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A genome-wide association study for mastitis resistance
in phenotypically well-characterized Holstein dairy cattle using
a selective genotyping approach
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Abstract
A decrease in the incidence of bovine mastitis, the costliest disease in the dairy industry, can be facilitated through genetic
marker-assisted selective breeding programs. Identification of genomic variants associated with mastitis resistance is an ongoing
endeavor for which genome-wide association studies (GWAS) using high-density arrays provide a valuable tool. We identified
single nucleotide polymorphisms (SNPs) in Holstein dairy cattle associated with mastitis resistance in a GWAS by using a high-
density SNP array. Mastitis-resistant (15) and mastitis-susceptible (28) phenotypic extremes were identified from 224 lactating
dairy cows on commercial dairy farm located in Utah based on multiple criteria of mastitis resistance over an 8-month period.
Twenty-seven quantitative trait loci (QTLs) for mastitis resistance were identified based on 117 SNPs suggestive of genome-wide
significance for mastitis resistance (p ≤ 1 × 10−4), including 10 novel QTLs. Seventeen QTLs overlapped previously reported
QTLs of traits relevant to mastitis, including four QTLs for teat length. One QTL includes the RAS guanyl-releasing protein 1
gene (RASGRP1), a candidate gene for mastitis resistance. This GWAS identifies 117 candidate SNPs and 27 QTLs for mastitis
resistance using a selective genotyping approach, including 10 novel QTLs. Based on overlap with previously identified QTLs,
teat length appears to be an important trait in mastitis resistance. RASGRP1, overlapped by one QTL, is a candidate gene for
mastitis resistance.

Keywords Genome-wide association study . Bovine mastitis resistance . Selective genotyping . Cattle

Jacqueline P. Kurz and Zhou Yang contributed equally to this work.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00251-018-1088-9) contains supplementary
material, which is available to authorized users.

* David J. Wilson
david.wilson@usu.edu

* George E. Liu
george.liu@ars.usda.gov

* Zhongde Wang
zonda.wang@usu.edu

1 Department of Animal, Dairy and Veterinary Sciences, Utah State
University, Logan, UT, USA

2 Utah Veterinary Diagnostic Laboratory, Utah State University,
Logan, UT, USA

3 School of Veterinary Medicine, Utah State University, Logan, UT,
USA

4 Key Laboratory of Agricultural Animal Genetics, Breeding and
Reproduction, Education Ministry of China, Huazhong Agricultural
University, Wuhan 430070, Hubei, China

5 Department of Human Genetics, University of Utah, Salt Lake
City, UT, USA

6 Animal Genomics and Improvement Laboratory, BARC,
USDA-ARS, Beltsville, MD, USA

Immunogenetics (2019) 71:35–47
https://doi.org/10.1007/s00251-018-1088-9

http://crossmark.crossref.org/dialog/?doi=10.1007/s00251-018-1088-9&domain=pdf
https://doi.org/10.1007/s00251-018-1088-9
mailto:david.wilson@usu.edu
mailto:george.liu@ars.usda.gov
mailto:zonda.wang@usu.edu


Introduction

Mastitis, defined as inflammation of the mammary gland, is
the costliest disease in the dairy industry (Kaneene and Scott
Hurd 1990; Seegers et al. 2003). In the USA, the cost of
bovine mastitis is estimated at a value of approximately 10%
of total milk sales (Nash et al. 2000). Associated costs include
loss of milk production, decreased milk quality, discarded
milk, labor, veterinary treatments, mastitis-related culls, diag-
nostics, and preventative measures (Halasa et al. 2007).

Conventional methods to reduce the incidence of mastitis
within a herd encompass both management practices and se-
lection for mastitis-resistant phenotypes. Recent technical ad-
vancement in cattle genomics, such as genome-wide associa-
tion studies (GWAS), has led to the identification of quantita-
tive trait loci (QTLs) associated with mastitis traits (Holmbeg
and Andersson-Eklund 2004; Meredith et al. 2013; Tiezzil et
al. 2015). Genetic marker-assisted selection for mastitis traits
provides a valuable tool for decreasingmastitis incidence, as it
leads to a higher level of discrimination between phenotypes
and a greater uniformity than does conventional selection
(Kühn et al. 2008). Genome-wide association studies are
well-suited to identifying genetic markers of complex traits
such as mastitis, enabling genotyping of large numbers of
potential genetic markers, such single nucleotide polymor-
phisms (SNPs), across the genome (Ziegler et al. 2008; Bush
and Moore 2012). Indeed, GWAS carried out over the past
several years have identified genetic markers, candidate
genes, and QTLs for individual mastitis traits such as somatic
cell count (SCC), somatic cells score (SCS) and clinical mas-
titis (Sodeland et al. 2011; Meredith et al. 2013; Wu et al.
2015). Many of these studies use low- or medium-marker
density arrays to detect genetic markers (Sodeland et al.
2011; Sahana et al. 2013; Tiezzil et al. 2015). High-density
bovine arrays capable of genotyping close to one million
SNPs are available for cattle and offer the advantage of in-
creased genomic coverage and statistical power (Wu et al.
2015). Studies using such high-density arrays have the poten-
tial to identify novel genetic markers as well as verify the
significance of previously-identified markers.

In this study, we performed a GWAS using a high-density
array to identify SNP genetic markers and define QTLs of
mastitis resistance in Holstein dairy cows. We used a selective
genotyping approach, identifying the most mastitis-resistant
and mastitis-susceptible animals within the sample popula-
tion. This approach facilitated detection of causative alleles
due to an enrichment effect of these alleles among phenotyp-
ically extreme individuals (Guey et al. 2011). Phenotypic
characterization was based on multiple criteria of
intramammary infection status in order to achieve more accu-
rate characterization of phenotypic extremes of mastitis resis-
tance and mastitis susceptibility than could be achieved with
use of a single measure of mastitis alone.

Methods

Selection of phenotypically extreme cattle

Cattle used in the study were adult lactating Holstein cattle
from a single farm, and phenotypically extreme individuals of
mastitis resistance and mastitis susceptibility were identified
and selected for genotyping. Phenotypic characterization was
based on a combination of milk bacterial culture, observation
for clinical mastitis, and SCC evaluation over an eight-month
period. Subclinical mastitis was defined as cases in which
intramammary infection was detected by bacterial culture of
milk but no changes were detected in the appearance of the
mammary gland or milk. Clinical mastitis was defined as
intramammary infection accompanied by clinically detectable
inflammatory changes in the mammary gland and/or changes
in the consistency or color of the milk.

To detect clinical and subclinical mastitis, bacterial cultures
were performed by using aseptically collected milk samples.
During one milking per month, composite milk samples were
collected from all lactating cows that had no evidence of clin-
ical mastitis. Clinical mastitis was monitored during that
milking and, additionally, at bi-monthly evaluations specifi-
cally for clinical mastitis during another milking each month.
Clinical mastitis examination was carried out by veterinarians
and assistants trained by veterinarians along with continuous
monitoring by farm personnel. Clinical veterinary examina-
tions consisted of careful visual and tactile inspection of all
mammary gland quarters for alterations in color, consistency,
and temperature, and visual inspection of milk from all quar-
ters for alterations in color or consistency. When mammary
gland or milk abnormality (clinical mastitis) was detected dur-
ing the monthly sampling of all cows, at the bi-monthly clin-
ical mastitis examinations, or by farm personnel at any other
milking time, milk samples were collected from affected quar-
ters for bacterial culture. A composite sample was also col-
lected from the remaining unaffected quarters. Milk microbial
culture was carried out according to the guidelines outlined by
the National Mastitis Council (1999). Isolation of at least one
bacterial colony from a 0.01-ml inoculum of a single quarter
or composite milk culture sample was considered sufficient to
diagnose intramammary infection, as proposed for individual
quarter samples by the Mastitis Research Workers (Dohoo et
al. 2011). Composite milk sample cultures have sensitivity of
72%, specificity of 81% (Souza et al. 2016), and positive and
negative predictive values of 88.2 to 100% (Reyher and
Dohoo 2011) for most mastitis pathogens, when individual
quarter samples are considered a Bgold standard.^ Monthly
SCCs (< 250,000 cells/ml) were used as supplementary evi-
dence for the absence of intramammary infection in animals
from which no bacteria were isolated from milk samples and
no clinical mastitis was detected. Monthly SCC measures
were obtained from the Dairy Herd Improvement Association.
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Criteria for classification as mastitis-resistant included an
absence of clinical mastitis, an absence of bacteria cultured
from composite milk samples throughout the 8-month period,
and consistently low SCCs (< 250,000 cells/ml). The criterion
for classification as mastitis-susceptible was the detection of at
least four cases of mastitis. Cases of mastitis were defined by
isolation of one or more mastitis pathogens from a composite
or individual quarter milk sample and/or detection of clinical
mastitis. Isolates from more than one quarter on one date
could contribute as many mastitis cases as there were
culture-positive quarters. Clinical mastitis detected in more
than one quarter on one date contributed as many mastitis
cases as there were clinically mastitic quarters. All three
methods of mastitis detection were applied to all cows in the
study. Animals were classified as mastitis-resistant only if no
indications of mastitis by any of the three methods were ob-
served, while animals were classified as mastitis-susceptible if
four cases of mastitis were detected clinically or by milk bac-
terial culture alone or in combination.

DNA isolation

Genomic DNA of cows characterized as mastitis-resistant or
mastitis-susceptible was isolated from ear notches or hair fol-
licles. Isolation and purification of DNAwas carried out using
the Gentra Puregene Tissue Kit (Qiagen, Valencia, CA) ac-
cording to the manufacturer’s instructions.

SNP genotyping

Genotype calling was carried out by the Core Facility at the
University of Utah for SNP genotyping using the Illumina
BovineHD BeadChip (part no. WG-450-1002; Illumina Inc.,
San Diego, CA), an array with 777,962 SNPs that uniformly
span the entire bovine genome. Bead chips were processed
according to the Infinium protocol from Illumina, and scan-
ning was carried out by the iScan scanner (Illumina Inc., San
Diego, CA). Quality control measures included removal of
animals with low call rates (< 96%), SNPs with low call rates
(< 0.95), and SNPs with low minor allele frequencies (< 5%).
After quality control and allele frequency filtering, a total of
585,949 SNPs were used for association testing.

Statistical analysis

Significant associations between SNPs and mastitis resistance
were detected using a single locus mixed model approach as
implemented by the SNP and Variation Suite software (SVS
version 8.4, Golden Helix, Bozeman, MT). Familial related-
ness was corrected for as a random effect by incorporation of a
genomic best linear unbiased prediction (gBLUP) kinship ma-
trix (Clark and van derWerf 2013) into the model, constructed
from genome-wide SNPs after pruning for linkage

disequilibrium (LD). Genome-wide association mapping used
a mixed linear model analysis (Segura et al. 2012) based on
the gBLUPmatrix to correct for cryptic relatedness, with mas-
titis resistance/susceptibility coded as a binary phenotype. A
genome-wide suggestive threshold was set at an uncorrected p
value of p ≤ 1 × 10−4, with p ≤ 1 × 10−3 considered nominal. A
genome-wide significance threshold was set at an uncorrected
p value of p ≤ 7.65 × 10−7 (−log10[p value] ≥ 6.12), deter-
mined empirically using the simpleM method (Gao et al.
2010) to calculate the effective number of independent tests
(= 65,386) after adjusting for linkage disequilibrium.

Defining QTLs

Quantitative trait loci were defined as described previously
(Meredith et al. 2013). A QTL surrounding each SNP detected
as significant (p ≤ 1 × 10−4) was defined based on local LD
structure. Pairwise LD between the target SNP and all indi-
vidual genotyped SNPs within 1 Mb upstream and down-
stream was calculated using PLINK (Purcell et al. 2007).
Within this region, visualized using the ggplot function of
the R Studio statistical package (R Core Team 2016), the
furthest upstream and downstream SNPs in strong LD with
the target SNP (r2 ≥ 0.8) were used to define QTLs.
Quantitative trait loci comprised of a single SNP only were
excluded. Overlapping QTLs were combined into a single
QTL, defined by the furthest upstream and downstream
SNPs for the combined region. Once defined, QTLswere used
to query the bovine genome (Bos_taurus_3.1.1/bosTau8 as-
sembly (Zimin et al. 2009)) using the University of California
Santa Cruz Genome Browser tool (https://genome.ucsc.edu/)
to identify genes overlapping these regions. These QTLs were
checked for overlap with known bovine QTLs using the cattle
QTL database (http://animalgenome.org/cgi-bin/QTLdb/BT/
index) as of April 2017 (Hu et al. 2013).

Data availability The datasets used and/or analyzed during the
current study are available from the corresponding author on
reasonable request.

Results

Sample population

Among cows in a commercial dairy herd of 224 lactating
Holstein cows, 15 animals were characterized as mastitis-
resistant (Table 1) and 28 animals as mastitis-susceptible
(Table 2). All mastitis-susceptible cows with the exception
of one had four confirmed cases of mastitis. One cow had
three cases of mastitis confirmed by isolation of three separate
pathogens, and one tentative case where sample contamina-
tion precluded definitive pathogen isolation. Cattle within the
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mastitis-resistant group ranged from second to sixth lactation,
and cattle within the mastitis-susceptible group ranged from
first to sixth lactation. Among the mastitis-resistant group,
individual composite milk SCCs over the 8-month period
ranged from 5000 to 220,000 cells/ml, with an average of
56,300 cells/ml. Among the mastitis-susceptible group, the
number of clinical mastitis cases ranged from none to three.
Individual quarter and composite milk SCCs ranged from
6000 to 2,676,000 cells/ml, with an average of 303,000
cells/ml. Commonly isolated bacterial species from composite
and individual quarter milk samples from mastitis-susceptible
cattle included coagulase-negative staphylococci,
Streptococcus sp., Corynebacterium sp., and Escherichia coli
(Table 2). Among cows classified as mastitis-susceptible, all
individual clinical mastitis cases occurred within a single
quarter on a given date; there were no instances of two differ-
ent quarters with clinical mastitis at the same time.

Genome-wide associations

In order to identify SNP genetic markers and QTLs of mastitis
resistance, we carried out a GWAS using a selective genotyp-
ing approach on the 15 mastitis-resistant cows and the 28
mastitis-susceptible cows.

Following data quality control measures, 585,949 SNPs
remained for association testing using data from 43 animals
(28 mastitis-susceptible, 15 mastitis-resistant), represented in
Fig. 1a as a Manhattan plot. Based on deviation from a linear
relationship between observed and expected p values, as illus-
trated in Fig. 1b in a quantile-quantile plot, a p value threshold
of p ≤ 1 × 10−4 was set as suggestive of genome-wide signif-
icance and a p value of p > 1 × 10−4, ≤ 1 × 10−3 was consid-
ered nominal for association. One SNP on chromosome 7,

rs43503386 (−log10[p value] = 6.33), exceeded the genome-
wide significant threshold of p ≤ 7.65 × 10−7 (−log10[p val-
ue] ≥ 6.12), and 116 SNPs were suggestive of genome-wide
significance (Table 3).

Based on the 116 SNPs suggestive of genome-wide signif-
icance, we identified 27 QTLs of mastitis resistance, distrib-
uted across 14 chromosomes (2, 3, 7, 8, 10, 11, 12, 15, 16, 17,
18, 26, 27, and 28) and overlapping a total of 29 genes
(Table 4). Of these QTLs, 10 have not been reported previ-
ously. Although SNP rs43503386 exceeded the genome-wide
significance threshold, it was not in strong LD (r2 was < 0.8)
with any other genotyped SNPs in this study andwas therefore
not considered in the QTL analysis. This SNP is located 72 kb
upstream of the casein kinase 1 gamma 3 (CSNK1G3) gene,
involved in post-translational processing of milk casein and
other acidic proteins (Buitenhuis et al. 2016).

The three QTLs most highly suggestive of genome-
wide significance (−log10(p value) ≥ 5.41) are located on
Bos taurus autosome (BTA) 26 and overlap the sortilin-
related VSP10 domain containing receptor 3 (SORCS3)
gene as well as a previously identified QTL for teat
length. The SORCS3 gene has no known function in bo-
vine mastitis. Another QTL suggestive of genome-wide
significance overlaps the RAS guanyl-releasing protein 1
(RASGRP1) gene, a candidate gene for mastitis resistance.
Seven hundred sixty-three SNPs were nominal for
genome-wide significance (Online Resource 1), distributed
across all autosomal and the X chromosome.

Seventeen of the QTLs we identified overlap with previ-
ously identified QTLs of mastitis traits (somatic cell score,
SCC, and clinical mastitis) and/or udder conformation traits
(teat length, teat number, udder attachment, and udder depth;
Table 5). Our findings reinforce the discovery of these 17

Table 1 Lactation number,
somatic cell count (SCC), clinical
mastitis, and mastitis pathogens
isolated from mastitis-resistant
cows. Average SCC is calculated
from monthly composite SCC
measured over 8 months

Lactation number Average SCC,
cells/ml

SCC range,
cells/ml

Clinical
mastitis cases

Pathogens isolated
(number of times)

2 25,000 16,000–33,000 0 None

6 58,000 32,000–84,000 0 None

5 85,000 22,000–155,000 0 None

4 48,000 21,000–125,000 0 None

4 31,000 16,000–50,000 0 None

3 86,000 20,000–150,000 0 None

3 70,000 21,000–123,000 0 None

3 71,000 19,000–107,000 0 None

3 41,000 5000–61,000 0 None

3 21,000 9000–47,000 0 None

2 24,000 20,000–29,000 0 None

2 100,000 35,000–167,000 0 None

2 15,000 5000–27,000 0 None

2 34,000 9000–69,000 0 None

2 123,000 30,000–220,000 0 None
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QTLs and provide supporting evidence that these QTLs may
influence mastitis resistance. The top three QTLs overlap with
a known QTL for teat length, which may provide the basis of
mastitis resistance at these regions.

Discussion

We carried out a GWAS using a selective genotyping approach
and a high-density bovine SNP array and identified 117 SNPs

Table 2 Lactation number, somatic cell count (SCC), clinical mastitis,
and mastitis pathogens isolated from mastitis-susceptible cows. Average
SCC is calculated from monthly composite SCC measured over

8 months. Each case of clinical mastitis listed occurred in a single
mammary gland quarter on a given date

Lactation number Average SCC, cells/ml SCC range, cells/ml Clinical mastitis cases Pathogens isolated (number of times)

2 520,000 21,000–2,406,000 1 CNS (2); CNS and St (2)

6 218,000 146,000–1,327,000 0 CNS (1); St (2): CNS and St (3)

4 136,000 88,000–197,000 0 CNS (1); C (1); Y (1)

4 617,000 8000–1,464,000 3 St (2); CNS and St (1); C and St (3)

3 298,000 120,000–622,000 0 CNS (4); CNS and St (2)

4 477,000 86,000–1,899,000 0 CNS (5); CNS and E (1)

4 391,000 210,000–868,000 2 CNS (2); CNS and St (3)

3 463,000 270,000–591,000 2 St (6)

3 1,293,000 401,000–2,945,000 0 CNS (2); CNS and St (4); E and St (1)

3 144,000 26,000–332,000 0 St (4)

2 49,000 16,000–84,000 0 CNS (5); CNS and C (1)

2 705,000 6000–1,605,000 0 CNS (2); St (5)

2 154,000 14,000–937,000 0 CNS (1); CNS and St (2); C (1)

2 259,000 9000–981,000 3 CNS and St (1); St (1); C (2); E (1)

2 20,000 10,000–30,000 0 CNS (2); C and St (1); C (1)

2 81,000 10,000–248,000 1 CNS (1); CNS and St (2); CNS and C (1)

1 34,000 7000–58,000 0 CNS (2); CNS and St (2); CNS and C (1)

1 109,000 55,000–191,000 0 CNS (5)

1 60,000 48,000–88,000 0 CNS (4); E (1)

1 113,000 76,000–139,000 0 CNS (6)

1 32,000 17,000–58,000 0 CNS (4)

1 97,000 55,000–238,000 0 CNS (5)

1 129,000 79,000–287,000 0 CNS (4)

2 615,000 13,000–2,676,000 1 CNS (4); Y (1)

1 43,000 27,000–74,000 0 CNS (3); St (1)

1 197,000 35,000–568,000 0 CNS (5); CNS and St (1)

1 18,000 7000–33,000 0 CNS (3); C (2)

1 115,000 60,000–175,000 1 CNS (2); St (2); CNS and St (1)

C, Corynebacterium sp.; CNS, coagulase-negative staphylococci; E, Escherichia coli; St, Streptococcus sp.; Y, yeast

Fig. 1 a The genome-wide significance threshold is indicated by the solid
line (p < 0.0001). Bovine chromosome position is shown on the x-axis.
Strength of association for a single-locus mixed model GWAS is shown

on the y-axis. Manhattan plot of genome-wide associations for mastitis
resistance in 43 Holstein cows. b Quantile-quantile plot of observed and
expected p values
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Table 3 Single nucleotide
polymorphisms suggestive for
genome-wide significance, with p
values and the allele associated
with mastitis resistance

Marker Chr Position −log10(p value) Protective allele

rs43503386 7 31,648,926 6.331487664 A

rs110130285 26 26,080,988 5.805640748 G

rs110925919 26 26,081,853 5.805640748 T

rs135137805 26 26,083,915 5.805640748 C

rs109051904 26 26,085,037 5.805640748 A

rs134424973 26 26,086,114 5.805640748 G

rs136355517 26 26,202,415 5.551344073 A

rs137057269 26 26,207,987 5.551344073 G

rs109151150 7 31,002,352 5.5056798 T

rs135679846 26 26,213,600 5.416984055 C

rs136832332 26 26,214,187 5.416984055 T

rs135349914 26 26,216,213 5.416984055 C

rs135745332 26 26,170,699 5.410961768 C

rs29026516 26 26,171,235 5.410961768 G

rs133973225 26 26,190,210 5.410961768 A

rs42094305 26 26,078,080 5.135109749 C

rs42094275 26 26,097,110 5.135109749 C

rs110448143 8 103,092,247 4.98000868 G

rs110566862 8 103,096,670 4.98000868 T

rs134258818 26 26,093,838 4.919312092 T

rs109674792 17 41,771,455 4.85167801 G

rs110306521 17 41,773,340 4.85167801 A

rs109747092 17 41,775,569 4.85167801 C

rs110239244 17 41,777,130 4.85167801 C

rs109757388 17 41,785,932 4.85167801 G

rs41837662 26 28,202,019 4.798327141 T

rs109555679 24 53,848,687 4.732826672 C

rs41257394 18 49,690,172 4.643951252 A

rs110711227 15 47,742,405 4.567526846 A

rs109993951 15 47,747,052 4.567526846 A

rs137210653 15 47,752,356 4.567526846 C

rs109366311 15 47,769,743 4.567526846 C

rs110973322 15 47,771,595 4.567526846 A

rs110039012 15 47,774,554 4.567526846 C

rs110259421 15 47,775,426 4.567526846 C

rs136099077 7 32,661,575 4.553826908 G

rs133992636 7 32,662,549 4.553826908 G

rs135340284 7 32,667,624 4.553826908 A

rs29016545 7 32,677,080 4.553826908 T

rs134516100 7 32,678,638 4.553826908 T

rs41836660 26 28,154,738 4.549234149 C

rs41604819 26 28,155,692 4.549234149 T

rs41837669 26 28,204,944 4.549234149 G

rs133596831 16 20,614,247 4.478349849 C

rs133973886 2 118,870,124 4.469694252 T

rs41858359 18 5,268,101 4.44398692 T

rs41858365 18 5,268,998 4.44398692 T

rs109361888 26 26,164,774 4.416956728 T

rs135248266 9 93,691,403 4.416181677 C
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Table 3 (continued)
Marker Chr Position −log10(p value) Protective allele

rs135549815 15 51,302,501 4.403968435 C

rs136596564 15 51,303,719 4.403968435 C

rs110825365 17 41,777,826 4.37209264 A

rs137547715 3 91,427,052 4.351966718 T

rs136877205 17 10,393,778 4.345367428 T

rs110090917 11 96,629,841 4.323034288 T

rs381266606 11 96,715,963 4.323034288 T

rs136634740 11 96,720,014 4.323034288 G

rs133879444 11 96,730,359 4.323034288 T

rs134973228 11 96,734,171 4.323034288 T

rs132794203 11 96,739,382 4.323034288 G

rs134297845 11 96,745,000 4.323034288 G

rs109277843 11 96,758,826 4.323034288 C

rs135608670 11 96,767,134 4.323034288 T

rs134694194 17 10,162,372 4.308948211 T

rs109623385 10 34,452,835 4.294182751 A

rs109758936 10 34,455,599 4.294182751 T

rs133303871 11 86,660,988 4.278051212 T

rs42434953 26 28,796,634 4.276743982 T

rs42434958 26 28,799,734 4.276743982 A

rs42434984 26 28,813,937 4.276743982 A

rs42349819 3 91,442,018 4.271571041 A

rs42349795 3 91,449,020 4.271571041 A

rs109782486 7 31,997,138 4.247740682 C

rs109397365 7 31,999,677 4.247740682 T

rs135897745 7 32,000,505 4.247740682 T

rs109305062 7 32,001,031 4.247740682 C

rs135287427 7 32,001,859 4.247740682 A

rs132918628 7 32,002,610 4.247740682 C

rs109653519 7 32,003,545 4.247740682 T

rs109153790 7 32,004,528 4.247740682 C

rs133045718 7 32,005,033 4.247740682 T

rs137193453 7 32,005,542 4.247740682 G

rs133716861 3 91,429,028 4.225508945 A

rs42704013 12 76,820,530 4.217182537 A

rs136350185 10 27,915,567 4.188020335 A

rs41840890 26 27,751,543 4.169793482 G

rs41840882 26 27,754,542 4.169793482 T

rs41840873 26 27,756,172 4.169793482 G

rs41840864 26 27,762,180 4.169793482 A

rs137165178 26 27,763,096 4.169793482 T

rs41840922 26 27,779,611 4.169793482 A

rs41840912 26 27,790,973 4.169793482 G

rs135563166 26 28,157,430 4.16362472 G

rs41636626 26 28,159,060 4.16362472 C

rs133999463 26 28,159,800 4.16362472 C

rs133395250 26 28,161,303 4.16362472 G

rs135413917 26 28,161,892 4.16362472 G

rs133282066 26 28,163,345 4.16362472 A
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suggestive of genome-wide association for mastitis resistance
in Holstein dairy cattle. Based on these 117 SNPs, we identified
27 QTLs of mastitis resistance, including 10 novel QTLs.

The RASGRP1 gene is located within a QTL we identified
on BTA10, defined by eight SNPs genotyped in our GWAS.
The RASGRP1 gene is involved in the regulation of lympho-
cyte development, activation, and function and in Tcell recep-
tor signaling (Bonnefont et al. 2011). Differential expression
of RASGRP1 as a result of pathogen challenge occurs in pri-
mary bMECs (Brand et al. 2011) and in ovine milk somatic
cells (Bonnefont et al. 2011), indicating a potential role in
mastitis in ruminants. Overlap of the RASGRP1 gene by one
of the QTLs indicates this gene as a strong candidate for mas-
titis resistance, warranting further investigation.

In dairy cattle, both immune functions and udder confor-
mation traits are recognized factors affecting mastitis resis-
tance (Ashwell et al. 2005). Udder attachment and udder
depth have been associated previously with SCC and clinical
mastitis (Seykora and McDaniel 1986; Rupp and Boichard
2003). Teat placement has been associated with SCC
(Seykora and McDaniel 1986), and various studies show con-
flicting results of the association between teat length and SCC
and clinical mastitis (Detilleux 2002). The presence of super-
numerary teats is considered a risk factor in bovine mastitis,
and their surgical removal at an early age may have a protec-
tive effect against subclinical mastitis in heifers (Santman-
Berends et al. 2012). Seventeen QTLs that overlap with pre-
viously identified QTLs of udder conformation traits (teat

length, teat number, udder attachment, and udder depth) as
well as mastitis traits (somatic cell score, SCC, and clinical
mastitis) were identified in this study. Overall, 11 of these 17
QTLs overlap with QTLs for mastitis traits, and 13 overlap
with QTLs for udder conformation traits.

Ten of these 17 QTLs overlap with previously identified
QTLs for teat length. Six of these, including the top three
where the strongest association signals were detected overall,
are located on BTA26 and overlap with a single previously
identified QTL for teat length (Ashwell et al. 2005). The re-
maining overlap with QTLs for teat length on BTA16
(Ashwell et al. 2005), BTA18 (Schnabel et al. 2005), and
BTA10 (Schnabel et al. 2005). This finding provides strong
supportive evidence for an effect of teat length on bovine
mastitis resistance, highlighting the importance of udder con-
formation traits as factors in the pathogenesis of this disease.

In this study, multiple measures were used to determine
intramammary infection status over time and identify
mastitis-resistant and mastitis-susceptible phenotypic ex-
tremes. The effectiveness of selection for mastitis resistance
increases when more than a single trait is measured for deter-
mination of intramammary infection status. For example, the
use of SCC and clinical mastitis together is approximately
20% more effective than the use of either of these traits alone
in selecting for mastitis resistance (Philipsson et al. 1995;
Odegård et al. 2003). The use of multiple measures to detect
mastitis helps to overcome limitations of any one method. For
example, patterns of bacterial shedding in milk during the

Table 3 (continued)
Marker Chr Position −log10(p value) Protective allele

rs135170589 26 28,165,109 4.16362472 T

rs136506930 26 28,165,749 4.16362472 G

rs134913097 26 28,167,337 4.16362472 A

rs137741079 26 28,168,568 4.16362472 C

rs133840132 26 28,170,114 4.16362472 A

rs135204195 26 28,172,302 4.16362472 A

rs133679609 17 42,208,979 4.138105354 C

rs41645946 11 96,814,663 4.115264771 C

rs133086162 27 24,405,764 4.108112274 C

rs132797061 X 10,123,521 4.101908826 T

rs110373429 26 27,935,893 4.095697106 C

rs110554155 4 41,207,992 4.081935285 T

rs43506093 7 32,187,800 4.07375602 C

rs134956968 28 30,879,841 4.07061418 G

rs110413607 10 34,258,059 4.055136308 T

rs41668080 12 76,870,470 4.04682745 T

rs110442181 11 102,314,941 4.015306852 C

rs41879775 18 43,568,128 4.003578508 G

rs135753929 18 43,596,859 4.003578508 A

Chr chromosome
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course of infection may affect the sensitivity of milk bacterial
culture to detect intramammary infection (Sears et al. 1990).
Examination for clinical mastitis alone by definition excludes
cases of subclinical mastitis, potentially excluding a substan-
tial number of intramammary infections from being detected.
Indirect measures such as SCC or its derivatives (linear score
and estimated breeding values for these traits) can be influ-
enced by a number of management and cow-dependent

factors such as immune status, parity, lactation stage, diurnal
variation, and sudden changes in feed or water management
(Schultz 1977; Reneau et al. 1986; Harmon et al. 1994).
Additionally, although low SCC is commonly accepted as
indicative of an absence of intramammary infection, some
studies have demonstrated low SCC as a risk factor in the
subsequent development of clinical mastitis (Waage et al.
1998; Suriyasathaporn et al. 2000). The use of SCC alone to

Table 5 Overlap of QTLs with previously reported QTLs for bovine mastitis and udder conformation traits

Chr QTL position (bp) Tag SNP −log10(p value) Known QTLs Known QTL ID1 Known QTL position (bp)

26 26,078,080–26,097,110 rs110130285 5.8056407 Teat length 1651 25,267,910–30,988,113
26 26,202,415–26,216,213 rs136355517 5.5513441 Teat length 1651 26:25267910–30,988,113
26 26,170,699–26,190,210 rs135745332 5.4109618 Teat length 1651 25,267,910–30,988,113
8 103,092,247–103,096,670 rs110448143 4.9800087 None
17 41,733,436–41,785,932 rs109674792 4.851678 Teat number 20,841 34,618,653–44,087,629
26 28,154,738–28,204,944 rs41837662 4.79832714 Udder attachment 4995 27,602,977–30,988,113

Clinical mastitis 4994 27,602,977–30,988,113
Teat length 1651 25,267,910–30,988,113
Somatic cell score 2785 27,602,977–30,988,113
Somatic cell score 2736 27,602,977–30,988,113

18 49,684,020–49,690,172 rs41257394 4.6439513 Somatic cell score 18,471 46,178,647–52,998,234
Somatic cell score 18,470 46,178,647–52,983,181
Teat length 1703 44,616,854–55,337,025

15 47,742,405–47,775,426 rs110711227 4.5675268 None
7 32,661,575–32,678,638 rs136099077 4.5538269 Somatic cell score 2667 27,358,606–42,831,622
16 20,608,750–20,623,978 rs133596831 4.4783498 Teat length 1608 12,209,667–26,166,559
2 118,870,124–118,870,999 rs133973886 4.4696943 None
18 5,268,101–5,268,998 rs41858359 4.4439869 Somatic cell score 3554 4,992,421–18,045,667

Udder attachment 1701 1,891,819–7,214,579
15 51,068,247–51,303,719 rs135549815 4.40396843 None
17 10,393,778–10,411,003 rs136877205 4.3453674 None
11 96,629,841–96,777,054 rs110090917 4.32303429 None
10 34,258,059–34,455,599 rs109623385 4.2941828 Udder attachment 10,294 10,323,420–79,980,762

Teat length 10,296 10,323,420–79,980,762
Udder attachment 44,454 34,275,633–34,275,673
Somatic cell score 44,457 34,275,633–34,275,673
Udder depth 44,459 34,275,633–34,275,673
Somatic cell count 2701 22,939,631–40,797,089

26 Chr26:28796634–28,813,937 rs42434953 4.276744 Udder attachment 4995 27,602,977–30,988,113
Clinical mastitis 4994 27,602,977–30,988,113
Teat length 1651 25,267,910–30,988,113
Somatic cell score 2785 27,602,977–30,988,113
Somatic cell score 2736 27,602,977–30,988,113

3 Chr3:91429028–91,852,910 rs42349819 4.27157104 None
7 Chr7:31997138–32,005,542 rs109782486 4.2477407 Somatic cell score 2667 27,358,606–42,831,622
10 Chr10:27798183–28,002,566 rs136350185 4.1880203 Udder attachment 10,294 10,323,420–79,980,762

Teat length 10,296 10,323,420–79,980,762
Somatic cell count 2701 22,939,631–40,797,089

26 27,751,543–27,790,973 rs41840890 4.1697935 Udder attachment 4995 27,602,977–30,988,113
Clinical mastitis 4994 27,602,977–30,988,113
Teat length 1651 25,267,910–30,988,113
Somatic cell score 2785 27,602,977–30,988,113
Somatic cell score 2736 27,602,977–30,988,113

17 42,046,346–42,208,979 rs133679609 4.13810535 Teat number 20,841 34,618,653–44,087,629
27 24,405,764–24,803,258 rs133086162 4.1081123 Clinical mastitis 2786 24,311,474–24,427,274
28 30,834,105–30,879,841 rs134956968 4.07061418 None
12 76,826,267–76,870,470 rs41668080 4.0468275 None
11 102,314,941–102,336,231 rs110442181 4.0153069 None
18 43,568,128–43,596,859 rs135753929 4.00357851 Somatic cell score 9904 33,939,994–43,945,245

Somatic cell score 18,469 11,438,802–46,178,647

QTL quantitative trait locus, SNP single nucleotide polymorphism
1QTLs as listed on the cattle QTL database (http://animalgenome.org/cgi-bin/QTLdb/BT/index)
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detect mastitis therefore has the potential to result in false
negatives if not supplemented by additional measures.

In consideration of the above limitations, phenotypic char-
acterization in this study was based on multiple criteria in
order to accurately identify phenotypic extremes of mastitis
resistance and susceptibility. Reliable determination of
intramammary infection status is best achieved through a
combination of SCC measurement, bacterial culture, and clin-
ical detection (Dohoo et al. 2011), as used in this study.
Regular monitoring using these three parameters facilitates
detection of clinical and subclinical mastitis, including infec-
tions resulting in minor increases in SCC. Additionally, iden-
tification of the causative bacteria allows distinction between
continuing and new intramammary infections, yielding a more
accurate picture of the frequency of intramammary infection
in individual cows (i.e., whether increased SCC or clinical
mastitis over time represents an ongoing infection or multiple
separate infections). As discussed above, the use of SCC alone
to detect mastitis may result in false negatives and, thus, po-
tentially misclassification of individual animals as mastitis-
resistant or mastitis-susceptible. Therefore, in this study,
SCC, milk bacterial culture, and screening for clinical mastitis
were used in concert among all cows to minimize false clas-
sification of cattle as mastitis-resistant or mastitis-susceptible.
Consistently low SCC in the face of multiple cases of mastitis
detected by bacterial culture and/or clinical mastitis screening
did not exclude an individual cow from being classified as
mastitis susceptible, as low SCCmay be a predisposing factor
to the development of mastitis (Suriyasathaporn et al. 2000).
All cows within the current study were within the same herd
and were subjected to the samemanagement conditions. Thus,
effects of environmental variables on mastitis susceptibility
are expected to be low relative to studies in which cattle from
different farms and thereby under different environmental and
management conditions are included. Direct (milk bacterial
culture and evaluation for clinical mastitis) and indirect
(SCC) measures for mastitis detection were used in the iden-
tification of mastitis-resistant and mastitis-susceptible cows
and may have facilitated the identification of 10 novel QTLs
of mastitis resistance in this study.

A potential limitation to the current study is the relatively
small sample size. Out of 224 lactating cows, 43 were charac-
terized as phenotypic extremes for mastitis resistance or suscep-
tibility. In GWAS, sample size is one of the factors influencing
statistical power, and sample sizes in the thousands are often
used (Pearson and Manolio 2008). In this study, meticulous
phenotypic characterization was chosen at the expense of large
sample size in order to identify individual cattle representative
of phenotypic extremes. Genotyping only the individuals that
represent phenotypic extremes for a trait (nomore than 20–25%
of the sample population) can be used to detect QTLs for single
traits among a small sample size while preserving statistical
power in a selective genotyping approach (Lander and

Botstein 1989; Darvasi 1997). Out of 224 cows, only the
highest and lowest extremes for mastitis resistance of the pop-
ulation at 6.7 and 12.5%, respectively, were genotyped. The use
of selective genotyping provides an enrichment effect, as causal
and protective variants are more likely to be concentrated in
these individuals as compared with individuals sampled ran-
domly from the population. Thus, the power to detect causal
and protective variants, particularly rare variants, is increased,
although the effect size will be overestimated (Guey et al.
2011). Follow-on studies to replicate results are therefore im-
portant (Guey et al. 2011). We believe that, in addition to phe-
notypic characterization methods, the use of selective genotyp-
ing along with a high-density SNP array facilitated identifica-
tion of the 10 novel QTLs.

Conclusions

One hundred seventeen candidate SNPs and 27 QTLs associ-
ated with mastitis resistance within a population of phenotyp-
ically well-characterized dairy cattle were identified. The three
QTLs most suggestive of genome-wide significance are locat-
ed on BTA26 and overlap the SORCS3 gene and a previously
identified QTL for teat length. Ten of the 27 QTLs have not
been reported previously, while 17 overlap previously identi-
fied QTLs for mastitis or udder conformation traits relevant to
mastitis. One QTL on BTA10 overlaps the RASGRP1 gene,
considered a candidate gene of mastitis resistance requiring
further study. Validation of these QTLs as genetic markers of
mastitis resistance in an expanded population is required.
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