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ABSTRACT: The objective of this study was to identify 
genomic regions associated with resistance to mastitis in 
Canadian Holsteins. The analyzed data contained 2,608 
breeding values for mastitis and 296,672 SNPs. A general-
ized quasi-likelihood score test and a positive false discov-
ery rate of 10% identified the significant SNPs. Most of the 
significant SNP were on chromosomes 6 (21%), 14 (21%), 
16 (16%), 20 (9%), 7 (6%), and 9 (5%). The genes mapping 
to these regions were enriched for pathways of the immune 
system or lipid and carbohydrate metabolism. Results also 
suggest that there are additional candidate regions associat-
ed with immune system and mastitis on chromosomes 2, 3, 
13, and 22.  
Keywords:  immune system; genome-wide association 
study; heath traits 
 
 

Introduction 
 

Mastitis is a disease characterized by a mammary 
gland inflammatory response caused by trauma, metabolic 
and physiologic changes or, more frequently, contagious or 
environmental pathogenic microorganisms (Oviedo-Boyso 
et al. (2006)). Mastitis is the most frequent disease in dairy 
cattle and its incidence depends on several factors such as 
health management and animal susceptibility. In Canada, a 
national dairy cattle health and disease data management 
system was started in 2007 and Canadian Dairy Network 
(CDN) will release the first official run of a routine evalua-
tion for Mastitis Resistance for the Holstein breed in Au-
gust 2014. Considering the importance of mastitis for the 
dairy industry, the objective of this study was to identify 
genomic regions that are associated with resistance to mas-
titis in Canadian Holsteins. 

 
Materials and Methods 

 
Data. Estimated breeding values (EBV) for masti-

tis resistance were obtained from a univariate linear animal 
model including fixed effects of parity and year-season of 
calving, random herd-year of calving effect, random animal 
additive genetic effect, random permanent environmental 
effect, and random residual effect. Four seasons of calving 
were defined from January to March, April to June, July to 
September and October to December. Phenotypic data in-
cluded 210,559 records from first, second and third parity 
cows. Mastitis was defined as a binary trait (0 = no mastitis, 
1 = mastitis) based on whether the cow had at least one 

mastitis case in the period from calving to 305 d after calv-
ing. EBV were reversed in sign, thus, higher EBV indicate 
sires with daughters more resistant to mastitis. Only sires 
with at least one daughter evaluated and reliability higher or 
equal to 25% were analyzed. Animals were genotyped with 
Illumina Bovine 50K BeadChip and imputed to the Illumina 
Bovine HD BeadChip, using 2,300 proven bulls as refer-
ence population, using FImpute software (Sargolzaei et al. 
(2011)). Genotype quality control excluded animals with 
call rate lower than 85% and SNPs with minor allele fre-
quency lower than 1%, excess of heterozygotes higher than 
15%, and call rate lower than 90%. The analyzed data con-
tained 2,608 animals and 296,672 SNPs. 

 
Association Analyses and Gene Mapping. A 

generalized quasi-likelihood score (GQLS) test was used to 
evaluate the association of SNPs and EBVs. This method-
ology considers the relationship between animals and uses a 
logistic regression to test the association of the phenotypic 
information (EBV) with the allele frequencies of the SNP 
(Feng et al. (2011)). To account for multiple testing a posi-
tive false discovery rate (pFDR) of 10% at chromosome-
wise level was applied (Storey (2003)). Significant SNPs 
were mapped to their corresponding or nearby genes using 
NGS-SNP (Grant et al. (2011)), the bovine genome assem-
bly UMD3.1, and the Ensembl database 66. 

 
Functional analyses. Functional investigation of 

gene pathways was performed with DAVID 6.7 software 
(Huang et al. (2009)) and included genes harboring SNPs 
and genes within a distance of 100kb around the significant 
SNPs.    

 
Results and Discussion 

 
Association Analyses and Gene Mapping. Re-

sults from the GQLS analyses are shown in Figure 1. A 
total of 1,326 SNPs were significant at 10% chromosome-
wise pFDR. Most of the significant SNP were located on 
chromosome 6 (21%), 14 (21%), 16 (16%), 20 (9%), 7 
(6%) and, 9 (5%). The significant SNPs were mapped to 
1,238 genes, from which 267 held at least one significant 
SNP and 971 were nearby (±100kb) at least one significant 
SNP. Table 1 presents the significant SNPs located in gene 
exons. 

 
Table 1. Mapped genes holding significant SNPs in exon 
regions for mastitis resistance in Canadian Holsteins. 



Gene Symbol SNP Chr Pos 
(Mb) 

HEPACAM2s rs137582785** 4 10.39 
GNRHRs rs41654417*** 6 85.17 

SHROOM3s rs41655339* 6 93.38 
ENSBTAG00000047190m rs42583803*** 7 34.12 

NALCNs rs110398134* 12 81.56 
MAF1s rs41256919* 14 1.92 

SPIDRm rs110932134* 14 20.97 
F13Bs,s,m rs110692562** 

rs135527603** 
rs110752645** 

16 
16 
16 

77.85 
77.85 
77.86 

UBE4Bs rs136986834* 16 44.29 
TROVE2m rs136040928** 16 12.79 

VPS13Dm,m rs42616241* 
rs134797270** 

16 
16 

42.22 
42.25 

HEATR7B2m,s,s rs41949012** 
rs109151731** 

20 
20 

33.47 
33.49 

GRM4s rs29012725* 23 8.12 
CDH2s rs42042633*** 24 29.19 
ODZ3s rs42112982** 27 12.79 

s synonymous variant; m missense variant; ***1 % pFDR;**5% 
pFDR,*10% pFDR 

 
Functional analyses. A total of 1,238 genes were 

submitted for functional analysis, from which 1,079 genes 
were identified by DAVID and 159 genes were unmapped. 
According to the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG), 59 genes were enriched (P<0.10) in 9 
pathways (Table 2).  

 
Table 2. Biological pathways associated with mastitis in 
Canadian Holsteins. 

KEEG Pathway 
Term* 

Genes Symbols SNP location 

Androgen and estro-
gen metabolism 

SULT1E13i,5a, UGT2B101i,1a, 
UGT2A31i,2a, HSD17B71i, SRD5A32a, 
UGT2B41a, ENSB-
TAG000000376131a, ENSB-
TAG000000403372a 

Pentose and glucu-
ronate interconver-
sions 

UGT2A31i,2a, UGT2B101i,1a, ENSB-
TAG000000403372a, UGT2B41a, 
XYLB1a, ENSBTAG000000376131a 

Ascorbate and al-
darate metabolism 
 

ALDH7A15a, UGT2A31i,2a, 
UGT2B101i,1a, ENSB-
TAG000000403372a, ENSB-
TAG000000376131a, UGT2B41a 

Neuroactive ligand-
receptor interaction 

GNRHR1s,5a, GABRB15i,4a, GA-
BRA42i, GHR1i,2a, GABRA21i,1a, GA-
BRG11i,3a, PTAFR1i,1a, GRIK21i, 
NR3C11i, PRLR2a, DRD52a, OPRD11a, 
CALCR1a, CCKAR1a, NPFFR21a, 
LPAR22a, DRD21a, GZMA1a, gzmA1a, 
PTGER41a, MC5R1a, MC2R1a 

Steroid hormone 
biosynthesis 

SULT1E13i,5a, HSD17B71i, 
UGT2B101i,1a, UGT2A31i,2a, 
SRD5A32a, UGT2B41a, ENSB-
TAG000000376131a, ENSB-

TAG000000403372a 

Systemic lupus ery-
thematosus 

TROVE21m,3a, C65i,2a, C74i,3a, 
FCGR21a, FCGR3A1a, 
HIST1H4G1a,H2AFY1a, H3F3C1a, 
H3F3B1a, H3F3C2a, H2B1a, ENSB-
TAG000000172801a 

Drug metabolism UGT2A31i,2a, UGT2B101i,1a, 
MGST11i, AOX11a, UGT2B41a, 
ENSBTAG000000268121a, ENSB-
TAG000000376131a, ENSB-
TAG000000403372a 

Complement and 
coagulation cascades 

F13B2s,1m,1i,4a, C65i,2a, C74i,3a, THBD5a, 
C31a, F53a, MASP21a, SERPINC11a  

Fc gamma R-
mediated phagocyto-
sis 

PIK3R13i,1a, ASAP12i, MYO102i, 
ARPC21a, WASF21a, FCGR21a, 
FCGR3A1a, VAV11i, ARPC41a 

a SNP located up to 100kb of the gene; i intron variant; s synonymous vari-
ant; m missense variant; *10% significant at DAVID enrichment analysis  

 
 
Some of the significant pathways are part of the 

immune system (Fc gamma R-mediated phagocytosis and 
complement and coagulation cascades), lipid metabolism 
(steroid hormone biosynthesis), and carbohydrate metabo-
lism (ascorbate and aldarate metabolism and pentose and 
glucuronate interconversions). Phagocytosis plays an essen-
tial role in host-defense mechanisms through the uptake and 
destruction of infectious pathogens and the complement 
system (complement and coagulation cascades) is a media-
tor of innate immunity, a nonspecific defense mechanism 
against pathogens. Regulation of the metabolism between 
carbohydrates and lipids is essential for the animal’s adap-
tation to negative energy balance (Irena et al. (2010)) that 
occurs in the transition from pregnancy to lactation in dairy 
cows. Thus, carbohydrate and lipid metabolism are closely 
related to mastitis, because chronic deficiencies of energy, 
protein, minerals, or vitamins have repeatedly been associ-
ated with increased disease susceptibility as a result of de-
pressed immune function (Goff and Horst (1997)).  

 
The genes involved in the immune system, lipid 

and carbohydrate metabolism pathways were located on 
chromosomes 2, 3, 6, 7, 13, 14, 16, 20, and 22 where peaks 
of significant SNP are located (Figure 1). The gene F13B 
(coagulation factor XIII, B polypeptide) located on chromo-
some 16 is part of the complement and coagulation cas-
cades and holds 4 significant SNPs, including 2 synony-
mous, 1 missense and 1 intron variant (Table 1 and  2). 
Other genes that contain significant SNPs in exons, such as 
the GNRH (gonadotropin-releasing hormone receptor) gene 
that is related to the	  pituitary regulation of the production 
and release of the gonadotropins, LH and FSH, and the 
gene TROVE2 (TROVE domain family, member 2) also 
appeared in the enriched pathways (Table 2). 

 



 
Figure 1: Manhattan plots of the genome-wise associa-
tion analysis for mastitis in Canadian Holsteins and po-
sition of the genes that enriched to a pathway (green 
dots). 

 
 
Most of the regions identified by the association 

and functional analyses are close to or contain a previously 
reported QTL for mastitis or somatic cell score (Cattle 
QTLdbase, http://www.animalgenome.org). However, the 
region on chromosome 13 around 42 Mb that contain the 
gene THBD (thrombomodulin) and the region on chromo-
some 22 between 11Mb and 22 Mb, containing the genes 
XYLB (xylulokinase homolog) and ARPC4 (actin related 
protein 2/3 complex, subunit 4, 20 kDa) are new potential 
loci for mastitis. The THBD and ARPC4 genes are involved 
in the immune system pathways and XYLB is part of the 
carbohydrate metabolism pathway (Table 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Conclusion 
 
Results suggest that there are loci for mastitis re-

sistance on chromosomes 2, 3, 6, 7, 13, 14, 16, 20, and 22. 
The identified regions contain genes that play a role in the 
immune system or in important hormonal and metabolic 
processes. 
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