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General introduction

1. Reconstructing human evolutionary history through genetic tools

Detecting and interpreting the existing patterns of genetic variation within and between human
populations has long been one of the major aims of population genetic studies. In the last decades,
the increasing availability of genetic data from worldwide sets of human populations has offered
new powerful tools for population geneticists to ask new questions about our past (Wilkins, 2006).
Studying the human populations genetic structure and the spatial distribution of genetic variation
has helped increasing our knowledge on human population prehistory and proto-history
(Ramachandran et al., 2010). It also allowed shedding new lights into the main demographic
processes which led to the present-day patterns of genetic variability within and among human
groups. The existence of various classes of molecular markers, differing from one another for both
their patterns of inheritance and evolving mutation rates (Garrigan and Hammer, 2006), has made it
possible not only to trace the genetic history of human populations separated either in ancient or
more recent times, but also to investigate the evolutionary forces that have subsequently addressed
their differentiation over time (Sazzini et al., 2014).

Two portions of our genome, commonly referred to as uniparental markers (namely Y-

chromosome and mitochondrial DNA), have long been used in population genetic studies to
reconstruct and compare the male and female genetic histories and demographic patterns at
different geographical and cultural scales (Wilkins et al. 2006). Since they are uniparentally
transmitted - hence free from the reshuffling effect of recombination - the subsequent occurrence of
neutral mutations in these genetic systems defines maternal and paternal lineages whose origin
(phylogenetic relationships) and diffusion pattern (phylogeographic distribution) are traceable back
in time and space, actually reflecting the population past history and mobility (Jobling et al., 2004,
Underhill and Kivisild 2007, Jobling et al., 2013). In addition, by largely escaping selective
pressures, these markers offer the chance to specifically investigate the effect of genetic drift,
admixture, geographic isolation and/or cultural practices on the present-day frequency and
geographic distribution patterns of genetic variation (Sazzini et al., 2014).
More recently, genome-wide autosomal SNP data and X-chromosome genetic markers have offered
new important tools to reveal population genetic sub-structures and to test detailed hypotheses
about human demographic histories, despite being individually less reliable in reconstructing
traceable genealogies (Wilkins et al., 2006; Henn et al., 2010).

Since the first pioneer studies by Cavalli-Sforza and colleagues (1994) on the “History and
Geography of Human Genes”, the European country has attracted particular interest of population

genetic studies. Classical, uniparental and autosomal markers (Cavalli-Sforza et al., 1994; Barbujani
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Thesis rationale

et al., 1994; Rosser et al. 2000; Semino et al, 2000; Chikhi et al. 2002; Lao et al., 2008; Novembre
et al., 2008; Balaresque et al., 2010) agreed in revealing a principal South-East to North-West (SE-
NW) distribution pattern of genetic variation within Europe, which has been mainly associated to
the major prehistoric demographic events that affected the peopling history of the continent over
time: namely the first colonisation by Anatomically Modern Humans (AMH), the post-glacial re-
expansion from Southern-European refuges, and the Neolithic diffusion of agriculture from the
Near East. Within this European genetic continuum, some internal population genetic sub-structures
have been however invoked at more fine-grained regional scales (for instance within Finland and
Italy, Lao et al., 2008; Nelis et al., 2009), and different geographic, cultural or linguistic isolates
(such as Basques, Finns, Sardinians and Jewish; Bertranpetit et al., 1995; Thomas et al., 2002;
Fraumene et al., 2006; Calo et al, 2008; Palo et al., 2009; Novembre and Ramachandran, 2011;
Ostrer and Skorecki, 2013) confirmed to be genetic isolates as well. Therefore, if the genetic
landscape of present-day European and Mediterranean populations has been widely explored under
a continental point of view, on the other hand the extent to which continent-wide trends are re-
shaped or modified at micro-geographical levels, and the measure of geographic, cultural or
demographic impacts on local patterns of genetic variation, have been only marginally explored
(Beleza et al. 2005, Sanchez-Faddeev et al. 2013).

2. A multi-level analysis approach in the study of Italian population history and

genetic structure: from macro- to micro-geographic perspectives

Among the different European countries, the Italian Peninsula represents a key area of
investigation to explore the genetic variability at different geographical levels, due to the valuable
richness of its historical heritage and the remarkable cultural heterogeneity and environmental
complexity (Destro-Bisol et al., 2008; Capocasa et al., 2014; Toso, 2014).

The territory of today’s Italy is one of the three major peninsulas located in the southern fringe of
Europe (the other two being the Balkans and Iberia), particularly stretching for more than 1,000 km
from the Alps mountain range in the north to the centre of the Mediterranean Sea in the south. Its
strategic geographical location, connecting Central Europe with the Mediterranean Basin, has made
Italy one of the most important access points to the European continent. Extensive population
movements have occurred through, from and to the Peninsula during all the principal phases of the
peopling of the continent, thus leading to multiple contacts and admixture events between different
peoples and cultures over time. This makes the study of the Italian genetic structure and population

variability an effective tool to understand the historic and demographic processes that have
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General introduction

characterised the peopling history of Europe and the Mediterranean since Palaeolithic times up to
the present.

Besides being one of the first areas populated by AMH approximately 43,000-45,000 YBP
(Benazzi et al., 2011), during the Last Glacial Maximum (LGM) the Italian Peninsula was involved
in the southward contraction of human groups from the Northern and Central Europe (Banks et al.,
2008), a process which undoubtedly contributed to heavily reshape the early Palaeolithic
inheritances of the pre-existing southern European populations (Sazzini et al., 2014). lItalian
Neolithic and Metal Ages subsequently represented an intricate tapestry of different population
movements and cultural strata, which contributed further to complicate the pattern of genetic
variation currently detectable in the Italian Peninsula (Pessina and Ting, 2008). Before the Roman
rule, Italy actually appeared as a patchwork of different peoples, either of unresolved origins (e.g.
Etruscans, Ligurians, Veneti) or otherwise originating from specific migration processes (Celts in
North-Western Italy; Greeks and Phoenicians in Southern Italy and Sicily) which left more or less
evident genetic traces in the current Italian gene pool (Pesando, 2005). In more recent times, the
Roman Empire and subsequent historical invasions (e.g. Barbaric and Arabic) may have further
affected the present-day population genetic heterogeneity.

In addition to these multi-layered historical incomings, the environmental complexity of the
Italian territory (ranging from the tundra biome in the Alps to the Mediterranean-climate regions in
the south; Blasi et al., 2005) as well as its cultural heterogeneity (Capocasa et al., 2014, Toso et al.,
2014), have represented additional sources of genetic variability, being potentially responsible for
different paths of isolation or population mobility at more fine-grained local levels. Geographic
constraints such as mountain chains (e.g. the Alps; Coia et al., 2013 and reference therein) or deep
seas (e.g. Sardinia; Calo et al., 2008 and reference therein) could have acted as physical barriers to
gene flow, representing limits to reproductive exchanges. At the same time, cultural factors (e.g.
languages, socio-economic stratification, religion, etc.) might have additionally influenced human
mating patterns, encouraging or avoiding preferential mate choices, and therefore constituting
evolutionary forces able to generate significant genetic sub-structures within and among
populations (Sazzini et al., 2014).

The extant patterns of Italian genetic variation can therefore be ascribed both i) to the broad-
scale impact of pre-historical and historical migration processes, and ii) to the fine-scale extent to
which local variability, in terms of cultural and geographic heterogeneity, intervened in preserving
or confounding these historical genetic layers. Therefore, a multi-level analysis approach, aimed at
combining both macro- and micro-geographic investigation of the Italian population variability, can

represent a fruitful methodological framework to more deeply explore the historical and bio-
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Thesis rationale

demographic processes which have shaped human current biodiversity. At the same time, it might
also help achieving a more complete characterisation of the micro-evolutionary effects of socio-

cultural and geographic factors on the observed population genetic structures.

3. Work outline

In this work we exploit the genetic information provided by uniparental markers to address
different aspects of the population history and genetic variability of Italy, by particularly adopting a
“multi-level analysis approach”. We start our analyses at a general level (thus looking at the “broad
picture” that is the genetic landscape of Italy within Europe and the Mediterranean) and then we
zoom on into specific case studies at micro-geographical local scales (thus focusing on specific
population events that modified and/or reshaped the more general genetic landscape). Integrating
different yet complementary perspectives of analysis, stems from the aim to achieve a more
complete and accurate picture of the Italian population evolutionary history.

On one hand, addressing questions about the general composition and distribution pattern of genetic
variation within the Italian Peninsula (Article 1) is important to understand the extent to which older
or more recent migration processes, population introgressions and/or isolation events contributed to
shape the current genetic landscape. In addition, the observed geographic patterns can provide
further insights into the presence of discontinuities in the population genetic structure, potentially
accounting for either different historical strata or sex-biased paternal and maternal contributions.

On the other hand, focusing on Italian specific local contexts (e.g. Sicily and Southern Italy, Article
2) or exploring the genetic variability within peculiar ethno-linguistic or socio-economic enclaves
(e.g. the Albanian-speaking Arbereshe - Article 3 and the Partecipanza of San Giovanni in Persiceto
- Article 4, respectively), will offer the possibility to look more deeply into specific geographic or
historical layers of the Italian variability and i) examine the different continental and within-
continental contributions to the maternal and paternal gene pools, or ii) clarify the effects of socio-
cultural and geographic factors on the current genetic composition.

Based on this approach, in this dissertation we are going to present the results of 4 papers, which
are therefore intended to explore the Italian genetic variability at different geographical levels and

time scales.

In the first part we used mtDNA and Y-chromosome genetic systems to update our knowledge
about the population genetic history of Italy. To firstly assess the overall Italian genetic diversity,
we analysed uniparentally-inherited markers in ~900 individuals from an extensive sampling across

the Italian Peninsula, Sardinia and Sicily. In order to obtain a realistic and representative picture of
5



General introduction

the Italian genetic diversity, we paid special attention to two fundamental points of our research
design, which are: i) the specificity of sampling strategy (built on a preliminary surname-based
analysis); and ii) the unprecedented in-depth resolution level in the analysis of the uniparental
molecular markers. Concerning the sampling strategy, a broad scientific consensus has been
reached that adequate sampling coverage and accurate selecting criteria are essential elements to
obtain representative results and to draw reliable conclusions about human population history. As
for the molecular strategy, the combined use of slow- and fast-evolving genetic markers, together
with innovative methods of analysis, has largely proved to be a suitable approach to explore and
interpret the distribution patterns of genetic variation, even at fine-scale levels of analysis
(Underhill and Kivisild 2007; Larmuseau et al., 2011).

Our major goal in this first study was to explore the genetic structure of Italy and try to identify
the times and the population movements in the origin of the current genetic diversity. In addition,
the joint analysis of maternal and paternal genetic components provides complementary information
about female- and male-specific aspects of genetic variation. The results of this study are described
in Article 1. Besides confirming the well-known outlier position of Sardinia, a major finding of our
analyses is the identification of sex-biased patterns of genetic diversity within the Italian Peninsula,
which reveal different historical and demographic dynamics for males and females. The NW-SE
internal genetic sub-structure observed for the Y-chromosome could be linked with different
Neolithisation processes and post-Neolithic incomings in continental Italy. On the contrary, the
homogenous distribution of mtDNA genetic variation could reflect more ancient peopling events or
a higher female mobility.

Based on the overall picture of the Italian genetic landscape, as a second step of our research we
then directed our attention at exploring the genetic variation in Italian strategic local contexts, with
the aim to test the different contributions of other European and Mediterranean populations to the
current genetic variation, and to provide new clues about past population contacts and genetic
interactions. The setting of this second investigation is Sicily and Southern Italy. In fact, due to its
strategic geographical position between three different continents, this area has proved to be one of
the most important Mediterranean crossroads in the peopling history of Europe, receiving the
passage of various human groups both in pre-historical and historical times.

In Article 2 we typed mtDNA and NRY genetic markers for a new set of accurately selected
individuals coming from other provinces of Sicily than those already considered in the first study.

These new data were integrated with the dataset of Sicilian and Southern Italian populations
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retrieved from the Paper 1, in such a way as to obtain the high sampling coverage requested to
faithfully and exhaustively represent the whole variability of the area.

Driven by the contrasting results previously obtained in literature about the genetic structure of
Sicily, this detailed dataset was first used to check the presence (Romano et al., 2003; Di Gaetano et
al., 2009) or the absence (Rickards et al., 1998) of an east-west internal genetic heterogeneity,
which potentially accounts for different historical contributions between the eastern and the western
parts of the island.

Subsequently, our results were compared with selected published data from Central, Western and
Southern Europe, as well as from North Africa and the Levant, in order to assess the temporal and
geographic potential impacts of other European and/or Mediterranean populations on the current
homogeneous Sicilian and Southern Italian maternal and paternal genetic pools. This also allowed
us to test, on the wider geographical scale offered by the Mediterranean context, two important
outcomes of the previous study (Paper 1) that are: i) the sex-biased genetic patterns observed within
continental Italy, and ii) the differences between the North-Western and South-Eastern parts of the
Italian Peninsula in the patterns of genetic similarities with Europe and the Mediterranean. While a
more homogeneous genetic landscape has been confirmed for mtDNA, Y-chromosome results show
a significant genetic differentiation between the North-Western and South-Eastern part of the
Mediterranean Basin, the Italian Peninsula occupying an intermediate position therein. In particular,
Sicily and Southern Italy revealed a paternal genetic background shared with the Balkan Peninsula,
and the time estimates of the most important Y-chromosome lineages show paternal genetic traces
of post-Neolithic population invasions of the Southern Italian territory (in particular attesting the

importance of the Greek domination during the 8th and 9th centuries BC).

Based on these results, as a third step of our analysis we then explored some interesting aspects
of the long-date relationship between Southern Italy and the Balkans, focusing on well-known
historical events and trying to link them with the current patterns of genetic variation. Among the
different migration processes and cultural exchanges connecting the two coasts of the Adriatic Sea,
some population movements have indeed left evident signatures in the so-called ethno-linguistic
minorities of Sicily and Southern Italy (e.g. the Greek-speaking Grecani and the Albanian-speaking
Arbereshe).

The study of marginal populations (Soulé, 1973), such as the ethno-linguistic minorities, may
provide unique opportunities to reconstruct recent patterns emerged from open-populations located
in the same area and to investigate the evolutionary factors that shaped human cultural and genetic

variation at relatively small spatial and temporal scales. Compared to open-populations, the ethno-
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linguistic groups (originated from a restricted number of founders and remained at least in part
isolated from the subsequent events of admixture; Destro-Bisol et al. 2008), can in fact represent
simplified models to specifically focus on the interplay between geographic and cultural factors,
reducing the confounding noise otherwise ascribable to the multi-layered peopling history of a
population. In addition, the condition of linguistic isolation (potentially acting as a genetic barrier
between different ethnic groups) may have helped these communities to preserve a more direct
genetic link with the populations of origin (Capocasa et al. 2014). As a consequence, such ethno-
linguistic groups, besides giving an important contribution to the biodiversity of their recipient
region, are also more likely to maintain genetic features otherwise lost (or diluted) in the
surrounding open-population groups.

Among the various ethno-linguistic minorities established in the Italian territory (see Capocasa et
al, 2014, on Appendix | for a more complete overview), the Albanian speaking Arbereshe are one of
the most numerous, having also shown an exceptional resilience in preserving their distinct cultural
traits (Arberisht language and Greek Orthodox religion; Tagarelli et al., 2007; Fiorini et al., 2007).
In Article 3 we investigated the paternal genetic composition of two Arbereshe ethno-linguistic
groups, of Sicily and Calabria (Southern Italy) respectively, with a dual-level purpose: i) to obtain a
more fine-grained description of Y-chromosomal diversity within the Arbereshe ethno-linguistic
minority, and ii) to distinguish between homogeneous or differential patterns of genetic variation
among the different Arbereshe groups. Despite the common origin and the unifying cultural and
linguistic traits, different founder events and bio-demographic histories, as well as different degrees
of isolation or admixture with the local populations once established in the Italian Peninsula, could
actually have addressed the evolutionary history of each Arbereshe community differently.
Moreover, by directly comparing linguistic isolates with both their geographic neighbours and
source populations, we intended to explore the effects of cultural isolation on population genetic
variability and to examine the degrees of genetic continuity or local admixture with the Balkan

source and Italian recipient populations respectively.

Besides geographic constraints and cultural traits (e.g. language as explored in Paper 3), also
socio-economic factors may strongly influence the way in which unions between individuals
(within or among population groups) took place over time (Destro-Bisol et al., 2004), especially as
far as the more recent periods of human history are concerned. However, recent population events
are often rarely detectable in population genetic studies, because they mainly resulted in only
limited modifications of the pre-existing genetic background. Moreover, if we consider that the

history of Italy — as indeed of the whole Europe — is composed by multiple layers through which
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different genetic ancestries deeply mixed over time (Ralph and Coop, 2013), it becomes even more
evident that trying to connect genetic signals with specific (relatively recent) historical events
necessarily requires the choice of peculiar case studies.

In Article 4, we propose a case study in which a well-conceived sampling strategy (by carefully
selecting the investigated population and the individuals to be sampled therein), coupled with i) the
in-depth high-resolution analysis of Y-chromosome markers, ii) the reconstruction of deep-rooted
paternal pedigrees; and iii) the occurrence of elite socio-economic conditions, have constituted an
unique experimental field to shed new lights on some aspects of the recent genetic history of the
Italian Peninsula. Our target population is particularly represented by the Partecipanza of San
Giovanni in Persiceto, an idiosyncratic socio-economic institution of Northern Italy (Padana Plain)
whose origin traced back to the Middle Ages and are related to a collective ownership of the land.
The privilege to participate (i.e. to share the leased assets) is inherited following a gene-like pattern
along the paternal line (male descents of a group of founder families) and moreover requires the
maintenance of the place of residence in the municipality of S. Giovanni in Persiceto (highly
specific local ancestry). In this study we explored the paternal (Y-chromosome) and maternal
(mtDNA) genetic variability of the Partecipanza of S. Giovanni in Persiceto by sampling at least
one individual for each surname of all the still living founding families. Results were compared to
those of a set of ‘control’ individuals, sharing the same geographic location and cultural
environment (San Giovanni in Persiceto) but not the affiliation to the Partecipanza. Subsequently
we interpreted the genetic patterns obtained in a wider perspective by including other ‘control’
populations from Italy and Central Europe.

In this way we particularly aim i) to check whether socio-economic stratification within the same
population (San Giovanni in Persiceto) could have induced internal genetic structures (Partecipanza
vs. Non-Partecipanza), and ii) to reconstruct the genetic history of the Partecipanza, verifying if its
idiosyncratic socio-economic system may have helped preserving specific traces of the more recent
genetic history of Italy. In addition the association of deep-rooted paternal pedigrees to Y-
chromosome genetic profiles has also allowed us to address some still highly-debated issues, that
transcend the regional setting of this case-study, such as the estimation of evolutionary parameters

like Y-STRs mutation rate and population average generation time.
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The genetic history and population structure of Italy:
a macro-geographic overview from the uniparental markers
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Introduction

The need to deepen our knowledge on the Italian genetic landscape resides in the complex
mosaic of people incomings and cultural exchanges which have characterised the history of the area
since Palaeolithic times. Since the first expansion of Anatomically Modern Humans (AMH) out of
Africa to the more recent historical migrations, the Italian Peninsula has indeed represented a
strategic landing and starting point for several human migration processes, thus acting as a major
melting pot for populations of different geographic origins and cultural matrices. Both paleo-
anthropological studies and archaeological records agree in highlighting the key role of Italy in the
whole range of pre-historical and historical population dynamics occurred in Europe and the
Mediterranean. Each of these events may potentially have left footprints in the gene pool of modern
Italian populations. Integrating archaeological records with the perspective achievable through the
study of genetic diversity patterns (each of them compensating and overcoming the relative
limitations of the other) will represent a fruitful approach to investigate and reconstruct the human
population past history.

In the next paragraphs we briefly resume the main historical and archaeological evidences on the
Italian (pre-)history within the context of the European and Mediterranean peopling dynamics, and
we then review the present-state of knowledge on the Italian genetic variability and population
history, which obviously represents the necessary background of our investigation.

1.1.1  Pre-historical and historical population dynamics

Some of the information included in this section were extracted from the book chapter
“The Mediterranean human population: an Anthropological Genetics perspective” by Sazzini M,
Sarno S, Luiselli D (2014), as it appears in Goffredo S, Baader H, Dubinsky Z (Editors). The
Mediterranean Sea: Its History and Present Challenges. Berlin: Springer, pp. 529-551.

1.1.1.1 Palaeolithic occupation and post-glacial re-expansion

Both archaeological and genetic evidences indicate that Anatomically Modern Humans (AMH)
evolved in Africa and then expanded out of Africa, gradually colonising the other continents by
means of subsequent founder events (“serial founder model”’; Ramachandran et al., 2010).

Concerning the European continent, first groups of modern humans are thought to have entered
Europe through the Levantine corridor (as suggested by all the current genetic evidences, Mellars,
2011), during the period coinciding with the Middle to Upper Palaeolithic transition. Despite the
still-open questions about biological and cultural interactions - with replacement or admixture - of
modern humans with local populations of Neanderthals (Krause et al., 2010; Prat et al., 2011;

Currat and Excoffier, 2011), it is now largely accepted that the appearance of AMHSs in Europe has
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Historical perspective

coincided with the beginning of Neanderthal decline (String and Davies 2001). Recent re-
examinations of findings from two site of North-Western and South-Eastern Europe have
contributed to cast new lights on the long-date debate whether the arrival of AMHSs in Europe could
be associated with the widespread Aurignacian culture, or may additionally be linked to other Early
Upper Palaeolithic industries (Mellars, 2011). Recent reassessments of human fossils from the
Kent’s Cavern (UK) have attested the presence of modern humans at the extreme north-western tip
of Europe by at least ~42,000-43,000 years before present (YBP) (Hinghman et al. 2011). These
findings corroborate previous radiocarbon datings of several archaeological sites of western and
central Europe belonging to modern humans and associated to the Aurignacian culture (Mellars,
2011). If the dispersal of modern human groups in Western Europe by at least 42,000 YBP is
relatively well-established, on the other hand evidences of early settlements in Southern Europe
have long been comparatively more scarce (Mellars, 2011). By contrast, recent re-examination of
human teeth from the cave site of Grotta del Cavallo, in the extreme southern heel of Italy (Apulia),
suggested a previously-unknown dispersal route of modern humans into the southern-fringe of
Europe by around 43,000-45,000 YBP (Figure 1.1.1.1.1), thus making the human remains of Italy
the oldest known European AMHSs (Benazzi et al, 2011). Interestingly, similar dating results of
human remains from South-Eastern European sites (Bulgaria and Romania) moreover suggested a
possible pre-Aurignacian population dispersion along the Mediterranean coast into some parts of
Southern and Central Europe (Mellars, 2011 and references therein), thus confirming a rapid
diffusion of AMHSs across the continent before the Aurignacian culture and the disappearance of
Neanderthals (Figure 1.1.1.1.1). The Cavallo human remains were associated to a highly distinctive
early human culture, known as Uluzzian industry, which is currently confined only to sites in Italy
and Greece (Kozlowski, 2007). The attribution of these remains to modern humans rather than
Neanderthals has casted new lights also on the still-debated belief according to whom the Uluzzian
technology was the result of acculturation between indigenous Neanderthal populations in Italy and
intrusive early Proto-Aurignacian populations of modern humans from the adjacent Adriatic coast
(Mellars, 2011 and references therein).

Approximately 25,000 YBP another major event involved the Italian Peninsula, in response to
dramatic worldwide climatic changes. During the period known as the Last Glacial Maximum
(LGM), the expansion of large ice sheets on most of the north-central hemisphere (Mithen, 2006)
forced the abandonment of northern Europe and the contraction of human range in the Southern
Peninsulas located along the Mediterranean coastlines (Figure 1.1.1.1.2), that actually acted as

refugee areas for human populations (Banks et al. 2008).
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Figure 1.1.1.1.1. Palaeolithic main dispersal routes of anatomically modern humans (AMH) across the
Mediterranean area. Numbers indicate Kilo years before the present (KYBP). From Sazzini et al., 2014.

D Ice sheets
Southern limit of the permafrost

O Southern refugia

Figure 1.1.1.1.2. Locations of the three main refugia during the last glacial maximum (LGM). IB stands for
Iberian Peninsula, IT stands for Italian Peninsula, BA stands for Balkan Peninsula. From Sazzini et al., 2014.
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Accordingly with this view, gaps in archaeological records were observed in Northern and Central
Europe. On the contrary, the distribution of both Solutrean and Epigravettian sites in Southern
Europe testified the presence of a clear boundary for the potential human range during the LGM,
moreover suggesting different geographic distributions of human ecological niches between the
Iberian Peninsula on one side, and Italy and the Balkans on the other side (Banks et al. 2008). The
Solutrean culture appeared mainly present in Southern-Western France, Northern Iberia, North-
Western Italy, and sporadically in the Balkans (Figure 1.1.1.1.3). On the other hand, the
Epigravettian culture revealed its presence mainly in the Balkan and Italian Peninsulas (Figure
1.1.1.1.3). These differences probably resulted in more effective restrictions between the Italian and
Iberian Peninsulas, while facilitating exchanges between Italy and the Balkans (as also attested by
the broad Adriatic plain created during the LGM by the lowering of Mediterranean sea level;
Antonioli et al., 2004; Lambeck et al., 2004).

Solutrean %2“ _ _.&\ iwb: _.. Epigravettian . ()

Figure 1.1.1.1.3. Distribution of human eco-cultural niches for the Solutrean and Epigravettian technologies
during the Last Glacial Maximum (LGM). Archaeological site locations are indicated by yellow circles. From
Bank et al., 2008

The contraction of human range and the resulting demographic reduction are known to have caused
a bottleneck in human genetic diversity, with obvious consequences on the gene pool composition
of modern Mediterranean and European populations. Early human populations escaping from the
northern Europe came into contact with the pre-existing Southern human groups at least until the
subsequent population re-expansion, which started approximately 16,000-13,000 YBP with the
improvement of weather conditions. The re-peopling process from these refugee areas and the
consequent geographic re-distribution of admixed and reduced populations has contributed deeply

to reshape and relocate the early Palaeolithic pattern of genetic variation (Sazzini et al., 2014).
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After the end of the Ice Age, the Mesolithic in Europe was marked by much warmer climatic

conditions and by a new way of life in which hunting and gathering (and possibly fishing) became
the main modes of subsistence, at least until the subsequent massive spread of agriculture
technology all over the Europe during the Neolithic revolution (Soares et al., 2010).
Although very little is known about the Upper-Palaeolithic and Mesolithic hunter-gathers human
groups of southern Europe and the Mediterranean, two notable exceptions come once again from
the Italian Peninsula. The recent discoveries of Upper Palaeolithic human remains from Grotta del
Paglicci (in the South-Eastern heel of Italy, Apulia; Caramelli et al., 2003) and Grotta d’Oriente (in
the island of Favignana, Sicily; Mannino et al., 2012) - both assigned to mtDNA haplogroup HV -
were interpreted in favour of the descendance of the early-Holocene hunter-gatherers of Sicily from
the human groups occupying Southern Italy before (Gravettian) and after (Epigravettian) the LGM,
thus casting new lights on the first peopling of Sicily by AMHs (Mannino et al., 2012).

Pre-Neolithic genetic inheritance of European populations

Many genetic evidences have long suggested that a large amount of modern maternal (mtDNA)
and paternal (Y-chromsome) European genetic pools, can be traced back to the re-expansion and re-
location of human Palaeolithic inheritance during the warming phases that followed the LGM, with
only marginal contributions (quantified at ~20-22%) from the subsequent Neolithic incoming
lineages from the Near East (Soares et al. 2010).

The most ancient maternal lineage in Europe belonged to haplogroup U5, which is thought to
have locally-originated approximately 30,000-37,000 YBP (Soares et al., 2010; Malyarchuck et al.,
2010). Analogously, Y-chromosome haplogroup I, which is mainly, if not exclusively, present in
Europe (being almost absent elsewhere; Rootsi et al., 2004) is supposed to represent the paternal
counterpart of mtDNA haplogroup U5 in marking the early Upper Palaeolithic inheritance of
modern Europeans (Soares et al., 2010). The age estimates and the geographic distributions of their
major sub-clades, have however suggested that both mtDNA U5 and Y-chromosome | actually
experienced deep post-glacial re-expansions and relocations after the LGM (Rootsi et al., 2004;
Pereira et al., 2010; Malyarchuk et al., 2010; Soareas et al., 2010). Recent phylogeographic analyses
revealed that expansions of the U5 sub-clusters (namely U5a and U5b, respectively) started earlier
in southern Europe. In addition, after the LGM, Central Europe apparently represented an area of
intermingling between human flows coming from the refugee Peninsulas located in the Balkans, the
Mediterranean coastline and the Pyrenees (Malyarchuk et al., 2010). Similarly, several sub-clades
of haplogroup | were proposed to have expanded from the Franco-lberian (I11-M253) and Balkan
(12a-P37.2) refugia (Rootsi et al., 2004; Marjanovic et al., 2005). With respect to haplogroup 12a-
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P37.2, which is highly predominant in Eastern Europe and particularly in the Balkans, its sub-clade
12a1-M26 instead represents the dominant paternal lineage of Sardinia. Outside of Sardinia, this
haplogroup has been found at moderate frequencies only in Western Europe, and particularly in
Iberia and Southern France, where is thought to have originated during the LGM (Lopez-Parra et
al., 2009). The age estimate and the distribution pattern of Y-chromosome 12al-M26, exactly
matches the one of the Sardinian-specific female counterpart, the mtDNA-haplogroup U5b3. Except
for this rare U5b3 lineage, which presumptively expanded from the Italian Peninsula after the LGM
(Pala et al., 2009), most of the other maternal lineages commonly found in Western and Central
Europe are instead postulated to have expanded from the Franco-Cantabrian area (Soares et al.,
2010). On the other hand, the Balkans or eastern Europe (Ukraine) were invoked as the source
expansion areas for mtDNA lineages today prominent in the eastern part of Europe (e.g. mtDNA
haplogroup U4; Malyarchuk et al., 2008; Soares et al., 2010). The most frequent European maternal
lineage, the so-called haplogroup H, is supposed to have expanded in Europe from the Near East
during the diffusion of the Gravettian culture (~25,000-20,000 YBP; Richards et al., 2000) and then
to have been deeply involved in post-glacial re-expansion processes. Accordingly, it’s major
subclades, namely H1, H3 (11,000-15,000 YBP) and H5 (~13,900 YBP), together with haplogroups
V and U5bl, are suggested to have expanded from the Franco-Cantabria area to the Western,
Northern and Central Europe through different dispersal routes (Torroni et al., 2001; Achilli et al.,
2004; Pereira et al., 2005). Y-chromosome haplogroup R1b, paralleling mtDNA lineages H and V,
is thought to have arrived in the European continent from the East just after the LGM (Rosser et al.,
2000; Semino et al., 2000) and then to have locally originated the R1b1b2-M269, which currently
represents the main paternal lineage throughout Western Europe (Myres et al. 2011 and references
therein). The North-West to South-East decreasing frequency pattern of haplogoup R1b-M269 in
Europe has long been ascribed to the survival of the Upper-Palaeolithic substrate to the subsequent
Neolithic demic diffusion from Near-East (Rosser et al., 2000; Semino et al., 2000). However, more
recent results have postulated the haplogroup R1b-M269 to be younger and likely associated with
Neolithic and Post-Neolithic invasions of the European continent (Balaresque et al., 2010). The
distribution of its microsatellite (Y-STRs) variance in a large sample of R1b-M269 European Y-
Chromosomes (Figure 1.1.1.1.4) and its age estimate at around ~6.500 YBP (95% confidence
intervals 4,600-9,100 YBP) has indeed suggested a rapid expansion of the haplogroup during the
Neolithic period (Balaresque et al., 2010). These results stress the complexity of interpreting
processes of formation and expansion of human populations in Europe during the last 10,000 years.
Most of them have indeed occurred in more than one migration events, being moreover separated

by narrow temporal windows (Myres et al., 2011; Busby et al., 2011).
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Date (KYBP)
microsatellite variance

Figure 1.1.1.1.4. 1sochronal maps showing dates of Neolithic sites in Europe (left) - based on data of Pinhasi
et al. (2005) — and distribution map in Europe of the microsatellite variance of haplogroup R-M269 (right). From
Balaresque et al., 2010.

1.1.1.2 Main migration patterns associated to the Neolithic transition

The Neolithic transition from hunter-gathers to farming societies has surely marked one of the
most drastic cultural changes in European pre-history. However, the impact of Neolithic revolution
on the European and Mediterranean populations is still highly debated among archaeologists,
linguists, anthropologists and geneticists, in terms of both dispersal routes and extents of cultural or
demic diffusions (Sazzini et al., 2014 and reference therein). Two main hypotheses were historically
formulated to account for the spread of Neolithic culture across Europe (Figure 1.1.1.2.1). The first
hypothesis (referred to as demic diffusion model) suggests population movements of farmer human
groups from the Near East into Europe, with the replacement of most of the pre-Neolithic hunter-
gatherer populations (Ammerman and Cavalli-Sforza, 1984). According to this model, an
appreciable Near Eastern genetic signature is therefore expected to be found in the gene pool of
current European and Mediterranean populations. As a consequence we would expect strong
affinities between gene pools of modern European and Near Eastern populations, with little genetic
differentiations within the European population except for those arose because of drift (Jobling et
al., 2013). On the other hand, the second hypothesis (referred to as cultural transition model)
suggests that cultural transmission was the main factor of the Neolithic transition, thus assuming a
selective adoption of specific aspects of the Neolithic technology by the local pre-existing
populations, with no or little genetic input by the new incoming farming groups (Whittle, 1996).
This obviously would prevent us to found any appreciable influence of Neolithic revolution on the
gene pool of modern Mediterranean and European populations, with a sharp distinction between

European and Near Eastern genetic pools.
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Figure 1.1.1.2.1. Acculturation and gene-flow models for the diffusion of agriculture during the Neolithic
transition. From Jobling et al., 2013.

Despite the initial tendency to consider the Neolithic transition as the result of only one single
homogeneous process, several sources of evidence have recently outlined a more complex picture,
implying outstanding regional variations in the process of agricultural spread both in the times of
diffusion — involving rapid expansions followed by period of stasis (Bocquet-Appela et al., 2009) -
as well as in the extents of interactions between residents and newcomers - with differential and
intersecting levels of demic and cultural processes (Pinhasi et al., 2005).

Archaeological evidences suggest that agriculture societies, from their origins in Western Asia
by around 11,000 YBP, rapidly spread reaching South-Eastern Europe approximately 8,500-9,000
YBP. From South-Eastern Europe, the so-called Neolithic package was disseminated by following
two main routes: 1) the Vardar-Danube-Rhine corridor, and 2) the Adriatic and Mediterranean Sea
coasts (Tresset and Vigne, 2011). These routes are associated with the two main cultures that co-
existed in Early-Neolithic: the Linear BandKeramik culture (LBK) and the Impressed Ware culture
(IW) respectively. After its first appearance in Southern Europe, the diffusion of agriculture within
the continent took place relatively quickly. If approximately 2,000 years is thought to be the time
required to Neolithic farmers for moving from Cyprus to the Aegean Sea, ~500 years were then
needed to reach the Italian Peninsula, whereas only another 600-800 years were required to arrive at

the most western Atlantic fringe (Figure 1.1.1.2.2).
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Figure 1.1.1.2.2. Chronology and main routes of Neolithic spread across the Mediterranean area. Number
indicate years BC. From Sazzini et al., 2014

Neolithic in the Italian Peninsula

The Italian Peninsula was involved since the very beginning in the process of Neolithic
expansion starting from the opposite Balkan coast. The presence of the first Neolithic groups
(mainly expanded from the northern Greece and southern Albania) in the extreme south-eastern
heel of Italy (Apulia) date back approximately at 6,100-5,800 BC, and is associated to the oldest
phase of the Italian Neolithic Period, which is characterized by the Archaic Impressed Ware culture
(Figure 1.1.1.2.3; Pessina and Tine 2008). From this region, agriculture (and the connected
Neolithic human groups) expanded westward to Southern Calabria and Eastern Sicily, where traces
of material cultures belonging to the subsequent phase of the Upper Neolithic Period (Stentellino
Impressed Wares) date roughly between 5,800 and 5,300 BC. However the Neolithic pottery (pre-
Stentinello Impressed Wares) uncovered in western Sicily (Uzzo and Kronio caves) is suggested to
be approximately coeval (6000-5750 BC) with the earliest occurrence of Neolithic materials in the
more South-Eastern portion of the Italian Peninsula, thus potentially suggesting different processes
of colonisation between western and eastern parts of Sicily (Figure 1.1.1.2.4; Pessina and Tiné
2008), albeit this hypothesis would need more data to be confirmed.
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Figure 1.1.1.2.3. Patterns of diffusion of Neolithic cultures in Europe and the Mediterranean. Number indicate
years BC. From Pessina and Tiné, 2008.

Farming technology appeared in Central Italy on both sides of the Apennines, but the diffusion
of the Neolithic package seems to have proceeded differently between the east Adriatic and the west
Tyrrhenian coasts. From Southern Italy, farming communities expanded steadily northwards along
the Adriatic coast, as testified by the documented link between the Adriatic pottery of the Early
Middle Neolithic (Adriatic impressed wares) and the Southern impressed pottery of the same period
(Guadone facies) (Figure 1.1.1.2.4; Pessina and Tiné 2008). More complex appeared instead the
settlement of the western Tyrrhenian coast. Recent re-examinations of Early-Neolithic ceramic
materials particularly suggested two major episodes of diffusion: an older one (referable to 5,800-
5,500 BC) associated with the first colonization of the Ligurian-Provencal area; and a more recent
one (5,400-5,100 BC) linked with the appearance and diffusion of the Franco-lberian Cardial

culture. In North-Western Italy (as well as in South-Eastern France) the Impressed Ware tradition
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first appeared in Liguria by around 6,000-5,800 BC, and then spread quickly along the Tyrrhenian
coast (Tyrrhenian impressed wares), thus suggesting a chronologically parallel but culturally
independent process of Neolithization along the Tyrrhenian side relative to the lonic-Adriatic one
(Figure 1.1.1.2.3 and Figure 1.1.1.2.4; Pessina and Tine 2008). The second phase of expansion,
dating approximately to 5,400 BC (or perhaps slightly earlier), witnessed the appearance and the
diffusion of the Cardial material, from its origins in the western Mediterranean regions of France
and South-Eastern lberia. The spread of Cardial Neolithic is thought to have included both
colonisation of uninhabited regions and local adoption of farming — and other aspect of Neolithic
package — by the pre-existing populations (Price, 2000).

The remaining areas of the Italian Peninsula (Po Valley and North-Eastern Italy) experienced a
later arrival of the Neolithic culture, being also characterized by a more marked continuity with the
earlier Mesolithic groups (Cunliffe, 2001). In fact, indigenous communities tended to select specific
aspects of the new technology and to integrate them with their pre-existing ways of life (Cunliffe,
2001). Consequently, most of the cultural facies (Fiorano, Vho, Gruppi Friulani, Gaban and
Isolino) belonging to the Po-Alpine Early Neolithic Period (Figure 1.1.1.2.4; Pessina and Tine
2008), have been long interpreted as the result of cultural transfer from the Neolithic incoming
groups to the local pre-existing Mesolithic communities. However, due to the environmental and
population heterogeneity of the area, the process of Neolithization in Northern Italy should not be
interpreted exclusively as the one-way result of single processes of acculturation or demic diffusion,
but rather as a more complex and geographically articulated mosaic of situations, with different

regional variations.
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Figure 1.1.1.2.4. Main cultural facies during the subsequent phases of Neolithic diffusion within the Italian
Peninsula. From Pessina and Tiné, 2008.
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Despite these difference at local levels, particularly concerning intersecting patterns of demic and/or
cultural diffusion processes, it is possible to summarize the Neolithization of Italy by hypothesizing
the presence of two main and independent farming-diffusion directions: a North Italian-Tyrrhenian
and a South Italian-Adriatic one respectively (Cunliff, 2001).

Neolithic genetic inheritance of European populations

Since the pioneering work by Cavalli-Sforza, Menozzi and Piazza (1994) to the more recent
researches on uniparental markers, the study of the complex interplay between demic dispersal and
cultural diffusion processes of Neolithization has been one of the central topic of population
genetics studies (Sazzini et al., 2014). Investigations on diversity patterns of both classical nuclear
and molecular uniparental (mainly Y-chromosome) markers often revealed the presence of allele
frequency clines along the SE-NW axis of Europe (Cavalli-Sforza et al., 1994, Barbujani et al.,
1994, Rosser et al. 2000, Semino et al, 2000 Chikhi et al. 2002; Balaresque et al., 2010). Although
some authors argued that such clinal patterns may have also originated from other processes than
the Neolithic transition — for instance by repeated founding events during the initial Palaeolithic
colonisation of Europe (Bocquet-Appel and Demars, 2000; Barbujani and Bertorelle, 2001) — the
presence of SE-NW major frequency clines within the European continent has been long interpreted
in favour of the demic model of agriculture diffusion.

Accordingly, the first studies performed on Y-chromosome markers (Rosser et al., 2000; Semino
et al., 2000) yielded gradients similar to the classical demic diffusion model, thus supporting the
Wave-of-advance hypothesis. In particular, based on both clinal patterns of distribution and
TMRCAs of specific lineages, these first studies identified Y-chromosome haplogroups J2-M172,
E1b-M35 and G-M201 as the putative markers of Neolithic expansion into Europe (Rosser et al.,
2000; Semino et al., 2000). More recently, the increased resolution in Y-chromosome phylogeny
further suggested the possibility to distinguish the European Neolithic Y-chromosome lineages
from the pre-existing Mesolithic ones (Battaglia et al., 2009). Several J2-subclades were confirmed
to be linked with the demic expansion of farmers, relying upon the fact that their distribution
patterns from Anatolia to the Mediterranean as well as their diffusion time estimates (~7,000-8,000
YBP) are both compatible with the archaeological evidences of the early appearance of Neolithic
pottery in the Adriatic region. In a similar way, J2a-M410 and G2a-P15 lineages were hypothesized
to have marked the Neolithic colonization of mainland Greece, Crete and Southern Italy (Di
Giacomo et al., 2004; King et al., 2011). On the contrary the distribution pattern of the Balkan
autochthonous 12a-M423 clade (derived from 12a-P215 excluding the typical Sardinian lineage 12a-
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M26) appeared consistent with a late Mesolithic time frame, thus suggesting that also cultural
adoption of agriculture techniques took place in the Balkan Peninsula (Battaglia et al., 2009).

A clinal distribution pattern of genetic variation has been recently suggested also for the Y-
chromosome haplogroup R-M269 (Balaresque et al., 2010), previously thought to be the marker
(together with the mtDNA haplogroup H) of the Palaeolithic inheritance in Europe. By showing that
microsatellite variation associated to R-M269 followed an opposite direction to the NW-SE
decreasing frequency cline of the same haplogroup (Figure 1.1.1.2.5), Balaresque and colleagues
proposed the current distribution pattern of R-M269 in Europe to be associated with the Neolithic
diffusion from the Near East. In particular, by considering that alleles arising on the edge of a wave
of expansion could “surf” upon it by rapidly increasing their frequency (Jobling et al., 2013), the
authors explained the higher frequency of R-M269 in North-Western Europe as the result of the

Neolithic wave of advance (Balaresque et al., 2010).
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Figure 1.1.1.2.5. Geographical distribution of haplogroup frequency of R1b-M269 (in the left) and mean
microsatellite variance (in the right). From Balaresque et al., 2010.

In the last years, new insights on the European genetic pre-history were provided by studies
based on ancient DNA (aDNA). Although obtaining reliable aDNA sequences from Y-chromosome
is generally more difficult than from mtDNA due to the worse preservation of nuclear DNA in
ancient samples (Lacan et al., 2011b), different studies have recently offered the possibility to
directly investigate Y-chromosome genetic patterns in Neolithic human remains from Central
Europe (Germany, n=3; Haak et al., 2010), Western Europe (France, n=22; Lacan et al., 2011a and
Iberia, n=6; Lacan et al., 2011b) and Southern Europe (ltalian Alps, n=1 i.e. Otzi Tyrolean Iceman;

Keller et al., 2012). Although more data are required to obtain a reliable picture of the paternal
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Neolithic genetic pool, it is however noteworthy that all these studies highlighted the importance of
haplogroup G2a in the genetic make-up of Neolithic specimens of both Central and Mediterranean
Europe, while underlying the complete absence of the most common haplogroup R-M269 in all the
Neolithic samples analysed. If confirmed, these results would at least in part suggest the
discontinuity between Neolithic Y-lineages and those of modern Europeans, thus postulating an
important role of men in the Neolithic dissemination that is no longer — or only partially — visible
today (Lacan et al., 2011b; Jobling et al., 2013). This would also imply that intra-European
migration processes occurred in Post-Neolithic times (and presumptively related to the Metal Ages)
may have strongly affected the modern European gene pool and partially involved R-M269
sublineages, that could therefore have expanded throughout Europe more recently than the arrival of
agriculture (Lacan et al., 2011b; Jobling et al., 2013).

Contrarily to Y-chromosome results, first investigations on the mtDNA diversity pattern in
Europe and the finding that most of the mtDNA haplogroups coalesce in pre-Neolithic times, have
long suggested the association of current European and Mediterranean maternal genetic pool to the
Upper Palaeolithic and Mesolithic post-glacial re-peopling events, while indicating the Neolithic
contribution at approximately 15-20% (Richards et al., 2000; Soares et al, 2010). However, more
recent mtDNA analysis of ancient skeleton from both pre-Neolithic hunter-gatherers and Early-
Neolithic farmers suggested the mtDNA distribution pattern in modern Europeans to be more
similar to that of early farmers, thus pointing to the replacement of hunter-gatherers by the new
incoming Neolithic groups (Figure 1.1.1.2.6). In particular two main mtDNA lineages - namely H
and U - have been proposed as markers of the early-Neolithic farmers and pre-Neolithic hunter-
gatherers respectively (Fu et al., 2012). Estimation of past population sizes based on a Bayesian
Coalescent approach indicated hunter-gatherers U-types to have expanded between 15,000 and
10,000 YBP, in accordance with the end of LGM in Europe and the subsequent northwards post-
glacial re-expansion; on the contrary population increase for early farmers carrying the H-types
dated approximately to 9,000 YBP, consistently with the beginning of Neolithic transition. After
4,000 YBP, both lineages showed similar patterns of population growth, thus probably suggesting
the merging between the two populations after their primarily different histories (Fu et al. 2012).
This picture contrasts with the earlier views on the European maternal inheritance (Jobling et al.,
2013), especially for what concerns the position of mtDNA haplogroups H which has been initially
proposed as the marker of the Palaeolithic/Mesolithic substrate and subsequently associated to the

Neolithic expansion.
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Figure 1.1.1.2.6. Haplogroup frequencies of contemporary European (based on complete mtDNA dataset) as
well as of early farmer and hunter-gatherer populations (based on short segments of the mtDNA). From Fu et al.,
2012.

Within the traditional dichotomy between demic diffusion and acculturation process, some
recent aDNA-based studies on European mtDNA diversity have suggestd a more complex scenario,
implying differential impacts of Neolithic process through the different parts of Europe. A first
genetic study, based on individuals (n=24) belonging to the early Neolithic Linear Band Keramik
(LBK; 5,500-4,900 calibrated BC) of Central Europe, observed a relatively high frequency (25%) of
the currently rare (0.2%) mtDNA lineage N1a (Haak et al, 2005). This lineage appeared completely
absent in the neighbouring Mesolithic groups (Bramanti et al., 2009; Malmstrom et al., 2009), that
instead were almost exclusively (80%) composed of U-derived lineages (particularly U4 and U5;
Haak et al., 2010). This suggested Nla to be a candidate signature for the early Neolithic LBK
populations (Haak et al. 2005), although with a relatively small impact on the genetic background
of present-day Central Europeans (0.2%). A subsequent study, that increased the LBK dataset
(n=42; Haak et al., 2010), highlighted the general affinity of LBK Neolithic groups with the
modern-day Near-Eastern and Anatolian populations. These results led to the hypothesis of a “leap-
frog” or “individual-pioneer” colonization model, with an initial input of Neolithic farmers from the
Near East to the LBK populations. However further events after this early Neolithic process, for
instance the cultural adoption by surrounding hunter-gatherers of Neolithic technologies (Sampietro
et al. 2007) have been also invoked to account for the differences observed between LBK and the
modern Central European genetic pools (e.g. N1a frequency; Haak et al, 2005; Haak et al, 2010).
On the contrary, a parallel study based on Middle/Late Neolithic remains from the Iberian Peninsula
belonging to the Impressed Ware Culture, failed to reveal any mtDNA differences in the genetic
make-up of Neolithic groups relative to present-day Iberian populations. The absence of Nla
lineages and the haplogroup composition of Neolithic groups which is extremely similar to that of
modern Iberians, suggested a long-date genetic continuity compatible with the demic diffusion

model of Neolithic culture in the Mediterranean part of Europe (Sampietro et al. 2007). Similarly,
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the more recent mtDNA analysis of Upper Paleolithic and Early Neolithic individuals from
Northern Spain (Hervella et al. 2012), reaffirmed the above mentioned differential patterns between
Central-Europe and the Western-Mediterranean, providing further support to a random dispersion
model of diffusion, according to which Neolithic transition affected differently the various regions
of Europe (Hervella et al. 2012). All these results therefore highlight that Neolithic revolution was
neither genetically nor geographically a perfectly homogeneous process across the Mediterranean
and European areas; on the contrary it involved differential extents of demographic and/or cultural

diffusions, depending on the European region considered (Sampietro et al. 2007).

1.1.1.3 Population dynamics in historical times and their genetic impacts on the Italian

genetic pool

In addition to the complex interplay between Palaeolithic and Neolithic inheritances, a large
number of more recent events contributed to complicate further the patterns of human genetic
variation in the European continent — and hence within the Italian Peninsula — leaving more or less
evident genetic signatures in the gene pool of current human populations. Nevertheless, the attempt
to disentangle the different contributions of each of these historical events is often complicated by
the fact that most of these migrations actually resulted in overlapping and short-time separated
processes of diffusion, being moreover responsible for only limited modifications in the pre-
existing genetic backgrounds.

The period included between the Neolithic Age and the “dawn of history”, is commonly referred
to as Metal Ages and is traditionally divided into different intervals, whose names substantially
reflect the most advanced metallurgical knowledge of that period: Copper Age (c. 3200-2300
BCE), Bronze Age (2300-700 BCE), and Iron Age (700-1 BCE). Simultaneously with
technological innovations, during these phases the European societies witnessed drastic changes in
settlement organization, ritual life, and interactions with other peoples, with obvious consequences
on the material cultures referable to that periods (Forsythe, 2005). Accordingly, the Bronze Age of
Italy (roughly coinciding with the second millennium BC - 1800-1100 BC) exhibits not only a more
advanced metallurgical technology, but also continuous contacts with Bronze-Age peoples and
cultures of both Central Europe and the South-Eastern part of Mediterranean Basin. The Bronze-
Age sites of the Po-Valley in Northern Italy (Terramare Culture), mirroring the patterns of the
previous Copper Age, appeared particularly influenced by the cultures of Central Europe. This is
testified for instance by the replacement of the standard inhumation with the cremation funerary

custom typical of the Urnfield Culture of Danube area, or by the new practice of erecting human
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habitations upon wooden platforms as the lakeside settlements of the northern latitudes (Forsythe,
2005).

While the material culture of the Po Valley developed mainly in response to influences from
Central Europe, the culture of central and southern Italy (Apennine Culture) was relatively uniform
at that time and characterised by standard inhumation funerary practices and large agricultural and
pastoral settlements (Forsythe, 2005).

At the beginning of the 12th century BC, the collapse of Late-Bronze-Age societies of the
Eastern Mediterranean marked the appearance and the spread of ironworking. In Italy, Iron
metallurgy has not arrived before the 9th century BC. The approximately 200-years-time interval
needed for iron to replace bronze as the most commonly used metal, is generally referred to as the
Final Bronze Age (1100-900 BC). During this period, the funerary practice of cremation, previously
confined exclusively in Northern Italy, spread southward of the Po Valley, characterising what is
generally known as the Proto-Villanovian Culture (so labelled since this culture subsequently
developed into the Villanovian Culture, that prevailed in Etruria and much of the Po Valley during
the Iron Age, approximately around 900-700 BC). Whether the development of this culture was the
result of a) cultural interaction between the Terramare Culture of Northern Italy and the Appennine
Culture of Southern Italy, b) the simple extension of the Terramare Culture and relative peoples
southward to the Po Valley, or c) the consequence of new incoming peoples from the Danubian
Urnfield Culture, is not completely clarified yet (Forsythe, 2005). In any case, with the advent of
the Early Iron Age, from the 9th century BC onwards, regional differences progressively appeared
in the archaeological records of Italy, presumptively reflecting the linguistic and population
diversity that later characterized the pre-Roman Italian peoples in historical times (Forsythe, 2005).
During the first millennium BC, Italy actually appeared as a patchwork of different peoples (Figure
1.1.1.3.1), either whose origin remain still largely unresolved (e.g. Etruscans, Ligures, Veneti), or
that are known to have originated from specific migration processes (e.g. Celts in North-Western
Italy; Greeks and Phoenicians in Southern Italy and Sicily). Unlikely to have completely deleted
precedent genetic structures, such migration processes may have resulted in partially overlapping
patterns of diffusion within the Italian Peninsula (Pesando, 2005).

By the collapse of Eastern Mediterranean Late-Bronze-Age societies (around 3,000 YBP),
Southern Europe and the Mediterranean Basin underwent important demographic and socio-
economic changes, peaking with the expansion of Phoenicians from the coastal Levant and Greeks
from the Aegean Sea (Cunliffe 2001).
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Figure 1.1.1.3.1. Map of the pre-Roman peoples of Early Italy. From Ward et al., 2009.

Ancient Phoenicia, located in the South-Eastern extreme of the Mediterranean Basin (between
the present-day Syria and Palestine) appeared as a narrow strip of land enclosed between the
Mediterranean and the mountains of Lebanon. From this area, the seafaring tradition of Phoenicians
allowed them to established a trading empire throughout the whole Mediterranean area, as early as
the Bronze Age (Zalloua et al., 2008 and references therein). The apogee of Phoenician colonization
(referable approximately to 2,850 YBP) was characterized by the foundation of new cities (i.e.
Carthage in 814 BC) along the North-African and Southern-lberian coastlines, as well as in western

Sicily (the latter particularly representing a strategic trading post for controlling the African coastal
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route to Iberia and Sardinia). Although diffusion patterns with origins in the Near East (or the
Levant) and westwards decreasing gradients largely overlap those of different events in human pre-
history (primarily the Palaeolithic and Neolithic colonisation processes), recent studies based on Y-
chromosome markers managed to identify Phoenician genetic traces in modern Mediterranean
populations by comparing paternal genetic profiles of historically documented Phoenician colonies
with neighbouring non-Phoenician areas. These comparisons demonstrated that haplogroup J2 in
general and six haplotypes in particular exhibited a Phoenician signature contributing to more than
6% to the current Y-chromosome variation in the Phoenician-influenced populations (Zalloua et al.,
2008).

After the Phoenician colonization, the Greek expansion from the Aegean Sea surely played a
major rule in the population dynamics of Southern Europe and the Mediterranean, with remarkable
effects also on the Italian population variability. From the second half of the 8th century BC
onwards, many Greek city-states established new communities along the coast of the Black Sea and
northern Aegean, in Sicily and Southern Italy (giving rise to the so-called Magna Graecia), as well
as in Southern France and North-Eastern Spain (Forsythe, 2005). While the Greek colonies of
Magna Graecia in Sicily and Southern Italy are thought to be established mainly from a mixture of
predominantly Dorian cities of the Aegean, Peloponnesus and central Greece, on the other hand the
western Mediterranean coastal regions of Provence, Spain and Corsica are supposed to have
received predominant influences from lonian cities (e.g. Phocaea; King et al., 2011 and references
therein). A recent study on Y-chromosome diversity in Sicily has estimated at ~37% the amount of
current genetic variation of the island which can be traced back to the Greek immigration (using the
E-V13 Balkan/Greek specific Y-chromosome genetic marker; Di Gaetano et al., 2009). In a similar
way, a Y-chromosome genetic study on the Greek colonies of central and western Mediterranean,
evaluate that ~17% of the current Y-chromosomes of Provence may be linked to the Greek
colonization (King et al., 2011), therefore suggesting that subsequent and potentially confounding
demographic events, such as the Roman dominion, actually did not completely erase the previous
influences or however had a minor impact on the current genetic background of the area.

The period encompassing the Roman rule in Europe and the Mediterranean (spanning from 3rd
century BC to 5th century AD) was characterized by even more complex and wide-ranging
colonization processes and expansion dynamics. If during the first phase of colonization the new
Roman colonies were mainly limited to the Italian Peninsula, in its apogee the Roman Empire
actually acquired the complete control of the entire Mediterranean Sea and Southern Europe,
assuming a pivotal role for the wide commercial routes and contacts among populations, at least

until the Empire decline in 476 AD with the period of the Germanic invasions. In fact, between the
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5th and 6th centuries AD the Italian Peninsula, as a reflection of the whole Europe, witnessed a
series of invasions by Germanic peoples (the most notably for Italy being for example Ostrogoth
and Lombard peoples) that possibly introduced a German/Eastern European component into the
population of Italy. However, the exact genetic impact of such migration processes on the current
Italian genetic pool remain still largely unknown (but see Paper 4 in the second part of this thesis
for further insights on this topic).

After the collapse of the Roman Empire, the Arab expansion across the Mediterranean Basin and
Southern Europe represented one of the most important historical events. Starting from the Arabian
Peninsula and then moving through the Near East, at the beginning of 7th century AD the Arab
peoples succeeded in occupying North Africa, colonising the native African Berber groups. In less
than 100 years, they then expanded in most of the Iberian Peninsula as well as in Sicily, ruling over
these regions until the 15th and 13th centuries AD respectively (Capelli et al., 2009 and references
therein). The North-African Y-chromosome haplogroup E-M81, as well as a subset of J1-M267
derived lineages, have been proposed as good candidates for the Arab genetic signature in Southern
Europe. Relatively high frequencies of such lineages were indeed found in the Iberian Peninsula, as
well as in the Southern part of Italy - mainly Sicily — in accordance with the long-term Arab rule in
these areas of the Mediterranean Basin (Capelli et al., 2009).

Eventually, other more recent and localized migration processes, such as the massive movements
of Albanians that between the 15th-16th centuries AD gave rise to the Arbereshe linguistic minority
of Sicily and Southern Italy, contributed further to increase the ethno-linguistic heterogeneity of
current Italian population (but a more complete description and discussion of this topic will be put

off in the second part of this thesis, particularly referring to the Paper 3).
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1.1.2 A genetic overview on the Italian population variability

As reviewed in the previous paragraph, the history of the Italian Peninsula is marked by multi-
layered episodes of population migrations, differing from each other for both the time and place of
their origin, as well as for the patterns of diffusion and the extent of their impact on current
population variability. Besides the still-open debates about the exact dynamics of peopling,
inferring the genetic contributions of each population event to the current Italian genetic pool is
moreover complicated by the fact that - as clearly demonstrated in previous paragraph — most of
these migration processes actually followed similar or partially-overlapping directions of dispersion
from or to the Italian Peninsula, being also separated by short-evolutionary time frames.

From a genetic point of view, the pioneering work by Cavalli-Sforza, Menozzi and Piazza (1994)
on human protein polymorphisms and geographic distribution of human genes (ABO, HLA, etc.),
has opened the way to different population genetic studies which progressively addressed questions
about Italian population history and that tried to use the current distribution patterns of genetic
variation to enhance our understanding on human past migrations. While several studies have
focused their attention on specific regions of Italy (e.g. Sardinia, Calo et al., 2008; Central Italy,
Onofri et al., 2007; Southern Italy, Ottoni et al., 2009; and Sicily, Di Gaetano et al., 2009) or have
otherwise considered particularly interesting Italian peoples (e.g. Etruscans, due to their unsolved
origins; Achilli et al., 2007; Brisighelli et al., 2009; Tassi et al., 2013), only few researches have
specifically addressed the whole Italian genetic diversity. In the next paragraphs we will particularly
concentrate on them, in order to obtain the general picture of the current state of the art on the

Italian genetic history and population variability.

1.1.2.1 Classical genetic markers

Over 30 years ago, Cavalli-Sforza et al. (1994) used Principal component analysis (PCA) to
create synthetic maps of European (and Italian) genetic variation, summarizing the spatial allele
frequency distribution of the so-called classical genetic markers (so labelled because these genes
actually represented the first typology of markers used in population genetic studies). By collecting
count data for many variants of human genes (such as ABO, HLA, etc.) from populations at
different geographic locations, they first reconstructed maps representing variation in allele
frequencies across space. Subsequently, they used PCA to reduce these many allele-frequency maps
into a smaller number of “synthetic maps” able to summarizing (in descending order) the most
important contributions to the current distribution patterns of genetic variation (Pinhasi et al., 2012).
The synthetic map of the first principal component (PC1) in Europe displayed a South-East to

North-West genetic cline, which has been interpreted as the reflection of the “wave of advance” or
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“demic diffusion” of Near-Eastern farmers into Europe during the Neolithic transition. Since this
first overview on the European genetic landscape, some populations clearly appeared as “genetic
outliers” within the continental distribution pattern of genetic variation. Among them, the Sardinian
people turned out to particularly represent an example of genetic isolate not only within the Italian
Peninsula, but also within the whole European and Mediterranean context - as subsequently attested
by several population genetic studies bases on classical, uniparental and autosomal markers which
specifically addressed the genetic history and variability of Sardinia (see Calo et al., 2008 for a
genetic review). Accordingly, Sardinia was not included in the PC analyses performed for building
synthetic maps of the Italian genetic variation, since it would have otherwise accounted for most of
the information resumed by the first PC (Piazza et al., 1988, Cavalli-Sforza et al., 1994).

The first three PCs of Italy (on the whole accounting for ~60% of the total variability) highlighted
some specific patterns within the Peninsula, that have been explained as reflecting peculiar
population dynamics occurred during the peopling history of Italy. The first synthetic map (27%)
showed a decreasing gradient from the south (with peaks in Southern Calabria and Eastern Sicily)
to the north-central part of the Italian Peninsula, moreover highlighting the presence of differences
between the eastern and western parts of Sicily (Figure 1.1.2.1.1a; Cavalli-Sfroza et al., 1994). The
striking dark areas in Eastern Sicily and Southern Italy were particularly interpreted as mirroring the
regions of Greek dominion during the 8th and 9th centuries BC, actually corresponding to the so-
called Magna Graecia. The demographic impact of Greek colonization on Sicilian and Southern
Italian populations is thought to have been remarkable. Consistently, the current distribution of
Greek surnames in the area showed a PC1-like pattern with frequency peaks in Southern Calabria
(Cavalli-Sfroza et al., 1994). Analogously, it is reported that the Greek language has continued to be
spoken in the area at least until the 12th or 13th AD (Cavalli-Sfroza et al., 1994 and reference
therein). Interestingly, “Greek-speaking islands” — represented by the so-called ethno-linguistic
minorities of Griko-Bovesi (Greek-speakers of Southern Calabria) and Griko-Salentini (Greek-
speakers of Southern Apulia) — still currently persist in the extreme southern parts of Calabria and
Apulia. Actually, the exact origin of these ethno-linguistic groups remains still uncertain and
different hypotheses either linked with i) the foundation of Magna Grecia, ii) the Byzantine
dominations or iii) the input of Byzantine elements within a pre-existing Magna Graecia matrix,
have been suggested (Brisighelli et al. 2012 and references therein). More recently, genetic studies
based on uniparental markers, suggested little or negligible genetic differences between these
Greek-speaking enclaves (at least for the Griko-Salentini of Apulia) and the surrounding Italian
populations (Brisighelli et al., 2012). However further studies are requested to more deeply address

this point.
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o

Figure 1.1.2.1.1. Synthetic maps of Italy showing a) the first PC, 27% ; b) the second PC,18%; c) the third PC,
14%; d) the superimposition among the three PCs. Modified from Cavalli-Sforza et al., 1994.

C)

The distribution of genetic variation along other two principal components, respectively PC2
(18%) and PC3 (14%), has been interpreted as accounting for traces of specific Italian pre-Roman
populations. In particular, the area of high frequency in the second PC, ranging from southern
Tuscany to northern Latium (Figure 1.1.2.1.1b; Cavalli-Sforza et al., 1994), has been observed to
almost exactly correspond with the area of diffusion of the Etruscan civilization - documented in
central Italy from the 8th century BC to the 1st century AD and defined by a material culture, a non-
Indo-European language, and a Greek-derived alphabet (Tassi et al., 2013 and reference therein).
Despite being well-documented on both linguistic and archaeological point of views, the exact

origin of Etruscan people is still largely debated. Two contrasting hypotheses have been particularly
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proposed: i) an Anatolian derivation (Herodotus’ view) and ii) an autochthonous origin in the Italian
Peninsula (Dionysus’ view). First mtDNA-based studies suggested a genetic continuity between
Etruscans and modern inhabitants of Tuscany, and consequently interpreted the observed genetic
similarities between the latter and the current Turks as supporting the Anatolian origin of the
Etruscan people (Achilli et al., 2007). On the contrary, more recent investigations, performed by
directly comparing modern and ancient DNA samples, seem to agree in excluding a biological
origin of the Etruscans out of Italy, instead interpreting the similarities between Anatolian and
Tuscan genetic pools as the effect of older pre-historical contacts (possibly but not exclusively
related to the spread of farmers during the Neolithic period), but in any case not related to the later
development of the Etruscan culture (Tassi et al., 2013).

The third principal component has been finally associated with the inheritance of those ancient

peoples that occupied the Apuan Alps and the Northern Apennines area in pre-Roman times, also
known as Ligurians or Ligures (Figure 1.1.2.1.1c). Historical sources suggest that Ligures were not
completely eliminated neither by the Roman military campaigns of the 2nd century BC nor by the
subsequent massive deportation of more than 45,000 people in the Samnium. On the contrary, they
are supposed to have survived in the hilly and mountainous areas of the Appennines, that actually
served as places of refuge for these popolations. Similarly, from a linguistic point of view, most of
the communities that remained settled in the Apuan Alps and the Northern Apennines are thought to
have demonstrated a sort of resistance to the widespread process of “tuscanization” that instead
affected the surrounding valley areas (Capocasa et al., 2014 and references therein). Following
another line of evidence, recent genetic studies have hypothesized the genetic continuity of the
human (isolated) groups today inhabiting the Apuan area (as well as the Samnium) with the ancient
Ligures tribes (Bertoncini et al., 2012; Capocasa et al., 2014).
The pole opposite to the Ligurians in the third PC of Cavalli-Sforza et al. (1994), was supposed to
roughly reflect the Early-Iron-Age population of Picenes, a people mainly settled along the mid-
Adriatic coast and linguistically belonging to the eastern group of the Italic languages, i.e. Osco-
Umbro-Sabellic (Cavalli-Sforza et al., 1994).

Despite the PCA approach can provide useful summaries of the data and can help revealing
specific hypothesis related to particular aspects of past population history, its results should
however be interpreted cautiously and integrated with those provided by other analysis as well as by
additional genetic markers, since they only explain a limited portion of the overall genetic variation
(Pinhasi et al., 2012). In addition, it has been argued that, in some circumstances, PC1 component
may produce gradient perpendicular to the direction of population expansion (Francois et al., 2010)

whereas other PC patterns may arise as mathematical artefacts (Novembre and Stephens, 2008).
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1.1.2.2 Uniparental molecular markers

After the landmark study by Cavalli-Sforza et al. (1994), a significant part of our present
understanding on the Italian genetic variation and population structure has been provided by genetic
investigations of the uniparental markers: namely the mitochondrial DNA (mtDNA) and the non-
recombining region of Y-chromosome (NRY). Due to their uniparental way of inheritance and the
lack of recombination, maternal and paternal genealogies can be traced back both in time and space,
providing a temporal framework for mutation accumulation, which can be linked with differential
patterns of geographic distribution. In addition, the comparison of maternal and paternal
inheritances can provide complementary information about female- and male-mediated aspects of
population history and genetic variability (Wilkins, 2006).

After the pioneering effort carried out by Cavalli-Sforza and colleagues (1994), a mtDNA-based

study on the Italian population followed in 1995 (Barbujani et al., 1995). Geographic patterns of
genetic variation have been investigated in 12 populations from continental Italy, Sicily and
Sardinia (Figure 1.1.2.2.1a) totally accounting for 1072 individuals. The analysis of frequencies of
12 common restriction morphs showed non-random spatial patterns in Italy, identifying a North-
South major gradient within the Peninsula and underlying the genetic differentiation between
Sardinia and the mainland (Barbujani et al. 1995). These patterns have been generally confirmed
also when spatial genetic variation was analysed by directly comparing individual haplotype
sequences - instead of population morph frequencies - at different geographical distances
(autocorrelation index for DNA analysis — AIDA; Bertorelle and Barbujani, 1995). In fact,
Sardinian samples proved again to be significantly differentiated from the mainland and, along
peninsular Italy, the differences between haplotype pairs tended to increase with their geographical
distances, thus confirming the presence of clinal trends. However, the genetic cline observed within
the mainland appeared to be less smooth, with genetic differences between Northern and Southern
populations becoming significant beyond 800 km (Figure 1.1.2.2.1b, Barbujani et al., 1995).
The distribution of pairwise sequences difference (mismatch distribution) in Peninsular Italy
suggested a demographic expansion between 8,000 and 20,500 YBP compatible with the
archaeological evidences of population processes occurred both during the LGM and the Neolithic
transition. On the contrary, the mismatch distribution in Sardinia reflected the one expected for
isolated and demographically stable populations (Barbujani et al., 1995).

More recent mtDNA-based studies, but focused on specific Italian regions (particularly of
Central - Onofri et al., 2007 - and Southern Italy - Ottoni et al., 2009), revealed homogeneous
patterns of distribution for maternal lineages (MtDNA haplogroups), thus pointing towards a

substantial homogeneity for the maternal genetic pool within the different areas of the Peninsula.
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Figure 1.1.2.2.1. a) Geographical location of the samples analysed by Barbujani et al., 1995. b) Coefficients of
spatial autocorrelation obtained by AIDA in Italy (dashed line) and Italy + Sardinia (solid line). Modified from
Barbujani et al., 1995.

On the paternal perspective, Di Giacomo et al. (2003) carried out an investigation of Y-
chromosome diversity in 524 individuals from 17 populations of continental Italy (excluding Sicily
and Sardinia; Figure 1.1.2.2.2a). Spatial autocorrelation analysis (Bertorelle and Barbujani, 1995)
showed a progressively decreasing pattern in between-samples genetic similarities with the
increasing of geographic distances, with genetic differences becoming sharper among populations
separated by more than 800 km (i.e. northern vs. southern samples; Figure 1.1.2.2.2b). A single
North-West/South-East decreasing major cline was observed within the mainland and associated to
the Y-chromosome haplogroups P*(xR1a) (Figure 1.1.2.2.2a) - that today accounts for the most
common Western European haplogroup R1b-M269. However local founder or drift effects have
been also invoked as factors playing a fundamental role in shaping the micro-geographic Y-
chromosomal diversity among the different Italian populations (Di Giacomo et al., 2003).

The detection of one single NW-SE cline within the Peninsula, without any opposite gradients, was
suggested to reflect the incomplete colonisation of the Italian territory by different lineages (such as
DE, G, J) that entered Southern Italy on the existing P*(xR1a) Palaeolithic background (Di
Giacomo et al., 2003), but remained localized at higher frequencies exclusively in some areas of the
Peninsula (e.g. reflecting the Greek colonization of Southern-Italy already postulated by Cavalli-

Sforza et al., 1994 in the first PC of Italian genetic variation based on classical genetic markers).
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Figure 1.1.2.2.2. a) Geographical location of the samples analysed by Di Giacomo et al., 2003 over-imposed
on the interpolated frequency surface map for haplogroup P*(xR1a). Increasing intensity of the haplogroup are
represented by the colour-legend at the bottom left. b) Moran |1 coefficients of spatial autocorrelation obtained
by AIDA for Italians. Values significantly different from O are represented by filled symbols; open symbols
reflect not significantly values. Modified from Di Giacomo et al., 2003.

This first investigation of the Italian paternal genetic composition, was subsequently replicated
by Capelli et al. (2007) with a wider set of genetic markers and a higher sampling coverage (699
samples from 12 different locations; Figure 1.1.2.2.3a). Y-chromosome genetic variation confirmed
to be not randomly-distributed within the Italian Peninsula, with more than 70% of the observed
paternal diversity that appeared to be distributed along latitude-related gradients. Opposite
frequency clines were particularly observed for haplogroups R1*(xR1al), J2 and E3bl - with
northwards increasing frequencies for the former, and decreasing clines along the same direction for
the latters (Figure 1.1.2.2.3b). However, contrarily to J2 and E3b1 lineages, no diversity gradient
was found to be associated to the R1*(xR1al) clinal distribution of frequency (Figure 1.1.2.2.3b).
This result was interpreted as reflecting the interaction between the Mesolithic — R1*(xR1al) — and
Neolithic — E3b1 and J2 — components of the Italian paternal genetic pool. In particular, being the
Mesolithic groups differentially present on the Italian territory depending on the different local
demographic histories, they were not expected to generate frequency and diversity gradients for the
haplogroup R1*(xR1al). On the contrary, the subsequent expansion of Neolithic newcomers
presumptively resulted in frequency and diversity clines for the haplogroups E3bl and J2. This
consequently produced, along the direction of dispersion, the observed opposite frequency, but not

diversity, gradient for Y-chromosome haplogroup R1*(xR1a).
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Figure 1.1.2.2.3. a) Geographical location of the samples analysed by Capelli et al., 2007. b) Regression lines
for the haplogroup frequencies (top) and average square distance (bottom) versus latitudes. Thick line, hg R1*
(xR1al); dashed line, hg J2; dotted line, hg E3b1. Modified from Capelli et al., 2007.

Consistently with this view, when compared with other European samples, Italian populations
clearly fell within the SE-NW continental genetic distribution pattern associated to the admixture
between the Neolithic incoming farmers and the pre-existing Mesolithic groups. However some
discontinuities between Northern and Southern parts of the Italian Peninsula were also observed and
imputed to differential Neolithic/Mesolithic contributes, with Southern samples that presumptively
experienced higher Anatolian introgression than Northern ones (Capelli et al., 2007). In particular,
the impact of Neolithic transition on Southern Italy was suggested to be greater than the previously
postulated contribution of the Greek colonisers (Cavalli-Sforza et al., 1994). Similarly, also North-
African genetic contribution to the Southern Italian genetic pool was reported to be negligible
(Capelli et al., 2007).

Contrarily to this view, genetic traces of Greek and North-African inputs to the current paternal
gene pool of Southern Italy has been detected by a more recent genetic study, which specifically
focused on the Sicilian Y-chromosomal variability (Di Gaetano et al., 2009). Although Sicily was
generally observed to share a common genetic history with Southern Italy, an internal genetic sub-
substructure between the eastern and the western parts of the island was observed and interpreted as
the result of different contributions from specific pre-historical and historical population events (Di
Gaetano et al., 2009). The differential presence of specific Y-chromosome lineages between the
Eastern (G2-P15, J2-M172) and Western (R1b-M269) parts of Sicily, was particularly advocated as
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another evidence in favour of such a heterogeneity (Figure 1.1.2.2.4). On the other hand, the
homogeneous distribution in both the parts of the island of the Balkan-specific haplogroup E-V13,
along with its time estimate at around 2380 YBP, suggested the impressive impact (quantified at
approximately 37%) of Greek colonization on the Sicilian gene pool, being instead ~6% the
contribution estimated for the North-African specific male haplogroup E-M81.
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Figure 1.1.2.2.4. a) Geographical location of the Sicilian samples analysed by Di Gaetano et al., 2009. b)
Histograms plot of the frequencies of the main haplogroups in the eastern and western sides of the island.
Modified from Di Gaetano et al., 20009.

More recently, a first attempt to integrate the maternal and paternal perspectives about Italian
genetic variation confirmed the presence of North-South latitudinal clines for both Y-chromosome
and mtDNA genetic variability, with Y-chromosome that however revealed more marked regional
differences between Northern, Central and Southern Italy, than mtDNA (Brisighelli et al. 2012).

1.1.2.3 Genome-wide based studies

In the last years, the advances in high-throughput SNP-genotyping technologies have greatly
refined the description of the overall European genetic variation, providing new details about the
genetic relationships and/or similarities between closely-related human populations, both within and
among continental regions. The first overall pictures of European genetic structure, emerging by the
analyses of genome-wide data, confirmed the strong correlation between genetic and geographic
population distances (Lao et al., 2008; Nelis et al., 2009). In fact, the first two PCs showed a SNP-
based grouping of European populations that exactly reflected the geographic map of Europe,
mirroring the distribution along the northwest-southeast axis already detected by classical and
uniparental markers. Within this extremely detailed picture, genetic barriers between Southern
Italians and the other European populations (Lao et al. 2008) as well as fine-scale internal genetic
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differentiation between northern and southern Italian groups (Nelis et al. 2009) have been also
invoked, therefore suggesting a more complex and heterogeneous genetic landscape for the Italian
Peninsula than what generally observed for the whole Europe.

Moving from these results, a recent genome-wide based study has specifically investigated the
genetic structure of the Italian population on a finer geographical scale (Di Gaetano et al., 2012).
Besides the general correlation between PC and geography that appeared when Italian populations
were compared with other European and reference groups, the Sardinian sample confirmed its
“outlier position” within the European genetic landscape, whereas Northern and Southern Italy
revealed different patterns of genetic similarities (Figure 1.1.2.2.5, Di Gaetano et al., 2012). More
precisely, Northern Italian populations appeared genetically closer to the North-Western European
populations (i.e. French and CEU), whereas Southern Italians revealed higher similarities with the
South-Eastern Mediterranean groups (actually the Middle Eastern ones, due to the lack of reference
populations from the Balkan Peninsula). Interestingly, Sardinia showed a shared ancestral
component with both European and North-African (Mozabite) populations, that reveals however to
be higher in frequency in the Italian island (70.4%) than in the other comparison populations
(Figure 1.1.2.2.5, Di Gaetano et al., 2012).
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Figure 1.1.2.2.5. Density estimates for empirical distributions of genome-wide mean proportions of alleles
sharing identity-by-state (IBS) between subjects from different population or within the same populations.
Abbreviations: CEU, Utah Residents with Northern and Western European Ancestry; FRE, French; BED,
Bedouin; PAL, Palestinian; DRU, Druze; MOZ, Mozambite; N-IT, North-Italy; C-1T, Central-Italy; S-1T, South-
Italy; SAR, Sardinia. Modified from Di Gaetano et al., 2012.

The internal genetic sub-structure observed within the Italian Peninsula, was confirmed also when
PCA analysis was repeated by considering exclusively the genetic relationships between Sardinia,
Northern-, Central- and Southern-Italian population samples (Figure 1.1.2.2.6a). In fact, the first
PC detached Sardinia from the Italian mainland, thus stressing further the outlier genetic position of
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the island within the Italian genetic landscape. On the other hand, the second PC (as well as the
PCA analysis performed excluding Sardinia, Figure 1.1.2.2.6b) suggested the partial separation
between Southern Italy and an overlapped North-Central Italian cluster. The overlapping pattern
between North and Central Italy could be partially explained by the fact that around 79% and 87%
of the Northern and Central Italian analysed samples came from Piedmont and Tuscany

respectively, both of them actually belonging to the North-Western part of the Italian Peninsula.
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Figure 1.1.2.2.5. Scatter plots of the first two principal component analysis for Italian samples both including
(A) and excluding (B) Sardinia. Both analyses were based on 125,799 autosomal SNPs analysed in a total of
1,014 individuals for the Italian dataset and 746 individuals for the Italian dataset without Sardinia. Colour code:
Northern Italy (N-1T), black dots; Central Italy (C-1T), red dots; Southern Italy (S-1T), green dots; Sardinian
(SAR), blue dots. Modified from Di Gaetano et al., 2012.
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Previous investigations on the Italian genetic variation based on uniparentally-inherited markers
that have tried to reconstruct the population structure and genetic history of Italy, mainly agreed in
revealing i) the outlier genetic position of Sardinia and ii) the presence of a major North-South
genetic cline within the mainland, that is compatible with the historically and archeologically well-
documented interaction between pre-existing Palaeolithic groups and subsequent Neolithic
incomers (Barbujani et al., 1995, Capelli et al., 2007). From a paternal perspective (Y-chromosome)
genetic traces of that processes have been particularly associated to the differential presence
between the Northern and the Southern parts of Italy of particular male lineages. More precisely,
the detection of opposite latitude-related gradients for haplogroup R1-M173*(xR1al) — more
frequent in the North —and E3b1-M35 and J2-M172 lineages — instead prevalent in the South — was
interpreted as the result of different degrees of Neolithic admixture with Mesolithic inhabitants
among the different parts of Italy (Capelli et al., 2007). Similar patterns have been more recently
suggested also for the Upper-Palaeolithic (H,K,T*, T2, W and X) and Neolithic (J and T1) maternal
(mtDNA) haplogroups, in a first attempt to integrate the maternal and paternal genetic perspectives
(Brisighelli et al., 2012).

Despite these clinal patterns in the distribution of maternal and paternal genetic variation, some
local and regional differences have been however perceived within the Italian Peninsula, especially
for what concerns Y-chromosome markers. Local drift and founder effects were invoked to explain
the detected distribution of genetic variation (Di Giacomo et al., 2003). Analogously, a certain
degree of discontinuity between Northern and Southern Italy has been also suggested (Capelli et al.,
2007; Brisighelli et al., 2012), in line with the results of more recent genome-wide studies at both
European continental (Lao et al, 2008, Nelis et al., 2009) and Italian-specific regional (Di Gaetano
et al., 2012) scales.

The two Italian major islands, namely Sardinia and Sicily, revealed different demographic histories.
In fact, while Sardinia confirmed to be a genetic outlier within Europe and the Mediterranean, with
clear signals of founder effects (Barbujani et al., 1995), on the other hand Sicily showed a shared
genetic history with Southern Italy, but enriched of Greek and North African influences (Di
Gaetano et al., 2009) and characterized by more complex peopling dynamics possibly resulting in
east-west genetic heterogeneous pattern in the distribution of genetic variation within the island
(Romano et al., 2003; Di Gaetano et al., 2009).

Despite having contributed greatly to the present-state of knowledge on the Italian genetic
landscape, most of the above mentioned studies have actually represented either regional studies
with a relative high-sampling coverage (Rickards et al., 1998; Romano et al., 2003; Di Gaetano et

al., 2009), or broad-scale investigations of the whole Italian genetic landscape with high number of
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samples and sampling points but a relative unbalanced distribution within the mainland or the major
islands (Barbujani et al., 1995; Di Giacomo et al., 2003; Capelli et al., 2007). In addition, most of
these studies have mainly considered the maternal (mtDNA) and paternal (Y-chromosome)
perspectives separately, the only exception being a recent effort to integrate the two genetic
landscapes (Brisighelli et al., 2012), that however reached different levels of resolution in the
sampling coverage and molecular analysis between the two uniparental markers. Concerning the
sampling strategy, a broad scientific consensus has been reached that adequate sampling coverage
and accurate selecting criteria are essential elements to obtain representative results and to draw
reliable conclusions about human population history. Similarly, the contemporaneous investigation
of both uniparental genetic systems, combined with the use of slow- and fast-evolving genetic
markers, has largely proved to be a suitable approach to explore and interpret the different patterns
of genetic variation, even at fine-scale levels of analysis (Underhill and Kivisild 2007; Larmuseau
et al., 2011). Each of the two uniparental systems may actually be responsible for sex-specific
spatial and temporal paths of genetic introgression, an important aspect that might has been ignored
in the more recent whole-genome investigations.

In this thesis we therefore aim to update our knowledge on the Italian population genetic history
by increasing the specificity of sampling strategy and the resolution level of the molecular markers
analysed, in such a way as to achieve a comprehensive in-depth high-resolution evaluation of both
maternal and paternal genetic landscapes at the same time.

As a first step, we specifically focused on the Italian genetic structure in order to distinguish
between clinal and/or discontinuous patterns of genetic variation, and seeking to identify the main
times and population movements in the origin of the observed genetic diversity. While doing this
moreover looked for the presence of any sex-biased genetic pattern in the Italian population
variability. The results of this study are presented in Article 1.

Subsequently we looked at a particularly strategic Italian local context, that is Sicily and
Southern lItaly, in order to provide new clues about past population contacts and genetic
interactions, and aiming to interpret the patterns observed in the Italian Peninsula within the wider
context offered by the European and Mediterranean genetic relationships. In addition we
specifically addressed some unsolved questions at finer regional scale such as the presence or the
absence of an east-west internal genetic differentiation within Sicily. The results of this study are
presented in Article 2.

A more detailed discussion of some aspects of the results, for both the abovementioned articles,

are presented afterwards as a commentary.
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Boattini A, Martinez-Cruz B, Sarno S, Harmant C, Useli A,
Sanz P, Yang-Yao D, Manry J, Ciani G, Luiselli D, Quintana-
Murci L, Comas D, Pettener D; Genographic Consortium (2013)
Uniparental markers in Italy reveal a sex-biased genetic
structure and different historical strata. PLoS One. 8:e65441.
doi:10.1371/journal.pone.0065441.
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Abstract

Located in the center of the Mediterranean landscape and with an extensive coastal line, the territory of what is today Italy
has played an important role in the history of human settlements and movements of Southern Europe and the
Mediterranean Basin. Populated since Paleolithic times, the complexity of human movements during the Neolithic, the
Metal Ages and the most recent history of the two last millennia (involving the overlapping of different cultural and demic
strata) has shaped the pattern of the modern lItalian genetic structure. With the aim of disentangling this pattern and
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inherited markers in ~900 individuals from an extensive sampling across the Italian peninsula, Sardinia and Sicily. Spatial
PCAs and DAPCs revealed a sex-biased pattern indicating different demographic histories for males and females. Besides the
genetic outlier position of Sardinians, a North West-South East Y-chromosome structure is found in continental Italy. Such
structure is in agreement with recent archeological syntheses indicating two independent and parallel processes of
Neolithisation. In addition, date estimates pinpoint the importance of the cultural and demographic events during the late
Neolithic and Metal Ages. On the other hand, mitochondrial diversity is distributed more homogeneously in agreement with
older population events that might be related to the presence of an lItalian Refugium during the last glacial period in
Europe.
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and an area of expansion during the different major migratory
events following the early Paleolithic colonization.

The most recent archaeological syntheses [10] describe the early
Neolithisation of Italy as the result of two independent and parallel
processes, involving respectively the Adriatic and the Tyrrhenian
coasts and dating as early as 8,100 YBP (Apulia, South-Eastern
Italy) and 7,900 YBP (Liguria, North-Western Italy).

Italian Late Neolithic and the Metal Ages revealed to be a
complicated tapestry of different cultural strata, potentially
associated with population movements. During the first millenni-
um BC, Italy hosted a vast set of different peoples whose origins in
some cases remain unknown (e.g. Etruscans, Ligurians, Veneti),
while in other cases are the result of specific migration processes
(Celts in North-Western Italy; Greeks in Southern Italy and Sicily)
[11].

In addition, independent and/or intersecting subsequent

Introduction

Due to its central position and to the extension of its coastal line
(~7,460 Km), the modern Republic of Italy — e.g. the Italian
Peninsula and the two major islands of Sicily and Sardinia — has
been one of the focal points in the settlement history of Southern
Europe and the Mediterranean Basin.

Populated by early modern humans since approximately
30,000-40,000 years before present (YBP) [1] during the LGM
(~25,000 YBP) it was involved in the southward contraction of
human groups from Central Europe that rapidly retreated to the
Mediterranean coastlines, occupying refuge areas, such as in the
well-known cases of Iberia and the Balkans [2-5]. After
contributing to the substantial re-shaping of the early Paleolithic
genetic composition of glacial Refugia, northward re-peopling
processes started approximately 16,000-13,000 YBP (3], [6-9].

Subsequently Italy has received the passage of multiple human
groups in prehistoric and historic times, acting both as a step point
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historic events (related with the trade and expansion of different
populations in our era: Phoenician, Greek, Carthaginian, Roman,
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Arabic and Barbaric) also contributed to the present genetic
composition of Italy. Unlikely to have completely deleted
precedent genetic structures, such migrations may have resulted
in partially overlapping patterns of diffusion within Italy.

At present, only few studies addressed the reconstruction of the
genetic structure and history of Italian populations. Barbujani and
colleagues (1995), in a study based on mtDNA variability [12],
identified a North-South gradient within the peninsula, confirming
what was previously revealed by classical genetic markers [13],
while underlying the genetic differentiation between Sardinia and
the mainland [12]. More recent studies focused only on specific
regions of Italy and revealed a homogeneous pattern of
distribution for mtDNA haplogroups. These findings point
towards a substantial homogeneity of the mtDNA gene pool
within the different areas of the Peninsula [14], [15].

On the paternal perspective, Di Giacomo et al. (2003) carried
out an investigation of Y-chromosome diversity in continental Italy
[16]. They identified a single decreasing North-South major cline
within the Peninsula, while local drift and founder effects were
invoked to explain the observed distribution of genetic variation.
The study was replicated by Capelli et al. (2007) with a much
larger set of genetic markers and a more specific sampling strategy
[17]. They observed that more than 70% of the detected diversity
was distributed along latitude-related gradients. A certain level of
discontinuity was suggested between Northern and Southern
portions of the Italian peninsula that, according to the authors,
may be related to differential Neolithic/Mesolithic contributes in
the two regions [17]. These results — North-South clinal patterns
related to differential Neolithic contributes — were largely
confirmed in a recent update of the same study adding more
populations and including mtDNA information [18]. Some
discontinuity between Northern and Southern Italy was apparent
also in genome-wide studies at the European geographical scale
[19], [20] and in a specific analysis on Italian samples [21].

Although a common north-south cline has been described for
maternal and paternal lineages in Italy, recent data on the
Neolithisation of southern Europe [22], [23] suggest a sex-biased
Neolithic migration that might account for an asymmetrical
pattern of structure in Italy. Eventually more recent migrations
could have magnified these sex-biased patterns. For example, this
seems to be the case for the first Greek groups in Southern Italy
and Sicily, reportedly biased towards a low number of females
[11]. Such differential sex-specific demographic events could
therefore have affected the genetic structure of Italy in a way that
might have been ignored in recent whole-genome analyses.

The present research aims to update our knowledge about
Italian population genetic history, by increasing the specificity of
sampling strategy and the resolution power of uniparental
molecular markers. For the first time, we present an extensive
study of both mitochondrial DNA and Y-chromosomal variation
in the Italian Peninsula, Sicily and Sardinia. Almost 900
individuals from eight sampling macro-areas have been deeply
typed for 136 SNPs and 19 STRs of Y-chromosome, as well as for
the whole control region and 39 coding SNPs of mtDNA. We use
this detailed and complete dataset to address the following issues.
First, we seek to describe the genetic structure of Italy and
compare it with the patterns obtained before, in order to
distinguish between a clinal and a discontinuous pattern of genetic
variation. Second, we want to investigate whether the structure
observed is sex-biased and which factors could account for any
differential contributes from paternal and maternal lineages.
Third, we seck to identify which population movements mostly
could be in the origin of the current genetic diversity of the Italian
populations.
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Materials and Methods

Ethics Statement

For all subjects, a written informed consent was obtained, and
Ethics Committees at the Universitat Pompeu Fabra of Barcelona
(Spain), and at the Azienda Ospedaliero-Universitaria Policlinico
S.Orsola-Malpighi of Bologna (Italy), approved all procedures.

Sample collection

A total of 884 unrelated individuals from continental Italy, Sicily
and Sardinia were collected according to the following sampling
strategy. Firstly, based on the results of a precedent reconstruction
of the surname structure of Italy [24], we defined lists of
monophyletic surnames for each of the 96 Italian provinces.
Secondly, monophyletic surnames frequencies were used to define
eight clusters of homogeneous Italian provinces (sampling macro-
areas, Figure S1). Within each sampling macro-area, we selected a
set of provinces (sampling points) from a minimum of one to a
maximum of three, depending on the geographical extension of
the macro-area as well as their historical background. This was
done in order to depict a sampling grid able to capture as much
genetic variability as possible (given the number of planned
samples/sampling points). Within each sampling point, individuals
were finally sampled according to the standard ‘grandparents’
criterion, thus considering as eligible for our study only those
individuals whose four grandparents were born in the same
sampling macro-area. It is important to underline that individuals
within sampling points were not selected by surnames. That way 1)
our data are consistent with those from other similar studies; 2) we
avoid to introduce a bias between Y-chromosome and mtDNA
results.

DNA was extracted from fresh blood by a Salting Out modified
protocol [25].

Y-chromosome genotyping

A total of 884 samples were successfully typed for Y-
chromosome markers. 121 SNPs in the non-recombining region
of the Y chromosome were genotyped using the OpenArray®
Real-Time PCR System (Applied Biosystems) as described
previously [26]. Six additional SNPs (M91, M139, M60, M186,
M175, and M17) were genotyped in a single multiplex, Multiplex2
[27]. Nine additional single SNPs (M227, 122, M458, 148, L2,
120, M320, P77) were typed with individual TagMan assays.
Nomenclature of the haplogroups is in accordance with the Y-
Chromosome Consortium [28]. Detailed phylogeny may be found
at Y-DNA SNP Index - 2009 (http://isogg.org/tree/
ISOGG_YDNA_SNP_Index09.html). For simplicity reasons, we
will use asterisks (¥) to indicate those chromosomes that are derived
at a certain SNP, but ancestral at all the tested downstream SNPs.

All individuals were additionally typed for a set of 19 STRs: 17
using the Yfiler kit (Applied Biosystems) and two (DYS388,
DYS426) included in the Multiplex2. As the Yfiler kit amplifies
DYS385a/b simultaneously avoiding the determination of each of
the two alleles (a or b), DYS385a/b were excluded from all the
analyses performed. DYS389b was obtained by subtracting
DYS389I from DYS389II [29].

Mitochondrial DNA genotyping

865 samples were successfully sequenced for the whole control
region as in Behar et al. (2007) [30], and typed using a 22 coding
region SNPs multiplex as described previously [27], [31]. Variable
positions throughout the control region were determined between
positions 16,001 and 573. Sequences were deposited in the
GenBank nucleotide database under accession numbers
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KC806300-KC807164. In addition, for haplogroup H, the most
frequent in Western Europe [2], [6], we used a specifically
designed multiplex (named HPLEX17) in order to resolve 17
distinct sub-lineages [27]. Based on combined HVS sequence and
coding region SNP data, individuals were assigned to the major
haplogroups of the mtDNA phylogeny with the software
Haplogrep [32] that uses Phylotree version 13 [33]. Due to their
phylogenetic uncertainty, indels at nucleotide positions 309, 315,
and 16193 were not taken into account.

Statistical Analyses

Population structure and genetic variability. Haplogroup
frequencies were estimated by direct counting. Standard diversity
parameters (haplogroup diversity, number of observed STR
haplotypes, sequence diversity values, and mean number of
pairwise differences) were calculated with Arlequin 3.5 [34].
FST and RST results were corrected with Bonferroni test for
multiple comparisons (p<0.05).

The relationships between geographical distances and genetic
diversity were investigated by using several spatial analyses. The
correlation between geographical distances and genetic distances
(Reynolds distance), based on haplogroup frequencies, was
evaluated by means of a Mantel test (10,000 replications). In
order to distinguish any clinal pattern (Isolation-by-Distance
pattern) from any discontinuous genetic structure (both of them
can result in significant correlations with geography), geographical
distances were plotted against genetic ones. A 2-dimensional
kernel density estimation layer [35] was added to the plot in order
to highlight the presence of discontinuities in the cloud of points.
The analysis was performed with all the samples and then
removing the Sardinian ones, given their outlier status previously
described in literature [7], [13], [21], [36-38].

To further explore spatial patterns of variation a spatial
principal component analysis (sPCA) based on haplogroup
frequencies was performed using the R software package adegenet
[39-41]. Additional information about the sPCA method is
provided in Methods S1.

To further test the significance of the structure found with the
sPCA analysis, we carried out a series of hierarchical analyses of
molecular variance (AMOVA) pooling populations according to
the sPCA results. We used haplogroup frequencies (both Y-
chromosome and mtDNA), RST distances (Y-STRs) and number
of pairwise differences (HVRI-HVRII mtDNA sequences). In
order to explore genetic variability within the most frequent
haplogroups, and in particular within those identified by sPCA
loadings, we applied a Discriminant Analysis of Principal
Components (DAPC) to Y-STR haplotypes and mtDNA sequenc-
es (see Methods S1 for more details). Analyses were performed
using the R software adegenet package [39-41]. In addition, for
comparison purposes we calculated a Network representation of
haplogroup G2a using a Median Joining (M]) algorithm as
implemented in the Network 4.6.1.1 software (http://www.fluxus-
engineering.com, [42]), weighting STR loci according to the
variance method.

DAPC was first performed using Italian haplotypes only. As a
second step, in order to investigate the origin of the genetic
diversity for the most common haplogroups in Italy, additional
individuals from selected European populations were incorporated
into the DAPC of major haplogroups. Unpublished 194 Y-
chromosome data from Iberia, Germany and the Balkans were
provided by the Genographic Project, while data for Causasus and
Western Anatolia were extracted from literature [43], [44].
Comparison data for mtDNA was generated using additional
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information from Basque [45], Austrian [46] and Balkan samples
[46], [47].

Y-chromosome and mtDNA dating. In order to minimize
the biasing effect of STRs saturation through time (especially
important for rapidly evolving STRs as some of those included in
the Yfler kit, [48]), all Y-chromosome age estimations were
calculated selecting the eight markers (DYS448, DYS388,
DYS392, DYS426, DYS438, DYS390, DYS393, DYS439) with
the highest values of duration of linearity D approximated as in
Busby et al. (2011) [49].

Splitting time between the sPCA-identified regions (NWI and
SEI, see Results) was estimated with BATWING [50] under a
model of exponential growth and splitting from a constant size
ancestral population. Two samples (Treviso, Foligno/PG) were
excluded from the analysis according to a 5% quantile threshold of
the sPC1 scores. Two chains with different starting points were run
with a total of 3.5x10[6] samples with an initial burn in of
1.5x10[6] samples and a thinning interval of 10x20. The outfiles
were treated with the R package [41] to get the posterior
distributions of the parameters of interest. We checked that results
were equivalent for both runs and reported the mean values of
both analyses for every parameter. We used a prior distribution for
mutation rates as proposed by Xue et al. (2006) [51] based on
Zhivotovsky et al. (2004) [52]. Such distribution is wide enough to
encompass all mutation rates for each of the eight considered Y-
STRs. A generation time of 25 years was used [52]. Priors and
further information about the BATWING procedure are shown in
the Methods S1.

The age of Y-chromosome DAPC clusters exhibiting peaks of
frequency higher than 70% in any of the sPCA-identified
populations (NWI, SEI, and SAR) — with the exception of
haplogroup G2a due to its particular relevance in our populations
(see Results) — and composed by at least ten individuals, as well as
the age of the entire haplogroups, were estimated with the
standard deviation (SD) estimator [53]. Differently from BATW-
ING, this method does not estimate the population split time, but
the amount of time needed to evolve the observed STRs variation
within haplotype clusters (or whole haplogroups) at each
population. As for mutation rates, we adopted locus-specific rates
for each of the eight considered loci as estimated by Ballantyne et
al. (2010) [48]. These rates were preferred to the ‘evolutionary’
one [52] for the following reasons: 1) ‘germline’ rates are locus-
specific and based on the direct observation of transmission
between father-son pairs; 2) ‘germline’ rates share the same
magnitude with genealogy based estimates [54] while the
‘evolutionary’ rate is a magnitude lower; 3) a recent study [43]
suggested that family based rates (germline, genealogies) provide a
better fit with history and linguistics. The 95% confidence intervals
of time estimates were calculated based on the standard error (SE).
Only individuals with a membership >99% in their corresponding
DAPC clusters were considered. Given that moments like mean
and variance — hence time estimates based on variance — are very
sensitive to the presence of outliers (e.g. non-robust), we designed a
“jackknife-like” procedure in order to detect possible outlier
individuals that could be significantly biasing our estimates (see
Methods S1 for details).

TMRCA for the most common mtDNA haplogroups was
estimated by means of the p (rho) statistic with the calculator
proposed by Soares et al. (2009) [55] for the entire control region
(that considers a mutation rate corrected for purifying selection of
one mutation every 9,058 years).

However, results have to be taken with caution, given that
molecular date estimates with p can be affected by past
demography. Simulations show that error rates tend to increase

May 2013 | Volume 8 | Issue 5 | e65441



with effective size, bottleneck and growth effects [56]. In order to
avoid sampling errors, the estimates were calculated only for those
haplogroups with absolute frequencies higher than 30 individuals.

Results

Y-chromosome lineages in Italy

Haplogroup frequencies. A total of 884 unrelated individ-
uals from 23 Italian locations (Figure SI) were successfully
genotyped for 19 STRs and 136 SNPs, and classified in 46
different haplogroups (including sub-lineages) whose phylogeny
([28]; ISOGG Y-DNA SNP Index — 2009) and frequencies for the
whole dataset are detailed in Table S1; Y-STR haplotypes of each
individual are provided in Table S2.

The haplotype and haplogroup diversity (), STR diversity (r,)
and mean number of pairwise differences (7) of the population
samples are listed in Table S3. The lowest values for haplogroup
diversity (%) are observed in Sardinia, while the Italian peninsula is
characterized by a negative correlation between haplogroup
diversity and latitude, resulting in a south-north decreasing pattern
of variation (Spearman’s tho = —0.463, p-value =0.036). The
most frequent haplogroups in Italy are R-U152* (12.1%), G-P15
(11.1%), E-V13 (7.8%) and J-M410* (7.6%). They are followed by
three Rlb-lineages (R-M269* R-P312* and R-L2%), whose
frequencies ranged from 6.9% to 5.7%; and finally from I-M26,
which embraced more than the 4% of total variability. On the
whole these haplogroups encompass ~62% of Y-chromosomes
lineages, while the remaining 38 haplogroups show frequencies
lower or equal to 3.3%. Haplogroups distribution in the
considered eight sampling areas is detailed in Table S1.

Paternal population structure. In order to explore the
relationship between geographical and paternal genetic distances
among the 23 investigated Italian populations a Mantel test was
performed. A significant correlation was found (observed value
=0.26, p-value =0.006), even after removing Sardinian samples
(observed value =0.19, p-value =0.03). However, a non-
homogeneous distribution of points is apparent when plotting
geographical distances against genetic ones (Figure S2), indicating
that the genetic structure of Italy is better characterised by
discontinuities than by clinal patterns.

These general spatial patterns were further explored by means
of sSPCA based on haplogroup frequencies. The analysis showed
that the Italian genetic structure is characterised by two significant
global components (positive eigenvalues) with similar variance
values, being sPC1 characterized by a higher spatial autocorre-
lation (Moran’s I) (Figure S3). These observations are further
assessed by means of a significant Global test (observed value
=0.08, p-value =0.015) and a non-significant Local test (observed
value =0.06, p-value =0.677).

Geographical patterns of sPC1 and sPC2 are plotted in Figure 1.
sPC1 identifies two main groups of populations separated by an
almost longitudinal line (Figure 1a). The first group (black squares)
1s represented by populations from North-Western Italy, including
most of the Padana plain and Tuscany. The second group (white
squares) includes locations from South-Eastern Italy and the whole
Adriatic coast, being represented also in North-Eastern Italy.
Nonetheless, these two groups are not separated by a sharp
discontinuity, but by some sort of gradient, as it is represented by a
few samples from North-Eastern and Central Italy that show very
low absolute values of sPC1 scores. However, sPC2 scores
differentiate Sardinia from the rest of Italy (Figure 1b). Indeed,
scores from these populations show the highest absolute values,
while those from the other Italian locations (especially in the
South) are much lower. In summary, sPC1 and sPC2 depict a
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Figure 1. Spatial Principal Component Analysis (sPCA) based
on frequencies of Y-chromosome haplogroups. The first two
global components, sPC1 (a) and sPC2 (b), are depicted. Positive values
are represented by black square; negative values are represented by
white squares; the size of the square is proportional to the absolute
value of sPC scores.

doi:10.1371/journal.pone.0065441.g001

three-partitioned structure of Italian population: 1) North-Western
Italy (from now on NWI), 2) South-Eastern Italy (from now on
SEI), and 3) Sardinia (from now on SAR).

When we tested the reliability of these three groups (NWI, SEI,
SAR), by means of AMOVA based both on haplogroup
frequencies and STR variability, the proportion of variation
between groups (haplogroup frequencies: 3.71%; haplotypes:
4.48%; both p-values <0.001; Table S4) was 1.5 times higher
than the variation explained when grouping according to the eight
sampling macro-areas (2.62%, p-value <0.001, and 3.11%, p-
value <0.001, respectively, Table S4). Interestingly, there is a
partial congruence between sPCA-based groups and sampling
macro-areas (Figure S1). In particular, SAR coincides with macro-
area 8, while macro-areas 1, 3 and 4 are grouped in NWI and
macro-areas 6 and 7 are grouped in SWI; macro-areas 2 and 5 are
crossed by the sharp gradient that separate NWI from SEI.

To further test the reliability of the mentioned structure, for
each of the considered populations we calculated DAPC-based
posterior membership probabilities to the considered three groups.
Results (Table S5) show that all the populations are characterised
by high congruence (membership probability =~9% or higher) to
the given SPCA-group, the only exception being a single
population from Central Italy (Foligno/PG), whose intermediate
position between NWI and SEI has been already revealed by
sPCA.

Interestingly, NWI revealed a high and significant degree of
internal differentiation, while SEI is a fairly homogeneous group
(Fst=0.014, p-value <0.001 and Fst=0.002, p-value >0.03,
respectively; both estimates are based on haplogroup frequencies).

In order to quantify the contribution of each haplogroup to the
genetic structure detected, the loadings values of the sPC1 and
sPC2 were calculated and plotted in Figure S4. Lineages
contributing more to the differentiation along the first sPC were
R-U152% G-P15 and, with lower loadings values, R-L.2* and R-
P312* (Figure S4a). On the contrary, sPC2 is influenced primarily
and almost exclusively by the haplogroup I-M26 (Figure S4b).

Haplogroup DAPC analysis. DAPC was performed within
the most frequent haplogroups (E-V13, G-P15, I-M26, J-M410%,
R-P312%, R-U152%, R-L2¥). Results (Table 1, Figure 2, Figure S5)
show how the seven considered haplogroups disaggregate in 25
clusters, ranging from a minimum of two (I2a-M26) to a maximum
of five (E-V13, G2a-P15). Considering a 70% threshold, 13 out of
25 are mostly frequent in one of the sPCA-identified areas (NWI:
7, SEI: 4, SAR: 2) (Table 1).
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Figure 2. Discriminant Analysis of Principal Components
(DAPC) for G2a-P15 haplotypes. Samples are grouped according
to their affiliation at the sPCA-identified groups (NWI; SEI; SAR; symbols
in the top right table). The table in the bottom left shows the number of
haplotypes in each of the five G2a clusters and their geographical
distribution in the three Italian areas. DAPC eigenvalues are depicted in
the enclosed barplot.

doi:10.1371/journal.pone.0065441.9002

It is noteworthy the structure shown by haplogroup G2a-P15
(Figure 2), which includes clusters with very different spatial
distribution: cluster 1 is mostly frequent in NWI, while clusters 4
and 5 — partially overlapping in the DAPC plot — are found in SEI.
For comparison purposes, we calculated a Median Joining
Network (Figure S6) based on the same haplotypes. While results
from both methods are largely overlapping, DAPC offers some
advantages compared to the network, namely 1) it outputs clear-
cut clusters (while in Network the definition of clusters is in some
way arbitrary), 2) it gives probability memberships for each
individual. Networks for other haplogroups are not shown.

DAPC comparisons with additional samples (Table S6, Figure
S7) suggest differential affinities for some of the considered
haplogroups and clusters of haplotypes. Most notably, G2a-P15
haplotypes from NWI cluster mainly with German ones, while
haplotypes from SEI seem to indicate wider relationships, going
from Iberia to the Balkans and the Caucasus. On the contrary, 12-
M26 samples from Sardinia (SAR) cluster in a separate group than
Iberians, suggesting a geographical neat separation between
continental and Sardinian 12-M26 lineages.

Date estimates for paternal variation. BATWING was
used to estimate the age of split between the Italian regions
identified by the first sSPCA (NWI and SEI, excluding SAR).
BATWING modelled population growth starting at 12,890 YBP
(95% CI: 3,700-83,070), with a rate of 0.00429 (95% CI:
0.00254-0.01219) per year. Our results suggest that the split
happened around 5,490 YBP (95% CI: 1,620-26,830). Since
BATWING does not consider migration, admixture between NWI
and SEI would likely bias the split time estimate towards more
recent dates.

Concerning Y-chromosome lineages, STR variation within the
13 clusters mentioned above suggests that most of them date back
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to relatively recent times (Table 2). In fact, the ages of the
considered clusters (with a peak in one of the considered sPCA
groups) fall roughly within the interval from the time of split
estimated with BATWING between NWI and SEI and the
present. This is consistent with the fact that group-specific clusters
of haplotypes (NWI, SEI) are very likely to have emerged after the
split within the Italian ‘ancestral’ population or later. No different
patterns of timing are detected between both regions. The time
estimates were similar for whole haplogroups with the notable
exception of G2-P15, which showed older ages. These results
suggest that most of the Y-chromosomal diversity present in
modern day Italians was originated from few common ancestors
living during late Neolithic times and the Early Metal Ages.
However, if we would take into account evolutionary rates, we
would observe results three times higher than those above
mentioned, meaning that most dates would shift to late Paleolithic.

Mitochondrial DNA lineages in Italy

Haplogroup frequencies. The maternal genetic ancestry of
Italian populations was explored by characterizing coding region
SNPs and control region sequences from 865 individuals, which
yielded to 79 distinct mtDNA haplogroups (including sublineages).
Haplogroup frequencies and within-population diversity parame-
ters are shown in Table S7 and Table S3 respectively.

The haplogroup distribution in Italy reflects the typical pattern
of mtDNA variability of Western Europe. As described for other
European and Italian populations [2], [6], [14], [15], [57] most of
the sequences belong to the super-haplogroup H, which includes
44.4% of the Italian mtDNA lineages. In particular, H1 turned out
to represent a large proportion of H samples, encompassing the
13.8% of the total variability (10.4% excluding sub-lineages).
Compared to H1, sub-haplogroups H3 and H5 represent much
smaller fractions of H composition, reaching however noteworthy
frequencies (3.9% and 4.3% respectively). Most of the remaining
samples belong to haplogroups frequently found in western
Eurasia, including U5, K1, J1, J2, T1, T2, and HV. Among the
U5 lineages, Uba is the most frequent (3.70%). Haplogroups Kla,
HYV and Jlc take into account respectively the 4.39%, 4.05% and
the 3.93% of the total mtDNA variability. The remaining lineages
reach frequencies that do not exceed a 3.5% threshold.

Maternal population structure. In contrast to paternal
lineages, correlation between geographical and genetic distances
was non-significant (Mantel Test: observed value =0.011, p-value
=0.45). These results point to a strong homogeneity within the
Italian Peninsula for the mtDNA gene pool composition. In order
to extract further insights into the distribution of mtDNA lineages,
a sPCA was performed using haplogroup frequencies. The highest
absolute eigenvalues (Figure S8) correspond to the first two
positive components (global structure). According to the Global
test of significance, the geographical distribution of the genetic
variability observed with sPCA was found to be marginally
significant (observed value =0.061, p-value = 0.046).

Scores of the sPC1 and sPC2 are plotted in Figure 3. Both sPC1
and sPC2 highlight the extreme position of Sardinia (large white
squares). In addition, sPC1 identifies a North-East centred group
that spreads southwards along the Apennines (including most of
populations from central Italy), while sPC2 highlights the same
East-West pattern observed for Y-chromosome. Loadings of sPC1
and sPC2 (Figure S9) identify lincages H1 and H3 respectively as
the haplogroups affecting more the spatial genetic differentiation
of Italian populations.

Haplogroup DAPC analysis. DAPC was performed within
the eight most frequent haplogroups (H*, H1, H3, H5, HV, Jlc,
Kla, Uba). They disaggregate in 24 haplotype clusters (Table S8,
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Figure S10), ranging from a minimum of two (K1a) to a maximum
of four (Uba). Most of them are widespread in the whole of Italy, in
fact, if we consider a 70% threshold, only nine clusters show traces
of geography-related distributions (but six of them are composed
by less than 10 individuals). Haplogroup HV is the most important
exception, including two clusters located in NWI and SEI,
respectively. It is noteworthy a cluster from haplogroup H3 that
is almost exclusive of SAR.

Comparisons with other European samples (Table S9, Figure
S11) confirm that great part of Italian mtDNA haplotypes share a
wide range of affinities spanning from Iberia to Eastern Europe,
but haplotypes from H1 and H3 appear to be related mostly with
Western and Central Europe.

Date estimates for maternal variation. TMRCA esti-
mates for the most frequent haplogroups (Table 2) could be
classified in two groups: “old” haplogroups, predating the Last
Glacial Maximum, LGM (~31,600 YBP for HV, ~28,300 YBP
for Uda and ~19,500 YBP for J1c), and haplogroups dating after
the LGM (~16,200 YBP for H*, ~15,600 YBP for H1, ~15,500
YBP for H3, ~14,700 YBP for H5, ~16,700 YBP for Kla).
Estimates for H1 and HS3 haplogroups are slightly older than
estimates in Western Eurasia for the same haplogroups [2], [4],

PLOS ONE | www.plosone.org

Table 1. Frequencies of Y-Chromosome DAPC cluster for each Italian sPCA-identified group.

DAPC
HG CLUSTER N. HAPLOTYPES N. INDIVIDUALS MAX% (GROUP)

Nwi SEI SAR TOT Nwi SEI SAR TOT

E-V13 1 8 10 1 19 8 10 1 19 53% (SEI)

2 6 6 0 12 6 6 0 12 50% (NWI, SEI)

3 3 11 1 15 3 1 1 15 73% (SEI)

4 5 6 0 11 5 6 0 1" 55% (SEI)

5 6 6 0 12 6 6 0 12 50% (NWI, SEI)
G2a-P15 1 18 6 2 26 20 6 2 28 71% (NWI)

2 1 3 0 4 1 3 0 4 75% (SEN*

3 8 10 8 26 8 10 8 26 38% (SEI)

4 2 20 0 22 2 20 0 22 91% (SEI)

5 1 15 1 17 1 16 1 18 89% (SEI)
12a-M26 1 0 1 18 19 0 1 19 20 95% (SAR)

2 2 1 12 15 2 1 13 16 81% (SAR)
J2a-M410 1 7 9 3 19 7 9 3 19 47% (SEI)

2 8 18 2 28 8 19 2 29 66% (SEI)

3 7 11 0 18 7 12 0 19 63% (SEI)
R-P312 1 11 4 1 16 12 4 1 17 71% (NWI)

2 13 8 0 21 13 9 0 22 59% (NWI)

3 6 5 0 11 6 5 0 11 55% (NWI)
R-U152 1 16 7 2 25 16 7 2 25 64% (NWI)

2 21 1 0 22 21 1 0 22 95% (NWI)

3 23 8 2 33 24 10 2 36 67% (NWI)

4 16 4 2 22 17 5 2 24 71% (NWI)
R-L2 1 18 1 1 20 18 1 1 20 90% (NWI)

2 18 6 1 25 18 6 1 25 72% (NWI)

10 4 0 14 10 4 0 14 71% (NWI)

*Number of individuals <10
The absolute number of haplotypes and individuals are shown for each DAPC-cluster, and the maximum frequency for each cluster is expressed in percentage (max%).
NWI: North-Western Italy; SEI: Southern and Eastern Italy; SAR: Sardinia.
doi:10.1371/journal.pone.0065441.t001

[5], [55]. These results are in agreement with what has been
shown for the Basque region in Iberia [27] and may be related to
the length of the mitochondrial region used.

Additionally, we calculated TMRCA for the two DAPC clusters
within HV haplogroup (2 and 3), given that they show a clear
spatial polarity within continental Italy and Sicily. Their ages fall
between the time estimate for the whole haplogroup (~31,600
YBP) and the LGM, suggesting that their differentiation happened
during this time frame (Table 2).

Discussion

Previous reconstructions of the genetic structure of Italy agreed
on two points: the peculiarity of the population of Sardinia — due
to a distinct background and a high degree of isolation [58], [59] —
and the clinal pattern of variation in the Italian Peninsula, which
has been explained by differential migration patterns [17], [18]
although some genetic discontinuity due to local drift and founder
effects have been described [16], [19], [20]. This study represents
a significant upgrade on the knowledge of the genetic structure of
Italy for the following reasons: the wide sampling coverage
(coupled to a detailed sampling strategy), the high number of typed

May 2013 | Volume 8 | Issue 5 | e65441



Article 1

Uniparental Markers in Italy

markers and the innovative methodological approach. Our results
show that the Y-chromosomal genetic diversity of Italy is not clinal
but structured in three geographical areas: North-Western Italy
(NWI), South-Eastern Italy (SEI) and Sardinia (SAR). The outlier
position of SAR described in previous studies [21], [58-61] is
mainly due to the high frequency of I-M26 haplogroup, that in
turn is almost completely absent in continental Italy. In addition, it
is noteworthy the scanty haplotype affinities with other European
I-M26 lineages as DAPC results seem to indicate (Figure S7, Table
S6). However, the structure observed for paternal lineages in
continental Italy and Sicily was not characterised by North-South
gradients as previously described: our results show a NWI-SEI
clustering (Figure la), suggesting a shared genetic background
between Southern Italy and the Adriatic coast from one side, and
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Table 2. Age estimates (in YBP) of STR and HVS variation for the most common haplogroups in the Italian data set.
Y Chromosome Haplogroups SD SE Age estimate SE
E-V13 146.46 51.78 3662 1295
Cluster3 (SEI 70.3%) 139.52 49.33 3488 1233
G-P15 600.79 212.41 15020 5310
Cluster1 (NWI 71.4%) 144.31 51.02 3608 1276
Cluster3 505.72 178.80 12643 4470
Cluster4 (SEl 90.9%) 111.40 39.39 2785 985
Cluster5 (SEI 88.9%) 240.62 85.07 6016 2127
1-M26 206.11 72.87 5153 1822
Cluster 1 (SAR 95.0%) 48.26 17.06 1207 427
Cluster 2 (SAR 81.3%) 227.81 80.54 5695 2014
R-U152 137.29 48.54 3432 1214
Cluster2 (NWI 95.5%) 199.16 7041 4979 1760
Cluster4 (NWI 70.8%) 184.29 65.16 4607 1629
R-L2 129.67 45.85 3242 1146
Cluster1 (NWI 90.0%) 250.32 88.50 6258 2213
Cluster2 (NWI 72.0%) 185.52 65.59 4638 1640
Cluster3 (NWI 71.4%) 148.55 52.52 3714 1313
R-P312 302.55 106.97 7564 2674
Cluster1 (NWI 70.6%) 130.05 45.98 3251 1149
mtDNA Haplogroups Rho SE Age estimate SE
H* 1.79 0.16 16229 2889
H1_whole (including all H1 derivates) 1.72 0.15 15604 2588
H1* 143 0.14 12983 2549
H3 1.71 0.28 15452 4954
H5 1.62 0.23 14689 4015
HV 3.49 033 31574 5872
Cluster 2 (NWI 75%) 2.00 0.42 18116 7476
Cluster 3 (SEI 85%) 233 0.39 21135 7002
U5a 3.13 0.35 28306 6128
K1a 1.84 0.25 16686 4383
Cluster 2 (NWI 71%) 1.33 0.28 12077 4929
Jic 2.15 0.27 19448 4757
Standard deviation (SD) estimator (Sengupta et al. 2006) and 1 statistic calculator (Soares et al. 2009) were used for Y-chromosome and mtDNA haplogroups
respectively. Ages were estimated for the entire haplogroups as well as for each DAPC cluster with at least 10 individuals and frequencies >70% in NWI, SEI, or SAR
(excepted for G-P15, cluster 2, see Methods).

doi:10.1371/journal.pone.0065441.t002

between Northern Italy and Tuscany from the other side. Actually,
the most accurate description of the discontinuity between NWI
and SEI is that of a “belt”, that is a restricted portion of territory in
which haplogroup frequencies tend to change more rapidly than in
the rest of the Italian peninsula. This model was suggested by the
presence of a few populations from North-Eastern and Central
Italy (Treviso, Foligno/PG) that reveal an intermediate position
between the two main groups.

The discontinuous Y-chromosomal structure of continental Italy
is also confirmed by the distribution of DAPC haplotype clusters
identified for the most frequent haplogroups (Table 1). Hap-
logroup G2a provides the most compelling case, being widespread
in the whole region, but revealing different clusters in NWI and
SEI (Figure 2). This is in agreement with a recent G haplogroup

May 2013 | Volume 8 | Issue 5 | e65441



Figure 3. Spatial Principal Component Analysis (sPCA) based
on frequencies of mtDNA haplogroups. The first two global
components sPC1 (a) and sPC2 (b) are depicted. Positive values are
represented by black squares; negative values are represented by white
squares; the size of the square is proportional to the absolute value of
sPC scores.

doi:10.1371/journal.pone.0065441.g003

survey that revealed the presence of different G2a sub-clades in
Italy [62]. Nevertheless, we are not identifying the whole Italian
population history with a single haplogroup. In fact, comparisons
with other populations taking into account the whole haplogroup
spectrum suggest differential patterns of haplotype similarity,
implying different genetic histories for the identified sPCA-groups.
In particular, NWI is mostly related with Western and Central
Europe, while SEI seems to indicate more affinities with the
Balkans. In addition, NWI and SEI are characterised by different
distributions of genetic variance, the latter showing higher intra-
population and lower (not significant) inter-population variability,
while the opposite is true for NWI, where significant variation
between populations was detected. On the whole, these patterns
may be explained by a higher degree of population mobility in
SEI, while in NWI local drift effects may have had a greater
impact.

In contrast to the results obtained for Y-chromosome, the
mtDNA diversity in Italy is characterised by a high degree of
homogeneity: the only exception (a marginally significant sSPCA
global test based on haplogroup frequencies) is due to significant
differentiation found in the Sardinian samples compared to
continental Italy and Sicily (AMOVA difference between groups
=1.02%, p<<0.05, Table S4). These results (in agreement with Y
chromosome) suggest at least partially different demographic
histories for SEI-NWI populations on one hand and SAR on the
other hand, the latter being less affected to the gene flow of
different migrations occurred in the Italian Peninsula and Sicily.
Traces of such processes are visible in sPCA results (Figure 3) and
in particular in sPC2, reflecting the same NWI-SEI pattern shown
by Y-chromosomal sPC1. Anyway, such differentiation was not
significant in the case of mtDNA (AMOVA difference between
groups =0.10%, p=0.08). Analogously, DAPC clusters of
mtDNA haplotypes do not show any geographic structure even
when compared with other European samples, with clusters of
similar haplotypes spanning from Iberia to the Balkans. However,
not only uniparental differences in the genetic structure but also in
time estimates are shown in the present dataset: our age estimates
for the Y-chromosome and the mtDNA haplogroups (as well as the
corresponding clusters of haplotypes) highlight significantly
different time periods (Table 2), which could reflect multi-layered
histories in Italy. Age estimates for mtDNA haplogroups - even if
past demographic events affecting error rates cannot be excluded -
point almost unanimously to pre-Neolithic times, ranging approx-
imately from ~13,000 (H1%*) to ~31,600 (HV) YBP. Although
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such estimates might reflect the haplogroups pre-existent diversity
previous to their establishment in Italy (which could be the case of
HV, that includes two DAPC clusters with different geographical
distributions and whose ages largely post-date that of the whole
haplogroup; Table 2), this does not seem to hold for most of the
mtDNA haplogroups analysed. Indeed, most of our mtDNA time
estimates are consistent with the hypothesis of the existence of a
Glacial Refugium in the Italian Peninsula and its probable role in
subsequent post-glacial expansions.

Actually, the role of Italy as a Southern European Glacial
Refugium — together with the Iberian and Balkan peninsulas — is
demonstrated for a high number of animal and plant species [63—
69]. The presence of numerous Epigravettian sites suggests
strongly that Italy could have acted as such also for humans
[70]. Nevertheless, molecular evidences going in the same
direction are still scarce, the only exception being mitochondrial
haplogroup U5b3 [8], [9] whose frequency in Italy is relatively low
(U5b lineages account for 1.73% in our data). Our results suggest
that most of Italian mitochondrial diversity originated during and
immediately after LGM. In particular, estimates for H1 and H3
are even older in Italy than in the Franco-Cantabrian area [27]
where these clades have been postulated to originate [4].
Furthermore, DAPC comparisons with a wide set of European
haplotypes (Table S9) show that Italy, in most cases, is
characterised by the highest number of different haplotypes. On
the whole, these observations not only are in agreement with the
existence of a human Glacial Refugium in Italy, but also suggest
that its relevance has been until now largely underrated.

The use of STR variation for dating Y-chromosome lineages or
population splits, is a controversial issue, due to the effect that both
mutation rates and STR choice has on the temporal scale of age
estimates. Following the most recent studies our estimates are
based on those STRs that show the highest duration of linearity
[49] and by using locus-specific mutation rates (Ballantyne et al.
2010). This is one of the reasons that led us to exclude
‘evolutionary’ mutation rates (see Methods for details). In addition,
we removed ‘outlier’ haplotypes (see Methods S1), since their
presence could inflate significantly the ages of haplogroups and
DAPC clusters. However, these results have to be taken with great
caution, keeping in mind that ‘evolutionary’ rates (applied to the
same data) would yield time estimates around three times greater.
Nonetheless, we observe that two independent methods applied to
our data — BATWING and SD-based estimates — yield consistent
results. In fact, in contrast to mtDNA age estimates, almost all Y-
chromosome estimates fall between late Neolithic and the Bronze
Age. This finding supports the hypothesis that group-specific
clusters of haplotypes did originate after the split between NWI
and SEI (dated with BATWING), even if the confidence interval
for BATWING estimate is not tight enough to exclude alternative
hypotheses. Interestingly, the NWI and SEI structure detected
(Figure 1, Table S4) might be traced back around 5,500 YBP
indicating relevant demographic events within continental Italy in
this period. Anyway, this value has to be considered as a lower
bound, given that the model used does not account for migration
that would bias the split time towards recent dates. In fact, given a
specific level of populations differentiation, the separation time
estimated between these populations has necessarily to be higher
(i.e. more ancient) as migration is considered.

According to the most recent syntheses, the Neolithic revolution
diffused in Italy following two independent routes along the
Adriatic (Eastern) and the Tyrrhenian (Western) coasts. Further-
more, archaeological sites from NWI are characterized by a
deeper continuity with earlier Mesolithic cultures and a higher
degree of local variability than SEI, while this last area, besides
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being culturally more homogeneous, shows clear links with the
Southern Balkans [10]. Our Y-chromosome results — showing
discontinuity between NWI and SEI, higher inter-population
variability in NWI, higher homogeneity in SEI coupled with
relevant contributes from the Balkans — are quite consistent with
this model. Thus, we can hypothesize that the NWI-SEI structure
detected with paternal lineages could have its origins after these
different Neolithic processes. Indeed, comparisons with other
European and Near-Eastern populations (Table S6) suggest a
stronger affinity between NWI with Iberia and Central Europe,
while SEI is more related to the Balkans and Anatolia. The
emergence of population structures during the Neolithic has been
recently shown in two different studies using Y-chromosome
markers, in Near East [71] and in Western Europe [27]. Our
results confirm these findings and emphasize the role of
demographic expansions and cultural advances related to the
Neolithic revolution in shaping human genetic diversity, at least
for male lineages. Nonetheless, such pattern might have been
further influenced and/or re-shaped also by more recent events.

For instance, the dates of several DAPC clusters fall within the
range of the Metal Ages (Table 2). During this long period (third
and second millennia BC) Italy underwent important technolog-
ical and social transformations finally leading to the ethnogenesis
of the most important proto-historic Italic peoples. On the whole,
our results indicate that these transformations, far from being
exclusively cultural phenomena, actually involved relevant popu-
lation events.

It is worth noting the older age estimate obtained for Y-
haplogroup G2-P15 (15,020 YBP) that, coupled with its high
frequency (11.09%), makes it the most probable candidate for a
continuity with Italian Mesolithic populations (although a Neo-
lithic origin for G2-P15 is discussed, [22], [23]). The most frequent
G2-P15 cluster (12,643 YBP, Table 2), besides being evenly
diffused in NWI and SEI, it encompasses almost all Sardinian G2-
P15 individuals (Figure 2, Table 1). These facts, together with the
higher degree of isolation of Sardinia to Neolithic and Post-
Neolithic migration processes, support the antiquity of this
haplogroup in Italy. Despite obtaining similar time estimates for
G2a in Italy (12,899 YBP), Rootsi et al. (2012) [62] explain the
diffusion of its main sub-lineages in this country solely as a
consequence of Neolithic and Post-Neolithic events.

Conclusions

This study depicts the most complete picture of Italian genetic
variability from the point of view of uniparental markers to date.
Our analyses revealed that the Y-chromosomal genetic structure
of Italy is characterised by discontinuities. Such a structure is
defined by three different and well-defined groups of populations:
the Sardinia island (SAR), North-Western Italy (NWI) and South-
Eastern Italy (SEI). Furthermore, we observed that NWI and SEI
are not separated according to latitude but following a longitudinal
line. Such discontinuity may date at the Neolithic revolution in
Italy, which was characterised by (at least) two independent
diffusion processes involving the Western and Eastern coasts,
respectively. Mitochondrial DNA, despite showing some corre-
spondence with Y-chromosome results, depicts a substantially
homogeneous genetic landscape for the Italian peninsula. Signif-
icantly different ages were estimated for mtDNA and Y-
chromosome systems. mtDNA variability dates back to Paleolithic
and supports the existence of an Italian human Refugium during
the last glacial maximum whereas Y-chromosome points to the
importance that the demographic events happened during the
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Neolithic and the Metal Ages had in the male Italian patterns of
diversity and distribution.

Supporting Information

Figure S1 Map showing the geographical location of
populations sampled in the present study. Colors indicate
the eight clusters of homogeneous Italian provinces (sampling
macro-areas) identified after a preliminary surname-based analysis
[24]. The set of provinces (sampling points) and the number of
samples successfully typed for Y-chromosome and mtDNA
markers are detailed for each sampling macro-area (table on the
left).

(T1F)

Figure S2 Plot of geographical distances against genetic
distances (based on frequencies of Y-chromosome
haplogroups). A 2-dimensional kernel density estimation layer
(Venables and Ripley 2002) was added to the plot. The analysis
was performed including (a) and excluding (b) the Sardinian
samples.

(TTEF)

Figure S3 Eigenvalues of Y-chromosome-based sPCA
analysis (A) with their decomposition in spatial and
variance components (B). Eigenvalues are obtained maximiz-
ing the product of variance and spatial autocorrelation (Moran’s I
index). They are both positive and negative depending from
Moran’s I positive or negative values. Large positive components
correspond to global structures (cline-like structures); large
negative components correspond to local structures (marked
genetic differentiation among neighbours).

(TIF)

Figure S4 Loadings of the most informative compo-
nents (a: sPC1, b: sPC2). These values identify Y-chromosome
haplogroups that mostly affect the genetic structure of Italian
populations.

(TIF)

Figure S5 DAPC analysis of STRs variation for the most
frequent Italian Y-chromosome haplogroups (E-V13, I-
M26, J-M410, R-P312%, R-U152*, R-L2). Samples are
grouped according to their affiliation to sPCA-identified areas
(NWI, SEI, SAR; symbols in the top right legend of each plot). For
each plot, the number of different haplotypes per cluster and their
geographic distribution in the above areas are shown in the
enclosed table. The DAPC eigenvalues are depicted in the
enclosed barplot. Haplogroup I-M26, including two clusters only,
is represented by a single discriminant function (no eigenvalues
barplot).

(TIF)

Figure S6 Median joining network for Italian G2a-P15
haplotypes. Individuals have been assigned and colored
according to the correspondent DAPC-based clusters (Figure 2).
(TIF)

Figure S7 DAPC analysis of STRs variation for the most
frequent Y-chromosome haplogroups. Results are based on
Italian data and additional comparison samples (NWI; SEI; SAR;
IBE: Iberian Peninsula; BAL: Balkan Peninsula; GER: Central-
Europe (Germany); CAU: Caucasus; WAN: Western Anatolia;
symbols in the legend of each plot). For each plot, the number of
different haplotypes per cluster and their geographical distribution
are shown in the enclosed table. The DAPC eigenvalues are
depicted in the enclosed barplot.

(TIF)
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Figure S8 Eigenvalues of mtDNA-based sPCA analysis
(A) with their decomposition in spatial and variance
components (B). Eigenvalues are obtained maximizing the
product of variance and spatial autocorrelation (Moran’s I index),
and are both positive and negative, depending from Moran’s I
positive or negative values. Large positive components correspond
to global structures; large negative components correspond to local
structures (marked genetic differentiation among neighbours).
(T1F)

Figure S9 Loadings of the most informative compo-
nents (a: sPCl1l, b: sPC2). These values identify mtDNA
haplogroups that mostly influence the genetic structure of Italian
populations.

(TIF)

Figure S10 DAPC analysis of HVS variation for the most
frequent mtDNA haplogroups (H*, H1, H3, H5, HV, Jlc,
Kla, U5a) in the Italian data set. Results have been grouped
geographically using the same categories as for Y-Chromosome
(NWI; SEI; SAR); “0” codes were attributed to those populations
for which Y-chromosome information was not available and
whose geographical position lies along the boundary between NWI
and SEI (Aviano, Terni). For each plot, the number of different
haplotypes per cluster and their geographical distribution are
shown in the enclosed table. The DAPC eigenvalues are depicted
in the enclosed barplot. Haplogroup Kla, including two clusters
only, is represented by a single discriminant function (no
eigenvalues barplot).

(TIF)

Figure S11 DAPC analysis of HVS variation for the most
frequent mtDNAhaplogroups. Results are based on Italian
data and comparison European populations (ITA: Continental
Italy; SAR: Sardinia; BASQ): Iberian Peninsula (Basques); AUST:
Central Europe (Austria); MAC: Macedonians; ROM: Roma-
nians; BALK: Balkan Peninsula; symbols in the legend of each
plot). For each plot, the number of different haplotypes per cluster
and their geographical distribution are shown in the enclosed
table. The DAPC eigenvalues are depicted in the enclosed barplot.
(TIF)

Table S1 Irequencies of Y-chromosome haplogroups. Absolute
values are reported for the whole Italian data set, while the
frequencies within the eight sampling areas (from I to VIII) are
expressed in percentage (%).

(XLS)

Table $2 Y-Chromosome STRs haplotypes in the 884 Italian
samples of the present study.
(XLS)

Table 83 Diversity indices computed for the different Italian
sampling points. Standard diversity parameters were calculated for
both Y-chromosome and mtDNA based on haplotype/sequence
data and haplogroup frequencies.

(XLS)

Table S4 Analyses of the molecular variance (AMOVA).
Apportionment of the variance in %. Samples were grouped
according to the geographic clusters (eight macro-areas) and to the
sPCA results.

(XLS)

Table S5 DAPC membership probabilities to the SPCA-
identified groups.

(XLS)
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Table S6 Irequencies of Y-Chromosome DAPC clusters based
on Italian data and comparison to other populations. The absolute
number of haplotypes and individuals are shown for each
population (NWI: sPCA North-Western Italy; SEI: sPCA
Southern and Eastern Italy; SAR: Sardinia; IBE: Iberian
Peninsula; BAL: Balkan Peninsula; GER: Central-Europe (Ger-
many); CAU: Caucasus; WAN: Western Anatolia).

(XLS)

Table S7 Irequencies of mtDNA haplogroups. Absolute values
are reported for the whole Italian data set, while the frequencies
within the eight sampling areas (from I to VIII) are expressed in
percentage (%).

(XLS)

Table S8 Irequencies of mtDNA DAPC clusters in Italy. Values
were calculated both grouping according to the geographical
clusters identified with Y-Chromosome sPCA (NWI: Y-sPCA
North-Western Italy; SEI: Y-sPCA Southern and Eastern Italy;
SAR: Sardinia) as well as considering the continental Italy
(including Sicily) altogether (I'TA). The absolute number of
haplotypes and individuals are shown for each DAPC-cluster,
and the maximum frequency for each cluster is expressed in
percentage (max%).

(XLS)

Table S9 [Frequencies of mtDNA DAPC clusters based on
Italian data and comparison to other populations. The absolute
number of haplotypes and individuals are shown for each
population (ITA: Continental Italy and Sicily; SAR: Sardinia;
BASQ: Iberia Peninsula (Basques); AUST: Central Europe
(Austria); MAC: Macedonians; ROM: Romanians; BALK: Balkan
Peninsula).

(XLS)

Methods S1 Spatial Principal Component Analysis (sPCA).
Discriminant Analysis of Principal Components. Batwing analysis.
“Jackknife-like” procedure for outliers identification.

(DOC)
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ABSTRACT

Due to their strategic geographic location between three different continents, Sicily and Southern
Italy have long represented a major Mediterranean crossroad where different peoples and cultures
came together over time. However, this multi-layered history of migration pathways and cultural
exchanges, has made the reconstruction of the genetic history and population structure of the area
extremely controversial and widely debated. To address this debate, we surveyed the genetic
variability of 326 accurately selected individuals from 8 different provinces of Sicily and Southern
Italy, through a comprehensive evaluation of both Y-chromosome and mtDNA genomes. The main
goal was to investigate the structuring of maternal and paternal genetic pools within Sicily and
Southern Italy, and to examine their degrees of interaction with other Mediterranean populations.

Our findings show high levels of within-population variability, coupled with the lack of significant
genetic sub-structures both within Sicily, as well as between Sicily and Southern Italy. When
Sicilian and Southern Italian populations were contextualized within the Euro-Mediterranean
genetic space, we observed different historical dynamics for maternal and paternal inheritances. Y -
chromosome results highlight a significant genetic differentiation between the North-Western and
South-Eastern part of the Mediterranean, the Italian Peninsula occupying an intermediate position
therein. In particular, Sicily and Southern Italy reveal a shared paternal genetic background with the
Balkan Peninsula and the time estimates of main Y-chromosome lineages signal paternal genetic
traces of Neolithic and post-Neolithic migration events. On the contrary, despite showing some
correspondence with its paternal counterpart, mtDNA reveals a substantially homogeneous genetic
landscape, which may reflect older population events or different demographic dynamics between
males and females. Overall, both uniparental genetic structures and TMRCA estimates confirm the

role of Sicily and Southern Italy as an ancient Mediterranean melting pot for genes and cultures.
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INTRODUCTION

Due to their central geographic location in the Mediterranean domain, Sicily and Southern Italy
hosted various human groups in both prehistoric and historic times [1], acting as an important
crossroad for different population movements involving Europe, North-Africa and the Levant.

The first unquestioned colonization of Sicily has been linked to the Palaeolithic, and in particular to
Epigravettian human groups coming from the mainland and entering Sicily through the present-day
Strait of Messina [2-3]. Human remains, referable to the Upper Palaeolithic, recently discovered in
Southern Italy (Grotta of Paglicci, Puglia [4]) and Sicily (Grotta d’Oriente in the island of
Favignana, [5]), have been attributed to the mtDNA haplogroup HV and tentatively interpreted as
descendants of the early-Holocene hunter-gatherers of Sicily and Southern Italy, who occupied this
area before (Gravettian) and after (Epigravettian) the Last Glacial Maximum [5]. The transition to
agriculture with the Neolithic revolution, occurred in the South-Eastern heel of Italy between 6000-
5700 years BCE, then moving west towards Southern Calabria and Eastern Sicily, where traces of
the same material cultures (imprinted ceramics stentinelliane) have been dated roughly to 5800-
5400 BCE [6]. However the Neolithic pottery (imprinted ceramics prestentinelliane) uncovered in
western Sicily (Uzzo and Kronio) are coeval (6000-5750 BCE) with the earliest occurrence of
Neolithic materials in the more South-Eastern heel of the Italian Peninsula, thus suggesting
potentially parallel and culturally independent processes of colonization between the eastern and
western parts of the island [6].

In addition to Upper-Palaeolithic and Neolithic material cultures, historical and archaeological data
offer a detailed and reliable understanding of the more recent population influences on Sicily and
Southern Italy. Among the well-documented historical events, at least four main migration
processes could potentially have affected the current genetic variability of the area: i) the massive
occupation of Greeks (giving rise to the “Magna-Graecia”) started in the 8th century BC from the
Southern Balkans; ii) the Phoenician and Carthaginian colonization of the western part of Sicily
occurred since the first millennium BC from the Levant through North Africa; iii) the Roman and
post-Roman (Germanic) invasions from continental Italy and Central-Western Europe between the
300 BC and 500 AD; and iv) the more recent Muslim and Norman conquests of Sicily and Southern
Italy in 8th-9th and 11th-12th centuries AD respectively. If on one hand the Greek colonisation of
the south-eastern regions vs. the Phoenician occupation of western Sicily could have caused internal
east-west cultural differentiation, on the other hand the later conquests (such as Germanic, Islamic
and Norman occupations) may have contributed to reshape at different levels the genetic landscape

of one of the largest Mediterranean islands, albeit their relative impacts remain still questioned.
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Such a deep and complex historical stratification made the reconstruction of the genetic history and
population structure of the area open to debate. Previous investigations on the genetic structure of
Sicily, based on both classical, autosomal and uniparental markers, have indeed shown contrasting
results about the presence [7-8] or the absence [9] of an east-west geographically heterogeneous
distribution of genetic variation within the island [8]. By contrast, a substantial homogeneity in
genetic variation emerged from more recent mtDNA-based studies, that focused on specific regions
of Southern Italy [10-11]. To the best of our knowledge, all previous studies that specifically
addressed the reconstruction of the genetic structure and population history of Sicily and Southern
Italy, have been mostly focused on only one of the two areas at a time, moreover considering the
maternal (MtDNA) and the paternal (Y-chromosome) perspectives separately.

In this study we present an high-resolution analysis of the uniparental genetic variability of Sicily
and Southern Italy, by using a new accurately selected set of samples and, for the first time, by
jointly analysing both paternal and maternal genetic systems at the same time. More than 300
individuals from 8 different Sicilian and Southern Italian provinces have been deeply typed for 42
Y-SNPs and 17 Y-STRs, as well as for the HVS-I and HVS-II regions and 22 coding SNPs of
mtDNA. These data have been used to compare and contrast Y-chromosome and mtDNA genetic
patterns within Sicily and Southern Italy, and then to investigate their affinities within the overall
Mediterranean genetic landscape by further comparing our data with those of reference populations
selected from Central, Western and Southern Europe, as well as from North Africa and the Levant.
In this way we particularly seek to address the following questions: i) Is the genetic diversity of
Sicily structured along its east-west axis and how is it patterned compared to Southern Italy? ii) Are
the observed genetic patterns stratified temporally or geographically in terms of more ancient or
recent peopling events, and are there any differences between maternal and paternal perspectives?
iii) How is the genetic variability of Sicily and Southern Italy related to the wider Euro-
Mediterranean genetic space and what are the main contributes to the current genetic pool? Since
Sicily and Southern Italy have long played an important key role in the history of demic and
cultural transitions occurred in Southern Europe and the Mediterranean, the clarification of these
points will be of great relevance for the understanding of the different population, cultural and

linguistic dynamics occurred within the whole Mediterranean area.

MATERIALS AND METHOD

Ethics Statement
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All donors provided a written informed consent to this study according to the ethical standards of
the institutions involved. The Ethics Committee at the Azienda Ospedaliero-Universitaria
Policlinico S.Orsola-Malpighi of Bologna (lItaly) approved all procedures.

Population sample

The genetic structure of Sicily and Southern Italy (SSI) was investigated by means of a high
resolution analysis of 326 Y-chromosomes and 313 mtDNAs representing eight different SSI
provinces (Figure S1). Five of these (Agrigento, Catania, Ragusa-Siracusa, Matera, Lecce) were
previously published in Boattini et al. (2013) [12], whereas the remaining three (Trapani, Enna,
Cosenza) were typed and analysed here for the first time. Individual samples were collected
according to the standard ‘grandparents criterion’ (i.e. three generations of ancestry in the sampled
province). In addition, a subsample of 129 Y-chromosomes has been selected on the basis of
surnames, thanks to the availability of Italian-province-specific lists of founder surnames [13]. Due
to their link with Y-chromosomes, the selection of males bearing surnames which unequivocally
belong to specific places can be used to select autochthonous participants in regional population
genetic studies and to obtain an “older” picture of Y-chromosomal diversity [14]. That way, we
were able to simulate a putative Late-Middle-Ages sample, that is the period during which
surnames spread in Italy, thus allowing to verify the effects of very recent admixture events on
population genetic structure.

Blood samples (3-5cc) were processed to extract the whole genome DNA by using a Salting Out
modified protocol [15].

Y-chromosome genotyping

PCR amplification of 17 Y-STR loci (DYS19, DYS3891, DY S38911, DYS390, DYS391, DYS392,
DYS393,DYS385a/b, DYS437, DYS438, DYS439, DYS448, DYS456,DYS458, DYS635, and
GATAH4) was carried out by using the AmpFISTR Yfiler PCR Amplification Kit (Applied
Biosystems, Foster City, CA) following the manufacturer’s recommendations [16] in a final volume
of 5ul. The PCR reaction consisted of denaturation at 95°C for 11 min, followed by 30 denaturation
cycles at 94°C for 1 min, annealing at 61°C for 1 min, extension at 72°C for 1 min, and a final
extension at 60°C for 80 min. Products were sized on an ABI Prism 310 Genetic Analyzer by using
the GeneScan 3.7 software (Applied Biosystems, Foster City, CA). As the Yfiler kit amplifies
DYS385a/b simultaneously, avoiding the determination of each of the two alleles (a or b), these two
loci were excluded from all the analyses performed. The DYS389b locus was obtained by
subtracting DYS3891 from DYS38911 [17]. Basal haplogroups were assigned by typing the 7 SNPs
(R-M173, J-M172 , I-M170, E-M35, K-M9, P-M45, F-M89) implemented in the MY1 Multiplex
PCR by Onofri et al. (2006) [18]. Subsequently, we explored Y-chromosome genetic variability by
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further typing 35 Y-SNPs. 33 of them (E-M78, E-V12, E-V13, E-V22, G-P15, G-P16, G-M286, G-
U8, G-U13, I-M253, I-M227, I-L22, I-P215, I-M26, 1-M223, J-M410, J-L27, J-M67, J-M92, J-
M12, R-M17, R-M343, R-M18, R-M269, R-L51/S167, R-L11/S127, R-S21/U106, R-S116/P312,
R-SRY2627/ M167, R-S28/U152, R-M126, R-M160, R-L2/S139, R-L21/S145) were typed by
using six haplogroup-specific multiplexes [19] aimed at deeply investigating the Y-markers
downstream of all the major European clades (namely E1blbl*, G*, I*, J2* and R1*). The SNP
genotyping was carried out by means of PCR Multiplex amplification, followed by Minisequencing
reaction based on dideoxy Single Base Extension (SBE), which was performed with the SNaPshot
multiplex kit (Applied Biosystem). SBE products were analysed with capillary electrophoresis on
an ABI Prism 310 Genetic Analyser. Two more SNPs (E-M81, E-M123) were finally tested with
RFLP analysis, by using HpyCH41V [20] and Ddel [21] enzymes respectively.

Mitochondrial DNA genotyping

MtDNA genetic markers were successfully typed for 313 out of the 326 total samples. Variation at
the mtDNA HVS-I and HVS-II regions was investigated by sequencing a total of 750 base pairs
(bp) encompassing nucleotide positions from 15975 to 155. Polymerase chain reaction (PCR) of the
HVSI/II regions was carried out in a T-Gradient Thermocycler (Whatman Biometra, Gottingen,
Germany) with the following amplification profile: initial denaturation 95 °C for 5 min, 35 cycles
of 95 °C for 30 sec, 58 °C for 30 sec, 72 °C for 5 min and final extension at 72 °C for 15 min.

PCR products were purified by ExoSap-1T1 (USB Corporation, Cleveland, OH) and sequenced on
an ABI Prism 3730 Genetic Analyzer by using a Big-Dye Terminator v1.1 Cycle Sequencing Kit
(Applied Biosystems, Foster City, CA) according to the manufacturer’s instructions. To reduce
ambiguities in sequence determination the forward and reverse primers were used to sequence both
strands of HVS-1 and HVS-II regions. The CHROMAS 2.33 software was used to read the obtained
electropherograms. Sequences were finally aligned to both the Revised Cambridge reference
sequence - rCRS [22-23] and the new Reconstructed Sapiens Reference Sequence — RSRS [24] by
using the DNA Alignment software 1.3.1.1 (http://www.fluxusengineering.com/align.htm).

MtDNA haplogroups were determined on the basis of diagnostic sites in the D-loop region
following Phylotree mtDNA phylogeny (http://www.phylotree.org/) and confirmed with the
analysis of 22 SNPs in the mtDNA-coding region by means of two PCR and one SNaPshot
minisequencing reactions [25]. 17 SNPs (3010L, 3915H, 3992L, 4216L, 4336L, 4529L, 4580L,
4769H, 4793H, 6776H, 7028L, 10398L, 10400H, 10873H, 12308L, 12705L, 14766L) were those
implemented in the multiplexes by Quintans et al. (2004) [26], whereas five further SNPs (3936H,
4310L, 4745L, 13708L, 13759L) were added in order to reach a finer resolution level of analysis in
the mtDNA genotyping.
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Statistical Analyses

Haplogroup frequencies were estimated by direct counting. Standard diversity parameters were
calculated with Arlequin 3.5.1.2 [27]. The proportion of genetic variance due to differences within
or between populations was hierarchically apportioned through the analysis of molecular variance
(AMOVA) implemented in the Arlequin software.

In order to set the observed genetic patterns within the Mediterranean and Southern European
genetic landscape, we compared our samples with additional populations extracted from the
literature (Table S1). Comparison samples were selected for representing the following key areas:
North-Central Italy, Iberian Peninsula, Central Europe, the Balkans, the Levant and North Africa.
As for North-African groups, literature data come mainly from urban areas, which presumptively
include both Arab and Berber elements. Within each of these areas, we sought for Y -chromosome
and mtDNA data (preferably but not necessarily from the same populations) that showed an in-
depth resolution level comparable to our data. Sub-haplogroups were concatenated when needed for
comparison purposes reaching a common level of 21 paternal and 16 maternal lineages. The
number of samples bearing mtDNA and Y-chromosome reduced haplogroups within each
Mediterranean population was estimated by mere counting, and relative haplogroup frequencies
were computed by using the R software [28].

The correlation between geographic distances and genetic distances (Reynolds distance) based on
haplogroup frequencies, was evaluated by means of a Mantel test (10,000 replications). To
investigate the distribution of genetic variability within the Mediterranean Basin, Principal
Component Analysis (PCA) and Spatial Principal Component Analysis (SPCA) were performed on
HGs frequencies, by using the R software package adegenet [29-30]. Contrary to classic PCA
where eigenvalues are calculated by maximizing variance of the data, in SPCA eigenvalues are
obtained by maximizing the product of variance and spatial autocorrelation (Moran's | index) [30].
To evaluate the consistency of the SPCA-detected geographical structures versus a random spatial
distribution of genetic variability, the Global and Local random tests implemented in the adegenet
package have been applied [29-30]. Subsequently, to further test the significance of the genetic
clusters identified by sPCA, we performed a Discriminant Analysis of Principal Components
(DAPC), by using the adegenet package [29-31]. The DAPC method is aimed at describing the
diversity among pre-defined groups of observations, by maximizing the between-group variance
and minimizing the within-group variance. Moreover, based on the retained discriminant functions,
it provides group membership probabilities of each population, which can be interpreted in order to

assess how clear-cut or admixed the detected clusters are [31].
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Fisher exact tests were performed on haplogroup frequencies among Mediterranean population
groups, in order to determine significantly over- or under-represented HGs in any of the geographic
areas considered. These tests were first performed against a background of all the Mediterranean
populations by using the reduced common level of HGs resolution, and then by comparing single
haplogroup frequencies of Sicily and Southern Italy with those of each comparison Mediterranean
group, this time exploiting the deepest HG level available for each pairwise comparison.

The age of haplogroups (TMRCA) was estimated for those lineages found to be significantly
differentiated between pairs of Mediterranean population groups, as well as focusing on the most
frequent haplogroups of our dataset, due to their peculiar relevance in the genetic composition of
the studied area. As for Y-chromosome time estimates, the standard deviation (SD) estimator from
Sengupta et al. (2006) [32] has been used and the 95% confidence intervals were calculated based
on the standard error (SE). This method does not estimate the population split time, but the amount
of time needed to evolve the observed STRs genetic variation within a given haplogroup. In order to
minimize the biasing effect of STRs saturation through time, all Y-chromosome age estimates were
calculated selecting the eight markers with the highest duration of linearity D with time [33] and
corrected for the presence of outliers as in Boattini et al. (2013) [12]. As for mutation rates, we
adopted locus-specific mutation rates for each of the eight considered loci as estimated by
Ballantyne et al. (2010) [34]. TMRCA for the most frequent mtDNA haplogroups was estimated by
means of the p (rho) statistic with the calculator proposed by Soares et al. (2009) for the HVS-I
region [35]. Being the molecular date estimates with p statistic potentially affected by past
demography [36], these dates should however be interpreted cautiously. In order to avoid sampling
errors, time estimates were calculated only for those haplogroups with absolute frequencies of at
least 10 individuals.

The maternal and paternal genetic relationships of Sicily and Southern Italy with the other
Mediterranean populations, were further addressed and compared by means of admixture-like plots
based on Fst (HVS-I) and Rst (STRs) genetic distances among Mediterranean groups. Population
groups were first clustered by using a non-hierarchical algorithm based on Gaussian mixture models
(mclust R package, [37-38]), and then the posterior membership probabilities (for each population
group to belong at each identified cluster) were calculated by using DAPC method (adegenet R
package, [29,31]) and graphically represented with barplots.

Finally, to formally assess on a large geographic scale, the impact of the various continental and
within-continental contributions to the current Sicilian and Southern Italian (SSI) genetic variation,
admixture analysis was carried out by using the mY estimator implemented in the software Admix

2.0 [39-40]. A special attention was paid to the selection of parental populations, due to its critical
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rule in obtaining appropriate estimate of admixture proportions [41-43]. By taking the historical and
archaeological records into account, we considered the Balkans, the Levant and the North-Central
Italy as putative source regions for migration processes (the latter being representative of the North-
Western Mediterranean cluster identified in the Results). North Africa was excluded from the model
given its negligible contribution to the current SSI genetic pool (see Results). A try-hybrid model of
parental populations was therefore used to estimate the admixture rates: i) average haplogroup
frequencies of North-Central Italy (SVGE, TV, BO and GRSN) for both Y-chromosome and
mtDNA markers were taken as representative of the North-Central Italian parental population
[NCI]; ii) data of Anatolian Greeks (PHO and SMY) and Northern Greece (NGRE) were taken as
proxies for the Balkan parental population [BALK], respectively for Y-chromosome and mtDNA
markers; iii) data from Lebanon (respectively LBEI, LBEK, LMOU, LNOR, LSOU for Y-
chromosome and LEB for mtDNA markers) were finally taken for the Levantine parental
population [LEV]. Additional information about the selected comparison populations are provided
in Table S1. Finally, in order to promote reliable analysis and minimize sampling components of

variance, subsets of 50 individuals were randomly selected for each putative parental group.

RESULTS

Y-Chromosome perspective

The 326 unrelated individuals from 8 different locations of SSI have been assigned to 33 different
haplogroups whose frequencies, for both the whole dataset as well as for each of the 8 sampling
points, are detailed in Table S2. Y-STR haplotypes for the 119 newly-typed individuals are
provided in Table S3. Haplogroups G-P15 (12.3%), E-V13 and J-M410* (both 9.5%), together with
R-M269* (7.4%) represent the most frequent lineages found in Sicily and Southern Italy (SSI).
These are followed by five R1-sublineages (R-M17, R-L2, R-P312, R-U152, R-U106), whose
frequencies range from 5.2% to 3.7%, and by J-M267 which embraces almost the 5% of total
variability. All these paternal lineages reportedly originated in Europe or in the Near East, whereas
much lower it seems to be the African paternal contribution, mainly represented by haplogroups
belonging to HG-E sub-lineages (E-V12, 2.76%; E-V22, 2.15%; E-M81, 1.53%). Contrarily to what
previously reported in literature [8], no differential distribution of Y-chromosome lineages has been
found in our dataset. Fisher exact tests performed on HG frequencies between Southern Italy and
Sicily (P-value: 0.4765), as well as between Eastern and Westerm Sicily (P-value: 0.2998), indeed
do not reveal any significant differentiation. No significant percentage of variance among groups of

populations (Fct) has been detected by regional AMOVASs (Table S4). In the same way, when our
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Sicilian populations were grouped with those of Di Gaetano et al. (2009) [8] following their East-
West subdivision scheme and by using the same HG resolution level, both AMOVA (variation
among groups 0.30% , P-value 0.091) and Fst index (P-value 0.094), failed to reveal any significant
difference in Y-chromosome HGs composition, thus pointing out a substantial homogeneous
pattern of genetic variation within the island.

Moreover, when the distribution of Y-chromosome lineages in the present-day Sicilian and
Southern-Italian population has been compared with the one of the surname-based selected subset,
no significant differentiation appeared (P-value: 0.9551).

High levels of within-population variability have been observed for all the 8 populations analysed,
as well as for the whole dataset (Table S5), thus suggesting a high genetic heterogeneity at a micro-
geographical level among the considered Sicilian and Southern-Italian populations, as confirmed
also by the presence of 312 out of 326 unique STRs haplotypes. In addition, all shared haplotypes
involve at most two individuals.

In order to more deeply explore the genetic relationships among Mediterranean groups, our samples
were then compared with the 29 Euro-Mediterranean, Levantine and North-African populations
extracted from the literature (Table S1), by using a common level of Y-HGs resolution. A
significant positive correlation between geographical and paternal genetic distances has been
observed (Mantel Test: observed value = 0.591, P-value < 0.001), but no clear-cut discontinuous
genetic structure was found when plotting geographical distances against the genetic ones (data not
shown). However, when this general pattern of Y-chromosome HG distribution has been more
deeply investigated by means of a spatial Analysis of Principal Components (SPCA), a highly
significant global structure appeared (Gtest: obs=0.146, P-value < 0.001), clearly differentiating the
North-Western from the Central and South-Eastern Euro-Mediterranean genetic pools (Figure 1).
More precisely, the first sPC (Figure 1a) separates the Iberian, Central-European and North-
Western Italian populations on one hand (black squares), from the Balkans and the Levant on the
other hand (white squares). Sicily and Southern Italy particularly reveal to be well set in the genetic
context of the Central and South-Eastern Mediterranean group, the only exception being Catania
(CT), which instead shows a stronger affinity to the North-Western cluster (Iberian Peninsula,
Germany and Northern Italy). A significant positive correlation was found between sPC1 scores and
the corresponding longitudinal coordinates (R2 = 0.663, P-value < 0.001), the correlation with
latitudes instead being R2 = 0.440 (P-value < 0.001).These facts confirm the observed North-West
vs. Central/South-East pattern of HGs distribution within the Mediterranean domain.

Interestingly, the second sPC (Figure 1b), despite being much less representative compared to the

first one in terms of both variance and spatial autocorrelation, identifies a subdivision between the
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two Mediterranean coastlines, which seems to involve the Eastern and Western parts of Sicily. The
first group (black squares) is indeed represented by populations from the South-Eastern
Mediterranean shore (Levant and North-Africa), including also the most western Sicilian provinces
(Trapani and Agrigento) and the Iberian populations. Conversely, the second cluster (white squares)
is mainly a North-Eastern Mediterranean centred group, encompassing the Balkans, South-Italy and
East-Sicily, together with the other central European populations. When the reliability of the SPCA-
identified structures was tested by means of AMOVA based on haplogroup frequencies, the
proportion of genetic variation between groups (Fct) results however two times higher when
grouping according to the sPC1 (8.31 %, P-value < 0.001) than sPC2 (4.31%, P-value = 0.004). The
sPCA-suggested pattern of genetic relationships among the different Mediterranean populations,
has been confirmed in the classical PCA plots reported in Figure S2a.

The two high-structured Mediterranean clusters identified with sPC1, were further tested by means
of DAPC analysis. Membership probabilities, represented with a structure-like plot (Figure 2),
highlight the intermediate position of the Italian samples between the two Mediterranean clusters. In
this context, Sicily and Southern Italy show clearly their stronger affinity with the populations from
the South-Eastern Mediterranean side (with the partial exception of Catania - CT).

Fisher exact tests were carried out among groups of populations in order to identify significantly
over- or under-represented HGs in any of the geographic areas analysed, against a background of all
the other Mediterranean populations (Table S6). Haplogroup G-M201 appears significantly over-
represented in the SSI genetic pool. Haplogroup R-M269, has been found significantly over-
represented in Western-Mediterranean populations (IBE, GER and NCI), and under-represented in
the South-Eastern Mediterranean ones (BALK, LEV and NAFR). By contrast, haplogroup J-
M304(xM172) is significantly over-represented in the non-European Mediterranean shore (LEV
and NAFR), being instead under-represented in European Mediterranean populations. In order to
investigate further, we then performed a set of Bonferroni-corrected Chi-square tests by comparing
frequencies of single lineages in SSI with those of each reference Mediterranean population group,
this time exploiting the highest Y-SNP level of resolution available for each pairwise populations
comparison (and considering only those lineages with absolute frequency of at least 10 individuals
in SSI). Being aware that migration processes cannot be linked only with single specific
haplogroups, it is however known that signals of migration should be more easily detected in more
highly differentiated lineages [44]. Different haplogroups have shown significantly higher
frequency in specific comparison groups than in SSI: R1b-sublineages in the western European
samples (R-U152 for North-Central Italy, P-value < 0.001; R-P312 for Iberian Peninsula, P-value <
0.001; and R-U106 for German region, P-value < 0.001), R-M17 in the Balkan Peninsula and
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Germany (both P-values < 0.05), and J1-M267 in both Levant and North-Africa (both P-values <
0.001).

As for TMRCA estimates, STR variation within the most frequent haplogroups of SSI suggests that
most of them (with the exception of haplogroup G2a-P15: 9339 + 3302 YBP) date back to relatively
recent times (Table 1), in some cases falling into time periods compatible with specific documented
historical events occurred in SSI. Despite the fact that these time estimates must be taken with
caution, as they might be affected by the choice of both STRs markers and their mutation rates,
overall our results agree in suggesting that most of the Y-chromosomal diversity in modern day
Southern Italians originated during late Neolithic and Post-Neolithic times (~2,300 YBP for E-V13;
from ~3,200 to ~3,700 YBP for J sub-lineages; ~4,300 YBP for R-M17 and R-P312; and ~ 2,000
YBP for R-U106 and R-U152).

Mitochondrial DNA perspective

The maternal genetic ancestry of SSI population was explored by successfully typing both coding
region SNPs and HVSI-HVSII sequences in 313 out of the 326 samples. Overall, the polymorphic
sites observed in the D-loop and coding region allowed assignment of subjects to 40 mtDNA HGs
(including sub-lineages), whose frequencies for both the whole dataset as well as for each of the 8
sampling points are reported in Table S2. In order to ensure the easiest access to the data [45],
MtDNA sequences were deposited in the GenBank nucleotide database, under accession numbers
KJ522492-KJ522611.

The observed mtDNA HGs distribution reflects the typical maternal variability pattern documented
for Mediterranean Europe. In fact, most of the individuals belong to super-haplogroup H, that on the
whole accounts for the 38% of the total mtDNA lineages detected in our dataset. Within H, H1
represents the most frequent sub-lineage (10.9%), followed by H5 (3.2%) and H3 (2.6%).
Noteworthy is also haplogroup HV, that has been found at relatively high frequencies (4.8%). Most
of the remaining samples belong to haplogroups U5, K1, J1, J2, T1, T2, thus confirming prevalent
European and Middle-Eastern genetic ancestries. MtDNA haplotypes of African origin are instead
represented by few haplogroups at low frequencies, namely M1 (1.3%), U6a (0.6%) and L3 (0.6%).
Within-population diversity indices reveal that, in the context of our dataset, Sicily (and particularly
Western Sicily) shows slightly lower diversity values than Southern Italy (Table S5). Nevertheless,
the diversity parameters observed for all the 8 populations analysed as well as for the whole dataset,
fall within the range of values commonly reported in literature for both Italian and Southern
European populations [11]. Similarly to Y-chromosome, mtDNA does not reveal any kind of
population sub-structure both within Sicily (East vs. West Sicily) as well as between Sicily and

Southern Italy, neither considering haplogroups nor haplotypes (sequences). AMOVA results show
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low and non-significant Fct values when population samples were grouped according to geography
(Table S4). Analogously, Fisher exact tests reveal no significantly different HG composition in any
of the geographic regions considered (South Italy vs, Sicily, P-value: 0.5019; East Sicily vs. West
Sicily, P-value: 0.0698). In the same way, both AMOVA (variation among groups 0.52% , P-value
0.082) and Fst (P-value 0.076) based on HG frequencies show the absence of significant genetic
differentiation along the east-west axis of Sicily.

The mtDNA HGs geographic distribution within the Mediterranean domain was investigated by
comparing our sample with 26 Euro-Mediterranean, Levantine and North-African populations
selected from the literature (Table S1). A Mantel test shows a low correlation between geographic
and genetic distances (observed value = 0.279, P-value = 0.016). In order to further explore the
relationships between geography and mtDNA genetic variability, we performed a sPCA (using HG
frequencies). The highest eigenvalue obtained is the most positive one (SPC1) associated with the
presence of a global structure. As previously emerged for Y-chromosome, sPC1 plot reveals a
North-West/South-East (NW-SE) distribution of mtDNA genetic variation (Figure 3a). Nearly all of
the Mediterranean populations (with some exceptions, i.e. AG, TV, BUR) appear indeed distributed
along a longitudinal transect running from North African and Near Eastern countries (large white
squares) to the Iberian Peninsula (large black squares), with the bulk of the South-Eastern European
populations (including Balkans and Italy) roughly occupying an intermediate position therein (see
also Figure S2b). Among them, Sicily and Southern-Italy appear linked to the South-Eastern
Mediterranean coast. When the reliability of this SPC1-identified structure has been tested by means
of AMOVA, the proportion of genetic variation between groups (Fcr) results lower than in the case
of Y-chromosome (2.45%) but still significant (P-value < 0.001).

The second sPC (Figure 3b) highlights the position of Italy within the Mediterranean context and
particularly of its South-Eastern part (large white squares). However, when tested with AMOVA,
the proportion of variation between groups (Fcr) explained by sPC2 revealed to be not significant
(0.48%, P-value = 0.212). On the whole, the lack of statistical support for the global structure
observed in the mtDNA sPCA (Gtest: obs=0.165, P-value = 0.065), suggests a higher homogeneity
in Mediterranean genetic variability for maternal than paternal genetic pools. Nevertheless, both
uniparental markers show a similar NW-SE distribution pattern of genetic variation.

Fisher exact tests were applied to determine if differences in HG frequencies among population
groups were statistically significant (Table S6). As expected, haplogroup H is found to be over-
represented in Euro-Mediterranean populations and under-represented in North-African ones, while
the opposite has been observed for haplogroup L. Haplogroup K is over-represented in Levantine

populations, and haplogroup M in North-Africa. However, when the deepest level of HG resolution
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has been exploited for single pairwise comparisons between SSI and Mediterranean reference
populations, we do not found any HG whose frequency is significantly higher than in our dataset.
The only exception is a slightly significant (P-value: 0.045) over-representation of H1 haplotypes in
the Iberian Peninsula.

Differently from Y-chromosome results, TMRCA estimates for the most frequent mtDNA
haplogroups of Sicily and Southern Italy (Table 1) date back to pre-Neolithic times and could be
mainly classified in lineages pre-dating the Last Glacial Maximum - LGM (~32,200 YBP for HV;
~31,100 YBP for J2; ~28,900 and ~28,600 YBP for T1 and T2; ~27,300 for U5; and ~25,000 YBP
for J1) or dating immediately after it (~16,700 YBP for H5 and ~15,700 YBP for H1).
Comparative analysis of maternal and paternal genetic pools

The admixture-like plot represented in Figure 4 summarizes the genetic relationships between SSI
and the chosen Mediterranean populations by directly comparing Y-chromosome and mtDNA
genetic results.

From a Y-chromosome point of view, SSI form a fairly coherent group with the Levantine and the
Balkan populations (cluster 2), despite showing some minor contribution (black component) also
from the North-Western Mediterranean group (cluster 3). From a mtDNA point of view, our results
show the differentiation between European and non-European Mediterranean populations, with
North Africa and the Levant clustering in separate and different groups (1 and 2). However — and
differently from the other European populations — SSI shows a noteworthy contribution (grey
component) from the Levantine cluster. Both genetic systems reveal a negligible contribution from
North Africa (white component).

The extent of different contributions to the current SSI genetic variation was further assessed by
means of an admixture analysis performed (on HG-frequencies) with the coalescent-based mY
estimator implemented in the software Admix 2.0 [39-40]. We used a tri-hybrid admixture model,
considering as source populations North-Western Italy, the Balkans and the Levant (see Materials
and Methods for more details). While keeping in mind that selection of parental populations can
potentially misrepresent the real estimate of admixture proportions [41-43], our admixture rates
(Figure S3) are however quite consistent with the above-mentioned results (despite the high
standard errors values). Y-chromosome admixture proportions to the current SSI genetic pool
indeed confirm an high paternal contribution from the South-Eastern Mediterranean populations,
and particularly from the Balkan Peninsula (~60%), whereas about 25% of SSI Y -chromosomes can
be traced back to North-Western European group. Analogously, although the present-day SSI

mtDNA genetic pool is largely shared with the other South-Eastern European populations of the
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Mediterranean Basin (respectively Balkan and Italian Peninsulas), a remarkable proportion of

maternal ancestry (especially if compared with its paternal counterpart) derives from the Levant.
DISCUSSION AND CONCLUSIONS

Sicily and Southern Italy have long represented a natural hub for the expansion of human genes and
cultures within the Mediterranean Basin [1]. Accordingly, the genetic pool of current populations
inhabiting this area can be interpreted as the result of complex interplays and superimpositions
between different prehistoric and more recent demographic events, ranging from the Neolithic
expansion and the proto-historic Greek and Phoenician colonisations, to the post-Roman invasions
by Byzantines, Arabs and Normans. The real demographic impacts of these settlements on the
population structure remain still largely uncertain based on the study of material culture and the
available historical sources, and different hypotheses about the relative contributions of these events
to the current gene pool composition have been proposed from a genetic point of view [7-9].

As a contribution to the human history of such a key area of the Mediterranean we surveyed, by
means of a comprehensive evaluation of both maternal and paternal genetic landscapes, the genetic
variability of a wide number of populations settled in a broad transect encompassing Sicily and
Southern Italy (Figure S1). Previous reconstructions of the genetic structure of Sicily [7-9] focused
their attention mainly on two points in the attempt to clarify its genetic history: a) the presence or
absence of an internal genetic differentiation along the east-west axis, and b) the extent of the
genetic relationships with other populations of the Mediterranean Basin.

Population structure and genetic history of Sicily and Southern-Italy

In contrast with previous investigations on the distribution pattern of genetic variation in Sicily [7-
8], our results point to a substantially homogeneous composition of maternal and paternal genetic
pools both within Sicily (East vs. West) as well as between Sicily and Southern Italy (Table S4).
The absence of significant differences in the distribution of HG frequencies along the east-west axis
of the island, as observed not only among our Sicilian populations, but also when including the
samples from Di Gaetano et al. (2009) [8], provides further support to these conclusions. The
comparison of the whole SSI dataset with a subset based on founder surnames, moreover suggests
that the observed homogeneity in Y-chromosome composition is not the result of recent events (e.g.
increased population mobility related to the social and economic changes of the 19™ and 20
centuries); on the contrary it has been preserved at least since the initial founding and spreading of
surnames in Italy. In addition, and consistently with the complex history of migration pathways and

cultural exchanges that have characterized the peopling history of the area, high levels of Y-
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chromosome and mtDNA genetic variability at both SNP and haplotype (STRs or sequence) data,
have been observed in all the SSI populations here examined (Table S5).

Altogether, the high levels of within-population variability and the lack of significant genetic sub-
structures fit well with the historic role of Sicily and Southern Italy as a major migration crossroad
within the Mediterranean Basin. Anyway, differential contributions from the considered Euro-
Mediterranean areas were observed. For instance, if the Near East, the Balkans, and — at a lesser
extent — North-Western Italy probably had a relevant role in the genetic make-up of SSI, Northern
African contributions seem to be almost negligible. As for the Iberian Peninsula, at present its
specific genetic contribution cannot be distinguished from that of North-Western Italy, given their
observed genetic similarity. These multiple migration events have probably favoured the reduction
of genetic differentiation across the region, by increasing the rates of gene flows between different
ethnic groups and in some cases mixing up the different genetic strata. Interestingly, the presence of
massive migratory phenomena not necessarily yields genetic homogeneity in a given region. For
instance, recent studies [46-47] showed how ethno-linguistic minorities from Sicily and Southern
Italy - such as the Albanian-speaking Arbereshe - may conserve a significant genetic diversification
from the rest of the population. In general, such features are more easily observed in isolated
populations, thanks to their reduced population size and their cultural distinctiveness, if compared
to open populations.

The patterns of genetic variability observed in our SSI sample are in agreement with the general
statement that Southern European populations tend to show higher levels of genetic diversity when
compared with those located at more northern latitudes [48] by virtue of the several past
demographic events that affected their genetic composition over time. Additionally to the
postglacial re-expansion and the demic diffusion of agriculture from Near East, also more recent
events (e.g. gene flows from North Africa [48]) have been recently advocated as other possible
explanations for the increased genetic diversity in the Southern European populations. Among the
several historical occupations of Sicily and Southern Italy, the Pre-Roman colonisation by Greeks
and Phoenicians as well as the subsequent invasions from North Africa (including the Muslim
conquest, that, at least in part, was conducted by Berber forces) have been previously suggested as
putative contributors to the gene pool of current Sicilian population (at least from a male
perspective [8]). At this respect, the distribution of Y-chromosome haplogroup E-M81 is widely
associated in literature with recent gene flows from North-Africa [49]. Besides the low frequency
(1.5%) of E-M81 lineages in general observed in our SSI dataset, the typical Maghrebin core
haplotype 13-14-30-24-9-11-13 [8] has been found in only two out of the five E-M81 individuals.
These results, along with the negligible contribution from North-African populations revealed by
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the admixture-like plot analysis, suggest only a marginal impact of trans-Mediterranean gene flows
on the current SSI genetic pool. Together with the Berber E-M81, the occurrence of the Near-
Eastern J1-M267 in Southern-European populations has been linked to population movements from
the Near East through North-Africa, and particularly as a marker of the Islamic expansion over
Southern-Europe (started approximately in the 8th century AD and lasted for more than 500 years).
Fisher exact tests based on HGs frequencies have revealed the presence of haplogroup J1-M267 at
significantly higher frequencies in both North-Africa and the Levant than in Sicily and Southern
Italy (both P-values < 0.001). However, the estimated age for Sicilian and Southern-Italian J1
haplotypes refers to the end of the Bronze Age (3261 + 1345 YBP), thus suggesting more ancient
contributions from the East. Nevertheless, our time estimate does not necessarily coincide with the
time of arrival of J1 in SSI; in fact a pre-existing differentiation could potentially backdate the time
estimate here obtained.

By the collapse of the Late Bronze Age societies (approximately 3200 YBP), the Mediterranean
Basin underwent different waves of invasion, particularly by the Greeks of the Aegean Sea and, to a
lower extent, by Levantine (Phoenicians) groups [50]. Both of them established a set of different
colonies along the Mediterranean coasts of Southern Europe and North Africa. The Phoenician
colony of Carthage (present-day Tunisia), given its geographic proximity to Sicily, may have
played an important role in the colonization of this region. Previous Y -chromosome genetic studies
on the Phoenician colonization demonstrated that haplogroup J2 in general, and six haplotypes in
particular (PCS1+ through PCS6+), may potentially have represented lineages linked with the
spread of the Phoenicians (‘‘Phoenician Colonization Signal’”) into the Mediterranean [51]. At this
respect, it is worth noting the presence of 4 PCS+ haplotypes (namely PCS1+, PCS2+, PCS4+,
PCS5+; [51]) in 9 samples of our Sicilian and Southern Italian dataset, particularly belonging to
haplogroups J1-M267 (n=2), J2-M410* (n=1), J2-M67 (n=5), and J2-M12 (n=2). However, sub-
lineages of haplogroup J2 have been also associated with the Neolithic colonization of mainland
Greece, Crete and Southern Italy [52], and our TMRCA estimates for J2-subhaplogroups (ranging
from 3271 £ 1157 YBP to 3767 £ 1332 YBP) cannot exclude an earlier arrival of at least some of
the J2 chromosomes in Sicily and Southern-Italy during Neolithic times.

On the other hand, Y-chromosome lineage E-V13 is thought to have originated in southern Balkans
[53-54] and then to have spread in Sicily at high frequencies with the Greek colonization of the
island [8]. The E-V13 core haplotype 13-13-30-24-10-11-13 (DYS19-DYS3891-DYS3891I-
DYS390-DYS391-DYS392-DYS393), which define the southern Balkan Modal Haplotype and
reaches frequencies of ~12% in continental Greece [52], has been found in 10 out of the 31 E-V13

samples of Sicily and Southern Italy. This result, along with the high frequency of E-V13 lineages
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generally observed in our dataset (the second most frequent haplogroup after G2a), confirms the
presence of gene flows into Sicily from the Balkans as previously observed by Di Gaetano et al.
(2009) [8]. Accordingly, our TMRCA estimate for E-V13 (2354 + 832 YBP) agrees with the results
previously reported in literature for the Sicilian population (2380 YBP, [8]). Altogether, these
results do not exclude the possible introduction of some of these Y-lineages with migration
processes originated in the Balkans and particularly associated with the Greek colonisation of
Southern Italy.

Y-chromosome haplogroup G2a-P15 turned out to be of particular interest in the paternal genetic
make-up of Sicily and Southern Italy. Its older age estimate (9339 + 3302 YBP) — if compared to
those of other haplogroups — along with its significantly over-represented frequency in SSI, are
consistent with the hypothesis recently suggested by Boattini et al. (2013) [12] according to whom
this lineage could be a possible candidate for a pre-Neolithic ancestry in Italy. However the Cls of
our time estimate cannot exclude alternative hypotheses such as a diffusion of its major sub-clades
during Neolithic and Post-Neolithic times, as recently discussed by Rootsi et al. 2012 [55].
Contrarily to Y-chromosome results, age estimates for mtDNA haplogroups suggest that most of
the maternal diversity of the current Sicilian and Southern Italian population is composed by
lineages present in Europe as early as the LGM (Table 1). The Late Glacial and Postglacial re-
occupation of Europe from refugial areas located in the Mediterranean Peninsulas, has played a
major role in shaping the gene pool of modern Europeans [56] and some of the differences in
genetic diversity of current European populations have been attributed also to this process [48].
Consistently, the geographic distribution and ages of some mtDNA haplogroups, such as V, H1 and
H3, have been associated to events of postglacial re-colonisation from Southern European glacial
refugia, and particularly from the Franco-Cantabrian area [57-60]. Further evidences of post-glacial
resettlement from Southern refugia have been recently suggested also for the mtDNA haplogroup
H5 (the third most common European H-sublineage after H1 and H3), by considering its higher
occurrence in southern European populations (particularly Italy) and its evolutionary age ranging
approximately between 11,500 and 16,000 YBP [61].

Together with the Iberian and Balkan Peninsulas, also Italy and particularly SSI might have played
an important role during the post-glacial re-expansion, as widely attested by several animal and
plant species [62-68]. As in the case of Iberia and the Balkans, the presence of numerous
Epigravettian sites suggests that Italy could have acted as such also for humans [69], despite the fact
that strong genetic evidences are still missing (except for mtDNA haplogroup U5b3 [70]).
Haplogroups H1 and H5 appeared to represent the most frequent H-sublineages in SSI, and their

age estimates (Table 1) are consistent with post-glacial time periods, as previously observed for
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both Southern Italy [11] and the entire Peninsula [12]. Nevertheless, a significant (P-value 0.045)
over-representation of H1 haplotypes and an older age (17295 + 5119 YBP) has been obtained for
the Iberian population (as represented by the considered reference samples) than in our SSI datatset,
thus suggesting, at least for H1, a post-glacial re-expansion presumptively originated in the Franco-
Cantabrian area.

Interestingly, mtDNA haplogroup HV confirmed to be the most ancient lineage in Sicily and
Southern Italy, predating the LGM (32242 + 12595 YBP) and thus representing a possible
candidate for the Palaeolithic ancestry of Southern Italy, even though possible post-LGM
expansions of its major sub-branches should be taken into account as potentially affecting the time
estimates here obtained. Further analyses, involving the complete sequencing of mtDNA genomes
and the analysis of ancient DNA samples, are therefore needed in order to more deeply address this
point and to confirm the relevance of this haplogroup in the first peopling of Sicily by moderns
humans, as recently suggested by some Palaeogenetic researches [5].

Patterns of genetic relationships within the Mediterranean Basin

When comparing SSI with Mediterranean reference populations, Y-chromosome results (Figure 1
and Figure S2) revealed a clear-cut genetic differentiation between the North-Western vs. the
Central- and South-Eastern Mediterranean genetic pools (as confirmed by both sSPCA G-test and
AMOVA Fct statistically significant tests). These results are consistent with our previous study
about Italy [12], in which we detected a discontinuous paternal genetic structure, clearly separating
the South-Eastern and the North-Western parts of the Italian Peninsula. Here this pattern appears
extended to the whole Mediterranean Basin, particularly suggesting a shared genetic background
between South-Eastern Italy and the South-Eastern Mediterranean cluster from one side, and
between North-Western Italy and the Western Europe from the other side (Figure 2).
Y-chromosome results however contrast with the lack of statistical support to the sPCA global
structure observed for mtDNA diversity, excepted for a similar NW-SE genetic pattern identified by
sPC1 (Figure 3). The common South-East to North-West pattern in the distribution of genetic
variation across the European and Mediterranean domain, could be interpreted as reflecting the
same SE to NW genetic cline extensively reported in literature for the whole of Europe [71-74].
However, the general lack of statistical support to the global structure observed for mtDNA markers
suggests a higher homogeneity for maternal than paternal genetic pools in the Mediterranean
genetic landscape. These results could be ascribed to older population events and/or different
demographic and historical dynamics for females than males. The differential income of male genes
into a population has been indeed advocated as one of the possible reasons why matrilines tend to

be more stable over time than patrilines. Such a male-biased pattern has been suggested for the
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Neolithisation of Southern Europe [75-76] and proposed also in the case of the first Greek incoming
groups in Sicily and Southern Italy [77]. As a consequence of such kind of sex-biased dynamics,
male lineages could be better suited to detect more recent population events than the female ones,
which instead trace back to more ancient time periods [49]. Accordingly, while the time estimates
for Sicilian and Southern Italian mtDNA haplogroups date almost unanimously to Pre-Neolithic
times, Y-chromosome results highlight the importance of Neolithic and Post-Neolithic (Metal Ages)
demographic events in shaping the current paternal diversity composition (Table 1). Differences
between the two uniparental genetic systems also appeared when the genetic relationships among
Mediterranean population groups were more deeply addressed in admixture analyses (Figure 4 and
Figure S3). In fact, whereas the different continental and within continental contributions to the
current SSI genetic pool appeared to be more equally distributed on the maternal side (despite a
noteworthy contribution of Levantine females), the paternal counterpart appeared to be clearly
affected by South-Eastern Mediterranean, mainly Balkan, males.

In summary, Sicilian genetic diversity revealed to be not structured along the east-west axis of the
island; on the contrary both maternal and paternal genetic markers suggest an homogeneous genetic
composition both within Sicily, as well as between Sicily and Southern Italy. These results are
consistent with the largely shared genetic histories of the Southern Italian populations, and reflect
their historical and archaeological role as a major Mediterranean ‘melting pot’ where different
peoples and cultures came together over time, albeit with different contributes depending from the
source area.

When Sicilian and Southern Italian population were contextualized within the Mediterranean
domain, the observed homogeneous pattern of genetic variation, however revealed different
temporal dynamics and spatial genetic contributions to the maternal and paternal inheritances.
Besides a common SE-NW distribution pattern of genetic variation, the mtDNA suggests an
homogeneous genetic landscape related to older populations events and/or a higher female mobility.
On the contrary, Y-chromosomal genetic diversity appears significantly differentiated between a
Central/South-Eastern and a North-Western Mediterranean group, the Italian Peninsula occupying
an intermediate position between them. In particular, and consistently with the most recent
syntheses on the Italian genetic structure based on both uniparental markers [12] and genome wide
data [78], Sicily and Southern Italy exhibit predominant influences from the Central and South-
Eastern Mediterranean regions, especially the Balkans. If contacts between SSI and the Balkans
date back at least to the Neolithic, the Greek dominion of the late Metal Ages seems to have played
a particularly important role, accounting at least in part for the observed shared genetic background

between SSI and the Balkan Peninsula. Further studies involving model-like populations such as
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ethno-linguistic minorities, together with wide-genome analyses, will provide a complementary
overview to the perspectives offered by uniparentally-inherited markers, thus allowing to more
deeply test specific hypotheses related to the peopling history of Sicily and Southern Italy. In
addition, this study will represent the starting point for future explorations aimed at specifically
investigating the impact of different historical, geographical and linguistic factors on the population
genetic substratum, within specific macro- and micro-geographic contexts of the Euro-

Mediterranean genetic landscape.
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Figure 1. Spatial Principal Component Analysis (sSPCA) based on Y-chromosome haplogroups
frequencies. The first two global components, sPC1 (a) and sPC2 (b), are depicted. Positive values are
represented by black squares; negative values are represented by white squares; the size of the square is
proportional to the absolute value of sSPC scores

o

< —

@

o

© |

o

< |

o

o

o

<

o
S KX D X D@ O r X W E ® K Z X Qoo o o w z z x O O ¥ >
(joowo%:Em—lzooqul—ozmaowq::oimnc
T 2 © @ = O a0 » @» U] > X O o @ = o

5 4 a3 hoa n O

Figure 2. Discriminant Analysis of Principal Components (DAPC) based on Y-chromosome sPC1-
identified structure. The barplot represents DAPC-based posterior membership probabilities for each of the
considered populations to belong at each of the two sPCl-identified groups (white = South-Eastern
Mediterranean; black = North-Western Mediterranean). Population codes as in Table S1.
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Figure 3. Spatial Principal Component Analysis (SPCA) based on mtDNA haplogroups frequencies. The first two
global components sPC1 (a) and sPC2 (b) are depicted. Positive values are represented by black squares; negative
values are represented by white squares; the size of the square is proportional to the absolute value of SPC scores.
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Figure 4. Admixture-like barplots for Y-chromosome (a) and mtDNA (b). The barplots represent DAPC-based
posterior membership probabilities for each of the considered populations and for each inferred cluster (mclust
algorithm). The affiliation of each population to a given cluster and its corresponding colour code are represented by
letters (within coloured squares) on the top of each bar. Labels: NAFR: North-Africa, LEV: Levant, BALK: Balkans,
SSI: Sicily and South-Italy, NCI: North-Central Italy, IBE: Iberian Peninsula, GER: Germany.
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TABLES

Sicily and Southern Italy

Table 1. Age estimates (in YBP) of STR and HVS variation for the most frequent haplogroups in Sicily and
Southern Italy. Standard deviation (SD) estimator (Sengupta et al. 2006) and p statistic calculator (Soares et al. 2009)
were used for Y-chromosome and mtDNA haplogroups respectively.

Y-chromosome HG N % SD SE TMRCA SE
G-P15 40 12.3 373.6 132.1 9339 3302
E-V13 31 9.5 94.2 33.3 2354 832
J-M410(xM67,M92) 31 9.5 150.7 53.3 3767 1332
R-M17 17 5.2 172.2 60.9 4305 1522
J-M267 16 4.9 130.4 53.8 3261 1345
R-P312 15 4.6 175.2 61.9 4380 1549
R-U152 14 4.3 80.1 28.3 2002 708
R-U106 12 3.7 82.6 29.2 2066 730
J-M92 11 3.4 146.3 55.3 3658 1382
J-M12 11 3.4 148.6 52.6 3716 1314
J-M67 10 3.1 130.8 46.3 3271 1157
MtDNA HG N % Rho SE TMRCA SE
H 43 13.7 0.93 0.17 15513 5586
H1 34 10.9 0.94 0.18 15696 5768
T2 28 8.9 1.71 0.30 28589 9905
J1 16 5.1 1.50 0.38 25016 12258
HV 15 4.8 1.93 0.39 32242 12595
J2 15 4.8 1.87 0.38 31130 12434
Tl 11 3.5 1.73 0.39 28806 12626
us 11 3.5 1.64 0.39 27290 12734
H5 10 3.2 1.00 0.30 16677 9806
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Figure S1. Geographic map showing the location of the eight populations analysed in the present study. The
table at the bottom right details the set of provinces (sampling points) and the number of samples successfully typed for

both Y-chromosome and mtDNA markers.

(Map modified from Wikipedia, http://en.wikipedia.org/wiki/File:Southern_Italy topographic_map-blank.png).
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Figure S2. Principal Component Analysis (PCA) based on haplogroup frequencies for Y-chromosome (a) and mtDNA (b). Population codes as in Table S1. Colour codes
for geographic affiliations as in the legends at the bottom-left of each plot. Legend abbreviations: NAFR: North-Africa, LEV: Levant, BALK: Balkans, SSI: Sicily and South-
Italy, NCI: North-Central Italy, IBE: Iberian Peninsula, GER: Germany.

94



Sicily and Southern Italy

100% -

80% - T

0.63
BDDA) -

40% 0.35 0.36

0.29

ancestry (mY)

20%
0.11

0% -

-20% -
Y-CHR MT-DNA

Figure S3. Estimated admixture contributions (mY estimator) from three parental populations to the current
population of Sicily and Southern Italy for Y-chromosome (left) and mtDNA (right). Color codes: South-Western
Europe (blue), the Balkans (yellow) and the Levant (green). Error bars represent standard deviations calculated on the
basis of 10,000 bootstraps.
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Table S1. List of the selected Mediterranean populations used for Y-chromosome and mtDNA
comparative analyses.
Y-Chr Geographic Area Area Code Populations Pop Code N Longitude Latitude Reference

Sicily and Southern ftaly  SSI Trapani TP 34 12.52 38.02 This study
Agrigento AG 45 13.59 37.32  Boattini et al. 2013
Enna EN 40 14.27 37.57 This study
Ragusa-Siracusa RGSR 45 15.01 37.01 Boattini et al. 2013
Catania CT 52 15.07 37.52 Boattini et al. 2013
Cosenza Cs 45 16.25 39.30 This study
Matera MT 25 16.60 40.67 Boattini et al. 2013
Lecce LE 40 18.17 40.35 Boattini et al. 2013

North-Central ltaly NCI Savona-Genova SVGE 51 8.71 44.36  Boattini et al. 2013
Treviso TV 33 12.24 45.67 Boattini et al. 2013
Bologna BO 29 11.34 44.49 Boattini et al. 2013
Grosseto-Siena  GRSN 86 11.22 43.05 Boattini et al. 2013
Macerata MC 40 13.45 43.3  Boattini et al. 2013
Campobasso CB 30 14.67 41.57 Boattini et al. 2013

Iberian Peninsula IBE Western Bizkaia BOC 19 -2.93 43.27 Martinez-Cruz et al. 2012
Cantabria CAN 18 -3.00 43.00 Martinez-Cruz et al. 2012
Burgos BUR 20 -3.68 42.33  Martinez-Cruz et al. 2012
La Rioja RIO 54 -2.50 42.25 Martinez-Cruz et al. 2012

Germany GER Mecklenburg MEK 131 12.43 53.61 Rebalaetal. 2012
Bavaria BAV 218 11.43 48.78 Rebala et al. 2012

Balkan Peninsula BALK Serbia SER 102 20.46 44.82 Regueiro et al. 2012
Phokaia PHO 30 26.76 38.67 King et al. 2011
Smyrna SMY 53 27.14 38.42 King et al. 2011

Levant LEV Beirut LBE 61 35.52 33.9 Zalloua et al. 2008
Bekaa Valley LBEK 71 35.92 33.83 Zalloua et al. 2008
Mount Lebanon  LMOU 98 36.12 34.3 Zalloua et al. 2008
North Lebanon LNOR 218 36.08 34.56 Zalloua et al. 2008
South Lebanon LSOU 129 35.44 33.12 Zalloua et al. 2008

North Africa NAFR Algeria ALG 102 3.07 36.78 Robino et al. 2012

mtDNA Geographic Area Area Code Populations PopCod N Longitude Latitude Reference

Sicily and Southern ltaly ~ SSI Trapani TP 40 12.52 38.02 This study
Agrigento AG 42 13.59 37.32 Boattini et al. 2013
Enna EN 40 14.27 37.57 This study
Ragusa-Siracusa RGSR 39 15.01 37.01 Boattini et al. 2013
Catania CT 37 15.07 37.52 Boattini et al. 2013
Cosenza Cs 40 16.25 39.30 This study
Matera MT 36 16.60 40.67 Boattini et al. 2013
Lecce LE 39 18.17 40.35 Boattini et al. 2013

North-Central italy NCI Savona-Genova SVGE 43 8.71 44.36 Boattini et al. 2013
Treviso v 39 12.24 45.67 Boattini et al. 2013
Bologna BO 35 11.34 44.49 Boattini et al. 2013
Grosseto-Siena  GRSN 36 11.22 43.05 Boattini et al. 2013
Macerata MC 39 13.45 43.3  Boattini et al. 2013
Campobasso CB 37 14.67 41.57 Boattini et al. 2013

Iberian Peninsula IBE Western Bizkaia BOC 21 -2.93 43.27 Martinez-Cruz et al. 2012
Cantabria CAN 19 -3.00 43.00 Martinez-Cruz et al. 2012
Burgos BUR 24 -3.68 42.33  Martinez-Cruz et al. 2012
La Rioja RIO 52 -2.50 42.25 Martinez-Cruz et al. 2012

Balkan Peninsula BALK Bosnia BOS 144 18.41 43.86 Malyarchuk et al 2003
Slovenia SLO 104 14.51 46.06 Malyarchuk et al 2003
Northrn Greece  NGRE 318 22.95 40.64 Irwin et al. 2008

Levant LEV Cypro Greeks CYPGRE 85 33.43 35.13 Irwin et al. 2008
Lebanon LEB 363 35.52 33.90 Haber etal. 2011
Jordania JOR 101 35.94 31.97 Gonzélez et al. 2008

North Africa NAFR Lybia LYB 268 16.87 29.3  Fadhlaoui-Zid et al. 2011
Algeria ALG 240 3.07 36.78 Bekada et al. 2013
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Table S2. Y-chromosome and mtDNA haplogroup frequencies. The absolute number of individuals and the
percentage frequency (between brackets) are reported for both the whole Sicialian and Southern Italian dataset
and for each population analyzed.

SSI ITAS SIC ESIC WSIC TP AG EN RGSR CT CcSs MT LE

Y-chr 326 110 216 137 79 34 45 40 45 52 45 25 40
Ela-M33 1(0.31) [0(0) 1(0.46) [0(0) 1(1.27) [0(0) 1(2.22) 0(0) 0(0) 0(0) 0 (0) 0(0) 0(0)
Elb-M2 1(0.31) [0(0) 1(0.46) [0(0) 1(1.27) [0(0) 1(2.22) 0(0) 0(0) 0(0) 0 (0) 0(0) 0(0)
Elb-M35 3(0.92) [0(0) 3(1.39) [1(0.73) 2(2.53) |0(0) 2(4.44) 0(0) 0(0) 1(1.92) 0(0) 0(0) 0(0)
Elb-V12 9(2.76) |5(4.55) 4(1.85) [3(2.19) 1(1.27) |0(0) 1(222) 2(5) 0 (0) 1(1.92) 4(8.89) 1(4) 0 (0)
Elb-V13 31(9.51) [13(11.82) 18(8.33) |9(6.57) 9(11.39) |5(14.71) 4(8.89) 3(7.5) 3(6.67) 3(5.77) 5(11.11) 2(8) 6 (15)
Elb-V22 7(215) |2(1.82) 5(231) [4(292) 1(1.27) |0(0) 1(222) 2(5) 1(2.22) 1(1.92) 0(0) 2(8) 0 (0)
Elb-M81 5(1.53) [1(0.91) 4(1.85) |[3(219) 1(1.27) |0(0) 1(2.22) 0(0) 2(4.44) 1(1.92) 1(222) 0(0) 0(0)
Elb-M123 7(2.15) |[3(2.73) 4(1.85) |2(1.46) 2(2.53) |0(0) 2 (4.44) 1(2.5) 0(0) 1(1.92) 1(222) 1(4) 1(2.5)
G1-M285 2(0.61) [1(0.91) 1(0.46) |0(0) 1(1.27) [0(0) 1(2.22) 0(0) 0 (0) 0(0) 0 (0) 1(4) 0(0)
Gza-P15 40 (12.27) [14 (12.73) 26 (12.04) |17 (12.41) 9 (11.39) [3(8.82) 6(13.33) 7(17.5) 5(11.11) 5(9.62) 5(11.11) 6(24) 3(7.5)
11-M253 1(0.31) [0(0) 1(0.46) [1(0.73) 0(0) 0(0) 0 (0) 0 (0) 1(2.22) 0(0) 0 (0) 0(0) 0(0)
11a-L22 3(0.92) [1(0.91) 2(0.93) [1(0.73) 1(1.27) |0(0) 1(2.22) 0(0) 1(2.22) 0(0) 0 (0) 0(0) 1(2.5)
12-P215 7(2.15) |5(4.55) 2(0.93) |2(1.46) 0(0) 0(0) 0 (0) 1(25) 1(2.22) 0(0) 1(222) 1(4) 3(7.5)
12a-M26 2(0.61) [0(0) 2(0.93) [2(@.46) 0() 0(0) 0 (0) 0 (0) 2 (4.44) 0(0) 0 (0) 0(0) 0 (0)
12a-M223 6(1.84) [3(2.73) 3(1.39) [1(0.73) 2(253) [1(294) 1(222) 0(0) 0(0) 1(1.92) 3(6.67) 0(0) 0(0)
J1-M267 16 (4.91) [3(2.73) 13(6.02) |5(3.65) 8(10.13) |3(8.82) 5(11.11) 1(25) 2(4.44) 2(3.85) 1(2.22) 0(0) 2(5)
J2-M172 2(0.61) [2(1.82) 0(0) 0(0) 0(0) 0(0) 0 (0) 0 (0) 0(0) 0(0) 1(2.22) 0(0) 1(2.5)
J2a-M410 31(9.51) [7(6.36) 24 (11.11)|15(10.95) 9(11.39) |5(14.71) 4(8.89) 3(7.5) 7(15.56) 5(9.62) 4(8.89) 1 (4) 2(5)
J2a-M67 10(3.07) |4(3.64) 6(2.78) [4(292) 2(253) |1(294) 1(222) 1(25) 2(4.44) 1(1.92) 2(4.44) 1(4) 1(2.5)
J2a-M92 11(3.37) [4(3.64) 7(3.24) |2(1.46) 5(6.33) |3(8.82) 2(4.44) 0(0) 1(2.22) 1(1.92) 0(0) 1(4) 3(7.5)
J2b-M12 11 (3.37) |5(4.55) 6(2.78) |5(3.65) 1(1.27) |1(2.94) 0(0) 2(5) 1(2.22) 2(3.85) 0(0) 2(8) 3(7.5)
L-M20 1(0.31) [1(0.91) 0(0) 0(0) 0(0) 0(0) 0 (0) 0 (0) 0 (0) 0(0) 0 (0) 0(0) 1(2.5)
P-M45 1(0.31) [0(0) 1(0.46) [1(0.73) 0(0) 0(0) 0 (0) 1(2.5) 0(0) 0(0) 0 (0) 0(0) 0(0)
Rla-M17 17 (5.21) |7(6.36) 10(4.63) [8(5.84) 2(253) [1(2.94) 1(222) 1(25) 4(889) 3(5.77) 3(6.67) 1(4) 3(7.5)
R1b-M343 3(0.92) [0(0) 3(1.39) [3(2.19) 0(0) 0(0) 0 (0) 1(2.5) 0(0) 2(3.85) 0(0) 0(0) 0(0)
R1b-M269 24 (7.36) [8(7.27) 16(7.41) |11(8.03) 5(6.33) |2(5.88) 3(6.67) 1(25) 1(2.22) 9(17.31) 3(6.67) 2(8) 3(7.5)
R1b-U106 12(3.68) [1(0.91) 11(5.09) |10(7.3) 1(1.27) [1(2.94) 0(0) 2 (5) 2(4.44) 6(11.54) 0(0) 0(0) 1(2.5)
R1b-P312 15(4.6) |4(3.64) 11(5.09) [7(5.11) 4(5.06) |3(8.82) 1(222) 3(75) 1(222) 3(5.77) 2(4.44) 0(0) 2(5)
R1b-SRY2627 2(0.61) [0 (0) 2(0.93) [2(1.46) 0(0) 0(0) 0 (0) 1(2.5) 0(0) 1(1.92) 0(0) 0(0) 0(0)
R1b-U152 14 (4.29) |6(5.45) 8(3.7) 5(3.65) 3(3.8) 0(0) 3(6.67) 0(0) 4(8.89) 1(1.92) 3(6.67) 1(4) 2(5)
R1b-L2 17 (5.21) [7(6.36) 10(4.63) |4(2.92) 6(7.59) |5(14.71) 1(2.22) 3(7.5 1(2.22) 0(0) 6(13.33) 0(0) 1(2.5)
R1b-L21 6(1.84) [1(091) 5(231) [4(292) 1(1.27) |0(0) 1(222) 1(25) 1(222) 2(3.85 0(0) 0 (0) 1(2.5)
Tla-M70 8(245) |2(1.82) 6(2.78) [5(365) 1(1.27) |0(0) 1(2.22) 3(7.5) 2(4.44) 0(0) 0 (0) 2(8) 0 (0)

SSI ITAS SIC ESIC wsIC TP AG EN RGSR CT CSs MT LE

mEDNA 313 115 198 116 82 40 42 40 39 37 40 36 39
L3 2(0.64) [0(0) 2(1.01) [0(0) 2(2.44) [2(5) 0 (0) 0 (0) 0 (0) 0(0) 0 (0) 0(0) 0 (0)
M1 4(1.28) |0(0) 4(2.02) |o0(0) 4(4.88) [3(7.5) 1(2.38) 0(0) 0 (0) 0(0) 0(0) 0 (0) 0 (0)
C 1(0.32) [0(0) 1(0.51) [1(0.86) 0(0) 0 (0) 0 (0) 0(0) 0 (0) 1(27) 0(0) 0 (0) 0 (0)
D 1(0.32) [0(0) 1(0.51) [1(0.86) 0(0) 0(0) 0 (0) 0 (0) 0(0) 1(27) 0(0) 0(0) 0(0)
A 2(0.64) [0(0) 2(1.01) |[1(0.86) 1(1.22) |0(0) 1(2.38) 1(2.5) 0(0) 0(0) 0 (0) 0(0) 0(0)
N1 9(2.88) [2(1.74) 7(3.54) |7(6.03) 0(0) 0(0) 0 (0) 4(10) 1(2.56) 2(5.41) 0(0) 1(2.78) 1(2.56)
1 8(256) [5(4.35) 3(1.52) |1(0.86) 2(2.44) [2(5) 0 (0) 0 (0) 0 (0) 1(27) 0(0) 1(2.78) 4(10.26)
W 3(0.96) [1(0.87) 2(1.01) (1(0.86) 1(1.22) [0(0) 1(2.38) 0(0) 0(0) 1(2.7) 0(0) 0(0) 1 (2.56)
X 14 (4.47) |7(6.09) 7(3.54) |4(3.45) 3(3.66) |3(7.5) 0(0) 0(0) 3(7.69) 1(2.7) 1(25) 3(8.33) 3(7.69)
R 1(0.32) [1(0.87) 0(0) 0(0) 0(0) 0(0) 0 (0) 0 (0) 0 (0) 0(0) 0 (0) 1(2.78) 0(0)
RO 3(0.96) [2(1.74) 1(0.51) |1(0.86) 0(0) 0(0) 0 (0) 0 (0) 1(2.56) 0(0) 1(25) 1(2.78) 0(0)
HV 15(4.79) |4(3.48) 11(5.56) [9(7.76) 2(2.44) |1(25) 1(2.38) 5(12.5) 2(5.13) 2(5.41) 0(0) 2(5.56) 2 (5.13)
H 43 (13.74) (14 (12.17) 29 (14.65) (13 (11.21) 16 (19.51) |4 (10) 12 (28.57) 2(5) 7 (17.95) 4(10.81) 4 (10) 4(11.11) 6(15.38)
H1 34 (10.86) [12 (10.43) 22 (11.11) |13 (11.21) 9(10.98) |5(12.5) 4(9.52) 2(5) 7 (17.95) 4(10.81) 4 (10) 5(13.89) 3(7.69)
H2 6(1.92) [1(0.87) 5(253) |3(259) 2(244) |1(25) 1(2.38) 1(2.5) 0(0) 2(541) 1(25) 0(0) 0 (0)
H3 8(256) [1(0.87) 7(354) |3(259) 4(4.88) [2(5) 2(4.76) 0(0) 1(256) 2(5.41) 1(25) 0(0) 0 (0)
H4 2(0.64) [0(0) 2(1.01) [2(1.72) 0(0) 0(0) 0 (0) 2(5) 0(0) 0(0) 0 (0) 0(0) 0(0)
H5 10(3.19) [4(3.48) 6(3.03) |4(3.45) 2(2.44) |1(25) 1(2.38) 3(75) 1(2.56) 0(0) 3(75) 0(0) 1 (2.56)
H6 1(0.32) [0(0) 1(0.51) [1(0.86) 0(0) 0(0) 0 (0) 1(2.5) 0(0) 0(0) 0 (0) 0(0) 0(0)
H7 5(1.6) 1(0.87) 4(2.02) [1(0.86) 3(3.66) [0(0) 3(7.14) 0(0) 1(2.56) 0(0) 0 (0) 1(2.78) 0(0)
H8 4(1.28) (1(0.87) 3(1.52) [3(259) 0(0) 0(0) 0(0) 1(2.5) 0(0) 2(5.41) 0(0) 1(2.78) 0(0)
H12 1(0.32) [1(0.87) 0(0) 0(0) 0(0) 0(0) 0 (0) 0 (0) 0(0) 0(0) 1(25) 0(0) 0(0)
H13 5(1.6) 2(1.74) 3(152) (1(0.86) 2(2.44) [0(0) 2 (4.76) 1(2.5) 0(0) 0(0) 1(25) 1(2.78) 0(0)
\ 5(1.6) 3(2.61) 2(1.01) ([1(0.86) 1(1.22) [1(25) 0(0) 1(2.5) 0(0) 0(0) 2 (5) 1(2.78) 0(0)
T 2(0.64) |0(0) 2(1.01) [1(86) 1(1.22) |1(25) 0(0) 0 (0) 0 (0) 1(27) 0(0) 0(0) 0 (0)
T1 11(351) |4(3.48) 7(354) [6(5.17) 1(1.22) |1(25) 0(0) 0(0) 4(10.26) 2(5.41) 1(25) 2(5.56) 1(2.56)
T2 28 (8.95) [12(10.43) 16 (8.08) |12 (10.34) 4(4.88) |2(5) 2(4.76) 6(15) 3(7.69) 3(8.11) 3(7.5) 2(556) 7(17.95)
J1 16 (5.11) [5(4.35) 11 (5.56) [8(6.9) 3(3.66) [2(5) 1(2.38) 4(10) 2(5.13) 2(5.41) 2(5) 2 (5.56) 1(2.56)
J2 15(4.79) [5(4.35) 10(5.05) |6(5.17) 4(4.88) |[3(75) 1(2.38) 1(25) 4(10.26) 1(2.7) 2(5) 2(5.56) 1(2.56)
U 2(0.64) [1(0.87) 1(0.51) |1(0.86) 0(0) 0(0) 0 (0) 0 (0) 1(2.56) 0(0) 0 (0) 0(0) 1 (2.56)
UL 8(256) [4(3.48) 4(2.02) |1(0.86) 3(3.66) |0(0) 3(7.14) 0(0) 1(2.56) 0(0) 2(5) 0(0) 2(5.13)
u2 4(1.28) [1(0.87) 3(1.52) [1(0.86) 2(2.44) [0(0) 2 (4.76) 1(2.5) 0(0) 0(0) 0 (0) 1(2.78) 0(0)
u3 6(1.92) [5(4.35 1(0.51) |1(0.86) 0(0) 0(0) 0 (0) 1(2.5) 0(0) 0(0) 4 (10) 0(0) 1(2.56)
u4 1(0.32) |o0(0) 1(0.51) [1(0.86) 0(0) 0 (0) 0 (0) 0 (0) 0 (0) 1(27) 0(0) 0(0) 0 (0)
us 11 (3.51) (4(3.48) 7(354) [2(1.72) 5(6.1) 3(75 2(476) 0(0) 0(0) 2(5.41) 2(5) 1(2.78) 1(2.56)
ue 2(0.64) [2(1.74) 0(0) 0(0) 0(0) 0(0) 0 (0) 0 (0) 0(0) 0(0) 1(25) 0(0) 1 (2.56)
u7 4(1.28) [2(1.74) 2(1.01) [0(0) 2(2.44) [2(5) 0 (0) 0 (0) 0 (0) 0(0) 0 (0) 2(5.56) 0(0)
us 3(0.96) [3(261) 0(0) 0(0) 0(0) 0(0) 0 (0) 0 (0) 0 (0) 0(0) 2 (5) 0(0) 1(2.56)
K 4(1.28) |2(1.74) 2(1.01) |2(1.72) 0(0) 0(0) 0 (0) 2(5) 0(0) 0(0) 1(25) 0(0) 1 (2.56)
K1 9(2.88) |3(261) 6(3.03) |3(259 3(366) |1(25) 2(4.76) 1(2.5) 0(0) 2(541) 1(25) 2(556) 0(0)
Abbreviations: SSI, Sicily and South-Italy; ITAS, South-ltaly; SIC, Sicily; ESIC, East Sicily; WSIC, West Sicily; TP, Trapani; AG, Agrigento; EN, Enna; RGSR,

Ragusa-Siracusa; CT, Catania; CS, Cosenza, MT, Matera; LE, Lecce
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Table S3. Y-Chromosome STRs haplotypes and SNPs analysis results for the newly-typed samples of the
present study (N=119). This table will be provided in the online version of the manuscript once published.

Table S4. Analyses of the molecular variance (AMOVA). Apportionment of the variance are in percentage
(%) and based on both haplogroup frequencies (SNPs) and haplotype data (STRs or sequences).

Proportion of variation (%)

Y-chrom o.som e N° of N° of Pop Among Groups Among population Within Within Population
Grouping Groups Group
Y-SNPs Y-STRs Y-SNPs Y-STRs Y-SNPs Y-STRs
ALL 1 8 0.16 0.36 99.84 99.64
ITAS/SIC 2 8 -0.13 -0.42 0.23 0.58 99.90 99.85
ITAS/ESIC/WSIC 3 8 -0.09 0.10 0.23 0.28 99.86 99.62
ESIC/WSIC 2 5 0.01 0.55 0.20 0.54 99.79 98.91
Proportion of variation (%)
Mitochondrial DNA N° of N° of Pop Among Groups Among population Within Within Population
Grouping Groups Group
Mt-SNPs Mt-SEQs Mt-SNPs Mt-SEQs Mt-SNPs Mt-SEQs
ALL 1 8 0.41 1.02** 99.59 98.98**
ITAS/SIC 2 8 -0.40 -0.51 0.62 1.29%** 99.78 99.22**
ITAS/ESIC/WSIC 3 8 -0.11 -0.58 0.49 1.45%* 99.62 99.13*
ESIC/WSIC 2 5 0.11 -0.46 0.98* 1.71* 98.81* 98.75**

ITAS (CS, MT, LE); SIC (TP, AG, EN, RGSR, CT); ESIC (EN, RGSR, CT); WSIC (AG, TP)
** P.yalue < 0,001; ** P-value <0,01; * P-value < 0,05

Table S5. Diversity indices computed for the different sampling points. Standard diversity parameters were
calculated for both Y-chromosome and mtDNA based on haplotype/sequence data and haplogroup frequencies

Y-Chromosome STRs SNPs
Population N STRdiv MNPD Nucleotyde div Haplogroup div
ALL 326 0.9997 +/- 0.0003 9.8284 +/- 4.5107 0.6143 +/- 0.3118 0.9438 +/- 0.0041
ITAS 110 0.9997 +/- 0.0013 9.1465 +/- 4.2394 0.6098 +/- 0.3130 0.9441 +/- 0.0077
SIC 216 0.9994 +/- 0.0005 9.8941 +/- 4.5447 0.6184 +/- 0.3143 0.9441 +/- 0.0052
WsSIC 79 0.9984 +/- 0.0025 10.0951 +/- 4.6620 0.6309 +/- 0.3229 0.9400 +/- 0.0099
ESIC 137 0.9992 +/- 0.0010 9.2676 +/- 4.2852 0.6178 +/- 0.3163 0.9459 +/- 0.0068
TP 34 0.9929 +/- 0.0099 9.9840 +/- 4.6804 0.6240 +/- 0.3253 0.9234 +/- 0.0194
AG 45 0.9990 +/- 0.0050 10.1434 +/- 4.7210 0.6340 +/- 0.3276 0.9535 +/- 0.0142
EN 40 0.9987 +/- 0.0060 9.7269 +/- 4.5504 0.6079 +/- 0.3159 0.9487 +/- 0.0182
RGSR 45 0.9980 +/- 0.0052 9.3919 +/- 4.3936 0.6261 +/- 0.3252 0.9475 +/- 0.0157
CT 52 0.9977 +/- 0.0043 9.2232 +/- 4.3092 0.6149 +/- 0.3188 0.9367 +/- 0.0162
Cs 45 1.0000 +/- 0.0047 9.6586 +/- 4.5098 0.6037 +/- 0.3129 0.9384 +/- 0.0132
MT 25 1.0000 +- 0.0113 10.0133 +- 4.7370 0.6258 +/- 0.3299 0.9333 +/- 0.0354
LE 40 0.9974 +/- 0.0063 9.0949 +/- 4.2744 0.6063 +/- 0.3166 0.9526 +/- 0.0151

mtDNA SEQs SNPs
Population N SEQ div MNPD Nucleotyde div Haplogroup div
ALL 313 0.9899 +/- 0.0026 6.8780 +/- 3.2453 0.0102 +/- 0.0053 0.9452 +/- 0.0051
ITAS 115 0.9969 +/- 0.0017 7.3143 +/- 3.4484 0.0109 +/- 0.0057 0.9504 +/- 0.0079
SIC 198 0.9828 +/- 0.0049 6.6343 +/- 3.1454 0.0099 +/- 0.0052 0.9439 +/- 0.0068
wsIC 82 0.9759 +/- 0.0098 6.3359 +/- 3.0349 0.0094 +/- 0.0050 0.9359 +/- 0.0148
ESIC 116 0.9862 +/- 0.0050 6.8311 +/- 3.2397 0.0102 +/- 0.0053 0.9454 +/- 0.0077
TP 40 0.9795 +/- 0.0109 7.2368 +/- 3.4623 0.0108 +/- 0.0057 0.9024 +/- 0.0345
AG 42 0.9640 +/- 0.0191 5.3917 +/- 2.6514 0.0080 +/- 0.0044 0.9024 +/- 0.0345
EN 40 0.9897 +/- 0.0076 6.8792 +/- 3.3059 0.0102 +/- 0.0055 0.9436 +/- 0.0170
RGSR 39 0.9798 +/- 0.0114 6.2853 +/- 3.0475 0.0093 +/- 0.0050 0.9163 +/- 0.0220
CT 37 0.9760 +/- 0.0182 7.0905 +/- 3.4042 0.0105 +/- 0.0056 0.9640 +/- 0.0130
Cs 40 0.9949 +/- 0.0069 7.0106 +/- 3.3633 0.0104 +/- 0.0056 0.9654 +/- 0.0119
MT 36 0.9984 +/- 0.0070 7.3811 +/- 3.5339 0.0110 +/- 0.0058 0.9587 +/- 0.0160
LE 39 0.9946 +/- 0.0071 7.4118 +/- 3.5408 0.0110 +/- 0.0058 0.9325 +/- 0.0216
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Table S6. Fisher exact test for Y-chromosome and mtDNA HG frequencies among the Mediterraean population groups

Y-chr  PopCod Freq C-M130 E-M96 E-M35 E-M78 E-M81 E-M123 FM89 G-M201 I-M170 1-M26 1-M223  J-M304 J-M172  J-M410 J-M12 K-M9  R-M207 R-SRY10831.2 R-M343 R-M269 T-M70

SsI N 0 2 3 47 5 7 0 42 11 2 6 16 2 52 11 2 0 17 3 90 8
% 0.00 0.61 0.92 14.42 1.53 2.15 0.00 12.88 3.37 0.61 1.84 4.91 0.61 15.95 3.37 0.61 0.00 5.21 0.92 27.61 2.45
Pvalue 1.68E-04 8.44E-04 4.68E-02 1.43E-02

NCI N 0 0 1 28 2 7 4 25 18 1 3 9 0 30 4 4 0 8 1 122 2
% 0.00 0.00 0.37 10.41 0.74 2.60 1.49 9.29 6.69 0.37 1.12 3.35 0.00 11.15 1.49 1.49 0.00 2.97 0.37 45.35 0.74
Pvalue 7.95E-03 2.05E-03 7.35E-10

IBE N 0 0 0 2 3 0 0 2 3 8 0 2 0 6 2 2 0 2 0 75 4
% 0.00 0.00 0.00 1.80 2.70 0.00 0.00 1.80 2.70 7.21 0.00 1.80 0.00 5.41 1.80 1.80 0.00 1.80 0.00 67.57 3.60
Pvalue 3.04E-02 2.94E-07 4.42E-02 5.02E-18

GER N 1 0 1 23 1 0 0 9 66 0 13 2 0 15 3 6 0 45 0 161 3
% 0.29 0.00 0.29 6.59 0.29 0.00 0.00 2.58 18.91 0.00 3.72 0.57 0.00 4.30 0.86 1.72 0.00 12.89 0.00 46.13 0.86
Pvalue 1.04E-03 7.31E-03 6.92E-03 6.65E-10 4.27E-03 1.90E-12 5.63E-08 1.05E-06 9.94E-15

BALK N 0 0 0 30 0 2 0 13 47 0 4 6 1 14 8 2 0 26 0 30 2
% 0.00 0.00 0.00 16.22 0.00 1.08 0.00 7.03 25.41 0.00 2.16 3.24 0.54 7.57 4.32 1.08 0.00 14.05 0.00 16.22 1.08
Pvalue 4.41E-02 2.39E-11 3.97E-02 4.12E-04 2.86E-03

LEV N 1 9 2 53 7 25 0 38 26 0 0 120 0 132 17 49 12 15 4 44 23
% 0.17 1.56 0.35 9.19 1.21 4.33 0.00 6.59 451 0.00 0.00 20.80 0.00 22.88 2.95 8.49 2.08 2.60 0.69 7.63 3.99
Pvalue 8.90E-03 8.44E-04 9.32E-05 2.60E-03 6.09E-26 8.40E-14 1.28E-12 9.99E-05 4.25E-04 5.69E-43 1.96E-02

NAFR N 0 8 0 6 46 0 0 0 0 0 0 23 0 5 0 1 1 1 0 11 0
% 0.00 7.84 0.00 5.88 45.10 0.00 0.00 0.00 0.00 0.00 0.00 22.55 0.00 4.90 0.00 0.98 0.98 0.98 0.00 10.78 0.00
Pvalue 4.74E-05 9.80E-48 3.31E-02 2.15E-03 5.84E-04 6.96E-04

mtDNA PopCod Freq L M N N1 | W X R* RO Hv H \ T J U K

SSI N 2 6 2 9 8 3 14 2 2 15 119 5 41 31 41 13
% 0.64 1.92 0.64 2.88 2.56 0.96 4.47 0.64 0.64 4.79 38.02 1.60 13.10 9.90 13.10 4.15
Pvalue 2.19E-06

NCI N 0 2 2 5 3 2 3 0 3 9 105 3 24 19 28 21
% 0.00 0.87 0.87 2.18 1.31 0.87 1.31 0.00 1.31 3.93 45.85 1.31 10.48 8.30 12.23 9.17
Pvalue 3.28E-06 4.81E-02

IBE N 1 0 0 0 1 0 1 0 1 3 66 1 8 8 19 7
% 0.86 0.00 0.00 0.00 0.86 0.00 0.86 0.00 0.86 2.59 56.90 0.86 6.90 6.90 16.38 6.03
Pvalue 1.08E-04

BALK N 1 6 0 4 14 15 15 2 9 19 251 11 40 53 100 26
% 0.18 1.06 0.00 0.71 247 2.65 2.65 0.35 1.59 3.36 44.35 1.94 7.07 9.36 17.67 4.59
Pvalue 5.10E-16 2.84E-02 3.00E-04

LEV N 18 13 8 15 12 6 10 6 20 24 182 8 56 39 78 54
% 3.28 2.37 1.46 2.73 2.19 1.09 1.82 1.09 3.64 4.37 33.15 1.46 10.20 7.10 14.21 9.84
Pvalue 8.94E-03 3.33E-02 9.29E-04

NAFR N 122 26 0 5 3 3 9 0 21 37 115 9 38 34 68 18
% 24.02 5.12 0.00 0.98 0.59 0.59 1.77 0.00 4.13 7.28 22.64 1.77 7.48 6.69 13.39 3.54
Pvalue 1.00E-60 2.26E-04 2.90E-13

Abbreviations: SSI, Sicily and South-Italy; NCI, North-Central taly; IBE, Iberian Peninsula; GER, Germany; BALK, Balkan Peninsula; LEV, Levant; NAFR, North-Africa

All non-significant p-values after Bonferroni correction have been removed
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1.4.1  Clines or discontinuous structures in the Italian genetic landscape

The presence of clinal or discontinuous patterns of genetic variation within the Italian Peninsula
has been one of the main issues of several genetic studies since the pioneering work by Cavalli-
Sforza, Menozzi and Piazza in 1994. Consistently with the first evidences provided by classical
genetic markers (Piazza et al., 1988, Cavalli-Sforza et al., 1994), most of the subsequent studies
based on uniparental molecular markers (Barbujani et al., 1995, Capelli et al, 2007, Brisighelli et
al., 2012) have mainly described the Italian genetic landscape as characterised by the outlier
position of Sardinia and the presence of a North-South major cline within the mainland, moreover
suggesting the higher similarity of Southern Italian populations with South-Eastern European and
Mediterranean groups (Piazza et al., 1988, Capelli et al., 2007). While the South-North clinal
distribution pattern of genetic variation was initially thought to be the signature of Greek
domination in Southern Italy (Cavalli-Sforza et al., 1994, Di Giacomo et al., 2003), it has been
subsequently explained in favor of the demic model of Neolithic diffusion into Europe (Capelli et
al., 2007). Latitude-related gradients of specific genetic lineages — i.e. Y-haplogroups R1*(xR1al),
J2 and E3bl — have however suggested (at least from a paternal perspective) the presence of
different Neolithic/Mesolithic contributions between the Northern and the Southern parts of the
Peninsula (Capelli et al., 2007), indicating that population replacement by new incoming farmers
was neither complete nor homogeneous along the whole Italy. More recently, genome-wide studies
have also postulated some genetic discontinuities between Southern Italy and both European (Lao et
al., 2008, Nelis et al., 2009) and North-Central Italian (Di Gaetano et al., 2012) populations, thus
pointing out a more complex picture of the Italian genetic structuring than previously thought.

In our analyses, if Sardinia attested again to be a genetic outlier for both Y-chromosome and
mMtDNA uniparental markers and the maternal genetic variation confirmed to be homogeneously
distributed within the mainland (Paper 1), on the other hand Y-chromosomal genetic diversity in
Italy revealed to be not clinal but highly structured in three well-detached geographic clusters of
populations: namely Sardinia (SAR), North-Western Italy (NWI) and South-Eastern Italy (SEI)
(Figure 1, Paper 1). Most interestingly, NWI and SEI appeared to be separated not by a latitudinal
demarcation line (as it could be expected if considering some preliminary suggestions of previous
studies) but rather by a longitudinal “belt” (Figure 1a, Paper 1), that particularly outlines a shared
genetic background between the South and the Adriatic coast on one side, and between the North
and Tuscany on the other side. Previous observation that samples located to the east of the
Apennines (Adriatic side) tended to cluster with southern Italian samples also at higher latitudes
than those settled on the western (Tyrrhenian) side (Capelli et al., 2007), could have at least

partially suggested and anticipated the NW-SE discontinuity shown by our results, although this
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hypothesis was not further discussed by previous authors. The differences between our results and
those obtained in earlier Y-chromosome-based studies (Di Giacomo et al., 2003 and Capelli et al.,
2007) could be explained if considering a) the increased sampling coverage (coupled with the
detailed sampling strategy), b) the higher genotyping resolution for the uniparental lineages
analysed, and c) the different methodological approach exploited. These improvements might have
allowed us to unmask genetic patterns not fully detected in the previous analyses (Capelli et al
2007), thus underlying the importance of a well-conceived research design to achieve a fine-grained
dissection of population genetic structure.

Besides the discontinuous genetic structure observed, the identified NWI and SEI Italian clusters
appeared also characterised by different distributions of genetic variance (Paper 1) and revealed
different genetic relationships with other comparison populations once contextualised within the
Euro-Mediterranean genetic landscape (Paper 2). A higher degree of inter-population variability
was observed for the Northern-Western Italian populations; on the contrary Southern Italy revealed
higher homogeneity among populations, moreover showing a shared paternal genetic background
with the Balkan Peninsula (Figure 4 and Figure S3, Paper 2). When compared with European and
the Mediterranean populations, the NW-SE pattern observed in continental Italy appeared extended
to the whole Mediterranean Basin (Figure 1, Paper 2), particularly suggesting differential Eastern
(Balkans, Levant) and Western (Iberia, Germany) contributions to the SEI and NWI genetic pools
respectively (Figure 2 and Figure 4, Paper 2). On the whole, the resulting picture is quite consistent
with the most recent archaeological evidences on the Neolithisation of the Italian Peninsula, that
suggest two parallel but opposite ways of diffusion along the Adriatic and the Tyrrhenian coasts
(see Figure 1.1.1.2.3) and postulate higher degrees of local heterogeneity and regional complexity
for Northern Italian sites compared to the higher homogeneity instead observed in central and

southern Italy.

1.4.2  Origin and structuring of the Italian Y-chromosomal gene pool

The Y-chromosomal discontinuous genetic structure observed within the Italian Peninsula
appeared particularly related to the differential presence of specific lineages within the three
detected Italian geographic groups (12a-M26 for SAR; G2a-P15 — besides the classical E-V13 and
J2a-M410 — for SEI; and R-U152 and R-L2 for NWI; Figure 1.4.2.1).
Although we are aware that the whole history of a population cannot be represented with only
individual haplogroups, population groups differing in their HG composition can actually retain
specific signatures of past populations processes. In fact, during the formation and differentiation of

human populations, haplotype clusters within particular lineages could have emerged in response of
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specific demographic events. As a consequence population-specific cluster of haplotypes are more

likely to contain traces of the past genetic history of a population (Balanosvky et al., 2011).

In our analyses, the (STRs) variation within those haplogroups that were found to significantly

differentiate the Italian specific population groups (NWI, SEI and SAR) was explored (by means of

DAPC analysis) with the aim to define population-specific clusters of haplotypes (Table 1, Paper 1
and Figure 1.4.2.2).
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Figure 1.4.2.1. Y-chromosome haplogroups composition within the three Italian specific clusters identified by
sPCA analysis (Paper 1). The most important lineages are labeled according to Karafet et al., 2008.
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Figure 1.4.2.2. Frequencies of Y-Chromosome DAPC main clusters for each Italian sPCA-identified group.
The absolute number of individuals and the maximum frequency for each DAPC-cluster are detailed in the table
on the left. The relative (%) proportion of each DAPC-cluster in NWI (blue), SEI (red) and SAR (green) are
represented by barplot on the right.
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Implications for the Sardinian genetic pool

Consistently with previous results, the outlier position of Sardinia (SAR) is mainly ascribable to
Y-chromosome haplogroup 1-M26 (Figure S4 and Table 1, Paper 1). Despite being generally
present at low frequencies in most of the European continent — with the only exception of moderate
occurrence in lberia — in our dataset the 1-M26 haplogroup was found at significantly higher
frequencies in SAR (39%, p-value 3.06 E-30), being instead significantly under-represented, not to
say almost completely absent, in continental Italy (NWI: 0.52%, p-value 1.93 E-05 and SEI: 0.48%
p-value 1.92 E-06). Its time estimate at around 5,153 YBP (Table 2, Paper 1), consistently with
archeological data, points to an expansion within the island compatible with the arrival and the
achievement of Neolithic technologies. However, when compared to the Iberian I-M26 haplotypes —
being the Franco-Cantabrian area the postulated place of origin for this haplogroup (Lopez-Parra et
al., 2009) — Sardinian haplotypes appeared clearly distinguishable from Iberian ones (Figure S5,
Paper 1). This presumtively suggests a more ancient presence of 1-M26 haplotypes within the
island, possibly resulting from past founding events. These findings are in agreement with the
hypothesis of a largely pre-Neolithic settlement of Sardinia, with little subsequent gene flows from
external populations (Contu et al. 2008). This scenario is also consistent with that recently proposed
by Pala and collaborators (2009) for the female Sardinian-specific counterpart, the mtDNA
haplogroup U5b3al, thus suggesting an intriguing case of parallel founding events for both
maternal and paternal lineages within the European context (Pala et al., 2009). Unlike the majority
of modern mtDNA haplogroups, which are supposed to have expanded from the Franco-Cantabria
refuge after the LGM, the most likely homeland for the maternal U5b3 haplogroup was postulated
in the Italian Peninsula. From there, this lineage is thought to have then proceeded along the
Tyrrhenian coast moving westwards through Provence (southern France), the northwards expansion
being instead limited by the presence of the Alps. From the Mediterranean coast of southern France,
the U5b3al sub-lineage seems to have subsequently expanded in Sardinia sometime between 7,000-
9,000 YBP, where it gave rise by founder event to the mtDNA U5b3ala clade, that today
distinctively marks the present-day people of the island (Pala et al., 2009).

Implications for the mainland genetic interactions

Within the mainland, two main R-M269 sub-lineages, namely R-U152 and R-L2, were found at
significantly higher frequencies in NWI (21%, p-value 3.16 E-09 and 12% p-value 1.57 E-06,
respectively) compared to the lower values instead observed in SEI (5.5%, p-value 3.09 E-07 and
2.6%, p-value 1.26 E-04, respectively). DAPC analysis confirmed the specificity of these
haplogroups for the NWI Italian group, by showing a high percentage (5 out of 7, accounting for
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more than 70%) of haplotype clusters that specifically belonged to NWI group (Figure 1.4.2.2).
Consistently with the results of previous studies (Capelli et al., 2007), R-M269 sub-lineages showed
decreasing latitude-related gradients of frequency moving southwards. On the other hand, opposite
frequency clines have been observed for haplogroups G2a-P15 and E-V13, with higher frequencies
in SEI (13.1% and 9.3%), despite being well-presented also in NWI (8.4% and 7.3%).

If the Neolithic revolution is the most probable candidate for explaining the paternal structure
observed within the Italian Peninsula, the age estimates of NWI- or SEI-specific haplotype clusters
(Table 2, Paper 1) and their differential relationships with other European populations (Figure S7,
Paper 1), pointed to the relevant impact also of subsequent population events on the observed
genetic pattern, thus suggesting that the spatial structure of Italian genetic variation was not fixed in
the Neolithic, but continued to be reshaped by post-Neolithic demographic processes. Ages of NWI
clusters within haplogroups R-U152 and R-L2 (ranging from 3,714 to 4,979 YBP; Table 2, Paper
1) and their relationships with Germanic and Iberian haplotypes actually agree with post-Neolithic
incomings from Central-Europe. On the contrary, the age of SEI-specific cluster within haplogroup
E-V13 (cluster 2; 3,488 YBP) suggests migrations processes from the Balkans referable to the
Bronze Age.

Implications for the Sicilian genetic pool

After the collapse of the Late Bronze Age societies (approximately 3,200 YBP) the populations
of the Mediterranean Basin experienced different waves of invasion - particularly by the Greeks of
the Aegean Sea and the Phoenicians of the Levant. These processes, unlikely to have completely
masked the previous Neolithic structures, could however have left significant genetic signatures in
the gene pool of present-day populations. While the exact contributions of Phoenicians and North-
African (Arabs) populations to the current Sicilian and Southern Italian (SSI) paternal genetic pool
remain still debated (though supposed to be low, Paper 2), our results outlined the impressive
demographic and cultural impacts of Greek dominion during the 8th and 9th centuries BC (Paper
2). Accordingly with previous studies (Di Gaetano et al., 2009), the high frequency of Balkan E-
V13 haplotypes observed in our SSI dataset (one third of which belonged to the southern Balkan
Modal Haplotype) as well as the time estimate obtained for this haplogroup in our population
(Paper 2), confirm the introduction of at least some of the current paternal lineages in Sicily during
the migration processes referable to the Greek colonisation of Southern Italy. Contrarily to what
postulated in previous studies (Di Gaetano et al., 2009), these migration processes seem however to
not have resulted in an east-west genetic differentiation within Sicily. On the contrary, our analyses

of both maternal and paternal genetic markers revealed a homogeneous genetic composition not
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only within Sicily, but also between Sicily and Southern Italy (Paper 2), which is in accordance
with the largely shared genetic histories of the Southern Italian populations during Neolithic and

post-Neolithic times.

Implications for the Italian genetic layers

Within the paternal genetic landscape of both Sardinia and the mainland, particularly interesting
revealed to be the case of G2a-P15 lineage. This haplogroup, despite being present in the whole
region, showed different geographic-specific patterns of clustering within Italy - cluster 1 in NWI,
clusters 4 and 5 in SEI, and cluster 3 in both mainland and Sardinia (Figure 2, Paper 1). In addition,
when compared with other European populations, the Italian-specific clusters exhibited different
patterns of genetic similarities. The NWI-cluster appeared mostly related to Germans, while SEI-
clusters showed affinities mainly with the Balkans (Figure S7, Paper 1). In accordance with our
results, a recent G-haplogroup survey by Rootsi et al. 2012 revealed the presence of different G2a
sub-clades within the Italian Peninsula. In particular the occurrence in Italy of G2a-L497 sub-
lineages has been associated to migratory flows from Central Europe (Germany), while the presence
of G2a-M406 and G2a-M527 derived-clades appeared to be related to events of Neolithic and post-
Neolithic colonisation from the Balkans (Rootsi et al. 2012). To explore more in details the G2a
clustering pattern found in our Italian dataset and to further investigate the origins of such
geographic differentiation, we incorporated into the DAPC analysis of our Italian G2a haplotypes,
also the additional European G2a samples extracted from Rootsi et al. (2012) dataset - for which a
deeper typing for G2a sub-lineages was available. The resulting DAPC plot (Figure 1.4.2.3) shows
clearly the connection between NWI and the Central Europe (particularly Germany), while SEI
reveals higher affinities with South-Eastern European populations. Furthermore the main lineages
associated with this pattern confirm to be G2a-L497 on one side, and G2a-M406 and G-M527 on
the other side.
Interestingly, Sardinian haplotypes were found to cluster mainly with the French/Corsican ones and
seem particularly associated with the G2a-L91 sub-lineage. At this respect, it is notable that Otzi,
the 5300-year-old Alpine mummy, was derived for this Y-chromosome L91-SNP. Analogously, it
is noteworthy that whole-genome sequencing of the Tyrolean Iceman (Keller et al., 2012) revealed
its closest affinity to modern Sardinians. This presumptively suggests that at least continental
Europeans living 5,300 YBP were more similar to the current population of the island than to the
modern Northern Italian groups. In line with this view, a recent genome-wide investigation of the

Italian genetic structure (Di Gaetano et al., 2012) highlighted the Sardinian population to be
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characterised by a proportion of genetic ancestry (Figure 1.1.2.2.5) shared with other European and

non-European populations, but highest in frequency in the Italian island.
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Figure 1.4.2.3. Discriminant Analysis of Principal Components (DAPC) for G2a-P15 haplotypes. Haplotypes
from the sPCA-identified Italian groups (NWI, SEI, SAR) were integrated and compared with those by Rootsi et
al., 2012 from Anatolia (ANA), the Balkans (BAL), Caucasus (CAU), Central Europe (CEU), Eastern Europe
(EEUV), France and Corsica (FRA), Italy (ITA) and Middle East (MEST). The table on the top left shows the
number of haplotypes in each of the seven DAPC-identified clusters and their geographical distribution in the
different groups considered. The table on the bottom right details for each DAPC cluster the number of
haplotypes belonging to each G2a-sublineage (as defined by Rootsi et al., 2012). Our sample - for which G2a-
sublineages were not genotyped - were generally referred to as G2a without any further specification (last
column of the table).

On the whole these findings suggest the presence of a common genetic background to all the
continental European populations, that was probably better preserved in Sardinia due to its
condition of higher isolation or impermeability relative to the subsequent Neolithic and Post-
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Neolithic migration processes which instead occurred in the Italian Peninsula — as well as
throughout Europe. This hypothesis could also explain the reason why the most frequent G2a-
cluster found in our Italian dataset — which is present in both NWI and SEI and encompasses almost
all the SAR individuals (cluster 3) —actually resulted in more ancient time estimate compared to the

others G2a-Italian clusters and closer to the age of the whole haplogroup (Table 2, Paper 1).

1.43  Contrasting maternal and paternal histories

The clear pattern of structure observed both in Italy (Paper 1) and the Mediterranean (Paper 2)
for Y-chromosome, contrasts with the higher homogeneity found for the mtDNA, that showed no
significant internal genetic subdivision or geography-related clustering patterns. Once again, the
only exception is the different maternal genetic history suggested for the Sardinian population
compared to the mainland (Figure 3 and Table S4, Paper 1). Differences between mtDNA and Y-
chromosome patterns may be explained if considering different demographic and historical
dynamics for females than males. Sex-biased migration events, implying the differential income of
male genes into a population, have been recently demonstrated for the Neolithisation of Southern
Europe (Lacan et al., 2011a; Lacan et al., 2011b) as well as for some post-Neolithic processes such
as the Greek colonisation of the Italian Peninsula (Pesando, 2005). Furthermore, the documented
increasing of patrilocality in post-marital residential systems with the transition from hunter-
gatherers to farmers societies (Rastiero et al. 2012; Heyer et al., 2012) could provide an additional —
but not necessarily alternative — reason why matrilines tend to be more stable over the time than
patrilines, thus resulting in more ancient time estimates for mtDNA than Y-chromosome
haplogroups (Table 2, Paper 1 and Table 1, Paper 2). Differential sex-specific demographic
behaviours could therefore have affected differently the male and female migration patterns during
and after the Neolithic transition in Europe. Accordingly, ages of Y-chromosome and mtDNA
haplogroups or haplotype clusters point to significantly different historical periods (Table 2, Paper
1), therefore highlighting different phases of the making of the genetic structure of Italy within the

Mediterranean and European genetic landscape.

109






PART 2

Insights into the Italian micro-geographic genetic variability:
two case studies from ethno-linguistic and socio-economic enclaves of Italy

111






2.1. Introduction

113



Introduction

The genetic structure of current human populations is deeply influenced by different historical,

geographic, cultural and bio-demographic processes that affected the human genetic history at
global, regional and local scales (Beleza et al., 2005; Sanchez-Faddeev et al., 2013). Investigating
and understanding the effects of these events allows us to interpret the present-day diversity patterns
of genetic variation by virtue of the past demographic history, and consequently to get new insights
into the population processes - such as migration, admixture and/or divergence - that addressed the
human population evolution over time (Jobling et al., 2013).
Historical processes and geographical factors proved to have deeply affected the broad-scale
patterns of genetic variation in the current European populations. On a continental perspective in
fact, a strong correlation between geographic and genetic distances has been extensively reported in
literature (Lao et al., 2008; Novembre et al., 2008, Nelis et al., 2009). As revised in the first part of
this thesis, the current distribution pattern of genetic variation within Europe — as well as within
most of European populations - has been particularly interpreted in the light of the major prehistoric
demographic events that affected the peopling history of the continent over time, in particular: i) the
first Palaeolithic colonisation by AMHSs, ii) the post-glacial re-expansion from Southern-European
refuges, and iii) the Neolithic diffusion of agriculture from Near East. However, regional population
structures might have been also affected by additional and different processes — such as more recent
historical dynamics and/or socio-cultural and environmental factors — which may have led to further
population differentiations and/or stratifications.

Genetic differences currently existing among human groups can therefore be ascribed both i) to
the broad-scale impact of pre-historical and historical migration processes, and ii) to the fine-scale
extent to which local variability, in terms of socio-cultural and geographic heterogeneity, intervened
in preserving or confounding these ancient or more recent historical genetic layers. Nevertheless,
the complex interaction of these factors both in space and time has often made the attempt to
disentangle their relative contributions to the current genetic variation a challenging issue in
population genetics studies. In this context, the study of geographically or culturally marginal
populations can provide a simplified observatory for testing the composite interplay among such
forces. In fact, compared to large human groups, marginal populations show some features, such as
a reduced genetic complexity, a higher environmental and cultural homogeneity, and a greater
availability of historical and genealogical records, that may facilitate our insights into the human
genetic diversity (Destro-Bisol et al., 2008).

In this section, after having summarised the processes potentially affecting population genetic
structures at both broad and fine scales, we will direct our attention on particular case studies,

represented by Italian “marginal” populations, in order to assess the role of demographic history
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and socio-cultural factors in shaping the current patterns of genetic variation, and to test whether a
recent history of socio-cultural isolation may have helped preserving otherwise hidden genetic

signatures of past (especially more recent) population events.

2.1.1 Interaction between historic, geographic and cultural factors: how culture, space

and time shape the current genetic legacy

When we examine the genetic structure of modern populations, we do not simply detect the
impact of single migration processes or admixture events, but rather the complex results of
cumulative gene flows occurred from the population origin to the present (Jobling et al., 2013). As a
result, the relative contributions of each single event on human population variability, in terms of
both genetic and/or cultural impact, are often difficultly detectable. In addition, the signatures of
past contacts on the gene pool of present-day populations can be confounded by micro-evolutionary
forces, such as genetic drift, isolation and/or mutation, that interact at local level in modifying the
existing patterns of genetic variation (Jobling et al., 2013).

Most of the studies which tried to address and estimate the impact of different human expansions
and population admixtures on the European genetic landscape, basically focused their attention on
comparing the Palaeolithic and Neolithic contributions, often reaching different conclusions about
their relative extents. Besides these pre-historical genetic strata, the more recent history of Europe
represented a complex tapestry of large-scale population movements, individual migration
processes and/or other demographic events, which have added further confounding layers to the
modern European genetic landscape by affecting the between-population genetic relatedness (Ralph
and Coop, 2013). The formation (ethnogenesis) of the first proto-historic peoples (from the Metal
Ages onwards), accompanied by the development of trade relationships and commercial exchanges,
have actually brought different populations from different regions into contact among each other,
thus mixing up the genetic diversity of the extant European populations. However, our current
understanding of these events is often only deduced from archaeological, linguistic, cultural and/or
historical evidences, whereas their genetic extents remain mostly uncertain, since the majority of
these processes actually brought only partial modifications to pre-existing genetic backgrounds,
while large population substitutions could be considered comparatively more rare.

Additionally to this multi-layered mosaic of pre-historical and historical incomings, socio-
cultural and environmental heterogeneity represents another source of within- and among-
population variability, being potentially responsible for different paths of isolation and/or
population-interaction at more fine-grained local scales. Geographic constraints such as mountain

chains and/or deep seas could not only have acted as physical barriers to gene flow limiting the
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reproductive exchanges (Jobling et al., 2013), but may also have represented survival areas for
culturally-distinct or genetically-isolated populations (Coia et al., 2013). Another way that gene-
culture interaction may have affected the human population variability, is when cultural factors -
such as languages, socio-economic stratification, religion or ethnicity — influence the selection of
mates within a population, thus becoming evolutionary forces able to generate significant genetic
sub-structures within and among human groups (Laland et al., 2010). Among the different aspects
of human culture that deeply condition the contacts and relationships among human populations,
language is probably one of the most relevant, being directly involved in processes of
communication and cultural transmission (Destro-Bisol et al., 2008). In addition, socio-cultural
factors have recently demonstrated to play a critical role also in determining patterns of sex-biased
genetic flows (Oota et al., 2001; Destro-Bisol et al., 2004; Marchani et al., 2008).

2.1.2  Marginal populations as a simplified observatory in our understanding of human
genetic diversity and population history

Due to the complexity and heterogeneity of (pre-)historic and demographic processes which
have characterised the evolutionary history of human populations, the impact of single population
and/or admixture events on the present-day pattern of genetic diversity can vary quite substantially
among and within the different human groups (Jobling et al., 2013). However, by looking at the
current distribution of human populations in greater details, it is possible to notice the presence of
numerous geographically and/or culturally marginal populations, which may represent windows
into our understanding of European genetic variability and complexity. Marginal populations can
be referred to as sub-populations that, by virtue of their geography, history or culture, have
experienced reduced gene flows with the surrounding human groups (Arcos-Burgos and Muenke,
2002). These characteristics, when combined with low population sizes — as a result of founder
events or bottlenecks — can give rise to isolates (Boattini et al., 2011). According to the classical
definition provided by James Neel (1992), genetic isolates are marginal populations derived from a
small population size, which experienced slow - if any - demographic expansion and very little
recruitment from outside human groups. The descent from a limited number of founders few
generations ago, the restricted geographical distribution and the pronounced socio-cultural
uniformity, coupled with the presence of exhaustive and detailed historical records, have made
human isolates a powerful tool to investigate peopling events - particularly concerning the human
more recent history - the demographic behaviours, micro-geographic forces (like assortative mating,
genetic drift, bottleneck, etc.) as well as the effects of historical, socio-economic and linguistic

factors on the current human population genetic structures (Destro-Bisol et al., 2008; Robledo et al.,
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2014). As a result of their demography (small population size, recent shared genetic ancestry and
low immigration rate), genetic isolates have become particularly important also in medical genetic
studies, for mapping genes involved in rare diseases or identifying alleles involved in complex traits
(Heutink and Oostra, 2002; Kristiansson et al., 2008; Veeramah et al., 2011; Esko et al., 2012).

In addition to geographical constraints, cultural features and particularly language, are among
the most significant sources of isolation. This is particularly true for the so-called ethno-linguistic
minorities, representing small groups of people speaking a language variety which is different from
the official language of the surrounding area (Toso et al., 2014). Generally, differences in linguistic
traits are also associated with differences in cultural practices (e.g. religion, traditions, mytho-
history), on the whole defining the ethnic identity of each group. Ethno-linguistic minorities can
provide an important opportunity to explore the roles of language (culture) vs. geography in shaping
the genetic relationships among different human populations at micro-geographical levels (Nasidze
et al., 2007). Moreover, the condition of cultural distinctiveness (potentially acting as a genetic
barrier between different ethnic groups) may have helped them preserving a more direct genetic
thread with the populations of origin, reducing the possibility of subsequent confounding events of
admixture (Capocasa et al. 2014). As a consequence, culturally marginal populations can represent
a unique tool to explore the different layers of human history, since they are more likely to have
maintained genetic features otherwise lost (or diluted) in the surrounding open populations (Boattini
etal., 2011).

Accordingly with this view, different ethno-linguistic groups and socio-cultural enclaves from
different parts of the European continent, have largely attracted the attention of several population
genetic studies, in the attempt to obtain a more fine-grained description of the European genetic
variation and to consider the effects of geographic and cultural (especially linguistic) heterogeneity
on the current patterns of genetic diversity. Since the first investigations on the European
distribution patterns of genetic diversity, populations such as Finns, Sardinians and Basques
(Cavalli-Sforza et al., 1994; Bertranpetit et al., 1995; Fraumene et al., 2006; Calo et al, 2008; Palo
et al., 2009; Novembre and Ramachandran, 2011) proved to represent notable exceptions in the
common South-East to North-West (SE-NW) major cline observed within the continent. Their
geographical and/or cultural isolation has kept their genetic and demographic history preserved over
a long period of time. As a consequence these populations have offered powerful tools to gain news
insight into the ancient migratory paths and to investigate the human evolution and population
structuring processes.

On a micro-geographic perspective, studies of geographic and cultural factors of genetic isolation

have mainly focused their attention on European specific population context, at regional and local
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scales. Due to their geographic and reproductive isolation, island populations demonstrated to be
among the most suitable populations for studying the effects of geographic isolation on human
genetic structure (e.g. Croatian Cres islanders, Jeran et al., 2009; or Nias Island in Indonesia, Van
Oven et al., 2011); on the other hand, ethno-linguistic minorities confirmed to be particularly useful
to clarify the micro-evolutionary effects of socio-cultural vs. geographic forces on the between-
population genetic relatedness. In some cases the geographic proximity of culturally-distinct groups
better explained the genetic pattern observed, thus suggesting that the linguistic differences do not
acted as genetic barriers in limiting the gene-flow between different ethnic-groups (e.g. Indo-
European-speaking Armenians and Turkish-speaking Azerbaijani in the Caucasus, Nasidze and
Stoneking, 2001; or the Turkish-speaking Gagauzes from Eastern-Europe, Nasidze et al., 2007 — but
see also Verzari et al.,, 2009). On the contrary, in other cases the linguistic similarity of
geographically distant groups proved to have served as genetic barrier between the linguistic
enclaves and their culturally-different geographic neighbours, helping the former to preserve
common cultural and genetic origins (e.g. the Kalmyks who speak a Mongolian language and are
surrounded by Russian-speaking groups, Nasidze et al., 2005; the Sorbs who speak a west-Slavic
language in an area with a majority of Germanic speakers, Veeramah et al., 2011; the Aromuns who
speak a Romance language in the Balkans, Bosch et al., 2006). In some peculiar cases, the condition
of isolation of culturally-linked but geographically-distant ethnic groups, have limited the genetic
exchanges among the different linguistic “islands”, giving rise to small population groups that
progressively diverged through drift from a common genetic substrate (e.g. Aromuns of the Balkan
Peninsula, Bosch et al., 2006; or the Eastern Alps linguistic islands, Capocasa et al., 2013).

On the whole, this picture highlights the usefulness to combine data from large populations with
the results obtained from “marginal” populations such as the ethno-linguistic minorities and the
geographic isolates, in order to achieve a more complete picture of the genetic diversity of human

populations (Capocasa et al., 2014).

2.1.3 Italian micro-geographic genetic variability: the role of socio-cultural factors
Among the different European countries, the Italian Peninsula represents a key area of
investigation to explore the genetic variability at different geographical levels, due to the valuable
richness of its historical heritage as well as to its environmental and cultural complexity (Destro-
Bisol et al., 2008; Capocasa et al., 2014; Toso, 2014).
The composite peopling history and the environmental heterogeneity of Italy have been invoked to
explain the genetic structure observed among the extant Italian populations. Both uniparental

markers (Paper 1) and genome-wide autosomal data (Nelis et al. 2009, Di Gaetano et al. 2012)
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revealed a remarkable population sub-structure between the Northern and Southern Italian genetic
pools, and suggested a shared genetic background between North-Western Italy and the North-
Western Europe on one hand, and between South-Eastern Italy and the Balkan Peninsula on the
other hand (Paper 1, Paper 2). These patterns, partly reflecting the topographic complexity of the
Italian territory which is responsible for different paths of local drift or population mobility (Paper
1), have been mainly ascribed to the long history of population settlements that has affected the
Italian Peninsula since pre-historical time, but particularly throughout the Neolithic transition and
the subsequent Metal-Ages (Paper 1). During this period Italy underwent important demographic
and socio-cultural transformations — which led to the ethnogenesis of the most important proto-
historic Italic peoples — that, likely to have not been only cultural phenomena, contributed at least in
part to affect the Italian population genetic structure (Paper 1).

The complexity of historical processes and environmental features that affected the Italian
genetic structure, has also enriched the current genetic variability of a large number of populations
with a history of geographic or socio-cultural isolation, which actually constitute another important
component of the overall Italian human biodiversity (Destro-Bisol et al., 2008; Capocasa et al.,
2014). As a consequence, the achievement of a comprehensive understanding of Italian population
genetic variability cannot abstract from the analysis of these human groups, whose scientific value
resides in both population genetics and archaeogenetics points of view, since these minorities
actually offer the possibility to clarify the interaction among different micro-evolutionary forces as
well as to find traces of past migration peopling events (Boattini et al., 2011).

A first comprehensive overview of the micro-evolutionary patterns of genetic variation in some
of the main Italian ethno-linguistic minorities and geographic isolates is provided in Appendix I
(Capocasa et al, 2014) as a part of a collaborative study performed within the framework of the
MIUR- Projects PRIN2007 (lIsolating the isolates: geographic and cultural factors of human
genetic variation) and PRIN2009 (Human biodiversity in Italy: micro-evolutionary pattern).

Within this framework, in the second part of this thesis we have particularly considered two cultural
enclaves of the Italian Peninsula, namely the Albanian-speaking Arbereshe and the Partecipanza of
San Giovanni in Persiceto, that differ from one another for both the place of their present-day
location - Southern Italy and Sicily for the former and the Padana Plain in Northern Italy for the
latter - as well as for the cultural mechanism which is responsible for their marginality (and
eventually isolation) — i.e. linguistic and socio-economic factors respectively. By analysing the
uniparental genetic structures of these populations we especially aim to reach a dual-level purpose:
i) to assess the importance of cultural factors (language or socio-economic condition) in shaping the

local population genetic variability and ii) to reconstruct the genetic history of each isolate,
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verifying whether the recent conditions of socio-cultural isolation may have contributed to maintain
signatures of migration and demographic processes occurred in Southern and Northern Italy during

their more recent genetic history.

2.1.3.1 Ethno-linguistic factors: the case of the Albanian-speaking Arbereshe (Sicily and
Southern Italy)

The Italian Peninsula is an ideal place to explore the relationships between language and
genetics, since it hosts twelve officially-recognised ethnic-linguistic minorities, altogether
representing about 5% of the overall Italian people: Albanian, Catalan, Croatian, French, Franco-
Provencal, Friulian, German, Greek, Ladin, Occitan, Slovenian and Sardinian (Capocasa et al.,
2014; Toso, 2014). Among them, the Albanian-speaking Arbereshe are one of the largest, today
persisting in 41 municipalities (Figure 2.1.3.1.1) scattered through different regions of Southern
Italy (including Sicily). They originated from massive immigrations of Albanian-speaking groups,
leaving the Balkan Peninsula as a consequence of the Ottoman Empire invasions, approximately
between the 15th and 16th centuries AD. The settlement of these communities in the Italian
territory, has been the complex results of several waves of invasion, involving different migration
routes as well as different numbers of intermediate steps both in the Balkan (through Greece) and/or
Italian Peninsulas (Giunta, 2003).

The recent history of cultural isolation and the availability of well-documented records about their
peopling history, have made the Arbereshe communities the object of many bio-demographic and
genetic studies (Tagarelli et al., 2007; Fiorini et al., 2007; Boattini et al., 2010; Capocasa et al.,
2014). The Arbereshe of the Cosenza Province (Calabria, Southern Italy) provides one on the most
compelling cases due to the unique occurrence of particularly interesting conditions, that are i) the
high number of villages, accounting for ~43% of the entire Albanian-speaking community of Italy
(Tagarelli, 2004); ii) the exceptional preservation of ethnic identity and cultural traits at least until
the second half of the 20th century (Fiorini et al., 2007), and iii) the historical settlement in the
geographically isolated area of the Pollino massif, which forced the different Arbereshe
communities to remain at least partially separated from each other and interspersed among Italian
non-Arbereshe villages (Tagarelli et al., 2007). These factors constituted challenging features to
specifically test the effects of historic, cultural and geographic factors on human population genetic

variability, throughout relatively small spatial and temporal scales.

120



Micro-geographic perspective
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N RKunicipality Province
1 Acguaformosa
2 Castoregio
3 Cerzeto
4 Civita
5 Falconara Albanese
8 Firmo
7 Frascineto
2 Lungro
9  Plataci Cosenza
10 San Basile (cs)
11 San Benedetto Ullano
12 San Cosmo Albanese
13 San Demetrio Corone
14 San Giorgio Albanese
15 San Martine di Finita
16 San Caterina Albanese
17 Santa Sofia d'Epiro
18 Spezzano Albanese
19 Vaccarizzo Albanese
20 Andal Catanzaro
21 Caraffa di Catanzaro (cz)
22 Marcedusa
23 Carfizzi

) Crotone
24 Pallagorio {KR)
25 San Nicola dellAlio
25 Barile
27 Ginestra Potenza
28 Maschito PZ)
29 San Costantino Albanese
30 San Paolo Albanese
31 Campomaring
32 Montecilfone Campobasso
33 Portocannone (CB)
34 Ururi
35 Casalvecchio di Puglia Foggia
35 Chieuti (FG)
37 Contessa Entellina Palermo
38 Piana degli Albanesi (PA)
39 Santa Cristina Gela
40 Greci Avellino (AV)
41 San Marzano di San Giuseppe Taranto (TA)

Figure 2.1.3.1.1. List and geographic location of the 41 Arbereshe municipalities of the Italian Peninsula. Modify from Tagarelli, 2004
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Previous bio-demographic studies (Tagarelli et al., 2007; Fiorini et al., 2007) demonstrated that the
Arbereshe communities of Calabria kept a clear genetic differentiation from the surrounding Italian
non-Arbereshe groups by virtue of their linguistic and cultural isolation. However, environmental
elements were shown to have strongly influenced the genetic relationships between the different
Arbereshe communities, thus suggesting a double effect of cultural and geographic isolation in
shaping the genetic variability between and within ethnic groups (Figure 2.1.3.1.2; Tagarelli et al.,
2007). Notably, a diachronic-analysis approach revealed that such isolation features declined
drastically during the second half of the 20th century, as a consequence of the so-called “breakdown
of isolates” (Fiorini et al., 2007).
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Figure 2.1.3.1.2. a) Location of the 19 Calabrian Arbéreshe (dots) and the 5 Italian Non-Arbéreshe (diamonds)
populations investigated by Tagarelli et al., 2007. Geographic groups: A, East of the Crati River; B, West of the
Crati River; C) Pollino Area; D) Pollino South-West b) Neighbor Joining Tree of isonymic relationships among
the analysed populations. Modify from Tagarelli et al., 2007.

From a genetic point of view, a first Y-chromosome-based study (Boattini et al., 2010) confirmed
the discontinuity of Calabrian Arbereshe from the surrounding Italian genetic space, revealing their
shared genetic variation with modern Balkan populations. More recently, a first attempt to compare
the uniparental variability of the Calabrian Arbereshe with the Sicilian Albanian-speaking groups,
preliminarily hypothesised divergent micro-evolutionary histories between the two Arbereshe
groups (Figure 2.1.3.1.3; Capocasa et al., 2014), thus suggesting a more complex interplay between
historical, cultural and geographic factors, even among culturally and historically related

populations.
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Figure 2.1.3.1.3. Admixture-like barplots for Y-chromosome (a) and mtDNA (b). The barplots represent DAPC-
based posterior membership probabilities for each of the considered populations and for each inferred cluster (mclust
algorithm). The affiliation of each population to a given cluster and its corresponding colour code are represented by
letters (within coloured squares) on the top of each bar. Abbreviations: Arbereshe from Calabria (ARC), Arbereshe
from Sicily (ARS), Trapani-Enna (TEN), Cosenza (COS), Albania (ALB), Greece (GRE).

2.1.3.2 Socio-economic factors: the case of the Partecipanza of San Giovanni in Persiceto
(Northern Italy)

In addition to geographic factors (physical constraints) and/or linguistic diversity (cultural
barriers), also socio-economic practices have recently demonstrated to potentially affect the genetic
structure of human populations, in some cases inducing sex-biased patterns of genetic structuring
(Destro-Bisol et al., 2004). By influencing the way in which unions between individuals took place,
the study of the relationships between genetic variation and socio-economic forces can improve our
understanding of the role of culture in determining and differentiating the current genetic variability
within and among populations (Destro-Bisol et al., 2004). However, this phenomenon has been only
partially explored in population genetic studies, probably due to the difficulty to define stable
categories of populations. In fact, socio-economic features tend to rapidly change over the time,
with an increasing trend especially in the last centuries of the human history.

In this context, the Partecipanza of San Giovanni in Persiceto (a community settled in Northern
Italy) is one of the rare case-studies able to provide an ideal framework of investigation to
specifically address the relationships between genetics and socio-economic forces.

The Partecipanze are an idiosyncratic way of sharing and devolving collective lands of Medieval
origins, that still survive in some areas of the Padana Plain (Northern Italy). The privileged status of
Partecipante (i.e. the ability to participate in the sharing of leased assets) is conditioned by two
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fundamental rules: i) to be a male legitimate descent of a Partecipante founder family (i.e. gene-like
patrilineal inheritance), and ii) to maintain the residence in the municipality of San Giovanni in
Persiceto throughout the different generations (i.e. highly specific local ancestry). The membership
to an economically advantaged élite group of Medieval origins, and the peculiar way of inheritance
of the status of Partecipante (strictly and exclusively male-mediated), are both conditions able to
have generated population-specific and sex-biased patterns of genetic structuring, thus offering the
unique chance to test whether a relatively short history of “socio-cultural €lite environment” has left
detectable signatures in the genetic diversity pattern of current population.

In addition, the nine-year periodic availability of census-like descriptions of the population
composition (made possible by the cyclic redistribution of the shared lands among the heads of the
Partecipante families, Figure 2.1.3.1.4), offers the rare possibility to reconstruct deep-rooted
paternal pedigrees, which can be associated to paternal genetic profiles. Thanks to the unique link
between traceable culturally inherited elements - patrilineal surnames of founder families - and
genetically inherited markers - male specific Y-chromosomes - (Manni et al., 2005; Winney et al.,
2012), it is therefore possible to select samples that are more likely to be representative or to contain
signatures of the ancestral population, as it appeared before the reshuffling effects of more recent
migration and expansion events - especially since the Industrial Revolution which has progressively

blurred the picture of fine-scaled historical population structure and genetic variation (Bowden et
al., 2008; Larmuseau et al., 2012).
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Figure 2.1.3.1.4. (Left) Example of registers of the Enrolments (“Registri delle iscrizioni”) preserved at the historic
archives of the Partecipanza (photo by Medoro C). The right to participate to the sharing of the leased assets is based
on these registers which are compiled every nine years on the occasion of the subdivision of the lands (an example in
the map on the right) among the heads of the Partecipante families.
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As briefly reviewed in the previous paragraphs, the complex patterns of genetic diversity in
extant human populations are the product of different strata of historical, demographic and
evolutionary events acting on different timescales, that include colonisation, migrations, splits,
population expansions or contractions, admixture, isolation, mutations and genetic drift. In
particular, if we consider the multi-layered history, the geographic complexity and the cultural
heterogeneity that characterise the Italian Peninsula, it becomes even more evident that trying to
connect genetic signals with particular (relatively recent) historical events and/or with specific
geographic or socio-cultural factors, necessarily requires the choice of peculiar case-studies and the
planning of well-conceived sampling strategies and research designs. In this respect, the study of
geographically and/or culturally marginal populations may provide unique opportunities to clarify
the genetic patterns emerged from open-populations located in the same area as well as to
investigate the evolutionary forces that shaped human genetic variation at relatively short spatial
and temporal scales. Within the framework of a comprehensive investigation of the Italian micro-
evolutionary variability (MIUR-Project PRIN2007 and PRIN2009), in the second part of this thesis
we have particularly considered two peculiar case studies.

In the first case-study we compared the paternal genetic variation of two Arbereshe ethno-
linguistic groups —from Sicily and Southern Italy (Calabria) respectively — both among each other
as well as with their putative Balkan source and Italian sink populations. That way, by exploiting
the available historical data and by considering the different conditions of cultural and geographic
“marginality”, we particularly intended to explore how different demographic histories, geographic
influences and cultural forces may have intervened in shaping the within-ethnic group genetic
variability and/or in maintaining the genetic continuity with the populations of origin. The results of
this study are presented in Article 3.

In the second case-study we focused our attention on the Partecipanza of San Giovanni in
Persiceto, to verify whether its peculiar socio-economic condition might have induced (sex-biased)
population genetic structures and may have helped preserving specific traces of the more recent
genetic history of Northern Italy. In addition, the association of deep-rooted paternal pedigrees to
Y-chromosome genetic profiles (see the previous paragraph for more details), allowed us to address
some more generally debated questions concerning the assessment of evolutionary parameters, such
as Y-STRs mutation rates and population average generation time. The results of this study are
presented in Article 4.

A more detailed discussion of some aspects of the results, for both the above mentioned articles,

is presented afterwards as a commentary.
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Pettener D. Same language, different genetic histories: high
resolution analysis of Y-chromosome variability in the
Arbereshe populations of Calabria and Sicily (in preparation).
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Albanian-speaking Arbereshe

ABSTRACT

Albanian-speaking minorities of Sicily and Southern Italy proved to have maintained a clear genetic
link with the Balkan-source populations, by virtue of their linguistic isolation from the surrounding
Italian groups. However, preliminary results of both bio-demographic and population genetics
studies suggested differences in the ethnogenesis processes between the Arbereshe groups today
settled in the Italian Peninsula. In this study we address the genetic history of Arbereshe people
with a high-resolution analysis of Y-chromosome variability. A large set of slow- and fast-evolving
molecular markers was typed in different Arbereshe communities of Sicily and Southern Italy. By
combining this dataset with newly-generated Y-chromosome data from both Balkan-source and
Italian-sink populations, we particularly explored the role of geographic, demographic and cultural
factors in shaping the current genetic diversity of Arbereshe population. Simulations of admixture
dynamics reveal different scenarios for the two ethno-linguistic groups. The Albanian genetic
ancestry appears clerly conserved in Calabrian Arbereshe, the Sicilian ones instead showing a more
complex inheritance pattern, implying partial contributions from Greek populations and higher
levels of local admixture. The dissection of haplogroup composition highlights the differential
presence of specific haplotype clusters both between the two Arbershe groups, as well as among the
different communities within them. Accordingly with historical evidences, these results signal
traces of diverging histories between the Calabrian and Sicilian Arbereshe, suggesting different
founding events and different patterns of population contact or cultural isolation in situ, which
resulted in the differential acquisition or preservation of specific paternal lineages by the two

Arbereshe groups.
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INTRODUCTION

The term "linguistic minority” generally refers to a group of people (or a small number of
geographically close communities) speaking a language variety which is markedly different from
the official language of the surrounding geographic area (Toso, 2014). Usually, these populations
have originated from a restricted number of founders and have remained at least partially isolated
from the subsequent events of admixture (Destro-Bisol et al. 2008). Compared to open populations,
linguistic minorities can therefore represent a simplified model of investigation to focus on the
interplay between geographic and cultural factors, reducing the confounding noise otherwise
ascribable to the multi-layered history of a population. In addition, their condition of linguistic
isolation (potentially acting as a genetic barrier between different ethnic groups) might have helped
these communities to preserve a more direct genetic link with the populations of origin (Capocasa et
al. 2014). Besides increasing the cultural and genetic variability of their recipient populations
(Capocasa et al., 2014), ethno-linguistic groups can therefore represent important “tools” to address
two main issues in population genetics studies, that are i) the influence of cultural (linguistic) traits
on population genetic structures, and ii) the extent to which specific genetic signatures of
population past history are traceable and detectable in the gene pool of the extant individuals. In
addition, isolated populations have recently attracted the increasing interest of medical genetics
studies for mapping genes involved in rare diseases or identifying alleles involved in complex traits
(Destro-Bisol et al., 2008; Veeramah et al., 2011; Esko et al., 2012). Due to their demographic
features (small population size, recent shared genetic ancestry and low immigration rate), isolated
populations are indeed expected to show lower levels of genetic heterogeneity and internal
population structure, as well as increased levels of Linkage Disequilibrium (LD) compared to the
large outbred populations (Heutink and Oostra, 2002; Kristiansson et al., 2008).

Among the numerous ethno-linguistic groups today established in the Italian territory (see Capocasa
et al, 2014 and Toso et al. 2014 for a full overview), the Albanian-speaking Arbereshe are one of
the largest. Unlike most of the Italian ethno-linguistic minorities, the Arbereshe case is well-
documented from the historical point of view. The available historical data provide a quite reliable
and precise understanding on the place and time of their origin, as well as on the main geographic
and chronological patterns of diffusion within Southern Italy (including Sicily). Their origins are
generally referable to massive movements of Albanians, occurred between the 15th and the 16th
centuries, mainly in response to the invasion of the Balkans by the Ottoman Empire (Zangari,
1941). However, their presence in ltaly is actually the result of several migration waves, either

coming directly from Toskeria (Southern Albania) or arrived in Italy after intermediate steps in
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Greece (Peloponnese). Today the Arbereshe people survive in 41 municipalities, distributed among
different regions of Sicily and Southern Italy (Tagarelli, 2004).

The Arbereshe of Calabria (Southern Italy) particularly persist in 19 municipalities of the province
of Cosenza scattered around the highland area of the Pollino massif and along the Crati River
valley. Besides sharing a condition of geographic marginality, these communities have
demonstrated a deep sense of group identity in maintaining their social, religious (Greek Orthodox)
and linguistic (Arberisht) original traits, at least until the first half of the 20th century AD (Fiorini et
al., 2007). Previous bio-demographic studies (Tagarelli et al.2007; Fiorini et al. 2007) demonstrated
that such cultural identity has helped Arbereshe communities to maintain a clear genetic
differentiation from the surrounding Italian non-Arbereshe villages (Tagarelli et al., 2007).
Importantly, it was shown that such differentiation declined drastically during the second half of the
20th century (breakdown of isolates; Fiorini et al. 2007). In accordance with bio-demographic
results, our first molecular surveys (Y-chromosome, mtDNA), performed on a surname-based
selected subset of Calabrian Arbereshe, confirmed this population to be genetically discontinuous
compared to the Italian genetic background, while showing a shared genetic ancestry with modern
Balkan populations (Boattini et al., 2010; Capocasa et al., 2014). In addition, and consistently with
their peculiar condition of greater environmental isolation, surname-based studies suggested the
strong influence of geography on the pattern of genetic relationships between the different
Arbereshe villages. Three main clusters, exactly mirroring the areas of geographic location of the
different Arbereshe communities (Pollino Massif, Pollino South-West, Crati River Valley) were
particularly invoked to explain their within-ethnic-group genetic variation (Tagarelli et al., 2007).
On the other hand, the Arbereshe group of Sicily today survives in only three municipalities in the
province of Palermo. They are characterized by lower geographic isolation and population size. In
addition, historical evidences suggest a more troubled peopling history for these communities, that
particularly involved several intermediate steps both in the Balkan and Italian Peninsulas before
their final settlement in Sicily, as well as subsequent re-peopling events from Greece (Giunta,
2003). Our preliminary investigation of the uniparental genetic structures of Sicilian Arbereshe
(Capocasa et al., 2014) revealed stronger links with Greek populations on the paternal side and
higher similarities with Italians from the maternal point of view.

Based on these studies, here we present a new high-resolution analysis of Y-chromosome genetic
variation in the Arbereshe population i) by increasing the sampling coverage for both Sicilian and
Calabrian Arbereshe; ii) by deepening the resolution level of Y-chromosome analysis and
combining the investigation of both slow- and fast-evolving genetic markers; and iii) by generating

new data also for the Albanian comparison populations.
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By using a micro-geographic approach, aimed at directly comparing linguistic isolates with both
their geographic neighbors and source populations, we seek to specifically address the following
issues: i) to obtain a fine-grained description of Y-chromosomal diversity within the Arbereshe
ethno-linguistic minority, in order to distinguish between homogeneous or discontinuous patterns of
genetic variation among the different Arbereshe groups/communities; ii) to explore the differential
role of culture and geography in shaping the genetic structure of each group by assessing their
degree of genetic continuity or local admixture with the Balkan-source or Italian-sink populations
respectively; iii) to gain new insights into the population movements at the origin of the Arbereshe
settlement in Sicily and Southern Italy by investigating their genetic ancestry.

MATERIALS AND METHODS

Ethics statement

All donors provided a written informed consent to the project and data treatment, according to the
ethical standards of the institutions involved. The Ethics Committee at the Azienda Ospedaliero-
Universitaria Policlinico S.Orsola-Malpighi of Bologna (Italy) approved all procedures.

Population samples

The dataset primarily consist of unpublished Y-chromosome data of 150 unrelated male individuals
from 13 Arbereshe villages of the province of Cosenza (Calabria, South Italy) and 2 Arbereshe
communities of the province of Palermo (Sicily). From now on we will refer to the former as
Calabrian Arbereshe (ARB_CAL) and to the latter as Sicilian Arbereshe (ARB_SIC). Blood
samples or buccal swabs were collected from healthy males volunteers, selected according to the
following criteria: i) possession of Arbereshe founding surnames; ii) self-declared affiliation to the
Arbereshe ethnic-group; iii) patrilineal residence in Arbereshe village for at least three generations.
Y-chromosome data (12 STRs and 30 Y-SNPs) of 40 ARB_CAL individuals were partially
published in Boattini et al., 2010.

Based on previous bio-demographic results (see Introduction), and additionally considering the low
sample size otherwise obtained for each single village if considered separately, the 13 Calabrian
Arbershe communities were grouped in 3 ethno-geographic homogeneous clusters: i) populations
located in the valley of the Crati River (referred as Crati River Valley, VAL_CRA,; n=46); ii)
populations located on the south-western side of the Pollino area (referred as Pollino South-West,
POL_SW; n=36); iii) population located in the Pollino massif area (referred as Pollino Massif Area;
POL_AREA; n=24).

134



Albanian-speaking Arbereshe

The two Sicilian Arbereshe communities of Contessa Entellina (CON_ENT; n=26) and Piana degli
Albanesi (PIA_ALB; n=18) were analyzed separately considering the postulated complexity and
heterogeneity in their evolutionary histories (see Results).

New unpublished Y-chromosome data have been moreover generated for 223 unrelated Albanian
males, collected from the two major dialect groups of Albania, respectively Ghegs from the North
(N=119) and Tosks from the South (N=104). All the participants identified themselves as member
of the given ethnic group, with at least two generations of unrelated paternal ancestry in their region
of birth. 12 STRs and 18 Y-SNPs data for these populations were partially published in Ferri et al.
2010.

We finally included 263 samples from Sicily and Southern Italy (Boattini et al., 2013; Sarno et al.,
2014) as well as 209 unpublished Greek samples from Korinth and Eubea (Anagnostou P, personal
communication), reaching a total of 845 Y-chromosomes.

Genomic DNA was extracted by using a Salting Out modified protocol (Miller et al., 1988).
Y-chromosome genotyping

Haplogroups (HGs) were determined by typing 42 SNPs in the non-recombining region of the Y
chromosome, following a hierarchical approach. Basal haplogroups were firstly assigned through
the analysis of the seven Y-SNPs (R-M173, J-M172, I-M170, E-M35, K-M9, P-M45, F-M89)
implemented in the MY1 Multiplex PCR by Onofri et al. (2006). Afterwards, 33 additional Y-SNPs
(E-M78, E-V12, E-V13, E-V22, G-P15, G-P16, G-M286, G-U8, G-U13, I-M253, I-M227, 1-L22, I-
P215, I-M26, 1-M223, J-M410, J-L27, J-M67, J-M92, J-M12, R-M17, R-M343, R-M18, R-M269,
R-L51/S167, R-S127/P311, R-S21/U106, R-S116/P312, R-SRY2627/ M167, R-S28/U152, R-
M126, R-M160, R-L2/S139, R-L21/S145) were typed within the major European clades by using
six haplogroup-specific multiplexes (Ferri and Alu, 2012). The SNP genotyping was carried out by
means of PCR Multiplex amplification, followed by Minisequencing SBE reaction performed with
the SNaPshot multiplex kit (Applied Biosystem). SBE products were analyzed with capillary
electrophoresis on an ABI Prism 310 Genetic Analyser. Two further SNPs (E-M81, E-M123) were
finally tested with RFLP analysis as described previously (Neto et al., 2007; Gayden et al., 2008).
All samples were additionally typed for the 17 Y-STRs loci implemented in the AmpFISTR Yfiler
PCR Amplification Kit (Applied Biosystems, Foster City, CA) following the manufacturer’s
recommendations (Mulero et al., 2006). Products were sized on an ABI Prism 310 Genetic
Analyzer by using the GeneScan 3.7 software (Applied Biosystems, Foster City, CA). As the Yfiler
kit amplifies DYS385a/b simultaneously, avoiding the determination of each of the two alleles,

these two loci were excluded from all the analyses performed. Unless otherwise specified, statistical
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analyses were so performed using 15 STRs loci. The DYS389b locus was obtained by subtracting
DYS3891 from DYS38911 (Gusmao et al., 2006).

Statistical analyses

Haplogroup frequencies were estimated by direct counting. Standard measures of intra- and inter-
population genetic diversity were calculated using the Arlequin software (version, 3.5.1.2; Excoffier
et al., 2007). The genetic variance within and between population groups was partitioned at
different hierarchical levels through the analysis of molecular variance (AMOVA) as implemented
in the Arlequin software. Fisher exact tests were performed on haplogroup frequencies in order to
determine significantly over- or under-represented HGs in any of the considered populations. To
reach a common level of Y-chromosome resolution, sub-lineages were concatenated in 36 HGs.

The phylogenetic relationships between haplotypes within the most frequent HGs were inferred
using the Reduced Median (RM) network algorithm, whose output was subsequently exploited to
calculate the Median Joining (MJ) network, through the Network software 4.5 (Bandelt et al. 1995).
STRs loci were weighted according to the inverse of their variance (Meyer et al. 1999). MJ
networks were visualized with Network Publisher (Fluxus Engineering, Clare, UK). Time to the
Most Recent Common Ancestor (TMRCA) was calculated for population-specific clusters of STR
haplotypes. These clusters were identified within the phylogenetic networks of the most important
HGs following Balanosvsky et al. (2011) and selecting only those clusters which appeared to have
specifically evolved within particular population groups (frequency higher than 70%). TMRCASs
were estimated by means of the standard deviation (SD) estimator by Sengupta et al. (2006). The
95% confidence intervals were calculated based on the standard error (SE). This method does not
estimate the population divergence time, but the relative age (amount of time) required to
accumulate the observed STRs variation within the haplogroup at each population (or population-
specific cluster). Because haplotype clusters are population specific, the resulting age estimations
should be interpreted as lower bounds for the time that a population may have been isolated
following a split (Balanosvsky et al., 2011). Being the time estimates based on variance sensitive to
the presence of outliers, all Y-chromosome age estimates here obtained were corrected for the
presence of outlier STR loci as described previously (Boattini et al. 2013). Since events involving
Arbereshe population are relatively recent (~500 YBP), time estimates were computed based on all
STR loci (minus DY S385a/b). As for mutation rates, we adopted locus-specific mutation rates as
estimated by Ballantyne et al. (2010). A generation time of 28 years has been considered.

The relationships between Arbereshe ethno-linguistic minorities and both their putative Balkan
source and Italian recipient populations, were investigated by using several multivariate analyses,

based on both fast- and slow-evolving markers. Multi-Dimensional Scaling (MDS) based on STRs
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genetic distances (Reynolds et al., 1983; for the use of this distance with STRs see Laval et al.,
2002) was performed by using the R software function isoMDS (library MASS; Venables and Ripley
2002). The STRs-based distance matrix was additionally exploited to perform a hierarchical cluster
analysis (1,000 bootstraps) according to the Ward’s algorithm implemented in the R software
(function hclust, library stats; R Development Core Team, 2011). A Correspondence analysis
(COA) on HGs frequencies was finally performed by using the function dudi.coa (R software
package ade4, Dray and Dufour, 2007; Dray et al., 2007).

The paternal genetic relationships of Arbereshe with the other comparison populations were further
addressed and compared by means of admixture-like plots based on STRs genetic distances, as
described previously (Sarno et al., 2014).

In order to estimate the contribution of source and local/sink populations to present-day Arbereshe
communities, we applied a hypothesis testing approach. The variation through time of DHS - a
molecular distance based on the extent and type of shared haplotypes between pairs of diverging
pools (Tofanelli et al. 2009) - was calculated at Y-STR and Y-SNP variants. As for STRs, we
selected the 12 STRs markers with the highest duration of linearity D with time (Busby et al.,
2012). Different sets of parameters (see Table S1) were modeled under a stochastic Markov chain
Monte Carlo (MCMC) method as implemented in the software CUDAshes (codeplex.ashes.com).
As starting pools we used three putative source samples (Tosks, Ghegs, and a 50% random blend of
Greek and Tosks) and two local non-Arbereshe groups (Sicilians, Calabrians). In every simulation
model we considered two populations coming into contact at time t0 and exchanging M haplotypes
from the source to the sink pool. At time t1, the two populations were allowed to evolve
independently for 20 generations — that is the time since the oldest evidence of the Arbereshe
migration (~560 YBP) by considering 28 years per generation. For each model 500 iterations were
performed and summary statistics of DHS values were calculated. To take into account the effects
of demographic dynamics occurred since the event of contact, realistic prior parameters were used
(Table S1). Varying parameters were the number of exchanged haplotypes or migrants (5% 10%,
20%, 30%, 50% contribution of local haplotypes to the final pool), the mutation rate (0.002485 for
STRs; 0.000001 for SNPs), and the increment rate (1.00 for the stationary model, 1.07 for the
population growth model, the upper estimate from the historical evidence). The starting haplotype
pools of source and local populations were built upon n-time reiterations of the real data with a final
effective size one-sixth of the averaged present-day census size. The distributions of simulated DHS
values were compared with empirical values calculated for each pair of samples. The data were
considered to fit the model when observed DHS values fell within two standard deviations by the

mean of the simulated distribution.
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RESULTS

We analyzed 845 Y-chromosome haplotypes from the Arbereshe ethno-linguistic minorities of
Sicily and Southern Italy (Calabria), as well as from their putative source (Albania, Greece) and
recipient (Calabria, Sicily) populations (Table 1). Y-STR haplotypes and Y-SNP genotyping results
for the newly-typed Arbereshe (n=150) and Albanian (n=223) individuals are provided in Table S2.
The frequencies of Y-chromosome haplogroups (HGs) for both the two Arbereshe groups as well as
for Balkan and Southern-Italian comparison populations are detailed in Table S3. The geographic
distribution of Y-chromosome main lineages in the studied populations is shown in Figure S1.
Within ethnic-group variation and population genetic diversity

Y-STRs intra-population genetic diversity of Arbereshe communities (ranging from 0.9785 to
1.000; Table S4) attains values which are similar to those reported in previous studies on Arbereshe
Y-chromosome haplotype variability (Boattini et al. 2010, Capocasa et al, 2014). Higher values
have been instead obtained for Y-HGs, as expected if considering the increased resolution panel of
Y-SNPs here analyzed. On the whole, both haplotype and haplogroup diversity in Arbereshe
communities do not significantly differ from the range of values observed among Italian and Balkan
comparison populations (Mann-Whitney U test: W=10.5, p-value=0.075 for STR data, and W=12,
p-value=0.113 for SNP data). Nevertheless, departures from the observed range of variability have
been detected in the Sicilian Arbereshe community of Contessa Entellina as well as in the Albanian
Gheg population, which showed the lowest values of within-population genetic diversity for STR
(0.9785+0.0166) and SNP (0.7695+0.0251) data respectively (Table S4).

Within-ethnic group variation was explored by means of AMOVA analysis (Table S5). A
significant genetic heterogeneity for both HGs (Y-SNPs) and haplotypes (Y-STRs) has been found
within the Arbereshe ethno-linguistic group when all the five communities were grouped in a single
cluster (3.96%, p-value<0.001 for SNPs; and 2.95%, p-value=0.0028 for STRs). When considering
the variation within ARB_CAL and ARB_SIC separately, AMOVA results (Table S5) indicate the
ARB_SIC as the main contributor to the heterogeneity observed within the Arbereshe ethnic-group
(4.60%, p-value=0.0305 for SNPs; and 5.17%, p-value=0.0358 for STRs). On the other hand, the
within-population variation for ARB_CAL appears statistically significant for SNPs markers
(2.42%, p-value=0.0106) but not for STRs data (0.56%, p-value=0.2532).

As for the Italian and Balkan (excluding Arbereshe) comparison populations, both Southern Italian
(including Sicily) and Greek populations appear as two quite consistent homogeneous groups

(Table S5). A statistically significant intra-group variation has been instead observed for Albania
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(1.53%, p-value=0.0182 for SNPs; and 1.21%, p-value=0.0258 for STRs), thus revealing a modest
degree of differentiation between Tosks and Ghegs.

Populations comparison

To visualize clearly the genetic relationships of Arbereshe communities, with both their Balkan
source and Italian recipient populations, a correspondence analysis (CA) was performed on HG
frequencies (Figure 1). The first two components, together accounting for ~40% of the total
variance, highlight both geographic and linguistic groupings. Italian and Balkan populations appear
well detached along the first component (CO1, 20.6%), which differentiates the two geographic
Peninsulas. In this context, the Arbereshe communities of both Sicily and Southern Italy (Calabria)
appear mainly scattered within the space occupied by the Albanian and Greek populations, that way
confirming the influence of ethnic and cultural features on the observed genetic structure. The
distribution of samples along the second component (CO2, 19.1%) detaches all the Sicilian
populations, independently from their cultural affiliation to Italian (Sicilians and Southern Italians)
or Balkan (Arbereshe of Sicily) languages, from all the other populations. Consistently with CA
results, a significant among-groups variance (Table S5) is observed when Arbereshe populations
were grouped according to both their linguistic affiliation and geographic location, thus attesting the
role of both culture and geography in shaping the observed Y -chromosome genetic composition.
Results based on STRs genetic distances (Figure 2, Figure S2), besides confirming the geographic
separation between the Balkans and Southern Italy, stress even further the heterogeneity observed
among the two Arbereshe ethno-linguistic groups. Coherently with CA results, Italian and Balkan
populations appear generally distinguished by the two dimensions of the MDS plot (Figure S2), also
clustering in two well-separated groups in the cluster analysis (respectively an Italian - bootstrap
61.2% - and a Balkan one - bootstrap 76.6%; Figure 2). Analogously, Arbereshe communities fall
mostly within the Albanian-Greek cluster (the only exception being CON_ENT, Figure 2), thus
supporting their shared genetic ancestry with modern Balkan populations. Nevertheless, the two
Arbereshe groups appear well detached along the second dimension of the MDS plot (Figure S2),
also showing different patterns of genetic similarity in the hierarchical clustering analysis (Figure
2).

Paternal contributions to the Arbereshe genetic pool

The admixture contributions of Balkan source and Italian recipient populations to the present-day
Arbereshe genetic pool were estimated by performing forward DHS-based simulations under
different scenarios, with the MCMC method implemented in the program CUDAshes (see
Matherial and Methods for details).
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By comprehensively considering both STRs- and SNPs-based results, the scenario which best fits
the observed data in the case of ARB_CAL is a migration from Toskeria to Calabria with an
effective size of 200-900 migrants and a local contribution to the new settlements of 5-20% (Table
2, Figure S3). Evolutionary scenarios with Ghegs as parental population fit models with a local
contribution of 5-30%, corresponding to an effective size of 100-900 migrants. These results should
however be considered less likely, since the observed DHS value matches the range of simulated
values only in the tails of the distribution (Figure S3).

Evolutionary scenarios for ARB_SIC fit only models based on SNPs-data, with an effective size of
120 (or less) migrants from a Tosk or Tosk/Greek source population (Figure S3) and a local
contribution higher than 50% (Table 2), which is unlikely unless extensive gene flows between
source and local populations or complete population displacements are invoked. In the case of
ARB_SIC, evolutionary scenarios with Gheghs as parental population do not fit any model (Table
2, Figure S3). In general, variation of the increment rate in the growth model did not affect
appreciably the fit to the models (data not shown).

The relative contribution of local population increases when ARB_CAL were split in the three
single Arbereshe communities (data not shown), as expected if considering the reduction in their
relative population sizes (POL_AREA, n=24; POL_SW, n=36; VAL _CRA, n=46). Under the
assumption that the lower the number the lower the probability to find shared haplotypes, DHS
statistics (and consequently the distance from the source population) is expected to increase for low
sizes (N<25). In a similar way, the splitting of Sicilian Arbereshe in the two single communities
(CON_ENT, n=26; PIA_ALB, n=18) would implying a complete dilution of Arbereshe haplotypes
in the current local genetic pools (data not shown).

Consistently with simulation results, admixture-like plots reveal ARB_CAL to be more clearly
related with the Albanian populations, while ARB_SIC show a more complex pattern of genetic
similarities involving partial links with Greek populations (Figure 3a). Among the two Sicilian
Arbereshe communities, CON_ENT seems particularly the one mostly affected by a relevant Greek
contribution (Figure 3b). It is also noteworthy the clustering of POL_SW with the Sicilian
Arbereshe population of PIA_ALB, rather than with the other Calabrian Arbereshe communities of
POL_AREA and VAL_CRA (Figure 3b).

Structuring of Arbereshe Y-chromosome haplogroup composition

The most frequent HGs in the whole Arbereshe dataset are E-V13 (13.3%), E-M123 (10.7%), I-
P215(xM26,M223) (10.0%), 1-M223 (10.0%), R-M17 (10.0%) and R-M269(xP311) (8.0%).
Altogether these lineages encompass approximately the 62% of whole Y -chromosomes (Table S3).

However, these average frequencies mask the real pattern of HGs distribution that appears when the
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two Arbereshe groups (and the single communities within them) were considered separately. In
fact, despite the general accordance with the HG composition pattern described above, prevalent Y -
HGs in ARB_CAL (E-V13, 16.9%; 1-M223, 14.2%; Figure S1, Table S3) do not match those
instead found in ARB_SIC (1-P215, 20.5%; E-M123, 18.2%; Figure S1, Table S3).

Y-chromosome haplogroup E-V13 and I-P215(xM26,M223) represent the most frequent lineages
observed in ARB_CAL and ARB_SIC respectively. These haplogroups are two of the most
common paternal lineages found in the Balkan Peninsula. Accordingly, E-V13 confirms to be
significantly over-represented also in the Balkan populations here examined (and particularly
among the Albanian Ghegs; 37.8%, p-value<0.001), reaching however noteworthy frequencies in
all the three Calabrian Arbereshe communities analyzed (from 15.22% of VAL_CRA to 19.44% of
POL_SW). Analogously, haplogroup 1-P215, despite being frequent in the Balkans especially
among Tosks and Corinthians (11.5% and 14.16% respectively), appears at significantly high
frequencies in the Arbereshe populations of Sicily, and especially in the community of CON_ENT
(27%, p-value=0.0304).

Some interesting patterns moreover appear when looking at HGs 1-M223 for ARB_CAL and E-
M123 for ARB_SIC, which represent the second most frequent lineages found in the two Arbereshe
groups respectively (Table S3). Both of them are significantly over-represented in these linguistic
minorities (with frequencies of 14.2%, p-value<0.001 and 18.2%, p-value=0.0015, respectively)
compared to the considered Southern Italian and Balkan comparison populations. However, HG E-
M123, despite confirming its high frequencies in the Arbereshe populations of Sicily (and
particularly in CON_ENT; 19.2%, p-value=0.0403), appears significantly over-represented also in
the Calabrian Arbereshe population of POL_SW (22.2%, p-value=0.0003). On the contrary, this
lineage is completely absent in the other two Arbereshe communities of Calabria (namely
VAL_CRA and POL_AREA). The opposite pattern has been observed for haplogroups 1-M223.
This lineage is indeed over-represented in the Calabrian Arbereshe communities of VAL_CRA and
POL_AREA (17.4%, p-value=0.0074 and 25%, p-value=0.0065 respectively), being instead
virtually absent in both the Sicilian Arbereshe and the remaining Calabrian Arbereshe population of
POL_SW (Table S3).

The third most frequent lineage in ARB_CAL and ARB_SIC is haplogroup R-SRY10831.2, which
has been found at comparatively high frequencies in both the two ethno-linguistic groups (9.43%
and 11.35%).

Haplotype networks and age estimates

The five haplogroups mentioned above proved to significantly affect the genetic variability both

within and between the Arbereshe groups of Sicily and Southern Italy. In order to investigate
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further, we analyzed the STRs variation within these HGs by reconstructing phylogenetic networks
and dating population-specific clusters of haplotypes (see Materials and Methods for more details).
Both networks of E-V13 (Figure S4) and 1-P215(xM26,M223) haplotypes (Figure S5) show fairly
compact star-like structures centered around Albanian (mainly Tosk) haplotypes. However, they
also highlight the differential presence of Arbereshe-specific clusters of haplotype. More precisely,
E-V13 exhibits a cluster (E-V13a) composed almost entirely (77.8%) of ARB_CAL haplotypes
(Figure S4). On the other hand, 1-P215 shows an almost exclusive (85.7%) ARB_SIC specific
cluster (I-P2150, Figure S5). Both of these clusters reveal in their star-like structures signals of
recent expansions. Their SD-based age estimates, dating at 469+118 YBP and 649+170 YBP
respectively, are consistent with the times of Arbereshe migrations in Sicily and Southern Italy. In
both E-V13a and I-P215a clusters, it is noteworthy that non-Arbereshe haplotypes were
autonomously recognized as “outliers” by the jackknife-like omitting procedure of TMRCAs
estimation, and consequently excluded from the age calculation (see Materials and Methods for
details). These facts further attest the Arbereshe-specificity of the obtained haplotype clusters.
E-M123 and I-M223 networks reaffirm the presence of Arbereshe-specific clusters of haplotypes.
In particular, HG 1-M223 (Figure S6) mainly reflects its specificity for ARB_CAL (cluster I-
M223a) being instead completely absent in ARB_SIC. On the contrary, HG E-M123 well
emphasizes the within-ethnic group genetic variation by showing the co-existence of two distinct
Arbereshe-specific clusters: respectively a 100% ARB_CAL (E-M123a) and a 100% ARB_SIC (E-
M123B) (Figure S7). Age estimates are similar for both the two E-M123-identified clusters
(1133+£314 YBP and 883+228 YBP respectively), yet predating (as it happens also for the cluster I-
M223a, 2122+548 YBP) the time of Arbereshe settlement in Sicily and Southern Italy.

Haplogroup R-SRY10831.2 proved to not significantly differ in frequency between the two
Arbereshe groups. Consistently, ARB_CAL and ARB_SIC haplotypes form a shared Arbereshe-
specific cluster (R-SRY10831.2a) within the corresponding network (Figure S8), which traces back
at 556+146 YBP.

DISCUSSION

The Albanian-speaking Arbereshe embrace an important portion of the ethno-linguistic variability
of Sicily and Southern Italy (and more generally of the whole Italy). Recently, this ethno-linguistic
minority has particularly attracted the increasing attention of both bio-demographic (Tagarelli et al.,
2007; Fiorini et al., 2007) and population genetic studies (Boattini et al., 2010; Capocasa et al.,

2014). In fact, the documented history and traceable migration processes (especially if compared to
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other Italian ethno-linguistic groups), coupled with the condition of “marginality” due to cultural
and geographic traits, has made it possible to ask new questions about the complex interplay
between historical strata, geographic influences and cultural forces, in shaping the current
distribution pattern of population genetic variability.

Previous bio-demographic and genetic studies have confirmed the important role that linguistic and
cultural factors had in preserving the Balkan origins of the Arbereshe population, which indeed
showed a substantial genetic discontinuity with the Italian genetic background (Tagarelli et al.,
2007, Boattini et al., 2010). However, different extents in the genetic relationships between the
Arbershe groups and both their source (Albanians and Greeks) and recipient (Sicialian and
Calabrians) populations (Capocasa et al., 2014) have been also suggested and invoked as factors
potentially affecting the within ethnic-group genetic variability.

In order to obtain a more fine-grained overview on the Arbereshe genetic diversity, in this study we
compared and contrasted the paternal genetic composition of two Arbereshe groups, from Sicily and
Calabria (Southern Italy) respectively, with the aim to more deeply assess the within-ethnic group
population genetic structure. In addition, by directly comparing each ethno-linguistic isolate with
both their geographic neighbors and source populations, we seek to gain new insights into the
genetic history of each Arbereshe community and to explore the effects of cultural distinctiveness
on their current pattern of genetic variability.

The analysis of within-population genetic variation (Table S4) revealed the lack of any significant
reduction of gene diversity in the Arbereshe populations. With the partial exception of Contessa
Entellina (which shows lower values for STRs data), all the Arbereshe communities here considered
exhibite levels of gene diversity relatively high and comparable with the range of values obtained
for the Balkan and Southern-ltalian comparison populations. On one hand, the surname-based
sampling strategy and the biodemographic-based grouping criteria (in the case of Calabrian
Arbereshe) could have at least partially over-estimated the Arbereshe intra-population genetic
diversity here obtained. Nevertheless, the high Y-chromosomal variability observed for all the
Arbereshe surname-based communities (also at micro-geographical levels) is actually more likely to
contain the ancestral genetic signature of the first migrants who settled Southern Italy from the
Balkan Peninsula approximately 500 years ago (Boattini et al. 2010).

When Arbereshe were compared with Italian and Balkan populations, both SNP- (Figure 1) and
STR-based analyses (Figure 2 and Figure S2) reveal the presence of geographic and cultural
groupings, accounting for the genetic separation between the Balkan and Italian Peninsulas on one
hand, and the shared genetic ancestry of Arbereshe groups with the Balkan populations on the other

hand (see also AMOVA results, Table S5). On a broad-scale geographic perspective Balkan and
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Southern Italy previously showed to constitute a quite consistent homogeneous group within the
Mediterranean genetic landscape (Sarno et., al. 2014). However, from a micro-geographical point of
view they actually reveal higher degrees of cultural and genetic complexity. In particular, within the
specific context of the Italian-Balkan genetic link, cultural factors confirm to have played an
important role for the Arbereshe communities to preserve their Balkan genetic background and to
regulate their genetic exchanges with the Italian neighboring populations. Nevertheless, as
preliminarily suggested in Capocasa et al., (2014) and specifically addressed in this study (Figure
3a), Calabrian and Sicilian Arbereshe show within-ethnic-group differences in their processes of
ethnogenesis. In fact, the proportions of Balkan and Italian genetic admixtures - estimated by means
of DHS-based simulation approach (Tofanelli et al., 2009) - vary quite substantially between the
Calabrian and Sicilian ethnic-groups. In general, while the Arbereshe of Calabria confirm their
Albanian origin — the most likely candidate source population being Tosks — and show relatively
low levels of admixture with Italian local populations (Table 2, Figure S3), on the other hand the
scenario suggested for Sicilian Arbereshe implies more complex patterns of genetic inheritances,
where composite founder events (possibly involving population replacements) and higher levels of
admixture with local populations can be hypothesized. Although higher number of samples are
needed to explore plausible scenarios also at the level of single communities, these results however
suggest different genetic histories between the two different ethno-linguistic groups.

When single Arbereshe communities were directly compared on a fine-grained level by means of
admixture-like plots, Contessa Entellina (CON_ENT) seems particularly the one showing greater
genetic links with Greeks (Figure 3b), thus suggesting al least in part its genetic discontinuity
compared to the other Arbereshe populations. This result can be explained if considering some
historical documents (referable to the 1520-1521 AD) attesting that the Arbereshe municipality of
Contessa Entellina (Palermo, Sicily) was repopulated with hundred families coming from the Greek
island of Andros, in the Peloponnese (Giunta, 2003). On the contrary, the other Arbereshe
community of Sicily (PIA_ALB), similarly to all the three Calabrian Arbereshe groups
(VAL_CRA, POL_SW, POL_AREA), confirm a prevalent contribution from the Albanian Tosks
(Figure 3b). This scenario is in accordance with our historical knowledge about the foundation of
the Arbereshe ethno-linguistic minorities of Sicily and Southern Italy. However, it is noteworthy
that POL_SW, rather than clustering with the other Calabrian Arbereshe populations, shows major
links with the Sicilian Arbereshe communities (and particularly with PIA_ALB).

This picture is also reflected in the different patterns of HG composition observed both between the
two Arbereshe groups, as well as among the single communities within them (Figure S1 and Table

S3). Whereas some haplogroups were indeed found at comparatively high frequencies in both
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Sicilian and Calabrian Arbereshe (R-SRY10831.2), other paternal lineages revealed to be
differentially present in ARB_CAL (E-V13) and ARB_SIC (1-P215), or to differentially link some
communities (POL_SW and ARB_SIC, E-M123) compared to other (VAL_CRA and POL_AREA,
I-M223). Despite their common origin in the Balkans and the unifying cultural and linguistic traits,
on a local-scale perspective the differential presence between the two Arbereshe groups (and among
the communities therein) of specific lineages (at relatively high frequencies) presumptively reflects
different population histories and founders events, as well as different patterns of population
contacts and admixture or cultural isolation and genetic drift.

These results led us to the last aim of our research which was trying to disentangle the different
genetic traces still present in the gene pool of current Arbereshe populations. At this purpose, we
especially focused on those haplogroups that i) were found at significantly high frequencies in the
Arbereshe genetic pool — being more likely to reflect the results of founder events - and ii) that
additionally proved to distinguish the two Arbereshe groups and the single communities within
them — being more likely to account for common or different genetic histories. Five haplogroups
were resulted predominant in the Arbereshe genetic pool (E-V13, 13.3%; E-M123, 10.7%; 1-P215,
I-M223 and R-M17, 10%) and each of them showed differential frequency and distribution patterns
within and between the two Arbereshe groups of Sicily and Southern Italy (Calabria).

Haplogroup E-V13 accounts for almost the 17% of Y-chromosomes in the Arbereshe of Calabria,
while not reaching the 5% in the Arbereshe of Sicily. On the contrary, haplogroup 1-P215 reaches
frequencies of more than 20% in the Sicilian Arbereshe, being instead found at only 5% in the
Calabrian ones (Table S3). Both E-V13 and I-P215 (xM26,M223) represent two of the most
frequent lineages of the Balkan Peninsula. Accordingly they have been observed at significantly
high frequencies in all the Albanian and Greek population groups here examined (20-34% for E-
V13 and 7-10% for 1-P215 respectively; Table S3). The typical Balkan origin of these lineages is
moreover attested by the star-like structure of their corresponding haplotype networks (Figure S4
and Figure S5), which appear centered around Balkan haplotypes, with Arbereshe ones that instead
occupy mainly peripheral positions. Although the whole history of a population cannot be identified
with only single haplogroups, the values of Y-STR diversity (HD) within specific lineages can
however be informative for investigating specific migration processes, under the assumption that
higher diversity values should be expected in the populations where the lineage originated, and
lower values might be insetad observed in the populations derived from the migration process (De
Filippo et al. 2010). Interestingly, the Y-STR haplotype diversity associated with E-V13 and I-P215
lineages appears higher in the Balkan populations (0.990-0.995 for E-V13 and 0.985-0.995 for I-
P215) than in Arbereshe of Calabria (0.948+0.039) and Arbereshe of Sicily (0.962+0.064) for E-
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V13 and 1-P215 respectively. In addition, E-V13 ARB_CAL and I-P215 ARB_SIC haplotypes
form highly Arbereshe-specific clusters (E-V13a. ARB_CAL cluster, Figure S4 and a I-P215a
ARB_SIC cluster, Figure S5) that date back at 469+118 YBP and 649+170 YBP. These time
estimates are quite consistent with our state of knowledge about the times and the diffusion patterns
of Arbereshe migrations in Sicily and Southern Italy. This suggests that the expansion of both
clusters might have occurred at around the same time, but probably as a result of different
population movements.

Haplogroup R-SRY10831.2 has been found at comparatively high frequencies in both Calabrian
and Sicilian Arbereshe (9.43% and 11.35%), representing the third most frequent Y- lineage in both
of the two ethno-linguistic groups. This HG is particularly common in Eastern Europe. Accordingly
it has been found at relatively high frequencies also in the Balkan populations here analyzed
(especially among Greeks where it accounts for ~14% of the Y-chromosomes). Its haplotype
network, despite showing a relative complex structure with many different and independent
branches, actually reveals the presence of one Arbereshe-specific cluster (R-SRY10831.2a, Figure
S8), which is shared between ARB_CAL and ARB_SIC haplotypes and date at 556146 YBP. It is
also noteworthy that the Y-STR haplotype diversity associated to this haplogroup in Balkan
populations (0.990-1.000) appears once again higher than the one observed in the Arbereshe ethno-
linguistic group (0.980£0.013). Altogether these results presumptively suggest genetic histories at
least initially shared between the two Arbereshe groups, that at some point in the past might have
then evolved differently.

Obviously we are not identifying the whole Arbereshe population history with single haplogroups,
but haplotype clusters within specific haplogroups are actually more likely to represent or contain
traces of the past population history. During the foundation and differentiation of populations,
haplotype clusters within certain lineages might have emerged in response of specific demographic
events, often becoming population-specific (Balanovsky et al., 2011).

Haplogroups E-M123 and 1-M223 reveal a different aspect of the Arbereshe Y-chromosome genetic
make-up. These HGs show quite distinct continental distributions. 1-M223 reaches its highest
frequencies in central Europe (especially Germany), despite being present also in Russia, Greece,
Italy and around the Black Sea. E-M123 is instead widely scattered in the South-Eastern
Mediterranean area, with significant peaks of frequency in populations from Horn of Africa,
Southern Levant and Anatolia. Both of these haplogroups attest the differential presence of
Arbereshe-specific clusters of haplotypes (Figure S6 and Figure S7). However, their time estimates
predate the settlement of Arbereshe communities in Sicily and Southern Italy and possibly suggest

local or more ancient introgressions in the Arbereshe genetic pool. HG E-M123 particularly was
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found over-represented in Sicilian Arbereshe, being present at significantly high frequency also in
the Calabrian Arbereshe population of POL_SW. Interestingly, its correspondent network however
shows that E-M123 haplotypes from ARB_CAL and ARB_SIC actually form two highly-specific
and diverging clusters: ARB_CAL E-M123a and ARB_SIC E-M 1238 respectively (Figure S7).

CONCLUSIONS

In summary, this study shows how ethno-linguistic minorities may provide a powerful tool to
improve our understanding of the patterns of genetic variation at finer geographical and temporal
scales, and to cast new lights on the impact of cultural, historical and geographic relationships
between human groups on the current population variability.

The Arbereshe communities of Sicily and Southern-Italy, despite sharing a common cultural and
genetic background, actually revealed different micro-evolutionary histories. More precisely, our
analyses suggest different founders events and different extents of cultural isolation and/or local
admixture, both within and among the Sicilian- and Calabrian-Arbereshe ethno-linguistic groups.
These factors have presumptively played a pivotal role in the shaping of the current genetic
composition in the Arbereshe communities, explaining at least in part the emergence of differences
in their HGs composition and accounting for the differential preservation of specific paternal
lineages by the two Arbereshe groups. Future researches, by increasing the number of samples for
each community and/or by exploiting the perspectives offered by complementary genetic systems
(i.e. mtDNA genomes and autosomal whole-genome SNPs data), will offer the possibility to
achieve an even more detailed picture of the Arbereshe genetic history and population variability,
within a multi-disciplinary effort to integrate the genomic overview with the results offered by other

disciplines, and in particular by linguistics.
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Figure 1. Principal Component Analysis (PCA) based on Y-chromosome haplogroup frequencies.
Population codes as in Table 1. Symbols and colour codes as in the legends at the top-left. Legend abbreviations:
ARB_CAL: Arbereshe of Calabria, ARB_SIC: Arbereshe of Sicily; SSI: Sicilians and Southern-Italians, ALB:
Albanians, GRE: Greeks.
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Figure 2. Hierarchical Clustering (1,000 bootstraps) computed on STR-based distances. Population codes
as in Table . Balkan (plus Arbereshe) and Italian clusters are marked by boxes. Bootstrap values are reported in
percentage for each nodes of the tree.
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Figure 3. Admixture-like barplots for the Arbereshe groups (a) and the single arbereshe communities (b).
The barplots represent DAPC-based posterior membership probabilities for each of the considered populations to
belong at each of the inferred cluster (mclust algorithm). The affiliation of each population to a given cluster and
its corresponding colour code are represented by letters (within coloured squares) on the top of each bar. Labels:
ARB_CAL: Arbereshe of Calabria, ARB_SIC: Arbereshe of Sicily; CAL: Italians of Calabria, SIC: Italians of
Sicily; GRE: Greeks; TOSK: Tosks. Codes for single Arbereshe communities as in Table 1.

TABLES

Table 1. List of the Arbereshe and comparison populations included in the present study. For each
population the geographic coordinates, the region and the language affiliation are detailed. N= sample size.

Population Pop Code N Longitude Latitude Geographic location Language Reference
Arbereshe of Calabria ARB_CAL 106

Pollino Massif Area POL_AREA 24 16.43 39.90 Calabria (Cosenza province) Albanian-Tosk  This study

Pollino South-West POL_SW 36 16.12 39.75 Calabria (Cosenza province) Albanian-Tosk  This study

Valley of Crati VAL_CRA 46 16.43 39.58 Calabria (Cosenza province) Albanian-Tosk  This study
Arbereshe of Sicily ARB_CAL 44

Piana degli Albanesi PIA_ALB 18 13.28 38.00 Sicily (Palermo province) Albanian-Tosk  This study
Contessa Entellina CON_ENT 26 13.18 37.73  Sicily (Palermo province) Albanian-Tosk  This study

Sicily and Southern Italy SSI 263

Trapani TP 34 12.52 38.02 Sicily Southern-ltalian  Sarno et al. 2014
Agrigento AG 45 13.59 37.32  Sicily Southern-Italian Boattini et al. 2013
Enna EN 40 14.27 37.57 Sicily Southern-Italian  Sarno et al. 2014
Ragusa RG 45 15.01 37.01 Sicily Southern-ltalian Boattini et al. 2013
Catania CT 52 15.07 37.52  Sicily Southern-ltalian Boattini et al. 2013
Cosenza Cs 47 16.25 39.30 Calabria Southern-lttalian  Sarno et al. 2014
Albanian ALB 223

Ghegh GHEG 119 19.51 42.05 Albania (Northern) Albanian-Ghegh This study

Tosk TOSK 104 19.95 40.70 Albania (Southern) Albanian-Tosk  This study

Greek GRE 209

Corinth KOR 113 22.93 37.93 Greece (Peloponnese) Greek Anagnostou p.c.
Eubea EUB 96 24.00 38.50 Greece (Central) Greek Anagnostou p.c.
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Table 2. Fitting of observed and expected values of the DHS statistics for STR and SNP genetic systems
under a stationary model. A percentage contribution of local versus putative source population was accepted as
the most likely model when the observed value (Obs DHS) fell within a two standard deviations interval (in red)
of the simulated distribution at time t=20 generations.

Calabria
% Local contribution
Marker Source pop 5 10 20 30 50 Obs DHS
0.0370 0.0809 0.1957 0.3054 0.4993
Tosks 0.0234

0.0090 0.0291 0.0828 0.1441 0.2527

0.0370 0.0687 0.1459 0.2165 0.4209
SNP Ghegs 0.0112
0.0094 0.0255 0.0702 0.0626 0.1348

0.0492 0.1187 0.2441 0.3664 0.5592
Tosks-Greek 0.0315
0.0184 0.0524 0.1239 0.1988 0.3409

Tosks 0.6751 0.7967 0.8915 0.9252 0.9594 0.8605
0.5726 0.7483 0.8424 0.8796 0.9140 '

0.6211 0.7448 0.8187 0.8979 0.9379
STR Ghegs 0.8310
0.5468 0.6845 0.8093 0.8199 0.8629

0.8415 0.8973 0.9491 0.9659 0.9815

Tosks-Greek 0.9034
0.7988 0.8624 0.9183 0.9406 0.9619
Sicily
% Local contribution
Marker Source pop 5 10 20 30 50 Obs DHS
0.0060 0.0236 0.0681 0.1079 0.2135
Tosks 0.1865

0.0000 0.0023 0.0188 0.0288 0.0903

0.0105 0.0267 0.0652 0.0773 0.1841
SNP Ghegs 0.2293
0.0010 0.0055 0.0229 0.0313 0.0421

0.0140 0.0337 0.0845 0.1401 0.2653
Tosks-Greek 0.1968
0.0021 0.0116 0.0356 0.0564 0.1362

0.4861 0.6105 0.7649 0.8316 0.8987
Tosks 0.9825
0.3988 0.5591 0.7088 0.7833 0.8504

0.4379 0.5810 0.7038 0.7760 0.8537
STR Ghegs 1.0000
0.3128 0.5319 0.6475 0.7123 0.7831

0.6732 0.7805 0.8810 0.9188 0.9490
Tosks-Greek 0.9770
0.5562 0.7428 0.8472 0.8889 0.9224
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SUPPLEMENTARY MATERIALS
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Figure S1. Geographic distribution of Y-chromosome main lineages in the studied populations. Only
haplogroups reaching frequencies of at least 3% in the combined dataset were plotted. Colour code for Y-
chromosome lineages as in the legend at the top right. Labels: ARB_CAL: Arbereshe of Calabria, ARB_SIC:
Arbereshe of Sicily; SSI: Sicilians and Southern-Italians, ALB: Albanians, GRE: Greeks. Haplogroup
composition for each community of Calabrian and Sicilian Arbereshe are detailed in the boxes at the top and the
bottom-left of the plot respectively (Arbereshe communities codes as in Table 1).

PIA_ALB ™ CcT
e _ o ©
o
&> CON_ENT
8 RG
. ] EN
o
S w O
0]
. EUB O
o~ v TOSK
s . A
-~ O
o 5 - [m]
i VAL_CRA
= GHEG
S 7 A
© ]
o —|OARB_CAL POL_SW
[ < ARB_SIC
ssl
- ALB POL_AREA
o T|WGRE O
[
T I I I
-0.2 -0.1 0.0 0.1
DIM.A

stress = 14.2%

Figure S2. Non-metric MDS plot based on STRs distances. Population codes as in Table 1. Symbols and
colour codes for the ethnic-group affiliations as in the legends at the bottom-left. Legend abbreviations:
ARB_CAL: Arbereshe of Calabria, ARB_SIC: Arbereshe of Sicily; SSI: Sicilians and Southern-Italians, ALB:
Albanians, GRE: Greeks.
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Figure S3. Plots of observed and expected DHS values for the fitting models. Evolutionary scenarios with the three putative source populations (Tosks, Ghegs, and a
50% random blend of Tosks and Greek) were compared for those models showing at least one fit in the simulations results (red in Table 2): a) Calabria SNPs 5%, b)
Sicily SNPs 50% and c) Calabria STRs 20-30%. The standard deviations intervals of the simulated distributions are represented by vertical bars. Observed DHS values
(in bold) are represented by symbols filled in red or white depending on whether or not they match the simulated intervals. Squares and rhombus stand for Calabrian and

a) Calabria SNPs 5%

b) Sicily SNPs 50%
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Figure S4. Phylogenetic haplotypes network of haplogroup E-V13. Each circle represents a different
haplotype. Circles’ areas are proportional to haplotype frequencies. White circles represent median vectors.
Population colour codes as in the legends at the top-left. Legend abbreviations: ARB_CAL: Arbereshe of
Calabria, ARB_SIC: Arbereshe of Sicily; ITA: Sicilians and Southern-Italians, ALB: Albanians, GRE: Greeks.
Red oval designate the Calabrian Arbereshe-specific cluster (E-V13a) selected for age estimate.
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Figure S5. Phylogenetic haplotypes network of haplogroup 1-P215(xM26,M223). Each circle represents a
different haplotype. Circles’ areas are proportional to haplotype frequencies. White circles represent median
vectors. Population colour codes as in the legends at the top-left. Legend abbreviations: ARB_CAL: Arbereshe
of Calabria, ARB_SIC: Arbereshe of Sicily; ITA: Sicilians and Southern-ltalians, ALB: Albanians, GRE:
Greeks. Orange oval designate the Sicilian Arbereshe-specific cluster (1-P215a) selected for age estimate.
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Figure S6. Phylogenetic haplotypes network of haplogroup 1-M223. Each circle represents a different
haplotype. Circles’ areas are proportional to haplotype frequencies. White circles represent median vectors.
Population colour codes as in the legends at the top-right. Legend abbreviations: ARB_CAL: Arbereshe of
Calabria, ARB_SIC: Arbereshe of Sicily; ITA: Sicilians and Southern-Italians, ALB: Albanians, GRE: Greeks.
Red oval designate the Calabrian Arbereshe-specific cluster (I-M223a) selected for age estimate.
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Figure S7. Phylogenetic haplotypes network of haplogroup E-M123. Each circle represents a different
haplotype. Circles’ areas are proportional to haplotype frequencies. White circles represent median vectors.
Population colour codes as in the legends at the top-left. Legend abbreviations: ARB_CAL: Arbereshe of
Calabria, ARB_SIC: Arbereshe of Sicily; ITA: Sicilians and Southern-Italians, ALB: Albanians, GRE: Greeks.
Red and orange ovals designate respectively the Calabrian (E-M123a) and Sicilian (E-M123p3) Arbereshe-

specific clusters selected for age estimate.
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Figure S8. Phylogenetic haplotypes network of haplogroup R-SRY10831.2. Each circle represents a different
haplotype. Circles’ areas are proportional to haplotype frequencies. White circles represent median vectors.
Population colour codes as in the legends at the top-left. Legend abbreviations: ARB_CAL: Arbereshe of
Calabria, ARB_SIC: Arbereshe of Sicily; ITA: Sicilians and Southern-Italians, ALB: Albanians, GRE: Greeks.
Red/orange oval designate the shared Calabrian/Sicilian Arbereshe-specific clusters selected for age estimate.
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Table S1. Sets of simulated parameters for the stationary model.
The extended version with the simulation parameters also for the growth model will be provided in the online manuscript once published

A - ==
verker | o ] wiganes | ioat | W ] W ] owpuiie ] e [ wigews | o | Nx ] N ] owpwie |

vs. TOSK
1998 5% 35000 111 Tosk_Sic STR_M5.csv 828 5% 35000 46 Tosk_Cal_STR_M5.csv
999 10% 35000 111 Tosk_Sic STR_M10.csv 414 10% 35000 46 Tosk_Cal_STR_M10.csv
STR I=1 444 20% 35000 111 Tosk_Sic_STR_MZ20.csv I=1 184 20% 35000 46 Tosk_Cal_STR_MZ20.csv
259 30% 35000 111 Tosk_Sic_STR_M30.csv 107 30% 35000 46 Tosk_Cal_STR_M30.csv
111 50% 35000 111 Tosk_Sic STR_M50.csv 46 50% 35000 46 Tosk_Cal_STR_M50.csv
vs. GREECE/TOSK
1998 5% 35000 111 GreeceTosk_Sic STR_M5.csv 828 5% 35000 46 GreeceTosk_Cal_STR_MS5.csv
999 10% 35 000 111 GreeceTosk_Sic STR_M10.csv 414 10% 35000 46 GreeceTosk_Cal_STR_M10.csv
STR =1 444 20% 35000 111 GreeceTosk_Sic STR_M20.csv =1 184 20% 35000 46 GreeceTosk_Cal_STR_M20.csv
259 30% 35000 111 GreeceTosk_Sic_ STR_M30.csv 107 30% 35000 46 GreeceTosk_Cal_STR_M30.csv
111 50% 35000 111 GreeceTosk_Sic STR_M50.csv 46 50% 35000 46 GreeceTosk_Cal_STR_M50.csv
vs. GHEG
1998 5% 35000 111 Gheg_Sic_STR_M5.csv 828 5% 35000 46 Gheg_Cal_STR_M5.csv
999 10% 35000 111 Gheg_Sic_STR_M10.csv 414 10% 35000 46 Gheg_Cal_STR_M10.csv
STR I=1 444 20% 35000 111 Gheg_Sic_STR_M20.csv I1=1 184 20% 35000 46 Gheg_Cal_STR_M20.csv
259 30% 35000 111 Gheg_Sic_STR_M30.csv 107 30% 35000 46 Gheg_Cal_STR_M30.csv
111 50% 35 000 111 Gheg_Sic_STR_M50.csv 46 50% 35000 46 Gheg_Cal_STR_M50.csv

- 0000000 sy 0000000 00000000 Calaba 000000000 |
| _wvarker | ncr | wigrants | %tocal | nx | wnv | outputile [ mer | wigrants | siocal [ wx | Ny | outputie |

vs. TOSK
2142 5% 35000 119 Tosk_Sic_SNP_M5.csv 846 5% 35000 47 Tosk_Cal_SNP_MS5.csv
1071 10% 35000 119 Tosk_Sic_SNP_M10.csv 423 10% 35 000 47 Tosk_Cal_SNP_M10.csv
SNP 1=1 476 20% 35000 119 Tosk_Sic_SNP_M20.csv 1=1 188 20% 35000 47 Tosk_Cal_SNP_M20.csv
278 30% 35000 119 Tosk_Sic_SNP_M30.csv 110 30% 35000 47 Tosk_Cal_SNP_M30.csv
119 50% 35 000 119 Tosk_Sic_SNP_M50.csv 47 50% 35000 47 Tosk_Cal_SNP_M50.csv
vs. GREECE/TOSK
2142 5% 35000 119 GreeceTosk_Sic_SNP_M5.csv 846 5% 35 000 47 GreeceTosk_Cal_SNP_M5.csv
1071 10% 35000 119 GreeceTosk_Sic_SNP_M10.csv 423 10% 35000 47 GreeceTosk_Cal_SNP_M10.csv
SNP 1=1 476 20% 35 000 119 GreeceTosk_Sic_SNP_M20.csv 1=1 188 20% 35 000 47 GreeceTosk_Cal_SNP_M20.csv
278 30% 35000 119 GreeceTosk_Sic_SNP_M30.csv 110 30% 35000 47 GreeceTosk_Cal_SNP_M30.csv
119 50% 35000 119 GreeceTosk_Sic_SNP_M50.csv 47 50% 35000 47 GreeceTosk_Cal_SNP_M50.csv
vs. GHEG
2142 5% 35000 119 Gheg_Sic_SNP_MS5.csv 846 5% 35000 47 Gheg_Cal_SNP_M5.csv
1071 10% 35000 119 Gheg_Sic_SNP_M10.csv 423 10% 35000 47 Gheg_Cal_SNP_M10.csv
SNP 1=1 476 20% 35000 119 Gheg_Sic_SNP_M20.csv 1=1 188 20% 35000 47 Gheg_Cal_SNP_M20.csv
278 30% 35000 119 Gheg_Sic_SNP_M30.csv 110 30% 35000 47 Gheg_Cal_SNP_M30.csv
119 50% 35000 119 Gheg_Sic_SNP_M50.csv 47 50% 35 000 a7 Gheg_Cal_SNP_M50.csv
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Table S2. Y-Chromosome STRs haplotypes and SNPs analysis results for the newly-typed samples of Arbereshe (N=150) and Albanian (N=223) populations.
This table will be provided in the online version of the manuscript once published.

Table S3. Y-chromosome haplogroup frequencies in the combined dataset. For each Y-chromosome lineage the absolute number of individuals and the percentage
frequency (between brackets) are reported.

V.CHR ARB |ARB_CAL |POL_AREA POL_SW VAL_CRA |ARB_SIC|PIA_ALB CON_ENT ALB TOSK GHEG ssi? GRE?
150 106 24 36 46 44 18 26 223 104 119 263 209

C-M216 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (0.48)
E-M96 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2(0.76) |0(0)
E-M35 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 3(1.14) |0(0)
EM78 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1(0.45) |0 (0) 1(0.84) |0 (0) 1 (0.48)
EVi12 3(2) 3(2.83) |0(0) 0 (0) 3 (6.52) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 8(3.04) [1(0.48)
EV13 20 (13.33) |18 (16.98) |4 (16.67) 7(19.44) 7(15.22) |2(4.55) |2(11.11) 0 (0) 75 (33.63) |30 (28.85) 45 (37.82) |23 (8.75) [42(20.1)
EV22 1(0.67) |1(0.94) |0(0) 1(2.78) 0(0) 0 (0) 0 (0) 0 (0) 1(0.45) |1(0.96) 0 (0) 5 (1.9) 2 (0.96)
E-M81 1(0.67) |0(0) 0 (0) 0 (0) 0 (0) 1(2.27) |o(0) 1(3.85) |0 (0) 0 (0) 0 (0) 5(1.9) 0 (0)
E-M123 16 (10.67) |8 (7.55) |0 (0) 8(22.22) 0(0) 8(18.18) |3 (16.67) 5(19.23) [2(0.9) 1(0.96) 1(0.84) |7(2.66) [3(1.449)
F-M89 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 4(1.79) |3(2.88) 1(0.84) |0(0) 3 (1.44)
G-M201 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1(0.38) |2 (0.96)
G-P15 8(5.33) |7(6.6) 2 (8.33) 2(5.56) 3(6.52) 1(2.27) [1(556) 0(0) 6(2.69) |4(3.85) 2(1.68) |31 (11.79) (10 (4.78)
I-M253 8(5.33) [6(5.66) |4(16.67) 0(0) 2 (4.35) 2(455) |1(556) 1(3.85) [8(3.59) |4(3.85) 4(3.36) [3(1.14) |3(1.44)
1-P215 15(10) |6(5.66) |0 (0) 3(8.33) 3(6.52) 9(20.45) |2 (11.11) 7(26.92) |[16(7.17) |12 (11.54) 4(3.36) |3 (1.14) |21 (10.05)
1-M26 3(2) 2(1.89) |0(0) 0 (0) 2 (4.35) 1(2.27) [1(556) 0(0) 0 (0) 0 (0) 0 (0) 2(0.76) |1 (0.48)
1-M223 15(10) |15 (14.15) |6 (25) 1(2.78) 8(17.39) |0(0) 0 (0) 0 (0) 5(2.24) [5(4.81) 0(0) 6(2.28) |7(3.35)
J-M267 3(2) 3(2.83) |0(0) 2(5.56) 1(2.17) 0 (0) 0 (0) 0 (0) 5(2.24) |2(1.92) 3(252) [14(5.32) |9(4.31)
J-M172 3(2) 3(2.83) |1(4.17) 1(2.78) 1(2.17) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1(0.38) |1(0.48)
J-M410 4(267) |2(1.89) o) 0 (0) 2 (4.35) 2(4.55) |2(11.11) 0 (0) 5(2.24) |4(3.85) 1(0.84) |28(10.65) (12 (5.74)
J-M67 5(3.33) [1(0.94) |o(0) 1(2.78) 0(0) 4(9.09) |4(22.22) 0(0) 1(0.45) |0 (0) 1(0.84) |8(3.04) [11(5.26)
J-M92 1(0.67) |1(0.94) |1(4.17) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 7(2.66) |5(2.39)
J-M12 4267) |4(377) [2(8.33) 2(5.56) 0 (0) 0 (0) 0 (0) 0 (0) 42 (18.83) |12 (11.54) 30 (25.21) |6 (2.28) [15 (7.18)
K-M9 2(1.33) [1(0.94) o) 0 (0) 1(2.17) 1(2.27) [1(556) 0(0) 2(0.9) 2(1.92) 0(0) 6(2.28) |7(3.35)
P-M45 2(1.33) [0(0) 0 (0) 0 (0) 0 (0) 2(4.55) |0(0) 2(7.69) |0(0) 0 (0) 0 (0) 1(0.38) |0(0)
R-M207 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (0.48)
R-M173 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (0.48)
R-SRY10831.2 15(10) |10 (9.43) |3(12.5) 2(5.56) 5(10.87) |5(11.36) |0 (0) 5(19.23) [9(4.04) |6(5.77) 3(2.52) |13(4.94) (29 (13.88)
R-M343 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 3(1.14) |2(0.96)
R-M269 12 (8) 9(8.49) |1(4.17) 2(5.56) 6(13.04) |3(6.82) |0(0) 3(11.54) |33 (14.8) |14 (13.46) 19 (15.97) |19 (7.22) |10 (4.78)
R-P311 2(1.33) |0(0) 0 (0) 0 (0) 0 (0) 2(455) |1(556) 1(3.85) [0(0) 0 (0) 0 (0) 0 (0) 0 (0)
R-U106 1(0.67) |0(0) 0 (0) 0 (0) 0 (0) 1(2.27) |o(0) 1(3.85) |o(0) 0 (0) 0 (0) 11 (4.18) |2 (0.96)
R-P312 1(0.67) |1(0.94) |0(0) 1(2.78) 0(0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 13 (4.94) |1 (0.48)
R-SRY2627 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2(0.76) |1 (0.48)
R-U152 1(0.67) |1(0.94) |0(0) 1(2.78) 0(0) 0 (0) 0 (0) 0 (0) 2(0.9) 1(0.96) 1(0.84) |11(4.18) |1 (0.48)
R-L2 4267) 4377 o) 2(5.56) 2 (4.35) 0 (0) 0 (0) 0 (0) 5(224) |2(1.92) 3(2.52) |16(6.08) |4(1.91)
R-L21 0 (0) 0 (0) 0(0) 0 (0) 0(0) 0(0) 0 (0) 0(0) 1(0.45) |1(0.96) 0(0) 5(1.9) 0(0)

2 sarno et al. 2014

b Anagnostou P (personal comunication)
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Table S4. Y-chromosome indices for the investigated populations. Standard diversity parameters were
calculated for both haplogroup frequencies (SNPs) and haplotypes data (STRs).

Y-Chromosome STRs SNPs
Population N K STRdiv MNPD Nucleotyde div Haplogroup div
(h)+sd (mm) +sd (mmy) +sd (h)+sd
ARB_CAL 106 87 0.9950 +/- 0.0020 8.5608 +/- 3.9882 0.5707 +/- 0.2945| 0.9208 +/- 0.0108
POL_AREA 24 21 0.9891 +/- 0.0152 8.8913 +/- 4.2467 0.5557 +/- 0.2959 | 0.8841 +/- 0.0353
POL_SW 36 31 0.9873 +/- 0.0117 7.8762 +/- 3.7509 0.5626 +/- 0.2978 | 0.9079 +/- 0.0291
VAL_CRA 46 39 0.9932 +/- 0.0059 8.5672 +/- 4.0326 0.5711 +/- 0.2985| 0.9159 +/- 0.0178
ARB_SIC 44 37 0.9915 +/- 0.0070 8.7537 +/- 4.1173 0.5471 0.2857 | 0.9070 +/- 0.0229
CON_ENT 26 20 0.9785 +/- 0.0166  8.2862 +/- 3.9672 0.5179 +- 0.2762 | 0.8615 +/- 0.0374
PIA_ALB 18 18 1.0000 +/- 0.0185 7.6471 +- 3.7409 0.5882 +/- 0.3218| 0.9216 +/- 0.0391
SSI 263 252 0.9996 0.0004 9.8455 +/- 45206 0.6153 +/- 0.3126 [ 0.9439 +/- 0.0045
Cs 47 47 1.0000 +/- 0.0044  8.7537 +- 4.5010 0.6029 +/- 0.3123| 0.9408 +/- 0.0121
AG 45 44 0.9990 +/- 0.0050 10.1434 +/- 4.7210 0.6340 +/- 0.3276 | 0.9525 +/- 0.0140
TP 34 32 0.9933 +/- 0.0094 9.9529 +/- 4.6634 0.6221 +/- 0.3240 | 0.9234 +/- 0.0194
EN 40 40 0.9987 +/- 0.0060 9.7269 +/- 4.5504 0.6079 +/- 0.3159 | 0.9487 +/- 0.0182
RG.SR 45 43 0.9980 +/- 0.0052 9.3919 +/- 4.3936 0.6261 +/- 0.3252| 0.9465 +/- 0.0155
CT 52 49 0.9977 +/- 0.0043  9.2232 +/- 4.3092 0.6149 +/- 0.3188 | 0.9367 +/- 0.0162
ALB 223 177 0.9960 +/- 0.0012 8.9884 +/- 4.1554 0.5618 +/- 0.2874 | 0.8218 +/- 0.0168
TOSK 104 97 0.9983 +/- 0.0017 9.2713 +/- 4.2951 0.5795 +/- 0.2973 | 0.8680 +/- 0.0204
GHEG 119 89 0.9899 +/- 0.0036  8.6703 +/- 4.0319 0.5419 +/- 0.2790| 0.7695 +/- 0.0251
GRE 209 119 0.9994 +/- 0.0006 9.7182 +/- 4.4697 0.6074 +/- 0.3091 | 0.9126 +/- 0.0095
EUB 96 94 0.9996 +/- 0.0016 10.0086 +/- 4.6159 0.6255 +/- 0.3196 | 0.9355 +/- 0.0108
KOR 113 106 0.9986 +/- 0.0015 9.3560 +/- 4.3289 0.5848 +/- 0.2996 | 0.8892 +/- 0.0157

Table S5. Analyses of the molecular variance (AMOVA). Apportionment of the variance are in
percentage (%) and based on both haplogroup frequencies (SNPs) and haplotype data (STRs).

Proportion of variation (%)

é;gz:)(i)r:r;osom G,:l;lj);s ’\go(;f Among Groups Among pzprléljgon Within Within Population
Y-SNPs Y-STRs Y-SNPs Y-STRs Y -SNPs Y-STRs
All populations 1 15 3.70%* 2.68*** 96.30%** 97.32%*
Arbereshe 1 5 3.96%+* 2.95% 96.04*** 97.05%*
Arbereshe Calabria 1 3 2.42* 0.56 97.58** 99.44
Arbereshe Sicily 1 2 4.60* 5.17* 95.40* 94.83*
Sicily and South Italy 1 6 0.26 0.54 "99.74 99.46
Balkan 1 4 2.58%+* 2.82% 97.42%+ 97.18%*
Albania 1 2 1.53* 1.21* 98.47* 98.79*
Greece 1 2 0.46 0.86 "99.54 99.14
Language 4 15 2.51*% 2.00%** 1.67%* 1.06** 95.82%** 96.94**
Geography B 4 15  2.51%=* 1.68** 1.64%* 1.30%** 95.85%** 97.02%*

a Linguistic subdivision as follow : Albanian-Tosk, Albanian-Ghegh, Southern-italian, Greek
b Geographic subdivision as follow : Sicily, Calabria, Albania, Greece

** P.yalue < 0,001

* P-value < 0,01

*  P-value < 0,05
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Partecipanza of San Giovanni in Persiceto

ABSTRACT

Social and cultural factors had a critical role in determining the genetic structure of Europe.
Therefore, socially-stratified populations may help to focus on specific episodes of the European
demographic history. In this study we use uniparental markers to analyse the genetic structure of the
“Partecipanza” in San Giovanni in Persiceto (Northern Italy), a peculiar institution whose origins
date back to the Middle Ages and whose members form the patrilineal descent of a well-known
group of founder families. If, from a maternal point of view (mtDNA), the “Partecipanza” is
genetically homogeneous with the rest of the population, on the contrary we observed a significant
differentiation for Y-chromosomes. In addition, by comparing 17 Y-STRs with paternal pedigrees,
we estimated a Y-STR mutation rate equal to 3.90 * 10 and an average generation duration time
of 33.38 years. When we used these values for tentative dating experiments, we estimated 1300-600
years ago for the origins of the “Partecipanza”. These results, together with a peculiar Y-
chromsomal composition and historical evidences, suggest that Germanic populations (Lombards in
particular) settled in the area during the Migration Period and may have had an important role in the

foundation of this community.

Keywords: Y-STR mutation rates, Y-chromosome, mtDNA, recent demographic episodes, social-
economical factors, Migration Period
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INTRODUCTION

Recent demographic episodes and population events are rarely studied by geneticists and molecular
anthropologists. In fact, if human genetic diversity can be described as a palimpsest in which
different layers — reflecting different episodes — accumulate through time, dissecting a single event
is a difficult task. Furthermore, recent events are rarely associated with large population
substitutions; on the contrary they usually bring only limited modifications to a pre-existing genetic
background, hence their genetic ‘signals’ are low and difficult to detect. These are some of the
reasons why many studies focus on some well-known events and try to link them to the observed
genetic patterns (Jobling, 2012; Larmuseau et al., 2013). Ancient DNA research is only beginning
to discover what stands behind elusive labels such as ‘Neolithic’, ‘Linear Pottery Culture’,
‘Etruscans’, etc., but the actual genetic variability of ancient populations still remains largely
unknown (Lacan et al., 2012).

It has been recently shown that an adequate sampling design may help to address some of these
problems. For instance, “marginal” populations, such as ethno-linguistic minorities or geographic
isolates, not only give an important contribution to the biodiversity of a region, but are also more
likely to display genetic features that instead were masked by intervening demographic episodes in
“open” populations (Boattini et al., 2011a,b; Capocasa et al., 2014). As a second point, surnames
and/or pedigrees can be used for selecting samples within populations. In Y-chromosome studies,
sampling males bearing surnames that are unequivocally associated with a certain place (either for
documentary evidence or by means of inference) provides proxies for older populations (King and
Jobling, 2009; Boattini et al., 2012). The same considerations hold for sample selection based on
genealogies/pedigrees. Compared to surnames, genealogies yield a higher degree of temporal and
geographic precision. On the other hand, extensive genealogical data are rare and their collection is
very time-consuming. A small but increasing number of studies have however shown that surname-
and pedigree-based samplings can reveal otherwise hidden populations genetic structures
(Larmuseau et al., 2013 and references therein).

As recently observed (Boattini et al., 2013), the genetic history of Italy is particularly complicated
in comparison with other European countries. In this study, we focussed on a particularly interesting
population, the Partecipanza of San Giovanni in Persiceto, so that some of its less known aspects
can be better understood. From a juridical point of view, the Partecipanze are an absolutely
idiosyncratic way of sharing and devolving collective lands. These institutions originated in the
Middle Ages and are still present in some areas of Northern Italy (in the Padana Plain). The

privilege to participate (i.e. to share the leased assets) is inherited following a gene-like pattern,

166



Partecipanza of San Giovanni in Persiceto

through exclusive admission granted only to the descent of a group of ‘founder’ families, usually
following the paternal line (Zanarelli, 1992). In this way, the members of Partecipanza conserved
through the centuries their social and economic identity, potentially together with some of their
genetic features. Furthermore, thanks to the wide archival documentation conserved by this
institution, it is possible to compare DNA samples with paternal pedigrees for the last 4-5 centuries.
All these features make the Partecipanza an exceptional observatory on the recent genetic history of
Italy.

In this study we explore the paternal (Y-chromosome) and maternal (mtDNA) genetic variability of
the Partecipanza of S. Giovanni in Persiceto (PAR). Results are compared to those of a set of
‘control’ individuals sampled in the same place, but not sharing the affiliation to the Partecipanza
(SGP), and interpreted considering a wide set of reference populations from Italy and Europe. Our
main aims are: a) to check the genetic effects — if any — of the socio-economic separation between
PAR and SGP; b) to reconstruct the time and the genetic origins of the Partecipanza, as well as
their implications for the genetic history of Italy; and c) to estimate Y-STR mutation rates and

average generation duration time by comparing paternal pedigrees and Y -chromosomal haplotypes.

MATERIALS AND METHODS

The population

The Partecipanze are located in the flat portions of the provinces of Bologna and Ferrara (Padana
plain, Northern Italy). Their origins are related to medieval events of land reclamation, but the exact
date of their foundation is unknown. Evolving from ancient collective emphyteutic grants, the
Partecipanze soon became reserved to a restricted group of founder families. Currently, six
Partecipanze are still present and active in the study area: San Giovanni in Persiceto, Nonantola,
Cento, Pieve di Cento, S. Agata Bolognese and Villa Fontana. Among these, Partecipanza of San
Giovanni in Persiceto is probably the most important. Its shared assets exceed ~2400 ha and its
population size is of ~5000 individuals. This Partecipanza (to which we will refer exclusively from
now on) is historically documented from at least 1170 and 1215 AD, when emphyteutic grants to
the community of S. Giovanni in Persiceto (respectively from the abbot of Nonantola and the
bishop of Bologna) were stipulated. The customary laws that regulate the affiliation to the
Partecipanza were definitively coded around the year 1500 AD (capitula). According to these
agreements, the ability to Partecipate (i.e. to be a member of the Partecipanza) was conditioned by
two main rules: being a patrilineal legitimate descent from a Partecipante family and to maintain

the place of residence within the legal boundaries of S. Giovanni in Persiceto. In addition, the
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procedure of cavazione was established. Cavazione is a periodic re-shuffling of shared lands among
heads of the partecipating households. This procedure is usually repeated each nine years, leaving
us census-like descriptions of the population that are conserved in the archive of the Institution.
Thanks to their favoured access to lands, members of Partecipanza for centuries constituted the
élite of San Giovanni in Persiceto. Such dominance was highlighted by the fact that the leading
council of Partecipanza was at the same time the head of the Commune. Only in 1833 the two
institutions  (Partecipanza and Commune) were definitively separated. At present, the
individuals/families affiliated to the Partecipanza are characterised by 38 different surnames
(Zanarelli, 1992).

DNA samples

Buccal swabs were collected from 149 male individuals sampled in S. Giovanni in Persiceto and its
surroundings. Among them, 88 belong to the Partecipanza (PAR sample), while the remaining 61
form an ‘open’ sample (SGP), sharing the same environmental and cultural features, aside from the
status of Partecipante. All these samples were collected according to the standard ‘grandparents’
criterion (i.e. at least three generations of ancestry in the SGP area) and excluding related
individuals (up to second cousins). To best reconstruct the paternal genetic variability of the
Partecipanza, we sampled at least one individual for each of the 38 Partecipanza surnames. Data
from 14 individuals have been previously published in Boattini et al. (2013). The collection of
biological samples was performed during various sessions from 2008 to 2012. For all subjects, a
written informed consent was obtained and the Ethics Committees at the Azienda Ospedaliero-
Universitaria Policlinico S.Orsola-Malpighi of Bologna (ltaly) approved all procedures. The
confidentiality of personal information for each participant to the study was assured.

Comparison populations

Reference data include 32 populations from: North-Western Italy, South-Eastern Italy and Sicily
(21, Boattini et al., 2013; Sarno et al., 2014), French Basques (3, Martinez-Cruz et al., 2012),
Germany (3, Rebala et al., 2013), Poland and Slovakia (4, Re¢bata et al., 2013), Balkans (1,
Regueiro et al., 2012). A full list is available in Table S1 and their geographic position is
represented in Figure S1. In addition, 29 haplotypes for Y-chromosome hgs 11-M253 (25) and 11-
P109 (4) from Brabant (Larmuseau et al., 2011; Larmuseau, personal communication) were
considered.

Y-chromosome genotyping

PCR amplification of 17 Y-STR loci (DYS19,DYS3891, DYS3891l, DYS390, DYS391, DYS392,
DYS393, DYS385a/h, DYS437, DYS438, DYS439, DYS448, DYS456,DYS458, DYS635, and
GATA H4) was carried out by using the AmpFISTR Yfiler PCR Amplification Kit (Applied
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Biosystems, Foster City, CA) following the manufacturer’s recommendations in a final volume of
5ul. The PCR reaction consisted of denaturation at 95°C for 11 min, followed by 30 denaturation
cycles at 94°C for 1 min, annealing at 61°C for 1 min, extension at 72°C for 1 min, and a final
extension at 60°C for 80 min. Products were sized on an ABI Prism 310 Genetic Analyzer using the
GeneScan 3.7 software (Applied Biosystems). As the Yfiler kit amplifies DYS385a/b
simultaneously, avoiding the determination of each of the two alleles (a or b), these loci were
excluded from downstream analyses except where explicitly specified. DYS389b was obtained by
subtracting DY S3891 from DY S38911. Basal haplogroups were assigned by typing the 7 SNPs (R-
M173, J-M172 , I-M170, E-M35, K-M9, P-M45, F-M89) implemented in the MY 1 Multiplex PCR
by Onoffri et al. (2006). Subsequently, we explored Y-chromosome variability by using 28 SNPs. 26
of them (E-M78, E-V12, E-V13, E-V22, G-P15, G-P16, G-M286, G-U8, G-U13, I-M253, 1-M227,
I-L.22, 1-P215, I-M26, J-M410, J-L27, J-M67, J-M92, J-M12, R-M17, R-M343, R-M18, R-M269,
R-S21/U106, R-SRY2627/M167, R-S28/U152) were included in five haplogroup-specific
multiplexes (Ferri & Alu, 2012). The SNP genotyping was carried out by means of PCR Multiplex
amplification, followed by Minisequencing reaction based on dideoxy Single Base Extension
(SBE), which was performed with the SNaPshot multiplex kit (Applied Biosystem). SBE products
were analyzed with capillary electrophoresis on an ABI Prism 310 Genetic Analyser. Two
additional SNPs (E-M81, E-M123) were finally tested with RFLP analysis, by using HpyCH4IV
and Ddel enzymes respectively as in Sarno et al. (2014). Haplogroups nomenclature is in
accordance with the Y-Chromosome Consortium (Karafet et al. 2008). Individual hg information
and Y-STR data are provided in Table S2.

Mitochondrial DNA genotyping

Variation at the mtDNA HVS-1 and HVS-II regions was investigated by sequencing a total of 750
base pairs (bp) encompassing nucleotide positions from 15975 to 155. Polymerase chain reaction
(PCR) of the HVSI/II regions was carried out in a T-Gradient Thermocycler (Whatman Biometra,
Gottingen, Germany) with the following amplification profile: initial denaturation 95 °C for 5 min,
35 cycles of 95 °C for 30 sec, 58 °C for 30 sec, 72 °C for 5 min and final extension at 72 °C for 15
min. PCR products were purified by ExoSap-IT1 (USB Corporation, Cleveland, OH) and
sequenced on an ABI Prism 3730 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA)
by using a Big-Dye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA)
according to the manufacturer’s instructions. To reduce ambiguities in sequence determination the
forward and reverse primers were used to sequence both strands of HVS-1 and HVS-II regions. The
CHROMAS 2.33 software was used to read the obtained electropherograms. Sequences were finally

aligned to both the Revised Cambridge reference sequence (rCRS: Andrews et al., 1999) and the
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new Reconstructed Sapiens Reference Sequence (RSRS: Behar et al. 2012) by using the DNA
Alignment Software 1.3.1.1 (http://www.fluxusengineering.com/align.htm). Sequence data are
provided in Table S3.

Archival Data and Pedigree Reconstruction

The Historic Archive of Consorzio dei Partecipanti kept a record of the enrolments (Registri delle
Iscrizioni) since the early 17th century. The right to participate to the sharing of leased assets (i.e.
to be a Partecipante) was (and still is) based on these registers. Each registration includes the name
of the head of the household, his age and/or his year of birth, the composition of his family, his
parish/locality of residence and all the additional information needed to qualify him as a
Partecipante (for example, the code of the precedent enrolment). These registers were compiled in
the occasion of Cavazione, usually each nine years.

We examined the whole series of the available Registri delle Iscrizioni, at present composed by
registers from the years: 1606, 1612, 1631, 1634, 1640, 1643, 1650, 1653, 1659, 1662, 1668, 1671,
1677, 1680, 1686, 1689, 1695, 1698, 1707, 1713, 1716, 1722, 1725, 1731, 1740, 1743, 1752, 1761,
1764, 1770, 1779, 1788, 1797, 1806, 1815, 1824, 1833, 1842, 1851, 1860, 1869, 1878, 1887, 1896,
1905, 1914, 1923, 1932, 1941, 1950, 1959, 1968, 1977, 1986, 1995, 2004.

Information from these registers was used to draw paternal pedigrees for the individuals included in
our Partecipanza sample. When two or more individuals were found to share a recent paternal
ancestor, they were grouped into a single pedigree.

Generation duration time and Y-STR mutation rates

Average generation time was obtained starting from the ages and/or years of birth of the individuals
included in the reconstructed pedigrees. For each pedigree, we calculated the number of years and
the number of generations encompassed between its root and leaves. The most remote ancestors
were excluded, since their year of birth is uncertain. Finally, we divided the total number of years
for the total number of generations. The 95% confidence intervals were calculated by randomly
sampling branches of the pedigrees with a bootstrap procedure (1000 replications).

Y-STR mutation rates were estimated comparing haplotype information within paternal pedigrees
that include at least two leaves. Any individual whose hg is not compatible with the reconstructed
pedigrees was excluded from calculations. ‘Outlier’ haplotypes — that are haplotypes showing an
‘outlier’ number of mutations from the common ancestor — were excluded. ‘Outlier’ haplotypes
were identified by means of a Grubbs test for one outlier in a data sample (function grubbs.test,
library outliers, software R; Komsta, 2011). For each pedigree, we computed the number of
mutation events according to the maximum parsimony method and the number of generations

separating the considered individuals/haplotypes. The average STR mutation rate was calculated by
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dividing the total number of mutations for the total number of generations and for the number of
considered STRs. Bootstrapped confidence intervals were calculated by randomly re-sampling
mutations per STR (1000 replications). To allow maximal resolution, DYS385 was included in the
calculations as two separate loci; however, since mutation events were computed within pedigrees,
it is highly improbable that apparently identical DY S385 configurations were actually two different
haplotypes.

Within- and Between-population analyses

Standard within-population diversity parameters (Gene Diversity, Mean Number of Pairwise
Differences, Nucleotide Diversity) for Y-chromosome (haplogroups, STR haplotypes) and mtDNA
(HVR-I and Il sequences), as well as Mismatch Distribution patterns (mtDNA sequences) were
calculated with Arlequin 3.5.1.2 (Excoffier et al. 2007). The same software was used to compute
pairwise Fst values between PAR and SGP based on Y-chromosome hgs and mtDNA sequences; p-
values (following the null hypothesis of no differentiation) were simulated by means of a
permutation procedure (1000 replications). Fisher exact tests were applied to determine if
differences in Y-haplogroup frequencies between PAR and SGP were statistically significant.

In order to check the position of our populations within the Italian and European Y-chromosomal
landscape, we performed a Non-Metric Multi-Dimensional Scaling (NM-MDS). Since different
studies used different levels of hg resolution, the analysis was based on 15 Y-STR haplotypes, that
were available for all the considered reference populations. Calculations were performed using
Reynolds distance (Reynolds et al., 1983; for the use of this distance with STRs see Laval et al.,
2002) and the function isoMDS implemented in the R software MASS package (R Core Team,
2013). The first and the second Dimensions were represented in a scatterplot, along with the
corresponding stress value.

Within Y-hgs analysis

In order to explore genetic variability within those hgs that mostly differentiate PAR from SGP, we
applied a Discriminant Analysis of Principal Components (DAPC; Jombart et al., 2010) to Y-STR
haplotypes as in Boattini et al. (2013). This analysis is aimed to 1) identify well-resolved groups of
haplotypes within hgs; 2) highlight possible affinities/similarities with reference haplotypes from
Italy and Europe; 3) constitute a starting point for time estimates. Briefly, the procedure involves
two steps. First, haplotypes are grouped using k-means, a clustering algorithm which finds a given
number of clusters maximizing the variation between groups. Second, DAPC is used to describe the
diversity (and the degree of separation) among such groups of observations, by maximizing the

between-group variance and minimizing the within-group variance. The first 2-3 Discriminant
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Functions were represented with scatterplots. All analyses were performed within the R software
add-on package adegenet (Jombart, 2008).

Y-chromosome time estimates

Time estimates will focus on well differentiated groups of haplotypes, as described by DAPC. In
order to avoid sampling biases, only clusters comprising at least ten individuals are considered.
Calculations use two different sets of mutation rates: 1) our pedigree-based average mutation rate;
2) Ballantyne et al. (2010) STR-specific mutation rates. Ballantyne et al. (2010) rates, being
averagely similar to our rate (see Results) but available for single STRs, were introduced for further
information. Dates are computed with standard deviation (SD) estimator (Sengupta et al. 2006) as in
Boattini et al. (2013). Since population events involving PAR are relatively recent, the biasing
effect of STRs saturation through time is negligible, hence all STRs (minus DYS385a/b) are used
for calculations. This method estimates the amount of time needed to evolve the observed STRs
variation within the given clusters of haplotypes.

RESULTS

Paternal pedigrees, STR mutation rates and generation duration time.

We reconstructed paternal lineages (up to the early 17" century) for 74 (out of 88) individuals of the
PAR sample. Since some individuals share a common ancestor, these paternal lineages were
grouped in 41 independent paternal pedigrees. Fifteen of these pedigrees (encompassing in total 48
individuals) include two or more sampled individuals, up to a maximum of 8 (Table 1, Figure S2).
All individuals included in a given pedigree share the same surname, but a given surname may be
present in more than one pedigree (Table S2). This could happen because the most recent common
ancestor was not reached by documented pedigrees or because the surname is polyphyletic. Y-STR
mutation rates were estimated based on these 15 paternal pedigrees.

As a preliminary step, we excluded from calculations: a) four individuals displaying a different hg
compared to the other members of their respective pedigrees; and b) one individual displaying five
mutations from the common ancestor of his pedigree. This figure is significantly higher than all the
other cases considered here (Table S2) and clearly constitutes a case of outlier (Gibbs outlier test: G
= 4.1066, U = 0.5987, p-value = 8.63*107). Finally, we observed a 3-step mutation case at locus
DYS439 within pedigree P14 (Table 1, Table S2). Since it is highly improbable that three
independent mutation events involved the very same locus (in a relatively short amount of time), we

consider it as a single multi-step mutational event.
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On the whole, by considering 43 individuals across 15 pedigrees and 17 Y-STRs, we observed 24
mutations within 362 generations (Table 1). These values give an average mutation rate equal to
3.90 * 10 (95% Cl: 2.44 * 10, 5.68 * 107%).

Average generation duration time was calculated using all the 31 paternal pedigrees (Table 1). We
observed 604 generations encompassing 20,160 years. These values give an average 33.38 years
generation duration time (95% ClI: 32.76, 34.00).

Diversity indices, mismatch distribution, Fst.

In general, standard within-population diversity indices show that PAR and SGP share similar
levels of internal genetic variation (Table S4). The only exception is Y-SNP-based Gene Diversity,
which is significantly higher in PAR. Analogously, mismatch distributions (mtDNA) are almost
identical in both samples, suggesting that these populations have experienced the same recent
demographic changes (Figure S3). Such changes can be interpreted as a demographic increase of
the population, which is perfectly in line with what is known for the investigated area for the last
two centuries.

As for Y-chromosomal hgs (Table 2), R-U152 is the most represented lineage in both populations,
albeit with a significantly (Fisher Test: p = 0.0363) much higher frequency in SGP (44.26% vs.
27.27%). From the other side, PAR differentiates itself from SGP primarily due to the high
frequency of hg 11-L22 (15.91%), which in turn is completely absent in SGP (Fisher Test: p-value =
0.0004). Hg J2-M67%*, also, is significantly (Fisher Test: p-value = 0.0443) more frequent in PAR
than in SGP (13.64% vs. 3.28%). Accordingly, we observe a slight but significant differentiation
between PAR and SGP (Fst = 0.030; p-value < 0.01). In addition, we selected a PAR sub-sample
based on surnames and on the reconstructed genealogies. Such sub-sample includes: a) all
individuals bearing a surname that is represented a single time in our collection (even if a
reconstructed paternal lineage was not available); b) one random individual for each of the 15
reconstructed pedigrees that include more than one sample. That way we selected 48 individuals
simulating a putative Partecipanza sample of the year 1600 (PAR1600).

When comparing PAR1600 with PAR, we do not observe any significant differentiation (Fst = -
0.012, p-value > 0.05). This suggests that Partecipanza did not undergo significant changes in its
Y-chromosomal composition during the last four centuries. In other words, there is no evidence of
drift effects. Instead, PAR1600 is significantly different from SGP (Fst = 0.032, p-value < 0.01).
Contrarily to Y-chromosome, mtDNA variation shows that PAR and SGP are not significantly
differentiated from each other (Fst = -0.002, p-value > 0.05). Since PAR appears to be different
from SGP only from the paternal point of view, all the following analyses are meant to explore such

Y-chromosomal differentiation.
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MDS

In order to check the position of PAR and SGP within the European Y-chromosomal genetic
landscape, we performed a MDS analysis based on Y-STR haplotypes (Figure 1). Results show
clearly that both populations, despite being significantly different from each other, fall within the
variability spectrum of the Italian populations.

DAPC & dating

Y-chromosomal hg 11-L22 is the distinctive mark of PAR, being highly frequent here (15.91%)
while completely absent in SGP. A DAPC-based exploration of 11-L22 haplotypes from PAR and
from comparison European populations revealed three well-differentiated clusters (Figure 2, Table
S5). Interestingly, all PAR 11-L22 haplotypes fall within the same cluster (cluster 2) together with
few haplotypes from South-Eastern Italy (1), Germany (1), Poland and Slovakia (4). Other clusters
(1 and 3) are composed mainly by hts from Germany and Poland, but cluster 1 includes most of the
11-L22 hts from South-Eastern Italy and the Balkans, while cluster 3 is enriched in Brabant and
North-Western Italy hts. These results suggest that 11-L22 individuals from PAR share a recent
common ancestor that could have been living around the age when the Partecipanza was
established. Accordingly, we estimated: a) the age of 11-L22 PAR haplotypes; 2) the age of whole
cluster 2. The first estimate can be interpreted as a lower limit to the age of foundation of
Partecipanza, while the second one as an upper limit. For the calculations we use our own estimates
of generation duration time and average STR mutation rate, as well as locus-specific rates by
Ballantyne et al. (2010). Our results (Table 3) place the lower limit at around 600-700 years ago,
while the upper limit is at around 1300-1400 years ago.

As for hg J2-M67*, by comparing PAR and SGP hts with those from European reference
populations with DAPC, we obtain three different clusters (Figure S4). One of them (cluster 3) is
exclusively found in PAR, where it is associated to a single documented pedigree (P05, Table 1)
which includes 8 individuals. Another one (cluster 2) is found both in PAR (4 hts) and SGP (1 ht),
as well as in Germany and Southern Italy. Dates for the whole of cluster 2 (Table 3) are as older as
6000-9000 years ago. Cluster 1, despite being well represented both in Germany and in Italy, has
only one haplotype in SGP.

A DAPC based comparison of PAR and SGP R-U152 hts with those from European reference
populations revealed five different clusters (Table S5, Figure S4). Each of these clusters is
represented both in PAR and SGP. By pooling together clusters 1 and 2 — which largely overlapped
in our DAPC representations — we were able to date R-U152 hts both in PAR and SGP. Results

were quite similar (Table 3), pointing at a period between 3500 and 4500 years ago in both cases.
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Analogously, when dating cluster 3 by considering both hts from PAR and SGP (Table 3), we

obtained a time estimate at around 3000-5000 years from present.

DISCUSSION

In this study we show that it is possible to shed light on important events of the recent genetic
history of a region by carefully selecting the investigated population and the individuals to be
sampled therein. Our PAR and SGP samples not only help to understand poorly known aspects of
the genetic history of Italy and Europe, but they offer important glimpses on issues of more general
interest such as the estimation of essential parameters like Y-STR mutation rates and population
average generation time.

Relevant literature provides contrasting estimates of Y-STR mutation rates, calculated on the base
of different rates. Available Y-STR mutation rates can be divided into three main groups.

1) ‘Evolutionary’ rates. First proposed by Zhivotovsky et al. (2004), such rate is inferred from hg
variation in populations whose short-time history is known (foundation events) and is equal to 6.9 *
10 per STR per generation. It is widely used for dating purposes.

2) ‘Germline’ rates. Such rates are based on direct counts of mutational events in father-son pairs.
Estimates in Ballantyne et al. (2010) are based on ~2,000 pairs and, for the 17 Y-STRs set here
considered, it averages to 3.2 * 10 mutations per STR per generation.

3) ‘Pedigree’ rates. These rates are based on counts of mutational events within pedigrees, as in the
present study. King and Jobling (2009), relying on a total of 274 generations (within 14 pedigrees)
and 17 STRs, calculated a rate equal to 1.5 * 10, Compared to King and Jobling (2009), our
calculations are based on a wider set of data (368 generations within 15 pedigrees). In addition, our
pedigrees do not include tight relatives. Our estimate (3.90 * 10%: 95% CI: 2.44 * 10, 5.68 * 107%),
besides being higher than King and Jobling's (2009), is very similar to Ballantyne et al.'s (2010)
germline rate (which in fact is included in the CI). Finally, all these rates are an order of magnitude
higher than Zhivotovsky et al.'s (2004) ‘evolutionary’ rate. Following another line of evidence,
Balanovsky et al. (2011), observed that time estimates based on ‘germline’ rates have a good fit
with dates obtained from linguistics and archaeology, while dates based on ‘evolutionary’ rates tend
to be older. These facts suggest that approximately Y-STR diversity accumulates in pedigrees at the
germline rate, while ‘evolutionary’ rate is much slower.

As for average generation duration time, our estimate (33.38 years; 95% Cl: 32.76, 34.00) is
comparable to the 35 years value that King and Jobling (2009) suggested as ideal for Britain. As a
consequence, a 25 years value, that is often used in a vast range of analyses — from time estimates to
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coalescent simulations — cannot be considered as particularly realistic for paternal lineages in
European populations.

As a second point, we intended to test whether the idiosyncratic social-economic structure of the
Partecipanza could influence its genetic variability. Cultural features are one of the most discussed
determinants of genetic variation in human populations. The case of Partecipanza shows that being
part of an economically advantaged élite (i.e. to be a Partecipante) may actually generate
significant genetic differences with the rest of the population. It is important to consider that such
peculiarities are limited to Y-chromosome variation and are instead not found in mtDNA. This
result is in line with the specific transmission mechanism of the status of Partecipante, that is
strictly and exclusively male-mediated. This observation, together with the lack of any significant
variability reduction in PAR compared to SGP (both for Y-chromosome and mtDNA) suggests that
Partecipanza did not experience significant drift effects. Similarly, when a putative late 16" century
Partecipanza sub-sample (PAR1600) and the complete sample (PAR) have been compared, we did
not observe any significant differentiation. In other words, Y-chromosomal composition of PAR
cannot be explained exclusively by isolation. Furthermore, our MDS analysis clearly showed that
both PAR and SGP lie within the space defined by Italian Y-chromosomal genetic variability.

These facts lead us to our last aim, that is to reconstruct the time and the genetic origin of
Partecipanza, as well as its implications for the genetic history of Italy and Europe. Differences
between PAR and SGP are mainly determined by three Y-hgs: 11-L22, J2-M67* and R-U152.
Frequency of Y-hg 11-L22 reaches 15.91% in PAR, being completely absent in SGP and rare in the
whole of Italy (0.79%; Boattini et al., 2013). Furthermore, its frequency does not exceed 5% in all
the considered comparison populations. As in the case of its parental clade 11-M253, 11-L22 is most
frequently found in Northern Europe, around the Baltic sea, where it probably originated (Soares et
al., 2010; Underhill et al., 2007).

As shown by DAPC (Figure 2), 11-L22 hts from PAR form a tight and coherent cluster, suggesting
that they may share a common ancestor that lived around the period in which Partecipanza was
founded. Further proof of this is the fact that such hg is at present found in four different surnames
and nine paternal pedigrees (Table S2). Another convergent line of reasoning is provided by our
time estimates. Despite the fact that Y-STR-based estimates are a controversial issue, in this study
we were able to overcome at least some of the most important criticisms brought to such methods.
First, our results strongly suggest that PAR 11-L22 hts are not the result of historical (or
geographical) stratification; on the contrary, they are tightly related and seem to mark a single
historic event. As a second, important point, we were able to estimate reliable values for important

parameters, such as STR mutation rates and generation duration time, directly from our data.
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Despite relatively wide confidence intervals (Table 3), our estimates confirm what is currently
known about the historic origins of Partecipanza, pointing at a period comprised between 1300 and
600 years ago. Interestingly, the upper bound coincides with the Migration Period, and in particular
with the settling of Ostrogoth and Lombard in Italy (493 AD and 568 AD, respectively). The lower
bound might instead correspond to the devastating “Black Death” epidemic of the 14th century (~
1350 AD), a strong bottleneck that may have affected our population as well. It is worth noting that
the geographic distribution of hg 11-L22 and its alleged place of origin, are consistent with the
alleged route followed by some German peoples — Lombards and Goths in particular — from the
Baltic shores to Italy.

The area of San Giovanni in Persiceto became part of the Lombard kingdom relatively late (728
AD, under king Aistulf) and their rule lasted only half a century, after having been defeated by the
Franc king Charlemagne in 776 AD (Capitani, 2009). Nevertheless, a number of historical facts
seem to link this area with Lombard settlements. Among them, the most relevant involves the
Abbey of Nonantola — one of the most powerful monastic centres of the area. The Abbey was
founded by Lombard kings in 752 (Bottazzi, 2003). Since then, emphyteutic grants from Nonantola
(first documented evidence in 1170 AD) had a relevant role in the formation of the assets of the
Partecipanza. San Giovanni in Persiceto itself, according to some scholars, was the seat of a
Lombard Duchy in the second half of the 8th century (Bottazzi, 2003; Santos Salazar, 2006).
Eventually, it has been reported the case of a burial place — discovered in the early 1960s but
originally misinterpreted as a recent mass grave — showing Germanic features and recently
radiocarbon dated to ~1000 years ago (D'Adamo & Pedrini, 2013).

Putting it all together, it seems plausible to relate historical and archaeological information with our
molecular results, suggesting that a Lombard component may have had a key role in the foundation
of the Partecipanza. As it is obvious, we are not implying that Partecipanza is a Lombard ‘living
fossil', neither that hg 11-L22 coincides with ancient Lombards. Their original genetic variability is
still unknown and probably varied in time and place. It is anyway reasonable to believe that 11-L22
was an important part of it.

On the contrary, hgs J2-M67* and R-U152 reveal different aspects of Partecipanza formative
history. Contrarily to 11-L22, DAPC analysis showed that J2-M67* PAR hts form two different
clusters (Table S5, Figure S4), thus suggesting that their high frequency (compared to SGP) is the
result of historic/geographic stratification. One of these clusters (cluster 2) is represented both in
PAR and SGP and is frequent in Italy and Germany, yielding a date as old as 6000 YBP (Table 3).
Another one (cluster 3) is found only in PAR, coinciding with a single pedigree (P05: Table S5,
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Figure S4) whose common ancestor lived in the 16" century. A search through the Yhrd database
(www.yhrd.org) showed that its modal ht has a match in Apulia (Southern Italy).

R-U152 is the most frequent hg both in PAR and SGP, as well as in the whole of North-Western
Italy (Boattini et al., 2013). While its origins are still unclear (Myres et al., 2011; Busby et al.,
2012), its presence in the area of S. Giovanni in Persiceto is much older than the Partecipanza
itself. Our dating experiments yielded dates ranging between 4000 and 5000 years ago for both
populations (Table 3). In addition, R-U152 shows clear evidences of stratification both in PAR and
SGP. In fact, DAPC revealed five different clusters, each of them including hts from both
populations (Table S5, Figure S4)

CONCLUSION

In this study we showed that a well-conceived sampling strategy (population choice, selection of
individuals) facilitates the identification of otherwise hidden population events and historical
stratifications. While doing this, we generated relevant information on issues that transcend the
regional setting of this study. The first result is the determination of important parameters such as
Y-STR mutation rates and average generation duration time. Thanks to a combination of paternal
pedigrees and Y-chromosome molecular data, we estimated a Y-STR mutation rate equal to 3.90 *
10 (17 STRs). Such rate is one order of magnitude higher than ‘evolutionary’ rates (Zhivotovsky
et al., 2004) and very similar to ‘germline’ rates (Ballantyne et al., 2010). As for generation
duration time our estimate (33.38 years) is in line with what is known for other European
populations (UK; King & Jobling, 2009). These results have important consequences for popular
issues as Y-chromosome molecular dating.

The second aim of this study was to check if socio-economic stratification within the same
population can determine specific genetic sub-structures. Our results show that this is the case for
our PAR and SGP samples. In particular, such structure is related to patrilines, while mtDNA
showed no difference between the two samples. This agrees with the mechanism of transmission of
the shared assets within the Partecipanza. Finally, by comparing PAR with SGP, as well as with
Italian and European populations, we concluded that most of the Partecipanza founders bore Y-
chromosome lineages that were already present in the area by a long time. Anyway, it seems
plausible that such nucleus was in some way enriched by a Lombard component that settled here
during the eighth century AD and continued to live there even after the defeat of the Lombard

kingdom in 776 AD. The Partecipanza, thanks to its particular set of rules, preserved (and possibly
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amplified) such a historical ‘trace’, which went instead lost in the ‘open’ population living in the
same area.

Future developments of our research will further explore some of the most important results of this
study. As for the Partecipanza ancestry, we will replicate our experiment by extending our
sampling to other similar institutions. As for Y-chromosome mutation rates, comparisons between
Y-haplotypes and genealogies will be extended to a higher number of Y-chromosome markers and

paternal pedigrees.
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Figure 1. Non-Metric MDS representation of PAR, SGP and reference populations based on Y-STR data.
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Figure 2. Discriminant Analysis of Principal Components (DAPC) of Y-STR variation in 11-L22
haplotypes from PAR and reference populations. Scatterplot of the first and the second discriminant
functions. Symbol size is proportional to the frequency of Y-STR haplotypes.
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TABLES

Table 1. Relationships between reconstructed paternal pedigrees and Y-STR profiles, including mutation
information (NH: number of haplotypes, NM: number of observed mutations, NG: number of considered
generations) and generation time (NI: number of individuals, NG: number of considered generations, YRS: total
number of years).

Mutations Gen.Time

Pedigree Surname NH NM NG NI NG YRS
PO1 So1 2 0 21 2 19 605
P02 S02 3 0 20 3 18 627
P03 S03 3 2 14 4 25 855
P04 S04 4 6 45 4 35 1166
P05 S05 8 3 75 8 67 2302
P06 S06 2 0 14 4 32 1066
PO7 S06 3 3 34 5 37 1226
P08 S07 2 0 11 2 15 470
P09 S08 2 1 6 2 12 413
P10 S09 2 1 7 2 12 412
P11 S10 3 4 23 3 23 755
P12 S11 2 2 22 2 20 608
P13 S12 3 0 32 3 25 829
P14 S13 2 2 21 2 17 582
P15 S13 2 0 17 2 18 563
P16 S14 - - 1 11 323
P17 S15 - - 1 9 337
P18 S16 - - - 1 8 298
P19 S17 - - - 1 10 312
P20 S18 - - - 1 9 307
P21 S19 - - - 1 9 305
P22 S20 - - - 1 9 289
P23 S21 - - - 1 8 290
P24 S22 - - - 1 8 311
P25 S23 - - - 1 9 302
P26 S24 - - - 1 10 302
P27 S25 - - - 1 10 308
P28 S26 - - - 1 7 273
P29 S27 - - - 1 8 284
P30 S27 - - - 1 10 315
P31 S28 - - - 1 5 167
P32 S28 - - - 1 9 287
P33 S28 - - - 1 9 298
P34 S28 - - - 1 7 275
P35 S13 - - - 1 8 295
P36 S13 - - - 1 8 285
P37 S13 - - - 1 9 302
P38 S13 - - - 1 10 320
P39 S29 - - - 1 10 300
P40 S30 - - - 1 9 281
P41 S31 - - - 1 10 315
TOT 43 24 362 74 604 20160

Table 2. Y-hg frequencies in PAR, PAR1600 and SGP. Hgs whose frequencies are significantly different
between PAR and SGP are in bold.

PAR PAR1600 SGP PARYvs. SGP

HG N % N % N % p-val
E-V13 1 1.14 1 2.08 3 4.92 >0.05
E-V22 1 1.14 0 0.00 0 0.00 >0.05
G-U8*(x U13) 0 0.00 0 0.00 3 4.92 >0.05
G-U13 0 0.00 0 0.00 2 3.28 >0.05
FM253*(x L22) 4 4.55 1 2.08 3 4.92 >0.05
1-L22 14 1591 9 18.75 0 0.00 0.0004
FM223 3 341 3 6.25 1 1.64 >0.05
J-M267 1 1.14 1 2.08 2 3.28 >0.05
J-L27*(x M67) 8 9.09 6 12.50 7 11.48 >0.05
J-M67*(x M92) 12 13.64 4 8.33 2 3.28 0.0443
J-M12 5 5.68 2 4.17 1 1.64 >0.05
R-M420 3 341 2 4.17 2 3.28 >0.05
R-M343*(x M269) 0 0.00 0 0.00 1 1.64 >0.05
R-M269*(x U152) 11 12.50 6 12.50 6 9.84 >0.05
R-U152 24 27.27 12 25.00 27 44.26 0.0363
T-L445 1 1.14 1 2.08 1 1.64 > 0.05
Total 88 48 61
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Table 3. Time estimates (in years before present) based on DAPC clusters of Y-STR hts (PAR: only PAR
hts; SGP: only SGP hts; ALL: all hts) using two different mutation rates (MR): our average pedigree-based rate
(P) and Ballantyne et al.'s (2012) STR specific rates (B). NH = number of haplotypes, AGT = Average

Generation Time.

Hg Clusters (POP) NH MR AGT Time Estimate
11-L.22 2 (PAR) 14 B 33.38 667.98 +/- 172.47
P 33.38 570.67 +/- 147.35
11-L.22 2 (ALL) 20 B 33.38 1410.65 +/- 364.23
P 33.38 1318.37 +/- 340.4
J-M67 1 (ALL) 20 B 33.38 6318.2 +/- 1631.35
P 33.38 9818.17 +/- 2535.04
R-U152 1&2 (PAR) 12 B 33.38 4275.1 +/- 1103.83
P 33.38 3464.66 +/- 894.57
R-U152 1&2 (SGP) 17 B  33.38 3959.67 +/- 1022.38
P 33.38 4785.77 +/- 1235.68
R-U152 1&2 (ALL) 125 B 33.38 2925.04 +/- 755.24
P 33.38 2493.9 +/- 643.92
R-U152 3 (PAR&SGP) 11 B 33.38 5591.59 +/- 1443.74
P  33.38 2960.48 +/- 764.39
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Figure S1. Geographic position of PAR, SGP and reference populations.
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Figure S2. Paternal pedigrees encompassing at least two individuals (P01-P15). Black branches were not
considered for the calculation of Y-STR mutation rate. Numbers along each branch represent the corresponding
number of generations. For each pedigree is reported the number of considered generations (NG) and the number

of observed mutations (NM).
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Figure S3. Mismatch distributions for PAR and SGP samples.
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Figure S4. Discriminant Analysis of Principal Components (DAPC) of Y-STR variation in J-M67*
and R-U152 haplotypes from PAR, SGP and reference populations. Scatterplots of the first and second
discriminant functions (J-M67*, R-U152 12) and of the second and third discriminant functions (R-
U152 _23). Symbol size is proportional to the frequency of Y-STR haplotypes.
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Table S1. Reference populations for Y-STR data. N = sample size.

COD Description Region N Reference COD Description Region N Reference

CN Cuneo Continental ltaly 30 Boattini et al., 2013 AG Agrigento Sicily 45 Boattini et al., 2013
SVGE Savona-Genova Continental italy 51 Boattini et al., 2013 CcT Catania Sicily 52 Boattini et al., 2013

CO Como Continental ltaly 41 Boattini et al., 2013 RGSR Ragusa-Siracusa Sicily 45 Boattini et al., 2013

BS Brescia Continental ltaly 39 Boattini et al., 2013 EN Enna Sicily 40 Sarno et al., 2014

\ Vicenza Continental ltaly 40 Boattini et al., 2013 TP Trapani Sicily 34  Sarnoetal, 2014

TV Treviso Continental ltaly 33 Boattini et al., 2013 BIG Bigorre French Basque 44 Martinez-Cruz et al., 2012
SPMS  La Spezia-Massa Continental ltaly 24 Boattini et al., 2013 BEA Bearn French Basque 56 Martinez-Cruz et al., 2012
GRSN  Grosseto-Siena  Continental italy 86 Boattini et al., 2013 CHA Chalosse French Basque 58 Martinez-Cruz et al., 2012
MC Macerata Continental ltaly 40  Boattini et al., 2013 KA Kaszuby Poland 204 Rebalaetal.,, 2012

PG Perugia Continental ltaly 37 Boattini et al., 2013 KO Kociew ie Poland 158 Rebala et al., 2012

AQ L'Aquila Continental ltaly 30 Boattini et al., 2013 KU Kurpie Poland 158 Rebalaetal., 2012

CB Campobasso Continental ltaly 30 Boattini et al., 2013 LU Lusatia Germany 123  Rebala et al., 2012

BN Benevento Continental ltaly 35 Boattini et al., 2013 SL Slovakia Slovakia 164 Rebalaetal., 2012

MT Matera Continental ltaly 25 Boattini et al., 2013 ME Mecklenburg Germany 131 Rebalaetal., 2012

LE Lecce Continental ltaly 40 Boattini et al., 2013 BA Bavaria Germany 218 Rebalaetal., 2012

Cs Cosenza Continental ltaly 45  Sarnoetal., 2014 SER Serbia Balkans 102 Regueiro et al.,, 2012

Table S2. Y-STR haplotypes and haplogroups in PAR and SGP samples. For the PAR sample, pedigree and
surname codes are reported. For pedigrees encompassing at least two individuals, the number of mutations from
the Most Recent Common Ancestor (NM2MRCA) is included. This table will be provided in the online version

of the manuscript once published.

Table S3. mtDNA HVSI-HVSII sequence data in PAR and SGP. This table will be provided in the online

version of the manuscript once published.

Table S4. Standard diversity indices computed for PAR, PAR1600 and SGP.

Y-chromosome STR SNP
Pop Sample Size | Gene Div. (h) sd MNPD () #sd  Nuc. Div. (my) £ sd Gene div (h) *sd
PAR 88 0.9843 +/- 0.0055 9.5833 +/- 4.4361 0.5990 +/- 0.3072 0.8595 +/- 0.019
PAR1600 47 0.9861 +/- 0.0096 9.6022 +/- 4.4816 0.6001 +/- 0.3109 0.8677 +/- 0.0251
SGP 61 0.9995 +/- 0.0031 8.6787 +/- 4.0627 0.5786 +/- 0.3004 0.7814 +/- 0.0493
m tDNA SEQ

Pop Sample Size{ Gene div(h)*sd MNPD (m) £ sd Nuc. Div. (my) £ sd

PAR 88 0.9762 +/- 0.0102 5.9658 +/- 2.8739 0.0090 +/- 0.0048

SGP 61 0.9913 +/- 0.0049 6.4629 +/- 3.0982 0.0097 +/- 0.0052

Table S5. Frequencies of Y-chromosome DAPC clusters in PAR, SGP and reference populations (BALK
= Balkans-Serbia, SEI = South-Eastern Italy, NWI = North-Western Italy, GER = Germany, POL/SLO =

Poland/Slovakia, FRA B = French Basque).

HG CLUSTER{ PAR SGP BALK SH NWI GER BRAB POL/SLO FRA_B
11-L.22 1 0 0 5 4 0 6 1 8 0
2 14 0 0 1 0 1 0 4 0
3 0 0 0 0 2 4 3 5 0
J-M67 1 4 1 1 6 2 6 - 0 0
2 0 1 2 8 3 4 - 0 0
3 8 0 0 0 0 0 - 0 0
R-U152 1 5 8 2 12 26 6 - 1 0
2 5 8 0 4 29 5 - 0 1
3 2 5 0 6 14 4 - 2 2
4 3 2 2 15 23 7 - 0 1
5 3 2 1 7 17 8 - 5 0
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Comments

2.4.1 Isolation, culture and genetic history

As demonstrated in the first part of this thesis, the genetic structure of the extant Italian
populations retains the signatures of complex peopling and demographic processes occurred from
the Palaeolithic to the more recent human history. Different migrations waves during the Neolithic
and Metal Ages particularly proved to have characterised the pre- and proto-history of Italy, and
were invoked to explain the genetic sub-structure (North-West Italy vs. South-East Italy) observed
for Y-chromosome markers, compared to the more homogeneous maternal (mtDNA) genetic
landscape (Paper 1 and Paper 2). Further contributions to the genetic heterogeneity currently found
in the Italian population, came from the historical gene flows and cultural exchanges that affected
the population structure and admixture at more recent time frames and restricted geographical
scales. Although the underlying genetic impacts of these processes remain often hidden - due to the
confounding consequences of their interactions, the narrower time and/or spatial frames of their
actions, as well as the lower impact and more localised extent of their effects - all these events have
actually contributed to enrich the bio-anthropological and cultural variability of Italy, as attested by
the large number of cultural enclaves and ethno-linguistic minorities today settled in the Italian
territory.

In a recent effort to obtain a first comprehensive characterisation of the Italian micro-
evolutionary genetic variability, a collaborative project — involving four research units from four
Italian Universities (Bologna, Cagliari, Pisa and Roma “La Sapienza”) — have analysed and
compared the patterns of genetic diversity among several geographic isolates and/or ethno-linguistic
minorities — stretching from the north-eastern Italian Alps to Sicily and Southern Italy — in order to
evaluate the association of linguistic and/or geographic factors with genetic isolation (Capocasa et
al., 2014, Appendix I). Although the condition of geographic marginality demonstrated to generate
by itself significant reproductive barriers (as in the case of the geographic isolate of Benetultti, in
Northern Sardinia), the source of higher genetic isolation was shown to be the combination of
geographic with linguistic factors (Capocasa et al., 2014). Cultural — and particularly linguistic —
features acting also as genetic barriers, have been indeed invoked for geographic and cultural
isolates — such as the Ligurian linguistic island of Carloforte in southern Sardinia and the German-
speaking minorities of Eastern Alps (i.e. Sappada, Sauris and Timau) — thus underlying the
importance of considering also the effects of socio-cultural factors when studying the human
genetic variation (Capocasa et al., 2014).

Within this framework, our findings (Paper 3 and Paper 4) have extended this concept to a
wider perspective that transcends the specific case of “cultural traits as sources of genetic isolation”,

but provides new insights concerning both the importance of sampling strategy and the role of
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socio-cultural elements in helping our understanding of underlying population structures and hidden
genetic layers.

Besides being responsible for genetic isolation, cultural features have indeed proved to generate
significant genetic sub-structures within the same population (Partecipanza, Paper 4) and to interact
with geographic and historical factors in differentiating the micro-evolutionary histories within the
same ethno-linguistic group (Arbereshe, Paper 3), thus getting a key role in shaping the present-day
genetic composition of the so-called “marginal populations”. This term identifies those human
groups that experienced reduced population sizes and gene flows — compared to the neighbouring
open (outbred) populations. These conditions may eventually (but not necessarily) evolve in genetic
isolation. The impact of cultural features on the genetic structure of these populations explained the
emerging of the peculiarities in HG composition observed for both Arbereshe communities (Paper
3) and the Partecipanza of San Giovanni in Persiceto (Paper 4). In addition, such peculiarities
accounted for the differential maintenance by these marginal groups of specific ancestral paternal
lineages. Due to their cultural distinctiveness - that at least partially limited the genetic exchanges
with the nearby human populations - ethno-linguistic minorities (Arbereshe, Paper 3) and cultural
enclaves (Partecipanza, Paper 4) have not only represented exceptional observatories to test the
impact of socio-cultural traditions on population genetic structures, but have also acted as “survival
areas” for genetic features, which can be related to migration and demographic processes occurred
in continental Italy during the more recent history. The high levels of genetic diversity observed for
both the two analysed populatons, besides suggesting that neither Arbereshe nor the Partecipanza
have experienced significant drift effects or isolation phenomena, are indeed consistent with the
hypothesis that these marginal populations have preserved much of their ancestral variability along
with their cultural features. This highlights how linguistic and/or socio-economic factors may have
helped maintaining a connecting link between present-day populations and specific layers of the
Italian past history.

In this context, carefully designed sampling strategies demonstrated to be particularly suited to
uncover such a cryptic diversity patterns and genetic layers (Paper 3 and Paper 4). The widely used
“grandparents criterion” sampling method (i.e. three generation of ancestry in the study area), if on
one hand represents a quick way to exclude the more recent events of gene flows, on the other hand
prevents the identification of immigration processes beyond the second generation, thus precluding
the possibility to make reliable inferences about the structure of a population at deeper geographical
and temporal scales (Boattini et al., 2011). At this respect, surname-based sampling strategies,
coupled with the accurate selection of marginal populations, have actually proved to be a valuable

solution to overcome these problems and manage to unmask otherwise hidden population genetic
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sub-structures (Paper 3 and Paper 4). In particular, the association between patrilineal surnames
and the uniparentally-transmitted male-specific Y-chromosomes, showed that surname analysis (i.e
biodemography) is a particularly effective tool for sampling individuals in Y-chromosome based
studies. The selection of males bearing surnames which are unequivocally associated with a certain
place (founder surnames) ensures a phylogenetic picture of lineage diversity as closer as possible to
the “ancestral” genetic variability, thus preceding the more recent reshuffling events of admixture
within and among populations. The surname-based sampling strategy (especially if accompanied by
an exhaustive representation of the “original founder surnames” and by the selection of at least one
representative for each of them) allows maximising the number of different paternal lineages for a
given sample size, retracing at the period of surname spread (4-5 centuries ago) and therefore
excluding the more recent immigration processes by default (Boattini et al., 2011). In this context,
the reconstruction of genealogies/pedigrees, despite being comparatively more difficult and time-
consuming, has proved to add an even higher degree of geographic precision to the selection of
samples, also offering the possibility to approach some important issues in population genetic

studies which are necessary to make faithful inferences on population past history (Paper 4).
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1. Integrating macro- and micro-geographic perspectives of investigation

Historical, geographic and cultural factors interact in shaping the genetic variability of current
human populations at global, regional and local levels. However, the patterns of genetic variation
observed at continental-wide perspectives, are not always reflected also when fine-grained
geographic and temporal scales are considered (Beleza et al. 2005, Sanchez-Faddeev et al. 2013). In
order to disentangle the spatial and temporal processes in the origin of present-day human genetic
variability, it is therefore important to address fine-scale questions about human population history
and genetic variation, by integrating continent-wide studies with the more detailed pictures that are
instead achievable by means of regional and/or local case-studies.

In this thesis we approached some issues of the Italian genetic history and population variability,
by particularly combining macro- and micro-geographic investigations, at different spatial and
temporal levels. The main scientific questions concerned: i) exploring the uniparental genetic
structures of the Italian population and tracing the times and sources of the observed diversity
patterns; ii) searching for the legacy of different continental and within-continental contributions to
the current genetic make-up in specific Italian local contexts, in order to clarify broad- and fine-
scale aspects of the human population history; iii) characterising the putative impacts of cultural
factors (i.e. language and socio-economic conditions) in preserving or reshaping the genetic
variability within specific historical and geographic layers, by using key-model populations.

By combining a well-conceived sampling strategy (implying adequate sampling coverage and
accurate selecting criteria), with an unprecedented in-depth resolution level for the molecular
analysis (implying the joint analysis of slow- and fast-evolving markers in both uniparental systems
at the same time), we were able to unveil genetic structures previously undetected in the Italian
genetic landscape. Sex-biased patterns and contrasting demographic histories have been observed
for males and females, highlighting different temporal and spatial phases in the construction of the
Italian genetic make-up (Paper 1). In particular, mtDNA results suggest a more ancient and
homogeneous distribution pattern of genetic variation, justified by both male-biased population
incomings (Pesando et al., 2005; Lacan et al., 2011a; Lacan et al., 2011b) and higher female-
mobility dynamics since the Neolithic times (Rastiero et al. 2012; Heyer et al., 2012). On the other
hand the NWI-SEI genetic sub-structure observed for the paternal lineages underlines the impact of
different routes of Neolithisation along the Adriatic and Tyrrhenian coasts, coupled with different
post-Neolithic settlements within continental Italy (Paper 1). In accordance with the natural-bridge-
position of the Italian Peninsula between Europe and the Mediterranean, different migration
processes from the Balkans/Levant and Central Europe, mainly referable to the post-Neolithic and

Metal Ages, in fact proved to have particularly affected the South-Eastern and North-Western
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Italian genetic pools respectively (Paper 1 and Paper 2). Consistently with these results, a recent
genome-wide investigation that used long shared segments of IBD to infer the recent common
ancestry across modern Europeans (Ralph and Coop, 2013), revealed that the common ancestors
between Italians and the other European populations are older than 2,500 YBP, therefore suggesting
that the proto-historic genetic structure of Italy was not deleted or significantly modified during the
Roman and Post-Roman (Migration Period) historical invasions (Ralph and Coop, 2013).

If the Neolithic revolution could be considered one of the principal determinant of the Y-
chromosome genetic structuring observed within the Italian Peninsula, on the other hand these
results taken together also highlight the importance of various continental and local Post-Neolithic
contributions to the current diversity patterns, suggesting that the genetic structure observed in the
Italian Peninsula was not fixed in the Neolithic period, but further reinforced by subsequent
demographic processes. Among them, the Greek domination during the Metal Ages confirmed to
have played an important role in the cultural and genetic transitions occurred in Sicily and Southern
Italy (SSI), accounting at least in part for the observed shared genetic background between SSI and
the Balkan Peninsula (Paper 2).

Within the confounding tapestry of migration processes and cultural exchanges that affected the
Italian genetic landscape, geographic outliers (Sardinians, Paper 1) and culturally-distinct human
groups (ethno-linguistic and socio-economic marginal populations, Paper 3 and Paper 4),
particularly proved to have preserved specific traces of more ancient (Pre-Neolithic) or recent layers
(e.g. Germanic invasions) of the Italian genetic history, also providing unique opportunities to test
the effect of cultural, geographic and demographic factors on the micro-geographic genetic
variability.

The demographic history and the geographically-isolated condition of the Sardinian population,
confirmed to have modelled the uniqueness of its current genetic pool, indicating paralleling
founder events for specific maternal and paternal lineages that today mark the genetic make-up of
the people of the island relative to the rest of European populations (Paper 1 and Pala et al., 2009).
At the same time, and consistently with the suggestions of both aDNA-based studies (Keller et al.,
2012) and genome-wide investigations (Di Gaetano et al., 2012), its condition of geographic
impermeability has also allowed present-day Sardinians to maintain signatures of a more ancient
genetic background, probably shared among all the continental European populations at least before
the Post-Neolithic reshuffling migration processes (Paper 1).

On the other hand, the study of culturally-marginal populations allowed us to focus on the more
recent layers of the Italian genetic landscape and to cast new lights into different aspects of the

gene-culture interaction at finer geographical and temporal scales. Given the common Balkan
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origins and the shared cultural traits (Arberisht language, Greek Orthodox religion and common
mytho-history), the differences in the genetic composition observed both within and among the
Sicilian and Calabrian Albanian-speaking enclaves, provide an intriguing illustration of how
cultural, historical and geographic relationships between human groups can intervene in shaping
and differentiating the current genetic variability even among culturally and historically related
populations (Paper 3). Similarly, the case of the Partecipanza of San Giovanni in Persiceto shows
how social-economic stratifications may induce sex-biased genetic structuring within the same
population (Paper 4).

The careful selection of key-model populations, coupled with the accurate selection of

individuals within them - by means of founders surnames and/or deep-rooted pedigrees - have
additionally offered a powerful tool to explore otherwise hidden historical strata of the Italian
genetic landscape, for instance helping to retrieve genetic signals of the so-called “Migration
period”. This period - spanning from the Huns invasions at the end of the 4th century to the
expansion of Slavic populations throughout the 6th-10th centuries — witnessed a series of
settlements by Germanic peoples (the most notably for Italy being the Ostrogoths and Lombards)
that, between the 5th and the 6th centuries AD, spread into Europe ruling out most of the western
Roman Empire. Despite their historical significance and widespread repercussions, these peopling
events appeared to have brought negligible modifications to the Italian genetic landscape (Ralph
and Coop, 2013), consequently leaving - if any - only subtle genetic traces in the gene pool of
current human populations. Our results (Paper 4) demonstrated that the occurrence of idiosyncratic
cultural conditions may have helped preserving (or even amplify) such historical “traces”. At the
same time, the availability of extended genealogical data coupled with the surname-based analysis,
revealed to be crucial to succeed in detecting such genetic signals. Sampling male individuals based
on founder surnames can provide a set of Y-chromosome lineages that, differing from the more
general patterns of genetic variation, is actually more likely to closely reflect (or contain traces of)
the “ancestral” population diversity.
In addition, the association of deep-rooted pedigrees with in-depth Y-chromosome genetic profiles
has allowed adding new insights into some fundamental issues in population genetic studies
particularly concerning the Y-chromosome molecular dating (i.e. the estimation of the average
generation duration time and the Y-STRs mutation rate per generation), which are essential to
reliably infer the ages of common ancestors and thus to rigorously link specific genetic traces with
particular historical events.

On the whole, the results of this research add some important pieces to the complex mosaic of

the Italian genetic history, and particularly emphasise the usefulness of combining complementary
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scales of investigation to achieve a comprehensive evaluation of the several factors involved in the
shaping of human genetic structures, both within and among extant populations. For a future
perspective, extending the same study-approach to other Italian specific contexts, by including both
open and marginal populations, will offer the possibility to achieve an increasingly detailed picture
of the Italian genetic variability. Uniparental markers proved to be an extremely useful tool to cast
new lights into specific aspects of the Italian genetic history since, due to their peculiar features,
allowed to trace reliable genealogies back in time and space. However, each of these systems
behaves as a single locus, thus offering only partial perspectives compared to the overall picture of
population demographic history. Therefore, the complementary overview achievable with whole-
genome autosomal SNPs data will surely allow deepening the perspectives offered by uniparental
markers, adding further details to the “general picture” and overcoming some of the limitations of
maternally and paternally inherited systems. Finally, enforcing a multi-disciplinary approach, by
comparing and integrating genomic data with the results offered by other disciplines (e.g.
linguistics, archaeology, aDNA-based studies), will represent a key-step to reveal and interpret
some of the still unsolved questions of the Italian genetic history and population variability, at both

broad and fine geographical and temporal scales.
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2 Exploring biodiversity of Italian populations

Summary - The animal and plant biodiversity of the Italian territory is known to be one of the
richest in the Mediterranean basin and Europe as a whole, but does the genetic diversity of extant human

populations show a comparable pattern? According to a number of studies, the genetic structure of Italian

populations retains the signatures of complex peopling processes which took place from the Paleolithic to

modern era. Although the observed patterns highlight a remarkable degree of genetic heterogeneity, they do

not, however, take into account an important source of variation. In fact, Italy is home to numerous ethno-

linguistic minorities which have yet to be studied systematically. Due to their difference in geographical
origin and demographic history, such groups not only signal the cultural and social diversity of our country,

but they are also potential contributors to its bio-anthropological heterogeneity. To fill this gap, research

groups from four ltalian Universities (Bologna, Cagliari, Pisa and Roma Sapienza) started a collaborative
study in 2007, which was funded by the Italian Ministry of Education, University and Research and
received partial support by the Istituto Italiano di Antropologia. In this paper, we present an account of
the results obtained in the course of this initiative. Four case-studies relative to linguistic minorities from

the Eastern Alps, Sardinia, Apennines and Southern Italy are first described and discussed, focusing on

their micro-evolutionary and anthropological implications. Thereafter, we present the results of a systematic
analysis of the relations between linguistic, geographic and genetic isolation. Integrating the data obtained
in the course of the long-term study with literature and unpublished results on Italian populations, we
show that a combination of linguistic and geographic factors is probably responsible for the presence of the
most robust signatures of genetic isolation. Finally we evaluate the magnitude of the diversity of Italian

populations in the European context. The human genetic diversity of our country was found to be greater
than observed throughout the continent at short (0-200 km) and intermediate (700-800km) distances, and
accounted for most of the highest values of genetic distances observed at all geographic ranges. Interestingly,

an important contribution to this pattern comes from the “linguistic islands” (e.g. German speaking groups
of Sappada and Luserna from the Eastern Italian Alps), further proof of the importance of considering social
and cultural factors when studying human genetic variation.

Keywords — Genetic structure, Linguistic diversity, Minority languages, Linguistic islands.

Introduction

The plant and animal biodiversity found
on Italian territory is among the richest in the
Mediterranean basin and in Europe as a whole.
This depends on the presence of different biomes,
with Alpine tundra and the Mediterranean arid
zones at the extremes, whose variety may be seen
as a consequence of the natural role of Italy as a
bridge connecting central European and North
African environments (Blasi et /., 2005). As has
happened throughout the continent, biodiversity
has been influenced by human activities, such
as cattle breeding and the agricultural exploita-
tion of the lands since the Neolithic (Goudie,
2013). However, the remarkable ethno-cultural

diversity of human populations which have set-
tled on Italian territory since prehistory has led
to different ways of managing natural resources
(Padovani et al, 2009). This has probably
reduced the loss of biodiversity produced by
man-driven modifications of natural ecosystems
to some extent. The latter points introduce us to
another important aspect, which is more directly
concerned with the anthropological dimension,
i.e. biodiversity of human populations.

Looking at biodiversity from a holistic per-
spective, it is worth raising the question: does
the great variety observed in Italy for plants
and animals hold for human populations? Since
prehistory, numerous peopling events have
occurred on Italian territory. During the Last
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Glacial Maximum, most of the country provided
a refugium not only for animal and plant spe-
cies (e.g. see Taberlet er al., 1998; Petit er al.,
2003; Grassi et al., 2009), but also for human
groups (Banks er 2/, 2008). Migrations during
the Late Paleolithic, the Neolithic and, even
more so, the Metal Ages characterized the com-
plex peopling process of pre-historic Italy, leav-
ing more (e.g. Greeks; see Scheidel, 2003) or less
(e.g. Etruscans; see Barker & Rasmussen, 1998;
Beekes, 2003) clear signatures. Under Roman
rule, there were heavy demographic reshuffles
caused by warfare and slavery and this had a
significant impact on population composition
(Hin, 2013). In more recent times, further con-
tribution to the population heterogeneity came
from invasions of the Barbarians (Lombards and
Normans among others; see Jorg, 2002; Donald,
2008) and Arabs (Aghlabids; see Metcalfe,
2009). All these events explain at least part of
the genetic structure of extant Italian popula-
tions, structured in two main geographic clusters
(North-West and South-East) for Y-chromosome
markers but more homogeneous for mtDNA
polymorphisms (Boattini ez al., 2013). However,
the investigations carried out so far have yet
to provide an exhaustive picture of the genetic
diversity of Italian populations, since they could
not take into account another important compo-
nent of the human biodiversity of our country.
We are referring to the historic ethno-linguistic
minorities which total about 5% of the popula-
tion today. They differ according to area of ori-
gin (central and southeastern Europe) and demo-
graphic history, and the majority of them settled
in their present locations in relatively recent
times (from the Middle Ages to the 18th cen-
tury). The linguistic isolation from neighboring
populations and, in many cases, the settlement as
small communities in secluded areas make such
groups very important when evaluating the entire
spectrum of biodiversity of Italian populations.
At present, twelve ethno-linguistic minorities
are officially safeguarded by Italian legislation:
Albanian, Catalan, Croatian, French, Franco-
provengal, Friulian, German, Greek, Ladin,
Occitan, Slovene and Sardinian (Toso, 2008).
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Furthermore, other minor linguistic groups are
recognized at regional level (e.g. Tabarkian in
Sardinia) and ancient linguistic substrates can be
still recognized in marginal areas.

The interest in ethnic minorities and local
communities is considerable in the present-day
international debate concerning the preserva-
tion of cultural diversity and its influence on the
biodiversity in the globalized world. Since 1999,
the United Nations Environment Programme
(UNEP) and the United Nations Educational,
Scientific and Cultural Organization (UNESCO)
have turned their attention to the “indigenous”
peoples for the assessment of global biodiversity.
UNERP focused on the relationships between bio-
diversity and cultural diversity with the publica-
tion of the report Cultural and Spiritual Values of
Biodiversity (Addison Posey, 1999). After having
defined Cultural Diversity as the “common herit-
age of humanity” (UNESCO, 2001), UNESCO
has recently pointed out to the risk of extinc-
tion of 2500 languages, among which most of
the minority languages spoken in Iraly (Moseley,
2010). The message emerging from these initia-
tives is that paying attention to ethno-linguistic
minorities is important not only for their con-
tribution to the overall human biodiversity, but
also for their role in maintaining cultural tradi-
tions which have an impact on biodiversity. This
seems to expand the view, shared by many evo-
lutionary Anthropologists, that biological and
cultural diversity should be studied together to
understand how the past has shaped the present
of human species: “7The subjects are (on the one
hand) data, and (on the other) the cultural history
surrounding the collection and interpretation of
those data” (Marks, 1995).

In order to achieve a more complete char-
acterization of the genetic structure of Italian
populations, four research units of four Italian
Universities (Bologna, Cagliari, Pisa and Roma
Sapienza) initiated a collaborative research on lin-
guistic minorities in 2007. During the realization
of the project, the working group started further
collaborations with researchers from other Italian
Universities. A first part of work was done in the
framework of the project “Isolating the isolates:
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geographic and cultural factors of human genetic
variation” supported by the Italian Ministry of
Education, University and Research (PRIN pro-
ject 2007 and 2009). In this initiative, our aim
was to understand the relationships between cul-
tural and geographical factors and the genetic
structure of the Italian isolates (Destro Bisol et
al., 2008). The research work continued under
the umbrella of the project “Human biodiversity
in Italy: micro-evolutionary patterns” (PRIN
project 2009-2011). In this second step, we also
focused on the role of social structures in shap-
ing the human biodiversity of isolated groups'.
Further support to the whole initiative was pro-
vided by the Istituto Italiano di Antropologia (pro-
ject “Bio-cultural Atlas of Italian populations”).

As genetic tools, we used mtDNA and Y
chromosome polymorphisms, a choice based on
their power to detect microevolutionary events
on a wider timescale than bi-parentally transmit-
ted polymorphisms, their relatively low costs,
abundance of comparative data both at micro-
and macro-geographic scale and the possibility
to estimate gender-biased processes. Notably, the
outputs of the study are not limited to scientific
papers (e.g. Destro Bisol ez al., 2008; Robledo ez
al., 2009; Boattini e al., 2010; Bertoncini ez al.,
2012; Capocasa et al., 2013b; see Supplementary
File S1 for a complete list of papers and com-
munications to congress), but also include the
return of scientific results to the investigated
communities (e.g. Capocasa et al., 2012, 2013a)
and a dedicated genetic online database (htep://
www.isita-org.com/Anthro-Digit/italianisolates/
index.html).

In this paper, we present an account of the
results obtained by the research units (RUs)
involved in the collaborative study. To this aim,
four case studies spanning from the eastern Alps
to southern Italy are described and discussed,
with a focus on their micro-evolutionary and
anthropological implications. Thereafter, we pre-
sent the results of a systematic analysis of the rela-
tions between linguistic, geographic and genetic

'As a rule, by the term “isolated populations” we mean
linguistic and/or geographic isolates.

isolation combining the data obtained in the
course of the long-term study with literature and
unpublished results. More in particular, we: (i)
analyze the genetic structure of numerous Italian
populations in order to evaluate the association of
linguistic and geographic factors with genetic iso-
lation; (ii) compare the extent of genetic diversity
observed in Italy and Europe taking into account
both open populations and geographically and/or
linguistically isolated groups.

Materials and methods

The dataset

Our original dataset includes data from 873
individuals for mtDNA and 795 individuals for
Y chromosome from 19 populations (see Table 1)
studied in the course of the PRIN projects. It was
integrated with other published and unpublished
results, reaching a total of 2875 and 1811 entries
for mtDNA and Y chromosome polymorphisms,
respectively (see Appendix 1; Congiu ez al., 2012).

Buccal swabs were collected in apparently
healthy donors (see Tab. 1). A detailed descrip-
tion of laboratory analyses for DNA extraction,
amplification, purification and genotyping is
reported in Supplementary File S2.

Statistical analyses

Haplotype diversity (HD) and its standard
errors were calculated according to Nei 1987.
Pairwise differences among all the popula-
tions of the datasets were calculated using the
genetic distance measure Fst (Reynolds ez 4l,
1983; Slatkin, 1995). Analyses of molecular
variance (AMOVA) were performed in order
to test genetic differences among Sardinian
populations. Demographic descriptive indices
(Tajima’s D, Fu’s Fs and Harpending’s ragged-
ness) were calculated to test for the presence of
signs of demographic expansion (Tajima, 1989;
Harpending, 1994; Fu, 1997). An analysis of
haplotype sharing was performed in order to
evaluate the specific contribution of private hap-
lotypes to the observed patterns of genetic dif-
ferentiation among populations.
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Tab. 1. Populations analyzed in the course of the collaborative study. Abbreviations: ALT, altitude;
FS, founder surnames; G, geographic isolate; GL, geographic/linguistic isolate; GP, grandparents; L,
linguistic isolate; O, open population.

MTDNA Y CHROMOSOME
POPULATION ABB. STATUS SAMPLING CENSUS ALT.° N REFERENCE N REFERENCE
STRATEGY SIZE*

Arbereshe ARC GL FS 28034 535 87 This study 87 Boattini et al., 2011;

(Calabria) Pettener, pers. com.

Arbereshe ARS L FS 7875 645 40 This study 42 Pettener, pers. com.

(Sicily)

Benetutti BEN G FS 2010 406 50 This study 45 Calo et al., 2013

Cadore CAD 0 GP 10797 984 32 Caglia, 52 Caglia, pers. com.
pers. com.

Carloforte CFT GL FS/GP 6420 10 51 Calo etal.,, 2012 41 Robledo et al., 2012

Cimbrians LES GL GP 13455 758 40 Capocasa et al., 29 Coiaetal., 2013

(Lessinia) 2013

Cimbrians LUS GL GP 286 1333 21 Coiaetal.,, 2012 25 Coiaetal., 2013

(Luserna)

Circello CIR G FS 2501 700 27 This study 34 Tofanelli, pers. com.

Cosenza COos (0] GP 69131 238 42 Pettener, pers. 28 Pettener, pers. com.
com.

Fiemme Valley FIE G GP 18990 1033 41 Coiaetal., 2012 41 Coiaetal., 2013

Ladins (Fassa LVF GL GP 9894 1345 47 Coiaetal., 2012 47 Coiaetal., 2013

Valley)

Lucca plain PIL (0] GP 154928 81 50 This study 50 This study

North Sardinia  NSA 0] GP 67253 440 40 This study 47 Calo et al., 2013

Sappada SAP GL GP 1307 1217 59 Capocasa et al., 36 Coiaetal., 2013
2013b

Sauris SAU GL GP 429 1212 48 Capocasa et al., 29 Coiaetal., 2013
2013b

Sulcis- SGL (0] GP 128614 96 50 Robledo et al., 46 Robledo et al., 2012

Iglesiente 2012

Timau TIM GL GP 500 830 46 Capocasa et al., 22 Coiaetal., 2013
2013b

Trapani-Enna TEN O GP 96834 - 80 Pettener, pers. 71 Pettener, pers. com.
com.

Vagli VAG G FS 995 575 22 This study 23 Tofanelli pers. com.

* Source: ISTAT (2011) htep://demo.istat.it.

© meters above sea level.
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All parameters of intra- and inter-popula-
tion genetic diversity were calculated using the
Atlequin 3.5 software (Excoffier & Lischer, 2010).
Multidimensional scaling (MDS) was applied to
genetic distance matrices to visualize genetic differ-
entiation among populations using the SPSS soft-
ware (release 16.0.1 for Windows, S.PS.S. Inc.).
In order to evaluate the effect of census size on the
intra- and inter-population diversity, we performed
astepwise multiple regression analysis using the cur-
rent census size and altitude as covariates. Census
size was log-transformed in order to linearize its
relation to HD and average Fst. Unless otherwise
stated, analyses were performed using mtDNA
HVR-1 region (from 16033 to 16365 n.p.) and
15 Y chromosome STRs (DYS19, DYS389I,
DYS38911, DYS390, DYS391, DYS392, DYS393,
DYS437, DYS438, DYS439, DYS448, DYS456,
DYS458, DYS635 and GATA H4.1).

Genetic relationships among Arbereshe,
putative source populations (Albania, Greece)
and sink populations (Calabria, Sicily) were ana-
lysed as follows: populations were first grouped
in clusters using a non-hierarchical EM algo-
rithm (mclust R package; see Fraley & Raftery,
2002, 2006), then posterior membership prob-
abilities (for each population and for each clus-
ter) were calculated using Discriminant Analysis
of Principal Components (DAPC, adegenet R
package; see Jombart er al., 2010) and graphi-
cally represented with a bar-plot.

To assess which interval of stepwise muta-
tional differences between the male specific region
of Y chromosome (MSY) haplotypes is the most
suitable to represent the Ligures contribution to
Samnium, we used the Equation 31 described
by Walsh (2001) implemented in the software
ASHEs 1.1 (ashes.codeplex.com, Tofanelli ez al.,
2011). The Bayesian posterior distribution of
expected pairwise mutation differences was calcu-
lated for haplotypes separated by 78 generations
(2,190 years ago using 28 years per generation),
assuming a strict stepwise mutational model, a
mutation rate of 3.09x10% per locus per genera-
tion (averaged values from observed single-locus
germ-line mutations following Ballantyne ez 4/,
2010) and a lambda value of 0.0002.

Genes, geography and language: a
tale of four stories

The collaborative project covered a substan-
tial part of the linguistic and/or geographic iso-
lates settled on Italian territory. What follows is
a selection of the results obtained by each of the
four RUs, which illustrates the variety of factors to
be taken into account when studying human iso-
lated populations and the diversity of approaches
needed to carry out these investigations.

The Arbereshe: between Italy and the Balkans

The Arbereshe are one of the largest linguistic
minorities settled in Italy (100,000 individuals;
see Fig. 1). They originate from migratory waves
from Albania between the end of the 15th and
beginning of the 16th century in response to the
invasion of the Balkans by the Ottoman Empire.
Historians agree that most of the immigrants
came from the south of Albania (Toskeria),
often passing along the Peloponnese peninsula
(Zangari, 1941). This hypothesis is supported by
evidence that Arberisht, the language spoken by
the Arbereshe, is part of the Tosk dialect group
originally spoken in Toskeria. At present, there
are 50 Arbereshe communities in Italy. They are
located in Southern Italy, where they are sepa-
rated from each other and interspersed among
Italian villages. As such, they constitute an inter-
esting case study allowing us to explore the effects
of cultural isolation on genetic variability, as well
as their relationships with the source (Southern
Balkans) and sink populations (Southern Italy).

The Arbereshe of Calabria are probably the
most important and interesting group, due to
the high number of villages (30, with a total
of - 60,000 individuals) and an exceptional
preservation of their cultural identity. The lat-
ter feature is evident not only in the language
(Arberisht), but also by the Greek Orthodox
religion and a common mytho-history (Fiorini
et al., 2007). The investigated populations are
scattered around the Pollino massif, an area
that was historically characterised by strong
geographic isolation and an economy based on
sheep breeding and crop cultivation. During
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Fig. 1 - Geographic location of the populations analysed in this study. Filled and empty symbols indi-
cate populations studied in the PRIN projects and literature data, respectively.
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the second half of the 20th century, the whole
area was heavily struck by emigration which led
to a partial loss of original cultural traits (break-
down of isolates) (Fiorini et al., 2007).

In Sicily, the Arbereshe are currently found in
only three municipalities of the Palermo province
(Contessa Entellina, Piana degli Albanesi and
Santa Cristina Gela). Characterized by a rela-
tively low population size (~15,000 individuals),
they are settled in less geographically isolated
areas than Calabrians. Their migration history
is particularly complex, involving various inter-
mediate steps (both in the Balkans and in Italy)
before their definitive settlement. Furthermore,
there is documented evidence of partial re-peo-
pling events from Greece, the most well-known
case being that of approximately 100 families
coming from the island of Andros in 1520 AD
(Giunta, 2003).

Calabrian Arbereshe were sampled in 13 dif-
ferent villages (Acquaformosa, Cerzeto, Civita,
Firmo, Frascineto, Lungro, Plataci, S. Basile,
S. Cosmo Albanese, S. Demetrio Corone, S.
Giorgio Albanese, S. Sofia d’Epiro and Spezzano
Albanese). Sicilian Arbereshe were sampled in two
villages (Contessa Entellina, Piana degli Albanesi).
In both cases, founder surnames were used as
inclusion criterion (Boattini et 4/, 2011) and
“control” samples were collected from open neigh-
bouring populations. All the sampled individuals
have been unrelated for at least three generations.
Data for Albanian and Greek populations were
obtained from literature (Bosch et /., 2006).

We first detected the genetic signatures of
ethno-linguistic affiliation of the Arbereshe from
Calabria by means of biodemographic analyses
(Fiorini er al., 2007; Tagarelli er al., 2007). We
showed that Arbereshe populations are clearly
distinguishable from their Italian neighbours, and
observed a correlation between geographic- and
surname-based distances between the Arbereshe
groups. In addition, Arbereshe groups from the
Pollino area showed considerably higher mari-
tal isonymy levels than in Italians (0.080 and
0.050, respectively). All these lines of evidence
suggest that Arbereshe of Calabria are a group
of populations that have undergone cultural and

geographical isolation. Importantly, diachronic
analyses revealed that such isolation features
declined progressively during the last two cen-
turies, and more rapidly in the last 50 years. A
Y-chromosome study based on a first sampling
of Calabrian Arbereshe (a total of 40 individuals)
confirmed and extended these findings (Boattini
et al., 2011). Arbereshe were found to provide
a signal of discontinuity in the Italian genetic
landscape, while showing a strong affinity with
some modern Balkan populations (in particular
Albanians and Kosovars).

Further insights are provided by taking into
account unpublished results for Y-chomosomal
and mitochondrial polymorphisms from a larger
sampling of Calabrian Arbereshe (104 and 101
individuals, respectively) together with new data
on Sicilian Arbereshe (44 and 57 individuals).
Haplotype diversity values observed for male and
female lineages in Calabrian Arbereshe (0.976
and 0.995, respectively) and Sicilian Arbereshe
(0.979 and 0.992) are very close to those of
Italian neighbour populations of Cosenza (0.994
and 1.000) and Trapani-Enna (0.985 and 0.999).
These results are in line with our previous con-
clusions that Arbereshe have “conserved much
of [their] ancestral genetic diversity along with
[their] founder surnames and cultural features”
(Fiorini et al., 2007; Boattini et /., 2011) and
that their Y-chromosomal gene pool may mirror
“the genetic structure of the migrants that came
to Italy from the Southern Balkans (Albania) five
centuries ago” (Boattini ¢z @/, 2011). As shown
in Fig. 2, Calabrian Arbereshe cluster (with high
membership probabilities) with Albanians both
for male and female lineages, as predicted by the
isolation pattern inferred from surname analysis
and their similarity with the source population.
Intriguingly, our results suggest a different and
more complex scenario for the Arbereshe from
Sicily. Their Y-chromosome clustering pattern
supports a significant admixture with Greeks,
which agrees with historical information. On
the other hand, mtDNA results highlight a sub-
stantial similarity to populations from Southern
Italy, a likely consequence of admixture processes
(and/or sexually imbalanced migration patterns).
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Fig. 2 - Admixture-like barplots for Y-chromosome (left) and mtDNA (right). The barplots represent
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These findings suggest a noticeable difference
in the ethnogenesis of Calabrian and Sicilian
Arbereshe, with a more evident continuity with
source populations for the former and lower
impact of isolation for the latter. The study of
Albanian-speaking minorities of Southern Italy
illustrates, therefore, how the genetic structure
of populations sharing the same ethno-linguistic
label might have been shaped by diverse micro-
evolutionary histories.

An analysis of isolated populations in Sardinia
Populations from Sardinia provide a para-
digmatic example of genetic differentiation in
an insular context. The combined effect of small
population size, endogamy, and the associated
consanguinity, resulting from geographical and
cultural barriers, has increased among-group
diversity, mainly via long-term genetic drift.
A further source of genetic heterogeneity was
provided by the different incidence of malaria
morbidity. Thus, the unique genetic structure
and high level of isolation of some Sardinian vil-
lages create opportunities to map genes involved
in multifactorial diseases (Zavattari et /., 2000,

214

Angius et al., 2001). However, the interplay
between microevolutionary, demographic and
cultural factors makes Sardinian populations of
great interest also for anthropological studies.
During the collaborative project, the RU of
the University of Cagliari focused on the isolates
of Carloforte (linguistic) and Benetutti (geo-
graphic), in order to assess the degree of isolation
and the relative contribution of cultural and geo-
graphical barriers (see Fig. 1). Carloforte (6420
inhabitants), located in the small island of San
Pietro, off the Southwestern coast of Sardinia,
is an alloglot community founded in 1738 AD
by Ligurian migrants coming from Tabarka, a
Tunisian island (Vallebona, 1974). As a historical
imprint, the present-day Carloforte inhabitants
speak the ancient dialect of Pegli (Liguria), also
referred to as “tabarkino” (a minority language
officially recognized by Sardinian regional legisla-
tion). Benetutti, a small village of 2010 inhabit-
ants, is located in an area of Northern Sardinia,
Goceano, which is characterized by strong geo-
graphic isolation. The first historical-demographic
documents regarding Benetutti may be found in

the “Quingue Libri”, dating back to 1618 AD.
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By studying Y chromosome and mtDNA pol-
ymorphisms, we were able to detect signatures of
genetic isolation and of a constant demographic
state in both populations (Robledo ez al., 2012;
Cald et al., 2013; present study). In fact, hap-
lotype diversity observed in Carloforte (0.975
and 0.921 for Y chromosome and mtDNA,
respectively) and Benetutti (0.975 and 0.918 for
Y chromosome and mtDNA, respectively) are
lower than the ones observed in open Sardinian
populations (Robledo ez al., 2012). In fact, using
both founder surnames and grandparent rule as a
selection criteria, we were able to select individu-
als descending from village founders and capture
a large extent of within-population genetic diver-
sity at the same time. A similar conclusion was
reached in a different study on Y chromosome
lineages in isolates located in the Italian Western
Alps (Boattini ¢z al., 2010). In any case, the lack
of a substantial drop in within-population diver-
sity is consistent with historical records which
do not point to any dramatic change in popula-
tion size. This is also supported by demographic
inferences based on mtDNA analysis. In fact, the
negative but statistically insignificant values of
Tajimas D and Fu’s index together with values
of Harpending’s raggedness suggest that these
populations have kept their sizes small and con-
stant over time.

The analysis of inter-population variation
proved useful to shed light on other aspects of
the genetic history of the two populations under
study. Effects of genetic isolation were detected
with both uniparental markers, since genetic dis-
tances of Benetutti and Carloforte from neigh-
bouring open populations were found to be
statistically significant (p<0.05). In the multi-
dimensional scaling (MDS) plot based onY chro-
mosome data (Fig. 3a), Carloforte lies in a rather
isolated position, although not very distant from
other Italian populations. Genetic differentiation
between the sampled Ligurian population and the
founders of Carloforte may account for the for-
mer evidence. Benetutti is rather separated from
other groups, including Sardinians. The mcDNA
based plot (Fig. 3b) confirms both the peculiar
behaviour of the Carloforte, which is the only

Sardinian population located in the x-positive
values of the plot, and the genetic differentiation
of Benetutti from other Sardinians. However,
differently from what we observed using pater-
nal lineages, we found that Carloforte lies close
to African populations, particularly Tunisia.
Although no support comes from historical
sources, a hypothesis of admixture of Carloforte
males with Tunisian females is worth considering
due to the occurrence at appreciable frequency
(8%) of the mtDNA haplogroup M, characteris-
tic of Northern African and Western Asian popu-
lations but so far undetected in Sardinia and Italy
(Gonzalez et al., 2007; Fraumene et al., 2003,
2006; Morelli ez al., 2000).

An analysis of molecular variance among
Sardinian populations was carried out to evalu-
ate the apportionment of genetic diversity.
Consistent with previous research work in
Sardinia, only a small portion of variation could
be attributed to differences between populations
(3.78% for mtDNA and 3.31% for Y chromo-
some; p<0.05). Interestingly, data on prefer-
ential male mobility in the Carloforte (Calo &
Vona, 1994) and, more in general, the histori-
cally documented practice of matrilocal behav-
iour of some areas of Sardinia (Murru Corriga,
1995) might explain the slightly larger variance
observed for maternal lineages.

Genetic and cultural isolation in Northern
Apennines

Recent studies suggest an ethno-linguistic
continuity between the human groups cur-
rently inhabiting the inner valleys of North-West
Tuscany (Lunigiana, Garfagnana and orographi-
cally linked areas) and populations settled in this
area in pre-Roman times. The genetic evidence
of this connection was formerly reported by
Piazza et al. (1988), who associated one of the
main principal components obtained from blood
protein alleles to the inheritance of those ancient
tribes named Ligures according to the Latin ety-
mology. This possible link is supported by recent
studies of variation in the male-specific portion
of the Y chromosome, which have identified
North Western Tuscany as an area where lineages
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Fig. 3 - Multi-dimensional scaling plots of Fst genetic distances among Sardinian and Mediterranean
populations based on (A) 7 Y chromosome STRs (DYS19, DYS3891, DYS3891I, DYS390, DYS391,
DYS392, and DYS393; stress value=0.046) and (B) mtDNA HVR-1 sequences (stress value=0.130).
Abbreviations and references: (a) Benetutti, BEN; North Sardinia, NSA (Calo et al., 2013). Carloforte,
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(Krings et al., 1999). Middle East, MID (Di Rienzo & Wilson, 1991). North Italy, ITA (Stenico et al.,
1996). Ogliastra, SAO (Fraumene et al., 2006). Sicilia, SIC (Vona et al., 2001). Sulcis Iglesiente, SGL
(Robledo et al., 2012). Toscana, TUS (Francalacci et al., 1996). Tunisia, TUN (Plaza et al., 2003).
Tunisian Berbers, BRB (Fadhlaoui-Zid et al., 2004). Turchia, TUR (Comas et al., 1996).
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with a putative post-Neolithic date of origin per-
sist at relatively high frequencies (Busby ez 4/,
2012, Boattini ez al., 2013).

Modern historical sources consider Ligures
Apuani to be not entirely eradicated by the
Roman military campaigns of the II century
BC and the following mass deportations to Ager
Taurasinum (Samnium) of at least 47,000 peo-
ple (Titus Livius, In: Storia Romana XXXVIII).
Rather, they depict the fate of natives in the
form of confederated tribes surviving in hilly or
mountainous areas, until they were eventually
absorbed in the demo-territorial institutes later
imposed by the Roman authorities (i.e. res publi-
cae, arcifinalis, excepta), often maintaining a cer-
tain degree of autonomy and ownership (Dilke,
1971; Gagliardi, 2006; Marcuccetti, 2012).

From a linguistic point of view, many hamlets
remained in the Apuan Alps and the Northern
Apennines show similar forms of resistance to the
“tuscanization” of the spoken language, maintain-
ing a sort of bilingualism exerted through the use
of lexemes and phonemes which are traceable to
a pre-Latin matrix (Ambrosi, 1956; Giacomelli,
1975; ALT-Web). Moreover, the distribution of
many toponyms with pre-Latin roots, in particu-
lar those referring to general orographic names
such as rivers, mountain reliefs, open places (i.e.
nava, asc, var, dur, mat, penn, aus, kar), is lim-
ited over Europe to conservative areas and have a
peak of density in the territory once inhabited by
Ligures tribes (Marcuccetti, 2008).

The hypothesis of a genetic legacy between
Ligures Apuani and present Apuan and Samnite
isolates (Ligures Legacy Model, LLM) was tested
by the RU of the University of Pisa through the
genetic characterization of uni-linear markers in
a sample of unrelated donors from the commu-
nities of Vagli (Province of Lucca) and Circello
(Province of Benevento) selected according to
founder surnames. Vagli is located in the core of
the area which has many archeological records
linked to Ligures Apuani. Its elder inhabitants
still speak a language characterized by a number
of linguistic relicts (Ambrosi, 1956; Guazzelli,
2001). Circello lays in close proximity to the
remains of Macchia, the town in the Samnium

around which the deported Ligures (L. Baebiani)
were forced to settle in 180 BC (Patterson, 2009).

A slight reduction of HD at both mtDNA
and Y Chromosome has been observed for Vagli
(0.948 and 0.984) and Circello (0.960 and 0.975)
relative to the neighbouring populations of Piana
di Lucca (0.983 and 0.999) and Benevento
(0.989 and 1.000). As expected for communi-
ties of Indo-European ancestry, usually practicing
prevalence of female vs male mobility (patrilocal),
genetic distances based on mtDNA are weaker
discriminators than distances based on MSY hap-
lotypes (see Supplementary Tab. S1). Preliminary
comparative assessments of MSY profiles suggest
that the diversity of Apuans might be due to an
excess of R-U152 haplotypes, whose diffusion
in Italy is thought to coincide with the diffusion
of Ligures cultural features in the Middle-Late
Bronze Age (Bertoncini et al., 2012).

As a whole, the two communities under
study (Vagli and Circello) showed a genetic pat-
tern which is compatible with a long history of
isolation but also with quite diverging micro-
evolutionary histories after contacts implied by
the LLM. As a more direct test of a genetic con-
tinuum with Ligures tribes (Fig. 4), we assessed
whether an enrichment of matches compatible
with the 7itus Livius deportation hypothesis is
detectable when comparing any MSY haplotype
of the local population (Vagli) with haplotypes
of both, the putative displaced (Circello) and
the open Samnite population (Benevento). The
enrichment of LLM-compatible matches in the
Vagli-Circello curve totaled about 80% and was
extremely statistically significant (Fisher exact
test, p<0.0001).

The hypothesis of direct descent of the resi-
dent males in the Apuan and in the Circello area
from members of Ligures tribes, who escaped
deportation, cannot be ruled out. Further data
from wider samples and haplogroup diagnostic
markers, as well as more extensive simulation
analyses will help achieve more robust inferences.
Nonetheless, our case study shows that even mild
geographical and cultural isolation may lead to
the preservation of a long genetic thread con-
necting present populations to ancient layers of
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Fig. 4 - Distribution of 17-locus Y-STR haplotype pairwise mutational differences between Vagli and
Circello (solid line) and between Vagli and Benevento (dotted line). The shaded area is the Bayesian
posterior distribution of pairwise mutation differences compatible with the LLM hypothesis.

pre-Roman Italy. As a corollary, it suggests that
many isolated Italian communities other than
Northern Apennine ones may escape simplistic
classification schemes (i.e. linguistic us geographic
isolate), owing to the gradual fringing and recent
oblivion of a common ancient cultural iden-
tity. Finally, our study highlights the usefulness
of accurate non random genetic samplings to
uncover genetic layers obscured by recent reshuf-
flings within and among human populations.

Genetic and cultural isolation in the Eastern
Iralian Alps

Despite the presence of several linguistic
islands, the Eastern Alps had not been thor-
oughly investigated from a bio-anthropological
perspective before the start of the collaborative
project. The RU from the University of Rome
“La Sapienza” focused on six populations: Ladins
from the Fassa Valley, Cimbrians from Lessinia
and Luserna and the ethno-linguistic “islands”
of Sappada, Sauris and Timau (see Fig. 1).
Dolomitic Ladins probably originated from a
founder group of pre-Indoeuropean speakers
that underwent a process of “Latinization” under
the pressure of the Roman Empire. At the begin-
ning of the Middle Ages, they fragmented as a
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result of the arrival of German people. The
Ladin community of the Fassa Valley consists
of approximately 6,000 individuals settled in
seven villages (Toso, 2008). The other popula-
tions under study are German-speaking groups
thought to be in continuity with peoples
migrated from Carinthia, Bavaria and Tyrol in
the high and late Middle Ages (Denison, 1971;
Rizzi, 1993). After their initial settlement, these
ethno-linguistic isolates maintained close social
and cultural links (De Concini, 1997; Navarra,
2002). At present, their common background is
evident due to their sharing of cultural aspects,
such as language and traditions, which persist
despite a certain degree of cultural exchanges
with the surrounding neo-latin groups. The
two Cimbrian settlements have different social
and environmental characteristics. Luserna is a
small town located over 1,300 meters a.s.l. in the
Trentino region, and inhabited by approximately
300 people. Conversely, Lessinia is populated by
over 13,000 inhabitants who are distributed in
a wider and less “hostile” mountainous territory
in the province of Verona in the Veneto region.
Sappada is located at an altitude of 1,245 m.a.s.L.
in the Veneto region (province of Belluno; 1,307
inhabitants). Sauris and Timau are two small
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villages (429 and 500 inhabitants, respectively)
located in the Carnic Alps. The former is placed
at 1,212 m.a.s.l. within the province of Udine,
in the Friuli Venezia Giulia region. Timau is situ-
ated at 830 m.a.s.l. in the But valley.

The analysis of genetic variation suggests a
certain degree of genetic isolation from surround-
ing populations for Luserna, Sappada, Sauris and
Timau. In fact, in accordance with the James
Neel’s statement that genetic isolates are “derived
from a relatively small population sample, which
then slowly expand, with very little recruit-
ment from outside the group” (Neel, 1992), we
observed low haplotype diversity values and lack
of any signal of demographic expansion (Fu’s
Fs and Harpending’s raggedness) (Coia ez al.,
2012, 2013; Capocasa et al., 2013b). Analyses
of genetic distances highlight the differentiation
among the four communities and their diversity
from other European populations. Furthermore,
genetic differentiation among Alpine popula-
tions was detected even at individual level using
a Bayesian method to cluster multilocus geno-
types based on 15 autosomal microsatellites
(Montinaro ez al., 2012). A different pattern was
detected for Ladins from Fassa and Cimbrians
from Lessinia, who showed neither an evident
reduction of mtDNA and Y chromosome intra-
population diversity nor a significant departure
from the European genetic background.

Although patterns of genetic variation and
the lack of signature of demographic expansion
observed in Sappada, Sauris and Timau are com-
patible with what is to be expected in human iso-
lates, it is possible that these results may simply
reflect their small initial effective size. As a more
direct test of genetic isolation, we performed an
analysis of gene flow using a Bayesian approach,
applying an Isolation with Migration model
(Hey & Nielsen, 2007). Through this approach,
we inferred a reduced incoming gene flow for
Sappada, Sauris and Timau, both from a wide
Central Western European and a neighbour-
ing open Italian-speaking population (Fig. 5).
Therefore, our results support the hypothesis
that the peculiar linguistic and geographical fac-
tors acting on the communities under study

might have determined a substantial degree of
genetic isolation, so shaping their genetic struc-
ture (Capocasa et al., 2013b).

Another aspect which we noticed was the
extreme genetic differentiation among Sappada,
Sauris and Timau, an unexpected finding con-
sidering their relative geographic proximity and
closeness in terms of language and traditions
(De Concini, 1997; Navarra, 2002). In order to
evaluate the magnitude of the genetic differentia-
tion among the three linguistic islands, we first
compared them with other European language
minorities (Cimbrians and Ladins from Eastern
Alps, Aromuns from Albania and Macedonia)
whose members are settled in geographically close
but distinct locations. Interestingly, Sappada,
Sauris and Timau showed inter-population dis-
tance values which were two (Ychromosome)
or three (mtDNA) times higher than in other
groups (Capocasa et al, 2013b). We then
wondered whether cultural factors might help
explain this pattern. This seems to be worth test-
ing since members of the Eastern Alps linguistic
islands do not self-identify as belonging to the
same community despite their cultural homo-
geneity (Steinicke ez al., 2011). Such behaviour
seems to be in sharp contrast with the sense of
belonging of Cimbrians, Ladins and Aromuns
and their respective ethnic groups. Therefore, we
went on by hypothesizing that this “local ethnic-
ity” may have played a role in marriage strategies,
decreasing the genetic exchange among the three
linguistic islands. Carrying out coalescent simu-
lations, we inferred that the combined effect of
a small initial effective size, as indicated by his-
torical sources (Petris, 1980; Brunettin, 1998;
Peratoner, 2002), and a substantial reduction of
gene flow, as implied by a local ethnicity model,
can explain the pattern observed for Sappada,
Sauris and Timau communities (Capocasa ez /.,
2013b). More in general, our case study shows
that complementing classical measures of genetic
diversity with Bayesian estimates of gene flow
and simulations of micro-evolutionary models
may help us better understand patterns of genetic
isolation and its relations with demographic and
cultural factors in human populations.
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Fig. 5 - Estimates of gene flow among German-speaking Eastern Alps linguistic islands, a neighbour-
ing population and an European metapopulation based on mtDNA HVR-1 region (values reported in

effective number of migrating haplotypes).

Linguistic, geographic and genetic
isolation in Italian populations

Studies of cultural and geographical factors of
genetic isolation have been so far mainly concerned
with single or a limited number of groups, focus-
ing on specific populational contexts (e.g. Jeran
et al., 2009; van Oven ef al., 2011; Veeramah er
al., 2011). Combining data relative to numerous
isolated groups, produced in the course of this col-
laborative project, with literature and unpublished
results gives us the opportunity to draw inferences
on the relations between culture, geography and
genetics on a larger geographic scale. To this aim,
we built large mtDNA and Y Chromosome data-
bases (see Tab. 1 and Appendix 1), including 57
populations (29 isolates and 28 open groups) and
46 populations (22 isolates and 24 open), respec-
tively. In order to reach the maximum coverage
of the Italian territory/populations, we decided to
include geographic and/or linguistic isolates stud-
ied with different sampling schemes.

Asapreliminary step, we compared the genetic
structure of isolated and open populations,
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without considering any further subdivision. We
decided to focus on HD and Fst values, since
these parameters are little influenced by differ-
ences in sample size among those commonly
used to detect genetic isolation (Anagnostou ez
al., in preparation). The HD of isolated popula-
tions was found to be significantly lower (Mann-
Whitney test p<0.001) than those of open groups,
both for mtDNA (from 0.778 to 0.990 vs 0.903-
0.995) and Y Chromosome (from 0.590 to 0.998
vs 0.993-1.000) (see Supplementary Tab. S2 and
S3; Supplementary Fig. S1). Most of the highest
average genetic distances from open populations
were observed in geographic and geographic/lin-
guistic isolates, which is another expected effect
of genetic isolation (Fig. 6; Supplementary Fig.
S2). The difference between open and isolated
population groups was slightly more evident
for Y chromosome (0.011-0.322 for isolates vs
0.004-0.046 for open populations) than mtDNA
(0.000-0.085 vs 0.000-0.013), but highly sta-
tistically significant for both polymorphisms
(Mann-Whitney test p<0.001). Private haplo-
types do not contribute in any significant way to
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these patterns (Supplementary Fig. S3), a finding
which is consistent with the relatively recent age
of most isolated populations under study.

On the whole, these results suggest that
populations subject to geographic and linguistic
isolation are more likely to show lower HD and
higher average Fst than open groups. However,
they do not clarify whether these differences may
be actually regarded as an effect of genetic isola-
tion and the relative weight of geographic and
linguistic barriers. To explore these issues, we car-
ried out further analyses in three steps.

First, we used the departure from the pattern
of open populations as a criterion to distinguish
between simple fluctuations of values and signa-
tures of genetic isolation. To do this, we used the
inter-quartile method to identify weak and strong
outliers for HD and average Fst distributions. To
be considered as bearing a signature of genetic
isolation, a given population should display a
departure falling in the “weak outlier” interval for
both parameters. Furthermore, they were labelled
as strong only when both reduction in HD and
increase in average Fst exceeded the threshold
delimiting the strong outlier area. Using these cri-
teria, we identified 11 populations (out of 29 geo-
graphic and/or linguistic isolates) bearing signa-
tures of genetic isolation (10 strong and 1 weak)
for mtDNA. Results for Y chromosome do not
markedly differ for the number of groups show-
ing signatures of genetic isolation (8 out of 22),
but, rather, for the proportion between strong (3)
and weak (5) signals (see Fig. 7).

Second, we took into account the possible
confounding effect of census sizes in order to vali-
date the obtained inferences. This parameter was
preferred to population density, for which no sta-
tistically significant correlation with either HD or
average Fst was observed (data not shown). To this
purpose, we carried out a stepwise multiple regres-
sion analysis on all our populations subject to iso-
lation factors using census as a dependent variable.
In these calculations, altitude was used as a control
variable. This choice was based on two reasons: (i)
it may be regarded as one of the ways in which
geography may determine isolation between pop-
ulations, rather than a confounding factor; (ii) we

observed a significant correlation between altitude
and census size in our dataset (Pearson’s p=-0.495,
p=9.201*107; Spearman’s p=-0.546, p=1.566*10
%), as already reported in previous studies (Cavalli
Sforza & Bodmer, 1971; for the Italian context
see Franceschi & Paoli, 1994; Morelli ez al., 2002;
Capocasa et al., in press).

We found a significant correlation between
census size and average Fst for both polymor-
phisms. However, they account only for a minor
portion of the total variance (10.5% for mtDNA
and 31.8% for Y chromosome). Census size
and HD were found to be significantly corre-
lated only for Y chromosome, but again with a
weak effect (26.5% of variance explained) (see
Supplementary Tab. S4). Therefore, the effect of
census size, although detectable, does not seem
so marked to undermine our inferences. Altitude
was found to have a low and significant, but yet
negligible effect only on Y chromosome Fst dis-
tribution (10.5% of total variance), implying
that other factors are responsible for the observed
signals of genetic isolation.

Third and finally, we tried to understand
whether the conditions of geographic isolation
alone, or combined with linguistic isolation, may
have different outcomes on the genetic structure
of populations under study. Unfortunately, the
presence of only 3 linguistic isolates do not make
it possible to perform any test of the effect of lin-
guistic barriers alone. In the mtDNA plot (Fig.
7), signatures of genetic isolation were observed
more frequently in geographic/linguistic (6 out
of 10; 60%) than in geographic isolates (5 out
of 16: 31%). A comparable disproportion was
shown by Y chromosome polymorphisms, with 2
geographic (out of 9; 22%) and 5 geographic/lin-
guistic isolates (out of 10; 50%) showing the sig-
nal. Limiting the comparison to strong signatures
(defined as above), the ratio of positives between
geographic/linguistic and geographic isolates does
not change substantially either for mtDNA (5 out
of 10 vs 5 out of 16, respectively) or Y chromo-
some (3 out of 10 s 0 out of 9). A further indi-
cation of the effect of linguistic isolation on the
genetic structure of populations is provided by the
demographic inferences based on mtDNA data.
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Fig. 6 - Multi-Dimensional Scaling plot of Fst genetic distances among Italian populations based
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222



18 Exploring biodiversity of Italian populations

In fact, four of the 6 groups which showed a lack
of signals of demographic expansion (non sig-
nificant Fu’s and high raggedness values) belong
to the geographic /linguistic isolates (Cimbrians
from Luserna, Sappada, Sauris, Timau), whereas
only 2 are geographic isolates (Vallepietra and Val
Pusteria) (Supplementary Tab. S2).

What do all these findings tell us? We admit
that no simple cause-effect relationship between
linguistic barriers and genetic structure can be
inferred when studying populations with dif-
ferent ethnogenesis and demographic histories.
Nonetheless, it seems clearly evident that the com-
bination of linguistic and geographic isolation fac-
tors is frequently associated with the presence of
robust signatures of genetic isolation and a condi-
tion of slow, if any, demographic expansion, fitting
the classical definition of genetic isolate given by
James Neel in 1992. This is not trivial since, to date,
evidence of a joint effect of geographic and linguis-
tic isolation factors in Italian populations has been
provided by biodemographic investigations only
(e.g. Fiorini ez al., 2007; Boattini er al., 2011). It
is also worth noting that the extreme reduction of
genetic heterogeneity observed in some geographic
isolates in which language has acted as an addi-
tional barrier to gene flow makes such groups of
particular usefulness for genetic studies of complex
diseases (see Heutink & Oostra, 2002).

Re-assessing genetic diversity of
Italian populations

Another opportunity offered by our collabo-
rative study was to produce a more complete pic-
ture of the diversity of Italian populations, com-
bining data from large populations, which are
presumably exempt from isolation factors, with
the results obtained for ethno-linguistic minori-
ties and geographical isolates. A contextualiza-
tion into the European background seemed to us
to represent a convenient approach in order to
evaluate the magnitude of genetic heterogeneity,
a necessary step to understand whether human
genetic variation parallels plant and animal bio-
diversity (see introduction). Also in this case,

we started by assembling ad hoc mtDNA and
Y chromosome datasets, in which we included
populations settled throughout the continent
(Supplementary Tab. S5 and S6).

Both Italian and European open popula-
tions are found in the middle of the MDS plots
of genetic distances, with a more tight clustering
observed for mtDNA (Fig. 8). Although strong
signals of genetic differendiation for both mater-
nal and paternal lineages were detected for some
European isolates (e.g. Aromuns from Stip and
Basques), the most evident outliers are represented
by some Italian isolates (Sappada and Luserna).
Looking at mtDNA only, the genetic distinctive-
ness of the Isarco Valley, Ogliastra and Vallepietra
is also noticeable. To obtain a quantitative assess-
ment of the diversity among Italian and European
populations, we carried out an AMOVA using
an extended dataset (see appendices 2 and 3).
Including geographically and/or isolated groups
in the analyses, we observed increased estimates
of diversity among Italians (mtDNA from 0.38%
to 1.89%; Y chromosome from 3.19 to 6.89% )
which were higher than for Europeans (mtDNA
from 0.33% to 1.52%; Y chromosome 8.95%
from to 10.60%). It seems, therefore, that inclu-
sion of isolates in the dataset makes the extent of
diversity of Italian populations slightly higher than
Europeans for mtDNA and reduces the negative
difference observed for Y chromosome. However,
given the substantial difference in the ratio between
open and isolated groups and spatial dispersion
between Italy and Europe, we thought it use-
ful to compare genetic and geographic distances
using box plots of quartile distributions (Fig. 9).
In the case of mtDNA, genetic distances of Italian
isolates between each other and with Italian open
populations are characterized by wider distribu-
tions and lower median values than Europeans for
7 and 8 ranges of geographic distances (out of 10),
respectively. However, a high level of differentia-
tion among Italian populations is signalled by the
outlying genetic distances observed at practically
all geographic ranges. Although this finding may
be again related to the availability of a larger num-
ber of data on Italian compared to European iso-
lates, it should be noted that large genetic distances
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Fig. 8 - Multi-Dimensional Scaling plot of Fst genetic distances among Italian and European popula-
tions based on (A) mtDNA HVR-1 sequences (stress value=0.226) and (B) 5 Y chromosome STRs
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between Italian groups are observed even at short
geographic distances (<200km). As predicted by
previous analyses (Fig. 7), an important contribu-
tion to this finding comes from ethno-linguistic
minorities of the Eastern Alps. Another range of
geographic distances in which the signal of hetero-
geneity of Italian populations is more marked is
between 700 and 800 km. Here, a substantial effect
comes from the genetic distances of Sardinian
isolates (Benetutti, Carloforte and Ogliastra).
Results obtained using Y chromosome data point
to a closer correlation between genetic and geo-
graphical distances (r? value of 0.226, p<0.001,
for European populations), which is in line with
previous observations at a wider geographic scale
(Rosser et al., 2000). As observed for mtDNA, a
greater differentiation is shown by Italian popula-
tions in the ranges between 0-200 and 700-800
km, with a higher frequency of extreme values for
all intervals of geographic distances.

Concluding remarks

Our study moves from the assumption that
human biological variation is an integral part
of what we mean by the term biodiversity. This
concept may seem self-evident. However, it is
contradicted by many examples in which bio-
diversity is thought to be necessarily linked to
conservation, rather than a value per se, while
human factors are considered only in relation
to anthropic effects or educational aspects (e.g.
Johns, 2009; Marton-Lefévre, 2010). Not less
importantly, the study of human biodiversity is
often perceived as a difficult, if not risky, task,
given the long tradition of misuse of this concept
which still survives in bio-medical literature (e.g.
Burchard ez al., 2003).

Once shortcomings and prejudices have
been removed, the question of whether human
genetic diversity observed in a certain territory
shows similarities with other layers of biodiver-
sity becomes worth answering. Certainly, com-
paring observations on a large number of species
studied at various ecological scales using different
approaches (e.g. morphological and genetic) with

Exploring biodiversity of Italian populations

results from populations of a single species could
appear to be simplistic. Obviously, our survey is
intended to be just a first step towards further
studies driven by explicit hypotheses regarding
the impact of environmental and demographic
factors on different layers of biodiversity. We also
maintain that studying human populations in the
framework of biodiversity has an intrinsic value,
since it may help us gain insights into the impact
of socio-cultural factors on human genetic varia-
tion and on biological diversity as a whole.

The results of this collaborative study may
be summarized in two main points. We could
shed light on the genetic structure of most of
the Italian ethno-linguistic minorities, showing
that a combination of linguistic and geographic
factors is probably responsible for the presence
of the most robust signatures of genetic isola-
tion. Furthermore, drawing a picture of Italian
populations which also includes linguistic and/
or geographic isolates allowed us to better appre-
ciate the noticeable extent of the genetic diver-
sity of our country. It turned out to be slightly
greater than that of Europeans for maternal
lineages on the whole, and at specific ranges of
geographic distances for both genetic markers.
Therefore, our survey provides a first affirmative
response to the question of whether the genetic
diversity of human populations shows a pattern
which is comparable to what has been observed
in our country for plant and (the rest of) ani-
mal biodiversity. The longitudinal extension
and the nature of the natural bridge between
Central Europe and the Mediterranean seems to
provide an explanation also to the high level of
inter-population variation. In fact, some of the
isolates which determine the noticeable diversity
we observed in our study are located along the
boundaries of Italian territory. Furthermore, the
small demographic size of some of these groups
has probably increased their departure from
the surrounding genetic background. From an
anthropological point of view, the finding that an
important contribution to the genetic diversity of
Italy comes from the so called “linguistic islands”
(e.g. German speaking groups of Sappada and
Luserna from the Eastern Italian Alps) is of
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http://www.isita-org.com/Anthro-Digit/Italian_isolates_data/index.html
An online repository of genetic data regarding linguistic and/or geographic isolates from the Italian

territory.

http://www.isita-org.com/Anthro-Digit/Italian_isolates_pictures/index.html

A photogallery of places and peoples.

http://ec.europa.eu/languages/languages-of-europe/regional-and-minority-languages_en.htm
Information about projects regarding European minority languages supported by the European

Commission.

http://it.wikipedia.org/wiki/Minoranze_linguistiche_d’Italia
A useful starting point for a web search on Italian minority languages (in Italian only).

http://www.isolelinguistiche.it/home.page

Web site of the unitary committee of the historical German linguistic islands (in Italian and German,

with a good link page).

particular significance. In fact, this is a further
proof of how taking into account social and cul-
tural factors may help us understand the struc-
ture of human genetic variation more in depth.
Obviously, our study should be seen as a
first step towards a more complete assessment.
Extending the sampling to the few linguistic
isolates that have yet to be included in the sur-
vey (e.g. Walser, Occitan and Franco-Provengal
linguistic minorities from the Western Alps)
could offer an even more detailed picture. Not
less importantly, some limitations of unilinearly
transmitted polymorphisms (e.g. their nature of
single loci and the possible confounding effect of
small sample sizes) might be overcome by increas-
ing their resolution or, even better, exploiting the
power of large panels of SNPs. Our research net-
work has already planned to deepen the analysis
of the genetic structure of isolated populations
using a genome-wide approach implemented in
the new genotyping array “GenoChip” (Elhaik
et al., 2013). Enforcing the interdisciplinary
collaborations already initiated in the course of
this study (e.g. Fiorini et al., 2007; Robledo ez
al. 2012; Coia et al., 2013) will be a key-step to
really take advantage of these new genomic data.
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Appendix I

Appendix 1 - Other unpublished and literature data used in this study. Abbreviations: Alt, altitude; G,
geographic isolate; GL, geo-linguistic isolate; L, linguistic isolate; O, open population.

mtDNA Y CHROMOSOME
POPULATION ABB. STATUS CENSUS* ALT N REFERENCE N REFERENCE
Adige Valley TVA (0] 166394 199 56 Coia et al., 2012 56 Coiaetal., 2013
Ascoli Piceno PIC (0] 49892 154 53 Brisighelli et al., 2012 38 Brisighelli et al., 2012
Aviano AVI (0] 9270 159 29 Boattini et al., 2013 - -
Belvedere BEL (0] 9388 150 = = 27 Brisighelli et al., 2012
Benevento BNV [¢] 61700 207 36 Boattini et al., 2013 33 Boattini et al., 2013
Bologna BOL (6] 373020 54 100 Bini et al., 2003 = ©
Bolzano BOz (0] 105774 262 59 Thomas et al., 2008 - -
Brescia BRE (0] 188602 149 40 Boattini et al., 2013 35 Boattini et al., 2013
Campobasso CMB (0] 48479 701 37 Boattini et al., 2013 29 Boattini et al., 2013
Casentino CAS (0] 46039 465 122 Achilli et al., 2007 = =
Como COM (0] 83132 201 39 Boattini et al., 2013 41 Boattini et al., 2013
Croatian Molise CRM L 1884 493 41 Babalini et al., 2005 15 This study
Cuneo CUN (0] 55627 534 40 Boattini et al., 2013 30 Boattini et al., 2013
Fersina Valley FER G 51478 1066 25 Coiaetal., 2012 26 Coiaetal., 2013
Foligno FOL (6] 58363 234 - - 29 Boattini et al., 2013
S;Tétarie GIU € 36282 680 52 Coia etal., 2012 51 Coia et al., 2013
S:::t';'c' GRC L 10000 80 47 Brisighelli et al., 2012 46 Brisighelli et al., 2012
Isarco Valley VIS G 44500 801 34 Pichler et al., 2006 - -
Jenne JEN G 407 834 103 Messina et al., 2010 - -
La Spezia SPz (e] 95378 3 50 Brisighelli et al., 2012 45 Brisighelli et al., 2012
\"/Z‘Ijl;”;)(Badia LVB GL 10644 1341 56 Thomas et al., 2008 44  Coia et al., 2013
Ladins
(Gardena LVG GL 10198 1320 46 Thomas et al., 2008 51 Coiaetal., 2013
Valley)
L'Aquila AQU (6] 110268 714 25 Boattini et al., 2013 27 Boattini et al., 2013
Lazio LAZ (0] 5536292 = 52 Babalini et al., 2005 = =
Lecce LEC (0] 89839 49 39 Boattini et al., 2013 35 Boattini et al., 2013
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mtDNA Y CHROMOSOME
POPULATION ABB. STATUS CENSUS* ALT N REFERENCE N REFERENCE
Macerata MAC (0] 43019 Bili5! 39 Boattini et al., 2013 34 Boattini et al., 2013
Matera MAT (0] 59973 401 36 Boattini et al., 2013 24 Boattini et al., 2013
Non Valley NON G 37832 816 48 Coia et al., 2012 48 Coia et al., 2013
Ogliastra SAO G 57959 392 175 Fraumene et al., 2003 - -
Oristano ORI (0] 32156 5 39 Boattini et al., 2013 40 Boattini et al., 2013
Primiero Valley PRI G 9959 763 40 Coia et al., 2012 41 Coiaetal., 2013
Pusteria Valley  VPU G 73000 997 37 Pichler et al., 2006 - -
Sole Valley SOL G 15235 884 63 Coiaetal., 2012 65 Coiaetal., 2013
Terni TER (¢] 109482 130 31 Boattini et al., 2013 B
Tocco da -
Casauria TOC G 2782 356 50 Verginelli et al., 2003 - -
Treviso TRE (0] 82535 15 39 Boattini et al., 2013 28 Boattini et al., 2013
Udine UDI o 100514 113 51 Brisighelli et al., 2012 45  Brisighelli et al., 2012
Vallepietra VAP G 308 825 21 Messina et al., 2010 - -
Venosta Valley VAV G 34307 1024 112 Pichler et al., 2006 - -
Vicenza VIC (0] 113639 39 40 Boattini et al., 2013 33 Boattini et al., 2013

* Source: ISTAT (2011) (http://demo.istat.it)

236



