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1.1 Historical origins of Valle del Belìce dairy sheep breed 

In the western Sicily, among Palermo, Trapani and Agrigento provinces, the Belìce 

river is flowing from the Corleone’s mountains (North-East) to the meridional 

Sicilian coast (South-West), exactly in the Canale di Sicilia between Marinella di 

Selinunte and Portopalo di Menfi (Fig.1.1.1.), in Mediterranean Sea (Protection 

plan for the waters of Sicily, 2007). 

 

Figure 1.1.1. Geographic representation of Belìce valley  

 

 

On the correct diction between "Belice" (incorrect) and "Belìce" (correct) it is better 

to clarify immediately, since there is often a lot of confusion among authors. In fact, 

the territory in which this important stream flows, during the Arabs domination was 

called "U-Bilìk", due to a castle that stood in the area, confirming the correct 

positioning of the accent on the name "Belìce", furthermore used in Italy until the 

1968’s earthquake, when journalists and Italian television mistakenly shifted the 

accent (Rumiz, 2009), broadcasting the improper diction “Belice”.  

In the valley in which the Belìce river’s branches (named “right” and “left”) are 

flowing, there are important archaeological finds dating back from prehistory to the 

time of the Arabs and Normans. The Belìce valley it has been frequented and 

populated since prehistoric times, as testified by graffiti and archaeological finds 
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linked to Sicani, Elimi, Phoenicians and Greeks. Findings attested the presence of 

rupestrian breeding activities in Maranfusa and Sticca mountains by Elima 

population (Spatafora & Calascibetta, 1986). This site, called Calatrasi on middle 

age, was one of the strongholds of the Muslim resistance in Sicily, with Entella and 

Iato sites (Fig. 1.1.1), before the definitive expulsion which took place in 1246 

(Corretti et al., 2004). This aspect was relevant for breeding activities because, as 

reported below, the Arabs played an important role in historical sheep crossbreed. 

In fact, the sheep breeding activities in western Sicily were practiced since 

prehistoric times, passing through the Elimi tribe, Greek and Phoenician 

populations, up to the Arab domination, as evidenced by the archaeological findings 

(Leighton, 1999). In that historical period (VIII B.C.), those animals were crossed 

with Sarda sheep breed imported by Arabs, originating the Valle del Belìce sheep 

breed (Portolano et al., 1996).  

In these important historical and geographical contexts, the Belìce valley 

represented an important basin for agriculture development and livestock breeding 

activities. From this valley, naturally rich and always disputed by the civilizations 

during history, the “Valle del Belìce” dairy sheep breed took its name. This breed 

is considered to originate from the ancestors Comisana (Fig. 1.1.2A), Pinzirita (Fig. 

1.1.2B) and Sarda (Fig. 1.1.2C) dairy breeds (Portolano, 1987). The Pinzirita breed 

was considered a native Sicilian sheep and, it was crossed with Comisana breed, 

originated from Comiso area, generating individuals with intermediate 

characteristics between parental lines (Portolano et al., 1996).  

 

Figure 1.1.2. The Valle del Belìce sheep breed ancestors*  

A. Comisana  B. Pinzirita  C. Sarda  

   

*images from the web 
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In the nineties, data collected by the Regional Sicilian Breeders Association 

(ARAS) for milk recording and morphological measures collected by the 

University of Palermo, allowed the development of the Valle del Belìce breed 

standard. This was submitted in 1996 to both the Dairy Sub-Committee and the 

Ewes Technical Committee, and in 1997 the Valle del Belìce breed was given 

official recognition as local breed (Ministerial Decree of 1 December 1997). 

Nowadays, the Valle del Belìce sheep breed is diffused throughout the territory of 

the Sicilian region. This breed has inherited from Pinzirita and Sarda breeds the 

medium-small ears shape, the ability to resist the damp cold and indoor housing, 

just in the coldest periods of the year. From Comisana sheep breed it has inherited 

the udder conformation, the high milk production aptitude and the ability to adapt 

the climatic conditions in which it is raised (Portolano, 1987).  

1.2 Phenotypic, productive, and reproductive traits, and 

management of Valle del Belìce sheep breed 

The individuals of Valle del Belìce breed present an open and white fleece covers 

the entire body with the exception of limbs, belly and head. The body is well 

developed whit good transversal diameters; the head generally is slim and extended, 

with the nasal bone generally curved (convex). Some individuals typically have 

reddish brown spots surrounding the eyes and on the last part of the ears (Fig.1.2.1). 

 

Figure 1.2.1. Valle del Belìce sheep breed: A) Ram; B) Ewe with lamb; C) Young lamb. 

A B C 

   

 

Another peculiarity of Valle del Belìce breed, probably due to excessive 

reproduction in consanguinity, is the presence of some cases of congenital 
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hypotrichosis, consisting in complete absence of hair at birth (but not wool) 

(Fig.1.2.2), caused by mutations on hairless gene (Finocchiaro et al., 2003). 

 

Figure 1.2.2. Individuals with congenital hypotrichosis, so called “monkey sheep”. 

 

 

The Valle del Belìce sheep breed have a mean milk production of about 139 ± 35 

liters on first lactation, and 210 ± 35 liters for the following lactations (AIA, 2006). 

The milk characteristics present fat content of about 6.5% and protein content about 

5.5%. The mainly use of this breed is for milk production, even if the production of 

lambs (birth weight about 3.2-4.5 Kg) represents a not indifferent source of 

secondary income for farmers. Generally, the Valle del Belìce ewes present the first 

ovulation at 5-6 months old, with and estrous cycle of about 20-24 days; ewes at 

first parity are between 12 and 24 months of age (Portolano, 1987; Micalizzi, 1995).  

The lambs can weigh about 15-23 kg at 90 days old. Nowadays, it is usual to 

program synchronization of estrus to have suckling lambs (with a weight of about 

8-9 kg) to be destined for the slaughterhouse during Easter and Christmas periods 

(Fig. 1.2.3). It is also true, however, that the lambing season is all year long, starting 

in July and ending in the next June (even if there are generally few lambs in May 

and June). This lambing system differs from the one adopted in others 

Mediterranean regions (Ligda et al., 2000). The sheep are fed with natural pastures 

or fodder crops. The most common and preferred pasture for Valle del Belìce breed 

is sulla grass. Sulla (Hedysarum coronarium L.) forage was valued for its positive 

impact on ruminant production thanks to its palatability and content in nutraceutical 

substances, like condensed tannin (Bonanno et al., 2016; Tibe et al., 2011). 
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Sometimes, i.e. at the end of gestation, it is necessary to give additional food 

consisting in hay and concentrates (Cappio-Borlino et al., 1997). 

 

Figure 1.2.3. Valle del Belìce lambs: A) About 1 month old; B) About 6 months old. 

A B 

  

 

The annual fertility of Valle del Belìce sheep, defined as the percentage ratio 

between the number of sheep gave birth and the number of sheep capable of giving 

birth, is 95%, while the prolificacy, given by the percentage ratio between the lambs 

born and the number of sheep gave birth, is 145%. The annual fecundity, i.e., the 

percentage ratio between the lambs born and the number of sheep capable of giving 

birth, is 138%. These values are due to high aptitude for twin births (about 80% in 

multiparous and 20% in primiparous). 

A peculiar characteristic of Valle del Belìce breed ewes is linked to their body size 

and subcutaneous fat thickness on summer. In this period, they manage to 

significantly decrease their body weight, up to 30% less than recorded at the time 

of gave birth, in order to be able to feed the lambs with nutrient milk (rich in fat).  

Generally, the breeders adopt family management system with semi-extensive 

grazing conditions, usually milk animals’ morning and evening (twice a day), so 

they bring animals to pasture after morning milking, while keep them in the 



Pag. 9 of 93 

 

sheepfold after the evening milking. In cold periods they adopt an indoor housing. 

Unfortunately, still today, sheepfold are often precarious structures or mediocre 

rural buildings like old storehouse or ruin, in which the farmers milk by hand. The 

main use of Valle del Belìce sheep breed milk is for traditional raw milk cheese 

productions. The most important are “Vastedda della Valle del Belìce” PDO, an 

Italian cheese produced only with milk obtained by the Valle del Belìce sheep breed 

(Ministry of Agriculture, Food and Forestry Policies - MIPAAF and Consorzio 

Vastedda del Belìce) and “Pecorino Siciliano” PDO, produces only with Sicilian 

raw sheep milk (Ministry of Agriculture, Food and Forestry Policies - MIPAAF and 

Consorzio Pecorino Siciliano). They were produced at farm level by small local 

diaries or by milk supplies to cheese industries working at regional level. Recently, 

for quality dairy products (such as cheeses mentioned), the genetic traceability 

system for the authentication of production has started to play an important role. 

 

1.3 Molecular markers and their applications 

Today, molecular genetics technologies are widely used to study and improve the 

breeds of livestock species or their productions. These techniques involve the use 

of molecular markers, necessary to deep study the genome of the individuals 

belonging to different populations/breeds/species.  

The molecular markers are usually analyzed using the amplification of target 

sequences of DNA by PCR (Polymerase Chain Reaction). This method allows 

exponentially amplifying a target DNA fragment thanks to specific 

oligonucleotides or primers, reaction buffers and a specific enzyme (Taq DNA 

polymerase). Microsatellite markers, and the most recent SNPs, are widely used for 

different purposes and have been studied in many species (Peelman et al., 1998; 

Sancristobal-Gaudy, et al., 2000; Arana et al., 2002; Herraeza et al., 2005; Dalvit 

et al., 2007b; Orrù et al., 2006; Fernandez et al., 2013; Mastrangelo et al., 2020; 

Moscarelli et al., 2020). 
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➢ Microsatellite markers 

The VNTRs (Variable Number of Tandem Repeats), including microsatellites, 

consist of repeated sequences of non-coding DNA. They are characterized by 

tandem repeats of short nucleotide sequences, e.g.: 

ACACACACACACACAC    (AC)n 

GTGTGTGTGTGTGTGTGT  (GT)n  

CAC CAC CAC CAC CAC    (CAC)n 

GATA GATA GATA GATA   (GATA)n 

They are highly distributed in the genome and are often found in non-coding 

regions. The polymorphism is very high and derives from the basic motif of the 

microsatellite number of repetitions (n). The microsatellite markers were widely used 

with different aims, such as the identification of diseases (Hearne et al., 1992; Naidoo 

& Chetty, 1998), forensic investigations (Urquhart et al., 1994; Lindqvist et al., 2010), 

genetic diversity studies (Agha et al., 2008; Iamartino et al., 2005), population structure 

(Tolone et al., 2012; Bordonaro et al., 2012), genetic traceability (Sardina et al., 2015; 

Dalvit et al., 2007a) and parentage verification (Seyedabadi et al., 2006; Rosa et al., 

2013). 

 

Fig. 1.3.1. Microsatellite markers Mendelian segregation scheme.   
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➢ Single nucleotide polymorphisms (SNPs) 

A single-nucleotide polymorphism (SNP) is a substitution of a single nucleotide at 

a specific position in the genome, that is present in a sufficiently large fraction of 

the population. For example, at a specific base position, the “C” nucleotide may 

appear in most individuals, but in a minority of individuals, the position is occupied 

by an “A”. This means that there is a SNP at this specific position, and the two 

possible nucleotide variations – “C” or “A” – are said to be the alleles for this 

specific position (Fig.1.3.2). 

Fig. 1.3.2. Single nucleotide polymorphism graphic representation. 

 

 

SNPs are the smallest unit of genetic variation, and they represent the most common 

type of sequence polymorphism in animal genomes. They have been used to 

construct high-resolution genetic maps or to trace evolution or population 

structures, because they are available in high number, present both in coding and 

non-coding regions, and dispersed throughout the genome (Gurgul et al., 2014). 

So far, the most widely used tool in studies on livestock genomes are genotyping 

microarrays. They allow a relatively quick, reliable and inexpensive genotypes 

determination of a large single nucleotide polymorphisms (SNPs) number, being a 

primary source of genetic variation. The arrays are designed to describe the genetic 

variation within a genome of interest in the best possible way, owing to the use of 

linkage disequilibrium phenomenon (Matukumalli et al., 2009; Kranis et al., 2013). 

Currently, the most advanced genotyping tools in animal genomics are becoming 

available for cattle and allow analysis of about 770,000 SNPs in parallel; it means 
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that, in the range of each Mb of genomic sequence, the genetic variation is described 

by about 300 markers (Rincon et al., 2011). It gives a detailed insight into the 

genome of the species and allows for a detailed analysis in aspects of its variability, 

rearrangements and structure (Gurgul et al., 2014). 

The SNPs are used in livestock species for different studies such as to investigate 

the animal genome to make population structures studies, to search selection 

signatures, to investigate about divergences and similitudes within and between 

populations thanks, to the application of different statistical approaches. The SNPs 

were also applied in Genome-wide Association Studies (GWAS) to look for 

common genetic variants associated with a specific phenotype (Sharma et al., 2015; 

Mastrangelo et al., 2018c; Sutera et al., 2019). In these studies, the knowledge of 

linkage disequilibrium (LD) between markers, defined as the non-random 

association of alleles at two or more loci (Gurgul et al., 2014), is important in order 

to define the number of markers required for genomic selection, efficient 

association studies and fine mapping of genetic diseases (Pritchard and Przeworski 

2001; Espigolan et al. 2013).  

Several studies used SNPs to detect traits of economic interest, thanks to their easy 

application and their high density within genome (Viale et al., 2017; Palombo et 

al., 2018; Dadousis et al., 2016; Gutiérrez-Gil et al., 2018). Other application 

provides to use the SNPs in livestock products traceability because the detection of 

their polymorphism is based on the amplification of very small fragments, even 

smaller than SSR alleles (Zhao et al., 2019; Scarano and Rao, 2014; Goffaux et al., 

2005).  

 

1.4 Aim and outline of thesis 

To carry out the operational strategies for improving the competitiveness of the 

Valle del Belìce sheep breed, the thesis work was divided in three chapters, due to 

their different kind of application necessary for each one.  The common thread on 

the experiments carried out is certainly the genetic improvement of the Valle del 

Belìce sheep breed, with particular regard to the direct effects on the business 

economy and on the protection of biodiversity, which can derive from a correct 

study of all the variables that contribute to this improvement. 
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The overall aim of this thesis is the improvement of competitiveness of the Valle 

del Belìce sheep breed through different points of view: 

✓ Parentage reconstruction using microsatellite markers in Valle del Belìce 

dairy sheep breed.  

✓ Genetic traceability of Sicilian sheep dairy productions Vastedda della Valle 

del Belìce DOP and Pecorino Siciliano DOP. 

✓ Genome-Wide association studies for phenotypic and productive traits in 

the Valle del Belìce dairy sheep breed. 
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Parentage reconstruction using microsatellite markers 
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2.1 Summary 

The ovine breeding sector presents several criticalities in the monitoring of 

couplings and in their planning, due to the flock’s numerosity and the natural mating 

system used, sometimes favorite by the lack of breeders’ formation and lack of 

state-of-the-art infrastructure for livestock farming. Additionally, for sheep 

breeders is very difficult to record correctly pedigrees, because they have difficult 

to monitor every single mating and every single birth. Consequently, pedigrees 

mistakes cause problems on animal breeding programs and make it hard to achieve 

the objectives of the breeding organization, due to frequently errors that can 

complicate genetic improvement programs. Using the molecular markers is 

possible to ascertain the declared parentage for selected rams and mares, perfecting 

the animal breeding programs. The aim of this study was properly to attribute 

correctly the parentage, performing the parentage analysis test to reconstruct 

appropriately the declared pedigrees, indispensable for improving the 

competitiveness of the Valle del Belìce sheep breed. For the analysis were used 

microsatellite markers, to reduce pedigrees errors and to set up a markers’ panel 

useful for parentage analysis in Valle del Belìce sheep breed. All the used 

microsatellite markers showed high polymorphisms and the mean PIC value was 

similar to previously used panels, made it suitable for our purpose. Our results 

confirm the critical point on pedigrees recording by sheep breeder, sometimes 

deceived by adoption phenomena and heteropaternal superfecundation: these two 

phenomena were considered plausible in our study, based on the results obtained, 

confirming the high potential of parentage test to assist the sheep breeders in 

pedigree recording and contributing to explain the high frequencies of pedigrees 

errors. 

2.2 Introduction 

Pedigree information, confirmed by parentage molecular test, is essential for 

genetic evaluation (Yilmaz et al., 2018). Pedigree errors reduce genetic progress, 

due to incorrect estimation of breeding values as reported in previous studies in 

livestock, where errors of 10-23% were detected (Weller et al., 2004; Harder et al., 
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2005; Sanders et al., 2006; Vandeputte et al., 2006). Pedigree mistakes cause 

problems on animal breeding programs and make it hard to achieve the objectives 

of the breeding organization (Geldermann et al., 1986; Weller et al., 2004; Heaton 

et al., 2014).  

The Valle del Belìce is the most diffused sheep breed reared in Sicily for milk 

production, and nowadays about 167,468 animals are enrolled in the National 

database of Teramo (www.vetinfo.it – detection of 31/12/2020). The most diffused 

mating system in Valle del Belìce breed flocks is natural mating. Moreover, the 

interchange of rams among flocks is quite rare and the reproductive management is 

characterized by unrecorded mating with multiple sires (Tolone et al., 2012). The 

farmers usually divided the ewes into different groups with homogeneous estrus 

period, and then, introduced the selected rams in each group. In the last days of the 

pregnancy period, the farmers grouped all the ewes close to calving in the same 

closed stable waiting for the births. Usually, the ewes suckled only their own 

lamb/lambs and the records “mother-offspring” are based on this assumption. 

Therefore, there is a need to generate reliable pedigree for inbreeding control beside 

engendering a breeding program. The parentage analysis conducted using 

microsatellites markers could improve the animal breeding programs reducing 

pedigree errors. 

This method could help to define parentage test to improve mating plans aimed to 

reduce inbreeding avoiding the use of consanguineous individuals as reproducers 

and maintaining genetic variability within breed. The aim of this work was to 

evaluate a PCR based microsatellite markers multiplex system for parentage 

verification of Sicilian Valle del Belìce dairy sheep.  

2.3 Materials and methods 

Sampling 

A total of 151 individual blood samples, of Valle del Belìce breed, were collected 

from jugular vein using vacutainer tube containing EDTA as anticoagulant. 

Individual samples belonged to 4 flocks sited in Agrigento province. Fathers, 

mothers and offspring collected in each flock are detailed in Table 2.3.1. 

 

http://www.vetinfo.it/
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Table 2.3.1 Detailed information about samples collected in 4 farms of Valle del Belìce breed. 

Farms 
Total 

individuals 
Rams Ewes Progeny Twins pairs 

A - (PAL) 55 3 25 27 6 

B - (BAN) 29 5 11 13 2 

C - (LAO) 47 7 20 20 0 

D - (VIT) 19 8 5 6 1 

 

All starting information on relationship within each flock was based on farmer’s 

indications and pedigrees records. 

On farm A, we set up the entire protocol from microsatellite markers panel 

amplification till parentage test. On farms B, C, and D, we applied and validate the 

entire procedure. 

DNA extraction. 

The DNA extractions were performed starting from 1 ml of whole blood following 

a salting-out method (Miller et al., 1988). 

DNA quantification 

The DNA samples were quantified with a NanoDrop ND-1000 spectrophotometer 

(NanoDrop Technologies, Wilmington, DE, USA), able of giving, through 

absorption at various wavelengths (230-260-280 nm), an exact measure of 

concentration and quality of DNA, therefore, of the degree of purity of the extracted 

sample.  

For good quality DNA the absorption ratio values 260/280 should be 1.8-2.2. If 

value is different probably there is contamination of proteins or other compounds. 

In this case, the DNA will have to be further purified to avoid that these 

contaminations can interfere with the enzymatic reactions used in molecular 

biology. 

After quantification, the DNA samples were diluted to the working concentration 

of 50 ng/μl and stored at 4 °C for subsequent analyses.  

Microsatellites amplification by multiplex PCR. 

The Polymerase Chain Reaction (PCR) were performed in a final volume of 10 µl 

containing 100 ng of DNA, 1X QIAGEN PCR Master Mix, 0.1 µM of each primer 

pair and ultrapure H2O.  
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Each microsatellite molecular marker was identified by name, listed on Probe 

section of NCBI (https://www.ncbi.nlm.nih.gov/), selectively amplified by primer 

pair labeled by fluorophore, and with known physical location on ovine 

chromosome. We used the four fluorophores VIC, FAM, PET and NED, 

respectively corresponding at green, blue, red and yellow colors, that allowed us to 

analyze, in the same automated electrophoretic run, microsatellites with identical 

size range in bp (base pairs), and to use in the same multiplex PCR more than four 

of microsatellites with different size range. 

We selected 24 microsatellites from literatures (Yilmaz, 2016; Azhar et al., 2018) 

and from international source such as ISAG (ISAG_Sheep and Goat Test Markers 

2017.pdf) and FAO (ISAG_MoDAD, New Microsatellite marker sets – 

Recommendation of joint ISAG/FAO Standing Committee.pdf). The 24 markers 

were amplified in four multiplex PCRs, each one from a minimum of 4 to a 

maximum of 8 markers (Tables from 2.3.1 to 2.3.4). 

 

Table 2.3.1. PCR Multilplex 1 information 

MULTIPLEX I 

Marker name Fluorochrome Range Chromosome 

BM8125 FAM  100-130 bp 17 

HSC FAM  255-300 bp 20 

HH47 VIC 110-150 bp 18 

MAF33 NED  110-140 bp 9 

MAF214 NED  170-220 bp 16 

CSRD247 PET  210-260 bp 14 

OarVH72 PET  120-150 bp 25 

 

Table 2.3.2. PCR Multilplex 2 information. 

MULTIPLEX II 

Marker name Fluorochrome Range Chromosome 

MAF65 FAM  115-145 bp 15 

BM827 FAM  200-220 bp 3 

MB099 VIC  186-200 bp 1 

OarAE54 VIC  118-146 bp 25 

https://www.ncbi.nlm.nih.gov/
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INRA104 PET  140-180 bp 22 

OarCP34 PET  95-130 bp 3 

OarFCB193 NED  98-122 bp 11 

OarFCB304 NED  155-191 bp 19 

 

Table 2.3.3. PCR Multilplex 3 information. 

MULTIPLEX III 

Marker name Fluorochrome Range Chromosome 

INRA063 FAM (blu) 150-195 bp 14 

OarAE129 VIC (verde) 130-168 bp 5 

MCM527 PET (rosso) 160-190 bp 5 

OarJMP58 NED (giallo) 135-175 bp 26 

 

Table 2.3.4. PCR Multilplex 4 information 

MULTIPLEX IV 

Marker name Fluorochrome Range Chromosome 

DYMS1 FAM (blu) 160-210 bp 20 

BM1824 VIC (verde) 160-180 bp 1 

OarFCB128 VIC (verde) 90-135 bp 2 

OarJMP29 NED (giallo) 105-160 bp 24 

INRA132 PET (rosso) 140-180 bp 20 

 

The amplification conditions are identical for each multiplex PCR and indicated on 

Table 2.3.5. 

 

Table 2.3.5. amplification condition thermal cycler settings. 

Step Temperature (°C) and time 

Initial denaturation 95°C x 15 min 

30 cycles of 

94°C x 30 sec 

58°C x 90 sec 

72°C x 60 sec 

Final extension 60°C x 30 min 
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Capillary electrophoresis using ABI3500xl Genetic Analyzer 

The fragments analysis was performed using the ABI 3500xl Genetic Analyzer 

instrument (Applied Biosystem), by capillary electrophoresis. 

For the instrument analysis 1.0 μl of PCR product (dilution 1:25) was mixed with:  

- 8.7 μl of Hi-Di Formamide (Applied Byosystems) 

- 0.3 μl of GeneScan 500 LIZ Size Standard (Applied Biosystems) 

The fragments were separate by capillary electrophoresis basing on their size in bp 

and transformed in alleles by GeneMapper v5.0 software (Applied Biosystems). 

After allele assignment to each microsatellite Genotypes Table, containing the 

genotypes to all markers of all analyzed individuals, was exported and used for 

further analyses. Using CERVUS v3.0.7 software (Kalinowski et al., 2007), we 

analyzed genotypic data to obtain allele frequencies and descriptive statistics on 

microsatellite markers and then performed paternity assignment. 

2.4 Result and discussion 

Microsatellites descriptive statistics 

Summary statistics of Farm A obtained using Cervus v3.0.7, are showed in Tab. 

2.4.1., and contained the total number of individuals, the total number of loci, the 

mean number of alleles per locus, the mean observed (HObs) and expected (HExp) 

heterozygosity, the mean polymorphic information content (PIC), and the combined 

non-exclusion probabilities of first parent, second parent, parent pair, identity, and 

sib identity.  

 

Tab. 2.4.1. Average values of the statistical parameters related to microsatellite markers. 
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Moreover, the following report (Tab. 2.4.2) presented the summary statistics for 

each analyzed microsatellite marker, showing the number of alleles for each locus 

(k), the number of genotyped individuals (N), the observed (HObs) and expected 

(HExp) heterozygosity, the polymorphic information content (PIC), the mean 

exclusion probabilities (NE-1P, …, NE-SI) and, if required, the Hardy-Weinberg 

equilibrium (HW) and the frequency of null allele (Fnull). 

 

Tab. 2.4.2. Descriptive statistics of each analyzed microsatellite marker. 

 

 

The mean number of alleles per locus results 7.042, lower value than other similar 

studies previously conducted on sheep (Qanbari et al., 2007; Rosa et al., 2013; Al-

Atiyat, 2015; Yilmaz, 2016) and cow (Stevanovic et al., 2010). This difference 

could be due to the analyzed breed, considering that the same microsatellite could 

be more or less polymorphic in different breeds. Rosa et al. (2013) worked on Valle 

del Belìce sheep breed, reporting a mean number of alleles per locus of 11.21; 

anyway, they used a different microsatellites panel and analyzed individuals 

belonging from several different flocks. After this consideration we could define 

our result (mentioned summary statistics based only on Fam A) as quite reliable. 

Moreover, considering that more polymorphic a microsatellite is more optimal its 

use is in terms of parentage attribution, among all analyzed microsatellites only 
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OarAE129 presented 3 alleles, while the marker with the highest k value was 

INRA063. In the panel, only two microsatellites (MB099 and OarFCB193) 

presented PIC values lower than 0.5, while the mean values in this farm was 0.6773. 

This result agreed with previous studies on sheep breeds, in which PIC values 

ranged from a minimum of 0.67 to a maximum of 0.80 (Qanbari et al., 2007; Rosa 

et al., 2013; Al-Atiyat, 2015; Yilmaz, 2016). Usually, this value should be greater 

than or equal to 0.5 according with Botstein et al. (1980).  

The mean observed (0.7072) and expected (0.7208) heterozygosity presented 

similar values to others previous studies such as Qanbari et al. (2007) which 

reported values of  0.74 (Hobs) and 0.72 (HExp); Rosa et al. (2013) 0.708 and 

0.772; and Yilmaz (2016) 0.81 and 0.82, respectively.  

In particular, the HObs and HExp values for INRA063 marker in Valle del Belìce 

breed reported by Rosa et al. (2013) were 0.738 and 0.813, respectively, and are 

similar to our results (0.796 and 0.807), even though they analyzed samples 

belonging to 12 farms. 

Basing on these results, we deduced that this microsatellite marker panel was 

suitable for our purpose and we proceeded to analyze the other three farms.  

The table 2.4.3 showed the summary statistics of the four analyzed farms, 

confirming that this panel showed notable results in terms of mean PIC values 

(>0.5), mean number of alleles, and heterozygosity. 

 

Tab. 2.4.3. Summary statistics of each analyzed farm 

Farms Total 

individuals 

Rams  Ewes Progeny N° of 

alleles 

HObs HExp PIC 

A 55 3 26 26 7.042 0.7072 0.7208 0.6773 

B 29 5 11 13 5.375 0.6118 0.6084 0.5596 

C 47 7 20 20 5.083 0.5368 0.5417 0.5033 

D 19 8 5 6 5.708 0.7063 0.6667 0.6138 

 

The Table 2.4.4 showed the overall summary statistics useful to evaluate the marker 

panel for further parentage analysis. The mean number of alleles per locus was high 

(10.167) with some microsatellite in the panel with really high polymorphic level 

such as CSRD247 and OarHH47 with 20 alleles and JMP29 with 18 alleles. The 

mean proportion of loci typed was higher than 90% and the mean PIC value was ~ 
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0.70; so again, these results agreed with previous studies on different sheep breeds 

(Qanbari et al., 2007; Rosa et al., 2013; Al-Atiyat, 2015; Yilmaz, 2016). 

Table. 2.4.4. Summary statistics of analyzed microsatellite marker panel 

 

 

Paternity assignment with CERVUS software 

The first analysis performed with CERVUS v3.0.7 software was the allele 

frequency estimate using genotypes table. The output file contained the previously 

described summary statistics, considering the overall samples (Table 2.4.2) and 

details of each analyzed microsatellite marker. 

The second analysis was simulation of parentage verification performed both for 

estimating the power of a codominant loci series given their allelic frequencies, and 

for estimating the critical probability values to establish that the assigned parents 

(by breeder) are the true parents, giving to the assignment test a statistical 

significance value. The probability values could be indicated with LOD score, 

defined as the ratio between the probability that candidate parent is the real parent 

and the probability that it is not; or with Delta value, defined as the LOD score 

difference between the most probable parents and the second one. The paternity 
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simulation analysis considers 10,000 offspring, the number of candidate fathers 

(collected samples), the proportion of candidate fathers sampled in the farm, the 

proportion of loci typed (from allele frequency file) and the proportion of loci 

mistyped (0.01 by default) as parameters. Moreover, the minimum number of typed 

loci was set to 12 (half the number of markers in the panel). 

Finally, for paternity analyses, we prepared two different files for each farm. The 

first contained the rams considered as “candidate fathers” of all offspring (lambs 

collected in each farm), and the second one contained the pairs “offspring-candidate 

mother” based on information recorded by the farmers on pedigrees.  

Results for paternity analysis obtained from Cervus v3.0.7 software was showed in 

the following tables and were performed in each farm separately. Tables 2.4.2-2.4.5 

showed results of offspring-mother pairs containing pair loci mismatching present 

in each farm. 

The farm A presented the highest percentage of offspring-mother pairs containing 

mismatches (48%) respect to the other farms which showed lower values: 30% farm 

C, 16.7% farm D, and 7.7% farm B.   

 

Table 2.4.2 Results of offspring-mother pairs containing loci mismatching in Farm A (PAL). 

Offspring 

ID 

Loci 

typed 

Mother 

ID 

Loci 

typed 

Pair loci 

compare

d 

Pair loci 

mismatchi

ng 

Pair LOD 

score 

PAL3F 23 PAL3 24 23 1 5.56E+00 

PAL8F 24 PAL8 23 23 13 -4.95E+01 

PAL10F1 24 PAL10 24 24 1 1.21E+01 

PAL10F2 24 PAL10 24 24 1 9.87E+00 

PAL11F1 24 PAL11 24 24 9 -3.25E+01 

PAL11F2 24 PAL11 24 24 4 -7.36E+00 

PAL14F 24 PAL14 24 24 1 1.43E+01 

PAL15F2 24 PAL15 24 24 5 -1.64E+01 

PAL19F 24 PAL19 24 24 1 1.41E+01 

PAL21F2 24 PAL21 24 24 1 8.36E+00 

PAL23F 24 PAL23 24 24 2 1.33E+00 

PAL24F2 24 PAL24 24 24 1 1.38E+01 

 

Table 2.4.3. Results of offspring-mother pairs containing loci mismatching in Farm B (BAN). 

Offspring 

ID 

Loci 

typed 

Mother 

ID 

Loci 

typed 

Pair loci 

compare

d 

Pair loci 

mismatchi

ng 

Pair LOD 

score 

BAN10F1 24 BAN10 24 24 1 8.49E+14 
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Table 2.4.4. Results of offspring-mother pairs containing loci mismatching in Farm C (LAO). 

Offspring 

ID 

Loci 

typed 

Mother 

ID 

Loci 

typed 

Pair loci 

compare

d 

Pair loci 

mismatchi

ng 

Pair LOD 

score 

LAO11F 20 LAO11 20 20 1 1.06E+01 

LAO12F 20 LAO12 20 20 1 8.49E+00 

LAO17F 20 LAO17 16 16 2 -5.04E+00 

LAO22F 20 LAO22 20 20 1 6.09E+00 

LAO26F 20 LAO26 20 20 5 -2.15E+01 

LAO27F 20 LAO27 20 20 1 5.55E+00 

 

Table 2.4.5. Results of offspring-mother pairs containing loci mismatching in Farm D (VIT). 

Offspring 

ID 

Loci 

typed 

Mother 

ID 

Loci 

typed 

Pair loci 

compare

d 

Pair loci 

mismatchi

ng 

Pair LOD 

score 

VIT10F 24 VIT10 24 24 1 4.35E+00 

 

The LOD scores presented negative values when the number of mismatches was 

higher than the proportion of loci mistypes (1%), nevertheless, we consider for 

subsequent paternity assignment test only the offspring-mother pairs without 

mismatches.  

Table 2.4.6 showed all the twin pairs and relative mothers (declared by the farmers) 

and analyzed with markers panel. Out of nine twin pairs only three (indicated in 

underlined bold on table 2.4.6) could be genetically real, while all the other 

information reported by the farmers were partially wrong. In fact, it was possible to 

note that in four different twin pairs, showed in bold in Table 2.4.6, only one 

offspring could be the real one, while the other one presented mismatch with 

assigned mother. 

 

Table 2.4.6. Twins pairs and relative known mothers presented in the four analyzed farms. The real 

twin pairs are reported in bold and in bold underlined. 

Offspring 

ID 

Loci 

typed 

Mother 

ID 

Loci 

typed 

Pair loci 

compare

d 

Pair loci 

mismatchi

ng 

Pair LOD 

score 

PAL5F1 24 PAL5 24 24 0 8.32E+00 

PAL5F2 24 PAL5 24 24 0 8.81E+00 

PAL10F1 24 PAL10 24 24 1 1.21E+01 
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PAL10F2 24 PAL10 24 24 1 9.87E+00 

PAL11F1 24 PAL11 24 24 9 -3.25E+01 

PAL11F2 24 PAL11 24 24 4 -7.36E+00 

PAL15F1 24 PAL15 24 24 0 1.32E+01 

PAL15F2 24 PAL15 24 24 5 -1.64E+01 

PAL21F1 24 PAL21 24 24 0 1.12E+01 

PAL21F2 24 PAL21 24 24 1 8.36E+00 

PAL24F1 24 PAL24 24 24 0 1.57E+01 

PAL24F2 24 PAL24 24 24 1 1.38E+01 

       

BAN10F1 24 BAN10 24 24 1 8.49E+14 

BAN10F2 24 BAN10 24 24 0 1.43E+15 

BAN12F1 24 BAN12 24 24 0 5.94E+14 

BAN12F2 24 BAN12 24 24 0 6.09E+14 

       

VIT09F1 24 VIT09 24 24 0 8.98E+00 

VIT09F2 24 VIT09 24 24 0 8.87E+00 

in bold are indicated the real one offspring of indicated mother; in underlined bold are indicated 

the genetically real twins.   

 

These results led us to consider that in Farm A (PAL) the number of incorrect 

offspring-mother pairs recorded by the farmer was high. Moreover, the four twin 

pairs in bold in Table 2.4.6 led us to hypothesize the adoption phenomena. To the 

best of our knowledges, literatures regarding adoption phenomena in Valle del 

Belìce sheep breed are absent even if, as reported by several farmers, it could be 

happened especially when in the last days of the pregnancy period, the farmers 

grouped all the ewes close to calving (primiparous and pluriparous) in the same 

closed stable waiting for the births. After birth, suckling of colostrum established a 

physical link between ewe and lamb even when they are not genetically related; in 

facts, in the first few hours the mothers are highly responsive to any neonate during 

the so called “sensitive period” (Hersher et al., 1963); it is during this sensitive 

period that the ewe shows intense licking activity (Gonzalez & Goddard, 1998). 

The paternity assignment analyses were conducted for all offspring-mother pairs 

with no mismatches, present in the four farms. Results were reported in the 

following Tables (2.4.7-2.4.10). In particular, in Farm A (PAL), out of 13 correct 

offspring-mother pairs (52%), 11 trio (offspring-mother-father) were found, and it 

is possible to highlight that the three collected rams indicated as candidate fathers 

are the assigned ones (Table 2.4.7). 
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Table 2.4.7. Paternity assignment in Farm A (PAL) for offspring-mother pairs with no mismatching.  

Offspring 

ID 

Mother 

ID 

Pair loci 

mismatc

h 

Pair LOD 

score 

Candidat

e father 

ID 

Pair loci 

compare

d 

Pair loci 

mismatch 

Pair LOD 

score 

Trio loci 

mismatch 

Trio LOD 

score 

PAL4F PAL4 0 1.94E+01 PAL28P 23 0 1.10E+01 0 1.94E+01 

PAL5F1 PAL5 0 8.32E+00 PAL28P 23 0 9.69E+00 0 1.82E+01 

PAL5F2 PAL5 0 8.81E+00 PAL28P 23 0 1.21E+01 0 1.83E+01 

PAL6F PAL6 0 1.87E+01 PAL29P 24 0 1.56E+01 0 2.55E+01 

PAL7F PAL7 0 1.08E+01 PAL28P 22 0 8.96E+00 0 1.39E+01 

PAL15F1 PAL15 0 1.32E+01 PAL30P 23 0 9.39E+00 0 1.39E+01 

PAL17F PAL17 0 1.20E+01 PAL28P 19 0 5.75E+00 0 1.12E+01 

PAL18F PAL18 0 1.48E+01 PAL30P 23 0 5.74E+00 0 1.77E+01 

PAL21F1 PAL21 0 1.12E+01 PAL30P 23 0 1.10E+01 0 1.92E+01 

PAL24F1 PAL24 0 1.57E+01 PAL28P 23 0 9.23E+00 0 1.90E+01 

PAL26F PAL26 0 1.31E+01 PAL30P 23 0 1.39E+01 0 2.13E+01 

 

In Farm 2 (BAN), where the correct offspring-mother pairs represented the 92.3%, 

the number of trio was really low and only four “families” were present (Table 

2.4.8). 

 

Table 2.4.8. Paternity assignment in Farm B (BAN) for offspring-mother pairs with no 

mismatching.  

Offspring 

ID 

Mother 

ID 

Pair loci 

mismatc

h 

Pair 

LOD 

score 

Candidat

e father 

ID 

Pair loci 

compare

d 

Pair loci 

mismatc

h 

Pair 

LOD 

score 

Trio loci 

mismatc

h 

Trio 

LOD 

score 

BAN6F BAN6 0 9.30E+14 BAN2P 24 0 1.09E+15 0 2.00E+15 

BAN8F BAN8 0 1.64E+15 BAN2P 24 0 2.52E+14 0 1.19E+15 

BAN12F1 BAN12 0 5.94E+14 BAN2P 24 0 1.18E+15 0 1.96E+15 

          

BAN12F2 BAN12 0 6.09E+14 BAN3P 24 4 
-

1.43E+15 
7 

-

2.30E+15 

          

BAN15F BAN15 0 9.99E+14 BAN2P 24 0 8.13E+14 0 1.21E+15 

*in bold possible lamb born from heteropaternal superfecundation. 

 

In this farm, out of five collected rams only one was assigned as candidate father 

by the software with no mismatches. Moreover, in Table 2.4.8 we reported in bold 

an interesting result on the only one detected correct twin pair. In this particular 

case, both BAN12F1 and BAN12F2 lambs were assigned to BAN12 ewe but only 
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one lamb was included in a trio family while for the other one no candidate fathers 

were found among the five collected ones. This result could be probable assuming 

the heteropaternal superfecundation that in Valle del Belìce sheep breed was 

observed in the past, with very low frequency and not supported by literatures. 

Again, only four trio (Table 2.4.9) were reported in Farm C (LAO) even though the 

70% of offspring-mother pairs were correct, and only two out of seven collected 

rams were assigned as candidate fathers by the software. 

 

Table 2.4.9. Paternity assignment in Farm C (LAO) for offspring-mother pairs with no mismatching.  

Offsprin

g ID 

Mother 

ID 

Pair loci 

mismatc

h 

Pair 

LOD 

score 

Candidat

e father 

ID 

Pair loci 

compare

d 

Pair loci 

mismatc

h 

Pair 

LOD 

score 

Trio loci 

mismatc

h 

Trio 

LOD 

score 

LAO8F LAO8 0 9.27E+00 LAO1P 20 0 1.15E+01 0 1.81E+01 

LAO9F LAO9 0 1.57E+01 LAO1P 20 0 9.83E+00 0 1.90E+01 

LAO14F LAO14 0 1.20E+01 LAO4P 20 0 3.36E+00 0 9.57E+00 

LAO16F LAO16 0 8.56E+00 LAO4P 20 0 1.07E+01 0 1.64E+01 

 

Finally, results on Farm D (VIT) are showed in Table 2.4.10 where only one trio 

was assigned even though the 83.3% of offspring-mother pairs were correct and 

where, again, we highlighted (in bold) the possible heteropaternal superfecundation 

for the twin pair. 

 

Table 2.4.10. Paternity assignment in Farm D (VIT) for offspring-mother pairs with no 

mismatching.  

Offsprin

g ID 

Mother 

ID 

Pair loci 

mismatc

h 

Pair 

LOD 

score 

Candidat

e father 

ID 

Pair loci 

compare

d 

Pair loci 

mismatc

h 

Pair 

LOD 

score 

Trio loci 

mismatc

h 

Trio 

LOD 

score 

VIT09F1 VIT09 0 8.98E+00 VIT02P 24 0 8.48E+00 0 1.45E+01 

          

VIT09F2 VIT09 0 8.87E+00 VIT05P 24 3 
-

1.04E+01 
6 

-

1.74E+01 

*in bold possible lamb born from heteropaternal superfecundation. 

 

The heteropaternal superfecundation, defined as the fertilization of two or more ova 

during the same oestrus cycle as a result of more than one coital act from different 

sires, was previously observed in several poly-ovulatory specie (including sheep), 

often mob-mated with several rams concurrently,  with an overall incidence of 35% 

(Berry et al., 2020). This peculiarly aspect, differing from bovine sector, 

considerably complicates the pedigrees recording, deceiving even the most careful 
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of breeders. For this reason, the paternity test carried out in our study is fundamental 

for improving the competitiveness of the Valle del Belìce sheep breed.  

Parentage test should be performed in flocks belonging to the breeding program to 

confirm or reconstruct the pedigree of progeny generated through multiple sires’ 

technique, due to the detrimental effect of pedigree errors on inbreeding control, 

population parameters estimation, and breeding values prediction. DNA-based 

parentage, therefore, has the potential to assist the breeders to improve pedigree 

recording and selection accuracy, resulting in an increase in the rate of genetic 

improvement (Rosa et al., 2013). 

2.5 Conclusion 

In this study, we set up microsatellite markers panel useful for parentage analysis 

in Valle del Belìce sheep breed. All the analyzed microsatellite markers showed 

high polymorphisms in the studied breed and the mean PIC value was similar to 

other used panels, made it suitable for our purpose. Obtained results highlighted 

that the most critical point within the analyzed farms was the farmers recorded 

information which conducted to several pedigree errors. Interesting were the results 

that evidenced the adoption phenomena and heteropaternal superfecundation in the 

analyzed farms of Valle del Belìce breed, demonstrating the difficult reliability of 

pedigrees drawn up on a documentary basis. 

Application of DNA-based parentage test has the potential to assist the farmers to 

improve pedigree recording, resulting in an increase of genetic improvement. All 

young sires and a subset of young ewes should also be tested every year to evaluate 

the consistency of pedigree data supplied by the farmers and control the pedigree 

errors. Further analyses will be conducted in other farms in order to evaluate the 

recorded information and to provide parentage verification. Concluding, the 

verification of relationships with molecular markers is fundamental and preparatory 

for any genetic improvement program in Valle del Belìce sheep breed, and it is 

important to verify both the paternity and the maternity of the subjects intended for 

reproduction, to avoid errors deriving from the observed biological and behavioral 

phenomena. 
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CHAPTER 3 

Genetic traceability of Sicilian sheep dairy production 

Vastedda della Valle del Belìce PDO and Pecorino 

Siciliano PDO 
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 3.1 Summary 

Genetic traceability is based on the identification of both animals and their products 

through the study of DNA. In Sicily, the Vastedda della Valle del Belìce PDO is 

the only cheese realized with mono-breed milk (only with Valle del belìce sheep 

breed), while the Pecorino PDO cheese is made exclusively with Sicilian sheep 

breeds. With the goal of developing a genetic traceability system for dairy products, 

the aim of this study was to identify specific markers able to discriminate among 

the most important Sicilian dairy sheep breeds, in order to detect possible 

adulteration in Valle del Belìce dairy products. This genetic traceability system was 

divided in different steps. The method was able to discriminate dairy products 

realized exclusively with milk from specific breeds (VDB for Vastedda) from dairy 

products realized with mixed milk with different origins; the discrimination were 

realized in term of quality (presence or absence of adulteration) and quantity 

(percentage level of adulteration). The results revealed mean probability to belong 

to the considered breeds in way directly proportional to the percentage of milk 

contained in the sample, allowing to quantitatively calculate, by subtraction, the 

adulteration level of the sample in percentage terms. 

3.2 Introduction 

In the last three years in Sicily there has been a gradual reduction of the livestock 

of the sheep sector, of about 7% in general, corresponding to about 50,000 fewer 

heads (National database – www.vetinfo.it). In the general panorama, the Sicilian 

autochthonous breeds see their numbers decrease with increases negatively higher 

than the general average, while the cosmopolite sheep breeds have undergone an 

increase in terms of heads raised in contrast to the general trend. Consequently, on 

the sheep's milk market the presence of cosmopolite breeds milk is increasingly felt; 

it can also be used sometimes improperly, through mixing with milk from local 

breeds. In this context, in which indigenous breeds suffer greatly from the 

expansion of cosmopolite breeds, it is important to enhance local productions, and 

it is possible applying the genetic traceability system, especially to protect mono-

breed productions.  

http://www.vetinfo.it/
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Breed genetic traceability is becoming an important issue for the authentication of 

their products, as there is an increasing interest in marketing mono-breed labeled 

lines of meat as well as dairy products, which in some cases have obtained the 

Protected Designation of Origin (PDO) or Protected Geographical Indication (PGI). 

This interest derives from the fact that a marketing link between breeds and their 

originated products can contribute to improve breed profitability and sustainability 

of such farm animal production with significant impact on the rural economy of 

particular geographic areas and on breed conservation and biodiversity (Russo et 

al., 2007). This means that breed genetic traceability is important both to preserve 

and valorize some livestock products and breeds.  

In Sicilian territory, the only mono-breed cheese realized with sheep milk is the 

Vastedda della Valle del Belìce PDO (VS), a fresh stretched curd cheese; while the 

most diffused sheep cheese is the Pecorino Siciliano PDO (PS), realized with milk 

from several Sicilian breeds. The growing increase of ewes’ consistency belonging 

to the cosmopolite sheep breeds undermines the authenticity of productions such as 

VS, with easy adulterations if the control takes place exclusively on a documentary 

basis. For this reason, it is important to protect these productions through a system 

of genetic traceability, that is based on the identification of both animals and their 

products through the study of DNA. Breed and species discrimination are 

interesting to detect fraud and to protect and valorize typical productions. 

Nowadays, species-specific PCR protocols have shown to be reliable methods to 

control the authenticity of dairy products at species level (Galimberti et al., 2013), 

because specific target sequences (e.g. 12S rRNA, 16S rRNA, cytochrome b, and 

cox1 gene suggested as DNA barcode) can be detected in matrices containing pools 

of heterogeneous genomic DNA, such as milk and cheese (Mafra et al., 2008; 

Tortorici et al., 2016). On the contrary, the identification of the breed of origin of 

animal products still remains a challenge in all farms (Fontanesi et al., 2011). Two 

approaches using DNA marker information have been proposed for breed 

authentication: a probabilistic approach, mainly based on the use of highly variable 

microsatellites, AFLP markers or dozen of single nucleotide polymorphisms 

(SNPs) combined with different computational analyses that assign individuals to 

a particular breed with a certain probability (Negrini et al., 2009); a deterministic 
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approach, based on the use of few breed specific or exclusive markers, whose 

usefulness is due only to their fixation or absence in the considered breeds and, as 

a consequence, in the analyzed products (Russo et al., 2007). Nowadays, the 

probabilistic approach is difficult to apply for breed authentication of dairy 

products, because they usually derive from milk of more than one animal. The 

recently developed genomic technologies, such as medium and high-density single 

nucleotide polymorphism (SNP) arrays, represents important tools that can be used 

for these purposes. Dense genome-wide data is valuable but is relatively costly and 

time-consuming or computationally expensive to analyze. Therefore, it is often 

desirable to reduce the number of markers according to their information content, 

in order to create reduced panels for population genetic analysis (Paschou et al., 

2007). Several statistical methods were used to determine which genetic markers 

contain the most information to discriminate among populations (Wilkinson et al., 

2011), such as the combined approach of Principal Component Analysis (PCA) and 

Random Forest (RF) (Bertolini et al., 2015), multivariate canonical discriminant 

analysis (Dimauro et al., 2013), the statistic delta (Shriver et al., 1997), Wright’s 

FST (Bowcock et al., 1994). While all these methodologies yielded reduced marker 

panels useful for breed identification, the power of assignment varied among 

analysis methods. 

With the goal of developing a genetic traceability system for dairy products, the 

aim of this study was to identify specific markers able to discriminate among the 

most important Sicilian dairy sheep breeds, in order to detect possible adulteration 

in Valle del Belìce dairy products.  

This genetic traceability system was divided in different steps:  

i. in the first step we worked at individual DNA level trying to develop a 

discrimination rule able to differentiate, in Step-1a, TARGET breeds, i.e. 

Sicilian sheep breeds Valle del Belìce [VDB], Comisana [COM], and other 

Sicilian sheep [OTHERS] vs. FOREIGN breed i.e. not Sicilian breed such 

as Lacaune; and, in Step-1b, Valle del Belìce [VDB] vs. the other Sicilian 

breeds [COM+OTHERS]; 

ii. in the second step, we worked at pool DNA level applying the 

discrimination rule to differentiate, in Step-2a, known quantity of DNA 
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from TARGET breeds vs. FOREIGN one, in Step-2b, known quantity of 

DNA from VDB breed vs. [COM+OTHERS] ones, and in Step-2c, known 

quantity of DNA from VDB breed vs. FOREIGN one; 

iii. in the third step, we verified and validated the discrimination rule, working 

at cheeses DNA level and trying to differentiate, in Step-3a, TARGET 

breeds vs. FOREIGN one, in two different cheeses (Primo sale and 

Stagionato 4 mesi), and, in Step-3b, VDB breed vs. [COM+OTHERS] ones, 

in the Vastedda della Valle del Belìce PDO cheese.  The experimental 

cheeses were realized with known mixed milk quantity. 

 3.3 Materials and methods 

Samples collection 

From 2018, we started to screen 58 ovine Sicilian flocks which delivered their milk to 

a diary industry MiSE project partner, to have a global idea on the farms’ distribution 

and availability of milk. After the screening, we selected eight flocks to collect 

TARGET blood samples (VDB, COM, OTHERS) and two additional flocks to collect 

FOREIGN blood samples (Lacaune; Fig.3.3.1). 

 

Fig. 3.3.1 – Geographic representation of sampled flocks. 

 

 

We collected a total of 420 individual blood samples belonging to: 
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iv. 300 TARGET individuals: 

o 168 Valle del Belìce breed (VDB); 

o 63 Comisana breed (COM); 

o 69 Sicilian sheep (OTHERS); 

v. 120 FOREIGN individuals: 

o 120 Lacaune (LAC) 

From the above reported flocks, we collected bulk milk samples and we used 

Combifoss FT+ system (Foss Italia srl, Fig. 3.3.2) for qualitative analyses, to monitor 

the milk quality during cheesemaking and reduce manual errors. 

 

Fig.3.3.2 – Combifoss FT+ used for milk quality analysis. 

 

 

DNA extractions 

Individual whole blood samples (n=420) were collected from jugular vein using 

vacutainer tubes containing EDTA as anticoagulant. The DNA extraction was 

performed starting from 2 ml of blood with a salting-out method (Miller et al. 1988). 

All the 420 individuals were genotyped with Illumina BeadChip array and analyzed 

with statistical approach to develop the discrimination rule able to distinguish 

among TARGET vs. FOREIGN breeds (Step-1a of the MiSE project), and VDB vs. 

COM+OTHER breeds (Step-1b). 

The DNA was extracted also from experimental cheeses using the QIAamp DNA 

Investigator Kit (QIAGEN; Fig. 3.3.3). 
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Fig. 3.3.3 – QIAamp DNA Investigator Kit, QIAGEN, used for cheese DNA extraction. 

 

 

DNA quantification. 

The DNA samples were quantified with NanoDrop ND-1000 spectrophotometer 

(NanoDrop Technologies, Wilmington, DE, USA, Fig. 3.3.4), as already described 

in Chapter 2.  

After quantification, the DNA samples were normalized to the working 

concentration of 50 ng/μl and stored at 4 °C for subsequent analyses. 

 

Fig. 3.3.4. – NanoDrop ND-1000 spectrophotometer. 

 

 

DNA pools preparation 

Starting from the DNA samples belonging to the 420 individuals (300 TARGET + 

120 FOREIGN), different DNA pools were prepared to apply the discrimination 

rule (Step-2a, -2b, and -2c of the MiSE project). For this reason, each pool contained 

known percentage of DNA of different breeds, as reported in Table 3.3.1. 
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Table 3.3.1 – DNA pools containing known percentages (%) of DNA belonging to the different 

breeds. 

 

 

 

 

 

 

 

 

 

 

All the 21 DNA pools were analyzed on BeadChip array, as the individual samples, in 

3 replicates loading on different BeadChip arrays. 

Experimental cheeses preparation 

As already mentioned above, to verify and validate the genetic traceability system, 

we realized different experimental cheeses containing different percentages of milk 

belonging to different breeds. The milk used for these dairy products belonged to 

the flocks which delivered their milk to the dairy industry MiSE project partner; 

therefore, the milk of the collected and genotyped individuals was mixed with milk 

from other animals from the same breeds. 

Using the routinely dairy production technique, three types of cheeses were 

prepared: the primo sale (PS, Fig.3.3.5a),the stagionato 4 mesi (S4M, Fig. 3.3.5b) 

and the Vastedda della Valle del Belìce PDO production (VS, Fig.3.3.5c). 

 

Fig. 3.3.5 – Experimental cheeses 

a. Primo sale b. Stagionato 4 mesi c. Vastedda  

 
 

 

 

For each cheese type, known percentages of milk from TARGET, FOREIGN, 

VDB, and COM+OTHERS breeds were mixed as reported in Table 3.3.2. For PS 

and S4M productions, milk from TARGET breeds was used with concentrations 

Step-2a Step-2b Step-2c 

TARGET  

(% DNA) 

FOREIGN  

(% DNA) 

VDB  

(% DNA) 

COM + OTHERS 

 (% DNA) 

VDB  

(% DNA) 

FOREIGN  

(% DNA) 

100 0 100 0 100 0 

80 20 80 20 80 20 

60 40 60 40 60 40 

50 50 50 50 50 50 

40 60 40 60 40 60 

20 80 20 80 20 80 

0 100 0 100 0 100 
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that were gradually lower than the ones of FOREIGN breeds. In the same way for 

VS production milk from VDB was used with concentrations that were gradually 

lower than the once of COM+OTHERS.  

The experimental cheeses (n = 21), after their respective different ripening times, 

were gradually stored at -80°C, as they were ready, waiting for DNA extraction. 

 

Table 3.3.2 – Experimental cheeses. 

 

From each experimental cheese (n= 21), three samples were collected for DNA 

extraction and genotyping analysis on Illumina BeadChip arrays.  

Genotyping Analysis 

The genotyping was performed on the OvineSNP50 Genotyping BeadChip array 

(Fig. 3.3.6a), containing 54,241 SNPs (Illumina). 

After preparation, the BeadCHip (Fig. 3.3.6a) were loaded and scanned on Illumina 

Hi-Scan SQ (Fig. 3.3.6b) platform. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Step-3a Step-3b 

PS S4M VS 

TARGET  

(% milk) 

FOREIGN  

(% milk) 

TARGET  

(% milk) 

FOREIGN  

(% milk) 

VDB  

(% milk) 

COM+OTHERS  

(% milk) 

100 0 100 0 100 0 

95 5 95 5 95 5 

90 10 90 10 90 10 

85 15 85 15 85 15 

80 20 80 20 80 20 

60 40 60 40 60 40 

50 50 50 50 50 50 
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Fig. 3.3.6. Illumina OvineSNP50 Genotyping BeadChip and Hi-Scan SQ used for sample 

genotyping.  

a. OvineSNP50 

Genotyping BeadChip 

b. Illumina Hi-Scan SQ  

 
 

 

The GenomeStudio v.2.0 software (Fig.3.3.7) was used to transform the intensity 

data and the mapping data from the arrays in genotyping data contained in two 

different files: the *.map file containing 54,241 SNPs genomic coordinates 

(Chromosome, SNP name, position in bp) and the *.ped file  containing for each 

row the animal ID following by genotypes of all SNPs. 

 

Fig. 3.3.7. Genotyping result showed on GenomeStudio software. 
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Bioinformatic and statistical analysis 

Statistical analyses started from a dataset with 420 individuals and 54,241 SNPs. 

From this dataset, the m1 subset with SNPs with the same genotypes in TARGET 

breeds, and the m2 subset with SNPs with the same genotypes in VDB breed, were 

extracted. More specifically, the genotypes of all the SNPs were transformed in 

theta values and used in a calibration step with Penalized Logistic Regression 

(PLR) to define the discrimination rule. The PLR was applied: in Step-1a, to a final 

dataset of n1 x m1 dimensions, where n1 was represented by 420 individuals 

(TARGET+FOREIGN) and m1 was the theta values of the selected SNPs; in Step-

1b, to a final dataset of n2 x m2 dimensions, where n2 was represented by 300 

individuals (VDB + [COM + OTHERS]) and m2 was the theta values of the 

selected SNPs. Through the calibration step, the β coefficients of m1 and m2 SNPs 

were estimated and only the informative β coefficients (i.e. ≠ 0) were used to define 

the discrimination rule based on an objective function of probability that any other 

analyzed individual belong to TARGET breeds (Step-1a) and VDB breed (Step-

2a). The discrimination rule was then applied to DNA pools and finally validated 

on experimental cheese samples. The theta values are highly correlated with 

genotypes and even when the genotypes are not assigned, the theta values are different 

from zero value.  

In particular, a homozygous individual for B allele (BB genotype) presents a theta 

value closer to 1, a homozygous individual for A allele (AA genotype) presents a 

theta value closer to 0, and the heterozygous individual (AB genotype) presents a 

theta value closer to 0.5. The use of the theta values instead of genotypes allowed 

us to work with a continuous variable, more informative and without missing 

values. 

To build the discrimination rule a Penalized Logistic Regression (PLR) was applied 

to the dataset. The PLR is a classification method that allows modeling the 

probability of belonging to a specific class based on m explanatory variables, even 

when m>>n, where n is the sample dimensions. 

So, supposing that the y response variable has values in  𝐺 = {1,2}, we denote 𝑦𝑖 =

𝐼(𝑔𝑖 = 1), were 𝐼(∙) is the indicator function. Therefore, we have: 
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where X is the matrix of the model with n x m dimension, and 𝛽 is the m-

dimensional vector of coefficients. This equation can also be rewritten either in the 

form of logistics or log-odds in the following form: 

 

The target function for the PLR is: 

   

where 𝐽(𝛽) is the penalty term for the 𝛽 coefficients, that allows to negatively weigh 

models with many variables and to reward more parsimonious models, 𝜆 is the 

regularization parameter. To our aim we use the 𝐿1 penalty, where   

𝐽(𝛽) = ∑ |𝛽𝑗|
𝑚

𝑗=1
. 

The penalty 𝐿1 or Least Absolute Shrinkage and Selection Operator (LASSO) was 

proposed by Tibshirani (1996). 

When we will obtain the β coefficients, minimizing the target function, we will be 

able to predict the probability of belonging at the target breed for any other analyzed 

individual. In this way, the discrimination rule can be used both for DNA pools 

(Step-2a, -2b, and -2c) and experimental cheeses, just to predict the probability of 

belonging to TARGET breeds (Step-3a) or VDB breed (Step-3b). 

To establish the best threshold, useful to confirm that each dairy products belong to 

TARGET or VDB breeds, the ROC (Receiving Operator Curve) analysis was used, 

thought a simulation study in which the pure sample was the reference standard 

(Gold Standard; in our case 100% TARGET for PS and S4M, or 100% VDB for 

VS), and the test represents the probability of the analyzed sample to belong at 

considered breed (or breeds). The scenarios presented different impurity 

percentages simulating the different milk percentages used to obtain the 

experimental cheeses (Step-3a and -3b). For each scenario, 1,000 cheese samples 

were simulated considering the breeds used to set up the discrimination rule, 

reflecting the different milk percentages used in each experimental cheese (Table 

3.2.3). The ROC threshold values for each cheese (PS, S4M, and VS) and for each 

t percentage milk mixture, were compared with the probability values obtained by 
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statistical analysis. If each probability value is higher than corresponding threshold 

value, we can confirm the statistical result i.e., the sample belonging to the 

TARGET or to the VDB breeds. 

3.4 Results and discussion 

The used statistical methods allowed to define the discrimination rule. The PLR 

was applied to the dataset with n x m dimensions, with n=n1+n2, where n1 was the 

target breed (TARGET breeds for Step-2a or VDB for Step-2b and -2c), and n2 was 

the other breed (FOREIGN for Step-2a and -2c or COM+OTHERS for the Step-

2b).  

The obtained results allowed: 

i. to verify the entire procedure comparing with the theorical probability 

values obtained on DNA pools;  

ii. to validate the theorical results with the experimental cheeses. 

The applied statistical method allowed to identify the subsets m1 and m2, i.e.  SNPs 

with homozygous genotype for TARGET and VDB breeds, which resulted in 272 

and 1308 SNPs, respectively. Furthermore, the discriminant SNPs in the 

comparison TARGET vs FOREIGN, VDB vs COM+OTHER, and VDB vs 

FOREIGN were identified and consisted in 14, 688, and 299 SNPs, respectively. 

The statistical method allowed to estimate the probability of belonging to TARGET 

or VDB breeds, both for DNA pools and cheeses samples. The mean probability 

values, considering the replicates, of belonging to TARGET or VDB breeds, and 

the assigned groups were reported in the following Tables. The mean probability of 

belong to TARGET (or VDB for steps 2b and 2c) was directly proportional to DNA 

percentage indicate in the first column, almost perfectly reflecting what was present 

in each DNA pool (Table 3.3.1). Moreover, this aspect is relevant because it makes 

us understand how the applied method, in addition to returning a certain class of 

assignment (Assigned group, last column), can report more precise information 

about the quantity of DNA present in the sample belonging to the target. 
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Table 3.4.5. – Mean probability values of each DNA pool to belong to TARGET breeds in Step-2a.  

* the sample which may undergo incorrect assignment classes due to approximation errors is shown 

in bold. 

 

The results obtained for Step-2b (Table 3.4.6) were quite satisfactory even though 

the DNA pool containing 50% of VDB and COM+OTHERS was assigned to the 

COM+OTHERS group. This result can be considered reliable considering that the 

comparison was made using only DNA from Sicilian breeds which shared not only 

the same production area but also part of their genetic heritage/history (Portolano, 

1987). Also in this case, if we do not limit ourselves to observing only the 

assignment class returned by the approach, but verify the mean probability to 

belong to VDB value in absolute numerical terms, we can deduce important 

information about the composition of the analyzed sample. For example, even if the 

sample contains the 50% of VDB DNA, the mean probability to belong to VDB is 

however approximately close to this value, determining a different assignment class 

only by way of approximation. 

 

Table 3.4.6 – Mean probability values of DNA pool to belong to VDB breed in Step-2b.  

* the sample which may undergo incorrect assignment classes due to approximation errors is shown 

in bold. 

 

Step-2a  

TARGET 

(% di DNA) 

FOREIGN 

(% di DNA) 

Mean probability to belong to TARGET  Assigned group 

100 0 0,990 TARGET 

 80 20 0,830 TARGET 

 60 40 0,611 TARGET 

 50 50 0,520 TARGET 

 40 60 0,389 FOREIGN 

 20 80 0,170 FOREIGN 
 0 100 0,010 FOREIGN 

Step-2b 

VDB  

(% di DNA) 

COM + OTHERS 

 (% di DNA) 

Mean probability to belong to VDB Assigned group 

100 0 0,993 VDB 

80 20 0,794 VDB 

60 40 0,592 VDB 

50 50 0,480 COM + OTHERS 

40 60 0,408 COM + OTHERS 

 20 80 0,206 COM + OTHERS 

 0 100 0,007 COM + OTHERS 
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Moreover, the results obtained for Step_2c were satisfactory (Table 3.4.7), almost 

perfectly reflecting the DNA percentages within the pools. The values of mean 

probability of assignment were higher than in Step-2a probably because the VDB 

and FOREIGN breeds are genetically very distant. Anyway, as reported in the 

precedent two cases, the assigned group in the samples containing exactly 50% of 

DNA for each breed group considered, can be undergo incorrect assignment classes 

due to approximation errors (considering 2-4% range observed); therefore it is not 

correct to read only the data relating to the assignment class, but to accumulate this 

information with the numerical information relating to mean probability to belong 

to VDB (or TARGET). 

 

Table 3.4.7 – Mean probability values of DNA pool to belong to VDB breed in Step-2b. 

* the sample which may undergo incorrect assignment classes due to approximation errors is shown 

in bold. 

 

Finally, the results of Step-3a (Table 3.4.8) and 3b (Table 3.4.9) were satisfactory 

considering that the experimental cheeses were prepared with milk mixtures belonging 

to different animals, with an amount of DNA extracted from each cheese on depending 

of the somatic cell content of the milk. Considering the simulation, the exceeding of 

the threshold values made it possible to confirm (with YES or NOT) if each dairy 

product belonged to TARGET or VDB breeds. 

As expected from previously analysis realized with DNA pools, also in the cheese 

samples the methods used reveals two different kind of information: 

- The qualitative one, indicated in the columns “Assignment group” and 

“Confirmation of belonging to TARGET” (or VDB for step-3b), resulting from 

a mathematical assignment that occurs when the mean probability to belong to 

the breed (or breeds) is higher or lower than the threshold value (50%); 

Step-2c 

VDB  

(% di DNA) 

FOREIGN  

(% di DNA) 

Mean probability to belong to VDB Assigned group 

100 0 0,997 VDB 

 80 20 0,853 VDB  

60 40 0,627 VDB  

50 50 0,540 VDB  

40 60 0,373 FOREIGN 

 20 80 0,147 FOREIGN 

 0 100 0,003 FOREIGN 
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- The quantitative one, indicated in the column “Mean probability to belong to 

TARGET” (or VDB for step-3b), more interesting than the precedent, as it can 

also give us information about the counterfeiting level of a particular product. 

Table 3.4.8. – Mean probability values of experimental cheeses to belong to TARGET breeds in 

Step-3a.  

* the sample which may undergo incorrect assignment classes due to approximation errors is shown 

in bold. 

 

Table 3.4.9. – Mean probability value of experimental cheeses to belong to VDB breed in Step-3b. 

* the sample which may undergo incorrect assignment classes due to approximation errors is shown 

in bold. 

 

The results show with good approximation a numerical correspondence between 

the percentage of breed (VDB or TARGET) milk and the mean probability to 

belong to the same breed (or breeds). This important correspondence can find 

application in the dairy industrial process and in the counterfeiting of livestock 

productions sector, where the phenomenon of mixing local milk with foreign milk 

(often reconstituted on site) is increasingly, as reported by press. This mechanism 

allows some unscrupulous industrialists (few actually) to dilute local milk with low-

cost foreign milk, but at the same time greatly harms producers. In this way our 

results can represent a first deterrent against frauds and an important tool for the 

valorization on first of Valle del Belìce breed: the authentication of cheese obtained 

Step-3a 

Primo sale and Stagionato 4 mesi 

TARGET  

(% di latte) 

FOREIGN 

(% di latte) 

Mean probability 

to belong to 

TARGET  

Assignment group Confirmation of 

belonging to 

TARGET  

100 0 0,949 TARGET YES 

90 10 0,875 TARGET YES 

80 20 0,793 TARGET YES 

70 30 0,702 TARGET YES 

60 40 0,603 TARGET YES 

50 50 0,494 FOREIGN NO 

Step-3b 

Vastedda 

VDB 

(% di latte) 

COM+OTHERS  
(% di latte) 

Mean probability 

to belong at VDB 

Assignment 

GROUP 

Confirmation of 

belonging to VDB  

100 0 0,912 VDB YES 

90 10 0,891 VDB YES 

80 20 0,768 VDB YES 

70 30 0,708 VDB YES 

60 40 0,557 VDB YES 

50 50 0,380 COM+OTHERS NO 
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from Valle del Belìce milk only. Moreover, the genetic traceability approach 

applied in this work can be used by counterfeiting authorities (e.g. ICQRF) to 

discriminate the level of milk mixing in the principal Sicilian dairy sheep products. 

3.4 Conclusion 

Conventional traceability system based on paper documents could be counterfeited 

while genetic traceability is based on the identification of both animal and their 

products through the study of DNA and therefore is more reliable. In this study, a 

genetic traceability system was defined using SNPs information as input data. The 

method was able to discriminate dairy products realized exclusively with milk from 

specific breeds (VDB for Vastedda or TARGET breeds for Primo sale or Stagionato 

4 mesi) from dairy products realized with mixed milk with different origins 

(FOREIGN or COM+OTHERS). The possibility of certifying origin and identity 

of dairy products, through breed characterization, could provide the development 

of marginal areas in which these products are made, as well as, more in general, the 

conservation of Sicilian local breeds. The present study can represent a first 

deterrent against fraud and an important tool for the valorization of Valle del Belìce 

breed.  
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CHAPTER 4 

Genome-Wide association studies for phenotypic and 

productive traits in the Valle del Belìce dairy sheep 

breed 
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4.1 Genome-wide association study reveals the locus responsible for 

microtia in Valle del Belìce sheep breed 

4.1.1 Summary  

Microtia is a congenital deformity of the outer ear with phenotypes varying from a 

small auricle to total absence (anotia). The genetic basis is still poorly understood, 

and very few studies have been performed in sheep. Valle del Belìce sheep is a 

breed showing microtia. The aim of this study was to identify the potential genomic 

regions involved in microtia in sheep. A total of 40 individuals, 20 with microtia 

and 20 normal, were genotyped with the Illumina OvineSNP50 BeadChip. The 

comparison among the results from a genome-wide association study, Fisher’s 

exact test and FST analysis revealed a single strong association signal: rs419889303 

on chromosome 1, located within intron 3 of the CLRN1 gene. Our study suggests 

for the first time that this novel candidate gene is responsible for microtia in sheep. 

Additional analysis based on the sequencing would help confirm our findings and 

allow for the proposal of a precise genetic basis for microtia in sheep. 

4.1.2 Introduction 

The external ear is part of the auditory system and plays a vital role in collecting 

sound as the first step in hearing (Ren et al. 2011). Microtia is a congenital 

deformity of the outer ear with phenotypes varying from a small auricle to total 

absence (anotia) (Alasti et al. 2008). This hereditary underdevelopment of the ear 

occurs in many species. In fact, diversity in external ear size is apparent in humans 

as well as in livestock species. It has been described in rabbits (Tanchev et al. 2011), 

swine (Ren et al. 2011) and sheep (Jawasreh et al. 2016). According to Elias & 

Bennet (1992), microtia is more common in ovine in comparison with other 

ruminants. Although both genetic and environmental components have been 

implicated in microtia, the genetic causes of this innate disorder are poorly 

understood (Qiao et al. 2015). Local animal genetic resources can be investigated 

to disclose genetic factors affecting particular phenotypes (Schiavo et al. 2018). 

Although there are large differences in the mechanisms determining ear-size 

diversity and ear disease (e.g. microtia), genetic research on ovine ear size can 

contribute to understanding these mechanisms. The Valle del Belìce sheep is a dairy 
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breed from southern Italy showing microtia. There are two distinct phenotypes in 

this breed —normal and small (short-eared or microtia) (Fig. 4.1.2.1)— therefore, 

the breed provides a model for investigating the genetic basis of microtia. 

 

Fig. 4.1.2.1 – Example of Valle del Belìce subject with microtia (A, case) and normal (B, control). 

 

 

The development of single nucleotide polymorphism (SNP) panels has provided 

the opportunity to narrow down the confidence interval and to identify novel 

associated variants via genome-wide association studies (GWASes) (Hidalgo et al. 

2016). However, very few studies have been performed to identify the related genes 

and mutations on a genome-wide scale for ear size in sheep (Jawasreh et al. 2016; 

Gao et al. 2018). In the present study, to identify the potential causative genes 

involved in microtia in sheep, we performed a case–control GWAS and a genome 

FST analysis in the Valle del Belìce breed. Blood samples were collected from sheep 

at six different farms. 

4.1.3 Materials and methods 

A total of 40 individuals (all females) with unknown relationships, 20 with microtia 

(short-eared; case) and 20 normal (control), were selected. The animals were 

genotyped with the Illumina OvineSNP50 BeadChip. Chromosomal coordinates for 

each SNP were obtained from the latest release of the ovine genome sequence 

assembly: Oar_v4.0. We used PLINK v1.07 software (Purcell et al. 2007) to 

perform quality control. Only SNPs located on autosomes were considered for 

further analyses. Moreover, the following filtering parameters were adopted to 

A 

B 
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exclude certain loci and animals and to generate the pruned input file: SNPs with a 

call rate less than 90%, minor allele frequency less than 1%, Hardy–Weinberg 

equilibrium P < 0.001 and animals with more than 2% of missing genotypes were 

removed. A total of 45 836 autosomal SNPs were used for further analyses. The 

data have been submitted at 

https://www.animalgenome.org/share/tmp/QAR1527161498.rar.gz. All animals 

had high quality genotyping and were included in the analysis. PLINK v1.07 

(Purcell et al. 2007) was also used to calculate pairwise identity-by-state distances 

between the two case–control groups, graphically represented by multidimensional 

scaling (MDS) analysis.  

The GWAS was carried out using the filtered SNPs by applying the univariate case–

control model of the SNPASSOC R package (Gonzalez et al. 2007). In addition, 

Fisher’s exact test was conducted using PLINK v1.07 (Purcell et al. 2007) to 

perform a standard case–control association analysis. Bonferroni correction was 

applied to account for multiple testing (P < 0.05, genome-wide).  

An FST case–control analysis was also performed using PLINK 1.9 (Chang et al. 

2015). The top 0.9999 SNPs of the percentile distribution were considered the most 

divergent across the comparison. Moreover, we scanned the genome to identify runs 

of homozygosity (ROH) islands shared by all animals with microtia, following the 

parameters reported by Mastrangelo et al. (2018). Genomic regions showing 

significant results were further explored to identify candidate genes underlying the 

loci 

4.1.4 Result and discussion 

The obtained MDS plot showed some structures not well defined and did not clearly 

separate the two Valle del Belìce groups (Fig. 4.1.4.1).  

 

 

 

 

 

 

https://www.animalgenome.org/share/tmp/QAR1527161498.rar.gz
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Fig. 4.1.4.1. – MDS plot of studied subjects. 

 

 

 

Table 4.1.4.1. - Suggestively significant (0.05 < P < 0.10; Bonferroni corrected) and significant (P 

< 0.05) SNPs obtained in the GWAS and Fisher’s exact test respectively, and the top 0.9999 SNPs 

detected in the FST analysis in the Valle del Belìce sheep breed. 

CHR SNP Posizion bp 

GWAS P- 

value 

Fisher test 

FST 

value 

Gene 

1 rs409714664 228 034 242   0.382  

1 rs419889303 235 105 286 2.181691e-07 0.03123 0.468 CLRN1 

4 rs418996372 71 895 715   0.406  

4 rs399891450 88 874 748   0.387  

6 rs417253163 23 207 265   0.398  

bp, base pair; GWAS, genome-wide association study; OAR, Ovis aries chromosome number; SNP, 

single nucleotide polymorphism. The annotated gene is reported only for the SNP (in bold) for which 

both P and FST values exceeded the indicated threshold. 

 

No SNP reached the Bonferroni corrected (P < 0.05) genome-wide significance 

threshold (Pnominal value = 1.090846e-06). However, at the P < 0.1 Bonferroni 

corrected threshold (Pnominal value = 2.181691e-06) a single SNP, rs419889303, 
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located at 235,105,286 bp on Ovies aries chromosome 1 (OAR1), exceeded the 

limit of suggestive significance with a P-value of 1.311062e-06 (Table 4.1.4.1). The 

Manhattan plot produced in this GWAS is shown in Fig. 4.1.4.2a. The Fisher’s 

exact test case–control association analysis showed only one statistically genome-

wide significant marker (rs419889303) (P-value = 0.031), the same as the one 

identified above as suggestively significant in the GWAS (Table 4.3.1). No other 

SNP had an association with significance greater than P < 0.1, and one SNP 

(rs418996372) on OAR4 had an association with significance greater than P < 0.15 

(P-value = 0.123). 

 

Fig. 4.1.4.2. – (a) Manhattan plot of the P-values in the genome-wide association study analysis for 

microtia. The horizontal lines represent the genomewide significance (red; P < 0.05) and 

suggestively significant (green; P < 0.10) single nucleotide polymorphism (SNPs). (b) Manhattan 

plot of the FST showing the top 0.9999 SNPs above the red line (FST = 0.368). 

 

 

 In the FST case–control analysis, a total of five SNPs were above the selected 

threshold (FST = 0.368) (Table 4.3.1): two on OAR1, two on OAR4 and one on 

OAR6. The Manhattan plot of the FST analysis is shown in Fig. 4.1.4.2b. Finally, 

the scan of the genome failed to identify private ROH islands shared by all animals 

with microtia. We identified a common ROH island on OAR 2 (from 133,409,662 
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to 134,201,068 bp) shared by five individuals with microtia (25%) but at the same 

time reported by a normal individual. 

Combining the results obtained with the GWAS, Fisher’s exact test and FST 

analysis, we revealed a single strong association signal, rs419889303, associated 

with microtia. This variant, g.235105286G>A, displayed markedly different 

genotypic frequencies between groups (Table 4.1.4.2). The animals with microtia 

had a high frequency of GG homozygotes compared with normal animals, which 

were mostly heterozygous or AA homozygotes.  

 

Table 4.1.4.2 - Genotype frequencies of the best associated SNP rs419889303 in cases and controls 

groups. 

 

 

This newly detected association signal in Valle del Belìce breed was located within 

intron 3 of the Clarin 1 (CLRN1) gene mapped on OAR1. CLRN1 is the causative 

gene in Usher syndrome type 3A, an autosomal recessive disorder characterized by 

progressive vision and hearing loss (Phillips et al. 2013). The CLRN1 gene 

provides information for making a protein called clarin 1. This protein is probably 

involved in normal hearing and vision. It is a four-pass membrane domain protein 

with homology with the tetraspanin family of proteins (Adato et al. 2002), which 

include connexins and Claudins, known to cause deafness in humans when mutated 

(Duman & Tekin 2012). It has been found in several areas of the body, including 

sensory cells in the inner ear called hair cells (Geller et al. 2009). These cells help 

transmit sound and motion signals to the brain. This protein is also active in the 

retina, which is the light-sensing tissue that lines the back of the eye. Although the 

function of clarin 1 has not been determined, studies suggest that it plays a role in 

communication between nerve cells (neurons) in the inner ear and in the retina 

(Zallocchi et al. 2009). In the Valle del Belìce breed, the microtia would seem to 

be not associated with another defect and appears to be simply inherited, as also 

Group AA AG GG 

Case (microtia) - 0.25 0.75 

Control 0.40 0.55 0.05 
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reported for Awassi sheep (Jawasreh et al. 2016). Several interviewed breeders 

believe that sheep with microtia have higher milk production. A previous GWAS 

for microtia in Awassi sheep revealed a statistically significant association with a 

SNP mapped on OAR23 (OAR_23_34647499.1). This marker is adjacent to the 

gene encoding transcription factor GATA-6 (Jawasreh et al. 2016). Recently, Gao 

et al. (2018), in a GWAS using animals with different ear size (from 102.55 to 

179.95 cm2), showed a strong association with SNP rs402740419 (on OAR23), 

located within the DCC gene, and two additional SNPs located within two genes—

PTPRD (on OAR2) and SOX5 (on OAR3)—in the Duolang Chinese native sheep 

breed. The authors did not observe association with the GATA6 gene. The two 

studies agreed only on the chromosome (OAR23) that hosted the mutations 

significantly associated with ear development, with a distance of about 18 Mb 

between them. When we compared our results with those obtained in the 

aforementioned studies, differences among the identified candidate genes were 

evident. A possible reason for the lack of correspondence may be the different 

breeds used (e.g. Awassi fat-tailed vs. Valle del Belìce thin-tailed). Therefore, it is 

possible to hypothesize that the genetic basis of variable ear size in sheep is different 

among breeds and that the sharing of the mutation is more likely among sheep 

breeds with low genetic differentiations. Moreover, it should be highlighted that the 

different investigated phenotypes among studies—anotia (Jawasreh et al. 2016), 

ears with different sizes (Gao et al. 2018) and microtia (this study)— could also be 

responsible for these discrepancies. Because the genetic basis of variable ear size is 

still not understood, further studies are needed to evaluate if microtia derives from 

different genetic factors in other sheep breeds. However, although there are large 

differences in the mechanisms determining ear-size diversity and ear disease 

(Zhang et al. 2014), genetic research on sheep can contribute to the understanding 

of human ear development and abnormalities (Jawasreh et al. 2016; Gao et al. 

2018). Therefore, it can be hypothesized that variants of the CLRN1 gene could 

result in an underdevelopment of the ear. Despite the limited number of genotyped 

case–control animals, the low-density array used, the unknown inheritance model 

of microtia and the effect of population heterogeneity, the combination of different 

approaches was useful for providing insights into the genetic basis of ear size, 
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excluding possible genomic regions derived by factors that could not be better 

managed in our study (Schiavo et al. 2018). An increase in the number of genotyped 

sheep and using the new ovine high-density SNP chip can be expected to further 

enhance the power to identify additional SNPs and genes related to this congenital 

deformity. In conclusion, our study suggests for the first time that a novel candidate 

gene (CLRN1) is responsible for microtia in sheep, though the precise function of 

this gene is currently not well established and has to be studied in detail. Additional 

analysis based on sequencing would help confirm our findings and allow the 

proposal of a precise biological basis for microtia. 
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4.2 Genome-wide association study for somatic cells count in Valle 

del Belìce dairy sheep 

 4.2.1 Summary 

In the Mediterranean basin countries, the dairy sheep production is usually based 

on local breeds, which are very well adapted to their production systems and 

environments and can indeed guarantee income, employment and economic 

viability in areas where production alternatives are scarce or non-existent. Mastitis 

is still one of the greatest problems affecting commercial milk production. However 

genetic evaluation of mastitis is particularly difficult because of the low heritability 

and the categorical nature of the trait. The aim of this study was to identify the 

genomic regions putatively associated with somatic cells count (SCC) in the local 

economically important Valle del Belìce sheep breed using of deregressed breeding 

values (DEBV) as response variables. All the samples were genotyped using the 

Illumina OvineSNP50K BeadChip. Genome-wide association analysis was carried 

out based on regression of DEB. A total of 8 markers were found to be significantly 

associated with log-transformed SCC. Several candidate genes associated with SCC 

were identified related to immunity system and udder conformation. The results can 

help improving the competitiveness of the local Valle del Belìce breed. Anyway, 

further studies considering a higher sample size or independent population will be 

needed to confirm our results. 

4.2.2 Introduction 

In the Mediterranean basin countries, the dairy sheep production is usually based 

on local breeds, which are very well adapted to their production systems and 

environments and can indeed guarantee income, employment and economic 

viability in areas where production alternatives are scarce or absent. Mastitis is a 

serious problem for the milk industry due to the reformed quality of milk and 

increased cost of flock regeneration. It can be induced, for example, by a lack of 

hygiene, by pushed manual milking or feed disorder. In dairy sheep, generally, the 

most important agents involved in mastitis are the bacterial infections, and the most 

frequently isolated pathogens are coagulase-negative staphylococci (CNS) that are 

present on and around the udder skin (Leitner et al., 2008) with a different 
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pathogenicity, causing clinical and subclinical mastitis (Contreras et al., 2007; 

Riggio and Portolano, 2015). The udder infection determines the increase of the 

Somatic Cell Count (SCC) in milk (Leitner et al., 2008; Raynal-Ljutovac et al., 

2007) that causes significant damage of curd and cheese yields. Since the 

heritability of mastitis is low, genetic improvement on anti-mastitis by traditional 

selection is not very effective. SCC or log transformed SCC (i.e. somatic cell score, 

SCS) have relatively higher heritability compared to mastitis and are used as the 

first trait to improve mastitis resistance (Shook and Schutz, 1994). Kelly et al. 

(2000) found that an elevated SCC can alter the protein fractions distribution; 

decrease casein and lactose levels in milk; increase rennet clotting time, cheese 

moisture, and losses of fat and proteins in whey, and reduce curd firmness and 

cheese yielding. A study conducted by Sutera et al. (2018) confirmed that high 

levels of SCC in sheep milk are associated with milk yield losses and variations of 

fat and protein percentages. In particular, the estimated losses in milk yield were 

approximately 16% and ranged from 1,052 g for SCC ≤ 500 × 103 to 883 g for SCC 

≤ 2,000 × 103, whereas there was an increase of 0.06% and 0.29% for fat and 

protein percentage, respectively. The negative effects of mastitis are provoked by a 

combination of animal characteristics (age, lactation stage, etc.), genetic (breed, 

inbreeding, etc.) and environmental factors (season, management, etc.) (Oget et al., 

2019). Therefore, different individuals may have a different susceptibility to the 

disease, depending on their genetic heritage. In fact, there are several studies about 

the mastitis in dairy sheep confirming a genetic basis for mastitis resistance (Tolone 

et al., 2013; Oget et al., 2019), but no assumption had been made about the genes 

and the relative mechanisms. Selection of animals of higher breeding values than 

average, to be parents of the next generation, is the basis of genetic improvement 

programs.  

The emergence of high-throughput genotyping technologies allowed routine 

genome-wide association studies (GWAS) to be performed in livestock 

populations. GWAS allow screening of the genome utilizing a large number of 

genetic markers spread across the entire genome to detect genetic variants 

associated with a particular disease or trait. The estimated breeding values (EBVs) 

were generally used to perform the GWAS. As an alternative, the EBVs can be 
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‘deregressed’ (Garrick et al., 2009; Ostersen et al., 2011) to standardize the variance 

and influence of the individuals’ EBVs while still accounting for information from 

relatives. The use of deregressed EBVs (DEBVs) as dependent variables can 

improve the power of GWAS (Sevillano et al., 2015; Sell-Kubiak et al., 2015). An 

advantage of GWAS is that we can overcome the candidate gene approach through 

which sometimes significant results were not obtained due to the wrong or 

incomplete choice of candidate genes. In the last decades, several GWASs were 

conducted in sheep for milk production related traits (Li et al., 2020; Sutera et al., 

2019), for fatty acids profile (Rovadoscki et al., 2018), for body weight (Tao et al., 

2020; Ghasemi et al., 2019), for wool production (Wang et al., 2014), for nematode 

resistance (Becker et al., 2020) and ovine lentivirus resistance (White et al., 2012). 

To date, few GWAS have been conducted for SCC or SCS in dairy sheep (Oget et 

al., 2019), especially in local adapted breeds.  

In Sicily, dairy sheep production represents an important resource for the local 

economy, and the Valle del Belìce is the main local breed reared on the island for 

the production of traditional raw milk cheeses, at farm level by small local dairies. 

The breed is subjected to limited breeding selection programs for milk production 

traits, but shows excellent adaptability to local environments, sometimes with harsh 

conditions (Mastrangelo et al., 2017). Therefore, the aim of this study was to 

identify the genomic regions putatively associated with SCC in Valle del Belìce 

sheep breed using of DEBVs as response variables. 

4.2.3 Materials and methods 

Data and estimation of breeding value 

Between 2006 and 2016 the University of Palermo collected phenotypic data from 

15 Valle del Belìce flocks, for a total of 1,813 individuals. The milk samples were 

collected aseptically from each individual from the two udder halves in sterile 

containers following an A4 recording procedure (ICAR, 2014), stored at 4 °C and 

transferred to the laboratory to determine daily SCC using Fossomatic 6000 (Foss 

Electric Hillerød, Denmark) equipment. The phenotypic data set originated by these 

sampling works was composed of 15,008 observations. Animals with less than 3 

test-day measurements within lactation were discarded. For each individual the 
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following information were registered: order of parity, number of born lambs, 

lactation days, age, birth season and somatic cell count. Birth season was classified 

in three classes: 1 if the lambing was from August to November; 2 from December 

to March; 3 from April to July. SCC was normalized through a logarithmic 

transformation into somatic cell score (SCS) according to the formula of Ali and 

Shook (1980): 

𝑆𝐶𝑆 = 𝑙𝑜𝑔2 (
𝑆𝐶𝐶

100,000
) + 3 

Preliminary analyses using the general linear model of ASReml R (Butler et al., 

2009) were performed to determine the significance of the fixed effects where the 

Wald tests are implemented in the form of the ANOVA method. A single trait 

repeatability test day (TD) animal model was performed to estimate the breeding 

values (EBV) as follows: 

𝑦 = 𝑋𝛽 + 𝑍ℎ𝑡𝑑 + 𝑍𝑎 + 𝑍𝑝𝑒 + 𝑒 

where y is the observation vector for SCS TD; β is the vector of fixed effects that 

includes order of parity (op: 4 classes), age at first lambing (age: 4 classes, 1 when 

first lambing occurred at 10–14 mo of age, 2 at 15–19 mo of age, 3 at 20-24 mo of 

age and 4 at 25–29 mo of age); birth season (bs: 3 classes), interaction between herd 

and birth season (hbs: 74 classes) and days of lactation (dim) modeled with a 

Legendre polynomial of order three. Htd is the vector of interaction between herd 

and test day random effect; a is the vector of direct additive genetic effects (breeding 

values); pe is the vectors of permanent environmental effect between lactations; e 

is the residual vector. X and Z are the corresponding incidence matrices relating 

records to fixed, animal, and permanent environmental between lactations effects, 

respectively. The pedigree file included 5,534 animals with 178 sires and 2,548 

dams.  

The assumptions regarding the components of the model were: 

𝐸
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and 𝑉𝑎 = 𝐴𝜎𝑎
2; 𝑉ℎ𝑡𝑑 = 𝐼𝜎ℎ𝑡𝑑

2 ; 𝑉𝑝𝑒 = 𝐼𝜎𝑝𝑒
2 ; 𝑉𝑒 = 𝐼𝜎𝑒

2 where A is the numerator 

relationship matrix based on pedigree and I are the identity matrix with orders equal 

to numbers of dams for htd and pe effects and equal to the records for residuals e. 

Variance components and breeding values for SCS were estimated based on REML 

method using ASReml R (Butler et al., 2009). In addition, EBVs were also 

deregressed according to Garrick et al. (2009) as follows: 

𝐷𝐸𝐵𝑉 = 𝐸𝐵𝑉/𝑟2 

where EBV is the estimated breeding value and r2 is the reliability of that EBV.  

Blood sampling and DNA extraction 

A total of 476 sheep of Valle del Belìce breed were sampled. About 10 mL of blood 

was collected from the jugular vein using vacutainer tubes containing EDTA as 

anticoagulant. The procedures involving animal sample collection followed the 

recommendation of directive 2010/63/EU. Sampling was carried out by trained 

veterinarians within the frame of vaccination Campaigns, hence no permission from 

the animal research ethics committee was necessary. Veterinarians adhered to 

standard procedures and relevant national guidelines to ensure appropriate animal 

care. Genomic DNA was extracted from each blood sample with a salting-out 

method (Miller et al. 1988). The DNA sample was quantified with a NanoDropND-

1000 spectrophotometer (NanoDropTechnologies, Wilmington, DE, USA), diluted 

to a final concentration of 50 ng/mL (as required by the Illumina Infinium protocol), 

and stored at 4°C until use. 

Genotyping and quality control 

All the samples were genotyped using the Illumina OvineSNP50K BeadChip v2. 

Position and chromosomal coordinates for each SNP were obtained from the ovine 

genome sequence assembly (Oar 4.0) 

(https://www.ncbi.nlm.nih.gov/genome/?term=ovis+aries). Quality control and 

association analyses were performed using GenABEL package (Aulchenko et al., 

2007) in R environment (http://www.r-project.org). Only SNPs located on 

autosomes were extracted and considered for further analyses. Animals and markers 

that fulfilled the following criteria were kept in the analysis: (i) call rate per 

individuals and per SNPs >95%; (ii) minor allele frequency >2%; (iii) no extreme 

deviation from Hardy-Weinberg equilibrium (P<10-6).  
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GWAS analyses 

Genome-wide association analysis was carried out based on regression of DEBV 

with the genotypes of animals for one SNP at a time. We used the three-step 

approach referred to as genomic GRAMMAR-GC (Aulchenko et al., 2007; Amin 

et al., 2007). The advantage of this approach, especially in livestock, is that it 

accounts for cryptic population structure caused by the presence of closely related 

animals (Aulchenko et al., 2007) inferring relationships through genomic marker 

data. After Bonferroni correction, significant thresholds were P < 1.34x10-6 for 

genome-wide (P < 0.05) and P < 2.69x10-5 for suggestive (P < 0.10) (i.e. one false 

positive for genome scan), corresponding to -log10(P) equal to 5.87 and 4.56, 

respectively. Quantile-quantile (Q-Q) plots were used to analyze the extent to which 

the observed distribution of the statistic test followed the expected (null) 

distribution, in order to assess potential systematic bias due to population structure 

or analytical approach. The least square means of DEBV for the three genotypes 

affecting somatic cell count of significant SNP were also calculated by a general 

linear model (GLM) using R package lsmeans (Lenth and Lenth, 2018) and the 

significant threshold was set at P < 0.05. 

Annotation 

Genomic regions showing significant results were further explored to identify 

candidate genes underlying the loci. In particular, the gene contents located at ±250 

kb distances from the significant SNP were annotated using Genome Data Viewer 

genome browser at the National Center for Biotechnology Information Database 

(https://www.ncbi.nlm.nih.gov/genome/gdv/browser/genome/?id=GCF_00029873

5.2). The presence of Quantitative Traits Loci (QTLs; 

http://www.animalgenome.org/QTLdb) related with the considered trait was also 

checked. Finally, to investigate the biological function and the phenotypes that are 

known to be affected by each annotated gene, we conducted a comprehensive 

literature search, including information from other species. 
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4.2.4 Results 

Genetic parameters and estimated breeding values 

Descriptive statistics and genetic merit for SCS in the sampled animals are 

presented in Table 4.2.4.1. About 15,000 TD observations for SCS were considered 

to estimate EBVs then, the DEBVs of 5,534 individuals were estimated. Heritability 

and repeatability estimates for SCS in the studied population were 0.045 (standard 

error= 0.02) and 0.40 (standard error= 0.01), respectively. 

 

Table 4.2.4.1. Descriptive statistics for somatic cell score. 

Variable N Mean SD CV Min-Max 

SCS 15,008 2.67 0.72 0.27 1-5.31 

DEBV 5,534 -0.19 0.52 2.75 -5.59-4.16 

SCS: somatic cell score; DEBV: deregressed breeding value N: number of records; SD: 

standard deviation; CV: coefficient of variation; Min-Max: minimum and maximum values 

 

Quality control for genotyping data 

Among the 54,241 SNPs, 7,414 SNPs are located on sex chromosomes and thus 

were withdrawn from the analysis. A total of 3,999 SNPs were removed due to 

genotype rate <0.05, 2,037 SNPs due to minor allele frequency <0.02 and 3,651 

SNP due to Hardy-Weinberg disequilibrium (P<10−6). Moreover, 12 individuals 

were also excluded for a low (<95%) call rate. Then, after quality control we 

consider in total of 37,140 SNPs and 464 individuals for further analyses. 

Genome-wide association analyses 

In total we detected 8 significant SNPs for SCS, and among these, only one marker 

reached the genome-wide significant threshold (P<4.72x10-7). The details of these 

SNPs including P-values, the positions on Ovis aries v4.0 genome assembly, the 

chromosomes and the closest known genes are given in Table 4.2.4.2.  
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Table 4.2.4.2. Single nucleotide polymorphisms (SNP) significantly associated with somatic cell 

score at genome-wide (P<1.34x10-6) and suggestive (P<2.69x10-5) thresholds. 

OAR SNP Position (bp) P-value Genes 

1 rs401598547 46,865,607 1.16E-05 NEGR1 

1 rs403091159 49,692,787 2.23E-05 
LRRIQ3, LOC105605157, FPGT, 

LOC101120030 

1 rs161717499 235,497,703 4.72E-07 

SIAH2, ERICH6, LOC101119269, 

EIF2A, SERP1, TSC22D2, TRNAR-

UCG 

3 rs422960374 24,797,321 1.03E-05 FAM49A, TRNAC-GCA 

7 rs406841304 57,592,284 2.52E-05 
ATP8B4, LOC105607291, DTWD1, 

FAM227B, FGF7 

8 rs420334414 67,510,451 2.34E-05 HIVEP2, AIG1, ADAT2 

8 rs426621433 82,781,340 1.25E-05 

SOD2, WTAP, ACAT2, TCP1, 

MRPL18, PNLDC1, MAS1, IGF2R, 

LOC106991323, LOC106991303, 

SLC22A1, SLC22A2 

10 rs422370366 4,119,025 1.51E-05 - 

OAR: Ovis aries chromosome; Genes: the closest genes to the significant SNP found within 

±250 kb region surrounding it.  

 

Manhattan plot, showing the profiles of the P-values (in terms of –log(P)) of all 

tested SNPs, is showed in Figure 4.2.4.1. The QQ-plot in Figure S1 shows the 

observed and expected P-values of the GWAS for SCS.  

 

Fig. 4.2.4.1 – QQ-plot of the expected null distribution of the P-values vs. the observed null 

distribution of the P-values for somatic cell score in Valle del Belìce sheep. 
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The genomic inflation factor (lambda) was lower than one indicating some 

population stratification. However, departure from this line is also expected for a 

really polygenic trait, as many causal SNPs may not yet have reached genome-wide 

significance owing to a lack of power (Power et al., 2017). The eight SNPs were 

located on five different chromosomes: three SNPs on OAR1, one SNP on OAR3, 

one SNP on OAR7, two SNPs on OAR8 and one SNP on OAR10. Considering the 

range of ±250 kb surrounding each significant SNP, a total of 34 genes (Table 

4.2.4.2) were found. The most significant SNP (rs161717499) was located within 

the coding region of the Stress Associated Endoplasmic Reticulum Protein 1 

(SERP1) gene on OAR1.  

 

Figure 4.2.4.2. - Genome-wide plot of log10(P-values) for association of SNPs with somatic cell 

score. Blue and red lines represent suggestive and genome-wide thresholds, respectively. 

 

For each of the eight significant SNPs (Figure 4.2.4.2), we also calculated the LSM 

of the DEBV for the three genotypes affecting the trait to investigate their genetic 

contribution (Figure 4.2.4.3). Five out of the eight above reported SNPs 

(rs401598547, rs403091159, rs161717499, rs422960374, rs426621433) reached 

the significance threshold (P < 0.05). Individuals with homozygous genotypes GG 

for rs401598547, CC for rs161717499 and AA for rs403091159, rs422960374 and 

rs426621433, showed lower somatic cells content among all three genotypes 
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(Figure 4.2.4.3). After checking on SheepQTLdb tool, no one of the eight detected 

SNPs was located within a known QTLs related at SCS or mastitis. 

 

Figure 4.2.4.3. -  Least squares means (at 95% CI) of DEBV for the three genotypes affecting the 

trait of significant SNP detected from GWAS study. 

 

4.2.5 Discussion 

Mastitis is still one of the greatest problems affecting commercial milk production. 

However genetic evaluation of mastitis is particularly difficult because of the low 

heritability and the categorical nature of the trait. As a consequence, SCC has been 

promoted as an indirect method of predicting mammary infections due to the 

positive correlation between these two traits (Boettcher, 2005). It is worth to 

mention that collecting information on SCC is easier, cheaper and less time 

demanding for farmers compared to use bacteriological status as direct measure of 

mastitis (Riggio 2012). In this study we estimated the breeding value for SCS and 

identified the genomic regions putatively involved in mastitis resistance in the local 

economically important Valle del Belìce dairy sheep breed.  

The mean SCS (Table 1) was lower than those reported in previous studies (Tolone 

et al., 2013; Riggio et al., 2010) in the same breed, and by Ariznabarreta et al. 

(2002) in Churra sheep and Leitner et al. (2003) in Isaraeli-Assaf and Awassi sheep. 

These differences in SCS in the Valle del Belìce breed were due to different 
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sampled population. The heritability estimate for SCS in this study falls within the 

range (0.04-0.16) reported in literature for sheep (e.g., Barillet et al., 2001; Hamann 

et al., 2004 and Tolone et al., 2013).  

In this study, DEBVs of the SCS were used as trait scores for the association 

analysis. The estimated breeding values (EBVs) were generally used (like as 

pseudo-phenotypes) to perform the GWAS. Although EBVs have been used as 

dependent variables in GWAS (Becker et al., 2013; Johnston et al., 2011), this 

approach gave high false positive rate (Ekine et al., 2014). Consequences of using 

EBVs include varying levels of precision and ‘shrinkage effect’ among the values 

used to represent phenotypes of different individuals, a reduction in the sample 

variance of the phenotypes, and double-counting of information from relatives 

(Garrick et al., 2009; Ostersen et al., 2011). The DEBV make good use of available 

information from genotyped animals as well as from their relatives, which can 

appropriately avoid bias introduced by simply pooling or averaging data 

information and account for heterogeneous variance (Garrick et al., 2009).  

A total of 8 SNPs were found to be significantly associated with SCS in Valle del 

Belìce sheep. In particular, for five significant SNPs results suggest that individuals 

with the GG genotypes at rs401598547, CC at rs161717499 and AA at 

rs403091159, rs422960374 and rs426621433 could be selected to reduce the 

somatic cells content in milk, although these genotypes had a low frequency in the 

breed. The lack of selection pressure in Valle del Belìce dairy sheep may also 

contribute to the low frequency of the favorable alleles and genotypes. Therefore, 

the effect of these alleles for somatic cells content trait should be verified in a larger 

population or by testing them in an independent sample. 

The most significant SNP associated with SCS was located in the intronic region of 

SERP1. This gene encodes the stress-associated endoplasmic reticulum protein 1 

and was associated with immune system (Moravčíková et al., 2018). Another 

relevant gene close to the most significant SNP was SIAH2, involved to apoptosis 

and programmed cell death (Crisà et al., 2016). On the same chromosome, the other 

two markers were close to NEGR1, a gene involved with medium white blood cell 

count (a leukocyte trait) in Yak (Ma et al., 2019), LRRIQ3 related to the innate 

immune system upon recognition of pathogens (Pablo-Maiso et al., 2018) and 
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FPGT, which is part of the L-fucose pathway, a key sugar in complex carbohydrates 

involved in cell-to-cell recognition, inflammation, and immune processes (Becker 

and Lowe, 2003). As above reported, mastitis is a persistent, inflammatory response 

of mammary tissue attributed to intramammary invasion of a mastitis-causing 

pathogen. Therefore, according to their role and function, these aforementioned 

genes can be considered as candidate involved in mastitis resistance and SCS. The 

SNP rs422960374 on OAR03, was close (~70 Kb) to the FAM49A gene. Marete et 

al. (2018), in a GWAS for milking speed in French Holstein cows, reported the 

FAM49A as candidate gene for this trait. This gene was also associated to rear udder 

height in Holstein cattle (Gonzalez et al., 2020). The genetic correlation between 

the SCS and udder attachment in sheep was observed by Casu et al. (2010); De la 

Fuente et al. (1996) reported the indirect selection for subclinical mastitis resistance 

due to the inclusion of udder morphology traits in selection objectives. Moreover, 

Gutiérrez-Gil et al. (2018) suggested that sheep with udders and high degree of 

suspension or shallow udders close to the abdominal wall should be associated to 

lower SCS. Despite specific functions of this gene are not known yet, all the 

aforementioned aspects suggested a possible involving of FAM49A gene in our 

trait. Similarly, on OAR7, near to SNP rs406841304, two close genes are related 

with udder conformation (FAM227B) (Scienski et al., 2019) and with epithelial cell 

proliferation and differentiation (FGF7) (Bazer et al., 2008; Yang et al., 2020), 

suggesting their possible role in the epithelial mammary cell proliferation. 

Moreover, the FGF7 has been reported as putative target gene in bovine mammary 

tissue infected with Streptococcus uberis (Naeem et al., 2012). Another significant 

SNP was located on OAR8 (rs426621433) at position 82,781,340 bp. This SNP 

mapped within a QTL for SCC (81.4-83.5 Mb) reported in a commercial French 

dairy sheep population (Rupp et al. 2015), and near a QTL for SCC (ID number 

160869) on OAR 8 (80.5-80.6 Mb) in Churra sheep. Among the closest annotated 

genes in the region of ±250 kb surrounding it, the SOD2 gene seems to be the most 

plausible candidate affecting the SCS. In fact, the expression of SOD2 at mRNA 

and protein levels has been reported up-regulated in the mammary glands of ewes 

with clinical mastitis compared to healthy ewes (Gao et al., 2019). Mitterhuemer et 

al. (2010) showed an increase of SOD2 gene level in mammary tissue from mastitis 
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cows inoculated with E. coli 24 h after infection as compared to controls. Finally, 

another candidate gene mapped near SNP rs426621433 on OAR8, was IGF2R, with 

a crucial role for the regulation of cell proliferation, growth, differentiation and 

survival, and associated with milk production traits. In fact, Dehoff et al. (1998) 

showed that lactation in the bovine mammary gland is associated with increased 

IGF2R concentration.  

4.2.6 Conclusion 

In this study, we estimated the breeding value for SCS in Valle del Belìce sheep. 

DEBVs of the SCS were used as phenotype for the association analysis. Several 

candidate genes associated with SCS were identified related to immunity system 

and udder conformation. These candidate genes provide valuable information for 

future functional characterization. Therefore, our results may contribute to increase 

knowledge on the role the genes play in the genetically determined mechanisms 

involved in mastitis in sheep. The results can help improving the competitiveness 

of the local Valle del Belìce breed, through the development of genetic 

improvement programs directed towards reducing the incidence of mastitis, also 

considering the udder conformation into selection objectives, with planned mating 

between subjects carrying favorable alleles. Anyway, further studies considering a 

higher sample size or independent population will be needed to confirm our results. 
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General conclusion 

This thesis presented different approaches aiming to improve the competitiveness 

of Valle del Belìce breed. In particular, different molecular technologies were 

applied for characterization and valorisation of Valle del Belìce breed and for 

genetic traceability of its typical dairy products.  

Among the most important molecular markers, we chose microsatellite markers to 

set up an informative panel for parentage assignment test in Valle del Belìce breed, 

aiming to verify and correct pedigree errors due to recorded information by the 

farmers. Moreover, SNPs were used to develop traceability protocol for two 

important Sicilian PDO dairy products, Vastedda della Valle del Belìce and 

Pecorino Siciliano, and to conduct genome-wide association analysis, useful to 

detect genomic regions associated with morphological and productive traits. 

In chapter 2, individual samples of Valle del Belìce breed collected in four farms 

were analyzed by 24 microsatellite markers in order to verify the offspring-mother 

pairs recorded by the farmers and to assign paternity, reconstructing trio families. 

The results of this chapter showed that only 68.8% of the total offspring-mother 

pairs were correctly declared on pedigrees; moreover, we were able to reconstruct 

only 45.5% of trio families. That aspect highlights the need to use this molecular 

tool in as many farms as possible, with the intent to improve the ovine pedigrees 

recording, while maintaining the natural mating system usually adopted in Sicilian 

flocks. Interesting were the results on adoption and heteropaternal superfecundation 

phenomena, which even though present with low frequency, caught our attention 

on other possible pedigrees errors that could affect Sicilian farming systems, with 

consequent difficulties in Valle del Belìce sheep breed genetic improvement 

programs. 

In chapter 3, we used SNP markers to develop a genetic traceability procedure for 

two important Sicilian dairy products: Vastedda della Valle del Belìce PDO and 

Pecorino Siciliano PDO.   

This method was set up on genotyping data and applied with successful results to 

DNA pools prepared mixing different percentage of DNA belonging to involved 

breeds. Finally, the procedure was validate on experimental dairy products and 

verified on industrial dairy productions giving us the possibility to discriminate 
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dairy products realized exclusively with milk from specific breeds (VDB or 

TARGET breeds) from dairy products realized with mixed milk with different 

origins (FOREIGN or COM+OTHERS). Current certification system is based on 

several information flows that define production processes rather than product 

itself. The possibility of certifying origin and identity of dairy products could 

provide the conservation and valorisation of local breeds. 

Finally, in Chapter 4, SNPs marker information were used in two GWA studies 

aiming to find genomic regions involved in morphological microtia trait and 

productive SCC trait.  

The results on microtia trait showed that despite some limitation due to sample size, 

array density, and unknown inheritance model of this trait, the combination of 

different approaches was useful to provide insights into the genetic basis of ear size 

and let us to hypothesized that variants of the CLRN1 could affect the ear 

development in sheep. 

The estimated breeding values for somatic cell score in Valle del Belice sheep were 

used as phenotype for the association analysis aiming to identify several candidate 

genes associated with immune response and udder conformation. Our results may 

contribute to increase knowledge on the role the genes play in the genetically 

determined mechanisms involved in mastitis resistance in sheep.  
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