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SUMMARY 
 

[ENGLISH] The analysis of the variability of the uniparentally transmitted genetic systems, as the 

mitochondrial DNA (mtDNA) and the non-recombining region of Y chromosome (NRY), is 

considered a useful tool to study evolutionary processes. In the present PhD Thesis both haploid 

systems were analyzed in different organisms by a phylogenetic and phylogeographic approaches. 

In the first part, the variability of mtDNA has been analyzed in domestic Horse. In particular, two 

Sardinian native breeds -the Giara and Sarcidano horse- were studied in order to determine their 

genetic structure and phylogenetic history by a comparison in a global framework. The project 

regarding the creation of a new informatics tool- HapSign Software- to assign mtDNA haplotypes is  

also reported with the first results of application in horse breeds. The second part encompasses a 

study focused on the mtDNA variation of a Sardinian endemic genus of Carabidae (Coleoptera) of 

the subterranean fauna, with the aim to establish the phylogenetic relations among species already 

known and potentially new ones, coming from some Sardinian caves. Finally, some studies about 

mtDNA and Y chromosome variation in human populations were conducted; the first one concern 

the high resolution phylogeny of the NRY of Sardinian population by the sequencing of a large 

portion of Y chromosome. The other studies has been focused on Italian and African populations in 

order reconstruct their history from a genetic perspective.  
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RIASSUNTO 
 

 [ITALIAN] L’analisi della variabilità del DNA mitocondriale e del cromosoma Y è considerata 

uno strumento utile nello studio dei processi evolutivi. Nella presente tesi di dottorato, entrambi i 

sistemi aploidi sono stati analizzati, con un approccio filogenetico e filogeografico. Nella prima 

parte la variabilità del mtDNA è stata analizzata negli Equidi domestici. In particolare sono state 

studiate due razze equine native della Sardegna –il cavallo della Giara e del Sarcidano- al fine di 

determinare la struttura genetica e la storia delle due razze da un punto di vista filogenetico, 

confrontandole in un contesto globale. E’ stato inoltre riportato un progetto riguardante la creazione 

di un nuovo Software HapSign, per assegnare gli aplotipi del mtDNA e i primi risultati di 

applicazione nelle razze equine. La seconda parte riguarda uno studio sulla variabilità del mtDNA 

in un genere endemico della Sardegna appartenete ai Carabidae (Coleoptera) appartenente alla 

fauna ipogea, al fine di stabilire le relazioni filogenetiche tra specie note e potenzialmente nuove di 

alcune grotte sarde. Infine, sono stati condotti alcuni studi sulla variabilità del mtDNA e del 

cromosoma Y nelle popolazioni umane; il primo riguarda la filogenesi ad alta risoluzione della 

NRY nella popolazione sarda, attraverso il sequenziamento di una larga porzione del chromosoma. 

Gli altri studi hanno riguardato popolazioni italiane e africane al fine di ricostruire la loro storia dal 

punto di vista genetico. 
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INTRODUCTION. 

The analysis of the variability of the uniparentally transmitted genetic systems, as the mitochondrial 

DNA (mtDNA) and the non recombining region of Y chromosome (NRY), is considered a useful  

tool to study evolutionary processes.  

Due to their peculiar inheritance way, the mitochondrial genome and the NRY, matrilineal and 

patrilineal respectively, are not subject to recombination event during meiosis. As a primary 

consequence, they pass unaltered through generations, except for the occurrence of mutational 

events, which represent the only source of new variation. As a secondary consequence, the occurred 

mutations may accumulate sequentially along maternal and paternal lineages over time. In addition, 

the analysis of variability of haploid genetic systems by an adequate number of mutations, which 

should be more precisely defined as stable polymorphisms, could allow the reconstruction of the 

phylogenetic relationships among lineages. Once identified groups of lineages (haplotypes) closely 

related (haplogroups), sharing mutational patterns derived from a common ancestor, it is possible to 

study the diversification/ramification process along time on the constructed phylogenetic trees. On 

the bases of the reconstructed phylogenies it is also possible, going backward along the lineages, to 

reach the Most Recent Common Ancestor (MRCA), under neutrality conditions. Applying a valid 

calibration method to the molecular-clock and defining the phylogenetic rate of mutational events, 

the MRCA and the clades could be located in a temporal framework. In some cases, as in the well 

known case of human populations, it is evident that the haplogroups are not geographically random 

distributed. By the application of the phylogeographic approach it is possible to study the genetic 

variation in space or, in other words, to locate the phylogenies in a geographical framework. These 

characteristic properties could finally help to make inferences on the evolutionary history of 

populations or of any other taxonomic level. 

In the last decades, several studies based on mtDNA and NRY has been conducted to address a 

wide range of issues in the evolutionary research field. Beside such kind of specific studies, it is 

becoming more and more frequent the use of the unilinear transmitted genetic systems in other 

biological related fields as forensic genetics (Gurney et al. 2010; Caniglia et al. 2013), health 

sciences (Achilli et al. 2011; Dowling 2013), molecular ecology (Warmuth et al. 2013) and 

conservation genetics (Alvarez et al. 2012), just to cite the most relevant ones. In the general 

context of the increasing interest for the haploid molecules, mitochondrial DNA is by far the more 

studied. In fact, from a certain point of view, the mtDNA can offer a major number of advantages 
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that, regarding animals, could be summarized as follow: it is a small circular molecule, in general 

about 15-20 kilo base pairs (bp) long; it is constituted by a coding region, poor of introns, carrying 

37 genes in the majority of taxa (22 tRNA, 2 rRNA and 13 sub-units of the oxidative 

phosphorylation chain), and a control region called displacement loop (d-loop) of about 1200 bp. 

This last one is composed by two hypervariable segments (HVS) called HVS-I and HVS-II; it is 

present at a very high number for cell and shows an evolutionary rate higher than nuclear DNA. As 

expected for any genome portion, the mutation rate is not constant along the molecule, being 

actually faster in HVS and particularly in HVS-I, which offers a higher number of polymorphisms. 

Mainly for this last reason, several studies are based on HVS-I variation. Anyway, a higher 

mutations rate imply a higher rate of reversion and mutational hot spots; as consequence, it is 

expected a higher number of recurrent mutations occurring in lineages not phylogenetically related. 

Moreover, depending on the aim of the study and the taxonomic level considered, should be take 

into account that the amount of variation observed under a too fast mutation rate could represent a 

short time frame in order to highlight the deep clades of the inferred phylogenetic trees. This effect 

could also makes the signal of phylogeographic structure too weak to be revealed. For all these 

reasons the general tendency in this field has been to couple the d-loop sequence by more stable 

genetic markers of the coding region and, subsequently, to keep information from the whole 

mitochondrial genome sequence. In the last years, thanks to technical advances of sequencing 

methods as Next-Generation Sequencing (NGS), accompanied by the decreasing of costs, the 

number of organisms whose complete mtDNA sequence has become available is dramatically 

increased. The re-sequencing approach of both mtDNA (Torroni et al. 2006; Behar et al. 2006; Pala 

et al. 2012) and NRY (Wei et al. 2012; Poznik et al. 2013; Francalacci et al. 2013) is giving 

important results in human evolutionary studies and more recently even in animal genetics 

(Bonfiglio et al. 2011; Achilli et al. 2012; Gazave et al. 2013). Anyway, in the field of animal 

genetics beside this approach we can still observe a variety of studies laying at different stages, 

regarding the exploration of the potential applications of unilinear systems variation analysis. In this 

framework, the d-loop variation is still the most analyzed in intraspecific analysis but could be 

interesting to report how also other fragments of the coding region of the mtDNA are largely used. 

The proposal of the DNA Barcode system to identify animal taxa done by Hebert and collaborators 

(2003) has led to the accumulation of a large amount of sequences of a short fragment of the first 

sub-unit of the Cytochrome c Oxydase gene (COI). The spread of COI fragment analysis, is not 
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only limited to the barcoding framework, but it represents a signal of an important change in 

systematic and taxonomic methodologies. In fact, the molecular data are even more frequently used 

to integrate biological, morphological, ecological and other kind of data by the use of a 

multidisciplinary approach. The fragments of COI gene, sometimes combined with other 

mitochondrial or nuclear genes, is largely being studied in various phyla, at different taxonomic 

levels, ranging from the resolution of phylogenies and biogeography patterns or the recognition of 

morphological cryptic species, to revealing the connectivity of populations by a phylogeographic 

perspective (Dailianis et al. 2011; Ribera et al. 2010; Sanna et al. 2013).  

In the described composite picture, it is relevant to note that the investigation based on unilinear 

systems variation of domestic animals is rapidly following the wake of human population 

evolutionary approach. In fact, beside the huge accumulation of mtDNA HVS-I sequences, the new 

assemblies and re-sequencing of complete mitochondrial genomes of an increasing number of 

samples became prevalent in the last few years. As is occurred in human populations molecular 

studies, data on Y chromosome markers is being discovered with a certain delay but this is likely 

related to the intrinsic characteristics of the two molecules, as reported above (Lindgreen et al. 

2004; Brandariz-Fontes et al. 2013). Anyway, the main reasons of the progress made are probably 

related to the growing interest in domestic species due to their strength relationships with humans. 

Starting from the Neolithic revolution, the worldwide development of human societies was strongly 

dependent on domestication dynamics of livestock species. The study of these events could improve 

the knowledge on human history, giving a parallel view of human population dynamics too. 

Presently, the importance of domestic animals it was also referred claiming they represent a 

relevant source of biodiversity to preserve for the future. Therefore, it was emphasized the 

importance of the knowledge of the genetic structure of native breeds, particularly if reared in 

traditional way, in order to identify the correct conservation strategies (Medugorac et al. 2009; 

Groeneveld et al. 2010; Lenstra et al. 2012 ).  

In the present PhD Thesis the following main research topics has been addressed: the first part is 

related to the analysis of mitochondrial DNA variation in the domestic species of the genus Equus, 

particularly in Equus caballus (E. caballus), while the second part concern the analysis of 

uniparentally transmitted genetic systems in other species of phylogenetic interest.  

Regarding the first part, the variability of mtDNA has been analyzed in the Italian Giara and 

Sarcidano horse breeds. They are two native breeds from Sardinia Island which are recognize as  
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breeds with limited diffusion and thus considered important to preserve. The study was conducted 

order to determine the genetic structure of the two breeds and their phylogenetic history in a global 

framework, represented by other native horse breeds of the “Old World” (Chapter 1).  

Within the same part a second study, reported as work in progress, has been projected and carried 

out in order to obtain a new automatic tool, which could allow a rapid and accurate assignation of a 

query mitochondrial haplotype to its haplogroup. This Software would be apply especially to 

mtDNA analysis of domestic animals. At this stage, the validating tests of the method are carrying 

in Equus caballus, considered as model due to the well definite phylogenesis of mtDNA 

haplogroups in horse breeds (Chapter 2).  

The second part encompass one study focused on the mitochondrial variation of a Sardinian 

endemic genera of Carabidae (Coleoptera) of the subterranean fauna (Chapter 3) and some studies 

about mtDNA and Y chromosome variation in human populations (Chapter 4). 

The ongoing study about the Carabidae of the Ovobathysciola genus of the Leptodirini tribe (family 

Leiodidae), has been analyzed by the means of the 3’-end of COI sequence variation. The mtDNA 

analysis has been done to establish the phylogenetic relations among species already known and 

potentially new ones, of various Sardinian caves. The integration with the morphological data will 

allow to establish the phylogenetic position of each species with more precision and to clarify their 

complex biogeographic pattern. 

The studies about human populations can be subdivided in two sections. The first one concern the 

high resolution phylogeny of the NRY, also called male-specific portion of Y chromosome (MSY) 

of Sardinian population. This study has been designed to attempt to overcome the limits of the 

phylogenetic resolution of the Y chromosome tree of human populations, related to the analysis of a 

limited numbers of markers and samples. A large portion of Y chromosome has been analyzed in 

about 1200 Sardinian males Y chromosome by a NGS technology. In addition, the use of a 

phylogenetic rate was applied to dating estimates to calculate the putative age of the nodes of the 

inferred parsimony tree and of the MRCA of human populations (Paragraph 4.1). The second one 

concern some studies that has been focused on a regional scale. A wide set of mtDNA and MSY 

markers has been analyzed in order to update and to improve the knowledge of Italian populations 

history by a uniparental markers point of view. The presence of a sex-biased structure has been also 

investigated (Paragraph 4.2). The mtDNA variation has been used to better reveal the genetic 

structure of populations from Eastern Africa in relation to the complex linguistic pattern of the 
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region (Paragraph 4.3). The combined analysis of patrilineal markers, genetic and cultural as the 

NRY and the surnames, has been applied to infer the recent history of an Italian population of a 

microgeographic area in the Upper Savio Valley (Central Appennines) (Paragraph 4.4). 

The variation of both mtDNA and NRY has been investigated in phylogenetic distant organism at 

an intra- and interspecific level. The different contexts of each study, even in terms of kind and 

quantity of markers used and methods, could allow making a comparison of the informative power 

of the analyzed genetic systems. 

All the specific aims of the carried studies can be unified in the overall purpose to analyze the 

information contained in these small portions of the genome, as preferential windows opened over 

the past, to improve the knowledge of the evolutionary history of species. 
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CHAPTER 1 

Mitochondrial DNA lineages of Italian Giara and Sarcidano horses 
 

Running title: mtDNA lineages in Sardinian horses 
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ABSTRACT 

 

Giara and Sarcidano are 2 of the 15 extant native Italian horse breeds with limited dispersal 

capability that originated from a larger number of individuals. The 2 breeds live in two distinct 

isolated locations on the island of Sardinia. To determine the genetic structure and evolutionary 

history of these 2 Sardinian breeds, the first hypervariable segment of the mitochondrial DNA 

(mtDNA) was sequenced and analyzed in 40 Giara and Sarcidano horses and compared with 

publicly available mtDNA data from 43 Old World breeds. Four different analyses, including 

genetic distance, analysis of molecular variance (AMOVA), haplotype sharing, and clustering 

methods were used to study the genetic relationships between the Sardinian and other horse breeds. 

The analyses yielded similar results, and the average FST values indicated that approx. 10% of the 

total genetic variation was explained by between-breed differences. Consistent with their distinct 

phenotypes and geographic isolation, the two Sardinian breeds were shown to consist of 2 distinct 

gene pools that had no gene flow between them. Giara horses were clearly separated from the other 

breeds examined and showed traces of ancient separation from horses of other breeds that share the 

same mitochondrial lineage. On the other hand, the data from the Sarcidano horses fit well with 
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variation among breeds from the Iberian Peninsula and North-West Europe: genetic relationships 

among Sarcidano and the other breeds are consistent with the documented history of this breed.  

 

Key words: Mitochondrial DNA; Giara horse; Sarcidano horse; Haplogroup attribution; 

Domestication 

 

INTRODUCTION 

 

Island environments enable the persistence of relic varieties of species or breeds. Among the 15 

horse breeds officially recognized by the Italian Registry of Autochthonous Equine Breeds, 2 

breeds, which are inbred and phenotypically distinctive, are from the island of Sardinia (Figure 1): 

- The Giara horses take their name by the basalt plateau in the central/south region of Sardinia 

where they live in the wild. The Giara plateau extends over an area of 45 km
2
 at an altitude 

of about 500–600 m above sea level. The steep mountain slopes limit connections with the 

surrounding valleys and prevent migration of the horses. The average height of Giara horse 

approaches that of a pony, but it is considered a miniature horse. The bioecological features 

of this population make it a rich livestock heritage to safeguard and a guarantee of 

protection for the natural environment where it lives (Gratani, 1980). 

- The Sarcidano horses are concentrated on a single farm in Laconi (in central-western 

Sardinia). The history of how the breed was introduced onto the island is controversial and 

mostly unknown; nonofficial records suggest a descent from the ancient Spanish horse, an 

ancestor of the Andalusian breed. 

  

Figure 1. Giara and Sarcidano breeds areal map. 

 

At the end of the 18
th

 century, Cetti (1774) described the presence on Sardinia of 3 different types 

of horses, the “selvaticus” (wild), the “vulgar” (common or ordinary), and the “di razza” 

(thoroughbred) horse. Cetti’s description of the height and temperament of “selvaticus” is consistent 

with the descriptions of the present-day Giara horse. On the other hand, “the vulgar” Cetti’s horse 

description fits well with that of the present population of the Sarcidano breed in terms of character, 

phenotype, and work attitude. At present, there are 481 registered Giara and 108 Sarcidano horses 

(http://www.anagrafeequidi.it/index.php?id=217).  

The aim of this work was to shed light on the genetic structure of the Giara and Sarcidano horses in 

a global context to depict their genetic relationships with other present-day breeds. To achieve this 

goal, we compared a sample of the 2 Sardinian breeds with a large number of horses genotyped to 
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date. For this comparison, we selected a 247-bp long internal portion of the hyper variable region 

segment I (HVS-I) of the control displacement loop (d-loop) of mitochondrial DNA (mtDNA). This 

choice was made for three reasons: (1) sequence variation in these mtDNA regions is solely 

generated by the sequential accumulation of new mutations along radiating maternal lineages; (2) 

maternal lineages are presumably more stable because of the practice to move stallions for 

reproduction and breed improvement, so mtDNA sequences should present breed-specific motifs 

that relate our samples to a geographical origin; and (3) a large number of d-loop sequences from 

many horse breeds is available in GenBank. 

To date, only limited data (Cozzi et al., 2004, Achilli et al., 2012) on mtDNA variation in Sardinian 

horse breeds are available. A comparison of a limited number of Sardinian horses with other Italian 

breeds suggests a reduced relationship with the other Italian populations (Cozzi et al., 2004). 

 

MATERIALS AND METHODS 

 

Materials 

 

Using standard procedures, total DNA was extracted from peripheral blood samples of 24 horses of 

the Giara (JAR) breed and 16 horses of the Sarcidano (SAR) breed. The Giara and Sarcidano horses 

had been bred in semiferal conditions, and animals were randomly selected by capture.  

The sequences produced in this study were pooled with 5 sequences from Giara (GRH1-5; 

GenBank accessions AY462426–AY462430) and 5 from Sarcidano (SRH1-5; AY462451–

AY462455) breeds previously reported by Cozzi et al (2004), and with 2 additional HVS-I 

sequences identified in the complete mtDNA genome sequences (Gia01 JN398411 and Gia02, 

JN398407) reported by Achilli et al (2012). The final sample set used in the analyses was obtained 

from 31 Giara and 21 Sarcidano horses. 

In addition, all the 150 complete mtDNA genome sequences available from literature (NC_001640 

[Xu and Arnason, 1994]; EF597512–14 [Xu et al., 2007]; AP012267–70 [Goto et al., 2011]; 

EU939445 [Jiang et al., 2011]; HQ439441–500 [Lippold et al., 2011]; and JN398377–457 [Achilli 

et al., 2012]) were used to obtain more reliable and informative HVS-I pattern of sites defining 

haplogroups. 

Finally, we produced a dataset of typical regional breeds by selecting 1,192 HVS-I horse sequences 

from the literature for which frequency population data were available and which were reported for 

at least 15 individuals. Taking into account the haplotype frequencies, we obtained 1,232 HVS-I 

samples belonging to 45 breeds (including Giara and Sarcidano) representing 6 geographic Old 
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World macro areas: the Iberian Peninsula (N = 220), Central Europe (N = 400), North-west Africa 

(N = 40), Arabian Peninsula (N = 70), Central Eurasia (N = 113), and the Far East (N = 389).  

 

 

Methods 

 

The HVS-I of the d-loop region was amplified by the polymerase chain reaction (PCR) using two 

primers from a published horse sequence (GenBank access. X79547): forward 5�-

AACGTTTCCTCCCAAGGACT-3� and reverse 5�-GTAGTTGGGAGGGTTGCTGA-3� (Ishida, 

1994; Xu and Arnason, 1994). The amplicon obtained was a 397-bp fragment included between the 

tRNA
Pro

 gene and the large central conserved sequence block from nucleotide position (np) 15382–

15778. The PCR products were purified by using ExoSAP-IT (USB Corporation) and sequenced 

using the BigDye Terminator Kit (Applied Biosystems) on an ABI PRISM 377 DNA Sequencer 

equipped with the Sequencing Analysis and Sequence Navigator programs (Applied Biosystems). 

Sequence alignments were performed with the software BioEdit 7.0.5.2 (Hall, 1999).  

Intra- and interpopulation level methods were conducted with the Arlequin 3.5. software (Excoffier 

et al., 2007) (http://cmpg.unibe.ch/software/arlequin3): intrapopulation level variation was 

estimated with both standard (Gene diversity of Nei, 1987) and molecular indices as pairwise 

differences (Tajima, 1993) and nucleotide diversity (Tajima, 1983; Nei, 1987). Population genetic 

structure was obtained by hierarchical analysis of the total variance subdivided in percentage of 

variance within the breeds, among breeds within groups and among groups by using molecular 

analysis of variance (AMOVA) (Excoffier et al., 1992) taking into account the number of mutations 

between molecular haplotypes. In both cases, the F-statistic was set at a significance level of 0.05, 

obtained by 10,000 permutation tests. The matrix of interpopulation pairwise distances (Tajima, 

1993, Arlequin software) was summarized in two dimensions by using multidimensional scaling 

(MDS) analysis as implemented by the STATISTICA ’99 software (StatSoft, Tulsa, Oklahoma, 

USA) and plotted on a MS Excel graphic. 

Haplogroups attribution was performed following the nomenclature rules of Achilli et al. (2012). To 

increase the power of imputation of the HVS-I sequences, we pooled together all the available horse 

complete mtDNA genome sequences. Polymorphic sites occurring among the total of 150 

sequences were exported as an Excel spreadsheet and the haplotypes were organized in haplogroups 

following a hierarchical and parsimonious order, and the haplogroup name was assigned to the 

unclassified data. Three of them were eliminated because their polymorphisms were not consistent 
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with phylogeny as previously observed by Lippold et al. (2011) and Achilli et al. (2012). The 

mutational pattern was dissected in order to define the following variables: 

- variation associated univocally with the haplogroup; this variation is due to the most 

informative mutations since they are present in all of the haplotypes of the same haplogroup 

and absent in other haplogroups;  

- variation associated univocally with the super-haplogroup; this variation is due to mutations 

that allow allocation to a unique clade represented by individuals that share the same 

mutation because it is ancestral for all the haplogroups that compose it;  

- variation due to mutations occurring in a unique haplogroup but not in all of the haplotypes 

of this haplogroup;  

- variation due to informative mutations in the allelic association;  

- variation due to poorly informative mutations that are the result of recurrence or reversion.  

The haplotypic pattern of the HVS-I region was extracted and a probabilistic algorithm defining 

haplogroup attribution was generated when only the HVS-I sequence was available. Haplotype 

variation and haplotype sharing into the haplogroups were evaluated by clustering in the Network 

program 5.0.0, and default parameters were used for obtaining the median-joining network trees 

(Bandelt et al., 1999). A weight of 0 were assigned to mutations classified as recurrent. In addition, 

mismatch distribution of the number of pairwise differences between haplotypes among 

haplogroups and associated demographic parameters including Harpending's raggedness index (r), 

Tajima's D (D), and Fu's (Fs) statistics were calculated using Arlequin 3.5. 

 

RESULTS 

 

Diversity indices 

 

The 52 sequences (247-bp long) obtained from the Sardinian horses consisted of 29 different 

haplotypes on the segment ranging from np 15494 to 15740 (Table 1).  

 

 

Table 1. Polymorphic sites of mtDNA HVS-I in Sardinian breeds. 

 

We calculated the diversity indices from 43 native breeds scattered in the Old World (see Tables 2 

for details). 

 

 

Table 2. The Old World native breeds. 
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We compared diversity indices from Old World breeds to those obtained from the Sardinian horses: 

both the haplotype diversity values of the Giara (0.847 ± 0.053) and Sarcidano (0.905 ± 0.047) 

breeds were higher than the average estimates for the other 43 breeds, but only the Sarcidano breed 

was above the median of the distribution (Table 3). Other molecular diversity indices that were also 

considered (see Table 3) showed that the heterogeneity of the Sarcidano sample (mean number of 

pairwise differences, 6.738 ± 3.309 and nucleotide diversity, 0.027 ± 0.015) was comparable with 

the highest values reported for the other breeds, whereas Giara horses showed a lower molecular 

diversity (mean number of pairwise differences, 3.933 ± 2.025 and nucleotide diversity, 0.016 ± 

0.009). 

 

Table 3. Intra-population level variation of Old World native breeds. 

 

Genetic structure 

 

Next, we used AMOVA on the basis of the pairwise difference distance method (Excoffier et al., 

1992; Weir, 1996) to determine the genetic structure of the group composed by the Giara and the 

Sarcidano populations. A relevant and significant percentage of interpopulation variation (45.1%) 

was detected when compared with the intrapopulation variation (54.9%; P < 10
-5

). Therefore, taking 

into account that in all of the 45 worldwide diffused breeds analyzed, 25% (P < 10
-5

) of the total 

variation is allocated to the among-breed source, we can confidently predict the presence of a 

genetic barrier between the two Sardinian breeds. The same value was obtained after grouping into 

macrogeographical areas as reported in column 1 of Table 2, and no variance was attributable to the 

differences between groups. Just a small, but significant, amount of variation was related to the east 

(Arabian Peninsula, Central Eurasia, Far East) and west (north-west Africa, Iberian Peninsula, 

Central Europe) groupings (2.89%; P = 0.01).  

The relationship between the different breeds was inferred by estimating the pairwise differences 

between breeds and interpolating the data into a MDS graphic (Figure 2).  

 

 

Figure 2. Multidimensional scaling (MDS) plot computed on the basis of the matrix of the pairwise 

differences of the mitochondrial HVS-I sequences. Each symbol represents one of the 45 

populations tested. Breed codes are as in Table 2. A) in the graph only those populations outside the 

main cluster (enclosed within the square with the broken line and including breeds with high 

amount of intra population variation) are named. B) in the graph the square including the main 

cluster is enlarged and breeds are named. D-star: Raw stress = 30.54; Alienation = 0.12; D-hat: Raw 

stress = 24.05; Stress = 0.11. 
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This graphic showed a large presence of outliers representing low variability (Figure 2A and see 

also Table 3) and clustering of the majority of breeds having higher variation (Figure 2A and 2B 

enlarged). The Giara sample is in an outlier position because of its low variability. In contrast, the 

Sarcidano sample is located in an area of generally high variability, included in the Western 

European group of breeds. 

 

Haplogroup assignment 

 

The phylogenetic analysis involving 147 complete mtDNA genome sequences reported from the 

literature allowed us to infer the HVS-I haplotype patterns and assign them to the 18 (A–R) 

haplogroups (Achilli et al., 2012) with better confidence. HVS-I was affected by variation that 

differed in the quality and degree of information (see methods). The haplogroups D, F, H, I, L, M, 

N, Q, and R were defined by highly informative mutations linked univocally to their haplogroup 

(see Table 4). 

 

Table 4. Frequency of HVS-I polymorphisms linked to the haplogroups. 

 

The EFG clade was defined by the 15542T and 15666A mutations. Haplogroup F was distinguished 

in its clade by the haplogroup F-specific mutation 15595G, whereas haplogroup G was 

characterized by its association with the 15635T mutation. The clade OPQR was defined by the 

mutation 15703T, and the inside group OP was identified by the mutation 15667G. 

About 80% of the A haplotypes had the mutation 15720G, 20% of which showed an association 

between 15720G and 15495G. Overall, the 20% of the A haplotypes had no diagnostic sites and the 

accuracy of their haplogroup attribution could only be confirmed when HVS-I–specific sites were 

available. 

The B haplotypes were attributed -on the basis of an allelic association/exclusion criterion- in 90% 

of cases on the basis of the 15666A mutation if this mutation was not associated with the 15542T 

mutation typical of the EFG clade. However, 10% of the B sequences did not contain any 

diagnostic nucleotide site. 

The haplogroup C and the JK clade, well defined by specific variants in the coding region, were 

associated with hypervariable mutations in HVS-I. For this reason, when these mutations were 

available, inference of haplogroup attribution was conducted by either a comparison or an exclusion 

criterion.  
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Following the algorithm shown in Table 4, we classified the HVS-I mtDNA of the 45 typical 

breeds. In total, 237 haplotypes were identified from the breed dataset and 229 were attributed to 

haplogroups. Eight haplotypes (3.4%) were unambiguously attributable (Table S1). The 

polymorphism 15602C appeared to be phylogenetically recursive in the L lineage and was also 

observed in all A and B lineages; analogously, the 15585A, 15597G, 15604A, and 15650G 

mutations were not specifically associated to the haplogroups, and for this reason we attributed a 

null phylogenetic weight to these markers.  

All of the HVS-I sequences of the Sardinian horses were assigned to corresponding haplogroups on 

the basis of univocal mutations and other sufficiently informative polymorphisms, so further 

sequencing or genotyping of specific diagnostic sites in the coding region was not required (see the 

haplogroup attribution in Table 1). 

Twenty-six out of 31 HVS-I d-loop sequences from the Giara breed belonged to the G haplogroup. 

In fact, this haplogroup was associated with the pattern 15542T, 15666A, 15650G, and 15635G in 

all of the 16 complete mtDNA sequences belonging to this haplogroup, and was more variable in 

the 15597G and 15703C variants. Overall, the G haplogroup represented 84% of the Giara maternal 

lineages.  

The 21 Sarcidano sequences belonged mainly to haplogroups I (43%) and L (38%). Haplogroup L 

was defined by the HVS-I pattern 15494C, 15496G, 15534T, 15602C, 15603C, and 15649G present 

in 30 haplogroup L whole mtDNA genome sequences. On the other hand, the I haplogroup in the 

HVS-I of the 10 complete mtDNA genome sequences was defined by 15709T and 15538G. 

Intrahaplogroup variation of the 3 main lineages found in the Giara and Sarcidano horses 

(haplogroups I, G, and L) was examined in all the available breed data by using the clustering 

method of the median-joining network. All of these maternal lineages produced a nascent star-like 

structure of the networks suggesting recent growth.  

Haplogroup G (Figure 3) was poorly differentiated in eastern breeds, while a relevant number of 

subtypes were present in the breeds from Central Europe and the Iberian Peninsula, indicating 

differences in demographic growth between the eastern and western macroareas. In particular, the 

longest branches were often shared between samples from different breeds. Haplogroup G was the 

main haplogroup in the Giara horses. In this breed, the ancestral form of the haplogroup G evolved 

into several derivate haplotypes that are scarcely shared with other breeds. By contrast, haplogroup 

G was rare in the Sarcidano horses and its derivative lineages were shared with samples from the 

Iberian Peninsula.  
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The network of haplogroup I (Figure 3) showed a strong signal of population size expansion in 

breeds from north-west Europe and less differentiation in other macroareas. It was common in the 

Sarcidano maternal lineages where it was represented by derived and private lineages. 

 

Figure 3. G, I and L intra-haplogroup variation analyzed by neighbor-joining networks.  

The network of the haplotypes belonging to the haplogroup L (Figure 3) also showed a recent 

worldwide growth, but, unlike for haplogroups G and I, the expansion had been similar in eastern 

and western breeds, even if there were relatively fewer eastern L lineages than western lineages. 

The location of major evolution was identified as the Iberian Peninsula, but the haplotype sharing of 

new lineages among macroareas and breeds was very low. The Sarcidano breed displayed 

emergence of 3 new haplotypes in the evolution of the haplogroup, whereas this was rarely 

observed in the Giara breed.  

Mismatch distribution of the G, I, and L haplogroups in breeds from western and eastern Eurasia 

and from Sardinia indicated a recent expansion that seems to have occurred earlier in haplogroup L 

than in the other 2 haplogroups, as indicated by a greater number of pairwise differences (Figure 4). 

 

Figure 4. Intra-haplogroup variation analyzed by mismatch distribution in Western and Eastern 

Eurasian breeds and in Sardinian breeds. Thin line represents the expected mismatch distribution of 

a stationary population. The dotted line represents the observed mismatch distribution from 

segregating sites of the aligned sequences of HVS-I sequences in horse mtDNA. Mismatch 

distribution established for the haplogroups G, I, and L.  

 For the same reason, it is postulated that an earlier western Eurasian expansion took place in the 

haplogroups I and G. However, correlated r, D, and Fs statistics gave negative values not 

significantly different from 0, indicating that rare alleles were not more frequent than expected from 

a null-neutral hypothesis in an equilibrium population. Moreover, pairwise differences did not fit 

well into an unimodal mismatch distribution model. This could be explained by a stationary 

population size or by very slow growth of the population. 

 

DISCUSSION 

 

The mtDNA genetic structure of the lineages observed in the domestic breeds can be used to infer 

their demographic and domestication history (Kavar et al., 2008; Georgescu et al., 2011; Cieslak et 

al., 2011). To infer information about the demographic history and origin of the 2 Sardinian Giara 

and Sarcidano breeds from the genetic data, we compared these data with those from 43 typical 

breeds of the Old World.  
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The examined breeds displayed large molecular variation. These differences were not solely due to 

the total number of different haplotypes because a large amount of this molecular variation was due 

to the presence of different haplogroups in the same breed. The A–R haplogroups represent extant 

maternal lineages transmitted from a wild ancestral mare to the present-day mares: these 

haplogroups were defined on the complete mtDNA phylogeny as the cutoff of lineages that lived 

10,000 years ago and whose haplogroups were transmitted during the process of domestication 

(Achilli et al., 2012). Therefore, the distinction between molecular variation that is produced before 

and after the formation of the present-day breeds is particularly relevant. Breeds that have more 

than 1 haplogroup show an ancestral variability that arose long before breed formation. In addition, 

as observed in the main lineage networks, the phylogeny of the single haplogroups showed a low 

degree of evolution: the molecular pattern of the HVS-I belonging to the same haplogroup was 

barely differentiated because only a limited number of new mutations had arisen in the ancestral 

haplotype. For this reason, breeds with a single haplogroup had lower molecular variation and were 

placed as outliers in the MDS graphics.  

The emerging “star-like” phylogeny of the haplogroups indicated a population bottleneck followed 

by a small expansion in population size. In fact, the population size of breeds had remained 

relatively unchanged for a long time as indicated by the non significant values of the D and Fs 

statistics (Figure 4). The presence of a single (and usually frequent) ancestral haplotype shared by 

the majority of populations suggests founding of recent breeds from the same genetic pool.  

As a consequence, all of the breeds that have maintained high haplogroup variability shared the 

same ancient variation and tended to cluster in the MDS graphic. Furthermore, the partition of the 

variability determined in the AMOVA confirmed that only a small amount of variation was due to 

differences between breeds. For this reason, the different geographical areas of the breeds’ origins 

tended to overlap (Figure 2A).  

Nevertheless, we observed that the variability of breeds from the western European steppes, where, 

according to archeological records, the domestication originated (Outram et al., 2009), was central 

and entirely enclosed in the overall variability. Therefore, this area also represents the point of 

lineage radiation, and diversification in other geographical macroareas appears to be incipient and 

has not yet been completed.  

In addition to suggesting a recent origin of the current breeds, our data also suggest that the 

homogeneity of the genetic pool may have been stable until recently when warrior peoples 

repeatedly migrated in several waves from the Central Eurasian steppes into Europe during the 
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Middle Age. An east-west distribution of the variation was also apparent, probably generated from 

isolation by distance and weakly detected as significant by AMOVA tests when the breeds were 

merged into the two east and west Eurasia groups.  

A genetic structuring occurred between the 2 Sardinian breeds (Figure 2) analyzed in this study, 

which were clearly separated and located in 2 different groups as determined by the mitochondrial 

lineage variation: the Sarcidano horse breed predominantly consisted of the haplogroups I and L, 

and other less frequent groups. This haplogroup variability, as mentioned above, is the result of 

molecular and haplotype diversity, which account for the presence Sarcidano among the most 

genetically variable breeds. The MDS analysis, which is based on genetic distances between breeds, 

effectively positioned the Sarcidano in the group with high variation, showing a greater affinity 

with the Iberian breeds as well as with those from north-west Europe, where the haplogroups L and 

I are highly represented. Haplogroup L is the most representative of the Iberian Peninsula, and 

Spanish influence in the Sardinia Island was strong until 1700. Moreover, none of the derivative 

Sarcidano horse L or I haplotypes is shared with the other continental breeds, suggesting that there 

was no recent gene flow from outside into the island.  

The Giara breed consisted almost exclusively of the haplogroup G, a very common worldwide 

haplogroup in horses and typical of many other outlier breeds. Unlike other breeds with little 

haplogroup variation, the Giara sample showed a significant molecular variation. Mismatch 

distribution in the Giara G haplogroup were comparable to those identified in the western eurasian 

population group. We therefore conclude that ancestors of the Giara horse in the past may have 

occupied an area that was larger than the one where they are found now, albeit always within the 

boundaries of the island. This interpretation is supported by historical records reporting the 

widespread presence in Sardinia of a horse described as "wild" that was phenotypically similar to 

the Giara horse (Cetti, 1774).  

In conclusion, in this study we have first described the distribution of the current genetic diversity 

in typical breeds of horses and compared genetic differences among the various breeds and among 

groups of breeds from different geographical areas. We also inferred that the genetic diversity in the 

Sardinian Giara and Sarcidano breeds is the result of recent evolution. We further demonstrated that 

the genetic system used is powerful of discerning past and present evolutionary patterns. 

As to the question of horse domestication, we agree with other authors that horses are a notable 

exception to the theory that holds that domestication is the result of a very small number of 

independent, often geographically separated taming events, as observed for all domesticated species 
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(Brudford et al., 2003). The abundance of very differentiated mitochondrial DNA lineages indicates 

that horse domestication probably involved a large number of wild captures. Our analysis support 

the hypothesis that the area of horse domestication was originally restricted and then gave rise to 

the high number of present-day horse mitochondrial lineages (Jansen et al., 2002; Forster et al., 

2012); however, the subsequent recruitment of local mares from wild horse populations into 

domesticated herds is less apparent. According to our results, multiple radiation events of lineages 

from the original place of wild capture better explain the genetic structure of today’s domestic 

horses. 
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Tables legends 

Table 1. Mitochondrial control region sequence variation in Sardinian horses; 247-bp 

segment of the control region from 31 Giara and 21 Sarcidano horses aligned to the 

mtDNA reference X79547 (Xu and Arnason, 1994). Sequence positions based on the same 

reference sequence are given above each column. Variable nucleotides are indicated. All 

samples have been assigned to one of the main haplogroups and grouped by the occurrence 

of haplogroup informative polymorphism. Description of the samples names: JAR, Giara 

horses from the present work; GRH, Giara horses by Cozzi et al., 2004; GIA, Giara horses 

by Achilli et al., 2012; SAR, Sarcidano horses from the present work; SRH, Sarcidano 

horses by Cozzi et al., 2004. 

Table 2. The 45 Old World native breeds used for comparison. 

Table 3. Intra-population level variation of 45 Old World native breeds. MNPD, mean 

number of pairwise differences. 

Table 4. Relative frequency of HVS-I polymorphisms linked to the haplogroups defined on 

the whole mitochondrial genome. Mutated positions are ordered on the basis of their 

specificity in defining haplogroups.  

Supplemental Table 1. Database of the HVS-I sequences and haplogroup attribution. 

 

 

Figure legends 

Figure 1. Giara and Sarcidano breeds areal map. 

Figure 2. Multidimensional scaling (MDS) plot computed from the matrix of the pairwise 

differences of the mitochondrial HVS-I sequences. Each symbol represents one of the 45 

populations tested. Breed codes are as in Table 2. A) in the graph only those populations 

outside the main cluster (enclosed within the square with the broken line and including 

breeds with high amount of intra population variation) are named. B) in the graph the square 

including the main cluster is enlarged and breeds are named. D-star: Raw stress = 30.54; 

Alienation = 0.12; D-hat: Raw stress = 24.05; Stress = 0.11. 

Figure 3. G, I and L intra-haplogroup variation analyzed by neighbor-joining networks.  

Figure 4. Intra-haplogroup variation analyzed by mismatch distribution in Western and 

Eastern Eurasian breeds and in Sardinian breeds. Thin line represents the expected mismatch 

distribution of a stationary population. The dotted line represents the observed mismatch 

distribution from segregating sites of the aligned sequences of HVS-I sequences in horse 

mtDNA. Mismatch distribution established for the haplogroups G, I, and L.  
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Supplemental Table 1. 
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Figure 1.  
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Figure 2.  
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Figure 3.  
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Figure 4. 
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CHAPTER 2 

HapSign: an informatic tool for mitochondrial haplotype assignment. 
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Abstract. 

The investigation based on mitochondrial DNA (mtDNA) and non-recombining region of Y 

chromosome (NRY) variation of domestic mammals has been subjected to a rapid development. 

Between the two systems, mtDNA is by far more studied. Currently, thanks to the technical 

advances and the decreasing of costs, the number of organisms whose complete mtDNA sequence 

has become available is rapidly increasing. Nearby those extensive studies there is a significant 

accumulation of mtDNA fragment sequences, especially of the first hypervariable segment (HVS-

I). Both approaches are contributing to the increasing of the amount of available data. In addition, 

the inclination to analyze numerous samples and the diffusions of this kind of analysis for wide 

range of applications needs a greater expertise than previous request. A new Software tool for 

automatic assignment of mitochondrial haplotypes was developed. The HapSign Software is 

especially dedicated to domestic animals and has been designed to allow an accurate, fast and easy 

mtDNA haplotypes assignation.  

 

Introduction. 

In the last years, the molecular phylogenetic methods are being applied in several branches of 

biological sciences. The important findings derived from these kinds of studies are showing that by  

a multidisciplinary perspective, which include the genetic information, it is possible to significantly 

improve the knowledge about the evolutionary history of species. In this context, despite the 

increasing amount of data derived from large sets of whole-genome markers (Elhaik et al. 2013; 

Prado-Martinez et al. 2013; Petersen et al. 2013), the analysis of mitochondrial DNA (mtDNA) and 

the non-recombining region of Y chromosome (NRY) markers is currently growing in many fields. 

Forensic genetics (Gurney et al. 2010; Caniglia et al. 2013), health sciences (Achilli et al. 2011; 
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Dowling 2013), molecular ecology (Warmuth et al. 2013) and conservation genetics (Alvarez et al. 

2012; Mondol et al. 2013; Bagatharia et al. 2013) are giving some examples. In fact, lacking 

recombination because of their unilinear inheritance, they are considered particularly useful in 

phylogeny reconstruction and phylogeographic analysis of variation (Soares et al. 2010). 

Anyway, between the two systems, mtDNA is by far more studied. Abundant and easy to 

genotyping, the mtDNA has a small size and a higher mutation rate, in respect to the average of 

nuclear DNA, particularly in the first hypervariable segment (HVS-I) of the displacement loop (d-

loop). Probably related to the high number of polymorphisms that could be found in this short 

fragment, several studies are based on HVS-I variation. Nevertheless, hyper-variability has a double 

face that resides in a higher rate of reversion and recurrence, which may appear in lineages of 

haplotypes not phylogenetically related. For this reason the phylogenetic trees inferred only on the 

basis of HVS-I polymorphisms have to be intended as provisional, while the information contained 

in the coding region, more stable, would clarify the relationships between the haplotypes. In order 

to avoid this problem, the overall tendency has been to combine the d-loop polymorphisms with 

stable genetic markers of the coding region. In fact, the definition of groups of haplotypes with a 

common ancestor (haplogroups), by an adequate number of shared stable mutations, and the 

application of the right phylogenetic mutation rate, could allow making inference about 

phylogenetic events over time. The analysis of geographic distribution of variation 

(phylogeography) could be used as a signature of origins and evolutionary dynamics that finally 

explain the extant genetic structure of populations.  

Currently, thanks to the technical advances of sequencing methods as Next-Generation Sequencing 

(NGS), accompanied by the decreasing of costs, the number of organisms whose complete mtDNA 

sequence has become available is rapidly increasing. The re-sequencing methodology of mtDNA 

is giving important results in human evolutionary studies (Torroni et al. 2006; Behar et al. 2006; 

Pala et al. 2012) and more recently even in animal genetics (Bonfiglio et al. 2011; Achilli et al. 

2012; Gazave et al. 2013). It is worthy to note that the investigation based on unilinear systems 

variation of domestic animals has been subjected to a rapid development.  

The sequence of complete mitochondrial genomes of an increasing number of species and samples 

are thus available in public databases as the National Center for Biotechnology Information 

(NCBI). The main reasons of those research efforts are probably related to the growing interest in 

domestic species. Those studies could actually give an important contribute to clarify the history 

and past demographic dynamics of human populations. In fact, with the changes of the economic 
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system occurred in the Neolithic (about 10.000 years ago), the worldwide development of human 

societies was strongly related to domestication dynamics of livestock species (see also Bruford et al. 

2003). 

As reported by Lenstra and colleagues (2012) in a recent review, the genetic studies of livestock 

populations focus on questions of domestication, within- and among-breed diversity, breed history 

and adaptive variation. The study of Achilli and colleagues (2009) for example, confirmed the 

origins of the main haplogroups of Cattle in the Near East and discovered novel haplogroups. The 

subsequent study of the same research group (Bonfiglio et al. 2011), support the hypothesis of the 

existence of an independent center of domestication in the Italian peninsula. In a recent study about 

goat domestication, Nomura and coll. (2013) indicate that the process of domestication is more 

complex than may be presently appreciated.  

Presently, the importance of domestic animals it was also highlight claiming they represent a 

relevant source of biodiversity to preserve for the future. Therefore, it was emphasized the 

importance of the knowledge of the genetic structure of native breeds, particularly if reared in 

traditional way, in order to identify the correct conservation strategies, in the attempt to solve the 

pressing biodiversity loss related to global change (Medugorac et al. 2009; Groeneveld et al. 2010; 

Lenstra et al. 2012 ).  

The pointed out interest about domestic species genetic variation yielded to different kind of 

product data, depending on specific questions and interest. Nearby the extensive studies mentioned 

above, whose strategies still remain less applied, there is a significant accumulation of mtDNA 

fragment sequences, especially of HVS-I. Both approaches are contributing to the increasing of the 

amount of available data. In addition, the inclination to analyze numerous samples and the 

diffusions of this kind of analysis for wide range of applications needs a greater expertise than 

previous request. In human population studies, which can be considered the most advanced in this 

field, the rapid accumulation of new phylogenetically informative polymorphisms and the growing 

derived complexity of the phylogenetically constructed trees of mtDNA and NRY, yielded to the 

continuous revision of the trees topology of both systems. The existence of a well established, 

hierarchical nomenclature system which could be self-update and the availability of the changing of 

the trees by consulting the International Society of Genetic Genealogy (http://www.isogg.org/) for 

NRY and the PhyloTree (http://www.phylotree.org/) for mtDNA can help researchers to orienting 

among haplogroup diagnostic mutations. Nevertheless, there was the necessity to develop new 
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informatics tools as HaploGrep (Kloss-Brandst tter et al. 2010), MitoTool (Fan and Yao 2013) or 

Haplogroup Predictor (Athey 2005) to assign haplotypes to their corresponding haplogroup.  

To follow what already experienced in human population genetics, the aim of this study was to 

develop a new informatics tool for mitochondrial haplotypes assignment in a general evolutionary 

context. The Software would be especially dedicated to domestic animals and has been designed for 

a wide range of users which depending on the specific purposes and research field, are interested 

into assign a set of analyzed haplotypes to their haplogroups, but may differ regarding the level of 

expertise in haplogroups attribution methods. The manual assignment could be difficult, more prone 

to errors and if the number of samples is high can take long time. The use of HapSign could allow 

an accurate, fast and easy assignation. The rapid and automatic attribution to the belonging 

haplogroup would present a considerable advantage in terms of time and accuracy but also of cost 

and efforts of research. In fact, one of the possible interesting applications concern the use of the 

Software also to make a rapid screening based on the information contained in partial but 

informative mtDNA sequences. For example, in a study provided for genotyping a large set of 

samples of a species whose phylogeny based on complete mtDNA sequence is known, also a partial 

segment as HVS-I sequence in many cases could contain enough diagnostic sites to allow the 

assignation of the majority of haplotypes. A rapid and automatic assignment of haplotypes will 

allow limiting further analysis of the coding region only for haplotypes that are not assignable only 

on the base on the short HVS-I sequence. 

 

Materials and Methods. 

The HapSign. 

HapSign calculates the haplogroup assignment score (TotScore) for one or more nucleotide 

sequences according to equation (1): 

 

(1)  

The score assignment depends on the pairwise comparison between each nucleotide position (nuc) 

in the unknown sequence and a consensus sequence built for each of the known haplogroups 

existing in the database. The database used to produce the consensus sequences is the collection of 

those concatenated polymorphisms that are diagnostic for the haplogroup.  
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The nucleotide at position nuc with the highest frequency within a haplogroup is chosen to build the 

consensus and as weight for that nucleotide within that haplogroup (pW). Whether is not possible to 

choose a nucleotide (frequency 0.5) an ‘N’ is assigned. 

A further variable to define the assignment score is the frequency between the haplogroups of the 

nucleotide chosen for the consensus (pB) described by equation (2): 

 

(2)  

where HG represent an haplogroup of the total number of haplogroups (totHG) in the reference 

dataset, and  is the frequency of a nucleotide at position nuc within haplotype HG. 

In order to allow the user to adjust the weight of the two parameters pW and pB in the final 

assignment, the two of them are provided with an exponent that can be modulated within 0 and 1 

(excluded): mpW and mpB. This is meant to allow different setting to be applied due to the ongoing 

development of the method. 

To define the quality of the assignment for each sequence the difference between the highest and 

the second highest scores is calculated to produce a delta index (�), the larger � values are, the 

better is the assignment.  

To confidence in the assignment strongly depends on the quality of the database used as reference. 

To appreciate the reliability of the reference database a bootstrap re-sampling of the sequences will 

be implemented to calculate the variance in the assignment and therefore a p-value, using a 

randomly picked sequence from each haplogroup in the same database as query sequence. Low 

values of confidence will lead the user to consider the assignment unreliable for that particular 

haplogroup, and along with that, will suggest increasing the number of diagnostic sites in the 

database if possible. 

The script has been developed as an EXCEL application in order to make it as user friendly as 

possible as well as to improve the portability, moreover the computational effort required is 

minimal and the EXCEL environment is still a widely used workbench in the genetic field. 

The input file format is the .rdf, commonly used for the software Network (Bandelt et al. 1999). A 

converter is included in the application to translate data from the spreadsheet to the .rdf format, this 

makes HapSign easy to get into the daily workflow (Figure 1.a). 

The reference database can be modified manually or through the software to include/exclude 

sequences or nucleotide positions.  
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Two input files in “rdf” format are needed to run the analysis: the database of the reference 

haplotypes, and the database of one or more query sequences (Figure 1.b).  

Each haplotype within the haplogroups in the reference database can be named directly by the user. 

To allow the pairwise comparison between matching nucleotide positions, it is required to have the 

nucleotide position named with the same format in both the database and the query sequence. 

However, the latter does not need to be filtered for the diagnostic sites, as the software will manage 

to identify the positions of interest. 

 

First tests of assignment of HVS-I haplotypes in horse breeds. 

At this stage, the first tests were made on mtDNA data of horse breeds. Among domestic animals, 

horse has been long studied. In 1994, Xu and co-workers published the first complete sequence of 

mtDNA of E.caballus but the number of complete sequences deposited in GenBank was limited 

until few years ago, while there was a high number of sequence data of the HVS-I. Within the 

several studies interested in the phylogeny of the maternal lineages in E. caballus a large part 

investigated the origins of specific breeds (Kavar et al., 1999; Luis et al., 2005; Royo et al., 2006; 

Bower et al. 2010), while others aimed to reconstruct the dynamics of domestication. Different 

models were proposed to explain the maternal variation of current breeds (Vila et al. 2001; Kavar 

and Dovc 2008). In a recent study (Morelli et al. 2013, in press) the variability of mtDNA has been 

analyzed in order to reveal the genetic structure and the relationships between two Sardinian native 

breeds with limited diffusion. The Giara and the Sarcidano horse were compared with other breeds 

from the "Old-World". The analyses were conducted using a short fragment of 247 bp (np15494-

15740) of HVS-I to reach the collection of a high number of published haplotypes. 

The current availability of a greater number of complete mitochondrial sequences (Xu et al. 2007; 

Goto et al. 2011; Jiang et al. 2011; Lippold et al. 2011; Achilli et al. 2012) lead to the revision of 

the phylogeny of the mitochondrial lineages in E. caballus, in particular on the basis of the new 

phylogeny proposed by Achilli et al. (2012). The combined analysis of the d-loop and the coding 

region, allowed the definition of a parsimony tree, which explains the relation of 18 mitochondrial 

main haplogroups and new nomenclature rules were proposed.  

In Morelli et al. 2013 (in press), a dataset consisting of 147 complete sequences were used to define 

a set consisting of 39 diagnostic sites in the HVS-I, which allow the assignment of the haplotypes to 

haplogroups. The assignment was done by the support of a probabilistic algorithm designed to 
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speed up the process. Applying this method all the HVS-I haplotypes of the Giara and Sarcidano 

horses  

were assigned to the haplogroups. By the same approach were assigned almost all the haplotypes of 

a total of 1,232 individuals of other 43 horse breeds, representing six geographic regions of the 

“Old–World”. 

The dataset consisting of the 147 haplotypes, used to define the diagnostic nucleotide positions of 

the HVS-I, represented the database of the reference haplotypes used by HapSign to do the tests of 

assignment of the unknown sequences of 1232 individuals of 45 horse breeds.  

A total of 237 HVS-I haplotypes were assigned manually and by the means of HapSign. The 

resulting assignations to the 18 haplogroups of mtDNA phylogeny were compared in order to do the 

first test of HapSign reliability. 

Once prepared the two *.rdf files requested, they are imported directly by the utilities HapSign. The 

results appeared in a separate spreadsheet called HapSign Results in few minutes. Each of the query 

haplotypes were assigned and its relative assignment score and the � index value. 

By HapSign all the query haplotypes were assigned to the corresponding haplogroup, while by 

manual methods the 3,4 % were not assigned.  

A simple comparison were made between the results obtained by the two methods. The results are 

coherent in the majority of cases (97%), only a low percentage of differences were found. 

Moreover, contrasting results encompass all the haplotypes not manually assigned and some others, 

all presenting some problem of interpretation.  

One of these haplotypes, lacking diagnostic sites, was manually assigned to A haplogroup while by 

HapSign to C haplogroup. About 80% of the A haplotypes had the mutation 15720G, 20% of which 

showed an association between 15720G and 15495G. Overall, the 20% of the A haplotypes had no 

diagnostic sites and the accuracy of their haplogroup attribution could only be confirmed when 

HVS-I–specific sites were available. The haplogroup C likely the JK clade, is well defined by 

specific variants in the coding region, and is associated with hypervariable mutations in HVS-I. For 

this reason, when these mutations were available, inference of haplogroup attribution was 

conducted by either a comparison or an exclusion criterion (Morelli et al. 2013, in press). In this 

case, both methods are not able to assign the haplotype with confidence. Other two haplotypes 

assigned to J were classified Q (for the unexpected presence of 15703C one of the diagnostic site of 

OPQR) and C by HapSign. As reported above the JK clade and C is not easily assign only based on 
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HVS-I and an accurate evaluation is needed. Another example is a haplotype belonging to the OP 

clade, which was identified by the mutation 15667G. Despite the presence of the 15635T  

mutation, which should distinguish O from P clade, due to the lacking of the 15597G (present in all 

haplotypes of the O haplogroup in the reference database) was assigned to P by the HapSign. 

Anyway, is relevant to note that only two O haplotypes were present in the reference database, thus 

is not possible to exclude that not all the possible pattern are represented. 

Finally, all the haplotypes not assigned manually were assigned to A, B, D, P and Q due to a 

controversial mutations pattern. 

In this analysis the delta index vary from a maximum value of ~0,12 to 0,0015 as the minor. It is 

interesting to report how the delta index vary in the different haplogroups. As shown in figure 2, for 

these haplogroups, along the well defined and frequent in the reference database A and the G 

haplogroups, the delta indexes calculated for the D, F, H, I, L, M, N, Q, and R haplogroups are the 

highest. These last are defined by highly informative mutations which are linked univocally to all 

those haplogroups, further confirming that the quality of assignation strongly depends on the nature 

of the variation of HVS-I which differs in quality and degree of information. 

 

Preliminary conclusion and future perspective. 

The preliminary tests conducted by the HapSign as a new software tool for mitochondrial haplotype 

assignment, are giving promising results. Almost all (97%) of the unknown haplotypes were 

assigned by HapSign and manually to the same haplogroup. The discrepancy observed pointed out 

to the importance of the quality of the database used as reference as a fundamental requisite to 

confidence in the assignment. An update of the reference database by new complete sequences and 

the implementation of the Software by a bootstrap re-sampling of the reference sequences with a p-

value to calculate the variance in the assignment will be the next step. 
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Figure 1.  

HapSign feature. The script has been developed as an EXCEL application. A converter is included 

in the application to translate data from the spreadsheet to the .rdf format. (Figure 1.a). 

As example, two input files in rdf format needed to run the analysis are shown: the database of the 

reference haplotypes, and the database of one or more query sequences (Figure 1.b).  
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Figure 2. 

 

In the graphic the variation of average values of delta index calculated by HapSign for each of the 

18 mtDNA haplogroups of horses are shown. (delta index, red curve). Standard deviation (SD, grey 

curve).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Antonella Useli 
Analysis of uniparentally transmitted genetic systems 

PhD Thesis in Environmental Biology – University of Sassari, 2010 – XXVI cycle 

 
 
 

71 

CHAPTER 3 
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Abstract. 

In this study was analyzed the variability of the first sub-unit of the Cytochrome c Oxydase gene 

(COI or cox1) of the mtDNA, to establish the phylogenetic relations among species of 

Ovobathysciola already known and potentially new ones coming from various Sardinian caves. 

The tree constructed by the Maximum Likelihood method (Figure 2) showed the relation among the 

Ovobathysciola species analyzed. The tree topology seems to be coherent with the taxonomic units 

and with the geographic locations. Preliminary results suggest to further investigate the 

phylogeography pattern. The results produced will be interpreted on the basis of the integration of 

knowledge gained through the study of the same species with a morphological approach.  

 

 

Introduction. 

Cave organisms have long been considered a model system for testing evolutionary and 

biogeographic hypotheses because of their isolation, simplicity of community structure and 

specialization (Juan and Emerson, 2010). 

A recent study (Ribera et al. 2010) focused on the origin, the distribution and evolution of diverse 

lineage of subterranean beetles of the tribe Leptodirini (family Leiodidae) in the western 

Mediterranean area. This study was conducted by the analysis of the 3’-end of COI sequence, 

already largely used in phylogenetics studies of insects, in combination with other mitochondrial 

and nuclear genes.  

The subterranean genus Ovobathysciola genera (Staphylinoidea, Cholevidae) belonging to the same 

tribe. Only three species are so far described: O. majori, O. gestroi and O. grafittii, all of them 

endemic to Sardinia.  

In this study was analyzed the variability of the first sub-unit of the Cytochrome c Oxydase gene 

(COI or cox1) of the mtDNA, to establish the phylogenetic relations among species of 

Ovobathysciola already known and potentially new ones coming from various Sardinian caves. In 
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addition, the integration with the morphological data will allow to establish the phylogenetic 

position of each species with more precision and to clarify their complex biogeographic pattern. 

In fact, the evolution of this gene is considered to be fast enough to discriminate closely related 

species, but also phylogeographic groups within single species. In addition, thanks the study of 

Ribera and co-workers (2010), there are many sequences of the same fragment revealing the 

relationships of the other groups of the tribe Leptodirinae. Moreover, the mtDNA cox1 fragment 

was already analyzed by Caccone and Sbordoni (2001) in the known species of Ovobathysciola. 

Although only four haplotypes belonging to O. majori, O. gestroi, O.grafitti and to one 

Ovobathysciola sp. (Casale, pers. comm. in Caccone and Sbordoni, 2001) are available in GenBank, 

it will be possible to make comparisons necessary for the analysis of the variability in species in the 

study. 

 

Materials and Methods. 

Samples collection. 

The selection of samples was performed by including two of the species already know (O. majori 

and O. gestroi), while the other specimens were potentially Ovobathysciola new species (sp.n.) 

from the locations indicated in figure 1.  

The sampling was designed in order to have a picture of the variability of the mtDNA fragment 

analysed, both between species of the same genus and within species, in order to reveal any 

possible phylogeographic group. Two specimens of the genus Bathysciola , were analysed as out-

group for phylogenetic analysis. In addition, other two samples of a related group not already 

studied were included.  

A total of 37 of the collected specimens were analysed for cox 1 variation. The extraction of 

genomic DNA was made by a modified salting-out method (Miller et al. 1988) which yielded good 

results in the majority of cases. For the amplification of the cox 1 fragment a pair of conserved 

primers (Simon et al. 1994) were used. The amplification was carried out in standard conditions, 

only varying the annealing temperature (45-48 Cº) to obtain amplification of all the samples.  

Whereas in GenBank there is a very limited number of cox 1 sequences of the Ovobathysciola 

genus and that the analysis concerns potentially new species, the sequence reaction was performed 

for both strands, in order to obtain a greater certainty of the base attribution. 

Sequencing was performed by an external sequencing core service (Macrogen Europe). 
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Once compared the two obtained sequences for each samples by the alignments Software BioEdit 

7.0.5.2 (Hall, 1999), the specificity was also verified through the use of BLAST (Basic Local 

Alignment Search Tool, http://blast.ncbi.nlm.nih.gov). 

Subsequently, a first alignment were made with the complete sequence of the mitochondrial 

genome of Drosophila yakuba (> gi | 5834829 | ref | NC_001322.1 |), which represents the 

reference for the coordinates of the used primers; this comparison it was necessary to define the 

nucleotide positions of the fragment of interest. Finally, we proceeded with the multi-alignment of 

the sequences produced with those of Ovobathysciola available in GenBank (GB), for the 

identification of polymorphic sites in the fragment analyzed. The first evolutionary analysis were 

carried out by the use of MEGA 5 Software (Tamura et al. 2011). 

Maximum Likelihood fits of 24 different nucleotide substitution models were considered. Models 

with the lowest BIC scores (Bayesian Information Criterion) are considered to describe the 

substitution pattern the best. For each model, AICc value (Akaike Information Criterion, corrected), 

Maximum Likelihood value (lnL), and the number of parameters (including branch lengths) are also 

presented (Nei and Kumar, 2000). For estimating ML values, a tree topology was automatically 

computed. The analysis involved 41 nucleotide sequences. Codon positions included were 1
st
 + 2

nd
. 

All positions with less than 95% site coverage were eliminated. That is, fewer than 5% alignment 

gaps, missing data, and ambiguous bases were allowed at any position. There were 541 positions in 

the final dataset. A tree were constructed by the Maximum Likelihood method based on the Tamura 

3-parameter model (T92). 

The bootstrap consensus tree inferred from 1000 replicates (Felsenstein J., 1985) was calculated to 

represent the evolutionary history of the taxa analyzed (Felsenstein J., 1985). Branches 

corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. The 

percentage of replicate trees in which the associated taxa clustered together in the bootstrap test 

(1000 replicates) are shown next to the branches (Felsenstein J., 1985). Initial tree(s) for the  

euristic search were obtained automatically by applying Neighbour-Joining and BioNJ algorithms 

to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) 

approach, and then selecting the topology with superior log likelihood value. A discrete Gamma 

distribution was used to model evolutionary rate differences among sites (5 categories (+G, 

parameter = 0.7799)).  

 

Preliminary results. 
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The tree constructed by the Maximum Likelihood method (Figure 2) showed the relation among the 

Ovobathysciola species analyzed. The tree topology seems to be coherent with the taxonomic units 

indicated (the species) and with the geographic locations. There are two main clades, in the first 

there are almost all the species of the central-east area O. majori (area 1), Ovobathysciola sp.N.3 

(area 3)  Ovobathysciola sp. N.4) (site 4) and one of the west-central Sardinia Ovobathysciola sp.n 

Ac (area 2); in the second there are the species of the south-east of Sardinia O. gestroi (area 7). It 

interesting to note that in latter there is also a sub-clade where the O. grafittii, which is known only 

from one cave in northwestern Sardinia, is closer to the Ovobathysciola sp.N.5. (area 5) despite this 

last one is from the northernmost area. 

If we focused on the sub-clades, it is possible to observe that seven main sub-clades correspond of 

each one of the main sampling areas. The main clades and sub-clades were also well supported by 

high bootstrap values. Moreover, it is interesting to note that within the main sub-clades, also a 

certain amount of variation could be revealed, and this structure is related to the cave of origin of 

each group of samples analyzed. In particular the Ovobathysciola sp.N.4 sub-clade show two 

separate groups supported by a high bootstrap value. Finally, in the clade of O.gestroi, one of the 

sample seems to be differentiated from the other that are in strict relation, on the same branch. 

 

First conclusion and future perspective 

The mtDNA cox 1fragment seemed to be informative for the study of the Ovobathysciola genus. 

The preliminary results depicted an interesting framework to study and suggest to further 

investigating the phylogeography pattern. The results produced will be interpreted on the basis of 

the integration of knowledge gained through the study of the same species with a morphological 

approach.  
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Figure 1. Map of Sardinia Island with the sampling locations. 
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Figure 2. In the figure the Maximum Likelihood tree calculated is shown. The last number of the 

sample names (.N) represent the sample locations as indicated on the map in figure 1. The 

percentage of replicate trees in which the associated taxa clustered together in the bootstrap test 

(1000 replicates) are shown next to the branches. 
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4.1 Low pass DNA sequencing of 1,200 Sardinians 

reconstructs European Y chromosome phylogeny 
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ABSTRACT (~125 words) 

Genetic variation within the male specific portion of the Y chromosome (MSY) can clarify the 

origins of contemporary populations, but previous studies were hampered by partial genetic 

information. Population sequencing of 1,204 Sardinian males identified 11,763 MSY single 

nucleotide polymorphisms (SNPs), of which 6,751 have not previously been observed. We 

constructed a MSY phylogenetic tree containing all main haplogroups found in Europe along with 

many Sardinian-specific lineage clusters within each haplogroup. The tree was calibrated with 

archaeological data from the initial expansion of the Sardinian population ~7,700 years ago. The 

ages of nodes highlight different genetic strata in Sardinia and reveal presumptive timing of 

coalescence with other human populations. We calculate a putative age for coalescence of ~180-

200,000 years ago, consistent with previous mitochondrial DNA (mtDNA) based estimates. 

 

One Sentence Summary: Human demographic history can be inferred from analyses of Sardinian 

Y chromosome DNA sequences. 

 

New sequencing technologies have provided genomic data sets that can reconstruct past events in 

human evolution more accurately (1). Sequencing data from the male specific portion of the Y 

chromosome (MSY) (2), because of its lack of recombination and low mutation, reversion and 

recurrence rates, can be particularly informative for these evolutionary analyses (3, 4). Recently, 

high coverage Y chromosome sequencing data in 36 males from different worldwide populations 
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(5) assessed 6,662 phylogenetically informative variants and estimated the timing of past events, 

including a putative coalescence time for modern humans of ~101-115 thousand years ago. 

MSY sequencing data reported to date still represent a relatively small number of individuals from a 

few populations. Furthermore, dating estimates are also affected by the calibration of the 

phylogenetic tree used to establish the rate of molecular change over time. This calibration can 

either correlate the number of nucleotide substitutions with dates from 

paleontological/archaeological records (phylogenetic rate) or can use directly observed de novo 

mutations in present-day families (mutation rate). However, both approaches are complicated by 

several variables (6, 7). 

Some of these problems can be resolved by the analysis of MSY sequencing data of many 

individuals from a genetically informative population where archaeological data are available to 

provide suitable calibration points. This prompted us to use large-scale MSY sequencing data from 

the island population of Sardinia for phylogenetic analysis. We generated a high-resolution analysis 

of the MSY from population sequencing of 1,204 Sardinian males, (8). We used a hierarchical 

approach and, to be consistent with previous work (5), focused on approximately 8.97 Mbp from 

the Y chromosome in the X-degenerated region. We inferred 11,763 MSY phylogenetically 

informative SNPs, detected in at least two individuals and unequivocally associated with specific 

haplogroups and sub-haplogroups; 6,751 of these SNPs were not thus far reported in public 

databases.  

The informative SNPs were used to construct a parsimony-based phylogenetic tree. To root the tree, 

we used the chimpanzee genome reference as outgroup and inferred the ancestral status at all SNP 

sites except for 26 that were discarded in further analysis. The first bifurcation point, and thus the 

Most Recent Common Ancestor, separates samples 1-7 from the rest of the sample (samples 8-

1204) (Table 1). The average number of derived alleles in the 1,204 males is 1,002.6 (±21.2 s.d.) 
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which, consistent with a neutral evolution of these Y polymorphisms, shows a remarkable 

uniformity of the branch length.  

The Sardinian sequences show a very high degree of inter-individual variation. As shown in a 

schematic tree (Fig. 1), all of the most common Y chromosome haplogroups previously detected in 

Europe are present in our sample (Table 1), with the sole exception of the northernmost Uralic 

haplogroup N. The first bifurcation separates the mostly sub-Saharan haplogroup A (7 individuals, 

0.6% in our sample) from the others. Haplogroup E (132, 11.0%) is present with its European clade, 

characterized by the presence of the M35 marker, together with a small number of individuals 

belonging to the mainly African clade E1a. The rare haplogroup F (7, 0.6%) is related to 

haplogroup G (131, 10.9%), which shows a private Sardinian-Corsican clade whose ancient roots 

have been found in an Eneolithic sample from the Italian Alps (9). Haplogroup I (490, 40.7%) is of 

special interest because it is mostly represented by the I2a1a clade, identified by the M26 marker, 

which is at high frequencies in Sardinia (10) but is rare or absent elsewhere (11). Haplogroup J 

(161, 13.4%) is observed with its main subgroups; and the super-haplogroup K is present with the 

related L and T branches (36, 3.0%), with a single individual of haplogroup Q (1, 0.08%), and with 

the more common haplogroup R (239, 19.9%), occurring mostly as the western European M173-

M269 branch. 

Almost half the discovered SNPs (4,872) make up the skeleton of the phylogenetic tree and 

constitute the root of the main clades. The skeleton comprises lineages that are unbranched for most 

of their length, with ramifications only in the terminal portion. This indicates an early separation of 

the clades followed by new variability generated during subsequent expansion events. 

To estimate points of divergence between Sardinian and continental clades, we sequenced two 

samples from the Basque Country and Northern Italy, belonging to haplogroup I, and two, from 

Tuscany and Corsica, belonging to haplogroup G. We also analysed the sequence of the so-called 
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Iceman Ötzi (9), together with 133 publicly available European sequences from the 1,000 Genome 

database, and those SNPs from the ISOGG database detected outside Sardinia.  

Notably the Basque individual separates from the basal position of the I2a1a branch that 

encompasses 11 Sardinian individuals. The Northern Italian sample, instead, most likely reflecting 

the last step of I2a1 lineages before their arrival in Sardinia, is at the basal point of most of the 

remaining I2a1a samples (Fig. 2). Considering two other basal lineages encompassing only 

Sardinian samples, we can infer that when the I2a1a sub-haplogroup entered Sardinia it had already 

differentiated into four founder lineages that then accumulated private Sardinian variability. Two 

other founder clades show similar divergence after entry into the island - one belonging to 

haplogroup R1b1c (xV35) (whose differentiation is identified contrasting the Sardinian data with 

the ISOGG and 1000 Genome data); and the other, to haplogroup G2a2b-L166 (identified by 

divergence from a sequenced Corsican sample). 

The branch length uniformity observed in our phylogeny is consistent (Fig. 1) with a relatively 

constant accumulation of SNPs in different lineages over time. Hence, this accumulation can be 

effectively used as a molecular clock for the dating of branch points. We calibrated accumulation of 

Sardinian-specific genetic variation against established Sardinian archaeological records, reviewed 

in Supplementary Figures 7 and 8 and accompanying text, indicating a putative age of initial 

demographic expansion ~7,700 years ago (8, 12), that is also supported by mtDNA analyses (13). 

Importantly, comparison of Sardinian genetic variation with that found elsewhere helped us to 

establish the amount of variability produced during and after this expansion, resulting in sub-

lineages that appear to be unique to the island.  

We focused our calibration analyses on the individuals belonging to the I2a1a-� clade, which is 

shared by 435 individuals and is best suited to assess the Sardinian specific variability. Taking into 

account the average variation of all Sardinian individuals in the common I2a1a-� clade of 37.3 
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(±7.8) SNPs, a calibration point of 7,700 years ago results in a phylogenetic rate of one new 

mutation every 205 (±50) years. Considering that our analysis focused on approximately 8.97 Mbp 

of sequence from the Y chromosome, X-degenerated region, this rate is equivalent to 0.53 x 10
-9

 bp
-

1
 year

-1
. Notably, this phylogenetic rate is consistent with the value of 0.617 (0.439-0.707) x 10

-9
 bp

-

1
 year

-1
 - from the genome-wide mutation rate observed from de novo mutations adjusted for Y 

chromosome specific variables (14). Our mutation rate is instead lower than the value of 1.0 x 10
-9

 

bp
-1

 year
-1

 obtained from de novo MSY mutations in a single deep-rooted family (5) which also 

coincides with that traditionally deduced from the Homo-Pongo divergence (15). 

Using our phylogenetic rate of 0.53 x 10
-9

 bp
-1

 year
-1

, we estimated the Time to the Most Recent 

Common Ancestor (TMRCA) of all samples, whose average variability is 1,002.6 (±21.2) SNPs, at 

~200,000 years ago. This is older than previously proposed (16) for the Y chromosome, but is in 

agreement with estimates from a de novo mutation rate in an African Y chromosome lineage (14) 

and with the revised molecular clock for humans (7) and the TMRCA estimated from analyses of 

maternally inherited mtDNA (13, 17).  

The main non-African super-haplogroup F-R shows an average variation of 534.8 (±28.7) SNPs, 

corresponding to a TMRCA of ~110,000 years ago, in agreement with fossil remains of archaic 

Homo sapiens out of Africa (7,18) though not with mtDNA, whose M and N super-haplogroups 

coalesce at a younger age (13). The main European subclades show a differentiation predating the 

peopling of Sardinia, with an average variation ranging from 70 to 120 SNPs (Table 1), 

corresponding to a coalescent age between 14,000 and 24,000 years ago, compatible with the post 

glacial peopling of Europe.  

However, the inferred phylogenetic rate and dating estimates presented here remain tentative 

because the calibration date was deduced from archaeological data, which may be incomplete and 

typically cover a relatively large temporal interval making it difficult to indicate a specific moment 
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in time. A more precise calibration point could be obtained by sequencing DNAs from prehistoric 

Sardinian remains with absolute 
14

C dating. Further limitations derive from the scarcity of related 

samples for rare lineages coupled with the low pass sequencing approach we used (8).  Low pass 

sequencing is expected to detect nearly all common variants (frequency >1%) but to miss rare 

variants. Missed variants have competing effects on estimates of ancestral coalescent times: when 

they lead to missed differences among haplotypes diverged after the founding of Sardinia they 

lower our calibrated estimates of mutation rate and increase coalescent time estimates; when they 

lead to missed differences among ancestral clades, they lower these time estimates. In fact, despite 

the overall homogeneity of the length of the branches from the MRCA (Fig. 1), those represented 

by fewer individuals are generally shorter (8). To estimate the effect of missed variants on the age 

estimates, we sequenced with deep coverage 6 selected individuals, 4 of them belonging to the 

I2a1a-� clade, used for calibration and two with the I2a1a-� and J2b2f clades, used as outgroup. 

Notably, the deep sequencing of the I2a1a-� samples yielded an average of 45.7 (±2.2) Sardinian 

specific SNPs among these haplotypes (versus 37.3 (±7.8) in low coverage data), corresponding to a 

phylogenetic rate of 0.65 x 10
-9

 bp
-1

 year
-1

. Overall, this re-analysis suggested a slightly more recent 

TMRCA (lower than 13%) still in substantial agreement with the antiquity of the main Y 

chromosome haplogroups (8).  

 Hence, despite current limitations, the calibration used from common haplogroups in over a 

thousand people from this isolated population, including many island-specific SNPs, permit an 

estimate of main demographic events during the peopling of Sardinia concordant with the 

archaeological/historical record and ancient DNA analysis (8). The initial expansion of the 

Sardinian population, used for calibration, is marked by six clades belonging to three different 

haplogroups, with an average variation of around 35-40 SNPs, representing the ancient founder core 

of modern Sardinians. 
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Our data further reveal a more intricate scenario of Sardinian demographic history, in which 

additional variability was introduced after the Early Neolithic expansion, to add to the observed 

great inter-individual variation. Further expansion likely occurred in the Late Neolithic (~5,500-

6,000 years ago), associated with some clades of E, R and G that show Sardinian-specific 

variability of 25-30 SNPs and related to later genetic flow (Table 1). Additional variation putatively 

arrived with groups of individuals carrying other haplogroups (namely the I clades different from 

I2a1, J and T). Taken together, the genetic data and demographic expansions are consistent with 

classical archaeological data indicating that Sardinia reached a considerable population size in 

prehistoric times; the estimated population during the Nuragic Period (~2,500-3,700 years ago) was 

> 300,000 inhabitants (19). Finally, the rare, mostly African A1b-M13 and E1a-M44 clades could 

have come to Sardinia in more recent times up to the historic period corresponding to the Roman 

and Vandalic dominations, suggested by a private Sardinian variability of 7-10 SNPs. 
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SUPPLEMENTARY MATERIALS 

Materials and Methods 

Samples 

DNA was extracted from peripheral blood samples of 1,204 adult males from various areas of 

Sardinia. 873 were unrelated individuals, whereas 331 were paternally related (154 father-son pairs, 

5 families of 3 individuals and 2 of 4 individuals). Because of the non-random nature of the sample, 

the data were used here for phylogenetic purposes (considering males within a nuclear family as a 

single Y chromosome sample), and no population analysis at a sub-regional level was done. The 

individuals sequenced were part of two large clinical studies: the SardiNIA study, which assesses 

quantitative traits of biomedical relevance a general population cohort (21), and a case-control 

study to detect the genetic factors of risk for autoimmune diseases with no correlation with the Y 

chromosome (22). An additional 4 individuals from different European regions (1 Basque, 1 

Northern Italian, 1 Corsican, 1 Tuscan) of known haplogroup were included to provide the tree with 

points of divergence from continental populations. We also considered for comparison 133 publicly 

available European sequences (40 Britons, 8 Iberians, 50 Tuscans and 35 Finns) from the 1,000 

Genomes database (http://www.1000genomes.org) together with the sequence of the so-called 

Iceman Ötzi (9). The present study was approved by the Ethical committees of the ASL 6 in 

Lanusei and ASL 1 in Sassari, and by the IRB of the National Institute on Aging, NIH. Each 

participant signed an informed consent form for the samples used.  

Sequencing method and analysis  

Genomic DNA-Seq Pair-End libraries were generated from 3-5�g of genomic DNA using the 

Paired-End Genomic Sample Prep Kit (Illumina) according to the manufacturer’s instructions. 

Samples were sequenced on the Illumina Genome Analyzer IIx and Illumina Hiseq2000 
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instruments at the CRS4 Sequencing and Genotyping Platform Center in Pula, and at the University 

of Michigan DNA Sequencing Core. Image analysis, base calling and quality scoring were carried 

out using the Illumina analysis pipeline. Genome libraries were sequenced at an average whole-

genome coverage of 4.32-fold. Raw sequencing data were aligned using Seal-0.3.1 (23), a 

distributed alignment tool based on BWA 0.5.9 (Burrows Wheeler Alignment tool) (24) and the 

human NCBI GRCh37-Decoy reference assembly of the Genome Reference consortium (1).  

Quality scores were recalibrated using the GATK toolkit version 1.2-24 (25). Base alignment 

quality correction was applied using the SAMtools software (26) assessing alignment quality to 

avoid false SNP calls due to misalignments. A last pre-processing step was performed using the 

bamUtils' ClipOverlap tool, which solves the problem created by overlapping reads (i.e., reads 

whose insert size is shorter than twice the read length, which can result in double counting of PCR 

errors) by cutting the overlapping part of the read with lower quality. 

The sequence coverage and mappability of the MSY regions analysed are shown in fig. S1. 

Variant calling 

Sequence alignments were used to call genotypes, analysed using a customized version of the 

glfMultiples tool, specifically modified to call MSY genotypes, which calibrates genotype posterior 

probabilities using a prior probability of mismatch of 10
-3

 based on the hypothesis of a mutation 

every 1000 bases. To increase the statistical power to detect variants in low pass sequencing, we 

used a population-based approach to call all the samples in a single batch. In particular the modified 

version of glfMultiples contains the following filters: 1) bases were selected only if mapping quality 

(expressed on the Phred scale) was >=60 for paired-end reads and >=37 for single-end reads; 2) 

Genotypes were retained if they passed filters and prior correction did not change the resulting 

genotype call; 3) singleton polymorphisms were preliminarily accepted (but not included in the 

analyses) only if the non-reference allele was observed at least four times; and 4) heterozygous calls 
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were imposed to be “no-calls” and positions accounting for more than 20 samples with 

heterozygous calls were discarded in all samples. This analytic approach to the sequencing data 

focuses on base pair substitutions (SNPs) and does not allow the detection of length polymorphisms 

such as STR and In/Dels. After applying this method to all Sardinians and the additional 5 non-

Sardinian males, we observed 14,042 polymorphic sites that occurred in at least two individuals.  

Hierarchical inference of the variation 

Polymorphic nucleotide positions and respective genotypes were listed and the variants appearing 

in at least two individuals were assigned according to their association to known haplogroups 

(groups of haplotypes sharing one or more common ancestral SNPs). The variants univocally 

associated with a known haplogroup, sub-haplogroup or phylogenetically related haplogroups (with 

a tolerance margin of 1% of recurrence outside the group), were considered informative (fig. S2). 

The lack of base calls due to the absence of reads at a position in a particular sample was resolved 

either as an ancestral or derived allele by a hierarchical inferential approach based on sequential 

accumulation of mutations over time in the MSY, due to the absence of recombination and the low 

recurrence and reversion rates on this portion of the Y chromosome (3) (fig. S3). Hence, the allelic 

status of the discovered SNPs is not always experimentally determined for each sequenced 

individual, but we report an average of 64.8% directly detected and 35.2% inferred SNPs for each 

individual. It should be noted that such a phylogenetically based inference strategy is inherently less 

accurate for the rarest lineages, where the chance is higher of missing a polymorphic site or of 

proposing a singleton SNP when in fact the variant is shared among different individuals (and is 

hence lost from the analysis). This is particularly critical in the terminal branches of the various 

lineages. For instance, in our phylogenetic tree (Fig. 1) all the clades encompassing less than 10 

individuals show a branch length below the average, which may affect their coalescence times. This 

is particularly evident for the branch including a single individual (sample 965, haplogroup Q), with 
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only 765 SNPs (Fig.1). The polymorphic sites that were discovered in multiple individuals but 

could not be unequivocally assigned to any of the known haplogroups were discarded (fig. S4). A 

further selection was applied to sites lacking reciprocal correspondence at the lower hierarchical 

level of the sub-haplogroup.  

The overall process yielded 2,282 (16.2%) uninformative SNPs that were discarded (table S1, sheet 

4), resulting in 11,763 validated SNPs available for the analysis, of which 23.1% present in the 

1000 Genomes Phase 1 release, 8.9% in the dbSNP135 database, and 580 markers of known 

haplotype attribution reported in the ISOGG list (table S1, sheet 1). Both newly detected and known 

SNPs (dbSNP135) showed a similar transition/transversion ratio (1.57 and 1.69 respectively). 

In addition to these 11,763 informative SNPs detected in at least two individuals, there were 8,314 

detected in only one individual (singletons) (table S1, sheet 2 and 3). Since in this case it is not 

possible to apply a phylogenetic criterion, the more stringent quality control using a threshold of 4 

reads yielded 1,290 singletons (with a transition/transversion ratio of 1.3) that passed this strict 

filter (table S1, sheet 2), 2.1% of them present in the 1000 Genomes Phase 1 release and 11.0% in 

the dbSNP database.  

Phylogenetic analysis  

The reference genome is a chimera of at least two individuals (2). It contains a major portion 

belonging to haplogroup R defined according to the Y-Chromosome Consortium nomenclature 

(27), with about 1Mb (from 14.3Mb to 15.3Mb) belonging to haplogroup G. To overcome this 

confounding factor, we referred to ancestral allelic status rather than to a reference genome allele to 

describe each SNP. The 9 non continuous portions of the Y chromosome here analyzed span from 

position 2.6 to 28.8 Mbp for a total of ~8.97 Mbp sequenced [see web resources]. The ancestral 

status of each position was determined by comparison with a chimpanzee sequence using the 

LASTZ software as in the Ensembl-Compara pipeline (28) according to the method of Wei et al (5).  
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The 11,763 phylogenetically informative SNPs were used to build a phylogenetic tree using Phylip 

v3.69 package (29), using the Pars application (Discrete character parsimony algorithm). FigTree 

v1.4.0 software was used to display the generated tree (30).  

Comparison between sequences analysed at low and high coverage 

As discussed above, the low pass sequencing strategy used here can lead to incomplete extraction of 

the genetic variation. To quantify the amount of variation that has been lost in our sample, and to 

evaluate the accuracy of the hierarchical phylogenetic-based inference, we sequenced at high 

coverage (average 16.1x in the MSY regions considered, Minimum 13.7 Maximum 18.4) 6 selected 

individuals (samples 287, 336, 338, 688, 699 and 915), 4 belonging to the I2a1a-� clade used for 

calibration, 1 belonging to the I2a1a-� clade, and 1 to the haplogroups J, used as outgroup (table 

S2). 

Having accurate deep sequencing data we are able to estimate the concordance rate of phylogenetic 

inference. The low pass sequencing followed by hierarchical inference yielded, as a whole for the 

six individuals, 4,409 genotypes alternative to the reference (NCBI GRCh37), 1,710 of them 

directly genotyped and 2,699 inferred. The inferred genotypes were concordant with the deep 

sequence genotyping in 2,695 cases, while in 4 cases the inferred genotype was different from that 

observed at high coverage (error rate of ~0.001), confirming the accuracy of the inference 

procedure. It is worthy to notice that the incorrect inference does not result in a wrong haplogroup 

assignment but a shift of the inferred SNP one node upstream on the phylogenetic tree. 

We then compared the tree constructed for these six individuals at both low and high coverage, in 

order to reveal how the new informative variability is distributed. The deep sequencing discovered 

103 additional SNPs not previously observed at low pass. As expected, the variants detected only 

by deep sequencing were not evenly distributed along the tree (fig. S5). In fact, most of the 
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common variants in the upper part of the tree were detected by our low pass, population based 

approach, while the false negative rate is highest in the terminal branches and thus for rare variants.  

The average number of SNPs for the four I2a1a-� samples (downstream the calibration point dated 

at 7,700 years) is 45.7 (±2.2), which is about 20% higher than the average detected in the general 

low pass samples. This result corresponds to one new mutation every 168.5 years, equivalent to a 

phylogenetic rate of 0.65 x10
-9

 bp
-1

 year
-1

.  

When considering the two other individuals outside the clade used for calibration, the coalescent 

number of SNPs increases to 1031.8 (±10.9). Using this data with the corrected rate of 1 SNP x 

168.5 years, the TMRCA of the six samples results to be 174,000 years old, ~13% younger with 

respect to the one calculated for the general low pass sequenced samples.  

However, this result must be regarded as preliminary, as some of the variability at the root above 

the IJ node cannot be detected with this analysis, being identical to the reference. Hence, the 

TMRCA calculated in the deep sequenced samples could be even closer to that we reported for the 

general low pass sequenced samples. 

Ancient DNA analysis 

The reliability of the phylogenetic rate was assessed using a sequence coming from an ancient 

mummified sample (Ötzi) of known age, radiocarbon dated to 5,300 years old (9). This sequence 

belongs to a clade of haplogroup G encompassing a Tuscan, a Corsican and 8 Sardinian samples 

(table S3). It shares with the other samples 10 derived SNPs, while it is not possible to assign the 

allelic status to other 17 SNPs lacking of a readable signal in the ancient sample. Another 8 SNPs, 

showing the ancestral allele, separate the Ötzi sequences from the Tuscan, Corsican and Sardinian 

cluster, which presents the derived allele. Subsequently, the Tuscan sequence separates from the 

Sardo-Corsican ones. In addition, the Ötzi sequence shows 15 singletons, although this number is 

likely underestimated, considering the poor coverage of ancient DNA. Applying our phylogenetic 
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rate (one mutation every about 200 years), the date for the MRCA between Ötzi and the Sardo-

Corsican samples ranges from about 9,000-12,500 years ago (depending on the assignment of the 

17 SNPs of unknown status) (fig. S6). The number of Ötzi’s singletons indicates a separate 

evolution of at least 3,000 years, resulting in an estimated age of 6,000 years at its lower limit, 

approaching the actual age of the specimen. However, this estimate is older and thus does not 

conflict with our phylogenetic rate, whereas a younger age would have contradicted it. 

Archaeological context 

The long history of human settlement in Sardinia is illustrated by the known Mesolithic to Late 

Neolithic period archaeological sites (Figures S7). The first direct evidence of modern Homo 

sapiens in Sardinia dates back to upper Paleolithic, with a human phalanx discovered at Corbeddu 

cave (Central Eastern Sardinia) and radiocarbon dated to ~20,000 years ago (BP) (31). However, 

based on the available evidence, this early peopling remained isolated. Sardinia began to be 

substantially inhabited during the Mesolithic (10,500-8,000 years BP), with 6 known settlements 

(fig. S7a) (32). The relatively limited food resources dominated by a “pika-like” rabbit named 

Prolagus sardus and mollusks hampered a significant demographic growth by the local hunter-

gatherers whose locations remained largely restricted to the coast (33). 

The introduction of a productive economy with farming and domesticated animals started in the 

Early Neolithic, ~7,700 years BP (fig S8) (12, 34), and resulted in an initial population expansion at 

7,700 years BP, highlighted by 73 known archaeological sites, 45 of them at open air and 28 in 

caves or rock shelters (fig. S7b) (33, 34). These sites are found on the coast as well as in the 

interior. Cardial impressed pottery was developed, and the obsidian trade witnessed contacts with 

the northwestern shores of the Mediterranean (35). This population evolved into the Middle 

Neolithic culture of “Bonu Ighinu”, with 76 sites known (fig. S7c), characterized by more 

developed open-air settlements, although caves continued to be used (36). By ~5,200 years BP, the 
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Late Neolithic “Ozieri” culture, has afforded about 127 known sites (fig. S7d) reflecting a 

remarkable increase of the population size and internal movements and settling of new territories by 

the local population (37), although with some contacts with external populations, as suggested by 

cultural exchanges with the Aegean area (38). The settlements are mainly in newly founded 

villages, and is characterized by megalithic tombs (“domus de janas").  

The Eneolithic and Bronze Age periods (4,800-2,900 years BP) culminated in the rich Nuragic 

culture, named for the imposing stone fortress towers (“Nuraghe”).  
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FIGURE LEGENDS  

Figure 1  

Phylogenetic tree of the 1,209 (1204 Sardinians and 5 non Sardinians) Y chromosome 

sequences.  

The bifurcations AT, BT, CT, and DE have been inferred due to the absence of individuals 

belonging to haplogroups B, C and D in our sample. Colored branches represent different Y 

chromosome haplotypes. 

Number of polymorphisms for the main branches is shown in black, while the average number of 

SNPs of sub-haplogroups is given in blue. The sub-haplogroups are named according to ISOGG 

nomenclature.  

The left axis indicates the number of SNPs from the root. The asterisk indicates the calibration 

points. The colored dots indicates private Sardinian clusters with an average number of SNPs in the 

range of: 35-40 in red; 25-30 in green; and 7-12 in blue. The black dots indicate clusters with an 

average number of SNPs in the range 70-120. 

The arrow indicates the position on the tree of the Ötzi, Tuscan, and Corsican samples.  

The grey box is enlarged in Figure 2. 

Figure 2 

Phylogenetic tree of the 492 (490 Sardinians and 2 non Sardinians) Y chromosome sequences 

belonging to haplogroup I. 

Number of polymorphisms for the main branches is written in black. Average number of SNPs of 

sub-haplogroups is shown in blue. The sub-haplogroups are named according to ISOGG 

nomenclature.  

The red dots indicate Sardinian private clades, labelled in Greek letters as in Table 1. The black dots 

indicate clusters with an average numbers of SNPs in the range of 70-120. 
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The arrows indicate the position of the Northern Italian and Basque samples on the tree. The 

asterisk indicates the calibration point. 
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SUPPORTING FIGURES AND TABLES 

 

Figure S1 

Physical map of Y chromosome, sequence coverage and mappability of the regions included in 

our analysis 

Upper panel: depth distribution (red, left axis) and fraction of reads with map quality = 0 (blue, 

right axis) 

Mid panel: Number of variants (red, left axis) and fraction of reference bases available (blue, right 

axis)  

Lower panel: Schematic representation of chromosome Y regions 

Data are plotted along the portion of Y chromosome spanning from 2.5Mb to 28.8 Mb. Grey shaded 

rectangles indicate the portion of the Y chromosome provided by the 1000G consortium and used in 

our analysis. Background colours indicate the three classes of MSY euchromatic sequences: X-

transposed (yellow), X-degenerate (grey) and ampliconic (pink), as well as heterochromatic (blue) 

and pseudoautosomal (dark grey) sequences and other (purple). 

Figure S2 

Example of Informative SNPs (unequivocally associated with established haplogroups or sub-

haplogroups) 

- SNP 1: associated with two related haplogroups 

- SNP 2-3 and 4-5: associated with root haplogroups 

- SNPs 6-8 and 9-10: associated with sub-haplogroups 

- SNP 8: associated with a sub-haplogroup, at a lower hierarchical level 

- SNP 9: associated with an haplogroup, with derived allele (in red) occurring outside the 

haplogroup at a frequency < 1%  
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Figure S3 

Examples illustrating the criteria for inferring the allelic status in case of lack of data (blanks)  

Samples 3-8 belong to haplogroup X defined by SNPs 1-10, with the main trunk defined by SNPs 

1-2.  

Haplogroup X is subdivided into sub-haplogroup X1 (samples 3-4), defined by SNPs 6-8, and X2 

(samples 5-8), defined by SNPs 9-10. 

The blanks were resolved either as ancestral allele (e.g. sample 1, SNP 3 - sample 2, SNPs 6, 7, 10 - 

and analogous – colored in white) or derived allele (e.g. sample 3, SNP 2 - sample 4, SNP 1 - and 

analogous – colored in light yellow) according to the phylogenetic context. 

The calls in the box related to SNPs 3-5 could be assigned either to the derived (a) or to the 

ancestral (b) allele. Because of the blanks for both individuals belonging to sub-haplogroup X1, the 

choice between the two alternative states is arbitrary.  

In our dataset, we applied scenario (a) to all cases of ambiguity, placing particular SNPs upstream 

of the sub-haplogroup bifurcation point. 

Future inclusion in the analysis of a new sample with a better coverage could resolve ambiguity (c), 

assigning the derived allele for SNP 4 (haplo X), and the ancestral allele for SNPs 3 and 5 (sub-

haplo X2)  

 

Figure S4 

Examples of discarded SNPs not showing unequivocal correspondence with established 

haplogroups or sub-haplogroups 

- SNPs 1-2: high frequency, no association with established haplogroup  

- SNP 3: high frequency, associated with one haplogroup but also present in other 

haplogroups with a frequency > 1% 
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- SNP 4: high frequency, associated with two unrelated haplogroups  

- SNPs 5-6: low frequency, not associated with any haplogroup 

- SNP 7: low frequency, associated with one haplogroup, but not associated with any 

established sub-haplogroup 

 

Figure S5 

Reduced phylogenetic tree of the six deep sequenced samples 

Numbers in black are variants detected at low pass sequencing. Numbers in blue are new variants 

detected by deep sequencing. The arrow indicates the calibration point.  

 

Figure S6 

Phylogenetic tree of the ancient DNA sample “Ötzi” 

The dotted lines indicate the branching and the branch length not supported by direct observation on 

the ancient sample. Notes as in table S3: 1) SNPs ancestral to all samples in the subclade; 1-2) 

SNPs whose ancestral status in Ötzi is unknown; 2) SNPs not shared by Ötzi; 3) SNPs shared by the 

Sardo-Corsican samples; 4) beginning of the private Sardinian SNPs; 5) Private SNPs of Ötzi. 

 

Figure S7 

Spatial distribution of known archaeological sites from Mesolithic to Late Neolithic 

a) Mesolithic (13,000-7,700 years BP) 

b) Early Neolithic (7,700-6,000 years BP) 

c) Middle Neolithic (6,000-5,400 years BP) 

d) Late Neolithic (5,400-4,800 years BP) 
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Figure S8 

Chronology of Early Neolithic sites 

Averages and standard deviations of calibrated radiocarbon dates of Ealry Neolithc levels of 

relevant Sardinian sites (37). 

 

 

Supplemental Table 1 

List of informative, singleton and discarded SNPs 

Sheet 1 – Informative (bi-univocal) SNP list 

- Column A: SNP-ID 

- Column B: Physical position in build 37 

- Column C: Reference allele  

- Column D: Alternative allele  

- Column E: Ancestral allele 

- Column F: x denotes presence in the 1000 Genomes Phase 1 release  

- Column G: dbSNP rs-code 

- Column H: ISOGG marker code 

- Column I: Alternative ISOGG marker code 

- Column J: Haplotype assignment 

- Column K: Number of observed derived alleles 

- Column L: Number of inferred derived alleles 

- Column M: Total number of derived alleles (observed + inferred) 

- Column N: Percentage observed / total derived alleles 

- Column O: First sample with the derived allele 
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- Column P: Last sample with the derived allele 

- Column Q: Non Sardinian samples with the derived allele (O= Ötzi, T= Tuscan, B= Basque, 

C=Corsican, I=Northern Italian)  

Sheet 2 – List of singleton (private) SNPs covered by 4 reads or more 

- Column A: SNP-ID 

- Column B: Physical position in build 37 

- Column C: Reference allele 

- Column D: Alternative allele 

- Column E: Ancestrale allele 

- Column F: x denotes presence in the 1000 Genomes Phase 1 release 

- Column G: dbSNP rs-code 

- Column H: Individual haplogroup 

- Column I: Individual # (O= Ötzi, T= Tuscan, B= Basque, C=Corsican, I=Northern Italian) 

Sheet 3 – List of singleton (private) SNPs covered by 2 or 3 reads  

- Column A: SNP-ID 

- Column B: Physical position in build 37 

- Column C: Reference allele 

- Column D: Alternative allele 

- Column E: Ancestral allele 

- Column F: Individual haplogroup 

- Column G: Individual # (O= Ötzi, T= Tuscan, B= Basque, C=Corsican, I=Northern Italian) 

Sheet 4 – Non-Informative (discarded) SNP list 

- Column A: SNP-ID 

- Column B: Physical position in build 37 
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- Column C: Reference allele 

- Column D: Alternative allele 

- Column E: Number of observed alternative alleles 

- Column F: Other alternative allele (in case of observed triallelic polymorphisms) 

- Column G: Number of observed other alternative alleles 

- Column H: Number of total observed alternative alleles 

 

Supplemental Table 2 

Comparison between sequences analysed at low and high coverage 

Sheets 1-6 – SNPs detected, with respect to the reference (NCBI GRCh37), at low and high 

coverage in samples 287, 386, 388, 688, 699 and 915  

- Column A: SNP-ID 

- Column B: Physical position in build 37 

- Column C: Reference allele  

- Column D: Alternative allele  

- Column E: Ancestral allele 

- Column F: ISOGG marker code 

- Column G: Alternative ISOGG marker code 

- Column H: Haplotype assignment 

- Column I: SNPs at low coverage (upper case = observed; lower case = inferred; boxed = 

lack of concordance with high coverage) 

- Column J: SNPs at high coverage (framed = lack of concordance with inferred) 

Sheets 7 – Statistics for samples 287, 386, 388, 688, 699 and 915 

Sheets 8 –SNPs discovered at high coverage 

- Column A: SNP-ID 
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- Column B: Physical position in build 37 

- Column C: Reference allele  

- Column D: Alternative allele  

- Column E: Ancestral allele 

- Column F: Individual # 

 

Supplemental Table 3 

List of SNPs of the Sardo-Corsican clade including the ancient DNA sample “Ötzi” 

- Column A: SNP-ID 

- Column B: Physical position in build 37 

- Column C: Reference allele  

- Column D: Alternative allele  

- Column E: Ancestral allele 

- Column F: ISOGG marker code 

- Column G: Individual # (O= Ötzi, T= Tuscan, C=Corsican, n.a.= not available) 

- Column H: Notes as in fig S6: 1) SNPs ancestral to all samples in the subclade; 1-2) SNPs 

whose ancestral status in Ötzi is unknown; 2) SNPs not shared by Ötzi; 3) SNPs shared by 

the Sardo-Corsican samples; 4) beginning of the private Sardinian SNPs; 5) Private SNPs of 

Ötzi 
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TABLE LEGENDS  

Table 1 

Super-haplogroups, haplogroups, sub-haplogroups and private Sardinian-Corsican clades. 

Here the average number of SNPs defining each class are shown in our 1212 samples. * The 

average number of SNPs for haplogroups A and E cannot be determined with precision because of 

the lack in our sample of individuals belonging to haplogroups B, C, and D. Consequently, the 

number here reported is an overestimate. 

The Sardinian samples are progressively numbered from 1 to 1,204, and the non Sardinian samples 

are labelled as follows: O= Ötzi, T= Tuscan, B= Basque, C=Corsican, I=Northern Italian. 

The clades containing only private Sardinian SNPs are indicated in Greek letters (progressively 

from � to � within each haplogroup). 
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Figure 1  
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Figure 2 
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Figure S1  
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Figure S2  
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Figure S3  
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Figure S4 
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Figure S5  
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Figure S6 
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Figure S7 
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Figure S8 

 
From  

European Y-Chromosome Phylogeny Low-Pass DNA Sequencing of 1200 Sardinians 

Reconstructs.  

Paolo Francalacci, Laura Morelli, Andrea Angius, Riccardo Berutti, Frederic Reinier, Rossano 

Atzeni, Rosella Pilu, Fabio Busonero, Andrea Maschio, Ilenia Zara, Daria Sanna, Antonella Useli, 

Maria Francesca Urru, Marco Marcelli, Roberto Cusano, Manuela Oppo, Magdalena Zoledziewska, 

Maristella Pitzalis, Francesca Deidda, Eleonora Porcu, Fausto Poddie, Hyun Min Kang, Robert 

Lyons, Brendan Tarrier, Jennifer Bragg Gresham, Bingshan Li, Sergio Tofanelli, Santos Alonso, 

Mariano Dei, Sandra Lai, Antonella Mulas, Michael B. Whalen, Sergio Uzzau, Chris Jones, David 

Schlessinger, Gonçalo R. Abecasis, Serena Sanna, Carlo Sidore, Francesco Cucca 

Science 341, 565 (2013); Reprinted with permission from AAAS.  

Final version of the article can be found on  

http://www.sciencemag.org/content/341/6145/565.full 
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www.sciencemag.org/cgi/content/full/341/6145/565/DC1 

Materials and Methods 

Supplementary Text 

Figs. S1 to S8 

Tables S1 to S3 
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4.2. Uniparental markers in Italy reveal a sex-biased genetic structure and 

different historical strata. 
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SUPPLEMENTARY METHODS 

Spatial Principal Component Analysis (sPCA) 

In order to investigate the spatial distribution of genetic variability within the Italian Peninsula, a 

spatial principal component analysis (sPCA) was performed on haplogroup frequencies for both Y-

Chromosome and Mitochondrial DNA data. Differently from classic PCA, where eigenvalues are 

calculated by maximizing variance of the data, in sPCA eigenvalues are obtained maximizing the 

product of variance and spatial autocorrelation (Moran's I index). In order to include spatial 

information in the analysis, we used a weighting procedure based on a Delaunay connection 

network [1]. Eigenvalues found by sPCA are both positive and negative, depending from Moran's I 

positive or negative values. The most informative components are those identified by eigenvalues 

with the highest absolute values. Large positive components correspond to global structures (cline-

like structures); large negative components correspond to local structures (marked genetic 

differentiation among neighbours). The presence of global or local structures is further assessed by 

using the Global and Local random test as implemented in the adegenet package [2]-[4]. Loadings 

of the most informative components were used to identify haplogroups that mostly influence the 

genetic structure of Italian populations. 

Discriminant Analysis of Principal Components (DAPC) 

The genetic variability of mtDNA and Y-chromosome haplotypes within main haplogroups was 

explored by means of a DAPC analysis. The DAPC method [5] is aimed to describe the diversity 

between pre-defined groups of observations. Being designed to investigate individual genetic data, 

the method can be easily adapted to the study of haplotypes within haplogroups. Preliminarily, data 

are grouped using k-means, a clustering algorithm which finds a given number of clusters 

maximizing the variation between groups. The algorithm runs on a transformation of the raw data 

using Principal Component Analysis (PCA). We retained all the principal components in order to 
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conserve all the variation in the original data. The optimal number of clusters is identified by 

running k-means with increasing values of k (up to a maximum, in our case, of 20). Clustering 

solutions for different k values are compared calculating Bayesian Information Criterion (BIC). The 

'best' solution corresponds to the lowest BIC. The actual DAPC procedure consists of two further 

steps. First, original data (STR haplotypes) are transformed (centred, in our case) and submitted to a 

PCA. Second, the retained PCs are passed to a Linear Discriminant Analysis based on the groups 

identified during the preliminary k-means clustering step. As a result, discriminant functions are 

constructed as linear combinations of the original variables which have the largest between-group 

variance and the smallest within-group variance. Membership probabilities are based on the 

retained discriminant functions. Concerning the first step, it is important to observe that retaining 

too many PCs with respect to the number of populations can lead to over-fitting the discriminant 

functions, meaning that membership probabilities may become drastically inflated for the best-

fitting cluster, resulting in apparent perfect discrimination. As a consequence, we decided to retain 

as much PCs are needed to represent ~80% of the variation in the original data. The same problem 

would hold also for the second step, e.g. the number of retained discriminant functions. In our case, 

given that the number of investigated clusters is relatively low, all the discriminant functions were 

retained. 

Batwing analysis 

We established prior distributions covering an expected range congruent with human population 

history. For mutation rate priors, muprior, these were set to k= 1.47  and _= 2173 for 25 year 

generations, where the form of the gamma distribution was f (x ;k ,_)dx=
1

_(k)(
x

_)
k_1

e
_ x/_

d(
x

_). 

The prior for the ancestral population size was designed to be very flat over the range of likely 

ancestral values, with k= 1 , and _= 0.0001 .  The population growth rate priors, alpha prior and 
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betaprior, were set to k= 2 , _= 400 , and k= 2 , _=1 . The number of times parameters were 

updated between samples was Nbetsamp=10, and the number of times trees were changed before 

updating parameters was treebetN=20. The number of samples between writing the outfile was 

picgap=1500000. The total number of samples accumulated in the out file was 3.5 million, and 1 

million were excluded as burn-in. 

SNP information was integrated for the phylogenetic reconstruction, but it was not considered for 

posterior estimates. Chain convergence was evaluated by running three independent runs (starting 

from different seeds) and estimating the Gelman and Geweke diagnostic statistics [6], [7] for the 

parameters of interest with the R package CODA [4], [8].  

 “Jackknife-like” procedure for outliers identification 

Being the SD-based time estimation of DAPC clusters sensitively affected by the presence of 

outliers, a jackknife-like procedure for their identification has been designed as follows. For each 

DAPC cluster of N individuals, the variance-based estimate (SD) was recomputed N times on a set 

of N-1 haplotypes, leaving out one individual at a time from the original data set. If one of the N 

estimates, recalculated with the exclusion procedure, is significantly different from the others, we 

can suspect the presence of an outlier in the original dataset. In this case the best estimation of time 

will be the one for which the "outlier" haplotype has been excluded. Otherwise, if none of the 

recomputed estimates differs significantly compared to the others, we can exclude the presence of 

outliers. In that case, we retain the time estimate calculated on the whole original dataset. The 

identification of outlier estimates was performed with Grubbs’ test [9] using the R software Outliers 

package [10]. 
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Figure S1 
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Figure S2 

 

Figure S3 
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Figure S4 

 

 

Figure S5 
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Figure S6 
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Figure S8 
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Figure S10 
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Figure S11 

 

All Supporting Information, included Tables S1-S9 here not shown, can be found on: 

http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0065441#s
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4.3. mtDNA variation in East Africa unravels the history of Afro-Asiatic groups 
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Figure S1 
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Figure S2 
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Figure S4 
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4.4. -The family name as sociocultural feature and genetic metaphor: 

 from concepts to methods. 
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CONCLUSIONS 

 

 
In the present PhD Thesis the variation of the uniparentally transmitted genetic systems as the 

mitochondrial DNA (mtDNA) and the non recombining region of Y chromosome (NRY) has been 

investigated in Equus caballus (E. caballus), in the Ovobatysciola genus and in human populations. 

 

For each of studies presented the analyzed genetic systems resulted powerful in order to reach the 

specific aims: the phylogenetics and phylogeographic studies by the means of haploid systems 

could actually contribute to knowledge of the evolutionary history of species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


