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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 a genome-wide asso-
ciation study was performed to identify polymorphisms affecting susceptibility to mastitis.
Genotypes for 17 349 SNPs distributed across the 29 bovine autosomal chromosomes from
a total of 2589 sires with 1 389 776 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 first three 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 quanti-
tative trait locus affecting occurrence of clinical mastitis in late lactation on chromosome
14. None of the quantitative trait loci for clinical mastitis detected in the study seemed to
affect lactation average of somatic cell score. The SNPs highly associated with clinical
mastitis lie near both the gene encoding interleukin 8 on chromosome 6 and the genes
encoding the two interleukin 8 receptors on chromosome 2.

Keywords clinical mastitis, genome-wide association studies, Linkage disequilibrium
linkage analysis, Norwegian Red cattle, Somatic cell score.

Bacterial infections are usually cleared by host defence

Background

Mastitis has a substantial impact on the dairy industry. The
disease affects approximately 25% of Norwegian dairy cows
each year (Osteras et al. 2006), and estimated annual losses
of 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%
of cows with clinical mastitis (CM) (@steras et al. 2006).
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mechanisms or antibiotic treatment within a 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.
The 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 first two 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
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period (Waller 2000; Sordillo 2005; @steras et al. 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 first three lactations per cow
(Svendsen & Heringstad 2006a). As defence mechanisms
change through stages of lactation, it is reasonable to treat
occurrence of CM in the different stages of lactation as dif-
ferent traits when attempting to map and characterize
quantitative trait loci (QTL) affecting susceptibility to CM.
Previous linkage mapping studies have reported QTL
affecting CM on a number of Bos taurus autosomes (BTAs).
Klungland et al. (2001) reported a QTL for CM in NRF on
BTAs 3, 4, 6, 14 and 27. Moreover, Sahana et al. (2008)
reported a QTL for CM on BTA9 at 73.9 Mb in three Nordic
cattle breeds and Schulman et al. (2004) reported QTL 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 has been re-
ported, 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 2006Db).
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 the presence of
pleiotropic effects. Pleiotropic effects of increased milk pro-
duction 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 (Elsik et al. 2009;
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 (Osteras et al. 2007).

Materials and methods

Animals and experimental design

NRF is a mixed breed formed not only from local Norwegian
breeds, Ayrshire and Swedish Red and White (SRB), but also
with some influence of Holstein. Norway has a nationwide
recording system for health data from dairy -cattle.

The national Norwegian Dairy Herd Recording System has
included VRCM since 1975 and SCS since 1978 (Osteras
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 vari-
ance due to environmental effects compared with other
designs (Weller et al. 1990). Records of VRCM were re-
trieved as a binary trait for a total of 1 389 776 daughters
of 2086 paternal half-sib sires from 109 families. Number of
daughters per sire ranged from 45 to 5793, 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, as 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 2118 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.

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 (Gibbs et al. 2009; Mat-
ukumalli 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 17 349.
These SNPs were used to construct male linkage maps for
the 29 BTAs that in turn were used to assist assembly of the
bovine genome sequence (Liu et al. 2009). Locally devel-
oped software was further used to determine phased chro-
mosomes and impute missing genotypes. This software used
information generated from modified versions of crRI-MAP 2.4
(Green et al. 1990) and puast (Stephens et al. 2001).

Genome-wide association study

GWAS for CM and SCS were performed for 17 349 SNPs to
estimate marker effects. Genotype and phenotype informa-
tion for 2086 sires for CM and for 2118 sires for SCS were
included in the analyses. Data for both CM and SCS were
divided into two datasets, which were analysed indepen-
dently. This division was done by listing the families by
grandsire identity number, subscribing every second family
to subset 1 and the remaining families to subset 2, for each
of the two traits. GWAS was performed on the two datasets
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Table 1 Records on occurrence of CM in granddaughters were divided
into seven time periods (CM1, CM2, CM3, CM4, CM5, CM6 and
CM?7) as described below. 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)

M1 1 -15 to 30 1389776  0.02922895
CcM2 1 31 to 120 1375776 0.01474941
CM3 1 121 to 305 1283469  0.01943932
CcM4 2 -15 to 30 989525  0.02871001
CM5 2 31 to 305 885345  0.04020668
CM6 3 —-15 to 30 632262 0.03633787
cMm7 3 31 to 305 543408  0.04852926

CM, clinical mastitis; DYD, Daughter-yield-deviations.

and on the combined dataset for all 17 349 SNPs for both
CM and SCS. The mixed model was:

Pi= ng +Ya;+7Zmy+ejji

Here phenotypic value P is daughter-yield-deviations of
sire i, weighted by number of daughters; g is fixed effect of
grandsire j, a is random effect of sire i, where co-variance
structure between sires is determined from pedigree rela-
tionships, m is random effect of genetic marker k and e is an
error term. The polygenic (a) component was fitted to re-
move the effect of population stratification, for example due
to large half-sib families. Macleod et al. (2010) demon-
strated that including an 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
historical recombination events in addition to recombina-
tion events within genotyped families in order to estimate
haplotype effects. Phased chromosomes from all 2589
genotyped sires were included in the analysis along with
phenotype information for 2086 sires for CM. The analysis
was performed using the crmotr. 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 as population
foundation was set to 100 (e.g. Meuwissen & Goddard
2001). Identity-by-decent (IBD) probabilities were calcu-
lated based on 5-marker haplotypes for positions separated
by 1 Mb intervals along each chromosome. The mixed
model was:

Pi= Xby+Zhy+ejjk

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

Quantitative trait loci for clinical mastitis

SNP effects

For the detected QTLs the effect of alleles and genotypes of
the most significant SNP on DYD for CM were calculated.
A model including the same fixed effects as those used for
the association analyses was used. In addition, haplotype
combination 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 QTL

Multiple QTL analysis was performed to find out if any of the
putative 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 + ng+Yai+ka+eijk

Here s is fixed effect of the SNP, with the strongest marker-
trait 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 asremr. software (Gilmour et al. 2000) for each SNP, as
the difference between the log-likelihood of a model con-
taining 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 chi-square distributions
with O and 1 degrees 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 mar-
ker-trait association, whereas for GWAS on the combined
dataset, a LRT score larger than 13.81 (P-value <0.0001)
was considered, significant marker-trait association. A log-
arithm of odds (LOD) score >3, corresponding to a LRT
score >13.81, is an indication of genome-wide significance
(Lander & Botstein 1989). The crior. 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 10 Mb of a significant
association from GWAS. The LOD drop-off method (Lander
& Botstein 1989) was used to find approximate confidence
intervals (CIs) from LDLA LRT scores for confirmed QTL
regions. The CIs were defined as including positions within
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4.6 LRT of the maximum on both sides of the LRT peak for
LDLA, yielding an approximate 96.8% CI (Mangin et al.
1994).

Results

GWAS for clinical mastitis and somatic cell score were
conducted on two independent datasets as well as a com-
bined dataset. Significant marker-trait associations in both
of the two independent datasets for CM were found for 10
SNPs positioned on chromosomes 2, 4, 6, 9, 17 and 20 and
for SCS for four SNPs positioned on chromosomes 12, 19
and 26. Significant marker-trait associations in the com-
bined dataset for CM were found for 26 SNPs positioned on
10 chromosomes and for SCS for 11 SNPs positioned on six
chromosomes. A summary of GWAS results are given in
Table 2 for CM and in Table 3 for SCS. The analysis
revealed no SNPs showing consistently significant marker-
trait 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
17 349 SNPs are presented in Table 4. 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. As the trait of interest in this study was
susceptibility to mastitis, only putative QTL for CM were
investigated further.

LDLA for CM was performed for all chromosome-trait
combinations giving significant associations by GWAS in
both the independent datasets and for the ten chromosome-
trait combinations giving strongest marker-trait associa-
tions 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, BTAG6 for CM in time period 4, chromosomes 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
2589 paternal half-sib sires from 109 families. The GrIDQTL
software was not able to estimate haplotype effects for all
positions, presumably due to convergence issues for the
remaining positions. For three of the chromosome-trait
combinations (BTA6 for time period 4 and 6 and BTA9 for
time period 5) the software was only able to estimate hap-
lotype effects for a few positions. Putative QTLs identified by
GWAS on the two independent datasets and on the com-
bined 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 four chromosome-
trait combinations are presented in Fig. 1. Highest LRT

scores from LDLA were found for positions on BTA2 at
104 Mb, on BTA6 at 95 Mb, on BTA14 at 42 Mb and on
BTA20 at 43 Mb. Approximate 98.6% ClIs for the four QTL
regions based on the LOD drop-off method (Lander & Bot-
stein 1989) included the regions 103.4-104.3 Mb on
BTA2, 94.2-95.3 Mb on BTA6, 41.3-42.3 Mb on BTA14
and 41.8-43.2 Mb on BTA20. Highest LRT scores from
GWAS on the combined dataset for each of the four QTL
were found for SNP BTA-120624 at 103.9 Mb on BTA2, for
SNP BTA-119376 at 90.7 Mb on BTA6, for SNP BTA-
34923 at 45.2 Mb on BTA14 and for SNP BTA-19985 at
43.3 on BTA20.

For each of these four QTLs, effects of alleles and geno-
types for the most significant SNP by GWAS for CM are
shown in Table 5. 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 17 349 SNPs. For SNP
BTA-34923 on BTA14 and SNP BTA-19985 on BTAZ20,
low minor allele frequencies (MAF) contributed to large
standard deviation relative to effect sizes, resulting in more
uncertain effect estimates.

All the four QTL regions contained several SNPs signifi-
cantly associated with occurrence of CM (see Table 2).
Therefore, tests for multiple QTL were performed on the
combined dataset to find out whether any of these regions
contained more than one QTL. For all four QTL regions, LRT
scores of the remaining SNPs were lowered to non-signifi-
cant 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
112.8 Mb with LRT score 5.16, SNP BTA-86975 on BTA6
at 88.4 Mb with LRT score 4.82, SNP rs29018717 on
BTA14 at 61.3 Mb with LRT score 6.66 and SNP BTA-
50239 on BTA20 at 35.5 Mb with LRT score 9.04.

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,
confirmed by LDLA, was detected by GWAS on the com-
bined 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
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Table 2 Significant marker-trait associations from GWAS on two independent datasets and on the combined dataset for CM on the 29 Bos taurus
autosomes (BTAs). BTA, SNP, position (Mb), LRT score for datset 1 (D1), dataset 2 (D2) and the combined dataset (CD) and time period (TP) are

given.
BTA SNP Position (bp) D1 LRT D2 LRT CD LRT TP
2 BTA-47902 68 074 185 4.92 3.26 15.50 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 M1
2 rs29025784 112 396 633 4.06 4.10 14.62 Ccm1
4 rs29020694 90 418 076 5.65 3.23 20.14 Ccm1
6 BTA-119376 90 670 190 3.28 12.74 32.36 M1
6 BTA-119376 90 670 190 2.76 3.16 15.46 CMé
6 BTA-77136 94 544 954 18.80 CMm4
6 BTA-109071 95 256 811 14.18 CMé6
6 BTA-77356 96 189 520 3.08 5.18 15.60 Ccm1
7 BTA-78563 22 841729 16.92 CM5
7 BTA-99486 26 347 331 16.80 CM5
9 BTA-84619 88 416 414 2.95 2.71 CM5
10 BTA-79349 92 455 424 14.20 CMé
13 rs29022774 62 928 524 13.90 CM4
13 rs29022775 62 928 533 15.90 CM4
14 rs29012803 17 289 087 14.90 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 15.96 CM2
16 BTA-38543 33335777 14.64 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 35530 051 2.96 3.84 16.02 M1
20 BTA-50236 35 861 339 17.10 Ccm1
20 rs29021255 38 261 470 14.88 CM3
20 BTA-19985 43 267 496 20.76 M1
20 BTA-22852 50 780 080 14.36 CM5
29 rs29027496 45 602 144 14.36 cm1

CM, clinical mastitis; GWAS, genome-wide association studies; LRT, likelihood ratio test.

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 103.9 Mb
on BTA2, for SNP BTA-119376 at 90.7 Mb on BTA®6, for
SNP BTA-34923 at 45.2 Mb on BTA14 and for SNP BTA-
19985 at 43.3 on BTA20. Approximate 98.6% CIs were
found by the LOD drop-off method for all four QTLs based
on LDLA test scores. The CI on BTA2 included the SNP
with the highest test score from GWAS in this region. The
CIs 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 estimated for
every 1 Mb across each chromosome and unfortunately
the crmorTL software was not able to estimate haplotype
effects for all positions. Construction of CIs based on LDLA
analysis might therefore be an inaccurate approach for this
study.

Table 3 Significant marker-trait associations from GWAS on two
independent datasets and on the combined dataset for SCS on the 29
Bos taurus autosomes (BTAs). BTA, SNP, position (Mb) and LRT score
for datset 1, dataset 2 and the combined dataset are given.

BTA  SNP Position (bp) D1 LRT D2 LRT CD LRT
8 BTA-120681 27 391 619 14.00
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 5546526232 42 098 180 16.20

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

GWAS, genome-wide association studies; LRT, likelihood ratio test;
SCS, somatic cell score.
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Multiple QTL analysis did not provide evidence of more
than one QTL in any of the four regions. However, a rela-
tively high LRT score of 9.04 was found for a SNP at
3.53 Mb on BTA20 when including the SNP at 43.27 Mb
as a fixed effect. This LRT score is below our threshold for
GWAS on the combined dataset, but the 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

Table 4 Correlations between SNP effects on SCS and CM in the
seven lactational time periods (the seven lactational time periods are
described in Table 1).

CM1 CM2 CM3 CM4 CM5 CM6 CM7
SCS 0.04 0.1 0.1 0.08 0.15 0.10 0.12
CM1 0.14 0.08 0.34 0.15 0.22 0.07
CM2 0.30 0.16 0.33 0.11 0.21
CM3 0.10 0.31 0.07 0.17
CM4 0.13 0.33 0.09
CM5 0.10 0.31
CMe6 0.09
CM,, clinical mastitis; SCS, somatic cell score.
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reported on BTA2 at 100 ¢cM (Bennewitz et al. 2003) close
to our most significant SNP for CM on BTA2 at 103.9 Mb.
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 the power of QTL detection for SCS. Our anal-
yses showed no consistencies between QTL for CM and for
SCS. Similar results have been reported for the NRF popu-
lation in a previous study (Klungland et al. 2001).

Correlations in SNP effects based on all 17 348 SNPs
were higher between SCS and CM in late lactation than
between SCS and CM in the periparturient period, sup-
porting 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 on
BTA6 around 90 Mb have previously been reported for NRF
(Nilsen et al. 2009) in a study including the same popula-
tion 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 90 Mb on BTA6 in this
study. QTLs affecting susceptibility to CM on BTA14, close
to our most significant SNP on BTA14 at 45.2 Mb, have
been reported by both Lund et al. (2007) and Schulman
et al. (2004). More milk production trait QTLs have been
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Figure 1 Results from genome-wide association studies (GWAS) and linkage disequilibrium linkage analysis (LDLA) for BTA2 for CM1, BTA6
for CM1 BTA14 for CM2 and BTA20 for CM1. Black bars show likelihood ratio test (LRT) score from GWAS, grey lines show LRT scores
from LDLA. Dotted horizontal line indicate LRT threshold for GWAS (LRT >13.81).
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Table 5 Effects of SNPs on DYD for CM for the most significant SNP in
each of the four QTL regions. Bos taurus autosome (BTA), SNP, alleles
and genotypes, frequencies of alleles and genotypes, effect of alleles
and genotypes, standard deviation (SD) of effect and time period (TP)
are given. Effects are expressed as DYD standard deviations from the
mean value. Standard deviations 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 CcM1
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 CM1
T 0.74 -0.01 0.03
CcC 0.07 0.36  0.09
CT 0.38 0.09 0.04
T 0.55 -0.11 0.04
14 BTA-34923 C 0.19 -0.03 0.03 CcM2
T 0.81 -0.04 0.03
CcC 0.03 -0.05 0.17
cT 0.31 0.01 0.04
T 0.66 -0.06 0.03
20 BTA-19985 C 0.19 -0.01 0.03 M1
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

CM, clinical mastitis; DYD, Daughter-yield-deviations;
QTL, quantitative trait loci.

reported for chromosomes 6, 14 and 20 than for the other
bovine chromosomes (Khatkar et al. 2004).

Genetic susceptibility to CM could have different biologi-
cal causes at different stages of lactation (Waller 2000;
Sordillo 2005; Osteras et al. 2006), which could reduce
power to detect QTLs affecting susceptibility to CM only in a
particular phase of lactation. In this study, phenotypic re-
cords on occurrence of CM were divided into seven time
periods (Table 1) and thus the occurrence of CM in each
stage of lactation was treated as a different trait. 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. Corre-
lations based on all 17 349 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

Quantitative trait loci for clinical mastitis

CM in different phases of lactation (Svendsen & Heringstad
2006a) and supports division of records on CM into lacta-
tional time periods.

The strongest marker-trait association by GWAS on the
combined dataset was between SNP BTA-119376 at
90.7 Mb on BTA6 and clinical mastitis 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
BTA®6. In particular, the gene coding for interleukin 8 (IL8)
is positioned on BTA6 at 91.78 Mb. 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 (Usteras et al.
2006). Gram positive bacteria such as S. aureus are
assumed to initiate expression of IL8 by toll-like receptor 2
activation after the cell wall components lipoteichoic acid or
peptidoglycan (Bannerman et al. 2004). There have 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 could be due to genetic differences between
cattle, or due to different strains of S. aureus being investi-
gated in the different studies.

Candidate genes associated with immunological defence
are also found close to other QTL. 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 positioned at 110.6 Mb and 110.6 Mb, between SNPs
BTA-120624 and rs29025784 at 103.9 Mb and
112.4 Mb. Both these SNPs 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 the occurrence of sub-
clinical 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,b). 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 34.4 Mb, 35.7 Mb and
37.3 Mb on BTA20. By GWAS, four SNPs in the interval
35.5-45.6 Mb on this chromosome showed significant
association with CM in the periparturient period. Comple-
ment components are an important part of immunological
defence, being involved in inflammation, phagocytosis,
attack on bacterial membranes and promotion of antibody
production. Although the genes mentioned above 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 that our two most
significant SNPs on BTA2 are near the genes coding for

© 2011 The Authors, Animal Genetics © 2011 Stichting International Foundation for Animal Genetics, doi: 10.1111/j.1365-2052.2010.02165.x
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CXCR1 and CXCR2, whereas our most significant SNP on
BTAG®6 is near the gene coding for ILS.
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