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Abstract

The predominant cattle breed in Norway, Norwegian Red cattle (NRF), is an admixed breed
formed from local Norwegian breeds and imported animals from other Nordic breeds. The
extensive phenotypic records for NRF represent a unique resource for studying genetic factors
affecting complex traits of importance for animal production. Phenotypic records of traits
related to milk production, meat production and fertility, as well as health traits such as
veterinary treated clinical mastitis, are now kept for 96% of Norwegian cattle. Records of
veterinary treated clinical mastitis have been kept for most NRF animals for the last three
decades.

Mastitis is inflammation of the mammary gland and is the most widespread disease affecting
dairy cattle world-wide. Consequences of this disease include animal suffering, reduced milk
quality, unwanted use of antibiotics and a more costly production. Main objective of the work
described in this doctoral thesis has been to study the genomic architecture of the admixed
NRF breed in order to understand the genetics underlying complex traits in cattle, particularly
susceptibility to mastitis.

The study was initiated with the genotyping of 2,589 NRF bulls for single-nucleotide
polymorphisms (SNPs) using the Bovine Affymetrix 25k MIP SNP array. Construction of
linkage maps provided a powerful resource for quality assessment of the bovine genome
assembly Btau_4.0 and for investigations of recombination rates and linkage disequilibrium
(LD) across the NRF genome. Differences between recent and historic recombination rates
were used to identify genomic loci subjected to strong artificial selection in the observed
pedigree. Reduced LD was found in NRF compared with other breeds included in the study.
The high LD generally reported in cattle facilitates association mapping studies for detection
of quantitative trait loci (QTLs) affecting complex traits. In order to detect QTLs affecting
susceptibility to mastitis genome-wide association studies with over 17,000 SNPs were
performed for occurrence of clinical mastitis (CM) in seven lactational time periods and for
lactation average somatic cell score (SCS). Although there is a genetic correlation between
CM and SCS, no consistencies were found between SNPs significantly associated with CM
and those associated with lactation average SCS. Combined linkage and linkage
disequilibrium analysis confirmed quantitative trait loci for CM on bovine chromosomes 2, 6,
14 and 20, with the highest test score for CM being found for a SNP at 90.67Mb on
chromosome 6. In addition to the QTL for CM on chromosome 6, a QTL affecting milk
protein yield (PY) has been found to coincide with the casein genes around 88Mb on this
chromosome. Fine mapping gave highest test scores for PY in and around the casein genes
CSN2 and CSN1S2 (at 88.33Mb and 88.41Mb), while highest test scores for CM were found
within the region 89 to 91Mb. It has been suggested that a haplotype encompassing the casein
genes, with a favorable effect on PY and an unfavorable effect on CM, was introduced into
the NRF population through importation of a Holstein-Fresian bull (1606 Frasse) in the
1970s. High-throughput re-sequencing allowed for molecular characterization of the long
range haplotype from 1606 Frasse and revealed plausible causal polymorphisms in the
promoter region of the gene CSN1S2 and in a known regulatory motif in the 5’-flanking UTR
of CSN1S2.



Sammendrag

Norsk Radt fe (NRF) er en syntetisk rase basert pa norske raser og importerte dyr fra andre
nordiske raser. Fenotypiske egenskaper relatert til melkeproduksjon, kjgttproduksjon og
fruktbarhet, i tillegg til helseegenskaper som veterinaer behandlet klinisk mastitt, registreres na
for 96 prosent av norsk storfe. Dette materialet utgjer en unik ressurs for studier av komplekse
egenskaper av gkonomisk viktighet.

Tilfeller av veterinaer behandlet klinisk mastitt er blitt registrert for de fleste NRF dyr i over
30 ar. Mastitt er en betegnelse pa inflammasjon i melkekjertelen og er den vanligste
sykdommen i melkekyr pa verdensbasis. Resistens mot mastitt i storfe forventes a vaere
pavirket av bade genetiske og miljgmessige faktorer, og refereres til som en kompleks
egenskap. Hovedmalsetningen med dette doktorgradsarbeidet har veert & studere genomets
oppbygning og variasjon i NRF og a bruke denne informasjonen til & forsta mer av genetikken
bak gkonomisk viktige egenskaper i storfe, og da spesielt mastittresistens.

Studien ble innledet med genotyping av 2,589 NRF okser for enkelt-nukleotid polymorfismer
(SNPer) fra den bovine Affymetrix 25k MIP SNP arrayen. Koblingskart konstruert i dette
materialet ble brukt til kvalitets kontroll av det bovine genomassembliet (Btau_4.0) og for a
studere rekombinasjonsrater og grad av koblingsulikevekt i NRF. Forskjeller i nylig og
historisk rekombinasjonsrate ble brukt til a identifisere regioner i genomet som kan ha vaert
utsatt for sterk seleksjon. Redusert koblingsulikevekt ble funnet i NRF sammenlignet med
andre storferaser inkludert i studien.

Den generelt hgye koblingsulikevekten i storfe er nyttig for deteksjon av omrader i genomet
som pavirker komplekse egenskaper (QTLer). For a detektere QTLer for mastittresistens ble
det gjennomfart en helgenom assosiasjonsstudie med over 17,000 SNPer. Registreringer pa
mastitt ble delt inn i syv tidsperioder i laktasjonen. 1 tillegg var celletall i melk inkludert som
et indirekte mal pa sykdommen. Selv om det er genetisk korrelasjon mellom klinisk mastitt og
celletall i melk avdekket ikke dette studiet SNPer som var signifikant assosiert med begge
egenskapene. QTLer for klinisk mastitt ble identifisert pa kromosom 2, 6, 14 og 20, og
hayeste testverdi ble funnet for en SNP ved 90.67Mb pa kromosom 6.

I tillegg til QTLen for klinisk mastitt rundt 90Mb pa kromosom 6 ble det ogsa funnet en QTL
for protein mengde i melk ved kasein genene omkring 88Mb. En finkartlegging i omradet
pekte ut kasein genene CSN2 og CSN1S2 (ved 88.33Mb og 88.41Mb) som mest sannsynlig
QTL omrade for proteinmengde, mens sterkest assosiasjon med klinisk mastitt ble funnet for
SNPer i regionen 89 til 91Mb. Tidligere studier har foreslatt at en haplotype som dekker
kasein genene, med en positiv effekt pa protein mengde i melk og en negativ effekt pa mastitt
resistens, ble introdusert i NRF populasjonen ved import av en Holstein-Friesian okse (1606
Frasse) i 1970 arene. Storskala resekvensering tillot molekylear karakterisering av haplotypen
fra 1606 Frasse, og sannsynlige kausale polymorfismer ble detektert i promotor regionen og i
den 5’- flankerende utranslaterte regionen av genet CSN1S2.
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Introduction

1. Motivation and main objective

The Norwegian dairy herd recording system include records on phenotypic traits related to
milk production, meat production, fertility and health, and records of veterinary treated
clinical mastitis have been kept for most Norwegian Red cattle (NRF) animals for the last
three decades.

Mastitis is inflammation of the mammary gland and is the costliest and most widespread
disease affecting dairy cattle world-wide. Consequences of this disease include animal
suffering, reduced milk quality and unwanted use of antibiotics. Susceptibility to bovine
mastitis is expected to be affected by a number of genetic factors in addition to environmental
factors, and is therefore often referred to as a complex trait.

Association mapping studies enables detection of genomic loci affecting complex traits such
as susceptibility to mastitis, and for NRF association mapping for mastitis susceptibility is
facilitated by a large number of phenotypic and pedigree records resulting from the extensive
national recording system. Recent sequencing of the bovine genome and large-scale detection
of genetic variation in cattle have also provided valuable resources for genome research. Main
objective of the work described in this doctoral thesis has been to study the genomic
architecture of the admixed NRF breed in order to understand the genetics underlying
complex traits in cattle, particularly susceptibility to mastitis.

2. Description of population and trait

2.1. Norwegian Red cattle

NRF is an admixed breed formed from local Norwegian breeds and imported animals from
other Nordic breeds. There is still some gene flow between NRF and other Scandinavian
breeds to ensure diversity and sustainability. NRF is the predominant cattle breed in Norway
and main selection goals for NRF include traits related to milk production, meat production,
health and fertility [1]. Mastitis resistance has been included in the breeding goal for NRF
since 1980, and has for the last twenty years constituted approximately 20% of the breeding
goal net merit index. Records on veterinary treated clinical mastitis (CM) have been kept in
the Norwegian Cattle Health Recording System for most NRF animals since 1975, yielding an
extensive phenotype material for studying genetics of bovine mastitis susceptibility [2].

2.2. Bovine mastitis

Mastitis is inflammation of the mammary gland and symptoms of CM can include changes in
milk composition, redness or swelling, pain, fever and loss of appetite. The most common
cause of mastitis is bacterial infection, and in Norway the most frequently identified pathogen
in inflamed udders is Staphylococcus aureus [3]. Susceptibility to mastitis is determined by
the ability to avoid or to rapidly recover from disease and this ability is affected by
environmental factors such as climate, stress level, hygiene and diet, and depends on both
anatomical and molecular defense mechanisms [4-7]. Anatomical components of mammary
gland defense include the teat skin and the teat canal. The teat canal is kept close by tight
muscle contraction and accumulation of waxy keratin, and thus functions as a barrier against
bacterial invasion [7]. If the teat skin is damaged, bacteria can invade the teat after
establishing an infection. Bacteria that are able to invade the teat and the mammary gland will
be challenged by cellular and soluble defense mechanisms. Important cell types in this
defense are neutrophils, macrophages, natural killer cells and lymphocytes, while soluble
factors in mammary gland defense include cytokines, complement components and antibodies
[8-10]. The constituents of the molecular mammary gland defense work together in integrated
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pathways where recognition of invading pathogens and recruitment of cellular and soluble
components to the site of infection are crucial steps.

Genetic disposition for mastitis susceptibility could be related to the immune response or
other biological influences on disease resistance. For immunological defense components
such as neutrophils, antibodies and complement components genetic variability in
concentration and functionality have been found [11, 12]. Genetic factors affecting
susceptibility to mastitis could also include indirect effects on molecular defense by genetic
variability in stress response or increased energy demand at the onset of milk production [9,
13].

Heritability estimates for CM are generally low, ranging between 0.02 and 0.12 for Nordic
cattle populations [14-16], and susceptibility to this disease is expected to be affected by a
number of genomic loci. Previous studies have reported quantitative trait loci (QTLS)
affecting susceptibility to mastitis on several of Bos Taurus chromosomes (BTAs); on BTAS
3,4,6,14 and 27 in NRF [17], on BTA9 in a study including three Nordic cattle breeds [18],
on BTAs 14 and 18 in Finnish Ayrshire [19] and on BTAs 5, 6, 9, 11, 15 and 26 in Danish
Holstein [20].

2.3. Somatic cells in milk

Somatic cells in milk include a number of cell types such as neutrophils, macrophages,
lymphocytes and epithelial cells. Macrophages are the dominant cell type in the milk of a
healthy udder and upon detection of bacterial components these and other cells release pro-
inflammatory mediators [10, 21]. Neutrophil migration from the blood to the mammary gland
follows as an important step in early disease resistance, after which neutrophils kill bacteria
by phagocytosis and act as a source of antibacterial peptides and pro-inflammatory mediators
[7, 21]. In a diseased udder neutrophils can make up over 90% of the somatic cells [14, 22].
A wide range of genetic correlation estimates between CM and somatic cell score (SCS) in
cattle populations have been reported, with an average of about 0.7 [23]. A number of studies
internationally have used high SCS in milk as an indication of mastitis for QTL mapping [24-
26]. SCS varies through lactation and higher correlations have been reported between SCS
and occurrence of CM in late lactation than between SCS and occurrence of CM in early
lactation [27]. In Norway milk SCS is recorded as lactation means, with samples taken every
second month. Such a sampling scheme for SCS will only detect a small fraction of infections
and does not necessarily provide a suitable measure of occurrence of mastitis for QTL
mapping [28].

2.4. Mastitis in different stages of lactation

Mammary gland defense mechanisms are altered in the periparturient period and animals are
more susceptible to infection in this early stage of lactation [5-9]. Production of stress
hormones is stimulated in this period, which is believed to impair neutrophil migration,
decrease level of lymphocytes in blood, decrease antibody level in mammary secretions and
inhibit cytokine production [13]. Number of mature neutrophils in blood and milk is at the
lowest around parturition [21].

Heringstad et al. [29] found differences in heritability for CM in different stages of lactation
in NRF using a threshold model. Their estimates ranged from a heritability of 0.09 in the
interval

-30 to 0 days after calving to a heritability of 0.05 in the interval 121 to 300 days after
calving. In the same study genetic correlations between susceptibility to CM in different
stages of lactation were investigated, and between early and late stages low genetic
correlations were found.

Low genetic correlations between mastitis susceptibility in early and late lactation suggest
that the genetic factors affecting susceptibility to mastitis change though the lactational stages.



2.5. Milk production and mastitis susceptibility

In NRF there is an undesirable genetic correlation between milk protein yield (PY) and CM,
i.e. increased PY coincides with increased occurrence of CM [30]. This relationship could be
explained both by existence of pleiotropic effects and by QTLs affecting each trait being
closely positioned on bovine chromosomes. Pleiotropic effects could result from competition
for energy and nutrients or increased oxidant stress level resulting from elevated milk
production or from bacterial infection [6]. Further, high milk production could reduce
concentration of molecular defense components in the udder and thereby reduce the ability to
avoid or recover from disease. High milk production and milk leakage could also prevent teat
closure and thereby the teats ability to act as a barrier against bacterial invasion [21, 31].
Although improvements in both milk production and mastitis resistance have been achieved
in NRF over the last two decades it is challenging to improve both traits simultaneously due
to the genetic correlation.

3. Methods of assessment

3.1. Bovine genome assembly

The first preliminary assembly of the bovine genome (Btau_1.0) was completed in September
2004 and had a 3x sequence coverage [32, 33]. The third (Btau_3.1) and fourth (Btau_4.0)
releases published in 2006 and 2007 had 7.1x coverage. In 2009 high quality finished
sequence was incorporated into the draft assembly to result in the fifth release (Btau_4.2).
Over 95% of the genomic sequence is expected to be represented in Btau_4.0 and Btau_4.2
[33].

The bovine genome reference sequence is a very valuable resource within bovine genomics
and facilitates positioning and annotation of candidate genes, comparative genomics, gene
expression profiling and large scale detection of genetic variation. A number of genome
sequencing projects have been initiated for other livestock species, including that of horse,
chicken, salmon and pig [34-37], and are likely to advance the understanding of genetic
factors affecting complex traits important for animal production.

3.2. Single-nucleotide polymorphisms

Genomic loci known to be variant or polymorphic can be used as genetic markers, and the
genotype of an individual for a genetic marker is determined by which alleles the individual
holds for that loci. Most common genetic markers used today are single-nucleotide
polymorphisms (SNPs), which are single base variations in the DNA sequence [38, 39]. SNPs
are normally bi-allelic, meaning they each have two alleles or variants for the nucleotide
position present in populations where they are polymorphic. A SNP is considered
polymorphic in a population if its minor-allele frequency is greater than 1%.

The emergence of high-throughput sequencing technology together with the availability of the
bovine genome sequence has provided a powerful approach for SNP detection in cattle by
genome re-sequencing [33, 40-42] and for the last few years the number of detected SNPs in
cattle has increased dramatically [43-45]. Development of large-scale SNP arrays enables
time efficient determination of genotypes, which has contributed to an increase in the
application of genetic markers [46, 47].

3.3. Recombination rate and linkage disequilibrium

In diploid species such as mammals each individual has two homologous versions of each
autosomal chromosome, one from each of its parents. During meiosis recombination between
homologous chromosomes may take place in one or both parents before one chromosome
from each parent is transferred to an offspring [48]. Two genomic loci closely positioned on a
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chromosome are less likely to have recombination between them than two loci positioned
further apart on the same chromosome. Thus, alleles of two genetic markers that are closely
positioned on a chromosome are more likely to be transferred together from parent to
offspring. Genetic markers are said to be in linkage if the probability of recombination
between them during meiosis is less than 0.5, and genetic markers in linkage are part of the
same linkage group. Genetic maps for linkage groups can be constructed by calculating
genetic distance between adjacent markers from the number of meiotic recombinations
occurring between them in an observed pedigree [49-51].

In recent years it has become clear that meiotic recombination tend to occur in regions labeled
recombination hotspots [52]. McVean et al. [53] found that in humans 50% of
recombinations take place in such hotspots, which constitute less than 10% of the genomic
sequence. Great variation in density and intensity of recombination hotspots across the human
genome has been observed [54].

The term linkage disequilibrium (LD) is used to describe degree of allelic association between
genomic loci, which is disrupted by meiotic recombination. Loci with high recombination rate
will have reduced LD whilst loci with low recombination rate will have elevated LD. Elevated
LD between two loci is generally due to close linkage, but could also be due to selection,
genetic drift, gene flow, population substructure, recent admixture or decreased effective
population size. Reduced LD could be due to population expansion or gene conversion [55,
56]. Cattle in general have extended LD compared with humans, believed to be caused by low
effective population size and strong artificial selection [57-62].

Population recombination rate (p), which is inversely related to LD, can be described as a
multi-locus LD measure [55, 63-65]. Historic population recombination rate is an estimate of
the rate at which chromosomal recombination have occurred in a genomic interval in the
history of a population, and recent developments allow incorporation of models accounting
for recombination hotspots in the estimation of this parameter [66]. Comparison of historic
recombination patterns with recombination patterns in recent generations, obtained from a
genetic map, can reveal loci for which there has been an alteration in selection pressure.

3.4. Haplotyping and imputation

Diploid individuals have two alleles for each genetic marker in their genome, and those two
alleles make up the individuals genotype for the marker. If the phase for a set of genetic
markers in the same linkage group is known for an individual, the two haplotypes for the
linkage group for that individual are also known. Here the term haplotype is used in reference
to the set of alleles for a chromosome or chromosomal region that was transferred to an
individual from one of its parents. A haplotype block can be defined as a set of markers
showing strong LD and being closely positioned in the genome. A haplotype block normally
contain a limited number of haplotypes, each characterized by its set of co-occurring alleles,
and can be a signature of positive selection [56, 67, 68].

Pedigree information is of great advantage for construction of haplotypes, and there have been
substantial developments in haplotyping strategies for large datasets containing related
individuals of known complex pedigrees [69-73]. Haplotypes are valuable for a number of
applications including determination of genetic relationship between individuals, mapping of
genomic loci affecting phenotypic traits, detecting signatures of selection and imputation of
untyped genotypes.

Imputation of untyped genotypes builds upon the assumption that only a limited number of
haplotypes are present in a population for closely linked loci. For untyped markers
information from surrounding markers are used to identify which haplotypes an individual
holds for the loci by comparisons with other haplotypes in the population. If haplotypes for
the individual can be identified untyped markers can be imputed from genotype information



from individuals holding the same haplotypes.

Imputation provides a very cost effective approach to obtain large genotype datasets and if
haplotypes from closely related individuals are available the accuracy of imputation will be
greatly improved [73-76]. This approach is particularly attractive in livestock species due to
the extensively recorded pedigree information. In cattle genotyping costs may be reduced
substantially by combining whole genome sequence data from elite sires with SNP array
information from a larger proportion of the population, followed by imputation of untyped
genotypes.

3.5. Association mapping in livestock

Association mapping, or LD mapping, is a method for mapping QTLs that take advantage of
LD to find association between phenotypic observations and genetic markers. The power of
association mapping studies to detect QTLs are dependent upon the density and distribution of
genetic markers, the number of individuals being genotyped, the quality of phenotypic records
and the genomic architecture of the population [77, 78]. Association mapping in livestock is
becoming increasingly popular with the development of large-scale SNP arrays [43, 44, 78],
and is often empowered by a high number of available phenotypic records [79-81].
Association mapping depends on LD between genetic markers and loci affecting a phenotypic
trait and is in livestock populations empowered by extensive LD [57-61]. An assumption for
association mapping is that LD between genetic markers and a polymorphism affecting a
phenotypic trait will be due to close linkage. Other causes of LD than linkage can however
arise, and a major source of false positives in association mapping is LD due to population
structure [55, 82-85]. For livestock populations false positives due to population structure can
often be reduced by incorporation of pedigree information [86].

Both single genetic markers and haplotypes can be used for association mapping. An
argument for using haplotypes is that bi-allelic markers such as SNPs do not accurately
represent parental chromosomes, yielding limited power to describe the genetic relationship
structure between individuals for the assessed genomic loci [87]. By using haplotypes more
information is gained on the genetic relationship between individuals, but using erroneous
haplotypes could introduce errors into the analyses. For livestock populations extensive
pedigree records can improve the accuracy of haplotyping and thereby the power of haplotype
association mapping [73-75].

4. Summary of papers

4.1. Paper |

The work described in Paper I was initiated by genotyping of 2,589 NRF sires from paternal
half-sib families for SNPs from the Affymetrix 25K MIP array [44], followed by construction
of a dense genetic map containing over 17,000 SNPs [33]. To detect regions subjected to
strong artificial selection in the observed pedigree estimates of historical scaled recombination
rate (p(h)) from LD were compared with recent scaled recombination rate (p(r)) from the
genetic map. A reduced p(r) relative to p(h) for a genomic region could be an indication of
artificial selection. Regions where p(r) were most strikingly reduced relative to p(h) were for
the middle of BTAL and the middle of BTA20. On BTA1 several QTLs affecting milk
production traits have been reported [19, 88-92], and a meta-analysis reported by Khatkar et
al. [93] indicated presence of three QTLs for milk yield on this chromosome. The BTA20
region centres around a mutation reported to affect protein percentage in the GHR gene [94]
and Hayes et al. [95] reported evidence for strong selection in this region in a study of
divergence between dairy cattle and beef cattle.

For comparison of the admixed NRF to other breeds genotypes were retrieved for Holstein,
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Finnish Ayrshire, Sided Troender and Nordland Cattle and Icelandic cattle sires. A principal
component analysis of the genomic relationship matrix among individuals of different and the
same breed was conducted to evaluate genetic distances between breeds [82]. Finnish
Ayrshire and NRF animals grouped together but some NRF bulls had high levels of
relationship with Holsteins. The analysis also showed increased heterogeneity among NRF
animals relative to other breeds.

Genome-wide distributions of LD, measured by r?, versus inter-marker distance were found
from syntenic SNP pairs for all genotyped breeds. Reduced LD was observed in NRF
compared to the other breeds, likely reflecting elevated heterogeneity in NRF from historic
admixture in combination with recent attempts to maintain a large effective population size by
control of inbreeding and gene flow through import of sires from other Nordic countries [1].
For NRF a mean r? of 0.5 or more was observed for SNPs positioned less than 10kb apart
while a mean r? of 0.3 or more was observed for SNPs positioned less than 30kb apart. A
report of decline in r? with increasing distance between SNPs in Australian Holstein-Friesian
cattle [61] showed quite similar results. Reports from other breeds have described similar or
more rapid decline in r? at short distances than found in NRF [96, 97]. Cattle in general have
extended LD compared with humans, believed to be caused by low effective population size
and strong artificial selection [57-62].

Finally, estimates of scaled population recombination rate for each interval between adjacent
SNPs were used to identify problematic regions in the bovine genome assembly (Btau_4.0)
[33]. Positions for 130 previously un-positioned contigs, identified by comparative sequence
analysis, were validated by linkage analysis. Of these positions 27% corresponded to extreme
values of population recombination rate. An alternative bovine genome assembly (UMD?2)
was reported by Zimin et al. [98], and some of the problematic regions identified in the study
described here corresponded to regions identified by sequence alignments to be differing
between the UMD2 and the Btau_4.0 bovine genome assemblies.

4.2. Paper Il

Association mapping in cattle is facilitated by extensive LD [57-61], which increases power
to detect genomic loci affecting phenotypic traits. In Paper Il results from genome-wide
association studies for CM and lactation average SCS based on a genetic map containing over
17,000 SNPs were presented. Records on veterinary treated CM have been kept in the
Norwegian Cattle Health Recording System for the last thirty years and provide a valuable
resource for association mapping for this trait in NRF [2]. Genotypes from a total of 2,589
sires with almost 1.4 million daughter records on CM were included in the analysis, and
records on occurrence of CM were divided into seven time periods in the three first lactations
in order to identify QTLs affecting mastitis susceptibility in particular phases of lactation.
None of the QTLs for CM detected in this study were associated with lactation average SCS.
Combined linkage disequilibrium and linkage analysis was used to follow up and validate the
most convincing results from association mapping for CM, and QTLs were identified for CM
in the periparturient period on BTAs 2, 6 and 20 and for CM in late lactation on BTA14. A
multiple QTL analysis indicated that none of these QTL regions contained more than one
QTL for CM.

Highest test score for CM in the periparturient period from the genome-wide association study
was found for a SNP at 90.67Mb on BTAG6. This SNP was located near a cluster of genes
coding for interleukin 8 and other C-X-C motif chemokines. C-X-C motif chemokines are
pro-inflammatory mediators and important constituents in the defence against invading
bacteria. Interestingly, SNPs on BTA2 highly associated with CM were located near two
genes coding for receptors that have C-X-C motif chemokines as ligands.



4.3. Paper 111

A QTL for CM has been detected around 90Mb on BTAG, close to a QTL for PY that
coincide with the casein gene cluster around 88Mb [99-103]. Casein proteins constitute the
majority of proteins found in bovine milk and have been shown to contain variation
associated with milk protein content and protein composition [100-110].

A haplotype covering these two QTLs, with a favorable effect on protein content and an
unfavorable effect on mastitis susceptibility, might explain a part of the genetic correlation
between PY and CM observed in NRF [30]. This haplotype was introduced into the NRF
population through import of a Holstein-Fresian bull (1606 Frasse) in the 1970s [108], and
selection for milk production traits has likely increased the frequency of this haplotype in
NRF.

In Paper 111 results from fine mapping in the genomic interval from 86 to 97Mb on BTAG for
CM in the periparturient period of first, second and third lactation, as well as for PY, were
presented. Highest test scores for PY were found in and around the casein genes CSN2 and
CSN1S2 positioned at 88.33Mb and 88.41Mb, while highest test scores for CM were found in
the region 89 to 91Mb. The data indicated that the bull 1606 Frasse was homozygote for both
these QTLs, and the long range haplotype from this sire was associated with increased PY and
increased CM. High-throughput re-sequencing of 1606 Frasse and two of his sons allowed for
molecular characterization of this long range haplotype.

A SNP was detected in the promoter region of CSN1S2, at -7bp relative to the transcription
initiation site. This polymorphism was positioned only three base-pairs downstream of a
CCAAT motif, which is a binding site for transcription factors known to regulate the
expression of casein genes. A SNP was also detected in a known regulatory motif in the 5’-
flanking un-translated region of CSN1S2, only -5 bp from the translation initiation codon. It
has previously been suggested that variation in this motif might be the cause of the observed
variation in translational efficiency between casein genes [111]. Work has been initiated to
deduce the effects of the detected polymorphisms on transcription and translation of CSN1S2.
In order to identify candidate genes and possible causal polymorphisms affecting mastitis
susceptibility in this region fine mapping with higher SNP density will be necessary.

5. Concluding remarks and future perspectives

The emergence of whole genome sequences for a number of livestock species is likely to
revolutionize the way research is conducted for assessing genetic factors affecting complex
traits. Availability of the bovine genomic sequence and advances in high-throughput
sequencing have in the past few years led to a dramatic increase in the number of validated
SNPs and, with the availability of large-scale SNP arrays, SNPs are increasingly used within
genomic research.

In particular, there have been many reports on use of SNP data to detect genomic loci
subjected to positive selection, which for livestock species often would co-occur with loci
affecting important production traits. One approach to identify loci affected by positive
selection is by comparison of recent patterns of recombination to historical patterns of
recombination. Shifts in the pattern of recombination could be an indication of alterations in
selection pressure, and in this study reduced recent recombination in the bovine genome was
found to coincide with some well known QTL regions for milk production traits. With
increasing SNP density the power to identify genomic loci subjected to positive selection and
the popularity of approaches to detect such loci are expected to increase.

Genome-wide association studies to map QTLs are also becoming increasingly popular with
the availability of large-scale SNP arrays. Key elements for identifying and dissecting genetic
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factors affecting complex traits are access to comprehensive and reliable phenotypic records,
extensive pedigree information and availability of biological samples. Substantial work and
investments have been made over the last 30-40 years in organising, developing and
maintaining such resources for cattle in Norway. These resources, together with high-
throughput genomic technologies, represent a unique opportunity for genetic characterization
of economically important traits in cattle. Here genome-wide association studies for CM
revealed QTLs on BTA2, BTA6, BTA14 and BTA20. The QTL on BTAG was located close
to a QTL for PY, and fine mapping for both PY and CM was performed for this genomic
region. Detection of novel genetic markers for fine mapping was empowered by the
availability of the bovine genome assembly (Btau_4.0) and recent advances in high-
throughput sequencing technology. Haplotyping provided an efficient way to join genotype
datasets through imputation of untyped genotypes, which reduces costs and improves the
power of association mapping. Accuracy of haplotyping and imputation in livestock
populations is often high due to elevated LD and availability of extensive pedigree records.
Moreover, high-throughput genome re-sequencing allowed for complete molecular
characterization of long rang haplotypes encompassing the two QTLs for PY and CM on
BTAG. With the constant decline in costs for whole genome sequencing the potential that lies
in re-sequencing of an increasing number of individuals emerges, as the combination of high-
throughput re-sequencing and imputation methods allows for complete characterization of
common genetic variation in livestock populations. Such approaches provide the resources
necessary to uncover causal polymorphisms affecting complex traits important for animal
production and are expected to gain in popularity over the next few years.



List of abbreviations

BTA
CM
LD
NRF
PY
QTL
SCS
SNP

Bos Taurus chromosome
Clinical mastitis

Linkage disequilibrium
Norwegian Red cattle

Protein yield

Quantitative trait locus

Somatic cell score
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Abstract

Background

Comparison of recent patterns of recombination derived from linkage maps to historical
patterns of recombination from linkage disequilibrium (LD) could help identify genomic
regions affected by strong artificial selection, appearing as reduced recent recombination.
Norwegian Red cattle (NRF) make an interesting case study for investigating these patterns as
it is an admixed breed with an extensively recorded pedigree. NRF have been under strong
artificial selection for traits such as milk and meat production, fertility and health.

While measures of LD is also crucial for determining the number of markers required for
association mapping studies, estimates of recombination rate can be used to assess quality of
genomic assemblies.

Results

A dataset containing more than 17,000 genome-wide distributed SNPs and 2600 animals was
used to assess recombination rates and LD in NRF. Although low LD measured by r* was
observed in NRF relative to some of the breeds from which this breed originates, reports from
breeds other than those assessed in this study have described more rapid decline in r? at short
distances than what was found in NRF. Rate of decline in r? for NRF suggested that to obtain
an expected r* between markers and a causal polymorphism of at least 0.5 for genome-wide
association studies, approximately one SNP every 15 kb or a total of 200,000 SNPs would be
required. For well known quantitative trait loci (QTLs) for milk production traits on Bos
Taurus chromosomes 1, 6 and 20, map length based on historic recombination was greater
than map length based on recent recombination in NRF.

Further, positions for 130 previously unpositioned contigs from assembly of the bovine
genome sequence (Btau_4.0) were found using comparative sequence analysis were validated
by linkage analysis, and 28% of these positions corresponded to extreme values of population
recombination rate.

Conclusion

While LD is reduced in NRF compared to some of the breeds from which this admixed breed
originated, it is elevated over short distances compared to some other cattle breeds. Genomic
regions in NRF where map length based on historic recombination was greater than map
length based on recent recombination coincided with some well known QTL regions for milk
production traits.

Linkage analysis in combination with comparative sequence analysis and detection of regions
with extreme values of population recombination rate proved to be valuable for detecting
problematic regions in the Btau_4.0 genome assembly.

Background

The historical pattern of recombination in the population of genomes of a species or breed
contain an enormous amount of information on history of population size, including
expansions and contractions, gene flow between other breeds, and selection [1]. It has also
been demonstrated that rate of recombination is not uniform across a chromosomal segment,



rather recombination events tend to occur in recombination hotspots [2, 3]. The pattern of
linkage disequilibrium (LD) in the current generation of a species reflects all of these
processes. While the pattern of LD therefore contains much information, deciphering the
relative contribution of each process to the current pattern of LD is challenging [1, 4-11].
Some additional insight into the relative contribution of each process can be gained from
comparing historical patterns of recombination inferred from LD to recent patterns of
recombination inferred from genetic maps. One hypothesis would be that in genome regions
where large discrepancies are observed between map distances inferred from LD and genetic
map distances, strong selection is occurring. Norwegian Red cattle (NRF) was developed
mainly through crosses of old Norwegian breeds with other Scandinavian breeds like Swedish
Red and White, Black and White Swedish and Finnish Ayrshire. Pedigree data has been
recorded since formation of NRF, and the breed has been under strong artificial selection for
traits such as milk and meat production, fertility and health. A further attraction of using NRF
for this type of study is the extensive pedigree data available, assisting determination of
frequency of recombination events between adjacent markers. The extent of LD in cattle has
been investigated in a number of studies [7, 12-15]. Relative to humans cattle display elevated
LD, which is likely due to small recent effective population size generally observed in
livestock populations [7, 12-16]. Previous studies have shown some variation between cattle
breeds in rate of decline in LD with increasing distance between genetic markers [15, 17, 18],
which is also at least partly attributable to population history.

Another application for recombination rate estimates is within validation of positioning and
assembly of genome contigs by linkage analysis. The bovine genome has recently been
sequenced by a combined bacterial artificial chromosome and whole-genome shotgun
approach [19]. The resulting Btau_4.0 assembly has contig and scaffold N50 sizes of 48.7 kb
and 1.9 Mb respectively, and represents 95% of the total genome sequence placed on the 29
autosomes and the X chromosome. Construction of genetic maps in NRF was used to assess
quality of the Btau_4.0 assembly and indicated a positional error rate of less than 0.8% [19].
The sequencing and assembly of larger genomes is a complex task with many challenges, and
will usually result in imperfect assemblies. The desire to build a complete assembly is often at
odds with the application of stringent merging criteria, and a compromise strategy resulting in
longer scaffolds containing some assembly errors is usually the end result [20-22].

Aim of this study was to provide maps of historic and recent recombination rate in NRF, and
then to attempt to use these to infer aspects of population history. Recombination rate
information was also used to assess quality of the Btau_4.0 assembly.

Results and discussion

A total of 2,480 paternal half-sib NRF sires and 109 founding NRF sires were genotyped
using the Affymetrix 25K MIP array. The final male genetic map contained 17,347 SNPs
distributed on the 29 Bos Taurus chromosomes (BTAs) [19], and distributions of spacing
between adjacent SNPs and minor-allele frequency (MAF) for the SNPs are presented in
additional files 1 and 2. In order to examine the relationships between NRF and cattle breeds
that have contributed to the development of NRF, 53 Holstein, 40 Finnish Ayrshire, 19 Sided
Troender and Nordland Cattle and 39 Icelandic bulls were also genotyped. Icelandic cattle are
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believed to have been derived from old Norwegian breeds approximately 1000 years ago.
Genetic distances between breeds were investigated using a principal component analysis of
the genomic relationship matrix among individuals of different and the same breed [23].
Principal component 1 (PC1), PC2 and PC3 are plotted in Figure 1. For PC1 and PC2, the
Finnish Ayrshires and NRF animals group together, likely reflecting the high level of
contribution of Finnish Ayrshire to NRF. Icelandic cattle appear genetically distinct, perhaps
reflecting the 1000 years of genetic isolation of this breed from the other breeds. PC3
separates Holsteins from the other breeds. The principal component analysis also clearly
demonstrates heterogeneity in composition among NRF. For example, some NRF animals
have higher than average levels of relationship to Finnish Ayrshires, while other NRF animals
have high levels of relationship with Holsteins.
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Figure 1 - Principal component analysis

Principal component (PC) analysis of genomic relationships among Norwegian Red cattle (black), Holsteins (light
blue), Sided Troender and Nordland Cattle (green), Finnish Ayrshires (dark blue), and Icelandic Cattle (yellow).
Plots are PC2 versus PC1, PC3 versus PC1 and PC3 versus PC2.



The extent of LD in each breed was assessed by average r? for pairs of markers binned by
distance between them (Figure 2). At short distances (<100kb) Icelandic cattle had highest
LD, likely reflecting small effective population size. NRF had lower levels of LD at
comparable distances, especially distance greater than 100kb, than any of the other breeds.
The low levels of LD observed in NRF relative to the other breeds is likely due to elevated
heterogeneity in NRF from historic admixture, recent attempts to control inbreeding and gene
flow through import of sires from other Nordic countries [24].

For NRF the highest and lowest chromosomal mean values for r> were found on BTA22 and
BTAL, and highest and lowest mean values of r* for inter marker distances less than 10Mb
were found for BTA5 and BTA19. Chromosomal mean values for NRF for r?, and for r? for
inter marker distances less than 10Mb, for all chromosomes are presented in Additional file 3.
At very short inter-marker distances, the level of LD in NRF was high (Table 1). A mean r’ of
0.5 or more was observed for SNPs positioned less than 10kb apart while a mean r? of 0.3 or
more was observed for SNPs positioned less than 30kb apart. The results suggest that to
obtain an expected r? between markers and a causal polymorphism of at least 0.5 for genome-
wide association studies, approximately one SNP every 15 kb or a total of 200,000 SNPs
would be required for the 2.87Gb genome. A report of decline in r* with increasing distance
between SNPs in Australian Holstein-Friesian cattle [15] describes quite similar results as for
NRF at these short distances. Reports from other breeds have described similar or more rapid
decline in r? at short distances than what was found in NRF [17, 18]. However, long range LD
(Figure 2) is lower in NRF than in these other breeds.
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Figure 2 - Extent of linkage disequilibrium
Extent of linkage disequilibrium (r2) in Norwegian Red cattle (black), Holsteins (light blue), Sided Troender and
Nordland Cattle (green), Finnish Ayrshires (dark blue), and Icelandic Cattle (yellow).



Table 1- Expected linkage disequilibrium by inter-marker distance
Whole-genome mean r for bins of short inter-marker distances (0 to 100kb) between syntenic SNPs in
Norwegian Red cattle.

Distance (kb) r’> mean r?sd

0-1 0.7497 0.34175332
1-5 0.5960 0.35871376
5-10 0.4770 0.36559827
10-20 0.3524 0.37987201
20-30 0.2680 0.39594648
30-40 0.2211 0.40066317
40-50 0.2187 0.3976346
50-100 0.1543 0.36471807

To investigate recombination patterns across genomic regions, maps describing historic LD
levels were constructed for each chromosome based on population recombination rate in the
NRF data. By the method presented by Auton and McVean [25], estimates of scaled
population recombination rate (p=4CcNe) [9] were found for each interval between adjacent
SNPs for all 29 BTAs with the LDhat software [26]. Following Pritchard and Przeworski [8],
historical scaled recombination rate (p(h)) was compared with recent scaled recombination
rate (p(r)) calculated from the genetic map by plotting their cumulative values against
physical position (Figure 3).

Correlation between total cumulative p(h) and p(r) over all chromosomes was found to be
0.84. A reduced p(r) relative to p(h) for a genomic region could be an indication that animals
in the observed pedigree have been under strong artificial selection for traits affected by
polymorphisms in that particular region. Regions where p(r) was most strikingly reduced
relative to p(h) were in the middle of BTA1 and in the middle of BTA20. Reduced p(r)
relative to p(h) was also found on BTAs 6, 10,15, 16, 18, 19, 27 and 29, while elevated p(r)
relative to p(h) was found on BTAs 3, 4,7, 9, 11, 14, and 17.

On BTAZ1 several QTLs affecting milk production traits have been reported [27-32], and a
meta-analysis reported by Khatkar et al. [33] indicated presence of three QTLs for milk yield
on this chromosome. The BTAZ20 region centres around a mutation reported to affect protein
percentage in the GHR gene [34]. Hayes et al. [35] reported evidence for strong selection in
this region in a study of divergence between dairy cattle and beef cattle. On BTA6 two QTLs
affecting milk production traits have been reported in NRF [36, 37] and signatures of strong
selection have been detected [38].

Elevated population recombination rate may be due to population expansion or gene
conversion, while reduced recombination rate may be due to directional selection, genetic
drift, gene flow, population substructure or low effective population size [1]. Regions under
strong selection in both historic and recent generations might not show differences between

p(h) and p(r).
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Figure 3 - Recent and historic recombination rate

Cumulative values of recent recombination rate (blue) and historic recombination rate (black) across each bovine
autosomal chromosome is plotted against physical chromosome position (Mb). Chromosome numbers are
indicated above each plot.

It was also investigated whether recombination rates per physical distance were related to
chromosomal region or chromosome size. Telomeres showed significantly higher values for
both recent and historic recombination rate per physical distance than the genome average
(p-values 5.72e-12 and 2.97e-8). A negative correlation between recombination rate and
chromosome length is expected [10, 39-41], and for p(h) and p(r) correlations of -0.6 and
-0.83 was found between length of genetic map and physical chromosome length.
Identification of chromosomes with unexpectedly elevated or reduced recombination rate
could be identified by looking at outliers deviating from the expected linear relationship
between recombination rate and chromosome length. In Figure 4 total cumulative values of
recombination rate for p(h) and p(r) are plotted against physical chromosome length for each
bovine chromosome. Expected recombination map lengths relative to chromosome lengths
with 95% confidence intervals (CIs) are also indicated in the figure.

It can be seen that p(h) is elevated for BTAs 1, 13, 15, 16, 18, 19, 20 and 29, while p(r) is
elevated for BTAs 3, 7, 13, 18 and 19. Further, reduced p(h)is observed for BTAs 4, 5, 7, 8, 9,
14, 17, 23, 24 and 26, while p(r)is reduced for BTAs 20 and 24. Consistently elevated p(h)
and p(r) are found for BTAs 13, 18 and 19 and consistently reduced p(h) and p(r) are found
for BTA24. In accordance with results described above, p(r) is significantly reduced relative
to p(h) for BTA1, BTA6 and BTA20.
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Figure 4 — Recombination maps versus physical chromosome length

Length of historic recombination map (left) and recent recombination map (right) are plotted against physical
chromosome length for each bovine autosomal chromosome. The straight black lines indicate expected
recombination map lengths relative to chromosome length and the darker grey regions their 95% confidence
intervals.

In addition to chromosome region and chromosome size, sex-specific differences in
recombination rates have been reported [42-44]. In this study male genetic maps for NRF
were used, which might differ from female genetic maps. The patterns of recombination
described here might also be sex-specific.

Moreover, rate of recombination is not uniform across a chromosomal segment and
recombination events tend to occur in recombination hotspots [2, 3]. It has been estimated that
these hotspots occur on average every 50 — 100kb in the human genome [45, 46]. Although
the procedure applied here for estimation of p(h) incorporates a model accounting for variable
recombination rates across chromosomes [26], a SNP density higher than obtained in this
study would be required in order to detect such fine-scale recombination hotspots in the
bovine genome.



Quality assessment of Btau_4.0

Approximately 5% of the genomic sequence is expected to be missing in Btau_4.0 [19], and
positioning of previously un-positioned contigs could aid completion of the assembly by
pointing towards regions of special interest for re-sequencing efforts. Here a comparative
analysis of the Btau_4.0 assembly with the human genome Build 19 allowed 4,276 previously
un-positioned bovine contigs to be given putative genome positions. Determining
recombination events between adjacent markers in an extensive pedigree can be used to
construct dense genetic maps, and sufficient information was available from our NRF linkage
analysis to validate the positions of 321 of these contigs [19]. Comparative analysis and
linkage analysis identified 130 new contig positions as being less than 5Mb apart (Additional
file 4). Even though large synteny blocks exist between species comparative analysis will
yield spurious positions. Here 40% of positions identified by comparative analysis were
validated by linkage analysis.

To further assess assembly accuracy, population recombination rates between adjacent SNPs
were assessed. Regions of putative problematic assembly were identified as extreme values of
scaled population recombination rate (p) relative to inter-marker distance between adjacent
SNP pairs. Extreme values of p would be expected for intervals where assembled inter-marker
distance was shorter than actual inter-marker distance. In Figure 5 p is plotted for BTAs 5, 6,
13 and 25. Contig positions predicted by comparative analysis are indicated in light grey,
contig positions predicted by linkage analysis are indicated in dark grey and contig positions
validated by similar positions from both comparative analysis and linkage analysis are
indicated in light blue. Plots for all chromosomes are given in Additional file 5. From Figure
5 it can be seen that several p peaks were located near validated positions (indicated in light
blue in fig. 5) for previously un-positioned contigs, which further highlights these regions as
erroneous in the original assembly. Examples are the three p peak regions on BTA6 around
10Mb, 35Mb and 100Mb, the p peak region on BTAS around 120Mb, the p peak region on
BTA13 around 10Mb and the p peak region on BTA25 around 35Mb. Of the putative contig
positions found by comparative analysis (indicated in light grey in fig. 5) 24% lay within 1Mb
of an extreme value for population recombination rate (p >10) and of positions found by
linkage analysis (indicated in dark grey in fig. 5) 27% lay within 1Mb of an extreme value for
population recombination rate. For the 130 contigs given similar positions by comparative
analysis and linkage analysis 28% of validated positions (indicated in light blue in fig. 5) lay
within 1Mb of an extreme value for population recombination rate.

Putative contig positions not coinciding with elevated p may be due to failure to detect
regions with elevated recombination rate, incorrect positioning of un-positioned contigs or un-
positioned contigs containing sequence overlap with already assembled contigs. Inability to
detect regions with elevated recombination rate could result from surrounding SNPs not
containing enough information or from un-positioned contigs being too short to detectably
affect p. Incorrect positioning of un-positioned contigs could be due to repeat sequence
mapping to similar but not equal genomic sequence or random mapping to the wrong position
by linkage analysis. Incorrect positioning of un-positioned contigs could also explain why not
all of positions found by linkage analysis for the 321 contigs validated positions found by
comparative analysis.
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Figure 5 — Quality assessment of the bovine genome assembly

Scaled recombination rate versus physical distance (kb) is plotted for chromosomes 5 (top left), 6 (top right), 13
(bottom left) and 25 (bottom right). Contig positions predicted by comparative sequence analysis are indicated in
light grey and contig positions predicted by linkage analysis are indicated in dark grey. Contigs given similar
positions by both methods are indicated in light blue.

An alternative Bos Taurus genome assembly (UMD2) was reported by Zimin et al. [47]. This
assembly had 95% identity with the Btau_4.0 assembly but had more genomic sequence
placed on the bovine chromosomes. Regions differing between UMD2 and Btau_4.0 were
identified by sequence alignments [47] and some of these regions coincide with regions
identified as problematic here. Some examples are the region around 105Mb on BTA7, the
region around 70Mb on BTA12, the region around 10Mb on BTA13, the region around 30Mb
on BTA18 and the proximal ends of BTA20, BTA21 and BTA28 (Additional file 5).
Genotyping of SNPs positioned on un-positioned contigs in a large pedigree and consequent
linkage analyses as described here provide useful information for improving the current
bovine genome assembly (Btau_4.0). The approach will gain even higher power and more
accurate predictions as denser genetic maps become available. Likewise comparative
sequence analysis would be a good supplement for correct contig or scaffold positioning.
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Conclusions

Low levels of LD were observed in NRF relative to some of the breeds from which this breed
originates. This is likely due to elevated heterogeneity in NRF from historic admixture, recent
attempts to maintain a large effective population size through control of inbreeding and gene
flow through import of sires from other Nordic countries. Reports from breeds other than
those assessed in this study have described more rapid decline in r? at short distances [17, 18]
than was found in NRF. The results suggested that to obtain an expected r? between markers
and a causal polymorphism of at least 0.5 for genome-wide association studies in NRF,
approximately one SNP every 15 kb or a total of 200,000 SNPs would be required for the
2.87Gb genome.

For well known QTL regions for milk production on BTA1, BTA6 and BTA20, map length
based on historic recombination was greater than map length based on recent recombination
in NRF. Selective sweeps have previously been identified for the QTL regions on BTA20 [35]
and BTAG [38]. Reduced p(r) relative to p(h) was also found on BTAs 10,15, 16, 18, 19, 27
and 29, while elevated p(r) relative to p(h) was found on BTAs 3,4, 7,9, 11, 14, and 17.
While over 95% of the total genome sequence is included in bovine genomic assembly
Btau_4.0, problematic regions exists and should be identified to facilitate assembly
completion. Here such regions were identified by combining comparative sequence analysis,
linkage analyses and detection of regions with elevated population recombination rate.

Methods

Genotyping and initial filtering

The Affymetrix 25K MIP array [48] was used to genotype 2,589 NRF sires with paternal half-
sib pedigree structure. In addition, 53 Holstein, 40 Finnish Ayrshire, 19 Sided Troender and
Nordland Cattle and 39 Icelandic sires were genotyped. Genotypes were filtered for
discordants (<2.5%), MAF (>0.025) and genotyped percentage (>75%). After initial filtering
17,483 SNPs remained. MAF were calculated for these SNPs with the Haploview 4.1
software [49].

Genetic map construction

Genetic maps for each of the 29 BTAs were constructed by use of the CRI-MAP 2.4 package
[50]. The map file created by use of the CRI-MAP fixed option was checked for elevated
recombination rates between adjacent SNPs. Elevated recombination rates could be an
indication of a wrongly positioned contig in the assembly. SNPs with genetic distance >6 cM
between its two flanking SNPs or a genetic distance >4cM between itself and one of its
flanking SNPs were identified as suspicious and temporarily taken out of the genetic map.
The CRI-MAP chrompic option was used to identify double recombinants. Double
recombinants were manually inspected and corrected. SNPs showing up as double
recombinants in more than 30 animals from 5 or more families were identified as suspicious
and temporarily taken out of the genetic map. The fixed and chrompic procedures were
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repeated until no SNPs showed a genetic distance >6¢cM between its two flanking SNPs or a
genetic distance >4cM between itself and one of its flanking SNPs. The SNPs temporarily
taken out of the genetic map were attempted repositioned by use of the CRI-MAP twopoint
option. SNPs mapping more strongly to positions within 2.5Mb of their original positions
were not repositioned. The genetic maps has previously been reported in Liu et al. [19].

Haplotypes and missing genotypes
The PHASE software [51] and the locally developed CRIHAP package were applied to utilize
both linkage and LD information for determining haplotypes and impute missing genotypes.

Principal component analysis

A principal component analysis of the genomic relationship matrix among individuals of
different and the same breed [23] was conducted to evaluate genetic distances between
breeds.

Recombination rate distribution

Recombination rates in telomeric regions were compared to average recombination rates
across chromosomes. Mean recombination rate per bp in a 10Mb telomeric region for all
autosomes was compared to overall mean recombination rate per bp. A t-test was used to
compare means.

Linkage disequilibrium
Estimates of pair-wise linkage disequilibrium measure r* were calculated with the Haploview
4.1 software [49].

Population recombination rate

Scaled population recombination rate (p) between adjacent markers relative to inter marker
distances was estimated using the LDhat 2.1 software [26] with haplotypes from 17,347 SNPs
distributed on the 29 BTAs. The LDhat 2.1 software incorporates a model which allows for
variable recombination rates across chromosomes [26]. The reversible-jump markov chain
monte carlo (fMCMC) chain was run for 10,000,000 iterations, performing 5000 iterations
between each sample. A block penalty of 5 was applied and the first 500,000 iterations were
discarded as burn-ins. Some extreme values of p were observed, which could to be due to
wrongly assembled contigs or other assembly artefacts. To determine historical recombination
rate (p(h)) extreme values were corrected by replacing extreme values of p by a maximum
value (max interval p =10). Less than 5% of intervals between adjacent SNPs had p higher
than this maximum value. To determine values of recent scaled population recombination
rate from the observed pedigree (p(r)), pedigree based estimates of recombination (c) was
scaled by a factor corresponding to 4N, (from p=4cN;) [3, 8]. The applied scaling factor
p(h)/c =4N, was found by taking average values of total cumulative p(h) and total cumulative
c for all autosomes. Cumulative values of recombination over each interval was used because
we were interested in comparing a recent population recombination map based on the
observed pedigree with a historic population recombination map, rather than comparing point
estimates of recombination rate per distance. Cumulative interval values for p(r) and p(h)
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were found by multiplying recombination rate per length unit for each interval with interval
length and then calculating cumulative values across each autosomal chromosome.

Positioning previously un-positioned contigs

Positioning of previously un-positioned contigs from the bovine genome sequencing
(Btau_4.0) [19] was done both by comparative sequence analysis with the human genome and
by linkage analysis with already positioned SNPs in the bovine genome (Btau_4.0). In the
comparative sequence analysis positioning of un-positioned bovine contigs was performed by
combining MegaBLAST [52] searches for un-positioned contigs against the human genome
Build 19 followed by MegaBLAST searches of hits in the human genome against the bovine
genome (Btau_4.0). The first search revealed which areas of the human genome was most
similar to each unknown contig, while the second search mapped those areas in the human
genome sequence back to the bovine genome sequence. When two human sequences from
one chromosomal region gave MegaBLAST hits against two sequences of a bovine
chromosomal region it was assumed that the sequence between those human sequences on the
human chromosome would also have similarity to the bovine genomic sequence between the
two hits on the bovine chromosome. Bovine positions were predicted for 4,276 previously un-
positioned contigs by this comparative method. Moreover, linkage analysis was conducted to
position 568 SNPs distributed on 321 of the un-positioned contigs. The twopoint option in
CRI-MAP 2.4 [50] was used to map these 568 SNPs to SNPs already positioned in the bovine
genome assembly. The results from linkage analysis were also presented in Liu et al. [19].
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Additional file 1- Inter-marker distance distribution

Figure Al- Inter-marker distance distribution
Genome-wide distribution of distance (bp) between adjacent SNPs.
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Additional file 2 — Minor allele frequency

Figure A2 — Minor allele frequency
Genome-wide distribution of minor allele frequencies after filtering (>0.025).
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Additional file 3 — Chromosomal linkage disequilibrium

Table A3 — Chromosomal linkage disequilibrium
Number of SNPs, number of SNP pairs, mean chromosomal r? and mean r* for
inter-marker distances <10Mb for the 29 BTAs.

BTA | Number of SNPs  Pairs r? sD(r’) 0-10Mb sD(r® 0-10Mb)
1 1105 582660 0.00838 0.02921 0.0357 0.07459
2 972 445096 0.00988 0.03332 0.0359  0.07899
3 855 337431 0.00949 0.03248 0.03505 0.07482
4 871 350703 0.01107 0.03744 0.04255 0.08482
5 775 271216 0.01243 0.03844 0.04397 0.08511
6 859 355746 0.01055 0.03523 0.03835 0.07904
7 704 232903 0.01009 0.03551 0.03514 0.07779
8 788 290703 0.012 0.03595 0.04035 0.07735
9 676 215496 0.01207 0.03811 0.03871 0.08003
10 718 243951 0.01069 0.03705 0.03714  0.08009
11 776 285390 0.01003 0.03258 0.0344 0.07056
12 618 182710 0.01212 0.03866 0.03553  0.07509
13 610 172578 0.01219 0.04267 0.03735 0.08337
14 583 159330 0.01422 0.04577 0.04072 0.08693
15 534 131328 0.01373 0.04425 0.0385 0.08447
16 549 143380 0.01158 0.03989 0.03092 0.07479
17 566 150975 0.0139 0.04143 0.03636 0.07573
18 457 97903 0.01459 0.04818 0.03532  0.0829
19 439 87571 0.01131 0.0375 0.02773  0.06492
20 563 147696 0.01393 0.04265 0.03619 0.07924
21 420 81810 0.01564 0.04146 0.03639 0.07027
22 446 94395 0.01634 0.04917 0.03558  0.08181
23 379 67896 0.01609 0.04696 0.03557 0.07478
24 466 97020 0.01317 0.03624 0.03033 0.06263
25 287 39621 0.01552 0.04192 0.02948 0.06131
26 361 59685 0.01521 0.04719 0.0326  0.07409
27 332 52650 0.01517 0.04653 0.03085 0.07187
28 317 48205 0.01423 0.0424 0.02824 0.06491
29 321 47586 0.01567 0.04818 0.03273  0.07685
all 17357 4890974 0.01188 0.03854 0.03625 0.07768



Additional file 4 — Positioning unpositioned contigs

Table A4 - Positioning unpositioned contigs

Comparative sequence analysis (CSA) contig positions were compared with the positions predicted by linkage
analysis (LA) presented in Liu et al. [19]. The table shows 130 contigs unpositioned in the genome assembly

(Btau_4.0) for which contig positions from these two prediction methods are less than 5Mb apart. Contig, BTA,
position given by CSA and position given by LA is presented.

Contig BTA CSA pos (bp) LA pos (bp) Contig BTA  CSA pos (bp) LA pos (bp)
ChrUn.004.768 1 26281956 28879298 ChrUn.004.181 6 98157363 98421268
ChrUn.004.85 1 50891360 47153415 ChrUn.004.2758 7 44286170 43289003
ChrUn.004.1001 1 61874192 65957389 ChrUn.004.7 7 58031854 56735107
ChrUn.004.1144 1 74227536 74099262 ChrUn.004.538 7 83240720 83283438
ChrUn.004.371 1 84130992 83842131 ChrUn.004.47 7 111786467 109447065
ChrUn.004.321 1 95731182 99481432 ChrUn.004.2458 8 22646403 22996780
ChrUn.004.11 1 107740683 103459113 ChrUn.004.1528 8 77992562 77818564
ChrUn.004.1062 1 115643895 115969634 ChrUn.004.1112 8 85426569 85064076
ChrUn.004.29 1 117040459 116820290 ChrUn.004.1769 8 96160463 97868552
ChrUn.004.747 1 117040459 116934834 ChrUn.004.1350 8 105033113 107991032
ChrUn.004.766 2 36098554 36426908 ChrUn.004.310 9 59473956 56206860
ChrUn.004.765 2 41317799 40975539 ChrUn.004.22 9 63692465 62848329
ChrUn.004.297 2 61251434 58063626 ChrUn.004.4916 9 98928035 99397801
ChrUn.004.1449 2 64218868 65535887 ChrUn.004.1768 9 99823180 101723746
ChrUn.004.3074 2 88458990 92842235 ChrUn.004.360 10 293535 234438
ChrUn.004.382 2 90856067 93320532 ChrUn.004.3037 | 10 50630272 49803491
ChrUn.004.1701 2 111956989 116100367 ChrUn.004.519 10 52653988 51216078
ChrUn.004.404 2 120789554 120578545 ChrUn.004.1250 | 10 83209908 79864903
ChrUn.004.1480 3 66838524 69718616 ChrUn.004.114 10 95632496 95372032
ChrUn.004.3871 3 79358875 76728899 ChrUn.004.1844 | 10 99977821 103295043
ChrUn.004.5148 3 79358875 76997488 ChrUn.004.1919 11 2441949 3612595
ChrUn.004.25 3 125654871 124219358 ChrUn.004.705 11 3435759 4838605
ChrUn.004.3881 4 21574657 21635538 ChrUn.004.704 11 12876305 12891182
ChrUn.004.761 4 33910203 35636863 ChrUn.004.475 11 65530279 65893071
ChrUn.004.982 4 44630601 41683742 ChrUn.004.4462 11 90267750 89018683
ChrUn.004.700 4 61880729 58473419 ChrUn.004.135 11 109420358 110120453
ChrUn.004.712 4 100751169 99881861 ChrUn.004.4 12 3622333 219151
ChrUn.004.2120 | 4 119106981 121214561 ChrUn.004.2425 | 12 25695359 29298576
ChrUn.004.46 5 120128110 120200555 ChrUn.004.1654 12 36223108 35745307
ChrUn.004.101 5 124029455 122807308 ChrUn.004.23 12 55825173 57534765
ChrUn.004.152 5 124029455 124690330 ChrUn.004.51 12 60698388 59088156
ChrUn.004.1978 6 7421145 9256262 ChrUn.004.8 13 8129958 5056004
ChrUn.004.14 6 36811562 33498581 ChrUn.004.3218 13 30096787 30551956
ChrUn.004.688 6 47739165 45406895 ChrUn.004.3124 | 13 47000000 46102567




Contig BTA CSApos(bp) LA pos (bp) Contig BTA CSApos(bp) LA pos (bp)
ChrUn.004.256 13 53922982 51389627 ChrUn.004.1047 | 20 21515643 19217974
ChrUn.004.288 13 64065293 63708121 ChrUn.004.1321 20 39352014 36458435

ChrUn.004.1967 | 13 73027223 74341206 ChrUn.004.374 20 59872532 60203096
ChrUn.004.3650 13 75876281 74341206 ChrUn.004.816 21 16878708 21334087
ChrUn.004.209 14 1888669 1647400 ChrUn.004.673 21 34453544 30105866

ChrUn.004.1 14 35153552 30580221 ChrUn.004.909 21 52240388 50972300
ChrUn.004.402 14 49666812 47064609 ChrUn.004.582 21 59001500 61410494
ChrUn.004.2216 14 52288903 49652936 ChrUn.004.2235 21 60354669 61410494
ChrUn.004.2679 | 14 70992550 70750938 ChrUn.004.177 21 68643427 64050679
ChrUn.004.1073 15 7126997 4707548 ChrUn.004.201 21 68830449 67177207
ChrUn.004.423 15 6467493 5727843 ChrUn.004.886 22 23071612 23043793

ChrUn.004.28 15 7126997 10819187 ChrUn.004.187 22 50136329 51965281
ChrUn.004.289 15 44694489 42584302 ChrUn.004.340 23 48042797 46627945
ChrUn.004.1936 15 58220038 59000656 ChrUn.004.1225 23 52000000 47444533

ChrUn.004.2 16 20886394 18185763 ChrUn.004.3014 | 24 38715301 38708428

ChrUn.004.3 16 34310295 30983359 ChrUn.004.894 24 49263691 50125408
ChrUn.004.721 16 32323091 33295121 ChrUn.004.4000 | 24 55804015 58376977
ChrUn.004.481 16 77473196 75179404 ChrUn.004.242 25 38641412 36887600
ChrUn.004.108 16 76018320 77581778 ChrUn.004.5408 | 25 38039057 36887600
ChrUn.004.492 17 55350140 54752610 ChrUn.004.1167 26 23996164 23755539
ChrUn.004.226 17 61858842 57827509 ChrUn.004.377 26 46864751 47322086
ChrUn.004.428 17 69725288 71543454 ChrUn.004.240 26 50194359 49465313
ChrUn.004.1536 17 68540063 72151921 ChrUn.004.2193 26 51734544 51054953
ChrUn.004.794 18 10433035 10168415 ChrUn.004.276 28 298870 3035821
ChrUn.004.660 18 15139873 16858980 ChrUn.004.5489 | 28 2492789 3220800
ChrUn.004.354 18 26457691 23383717 ChrUn.004.261 28 510799 3460323
ChrUn.004.2172 | 19 41115255 42058156 ChrUn.004.432 29 33931870 34967060
ChrUn.004.706 19 53560899 54452705 ChrUn.004.65 29 47533875 46824437
ChrUn.004.241 19 60822297 58035657 ChrUn.004.171 29 51580000 47525062
ChrUn.004.331 19 63091394 61096438 ChrUn.004.137 29 51580000 51539390
ChrUn.004.1236 | 20 4577209 4745147 ChrUn.004.163 29 51580000 51539390




Additional file 5 - Quality assessment of the bovine genome
assembly Btau 4.0

Figure A5 - Quality assessment of the bovine genome assembly Btau_4.0

Scaled recombination rate versus physical distance (kb) is plotted for all 29 autosomal bovine chromosomes.
Contig positions predicted by comparative sequence analysis are indicated in light grey and contig positions

predicted by linkage analysis are indicated in dark grey. Contigs given similar positions by both methods are

indicated in light blue.
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Summary

Mastitis is the most frequent and costly disease in dairy production and solutions leading to
a reduction in the incidence of mastitis are highly demanded. Here genome-wide association
studies were performed to identify polymorphisms affecting susceptibility to mastitis.
Genotypes for more than 17,000 SNPs distributed across the 29 bovine autosomal
chromosomes from over 2,500 sires with almost 1.4 million daughters with records on
clinical mastitis were included in the analysis. Records of occurrence of clinical mastitis were
divided into seven time periods in the three first lactations in order to identify quantitative
trait loci affecting mastitis susceptibility in particular phases of lactation. The most
convincing results from the association mapping were followed up and validated by a
combined linkage disequilibrium and linkage analysis. The study revealed quantitative trait
loci affecting occurrence of clinical mastitis in the periparturient period on chromosomes 2,
6 and 20, and a quantitative trait loci affecting occurrence of clinical mastitis in late lactation
on chromosome 14. None of the quantitative trait loci for clinical mastitis detected in the
study seem to affect lactation average of somatic cell score. SNPs highly associated with
clinical mastitis lie near both the gene coding for interleukin 8 on chromosome 6 and the
genes coding for the two interleukin 8 receptors on chromosome 2.

Background

Mastitis has a substantial impact on the dairy industry. The disease affects approximately 25
percent of Norwegian dairy cows each year (@steras 2006) and estimated annual losses for
dairy farmers caused by mastitis are $2 billion in the US and £300 million in the UK (Viguier
et al. 2009). Infections imply great costs to farmers, animal suffering and use of antibiotics.
In Norwegian Red cattle (NRF) Staphylococcus aureus is identified in the inflamed udder
quarter of 55 percent of cows with clinical mastitis (CM) (@steras 2006).

Bacterial infections are usually cleared by host defence mechanisms or antibiotic treatment
within few days. If host defence and antibiotic treatment are not successful the outcome
may be chronic infection, mammary gland tissue damage or death (Waller 2000; Sordillo
2005; Strandberg et al. 2005; Lahouassa et al. 2007).

Immunological defences of the mammary gland include anatomical features, cells, soluble
molecules and receptors. Efficiency of this defence changes through the stages of lactation.
Susceptibility to mastitis increases during the periparturient period (-15 to 30 days
postpartum) and two thirds of mastitis incidents occur in the two first months of lactation
(Syvajarvi et al. 1986; Waller 2000; Sordillo 2005). During the periparturient period the
mammary gland goes through a transition to initiate milk production. The transition requires
both hormonal changes and higher energy demand. Anatomical, cellular and soluble
defences against infection are all altered or impaired during this period (Waller 2000;
Sordillo 2005; @steras 2006). In NRF patterns of strong genetic correlation for CM in the
periparturient period, as well for CM in late lactation, have been found between the three
first lactations (Svendsen & Heringstad 2006a). Since defence mechanisms change through
stages of lactation it is reasonable to treat occurrence of CM in the different stages of
lactation as different traits when attempting to map and characterise quantitative trait loci
(QTLs) affecting susceptibility to CM. Previous (linkage mapping) studies have reported QTLs
affecting CM on a number of Bos Taurus chromosomes (BTAs). Klungland et al. (2001)
reported a QTL for CM on BTAs 3, 4, 6, 14 and 27 in NRF, Sahana et al. (2008) reported a QTL
for CM on BTA9 at 73,9Mb in three Nordic cattle breeds and Schulman et al. (2004) reported
QTLs for mastitis on BTAs 14 and 18 in Finnish Ayrshire.



Several authors have used high somatic cell score (SCS) in milk as an indication of clinical
mastitis in QTL mapping (Bennewitz et al. 2003; Kuhn et al. 2003; Leyva-Baca et al. 2007). A
wide range of values for genetic correlation between CM and SCS in cattle populations have
been reported, with an average of about 0.7 (Mrode & Swanson 1996). In a NRF study of
genetic correlations between SCS and occurrence of CM in different stages of lactation,
higher correlations were found between SCS and occurrence of CM in late lactation than
between SCS and occurrence of CM in the periparturient period (Svendsen & Heringstad
2006b). While a high value of SCS is an indicator of disease a low value might not be such a
good indicator of udder status (Heringstad et al. 2000).

In NRF occurrence of CM is also correlated with protein yield in milk (Heringstad et al. 2005).
This correlation could be due to linkage between QTLs influencing milk production traits and
QTLs influencing CM or due to presence of pleiotropic effects. Pleiotropic effects of
increased milk production on occurrence of CM might be due to increased energy demand
or increased strain on anatomical features of the mammary gland.

Detection of QTLs in NRF and other cattle populations is facilitated by the bovine genome
sequence (Liu et al. 2009) and the availability of large scale bovine SNP-arrays (Gibbs et al.
2009; Matukumalli et al. 2009). NRF is an ideal model breed for genome-wide association
studies (GWAS) for CM as very large numbers of veterinary reported clinical mastitis (VRCM)
records are available for this breed (@steras et al. 2007).

Materials and methods

Animals and experimental design NRF is a mixed breed formed from local Norwegian breeds,
Ayrshire and Swedish Red and White, but also with some influence of Holstein. Norway has a
nationwide recording system for health data from dairy cattle. The national based
Norwegian Dairy Herd Recording System has included VRCM since 1975 and records on SCS
since 1978 (@steras et al. 2007). Here a design with genotypes from NRF sires and
phenotypic records from their daughters for VRCM or SCS was used. Such a design benefits
from the large number of records per sire, which gives a marked decrease in variance due to
environmental effects compared with other designs (Weller et al. 1990). Records of VRCM
were retrieved as a binary trait for a total of 1,389,776 daughters of 2,086 paternal half-sib
sires from 109 families. Number of daughters per sire ranged from 45 to 5,793 with a
median value of 285. VRCM records were divided into occurrence of CM in each of seven
categorical time periods, treating occurrences of CM in the different time periods as
different traits. First lactation was divided into three time periods, whereas second and third
lactation were divided into two time periods each. Time periods are described in Table 1.
Daughter -yield-deviations (DYD) were calculated for each sire for CM and SCS based on
daughter records for each sire. DYD for CM were calculated for each of the seven time
periods since CM in the different time periods were treated as different traits in our
analyses. Records on SCS were retrieved as lactation averages for 2,791,524 daughter
lactations of 2,118 paternal half-sib sires from 109 families. Number of daughter lactations
per sire ranged from 11 to 22,516 with a median value of 558.



Table 1

Records on occurrence of clinical mastitis in granddaughters were divided into seven time periods (CM1, CM2,
CM3, CM4, CM5, CM6 and CM7) as described by the table. Time period (TP), lactation, days postpartum,
number of records (N) and standard deviation (SD) for DYD of the trait are given.

TP Lactation Days postpartum N SD (DYD)
CMm1 1 -15to 30 1,389,776 0.02922895
cm2 1 31to 120 1,375,776 0.01474941
CMm3 1 121 to 305 1,283,469 0.01943932
CmM4 2 -15to 30 989,525 0.02871001
CM5 2 31to 305 885,345 0.04020668
CMe6 3 -15to 30 632,262 0.03633787
cm7 3 31to 305 543,408 0.04852926

Genotyping, linkage maps and phase inference Two-thousand-four-hundred and eighty
paternal half-sib sires and 109 founding sires were genotyped with the bovine Affymetrix
25K MIP array (Matukumalli et al. 2009). A SNP filtering process considering discordants
(<2.5%), minor-allele frequency (>0.025) and genotyped percentage (>75%) for each SNP
was performed, which reduced the number of usable assays to 17,483. These SNPs were
used to construct male linkage maps for the 29 bovine autosomal chromosomes that in turn
were used to assist assembly of the bovine genome sequence (Liu et al. 2009). Locally
developed software was further used to determine phased chromosomes and impute
missing genotypes. This software used information generated from a modified version of the
CRI-MAP 2.4 (Green 1990) and PHASE (Stephens et al. 2001) programs. Final genetic maps
contained 17,347 SNPs.

Genome-wide association study GWAS for CM and SCS were performed to estimate marker
effects. Genotype and phenotype information for 2,086 sires for CM and for 2,118 sires for
SCS were included in the analysis. Data for both CM and SCS were divided into two datasets
which were analysed independently. This division was done by listing the families by
grandsire identity number, subscribing every second family to subset 1 and remaining
families to subset 2 for each of the two traits. GWAS was performed on the two datasets and
on the combined dataset for all 17,347 SNPs for both CM and SCS. The mixed model was:

Pi=Xg; + Yaj+ Zmy + €jjk

Here phenotypic value P is DYD of sire i weighted by number of daughters, g is fixed effect of
grandsire j, a i s random effect of sire i where co-variance structure between sires is
determined from pedigree relationships, m is random effect of genetic marker k and e is an
error term. The polygenic component (a) was fitted to remove the effect of population
stratification, for example due to large half sib families. MaclLeod et al. (2010) demonstrated
that including effect of sire based on pedigree relationships reduces the number of false
positives due to population stratification in a genome scan.



Combined linkage disequilibrium and linkage analysis Linkage disequilibrium linkage analysis
(LDLA) implements historic recombination events in addition to recombination events within
genotyped families to estimate haplotype effects. Phased chromosomes from all 2,589
genotyped sires were included in the analysis along with phenotype information for 2,086
sires for CM. The analysis was performed using the GridQTL LDLA software in April 2009
(Hernandez-Sanchez et al. 2009). Effective male and female population sizes were set to 200
and 10,000 respectively. Number of discrete generations since population foundation was
set to 100 (e.g. Meuwissen and Goddard 2001). IBD probabilities were calculated based on
5-marker haplotypes for positions separated by 1Mb intervals along each chromosome. The
mixed model was:

Pi = Xbjj + Zhy + €k

Here phenotypic value P is DYD of sire i, b contains fixed effects for sire i and grandsire j, h is
random effect of haplotype k and e is an error term. For further details see Meuwissen and
Goddard (2001).

SNP effects For the detected QTLs the effect of alleles and genotypes of the most significant
SNP on DYD for CM was calculated. A model including the same fixed effects as those used
for the association analyses was used. In addition genotype was included as a fixed effect.
Effects were found by dividing predicted value relative to a mean of zero by DYD standard
deviation, giving predicted standard deviations from mean DYD. Standard deviations for CM
DYDs in the seven time periods are given in Table 1.

Test for multiple QTLs Multiple QTL analysis was performed to find out if any of the QTL
regions for CM contained more than one QTL. SNPs showing the highest test score within
each QTL region were modelled as fixed effects to see if this influenced the test scores of the
other markers in the region. The mixed model was:

Pi= Vs + Xg; + Ya;+ Zmy + €jjk

Here s is fixed effect of the SNP with the strongest trait-marker association in the QTL region.
Remaining terms are described above for the GWAS.

Test score The likelihood ratio test (LRT) was used for hypothesis testing. LRT scores were
calculated as two times the log-likelihood (Logl) ratio. LogL ratio values were obtained with
the ASREML software (Gilmour 2000) for each SNP as the difference between the log-
likelihood of a model containing the SNP- or haplotype effect and the log-likelihood of a
model not containing this effect. LRT scores were expected to be distributed as a mixture of
two x* distributions with 0 and 1 degree of freedom. For GWAS on the two independent
datasets a LRT score larger than 2.7 (p-value £ 0.05) in both datasets was considered a
significant trait-marker association, while for GWAS on the combined dataset a LRT score
larger than 13.81 (p-value < 0.0001) was considered significant trait-marker association. A
logarithm of odds (LOD) score >3, corresponding to a LRT score > 13.81, is an indication of
genome-wide significance (Lander & Botstein 1989). The GridQTL LDLA software analysis was
expected to give higher on-average LRT scores than single-marker association tests
(Hernandez-Sanchez et al. 2009). An association was considered confirmed by LDLA if a LRT
score above 20 from the LDLA analysis was found for a position within 10Mb of a significant



association from GWAS. The LOD drop-off method (Lander & Botstein 1989) was used to
find approximate confidence intervals (Cls) from LDLA LRT scores for confirmed QTL regions.
The ClIs were defined as including positions within 4.6 LRT of the maximum on both sides of
the LRT peak for LDLA, yielding an approximate 96.8% ClI.

Results

GWAS for CM and SCS were conducted on two independent datasets as well as a combined
dataset. Significant trait-marker associations in both of the two independent datasets for CM
was found for 10 SNPs positioned on chromosomes 2, 4, 6,9, 17 and 20, and for SCS for 4
SNPs positioned on chromosomes 12, 19 and 26. Significant trait-marker associations in the
combined dataset for CM were found for 26 SNPs positioned on 10 chromosomes and for
SCS for 11 SNPs positioned on 6 chromosomes. A summary of GWAS results are given in
Table 2a for CM and in Table 2b for SCS. The analysis revealed no SNPs showing consistently
significant trait-marker associations for both CM and lactation average SCS. Correlations
between SNP effects on SCS and occurrence of CM in the seven lactational time periods
based on all 17,347 SNPs are presented in Table 3. Higher correlations were found between
SNP effects on SCS and CM in late lactation than between SNP effects on SCS and CM in the
periparturient period. Further, stronger correlations were found between SNP effects on CM
in the same phase of lactation than between SNP effects on CM in different phases of
lactation. Since the trait of interest in this study was susceptibility to mastitis only putative
QTLs for CM were investigated further.

LDLA for CM was performed for all chromosome-trait combinations giving significant
associations by GWAS in both the two independent datasets, and for the ten chromosome-
trait combinations giving strongest trait-marker associations by GWAS in the combined
dataset. LDLA analysis was conducted on BTAs 2, 4, 6 and 20 for CM in time period 1, BTA14
for CM in time period 2, BTA2 for CM in time period 3, BTA6 for CM in time period 4, BTAs 7,
9 and 17 for CM in time period 5 and BTA6 for CM in time period 6. All LDLA analyses were
performed on the total dataset of 2,589 paternal half-sib sires from 109 families. The
GridQTL software was not able to esitimate haplotype effects for all positions, assumedly
due to convergence issues for the remaining positions. For three of the chromosome-trait
combinations (BTAG6 for time period 4 and 6, and BTA9 for time period 5) the software was
only able to estimate haplotype effects for a few positions. Putative QTLs identified by GWAS
on the two independent datasets and on the combined dataset on chromosomes 2, 6 and 20
for CM in the periparturient period of first lactation (CM1) were confirmed by LDLA. A
putative QTL only identified by GWAS on the combined dataset on BTA14 for CM in late first
lactation (CM2) was also confirmed by LDLA. Results of LDLA and GWAS on the combined
dataset for these QTLs are presented in Figure 1. Highest LRT scores from LDLA were found
for positions on BTA2 at 104Mb, on BTA6 at 95Mb, on BTA14 at 42Mb and on BTA20 at
43Mb. Approximate 96.8% Cls for the four QTL regions based on the LOD drop-off method
(Lander & Botstein 1989) included the regions 103.4-104.3Mb on BTA2, 94.2-95.3Mb on
BTA6, 41.3-42.3Mb on BTA14 and 41.8-43.2Mb on BTA20. Highest LRT scores from GWAS on
the combined dataset for each of the four QTLs were found for SNP BTA-120624 at 103.9Mb
on BTA2, for SNP BTA-119376 at 90.7Mb on BTA6, for SNP BTA-34923 at 45.2Mb on BTA14
and for SNP BTA-19985 at 43.3 on BTA20.



Table 2a

Significant trait-marker associations from GWAS on two independent datasets and on the combined dataset for
CM on the 29 bovine autosomal chromosomes. BTA, SNP, position, LRT score for datset 1 (D1), dataset 2 (D2)
and the combined dataset (CD), and time period (TP) are given.

BTA SNP Position (bp) D1LRT D2LRT CDLRT TP
2 BTA-47902 68,074,185 4.92 3.26 155 CM3
2  BTA-120621 103,854,622 3.29 3.05 12.72 CM1
2  BTA-120624 103,892,096 5.03 3.26 15.52 CM1
2 rs29025784 112,396,633 4.06 4.1 1462 CM1
4 rs29020694 90,418,076  5.65 3.23 20.14 CM1
6 BTA-119376 90,670,190 3.28 12.74 3236 CM1
6 BTA-119376 90,670,190 2.76 3.16 15.46 CM6
6 BTA-77136 94,544,954 18.8 CM4
6 BTA-109071 95,256,811 14.18 CM6
6 BTA-77356 96,189,520 3.08 5.18 156 CM1
7 BTA-78563 22,841,729 16.92 CM5
7 BTA-99486 26,347,331 16.8 CM5
9 BTA-84619 88,416,414 2.95 2.71 CM5
10 BTA-79349 92,455,424 142 CM6
13 rs29022774 62,928,524 139 CM4
13 rs29022775 62,928,533 159 CM4
14 rs29012803 17,289,087 149 CM5
14  BTA-34796 40,769,096 15.36 CM2
14  BTA-34923 45,153,040 18.34 CM2
14 BTA-111421 47,425,522 1596 CM2
16  BTA-38543 33,335,777 1464 CM1
17 BTA-103789 34,861,876  3.02 2.76 12.84 CM5
20 BTA-25160 31,659,731 15.16 CM2
20 BTA-50239 35,530,051 2.96 3.84 16.02 CM1
20 BTA-50236 35,861,339 171 CM1
20  rs29021255 38,261,470 14.88 CM3
20  BTA-19985 43,267,496 20.76 CM1
20 BTA-22852 50,780,080 1436 CM5
29  rs29027496 45,602,144 1436 CM1



Table 2b

Significant trait-marker associations from GWAS on two independent datasets and on the combined dataset for
SCS on the 29 bovine autosomal chromosomes. BTA, SNP, position and LRT score for datset 1 (D1), dataset 2
(D2) and the combined dataset (CD) are given.

BTA SNP Position (bp) D1 LRT D2LRT CDLRT
8 BTA-120681 27,391,619 14
8 BTA-102648 30,020,795 14.34
12 rs29021760 63,796,167 14.46
12 BTA-28030 66,114,084 2.75 3.16 13.76
17 rs29019473 52,225,317 13.98
17 rs29019471 52,229,956 14.26
19 ss46526232 42,098,180 16.2
19 BTA-45702 50,276,021 4.28 3.73 14.86
19 BTA-45709 50,359,720 5.44 3.64 15.66
20 BTA-95391 11,740,236 14.08
21  rs29016404 33,141,160 25.12
21 BTA-52383 46,299,936 14.06
26  BTA-61841 46,096,255 2.88 2.98

Table 3

Correlations between SNP effects on SCS and CM in the seven lactational time periods CM1, CM2, CM3, CM4,
CM5, CM6 and CM7 (the seven lactational time periods are described in Table 1).

CM1 CM2 CM3 CM4 CM5 CM6 CM7
SCS |1 0.04 0.11 0.11 0.08 0.15 0.10 0.12
cMm1 0.14 0.08 0.34 0.15 0.22 0.07
cM2 0.30 0.16 0.33 0.11 0.21
CcM3 0.10 0.31 0.07 0.17
cM4 0.13 0.33 0.09
CM5 0.10 0.31
CcMe6 0.09
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Figure 1

Results from GWAS and LDLA for BTA2 for CM1, BTA6 for CM1, BTA14 for CM2 and BTA20 for CM1. Black
bars show LRT score from GWAS, grey lines show LRT scores from LDLA. Dotted horizontal line indicate LRT
threshold for GWAS (LRT > 13.81).

For each of these four QTLs effects of alleles and genotypes for the most significant SNP by
GWAS for CM are shown in Table 4. Results are in DYD standard deviations from the mean
DYD for CM. Difference in effect on DYD between alleles was largest for SNP BTA-119376 on
BTA6 for CM in the periparturient period of first lactation. This SNP also gave the highest
test-score from GWAS on the combined dataset for CM among all 17,347 SNPs. For SNP BTA-
34923 on BTA14 and SNP BTA-19985 on BTA20 low minor-allele frequencies contributed to
large standard deviation relative to effect sizes, resulting in more uncertain effect estimates.
All the four QTL regions contained several SNPs significantly associated with occurrence of
CM (see Table 2a). Therefore, tests for multiple QTLs were performed on the combined
dataset to find out if any of these regions contained more than one QTL. For all four QTL
regions LRT scores of the remaining SNPs were lowered to non-significant levels (<13.81)
when the SNP with the highest LRT score in each of the regions was included in the model as
a fixed effect. Highest test scores found in each region by the multiple QTL test were for SNP
BTA-122697 on BTA2 at 112.8Mb with LRT score 5.16, SNP BTA-86975 on BTA6 at 88.4Mb
with LRT score 4.82, SNP rs29018717 on BTA14 at 61.3Mb with LRT score 6.66 and SNP BTA-
50239 on BTA20 at 35.5Mb with LRT score 9.04.



Table 4

Effects of SNPs on DYD for CM for the most significant SNP in each of the four QTL regions. BTA, SNP, alleles
and genotypes, frequencies of alleles and genotypes, effect of alleles and genotypes, standard deviation (SD) of
effect and time period (TP) is given. Effects are expressed as DYD standard deviations from the mean value.
Standard deviation for DYD for clinical mastitis in the seven time periods are given in Table 1.

BTA SNP Alleles Frequency Effect SD (Effect) TP
2 BTA-120624 A 0.50 -0.09 0.04 cM1
G 0.50 0.06 0.04
AA 0.25 -0.17 0.05
AG 0.51 -0.02 0.04
GG 0.24 0.15 0.05
6 BTA-119376 C 0.26 0.20 0.05 CcM1
T 0.74 -0.01 0.03
CcC 0.07 0.36 0.09
CT 0.38 0.09 0.04
TT 0.55 -0.11 0.04
14 BTA-34923 C 0.19 -0.03 0.03 CM2
T 0.81 -0.04 0.03
CcC 0.03 -0.05 0.17
CT 0.31 0.01 0.04
TT 0.66 -0.06 0.03
20 BTA-19985 C 0.19 -0.01 0.03 cM1
G 0.81 -0.01 0.03
CcC 0.04 -0.05 0.12
CG 0.31 -0.04 0.05
GG 0.66 0.00 0.04
Discussion

GWAS performed on two independent datasets identified 10 SNPs positioned on
chromosomes 2, 4, 6,9, 17 and 20 that were significantly associated with occurrence of CM
(LRT > 2.7 in both datasets). GWAS on the combined dataset identified 26 SNPs positioned
on 10 chromosomes significantly associated with occurrence of CM (LRT > 13.81). Three
QTLs on BTAs 2, 6 and 20 for CM in the periparturient period and a QTL on BTA14 for CM in
late lactation were confirmed by LDLA. The QTL on BTA14 was detected by GWAS on the
combined dataset but not by GWAS on the two independent datasets. This could be an
indication that the requirement for associations to be significant in two independent
datasets (LRT>2.7) is a more conservative test than the higher significance threshold value
(LRT>13.81) used for the combined dataset. Inability to detect a QTL in a split-dataset
analysis could also be caused by lowered power due to fewer observations in each dataset.
Highest test scores from GWAS on the combined dataset for each of the four QTLs were
found for SNP BTA-120624 at 103.9Mb on BTA2, for SNP BTA-119376 at 90.7Mb on BTAG6, for
SNP BTA-34923 at 45.2Mb on BTA14 and for SNP BTA-19985 at 43.3 on BTA20. Approximate
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96.8% Cls were found by the LOD drop-off method for all four QTLs based on LDLA test
scores. The Cl on BTA2 included the SNP with the highest test score from GWAS in this
region. The Cls on BTA6, BTA14 and BTA20 did not include the SNPs with the highest test
score from GWAS from each of these regions. For LDLA LRT scores were only attempted
estimated for every 1Mb across each chromosome and unfortunately the GridQTL software
was not able to estimate haplotype effects for all positions. Construction of Cls based on
LDLA analysis might therefore be an inaccurate approach for this study.

Multiple QTL analysis did not provide evidence of more than one QTL in any of the four
regions. However, a relatively high LRT score of 9.04 was found for a SNP at 35.5Mb on
BTA20 when including the SNP at 43.27Mb as a fixed effect. This LRT score is below our
threshold for GWAS on the combined dataset, but presence of an additional QTL in this
region cannot be completely ruled out.

While the QTL on BTA20 has not previously been reported, the QTLs on BTAs 2, 6 and 14 are
supported by other studies. A QTL for SCS in German Holsteins has been reported on BTA2 at
100cM (Bennewitz et al. 2003) close to our most significant SNP for CM on BTA2 at 103.9Mb.
This QTL was not found to affect SCS in our study. For NRF records for SCS are retrieved as
lactation averages and are thus not directly comparable with the CM recordings. This may
reduce power for QTL detection for SCS. Our analyses showed no consistencies between
QTLs for CM and for SCS. Similar results have been reported for the NRF population in a
previous study (Klungland et al. 2001).

Correlation in SNP effects based on all 17,347 SNPs were higher between SCS and CM in late
lactation than between SCS and CM in the periparturient period, supporting a previous
report on genetic correlations between SCS and CM in different stages of lactation
(Svendsen & Heringstad 2006b).

QTLs affecting both milk production traits and CM around 90Mb on BTA6 have previously
been reported for NRF (Nilsen et al. 2009) in a study including the same population and
many of the same individuals as were included in the GWAS described here. This is in the
same region as the QTL detected at approximately 90Mb on BTAG6 in this study. QTLs
affecting susceptibility to CM on BTA14, close to our most significant SNP on BTA14 at
45.2Mb, have been reported by both Lund et al. (2007) and Schulman et al. (2004). More
milk production trait QTLs have been reported for chromosomes 6, 14 and 20 than for the
other bovine chromosomes (Khatkar et al. 2004).

Genetic susceptibility to CM could have different biological causes at different stages of
lactation (Waller 2000; Sordillo 2005; @steras 2006), which could reduce power to detect
QTLs affecting susceptibility to CM only in a particular phase of lactation. In this study
phenotypic records on occurrence of CM were divided into seven time periods (Table 1),
consequently treating occurrence of CM at different stages of lactation as different traits.
There are more records for CM incidents in the periparturient period as approximately two
thirds of incidents occur in the two first months after lactation. Consequently this study had
more power to detect QTLs for CM in the periparturient period than for CM in later
lactation. The study also had more power to detect QTLs for CM in first lactation than in later
lactations. Three of the four QTLs detected here were for CM in the periparturient period of
first lactation. Correlations based on all 17,347 SNPs were higher between SNP effects on
CM in the same phase of lactation than between SNP effects on CM in different phases of
lactation. This is in accordance with a report on genetic correlation between CM in different
phases of lactation (Svendsen & Heringstad 2006a), and supports division of records on CM
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into lactational time periods.

The strongest trait-marker association by GWAS on the combined dataset was between SNP
BTA-119376 at 90.7Mb on BTA6 and CM in the periparturient period of first lactation (CM1).
Genes coding for most of the C-X-C motif chemokines are clustered near this SNP on BTA6. In
particular, the gene coding for interleukin 8 (IL8) is positioned on BTA6 at 91.78Mb. IL8 is a
C-X-C motif chemokine important for initial recruitment of circulating neutrophils to the site
of infection. In NRF Staphylococcus aureus is the most common cause of CM (@steras 2006).
Gram positive bacteria such as S. aureus are assumed to initiate expression of IL8 by toll-like
receptor 2 activation by cell wall components lipoteichoic acid or peptidoglycan (Bannerman
et al. 2004). There has been inconsistent reports on the ability of different cattle breeds to
express IL8 upon exposure to S. aureus (Bannerman et al. 2004; Strandberg et al. 2005;
Lahouassa et al. 2007; Griesbeck-Zilch et al. 2008; Yang et al. 2008). These inconsistencies
might be due to genetic differences between cattle or due to different strains of S. aureus
being investigated in the different studies.

Candidate genes associated with immunological defence are also found close to other QTLs.
On BTA2 genes coding for IL8 receptors chemokine (C-X-C motif) receptor 2 (CXCR2) and
chemokine (C-X-C motif) receptor 1 (CXCR1) are both positioned around 110.6Mb, between
SNPs BTA-120624 and rs29025784 at 103.9Mb and 112.4Mb. Both these SNP showed
significant association with CM in the periparturient period of first lactation (CM1), with LRT
values 15.52 and 14.62. Polymorphisms in CXCR2 have been associated with occurrence of
subclinical mastitis and ability to recruit neutrophils to the site of infection (Youngerman et
al. 2004; Rambeaud & Pighetti 2005). Polymorphisms in CXCR1 have been associated with
SCS level and expression level of CXCR1 (Leyva-Baca et al. 2008a; Leyva-Baca et al. 2008b).
The IL8 receptors have other C-X-C motif chemokines as ligands in addition to IL8. As
mentioned above, the QTL on BTA2 was not found to affect lactation average SCS level in
this study.

Three genes coding for complement components 6, 7 and 9 (C6, C7 and C9) are positioned at
34,4Mb, 35,7Mb and 37,3Mb on BTA20. By GWAS four SNPs in the interval 35.5 to 45.6Mb
on this chromosome showed significant association with CM in the periparturient period.
Complement components are an important part of immunological defence. They are
involved in inflammation, phagocytosis, attack on bacterial membranes and promotion of
antibody production. Although the mentioned genes could potentially have an effect on
susceptibility to CM in NRF, the number of other potential candidate genes in these regions
is quite high. It may be of particular interest from GWAS for CM that our two most significant
SNPs on BTAZ2 lie near the genes coding for CXCR1 and CXCR2, while our most significant SNP
on BTAG lie near the gene coding for IL8.
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Abstract

Background

Previous fine mapping studies in Norwegian Red cattle (NRF) in the region 86-90.4Mb on
Bos Taurus chromosome 6 (BTAG6) has revealed one quantitative trait locus (QTL) for protein
yield (PY) around 88Mb and another for clinical mastitis (CM) around 90Mb. The close
proximity of these QTLs may partly explain the unfavorable genetic correlation between these
two traitsin NRF. A long range haplotype covering this region was introduced into the NRF
popul ation through the importation of a Holstein-Friesian bull (1606 Frasse) from Sweden in
the 1970s. It has been suggested that this haplotype has a favorable effect on milk protein
content but an unfavorable effect on mastitis susceptibility. Selective breeding for milk
production traitsis likely to have increased the frequency of this haplotype in the NRF
popul ation.

Results

Association mapping for PY and CM in NRF was performed using genotypes from 556 SNPs
throughout the region 86-97Mb on BTAG6 and daughter-yield-deviations from 2601 bulls
made available from the Norwegian dairy herd recording system. Highest test scores for PY
were found in and around the genes CSN2 and CSN1S2, coding for the B-casein and asp-
casein proteins. High coverage re-sequencing by high throughput sequencing technology
enabled molecular characterization of along range haplotype from 1606 Frasse encompassing
these two genes. Haplotype analysis of alarge number of descendants from this bull indicated
that the haplotype was not markedly disrupted by recombination in this region. The haplotype
was associated with both increased milk protein content and increased susceptibility to
mastitis, which might explain parts of the observed genetic correlation between PY and CM in
NRF. Plausible causal polymorphisms affecting PY were detected in the promoter region and
inthe 5 -flanking UTR of CSN1S2. These polymorphisms could affect transcription or
translation of CSN1S2 and thereby affect the amount of asy-casein in milk.

Conclusion

Molecular characterization of the long range haplotype from the Holstein-Friesian bull 1606
Frasse, imported into NRF in the 1970s, revealed polymorphisms that could affect
transcription or translation of the casein gene CSN1S2. Sires with this haplotype had
daughters with significantly elevated milk protein content and selection for milk production
traitsislikely to have increased the frequency of this haplotype in the NRF population. The
hapl otype was al so associated with increased mastitis susceptibility, which might explain
parts of the genetic correlation between PY and CM in NRF.

Background

It has been suggested by Lien et al. [1] that a haplotype encompassing the casein gene cluster
around 88Mb on BTAG, which confers afavorable effect on milk production traits, was
introduced into the NRF population through the importation of a Swedish Holstein-Friesian
bull (1606 Frasse) in the 1970s. Association mapping has revealed that aQTL for PY
coincides with the casein gene cluster [2-6]. Casein proteins constitute approximately 80% of
dairy cattle milk protein and polymorphisms in these genes have been shown to contain
variation associated with milk protein composition and protein content in other populations
[1, 3, 7-12]. An unfavourable genetic correlation between PY and CM has been reported for
NRF, with estimates ranging from 0.21 to 0.55 [13]. This genetic correlation could be both
due to pleiotropic effects and due to QTLs affecting the two traits being closely positioned on
bovine chromosomes. The heritability for PY is estimated to be 0.19 in NRF [13], and is



higher than the heritability for CM for which estimates range between 0.02 and 0.12 in Nordic
cattle populations [ 14-16]. Selective breeding for PY will therefore be more efficient than for
CM, and could have the side-effect of increasing the frequency of variants with undesirable
effects on CM. It has further been reported that the haplotype from 1606 Frasse encompassing
the casein gene cluster is associated with increased mastitis susceptibility, and aQTL for CM
in the periparturient period has been found around 90Mb, close to the QTL affecting PY
around 88Mb [2]. Taken together these results suggest that causal polymorphismsresiding
within this genomic region are influencing these two important traits.

Opportunities for fine mapping and molecular characterization of QTL regions have been
improved by recent developments in high throughput sequencing and genotyping technologies
[17-21], and it is well established that genotyping of related animals with well documented
pedigree increases the accuracy of haplotyping and imputation methods [22, 23]. Accuracy of
imputation and power of association mapping using imputed genotypesisincreased in
populations with extensive linkage disequilibrium (LD) [24-27] , meaning that a combination
of these approachesis afeasible strategy in cattle populations [28-32].

The aim of this study was to fine map the region on BTA6 containing QTLsfor PY and CM,
and perform molecular characterization of the 1606 Frasse haplotype by re-sequencing in
order to identify plausible causal polymorphisms underlying the two QTLS.

Results and discussion

Re-sequencing in the genomic region between 86 and 97Mb on BTA6 was done by first
capturing sequence from seven genomic DNA samples using a Nimblegen sequence capture
array, and then sequencing the product on a Roche 454 GS-FL X sequencer [19]. A total of
269 new single-nucleotide polymorphisms (SNPs) were revealed in this region and were
genotyped in 768 NRF sires. The resulting dataset was joined with datasets containing
previously genotyped SNPsin NRF by haplotyping and imputation of untyped genotypes.
Imputation was facilitated both by the elevated LD in NRF and by extensive pedigree records
being available [28-32]. Pedigree records improve haplotyping accuracy and thereby improve
accuracy of association mapping [22, 23]. The final imputed dataset contained genotypes for
556 SNPsin 2601 NRF sires, with typically only 1.2% of SNPs missing for each individual
sire. Average distance between adjacent markers for the 556 SNPs included in this study was
approximately 20kb, with some variation in SNP density across the 11Mb genomic region.
The 556 SNPs are presented in Additional file 1.

Association mapping

Association mapping was performed to map single SNPs and hapl otypes associated with PY
or CM in the genomic interval between 86 and 97Mb on BTAG6. Three mastitis traits were
included in the analyses; incidences of CM in the periparturient period of first (CM 1), second
(CM2), and third lactation (CM 3). Haplotype blocks were defined by the algorithm devel oped
by Gabrid et al. [33] (GAB) and by the four-gamete rule algorithm (GAM) described by
Wang et al. [34], and all haplotype blocks defined by the GAB or the GAM algorithm were
included in haplotype association mapping. Results for single-marker association mapping for
CM1 and PY for the highest scoring region 88 to 94Mb are shown in Figure 1, whereas single
SNPs and haplotype blocks giving highest test scores for each of the four traits are presented
in Table 1.

Highest likelihood-ratio test (LRT) scores for PY were found for the SNPs ss86217862 and
$s86217864 located at positions 88.410Mb and 88.414Mb. Both SNPs were positioned within
the gene CSN1S2 and in complete LD with each other (r>=1). The most significant haplotype
results for PY were detected for a GAM block in theinterval 88.33 to 88.43Mb and a smaller

3



GAB block lying within thisinterval (88.33 to 88.42Mb). Both blocks encompassed the genes
CSN2, HSTN, STATH and CSN12. Haplotype analyses for these two blocks did not reveal
genome-wide significant test scores for any of the three mastitistraits.

Single-marker association mapping for CM 1 and CM 3 gave highest test scores for SNP
rs42766480 at 90.07Mb, whereas highest test score from hapl otype association mapping were
found for athree-marker GAM block in the interval 90.64 to 90.67Mb. In contrast to CM 1
and CM 3, single-marker association mapping for CM2 gave highest test scores for SNP

S1 1625793 at 89.63Mb and the most significant haplotype association for CM2 was for a
four-marker GAM block in the interval 89.62 to 89.67Mb. For all three mastitis traits highest
test scores from both single-marker and hapl otype association mapping were found within the
interval 89 to 91Mb.

The SNPs that gave highest test scores for the three mastitis traits (rs42766480 and
S1_1625793) aso gave high test scores for PY (Figure 1). However, SNPs rs42766480 and
S1 1625793 were not in LD with the SNPs that gave the highest test scores for PY in this
study (ss86217862 and ss86217864).
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Figure 1a — Single-marker association mapping for protein yield

LRT scores from single-marker association mapping for protein yield (black) in the interval 88 to 89Mb (left) and
89 to 94Mb (right) on BTA6. Genome-wide significance threshold for LRT (>13.81) is indicated (black dotted line).
Frequencies (frequency -1000) of the 1606 Frasse haplotype (grey thin dotted line) extending from the PY93
haplotype window, as well as haplotype windows PY93 and CM48 (grey thick dotted lines), are shown.
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Figure 1b — Single-marker association mapping for clinical mastitis

LRT scores from single-marker association mapping for clinical mastitis in the periparturient period of first
lactation (black) in the interval 88 to 89Mb (left) and 89 to 94Mb (right) on BTA6. Genome-wide significance
threshold for LRT (>13.81) is indicated (black dotted line). Frequencies (frequency -1000) of the 1606 Frasse
haplotype (grey thin dotted line) extending from the PY93 haplotype window, as well as haplotype windows PY93
and CM48 (grey thick dotted lines), are shown.



Table 1 — Association mapping results

Highest test scores from single-marker (SM) and haplotype (GAB and GAM) association mapping for protein yield
(PY) and clinical mastitis in the periparturient period of first (CM1), second (CM2) and third lactation (CM3). Trait,
analysis, chromosome position, LRT score and SNPs are presented for the highest scoring SNP or haplotype
block from each analysis.

Trait Analysis Position (bp) LRT score SNPs

CM1 SM 90,075,263 42 rs42766480

CM1 GAB 90,670,190 - 90,725,368 37 $s61522200 to S1_2725368
CM1 GAM 90,642,598 - 90,670,190 42 rs29024027 to ss61522200
CM2 SM 89,625,793 26 S1_1625793

CM2 GAB 89,623,896 - 89,625,793 23 $s61524338 to S1_1625793
CM2 GAM 89,623,896 - 89,668,440 28 $561524338 to ss86278591
CM3 SM 90,075,263 26 rs42766480

CM3 GAB 90,670,190 - 90,725,368 18 $s61522200 to S1_2725368
CM3 GAM 90,642,598 - 90,670,190 19 rs29024027 to ss61522200
PY SM 88,410,501 139 586217862

PY SM 88,413,712 139 586217864

PY GAB 88,333,706 - 88,422,590 78 5586217849 to ss86217869
PY GAM 88,333,706 - 88,427,761 78 $s86217849 to ss117968525

Table 2 - Haplotype classification for the PY93 haplotype window

Haplotype 1 and haplotype 2 are given for NRF animals 1606 Frasse, 1893 Rud, 2005 Smidesang, 2636 Vik and
3454 J. Steinsvik for the PY93 haplotype window. Population frequencies (PF) were found based on phased
chromosomes of 2601 NRF animals. Elevated (E) or reduced (R) protein yield (PY) is indicated when found
significantly differing from the population mean (p-value).

Animal Haplotype 1 (PF) PY (p-value) Haplotype 2 (PF) Effect (p-value)
1606 Frasse PY93 C (0.137) E(4.189")  PY93 C (0.137) E (4.189™"9)
1893 Rud PY93_C (0.137) E(4.189")  PY93_D (0.070) -

2005 Smidesang | PY93_C (0.137) E(4.189™°) PY93 B (0.146) R (2.200™°)
2636 Vik PY93 B (0.146) R (2.200™°) PY93_E (0.025) -

3454 ). Steinsvik | PY93_A (0.197) E(2.200'°)  PY93_E (0.025) -

Molecular characterization of a long range haplotype affecting protein yield

Very high LRT scoresfor PY were found for SNPs in and around the casein genes CSN2 and
CON1 (Figure 14). A previous study using the same population aso identified this region
and postulated that ainfluential haplotype associated with elevated protein yield was
introduced into NRF through importation of the bull 1606 Frasse in the 1970s [3]. To identify
possible causa polymorphisms underlying this QTL whole genome re-sequencing was
conducted of five elite siresin the NRF population including 1606 Frasse (10x coverage) and
two of his sons; 1893 Rud and 2005 Smidesang (both at 4x coverage).

A comparison of the sequence data covering the genes CSN2 and CSN1S2 and their 2000bp



5'-flanking promoters with 28 previously genotyped SNPs within these regions showed that
only one SNP out of the 28 SNPs was undetected by the re-sequencing. Altogether 93
polymorphisms were detected in the re-sequencing of these two regions, corresponding to one
SNP approximately every 360bp.

To be ableto group genetically similar siresfor the QTL for PY a 93 marker haplotype
window (PY 93) covering the region from 88.29 to 88.75Mb was defined (Figure 1).
Haplotype classification within PY 93 was performed based on phased chromosomes for the
five re-sequenced sires (Table 2) and other NRF sires for which genotypes were available.
Both re-sequencing and haplotype classification indicated that 1606 Frasse was homozygous
for the QTL for PY while his sons 1893 Rud and 2005 Smidesang both were heterozygous.
Sireswith at least one copy of the haplotype PY93_C, likely descendents from 1606 Frasse,
had daughters with significantly elevated PY (p-value of 4.1899).

The re-sequencing allowed for molecular characterization of the long range 1606 Frasse

hapl otype associated with increased PY . Comparison with other haplotypes revealed 6
polymorphisms in coding regions of casein genes CSN2 and CSN1S2 or in their 2000bp 5’ -
flanking promoter regions (Table 3). Positive and negative alleles were assigned for these
polymorphisms, with a positive allele defined as one found in PY93_C and therefore
associated with increased PY (Table 3). The only non-synonymous substitution detected
within the genes CSN2 and CSN1S2 was in amino acid 82 in CSN2 (Ref NM_181008.2),
previously reported in NRF by Nilsen et al. [3]. This substitution has been reported to have
differing effects on PY in various cattle breeds and is therefore not likely to be a significant
causal polymorphism [4, 36-38]. The re-sequencing also detected a silent substitution (C>T)
in amino acid 125 of CSN2 (Ref NM_181008.2), previously reported by Lien et al. [1].

Of greater interest, a SNP (A>C) was detected in the promoter region of CN12 at -7bp
relative to the transcription initiation site. The SNP, which has previously been reported by
Schild and Geldermann [10], was positioned three base-pairs downstream of a CCAAT motif
stretching from -14 to -10bp. In the mammary gland the transcription factor C/EBP 3
functions as an enhancer of transcription by binding to CCAAT motifsand is crucial for
transcription of casein genes[39-41]. It is possible that the polymorphism described here
affects the binding affinity of enhancersto the CCAAT motif, and thereby affect transcription
efficiency of CAN12.

A second SNP (T>C), that has not previously been reported, was detected in the 5'- UTR of
the gene CSN1 at position -5 bp distant from the initiation codon in the sequence
GYAAACatgG (Figure 2), and could directly influence trandation. Bevilacqua et al. [42]
found that while transcripts from al four casein genes are found at similar concentrationsin
mammary tissue, translated asy-casein and k-casein are found in much lower concentrationsin
cow milk than ag;-casein and B-casein. The 5'- UTR sequence for the four caseins were
strictly conserved between cattle, sheep and goat, and they suggested that variation in the
Kozak consensus sequence (GCCRCCatgG [43]) might be the cause of the observed variation
in translational efficiency between casein genes (Figure 2). Matching well with the higher
protein levels associated with the PY 93 _C haplotype from 1606 Frasse; the C allele found in
PY93 C wasin better accordance with the Kozak consensus sequence than the alternative T
alele, and therefore expected to produce a more efficient translation initiation site within the
CSN12 transcript. Work isin progress to deduce functionality of the detected polymorphisms
on the transcription and translation of CSN1S2 by expression profiling and quantitative
determination of asy-casein in milk.



Table 3 — Polymorphisms associated with protein yield

Btau_4.0 position [44], gene, description of region (promoter, exon or UTR),translated protein position (TPP),
polymorphic nucleotide (NT) alleles denoted as positive or negative [+/-], polymorphic translated protein (TP)
alleles denoted as positive or negative [+/-] and promoter position (PP) relative to transcription initiation site. *
Translated protein position in Ref NM_181008.2 for CSN2 and Ref NM_ 174528.2 for CSN1S2. T Polymorphism
previously described in Lien et al. [1]. $Polymorphism previously described in Nilsen et al. [3].

Btau_4.0 (bp) Gene Region TPP* NT[+/-] TP[+/-] PP (bp)

88331023 CSN2 Exon 125 [T/’ P
88331153 CSN2  Exon 82 [c/al*  [P/H]
88338754 CSN2 Promoter [G/A] -367
88339252 CSN2  Promoter [T/A] -865
88409015 CSN1S2 Promoter [C/A] -7
88410860 CSN1S2 UTR [C/T]
Initiation
codon
Reference T»C 1606 Frasse
3 ¥y
p-Cas cgagagee EEER aag guc cuc

0,,-Cas caag@aaac LULN aag uuc uuc

o-Cas  uugacaacc EUER cuc

k-Cas  ggugcaaug ULl aag agu uuu

Kozak sequence

Figure 2 — A novel polymorphism in the Kozak sequence of as,-casein

A novel single-nucleotide polymorphism was discovered in a motif known to regulate efficiency of translation (the
Kozak sequence) [43] in the 5'-flanking UTR of CSN1S2 coding for asz-casein. The polymorphic nucleotide is
indicated and alleles found in the reference sequence and in the Holstein-Fresian Bull 1606 Frasse are
presented. The figure is a modification of the figure presented in Bevilacqua et al. [42].

Long range haplotypes affecting clinical mastitis
Highest test scores for CM 1, CM2 and CM 3 from both single-marker and haplotype
association mapping were found within the genomic interval 89 to 91Mb on BTAG6 (Table 1).
To be able to group genetically similar sires for the QTL for CM a 48 marker haplotype
window (CM48) covering the genomic interval 89.4 to 90.6Mb was defined (Figure 1). This
interval contained the SNPs producing the highest test scores from association mapping for
CM. Haplotype classification within CM 48 was performed based on phased chromosomes for
NRF sires for which genotypes were available. The dataindicated that 1606 Frasse was
homozygous for the QTL for CM, and sires with the haplotype from Frasse 1606 had
daughters with significantly elevated mastitis susceptibility (p-value of 1.469°"). As can be
seen from Figure 1, the 1606 Frasse haplotype was not markedly disrupted by recombination
9



between the hapl otype windows PY 93 and CM48. As previously noted the haplotype from
Frasse 1606 was a so significantly associated with higher levels of protein content in milk [1,
3], which might partly explain the observed genetic correlation between PY and CM in NRF
[13].

In contrast to the QTL for PY which gave very high test scores for potent candidate genes
(Figure 1a), results for CM were much more dispersed (Figure 1b). SNPs strongly associated
with CM were not concentrated to afew specific genes, meaning that a number of genesin
the QTL region for CM could harbor polymorphisms potentially affecting mastitis
susceptibility. The highest test scores for CM were found within and around the three genes
S.C4A4, GC and ADAMTSS3. Thefirst of these (SLC4A4) codes for a sodium bicarbonate co-
transporter involved in maintaining normal blood pH [45, 46], the second (GC) encodes the
main carrier protein of vitamin D in plasma, and finally the third gene (ADAMTS3) shows
high similarity with ADAMTS2, which codes for a pro-collagen N-proteinase [47]. A cluster
of genes coding for the CXC chemokines IL8, CXCL5, PF4 and CXCL2 are positioned around
92Mb, quite close to the highest scoring region for CM. CXC chemokines are important pro-
inflammatory mediators and might therefore contain variation affecting mastitis susceptibility.
Previously the genes MUC7 and 1GJ have been proposed as candidate genes for mastitis
susceptibility in thisregion [2], but elevated test scores for CM were not found in or around
these two genesin the current study (Figure 1b). Fine mapping with higher SNP density will
be necessary in order to identify the most plausible candidate genesin the QTL region for
CM.

Conclusion

Highest test scores from association mapping for PY were found in and around the casein
genes CSN2 and CSN12. Haplotype classification and high-coverage re-sequencing data
indicated that the Holstein-Friesian bull 1606 Frasse, imported into the NRF cattle population
in the 1970s, was homozygous for a hapl otype encompassing these two genes. As previously
suggested the haplotype from 1606 Frasse was significantly associated with elevated PY and
selection for milk production traitsis likely to have increased the frequency of this haplotype
in the NRF population [1]. Data available from high throughput re-sequencing alowed for
molecular characterization of the haplotype from 1606 Frasse, and plausible causal
polymorphisms were detected in aregulatory element in the promoter region of the gene
CN12 aswell asin amotif that regulates trandlation efficiency of CSN12 [42, 43].

It was further shown that the long range haplotype from 1606 Frasse is highly conserved in
the NRF population for the region spanning the two QTLs affecting PY and CM on BTAG.
The positive effect on milk protein content and the negative effect on mastitis susceptibility of
this haplotype might partly explain the observed genetic correlation between these two traits
in NRF[13].

Methods

Animals and phenotypes

NRF is an admixed breed formed from Norwegian breeds and imported animals from other
Nordic countries. Norway has adairy herd recording system which has included veterinary
reported clinical mastitis (VRCM) since 1975 [48]. Records of VRCM in the periparturient
period (-15 to 30 days post partum) of first (CM1), second (CM2) and third (CM 3) lactation
were available from GENO Breeding and Al Association [49] as daughter-yield-deviations
(DYDs) for NRF sires. A sirewith ahigh DYD value for CM has daughters with increased
susceptibility to CM. Here records of VRCM were retrieved as a binary trait for daughters of
sires from paternal half-sib families, yielding alarge number of records per sireand a
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reduction in variance due to environmental effects compared with other designs [50]. The
mastitis traits CM 1, CM2 and CM 3 are described in Table 4 together with heritabilities and
genetic correlations reported by Svendsen and Heringstad [49].

Records of PY were also available from GENO Breeding and Al Association as DY Dsfor
NRF sires and were retrieved as 3,481,538 daughter records of 2,596 sires from paternal half-
sib families. A sirewith ahigh DYD value for PY has daughters with increased PY . For both
CM and PY number of daughters per sireis highly variable and influenced by a small number
of elite sireswith alarge number of daughters.

Table 4 — The mastitis traits
Trait and number of sire and daughter records for the mastitis traits CM1, CM2 and CM3 are presented. The final
columns give heritabilities (on the diagonal) and genetic correlations reported by Svendsen and Heringstad [49].

Number of records | Heritability and genetic correlation
Trait | Daughters Sires | CM1 CcMm2 CM3
CM1 | 1,755,649 2,596 | 0.03 0.74 0.68
CM2 | 1,256,887 2,532 | - 0.02 0.85
CM3 | 805,376 2,440 | - - 0.02

Re-sequencing of candidate region and SNP detection

Sequence capture using a Roche-Nimblegen product was performed to isolate the region of
interest on BTA6. Roche NimbleGen designed and manufactured a 5SMb sequence capture
array targeting BTAG6 coordinates 88-97Mb, standard repeat masking was applied in the
design with 80% of the targeted bases being within a 100bp window of the final probe set.
Sequence capture library construction was performed on seven samples, four NRF sires (2005
Smidesang, 10243 Rishaugen, 10263 Frestad and 10553 Nordbg) and three pools of old
Norwegian breeds. Samples were sequenced using a454 GS-FLX platform with the number
of reads generated from each sample ranging from 97-460k. Sequence data was aligned to the
BTA_4.0 reference genome [44] using the MOSAIK software package and standard
alignment parameters [51]. SNP detection was performed with GigaBayes [52]. Criteriafor
filtering SNPs included minimum number of reads of each variant in non-coding regions (>2),
minimum number of reads of the variant differing from the reference sequence for coding
region (>2), GigaBayes score (>0.95) and minimum distance to closest SNP (>5bp). SNPs
positioned in homopolymer regions (>5bp) were also rejected.

Genotype dataset

After initia filtering 269 SNPs remained from re-sequencing of candidate region and SNP
detection by sequence capture and 454 sequencing. These SNPs were genotyped in 768 sires
from paternal half-sib families using the Sequenom MassARRAY system. Genotypes were
also retrieved for 84 SNPs for 2164 NRF sires from paterna half-sib families genotyped with
the Affymetrix 25k MIP array and for 198 SNPs for 2596 NRF sires from paternal half-sib
families genotyped with the [llumina Bovine SNP50 BeadChip. In addition, genotypes for
102 SNPsin the genomic region 86-90.4Mb on BTA6 were retrieved for 1143 sires [2].
Some SNPs were present in more than one dataset.

The data were checked for mendelian errors and based on the observed results, a cut-off of
4% was set to identify samples not fitting the pedigree. Pedigree errors were resolved by
either identifying a new sire or setting parental information to unknown for the affected
animal. New sires were assigned when the number of mendelian errors was equal to or lower
than the background (0.4%) and there was only one candidate. After correcting for pedigree
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errors, any remaining mendelian errors were corrected in addition to imputing those untyped
genotypes that were possible based on inheritance. Linkage analysis, haplotyping and
imputation were conducted with CRIMAP [53], PHASE [54] and locally devel oped software
to combine the four datasets and fill in untyped genotypes. The local software was devel oped
to handle genotyping errors and replace incorrect genotypes with correct ones where possible.
The phasing procedure was implemented based on the six rules algorithm presented by Qian
et al. [55], with modifications to fit half-sib families with missing data. The basic strategy was
to first decide on the parental phases, starting with the youngest generation. Next step was to
impute any remaining ambiguous or untyped positions in parents and offspring. Imputation in
paternal haplotypes was performed by assuming no recombination between informative
markers of the same phase. Imputation in maternal haplotypes, where no genotype
information from parent were available, was performed by searching the rest of the dataset for
equal haplotypes at surrounding informative positions and imputing when the untyped base
could be decided uniquely. The final dataset contained genotypes for 556 SNPsin the BTA6
86-97Mb genomic region for 2601 sires. In addition to the pedigree checks performed on the
filtered genotypes, possible pedigree problems were al so tested by considering initial phasing
results. Connections between offspring and sire showing a consistently high number of
recombinations (above 20) for all chromosomes were removed. After removing animals due
to initial phasing, genotypes were corrected to remove all double recombinants caused by
single markers. Usually, the genotypes for the animal were deleted, but if severa offspring of
the same sire had problems for a single marker, the sire was corrected instead. Depending on
the number of corrections needed to remove the double recombinants, the genotypes for the
whole family might be deleted for the marker in question.

Single-marker association mapping
Single-marker association mapping for CM1, CM2, CM3 and PY were performed for all
SNPs. The mixed model was:

P =Xg+Ya+Zm + e

Here phenotypic value PisDYD of sirei weighted by number of daughters, g is fixed effect
of grandsire j, ais random effect of sirei where co-variance structure between siresis
determined from pedigree relationships, m is random effect of genetic marker k and eis an
error term. Estimation was conducted with the ASREML software [56]. MacLeod et al. [57]
demonstrated that including effect of sire based on pedigree relationships reduces the number
of false positivesin association studies.

Haplotype association mapping

Pair-wise LD measure r? was found for all SNP pairs with the Haploview 4.1 software [58]
and haplotype blocks were defined by the method described in Gabriel et al. [33] (GAB) and
by the four gamete rule [34] (GAM). A perl script was written to classify sires according to
hapl otypes for each of the defined haplotype blocks. The classification into GAB and GAM
blocks were implemented in hapl otype association mapping for CM1, CM2, CM3 and PY.
The mixed model was:

P=Xg +Yq+th+ 8ijk

Here h israndom effect of haplotype k. Remaining terms are as described above for the
single-marker association mapping. Estimation was conducted with the ASREML software
[56].
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Test score

LRT scores were calculated as two times the log-likelihood (LogL) ratio. LogL ratios were
obtained with the ASREML software [56] for each SNP or haplotype as the difference
between the LogL of amodel containing the effect of the SNP or haplotype and the LogL of a
model not containing this effect. LRT scores were expected to be distributed as a mixture of
two * distributions with 0 and 1 degree of freedom. A logarithm of odds (LOD) score larger
than 3, corresponding to a LRT score larger than 13.81 (p-value < 0.0001), is an indication of
genome-wide significance [59].

Predicted phenotypic value

Predicted phenotypic values were found as standard deviations from mean DY D for sires with
at least one copy of a haplotype by applying amodel with DY D as response variable and
haplotype and grandsire as fixed effects. A two sample t-test was used to test differencein
means of predicted phenotypic values between sires with at |east one copy of the haplotype
and remaining sires.

Genome re-sequencing and detection of polymorphisms

Genome re-sequencing of five NRF sires (1606 Frasse, 2636 Vik , 3454 J. Steinsvik, 2005
Smidesang and 1893 Rud) was performeson an |llumina GAllx platform. Reads were
generated as 2x108 paired-ends, coverage was 10Gb for 1606 Frasse and 2636 Vik, and 4Gb
for 3454 J. Steinsvik, 2005 Smidesang and 1893 Rud. The FASTQ/A Clipper program from
the FASTX-Toolkit [60] was used to remove adapter sequence and to discard reads based on
average quality score (<10) or untyped bases (>7 Ns). Sequence data was assembled by
mapping reads to the BTA_4.0 reference genome [44] using the BWA software package [61]
and standard alignment parameters. Polymorphism detection was performed with SAMtools
[62]. Criteriafor filtering included minimum number of reads (>2), maximum number of
reads (<100), minimum number of reads of the variant differing from the reference sequence
(>2) and minimum RMS mapping value (>25). Polymorphisms positioned in homopolymer
or repeat regions were discharged.
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Additional file 1

Table Al — Genotyped single-nucleotide polymorphisms
The 556 SNPs genotyped in this study are presented by position, alleles (A1 and A2) and fraction of missing
genotypes.

SNP Position (bp) A1 A2 Missing SNP Position (bp) A1 A2 Missing
BTA-76946 | 86,091,437 A G 0.0069 BTA-77101 | 88,268695 A G 0.0062
ss86309338 | 86,091,957 A C  0.0062 ss86217839 | 88,291,433 A G 0.1207
rs43703008 | 86,104,461 C G  0.0065 ss86217840 | 88,291,473 C G 0.0042
rs41654417 | 86,123,130 C T  0.0042 ss86217841 | 88,295268 C T  0.0081
rs41654416 | 86,127,539 G T  0.0065 ss117968347 | 88,302,639 A G  0.0081
rs29001782 | 86,128,027 A G  0.0069 S1 305616 88305616 A G 0.005
61506487 | 86,365,126 A C  0.0065 ss86217842 | 88,306,150 C G  0.0073
ss61557722 | 86,434,938 A G 0.0088 rs43703010 | 88,307,280 A G 0.12
61491570 | 86,467,724 A G 0.0115 ss86217843 | 88,307,439 A G 0.0042
rs41618641 | 86,613,445 A G  0.0058 BTA-115153 | 88,315660 A G 0.0054
ss86291015 | 86,671,685 A G  0.0108 ss117968764 | 88,326,006 A G 0.0119
ss86297176 | 86,712,348 A G 0.0119 ss86217844 | 88,330,008 C T  0.0119
rs29010229 | 86,810566 @A T  0.0119 ss86217845 | 88,330265 G T  0.0115
rs41570706 | 86,908,337 A T 0.01 rs43703013 | 88,330987 C G  0.0027

BTA-113299 | 86,965,533 C G  0.0062 ss86217846 | 88,331,026 C T  0.0054

ss117967957 | 87,103,072 A C 0.0138 rs43703011 | 88,331,153 A C 0.0111
rs29011726 | 87,242,360 C T  0.0012 ss86217847 | 88,332,840 G T  0.0111
rs29011727 | 87,242,379 A G 0.0012 ss86217848 | 88,333,146 A G 0.0119
rs29011728 | 87,242429 A G 0.0012 ss86217849 | 88,333,706 C T  0.1027
ss86307579 | 87,255540 A G 0.0012 ss86217850 | 88,335937 A G 0.0119
ss86291546 | 87,370,506 A G 0.0104 ss86217851 | 88,337,212 A G 0.0023
61466227 | 87,480,010 A C 0.015 ss86217852 | 88,337,966 A G 0.0023
586324844 | 87,663,732 A C  0.0096 ss86217853 | 88,338919 A T  0.0119
ss86317213 | 87,879,379 A G  0.0058 ss86217854 | 88,339,983 A T  0.0023
rs41610994 | 87,903,788 C T  0.0223 ss86217855 | 88,340,068 C T  0.0058
rs41610993 | 87,903,902 C T 0.005 ss117968472 | 88,350,096 A G  0.0058
ss61516066 | 87,904,282 A G  0.0038 ss117968030 | 88,370,146 A C  0.0054
rs29010267 | 87,989,290 A G  0.0038 ss86217856 | 88,377,887 A G  0.0104
BTA-77094 | 87,989565 A G 0.0038 ss86217857 | 88,378201 C T  0.0104
S1 140290 88,140290 A G 0.01 ss86217858 | 88,378904 C T  0.0104
rs29015040 | 88,160,178 A T  0.0012 5117968093 | 88,391,613 A C 0.005
rs29015039 | 88,160,213 C G 0.0012 ss86217859 | 88,407,310 A G 0.005
S1 233640 88233640 A C 0.0185 ss86217860 | 88,407939 C T  0.0119

117968170 | 88,263,656 A G 0.01 ss86217861 | 88,408,758 A G 0.0042




SNP Position (bp) A1 A2 Missing SNP Position (bp) A1 A2 Missing
86217862 | 88410501 A G 0.0104 ss86217887 | 88,532,740 A G 0.0135
86217863 | 88,412,404 C T  0.0108 ss86217888 | 88,532,923 C T  0.0031
86217864 | 88,413,712 C T  0.0104 ss86217889 | 88532930 A C  0.0031
86217865 | 88415611 A G  0.0108 ss86217890 | 88533205 G T  0.0031
ss86217866 | 88,415827 A G  0.0023 ss86217891 | 88533423 A G  0.0031
86217867 | 88,416,651 A G  0.0042 ss86217892 | 88533570 A G 0.0127
ss86217868 | 88,419,759 A T  0.0038 ss86217893 | 88,533,625 A G  0.0031
86217869 | 88422590 C T  0.0042 ss86217894 | 88,534,065 C G  0.0031
ss86217870 | 88423433 C T 0.0111 rs29024681 | 88,537,898 A G 0.0031
86217871 | 88,426,655 A G  0.0104 rs29024683 | 88,537,969 A G 0.0027
ss86217872 | 88427363 C T  0.0104 rs29024684 | 88,538,027 A C 0.0031
86217873 | 88,427,486 A G 0.0104 rs29024685 | 88,538,077 A G 0.0031

ss117968525 | 88,427,761 A G  0.0142 S1 544997 | 88544997 G A 0.0027
rs41588955 | 88,470,657 A G 0.0108 S1 545414 | 88545414 A G 0.0027
rs41588953 | 88,470,917 C T 0.0073 S1 545614 | 88545614 A G  0.015

ss117968780 | 88,473588 A G 0.0046 S1 579785 | 88,579,785 C G 0.0027
S2 500334 | 88500,334 C A 0.0046 rs29025858 | 88,657,039 A T 0.0111
86217874 | 88505291 A G  0.0181 S1 723114 | 88,723,114 A G 0.0085
ss86217875 | 88505604 C T  0.0327 ss61465597 | 88,724564 A C  0.0119
rs43703014 | 88505736 A T 0.005 S1 731394 | 88,731,394 A G 0.0088
rs41588950 | 88,508,849 A G 0.0319 S1 731444 | 88,731,444 G A 00154
rs41588946 | 88508981 G T 0.0123 ss86217895 | 88,757,210 C T 0.03
rs41588945 | 88,509,069 C T  0.0323 ss8621789%6 | 88,761,333 C T 0.015
rs41588944 | 88,509,123 C T 0.0323 $s99307233 | 88,761,588 C G  0.015
S1 512065 | 88512065 G A 0.0323 ss86217897 | 88,761,753 A C  0.0115
86217876 | 88,519,758 A T  0.0161 ss86217898 | 88,761,866 @A G  0.0058
ss86217877 | 88,520,726 A G  0.0031 ss86217899 | 88,761,904 A T  0.0069
86217878 | 88520893 G T  0.0323 ss86217900 | 88,762,614 C T  0.0058
86217879 | 88520981 C T  0.0319 99307234 | 88,762,822 A T  0.0119
ss86217880 | 88,521,023 C T  0.0319 A4 784759 | 88,784,759 A G 0.0196
ss86217881 | 88528999 A C  0.0319 ss86312906 | 88,806,897 A C  0.0277
86217882 | 88,530,213 C T  0.0323 S1 874119 | 88,874,119 G A 0.0115
ss86217883 | 88,531,652 A G  0.0054 ss86217901 | 88905399 C T  0.0127
S3 532297 | 88532297 G A 0.0127 ss86217902 | 88,905,683 A G  0.0115
rs#43703015 | 88532298 C T 0.0031 ss86217903 | 88,905911 A G 0.0154
rs43703016 | 88,532,334 A C 0.0031 ss86217904 | 88,907,156 C G  0.0204
rs#43703017 | 88,532,354 A G 0.0031 S1 907992 | 88,907,992 C G 0.0115
86217884 | 88532395 A G  0.0081 rs29019575 | 88,946,761 A G 0.0146
ss86217885 | 88,532,403 A T  0.0031 ss117968738 | 88,983535 A G  0.0019
86217886 | 88,532,715 C T  0.0031 rs41655346 | 88,987,517 A T  0.0073




SNP Position (bp) Al A2 Missing SNP Position (bp) Al A2 Missing

rs41655347 | 88,990,898 A C  0.0073 S1 2139654 | 90,139,654 A G 0.0115
S1 1030092 | 89,030,092 G A 0.0054 S1 2172727 | 90,172,727 G A 0.0085
ss86326721 | 89,030,229 A G 0.01 ss61489238 | 90,184,757 A G  0.0073
rs29010354 | 89,081,281 A G 0.01 rs29025895 | 90,241,567 A G  0.0081
S3 1090122 | 89,090,122 C A  0.0081 ss86302265 | 90,259,358 A G 0.0138
S1 1135182 | 89,135182 A G  0.005 rs41629222 | 90,284,840 A T 0.01

S1 1135353 ( 89,135353 G A 0.0058 BTA-122716 | 90,284,888 A G  0.0088
s61557767 | 89,150,759 A G  0.0131 s$61528083 | 90,288991 A C  0.0058
S1 1195672  89,195672 C G  0.0027 S1 2312723 | 90,312,723 G A 0.0062
ss86341106 | 89,212,072 A G 0.0135 61562683 | 90,317539 A C 0.0077
rs29010419 | 89,274,692 A G  0.0092 S1 2327562 | 90,327562 A G 0.0054
S1 1339428 | 89,339,428 C A 0.0104 61524397 | 90,356,013 A G 0.0108
ss86285294 | 89,355,142 A G 0.0111 S1 2374858 | 90,374,858 A G 0.0054
rs41588980 | 89,355,672 A G 0.0115 S1 2380155 | 90,380,155 G A 0.01

rs41655357 | 89,369,237 A C 0.0054 ss86297489 | 90,415520 A G 0.0096
rs41655356 | 89,369,291 C T  0.0119 S2 2466078 | 90,466,078 A G  0.0081
S1 1374004 | 89,374,004 G A 0.015 ss86317874 | 90,485680 A G  0.0085
S3 1402237 | 89,402237 G A 0.0131 rs41629221 | 90,508,812 A C  0.0085
S1 1403467 | 89,403467 A C  0.0069 S1 2516475 | 90,516,475 A T  0.0073
S1 1428900 | 89,428900 A C 0.0165 S1 2518605 | 90518605 G A 0.0085
S1 1482383 ( 89482383 C G  0.0065 ss61507506 | 90564544 A G 0.0073
rs43474199 | 89,510,017 A C 0.0088 S1 2600152 | 90,600,152 A G 0.0038
rs29022799 | 89,603520 A G 0.0073 S1 2600253 | 90,600,253 G A 0.0073
s$61524338 | 89,623896 A C  0.0012 S1 2605540 | 90,605540 A G  0.0096
S1 1625793 ( 89,625,793 A G  0.0108 S1 2608741 | 90,608,741 C G 0.0031
S1 1650093 | 89,650,093 A T 0.01 rs29024027 | 90,642598 C G  0.0096
S1 1650183 ( 89,650,183 G A  0.0104 rs29024026 | 90,644,772 A C  0.0465
ss86278591 | 89,668440 C G 0.0081 s$61522200 | 90,670,190 A G  0.0035
S1 1702619 [ 89,702,619 C G  0.0081 rs43052931 | 90,715456 A G  0.0058
ss38332444 | 89,730,160 A G 0.0123 S1 2724105 | 90,724,105 A G  0.0065
ss86337596 | 89,774,922 A G 0.0104 S1 2725368 | 90,725,368 A G  0.0065
S4 1808406 | 89,808,406 G A  0.0088 rs43052940 | 90,737,717 A G 0.01

rs43338539 | 89,838,827 A G 0.0092 S1 2919075 | 90,919,075 C G  0.0127
S1 1921855 | 89,921,855 A G  0.0096 S1 2919904 | 90919904 C G  0.0027
rs43338568 | 89,926,345 A G 0.01 rs42932743 | 90,990506 A C 0.01

S1 1942988 | 89,942988 G A  0.0077 61557794 | 91,047,325 A C 0.0088
ss86296213 | 90,008099 A G 0.01 S1 3064920 | 91,064920 G A  0.0058
S1 2011530 | 90,011,530 A G 0.0111 $4 3074321 | 91074321 G A 0.0085
S1 2012190 ( 90,012,190 A G  0.0108 S1 3089897 | 91,089,897 G A  0.0085
rs42766480 | 90,075263 A G  0.0058 S1 3106225 | 91,106225 G A 0.0104




SNP Position (bp) Al A2 Missing SNP Position (bp) A1 A2 Missing
$4 3121513 ( 91,121,513 A G 0.0088 ss61557797 | 92,307,060 A G  0.0081
S2 3121785 | 91,121,785 A G  0.0146 rs42581544 | 92,434963 A G 0.0111
BTA-77209 | 91,138928 A T 0.0104 S2 4445535 92445535 C A 0.0131
s61523674 | 91,140,233 A G 0.0092 s$61496193 | 92,473530 A C  0.0085
S3 3160463 [ 91,160,463 A G  0.0081 86285114 | 92,517,198 A G  0.0023
rs41869408 | 91,190,937 A G 0.0108 S1 4564474 | 92,564,474 A C 0.0104
S1 3199714 91,199,714 G A  0.0108 S1 4564611 92,564,611 G A 0.0123
rs41870471 | 91,303,460 A C  0.0088 ss86300582 | 92,646,173 A G 0.01
S1 3365786 91,365,786 A G  0.0081 S1 4648026 [ 92,648026 A C 0.0111
S1 3387149 | 91,387,149 A C 0.01 S1 4767066 | 92,767,066 A G  0.0111
rs42149268 | 91,417,374 A G 0.0081 S1 4767192 92,767,192 G A  0.0135
S3 3472826 | 91,472,826 G A 0.01 86335839 | 92,767,317 A G  0.0135
S3 3493203 ( 91,493203 A C  0.0085 S1 4769567 | 92,769,567 A G  0.0131
ss61550746 | 91,553825 A G 0.0127 S1 4784117 | 92,784,117 G A 0.0135
S1 3571393 91,571,393 C G 0.0135 S1 4784162 | 92,784,162 A G  0.0115
S1 3599731 | 91,599,731 C A 0.0135 S3 4786144 | 92,786,144 A G 0.0119
61557678 | 91,692660 A G  0.0135 S3 4786324 | 92,786,324 A C  0.0119
rs29012368 | 91,747,096 A G 0.0127 S3 4787256 | 92,787,256 A C  0.0138
S1 3815688 [ 91,815688 G A  0.0031 ss61568524 | 92,788,188 A G  0.0246
S2 3831341 | 91,831,341 A C 0.0104 S3 4791899 92,791,899 G A  0.0119
rs43471504 | 91,874621 A G  0.015 S1 4827164 92,827,164 G A  0.0127
rs43471476 | 91,897,799 A C  0.005 86310987 | 92,835501 A C  0.0115
ss86334878 | 91,918867 A G 0.0092 rs42773532 | 92,854,146 A G 0.0123
S1 3933203 | 91933203 G A 0.01 86333471 | 92,886,879 A G  0.0135
61557674 | 91,961,905 A G  0.0085 S1 4895286  92,895286 A G  0.0115
S1 3966668 | 91,966,668 A C  0.0062 rs42775634 | 92,914,806 A G  0.0096
ss86311372 | 92,030,874 A G 0.0062 ss$61496362 | 92,949328 A G 0.0115
S1 4060584 | 92,060584 A C 0.01 rs42592169 | 93,002336 A G  0.005
S3 4060620 [ 92,060,620 G A 0.0119 S1 5030857 [ 93,030,857 A G 0.0115
S1 4060723 | 92,060,723 A G 0.0108 rs42592200 | 93,031,311 A G 0.0111
S1 4078268 [ 92,078268 G A  0.0108 ss86313553 | 93,055,656 A G  0.0135
BTA-76997 | 92,095682 A G 0.01 S1 5059912 [ 93,059,912 A G 0.0127
ss61557664 | 92,150,444 A G 0.0092 S1 5061634 | 93,061,634 A G 0.0127
S1 4157186 | 92,157,186 A G 0.0042 S1 5102712 | 93,102,712 G A  0.0142
ss86339292 | 92,179,319 C G  0.0046 BTA-95635 | 93,124,191 A G 0.0127
S1 4181027 | 92,181,027 A G 0.01 S1 5124587 | 93124587 A C  0.0092
ss86339125 | 92,216,838 A G 0.0077 S1 5124691 93124691 G A  0.0315
S1 4219093 | 92,219,093 C G 0.0085 rs42582518 | 93,155307 A G 0.0085
rs29016177 | 92,240,040 A G 0.0092 S1 5273006 [ 93,273,006 A G 0.0088
rs42959067 | 92,274,348 A G  0.0046 S1 5283723 | 93,283,723 A G  0.0054




SNP Position (bp) Al A2 Missing SNP Position (bp) Al A2 Missing
S1 5283784 | 93,283,784 A G 0.0108 S3 6064479 | 94,064,479 A C  0.005
S1 5295667 | 93,295667 A G  0.0519 S2 6065214 | 94,065214 A G 0.0046
S1 5297134 | 93,297,134 C G 0.0135 S3 6081399 | 94,081,399 A T 0.0108
s$61493860 | 93,305,750 A G 0.0077 ss117968835 | 94,082,193 A C  0.0108
61569057 | 93,371,538 A G 0.0138 546526537 | 94,129,168 A G 0.0058
S1 5396499 | 93,396,499 C G 0.0023 rs41256838 | 94,129,426 A G  0.0069
S1 5407278 | 93,407,278 C A 0.0119 S1 6203179 | 94,203,179 A G 0.0069
S1 5409101 | 93,409,101 A G 0.0119 ss86289048 | 94,204,423 A G 0.0146
S1 5458165 | 93,458,165 A G  0.0119 $4 6220618 | 94220618 G A 0.0158
rs42615162 | 93,463204 A G 0.0119 S3 6223260 | 94,223260 A G 0.0065
S1 5468271 | 93468271 C A 0.0185 S3 6223635 | 94223635 A G 0.0154
S1 5468295 | 93468295 G A 0.0119 S1 6251020 | 94,251,020 G A 0.0081
S1 5486836 | 93486836 G A 0.0123 S3 6259201 | 94,259201 A G 0.0073
rs43479253 | 93545537 A G 0.0131 s46526588 | 94,267,998 A G 0.0165
S1 5546692 | 93546692 C G  0.0096 S3 6272032 | 94,272,032 A G 0.0096
S2 5546941 | 93546941 G A 0.0108 S3 6272044 | 94,272,044 A G 0.0096
S1 5566788 | 93,566,788 C A  0.0108 S3 6286726 | 94,286,726 A G 0.0211
S1 5613019 | 93613019 G A 0.0031 $s86294120 | 94,293,113 A C 0.01
ss86316121 | 93,640,925 A G 0.0054 ss86336873 | 94,318084 A G  0.0092
S1 5645877 | 93645877 C G 0.019 S1 6336752 | 94,336,752 G A 0.0088
rs42553777 | 93682966 A G  0.0096 S1 6336772 | 94,336,772 A G 0.0085
rs42553790 | 93,704,721 A G 0.02 S1 6336828 | 94,336,828 G A  0.0085
ss61495618 | 93,729.871 A G 0.0246 S1 6337075 | 94,337,015 G A 0.0085
rs42992679 | 93,767,254 A G 0.0161 S1 6339238 | 94,339238 A G 0.0085
S1 5789318 | 93,789,318 A G  0.0208 S1 6343946 | 94,343946 C G 0.0231
rs42555873 | 93,850919 A C  0.0177 S1 6369447 | 94,369,447 G A 0.0158
S3 5864750 | 93,864,750 A G 0.0104 rs43477315 | 94,384509 A G 0.0154
S1 5877815 | 93877815 A G 0.0104 S1 6409488 | 94,409,488 A G 0.01
S1 5890378 | 93,890,378 C G 0.0104 S1 6413736 | 94,413,736 A G  0.0092
rs42553820 | 93918271 A C  0.0069 Sl 6414384 | 94,414384 G A  0.0096
S1 5955044 | 93,955,044 A G 0.0288 ss86313930 | 94433956 A G  0.0054
$4 5955540 | 93955540 A G 0.0042 S1 6487721 | 94,487,721 G A 0.0081
ss86291415 | 93,962,055 A G  0.0104 S1 6487844 | 94,487,844 A G 0.0046
S1 5977073 | 93,977,073 A G 0.03 Sl 6526163 | 94,526,163 G A  0.0046
S1 5984576 | 93984576 G A 0.0185 S1 6540023 | 94,540,023 A G  0.005
S1 6023891 | 94,023,891 G A  0.0085 S1 6541850 | 94,541,850 A G 0.0146
S1 6023958 | 94,023958 A G 0.0131 S1 6541909 | 94541909 C A 0.0054
S3 6027168 | 94,027,168 C A 0.0092 61557749 | 94,544,954 A G 0.0092
S3 6027231 | 94,027,231 A G 0.0092 S1 6607514 | 94,607514 A T 0.0085
ss117967932 | 94,050,759 A G 0.0092 S1 6610441 | 94,610441 C G 0.0065




SNP Position (bp) A1 A2 Missing SNP Position (bp) Al A2 Missing
S1 6610634 | 94,610634 G A  0.0069 S1 7030075 | 95,030,075 A G 0.0127
Sl 6622612 | 94,622,612 A G 0.0065 $4 7035373 | 95,035373 G A 0.0127
Sl 6624188 | 94,624,188 C G 0.0054 ss61557762 | 95,042,615 A C 0.0473
86322902 | 94,640,252 A G 0.0131 S1 7054092 | 95,054,092 G A 0.0138
Sl 6667541 | 94667541 G A 0.0158 S1 7069325 | 95,069,325 C G 0.0115
Sl 6674676 | 94,674676 A G 0.0135 rs43480110 | 95,080,504 A G 0.0131
S1 6688056 | 94,688,056 A G 0.0088 S2 7081622 | 95081622 C A  0.0092
Sl 6688324 | 94688324 G A  0.0096 S1 7094642 | 95094642 G A 0.0131
rs43475613 | 94,709,427 A G  0.0096 S3 7095881 | 95095881 G A 0.0131
4 6716379 | 94,716,379 A G 0.0092 S3 7095929 | 95095929 A C 0.0131
rs29016391 | 94,720,776 A G  0.0092 ss86330106 | 95103436 A G 0.0131
rs29016392 | 94,723,804 A C 0.0092 S1 7125409 | 95,125409 G A 0.0135
ss86341394 | 94,736,057 A G  0.0092 rs43470932 | 95,137,925 A G 0.0127
rs29016270 | 94,737,420 A G 0.0088 rs43470953 | 95,163,007 A G  0.0058
S1 6738925 | 94,738925 G A 0.0181 S1 7183015 | 95,183,015 G A  0.0058
S1 6740736 | 94,740,736 A G  0.0085 S1 7217082 | 95,217,082 G A 0.0115
S1 6786769 | 94,786,769 G A  0.0092 S1 7217309 | 95,217,309 G A 0.0108
ss86339206 | 94,788,665 A G 0.0242 61472560 | 95,229,149 A G 0.0108
$4 6790634 | 94,790634 A G 0.0081 S1 7240127 | 95,240,127 C A 0.0108
ss86293643 | 94,827,334 A G 0.0085 BTA-109071 | 95256811 A G 0.0138
S1 6833805 | 94,833805 G A 0.0123 S1 7257839 | 95,257,839 A T  0.0062
4 6856096 | 94,856,096 C G  0.015 ss86286430 | 95,269,007 A C 0.0127
S1 6861220 | 94,861,220 A G 0.0154 S1 7272273 | 95272273 G A 0.0127
S1 6866365 | 94,866,365 C A  0.0127 S4 7286837 | 95,286,837 A G 0.0123
S1 6871888 | 94,871,888 A G 0.0108 S3 7313175 | 95,313,175 G A 0.0123
S1 6872070 | 94,872,070 G A 0.0108 S1 7315550 | 95315550 G A 0.0123
S1 6872209 | 94,872209 C G 0.0108 S1 7349924 | 95,349,924 G A 0.0123
ss117963883 | 94,872476 A G 0.0108 S1 7356138 | 95,356,138 C A  0.0115
S1 6873310 | 94,873310 A G 0.0108 S1 7357823 | 95,357,823 A G 0.0131
BTA-77150 | 94,876,519 A G 0.0115 Sl 7361612 | 95361612 C G 0.0115
S1 6890932 | 94,800932 A G 0.0042 S1 7381933 | 95381933 A G 0.0131
Sl 6895845 | 94,895845 G A 0.01%4 S1 7409611 | 95,409,611 G A 0.01
S1 6929113 | 94,929,113 C G 0.0138 S1 7410456 | 95410456 C G 0.0215
S1 6934119 | 94,934,119 A G 0.0062 S1 7418018 | 95418018 A C 0.0219
BTA-77152 | 94957486 A G 0.0115 S1 7510680 | 95510680 C G 0.0138
86332222 | 94,977,130 A G 0.0038 ss86332567 | 95,528,037 A C  0.0085
S1 7018465 | 95018465 G A  0.0135 ss117968857 | 95643454 A G 0.0115
S1 7025716 | 95,025,716 G A  0.0119 Sl 7696847 | 95,696,847 C G 0.0135
S1 7027742 | 95,027,742 G A 0.0127 ss86306932 | 95,704,460 A G 0.0081
S1 7027990 | 95,027,990 A G 0.0131 S1 7707881 | 95,707,881 A G 0.0135




SNP Position (bp) Al A2 Missing SNP Position (bp) Al A2 Missing
rs29020798 | 95,739,958 A C 0.0115 S1 8397663 [ 96,397,663 A T  0.0108
rs29020799 | 95,740,171 A T 0.0123 S1 8400023 | 96,400,023 G A  0.0085
rs29020800 | 95,740,392 A C 0.0315 S1 8405322 ( 96,405322 A G  0.0027
rs43479594 | 95,770,022 A G 0.0123 S1 8416402 | 96,416,402 A G 0.0131
S1 7779152 | 95,779,152 G A  0.0119 S1 8422848 ( 96422848 G A  0.0038
rs43475934 | 95800600 A G 0.0131 S1 8423037 | 96,423,037 A G 0.0365
61523677 | 95,840,994 A G 0.0115 S1 8426125 96,426,125 G A 0.01
61557804 | 95,925,105 A G  0.0035 S1 8439911 | 96439911 C A 0.01
61557805 | 95958447 A G 0.0088 S1 8445514  96,445514 C A 0.0115
rs42800221 | 95,984,333 A C  0.0096 rs29014369 | 96,447,880 C G 0.0165
rs42801113 | 96,023,301 A G  0.0096 S1 8461261 | 96,461,261 A G  0.0065
ss86341675 | 96,063,579 A G 0.0096 S1 8469079 | 96,469,019 A G  0.0077
S1 8068950 | 96,068950 A G  0.0038 S1 8469211 96,469,211 A G  0.0169

S2 8086729 | 96,086,729 C G  0.0092 S1 8470042 | 96,470,042 C A 0.0131
S1 8120611 | 96,120,611 G A  0.0042 S1 8485952 [ 96485952 C A 0.0131
BTA-77356 | 96,189520 A C 0.0123 S1 8511422 | 96,511,422 G A 0.0711
ss86289414 | 96,193687 A G  0.0119 rs43482362 | 96,513910 A G 0.0058
S1 8195493 | 96,195493 A G  0.0092 S1 8534488 | 96,534,488 C G  0.0062
S1 8217099 | 96,217,099 A G 0.0096 S1 8590026 [ 96,590,026 G A  0.0088
BTA-77352 | 96,217,245 A G 0.0127 BTA-77248 | 96,597,778 A G  0.0062
ss86310942 | 96,220,857 A C  0.0046 ss86340510 | 96,601,544 A G  0.0038
S1 8222411 | 96,222,411 A G  0.0127 4 8640753 | 96,640,753 G A 0.0123
S1 8222975 | 96222975 G A 0.0131 S1 8641446 96,641,446 A G  0.0046
S1 8240448 | 96,240,448 C G 0.0211 rs29022916 | 96,641,479 A G 0.0108
S1 8247074 | 96,247,074 A T 0.0115 S1 8664883 ( 96,664,883 A G  0.0042
61557846 | 96,259,022 A G 0.0108 S1 8678259 | 96678259 G A 0.0111
S1 8285649 | 96285649 C A 0.0042 S1 8680977 | 96,680,977 G A  0.0208
S1 8287325 | 96,287,325 A G 0.0127 rs43479020 | 96,704582 A G  0.0115
ss86324329 | 96,299549 A G 0.0135 BTA-06258 | 96,723957 A G 0.0127
S1 8304280 | 96,304280 G A 0.0131 rs29020620 | 96,724,593 A G  0.0058
S1 8306691 | 96,306,691 A G 0.0135 S1 8762880 [ 96,762,880 C A  0.0058
rs29011685 | 96,314998 C G 0.0138 S1 8782146 | 96,782,146 A G  0.015
rs43476086 | 96,322,848 A G  0.0046 S1 8786997 | 96,786,997 G A 0.015
S2 8337250 | 96,337,250 A G 0.0111 BTA-27374 | 96,799,041 A G 0.0146
S1 8341752 | 96,341,752 G A  0.0127 S1 8821525 ( 96,821,525 A G 0.0065
S1 8342307 | 96,342,307 A G 0.0042 S1 8821967 | 96,821,967 C A 0.015
S1 8342553 | 96,342553 A G 0.0042 S1 8821975 96,821,975 G A 0.015
rs43476044 | 96,344,643 A G 0.0042 S1 8831027 | 96,831,027 A G  0.015
S1 8359318 | 96,359,318 G A 0.0027 rs42790107 | 96,844636 A G 0.0154
ss117968766 | 96,394,191 A G  0.0104 S1 8861052 | 96,861,052 A C 0.0135




SNP Position (bp) Al A2 Missing
S1 8861166 | 96,861,166 G A  0.0631
S1 8861667 | 96,861,667 G A 0.118
S1 8861779 | 96,861,779 G A  0.0631
S1 8876675 | 96,876,675 C G  0.0631
S1 8881771 | 96,881,771 G A 0.0654
61518585 | 96,884,950 A G 0.0654
ss117968707 | 96,907,794 A G  0.0627
ss61540596 | 96,979,904 A C  0.0069
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