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Inflammation of the mammary gland following bacterial infection, commonly known as mastitis,
affects all mammalian species. Although the aetiology and epidemiology of mastitis in the dairy
cow are well described, the genetic factors mediating resistance to mammary gland infection are
not well known, due in part to the difficulty in obtaining robust phenotypic information from suffi-
ciently large numbers of individuals. To address this problem, an experimental mammary gland
infection experiment was undertaken, using a Friesian-Jersey cross breed F2 herd. A total of 604
animals received an intramammary infusion of Streptococcus uberis in one gland, and the clinical
response over 13 milkings was used for linkage mapping and genome-wide association analysis. A
quantitative trait locus (QTL) was detected on bovine chromosome 11 for clinical mastitis status
using micro-satellite and Affymetrix 10 K SNP markers, and then exome and genome sequence
data used from the six F1 sires of the experimental animals to examine this region in more detail.
A total of 485 sequence variants were typed in the QTL interval, and association mapping using
these and an additional 37 986 genome-wide markers from the Illumina SNP50 bovine SNP
panel revealed association with markers encompassing the interleukin-1 gene cluster locus. This
study highlights a region on bovine chromosome 11, consistent with earlier studies, as conferring
resistance to experimentally induced mammary gland infection, and newly prioritises the IL1
gene cluster for further analysis in genetic resistance to mastitis.
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Introduction

Mammary gland inflammation, or mastitis, is a relatively
common condition that affects all mammalian species. In
the dairy cow, infection of the mammary gland by bacteria
leads to substantial economic costs, due to reductions in
milk production and quality (NMC, 2016), and compromises
animal welfare. Bacteria that have penetrated the teat duct
may be eliminated rapidly by the sentinel cellular defences,

or by an acquired immune response. If the defences are over-
whelmed, bacterial numbers may proliferate inducing a
severe inflammatory response (Hogan et al. 1999).

Early New Zealand studies to estimate the heritability of
resistance to mastitis showed potential (Ward, 1938; Lush,
1949). However, better understanding of the genetic deter-
minants of resistance to mammary infection has remained
limited, in part due to the complexity of defining accurate
phenotypes, and the interplay between host and pathogen.
Previous studies have attempted to identify quantitative
trait loci (QTL) for mastitis using dairy cow populations
where milk characteristics and health records are collected*For correspondence; e-mail: sally-anne.turner@dairynz.co.nz
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on large numbers of animals. These studies typically report
the milk somatic cell count (SCC) as a surrogate phenotype
for mastitis. Gross SCC can be taken as indicative of current
or historical infection and correlates with clinical mastitis to
varying degrees (Heringstad et al. 2000). QTL for host SCC
have been identified on most bovine autosomes
(Klungland et al. 2001; Ron et al. 2004; Lund et al. 2008;
Tal-Stein et al. 2010), however the correlation between
SCC and clinical mastitis is not perfect, e.g., reflecting the
degree of cellular dilution as milk volumes change
through lactation. Further, the number of cells may never
decline to pre-infection levels if substantial pathological
damage has occurred (Harmon, 1994).

Other investigations have used genome-wide approaches
to identify QTL for clinical mastitis in the dairy cow directly
(Holmberg & Andersson-Eklund, 2004; Lund et al. 2007,
2008; Schulman et al. 2009) identifying mastitis QTL on
various chromosomes, including some intervals that
overlap with QTL for milk cell abundance (in particular on
chromosomes 9 and 11). Clinical mastitis occurrence is
also a broadly defined phenotype, being pathogen non-spe-
cific, and representing composite failure of the various
defences against disease.

The objective of the current study was to delineate the
Streptococcus uberis clinical mastitis phenotype to discover
genetic variation in the innate and adaptive immune
responses within the mammary gland. Str. uberis causes
approximately 80% of clinical mastitis in New Zealand
dairy cows (McDougall, 2002) and so is the most relevant
pathogen for us to investigate. An intramammary bacterial
challenge experiment was undertaken, exposing animals
within a large bovine crossbreed population of known pedi-
gree to a single strain and dose of a defined filed relevant
strain of Str. uberis. Genome-wide linkage and association
mapping, in conjunction with exome and genome sequen-
cing data, have been used to identify chromosomal
regions that may harbour innate immunity loci, positional
candidates for variations in mastitis susceptibility.

Materials and methods

Animals

Animal experimentation was approved by the Ruakura
Animal Ethics Committee (Hamilton, New Zealand) in
accordance with the New Zealand Animal Welfare Act of
1999. The experimental animals consisted of a subset
from a population of 864 F2 Holstein-Friesian × Jersey
cross breed dairy cows of known pedigree, representing
half-sib offspring of six F1 sires (Spelman et al. 2001). This
population comprised two cohorts, bred over successive
years and located on the same research farm.

Pre-trial microbiology and treatments

The bacteriological status of milk from all animals was
assessed five weeks pre-trial to identify and treat pre-existing

infections, aiming to maximise the number of animals avail-
able for study.Milk samples from eachmammary glandwere
collected aseptically, and tested for the presence of mastitis
pathogens, according toNationalMastitis Council guidelines
(Hogan et al. 1999). Glandswith a foremilk cell count greater
than 106 cells/ml and the presence of more than 100 cfu/ml
of Staphylococcus aureus, Streptococcus uberis, or
Streptococcus dysgalactiae, or more than 1000 cfu/ml
coagulase negative staphylococci (CNS) spp., were treated
with intramammary antibiotics. Further milk samples were
collected for bacteriology three days prior to the experimen-
tal Str. uberis challenge. Some 134 (22%) of all cows had one
or more quarters infected with amastitis pathogen (S. aureus,
Str. uberis, CNS or Corynebacterium bovis). Of these 134
cows, 87 had been treated previously whilst 47 had not.
The observed prevalence of intramammary infection was
similar to previous estimates for mid-lactation cows,
managed on pasture in New Zealand (Lopez-Benavides
et al. 2006). To account for potential effects of previous
infection and antibiotic use on the experimental infection,
appropriate sub-classifications were incorporated into the
phenotypic model for QTL analysis.

Assignment of challenge, mastitis diagnosis and treatment

The infection challenge was staged over two successive
years such that challenged animals within each cohort
were the same age and at approximately the same stage of
lactation (2nd to 4th month of lactation). Cows were
assigned randomly to one of four challenge week groups,
after identification and balancing for expected oestrus
dates and previous mastitis treatments (Sanders et al.
2006). Cows previously treated for mastitis during the
season were assigned to the third or fourth week to allow
more opportunity to clear the infection and minimise the
risk of any residual antibiotic effects.

Intramammary exposure was by infusing approximately
100 cfu Str. uberis (suspended in 1 ml of 0·85% w/v saline
and 10% v/v glycerol) through the teat canal using an 18
g × 25 mm intravenous catheter as described by Sanders
et al. (2006). The strain had been isolated from clinical
case mastitis in a nearby herd (McDougall et al. 2004).
The right rear mammary gland was infused, or the left rear
gland if the right rear had been treated previously.

Inoculations followed the Monday morning milking. Pre-
infusion, foremilk samples from all quarters were assessed
visually for flecks or clots and California Mastitis Test
(CMT) score. The same assessments were conducted on
the infused gland for the subsequent 13 milkings, or until
clinical mastitis was diagnosed. Clinical mastitis was diag-
nosed when clots were detected and the CMT score was
⩾2. Upon diagnosis, cows were infused 3 or 4 times at 12
h intervals with 250 mg cefuroxime sodium (Spectrazol®

Milking Cow; MSD, Upper Hutt, New Zealand). Str. uberis
was recovered from a random subset of 55 clinically
infected animals for strain identification by pulsed field gel
electrophoresis.
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Genetic analysis

Genetic investigations were undertaken in four distinct
phases. The firstwas genome-wide linkage analysis to identify
QTL for resistance to infection. In the second phase, the most
significant QTL were further analysed by exome capture and
sequencing of the six F1 sires. Variants within theQTL interval
of the sires were genotyped in the F2 population, and prelim-
inary association analysis revealed a peak association at a
known immune locus. The third was genotyping and associ-
ation analysis of all known variants within this immune locus.
The fourth phasewas chromosome-wide association analysis
of new variations from the whole genome sequence data,
augmenting a panel of high density SNP genotypes.

Full details of the genetic and statistical analyses are
described in the online Supplementary File.

Statistical analysis

In summary, for linkage analysis, the clinical infection status
of each animal following Str. uberis bacterial infusion was
treated as a continuous variable, with JMP software
(version 8.0.2; SAS Institute Inc., Cary, NC, USA) used to
fit cohort year and challenge week group as class effects.
Whether a cow received treatment for a pre-existing
infection or whether the cow was determined to have a
sub-clinical infection (defined as the presence of mastitis
pathogens, without any clinical signs) prior to infusion
were added as fixed effects, with the residuals used for
linkage mapping. Linkage analysis was conducted using
regression methodology in a half sibling model (Haley
et al. 1994; Baret et al. 1998), with a significance threshold
of P < 0·05. Following discovery of associated markers,
marker genotype for those SNPs were added as fixed
effects in the models to assess residual variance of the
chromosome 11 interval in the linkage and Bayesian associ-
ation analyses. The point-wise significance of the top four
individual markers was also assessed by least squares ana-
lysis of variance using JMP software, using the same pheno-
type residuals assessed for linkage analysis.

Results

Clinical infection

Following infusion with Str. uberis, 430 cows (71·2%) devel-
oped clinical mastitis during the succeeding 13-milking
monitoring period, with most (368 animals) presenting
within four days. The Str. uberis isolates recovered from
the random subset of 55 clinically infected animals were
all confirmed as the infusion strain. Similar rates of clinical
mastitis developed across the two cohorts (Table 1) and in
each challenge week, apart from week 4 in year 1, and
week 3 in year 2 (Table 1). Of previously treated cows, a
lower proportion developed clinical mastitis (0·52) (others
0·75 P < 0·001; Table 1). Cows with another pathogen
within one or more glands, not challenged, prior to

challenge developed less clinical mastitis (0·51 vs. 0·77,
respectively, P < 0·001; Table 1).

Linkage analysis

The genome-wide linkage analysis of the clinical response
to intramammary Str. uberis challenge revealed QTL with
chromosome-wide significance on chromosomes 7, 8, 11,
and 15 (Fig. 1). Only the chromosome 11 QTL was signifi-
cant at the genome wide level, with maximum significance
at 62 cM, corresponding to a physical location of 48 Mbp on
the UMD3·1 genome build (Pchr-wide = 0·001; Pgen-wide =
0·023; Fig. 1). Based on individual sire analysis using the
half sib model, two of the six F1 sire families (Sires 2 & 3) seg-
regated for the response to intramammary challenge at this
genomic position (Fig. 2). This indicated that these two
sires were likely to be heterozygous for a causal polymorph-
ism. A second, less significant QTL was apparent at the
distal end of chromosome 11. Using co-factor analysis to

Table 1. Number and proportion of cows that developed clinical
mastitis following a single intramammary infusion of Streptococccus
uberis, for all challenged cows, and across different subgroup classes,
related tocohort,weekof challenge, andprior treatment and infection
status

Number and proportion of cows that
developed:

Clinical
mastitis

No clinical
mastitis

All animals (n = 604) 430 (0·71) 174 (0·29)
Cohort

1 244 (0·72) 97 (0·28)
2 186 (0·71) 77 (0·29)

Challenge week – year 1
Wk 1 46 (0·70) 19 (0·29)
Wk 2 55 (0·83) 11 (0·17)
Wk 3 49 (0·76) 16 (0·25)
Wk 4 36 (0·54) 31 (0·46)

Challenge week – year 2
Wk 1 64 (0·78) 18 (0·22)
Wk 2 69 (0·78) 19 (0·22)
Wk 3 48 (0·57) 37 (0·44)
Wk 4 63 (0·73) 23 (0·27)

Previous antibiotic
treatment
Yes 50 (0·52) 46 (0·48)
No 380 (0·75) 128 (0·25)

Subclinical infection
Yes 68 (0·51) 66 (0·49)
No 362 (0·77) 108 (0·23)

Proportions are expressed relative to the number of animals within each sub-
group class. The ‘cohort’ subgroup denotes the year cohort to which the cow
belonged. The ‘challenge week’ denotes the four different weeks, across the
two years that the experiment was conducted. The ‘previous antibiotic treat-
ment’ subgroup denotes animals that were treated for pre-existing infections
prior to Str. uberis challenge. The ‘subclinical infection’ subgroup denotes
cows from which mastitis pathogens were isolated three days prior to Str.
uberis challenge.
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adjust for the effect of the QTL at 62 cM, peak significance
of the second QTL was observed at 117 cM, or 100 Mbp
(Pchr-wide = 0·0170, Pgen-wide = 0·3316; Fig. 3a).

Since the chromosome 11 QTL at 62 cM was the most sig-
nificant QTL detected, this region was prioritised for further
genetic analysis. Bootstrapping defined a target interval for
DNA sequencing and variant discovery in the six F1 sires
(Fig. 3b). A conservative 49–74 cM (36·3–68·8 Mbp) interval
was targeted for exome capture and sequencing. Additional
variants were selected from a 50–65 cM interval (37·2–54·7
Mbp; Fig. 3b) for genotyping following whole genome
sequencing of the sires.

Association analysis

Custom genotyping and quality filtering of exome andwhole
genome sequence-derived variants yielded 485 custom var-
iants for association analysis. The chromosome 11 SNPwere
added to 37 986 quality-filtered SNP from the Illumina
BovineSNP50 BeadChip and used for Bayesian association
mapping. Bayes B estimation of marker effects revealed
peak association with an exome sequence-derived variant
within the target interval (g.46362361G>C SNP, UMD3·1),
located 1959 bp upstream of the interleukin-1 alpha (IL1A)
gene (RefSeq transcript NM_174092·1). Figure 4 shows a

Fig. 1. Half-sib linkageQTL for response to intamammary Str. uberis challenge. Chromosome position in centimorgans (cM) is indicated on the
X-axis,QTLF-value is indicatedon theY-axis. Peak significance for theChromosome7QTLwasobservedat42 cM (30 Mbp;Pchr-wide = 0·021;
Pgen-wide = 0·378). Peak significance for the Chromosome 8 QTL was observed at 56 cM (50 Mbp; Pchr-wide = 0·010; Pgen-wide = 0·200).
Peak significance for the chromosome 11 QTL was observed at 62 cM (Pchr-wide = 0·001; Pgen-wide = 0·023), corresponding to 48 Mbp on
the UMD3·1 genome build. Peak significance for the Chromosome 15 QTL was observed at 44 cM (39 Mbp; Pchr-wide = 0·037; Pgen-wide
= 0·672).

Fig. 2. Sire segregation effects for the clinical response to Str. uberis exposure in each of the six sire families. Negative log10 transformed
P-values of each sire family at the position of peak QTL significance (62 cM) are indicated. The dashed line denotes the P < 0·05 significance
threshold, showing significant segregation in the ‘2’ and ‘3’ sire families.
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Manhattan plot of marker effects for these custom SNPs and
the 1640 chromosome 11 SNPs from the Illumina
BovineSNP50 platform. Table 2 shows the top four marker
effects for the 36·3–68·8 Mbp interval, including point-wise
probabilities for phenotypic association of these variants.
Linkage disequilibrium pairwise correlations across these
variants are also indicated in Table 2.

The g.46362361G>C IL1A genotype was fitted as a fixed
effect to the clinical infection status phenotype, removing
most of the linkage signal for the 48 Mbp QTL on chromo-
some 11 (Fig. 3a). The combined custom and chip-based
genotypes encompassed by the 36·3–68·8 Mbp chromo-
some 11 target interval explained 4·79% of the genetic vari-
ance for infection status as estimated by Bayes B. Inclusion
of the g.46362361G>C IL1A genotype as a fixed effect in

this model reduced the genetic variance attributed to this
interval to 1·76%.

Discussion

Genome-wide studies have highlighted genetic regions pre-
disposing resistance to mastitis or mastitis-related pheno-
types in the dairy cow (Klungland et al. 2001; Lund et al.
2007; Schulman et al. 2009). While these bovine studies
are of practical interest and highlight QTL which may be
relevant to marker-assisted breeding schemes, we are
unaware of any previous studies that have sought to identify
genetic regions specifically regulating intramammary
mechanisms of immunity to Str. uberis mastitis. The

Fig. 3. (a) Chromosome 11 half-sib QTL for infection response to intramammary Str. uberis challenge, including co-factor analysis, and
adjustment for IL1A genotype. Chromosome position in centimorgans (cM) is indicated on the X-axis, half sib QTL F-value is indicated
on the Y-axis. The solid line is equivalent to the mapping data presented in Fig. 1, and suggests the presence of two QTL on this
chromosome with peak significance at 62 cM (48 Mbp on the UMD3·1 genome build). Following incorporation of a co-factor at 62 cM to
remove the effect of the primary QTL, peak significance of the distal QTL is at 117 cM (100 Mbp; Pchr-wide P = 0·017; Pgen-wide =
0·332; dashed line). Inclusion of the IL1A g.46362361G>C genotype as a fixed effect in the clinical response phenotype model removes
the significance of the QTL at 62 cM (dotted line). (b) Histogram of bootstraps (n = 1000) for the chromosome 11 infection response QTL.
Chromosome position given in cM on the X-axis, bootstrap number is indicated on the Y-axis. The interval targeted for exome
enrichment and sequencing is indicated by the larger of the two double-ended arrows (36·3–68·8 Mbp UMD3·1), the revised interval
targeted for genome sequence analysis is indicated by the double-ended arrow (37·2–54·7 Mb UMD3·1).

Genetic locus for mastitis immunity 189

https://doi.org/10.1017/S0022029918000158 Published online by Cambridge University Press

https://doi.org/10.1017/S0022029918000158


experimental infection challenge reported here has revealed
an immune locus on bovine chromosome 11, highlighting a
number of candidate causative sequence variants for further
investigation.

The observation of less clinical mastitis amongst cows that
had previously received antibiotic treatment and those that
had a subclinical infection 3d prior to challenge, was not
unexpected. Hill (1988) reported that pre-existing infections
can provide some protective effect against subsequent chal-
lenge, but could not identify mechanisms. The need to
retain the treated and infected animals for the infection
study and genetic analysis reflects the practicalities in con-
ducting such studies, namely that subclinical infection is
common, and exclusion of these animals could erode
power to detect genetic effects. The analyses have taken
account of infection status as a potential confounding factor.

The chromosome 11 infection resistance QTL reported
here overlaps with mastitis-related QTL identified in other
distinct cattle populations. An analysis of Swedish dairy
cattle families identified broadly overlapping clinical mas-
titis and cell count QTL on chromosome 11 (Holmberg &
Andersson-Eklund, 2004). In follow-up analyses, the pos-
ition of the milk somatic cell QTL was refined to an interval
corresponding closely to that identified here, with peak sig-
nificance at 46–49 Mbp (Lund et al. 2007; Schulman et al.
2009). A study of Danish Holstein cows also found evidence
of a clinical mastitis QTL at ∼101 Mbp (Lund et al. 2008),
corresponding to the approximate location of the second
chromosome 11 linkage QTL in the New Zealand cows.
Although the QTL on chromosomes 7, 8, and 15 failed to
reach genome-wide significance in the current study, all
three of these locations have been implicated in genome
scans of other SCC and clinical mastitis phenotypes
(Klungland et al. 2001; Boichard et al. 2003; Ron et al.
2004). The aforementioned studies used gross phenotypes
derived from veterinary records and milk recording
schemes, so assuming they are the same QTL, their

coincidence suggests they are also underpinned by variants
in genes determining intra-mammary mechanisms of infec-
tion resistance. Association analysis of Illumina SNP50 gen-
otypes and novel, sequence-derived variants revealed peak
association at the IL1A gene in the linkage QTL interval. The
g.46362361G>C SNP sits ∼2 kbp upstream of the annotated
transcription start site of IL1A, and fitting of this SNP to the
infection status phenotype removes most of the genetic vari-
ance attributed to this interval. Without additional func-
tional information, it cannot be clearly established if the
g.46362361G>C SNP IL1A SNP plays any biological role
in the response to Str. uberis immunity. The location of this
SNP suggests that variation in one or more genes of the IL1
gene cluster indicates an innate advantage to animals carry-
ing these alleles. The IL1 gene cluster contains nine genes and
is evolutionarily conserved (Nicklin et al. 2002), consisting of
IL1A, IL1B, IL37, IL36G, IL36A, IL36B, IL36RN, IL1F10, and
IL1RN. Although the g.46362361G>C variant maps
between the IL1A and IL1B genes, all members of this gene
family are considered excellent candidate genes being key
mediators of the innate immune response (Sims and Smith,
2010). When the g.46362361G>C SNP IL1A SNP associ-
ation and the additional 156 exome-sequence derived var-
iants representing all SNP at the IL1 gene cluster, were
subsequently genotyped none of the subset of 133 SNP
used for association analysis showed greater effects than
that demonstrated for g.46362361G>C. However, other
non-coding variants sitting outside the regions targeted for
exome enrichment were not tested at this locus.

By filtering and genotyping variants based on the sire-
family segregation information suggested by half sib
linkage analysis, the QTL was assumed to be biallelic with
a single causative polymorphism. It is possible that these
associations represent multiple, linked genetic signals for
resistance to Str. uberis infection responsible for different
functional variants. Biologically, this is plausible given that
the chromosome 11 target interval also harbours a number

Fig. 4. Manhattan plot showing estimated SNP effects on mammary infection status on chromosome 11. BayesB SNP effect is indicated on
the Y-axis, marker position is indicated on the Y-axis in base pairs (UMD3·1 build). Markers from the Illumina Bovine SNP50 platform are
indicated as diamonds. Custom markers discovered by exome and genome sequencing of the six F1 sires are indicated as circles. BayesB
mapping was conducted using 50 000 iterations, with Pi = 0·99.
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of other key immune genes, including v-rel (REL, 43·5 Mbp),
immunoglobulin kappa constant (IGKC, 47·1 Mbp), CD8
antigens (CD8A 47·9 Mbp; CD8B 48·0 Mbp), granulysin
(GNLY, 49 Mbp), and others. Variations were typed within
all these genes, although prior filtering of markers not
fitting the expected sire genotype pattern suggested by half
sib analysis probably discounted potentially causal varia-
tions if this locus consists of multiple overlapping QTL.
Likewise, removal of non-SNP variants, and variants not
mapped within 5 kb of annotated genes may have com-
prised additional ‘false-negative’ genotype filtering steps.
Filtering of variants based on sire genotype pattern will
also have limited the genotype representation of haplotypes
in the current dataset, so future work will consider the effect
of haplotypes in the chromosome 11 target region.

In conclusion, an immune locus for resistance to experi-
mentally induced Streptococcus uberis clinical mastitis
has been identified on bovine chromosome 11 consistent
with earlier identification of QTL. A number of candidate
causative variations in this region demonstrate greatest asso-
ciation with a marker mapping to the IL1 gene cluster, a key
innate immunity locus. Genotyping of the associated SNPs
in additional populations will allow their potential predict-
ive utility as breeding markers to be assessed.

Supplementary material

The supplementary material for this article can be found at
https://doi.org/10.1017/S0022029918000158

The authors acknowledge the many farm and technical staff
involved in all aspects of this work.

References

Baret PV, Knott SA & Visscher PM 1998 On the use of linear regression and
maximum likelihood for QTL mapping in half-sib designs. Genetics
Research 72 149–158

Boichard D, Grohs C, Bourgeois F, Cerqueira F, Faugeras R, Neau A,
Rupp R, Amigues Y, Boscher MY & Levéziel H 2003 Detection of
genes influencing economic traits in three French dairy cattle breeds.
Genetics Selection Evolution 35 77–101

Haley CS, Knott SA& Elsen JM 1994Mapping quantitative trait loci in crosses
between outbred lines using least squares. Genetics 136 1195–1207

Harmon RJ 1994 Physiology of mastitis and factors affecting somatic cell
counts. Journal of Dairy Science 77 2103–2112

Heringstad B, Klemetsdal G & Ruane J 2000 Selection for mastitis resistance
in dairy cattle: a review with focus on the situation in the Nordic coun-
tries. Livestock Production Science 64 95–106

Hill AW 1988 Protective effect of previous intramammary infection with
Streptococcus uberis against subsequent clinical mastitis in the cow.
Research in Veterinary Science 44 386–387

Hogan J, Gonzalez R, Harmon R, Nickerson S, Oliver S, Pankey JW &
Smith KL 1999 Laboratory Handbook on Bovine Mastitis. Madison,
WI, USA: National Mastitis Council Inc

Holmberg M & Andersson-Eklund L 2004 Quantitative trait loci affecting
health traits in Swedish dairy cattle. Journal ofDairy Science87 2653–2659

Klungland H, Sabry A, Heringstad B, Olsen HG, Gomez-Raya L, Våge DI,
Olsaker I, Ødegård J, Klemetsdal G, Schulman N, Vilkki J, Ruane J,
Aasland M, Rønningen K & Lien S 2001 Quantitative trait loci affecting
clinical mastitis and somatic cell count in dairy cattle. Mammalian
Genome 12 837–842Ta

bl
e
2.

Su
m
m
ar
y
st
at
is
tic

s
ar
e
sh
ow

n
fo
r
th
e
to
p
fo
ur

va
ri
an

ts
in

th
e
ch

ro
m
os
om

e
11

ta
rg
et

in
te
rv
al
,a

s
id
en

tif
ie
d
by

B
ay
es
B
ge
no

m
e-
w
id
e
as
so
ci
at
io
n
m
ap

pi
ng

Pa
ir
w
is
e
LD

–
r2

SN
P
N
am

e
G
en

e
G
en

e
R
eg
io
n

B
ay
es
B
Ef
fe
ct

M
A
F

P
g.
46

36
23

61
G
>
C

g.
44

89
11

82
G
>
A

g.
44

89
91

25
G
>
T

g.
44

89
29

26
G
>
A

g.
46

36
23

61
G
>
C

IL
1A

U
ps
tr
ea
m

0·
01

18
0·
46

2·
9
×
10

−
7

–
0·
26

0·
32

0·
23

g.
44

89
11

82
G
>
A

SL
C
5A

7
In
tr
on

3
0·
00

47
0·
33

2·
1
×
10

−
6

0·
26

–
0·
7

0·
94

g.
44

89
91

25
G
>
T

SL
C
5A

7
U
ps
tr
ea
m

0·
00

34
0·
26

5·
2
×
10

−
6

0·
32

0·
7

–
0·
63

g.
44

89
29

26
G
>
A

SL
C
5A

7
In
tr
on

2
0·
00

25
0·
31

5·
0
×
10

−
6

0·
23

0·
94

0·
63

–

SN
P
N
am

e
in
di
ca
te
s
th
e
ph

ys
ic
al
po

si
tio

n
of

ea
ch

SN
P
on

ch
ro
m
os
om

e
11

of
th
e
U
M
D
3·
1
ge
no

m
e.
G
en

e
an

d
G
en

e
R
eg
io
n
in
di
ca
te
th
e
ne

ar
es
tR

ef
Se
q
ge
ne

to
ea
ch

SN
P,

an
d
th
e
po

si
tio

n
of

ea
ch

SN
P
re
la
tiv

e
to

an
no

ta
te
d
R
ef
Se
q
ge
ne

st
ru
ct
ur
e.

B
ay
es
B
Ef
fe
ct
in
di
ca
te
s
th
e
al
le
le
su
bs
tit
ut
io
n
ef
fe
ct

es
tim

at
ed

fo
re

ac
h
SN

P,
M
A
F
in
di
ca
te
s
th
e
m
in
or

al
le
le
fr
eq

ue
nc

y
of

ea
ch

SN
P
in

th
e
cr
os
sb
re
ed

po
pu

la
tio

n.
P-
va
lu
e
is

th
e
po

in
t-
w
is
e
pr
ob

ab
ili
ty

of
as
so
ci
at
io
n
be

tw
ee
n
ea
ch

SN
P
an

d
th
e
m
as
tit
is
cl
in
ic
al

st
at
us

ph
en

ot
yp

e
as

ca
lc
ul
at
ed

by
le
as
ts
qu

ar
es

re
gr
es
si
on

.P
ai
rw

is
e
LD

va
lu
es

ar
e
ex
pr
es
se
d
as

r2
co

rr
el
at
io
ns
,c

al
cu

la
te
d

be
tw

ee
n
th
e
si
x
po

ss
ib
le

pa
ir
s
of

th
e
fo
ur

va
ri
an

ts
.

Genetic locus for mastitis immunity 191

https://doi.org/10.1017/S0022029918000158 Published online by Cambridge University Press

https://doi.org/10.1017/S0022029918000158
https://doi.org/10.1017/S0022029918000158
https://doi.org/10.1017/S0022029918000158


Lopez-Benavides MG, Williamson JH, McGowan JE, Lacy-Hulbert SJ,
Jago JG, Davis KL & Woolford MW 2006 Mastitis in cows milked in
an automated or conventional milking system in New Zealand.
Proceedings of the New Zealand Society for Animal Production 66
252–257

Lund MS, Sahana G, Andersson-Eklund L, Hastings N, Fernandez A,
Schulman N, Thomsen B, Viitala S, Sabry A, Viinalass H & Vilkki J
2007 Joint analysis of quantitative trait loci for clinical mastitis and
somatic cell score on five chromosomes in three Nordic dairy cattle
breeds. Journal of Dairy Science 90 5282–5290

Lund MS, Guldbrandtsen B, Buitenhuis AJ, Thomsen B & Bendixen C 2008
Detection of quantitative trait loci in Danish Holstein cattle affecting
clinical mastitis, somatic cell score, udder conformation traits, and
assessment of associated effects on milk yield. Journal of Dairy Science
91 4028–4036

Lush JL 1949 Inheritance of susceptibility to mastitis. Journal paper no. J-1718,
Iowa Agricultural Experiment Station, Project no, 1053, pp. 121–125

McDougall S 2002 Bovine mastitis: epidemiology, treatment and control.
New Zealand Veterinary Journal 50(Suppl) 81–84

McDougall S, Parkinson TJ, Leyland M, Anniss FM & Fenwick SG 2004
Duration of infection and strain variation in Streptococcus uberis isolated
from cows’ milk. Journal of Dairy Science 87 2062–2072

Nicklin MJ, Barton JL, Nguyen M, FitzGerald MG, Duff GW, & Kornman K,
2002A sequence-basedmap of the nine genes of the human interleukin-1
cluster. Genomics 79 718–725

NMC 2016 Current Concepts of Bovine Mastitis, 5th edn. pp. 80. New
Prague, MI, USA: National Mastitis Council

Ron M, Feldmesser E, Golik M, Tager-Cohen I, Kliger D, Reiss V,
Domochovsky R, Alus O, Seroussi E, Ezra E &Weller JI 2004 A complete
genome scan of the Israeli Holstein population for quantitative trait loci
by a daughter design. Journal of Dairy Science 87 476–490

Sanders KM, McDougall S, Stanley GE, Johnson DL, Spelman RJ &
Harcourt SJ 2006 Responses and factors affecting intramammary infec-
tion rates resulting from infusion of a Streptococcus uberis strain in
Friesian-Jersey crossbred cows. Proceedings of the New Zealand
Society for Animal Production 66 70–76

Schulman NF, Sahana G, Iso-Touru T, Lund MS, Andersson-Eklund L,
Viitala SM, Värv S, Viinalass H & Vilkki JH 2009 Fine mapping of quan-
titative trait loci for mastitis resistance on bovine chromosome 11.
Animal Genetics 40 509–515

Sims JE & Smith DE 2010 The IL-1 family: regulators of immunity. Nature
Reviews Immunology 10 89–102

Spelman RJ, Milllar FM, Hooper JD, Thielen M & Garrick DJ 2001
Experimental design for the QTL trial involving New Zealand Friesian
and Jersey breeds. Proceedingsof the Association for Advancemnet in
Animal Breeding andGenetics, Queenstown,NewZealand, pp. 393–396

Tal-Stein R, Fontanesi L, Dolezal M, Scotti E, Bagnato A, Russo V,
Canavesi F, Friedmann A, Soller M & Lipkin E 2010 A genome scan
for quantitative trait loci affecting milk somatic cell score in Israeli and
Italian Holstein cows by means of selective DNA pooling with single-
and multiple-marker mapping. Journal of Dairy Science 93 4913–4927

Ward AH 1938 Preliminary report on inheritance of “susceptibility” to
severe udder infection (mastitis). New Zealand Journal of Science and
Technology 20 109A–114A

192 Mathew D Littlejohn and others

https://doi.org/10.1017/S0022029918000158 Published online by Cambridge University Press

https://doi.org/10.1017/S0022029918000158

	Identification of an immune modulation locus utilising a bovine mammary gland infection challenge model
	Introduction
	Materials and methods
	Animals
	Pre-trial microbiology and treatments
	Assignment of challenge, mastitis diagnosis and treatment
	Genetic analysis
	Statistical analysis

	Results
	Clinical infection
	Linkage analysis
	Association analysis

	Discussion
	Supplementary material
	References


