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1 Introduction
Mastitis is one of the most common as well as most 
costly health concerns in dairy cattle husbandry. It is an 
umbrella term for any inflammation of the mammary 
gland, ranging from subclinical infections detected 
only by a raised somatic cell count in milk to severe 
inflammation leading to gangrene and sepsis in one or 
multiple inflamed udder quarters (Hofírek & Haas, 2003). 
The susceptibility to mastitis is particularly high during 
the period of 15 to 30 days postpartum and the first two 
months of lactation (Sodeland et al., 2011; Waller, 2000). 
It grows with the number of lactations the cow has had 
(Wolfová et al., 2020).

Affected cows should be temporarily or even permanently 
removed from milk production, causing significant 
financial losses through lost milk, culling, medicaments, 
and additional labour. Recent studies have estimated 
the average loss at over 400 USD (Kvapilík, 2015; Rollin 

et al., 2015) per affected cow. Wolfová et al. (2020) have 
estimated the cost of mastitis in the Czech Republic at 
43.63 to 84.84 € per cow and year, with the lactational 
incidence reaching 0.35, 0.45 and 0.57 for the first, second 
and third or subsequent lactations, respectively.

Susceptibility to the disease is generally influenced by 
housing conditions, epizootological situation in regard 
to the most common causal pathogens (usually bacteria) 
(Hofírek & Haas, 2003) and the individual genetic 
predisposition of each animal. The latter has long focused 
on breeding efforts; however, conventional selection 
methods have only yielded limited success.

To effectively address this problem, a thorough study 
of genetic factors influencing immunocompetence 
in response to the infection and general resilience is 
required. With the onset of affordable genotyping panels 
in the dairy industry, genomic approaches are being 
explored. 
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Association analysis is best suited for a large number 
of subjects (thousands), which in turn complicates the 
effort to eliminate environmental confounding variables. 
Resistance to mastitis has therefore proven especially 
exacting to study – previous studies show only limited 
consistency in the associated regions.

Sodeland et al. (2011) have examined the data of 2589 Red 
Norwegian sires with 1389776 daughters with records 
on clinical mastitis and detected associated regions on 
chromosomes 2, 6 and 20 for the periparturient period 
and 14 for mastitis in late lactation. Tiezzi et al. (2014) 
have studied the US population of Holstein bulls and 
their daughters on their first lactations; they have 
detected associations on chromosomes 2, 14 and 20. 
Sahana et al. (2014) ran a crossbreed GWAS on a sample 
of the Danish cattle population, detecting a strong 
association on chromosome 6 for Holstein cattle, 13 and 
19 for Nordic Red cattle and 16 and 20 for Jersey cattle. 
Strilacci et al. (2014) have studied the Valdostana Red 
Pied cattle and detected a total of 171 associated SNPs 
located across chromosomes 1, 2, 3, 4, 9, 13, 15, 17, 21 
and 22. Fang et al. (2017) have detected no association 
with genome-wide significance. Welderufael et al. 
(2018) have detected no association with genome-
wide significance in the Danish Holstein cattle. Szyda 
et al. (2019) have combined the study of SNPs with a 
study of copy number variations (CNVs) in the Polish 
Holstein-Friesan cattle and concluded that CNVs might 
be more strongly associated with the mastitis trait 
than SNPs (191 CNV hits as compared to 17 SNP hits on 
chromosome 4 and 27).

The present study has examined the association of 
SNP markers with mastitis in a sample of the Czech 
population of Holstein cattle to supply further data and 
enable genomic region prioritisation.

2 Material and methods

2.1 Data
DNA microarray data have been obtained from a total 
of 1258 Holstein cows via Illumina BovineSNP50 DNA 
Analysis BeadChip (Illumina Inc., San Diego, USA), testing 
for 53 218 single-nucleotide polymorphisms (SNPs). 
Phenotype data have been collected from breeders in 
a binary format (whether a cow has been diagnosed with 
mastitis throughout its life or not). The initial dataset 
consisted of 203 mastitis cases and 1055 controls.

2.2 Data pruning
The initial dataset was pruned using the software PLINK 
(Purcell et al., 2007): individual call rate >0.9, SNP call rate 
>0.9 and minor allele frequency >10%. A total of 1661 
SNPs and 34 individuals were excluded from further 
analysis.

The remaining 51557 SNPs and 1224 individuals have 
been controlled for population stratification, leading 
to false-positive signals if not accounted for (Hellwege 
et al., 2018). Four dimensions have been generated via 
multidimensional scaling (MDS) and plotted against each 
other in Figure 1a and Figure 1b using the scatter plot 
function in R (R Core Team, 2020). The blue lines represent 
2 SD (standard deviation) thresholds beyond which the 
outliers were excluded from further analysis (n  = 216). 
Individuals located within pale blue areas were included 
in the final dataset.

2.3 Association analysis
Association analysis was performed in an open-source 
software TASSEL 5 (Bradbury et al., 2017) using the 
general linear model (GLM):

Y = Xb + e

Figure 1 Scatter plots of population stratification using multidimensional scaling (MDS): a) Dimension 1 and 2, b) Dimension 
3 and 4

a) b)
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(Bradbury et al., 2017), and best alleles (with the desirable 
effect on mastitis resistance) were identified.

3 Results and discussion
Figure 2 shows the Q-Q plot of SNP marker p-values. 
A strong deviation has been observed at its tail while the 
majority of the plot followed a normal distribution. The 
results were therefore evaluated as reliable.

SNP markers were sorted by p-values; 14 of the most 
significant (-log(p) >4) hits are listed in Table 1, which 
also includes the best allele for each SNP. An animal with 
the best allele would be less likely to suffer from mastitis. 

where: Y – a matrix of dependent variables (phenotypes); 
X – a matrix of independent variables (genotypes); 
b – a matrix of estimated parameters; e – a matrix 
of residual errors

2.4 Post-analysis quality control 
Manhattan graph was produced using the -log10 of the 
p-values to depict the strength of observed association 
across autosomes. Both the Q-Q plot and the Manhattan 
plot have been generated in R using the qqman package 
(Turner, 2018).

To account for a multiple testing, the standard Bonferroni 
correction was applied to the significance threshold:

-log10 (a) = 6.0134

Suggestive value was selected as second threshold:

-log10 (p) = 4

SNPs exceeding these thresholds were taken for further 
consideration.

2.5 Annotation and allele effects
SNPs with the strongest detected association have been 
localised in the ARS-UCD1.2 Bos taurus genome assembly 
using the Basic Local Alignment Search Tool (BLAST) 
(Yates et al., 2020).

For potential applications in genomic selection, allele 
effects were estimated for each SNP using TASSEL 5 

Figure 2 Q-Q plot of the observed null distribution of the 
p-values against the expected null distribution of 
the p-values

 

Table 1 SNPs manifesting the strongest association to the resistance to mastitis

SNP ID Chromosome Position (bp) p-value -log10 (p) Best allele

BTB-00265951 6 90642682 3.12E-07 6.506 C

BTA-121769-no-rs 6 89912196 6.25E-07 6.204 G

BTB-01283269 14 20196617 9.25E-06 5.034 A

BTA-36062-no-rs 14 20216601 9.25E-06 5.034 T

ARS-BFGL-NGS-109683 25 23825593 1.99E-05 4.701 C

ARS-BFGL-NGS-37189 25 32912638 3.65E-05 4.437 C

ARS-BFGL-NGS-104096 9 7010227 4.11E-05 4.386 C

Hapmap43710-BTA-86183 2 79846105 4.12E-05 4.385 A

BTA-28028-no-rs 1 14551165 5.40E-05 4.268 T

ARS-BFGL-BAC-23887 14 49905143 5.98E-05 4.223 C

ARS-BFGL-NGS-115947 14 5494654 6.50E-05 4.187 C

ARS-BFGL-NGS-1837 19 26556279 7.61E-05 4.119 C

Hapmap50627-BTA-23969 24 13582752 8.84E-05 4.053 G

UA-IFASA-7226 14 36276655 8.97E-05 4.047 C

  
0.05

0.000000097
51557
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According to Gebreyesus et al. (2019), the incorporation 
of GWAS results into genomic prediction can be used to 
improve its reliability.

Figure 3 shows the Manhattan plot of SNP association 
for the resistance to mastitis. The red line represents the 
genome-wide significance threshold after Bonferroni 
correction (Figure 3). The blue line represents a suggestive 
value of -log10 (p) = 4, beyond which SNPs were taken for 
further consideration. 

Two SNPs, BTB-00265951 and BTA-121769-no-rs, have 
shown a statistically significant association with the 
mastitis trait (red line). Both are located on chromosome 
BTA6 within 1 Mb distance from each other. Multiple 
other SNPs on chromosomes 1, 2, 9, 14, 19, 24 and 25 
have surpassed only the suggestive value (blue line).

Both SNPs located on chromosome BTA6 were 
annotated within the reference genome and scanned for 
adjacent genes. BTB-00265951 lies outside transcribed 
regions, but within a cluster of genes including 
CXCL5, ENSBTAG00000027534, CXCL8, CXCL2 and 
ENSBTAG00000011961. BTA-121769-no-rs lies outside 
transcribed regions, but within the immediate vicinity of 
genes COX18 and ANKRD17. 

Gilbert et al. (2013) suggest that two of the closest 
genes downstream from the identified SNPs may play 
a  role in the immune response: CLX5 codes a C-X-C 
motif chemokine ligand with heightened expression in 
bovine culture cells infected with Staphylococcus aureus, 

a common mastitis-causing pathogen. Gene COX18 is 
coding a mitochondrial cytochrome c oxidase assembly 
factor (Bourens & Barrientos, 2017).

Chromosome 6, along with chromosome 14, has 
repeatedly shown significance for various parameters 
of milk production (milk yield, protein and fat yield) 
(Jiang et al., 2010; Jiang et al., 2019; Atashi et al., 2020). 
Some previous GWASs of bovine mastitis have also 
detected strong associations around the 90 Mb mark on 
chromosome 6 (Sodeland et al., 2011; Sahana et al., 2014; 
Abdel-Shafy et al., 2014), although others (Tiezzi et al., 
2014; Welderufael et al., 2018; Fang et al., 2017; Strillacci 
et al., 2014) have not. Out of the latter, Fang et al. (2017) 
and Welderufael et al. (2018) have not detected any 
significant associations. Tiezzi et al. (2014) have detected 
associations located on chromosomes 2, 8, 14, 11, 16, 
19, 20, 24 and 29, with chromosome 14 demonstrating 
the most hits, while Strillacci et al. (2014) have detected 
associations on chromosomes 1, 2, 3, 4, 9, 13, 15, 17, 21 
and 22. Fang et al. (2017) propose that the inconsistency 
could be partially caused by breed differences.

Sodelant et al. (2011) have observed an association 
of SNPs between positions 90.67 Mb and 96.19  Mb of 
chromosome 6 in Norwegian Red cattle. However, they 
have also detected associations on chromosomes 2, 4, 
7, 9, 10, 13, 14, 16, 17, 20 and 29 that the present study 
has not. Sahana et al. (2014) have observed the strongest 
association on chromosome 6 across three breeds of 
dairy cattle (Holstein, Jersey and Nordic Red), but they 

Figure 3 Manhattan plot for each SNP studied for the resistance to mastitis in the Czech Holstein cattle
the red line represents the significance threshold after Bonferroni correction; the blue line represents a suggestive value of 
-log10 (p) = 4
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have also detected relatively weaker associations on 
chromosomes 3, 4, 5, 6, 7, 8, 9, 10, 12, 13, 14, 15, 16, 18, 
19, 20, 22 and 23. Both SNPs detected in the present 
study lie within the area of interest observed by Sahana 
et al. (2014). Abdel-Shafy et al. (2014) have also observed 
significant associations in this area of chromosome 6 in 
their study of German Holstein cattle, with additional 
associations on chromosomes 5, 13, 16, 19 and X.

Olsen et al. (2016) have studied the delimited area 
on chromosome 6 and suggested GC (group-specific 
component located on 88.69–88.74 Mb of chromosome 
6) as the gene most likely responsible for the mastitis 
associations observed in the region. The protein 
encoded by this gene is a vitamin D-binding protein with 
a suggested role in both milk production and immune 
defence mechanisms. 

4 Conclusions 
The present study has identified a genomic region on 
chromosome BTA6 at approximately 90 Mb, which may 
potentially bear one or more causal mutations relevant 
to the susceptibility to mastitis. This information can 
contribute to increase the proportion of genetic variance 
explained by QTL. The further analysis of the causative 
mutations would be apropriate to enable direct selection 
for the deliminate deleterious alleles without the 
disadvantage of using linked SNP. While more studies are 
necessary, this research contributes to the knowledge 
of the mechanisms of resistance to mastitis to be 
implemented in breeding programs.
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