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ABSTRACT: Monthly records of four mastitis related 
traits and milk yield were analyzed for 609 Chios dairy 
ewes raised in four flocks in Greece. Heritable variation 
was observed in milk somatic cell count, total viable bacte-
rial count in milk and California mastitis test results, espe-
cially in early and late lactation. Between animal repeatable 
variation was also observed in clinical mastitis in addition 
to these traits. All animals were genotyped with a 960-SNP 
DNA array including polymorphisms that had been found 
to have a significant effect on mastitis traits in three other 
exotic breeds. A genome-wide association study revealed 
22 SNP with a significant effect on at least one of the traits 
studied in this independent population. The significance of 
18 of these SNP, located on chromosomes 2, 5, 16 and 19, 
was confirmed with an ensuing mixed model analysis. 
None of these SNP affected milk production. 
Keywords: dairy sheep; mastitis resistance; genetic param-
eters; genetic markers; genome-wide association study 
 
 

Introduction 
 

Dairy sheep mastitis is a very important disease 
from an economical, hygienic and legal point of view (Ber-
gonier et al. (2003)). Evidence of genetic variation offers 
the opportunity to breed for resistant animals to control the 
disease.	   Improvement of resistance to mastitis can be 
achieved directly by selecting on incidence of clinical mas-
titis or indirectly by selecting for correlated traits relevant 
to udder health (Gonzalo et al. (2002)). Few genetic param-
eter studies of these traits have been conducted (Rupp et al. 
(2003)). Such parameters are essential prerequisites for a 
breeding program. In addition, identification of selectable 
genetic markers suitable for use across breeds would be a 
very useful and cost effective breeding tool. Putative poly-
morphisms for mastitis resistance have been identified in 
French (Lacaune), Italian (Sarda) and Spanish (Churra) 
dairy sheep breeds (Rupp et al. (2013); Sechi et al. (2013)) 
leading to the development of a 960 SNP custom-made 
DNA array. 

 
The objectives of this study were to (i) estimate 

genetic parameters of mastitis related traits and (ii) validate 
the effects of previously discovered SNP on these traits in 
an independent population of Greek Chios dairy sheep. 
 

Materials and Methods 
 

Data. The study was carried out in four commer-
cial farms of purebred Chios dairy ewes in Greece. A total 

of 609 ewes in 1st or 2nd lactation were used. Milk samples 
from individual ewes were collected in monthly intervals 
for the first five months of lactation. Each sample was sub-
jected to cytological examination using the California mas-
titis test (CMT). Tests were also performed in the laborato-
ry to assess somatic cell count (SCC) and total viable bacte-
rial count (TVC) in milk. Test-day milk yield (MY) and 
incidence of clinical mastitis (CM) were also recorded at 
the same time. Total number of records amounted to 2,436. 
A full breed pedigree file was obtained from the Chios 
Sheep Breeders’ Association. All animals were genotyped 
with a customized 960 SNP DNA array based on discovery 
in three different breeds raised in three other countries 
(Rupp et al. (2013); Sechi et al. (2013)). 

   
Genetic parameters. Each trait was analyzed sep-

arately with a univariate random regression model, includ-
ing the fixed effects of flock, year-season of lambing, lacta-
tion number, age at lambing and week of lactation (modeled 
with a 2nd order polynomial), and the random regressions on 
week from lambing (modeled with a 2nd order polynomial) 
associated with the additive genetic effect (including animal 
pedigree) and the permanent environment effect of the ewe. 
SCC and TVC were log-transformed to achieve normality 
of distribution. CM was modeled with a logit function to 
account for its binary nature. Variance component estimates 
were used to calculate weekly heritabilities for each trait. A 
series of bivariate analyses based on the same model were 
also conducted to calculate correlations between MY and 
the mastitis related traits. The ASREML software (Gilmour 
et al., 2006) was used for all statistical analyses. 

 
Genome Wide Association Study. Individual 

monthly records were adjusted for the fixed effects of flock, 
year-season of lambing, lactation number, age at lambing 
and week of lactation (2nd order polynomial). These anal-
yses yielded, on average, four residuals per animal. A sepa-
rate analysis including a random animal effect in the model 
was performed, which yielded estimates of the animal ef-
fect. Residuals and de-regressed estimates of the animal 
effects were used as phenotypes in genome wide associa-
tion studies (GWAS). Quality control procedures removed 
monomorphic SNP, SNP with minor allele frequency less 
than 2.5%, SNP not in Hardy-Weinberg equilibrium (P<10-

6), markers with a call rate lower than 90% and individual 
animals with more than 10% missing genotypes. At the end, 
608 ewes and 710 SNP remained for the analysis. The 
software GEMMA (Zhou (2014)) was used to run the 
GWAS analyses based on a mixed model that included the 
genomic relationship matrix among individuals as a random 



effect. After the Bonferroni correction for multiple testing, 
the P<0.05 genome-wide significance threshold was set at 
7x10-5. Individual SNP found significant in GWAS at ge-
nome-wide level were further tested with a mixed model to 
verify their significance and assess the magnitude of their 
effect. The same model used in genetic parameter estima-
tion was considered here, too, including the allele substitu-
tion effect of each SNP.  Furthermore, using Ensembl, the 
significant SNP were mapped on the reference genome 
(Oar_v3.1) and a search for annotated genes within 0.5 MB 
from the significant SNP was performed. 

 
Results and Discussion 

 
Genetic parameters. Weekly heritability esti-

mates for SCC, TVC and CMT, shown in Figure 1, were 
always greater than zero (P<0.05). However, heritability 
estimates for CM were not significantly different from zero 
(P>0.05). Repeatability estimates for SCC, CM, TVC and 
CMT are shown in Figure 2 and were all statistically signif-
icant (P<0.05). In the case of CM, distinguishing the animal 
genetic from the permanent environment effect was not 
possible. These results reveal a substantial amount of herit-
able and repeatable variation in the first four weeks of lacta-
tion, suggesting that early lactation records are amenable 
for genetic evaluation and management practices aiming at 
improving disease resistance. Negative statistically signifi-
cant (P<0.05) permanent environment and residual correla-
tions were estimated between MY and SCC. Genetic corre-
lations between the two traits were positive but statistically 
not different from zero (P>0.05). Animal correlations (in-
cluding genetic and permanent environment effects) be-
tween MY and SCC were also calculated and ranged from -
0.32 to -0.28 (P<0.05) throughout lactation. Phenotypic 
correlations were -0.23 to -0.16 (P<0.05) for the same peri-
od. These results are indicative of a potentially favorable 
environment being offered to high producing ewes in an 
intensive production system. Genetic correlation estimates 
might have hinted the presence of a genetic antagonism 
between mastitis and milk yield but lack of statistical sig-
nificance prevents any concrete conclusion from being 
drawn. 

 

 
Figure 1: Estimates of weekly heritability of mastitis 
related traits; milk somatic cell count (SCC), California 
mastitis test (CMT), total viable bacterial count in milk 
(TVC). 

 
Figure 2: Estimates of weekly repeatability of mastitis 
related traits; milk somatic cell count (SCC), California 
mastitis test (CMT), clinical mastitis (CM), total viable 
bacterial count in milk (TVC). 
 
 

Genome Wide Association Study. In the first in-
stance, results of GWAS revealed 22 SNP markers located 
on chromosomes 2, 5, 16 and 19 with a genome-wide sig-
nificant association (P<0.05 and a Bonferroni adjustment) 
with at least one of the mastitis related traits. A total of 18 
of these SNP were subsequently verified with the mixed 
model analysis and their additive effect was assessed; six, 
three, two and seven SNP were located on chromosomes 2, 
5, 16 and 19, respectively. Depending on the mastitis trait, 
these SNP collectively accounted for 5-16% of the total 
phenotypic variance. Figure 3 shows four indicative Man-
hattan plots with the most pronounced effects on each mas-
titis related trait. The horizontal line in Figure 3 shows the 
genome-wide significance threshold. Highest peaks were 
detected on chromosome 2 for SCC and TVC, chromosome 
19 for SCC, CMT and CM, and chromosome 16 for CM. 
The fact that these SNP were previously discovered in three 
different sheep breeds from other countries (French La-
caune, Italian Sarda and Spanish Churra) suggests that ge-
netic variation may persist in distinct populations and ge-
nomic selection across breed might be possible. None of 
these SNP had an effect on milk production implying that 
no adverse effects of a mastitis resistance program should 
be anticipated. Furthermore, in the reference genome, many 
annotated genes are located within 0.5 MB from the inter-
rogated SNP. Among these genes there are some promising 
candidates directly related with innate immunity such as the 
G-protein coupled receptor I. In the same regions there are 
also genes responsible for small nucleolar RNA which 
might play an important role in the regulation of the im-
mune response.  

 
 

 
 



 

 

 
Figure 3: Manhattan plots for four mastitis related 
traits; clinical mastitis (CM), California mastitis test 
(CMT), milk somatic cell count (SCC), total viable bac-
terial count in milk (TVC); x-axis is chromosome num-
ber; y-axis is –log10(P-value); horizontal line is the ge-
nome-wide significance threshold. 
 
 
 
 
 
 

Conclusion 
 
The four mastitis related traits studied exhibited 

both heritable and between animal variation. This suggests 
that selection and management programs aiming at address-
ing the problem of mastitis are feasible. Genetic selection 
against mastitis may be achieved using primarily indirect 
traits measured in the beginning of lactation. Selectable 
markers associated with mastitis resistance found previous-
ly were validated in the present study using an independent 
population. These markers can be used in within and across 
breed genomic selection programs. Importantly, none of the 
markers related to mastitis resistance was associated with 
milk production, implying that this information can be di-
rectly used to genetically control mastitis without compro-
mising the productivity of the animals. 
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