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ABSTRACT: We present the results of a genome wide 
association analysis on milk traits performed in a nucleus 
flock of Sarda breed sheep. Data were available on 2,373 
ewes and their 43 sires. Genomic information consisted of 
genotypes for 44,859 SNP from OvineSNP50Beadchip. 
Phenotypes were the individual average performance 
deviations of milk, fat and protein yields and fat and 
protein contents. A combined Linkage and Linkage 
Disequilibrium mapping with a principal component 
analysis to synthesize identity-by-descent matrix 
information was performed. Chromosome-wide and 
genome-wide significance thresholds were determined by 
10,000 permutations. The number of principal 
components explaining more than 99% of the 76 Sarda 
base haplotypes variance was on average 18.7. Fifty-one 
positions were chromosome-wide significant. Most 
positions (39) were also genome-wide significant. The 
most significant result was obtained for protein content on 
OAR6 with the peak close to the caseins genes cluster. 
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Introduction 
The Sarda breed is the largest Italian dairy 

sheep breed with approximately 3,000,000 heads. Since 
early nineties a breeding program based on a pyramidal 
management of the purebred population, with at the top 
the selected population including around 240,000 ewes in 
1,062 flocks has been implemented. The selection scheme 
is mainly aimed at increasing milk yield and Scrapie 
resistance (Carta et al. (2009)). The realized genetic 
progress is then transferred to the commercial population 
mainly by rams for natural mating. Further developments 
of this classical scheme are difficult due to the high costs 
of large scale phenotyping either for milk composition 
traits or new functional and health traits. In this context, 
the potential advantage of introducing molecular 
information from high-throughput technology for single 
nucleotide polymorphism markers (SNP) may be really 
promising. However, marker-assisted selection (Dekkers 
(2004)) and genomic-selection (Meuwissen et al. (2001)) 
cannot be applied as easily as in dairy cattle. The main 
limitations are the cost of SNP arrays, the difficulty of 
finding well-structured reference population and the low 
number of traits recorded on a large scale. To overcome 
these issues, Sarda breeders set up a nucleus flock of 
approximately one thousand ewes. The nucleus has been 
generated to represent the whole genomic variability of 

the selected population. Ewes of the nucleus are 
genotyped and phenotyped with accurate recording 
designs for the most economically important traits. The 
final aims are either to detect LD-markers or causal 
mutations by genome-wide association studies and re-
sequencing or to perform SNP effects estimation for 
genomic selection. These outputs will be transferred to the 
selected population by genotyping breeding animals with 
target SNP arrays. In this paper we present the results of a 
genome wide association analysis on milk traits 
performed on the nucleus flock of the Sarda breed using a 
combined Linkage and Linkage Disequilibrium mapping 
with a principal component analysis to synthesize 
information from identity-by-descent matrix. 

Materials and Methods 

Data. In 1999, 917 backcross ewes (G0) from 
10 Lacaune x Sarda F1 sires and Sarda ewes were 
generated for QTL detection purposes. The nucleus flock 
was created by mating G0 ewes with 18 Sarda sires (789 
G1 ewes) and then G1 ewes with further 15 Sarda sires 
(708 G2 ewes). Sarda sires (SA) were rams for artificial 
insemination with high number of progeny in the selected 
population. Milk, fat and protein yields (MY, FY, PY) and 
fat and protein contents (FP, PP) were yearly recorded. All 
ewes and their sires were genotyped with the Illumina Inc. 
OvineSNP50 Beadchip. SNP editing was performed using 
call rate and MAF thresholds of 95% and 1%. Individuals 
with missing genotypes > 10% were excluded. The Ovine 
Genome Assembly v2.0 was used to define the genetic 
map assuming 1Mb=1cM. Not mapped and sexual 
chromosomes SNP were discarded. Finally, 44,859 SNPs, 
2,373 ewes and 43 sires were included in the analysis.  

Statistical analysis. The genome-wide 
association analysis (GWA) was performed combining 
linkage (LA) and linkage disequilibrium (LD) information 
(LDLA). Eighty-six sire chromosomes (MH), 10 of 
Lacaune origin (MHL, paternal gametes of F1) and 76 of 
Sarda origin (MHS, maternal gametes of F1 and both 
gametes of SA), and 917 gametes inherited by G0 from 
their Sarda dams (FH), were considered as the base 
haplotypes of the population. MH were sequentially 
reconstructed from beginning to end of each chromosome 
according to the daughters’ genotypes and the genetic map 
(Winding and Meuwissen (2004)). FH were derived 



according to the transmissions observed from F1 to G0. 
F1 chromosomes were then subdivided in segments of 6 
SNPs (h6) overlapping by 3 SNPs. The probability of h61 
(h62) being Sarda was calculated as 
f(h61(2))/[f(h61)+f(h62)] where f(h61(2) ) was the frequency 
of h61(2) in FH. Finally, the F1 chromosome with the 
highest across segments average probability was 
classified as MHS. The probabilities of transmission of 
MH and FH to G0, G1 and G2 were obtained exploiting 
pedigree and genotypes information by LA (Elsen et al. 
(1999)). The Identity-By-Descent probabilities (IBD) 
between base haplotypes were estimated following 
Meuwissen and Goddard (2001). IBD were conditioned to 
the identity-by-state (IBS) status of neighboring markers 
using windows of 40 SNP (approximately 2 Mb) and to 
the expected within breed homozygosity. The IBD 
between Sarda and Lacaune haplotypes were set to zero. 
Since each FH had very few replicates in the offspring 
(1.6 on average) and most FH showed strong IBD with at 
least one MHS (the average across SNP maximum IBD of 
FH with MHS was 0.91), an approach aimed at reducing 
the number of base haplotypes to include in the analysis 
and fully exploiting information from offspring was 
applied. In detail, each offspring inheriting a given FH 
was considered as inheriting the MHS with the highest 
IBD with a probability equal to that IBD. Then, LD 
information were considered in the analysis by the IBD 
matrix between MH. In order to overcome multi-
collinearity of MH due to the high IBD and further reduce 
the number of effects to estimate, a principal component 
analysis (PCA) was applied. Then, eigenvectors were 
extracted from the IBD matrix by using Jacobi algorithm. 
The principal components (PC) explaining > 99% of the 
total within breed variance were retained. Performances 
were adjusted for specific environmental effects with 
repeated animal models. Random individual performance 
deviations (PD) were calculated for each ewe and 
lactation. The variable used for QTL detection was the 
across lactations average of PD (APD). Finally, the linear 
regression model was: 

y=1μ +As+XVβ+e  

where  y is the vector of phenotypes (APD) of the 
offspring; μ is the overall mean; s is a vector of the sire 
fixed effects; β is a vector of the fixed effects of the 
retained PCs; e is a vector of random residuals; 1 is a 
vector of ones; A is an incidence matrix of additive 
relationship coefficients relating the offspring with sires; 
X is an incidence matrix allocating probabilities of 
transmission of MH to offspring; V is a matrix of the 
eigenvectors relating the retained PCs to MH. The null 
hypothesis was tested at each SNP position by F-Test just 
for Sarda PCs. Chromosome-wide (CW) and genome-
wide (GW) significance thresholds were determined by 
10,000 within sire family permutations of the deviates 
from sire effect estimates on genotypes (Churchill and 
Doerge (1994)).   

Table 1. Significant positions for milk yield (MY), fat 
yield (FY), protein yield (PY), fat content (FP) and 
protein content (PP) obtained by GWA 

OAR Pos. 
(Mbp) Traits 

1Nominal 
p-value 

2CW   
p-value 

2GW   
p-value 

1 145.2 FP 7.4 0.0002 0.0010 
1 196.7 PP 5.7 0.0033 0.0311 
1 267.9 PP,FP 7.4 0.0002 0.0009 
2 32.1 FY,MY,PY 5.8 0.0031 0.0287 
2 70.7 FP,PP 7.4 0.0003 0.0010 
2 210.6 PP,MY,FP 9.3 0.0001 0.0001 
3 41.3 PP 5.5 0.0043 0.0519 
3 80.0 MY 6.4 0.0004 0.0077 
3 99.8 PY 5.9 0.0016 0.0218 
3 137.3 PP 7.3 0.0001 0.0010 
3 203.2 FP,PP 7.5 0.0001 0.0009 
4 13.4 FP 8.5 0.0001 0.0001 
4 75.7 PP 6.1 0.0010 0.0129 
5 11.6 FP,MY,PP 7.6 0.0001 0.0006 
6 70.1 FP 7.1 0.0001 0.0018 
6 85.5 PP 29.5 0.0001 0.0001 
6 93.0 MY 5.3 0.0033 0.0792 
7 15.1 FP 5.4 0.0033 0.0644 
8 30.3 PP,MY,FY 5.4 0.0026 0.0595 
8 85.0 PP 5.8 0.0012 0.0284 
9 75.7 PP,FP 7.2 0.0001 0.0016 
10 54.2 MY,PY,FY,PP,FP 9.9 0.0001 0.0001 
11 10.2 PP 8.9 0.0001 0.0001 
11 55.4 MY,FY,PY 9.4 0.0001 0.0001 
12 17.7 FP 6.5 0.0002 0.0055 
12 68.3 PP,PY,MY 6.8 0.0001 0.0034 
13 55.8 PP,FP,MY 9.2 0.0001 0.0001 
14 27.1 FY 5.3 0.0014 0.0857 
14 50.2 FP 6.2 0.0001 0.0129 
14 60.9 PP 5.5 0.0006 0.0581 
15 1.4 PP,MY,PY,FY 6.1 0.0004 0.0154 
15 59.8 MY 5.6 0.0007 0.0393 
16 31.9 PY 5.0 0.0060 0.1510 
16 57.0 MY,PP,FP 8.3 0.0001 0.0001 
17 9.5 FP 5.9 0.0005 0.0234 
17 50.2 PP 5.5 0.0014 0.0493 
18 13.0 PP 6.1 0.0004 0.0129 
18 36.5 FP 7.4 0.0001 0.0009 
19 13.2 PP 5.5 0.0017 0.0520 
19 30.8 FP 8.6 0.0001 0.0001 
20 16.1 FP 7.2 0.0001 0.0016 
20 43.7 PY,FY,MY 6.8 0.0002 0.0036 
21 16.8 PP 4.6 0.0069 0.3094 
22 31.4 PP 4.8 0.0060 0.2303 
22 40.7 FY,MY 6.0 0.0008 0.0202 
23 9.4 FP 4.9 0.0049 0.1869 
23 60.1 PP 5.3 0.0022 0.0783 
24 33.5 FP,PP 5.0 0.0028 0.1388 
25 1.2 FP 5.7 0.0005 0.0334 
25 10.0 MY,FY,PY 5.9 0.0003 0.0242 
26 24.9 PP 5.6 0.0009 0.0454 

1-log10(nominal p-value) from F-test. 
2Chromosome-wide and Genome-wide p-values from permutation test. 



Results and Discussion 

The use of PCA allowed us to perform a linear 
regression model capturing the full IBD matrix 
information instead of performing variance component 
analysis as in LDLA methods proposed in previous 
studies (Meuwissen et al. (2002), Kim et al. (2002). 
Moreover, PCA notably reduced the number of effects to 
estimate. In fact, the number of PCs explaining more than 
99% of the 76 MHS variance was on average 18.7 and 
ranged from 4 to 44. Table 1 reports 51 significant 
positions (CW p-value <0.01). Most positions (39) were 
also significant at the 5% GW level. All autosomes 
showed at least one significant association. The 
chromosome with the largest number of significant 
positions was OAR3. Several positions (14) were 
significantly associated to more than one trait. The most 
significant result was obtained for PP on OAR6 with the 
peak corresponding to the location of the caseins genes 
cluster. The GW significant position on OAR10 was 
associated to all the five traits. Significant positions on 
OAR2, OAR3, OAR6 and OAR12 were detected also by 
GWA performed both by LD and LDLA in Churra breed 
(Garcia-Gamez et al. (2012), Garcia-Gamez et al. (2013)).   

 
Conclusion 

The application of a LDLA approach using 
principal component analysis to synthesize information 
from IBD matrix allowed us to detect numerous locations 
associated with milk production traits. Further 
investigations with denser SNP arrays on the next 
generations of the nucleus flock are ongoing in order to 
identify LD-markers to be used in the selected Sarda 
population. Furthermore, the most significant positions 
have been investigated by whole genome re-sequencing of 
target animals to detect causal mutations or stronger LD-
markers. 
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