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1. Introduction

1.1 Conservation of biodiversity in livestock

The domestication of plants and animals was a crucial step in human demographic and cultural
development, the Neolithic Revolution has radically changed the behaviour of the man who has
turned from hunter-gatherer to farmer-breeder. Recently, the use of molecular genetics had a greater
impact on our understanding of how these events took place, compared to traditional research of
anthropologists and archaeobiologists. In particular, recent studies made it possible to identify the
wild ancestor of modern livestock and the nature of livestock expansion in past millennia (Salamini
et al. 2002; Taberlet et al. 2008). Currently, these data have more direct importance for the
management and conservation of animal and plant genetic resources. The loss of agricultural
diversity in the face of increasing pressures from modern farming is a cause for global concern
(Bruford et al. 2003).

After the domestication, the main evolutionary forces of mutation, adaptation, genetic drift,
isolation and selective breeding have created an enormous diversity of local livestock populations.
During the last centuries, highly productive breeds have replaced local ones across the world, due to
phenomena such as the rise of the concept of breed, the progress of selection programmes, the
artificial insemination and the embryo transfer; this development has inevitably led to a significant
loss of genetic variability (Taberlet et al., 2011).

While the conservation problem in domestic animals may appear as a paradox for the presence of
extremely high population size of farm animals (Table 1), the issue was already raised in the
seventies by the Food and Agriculture Organization of the United Nations (FAO) (Taberlet et al.
2011).

Cattle Sheep
Population size 1,367,335 1,060,606
Number of breeds 1311 1409
Number of extinct breeds 209 180

Table 1: Population sizes, current number of breeds, and number of extinct breeds for cattle
and sheep at the worldwide level (statistics concerning 169 countries, Taberlet et al. 2011).



In Europe, it is necessary to protect the existing great heritage of genetic diversity; in fact in our
continent there is a gradual disappearance of indigenous breeds that are substituted with more
productive cosmopolitan breeds. This trend is accelerated by the abandonment of farming in
marginal areas.

The biodiversity conservation of farm animals is universally recognized as a priority. The ideal
approach would preserve the genetic diversity function of breeds, that is, the variability of the genes
that control characters expressed by the animals that are or may be useful in the future. Indeed, the
knowledge of these genes and often also of phenotypic traits of many breeds, considered at risk of
extinction, is still very fragmented and insufficient. Even less if considering the characters that may
be useful in the future. In recent years molecular markers were used to compensate this lack of
information.

Neutral Molecular markers are not affected by selection and are then used to reconstruct the species
evolutionary history as indicators of genetic diversity existing within and between breeds and to
locate and identify useful genes. The understanding of the evolutionary history of livestock species
of interest and the estimates of genetic variability within and between breeds are fundamental for
decision-making on the overall theme of conservation. For example, data on genetic variation
within breeds obtained by molecular markers can be used to estimate and control, through proper
breeding management, the level of consanguinity whose excessive increase would undermine the
survival. The molecular information on genetic variability among breeds allows instead the

identification of breeds carrying specific genotypes that is worth preserving.

1.2. Molecular markers

Molecular markers are representative of heritable and polymorphic characteristics at level of
species, population and individual. A molecular marker is any chromosomal locus whose allelic
variants can be easily identified by directly analyzing the DNA. A good molecular marker must be
polymorphic, codominant, easily identifiable, repeatable and must have a simple mechanism of
transmission (Mendelian or Uniparental).

In recent decades, advances in molecular biology since the development of PCR technology (Mullis
& Faloona, 1987) have contributed to the development of new molecular markers. The main
markers, that are based on PCR technology, are microsatellites (Weber & May, 1989), RAPD
(Random Amplification Polymorphic DNA, Williams et al., 1990), AFLP (Amplified Fragment
Length Polymorphism, Vos et al., 1995) and SNP (Single Nucleotide Polymorphism, Landegren et
al., 1998), while the RFLP are based on cutting enzymes restriction.



In recent domestication studies the mitochondrial DNA (Meadows et al., 2011; Bonfiglio et al.,
2010) and the variable sequences on the Y chromosome (Meadows et al., 2008; Bollongino et al.,

2008) have been used as markers.

1.2.1. SNP (Single Nucleotide Polymorphisms)

The SNP (Single Nucleotide Polymorphism) markers identify, as point mutations, the single
nucleotide polymorphisms, but also short insertions and deletions in DNA sequence (Figure 1). The
SNPs are very abundant (in humans representing more than 90% of the total polymorphisms), and
randomly distributed in the genome. There are two types of nucleotide base substitutions:

e Transition, occurring between purines (A, G) or between pyrimidines (C, T). This type of
substitution constitutes two thirds of all SNPs.

e Transversion, occurring between a purine and a pyrimidine.

The majority of SNPs reside in non-coding regions in which the probability of finding point
mutations is 4 times greater than in coding regions. A SNP in a coding region may have two
different effects on the resulting protein:

e Synonymous, the substitution causes no amino acid change to the protein (silent mutation).

e Non-synonymous, the substitution results in an alteration of the encoded amino acid. A
missense mutation changes the protein by causing a change of codon. A nonsense mutation
results in a misplaced termination codon.

Also, SNPs may reside in regulatory region of genes, and these are capable of changing the

protein’s production.

The SNPs are considered biallelic markers (two alleles that may differ in a given nucleotide
position in a diploid cell) and codominant (allow discrimination of homozygote from heterozygote
individuals).



Figure 1: C/T polymorphism

There are different techniques to identify the polymorphisms, including the sequencing of the
fragment carrying the mutation. recently high throughput technologies are used for the
identification of hundreds of SNPs simultaneously, based on hybridization as the BeadArray (Shen
et al., 2005), or tens of thousands to millions, with the Bead-chip (Illumina).

These markers are used for evolutionary studies but also for mapping and association with QTLs
(Quantitative Trait loci). In livestock, markers are also used to study the traceability of products and
they are used in diseases association studies.

In cattle, for example, SNPs are used for the identification of genetic variation that modulates the
corresponding change in economically important production traits, differential susceptibility to
disease and favourable host response to vaccines (VanRaden et al., 2009).

1.2.2. Mitochondrial DNA (mtDNA)

To investigate the origins of humans or animals an ideal marker should have several characteristics
(Bruford et al., 2003):
e It must be sufficiently evolutionary conserved to allow the identification of the wild taxon
from which the species descends
e It must be variable and sufficiently structured across the geographical range of the species so
that the approximate location of domestication can be identified
e It should evolve at a rapid but constant rate.
The mitochondrial DNA has these features, and it is used in many evolutionary studies. In

mammals, the mtDNA is the nucleic acid located in mitochondrial organelle; it is about 20 kb long,
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exclusively maternally inherited, haploid and does not undergo recombination (Figure 2). For
example, in mtDNA of sheep there are 13 protein-coding genes, 2 sr-RNAs, control region and 22 t-
RNAs (Table 2, Hiendleder et al., 1998).
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Figure 2: Mitochondrial DNA



Feature From To Size Start codon Stop codon® 3' spacer

tRNA-Phe 1 68 68

125 IRNA 69 1.026 958

tRNA-Val 1.027 1.093 67

165 rENA 1.094 2,667 1,574

tENA-Leu (UUE) 2.668 2,742 75 AA
NADHI 2,745 3,700 956 ATG TAa

tENA-Tle 3.701 3,769 69

tRNA-Gln (L) 3.767 3,838 12 AT
tENA-Met 3.841 3.909 69

NADH2 3,910 4951 1,042 ATA Taa

tENA-Trp 4952 5.018 &7 A
tENA-Ala (L) 5.020 5088 69 A
tENA-Asn (L) 5,090 5.162 73

Origin of L-strand repl 5,163 3,194 32

tENA-Cys (L) 5195 5,262 68

tENA-Tyr (L) 5,263 5.330 68 C
oI 5332 6.876 1,545 ATG TAA

tRNA-Ser (UCN) (L) 6.874 6.944 71 TAAAC
tENA-Asp 6,950 1.017 68 T
coI 7.019 7,702 684 ATG TAA AAT
tENA-Lys 7,706 7773 68 T
ATPasel 2715 1975 201 ATG TAA

ATPase6 7.936 2.615 680 ATG TAa

COII £.616 9,309 784 ATG Taa

tRNA-Gly 9.400 9,468 69

NADH3 9.449 9.815 347 ATA TAa

tRNA-Arg 9.816 9.324 69

NADHAL 0883 10.181 297 ATG TAA

NADH4 10,175 11,552 1,378 ATG Taa

tENA-His 11,553 11,621 69

tRNA-Ser (AGT) 11,622 11.681 60 A
tENA-Leu (CUN) 11.683 11,753 1

NADH3 11.754 13,374 1,821 ATA TAA

NADHSG (L) 13,558 1£.085 528 ATG TAA

tENA-Ghu (L) 14,086 14134 69 ACTA
Cyth 14,159 15,208 1,140 ATG AGA CAA
tENA-Thr 15,302 13,371 70

tENA-Pro (L) 15371 15,436 66

Contrel region 15437 16,616 1,180

* MNucleotide mumber 1 15 the 5’ end of the tRNA-Phe-specifying gene. chrome ¢ oxidase; Cyt b, gene enceding cytochrome b; NADH1-6,
Anticodons for the two tENA-Leu and the two tRNA-Ser are given in genes enceding subunits 1-6 of nicotinamide adenine dinmclectide de-
parentheses. (L) denotes light-strand sense. Positions include the 5° and hydrogenase.

3" nt of each feature. ATPase6 and ATPase8, zenes encoding subumits ® Incomplete stap signals are denoted by lowercase letters.

6 and 8 of ATPase; COI-III, genes encoding subunits I-1II of cyte-

Table 2: Features of the Ovis aries mitochondrial genome.

Mitochondrial polymorphisms have been used to explain the origins of many modern domestic
species. The mtDNA control region shows the highest evolutionary rate, and by analyzing its
variability it is possible to define maternal lineages. Meadows et al. (2011) showed that the control
region with removal of the hypervariable repeat is the most suitable for phylogenetic analysis.
Maternal lineages can be grouped into phylogenetically resolved haplogroups and in domestic
species haplogroups have been used to infer domestication events (Bruford et al 2003). Recent
studies in goats (Naderi et al 2007), cattle (Achilli et al 2009), and pigs (Larson et al 2010) have
revealed a high number of maternal lineages. In sheep, two (Wood and Phua et al 1996; Hiendleder



et al 1998a; Hiendleder et al 2002), three (Guo et al 2005; Pedrosa et al 2005), and more recently
five (Meadows et al 2007; Meadows et al 2011) lineages have been identified.

1.3.

The goals of the thesis

The research has focused on different analyses of genetic diversity in livestock. Specifically,

genetic variability in different European breeds belonging to two livestock species, Bos taurus and

Ovis aries, were examined by applying different molecular markers.

The three main projects followed during the thesis are:

The identification of new SNPs in TLR2, TLR4 and TLR6 genes in cattle. The Toll-like

receptors (TLRs) play an important role in the recognition of components of pathogens

and subsequent activation of the innate immune response We screened nucleotide

sequences of bovine TLR2, TLR4 and TLR6 genes to identify SNPs can be used in
diseases resistance studies in cattle. The frequencies of the SNPs were assessed in 16
different bovine European cattle breed (Jersey, South Devon, Aberdeen Angus and
Highlands, from Great Britain; Holstein, Danish Red and Simmental, from Denmark;
Asturiana de los Valles, Casina, Avilena and Pirenaica, from Spain; Piemontese,
Marchigiana and Maremmana, from Italy; Limousin and Charolais, from France) and
used to carry out a phylogenetic analysis to describe the relationships between the
breeds.

The analysis of the relationship between Maremmana, Turkish Grey and Hungarian

Grey breeds belonging to the same Podolic group of cattle and to verify whether their

genetic state reflects their history. We genotyped about 100 SNPs on individuals

belonging to these breeds and compared them to genotypes of individuals of two Italian
beef breeds, Marchigiana and Piemontese, which underwent different selection and
migration histories.

The investigation the genetic diversity of sheep breeds of three countries of the

Mediterranean basin: Albania, Greece, and Italy. We aimed at investigating the

geographic distribution of the genetic diversity of sheep breeds in Albania (Bardhoka,
Ruda, and Shkordane), Greece (Kalarritiko, Orino, Pilioritiko, Kefalleneas, Lesvos,
Kymi, Karagouniko, Skopelos, Anogeiano, and Sfakia), and Italy (Bergamasca, Delle
Langhe, Laticauda, Altamurana, and Gentile di Puglia). To accomplish that, we
employed sequence data from the mitochondrial D-loop and 37 previously described
SNPs (nuclear loci).
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Abstract: In mammals. members of the TLR gene family play a primary role m the
recognition of pathogen-associated molecular patterns from bacteria, viruses, protozoa and
fungi. Recently, cattle TLR genes have been mapped to chromosomes using a radiation
hybrid panel. Nucleotide sequences of bovine TLR2. TLR4 and TLRG genes were screened
to identify novel SNPs that can be used i studies of cattle resistance to diseases. In total, 8
SNPs were identified and were submitted to the NCBI dbSNP database. The frequencies of
the SNPs were assessed in 16 different bovine European cattle breeds and a phylogenetic
analysis carried out to deseribe the relationships between the breeds. Even if from our
analysis the SNPs do not appear located in loci under selection, a deviation of three SNPs
from Hardy Weinberg equilibrinm was observed. and we hypothesize that some of the
polymorphisms may be fixated since many generations. The described variations m immune
function related genes will contribute to research on disease response in cattle. In fact. the
SNPs can be used in association studies between polymorphisms and cattle resistance

to diseases.

Keywords: toll-like receptors; cattle: SNPs: diversity: genetic distances
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1. Introduction

The mnmmne system in mammals consists of inmate and adaptive mmmune responses. Adaptive
immunity is mediated by antigen specific T and B cells responses, and is observed only in vertebrates.
Innate mmunity. however, is conserved between mvertebrates and vertebrates [1]. Toll-like Receptors
(TLRs) play an important role in the recognition of components of pathogens and subsequent activation
of the mnate mmmune response. which then leads to development of adaptive immune responses [2.3].
The TLRs are an ancient gene group which is found both i imvertebrates and vertebrates: related genes
are found also in plants [4]. In mammals, members of the TLR gene family play a primary role in the
recognition of pathogen-associated molecular patterns (PAMPs) m protems from bacteria. viruses,
protozoa and fungi [5.6]. Mammalian TLRs derive thewr name from the Drosophila Toll protemn. with
which they share sequence similarity. The drosophila Toll protem was shown to be involved i dorsal-
ventral pattern formation m fly embryos and was also implicated as a key component of host immunity
against fungal infection [7-9].

The TLRs consist of a large extracellular domain responsible for PAMP binding. a transmembrane
domamn and an mtracellular Toll/interleukin-1 receptor (TIR) domain which binds molecules and
mitiates cellular mnmne responses [10]. The extracellular domams are composed of about 20
leucine-rich repeats (LRRs) motifs of 20—30 amino acids (AA) and form a solenoid shape with the
potential to bind the TLR specific PAMP [11].

Ten TLRs. which recognize molecular patterns from all major classes of pathogens, have been
identified in mammals, eleven in mice [12,13]. TLRs operate with diverse variety of ligands ranging
from hydrophilic nuecleic acid to LPS. furthermore the heterodimerization expands the ligand
spectrum [14]. TLR2 and TLR4 recognize bacterial cell components. and are critical m the mmmune
response against Gram positive and negative bacteria [15]. TLR6 i association with TLR2 recognizes a
wide variety of bacterial cell wall components mcluding lLipopolysaccharides, teichoic acid and
lipoproteins [16.17] and induce NFkB signalling pathway [18].

Recently, all 10 TLR genes have been mapped m cattle using a radiation hybrid panel: TLR2 and
TLR4 have been previously mapped to the proximal end of Bos taurus chromosome (BTA) 17 and the
distal end of BTA &, respectively [19]. TLR6. TLR1 and TLR10 cluster on BTA 6 [20]. as observed on
human chromosome 4: this organization is most likely the result of gene duplication [21].

Several studies have shown that mutations m the TLR may reduce the ability of the protem to
recognise PAMP and hence interfere with nate immune activation. Describing genetic variation in
these loci in relation to resistance agamst specific diseases m livestock may be useful in guiding genetic
selection for disease resistance. Single nucleotide polymorphisms (SNPs) within TLR genes in humans
seem to be associated with susceptibility to infection by specific diseases [22]. Among cattle genes
TLRI, TLRS and TLRI10. 98 polymorphisms have been identified, 14 of which are non synonymous
SNPs positioned in domains considered to be functionally significant [23]. Eighty three polymorphisms
have been also identified for bovine TLR2 and TLRG [24]. The mitiation of the mmate response to
bovine respiratory syneytial virus (BRSV) requires the mteraction of the viral F protemn with TLR4,
which leads to activation of NFkB via the Myd88-dependent pathway [25]. A recent study showed an

association between TLR mutations and increased susceptibility to MAP (Myeobacterium avium
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paratubercolosis) mifection in caftle. exactly two nussense nmtations n TLR4 (LRR domain) were
associated with MAP infection [26].

In this study. we sereened nucleotide sequences of bovine TLR2, TLR4 and TLR6 genes to identify
SNPs that can be used in disease resistance studies in cattle. Eight new SNPs were identified and their

frequency assessed i 16 different European cattle breeds.
Materials and Methods

Samples:

A total of 951 individuals belonging to the followmg European breeds were analysed: Jersey (50).
South Devon (43), Aberdeen Angus (45) and Highlands (48). from Great Britain: Holstein (60). Danish
Red (59) and Simmental (30). from Denmark: Asturiana de los Valles (66). Casina (66), Avilena (65)
and Pirenaica (73). from Spam: Piemontese (67). Marchigiana (36) and Maremmana (91). from Italy:
Limousmn (72) and Charolais (80), from France. Genomic DNA was isolated from blood using

conventional methods and concentration and quality were evaluated by agarose gel electrophoresis.

Polymerase Chain Reaction (PCR) Conditions:

PCR primers for TLR2. 4 and 6 were designed using PolyPrimers [27] from the sequences available
m Genebank (TLR2: AY634629, TLR4: DQ839567, TLRG: AJ618974) to amplify genomic fragments
of approximately 1 kb (Table 1. Figure S1) covering most of the gene sequence. Each polymerase chain
reaction (PCR) was performed in a total volume of 30 pL containing 30 ng of genomic DNA. 1.6 pMol
of each primer (Sigma-Aldrich). 200 pM dNTPs, 1X PCR buffer and 0.2 units of Tag DNA polymerase
{Promega) on a PCR Express eycler (Hybaid), using the annealing temperatures reported m Table 1.
A 5 minutes denaturation step was followed by 14 cycles of denaturation at 94 °C (30 sec). annealing
starting from T.A. + 7 °C and decreasing 0.5 °C per cycle (45 sec) and extension at 72 °C (40 sec), then
by 20 cycles of denaturation at 94 °C (30 sec). annealing at T.A. (45 sec) and extension at 72 °C

(40 sec): the final extension step was carried out at 72 °C for 5 minutes.

Sequence analysis:

PCR products were purified through ExoSap-IT (USB Corporation) to remove residual primers and
dNTPs and used as templates for forward and reverse sequencing reactions. Sequencing was performed
by means of a ceq 8.800 sequencer using DTCS QuickStart Kit and purifying with Agencourt
CleanSEQ 96 (Beckman Coulter), according to manufacturer instructions. To identify SNPs, sequences
of at least one mdividual each of six different breeds (Maremmana, Charolais. Jersey, Holstem.
Pirenaica and Piemontese) were analysed and aligned with Bioedit software [28]. The putative SNPs
identified by sequencing were confirmed and allele frequencies estimated by genotyping 951 individuals.
SNP genotypng was performed by Kbiosciences using the patented technology KASPar

(www.Kbioscience.com).
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Data analysis:

Allelic frequencies. Gene Diversity. Heterozygosity and PIC were calculated using Powermarker
software [29]. Genotypes were analysed using Fdist? software to verify whether any of the loci were
under selection [30]. Hardy-Weinberg equilibrium and Nei genetic distances [31] between populations

pairs were calculated using Powermarker. The Neighborjoining algorithm was used to calculate the

phylogeny relationship which was visualised using Treeview [32].

Table 1. Sequence of Forward (Fw) and Reverse (Rw) primers. annealing temperature

(T.A.). amplicon size and amplicon position relatively to Genbank sequences.

T.A. Amplicon Amplicon Genbank
Locus Sequence (5°—37)
(°C) size (bp) position Accession #
TLR? |Fw: CTGTCCAACAATGAGATCACCT
49 735 311-1045 AY634629
Rw: AATTCTGTCCAAACTCAGTGCT
Fw: GTTCAGGTCCCTTTATGICTIG
TLR? 47 509 493-1003 AY634629
[Fow: ATGGGTACAGTCATCAAACTCT
Fw: ACTACCGCTGTGACTCTCCCTC
TLR? 55 711 1818-2530 AY634629
Rw: GACCACCACCAGACCAAGACT
Fw: CTCCCTTTCTGAATGCCACA
TLR? 47 754 1876-2631 AY634629
Fow: AAMAAGTATTGGAGCTTCAGCA
Fw: GTGTGGAGACCTAGATGACTGG
TLR4 50 705 7938-8644 DQB839567
Rw: GTACGCTATCCGGAATTGTTCA
Fw: CTACCAAGCCTTCAGTATCTAG
TLR4 47 741 8880-9623 DQ839567
[Fow: GGCATGTCCTCCATATCTAAAG
Fw: TCAGGAACGCCACTTGTCAGCT
TLR4 55 710 9635-10346 DQE839567
Row: TGAACACGCCCTGCATCCATCT
Fw: AAAGAATCTCCCATCAGAAGCT
TLR6 46 515 228-745 AT618974
Fow: GAAGGATACAACTTAGGTGCAA
Fw: CTGCCCATCTGTAAGGAATTTG
TLR6 47 739 624-1382 AT618974
[Fow: GATAAGTGTCTCCAATCTAGCT
Fw: TTGGAAACACTGGATGTTAGCT
TLR6 49 710 1428-2138 AT618974
[Fow: ACTGGAGAGTTCTITGGAGITC
Fw: CTGCCTGGGTGAAGAATGAATT
TLR6 50 715 2173-2888 AT618974
Fow: TGTAGTTGCACTTCCGGGCT

13
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2. Results and Discussion

To discover SNPs i the three TLR genes, 12 PCR fragments were amplified and sequenced, five for
TLR2. three for TLR4 and four for TLRG. One of the TLR2 primer pairs was soon discharged because
of BLASTing problems. We then choose nine of 12 fragments. giving better results in terms of
amplification and sequencing. In total eight SNPs were identified, three in TLR2, three m TLR4 and
two in TLR6 [33] and were deposited in NCBI dbSNP (the ss# identities are listed m Table 2). These
three genes are very important because they could be mvolved in immune response against various
bovine diseases. In fact. TLR2 and TLRG are critical i the immune response agamnst Gram positive
bacteria, TLR4 against Gram negative bacteria and virus. The polymorphisms in TLRs may reduce the

ability of the protem to recogmise ligands.

Table 2. Characterization of the detected SNPs.*: also deseribed by Seabury and Womack [24].

Position in R
SNPs GeneBank aa change Eestion !nlthe SNP ID number
1 protein
sequence
TLR2 591G=4 591 non - ceding ss107911951
TLR2 7384>G 738 non - ceding 55107911952
TLR2 767G=A* 767 non - ceding 55107911953
TLR4 254G=4 254 non - coding 55107911954
TLR4 1678C=T 1678 Synonymous (Ser) 552: LER domain 55107911955
TLR4 2043T=C 2043 non - ceding 55107911956
TLR6_855G=A% 855 Asp/Asn 214 55107911957
TLR6 _2315T=C™* 2315 Synonymous (Phe) 315: TIR domain 55107911958

! Nucleotide positions are numbered relatively to the first base of the sequence in GeneBank.
* Aminoacid position are numbered according to protein sequence in GeneBank (TLR4: NP776623,
TLR6: NP001001159).

The allele frequencies are reported in Table 3 and major allele frequencies ranged from 0.557 (locus
TLR2 767) to 0.969 (locus TLR2 738). Except for the latter. in all SNPs the frequency of the minor
allele 15 greater than 5%. Observed heterozygosity (Ho) and Expected heterozygosity (He) of the loci
deternined from SNP frequencies ranged from 0.051 to 0.466 and from 0.060 to 0.493. respectively.
Polymorphism Information Content (PIC) ranged from 0.058 to 0.372 (Table 3).

Eight of the breeds analysed were polymorphic at all the SNPs (Holstein, Asturiana de los Valles.
Casma. Avilena. Pirenaica. Piemontese. Charolais ) and five SNPs were polymorphic m all the breeds
(TLR2 767, TLR4 254, TLR4 1678, TLR6 833, TLR6 2315). Both SNPs identified m TLR6 gene

were polymorphic i all the breeds.
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Table 3. Frequencies of the major allele (M.AF.), expected heterozygosity (He). observed
heterozygosity (Ho), Polymorphism Information Content (PIC) of the 8 characterized SNPs.

SNP MAF. He Ho PIC
TLR2 591 0.866 0.33 0.205 | 0.206
TLR2 738 0.969 0.060 | 0.051 | 0.058
TLR2? 767 0.557 0493 | 0461 | 0372
TLR4 254 0.595 0482 | 0466 | 0366
TLR4 1678 0.655 0452 | 0421 | 0350
TLR4 2043 0.843 0264 | 0234 | 0230
TLRG_ 835 0.608 0477 | 0444 | 0363
TLR6 2315 0.688 0429 | 0425 | 0337

Some breeds were fixed at a number of SNPs, particularly TLR2 738 is fixed in seven breeds
(Highlands, Jersey. Limousine, Marchigiana, Maremmana, Simmenthal and South Devon). as shown m
Table 4. TLR2 591 and TLR4_ 2043 are fixed m one breed (South Devon and Highlands, respectively).
Interestmngly, the SNP TLR2? 738 is fixed m three breeds from Great Britan: Highlands, Jersey and
South Devon. Indeed. the only two breeds with two fixed alleles are South Devon and Highlands.
Moreover. its rare allele frequency is lower than 0.05 in seven other breeds (Aberdeen Angus. Asturiana
de los Valles, Avilena. Charolais. Danish Red. Piemontese and Pirenaica), bemg higher than 0.05 in
Holstein and Casina breeds only (Table 4). This suggests an mvolvement of the gene in some mnportant

roles which prevents its polymorphism.

Table 4. Allelic frequencies i the 16 European cattle breeds.

SNP TLR2? 591 ILR} 738 TLR? 767 TLR4 254 ILR{ 1678 ILR4 2043 ITLRE_855 TLR6 2315
ALLELE A G A G A G A G C T C T A G C T

A Angus 0.011 | 0.989 | 0.012 | 0.988 | 0.693 | 0.307 | 0.837 [ 0.163 | 0.683 | 0.317 | 0.989 | 0.011 | 0.381 | 0.419 | 0.349 | 0631
A Valles 0.086 | 0.914 | 0.016 | 0.984 | 0.548 | 0.452 | 0581 | 0.419 | 0.635 | 0365 | 0.898 | 0.102 | 0373 | 0.627 | 0.234 | 0.766
Avilena 0250 | 0.750 | 0.031 | 0969 | 0.317 | 0.683 | 0.712 | D288 | 0.533 | 0467 | 0.913 | 0.087 | 0437 | 0563 | 0.353 | 0.647
Casina 0327 | 0.673 | 0.152 | 0.848 | 0432 | 0.368 | 0538 | 0.462 | 0.649 | 0331 | 0.848 | 0.152 | 0302 | 0.698 | 0.196 | 0.804
Charolais 0.114 | 0.886 | 0.044 | 0956 | 0.487 | 0513 | 0.545 | 0435 | 0.671 | 0329 | 0.840 | 0.160 | 0333 | 0.647 | 0.336 | 0.664
Danish Red | 0.035 | 0.965 | 0.017 | 0.983 | 0.595 | 0.405 | 0.632 | 0368 | 0.582 | 0.418 | 0.796 | 0.204 | 0.500 | 0.500 | 0.324 | 0.676

Highlands 0.011 | 0.989 [ 1 0932 | 0.068 | 0415 | 0385 | 0.564 | 0436 1 [ 0260 | 0.740 [ 0.235 | 0.761
Holstein 0.147 | 0.853 | 0.154 | 0.846 | 0.759 | 0.241 | 0417 | 0583 | 0.740 | 0260 | 0.855 | 0.145 | 0366 | 0.634 | 0.364 | 0.636
Jersey 0.170 | 0.830 1] 1 0372 | 0.628 | 0.707 | 0293 | 0.888 | 0.112 | 0.413 | 0.387 | 0.776 | 0224 | 0.582 | 0.418
Limousine 0271 | 0.729 0 1 0479 | 0521 | 0.583 | 0417 | 0.616 | (0384 | 0.819 | 0.181 | 0340 | 0.660 | 0.326 | 0.674
Marchigiana | 0.030 | 0.970 1] ¥ 0.529 | 0471 | 0894 | 0.106 | 0.338 | 0.662 | 0.833 | 0.167 | 0557 | 0.443 | 0.559 | 0.441
Maremmana | 0093 | 0.907 0 1 0.517 | 0.483 | 0572 | 0428 | 0.742 | 0258 | 0.884 | 0.116 | 0330 | 0.670 | 0.331 | 0.669

Piemontese | 0213 [ 0.785 | 0.038 | 0962 | 0405 | 0.395 | 0675 | 0325 | 0.538 | 0462 | 0.817 | 0.183 | 0.500 | 0500 | 0.281 | 0.719
Firenaica 0.132 | 0.868 | 0.014 | 0.986 | 0.650 | 0.350 | 0.418 | 0.382 | 0.690 | 0.310 | 0.963 | 0.037 | 0.215 | 0.785 | 0.174 | 0.826
Simmenthal | 0.096 | 0.904 0 1 0.717 | 0283 | 0522 | 0478 | 0.591 | 0.409 | 0.875 | 0.125 | 0519 | 0.481 | 0395 | 0.605
5. Deven 0 1 0 1 0.838 | 0.163 | 0638 | 0363 | 0.907 | 0.093 | 0.643 | 0.357 | 0.116 | 0.884 | 0.085 | 0.915
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Selection can leave. i the genes under its influence, a set of signatures that can be analyzed to
identify genes or chromosomal regions which are likely targets of positive selection. We used FsT
statistic to assess if the variation of SNP allele frequencies among populations leads to signatures of
selection. For each locus, the allele frequencies are used to compute FST values conditional on
heterozygosity and to calculate P-values for each locus. This method provides evidence for divergent
selection by lookmg for outhiers with FsT values higher than expected. controlling for heterozygosity.
The analysis performed using FDist? software to identify outlier loci revealed that none of the SNPs
lied outside the 95% confidence limits assumed for conditional joint distribution of FST vs. mean
heterozygosity. Analysis was performed by bootstrapping 200.000 replications on real data using a
coalescent model (Figure 1).

Figure 1. Upper (A) and lower (o) confidence limits of 95% quantiles; median (-) of

200.000 replications of expected Fst and heterozygosity using the coalescent model.
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None of the identified SNPs 1s located m loci under selection according to the model of Beaumont
and Nichols [30]. Anyway. significant deviations from Hardy-Weinberg equilibrium over all populations
(p-value < 0.01) were observed in three SNPs at two loci: TLR2 591. TLR2? 738 and TLR4 2043
{Table 5). We hypothesize that polymorphisms are fixed i the analysed breeds smee many generations.
and that the coalescent model employed is not powerful enough to identify selection events happened
too far in the past.

Distance based phylogenetic analysis was used to deseribe the relationships between breeds
regarding the investigated TLRs. Table 6 presents the Nei genetic distances relating the 16 breeds
studied. The lowest distance values are observed between Charolais and Asturiana de los
Valles (0.002). while the highest distance is observed between Highlands and Jersey (0.117).
Furthermore. the Jersey breed results very distant from all the other breeds of Great Britam,
confirming the results obtamned by AFLP and suggesting isolation within the Jersey island as the

major cause of distinctiveness [34]. Indeed. Nei distances show that the highest genetic diversity is

16
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observed in the geographically isolated breeds: it is suggestive (Figure 2) that the breeds of Great
Britain (Aberdeen Angus. Highlands. South Devon and Jersey). using the analysed polymorphisms. are

distributed accordngly to their geographic provenience,

Table 5. Hardy-Weinberg equilibrium Test.

Locus Hw Test
TLR2 591 0.0007
TLR2 738 0.0011
TLR2 767 0.0542
TLR4 254 0.2693

TLR4 1678 0.0345
TLR4 2043 0.0012
TLR6_855 0.0303
TLR6 2315 0.7460

Table 6. Nei genetic distances. GB: Great Britain: ES: Spain: FR: France; DK:
Denmark: IT: Italy.

= = = - =
& g = W E = & _ £ z
. o £ 2 S - - = = = E -] 3 .
Geographic z ,=2= 2 = = = s £ = = = E £ 3 g A
7 2 =S S z = — & =] 5 g = E =
location £S5 =2 £ = B2 £ & 7 = - E E S = 5
- = ® = = o 2 R~ = = 32 - = =
of the breed o< A £ T < ] ¥ =1 = = = e - ~ By ) wn b
Aberdeen Angus GB 0
Asturiana de los Valles ES 0016 0
Avilena ES 0027 0.0l 1]
Casina ES 0044 0012 0011 0
Charolais R 0023 0002 0008 0.009 0
Danish Red DK 0014 0004 0015 0022 0005 0
Highlands GB 0029 0027 0057 0058 0037 0034 0
Holstein DK 0032 0013 0027 0014 0009 0015 0033 0
Jersey GB 0061 0048 0044 0058 0039 0036 0I1T 0056 0
Limousin FR 0032 0007 0007 0012 0006 Q012 0045 0020 0038 ]
Marchigiana T 0020 0026 0023 0052 0028 0015 0060 0050 0.048 0029 0
Maremmana T 0019 0003 0013 0018 0004 0007 CO030 0016 0040 0005 0028 0
Piemontese IT 0026 0007 0003 0009 0006 0008 0055 0020 0035 0006 002 0011 0
Pirenaica ES 0029 0006 0023 0016 0010 0018 0018 0013 007 0014 0052 0009 0021 0
Simmenthal DK 0016 0007 0019 0027 0009 0005 0023 0014 0041 0010 0021 0007 0014 0015 0
South Devon GB 0053 0035 0073 0060 0040 0037 0046 0044 0082 0049 0076 0033 0060 0035 004 0O

17
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Figure 2. Phylogenetic relationship among the 16 breeds studied. The genetic distances
were calculated from allelic frequencies by using Nei distances. The reconstruction was
done with UPGMA (Sneath and Sokal. 1973).

South Devon

Aberdean Angus

Jersey

Marchiagiana

Holstein b
Casina
Charolais
Asturiana Vallas Avilena
Maremmana Piemontesa
Limousin  Danish Red
Simmenthal Pirenaica

0.01 (meaning 0.01 nucleotide substitutions per site)
3. Conclusions

We could identify eight SNPs m genes of great mterest i cattle management by sereening the
nucleotide sequences of bovine TLR2, TLR4, and TLR6 genes. These variations in immune function
related genes will contribute to research on disease response in cattle. In fact, the newly identified SNPs
can be used m association studies between polymorphisms and cattle resistance to diseases.

The SNPs characterization was performed by analysing a conspicuous number of individuals from 16
European breeds, and the main statistics were calculated. Even if from our analysis the SNPs do not
appear located i loei under selection. a deviation of three SNPs from Hardy Wemberg equilibrium was
observed. We hypothesize that some of the polymorphisms were fixated many generations ago within
breed and the coalescent model could not be powerful enough to reveal selection events so far m the
past. It would be mteresting to apply a more powerful model to confirm the absence of selection in the

SNPs and their suitableness as neutral markers.

18
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Summary

Italian Maremmana, Turkish Grey and Hungarian Grey breeds belong to
the same Podolic group of cattle, have a similar conformation and
recently experienced a similar demographic reduction. The aim of this
study was to assess the relationship among the analysed Podolic breeds
and to verity whether their genetic state reflects their history. To do so,
approximately 100 single nucleotide polymorphisms (SNPs) were geno-
typed on individuals belonging to these breeds and compared to geno-
types of individuals of two Ttalian beef breeds, Marchigiana and
Piemontese, which underwent different selection and migration histo-
ries. Population genetic parameters such as allelic frequencies and het-
erozygosity values were assessed, genetic distances calculated and
assignment test performed to evaluate the possibility of recent admix-
ture between the populations. The data show that the physical similarity
among the Podolic breeds examined, and particularly between Hungar-
ian Grey and Maremmana cattle that experienced admixture in the
recent past, is mainly morphological. The assignment of individuals from
genotype data was achieved using Bayesian inference, confirming that
the set of chosen SNPs is able to distinguish among the breeds and that
the breeds are genetically distinct. Individuals of Turkish Grey breed
were clearly assigned to their breed of origin for all clustering alterna-
tives, showing that this breed can be differentiated from the others on
the basis of the allelic frequencies. Remarkably, in the Turkish Grey
there were differences observed between the population of Enez district,
where in situ conservation studies are practised, and that of Bandirma
district of Balikesir, where ex situ conservation studies are practised out
of the original raising area. In conclusion, this study demonstrates that
molecular data could be used to reveal an unbiased view of past events
and provide the basis for a rational exploitation of livestock, suggesting
appropriate cross-breeding plans based on genetic distance or breeding
strategies that include the population structure.

dol:10.1111/1.1439-0388 201 0.00868.x
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Introduction

Over the past 15 years, 300 out of 6000 breeds of all
farm animal species identified by FAO have gone
extinct (Scherf 2000). It is argued in the World Watch
List for Domestic Animal Diversity (DAD) that 1350
farm animal breeds currently face extinction. The
danger of extinction of farm animal breeds is mainly
attributable to three factors: the first is genetic erosion
because of artificial insemination. The second factor is
strong economic pressure on the farmer to focus on
single traits, such as milk production. The third factor
is unrestricted and indiscriminate cross-breeding,
especially in developing countries (Soysal et al. 2004).

Podolic cattle include a very ancient group of
breeds, considered to be straight descendant from
the Auroch (Bos primigenius). Podolic breeds are pres-
ent in various European areas, and many of them
are seriously endangered ol extinction.

Hungarian Grey, Maremmana and Turkish Grey
belong to the same Podolic group of cattle and show
similar external conformation. These breeds recently
underwent a similar demographic reduction. All
three of these breeds face risks for their future sur-
vival because of inbreeding, indiscriminate cross-
breeding and substitution with cosmopolitan more
productive breeds.

The breeds

Maremmana
The breed can be traced back to Grey Steppe cattle
which entered Italy in large numbers during the 14th
to 18th centuries. Herdbook registration started in
1935 (total breed population 274 000 head). Since
1945, head numbers have declined dramatically
because of the changes in land use and mechaniza-
tion, and by the mid-1960s extinction was predicted.
The breed recovered between 1965 and 1975 because
of its ability to adapt to the environmental constraints
of the hilly areas of the Maremma, reaching 60 000
head in 1975. In 1992, 10 000 head, of which 4000
females and 120 sires, were registered in the herd-
book. Since then the number remained constant.
Mardti-Agots et al. (2005) report that the Marem-
mana cows are significantly bigger in every body
measurement than Hungarian Grey cattle, and in
particular there are significant differences of rump
length/body length index.

Hungarian Grey
The breed was imported by the Hungarian conquer-
ors who came from the Podolic area in the south, in

L. Pariset et al.

the 9th century. There is evidence of the presence of
similar cattle in Egypt and Italy. Explicit reference to
long-horned, ‘magnus cornutes boves Hungaricos’,
first appears in a 16th century document. The breed
became common by the 17-18th century.

A radical decline followed World War II and the
breed nearly became extinct in 1947-1967. During
the late 1950s, 1800 of the 2000-3000 cows were
mated with sires of the Kostroma dairy breed. By
1962 only 200 purebred Hungarian Grey cows and
six bulls were saved (Bodo et al. 1996; Bartosiewicz
1997). Inbreeding was avoided by using a rotational
mating scheme based on six local Hugarian Grey
sires, two imported sires of the same breed and three
Maremmana sires introduced during the early 1970s.
After 7-9 generations, the initial lines became com-
pletely randomized.

Turkish Grey

Found in north-western Turkey, this breed is a tri-
purpose breed: kept for milk and meat as well as
being used as a work animal. The breed came from
the Grey Steppe type and originated from the Iskar
breed of Bulgaria (Mason 1996). It is believed that
Turkish Grey cattle are the ancestor or relatives of
European Grey cattle found in Ttaly, Bulgaria and
Hungary. The breed has a ‘postendangered’ status;
however, efforts are still required to maintain the
grey cattle population. Native grey cattle represent
the most interesting cattle breed in Turkey, espe-
cially because of its resistance to parasites and its
ability of using weitland pasture, and as a conse-
quence its sustainable use of marginal lands (Soysal
& Kok 2006).

The aim of this study was to assess the relation-
ship between Hungarian Grey, Maremmana and
Turkish Grey. To do so, single nucleotide polymor-
phisms (SNPs) were genotyped on individuals
belonging to the three Podolic breeds as well as on
individuals of two Ttalian beef breeds, Marchigiana
and Piemontese, which have different selection and
migration histories, and were chosen as example of
unrelated breeds.

SNPs are abundant in the genome; genotyping
resulis are easy to reproduce in different laboratories
and are simple to score. The usefulness of SNPs in
population genetics has been demonstrated in sev-
eral studies on the last decades, and they have been
recently used to discovering signatures of selection
(Akey eral 2002; Kelley et al. 2006; Luikart ef al.
2003; Pariset ef al. 2006a; Pariset ef al. 2009) and in
evaluating population structure (Pariset ef al. 2006b;
Negrini ef al. 2008).

© 2010 Blackwell Verlag GmbH e I Anim. Breed. Genet. 127 (2010} 431488
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Materials and methods
Samples

Animals were sampled from their native regions: the
Hungarian Grey (HU) population in Hortobagy
(Hungary), the Maremmana (MM) from the popula-
tion of Castelporziano (Rome), and the Turkish Grey
(GS) in the Enez district of the Edirne Province of
Trakya and in the Bandirma Province of Balikesir
(Turkey). Sixty-three (HU), 93 (MM) and 93 (GS)
individuals were sampled in each population; DNA
from blood samples was extracted using Wizard
Genomic DNA Purification kit (Promega, Madison,
WI, USA) following the manufacturer instructions.
Samples and data of Piemontese (PD) and Marchi-
giana (MR) caitle were obtained from a previous
project (EU-GemQual QLRT CT2000-0147).

SNPs genotyping

Ninety-nine SNPs, seleced from a panel of 701 SNPs
in candidate genes for meat quality previously char-
acterized (Williams ef al. 2009), were genotyped on
individuals belonging to the five breeds. SNPs were
discovered by sequencing a panel of eight individuals
each from a different breed.

Genotyping was performed by outsourcing to
Kbiosdences (http://www.Kbioscience.co.uk), using
quality control criteria as negative controls, inter-
plate and intraplate duplicate testing of a known
DNA. Generally, a genotyping repeatability >99%
was achieved.

Statistical analysis

Allele frequencies were calculated using Fstat 2.93
(Goudet 1995, 2001). Fis, Ho and He were estimated
for each locus using Powermarker (Liu & Muse 2001).
The same software was used to test for deviation
from Hardy-Weinberg equilibrium (HWE) for each
locus and population and for lod over all popula-
tions using a Markov chain of 100 000 steps and
1000 dememorization steps. GENEPOP version 4.0
(Raymond & Rousset 1995) was used to calculate
F statistics per breed, following Weir & Cockerham
(1984) and to characterize genetic differentiation
among breeds by estimating overall and pairwise
Fst values. Nei (1972) genetic distances between
populations were calculated using Powermarker. The
same software was used to infer haplotypes.

To evaluate whether some of the lod supposed
neutral in this study could be identified as outliers,
and therefore genotyped SNPs were unsuitable 1o be
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used as markers, the approach proposed by Beau-
mont & Nichols (1996), further developed by Beau-
mont & Balding (2004), and implemented in the
FDIST2 software (hitp://www.rubic.rdg.ac. uk/-mab/
software.html) was used. For each locus, the allele
frequencdes were used to compute Fst values condi-
tional on heterozygosity and to calculate P-values
for each locus. Each simulation included five popula-
tions, 91 loci and an expected Fst of 0.104. Popula-
tion data sets were built using 50 000 coalescent
simulations on real data using the infinite alleles
model.

Individuals were clustered by applying a parametric
genetic admixture analysis implemented in the Struc
ture 2.0 software (Pritchard er al. 2000). This software
uses a model-based clustering method that employs a
Markov Chain to estimate the posterior distribution
(q) of the admixture coefficient of each individual, to
characterize parental populations, to assign individu-
als to these populations, to detect admixed individu-
als and to estimate individual admixiure siaring
from allele frequency. Results were obtained using a
burn-in period of 100 000 followed by 200 000 Mar-
kov chain Monte Carlo (MCMC) repeats and consid-
ering SNPs frequencies independent among
populations. A number of genetic clusters (K) ranging
from 2 to 6 was tested using the admixture model;
four runs for each K were performed. Graphical
reconstruction of Structure results were produced by
using Distruct 1.1 (Rosenberg 2004).

Results
SNPs genotyping

Ninety-nine polymorphic SNPs were used to geno-
type 311 individuals belonging to the five breeds. Of
these, 91 SNPs resulted polymorphic and suitable for
the analyses. A total of 26 006 genotypes were pro-
duced, and the frequendies of the major alleles are
reported in Table S1. The SNP data were analysed to
assess their neutrality using Fdist (Beaumont & Nic-
hols 1996), and all SNPs resulted within the 99%
upper and lower limits of distribution. When more
than one SNP within the same gene was genotyped,
haplotypes have been inferred and used for the sub-
sequent analyses (Table 52), for a final data set of 67
markers. Major allele frequency, Expected and
Observed heterozygosity, Polimorfic information
content (PIC), Fis, p-value relative to HW test and
chromosomal location relative to Btau 4.0 for each
polymorphic marker are reported in Tables 51 and
§2, respectively.
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Genetic diversity and differentiation of cattle breeds

Observed heterozygosity of the 67 markers deter-
mined from SNP frequendes ranged from 0.557 to
0.017, with a mean of 0.346. Expected heterozygosity
ranged from 0.649 to 0.024, with a mean of 0.386.
The frequendes of the major alleles ranged from
0.988 to 0.428. Frequency of the minor allele was
=5% in all but three SNPs (POMC_bl_63T, VCL_al_
160T, PRKAAZ al_88C). Fis value of the markers
ranged from 0.483 to =0.138, with a mean of 0.138.
Significant deviations from HWE over all populations
{p-value <0.05) were observed in 38 markers.

Within population variance estimate (Fis) per pop-
ulation ranged from -0.020 (PD) to 0.186 (GS)
(Table 1). Positive Fis was observed in Turkish Grey
breed. A moderately positive Fis value was observed
also in Marchigiana breed (Table 1).

The pairwise Fst between populations showed a
maximum (0.124) between Hungarian Grey and
Maremmana, and a minimum (0.081) between
Marchigiana and Piemontese (Table 2).

The Nei standard genetic distance (Nei 1972)
indicates a maximum distance between Marchigiana
and Turkish Grey (0.070) and a minimum distance
between Marchigiana and Maremmana (0.051). Con-
sidering only the three Podolic breeds, the greater
distance is observed between Hungarian Grey and
Maremmana (0.066) (Table 3).

Individual assignment

To estimate the number of genetic clusters among
the 311 individuals, a parametric genetic mixture

Table 1 F Statistics per breed over all loci following Weir & Cocker-
ham (1996)

Breed Fst Fit Fs

Turkish Grey 0.3735 03975 0.1861
Hungarian Grey 0.3596 0.3431 —=0.0480
Maremmana 0.3795 03541 -0.0718
Marchigiana 03731 03617 01066
Piemontese 03763 03688 -0.0202

Table 2 Pairwise Fst between breeds estimated as in Weir & Cocker-
ham (1994

Turkish ~ Hungarian

Grey Grey Maremmana  Marchigiana
Hungarian Grey 0.118
Margmmana 0.107 0.124
Marchigiana 0.100 0.107 0.081
Piemontese 0.10% 0119 0.094 0.081
484

L. Pariset ef al_

Table 3 Nei (1972) standard diversity index

Turkish  Hungarian

oTy Grey Grey Maremmana  Marchigiana

Hungarian Grey 0.064

Maremmana 0.063 0.066

Marchigiana 0.070 0.059 0051

Piemontese 0.062 0.069 0056 0.057

analysis implemented in the Strugure 2.0 software
(Pritchard ef al. 2000) was performed. Between two
and six clusters (K wvalues) were tested using the
admixture model, assuming that each individual
does not necessarily have a genetic background orig-
inating from one of the K populations. Consistent
results across runs were obtained.

To identify the optimal K value and hence identify
the most reliable result we applied the methodology
described in Evanno et al. (2005), concluding that 5
was the optimal K.

A graphic representation of the estimated mem-
bership coeffidents to the dusters for each individ-
ual, obtained running structure setting K from 2 to
5, is shown in Figure 1. Each individual is repre-
sented by a single vertical line broken into K col-
oured segments, whose lengths are proportional to
each of the K inferred dusters.

For K = 5 most of the individuals could be unam-
biguously assigned to the five breed clusters. Table 4
demonstrates the proportion of membership of the
five breeds in each of the five clusters. Individuals of
Piemontese and Marchigiana show the highest level
of genetic admixture and could not be differentiated
for K values between 2 to 5. Differentiation within
the Turkish Grey breed is first observed for K = 2,
with 0.23% of the individuals assigned to a separate
cluster before differences at the breed level are
detected. Raising the K value to 5, the Turkish Grey
individuals remain grouped in two distinct popula-
tions (Figure 1).

Discussion

The SNPs used in this study are not a random sam-
ple. However, they do not show to be under selec-
tion and are fairly scattered among all chromosomes
(with exception of 23, 24 and 27; Table 51). A selec-
tion bias may be present because of the small size of
the animal panel used for SNPs discovery. However,
this is a limit common to many studies, even using
larger SNP panels (The Bovine HapMap Consortium
2009). Our panel was composed by eight individuals
belonging to different breeds which are deemed 1o

& 2010 Blackwell Verlag GmbH « I Anim. Breed. Genet. 127 (2010) 481488

25



L. Pariat af o Relationships of Poddic cattle breeds by SHPs genotyping
= £y 5 * L]
K=2
1 1 i
£ ¢ /
§ Vs
L9 e = L3 "
T T =1
K=3
/ / /
- L] 'I'III i Ld
K=4
f fg
L LY
L i T T
K=5
Jd e .

Figure 1 Estemated s
mdvidual & represented
duglers. The predefined groups |reeds) are separated by biack Bnes

Takbile 4 Progpo
each of the fve inferred cusiess

on &l asigrament of individuals of the fve Dreads
rlaned (rom STRUCTURE analysis

Inlemed chsters

Predefned

populatins 1 2 3 4 3
Turkish Gray 0229 0.704 0027 0026 012
Hungaran Gray 0.008 QM3 0247 025 0006
Maremmana 0.003 02 o021 0543 15
Marchigiana 0.008 0.149 0168 0283 0392
Tlemniiess 0 00 0074 M7 il 0Aa73

diverge since many generations (Williams et al
2009) and therefore should indwede a substantial
amount of species variation. Within population vari-
ance estimate (Fis) was positive in Turkish Grey
breed, indicating a significant level of inbreeding.
A value suggesting moderate inbreeding is also
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observed in Marchigiana, The other three breeds
showed wvalues compatible with random mating
Therefore we can anclude that mating strategics
used in Maremmana and Hungarian Grey during the
recovery were appropriate, while a different mating
strategy could be suggested at least in one of the
Turkish Grey populations.

The estimate of Nei's genetic distances show that
Maremmana is more distant from Hungarian Grey
(0.66) than from Turkish Grey (0.63), despite the
recent admixture with the former breed. Marem-
mana is closer to Marchigiana {0.51) than to either
Hungarian Grey or Turkish Grey, Maximum genctic
distances were observed between Turkish Grey and
Marchigiana {0.70) and Hungarian Grey and Pie-
montese {0.62), Data are supported also by pairwise
Fst, showing that Maremmana is doser to Turkish
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Grey (0.107) than to Hungarian Grey (0.124). The
high Fst walues observed in Hungarian Grey
(Table 1) may reflect human selection, a long-time
isplation of the breed. or a limited number of foun-
ders. The last two hypotheses seem more compatible
with the history of the breed.

Frinm the Strugure analysis, already with a K value
of 2 about 174 of the Turkish Grey individuals were
assigned to a scparate group, remaining apart from
the other breeds. This may be anrbutable w the
high level of inbreeding in the population analysed
{Fix 0.19) . Tt must be noticed that Turkish Grey cattle
samples were collected from two distinct popula-
tions: the first raised by breeders of Enez district, the
second belonging to the Bandirma district of Balike-
sit. Raising the K value Maremmana (K = 3), then
Hungarian Grey (K = 4) and finally Marchigiana and
Piemomtese together (K = 5) are assigned to separate
groups, It can be hypothesized that the different
comservation strategics used in Enez district and in
Bandirma district have very different effects on the
genetic asset of the populations, Individuals of Pie-
montese and Marchigiana show the highest level of
genetic admixture, revealing that the genotype dis-
tributions of these two breeds are more similar than
those of the other breeds examined. This is not sur-
prising, in that the two breeds, beside having a dif-
ferent history, underwent spedfic selection for beef
production.

Fronm this analysis, despite their similar morphaol-
ogy, Hungarian Grey and Maremmana are clearly
identificd as gened@lly distinct breeds. This could be
attributed to either a different origin of the breeds or
a comsequence of the recent history, that led to the
selection and probably fixation of genes. The two
breeds were found differentiated on the basis of their
allelic frequencies in a previous study (Valentini
et al. 2006), and this confinms also the morphological
differences reported by Maroti-Agots et al. (2005).

As for the Turkish Grey, we observed interesting
differences between the population raised by breed-
ers of Enez district, where in situ conservation stud-
ies are practised, and belonging to the Bandinma
district of Balikesir, where ex situ conservaton stud-
ies are practised 400 km far away from the original
grey cattle raising area, in the Agriculture Research
farm of Ministry of Agriculture. Turkey is very close
to cattle domestication centre (Edwards ef al, 2007);
therefore, a  higher differentiation is  expected
because the time for drift and distance to domestica-
tion bottleneck and this could explain why one of
the two population results genetically differentiated
for any value of K tested. Besides being raised far

L. Pariget &t al

from the original raising area of Grey cattle, the ex
stu herds of Bandirma are subject to legal and finan-
cial limitation, i.e. farmers are not able o buy new
members, and this leads o increment of inbreeding
and to genetic drift. On the contrary, private farm-
ers, raising the i sitw herds for conservation pur-
poses, avoid inbreeding because of more flexibility in
management decisions. Moreover, the Enez herds
were established 5 years after those of Bandirma, and
this could represent another source of difference.

In conchesion, this study demomstrates that mor-
phology and anecdotic accounts might be deceiving
in describing a population, as it was in the case of
Maremmana and Hungaran Grey, Molecular data
are very suggestive, and the observed genetic differ-
entiation of the breeds may deserve more investiga-
tion. Further analysis could help in tracing an
unbiased picture of past events and provide the basis
for a ratiomal exploitation of livestock, suggesting
appropriate cross-breeding plans based on genetic
distance, or breeding strategies that include the pop-
ulation structure.
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1. INTRODUCTION

The earliest archacozoological evidence of domestic sheep comes from a restricted area of south-western
Asia: modern Iran, Turkey, and Cyprus [1]. A pioneering genetic study examining the karyotypes of the
various species of extant wild sheep [2. 3] showed that domestic sheep derive from the Asiatic moufion
(Ovis orientalis) of Anatolia, western Iran, and southwest Iran. Afterwards, a probable migration of the
Neolithic farmers occurred out of the Near East and across Europe following two main routes, through the
continental heartland up the Danube valley or along the Mediterranean coast [4, 5] crossing the sea to the
major islands. Archaeological data and radiocarbon dates on seeds or bones provide support for an earlier
arrival in Western Europe via the Mediterranean route rather than the “Danubian™ route [6].

Both archaeozoological evidence and genetic evidence indicate that the domestication of wild sheep
occurred 3000-9000 years ago. The first appearance of the remains of domestic sheep in the western part
of Mediterranean Europe. dating approximately 5400 BC, is believed to reflect a rapid spread by sea [7. 8].
The Mediterranean Sea also had a key role in the history of livestock in posteolithic times. when peoples
like Phoenicians, Greeks, Romans, and Berbers probably introduced new species of animals and new breeds
of livestock into southwest Europe by sea. Some settlers may have improved local livestock by importing
stock from overseas [8], which explained the unexpectedly high within-breed diversity in domestic goats [9,
10]. the differential cattle migration along the Mediterranean coast [11]. and the close genetic relationship
between Tuscan and Near Eastern cattle breeds [12]. The role of the Mediterranean Sea as a natural corridor
connecting the South West Europe to the Near East and North Africa is particularly plausible for domestic
sheep and goats that were adaptable 10 various environments and easy to transport due to their size [3].
Subsequently, sheep breeds developed after selective breeding for desirable traits (wool, milk, and meat
production) and environmental tolerance. Since domestication, sheep have established a wide geographic
range due to their adaptability to poor diets and extreme climatic conditions as well as their manageable
size.

The genetic history of sheep has been investigated using three major sources of genomic variation:
autosomes. Y chromosome, and mitochondrial genome. Analysis of the nonrecombining region of the Y
chromosome has revealed patterns of male-mediated introgression during breed development [13, 14]. Re-
cent surveys have tested collections of animals from southern and northern Europe [15] or Europe and the
Middle East [16] using microsatellites and enabled the analysis of genetic partitioning at a continental scale.
Interestingly. southern Furopean breeds displayed increased genetic diversity and decreased genetic differ-
entiation compared to their northern European counterparts. This is consistent with the expectation that
genetic diversity will be maintained high in populations close to the centre of domestication but decreases
with increasing geographic distances. Kijas et al. [17] used a SNP panel to analyse sheep nuclear genome,
providing the indication that breeds cluster into large groups based on geographic origin and that SNPs can
successfully identify population substructures within individual breeds.

A recent study on retrovirus integrations [18] has provided additional information on the introduction
of sheep into Europe, indicating an early arrival of the primitive sheep populations (European mouflons,
North-Atlantic Island breeds) and a subsequent advent of wool producing sheep.

However, most of the information about history and domestication of the species have been gathered
using mtDNA. The existence of multiple mtDNA lineages and their admixture within breeds [3, 19-22]
could be due to multiple domestication events and subsequent human selection or introgression by domestic
and wild species.

Mitochondrial DNA analyses in sheep identified an increasing number of maternal lineages: two
[23-25]. three [20, 26]. and then five [22]. The main haplogroups A and B are both found in Asia, while
B dominates in Europe. Haplogroup C has been found in Portugal, Turkey, the Caucasus, and China [7].
Haplogroup D, present in Rumanian Karachai and Caucasian animals, is possibly related to the haplogroup
A_In contrast to taurine cattle, the sheep haplogroups hardly correlate with geography.

Because of their mode of inheritance, mitochondrial markers are more likely to lead to biased
estimates of species phylogeny [27]. Combining nuclear and mitochondrial markers may help in avoiding
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TABLE 1: Country of origin, breeds, and acronyms used in computations.

Country Breed Acronym
Bardhoka BAR
Albania Ruda RUD
Shkordane SHK
Kalarritiko KAL
Orino ORI
Pilioritiko PIL
Eefalleneas EEF
Lesvos LES
Greece Kymi KM
Karagouniko EAR
Skopelos SKO
Anogeiano ANO
Sfakia SFA
Bergamasca BER
Delle Langhe LAN
Italy Laticauda LAT
Altamurana AIT
Gentile di Puglia GDP

this problem. Nuclear genome evolves five-to-ten times slower than mtDNA: it is contributed by both
parents and its variability is less affected by demographic forces such as bottleneck. Therefore, nuclear
markers can detect more recent genetic events that influence the extant divergence of domestic breeds.
Several studies have demonstrated that the combination of nuclear and mtDNA markers can increase the
information obtained [27-30]. The use of both markers might provide a more accurate and comprehensive
understanding of a species’ history [31]. SNP markers could help in understanding the recent evolutionary
history of domestic animals [10, 32].

We aimed at investigating the geographic distribution of the genetic diversity of sheep breeds in Alba-
nia, Greece. and Italy and to gather information on the migration history of the species. To accomplish that,
we employed sequence data from the mitochondrial D-loop and 27 nuclear loci (SNPs).

2. MATERIALS AND METHODS
2.1. Sampling and DNA Extraction

We focused on sheep breeds of Albania, Greece, and Italy. Samples of the European mouflon were also
included. About twenty unrelated samples per breed were selected. Three animals per flock from 11 farms
spread over the traditional rearing area were sampled. A total of 313 animals from 18 sheep breeds were
analyzed. Breeds, acronyms used, and country of origin of each breed are reported in Table 1. Part of the
samples were obtained from a previous project (Econogene. http://www.econogene.ew/). Blood samples
were collected in EDTA tubes and frozen at —20°C until extraction. Genomic DNA was isolated using
standard procedures. checked for DNA quality on agarose gel and quantified using a DTX microplate reader
(Beckman Coulter) after staining with PicoGreen (Invitrogen).

2.2. Amplification and Sequencing of the Mitochondrial D-Loop

To amplify the partial D-loop of 721 bp. primers described by Tapio et al. [7] were used from 15.541 to
16.261 of the complete sequence described by Hiendleder et al. [33] available in GenBank (NC_001941.1).
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Polymerase chain reaction (PCR) was performed in a total volume of 50 pL containing 20ng of genomic
DNA, 40 pMol of each primer (Sigma-Aldrich), 200 pM dNTPs, 5X PCR buffer. and 5 units of Tag DNA
polymerase (Promega) on a PCR Thermo Cycler (MJ Research). A 5 minutes denaturation step at 95°C
was followed by 14 cycles of denaturation at 95°C for 30 sec, annealing for 30 sec starting at 62°C and
decreasing 0.5°C per cycle and extension at 72°C for 120 sec, then by 20 cycles of denaturation at 94°C for
30 sec. annealing at 55°C for 30 sec and extension at 72°C for 120 sec: the final extension step was carried
out at 72°C for 5 minutes. PCR products were purified through ExoSap-IT (USB Corporation) to remove
residual primers and dNTPs and used as templates for forward and reverse sequencing reactions.

Sequencing was performed using the primers described by Tapio et al. [7] with a CEQ 3800
sequencer using DTCS QuickStart Kit and purifying with Agencourt CleanSEQ 96 (Beckman Coulter),
according to the manufacturer’s instructions. After the optimization of the sequencing protocol. sequencing
was outsourced to Macrogen (http://www.macrogen.conv/). The sequences of D-loop were submitted to
GenBank (accession numbers: JIN184780-TN184900).

2.3. Mitochondrial Sequence Analysis

A fragment of 435 bp, running from 15,541 to 16,261 bp (NC_0019041.1), was selected excluding a central
region rich in tandem repeats (from 15,644 to 15932 bp). mtDNA variations were identified on a total of
313 sequences of 18 breeds analyzed and aligned with BioEdit software [34]. DnaSP 5.00 software [35]
was used to calculate haplotype, sequence variation, average number of nucleotide differences (D). and
average number of nucleotide substitutions (Dxy) per site between breeds. Neighbour-joining tree for all
haplotypes was constructed using Mega version 5 [36]. Analysis of molecular variance (AMOVA) was
performed with Arlequin version 3.11 [37]. Sequences of the same D-loop fragment in wild sheep, pub-
lished by Hiendleder et al. [33], were obtained from GenBank, Ovis vignei arkal (AY091489.1), Ovis
vignei bochariensis (AY091490.1, AY091491.1. and AF039580.1), Ovis ammon collium (AY091492 1),
Ovis ammon nigrimontana (AY 091493 1 and AY091494 1). and used as outgroups in phylogenetic analysis.

Geographic distribution of eigenvectors was performed to investigate population genetic differences
on the basis of their geographic distances. This approach permitted the generation of a synthetic configu-
ration of locations based on the pairwise genetic distances that matched the real geographic configuration.
Principal component analysis (PCA) scores for the first two components, obtained using Nei's 1973 genet-
ic distance, were plotted on a geographic map. As breeds are scattered among several farms, a virtual ge-
ographic entity representing the centroid of each breed on geographic maps was created using WGS84 geo-
graphical coordinates [38]. For a given component, it is a measure of the variance accounted for by that
component. On thematic maps produced with the geographic information system (GIS) Manifold software
package (Manifold System, Version 7, Manifold Net Ltd., Carson City. USA. http://www.manifold net/), all
breeds are thus represented according to a geometric distribution (see Figures 3(a) and 3(b)). Breeds show-
ing high eigenvectors contribute sensibly to the explanation of the variance related to the component
displayed. Classes were elaborated on the basis of the criterion of the natural breaks (Jenks optimization
method). This algorithm reduces the variance within classes and maximizes the variance between classes.
Colour classes were chosen in order to support the distinction between the different categories of behaviours
observed: green: positive contribution; yellow: mntermediary values: red: negative contribution to the compo-
nent displayed.

2.4. Nuclear Polymorphism Analysis

The same 313 sheep belonging to 18 breeds sequenced at D-loop were genotyped with 37 previously de-
scribed SNPs [39]. SNP ascertainment bias was minimised by sequencing target DNA in at least 8 indi-
viduals from different populations. Large-scale genotyping of all animals was performed by outsourcing to
a commercial genotyping campany (http://www Kbioscience co.uk/).

1644

33



TheScientificWorldJOURNAL (2011) 11, 1641-1659

TABLE 2: Sample size per country (n), number of haplotypes observed (Haploty pes), number of polymor-
phic sites, mean number of pairwise differences among sequences (pairwise diff.), haplotype diversity (i),
and nucleotide diversity () are shown.

Country n Haplotypes Polymorphic sites Pairwise diff. h m

Italy 93 62 58 4130 0.978 0.01007
Greece 167 83 73 5934 0.934 0.01469
Albania 53 37 57 3704 0.979 0.02107

Allele frequencies, Nei's estimation of observed and expected heterozygosities (Ho and He, resp.).
were calculated using Fstat 2.93 [40]. Weir and Cockerham’s [41] estimates of F;; per population, F;
per locus, and population pairs were calculated for each locus using Genalex 4.0 [42]. The same software
was used to test deviations from Hardy-Weinberg equilibrium (HWE) for each locus and population and
for locus over all populations: test for conformity with HWE expectations was assessed by calculating the
Chi-squared value.

Correlation between geographic and Nei's 1973 pairwise genetic distances was tested using Mantel
tests (999 permutation) implemented in Genalex 4.0 software [42].

A PCA was performed on the covariance matrix of SNP frequency data to investigate spatial patterns
of genetic variation using GENETIX software [43].

Nei [44] and Reynolds [45] genetic distances between population pairs were calculated using Power-
Marker v3.25 [46].

Geographic distribution of eigenvectors was performed as described above using pairwise genetic
distances [47] calculated on the basis of the selected SNP markers.

3. RESULTS
3.1. Mitochondrial Haplotypes

Ninety-three polymorphic sites and 154 haplotypes were identified from 313 sequences. Relatively high
haplotype diversity was found in all three sampled geographic regions: the largest nucleotide diversity is
present in Albania (0.02107) while the highest number of haplotypes observed is recorded in Greece (33)
(Table 2).

The average number of nucleotide differences and the average number of nucleotide substitutions
per site were used to calculate the genetic distance between breeds. The lowest distance was observed be-
tween Laticauda and Anogeiano (D: 2.357—Dxy: 0.006), while the highest distance was observed between
Bardhoka and Kymi (D: 12.450—Dxy: 0.03) (Table 3).

AMOVA revealed that mitochondrial diversity is mainly distributed within breeds (95.04%) and
only in part among regions (0.90%); low variability was also found among breeds/within regions (4.06%)
(Table 4).

3.2. Phylogenetic Analysis and Haplogroups

The NI tree obtained from mtDNA haplotypes and wild sheep sequences, used as out-group, revealed
three of the five haplogroups described in the literature: A, B, and C (Figure 1). Haplogroup B is the
most frequent among the analyzed samples (89%). while A and C are less common (8% and 3%. resp.).
Greek and Albanian breeds are present in all three haplogroups, while Italian breeds are present only in
haplogroups B and A (Table 5). This is shown also in Figure 2, representing the percentage of occurrence
of each haplogroup in Albania, Greece, and Ttaly.
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TABLE 4: Hierarchical analysis of molecular variance (AMOVA) with 10,000 permutations.

Source of variation Variation (%) Fixation indices [49] P value
Among regions 0.50 ESC: 0.0495 <0.01
Among breeds/within regions 406 F;;: 0.04560 =001
‘Within breeds 95.04 FCT: 0.00503 =0.5
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FIGURE 1: Neighbour-joining tree based on the 154 mtDNA haplotypes, showing differences among
haplogroups and wild sheep (outgroup). Numbers indicate the percentage bootstrap support (10,000 resam-

plings).

3.3. SNP Analysis

A total of 37 SNPs identified as polymaorphic on eighteen sheep breeds selected throughout Europe [39]
were applied to genotype 313 individuals of three Albanian, ten Greek, and five Italian sheep breeds. After
removing those found monomorphic in the selected breeds, 27 SNPs were used for the analysis.

The frequencies of the major alleles ranged from 0.99 for the locus LEP] to 0.538 for the locus IL2_].
Except for CAST_I, LEP1, LEP2, GDFS, and PRNP_I, which show frequencies of the rare alleles of 0.035,
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TABLE 5: Sequences analysed, number of variable sites (# Var), number of haplotypes (Hap), and percent-
age of haplotypes in the haplogroups A, B, or C per breed.

Breed Sequences # Var Hap A B C
BAR 15 43 14 0.07 0.79 0.14
RUD 20 35 15 0.07 0.93 0
SHE 18 42 11 0.09 0.73 0.18
ANO 19 12 7 1] 1 0
KAL 18 18 11 1] 1 0
KAR 20 38 14 0.07 0.93 0
KEF 16 31 11 0.1s3 0.82 0
KIM 3 27 6 033 0.77 0
LES 16 38 13 0.1s 0.85 0
ORI 18 43 13 0.03 0.34 0.08
PIL 15 1 11 1] 1 0
SFA 19 15 11 1] 1 0
SKO 18 27 13 0 1 o
AIT 18 19 11 0 1 0
BER 17 30 12 0.03 0.92 o
GDP 19 32 16 0.06 0.94 0
LAN 20 41 17 0.06 0.94 o
LAT 19 17 13 0 1 0

0.010, 0.020, 0.021. and 0.036, respectively, the remaining SNPs have rare allele frequency of greater than
59%. Observed heterozygosity of all loci ranged from 0.019 (LEPI) to 0.489 ({L2_1), with a mean of 0.250.
Expected heterozygosity of the loci ranged from 0.018 (LEPT) to 0.474 (IL2_1). with a mean of 0.259.

Significant deviations from Hardy-Weinberg equilibrium (HWE) for each locus and population (P
value < 0.01) were observed for nine loci. Locus BMPR was not in HWE in Skopelos breed. Locus
ACVR2B_2 was not in HWE in Bardhoka population. and locus SERPINAZ was not in HWE in Karagouniko
population. Loci ZP2 and KRTAP6 were not in HWE in Altamurana. PRNP_] was not in HWE in four
Italian breeds: Bergamasca, Delle Langhe, Gentile di Puglia, and Laticanda. CSN3 was not in HWE in
Ruda, Skopelos. and Bergamasca populations; KRT7 in Delle Langhe. Laticauda, and Karagouniko: GHR
in Karagouniko and Laticauda.

F;; per population ranged from —0.102 (Shkordane) to 0.276 (Altamurana) with a mean of 0.033 (P
value = 0.00010 on 9720 randomisations).

The analysis of population differentiation revealed an overall Fy, of 0.048, that is. 4.8% of allelic
variation accounted across breeds and 95.2% within breeds. Weir and Cockerham’s [41] estimate of F, per
locus ranged from 0.0132 (/L2_2) to 0.098 (DESMIN_2), with a mean of 0.047.

Both Nei's [44] and Reynolds’ [45] genetic distances were calculated (Table 6). The distances range
from 0.022 (Ruda-Karagouniko) to 0.253 (Sfakia-Gentile di Puglia) using Reynolds® distances and from
0.008 (Ruda-Karagouniko) to 0.096 (Gentile di Puglia-Anogeiano) using Nei's distances. Both indices
indicate Ruda and Karagouniko as the breeds with the minimun pairwise distance and show the maximum
distances between the Italian breed Gentile di Puglia and Anogeiano, Karagouniko, Kefalleneas, Kymi,
Lesvos, Pilioritiko, Sfakia, Skopelos, and Bergamasca breeds. The Mantel test showed correspondence
between geographic and genetic distances with a P =0.04.
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3.4. PCA on SNPs

Genetic relationships were also explored by means of PCA. To examine the overall pattern of population
differentiation, we considered the first three axes, which cumulatively explained 48.87% of the total inertia
contained in the data set (Figure 4). From PCA, it can be seen that the some breeds are quite differentiated,
with good correspondence to geographical locations, even if SNPs were few (4 of the 5 Italian breeds are
well separated from the main cluster). Particularly, a differentiation between northern Italian (Bergamasca
and Delle Langhe) and southern Italian (Gentile di Puglia, Altamurana, and Laticauda) breeds can be seen.
The projection of loci in the space formed by the first three principal components (data not shown) shows
that the differentiation of outlying breeds is caused by a small number of SNPs: the Delle L anghe population
is mainly affected by alleles in the MSTN gene along the second component.; the Skopelos breed position
in the graph is affected by alleles in the PRP gene and the Laticauda breed (lesser) differentiation is mainly
due to alleles in the CALPA and LEP genes.

PCA scores calculated on mtDNA marker for the first 2 components were plotted on a geographic
map, using the centroids of the sampling area of each breed (Figures 3(a) and 3(b)). The highest eigenvector
contribution (coloured in green) was observed for Albanian and Greek breeds. as expected, even if four
breeds show unexpectedly low diversity.

As for mtDNA analyses, the results of the PCA based on SNPs data were also used for making
inferences about population genetic differences on the basis of their geographic distances. PCA scores for
the first two principal components were plotted on a geographic map, using the centroids of the sampling
area of each breed (Figures 3(c) and 3(d)). The line separating the map in two regions shows the isoline for
an eigenvalue of 0. RUDA breed is an exception showing an eigenvalue above 0 but located in an area where
all other breeds show lower eigenvalues. In accordance with the domestication history of the species, genetic
diversity was higher in south-eastern populations than in north-western populations. The first component of
Figure 3(c), in fact, shows a regular loss of genetic diversity towards North West.

4. DISCUSSION

Agriculture arose mainly within the distribution range of the wild ancestors of the most valuable livestock,
such as the Fertile Crescent of southwest Asia, where early farmers were able to outcompete local hunter-
gatherers. Once livestock slowly spread northwest across Europe. farming also shifted northwest from the
Fertile Crescent to areas where farming had never arisen independently—first to Greece, then to Italy, and
finally to northwest Europe [50]. Therefore. today the most productive farming zones do not correspond to
those most productive in the past. Then, founder effect, genetic drift, and natural or artificial selection led
to the formation of distinct breeds or varieties [51].

We therefore focused on the analysis of sheep of three countries aligned on this route. to evidence
signs of migration. Geographical isolation. natural and artificial selection for physical or productive charac-
ters, genetic drift. mutations, and interpopulation gene flows have altered gene frequencies over many gener-
ations. The genetic diversity within and across breeds and species forms the basis of our current animal ge-
netic resources for food production and other purposes.

The nature of the markers used for the analysis can affect the detection of geographical structuring,
as suggested by Naderi et al. [52]. In fact. mtDNA informativeness is limited because it does not detect
male-mediated gene flow and does not predict the nuclear genomic diversity [53]. Moreover, results may
be affected by phenomena such as homoplasy, incomplete lineage sorting, effective population sizes, and
sex-biased dispersal [27]. By combining markers with different modes of inheritance and rates of evolution
this bias can be minimized [54].

Our mtDNA analysis shows higher levels of sheep nucleotide diversity in the South-East, which is
congruent with data reported in the hterature [22] and congruent with the proximity to the domestication
centre. This is confirmed by eigenvector analysis, which showed high contribution to variance by Albanian
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FIGURE 2: Geographical distribution of haplogroups, circles are proportional to the number of samples.
{green: haplogroup A; purple: haplogroup B; red: haplogroup C).

and Greek breeds. even if four breeds show unexpectedly low diversity. However. this behaviour can be
explained by recent isolation or selection for some traits that reduced the overall genetic diversity through
bottleneck.

Very high haplotypes diversity was found in all three regions analysed (greater than 0.9), in agree-
ment with previously published works on Portuguese breeds [9]. Indian breeds [55]. and Balkan sheep [56].
The major mitochondrial variation is distributed within breeds (95.04%), while it is lower among regions
(0.90%) and among breeds within regions (4.06%). Phylogenetic methods were employed to examine the
evolutionary history of the 18 breeds. Neighbour-joining and median-joining network revealed three of the
described haplogroups, A, B. and C. The mouflon shares a haplotype with domestic sheep, as previously
reported by Hiendleder et al. [33].

The SNP analysis revealed a rare allele frequency <5% for LEPT and LEP2 loci. in agreement with
those observed on a different European breed panel by Pariset et al. [39]. Observed and expected mean heter-
ozygosity also showed similar values to those reported in the same paper. Expected heterozygosity values,
which can indicate response to selection, are higher than observed heterozygosity values (Hs 0.063, 0.07.
and 0.042; Ho 0.052, 0.06, and 0.038 in CALPA, PRNP-1, and GDFS, resp.).

Among the breeds tested, Altamurana showed the highest Fjs value suggesting the inbreeding in this
population.

Regarding the phylogeographic structure we found that the 95.2% of variation occurred within breeds
indicating the weak phylogeographic structure in sheep. These data are consistent with those previously
published by Kijas et al. using a different SINP panel [17]. Sheep generally do not have a strong geographic
structure and show a high genetic variability within breeds.

Anyway, Mantel test analysis using SNPs revealed a correlation between genetic and geographic
distance. The possibility to assess the presence of a geographic component in genetic diversity using SNPs
was already reported in previous studies on sheep [39] and goats [10, 57, 58].

In the PCA. the breeds appear differentiated with 48.9% of the variance explained by the first three
principal components. Also this analysis shows a good correspondence to geographical locations: the breeds
remaining separated by the main group are all Italian. PCA supports therefore a westward route to Italy that
could indicate that transport of animals made by sea as already proposed for cattle [11, 12] and goats [8. 59].
This is particularly plausible because small sized species as sheep are easy to transport during migration
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@)

FIGURE 3: First (a) and second (b) components of eigenvectors spatial distribution calculated on mtDNA
marker and first (¢) and second (d) components calculated on SNPs markers. Background image is
GTOPO30, a global digital elevation model (DEM) with a horizontal grid spacing of 30 arc sec-onds
(approximately 1kilometer) produced by the U.S. Geological Survey's Center for Earth Resources Obser-
vation and Science (EROS). The line in the map (c) shows the isoline for an eigenvalue of 0. It appears on
panel C only because this is the only geographical configuration for which a limit is so obvious. The circle

around the RUDA breed shows an isoline for the eigenvalue of 0.03. 1653
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FIGURE 4: PCA analysis of the breeds assessed by SNP markers. The first three axes, cumulatively ex-
plaining 48.87% of the total inertia, were considered.

and commercial trade and can adapt easily to various environments [53, 60, 61]. A similar decrease in ge-
netic diversity as well as an increase in the level of differentiation at the breed level from South-East to
North-West in European sheep breeds, supporting the hypothesis of livestock migration from the Middle
East towards western and northern Europe, was found by Peter et al. [16] and Lawson Handley et al. [15],
using other nuclear markers.

The formulation of the modern breed concept during mid-1300s has caused remarkable changes
in the livestock sector: large-scale production expanded and its application to breeding and husbandry
practices led to the formation of well-defined breeds that were exposed to intense anthropogenic selection.
The differentiation of three breeds observed using PCA analysis could be related to a recent selection, which
appears to be linked to CALPA (Laticauda), PRNP_I (Skopelos), and GDF8 (Delle Langhe) SNP markers.
Gentile di Puglia breed seems influenced by both CALPA and GDFS. In particular, these two genes have an
effect on conformation and therefore are an easy target of selection. Other SNPs related to meat traits were
found potentially under the effect of selection and apparently not associated with production attitude of the
breeds [58].

5. CONCLUSIONS

We employed mtDNA and nuclear SNPs to investigate the genetic diversity of sheep breeds of three coun-
tries of the Mediterranean basin: Albania, Greece, and Italy. Our results showed significant genetic differ-
entiation among the sheep breeds, supported by mtDNA and by SNP. The differentiation identified by
nuclear markers could indicate a reduced gene flow due to geographical isolation, associated with different
flocks management, or an effect of the introduction of different stocks centuries ago (cf Figure 3(d),
showing the 2nd dimension geographic distribution of eigenvectors). In general, D-loop sequence analysis
shows a pattern reflecting migrations that occurred in postneolithic and historical times, with the most
divergent mtDNA lineage occurring in the southern breeds, as shown in Figure 2 and Table 5. PCA on
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SNP data differentiated breeds with good correspondence to geographical locations. It is interesting that the
correlation between genetic and geographic distances revealed using nuclear SNPs was not confirmed by
mtDNA, for which Mantel test was not significant. Our results seem to indicate a better correlation between
geographic distances and autosomal markers.
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3. Conclusion

After the domestication and during the colonization of Europe, part of cattle and sheep
biodiversity was lost, due to genetic drift and bottlenecks that have acted during the migration and
subsequent expansion of populations. Also, a series of secondary migrations have accompanied
human migrations in history. Subsequently geographical isolation that limited gene flow between
groups of animals and environmental and human-induced selection, resulted in populations with
different characteristics, adapted to extreme environments, and specific capacities for the
production of milk, meat or fiber. Over the last two centuries many of these populations have been
gradually standardized for several morphological and productive traits, more subject to selective
pressure and isolated from the reproductive point of view. This process led to the formation of the
breeds we know today and the fragmentation of the genetic variability of indigenous populations.

Through the analysis of the molecular markers it possible to identify the genetic variability
within and between modern breeds and this is crucial for decision-making on the overall theme of
conservation.

In the article “Polymorphisms within the Toll-Like Receptor (TLR)-2, -4 and -6 Genes in Cattle”,
nucleotide sequences of bovine TLR2, TLR4 and TLR6 genes were screened to identify novel
SNPs that can be used in studies of cattle resistance to diseases. Toll-like Receptors play an
important role in the recognition of components of pathogens (PAMPs, Pathogen Associated
Molecular Patterns) and subsequent activation of the innate immune response, which then leads to
development of adaptive immune responses. In total eight SNPs were identified, three in TLR2,
three in TLR4 and two in TLR6 and were deposited in NCBI dbSNP. These three genes are very
important because they could be involved in immune response against various bovine diseases. In
fact, TLR2 and TLR6 are critical in the immune response against Gram positive bacteria, TLR4
against Gram negative bacteria and virus. The polymorphisms in TLRs may reduce the ability of the
protein to recognise ligands, particularly a non-synonymous SNP identified in TLR6 gene is very
interesting because it causes an amino acid substitution (Asp«<> Asn).

Furthermore, the SNPs characterization was performed by analysing a conspicuous number of
individuals from 16 European breeds, and the main statistics were calculated. Even if from our
analysis the SNPs do not appear located in loci under selection, a deviation of three SNPs from
Hardy Weinberg equilibrium was observed. We hypothesize that some of the polymorphisms were
fixated many generations ago within breed and the coalescent model could not be powerful enough
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to reveal selection events so far in the past. It would be interesting to apply a more powerful model
to confirm the absence of selection in the SNPs and their suitableness as neutral markers.

Also, distance based phylogenetic analysis was used to describe the relationships between breeds
regarding the investigated TLRs. The lowest distance values are observed between Charolais and
Asturiana de los Valles (0.002), while the highest distance is observed between Highlands and
Jersey (0.117). Furthermore, the Jersey breed results very distant from all the other breeds of Great
Britain, confirming the results obtained by AFLP and suggesting isolation within the Jersey island
as the major cause of distinctiveness (Negrini et al., 2007). Indeed, Nei distances show that the
highest genetic diversity observed in the geographically isolated breeds: it is suggestive (Figure 2)
that the breeds of Great Britain (Aberdeen Angus, Highlands, South Devon and Jersey), using the

analysed polymorphisms, are distributed accordingly to their geographic provenience.

In the paper “Relationships between Podolic cattle breeds assessed by single nucleotide
polymorphisms (SNPs) genotyping”, the relationship among the analysed Podolic breeds was
examined and it was checked whether they genetic state reflect their history. Podolic cattle include a
very ancient group of breeds, considered to be straight descendant from the Auroch (Bos
primigenius). Podolic breeds are present in various European areas, and many of them are seriously
endangered of extinction. Hungarian Grey, Maremmana and Turkish Grey belong to the same
Podolic group of cattle and show similar external conformation. These breeds recently underwent a
similar demographic reduction. After World War 11, in Hungarian Grey inbreeding was avoided by
using a rotational mating scheme based on six local Hungarian Grey sires, two imported sires of the
same breed and three Maremmana sires introduced during the early 1970s. All three of these breeds
face risks for their future survival because of inbreeding, indiscriminate crossbreeding and
substitution with cosmopolitan more productive breeds.

Ninety-nine SNPs, selected from a previously characterized panel of 701 SNPs in candidate genes
for meat quality (Williams et al., 2009), were genotyped on individuals belonging to the three
Podolic breeds as well as on individuals of two Italian beef breeds, Marchigiana and Piemontese,
which have different selection and migration histories, and were chosen as example of unrelated
breeds. The SNPs used in this study, being located in genes involved in meat traits, are not a
random sample. However, they do not show to be under selection and are fairly scattered among all
chromosomes (with exception of 23, 24 and 27).

Within population variance estimate (Fis) was positive in Turkish Grey breed, indicating a
significant level of inbreeding. A value suggesting moderate inbreeding is also observed in
Marchigiana. The other three breeds showed values compatible with random mating. Therefore we
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can conclude that mating strategies used in Maremmana and Hungarian Grey during the recovery
were appropriate, while a different mating strategy could be suggested at least in one of the Turkish
Grey populations. The estimate of Nei’s genetic distances show that Maremmana is more distant
from Hungarian Grey (0.66) than from Turkish Grey (0.63), despite the recent admixture with the
former breed. Maremmana is closer to Marchigiana (0.51) than to either Hungarian Grey or Turkish
Grey. Maximum genetic distances were observed between Turkish Grey and Marchigiana (0.70)
and Hungarian Grey and Piemontese (0.62). Data are supported also by pairwise Fst, showing that
Maremmana is closer to Turkish Grey (0.107) than to Hungarian Grey (0.124). The high Fst values
observed in Hungarian Grey may reflect human selection, a long-time isolation of the breed, or a
limited number of founders. The last two hypotheses seem more compatible with the history of the
breed.

From this analysis, despite their similar morphology, Hungarian Grey and Maremmana are clearly
identified as genetically distinct breeds. This could be attributed to either a different origin of the
breeds or a consequence of the recent history, that led to the selection and probably fixation of
genes. The two breeds were found differentiated on the basis of their allelic frequencies in a
previous study (Valentini et al. 2006), and this confirms also the morphological differences reported
by Maroti-Agots et al. (2005). As for the Turkish Grey, we observed interesting differences
between the population raised by breeders of Enez district, where in situ conservation studies are
practised, and belonging to the Bandirma district of Balikesir, where ex situ conservation studies are
practised 400 km far away from the original grey cattle raising area, in the Agriculture Research
farm of Ministry of Agriculture. Turkey is very close to cattle domestication centre (Edwards et al.
2007); therefore, a higher differentiation is expected because the time for drift and distance to
domestication bottleneck and this could explain why one of the two population results genetically
differentiated for any value of K tested. Besides being raised far from the original raising area of
Grey cattle, the ex situ herds of Bandirma are subject to legal and financial limitation, i.e. farmers
are not able to buy new members, and this leads to increment of inbreeding and to genetic drift. On
the contrary, private farmers, raising the in situ herds for conservation purposes, avoid inbreeding
because of more flexibility in management decisions. Moreover, the Enez herds were established 5
years after those of Bandirma, and this could represent another source of difference.

In conclusion, this study demonstrates that morphology and anecdotic accounts might be deceiving
in describing a population, as it was in the case of Maremmana and Hungarian Grey. Molecular data
are very suggestive, and the observed genetic differentiation of the breeds may deserve more
investigation. Further analysis could help in tracing an unbiased picture of past events and provide
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the basis for a rational exploitation of livestock, suggesting appropriate cross-breeding plans based
on genetic distance, or breeding strategies that include the population structure.

In the paper “Genetic Diversity of Sheep Breeds from Albania, Greece, and Italy Assessed by
Mitochondrial DNA and Nuclear Polymorphisms (SNPs)”, we employed mtDNA and nuclear SNPs
to investigate the genetic diversity of sheep breeds of three countries of the Mediterranean basin:
Albania, Greece, and Italy. 154 mtDNA haplotypes were detected by means of D-loop sequence
analysis in 313 animals from 18 sheep breeds and relatively high haplotype diversity was found in
all three sampled geographic regions. Phylogenetic analysis revealed haplogroups A, B and C in
Albanian and Greek samples, while Italian individuals clustered in haplogroups A and B.
Furthermore, the same sheep sequenced at D-loop were genotyped with 37 previously described
SNPs (Pariset et al., 2006). After removing those found monomorphic in the selected breeds, 27
SNPs were used for the analysis.

The nature of the markers used for the analysis can affect the detection of geographical structuring,
as suggested by Naderi et al., 2007. In fact, mtDNA informativeness is limited because it does not
detect male-mediated gene flow and does not predict the nuclear genomic diversity (Bruford et al.,
2003). By combining markers with different modes of inheritance and rates of evolution this bias
can be minimized (Hewitt 2004). Our mtDNA analysis shows higher levels of sheep nucleotide
diversity in the South-East, which is congruent with data reported in the literature (Meadows et al.,
2007) and congruent with the proximity to the domestication centre. This is confirmed by
eigenvector analysis, which showed high contribution to variance by Albanian and Greek breeds,
even if four breeds show unexpectedly low diversity. However, this behaviour can be explained by
recent isolation or selection for some traits that reduced the overall genetic diversity through
bottleneck. The SNP analysis revealed a rare allele frequency <5% for LEP1 and LEP2 loci, in
agreement with those observed on a different European breed panel by Pariset et al., 2006.
Observed and expected mean heterozygosity also showed similar values to those reported in the
same paper. Expected heterozygosity values, which can indicate response to selection, are higher
than observed heterozygosity values (Hs 0.063, 0.07, and 0.042; Ho 0.052, 0.06, and 0.038 in
CALPA, PRNP-1, and GDFS8, resp.). Among the breeds tested, Altamurana showed the highest Fis
value suggesting the inbreeding in this population. Regarding the phylogeographic structure we
found that the 95.2% of variation occurred within breeds indicating the weak phylogeographic
structure in sheep. These data are consistent with those previously published by Kijas et al., 2009
using a different SNP panel. Sheep generally do not have a strong geographic structure and show a
high genetic variability within breeds.
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In the PCA, the breeds appear differentiated with 48.9% of the variance explained by the first three
principal components. Also this analysis shows a good correspondence to geographical locations:
the breeds remaining separated by the main group are all Italian. PCA supports therefore a
westward route to Italy that could indicate that transport of animals made by sea as already
proposed for cattle (Pellecchia et al., 2007), and goats (Cafién at al., 2006). This is particularly
plausible because small sized species as sheep are easy to transport during migration and
commercial trade and can adapt easily to various environments. A similar decrease in genetic
diversity as well as an increase in the level of differentiation at the breed level from South-East to
North-West in European sheep breeds, supporting the hypothesis of livestock migration from the
Middle East towards western and northern Europe, was found by Peter et al., 2007, and Lawson
Handley et al., 2007, using other nuclear markers.

To finish, D-loop sequence analysis shows a pattern reflecting migrations that occurred in post
Neolithic and historical times, with the most divergent mtDNA lineage occurring in the southern
breeds. PCA on SNP data differentiated breeds with good correspondence to geographical locations.
It is interesting that the correlation between genetic and geographic distances revealed using nuclear
SNPs was not confirmed by mtDNA, for which Mantel test was not significant. Our results seem to

indicate a better correlation between geographic distances and autosomal markers.

To conclude, the study of molecular markers in livestock is very important for the future. In fact,
the biodiversity conservation of farm animals is universally recognized as a challenge for the next
years. The genetic diversity is a key resource to allow adaptation of the species to rapidly changing
climatic conditions, for the survival of the species to the attack of new pathogens, to address the
improvement genetic selection towards new goals and ultimately to ensure adequate food for future
generations. The local breeds, in addition to being an invaluable reservoir of genetic variability, also
play a social-ecological and cultural role relevant to land conservation, rural communities and their

traditions
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