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Abstract

that affect gene functions.

Background: To better understand the genetic determination of udder health, we performed a genome-wide
association study (GWAS) on a population of 2354 German Holstein bulls for which daughter yield deviations (DYD)
for somatic cell score (SCS) were available. For this study, we used genetic information of 44 576 informative single
nucleotide polymorphisms (SNPs) and 11 725 inferred haplotype blocks.

Results: When accounting for the sub-structure of the analyzed population, 16 SNPs and 10 haplotypes in six
genomic regions were significant at the Bonferroni threshold of P<1.14 x 10°®. The size of the identified regions
ranged from 0.05 to 5.62 Mb. Genomic regions on chromosomes 5, 6, 18 and 19 coincided with known QTL
affecting SCS, while additional genomic regions were found on chromosomes 13 and X. Of particular interest is the
region on chromosome 6 between 85 and 88 Mb, where QTL for mastitis traits and significant SNPs for SCS in
different Holstein populations coincide with our results. In all identified regions, except for the region on
chromosome X, significant SNPs were present in significant haplotypes. The minor alleles of identified SNPs on
chromosomes 18 and 19, and the major alleles of SNPs on chromosomes 6 and X were favorable for a lower SCS.
Differences in somatic cell count (SCC) between alternative SNP alleles reached 14 000 cells/mL.

Conclusions: The results support the polygenic nature of the genetic determination of SCS, confirm the
importance of previously reported QTL, and provide evidence for the segregation of additional QTL for SCS in
Holstein cattle. The small size of the regions identified here will facilitate the search for causal genetic variations

Background

Mastitis is the endemic disease that causes the greatest
economic losses to the dairy industry worldwide [1].
Therefore, genetic improvement through the selection of
animals with a greater ability to resist or combat infec-
tion is a major breeding goal. Since a moderate to high
positive genetic correlation exists between clinical mas-
titis and milk somatic cell count (SCC) or its logarithmic
transformation (somatic cell score, SCS) [2-6], SCC and
SCS have been widely used to monitor mastitis in dairy
farms, although variation in SCS may be associated with
different environmental conditions, different pathogens,
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and different physiological statuses of the animal [7].
SCS is used as an indicator trait for mastitis.

Since clinical mastitis and SCS have low heritabilities
in dairy cattle i.e. equal to 0.10 and 0.16, respectively,
traditional breeding for mastitis resistance is difficult [8,9].
Therefore, selection based on genomic information could
be an interesting alternative [10]. Since genomic selection
has been introduced into breeding programs, genome-
wide information on SCS has been used effectively to esti-
mate genomic breeding values for SCS. However, most
SNPs (single nucleotide polymorphisms) used for genomic
selection are in linkage disequilibrium (LD) with unknown
causative mutations. Due to recombination between indir-
ect markers and causative mutations, the marker effects
may need to be re-estimated from time to time. Therefore,
to circumvent reevaluation of SNP effects and to under-
stand the biological mechanism behind gene variants, it is
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necessary to identify the causative mutations. An essential
step to achieve this is the accurate mapping of genomic
loci that contribute to the trait.

Compared to QTL (quantitative trait loci) studies that
are performed using pedigrees, genome-wide association
studies (GWAS) have the power to detect smaller
chromosomal regions affecting a trait and to provide
more precise estimates of the size and direction of the
effects of alleles at identified loci. Recent GWAS using
SNPs in US, Irish, Dutch, Scottish, and Swedish Holstein
cattle identified SNPs associated with SCS on chromo-
somes 2, 4, 5, 6, 7, 10, 11, 12, 13, 15, 16, 18, 20, 25, 26,
28 and X [11-13].

While previous GWAS for mastitis traits in dairy cat-
tle used SNPs, haplotype-based approaches can be more
powerful for genomic regions for which allele frequen-
cies of the tested SNP and the unknown causative muta-
tion are different. In a population, a SNP has at most
two alleles but a haplotype block can have more than
two haplotypes [14]. A haplotype block consists of two
or more polymorphic loci (e.g. SNPs) in close proximity,
which tend to be inherited together with high probabil-
ity. While the term allele refers to one of alternative
DNA sequences at a single polymorphic locus, haplotype
refers to the combination of alleles of polymorphic loci
in a haplotype block on one chromosome. The combin-
ation of two haplotypes that an individual carries within
a block (or homologous haplotypes) builds a diplotype,
analogous to genotype for a single polymorphic locus. A
haplotype can have higher LD with the allele of a QTL
than individual SNP alleles that are used to construct
the haplotype. Therefore, haplotypes can better separate
carriers of each QTL allele and thus have larger effects
than individual SNPs. Furthermore, haplotypes can also
have larger effects if they combine multiple mutations
on a chromosomal region that affect the trait in the
same direction, which increases the power to identify
genomic regions for the trait, even if they have small
effects [15]. However, haplotypes can also have smaller
effects if they combine QTL allele variants with effects
in opposite directions. Due to the low heritability of SCS
[2,9], small QTL effects are expected [16]. Thus, GWAS
using haplotype information in addition to using individ-
ual SNPs could shed new light on the genetic deter-
minants that are not captured by the single-marker
approach. Therefore, the objective of this study was to
identify genomic regions that contribute to differences
in SCS using both SNP and haplotype information de-
rived from genotyped SNPs.

Methods

Animals and phenotypes

Data were obtained from 2402 German Holstein bulls
for which daughter yield deviations (DYD) for SCS were
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available in August 2012. The bulls were born between
1981 and 2003, with more than 97% born after 1998.
Data from the National Breeding Evaluation (Vereinigte
Informationssysteme Tierhaltung (VIT), Verden, Germany)
were available for the first three lactations. On average,
each bull had 937 daughters contributing to its DYD and
the mean reliability of the DYD was 88% (ranging from
72 to 99%). Estimation of DYD was based on the ran-
dom regression animal model using the original daily
yield records from 5 to 365 days in milk [17]. Since
DYD for SCS of bulls are based on the performance
data of all their daughters, adjusted for environmental
effects, they are highly reliable and more accurate than
the individual performance data of cows. In addition, the
DYD describes the genetic value of a bull more accurately
than its estimated breeding value due to the adjustment
for the daughters’ dams [18].

Genotypes and quality control

The bulls used were genotyped with the Illumina
BovineSNP50 vl BeadChip (Illumina Inc., San Diego,
CA, USA), which features 54 001 SNPs across all auto-
somes and the X chromosome [19]. The genotyping was
conducted after ethical review and approval by the com-
mittee of the GenoTrack project, reference number:
0315 134B. The SNP data from this chip were subjected
to rigorous validation by the remapping procedure of
Schmitt et al. [20] against the reference assembly of the
bovine genome (University of Maryland bovine genome
assembly, UMD3.1) [21]. This procedure mapped 53 872
oligomer sequences to a unique chromosomal position
and defined 129 ambiguous SNP positions as missing due
to substantial deviations between the manufacturer’s spe-
cification and the mapping strategy. During quality con-
trol, which was conducted using PLINK, release 1.07 [22],
7976 and 745 markers were excluded due to a low minor
allele frequency (MAF < 0.01) and a low genotyping rate
(<90% missing), respectively. Forty-eight animals were
discarded because they had a high rate of missing geno-
types (>10%). Furthermore, 1082 SNPs showed significant
(P<0.001) deviations from Hardy-Weinberg proportions
and were carefully examined. Since they did not show sig-
nificant associations with SCS, they were excluded from
further analyses. In total, 44 576 SNPs and 2354 bulls
passed the quality control. The genotyping rate of the
remaining individuals was 99.3%. The subset of SNPs cov-
ered 2649.52 Mb of the bovine genome with an average
distance of 59.5 kb between adjacent markers.

Haplotype inference and block computation

Haplotypes for each chromosome were constructed using
the default options in fastPHASE [23] on whole chromo-
somes with 10 random starts (parameter -T) and 25 itera-
tions (parameter-C). Phased genotypes were partitioned
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into haplotype blocks using the solid spine algorithm im-
plemented in the software Haploview, version 4.1 [24].
This algorithm defines a haplotype block if the first and
last SNP in a region are in strong LD (D’ > 0.8) with all
intermediate SNPs, but the intermediate SNPs do not
need to be in LD with each other. Haplotypes with a
minor allele frequency below 0.01 and a genotyping error
rate greater than 0.10 were excluded from further analyses.
After quality control, 11 704 haplotype blocks containing
37 424 SNPs were inferred and used for GWAS. These
haplotype blocks comprised 52 422 haplotypes and cov-
ered 1301.68 Mb of the genome (sum of regions between
the first and last SNP in a haplotype block) with an aver-
age of three SNPs per haplotype block. The number of
SNPs per haplotype block ranged from 2 to 17, with more
than 95% of haplotype blocks containing two to six SNPs.

Genome-wide association analyses

To prevent false positive associations from confounding
effects, we accounted for potential population substruc-
ture using the multi-dimensional scaling (MDS) approach
implemented in PLINK [22], using a pairwise population
concordance (PPC) test based on an identity-by-state
(IBS) similarity matrix. The MDS approach measures the
similarity of alleles between independent loci (SNPs that
are not in LD, i.e. r*<0.02) using an IBS similarity matrix
across all N genotyped individuals based on the number of
markers that individuals share. Then, a cluster analysis
was carried out on the N*N IBS matrix [25]. The scaling
process resulted in 157 significant clusters, representing
axes of ancestry (P < 0.001). Fitting these clusters as co-
variates in the model for GWAS led to a reduction of
the genomic inflation factor (\) from 4.4 to 1.5. Genomic
control is commonly used in GWAS to check whether
spurious associations from population stratification are
eliminated [26]. The idea behind this calculation is that a
small number of SNPs should show a true association with
a trait of interest, while the other SNPs should follow
the distribution under the null hypothesis of no SNP
being associated [27].

The inflation factor X is the ratio of the observed me-
dian of the y* test statistic characterizing association be-
tween the phenotype and genetic markers and the
expected median of this test statistic under the null hy-
pothesis of no association predicted by theory (0.455 for
1df in association tests using the additive model). Thus,
A is a measure for the extent of the inflation of the
excess of type 1 error [27]. Due to differences in allele
frequencies caused by population stratification, observed
values of the test statistic can be inflated above their ex-
pectations under the null hypothesis [28]. To prevent
false negative associations, we included the most signifi-
cant SNPs of a genome-wide scan as covariates into the
model in a stepwise manner, to detect additional loci
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[29]. The stepwise adjustments for the most significant
SNP effects led to a further reduction of A to 1.4.

The GWAS was performed using the linear regression
procedure implemented in PLINK [22], where the DYD
for SCS were regressed on the number of copies of a
particular allele at the SNP using the PLINK linear op-
tion, including population stratification as covariates.
SNPs and haplotypes were considered significant at a
genome-wide threshold of « < 0.05 after Bonferroni cor-
rection if the nominal P-value x K was less than or equal
to 0.05, where K is the number of tests conducted in the
GWAS; K =44 576 for SNP analyses and K =52 422 for
haplotype analyses. To visualize the GWAS results,
Manhattan plots of -log;o P-value were generated using
Haploview, version 4.1 [24]. Then, a Bonferroni test was
performed to test phenotypic differences between either
genotype or haplotype groups of significant SNPs or
haplotype blocks, respectively, using SAS® software, ver-
sion 9.2 (SAS® Institute Inc., 2008, Cary, NC, USA). To
estimate the additive genetic variance explained by a
single SNP or haplotype, we used the formula 25°f (1-f),
where S denotes the estimate of the allele substitution
effect; i.e. the effect of the locus per copy of the variant
allele, and f denotes the frequency of the variant allele.
For haplotypes, the ‘allele substitution’ effect depends
on the haplotype that is set to zero. Briefly, the genetic
variance calculated by this method determines the con-
tribution of the SNP or haplotype to the additive genetic
variance based on its estimated effect and haplotype/
allele frequency under Hardy-Weinberg equilibrium
and an additive polygenic model [30].

Selection of candidate genes

In several dairy cattle breeds, non-zero levels of LD
(r* > 0.06) among markers were reported to extend up
to 1 Mb [31]. Therefore, we used 5" and 3" flanking re-
gions of 1 Mb around a significant SNP or up- and
downstream from a significant haplotype block to search
for candidate genes, which could be responsible for the
observed significant associations with SCS. The start and
end positions of genes were extracted from the Ensembl
database (UMD3.1 Ensembl data base build 73, http://
www.ensembl.org).

SNPs and haplotype blocks were assigned to genes
using an Ensembl Perl API tool (http://www.ensembl.org)
through a homemade Perl script (http://www.perl.org)
to identify all possible genes within the flanking regions
that could be in LD with the causative mutation. Gene
ontology analysis was performed 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 candidate if the gene ontology
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annotations associated with the gene included immune-
related functions.

Results
In the genome-wide analysis of 2354 progeny tested
bulls, 16 SNPs reached genome-wide significance for as-
sociation with DYD for SCS (a=0.05, P<1.14x 10,
Table 1 and Figure 1). Among these SNPs, three were lo-
cated on BTA5 between 97.4 and 98.6 Mb, two on BTA6
between 85.5 and 88.1 Mb, five on BTA13 between 78.6
and 83.3 Mb, two on BTA18 between 43.3 and 43.4 Mb,
three on BTA19 between 50.6 and 52.4 Mb, and one on
BTAX at 30.6 Mb (Figure 2) and (see Additional file 1:
Figures S1, S2, S3, S4 and S5). The haplotype analysis
did not identify other genomic regions than those de-
tected by single-marker analysis. Among the 10 haplo-
types that were significantly associated with SCS on the
five autosomes (P<9.8 x 107, Table 2), eight harbored
significant SNPs, while the other two haplotypes were ei-
ther between significant SNPs, i.e. on BTA6, or located
very close to a significant SNP, i.e. on BTA13 (Figure 2)
and (see Additional file 1: Figures S1, S2, S3, S4 and S5).
No additional SNP was identified after the stepwise ad-
justments for the effect of these significant SNPs (see
Additional file 2: Table S1).

The genetic variance explained by all significant SNPs
considered together was equal to 5.4% of the total gen-
etic variance of the analyzed population, while the

Table 1 SNPs associated with DYD for SCS
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estimated variance for each significant SNP separately
ranged from 0.25 to 0.44% (Table 1). The genetic vari-
ance explained by all significant haplotypes was equal to
3.7% and ranged from 0.26 to 0.54% for each haplotype
separately (Table 2). The sum of the estimated variances
attributed to the leading SNPs for each haplotype block
that contained significant haplotypes (i.e. the SNPs with
the lowest P-value for a significant haplotype) accounted
for 2.7% of the total genetic variance.

The most significant SNP (P =9.04 x 10°°, effect size
for the minor allele equal to -0.10 units of DYD for SCS)
was located on BTA19 (UA-IFASA-5300 at 52.44 Mb),
while the SNPs with the largest favorable effect size
(-0.12 units of DYD for SCS) were on BTA13 (ARS-
BFGL-NGS-95538 at 78.64 Mb, P =355 x 10°® and ARS-
BFGL-NGS-14974 at 8324 Mb, P=150x10°) and
BTA19 (Hapmap57515-ss46526957 at 50.65 Mb, P =
2.19 x 10°®) (Table 1). The SNP on BTA19 (Hapmap57515-
5s46526957) was also located in the most significant
haplotype (BTA19 Hap7, GAA, 50.55 to 50.65 Mb, P =
2.64 x 10®) and which had the largest favorable effect
size (-0.12 units of DYD for SCS) (Table 2).

Interestingly, the most frequent SNP alleles in the
identified genomic regions on BTA6 and BTAX were as-
sociated with lower DYD for SCS, which indicates lower
mastitis incidence (Table 1). Nonetheless, the significant
haplotypes on BTA6, which were also the most frequent
(0.32 to 0.38), were associated with an increase in SCS

SNP ID Chr Pos(bp) FA FAF B P-value  Genetic variance %* Nearest gene* Nearby immune genes®
ARS-BFGL-NGS-44153 5 97430973 G 061 -008 587E-07 030 GPRC5A CDKN1B
Hapmap53773-ss46526912 5 97948752 G 035 -009 800E-07 037 MANSC1 CDKN1B
Hapmap47511-BTA-114200 5 98579869 A 064 -009 147E-08 037 ETV6

BTA-77077-no-rs 6 85527109 A 060 -009 139E06 039 TMPRSST1F TMPRSST1D
ARS-BFGL-NGS-112872 88069548 A 068 -0.10 9.68E-07 044 DCK DCK, IGJ, DBP
ARS-BFGL-NGS-95538 13 78644697 G 086 -0.12 355808 035 SLC9A8 UB2V1
Hapmap47255-BTA-34035 13 79730805 A 067 -008 873E-08 028 KCNG1 NFATC2
BTA-33950-no-rs 13 80094921 A 042 -008 367E-07 031 NFATC2 NFATC2
Hapmap32551-BTA-128831 13 81743652 A 074 -008 168E-07 025 snoU2_19

ARS-BFGL-NGS-14974 13 83242122 A 090 -0.12 150E-06 026 DOK5

Hapmap52325-rs29020544 18 43327273 C 043 -007 486E-07 024 RGS9BP CEBPG
ARS-BFGL-NGS-57076 18 43379174 A 042 -007 585E07 024 TDRD12 CEBPG
Hapmap57515-ss46526957 19 50647677 A 019 -012 219E-08 044 FOXK2 FOXK2, CD7, NPB
ARS-BFGL-NGS-117290 19 51680150 A 037 -008 215807 030 GCGR NPB, HGS
UA-IFASA-5300 19 52436005 A 030 -010 9.04E-09 042 RPTOR CARD14
Hapmap47243-BTA-31267 X 30639394 A 079 -0.11  1.04E-07 040 U6

Chr = chromosome; FA = favorable allele; FAF = favorable allele frequency; p = change per favorable allele (regression coefficient); *genetic variance for favorable
alleles is based on the formula 22f (1-f), where 8 denotes the change per favorable allele and f denotes the frequency of the variant; *nearest gene = genes
within an area of 1 Mb centered at the SNP; *nearby immune genes = genes of known immune functions within a window of 1 Mb around SNP; positions are
according to the University of Maryland bovine genome assembly (UMD3.1); candidate genes are extracted from the Ensembl data base (UMD3.1 Ensembl data

base build 73).
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Figure 1 Genome-wide association analysis for DYD of SCS in German Holstein cattle. The Manhattan plot demonstrates the results of
association after correction for population structure; the horizontal blue line indicates the whole-genome significance threshold after Bonferroni

(Table 2). In the genomic regions on BTA18 and 19, all
alleles with negative effects on SCS were the minor SNP
alleles; the significant haplotypes on BTA18 and 19 also
had a low frequency and were associated with reductions
in SCS (Tables 1 and 2).

The regions identified on BTA5 and BTA13 contained
both types of alleles, highly frequent favorable and
highly frequent unfavorable alleles. On BTA5, the major
alleles of the two distal SNPs (ARS-BFGL-NGS-44153
and Hapmap47511-BTA-114200), with frequencies of
0.61 and 0.64, respectively, were associated with lower
SCS, while the major allele of the third significant SNP
(Hapmap53773-ss46526912, with a frequency of 0.65)
was associated with higher SCS. The significant haplotype
in this region decreased SCS and was the most frequent
haplotype (0.35). Interestingly, the frequencies (0.35) and
the proportion of genetic variance explained (0.37%) were
the same for allele G of the SNP Hapmap53773-
5546526912 (SNP number 4 in the haplotype block) and
the haplotype TCAG of the haplotype block BTA5_Hap5
(Tables 1 and 2). On BTA13, the major alleles of four
of the five significant SNPs were associated with lower
DYD for SCS; an exception was the SNP in the middle,
for which the minor allele (frequency equal to 0.42)
was the favorable one (Table 1). All significant hap-
lotypes of the associated haplotype block on BTA13
(frequencies between 0.12 and 0.34) were associated
with high SCS (Table 2). Opposing effects of the major al-
leles of the SNPs in a region that are significantly associ-
ated with SCS could indicate the presence of different
mutations in this region or loss of linkage with the causal
mutation(s) due to historic recombination between the
significant SNPs and the linked mutation.

Discussion
Using SNP and haplotype data, we identified six gen-
omic regions associated with DYD for SCS. The identi-
fied regions on BTAS5, 6, 18 and 19 are in regions where
previously reported QTL for clinical mastitis and/or SCS
have been mapped by linkage analyses in structured ped-
igrees (See Additional file 1: Figure S6). Most interesting
is the significant region on BTA6 from our GWAS, which
coincided with QTL that have repeatedly been mapped for
SCS in German and French Holstein cattle [32], for
clinical mastitis in Danish Holstein cattle [33], and in a
GWAS for SCS in US Holstein cattle [11]. The GWAS
in US Holstein cattle identified three SNPs between
85.2 and 88.90 Mb on BTAG6 associated with SCS that
are located in the same region than that identified in
our study. Although the same BovineSNP50 BeadChip
was used in the US Holstein cattle study [11], different
SNPs in this region were significantly associated with
SCS in our study. The identified region on BTAS5 is
located in a QTL region for SCS that was found in US
Holstein cattle [34]. The significant SNPs on BTA18
and 19 were also supported by known QTL in German
and French Holstein cattle [32,35]. Our study did not
identify associations in QTL regions that had been pre-
viously reported with suggestive significance in German
Holstein cattle by linkage analyses, e.g., QTL identified
on BTA2 [36], BTA7, BTA10, and BTA27 [37].
Although, many significant regions identified by GWAS
[11-13] overlap with QTL from linkage studies, several
regions were only identified by GWAS (see Additional
file 1: Figure S6). With respect to our study, the regions
on BTA13 and BTAX have not been reported before to
be associated with SCS, neither in Holstein nor in other
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Figure 2 Significant region on BTA5 associated with DYDs for SCS. (a) Manhattan plot for GWAS of significant SNPs and haplotypes;
horizontal blue and red dashed lines indicate the whole-genome significance thresholds at P < 0.05 after Bonferroni correction for single markers
and haplotypes, respectively; triangles refer to significant SNPs and bars refer to significant haplotypes. (b) Genotype effect plot of the three
significantly associated SNPs. (c) Linkage disequilibrium (LD) and haplotype block structure of the significant region on BTA5. Each box represents
the LD, measured by D', corresponding to each pair-wise SNP; haplotype blocks are indicated with black triangles, significant SNPs are highlighted
in color and significant haplotypes are framed. (d) Haplotype effect plot of significantly associated haplotypes. *(P < 0.05), **(P < 0.01), and

***(P < 0.001) indicate significant differences among groups. Numbers inside the columns of (b) and (d) indicate genotype and haplotype
frequencies; SNP1 = ARS-BFGL-NGS-44153; SNP2 = Hapmap53773-5ss46526912; SNP3 = Hapmap47511-BTA-114200; see Additional files 1 and 2 for

cattle breeds (http://www.animalgenome.org/cgi-bin/
QTLdb/BT/index). The regions detected in our study
are representative of the German Holstein population
since almost all German breeding sires contributed to
the analyzed bull population. Loci that were identified
in other populations but not in the present analysis
probably have too small effects to be detected in the

German Holstein sire population, have different LD, are
not segregating in the German Holstein population, or
were false positives in the other studies.

An important factor for GWAS is the elimination of
spurious associations that may result from relation-
ships among individuals [28]. In the current study, we
accounted for population stratification using the


http://www.animalgenome.org/cgi-bin/QTLdb/BT/index
http://www.animalgenome.org/cgi-bin/QTLdb/BT/index

Abdel-Shafy et al. Genetics Selection Evolution 2014, 46:35
http://www.gsejournal.org/content/46/1/35

Table 2 Haplotypes associated with DYD for SCS
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Hap ID Position (bp) Length HapA HF B P-value Genetic Genes within HTB  Other nearby
Chr Start End (Mb) variance %" genes
BTA5_Hap5* 5 97862816 97948752 0.09 TCAG 035 -009 7.05E-07 037 LOH12CR1, MANSC1  CDKN1B
BTA6_Hap4* 6 85142067 85527109 0.39 CAGG 034 009 1.84E-07 044 GNRHR, TMPRSSTID ~ UBA6
BTA6_Hap8 6 86642355 86904512 0.26 AGGG 038 0.107 4.08E-08 054 LOC781988, UGT2AT  SULT1B1
BTA6_Hap12* 6 87929420 88174863 0.25 AAGGGC 032 0.103 3.37E-07 046 GRSF1, MOB1B, DCK  IGJ, DBP
BTA13_Hap10* 13 78383148 78858126 047 AAAGGAG 0.14 012 3.60E-08 033 SLCY9A8, RNF114 UB2v1, PTGIS
BTA13_Hap17¥ 13 79730805 79775537 0.04 GA 034 008 9.79E-08 030 KCNG1, NFATC2
BTA13_Hap34 13 83917405 84002346 0.08 ACAA 012 012 394E-08 031 CBLN4
BTA18_Hap6a*t 18 43327273 43379174 0.05 CA 041 -007 461E-07 027 RGS9BP, TDRD12 CEBPG
BTA18_Hapéb*t 18 43327273 43379174 0.05 AG 058 007 738E-07 026 RGS9BP, TDRD12 CEBPG
BTA19_Hap7* 19 50547082 50647677 0.10 GAA 019 -011 264E-08 039 RAB40B, FN3KRP FOXK2, CD7, NPB

Chr = chromosome; Hap ID = haplotype ID; Mb = megabase; HapA = haplotype alleles; HF = haplotype frequency; = change per significant haplotype (regression

coefficient); HTB = haplotype block; BTA = Bos taurus autosome;

#genetic variance for significant haplotype is based on the formula 282f (1-), where 8 denotes the change per significant haplotype and f denotes the frequency
of the variant; fother nearby genes = genes within an area of 1 Mb upstream or downstream of the haplotype block boundaries; genes of known immune
functions are written in italic; "haplotype blocks contain SNPs which are significant in GWAS for single marker analyses; t two significant haplotypes were
identified in this haplotype block, BTA18_Hap6 (a for the first haplotype and b for the second one); positions follow the University of Maryland bovine genome
assembly (UMD3.1); candidate genes are extracted from the Ensembl data base (UMD3.1 Ensembl data base build 73).

genomic information of every bull. Ideally, the inflation
factor, A, for genomic control should be equal to 1,
which would reflect the assumption that only a small
fraction of the tested loci show true associations [27].
In the current study, even after correction for population
stratification effects, A had a value of 1.5. This inflation
may be explained by the polygenic nature of SCS, with a
large number of contributing loci, each with a small effect,
and/or by causative mutations being in LD with multiple
genotyped SNPs [38-41].

Compared to linkage studies in German Holstein cat-
tle, which provided large confidence intervals for QTL,
our GWAS using the BovineSNP50 BeadChip identified
much smaller chromosomal regions, with lengths ranging
from 0.05 to 5.62 Mb. GWAS uses historical recombin-
ation events over many generations across the genome, in-
cluding those in the interval surrounding a mutation that
affects a trait. Thus, GWAS can narrow detected effects to
relatively small genomic regions linked to an associated
SNP in the population, in which only few genes reside
[42]. In most cases, SNPs identified by GWAS are not
causative mutations themselves, but merely linked to one
or several causative mutations. Although the significant
SNPs or haplotypes identified by GWAS may not repre-
sent the causative mutation, the identified significant in-
tervals are much smaller than the QTL intervals that
result from linkage analysis of pedigrees. For instance, the
QTL on BTAG6 identified in [32] (P =0.04, chromosome-
wise), with a peak QTL position at 99 cM (90 Mb) and a
95% confidence interval from 16 to 135 ¢cM (=14.5 to
122.7 Mb), could be reduced in our study to a 3.1 Mb
interval from 85.1 and 88.2 Mb. Likewise, the QTL previ-
ously identified on BTA18 with a peak QTL position at

72.55 ¢cM (=46.2 Mb) and a 95% confidence interval from
64.1 to 74.6 cM (~40.8 to 47.5 Mb) [35] was located in a
0.05 Mb interval in our study.

Of particular interest is the region on BTA6 between
about 85 and 89 Mb, which has been associated with mas-
titis traits in several studies [11,32,33]. In our study, the re-
gion between 85.1 and 88.2 Mb was significant, which
contains the following candidate genes: TMPRSSI11D
(transmembrane protease serine 11D), DCK (deoxycytidine
kinase), 1G] (immunoglobulin ] chain), and DBP (vitamin
D-binding protein, also known as GC-globulin, group-
specific component) (Tables 1 and 2). TMPRSS11D plays
an important role in the activation of the pro-macrophage-
stimulating protein [43], which induces macrophage
spreading, migration, phagocytosis, and cytokine pro-
duction. It also inhibits the lipopolysaccharide-induced
production of inflammatory mediators [44-46]. DCK
has a functional role for drug resistance and sensitivity
[47] and IG]J regulates the structure and function of IgM
polymers secreted by B cells [48] and helps to bind immu-
noglobulins with secretory components [49]. DBP is a
multifunctional protein that associates with membrane-
bound immunoglobulin on the surface of B-lymphocytes
[50] and with the IgG receptor on the membranes of
T-lymphocytes [51].

Although all significant associations were observed
in regions for which both SNPs and haplotypes had ef-
fects, some haplotypes did not contain significant SNPs
(BTA6_Hap8, and BTA13_Hap34). This is attributed to
the nature of the haplotype-based methods, which can
better detect functional haplotypes such as cis-interactions
among multiple DNA variants in a haplotype block region
[52,53], which is an advantage of haplotype analysis
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compared to the SNP analysis. Likewise, some signifi-
cantly associated SNPs did not belong to a haplotype
block (ARS-BFGL-NGS-44153 and Hapmap47511-BTA-
114200 on BTA5; UA-IFASA-5300 on BTA19), or they
were located in haplotype blocks that did not show sig-
nificant associations (BTA-33950-no-rs, Hapmap32551-
BTA-128831, and ARS-BFGL-NGS-14974 on BTA13; ARS-
BFGL-NGS-117290 on BTA19; Hapmap47243-BTA-31267
on BTAX). The power for detecting association is maxi-
mized if the frequencies of a specific marker allele and a
causal DNA variant are similar. LD can be high only if the
two alleles (the observed marker allele and the hidden
causal mutation) have a similar frequency and are located
on the same chromosome. Forming haplotypes with sev-
eral contiguous SNPs in a block could change the combin-
ation of SNP alleles (i.e. haplotypes) on a chromosome
and reduce the strength of association with a causal SNP
in such cases [54].

All SNPs and haplotypes associated with SCS in our
study explained only a small proportion of the total gen-
etic variance. This is due to the low heritability and the
complex nature of the SCS trait, which involves the effects
of a large number of variants. The effects of potential add-
itional loci were probably too small to pass the stringent
genome-wide significant threshold, or the causal variants
were too far away (low LD) from the SNPs that were
genotyped, or the causal variants had a different allele
frequency than the genotyped SNPs (incomplete LD).

Conclusions

This study is the first GWAS for SCS in German Holstein
cattle. The results provide further evidence for previously
reported QTL for SCS on BTA5, 6, 18 and 19 in Holstein
cattle, which were fine-mapped in our GWAS. In addition
to known QTL, we identified QTL on BTA13 and the X-
chromosome that have not been reported before. In the
comparison of GWAS using SNPs versus haplotype, our
results demonstrate that GWAS using haplotypes provides
some information that was not obtained by SNP analyses
alone. Thus, GWAS using SNP and haplotype information
can contribute to increase the proportion of genetic vari-
ance explained by QTL. Although SNP chips with higher
density and next-generation sequencing may provide new
data in the near future, the results of our study suggest
that the 50 k bovine BeadChip is a valuable source of in-
formation to discover mechanisms that contribute to high
and low SCS or to different susceptibilities for mastitis.

Additional files

Additional file 1: Figures S1, 2, 3, 4, and 5. Significant regions on
BTA6, 13, 18, 19 and X associated with DYD for SCS, respectively.

(a) Manhattan plots for GWAS of significant SNPs and haplotypes;
horizontal blue and red dashed lines indicate whole-genome significance
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thresholds at P < 0.05 after Bonferroni correction for single markers and
haplotypes, respectively; triangles refer to significant SNPs and bars refer
to significant haplotypes. (b) Genotype effect plots of the significantly
associated SNPs. (c) LD and haplotype block structure of the significant
regions; each box represents the D' values corresponding to each
pair-wise SNP; haplotype blocks are indicated with black triangles,
significant SNPs are highlighted in color and significant haplotypes are
framed. (d) Haplotype effect plots of significantly associated haplotypes;
*(P < 0.05), **(P < 0.01), and ***(P < 0.001) indicate significant differences
among groups. Numbers inside the columns of (b) and (d) indicate
genotype and haplotype frequencies. Figure S1. SNP1 = BTA-77077-no-rs;
SNP2 = ARS-BFGL-NGS-112872, Figure S2. SNP1 = ARS-BFGL-NGS-95538;
SNP2 = Hapmap47255-BTA-34035; SNP3 = BTA-33950-no-rs;

SNP4 = Hapmap32551-BTA-128831; SNP5 = ARS-BFGL-NGS-14974,
Figure S3. SNP1 = Hapmap52325-rs29020544; SNP2 = ARS-BFGL-NGS-57076,
Figure S4. SNP1 = Hapmap57515-5s46526957; SNP2 = ARS-BFGL-NGS-117290;
SNP3 = UA-IFASA-5300, and Figure S5: SNP1 = Hapmap47243-BTA-31267.
Figure S6: Genetic map of previously reported QTL for mastitis traits in
Holstein populations and own results. On the right hand side of each
chromosome, confidence intervals of previously reported QTL by
linkage studies for SCS in red, SCC in green and clinical mastitis in blue
are indicated (http//www.animalgenome.org/cgi-bin/QTLdb/BT/index);
on the left hand side of each chromosome, arrows indicate the loci
identified by GWAS for SCS in different Holstein populations; loci
identified in our study are indicated with red arrows.

Additional file 2: Table S1. SNPs associated with DYD for SCS stepwise
adjustment for the most significant SNP. Chr = chromosome; and A =
genomic inflation factor (the inflation factor A is the ratio of the observed
median of the x° test statistic characterizing association between the
phenotype and genetic markers and the expected median of this test
statistic under the null hypothesis of no association predicted by theory
(0.455 for 1df in association tests using the additive model)). Stepwise
adjustment is based on adding the SNPs with the lowest p-value as a
covariate, one by one. Different colors indicate significance level after
Bonferroni correction at p<0.001 (green), < 0.01 (yellow), and <0.05
(violet). Positions are according to the University of Maryland bovine
genome assembly (UMD3.1).

Abbreviations

BTA: Bos taurus autosome; BTAX: Bos taurus chromosome X;

cM: Centimorgan; DYD: Daughter yield deviations; GWAS: Genome-wide
association study; IBS: Identity-by-state; LD: Linkage disequilibrium;

MAF: Minor allele frequency; Mb: Mega base; MDS: Multi-dimensional scaling;
PPC: Pairwise population concordance; QTL: Quantitative trait loci;

SCC: Somatic cell count; SCS: Somatic cell score; SNP: Single nucleotide
polymorphism; VIT: Vereinigte Informationssysteme Tierhaltung; A: Genomic
inflation factor.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

HA performed the analyses and wrote the manuscript. RHB prepared and
tested the script files. JT organized SNP genotyping. GAB designed the study
and contributed to writing the manuscript. All authors read and approved
this manuscript.

Acknowledgements

This study was supported by the German Federal Ministry of Education and
Research (BMBF) as a part of the GenoTrack project in the Network
“"Funktionelle GenomAnalyse im Tierischen Organismus (FUGATO), Ref. No: 0315
134B. Hamdy Abdel-Shafy was supported by the Ministry of Higher Education
and Scientific Research of the Arab Republic of Egypt (MHESR) and the
Deutscher Akademischer Austauschdienst (DAAD).

Author details

1Departmem for Crop and Animal Sciences, Humboldt-Universitat zu Berlin,
Berlin, Germany. 2Department of Animal Production, Faculty of Agriculture,
Cairo University, Cairo, Egypt. ®Institute of Animal Breeding and Husbandry,
Christian-Albrechts-Universitat zu Kiel, Kiel, Germany.


http://www.biomedcentral.com/content/supplementary/1297-9686-46-35-S1.pdf
http://www.animalgenome.org/cgi-bin/QTLdb/BT/index
http://www.biomedcentral.com/content/supplementary/1297-9686-46-35-S2.xlsx

Abdel-Shafy et al. Genetics Selection Evolution 2014, 46:35
http://www.gsejournal.org/content/46/1/35

Received: 17 May 2013 Accepted: 28 April 2014
Published: 4 June 2014

References

1.

20.

21.

Davies G, Genini S, Bishop SC, Giuffra E: An assessment of opportunities to
dissect host genetic variation in resistance to infectious diseases in
livestock. Animal 2009, 3:415-436.

Hinrichs D, Stamer E, Junge W, Kalm E: Genetic analyses of mastitis data
using animal threshold models and genetic correlation with production
traits. J Dairy Sci 2005, 88:2260-2268.

Heringstad B, Gianola D, Chang YM, Odegard J, Klemetsdal G: Genetic
associations between clinical mastitis and somatic cell score in early
first-lactation cows. J Dairy Sci 2006, 89:2236-2244.

Bloemhof S, de Jong G, de Haas Y: Genetic parameters for clinical mastitis
in the first three lactations of Dutch Holstein cattle. Vet Microbiol 2009,
134:165-171.

de Haas Y, Ouweltjes W, ten Napel J, Windig JJ, de Jong G: Alternative
somatic cell count traits as mastitis indicators for genetic selection.

J Dairy Sci 2008, 91:2501-2511.

Koivula M, Mantysaari EA, Negussie E, Serenius T: Genetic and phenotypic
relationships among milk yield and somatic cell count before and after
clinical mastitis. J Dairy Sci 2005, 88:327-833.

Rupp R, Foucras G: Genetics of mastitis in dairy ruminants. In Breeding for
Disease Resistance in Farm Animals. 3rd edition. Edited by Bishop SC, Axford
RFE, Nicholas FW, Owen JB. Wallingford: CAB International; 2011:183-212.
Hinrichs D, Bennewitz J, Stamer E, Junge W, Kalm E, Thaller G: Genetic
analysis of mastitis data with different models. J Dairy Sci 2011,
94:471-478.

Martin G, Schafberg R, Swalve HH: Udder health data in dairy cattle
breeding: An alternative approach for genetic evaluation. In Proceedings
of the 9th World Congress on Genetics Applied to Livestock Production: 1-6
August 2010. Leipzig. 2010.

Meuwissen THE, Hayes BJ, Goddard ME: Prediction of total genetic value
using genome-wide dense marker maps. Genetics 2001, 157:1819-1829.
Cole JB, Wiggans GR, Ma L, Sonstegard TS, Lawlor TJ, Crooker BA, Van
Tassell CP, Yang J, Wang S, Matukumalli LK, Da Y: Genome-wide
association analysis of thirty one production, health, reproduction and
body conformation traits in contemporary U.S. Holstein cows. BMC
Genomics 2011, 12:408.

Meredith BK, Kearney FJ, Finlay EK, Bradley DG, Fahey AG, Berry DP, Lynn DJ:
Genome-wide associations for milk production and somatic cell score in
Holstein-Friesian cattle in Ireland. BMC Genet 2012, 13:21.

Wijga S, Bastiaansen JW, Wall E, Strandberg E, de Haas Y, Giblin L, Bovenhuis
H: Genomic associations with somatic cell score in first-lactation Holstein
cows. J Dairy Sci 2012, 95:899-908.

Greenspan G, Geiger D: Model-based inference of haplotype block
variation. J Comput Biol 2004, 11:493-504.

Bickel RD, Kopp A, Nuzhdin SV: Composite effects of polymorphisms near
multiple regulatory elements create a major-effect QTL. PLoS Genet 2011,
7:21001275.

Hayes B, Goddard ME: The distribution of the effects of genes affecting
quantitative traits in livestock. Genet Sel Evol 2001, 33:209-229.

Liu Z, Reinhardt F, Binger A, Reents R: Derivation and calculation of
approximate reliabilities and daughter yield-deviations of a random
regression test-day model for genetic evaluation of dairy cattle. J Dairy
Sci 2004, 87:1896-1907.

Bennewitz J, Reinsch N, Reinhardt F, Liu Z, Kalm E: Top down preselection
using marker assisted estimates of breeding values in dairy cattle. J Anim
Breed Genet 2004, 121:307-318.

Matukumalli LK, Lawley CT, Schnabel RD, Taylor JF, Allan MF, Heaton MP,
O'Connell J, Moore SS, Smith TP, Sonstegard TS, Van Tassel CP:
Development and characterization of a high density SNP genotyping
assay for cattle. PLoS ONE 2009, 4:e5350.

Schmitt AO, Bortfeldt RH, Brockmann GA: Tracking chromosomal positions
of oligomers - a case study with Illumina's BovineSNP50 beadchip. BMC
Genomics 2010, 11:80.

Zimin AV, Delcher AL, Florea L, Kelley DR, Schatz MC, Puiu D, Hanrahan F,
Pertea G, Van Tassell CP, Sonstegard TS, Marcais G, Roberts M, Subramanian P,
Yorke JA, Salzberg SL: A whole-genome assembly of the domestic cow

Bos taurus. Genome Biol 2009, 10:R42.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

Page 9 of 10

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, Maller J,
Sklar P, de Bakker PI, Daly MJ, Sham PC: PLINK: a tool set for whole-
genome association and population-based linkage analyses. Am J Hum
Genet 2007, 81:559-575.

Scheet P, Stephens M: A fast and flexible statistical model for large-scale
population genotype data: applications to inferring missing genotypes
and haplotypic phase. Am J Hum Genet 2006, 78:629-644.

Barrett JC, Fry B, Maller J, Daly MJ: Haploview: analysis and visualization of
LD and haplotype maps. Bioinformatics 2005, 21:263-265.

Anderson CA: Data quality control. In Analysis of Complex Disease
Association Studies. Edited by Eleftheria Z, Andrew M. San Diego: Academic
Press; 2011:95-108.

Pearson TA, Manolio TA: How to interpret a genome-wide association
study. / Am Med Assoc 2008, 299:1335-1344.

Devlin B, Roeder K: Genomic control for association studies. Biometrics
1999, 55:997-1004.

Cardon LR, Palmer LJ: Population stratification and spurious allelic
association. Lancet 2003, 361:598-604.

Gibson G: Rare and common variants: Twenty arguments. Nat Rev Genet
2012, 13:135-145.

Park JH, Wacholder S, Gail MH, Peters U, Jacobs KB, Chanock SJ, Chatterjee N:
Estimation of effect size distribution from genome-wide association studies
and implications for future discoveries. Nat Genet 2010, 42:570-575.

Gibbs RA, Taylor JF, Van Tassell CP, Barendse W, Eversole KA, Gill CA, Green
RD, Hamernik DL, Kappes SM, Lien S, Matukumalli LK, McEwan JC, Nazareth
LV, Schnabel RD, Weinstock GM, Wheeler DA, Ajmone-Marsan P, Boettcher
PJ, Caetano AR, Garcia JF, Hanotte O, Mariani P, Skow LC, Sonstegard TS,
Williams JL, Diallo B, Hailemariam L, Martinez ML, Morris CA, Silva LO, et al:
Genome-wide survey of SNP variation uncovers the genetic structure of
cattle breeds. Science 2009, 324:528-532.

Bennewitz J, Reinsch N, Guiard V, Fritz S, Thomsen H, Looft C, Kuhn C,
Schwerin M, Weimann C, Erhardt G, Reinhardt F, Reents R, Boichard D, Kalm
E: Multiple quantitative trait loci mapping with cofactors and application
of alternative variants of the false discovery rate in an enlarged
granddaughter design. Genetics 2004, 168:1019-1027.

Lund MS, Guldbrandtsen B, Buitenhuis AJ, Thomsen B, Bendixen C: 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. J Dairy Sci 2008, 91:4028-4036.

Heyen DW, Weller JI, Ron M, Band M, Beever JE, Feldmesser E, Da Y,
Wiggans GR, VanRaden PM, Lewin HA: A genome scan for QTL influencing
milk production and health traits in dairy cattle. Physiol Genomics 1999,
1:165-175.

Baes C, Brand B, Mayer M, Kiihn C, Liu Z, Reinhardt F, Reinsch N: Refined
positioning of a quantitative trait locus affecting somatic cell score on
chromosome 18 in the German Holstein using linkage disequilibrium.

J Dairy Sci 2009, 92:4046-4054.

Bennewitz J, Reinsch N, Grohs C, Leveziel H, Malafosse A, Thomsen H, Xu
NY, Looft C, Kuhn C, Brockmann GA, Schwerin M, Weimann C, Hiendleder S,
Erhardt G, Medjugorac |, Russ |, Forster M, Brenig B, Reinhardt F, Reents R,
Averdunk G, Blimel J, Boichard D, Kalm E: Combined analysis of data from
two granddaughter designs: A simple strategy for QTL confirmation and
increasing experimental power in dairy cattle. Genet Sel Evol 2003,
35:319-338.

Kuhn C, Bennewitz J, Reinsch N, Xu N, Thomsen H, Looft C, Brockmann GA,
Schwerin M, Weimann C, Hiendleder S, Erhardt G, Medjugorac |, Forster M,
Brenig B, Reinhardt F, Reents R, Russ |, Averdunk G, Blimel J, Kalm E:
Quantitative trait loci mapping of functional traits in the German
Holstein cattle population. J Dairy Sci 2003, 86:360-368.

Lango Allen H, Estrada K, Lettre G, Berndt SI, Weedon MN, Rivadeneira F,
Willer CJ, Jackson AU, Vedantam S, Raychaudhuri S, Ferreira T, Wood AR,
Weyant RJ, Segré AV, Speliotes EK, Wheeler E, Soranzo N, Park JH, Yang J,
Gudbjartsson D, Heard-Costa NL, Randall JC, Qi L, Vernon Smith A, Mégi R,
Pastinen T, Liang L, Heid IM, Luan J, Thorleifsson G: Hundreds of variants
clustered in genomic loci and biological pathways affect human height.
Nature 2010, 467:832-838.

Yang J, Weedon MN, Purcell S, Lettre G, Estrada K, Willer CJ, Smith AV,
Ingelsson E, O'Connell JR, Mangino M, Magi R, Madden PA, Heath AC, Nyholt
DR, Martin NG, Montgomery GW, Frayling TM, Hirschhorn JN, McCarthy M,
Goddard ME, Visscher PM, the GIANT Consortium: Genomic inflation factors
under polygenic inheritance. fur J Hum Genet 2011, 19:307-812.



Abdel-Shafy et al. Genetics Selection Evolution 2014, 46:35
http://www.gsejournal.org/content/46/1/35

40.  Weedon MN, Lango H, Lindgren CM, Wallace C, Evans DM, Mangino M,
Freathy RM, Perry JR, Stevens S, Hall AS, Samani NJ, Shields B, Prokopenko |,
Farrall M, Dominiczak A, Diabetes Genetics Initiative, Wellcome Trust Case
Control Consortium, Johnson T, Bergmann S, Beckmann JS, Vollenweider P,
Waterworth DM, Mooser V, Palmer CN, Morris AD, Ouwehand WH,
Cambridge GEM Consortium, Zhao JH, Li S, Loos RJ, et al: Genome-wide
association analysis identifies 20 loci that influence adult height. Nat
Genet 2008, 40:575-583.

41, Zielke LG, Bortfeldt RH, Reissmann M, Tetens J, Thaller G, Brockmann GA:
Impact of variation at the FTO locus on milk fat yield in Holstein dairy
cattle. PLoS ONE 2013, 8:263406.

42. Mackay TFC, Stone EA, Ayroles JF: The genetics of quantitative traits:
challenges and prospects. Nat Rev Genet 2009, 10:565-577.

43, Orikawa H, Kawaguchi M, Baba T, Yorita K, Sakoda S, Kataoka H: Activation
of macrophage-stimulating protein by human airway trypsin-like
protease. FEBS Lett 2012, 586:217-221.

44. Ray M, Yu S, Sharda DR, Wilson CB, Liu Q, Kaushal N, Prabhu KS, Hankey PA:
Inhibition of TLR4-induced lkappaB kinase activity by the RON receptor
tyrosine kinase and its ligand, macrophage-stimulating protein.

J Immunol 2010, 185:7309-7316.

45, Skeel A, Yoshimura T, Showalter SD, Tanaka S, Appella E, Leonard EJ:
Macrophage stimulating protein: purification, partial amino acid
sequence, and cellular activity. J Exp Med 1991, 173:1227-1234.

46.  Wang MH, Zhou YQ, Chen YQ: Macrophage-stimulating protein and RON
receptor tyrosine kinase: potential regulators of macrophage
inflammatory activities. Scand J Immunol 2002, 56:545-553.

47. van den Heuvel-Eibrink MM, Wiemer EA, Kuijpers M, Pieters R, Sonneveld P:
Absence of mutations in the deoxycytidine kinase (dCK) gene in patients
with relapsed and/or refractory acute myeloid leukemia (AML). Leukemia
2001, 15:855-856.

48. Randall TD, Brewer JW, Corley RB: Direct evidence that J chain regulates
the polymeric structure of IgM in antibody-secreting B cells. J Biol Chem
1992, 267:18002-18007.

49. Buras JA, Reenstra WR, Fenton MJ: NF beta A, a factor required for
maximal interleukin-1 beta gene expression is identical to the ets family
member PU.1. Evidence for structural alteration following LPS activation.
Mol Immunol 1995, 32:541-554.

50.  Petrini M, Galbraith RM, Werner PA, Emerson DL, Arnaud P: Ge (vitamin D
binding protein) binds to cytoplasm of all human lymphocytes and is
expressed on B-cell membranes. Clin Immunol Immunopathol 1984,
31:282-295.

51. Yamamoto N, Homma S: Vitamin D3 binding protein (group-specific
component) is a precursor for the macrophage-activating signal factor
from lysophosphatidylcholine-treated lymphocytes. Proc Natl Acad Sci
USA 1991, 88:8539-8543.

52. Liu N, Zhang K, Zhao H: Haplotype-association analysis. Adv Genet 2008,
60:335-405.

53. Drysdale CM, McGraw DW, Stack CB, Stephens JC, Judson RS, Nandabalan K,
Arnold K, Ruano G, Liggett SB: Complex promoter and coding region beta
2-adrenergic receptor haplotypes alter receptor expression and predict
in vivo responsiveness. Proc Natl Acad Sci U S A 2000, 97:10483-10488.

54, Shim H, Chun H, Engelman CD, Payseur BA: Genome-wide association
studies using single-nucleotide polymorphisms versus haplotypes: an
empirical comparison with data from the North American Rheumatoid
Arthritis Consortium. BMC Proc 2009, 3:535.

doi:10.1186/1297-9686-46-35

Cite this article as: Abdel-Shafy et al.: Single nucleotide polymorphism
and haplotype effects associated with somatic cell score in German
Holstein cattle. Genetics Selection Evolution 2014 46:35.

Page 10 of 10

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Animals and phenotypes
	Genotypes and quality control
	Haplotype inference and block computation
	Genome-wide association analyses
	Selection of candidate genes

	Results
	Discussion
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

