 gene having a missense mutation. The
ABCG2 gene includes three splice variants. A promoter region for expression of ABCG2 and its variants are disclosed.
An expression construct that includes the ABCG2 gene or its variants or a functional fragment there of, is disclosed.
[0009] A positional cloning of a QTL in an outbred cattle population is described herein. A single nucleotide polymor-
phism (SNP) capable of encoding a substitution of tyrosine-581 to serine (Y581 S) in ABCG2 is responsible for a major
QTL affecting milk yield and composition.
[0010] Sequences designated by GenBank accession nos. AJ871966, AJ871964, AJ871963, AJ871176, AJ871967,
AJ871968, AJ871965, AJ877268 are cited.
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[0011] A functional role for ABCG2 gene in natural milk secretion is disclosed.
[0012] A method of determining whether a mammal has a ABCG2 gene that includes a missense mutation as described
herein, includes obtaining a suitable sample from the animal and determining the presence or absence of a missense
mutation in ABCG2 locus. At least three such missense mutations are disclosed in ABCG2 locus.
[0013] Methods for cattle breeding and cattle selection for increased milk production based on ABCG2 missense
mutation analysis are disclosed.
[0014] A cattle herd in which the individuals carry the ABCG2 gene having a missense mutation as described herein
in a homozygous or heterozygous form, is disclosed.
[0015] A single nucleotide change (A/C) in exon 14 capable of encoding a substitution of tyrosine-581 to serine (Y581S)
in the ABCG2 gene affects milk production traits. A polymorphism that is in linkage disequilibrium or in allelic association
with the ABCG2 polymorphisms disclosed herein are within the scope of this disclosure. Closely linked or tightly associated
polymorphisms with the ABCG2 locus are useful in marker assisted selection programs for increased milk production
and other desirable traits such as time to weaning.
[0016] Table 10 presents terminology used herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1. Genes within the critical region of the QTL on BTA6 proximal to BM143 were ordered based on the
cattle-human genome comparative 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 bold 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, hetero-
zygous for the QTL (+/-). The alleles of the diallelic markers are denoted as either 1 or 2, with the more frequent allele
denoted 1. BM143 alleles were numbered consecutively for shortest to longest based on all alleles detected in the
population. Shared haplotypes in concordance with the segregation status of the two sires for the QTL are displayed.
[0018] FIG 2. Expression data for SPP1 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 d as a base for comparison.
[0019] FIG 3: Genetic trends for protein and fat concentration and frequency of the ABCG2 581Y allele in the Israeli
Holstein cow population by birth year. -, ABCG2 581Y allele frequency, ···, mean yearly breeding values for % fat; - - ,
mean yearly breeding values for % protein.
[0020] FIG 4: Conservation of the 5th 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 grey 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/581 S is indicated by an
arrow. A conserved phenylalanine residue is located in this position for most of the other mammals.
[0021] FIG. 5: Linkage disequilibrium values for adjacent markers computed from 411 Israeli Holstein bulls.
[0022] FIG. 6 is a schematic representation of the bovine ABCG2 gene, including the three alternative first exons
(variants 1a, 1b and 1c). Black boxes and numbers from 2 to 16. First ATG is located in exon number 2.
[0023] FIG. 7 shows expression data for variants la (dark ), 1b (dark grey) and 1c (light grey ) in the first exon of bovine
ABCG2 gene: (A) in the mammary gland (B) in the liver, during lactation, comparing to day 15 on dry period. Expression
levels were analyzed using real-time PCR analysis.

DETAILED DESCRIPTION

[0024] A quantitative trait locus (QTL) affecting milk fat and protein concentration was localized to a 4cM confidence
interval on chromosome 6 centered on the microsatellite BM143. The genes and sequence variation in this region were
characterized, and common haplotypes spanning five polymorphic sites in the genes IBSP, SPP1, PKD2, and ABCG2
for two sires heterozygous for this QTL were localized. Expression of SPP1 and ABCG2 in the bovine mammary gland
increased from parturition through lactation. SPP1 was sequenced, 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
(Y581S) in the ABCG2 transporter 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 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 effects for fat and protein concentration in models that also included
Y581 S. 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.
Y581 S in ABCG2 is likely the causative site for this QTL.
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[0025] The variation in SPP1 (OPN3907) is an indel (insertion and deletion) in poly-T tract ∼1240 bp upstream of
SPP1 transcription initiation site. Accurate genotyping of such region would require a tedious subcloning of the PCR
products to allow separation between the homologous chromosomes present in each heterozygous individual. In several
instances OPN3907 region was sequenced using cloned DNA or homozygous individuals revealing three distinct alleles
that are present in this locus. Interestingly all cloned sequences deposited in GenBank (AJ871176, AC185945, NW_
931635) were of the allele with nine thymines (T9) described as rare (frequency 0.05). The latter also sequenced an
allele (T10, AY878328) from a homozygous individual. Sequencing of sire 3208 revealed the third allele with nine
thymines followed by three adenines. Hence this locus displayed length variation typical of a microsatellite with different
numbers of repeats of either thymines or adenines. These alleles were designated SPP1M1-M3, respectively. Sequencing
of heterozygous individuals resulted in superimpositions, which were traced as follows: SPP1M1 and SPP1M2; SPP1M2
and SPP1M3; SPP1M1 and SPP1M3. Using this scheme a sample of genotypes of sires that segregate (Y) and do not
segregate for the QTL (N) and sire homozygous for the ABCG2 581 S allele were found. While the status of the ABCG2
mutation was in concordance with the QTL status, concordance was observed with neither the length of the T track nor
the allele status of the SPP1 microsatellite. For example, the traces of the three sires segregating for the QTL were all
of the type M1/M2 and were indistinguishable from that of the non-segregating sire 3241. This indicates that the variation
in ABCG2 is probably responsible for the QTL Sequencing of sires homozygous for the Y581S haplotype (2182; 2227;
3573; 3396; 3094) associates it with SPP1M1(T9). The results indicate that sire 2176 that has one of lowest protein %
ever recorded in Israel is homozygous for Y581 S but heterozygous for SPP1M. Moreover within the BAC clone of
Holstein breed (AJ871176) the SPP1M1(T9) is associated with the ABCG2 Y581 plus allele, and thus demonstrating
that there are Holsteins available for such a linkage disequalibrium study. Sire 3028 has one of the highest protein %
and therefore is unlikely to be homozygous for the minus QTL allele. This sire is indeed homozygous for the ABCG2
581S allele but also for SPP1M3(T9) and would have been considered to be homozygous for the minus QTL allele. Sire
5117, segregating for the QTL is Carlin-M Ivanhoe Bell that was used heavily in global breeding programs. Tests for
concordance of the ziygosity state between the QTL segregation status and the candidate polymorphism is a powerful
tool for identifying the functional mutation underlying the QTL.
[0026] A polymorphism that is in linkage disequilibrium or in allelic association with the ABCG2 polymorphism disclosed
herein are within the scope of this disclosure. Closely linked or tightly associated polymorphisms with the ABCG2 locus
are useful in marker assisted selection programs for increased milk production and other desirable traits such as time
to weaning, meat quality and quantity. For example, a person of ordinary skill in the art can readily identify polymorphisms
that are closely linked to the Y581 S and other polymorphisms disclosed herein. Thus, the Y581S polymorphism serves
as an anchor polymorphism to find other closely linked polymorphisms.

Comparative and physical mapping of the critical region for the BTA6 QTL

[0027] By combining comparative genomics and in-silico gene cloning, a map was produced of genes and sequence
variation in the critical region of the QTL (FIG. 1). Gene order was confirmed by physical mapping of PCR probes in
BAC clones that are part of genomic contigs 503 and 8342 disclosed herein. BM143 and SLIT2 were identified within
contig 8342. Fifteen genes within 2 cM centromeric to BM143 were identified within contig 503 orthologous to two different
regions on HSA4. FIG. 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

[0028] 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 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 symbols for seven single gene polymorphisms,
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 FIG.
5. 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 poly-
morphic sites at IBSP, SPP1, PKD2, and ABCG2 (FIG. 1). For both sires the same haplotype was associated with
increased protein concentration.

Cloning of bovine ABCG2, PKD2, and SPP1 genes

[0029] A bovine BAC clone containing the three genes, SPP1, PKD2, and ABCG2 (GenBank accession AJ871176)
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was shotgun sequenced. By aligning this sequence with bovine ESTs and human orthologous genes in this BAC the
last 15 exons of the bovine ABCG2 gene were identified in this BAC, which included the whole putative polypeptide
sequence of the ABCG2 transporter (protein CAI38796.1). In the opposite orientation on the BAC 15 exons of the gene
orthologous to human PKD2 (CAI38797.1), and seven exons of bovine SPP1 (CAI38798.1) were annotated. The entire
description of the cloning procedure is presented in the Materials and Methods.

Expression of candidate genes in the bovine mammary gland

[0030] Of the eight genes analyzed, three genes; SPP1, ABCG2, and MED28 showed significant differential expression
in the mammary gland during lactation, as compared to the dry period (p < 0.02). Significant differential expression was
not found in liver tissue. Expression of SPP1 and ABCG2 in the mammary gland and liver during lactation and the dry
period is shown in FIG. 2. The increase in the mammary gland was 8- and 20-fold for the two genes respectively.

The ABCG2 missense mutation Y581S

[0031] Using this BAC data, the exons, introns, and part of the regulatory region of SPP1, and all the coding exons
of PKD2 and ABCG2 for the two Israeli sires heterozygous for the QTL were sequenced. The single nucleotide change,
A to C, denoted ABCG2(2), capable of encoding a tyrosine to serine substitution at position 581 (Y581S) in the 5th extra-
cellular region of the ABCG2 protein, 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 + QTL 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 and the genotype frequencies
corresponded nearly exactly to the expected Hardy-Weinberg frequencies. ABCG2(2) was the only polymorphism cor-
responding 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 Materials and Methods
= (0.6815)(0.162) = 0.00008.

Allele substitution effects and dominance

[0032] 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 production 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, while ABCG2(2), SPP(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 % fat was triple the next largest effect observed.
[0033] 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 (-/-). Dominance was estimated from the class effects, relative to the 581S 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 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 per-
centage 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 significant in the analyses of the genetic
evaluations. For all five traits, the heterozygous effect was within the range of the two homozygous effects. Significant
partial dominance was obtained for both percentage fat and percentage protein towards the 581 S homozygote, which
was also the less frequent allele among the daughters of the heterozygous sires.

Variance components and marker substitution effects from REML analysis

[0034] The numbers of genotyped bulls and ancestors included in the variance component analyses are provided
herein 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 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.
[0035] The variance components are presented herein for all four analyses. The residual effects were generally low,
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because genetic evaluations were analyzed. In all four analyses, the variance 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 percentage. The variance components associated with SPP1(2) were near zero for all five traits.
These results correspond to the hypothesis that ABCG2(2) is the causative mutation for the QTL affecting fat and protein
concentration.
[0036] The variance component associated with ABCG2(2) for milk was similar in all analyses, except for the analysis
that included HERC6. 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 affects 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. Sire 2278 was also segregating for the QTL
proximate to the centromere, but the effects on milk were in repulsion for this sire. This QTL affects milk, fat, and protein
production, but not fat or protein concentration. The effects associated with LAP3 affected milk and fat yield and protein
concentration. Unlike the analyses including ABCG2(2) and HERC6, in the analyses including 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 are in complete linkage for the QTL responsible for fat and protein yield.

Genetic trend

[0037] The genetic trend for the 581Y of ABCG2(2) in the entire cow population is shown in FIG. 3. The mean annual
breeding values 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.

Conservation of ABCG2 581 in mammals

[0038] Comparison of this protein domain across mammals is presented in FIG. 4 for the region spanning amino acid
557 to 630. The arrow indicates position 581 for which tyrosine and serine were found for the three sires heterozygous
for the QTL. Phenylalanine is the conserved amino acid in the mammals analyzed, except for Canis familiaris and Bos
taurus with tyrosine at this position. Both tyrosine and phenylalanine are aromatic acids, while serine is a nucleophilic acid.
[0039] Proof for identification of a gene underlying a QTL in commercial animal populations results from multiple pieces
of evidence, no single one of which is convincing, but which together consistency point to a candidate gene.
[0040] Diverse pieces of evidence support the conclusion that ABCG2 is the segregating QTL on BTA6:
[0041] 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 Kbp 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’ end of LAP3 (exons 12 and 13).
The same haplotype was associated with the + QTL allele in both sires.
[0042] 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 human and mouse transcriptomes revealed
that ABCG2 had the highest expression in the mammary among 61 organs and tissues tested.
[0043] 3. Of the polymorphisms genotyped only ABCG2(2) was in concordance with the segregation status of all three
heterozygous and 15 homozygous sires for the QTL in the Israeli and US Holstein populations. The probability that this
would occur by chance is 0.00008.
[0044] 4. ABCG2(2) is capable of encoding a non-conservative amino acid change (Y581S) that may affect this gene
transporter function.
[0045] 5. The highest population-wide substitution effects on milk yield and fat and protein concentration were obtained
for the Y581 S polymorphism in ABCG2, and these effects were more than double the next largest effects associated
with any of the other polymorphisms.
[0046] 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 Y581 S.
[0047] 7. The high Y581S allele substitution effects on the genetic evaluations of 670 cows, daughters of two heter-
ozygous sires, represent the joint effects of both paternal and maternal alleles. The F-value was 394 for % protein.
[0048] 8. Protein and fat concentration for cows homozygous for the 581 S allele was lower than the heterozygotes,
even though the second 581S allele was of maternal origin, and therefore unrelated to the daughter design effects.
[0049] 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 corre-
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spondence between the two analyses supports the conclusion that ABCG2(2) is the QTN, although it could also be due
to a "hitch-hiker" effect.
[0050] 10. Weller et al. 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 granddaughter design for cows born between 1992 and 1996. This
corresponds closely to the frequency of 0.69 for 581 Y as estimated in the current study for cows born in 1994.
[0051] All 18 Israeli and US sires with known QTL genotypes were sequenced and shown 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 heterozygous for at least one of these polymorphisms. The conclusion was
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 Y581 S.
[0052] This is the first example of a functional role for the ABCG2 gene in natural milk secretion.

Identification of three promoters for the bovine ABCG2 gene

[0053] The existence of three different promoters for three different 16-exon transcripts of ABCG2 gene is reported
in GenBank accessions BE480042 and CK838023. The 5’ region of this gene is assembled and the sequence is disclosed
herein.
[0054] The current sequence of the bovine genome is based on sequence derived from a Hereford cow. The WGS
trace files were BLAST searched with the cow genome database using the sequences of the three different variants.
All the trace files were downloaded and their corresponding mates and assembled them using the GAP4 computer
program, monitoring the consistency of the mate-pair data and adding or removing trace files accordingly. The contigs
of each of the three variations were expanded using additional trace files that were found by searching against the contig
end sequences. Eventually all the contigs were merged into one assembly, confirming the existence ofthree alternative
first exons of ABCG2 including the GT motives for splice donors at their ends. The final assembly spanned 627 sequence
reads in a length of 235,109bp (FIG. 6). Following confirmation of the existence of the three promoters, their expression
was verified in lactating cow mammary gland.
[0055] The promoters of ABCG2 gene and its splice variants are useful in increasing expression of a gene of interest
in a suitable tissue such as, mammary gland, and during a specific period, e.g., during lactation.

Expression of the three splice variants of ABCG2 gene in bovine mammary gland

[0056] All three variants showed significant expression in the cow mammary gland during lactation, as compared with
the dry period (p<0.0002), using real-time PCR analysis. Significant differential expression was not found in liver tissue
which was used as a control. Expression of the three variants in mammary gland and liver tissues is shown in FIG. 7A-
B. Variant 1c showed the highest expression, of 5-fold in the mammary gland on day 120 in lactation. Variants 1a and
1b showed an expression of 3 and 4 fold respectively on day 60 in lactation.

MATERIALS AND METHODS

[0057] PCR primers and their corresponding numbers are presented in Table 7.
[0058] Physical mapping and bioinformatics. The order and location of the genes in the QTL region were determined
in the bovine bacterial artificial chromosomes (BACs) from the CHORI-240 BAC library (Warren et al., 2000). Repeat-
masked end sequences from CHORI-240 clones obtained from the GenBank for BLASTN search against the human
genome sequence (NCBI build 33) were used. The cattle fingerprint contigs (BCCRC, Vancouver, Canada) were identified
that contain clones anchored to the human genome by sequence similarity. Cattle fingerprint contig 503, which covers
the confidence interval region of the QTL upstream to BM143 in HSA4, is diagramed in FIG. 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 available at website
(genome.ucsc.edu/goldenPath/ hgTracks.html). A minimum tiling path of 23 cattle BACs between these positions cov-
ering the region of the QTL from FAM13A1 to MLR1 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 presented in Table 5.
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 overnight and boiling
them in 200 Pl of ddH2O for 10 minutes. Bioinformatics procedures, management of DNA sequences and EST assembly
were done as previously described (Cohen et al., 2004a).
[0059] Identification of polymorphism in genes within the critical region of the QTL. To search for relevant
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informative genomic variation in the critical region of the QTL the genomic DNA of the two sires heterozygous for the
QTL served as a template. PCR amplified genomic fragments of the bovine orthologs of the human genes are listed in
Table 1. In most cases the bovine sequence required for the design of PCR primers was obtained from bovine ESTs of
the orthologous genes. The PCR products were sequenced for polymorphism detection. Nucleotide substitution was
detected by double peaks for the specific nucleotide, and insertion was detected by sequence overlap that was analyzed
using ShiftDetector (Seroussi et al., 2002).
[0060] Experimental design and haplotype analysis. The search for the QTN was based on genotyping of the
following samples:
[0061] 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).
[0062] 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).
[0063] 3. Six-hundred-and-seventy daughters of two Israeli sires heterozygous for the QTL with genetic evaluations
for production traits (Ron et al., 2001).
[0064] 4. Four-hundred-and-eleven progeny-tested Israeli sires with genetic evaluations for production traits (Cohen
et al., 2004a).
[0065] 5. Eight cows with mammary biopsies and five cows with liver biopsies.
[0066] 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 genotyped for all 14 markers to determine the haplotypes of the two sires. Genotyping of poly-
morphism was performed following Cohen et al., (2004a). The genotyping platform and specific assay for each site are,
presented in Table 6.
[0067] Statistical analysis. LD parameters values were computed between each pair of markers 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 concordance with the 18 sires with known QTL genotype (Ron et
al., 2001; Ashwell et al., 2004). Since only polymorphisms heterozygous 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 homozygous for the QTL should also be
homozygous for the polymorphism, and that the two remaining sires heterozygous for the QTL should also be hetero-
zygous 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 concordance = p1

15(p2/2)2, where p1 = probability of homozygotes, and p2
= probability of heterozygotes. P2 was divided by two, because for concordance to be complete, the two additional
heterozygous sires must have the same ABCG2(2) allele associated with the + QTL allele as the original genotyped sire.
[0068] Genetic evaluations for milk, fat, and protein were computed by a multitrait animal model analysis of the entire
Israeli Holstein population (Weller and Ezra, 2004). Evaluations for fat and protein percent were derived from the eval-
uations 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): 

[0069] where, Yijkl is the genetic evaluation of sire 1 with marker genotype 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; ai, bi and ci are regression coefficients for trait i; and eijkl 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 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 herein. 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.
[0070] 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: 

[0071] Where, gik is the additive polygenic effect for animal k on trait i, and the other terms are as defined previously.
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This model differed from the previous model in that all three effects were considered random, and the numerator rela-
tionship matrix was used to compute the variance matrix for the polygenic effect. In order to obtain 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 Table 6. REML variance components were computed for the "a"
and "g" effects by the MTC program (http://nce.ads.uga.edu/∼ignacy/oldprograms.html). Marker substitution 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.
[0072] Dominance of the QTL effect can only be estimated by comparison of cows that are heterozygous for the QTL
to 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 signif-
icance of the difference between the midpoint of the two homozygote effects and the mean of the heterozygote 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 regressed. 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.
[0073] 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 algorithm of Kerr and Kinghorn (996), 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 unbiased, 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).
[0074] The detailed procedures for biopsy procedures, RNA extraction, 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 herein.
[0075] The cattle BACs covering the region from FAM13A1 to MLR1 : E0152P21, E0375J15, E0259M14, E0101G10,
E0181A19, E0303P06, E0274F22, E0098H02, E0445L10, E0060K13, E0367N10, E0174N17, E0049M05, E0331116,
E0338G15, E0263K19, E0351N06, E0039I05, E0062M13, E0351N06, E0308O12, E0393F21, and E0417A15.
[0076] BAC clone selection, subcloning and shotgun sequencing. Filters from RPCI-42 bovine library (http://
bacpac.chori.org/mbovine42.htm) were hybridized with 32P-labeled PCR primers specific for SPP1 gene (Rediprime II
Random Prime Labelling Kit, Amersham Biosciences). Three clones positive for SPP1 were identified. The clones were
PCR-screened for the presence of SPP1, PKD2, and ABCG2 genes. A clone H005K14 positive for all three genes was
identified and selected for the shotgun sequencing. The H005K14 clone was grown and its DNA was purified using the
Large-Construct kit (Qiagen, CA) following the manufacturer’s instructions. To separate the genomic DNA insert from
the BAC vector, the purified DNA was digested with NotI and applied to a 0.8% low melting point SeaPlaque agarose
gel (Cambrex, ME) as previously described (Kaname and Huxley, 2001). The isolated insert fragment was sheared with
a nebulizer. Blunt-ended fragments 1.6 to 5 Kbp were purified from a 0.8% low melting point agarose gel and cloned
into the pCR ®4Blunt-TOPO vector using the TOPO ® Shotgun Subcloning kit (Invitrogen, CA) according to the manu-
facturer’s instructions. Individual transformed bacterial colonies were robotically picked and racked as glycerol stocks
in 384well plates. After overnight growth of the glycerol stocks, bacteria were inoculated into 96well deep cultures and
grown overnight. Plasmid DNA was purified with Qiagen 8000 and 9600 BioRobots (Qiagen, CA). Sequencing of the 5’
and 3’ ends was performed using standard primers M13 forward and reverse and ABI BigDye terminator chemistry on
ABI 3700 capillary systems (Applied Biosystems, CA). All 384- and 96-well format plates were labeled with a barcode
and a laboratory information management system (HTLims) was used to track sample flow. The shotgun sequences
were trimmed of vector sequences and stored in a local Oracle database. To assemble the shotgun sequences into
contings, Contig Express software (Vector NTI v 7.0 package, InforMax Inc.) was employed.
[0077] Cloning of bovine ABCG2 and PKD2 genes. BLASTN search of bovine dbEST using the sequence of these
15 exons of ABCG2 revealed 31 ESTs. Two ESTs indicated alternative splicing of 5’ non-translated first exons suggesting
existence of three different promoters for three different 16-exon transcripts of this gene (GenBank accessions BE480042
and CK838023). Twenty-three of the ESTs were assembled into a tentative consensus 2198 bp cDNA transcript (TIGR
tentative consensus TC264405) capable of encoding a polypeptide of 658 aa (protein CAI38796.1) with a predicted
molecular mass of 73 kDa. Alignment of the ABCG2 orthologs (partially displayed in Fig. 4) indicated that the homology
between the bovine ABCG2 predicted protein and its putative porcine ortholog (GenBank accession NP_999175, 87%
identity, 94% similarity) was higher than to the human and murine orthologs (GenBank accessions AAQ92942, 84%
identity, 91% similarity; AAH53730, 79% identity, 91% similarity, respectively). All orthologs shared sequence motifs
that included cytoplasmic ATP binding cassette and six putative transmembrane domains typical of a half transporter
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structure. The BAC sequenced contains 66.1 Kbp of the bovine ABCG2 gene. Following an intergenic region of 10.3
Kbp and encoded on the complementary strand, the last exon of a gene orthologous to the human polycystic kidney
disease 2 (PKD2) was observed. Using BLASTN, 20 ESTs that matched the 3’ end of the 4941 bp putative cDNA
transcript deposited with this BAC were found. 5’ end of this transcript was predicted using orthology to the human
mRNA. This transcript is capable of encoding a polypeptide of 970 aa (protein CAI3 8797.1) with the predicted molecular
mass of 110 kDa. Alignment of the PKD2 orthologs indicated that the homology between the bovine PKD2 putative
protein and its human ortholog (GenBank accession NP_000288, 94% identity, 97% similarity) was higher than to the
murine ortholog (GenBank accession NP_032887, 88% identity, 93% similarity). All orthologs shared sequence motifs
that included: a. ion transport domain that typically contains six transmembrane helices in which the last two helices
flank a loop that determines ion selectivity; b. EF-hand; a calcium binding motif associated with calcium sensors and
calcium signal modulators.
[0078] PKD2 spanned 58.7 Kbp of the bovine BAC. Following an intergenic region (21 Kbp), and in the same orientation,
we detected seven exons of the previously characterized bovine SPP1 mRNA (GenBank accession NM_174187, Kerr
et al. 1991). The length of this gene was 7 Kbp. No other genes were found in the region upstream to SPP1 with a length
of 9.7 Kbp.
[0079] Identification of polymorphism in genes within the critical region of the QTL HERC6. The region orthol-
ogous to the human intron 5 of hect domain and RLD 6 gene (HERC6) was PCR amplified with PCR primers (#705 and
#706) that were designed according to the sequence of a bovine EST (GenBank accession BE664068) which was highly
similar (86%) to human HECR6 (GenBank accession NM_017912). Three sites of variation in this intron sequence were
identified and the polymorphism at position 151 (Table 1, Table 6) was genotype.
[0080] PPM1K. The human protein phosphatase 1K (PPM1K) is a member of the PP2C family of Ser/Thr protein
phosphatases. The bovine PPM1K ortholog that maps to critical region of the QTL on BTA6 was cloned. Two splice
variants PPM1K_v1 and PPM1K_v2 that were capable of encoding 372 and 324 amino acids, respectively were observed.
The orthologous protein in humans mostly resembles the putative protein encoded by the first variant (GenBank accession
AAR06213 - 92% identity, 98% similarity). As in other gene family members the second exon was large and encoded
most of the catalytic domain (Seroussi et al. 2001). A di-nucleotide in this exon variation was identified that is capable
of encoding an amino acid substitution (R26H) and we used it as a genetic marker (Table 1, 6). Two other SNPs in exon
2 and 5 were identified (GenBank accession AJ871967).
[0081] ABCG2. PCR primers for amplification of 15 coding exons of ABCG2 were designed (#615 to #638). Three
SNPs in intron 3 were annotated (GenBank accession AJ871176), and the SNP on 29183 position, designated as ABCG2
(1) was genotyped (Table 1, Table 6). In exon 6 (position 33437), a SNP (G or T) that was capable of encoding an amino
acid substitution (D219Y) was identified. The two Israeli Holstein sires that were heterozygous for the QTL were ho-
mozygous for 219D. The 219Y allele was detected in Hereford genomic sequence and Holstein (GenBank accession
BE480678). Within the translated region, a SNP (A or C) that was capable of encoding an amino acid substitution (Y581S)
was revealed in exon 14 (position 62569 in AJ871176). This polymorphism, designated as ABCG2(2) was genotyped
(Table 1, Table 6).
[0082] PKD2. PCR primers were designed for amplification of coding regions in the 15 exons of PKD2 (#252 to #261).
The promoter and the first exon of PKD were cloned2, but no polymorphism was detected, even though this segment
included a highly repetitive GC rich region, and was therefore considered as hot spot mutation (Stekrova et al., 2004).
For PCR amplification in exon 1 region, 0.5M GC-Melt additive (Clontech Laboratories. Inc.) was added. Using primers
(#261 and #262) we PCR amplified a region upstream this gene promoter, and observed a length variation within a
stretch of adenine residues which was used as genetic marker (Table 1, Table 6).
[0083] SPP1. The products amplified by PCR primers (#121 to #142) of secreted phosphoprotein 1 (SPP1) were
sequenced, including 0.8 Kbp upstream to the initiation site in the promoter region, and all seven exons, and seven
introns. The two SNP detected in intron 5 and the 3’ non-translated region of exon 7 and designated them as SPP1(1)
and SPP1(2), respectively (Table 1, 6). The three segregating and 15 non-segregating Israeli sires for the QTL, for the
OPN3907 poly-T polymorphism at 1240 bp upstream of the SPP1 transcription initiation site (Schnabel et al., 2005)
using primers #155 and #156.
[0084] IBSP. Bovine integrin binding sialoprotein gene (IBSP) has been previously cloned (GenBank accession NM_
174084, Chenu et al. 1994). This sequence was used to design PCR primers for amplification of exon 7 (#801 and #802).
A SNP that was capable of encoding an amino acid substitution (T252A) was identified and genotype (Table 1, 6).
[0085] LAP3. Bovine leucine amino peptidase 3 gene (LAP3) has been partially cloned (GenBank accession S65367,
Wallner et al. 1993). This sequence was used to design PCR primers (#400 and #401) for amplification of intron 12 and
the adjacent exons. Three polymorphic sites in intron 12 and a sense mutation in exon 12 (Table 1) were detected. We
genotyped the polymorphism at exon 12 (Table 6).
[0086] MED28. The bovine gene (TIGR tentative consensus TC274468) is 91 % similar to the human mediator of
RNA polymerase II transcription, subunit 28 homolog (yeast) (MED28, GenBank accession NM_025205). This sequence
was used to design PCR primers for amplification of exon 4 (#500 and #501). Four polymorphic sites were detected in
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this exon and genotyped the site at position 1345 (Table 1).
[0087] MLR1. The human chromosomal region that encodes the last exon of transcription factor MLR1 gene (MLR1)
also encodes on the opposite strand the last exon of chromosome condensation protein G (HCAP-G). We sequenced
the orthologous genomic region in cattle. There was 93% identity between the coding regions of bovine and human
HCAP-G genes. Using primers #500 and #501 we detected a polymorphic repetitive four base sequence (TGAT)n (Table
1, 6). We annotated it as part of the last exon of MLR1, on the basis of its orthologous position in the 3’ non-translated
end of the human gene. Bovine ESTs (GenBank accessions CK831694 and CO883952) confirm the expression of the
bovine MLR1 ortholog.
[0088] Biopsy procedures and RNA extraction. Biopsies were collected from mammary and liver tissues of Holstein
cows in the herd at the University of Illinois Dairy Research Facility (http://cowry.agri.huji.ac.il/web/) as previously de-
scribed (Drackley et al. 1991; Farr, 1996; Veenhuizen, 1991). Biopsies of mammary gland and liver were collected from
eight cows at six time points relative to parturition (-15d, 1 d, 15d, 30d, 60d, 120d), and five cows at seven time points
relative to parturition (-65d, -30d, - 15d, 1d, 15d, 30d, 50d), respectively during the dry period and lactation. Tissue
samples were put in TRIZOL and RNA was extracted immediately using RNAse-free vessels. Mammary and liver tissues
(0.5 to 2 grams) were homogenized and centrifuged at 12,000 g for 15 min at 4oC. Chloroform was added (200 Pl/ml)
to the supernatant and the samples were centrifuged at 12,000 g for 15 min at 4°C. Acid-phenol: chloroform (600 Pl/ml)
was added to the aqueous supernatant. Samples were votexed and centrifuged at 12,000 g for 15 min at 4oC and the
upper phase was discarded. Isopropanol (500 Pl/ml) was added to samples and following an overnight incubation at
-20°C the supernatant was aspirated and washed with 75% ethanol (1 ml 75% ethanol/ml Trizol). Samples were cen-
trifuged at 7,500 g for 5 min at 4°C. Supernatant was aspirated. Tubes were air-dried at room temperature for 10 minutes.
RNA pellet was resuspended in a suitable volume (20-400 Pl) of RNA storage solution. Concentration of RNA was 2-5
Pg RNA/Pl buffer.
[0089] Quantitative Real-time PCR analysis for gene expression. Quantitative Real-Time PCR was carried out
for the following genes: SPP1, ABCG2, PKD2, LAP3, MED28, PPM1K, HERC6 and FAM13A1. Table 5 shows the list
of primers designed for Q-PCR analysis. The 18S ribosomal RNA gene was used as control.
[0090] One Pg mRNA was transcribed in a total volume of 20 Pl using 200 U Superscript II (Invitrogen), 500 ng oligo
dT(18) primer, 4 Pl 5X first strand buffer, 2 Pl 0.1M DTT, 40 U RNasin and 1Pl 10 mM dNTPs. Specific primers were
synthesized for all genes in 3’ UTR non-coding region of the last exon (Table 5). All reactions were performed on ABI
PRISM 7700 sequence detection system using 2X Syber Green PCR Mastermix (Applied Biosystems, Foster City, CA),
1Pl RT product, 10 pmol forward and reverse primer in 25Pl reaction volume. PCR thermal cycling conditions were as
followed: initial denaturation step 95°C, 10 min, followed by 40 cycles of denaturation for 15 seconds at seconds at 95°C,
annealing and extension for 60 seconds at 60°C.
[0091] Computation of LD parameter values. LD parameters values were computed between each pair of markers
as described by Hedrick (1987). The microsatellite BM143 had 13 alleles ranging in fragment length from 90 to 118 bp.
Most of allele frequencies were quite low, and the distribution of the allelic frequencies was strongly bimodal. Thus, tor
estimating LD, BM143 was converted to a "diallelic" marker by assigning all alleles < 108 the value of 1, and all allele >
108 the value of 2. For individuals that were heterozygous for both markers, computation of the LD value requires that
phase be known, which was not the case. For these individuals both phases were considered to be equally likely, and
the LD value was computed accordingly. Thus, the LD values presented slightly underestimate the true values. X 2
values for independent association between each marker pair were also computed.
[0092] Computation of ABCG2(2) genotype probabilities. Genotype probabilities for ABCG2(2) were determined
for the entire Israeli Holstein milk-recorded population, using the segregation analysis algorithm of Kerr and Kinghorn
(1996), The number of animals analyzed by the segregation analysis algorithm was reduced to 44,135 by four "pruning"
steps (Weller et al. 2003). At each step, animals that were not genotyped, and were not listed as parents of animals
remaining in the data file were deleted. The pruning did not affect the segregating analysis, because these animals by
definition include no information with respect to the allelic frequencies. The algorithm requires an estimate of the allelic
frequencies in the base population. The initial estimate was derived from the frequencies of the 335 genotyped bulls.
After application of the algorithm this estimate was revised, based on the allelic frequencies of all animals with unknown
parents. The segregation analysis algorithm was rerun with the updated base population allelic frequencies until con-
vergence for the base population allelic frequencies was obtained at a frequency of 0.75 for the A allele. The genotype
probabilities for the "pruned" cows were then regenerated from the genotype probabilities of their parents, assuming
random distribution of alleles. For cows with either one or two unknown parents, the allelic frequencies of the base
population were used for the unknown parent. The estimated allelic frequencies as a function of birth year were computed
for the entire population of cows.
[0093] Dairy cattle breeding programs. In most developed countries, dairy cattle breeding programs are based on
the "progeny test" (PT) design. The PT is the design of choice for moderate to large dairy cattle populations, including
the US Holsteins, which include over 10,000,000 animals. This population consists of approximately 120,000 cows of
which 90% are milk recorded. Approximately 20 bulls are used for general service. Each year about 300 elite cows are
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selected as bull dams. These are mated to the two to four best local bulls and an equal number of foreign bulls, to
produce approximately 50 bull calves for progeny testing. At the age of one year, the bull calves reach sexual maturity,
and approximately 1000 semen samples are collected for each young bull. These bulls are mated to 30,000 first parity
cows to produce about 5000 daughters, or 100 daughters per young bull. Gestation length for cattle is nine months.
Thus the young bulls are approximately two years old when their daughters are born, and are close to four when their
daughters calve and begin their first lactation. At the completion of their daughters’ first lactations, most of the young
bulls are culled. Only four to five are returned to general service, and a similar number of the old proven sires are culled.
By this time the selected bulls are approximately five years old.
[0094] Dairy cattle breeding in developing countries. The genus Bos includes five to seven species, of which Bos
Taurus and Bos indicus are the most widespread and economically important. Bos Taurus is the main dairy cattle
species, and is found generally in temperate climates. Several tropical and subtropical cattle breeds are the result of
crosses between taurus and indicus, which interbreed freely. In the tropics, cows need at least some degree of tolerance
to environmental stress due to poor nutrition, heat, and disease challenge to sustain relatively high production levels .
Tropical breeds are adapted to these stressors but have low milk yield, whereas higher productive temperate breeds
cannot withstand the harsh tropical conditions, to the point of not being able to sustain their numbers. Furthermore, most
topical countries are developing countries, which lack systematic large-scale milk and pedigree recording.
[0095] Methods and theory for marker assisted selection (MAS) in dairy cattle. Considering the long generation
interval, the high value of each individual, the very limited female fertility, and the fact that nearly all economic traits are
expressed only in females, dairy cattle should be a nearly ideal species for application of MAS. As noted by Weller
(2001), MAS can potentially increase annual genetic gain by increasing the accuracy of evaluation, increasing the
selection intensity, decreasing the generation interval.
[0096] The following dairy cattle breeding schemes that incorporate MAS have been proposed:

1. A standard progeny test system, with information from genetic markers used to increase the accuracy of sire
evaluations in addition to phenotypic information from daughter records (Meuwissen and van Arendonk 1992).
2. A multiple ovulation and embryo transfer (MOET) nucleus breeding scheme in which marker information is used
to select sires for service in the MOET population, in addition to phenotypic information on half-sisters (Meuwissen
and van Arendonk 1992).
3. Progeny test schemes, in which information on genetic markers is used to preselect young sires for entrance into
the progeny test (Kashi et al. 1990; Mackinnon and Georges 1998).
4. Selection of bull sires without a progeny test, based on half-sib records and genetic markers (Spelman et al. 1999).
5. Selection of sires in a half-sib scheme, based on half-sib records and genetic markers (Spelman et al. 1999).
6. Use of genetic markers to reduce errors in parentage determination (Israel and Weller 2000).

[0097] Spelman et al. (1999) considered three different breeding schemes by deterministic simulation:

1. A standard progeny test with the inclusion of QTL data.
2. The same scheme with the change that young bulls without progeny test could also be used as bull sires based
on QTL information.
3. A scheme in which young sires could be used as both bull sires and cow sires in the general population, based
on QTL information.

[0098] They assumed that only bulls were genotyped, but once genotyped, the information on QTL genotype and
effect was known without error. It was then possible to conduct a completely deterministic analysis. They varied the
fraction of the genetic variance controlled by known QTL from zero to 100%. Even without MAS, a slight gain is obtained
by allowing young sires to be used as bull sires, and a genetic gain of 9% is obtained if young sires with superior
evaluations are also used directly as both sires of sires and in general service. As noted previously, genetic gain with
MAS used only to increase the accuracy of young bull evaluations for a standard progeny test scheme is limited, because
the accuracy of the bull evaluations are already high. Thus, even if all the genetic variance is accounted for by QTL, the
genetic gain is less than 25%. However, if young sires are selected for general service based on known QTL, the rate
of genetic progress can be doubled. The maximum rate of genetic gain that can be obtained in scheme 3, the "all bulls"
scheme, is 2.2 times the rate of genetic gain in a standard progeny test. Theoretically, with half of the genetic variance
due to known QTL, the rate of genetic gain obtained is greater than that possible with nucleus breeding schemes.
[0099] The final scheme, with use of genetic markers to reduce parentage errors, is the most certain to produce gains,
since it does not rely on QTL genotype determination, which may be erroneous. Weller et al. (2004) genotyped 6,040
Israeli Holstein cows from 181 Kibbutz herds for 104 microsatellites. The frequency of rejected paternity was 11.7%,
and most errors were due to inseminator mistakes. Most advanced breeding schemes already use genetic markers to
confirm parentage of young sires.
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[0100] The current status of MAS in dairy cattle. Two ongoing MAS programs in dairy cattle have been reported
so far, in German and French Holsteins (Bennewitz et al. 2004; Boichard et al. 2002). Currently in the German program
markers on three chromosomes are used. The MA-BLUP evaluations (Fernando and Grossman 1989) are computed
at the VIT-computing center in Verden, and are distributed to the Holstein breeders, who can use these evaluations for
selection of bull dams and preselection of sires for progeny testing. The MA-BLUP algorithm only includes equations
for bulls and bull dams, and the dependent variable is the bull’s DYD (Bennewitz et al. 2003). Linkage equilibrium
throughout the population is assumed. To close the gap between the grandsire families analyzed in the German grand-
daughter design, and the current generation of bulls, 3600 bulls were genotyped in 2002. Only bulls and bull dams are
genotyped, because tissue samples are already collected for paternity testing. Thus additional costs due to MAS are
low. Thus even a very modest genetic gain can be economically justified. This scheme is similar to the "top-down"
scheme of Mackinnon and Georges (1998) in that the sons’ evaluations are used to determine which grandsires are
heterozygous for the QTL and their linkage phase, and this information is then used to select grandsons, based on which
haplotype was passed from their sires. It differs from the scheme of Mackinnon and Georges (1998) in that the grandsons
are preselected for progeny test based on MA-BLUP evaluations, which include general pedigree information, in addition
to genotypes.
[0101] The French MAS program includes elements of both the "top-down" and "bottom-up" MAS designs. Similar to
the German program, genetic evaluations including marker information were computed by a variant of MA-BLUP, and
only genotyped animals and non-genotyped connecting ancestors were included in the algorithm. Genotyped females
were characterized by their average performance based on precorrected records (with the appropriate weight), whereas
males were characterized by twice the yield deviation of their ungenotyped daughters. Twelve chromosomal segments,
ranging in length from 5 to 30 cM are analyzed. Regions with putative QTL affecting milk production or composition are
located on BTA 3, 6, 7, 14, 19, 20, and 26; segments affecting mastitis resistance are located on BTA 10, 15, and 21;
and chromosomal segments affecting fertility are located on BTA 1 and 7. Each region was found to affect one to four
traits, and on the average three regions with segregating QTL were found for each trait. Each region is monitored by 2
to 4 evenly spaced microsatellites, and each animal included in the MAS program is genotyped for at least 33 markers.
Sires and dams of candidates for selection, all male AI ancestors, up to 60 AI uncles of candidates, and sampling
daughters of bull sires and their dams are genotyped. The number of genotyped animals was 8000 in 2001, and is
intended to reach 10,000 per year, with equal proportions of candidates for selection and historical animals.
[0102]

Table 1. Polymorphism detection in the course of positional cloning to the QTL on BTA6

Number of exons Sequencing size (bp) Polymorphism

Gene total sequenced exons introns promoter typea location

MLR1 7 2 482 228 Insertion TGAT Exon 7 (AJ871966)

MED28 5 2 133 1,268 C to T Exon 4 (AJ871964)

LAP3 . 13 2 147 450 C to T Exon 12 (AJ871963)

IBSP 7 1 560 A to G Exon 7 (NM 174084b)

SPP1(1) 7 7 1,362 5,633 1,205 A to G Intron 5 (AJ871176)

SPPI(2) T to G Exon 7 (AJ871176)

PKD2 15 15 3,023 2,485 2,931 Insertion A Promoter (AJ871176)

ABCG2(1) 16 15c 2,029 3,416 A to T Intron 3 (AJ871176)

ABCG2(2) A to Cd Exon 14 (AJ871176)

PPMIK 7 1 490 GC to AT Exon 2 (AJ871967, 
AJ871968)

HERC6 23 330 Insertion C Intron 5 (AJ877268)

FAM13A1(1) 18 18 2,580 2,190 A to G Intron 9 (Cohen et al., 
2004a)

FAM3A1(2) C to A Exon 12 (Cohen et al., 
2004a)
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(continued)

Number of exons Sequencing size (bp) Polymorphism

Gene total sequenced exons introns promoter typea location

Total 10,806 16,713 4,136

a The more frequent allele is listed first.
b At position 802.
Coding region of this gene starts in exon 2.
d Y581S

Table 2: Effects of the polymorphisms on the bulls’ breeding values for the quantitative traits with each marker analyzed 
separately.

Number of 
bulls

Frequency 
of the more 
common 
allele

Quantitative traits

Marker Milk Fat Protein % fat % protein

BM143b 346 55.1 -34 0.7 3.5** 0.019 -0.022*

MLR1 298 50.5 -67 -2.8 .7 -0.005 0.025*

MED28 316 57.2 80 6.0*** .4*** 0.031 0.018*

LAP3 341 57.3 13 6.1** .7*** 0.053** 0.039****

IBSP 336 61.3 -35 1.1 .6 0.021 0.015

SPPI(1) 366 57.0 -123** -0.1 .8 0.039* 0.043****

SPP1(2) 309 72.9 -171** -0.7 .4 0.048* 0.061****

PKD2 326 67.1 -141** 0.6 .9 0.046* 0.048****

ABCG2(2) 335 80.5 -341**** 5.3* .1** 0.159**** 0.135****

ABCG2(1) 282 55.4 -67 0.8 .4 0.029 0.042****

PPMIK 369 73.6 -58 -1.7 .8 0.001 0.033**

HERC6 328 67.9 -14 4.9** .6**** 0.049** 0.056****

FAM13A1
(1)

381 81.8 -64 0.3 .1 0.023 0.028*

FAM13A1
(2)

370 41.1 -107* 2.0 .2 0.053** 0.042****

a For 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).
b This microsatellite was analyzed as a diallelic marker as described herein. Significance:*, p<0.05; **, p<0.01; ***,
p<0.001; ****, p<0.0001

Table 3: Effect of ABCG2(2) on the breeding values of the daughters of the heterozygous sires, and QTL effects 
derived from the animal model analyses.

Number of 
cows

Quantitative traits

Analysis Genotypea Kg Milk Kg Fat Kg Protein % fat % protein

class 
effectsb

-/- 78 0 0 0 0 0

+/- 328 - 185 0.4 1.2 0.059 0.065
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(continued)

Number of 
cows

Quantitative traits

Analysis Genotypea Kg Milk Kg Fat Kg Protein % fat % protein

+/+ 264 - 432** ** 4.2** 3.3** 0.169**** 0.145****

% 
dominancec

14.3 80.9 27.3 30.2* 17.2*

Regression
d

670 - 226** ** 2.6** 1.8** 0.093**** 0.076****

Animal 
modeld

-597 2.2 1.3 0.225 0.193

a 581S was denoted the "-" QTL allele, and Y581 the "+" QTL allele.
b Significance of the class effect is indicated in the +/+ row. Effects are computed relative to the -/- homozygote.
c Relative to the -/- homozygote.
d Allele substitution effects assuming additivity.
Significance: *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001

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 effectsa

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

ABCG22(2) 711 0 0 0.222 0.219
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(continued)

Variance component

HERC6 218 8.0 8.4 0 0

Variance components

ABCG2(2) 85,277 4.7 8.4 0.0133 0.0134

LAP3 2,697 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

a Computed as described in the Materials and Methods section.

Table 5. Primers for physical mapping and real-time PCR analysis. 1E0380G22 and E0199P19 in contig 8 42 and all 
other BAC in contig 503

Gene Primer Sequence Number of BAC 
clone1

BM143 BM143_F TET-ACCTGGGAAGCCTCCATATC E0199P19

BM143_R CTGCAGGCAGATTCTTTATCG

SLIT2 SLIT2_3’UTR_f GTCAGAATGGAGCTCAATGC E0380G22
SLTT2_3’UTR_r GATGTTTGTTTGAGGCCGGA

MED28 MED28_3’UTR_f TAAGACATTGGCAGCAGGTG E0060K13
MED28_3’UTR_r CTAGTGTTCGGGTGCCTTTC

LAP3 LAP3_3’UTR_f TGCCTTGATTTTTCATTTTATGC E0060K13
LAP3_3’UTR_r CTGACAATCGCACAGCAACT

IBSP IBSP_3’UTR_f GCAGCAACAGCACAGAGGTA E0393F21
IBSP_3’UTR_R TGGTGTGGGGTTGTAGGTTT

SPP1 SPPI_3’UTR_f CATTAAAGCAGGGTGGGAGA H0005K14;
SPP1_3’UTR_r ATGCTGTGATGGTTTGCATT E0049M05

PKD2 PKD2_3’UTR_f TGGGACCAACCATTTCACTT H0005K14;
PKD2_3’UTR_r AGCCACACGAAAAGACT E0049M05

ABCG2 ABCG2_3’UTR_f CCCCCAATTAAAAAGGGACT H0005K14;
ABCG2_3’UTR_r GAGGCAAGTGAAAAGAAGACAA E0049M05

PPM1K PPM1K_3’UTR_f TGCCTGGGGAAAATACAAGA E0331l16;
PPM1K_3’UTR_r GGGTCACCACTTACAGTTCACTT E0412B12

HERC6 HERC6_3’UTR_f GAAATTTCAGGGGGATT E0417A15
HERC6_3’UTR_r TTCATCAAGACTCGGTGCTG

FAM13A1 FAM13A1_3’UTR_f CATCCATCACCTCAGTGTGC E308012
FAM13A1_3’UTR_r AAAGGCAGAGCTGCAGAAAC

18SrRNA 18_f GATCCATTGGAGGGCAAGTCT

18S_r AACTGCAGCAACTTTAATATACGCTATT
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Table 6. Primers for SNP genotyping

Genotyping 
platform Gene Location Primer Sequence

Mass Spec FAM13A1 Exon 12 Fam13A1_ex12F ACGTTGGATGCCACGCCCAAATCTTTTCTC
Fam13A1_ex12R ACGTTGGATGTTCAAGTTGGGAGCCGAAAC
Fam13A1_ex12E GAAGATATCAGAGGAGGAC

SPP1 Exon 7 sPP1_ex 6F ACGTTGGATGTCTCCCACCCTGCTTTAATG
SPP1_ex 6R ACGTTGGATGGCCTCTTCTGAGGTCAATTG

IBSP
Exon 7

SPP1_ex 6E CTGCTTTAATGTATCCTTTTC
IBSP_ex 7F ACGTTGGATGTAAACCTACAACCCCACACC
IBSP_ex 7R ACGTTGGATGGCCTGTTTGTTCATACTCCC

PPMIK Exon 2 IBSP_ex 7E ACCGTTTGGGAAAATCACC
PPM1K_ex 2F ACGTTGGATGATTTCGGCTCTGAAGTGGAG

Intron 3
PPM1K_ex 2R ACGTTGGATGTAAGAAGTGGTGGGAACCAG

ABCG2 PPM1K_ex 2E CCTGTCATCCTGCAGACC
ABCG2F ACGTTGGATGGATTGTGTCCTGAGGAAGTC

Exon 14
ABCG2R ACGTTGGATGCAAGTCATAGCTGACAGCTG

ABCG2 ABCG2E CTGAGGAAGTCTTATTAGGT
ABCG2ex14F ACGTTGGATGAATCTCAAAACCGTCGTGCC

Exon 4
ABCG2ex14R ACGTTGGATGCGGTGACAGATAAGGAGAAC

MED28 ABCG2ex14E GAGCATTCCTCGATACGGCT
MED28F ACGTTGGATGGCTTCTCACTTTGTAGGATG

Exon 12 MED28R ACGTTGGATGTTGTCAAGTGCTTCTGGACC
LAP3 MED28E TTCGCTGTAATTCATTCCTTA

LAP3_ex12F ACGTTGGATGCAAGACAGGTTATAGATTGCC
ABI377 Intron 5 LAP3_ex12R ACGTTGGATGCTGAAAATGCTCATTTTGGC

HERC6
Intergenic

LAP3_ex12E GTTATAGATTGCCAACTTGC
HERC6F HEX-CTGAGTCCCAACCACTGGAC

PKD2
Exon 21

HERC6R TGTATGCTGAATGGGTATCTTCA
PKD2F TGCTATGGATCAAATACTATCCAAGTT

ABI7000 MLR1 Intron 5 PKD2R FAM-CCCCGTCCTCTAAAGAATGC
SPP1 MLR1F FAM-TGTGCGATTCCACATTGTTT

MLR1 R AAAGCAAGCAGCCGCTAAT
SPP1int5_365F CTCTGATCCCCTGAGAATTTTCA

Intron 9 SPP1int5_486R CACTGTTTTTCCTTGTTCATAATAAACAC
FAM13A1 SPP1int5_486P1 FAM-ATCTGTATTTAcTGGATCAT

SPP1int5_486P2 VIC-CTGTATTTAtTGGATCATT
FAM13A1int9F AACTTTAAAAGGGAGAGGAATGTTACC

Table 7. Primers for sequencing in the critical region of the QTL

Primer code Gene Primer Name Sequence

1102 MLR1 MLR1ex21F AAACAATGTGGAATCGCACA

1103 MLR1ex21R AAAGCAAGCAGCCGCTAAT

500 MED28 MED28ex4F CCTGGATATTGCAAGACA

501 MED28ex5R TAAGACATTGGCAGCAGGTG

502 MED28ex4Fnes TCTGTCCAGAAACCAGAGCA

503 MED28ex5Rnes GAAAGGATGCTCTGGTCCAG
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(continued)

Primer code Gene Primer Name Sequence

400 LAP3 LAP3ex12F CATTGAAACAGGAGACCGTGT

401 LAP3ex13R TGTGACTCATCCTAAGTGGGC

801 IBSP IBSPex7F CTGGGGCTACAGGAAAGAAG

802 IBSPex7R ATTCTGGGATTTTGTGTGGC

155 SPP1 SPP1prom 1602F AGATCCCACATGCACCTAGC

156 SPP1prom 1147R CCCGGCCCTCCAAGGCATGC

121 SPP1prom 771 F CAGTAACCCTGCTCGGTCAT

122 SPP1prom 28R TCTGGGAGATCCTGGTTGTC

123 SPP1ex1aF CACAGGGGACTGGACTCTTC

124 SPP1ex1aR TTGCTGTCTCCATTTTCCAA

125 SPP1ex1bF CCCTTTCTGAATATTTTCACCTC

126 SPP1ex1bR GATTTGCTTCTGCCTCTTGG

111 SPP1ex1F AGCATCTGGAGCAGCCTTTA

112 SPP1int2R ACTCCTGTCCTCTCTGTGCG

113 SPP1int1F TGGAGTGTTTCCACACAAAA

114 SPP1 int3R TTGTGTGCCTGCTATGCTTC

115 SPP1 int3F TCACTTAGAGACCCCTGTTT

116 SPP1int4R TTTGGGCTGGTTAAATGGAT

127 SPP1int3aF TGCAACTTCTGCAAGATGTACT

128 SPP1int3aR TGCTCAATGAAGATGTTAGGAGA

129 SPP1int3bF CAAACGGGTATTGTCCCAAG

130 SPP1int3bR GAAGAAAACCCTTCTTTCAGC

131 SPP1int3cF GAACCTTTGAACTCATCTACAGC

132 SPP1int3cR GCTAATTAAGGGCACCTCTGC

133 SPP1int3dF TCTTCCATAGAGGAAGGAAAA

134 SPP1int3dR AAATACCCAGATGCTGTAGCC

117 SPP1 int4F AAATTCTCACAATTAAAGAACAACCA

118 SPP1int5R TTCAAATTCCGGCAAAATTC

135 SPP1int4aF AAATTCTCACAATTAAAGAACAACCA

136 SPP1int4aR TCTGAGGAAACTGATGACAACAA

109 SPP1ex5F CCTCTGAGGAAACTGATGACAA

110 SPP1ex5R CGTTAGATCGGCGGAACTTCT

137 SPP1int5aF TCTGATGTCTGTTGTGCCTTAGA

138 SPP1int5aR GCACTGTAAAGCCTAAGGGACA

139 SPP1int5bF GCCATTAAGTGCTTTGTTGTGA

140 SPP1int5bR GTTTTTGCGCTCAAGTCCAT

119 SPP1int6F CCCTTCCTAGCTGTTCGTTG

120 SPP1int7R AAGCAGGGTGGGAGACAATA
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(continued)

Primer code Gene Primer Name Sequence

141 SPP1int6aF CGTACGTGTTCATTCAGCA

142 SPP1int6aR CAGAGTCCAGATGCCACAGA

261 PKD2 PKD2 ex1 365812F GGCCCAAGGAAGAAACGAAC

262 PKD2 ex1 370002R GGAATGGTGGTGGAGATGGA

212 PKD2ex1F CGAGGAGGAAGAGGAGGAAG

255 PKD2ex1R CGACCTCCTCTTCCTCCTCT

221 PKD2int1F AACAGGAGAGCCTCCCTTAAA

222 PKD2int2R TTGCATATTTGCCCTGTCAA

245 PKD2int2Fe GTGCGGTCTGTAAGGGTCAG

246 PKD2int3Re TATGGGAAGGGAATTTGGAG

247 PKD2int2F TTGGCTTGTTCTGTCTTCCA

248 PKD2int3R GCTGTGCACTTAACACTGGG

223 PKD2int3F AAAATGTTGCCTTTGCTTTCA

224 PKD2int4R AAGTGTCTGTGGCTTGTGGA

267 PKD2int4F TCAGGAACCAGTTGTCTCTGTAA

268 PKD2int5R AAACTGCAGGCAATGGTTTT

227 PKD2int5F CCTGACTGCATCCATGTGTT

228 PKD2int6R AGGTTGGAGAACAACACCAAA

229 PKD2int6F TCTTCATTTAATCTTTTGTTTTCCA

230 PKD2int7R TGTTGAAGGACCTGAATTTGCT

231 PKD2int7F ATTTCCCCTCTCTTTTGCAG

232 PKD2int8R GAAACCTTCATGGTGGCTGT

233 PKD2int8F TGTCAAAAGAATGCTGGACA

234 PKD2int9R CATCATCTCTTCTTTTCTTCCACA

235 PKD2int9F TTTTCCCAAAGAATTTGGTAGC

236 PKD2int10R GTTGTTTCAGCCAGATTGCC

237 PKD2int10F GGCAGAACAAACGAAAAAGG

238 PKD2int11R AAGAATCTCAATTTGCCCGT

239 PKD2int11F GATCGTGTGCATGGATGAGT

240 PKD2int12R GATTGGTTCAACACCTGCAA

241 PKD2int12F CAGTGATCCCGTGTTCTTCA

242 PKD2int13R TTCGAGTTGACAAGGGGC

263 PKD2int13F CACAAGATGTTTTTGTCCCTC

264 PKD2int14R TGTTTTCCCCATACATGCAA

265 PKD2int14F TTCCGAAGGCAATTCCTAAA

266 PKD2int15R ATATGGTGGTCAGGGCACAT

214 PKD2ex15F TGGAAAAGAATCCCAAACCA

215 PKD2ex15R GCTCACCAAATTTATGGGGA
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(continued)

Primer code Gene Primer Name Sequence

251 PKD2 ex15 31525F ACCAACCGTACTTTGGCTTG

252 PKD2 ex15 32487R GATTCAGCTTGCCTACCTGC

603 ABCG2 ABCG2 63223F CCTCTTGATTGCCAGGAAAA

604 ABCG2 63906R GATTCCTGTGAGCTCAACCC

605 ABCG2 65770F CACACACCACAAAAACCCTC

606 ABCG2 66373R TTCATCTTGTCAGATGGTAACCA

615 ABCG2int1F TGTTTACAGTCTCATTTACCTGGA

616 ABCG2int2R ATGCAGATTTTGGCAGGTTT

617 ABCG2int2F AACTGGCTTTAAACTGGGTCA

618 ABCG2int3R TTTCTTTGTAGTTTTCATGTGTGG

642 ABCG2ex3F CATGAAACCTGGCCTCAATG

643 ABCG2ex4R TCCATGTGGATCCTTCCTTG

619 ABCG2int3F AAGAGGTAAAGCCTGATTTGG

620 ABCG2int4R TTCATATGGGCAAGTGCCTT

621 ABCG2int4F GAGTGATGGTATTAGAAAAGACCTG

622 ABCG2int5R TAGGACCTCACCTGTGTGGA

613 ABCG2int5F CAACAAATGATAGTGGCAGAGG

614 ABCG2int6R TCCTGAAGAGGTAAATGCCATG

623 ABCG2int6F CCAAGAAATGTAAGTTTCAGATGTTT

624 ABCG2int7R ACAAAGGAGTCACTTGGAGCA

625 ABCG2int7F TTTACCAGGACTATCAATTTTTGTG

626 ABCG2int8R TAAACCACGGCTGTTTGAATT

627 ABCG2int8F AAAGGGGTTGTAGAAAAATGGA

628 ABCG2int9R CATTTGGGGGACATTATGCT

629 ABCG2int9F GGAGAGATTTGATTAAGTAGCCAGA

630 ABCG2int10R GAATTTGAAACAAGCACAGGG

631 ABCG2int10F TTGGGGAAAGAATTTTGCAG

632 ABCG2int11R GGTCAGACTGGTCACATCCA

644 ABCG2int11F GCAAATGGTTTAATCTCCTGGT

645 ABCG2int12R ACAGAAAGTCCCCTCCCATC

633 ABCG2int12F TTGGATTAACCCCCTCTTTG

634 ABCG2int13R ATTCCTACCCCCAAACTTGC

635 ABCG2int13F ATTTGCTAGACGGCACCAGA

636 ABCG2int14R TATCCTTGGCCATGAGCTGT

637 ABCG2int14P TTTCTTTATCCTGCTCCCACTT

638 ABCG2int15R ACTGGGCTGAGGAATCCTTT

1000 PPM1K PPM1Kex2F GGCATCCCATTATTGTTCCA

1001 PPM1Kex2R TACCCACATGGAGAAATGCA
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[0103]

(continued)

Primer code Gene Primer Name Sequence

705 HFRC6 HFRC6ex5F TGAAGACTCTCGGTGTGGTT

706 HERC6ex6R GAATTGAAGGCCTCGTCTCA

Table 8: Number of animals included in the variance components analyses for ABCG2 polymorpshism.

Number of:

Markers analyzed Genotyped bulls Ancestors Total

ABCG2(2) 336 422 758

ABCG2(2), SPP1(2) 274 367 641

ABCG2(2), HERC6 298 396 694

ABCG2(2), LAP3 308 399 707

Table 9: Number of animals genotyped per breed and allele frequencies of the ABCG2 gene with standard errors (SE).

Breed1 Animals genotyped

Allele frequencies

ABCG2A ABCG2C SE

Aberdeen Angus 25 1.00 0.00

Anatolian Black 31 1.00 0.00

Angler 30 1.00 0.00

Asturian Mountain 43 1.00 0.00

Ayrshire 32 1.00 0.00

Banyo Gudali 67 1.00 0.00

Belgian Blue (beef) 28 0.95 0.05 � 0.041

Belgian Blue mix 8 0.94 0.06 � 0.084

Bohemian Red 35 0.99 0.01 � 0.017

British Friesian 37 0.93 0.07 � 0.042

Casta Navarra 19 1.00 0.00

Charolais 10 1.00 0.00

Chianina 36 1.00 0.00

East Anatolian Red 28 0.88 0.12 � 0.061

Gelbvieh 6 1.00 0.00

German Angus 18 0.92 0.08 � 0.064

German Black Pied 22 0.93 0.07 � 0.054

German Brown 22 0.95 0.05 � 0.046

German Brown Swiss 21 1.00 0.00

German Holstein 27 1.00 0.00

German Simmental 22 0.86 0.14 � 0.074

Hereford 39 1.00 0.00
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[0104]

[0105] ABCG2 splice variants of first exon and exon 2 are highlighted in bold.

(continued)

Breed1 Animals genotyped

Allele frequencies

ABCG2A ABCG2C SE

Israeli Holstein2 341 0.80 0.20 � 0.022

Menorquina 15 0.97 0.03 � 0.044

N’Dama 7 1.00 0.00

Nellore 8 1.00 0.00

Pezzata Rossa 18 1.00 0.00

Pinzgauer 9 1.00 0.00

Polish Red 11 1.00 0.00

Santa Gertrudis 11 1.00 0.00

South Anatolian Red 17 1.00 0.00

Toro de Lydia 13 1.00 0.00

Turkish Grey Steppe 9 1.00 0.00

US Holstein2 9 0.95 0.05 � 0.073

White Fulani 9 1.00 0.00

1Bos indicus breeds are in italics; other breeds are Bos taurus.
2Cohen-Zinder et al. (2005)

Table 10. Notation of alleles, polymorphisms and QTL status

Nucleotide allelic ABCG2 Amino acid allelic QTL status
designation allelic designation

designation

A (adenine) allele ABCG2( Y581 allele (tyrosine) + QTL,
1) decreases milk yield

C (cytosine) ABCG2( 581S allele (serine) -QTL,
allele 2) increases milk yeild

A->C Y581S, denotes that at position 581 of amino acid sequence of
ABCG2 protein, a serine (S) is present instead of a tyrosine (Y).

SEQUENCE
btABCG2 exon 1a 1553.. 1760
btABCG2 exon 1b 11688..12023
btABCG2 exon 1c 58161..58260
btABCG2 exon 2 84261..84479
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Claims

1. An isolated polynucleotide comprising a coding region of the ABCG2 gene as set forth in SEQ ID NO: 183, wherein
the coding region comprises a missense mutation that encodes a substitution of tyrosine-581 to serine (Y581S).

2. The isolated polynucleotide of claim 1, wherein the coding sequence at nucleotide position 1742 comprises a single
nucleotide polymorphism, wherein an adenine (A) is replaced by a cytosine (C), resulting in the missense mutation
Y581 S.

3. An isolated ABCG2 protein comprising an amino acid sequence:

, wherein the amino acid at position 581 is replaced by serine (S).

4. The ABCG2 protein of claim 3 is recombinant.

5. Use of the isolated polynucleotide of claim 1 as a marker for predicting increased milk production.

6. A method of determining whether a mammal comprises an ABCG2 gene as set forth in SEQ ID NO: 183 that encodes
a missense mutation Y581 S, the method comprising determining, the presence or absence of the missense mutation
in a polynucleotide sample obtained from the mammal.

7. The method of claim 6 wherein the missense mutation is detected by determining a single nucleotide polymorphism
at position 1742 of the coding sequence of claim 2.

8. The method of claim 6 wherein the missense mutation is detected by performing a polymerase chain reaction.

9. Use of a missense mutation in ABCG2 as set forth in SEQ ID NO: 183 encoding a missense mutation Y581 S in
cattle breeding.

10. Use of a missense mutation in ABCG2 as set forth in SEQ ID NO: 183 encoding a missense mutation Y581S in
cattle selection.

Patentansprüche

1. Ein isoliertes Polynukleotid umfassend eine kodierende Region des ABCG2-Gens, wie in SEQ ID NO: 183 dargelegt,
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worin die kodierende Region eine Missense-Mutation umfasst, die eine Substitution von Tyrosin-581 zu Serin
(Y581S) kodiert.

2. Das isolierte Polypeptid von Anspruch 1, worin die kodierende Sequenz an der Nukleotidposition 1742 einen Poly-
morphismus eines einzelnen Nukleotids umfasst, worin ein Adenin (A) durch ein Cytosin (C) ersetzt wird, was in
der Missense-Mutation Y581S resultiert.

3. Ein isoliertes ABCG2-Protein umfassend eine Aminosäuresequenz:

, worin die Aminosäure an der Position 581 durch Serin (S) ersetzt ist.

4. Das ABCG2-Protein von Anspruch 3 ist rekombinant.

5. Verwendung des isolierten Polynukleotids von Anspruch 1 als Marker zur Vorhersage einer erhöhten Milchproduk-
tion.

6. Ein Verfahren zur Bestimmung, ob ein Säugetier ein ABCG2-Gen wie in SEQ ID NO: 183 dargelegt umfasst, das
eine Missense-Mutation Y581S kodiert, das Verfahren umfassend das Bestimmen der Anwesenheit oder Abwe-
senheit der Missense-Muation in einer von dem Säugetier erhaltenen Polynukleotid-Probe.

7. Das Verfahren von Anspruch 6, worin die Missense-Mutation durch das Bestimmen eines Polymorphismus in einem
einzelnen Nukleotid an der Position 1742 der kodierenden Sequenz von Anspruch 2 detektiert wird.

8. Das Verfahren von Anspruch 6, worin die Missense-Mutation durch das Durchführen einer Polymerase-Kettenre-
aktion detektiert wird.

9. Verwendung einer Missense-Mutation in ABCG2, wie in der SEQ ID NO: 183 dargelegt, die für eine Missense-
Mutation Y581S kodiert, in der Zucht von Rindern.

10. Verwendung einer Missense-Mutation in ABCG2, wie in der SEQ ID NO: 183 dargelegt, die für eine Missense-
Mutation Y581S kodiert, in der Auswahl von Rindern.



EP 1 896 616 B1

51

5

10

15

20

25

30

35

40

45

50

55

Revendications

1. Polynucléotide isolé comprenant une région codante du gène ABCG2 tel que représenté par SEQ ID NO : 183, où
la région codante comprend une mutation faux sens qui code pour une substitution de la tyrosine 581 en sérine
(Y581S).

2. Polynucléotide isolé selon la revendication 1, dans lequel la séquence codante au niveau de la position nucléotidique
1742 comprend un polymorphisme de nucléotide unique, où une adénine (A) est remplacée par une cytosine (C),
entraînant la mutation faux sens Y581S.

3. Protéine ABCG2 isolée comprenant une séquence d’acides aminées :

, où l’acide aminé au niveau de la position 581 est remplacé par une sérine (S).

4. La protéine ABCG2 selon la revendication 3 est recombinante.

5. Utilisation du polynucléotide isolé selon la revendication 1, en tant que marqueur pour prédire une augmentation
de la production de lait.

6. Procédé de détermination si un mammifère comprend un gène ABCG2 tel que représenté par SEQ ID NO : 183
qui code pour une mutation faux sens Y581S, le procédé comprenant la détermination de la présence ou de l’absence
de la mutation faux sens dans un échantillon polynucléotidique obtenu à partir du mammifère.

7. Procédé selon la revendication 6, dans lequel la mutation faux sens est détectée en déterminant un polymorphisme
de nucléotide unique au niveau de la position 1742 de la séquence codante selon la revendication 2.

8. Procédé selon la revendication 6, dans lequel la mutation faux sens est détectée en réalisant une réaction en chaîne
de la polymérase.

9. Utilisation d’une mutation faux sens dans ABCG2 tel que représenté par SEQ ID NO : 183 codant pour une mutation
faux sens Y581S dans l’élevage de bétail.
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10. Utilisation d’une mutation faux sens dans ABCG2 tel que représenté par SEQ ID NO : 183 codant pour une mutation
faux sens Y581S dans la sélection de bétail.



EP 1 896 616 B1

53



EP 1 896 616 B1

54



EP 1 896 616 B1

55



EP 1 896 616 B1

56



EP 1 896 616 B1

57

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Non-patent literature cited in the description

• Ashwell, M.S. et al. Dairy Sci., 2004, vol. 87,
468-475 [0106]

• Bennewitz et al. Session G1.9. 54st Ann. Meet. Eu-
rop. Ass. Anim. Prod. Rome, 2003 [0106]

• Bennewitz et al. J. Anim. Breed. Genet., 2004, vol.
121, 307-318 [0106]

• Boichard et al. Proc. 7th World Cong. Genet. Appl.
Livest. Prod., 2002, vol. 33, 19-22 [0106]

• Chenu, C. et al. J. Bone Miner. Res., 1994, vol. 9,
417-421 [0106]

• Cohen, M. et al. Genomics, 2004, vol. 84, 374-383
[0106]

• Cohen, M. et al. 29th Int. Conf. Ani. Gen., ISAG,
2004 [0106]

• Drackley, J.K. et al. J. Dally Sci., 1991, vol. 74,
4254-4264 [0106]

• Ejendeal, K.F. ; Hrycyna, C.A. Review. Curr. Pro-
tein Pept. Sci., 2002, vol. 3, 503-511 [0106]

• Everts-van der Wind et al. Genome Res., 2004, vol.
14, 1424-1437 [0106]

• Farr, V.C. et al. J Dairy Sci, 1996, vol. 79, 543-549
[0106]

• Fernando R. L. ; Grossman M. Genet. Sel. E, 1989,
vol. 21, 467-477 [0106]

• Georges, M. et al. Genetics, 1995, vol. 139, 907-920
[0106]

• Glazier, A.M. et al. Science, 2002, vol. 298,
2345-2349 [0106]

• Gottesman, M.M. et al. Nat. Rev. Cancer, 2002, vol.
2, 48-58 [0106]

• Grisart, B. et al. Genome Res., 2002, vol. 12,
222-231 [0106]

• Grisart, B. et al. Proc. Natl. Acad. Sci., 2004, vol.
101, 2398-403 [0106]

• Hedrick, P.W. et al. Genetics, 1987, vol. 117,
331-341 [0106]

• Israel, C. et al. J. Dairy Sci., vol. 81, 1653-1662
[0106]

• Israel ; Weller. J. Dairy Sci., 2000, vol. 83, 181-187
[0106]

• Jonker, J.W. et al. Nat Med., 2005, vol. 11 (2),
127-129 [0106]

• Kashi et al. Anim. Prod., 1990, vol. 51, 63-74 [0106]
• Kaupe, B. et al. Anim. Genet., 2004, vol. 71, 182-187

[0106]
• Kerr, J.M. et al. Gene, 1991, vol. 108, 237-243

[0106]
• Kerr, RJ. et al. J. Anim. Breed. Genet., 1996, vol.

113, 457-469 [0106]

• Kaname, T. et al. BioTechniques, 2001, vol. 31,
273-278 [0106]

• Kuhn, C. et al. Anim. Genet., 1999, vol. 30, 333-340
[0106]

• Litman, T. et al. J. Cell Sci., 2000, vol. 113,
2011-2021 [0106]

• Mackay, T.F. et al. Ann. Rev. Genet., 2001, vol. 35,
303-339 [0106]

• Mackinnon ; Georges. Livest. Prod. Sci., 1998, vol.
54, 229-250 [0106]

• Meuwissen ; Arendonk. J. Dairy Sci., 1992, vol. 75,
1651-1659 [0106]

• Nadesalingam, J. et al. Mamm. Genome, 2001, vol.
12, 27-31 [0106]

• Nauli, S.M. et al. Nat. Genet., 2003, vol. 33, 129-137
[0106]

• Nemir, M. et al. J. Biol. Chem., 2000, vol. 275,
969-976 [0106]

• Olsen, H.G. et al. J. Dairy Sci., 2002, vol. 85,
3124-3130 [0106]

• Olsen, H.G. et al. Genetics, 2005, vol. 169, 275-283
[0106]

• Ron, M. et al. Genetics, 2001, vol. 159, 727-735
[0106]

• Schmitz, G. et al. J. of lipid Res., 2001, vol. 49,
1513-1520 [0106]

• Schnabel, R.D. et al. Plant & Animal Genomes XIII
conf., 2005, 532 [0106]

• Seroussi, E. et al. J. Mol. Biol., 2001, vol. 312,
439-451 [0106]

• Seroussi, E. et al. J. of BioInformatics, 2002, vol.
18, 1137-1138 [0106]

• Spelman, R.J. et al. Genetics, 1996, vol. 144,
1799-1808 [0106]

• Spelman et al. J. Dairy Sci., 1999, vol. 82, 2514-2516
[0106]

• Stekrova, J. et al. Nephrol Dial Transplant., 2004,
vol. 19, 1116-1122 [0106]

• Su, A.I. et al. Proc. Natl. Acad. Sci., 2002, vol. 99,
4465-4470 [0106]

• Thompson, J. D. et al. Comput. Appl. Biosci., 1994,
vol. 10, 1929 [0106]

• Veenhuizen, J.J. et al. J Dairy Sci, 1991, vol. 74,
4238-4253 [0106]

• Velmala, R.J. et al. Anim. Genet., 1999, vol. 30,
136-143 [0106]

• Wallner, B.P. et al. Biochemistry, 1993, vol. 32,
9296-9301 [0106]



EP 1 896 616 B1

58

• Warren, W., Smith et al. Mamm. Genome., 2000,
vol. 11, 662-663 [0106]

• Wayne, M.L et al. Proc. Natl. Acad. Sci., 2002, vol.
99, 14903-14906 [0106]

• Weichenhan, D. et al. Mammalian Genome, 2001,
vol. 12, 590-594 [0106]

• Weikard, R. et al. 29th Int. Conf. Ani. Gen., ISAG,
2004, 060 [0106]

• Quantitative Trait Loci Analysis in Animals. Weller,
J.I. et al. CABI. Publishing, 2001, 287 [0106]

• Weller, J.I. et al. Genetics, 2002, vol. 162, 841-849
[0106]

• Weller, J.I et al. J. Dairy Sci., 2003, vol. 86,
2219-2227 [0106]

• Weller, J.I. et al. J. Dairy Sci., 2004, vol. 87,
1519-1527 [0106]

• Wiener, P. et al. Anim. Genet., 2000, vol. 31,
385-395 [0106]

• Winter, A. et al. Proc. Natl. Acad. Sci., 2002, vol.
99, 9300-9305 [0106]

• Zhang, Q. et al. Genetics, 1998, vol. 149, 1959-1973
[0106]


	bibliography
	description
	claims
	drawings

