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ABSTRACT: GWAS using 43,062 informative SNPs and 
11,374 inferred haplotype blocks were performed with 
EBVs for SCS in a population of 2,360 German Holstein 
bulls. Considering the population sub-structure, 17 SNPs 
and 12 haplotypes in six genomic regions were identified. 
Loci on BTA5, 6, 18 and 19 coincided with known QTL 
affecting SCS, while additional loci were found on chromo-
somes 13 and X. The differences between alternative SNP 
alleles were up to 14,000 cells/ml. The total genetic vari-
ance explained by all significant haplotype blocks was 
6.6%, while it was only 4.8% by significant SNPs in those 
blocks. GWAS using SNP- and haplotype-based approach-
es may maximize the potential for finding biologically im-
portant loci. The results verify the importance of previously 
reported QTL and provide evidence for additional loci. 
Identified markers are located within or very closed to 
promising candidate genes. 
Keywords: Dairy cattle; Udder health; Haplotypes; Candi-
date genes 
 
 

Introduction 
 

Mastitis is the most frequent and costly disease 
that dairy producers all over the world face. Therefore, se-
lecting animals with high ability to resist or combat infec-
tion is a major breeding objective. Since, selection based on 
phenotypes is difficult for low heritable traits such as clini-
cal mastitis or its indicator somatic cell score, SCS (Martin 
et al. (2010); Hinrichs et al. (2011)), genomic selection was 
suggested (Meuwissen et al. (2001)). Genome-wide infor-
mation has been effectively used to estimate genomic 
breeding values for SCS to apply genomic selection in 
breeding programs. Since most SNPs used for genomic 
prediction are in linkage disequilibrium (LD) with unknown 
causative mutations, the marker effects may need to be re-
estimated from time to time due to the recombination 
events. To circumvent re-evaluation of marker effects and 
to understand the biological mechanism of gene variants, it 
is desirable to know causative mutations. An essential step 
is the accurate mapping of genomic loci contributing to the 
trait variation. 

 
Although GWAS based on single markers may 

lead to significant findings, analysis based on haplotypes 
may identify loci that are not captured by single marker 
approach or reveal the combinatory effect among loci. In 
addition, a haplotype can have a higher LD with the causa-
tive mutation than in the case for the individual SNP and 

this could lead to identify a larger aggregated effect if they 
combine multiple mutations on one chromosomal region 
which increases the power to identify loci, even if they have 
small effects (Bickel et al. (2011)). Thus, GWAS using 
haplotype information in addition to SNPs could shed new 
light on genetic determinants that are not captured by the 
single marker approach. Therefore, the objectives of this 
study were to identify genomic loci associated with SCS 
using both SNPs and haplotype information and to suggest 
candidate genes for SCS. 

 
Materials and Methods 

 
Animals and phenotypes. This study included 

2,402 German Holstein progeny tested bulls for which es-
timated breeding values (EBVs) for SCS were available in 
August 2009. On average, each bull had 751 daughters con-
tributing to the EBV estimations. The estimation of EBVs 
was based on the random regression animal model using the 
original yield records on a daily basis, 5 to 365 days in milk 
(Liu et al. (2004)). The mean reliability of EBV estimations 
was 88%. The phenotypes obtained from the center of na-
tional breeding evaluation (VIT, Verden, Germany) were 
available for the first three lactations and the average of 
them.  

 
Genotypes and quality check. The bulls used 

were genotyped with the Illumina BovineSNP50 v1 Bead-
Chip (54,001 SNPs). The SNP data were subjected to rigor-
ous validation to exclude un-positioned SNPs (Schmitt et 
al. (2010)), SNPs with minor allele frequency (MAF) 
<0.01, SNPs with missing genotype rate >10%, and SNPs 
significantly (P<0.001) deviated from Hardy Weinberg 
Equilibrium test. In addition, individuals with call rate 
<90% were removed. The remaining data set included 
43,062 SNPs and 2,360 bulls with 99.6% genotyping rate. 
Haplotypes for each chromosome were constructed using 
fastPHASE (Scheet and Stephens (2006)). Phased geno-
types were partitioned into haplotype blocks using the solid 
spine algorithm implemented in Haploview (Barrett et al. 
(2005)). The exclusion criteria applied for SNPs were also 
applied for haplotypes. In total, 11,374 haplotype blocks 
containing 36,953 SNPs representing 50,828 haplotypes 
passed quality control. 

 
Genome-wide association analyses. To prevent 

false positive associations, we accounted for potential popu-
lation substructure using the multi-dimensional scaling ap-
proach implemented in PLINK (Purcell et al. (2007)). The 



GWAS for single markers and haplotypes were performed 
using the linear regression model in PLINK with population 
structure as covariates. The Bonferroni correction was ap-
plied to adjust for multiple testing. To prevent false nega-
tive associations, we stepwise included the most significant 
SNPs of a genome-wide scan as covariates into the model 
to detect additional loci. To estimate the proportion of ge-
netic variance explained by significant SNPs and haplo-
types, we used the formula 2β2f (1-f), where the coefficient 
β measures the regression effect of the locus per copy of the 
variants, and f denotes the frequency of the variants (Park et 
al. (2010)). 

 
Selection of candidate genes. We used 5' and 3' 

flanking regions of 1 Mb around the significant SNP or up- 
and downstream of the significant haplotype to search for 
candidate genes, which could be responsible for the signifi-
cant effect (Gibbs et al. (2009)). The markers were assigned 
to genes using an Ensembl Perl API tools 
(http://www.ensembl.org) through a homemade Perl script 
(http://www.perl.org) to get all possible genes within the 
flanking regions, which could still be in LD with the pheno-
type influencing mutation. Gene ontology analysis was per-
formed using a Perl script (http://www.perl.org) to extract 
the functional annotation derived from UniProtKB/Swiss 
(http://www.uniprot.org/uniprot) and GeneCards 
(http://www.genecards.org). A gene was selected as a can-
didate if the gene ontology annotation linked to the gene 
has immune related functions. 

 
Results and Discussion 

 
A total number of 17 SNPs reached genome-wide 

significance (P≤1.16x10-06) for association with EBVs for 
SCS (Figure 1). These SNPs were located on BTA5, 6, 13, 
18, 19 and chromosome X. The MAF of these SNPs ranged 
between 0.10 and 0.43. The differences between alternative 
SNP alleles were up to 14,000 cells/ml. The total genetic 
variance explained by all significant SNPs together was 
5.24%. The haplotype analysis did not identify other ge-
nomic regions than those detected by single marker analy-
sis. Among 12 haplotypes that were significantly 
(P≤9.8x10-07) associated with EBVs for SCS, nine haplo-
types harbored significant SNPs, while the other three hap-
lotypes either lay between significant SNPs, i.e. on BTA6, 
or were located very close to the significant SNPs, i.e. on 
BTA13 and chromosome X (Figure 1). The significant hap-
lotypes occurred with frequencies from 11 to 61%. The 
total genetic variance explained by all significant haplo-
types was 4.23%. Eight out of 17 SNPs that showed signifi-
cant associations in individual tests were not located in sig-
nificant haplotypes in the haplotype association test (Figure 
1). Four of these SNPs did not belong to any haplotype 
block (SNPs on BTA5 and 18), while the other four SNPs 
were located in haplotype blocks but the corresponding 
haplotypes did not show significant associations. The power 
for detecting association is maximized if the frequencies of 
a specific marker allele and a causal DNA variant are simi-
lar. The LD is high if the two alleles of the same frequency 
(the observed marker allele and the hidden causal mutation) 
occur on the same chromosome. Forming haplotypes with 

several contiguous SNPs in a block could change the com-
bination of SNP alleles on a chromosome (haplotypes) and 
reduce the strength of association in such case (Shim et al. 
(2009)), as seen for example on BTA13 and BTA19 (Figure 
1). No additional SNP has been identified after step-wise 
adjustments for the effect of the significant SNPs in the 
model.  
 

 
Figure 1: Significant regions associated with EBVs for 
SCS on BTA5, 6, 13, 18, 19 and chromosome X. The 
horizontal solid and dashed lines indicate whole genome 
significance threshold at α=0.05 after Bonferroni correc-
tion for single markers and haplotypes respectively. 
Triangles refer to significant SNPs and bars refer to 
significant haplotypes. Positions are based on Baylor 
College of Medicine bovine genome assembly Build 4.0 
(Btau_4). 

 
The identified loci on BTA5, 6, 18 and 19 reside in 

regions with known QTL affecting mastitis traits 
(http://www.animalgenome.org). Most interesting is the 
significant locus on BTA6 identified in our GWAS which 
coincided with QTLs that have repeatedly been mapped for 
SCS in German and French Holstein cattle (Bennewitz et al. 
(2004)), for clinical mastitis in Danish Holstein cattle (Lund 
et al. (2008)), and in a GWAS for SCS in US Holstein cattle 
(Cole et al. (2011)). The GWAS in US Holstein cattle iden-
tified three SNPs associated with SCS in the same region on 
BTA6. Albeit the same BovineSNP50 BeadChip was used 
in that investigation (Cole et al. (2011)), different SNPs 
were significantly associated with SCS in our study. To our 
knowledge, the identified loci on BTA13 and chromosome 
X have not been reported before, neither in Holstein nor 
other cattle breeds (http://www.animalgenome.org). The 
genomic regions identified by the current GWAS have been 
further validated using own performance data in another 
population (Abdel-Shafy et al. (2014))  

 
Compared with the confidence interval from pre-

viously reported QTL in structured pedigrees of German 



Holstein cattle, this GWAS contributes effectively to short-
en the genomic regions where the underlying genes are lo-
cated (between 0.47 to 7.1 Mb). For instance, the QTL for 
SCS on BTA6 with a peak QTL position at 99 cM and a 
confidence interval of 119 cM in the German Holstein pop-
ulation (Bennewitz et al. (2004)) could be fine-mapped in 
our study to a region of about 4.54 Mb, where the signifi-
cant loci reside with a 1-Mb flanking region on both sides. 
Likewise, the previously reported QTL on BTA18 with a 
peak QTL position at 72.55 cM and a confidence interval of 
10.5 cM (Baes et al. (2009)) was located in a 0.47 Mb in-
terval in our study. Moreover, the known QTL for SCS on 
BTA19 with a peak QTL position at 58 cM and a confi-
dence interval of 123 cM (Bennewitz et al. (2004)) could be 
reduced to a region of about 3.79 Mb. 

 
For the analyses of SNP and haplotype effects, the 

results showed that haplotypes can explain substantially 
more genetic variance than the sum of all SNPs forming the 
corresponding haplotype block (4.8% vs. 6.6%, respective-
ly). If several markers within a small region are in strong 
LD with each other and with the causative mutation, haplo-
types can capture the LD information better than single 
markers and therefore haplotype tests are more powerful 
than single marker tests.  

 
Markers associated with EBVs for SCS are located 

close to several promising candidate genes. For example, 
the SNP rs110707460 on BTA6 is located within the deox-
ycytidine kinase gene (DCK), which has a functional role in 
drug resistance and sensitivity (van den Heuvel-Eibrink et 
al. (2001)). The SNP rs109441194 on BTA13 is located in 
the gene encoding the cytoplasmic nuclear factor of acti-
vated T-cell calcineurin-dependent 2 fragment (NFATC2), 
which plays a central role in the transcriptional activation of 
T-cell cytokine genes during the immune response, especial-
ly IL-2, IL-3, IL-4, tumor necrosis factor-α, and granulo-
cyte-macrophage colony-stimulating factor (Rao (1994)). 
The position of SNP rs41257403 on BTA19 is 2.67 kb 
away from the forkhead box protein K2 (FOXK2) gene, 
which is necessary for the transcriptional regulation of IL-2 
(Li et al. (1991)). 
 

Conclusion 
 
The results provide further evidence for the im-

portance of previously reported QTL for SCS variation on 
BTA5, 6, 18 and 19 in Holstein cattle which could be fine-
mapped by our GWAS. In addition to known QTL, we 
identified QTL on BTA13 and the X-chromosome that have 
not been reported before. GWAS using haplotypes add in-
formation that was not obtained by SNP analysis alone. 
GWAS using SNP and haplotype information can contrib-
ute to increase the proportion of genetic variance explained 
by QTL. Several promising candidate genes for mastitis 
resistance are linked to genomic markers identified by our 
study, such as DCK, NFATC2, and FOXK2 genes. 
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