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Summary

We present the results of a genome wide association analysis on udder morphology
traits performed in a resource population of Sarda breed sheep. Data were available on 3,949
ewes and their 161 sires. Genomic information consisted of genotypes for 43,390 SNPs from
OvineSNP50 Beadchip. Linear scores of 4 udder traits (teat placement, udder depth, udder
suspension and degree of separation of the halves) were adjusted for environmental effects
and analyzed with a combined Linkage and Linkage Disequilibrium method using a principal
component analysis to synthesize identity-by-descent matrix information. A total of 195 SNPs
passed a 5% genome-wide significant threshold for at least one udder morphology trait. The
most significant result (nominal P-value = 1.40*10-10) was obtained for teat placement on
OAR9 associated with marker rs405144473. None of the significant variants were located in
the coding region of an annotated gene.
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Introduction

The Sarda breed is the largest Italian dairy sheep breed with about 3,000,000
heads. The selection scheme, based on a registered population of around 215,000
ewes in 963 flocks, is mainly aimed at increasing milk yield and Scrapie resistance
(Carta et al., 2009). Recently, increased attention has been paid to functional and
health traits. Among these, udder morphology is of major interest, given its impact on
milkability (Casu et al., 2006) and its relationship with functional longevity (Casu et
al., 2010): animals with an appropriate udder conformation need less manual
interventions during machine milking –a reduction of working time – and are less likely
to be voluntarily culled –an economical benefit. In order to try to take advantage of
marker information for selection purposes, since 2,000 Sarda dairy sheep breeders
have set up a female reference population (FRP) yearly formed of approximately
1000 milked ewes. The resource population has been conceived to represent most of
the genetic variability of the registered population by using rams with a high genetic
impact on the selected population, as sires of the female replacements. Ewes and
sires were genotyped with the OvineSNP50 BeadChip (Illumina Inc., San Diego, CA)
and accurate recording designs are applied for numerous traits of interest.

In this paper, we present the results of a QTL mapping study on udder
morphology traits based on a combined Linkage and Linkage Disequilibrium mapping
method, where a principal component analysis was applied to the IBD matrix in order
to include the whole information coming from the base haplotypes of a Sarda sheep
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resource population.

Material and methods

Female reference population (FRP) and phenotypes

The first generation of the reference population started in 1999 when 10 Lacaune x
Sarda F1 sires were mated to Sarda ewes to produce 928 back-cross females in order to map
QTL for economic traits by exploiting likely different allelic frequencies in the parental
breeds. Lately, we focused on the detection of QTL segregating in the pure Sarda breed.
Thus, since 2002, we exclusively used Sarda rams (SA) to produce the yearly replacement of
the FRP. Until 2009, the average size of Sarda sire families was 40 daughters, whereas from
2010 to the present the average size of families was reduced to 9 to increase the number of
bloodlines represented in the FRP. Sarda sires were chosen on the basis of their genetic
impact on the registered population among those belonging to the artificial insemination
centre of the Sarda breed. Ewes of the FRP were maintained until their 4th lactation in an
experimental farm. Ewes’ udder morphology was appraised from 2 to 6 times per lactation by
a group of 6 trained classifiers using a scoring method based on a 9 points linear scale (Casu
et al., 2006). The scored traits were: teat placement (TP), which is an indication of average
cistern height; udder depth (UD), which is the distance between the abdominal wall and the
udder cleft; udder cleft (DS) which is the degree of separation of the two halves; degree of
suspension of the udder (SU) which is evaluated as the relative ratio between the width and
the depth of the udder. Given the high correlation between scores assessed for the same trait
by different classifiers (ranging from 0.76 for DS to 0.83 for TP) and the values of
repeatability within and across lactation (greater than 0.7 for all traits or ranging from 0.59
for DS to 0.66 for UD, respectively; Casu et al., 2006), only a single score per ewe, evaluated
in the middle of the first lactation (67±23 DIM) was considered in the analysis. Furthermore,
only data from one-year-old ewes were retained. After editing, from 3,116 (for SU) to 2,994
(for DS) records were analysed. Before the QTL detection analysis, a single trait animal
model was applied to each trait, in order to adjust individual scores for the main
environmental effects. In this model, genetic relationship between animals were taken into
account by calculating the genomic relationship matrix (Hayes et al., 2009) among 4,513
genotyped animals including 3,949 FRP ewes, their sires and grand-sires (when available),
and 377 Sarda rams not directly linked to the FRP. Fixed effects considered were the classifier
nested within date of scoring (28 levels), the number of lambs born (2 levels) and the
lactation stage (8 levels of 15 days each). Individual random solutions, i.e. genomic
predictions, plus individual random residuals from this model were used as pseudo-
phenotypes for QTL detection analysis.

Genotypes, haplotype reconstruction and IBD probabilities calculation

All the ewes of the FRP born before 2016 and their sires (10 F1 and 151 SA), as well as
the 10 Lacaune sires of the F1 generation and 11 SA paternal grand-sires were genotyped
with the Illumina Inc. OvineSNP50 Beadchip. SNP editing was performed using call rate and
MAF thresholds of 95% and 1%, respectively. The Ovine Genome Assembly v4.0 was used
to define the genetic map assuming 1Mb=1cM. Unmapped and sex chromosome SNPs were
discarded and finally 43,390 markers were retained. The gametes of the population were a
priori classified as either base haplotypes (BH) or replicates of base haplotypes (RH),
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depending on whether they had been inherited from ungenotyped or genotyped parents,
respectively. The 1,207 identified BH were then classified as BHL (the 10 Lacaune paternal
haplotypes of F1) and BHS (the 1,197 Sarda haplotypes). The linkage disequilibrium
multilocus iterative peeling method as proposed by Meuwissen & Goddard (2010) was used
to phase both HB and RH. The marked familiar structure of the FRP allowed us to exploit
both LA and LD information to construct the IBD matrix (Usai et al., 2014). In a first step,
IBD between BH and RH were calculated by LA (IBDLA) given the known phases and the
pedigree information. Then, IBD between BH were estimated by LD analysis (IBDLD) at each
SNP position following Meuwissen & Goddard (2001). IBDLD was conditioned to the
identity-by-state status of neighboring SNPs using 21 SNPs windows, and to the within breed
expected homozygosity. The IBDLD between BHS and BHL were assumed to be zero.

Principal components analyses and QTL detection model

To overcome multi-collinearity due to the high IBDLD that could be locally observed
between pairs of BH and to reduce the number of effects to estimate, a principal component
analysis (PCA) was applied. At each SNP position l, eigenvectors were extracted from the
IBDLD matrix between BH, weighted for the frequency of each BH in the RH population (Ul).
Principal components explaining > 99% of the total within breed variation at each position
(PCl) were retained. To maintain a fixed effects model with a limited number of unknowns
but simultaneously adjusting for the polygenic background, the genome-wide relationship
between BH and RH and among BH was estimated by averaging across loci IBDLA and
IBDLD, respectively. The IBDLD averages, weighted for their average frequencies, were stored
in the squared matrix Ug with nBH size, and principal component (PCg) were extracted as
described for the analysis at locus level. Finally, the linear model applied to estimate PCl

effects was:

y = 1μ + ZlVlβl+ ZgVgαl + ε

where y is a vector of np adjusted phenotypes for TP, UD, SU and DS; μ is the overall mean;
βl is a vector of fixed effects of the retained PCl; αl is a vector of fixed effects of the retained
PCg; ε is a vector of residuals; 1 is a vector of ones; Zl is the incidence matrix where each
entry cumulates the IBDLA of both RH carried by an ewe at locus l with a given BH; Zg is an
incidence matrix where each entry is the average across loci of the corresponding Zl values;
Vl and Vg are matrices of eigenvectors – rescaled for the corresponding BH frequency –
relating BH to each PCl or PCg, respectively. The model was tested at each SNP position by
F-test for H0: βS=0; where βS are the effects of Sarda PCl. Significance thresholds were
determined using a Bonferroni correction for multiple testing. The number of chromosome-
wise (CW) independent tests was calculated as the number of PC capturing more than 99% of
variation of the correlation matrix between different locations. The correlation matrix was
calculated by combining both IBDLA and IBDLD information. Finally, the number of genome-
wide independent tests was calculated as the sum across chromosomes of CW independent
tests.

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
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proposed in previous studies. Moreover, PCA notably reduced the number of effects to be
estimated. In fact, the number of PCs explaining more than 99% of the BH variation was on
average 32.38 and ranged from 9 to 75. One hundred and ninety five SNPs encompassed the
5% genome-wide (GW) significant threshold for at least one udder morphology trait (Figure
1). Since we performed single locus analyses, significant positions were clustered into QTL
regions (QTLR) based on the correlation between HB values at each position. Positions that
exceeded the 0.05 GW significance threshold with a correlation exceeding 0.25 with the most
significant SNP were considered belonging to the same QTLR. This approach aimed at
maintaining a low risk of overestimating the number of significant regions. On the other
hand, the single locus analysis does not allow discriminating the effects due to a single
mutation from those determined by multiple ones detected in the same QTLR. Overall, 31
QTLR were defined on 15 chromosomes (Table 1). Fifteen QTLR were associated with SU,
12 with TP, and 2 with UD and DS, respectively. The most significant result was obtained for
TP on OAR 9 between 18.03 and 23.15 Mb, with 45 SNPs exceeding the significant
threshold. The same QTLR was also associated with SU. Two further QTLR for SU were
identified for this trait on OAR9, the largest of which (48.97-60.99 Mb) overlapped the
region associated with UD This is consistent with genetic correlation (0.82) between UD and
SU (Casu et al., 2006). The most significant variants were further analysed with Variant
Effect Predictor, but none of them were located in the coding region of an annotated gene.

Conclusion

Several genomic regions significantly associated with udder morphology traits have
been identified in this study. Current results did not allow us to ascertain candidate genes for
the considered traits. However, improvement of the quality of the sheep genome annotation is
in progress. Thus, further investigations, also based on the whole-genome resequencing of
target animals, are in progress with the aim of identifying causal mutations and LD markers
to be used to genetically improve udder morphology in Sarda dairy sheep.

List of References

Carta, A., S. Casu & S. Salaris, 2009. Current state of genetic improvement in dairy sheep. J.
Dairy Sci. 92(12): 5814–5833

Casu, S., I. Pernazza & A. Carta, A., 2006. Feasibility of a linear scoring method of udder
morphology for the selection scheme of Sardinian sheep. J. Dairy Sci. 89(6): 2200–2209.

Casu, S., S. Sechi, S.L. Salaris, & A. Carta, 2010. Phenotypic and genetic relationships
between udder morphology and udder health in dairy ewes. Small Rumin. Res. 88: 77-83.

Dekkers, J.C.M., 2004. Commercial application of marker- and gene-assisted selection in
livestock: strategies and lessons. J. Dairy Sci. 82 E-Suppl: E313-328.

Hayes, B. J., P. J Bowman, A.C. Chamberlain, K. Verbyla, & M.E. Goddard, 2009. Accuracy
of genomic breeding values in multi-breed dairy cattle populations. Genet. Sel. Evol.
41(2), 51.

Meuwissen, T.H., B.J. Hayes & M.E. Goddard, 2001. Prediction of total genetic value using
genome-wide dense marker maps. Genetics, 157(4): 1819-1829.

Meuwissen, T. & M.E. Goddard, 2010. The use of family relationships and linkage
disequilibrium to impute phase and missing genotypes in up to whole-genome sequence
density genotypic data. Genetics, 185(4): 1441–1449.

Usai M.G., S. Casu, T. Sechi, S. Miari, G. Mulas, G.B. Congiu, S. Sechi, S.L. Salaris & A.



Proceedings of the World Congress on Genetics Applied to Livestock Production, 11. 987

Carta, 2014. Genome wide association study on milk production traits in a nucleus flock of
Sarda breed sheep using a novel method combining linkage and linkage disequilibrium
mapping. Proceedings, 10th WCGALP. Paper n 187



Proceedings of the World Congress on Genetics Applied to Livestock Production, 11. 987

Table 1. Significant QTL regions for teat position (TP), udder depth (UD), degree of
separation of the two halves (DS), and degree of suspension of the udder (SU) in Sarda sheep

TRAIT OAR N SNP1
Pos. range2

(Mbp)
Pos. Max3

(Mbp)
Marker4 P-value5

UD
9 9 50.16-53.00 52.88 rs420112149 8.12*10-8

24 5 2.61-2.92 2.84 rs162223042 4.38*10-7

TP

3
1 - 75.04 rs419104892 2.93*10-6

3 99.12-99.18 99.18 rs426210657 1.81*10-6

1 - 186.48 rs404654722 2.25*10-6

6 4 2.68-4.020 2.97 rs422215506 5.83*10-7

7 26 31.43-45.72 45.65 rs421375833 6.72*10-8

8 1 - 44.34 rs411239148 4.26*10-6

9 45 18.03-23.15 20.66 rs405144473 1.40*10-10

10 2 69.43-71.42 71.42 rs408399023 7.29*10-7

16
6 2.27-3.60 2.27 rs399604718 3.42*10-7

1 - 65.96 rs429027040 2.13*10-6

17 6 42.92-46.34 43.11 rs400390524 5.85*10-7

20 2 49.73-49.73 49.73 rs427986618 1.41*10-6

DS
2 4 23.30-24.33 23.48 rs411648384 8.57*10-7

5 1 - 94.05 rs410771113 3.74*10-6

SU

1 2 24.14-24.80 24.80 rs403607970 1.39*10-6

2 3 104.11-104.49 104.29 rs401549019 2.98*10-7

4 4 39.66-52.89 52.89 rs406989700 1.40*10-6

5
17 27.69-29.43 27.90 rs419771872 3.16*10-8

1 - 86.42 rs430003334 3.89*10-6

7 2 32.70-32.76 32.70 rs419099529 7.35*10-7

8 1 - 44.56 rs405955062 3.60*10-6

9
5 20.32-21.71 20.83 rs398468888 5.31*10-8

2 37.50-39.69 37.50 rs429952516 8.36*10-7

17 48.97-60.99 50.44 rs410285886 3.41*10-9

10 6 57.99-58.90 58.85 rs420573810 2.44*10-7

14 1 - 39.50 rs160936404 3.74*10-7

16 3 66.97-67.2 67.18 rs420231109 2.93*10-6

20 1 - 24.36 rs430210666 2.68*10-6

25 13 18.54-28.60 26.67 rs418740912 1.90*10-7
1 at 5% genome-wide threshold
2Region interval
3 Position of the most significant SNP
4most significant SNP
5Nominal P-value of the most significant SNP
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<1 line before a figure, figures should be inserted digitally and handed in on separate sheets
of paper>
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Figure 1. Manhattan plot displaying the negative logarithm of the association nominal P
value for each SNP of the QTL detection analysis for udder depth (UD), teat position (TP),
degree of suspension of the udder (SU); degree of separation of the two halves (DS).


