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Genetic history of Calabrian Greeks
reveals ancient events and long
term isolation in the Aspromonte
area of Southern Italy

Stefania Sarno%®™, Rosalba Petrilli%?, Paolo Abondio'®, Andrea De Giovanni*?,
Alessio Boattinil, Marco Sazzini3, Sara De Fanti3, Elisabetta Cilli?, Graziella Ciani®,
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Calabrian Greeks are an enigmatic population that have preserved and evolved a unique variety of
language, Greco, survived in the isolated Aspromonte mountain area of Southern Italy. To understand
their genetic ancestry and explore possible effects of geographic and cultural isolation, we genome-
wide genotyped a large set of South Italian samples including both communities that still speak Greco
nowadays and those that lost the use of this language earlier in time. Comparisons with modern and
ancient populations highlighted ancient, long-lasting genetic links with Eastern Mediterranean and
Caucasian/Near-Eastern groups as ancestral sources of Southern Italians. Our results suggest that

the Aspromonte communities might be interpreted as genetically drifted remnants that departed
from such ancient genetic background as a consequence of long-term isolation. Specific patterns of
population structuring and higher levels of genetic drift were indeed observed in these populations,
reflecting geographic isolation amplified by cultural differences in the groups that still conserve the
Greco language. Isolation and drift also affected the current genetic differentiation at specific gene
pathways, prompting for future genome-wide association studies aimed at exploring trait-related loci
that have drifted up in frequency in these isolated groups.

The Italian Peninsula represents a key area of investigation to explore population and demographic processes
that characterized the peopling history of Europe and the Mediterranean, and to reconstruct patterns of genetic
diversity at different geographical scales'. The genomic variability among present-day Italians is indeed due to
the multi-layered mosaic of pre-historical and historical processes of migration and admixture that interested the
continent throughout time, but also to its valuable diversity and richness in terms of ecological complexity and
cultural heterogeneity. The existence of distinct environmental pressures and climate conditions were proved to
have forced different patterns of local adaptations between the Northern and Southern Italy, contributing to the
observed genetic structure*’. In the same way, geographic constraints or cultural factors (e.g. language, ethnicity,
socio-economic structure) were suggested to have additionally influenced human population variability along
the Peninsula, being responsible for different paths of isolation and differentiation or population mobility at
more fine-grained local levels*™.

The distinctive genomic variability of Italy has been largely investigated by using both uniparental markers”!°,
autosomal SNP-chip data®!!"!* and, more recently, through one of the first study on whole genome sequencing’.
In this context, the analysis of geographically isolated populations or of cultural enclaves and ethno-linguistic
minorities can provide a simplified observatory for exploring population relationships within and among human
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groups. Indeed, the condition of isolation might have helped reducing the confounding effects of admixture!*!>.

Furthermore, the founding event and the limited external gene flow, ultimately resulting in smaller effective
population size (Ne) and increased homozygosity and linkage disequilibrium (LD), may help the study of poten-
tially trait-associated alleles found at higher frequency in these groups, thus making population isolates key
models for genome-wide association studies'®’. In line with this viewpoint, some of the geographic and cultural
isolates today settled in the Italian territory have long attracted the attention of population genetic studies based
on both uniparental and autosomal markers*>?!-26,

Recently, a genomic survey on patterns of ancient and recent admixture in Southern Italy and the
Mediterranean® brought specific interest on the enigmatic Calabrian Greek-speaking communities residing in
the Aspromonte mountain area of Bovesia, in the territory of Reggio Calabria (Southern Italy). These ethno-
linguistic groups represent extant Hellenic islands in Southern Italy that still preserve a unique variety of Greek,
also known as Greco or Calabrian Greek. Linguistic studies have supplied interesting information about the
possible origins of these communities, historically counterpoising two main antithetic hypotheses. The first
hypothesis leads back to the Medieval period and suggests that this language might derive from the descendants
of Byzantines who settled Southern Italy between the fifth and eleventh centuries?®-*2. The second hypothesis
instead brings to the Magna Graecia colonization of Southern Italy in the eighth century BC to trace the origin
of the language. Thereafter, the Greek of Calabria would have been uninterruptedly spoken during the centuries
until the present, with local developments**-3. More recently, reconciling scenarios tried to mitigate the initial
controversy between the “Hellenic” vs. “Byzantine” dichotomy, mostly in virtue of two considerations: (i) the
impact of intense Greek-Romance linguistic contacts into a dynamic model of coexistence and cohabitation
between Greek-speaking Latins and Latin-speaking Greeks; and (ii) the implications of archaic lexical elements
shared with peripheral Greek dialects such as those of Cyprus and the Dodecanese, to assess the importance of
linguistic contributes from the Greek of different periods®**’. The new moderated hypotheses in fact consider
the Greek of Magna Graecia to have been survived in diglossia with Latin during the Roman Empire and then
to have been rekindled in the Byzantine era and subsequent periods. Importantly, multiple strata which repeat-
edly brought waves of Greek speakers onto the Calabrian coasts were suggested to have overall contributed to
the Greek heritage of the region®®. Historically, it is known that the Greek presence in Calabria was continuous
since ancient times and that the area of Greek-influence in Southern Italy was originally more largely extended
with respect to the enclaves present nowadays®. In fact, the number of Greco-speaking people is rather limited
at present and today the language survives mainly in few communities residing in the Aspromonte mountain
area of Reggio Calabria**!.

Our previous characterization of Calabrian Greek communities for approximately 150,000 genome-wide SNPs
with the Illumina GenoChip 2.0 DNA Ancestry chip suggested possible signs of genetic drift experienced by these
groups”. In the present study, we further address issues of geographic and cultural isolation by using a higher
in-depth level of analysis, which was achieved both by increasing the number of analyzed markers (720 K) and by
genotyping also other communities from the same geographic area of Southern Italy (Fig. 1a). In particular, we
significantly expanded the population samples from the Aspromonte mountain area by including six additional
communities (Amendolea, Africo, San Lorenzo, Cardeto, Samo, San Luca) to the five already collected previ-
ously (Bova, Roghudi, Roccaforte del Greco, Galliciand, Condofuri), therefore doubling the representativeness
of the genetic structure of the area. The sampling strategy specifically covered both the communities that still
preserve the Greco language as well as those from the same geographically isolated area of the Aspromonte that
lost the use of this language earlier in time (Fig. 1b). This more extended sampling should therefore mirror the
progressive restriction of the area of Greek-influence in the Southern Calabrian territory of Reggio Calabria. The
groups from the Aspromonte mountain area were finally compared with newly-collected samples coming from
a similar, but less isolated geographical context, which encompasses four villages from the Calabrian province of
Catanzaro (Girifalco, Jacurso, Pentone, Tiriolo), as well as with ‘open’ (i.e. not isolated) Southern Italian groups
from Castrovillari (Northern Calabria, Southern Italy) and Benevento (Campania, Southern Italy) (Fig. 1a). In
this context, the aim of this study is to investigate the past population events and the local demographic fac-
tors that significantly contributed to the current genetic differentiation of Calabrian Greeks. In particular, by
comparing their allelic architecture to the more general Southern Italian population we looked for the effect of
geographic and cultural isolation on the detected genetic structure.

Results
Population structure of Southern Italy within the Euro-Mediterranean genetic landscape. In
order to set the observed genetic variability into a wider context, a PCA was firstly performed by comparing
our newly analyzed Southern Italian populations to Mediterranean and European groups extracted from the
HGDP (Suppl. Table S1). The plot of the first two principal components (Fig. 2a) recapitulates well-known
geographic patterns of genetic variation commonly observed in the Euro-Mediterranean area***. In fact, the
PC1, extending from the Levantine groups of Palestinians and Druze to Russians, Orcadians and French, identi-
fies a South-East to North-West axis of genetic structuring. On the other hand, PC2 emphasizes the renowned
outlying position of Sardinia within the European genetic landscape**°. Populations from the Italian Peninsula
reflect the known latitudinal cline of genetic differentiation between North and South Italy*?, with the former
closer to Western Europe and the latter projecting towards the Near East. Interestingly, populations from the
Aspromonte area depart from the other Southern Italian groups when PC4 is considered (Fig. 2b). Accordingly,
ADMIXTURE analysis identifies the main European-, Near Eastern- and Sardinian-like genetic ancestries, to
which an Aspromonte-specific component is added for higher values of K (Suppl. Figure SI).

F3-statistic was then used to formally test each Southern Italian group as target of admixture using all the
other comparison population pairs as putative parental sources. Statistically significant results (i.e. Z-scores <—3)
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Figure 1. (a) Sampling map showing the approximate geographic location of analyzed populations. Sampling
points are color-coded according to the province of origin: Benevento (blue); Castrovillari (purple); Catanzaro
(magenta); previously collected samples from Reggio Calabria (orange); newly collected samples from

Reggio Calabria (gold). The two enlarged boxes detail the sampling locations of villages in the province of
Reggio Calabria (left) and in the province of Catanzaro (right), respectively. (b) Historical map showing the
approximate extension of the National Park of the Aspromonte mountain area (in pink) as well as the range of
the Greek-speaking area at different time periods as reported in the legend at the top-left. Geographical map
has been generated with the package RgoogleMaps [v. 1.4.1]°* (URL: http://www.jstatsoft.org/v63/i04/) of the
software R [v. 3.2.4] (https://www.r-project.org/).

for a mixture between Sardinian and Caucasian or between Near-Eastern and continental European sources
were obtained for the populations of Benevento, Castrovillari and Catanzaro (Suppl. Table S2). Consistently
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Figure 2. Principal component analysis and FineSSTRUCTURE clustering analysis performed on the extended
comparison dataset of modern populations. Scatterplots of the (a) first vs. second and (b) second vs. fourth
PCs are reported on the top of the plot. Individuals are color-coded based on their geographic location. Newly
analyzed populations from Southern Italy and, more specifically, those from the Aspromonte mountain area
are labelled in the first and second plot respectively. (c) FineSTRUCTURE hierarchical clustering dendrogram
calculated between the pairs of modern individuals included in the extended comparison dataset. The 13
detected clusters, here highlighted with different colors, are highly concordant with population labels. For the
detailed annotation of individuals inside of each cluster see Supplementary Figure S3.

with these results, the maximum likelihood tree reconstructed with Treemix (Suppl. Figure S2) locates all the
Southern Italian groups in an intermediate position between Caucasian and Near Eastern populations on one
hand, and a continental European cluster encompassing Orcadian, Russian, French, Basque and North Italian
populations together with Sardinians in a rooted position, on the other hand. When allowing for admixture,
TreeMix optimized the fit of the data to the tree by adding two migration edges between populations, specifically
between Russians and Adygei, and between Sardinian and French_Basque. Interestingly, adding further admix-
ture events (from m =3 through m=6) increased the rate of explained variation in the data by the tree models,
revealing migration edges from Caucasus (Adygei) or from a Caucasian/Near-Eastern root to the Southern Italian
populations of Benevento, Castrovillari and Catanzaro. This happens each time they were included within the
continental European group instead of splitting out before it (Suppl. Figure S2), thus providing further support
for genetic links between Southern Italy and the Near-East/Caucasus as consistently observed by f3-admixture
tests. In this context, it is noteworthy that population samples from the Aspromonte area do not show evidence
of gene flow from any other group (Suppl. Table S2) and in the Treemix phylogeny appear instead located in a
basal position with respect to all the other Southern Italian populations (Suppl. Figure S2). At the same time,
they also show longer branch length, thus signaling possible evidence of more ancient isolation and drift effects.

To empirically evaluate finer-scale patterns of structuring, we used the haplotype-based approach imple-
mented in CHROMOPAINTER/FineSTRUCTURE to define clusters of genetically homogeneous individuals.
Overall, the clusters recognized by FineSTRUCTURE (Fig. 2¢) largely match with local population groups and
summarize the patterns of genetic relationships consistently observed in genotype-based analyses. In fact, popula-
tions from Southern Italy globally form a clade that is related to the Caucasian Adygei group and, at a more basal
level, to the Near Eastern clusters formed by Palestinians and Druze, respectively. With a more specific focus,
it is worth noting how FineSTRUCTURE virtually reconnects almost all the populations from the Aspromonte
mountain area to a specific cluster, which splits up as a separated group with respect to all the other Southern
Italian populations (Fig. 2¢, Suppl. Figure S3). Within this “Aspromonte” (ASPR) cluster, the Greco-speaking
communities from Roghudi, Roccaforte del Greco, Condofuri and Galliciano form a further sub-group that
exhibits more remarkable signals of genetic drift (Suppl. Figure S4). On the other hand, samples from Cardeto,
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Figure 3. Intra-population patterns of genetic variation in the newly analyzed Southern Italian populations.
(a) Distribution of genome-wide homozygosity index Fhom and (b) total length of ROHs (KB) plotted against
number of ROHs (NSEG). Color-code as follow: Benevento (blue), Castrovillari (purple), Catanzaro (magenta)
and Aspromonte area of Reggio Calabria (orange).

Samo and San Luca fall outside from this “Aspromonte” (ASPR) cluster and appear instead grouped to the other
Southern Italian populations, namely to the cluster of villages from the province of Catanzaro (CZ) and then
to a cluster indifferently encompassing all the individuals from both Benevento and Castrovillari (BN + CS)
(Fig. 2¢, Suppl. Figure S3).

Local patterns of isolation and genetic differentiation within Southern Italy. With the aim of
directly exploring local patterns of genetic differentiation, we focused more specifically on the genetic struc-
ture observed within Southern Italy. Consistently with the global analysis, the PCA applied exclusively on our
Southern Italian “local” dataset replicates the distinctiveness observed for the Aspromonte group (Suppl. Fig-
ure S5a). Most of the populations from that area indeed depart from the rest of Southern Italy along the first
PC, by forming a scattered pattern in which the communities that still preserve the Greco language appear as the
most differentiated (i.e. occupying more peripheral positions in the PCA plot). Similarly, ADMIXTURE results
for the best value of K=2 (Suppl. Figure S5b) identify an ancestral genetic component which is maximized in
almost all the current Greco-speaking communities (100% Roghudi and Galliciano, 88% Roccaforte Del Greco,
73% Condofuri) and accounts for 30-60% of ancestry also in the core of the other communities from the same
Aspromonte group.

To formally test signals of isolation and drift, we analyzed patterns of within-population genetic variation by
calculating the inbreeding coeflicient (Fin) and the genome-wide homozygosity (Fhom) indexes, and by analyzing
the number and the extension of genomic runs of homozygosity (ROH). Both Fin and Fhom values are averagely
higher for the populations from the Aspromonte area compared to the rest of Southern Italy (Suppl. Table S3),
and accordingly the distribution of genome-wide homozygosity (Fhom) shows higher variance in inbreeding for
the Aspromonte group than for the other Southern Italian populations (Fig. 3a), thus reflecting higher isolation
patterns differentiating these communities. Similarly, a much higher number (NSEG) and length (KB) of ROH
has been observed on average for the Aspromonte samples from Reggio Calabria, with respect to the tendency to
lower number and length of homozygous segments exhibited by the other Southern Italian populations (Fig. 3b).

Since levels of isolation correlate also with the degree of relatedness between and within groups?, we further
estimated the extent of genome shared identically by descent (IBD) at different classes of length using the fastIBD
pipeline implemented in the BEAGLE software. Overall, patterns of genetic relatedness across populations reveal
higher within-population compared to between-population sharing for longer bin classes. In particular, for
bins =227 ¢cM almost all the connections are within-population and the few links between-populations appear
almost exclusively limited to the communities belonging to the ASPR cluster, consistently with these groups being
more closely related to each other. For shorter classes of length among-population connections then extend to
all the rest of Southern Italy (Suppl. Figure S6).

To further explore signals of genetic drift and population differentiation and to link this peculiar genetic back-
ground with biological functions, we finally used the Southern Italian genetic clusters identified by FineSTRU
CTURE to detect loci that may have drifted up in frequency in the isolated Aspromonte group. In particular,
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we compared the allele frequencies of all variants within the populations belonging to the ASPR cluster against
their respective frequencies in the rest of South Italy. More precisely, as suggested by FineSTRUCTURE results
(Fig. 2¢, Suppl. Figure S3), we considered both the Benevento + Castrovillari (BN + CS) cluster and the one group-
ing individuals from Catanzaro (CZ) as representative of the “not-isolated” Southern Italian background. We
then computed pairwise FST values between the above-mentioned three clusters (i.e. ASPR, CZ and BN + CS)
for all the 621,755 SNPs included in our “local” dataset. Finally, we retained the 797 loci scoring in the top 1%
of FST distribution in both ASPR vs. CZ and ASPR vs. BN + CS comparisons (Suppl. Figure S7, Suppl. Table $4).
Enrichment analysis on the list of corresponding top genes (Suppl. Table S5) shows that the most significantly
enriched Gene Ontology (GO) terms are associated with processes of “nervous system development” and with

» «

“neuron part’, “cell periphery” and “plasma membrane” of the cellular components (Suppl. Table S6).

Ancient genetic heritage of Southern Italian populations. Since present-day patterns of genetic
variation reflect both local dynamics of differentiation and the ancestral population history, in order to provide
a temporal overview on the ancestral genetic legacy of analyzed Southern Italian groups we finally compared the
genetic landscape defined by modern populations with a large panel of ancient DNA samples extracted from the
literature and timewise spanning from the Mesolithic to the Iron Age (Suppl. Table S7).

Consistently with previous results>?’, the PCA performed by projecting ancient samples onto the modern
genetic variation reveals specific patterns of population relationships (Suppl. Figure S8). In fact, all the Southern
Italian groups, besides showing a general high affinity with Anatolian and European Neolithic farmers, cluster
also closely with the Chalcolithic and Bronze Age samples from Anatolian and Aegean (Minoan and Mycenaean)
populations. Differences in affinity patterns were formally tested with the outgroup-f3 statistic measuring the
extent of shared drift between modern Italian groups and the main ancient genetic components represented by
Western European Hunter-Gatherers (WHG), Eastern European Hunter-Gatherers (EHG), Caucasian Hunter-
Gatherers (CHG), Anatolian Neolithic farmers (AN) and Pontic-Steppe Yamnaya (EMBA). Overall Sardinia
shows the highest levels of shared drift with samples of Neolithic-related ancestry compared to Northern and
Southern Italy. Both Sardinians and Northern Italians show higher affinity to WHG than Southern Italians, who
instead appear more affected by CHG-related groups. On the other hand, Yamnaya Steppe and EHG share more
affinity to North Italy than to both Southern Italians and Sardinians (Suppl. Figure S9). In addition, gpGraph-
based phylogenies consistently recapitulate the observed genetic patterns, with Sardinians showing a good fit
to a two-way mixture model between populations representing Early European Farmers and West European
Hunter-Gatherers (Suppl. Figure S10a), and North Italy instead achieving a successful fit to a graph model
with an additional admixture event from an EHG-related lineage (Suppl. Figure S10b). Interestingly, when fit-
ting present-day Southern Italian populations into the tested gpGraph models we find them compatible with
an additional contribute that, differently from Northern Italy, does not originate from an EHG-related source
but instead from a CHG-related lineage (Suppl. Figure S10c). This fits to the data in the sense that there are no
f-statistics more than |Z| >3 different between model and expectation.

Finally, to better characterize the ancestral composition of Southern Italian populations, we inferred their
mixture proportions with respect to a four-population model of admixture including all the above-mentioned
WHG, Neolithic, CHG/Iran_N and Steppe-related main sources, using gpAdm. All Italian populations were
successfully modeled as characterized by a relatively high amount of Anatolian Neolithic ancestry, with the
major contribution observed in Sardinians (Fig. 4, Suppl. Table S8). The remaining ancestries were assigned to
alower WHG contribution and to differential influences of Steppe_EMBA and CHG/Iran_N in the profiles of
Northern and Southern Italians, respectively (Fig. 4, Suppl. Table S8). In fact, while Steppe ancestry is greater
in North Italy (~27%), the Iran_N/CHG-related source is more present in South Italy with the highest values
(~29%) observed in the populations from the Aspromonte area.

Discussion

The origins of the Greco-speaking communities today settled in the Aspromonte mountain area of Reggio
Calabria (Southern Italy) have been largely debated from a linguistic point of view. The first hypotheses defend-
ing the continuity of the language from the Magna Graecia or its Byzantine origin have been more recently rec-
onciled into composite scenarios, in which the importance of longstanding contacts and multiple contributions
from different periods have been reevaluated. As a matter of fact, the territory corresponding to present-day
Calabria has been inhabited since prehistoric times and its centrality in the Mediterranean Sea is attested by
the presence of artefacts from the most important Neolithic cultures of Southern Italy. Furthermore, its rich-
ness in mineral deposits testifies exchanges with the Aegean and Asia Minor civilizations that must have been
intense during Metal Ages'”*. Accordingly, the extent of population and cultural interactions between South
Italy and the southern part of the Balkan Peninsula including Greece, Crete and the Aegean islands has been
confirmed by the presence of Mediterranean genetic links between these regions tracing back to Neolithic and
post-Neolithic times**?.

In this study, we analyzed the genetic variability of Calabrian Greco-speaking groups in the context of the
local Southern Italian genetic landscape and with respect to the temporal and spatial structuring of the Euro-
Mediterranean genetic variation, with the aim to infer the main demographic processes that shaped the genetic
heritage of these populations. To this end, we collected a large set of samples representative of the communities
settled in the Aspromonte mountain area, including both those that conserved Greco up to the present and the
ones that lost the use of this language earlier in time. Then, we compared them against the genomic patterns
observed for other not-isolated populations from Southern Italy as well as to a wider reference panel composed
of both modern and ancient samples.
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Figure 4. Mosaic plot of admixture ancestry profiles as inferred by gpAdm. Admixture profiles of Italian
population groups included in the modern extended dataset have been tested using a four-population model
including CHG/Iran_Neolithic, WHG, Steppe_EMBA and Anatolian_Neolithic as putative ancient source
groups. Specific details about inferred ancestry proportions and relative levels of significance are reported in the
Supplementary Table S8.

Anatolia_N

Overall, population structure analyses agree with previous studies and generally confirm the presence of
strong genetic links between Southern Italy and the Caucasus/Middle-East>?. Inferences of ADMIXTURE pro-
portions indeed revealed the ancestry of present-day Southern Italian populations, regardless of their linguistic
affiliation, to be composed mainly by Sardinian-like and South-Eastern Mediterranean genetic components,
with a negligible contribution from a continental Eastern European ancestry instead higher in Northern Italy
(Suppl. Figure S1). Accordingly, f3-tests (Suppl. Table S2) fitted a scenario involving mixtures between Sardinia
and Caucasus or between Near Eastern and continental European-related ancestries to account for the genetic
composition of present-day Southern Italian groups, also showing ancestral genetic connections with a Caucasus
or a Caucasus/Near-Eastern branch in the Treemix phylogeny (Suppl. Figure S2).

In this context, both global PCA and ADMIXTURE analyses revealed the genetic proximity of the Aspromonte
communities to the other populations of Southern Italy (Fig. 2, Suppl. Figure S1), showing at the same time traces
of differentiation. Overall, the analyses of intra-population diversity, measuring both the number and the total
length of homozygous genotypes (Fig. 3, Suppl. Table S3) as well as the extent of genome-wide IBD-sharing
(Suppl. Figure S6), indeed confirmed higher levels of genetic isolation commonly experienced by the Aspromonte
populations, when compared to the other neighboring Southern Italian groups. Furthermore, at a local level the
Aspromonte communities departed from the South Italian genetic background, with those more significantly
isolated both geographically and culturally occupying the most peripheral positions in the PCA plot and also
exhibiting a private genetic component, which indeed reaches the highest frequencies in the Aspromonte groups
still speaking Greco (Suppl. Figure S5). Accordingly, within the Aspromonte (ASPR) specific cluster identified by
FineSTRUCTURE (Fig. 2, Suppl. Figure S3) the “chunk-length” matrix of haplotypes shared between pairs of
individuals, specifically pinpointed the currently Greco-speaking communities as the ones signaling higher levels
of drift (i.e. the lowest proportion of haplotype “copying” with other groups, Suppl. Figure S4), thus reflecting
patterns of geographic isolation in the Aspromonte area further amplified by cultural differences in the groups
that conserved the Greco language.

On the whole, the observed patterns of variation seem therefore to confirm the presence of ancient genetic
links between Southern Italy and the South-Eastern Mediterranean populations of Caucasus and the Near East,
with the groups from the Aspromonte mountain area—and particularly those that still preserve the Greco lan-
guage nowadays—that departed from this shared genetic background as a consequence of isolation phenomena.

Previous surveys on the ancient genetic legacy of Southern Italy pointed to genetic contributions linking
Southern Italy and Mediterranean Greek islands with Anatolia and the Caucasus tracing back to migratory
events occurred during the Neolithic and the Bronze Age, in which the Mediterranean served as a preferential
crossroad>*%. In particular, while the expansion of Anatolian Neolithic farmers significantly impacted all the
Peninsula, differential Bronze-Age contributions were observed for Southern Italy with respect to Northern
Italian populations. Bronze Age influences in the gene pool of Southern Italians have been in fact associated to
a non-steppe Caucasian-related ancestry carried along the Mediterranean shores at the same time, but inde-
pendently from the Pontic-Caspian Steppe migrations that occurred through Continental Europe. Consistently
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with this viewpoint, genetic analyses performed by comparing our modern populations with the main ancient
ancestral sources have displayed the clustering of analysed Southern Italian groups with Neolithic and Bronze
Age samples from Anatolian, Aegean Minoan and Mycenaean populations, as opposed to the affinity of Northern
Italy with Late-Neolithic and Bronze-Age samples from continental Europe (Suppl. Figure S8). Accordingly, both
f3-outgroup, qpGraph and gpAdmixture analyses (Fig. 4, Suppl. Figure S9, Suppl. Figure S10) revealed influences
related to a Steppe ancestry in the Northern Italian groups, instead paralleled in Southern Italy by an analo-
gous Caucasian-related contribution from a non-Steppe CHG/Iran_N source. Importantly, the same ancestral
sources are equally shared both by the present-day “open” (i.e. not-isolated) Southern Italian populations of
Benevento, Castrovillari and Catanzaro, as well as by the geographically and linguistically-isolated communi-
ties of the Aspromonte mountain area (Fig. 4, Suppl. Table S8), thus signaling a common genetic background
that possibly predates the linguistic hypotheses originally suggested about the times of formation of the Greco
language in Southern Italy. Accordingly, we hypothesize that the genetic continuity between Southern Italian
populations and the other Mediterranean groups may date back to these Neolithic and post-Neolithic events
and may have been subsequently maintained and in some cases reinforced by continuous and overlapping gene
flows following similar paths of diffusion and interaction between populations, among which the migrations
of Greek-speaking people during the classical era (Magna Graecia) and/or in Byzantine and subsequent times.
Therefore, the observed patterns could be linked to a tendency to mobility that has always characterized these
populations, resulting in continuous cultural and genetic exchanges over time. That being so, the Calabrian
Greek ethno-linguistic minorities of Southern Italy may be interpreted as the remnants of a wider area of Greek
influence, that by virtue of their geographic isolation have preserved and evolved a unique variety of Greek
which has survived through centuries in the mountains of the Aspromonte area. At this respect, the communi-
ties showing higher signatures of genetic isolation (Roghudi, Galliciano, Condofuri and Roccaforte del Greco;
Suppl. Figure S4, Suppl. Figure S5) are also the ones located in the more impervious areas of the Aspromonte, at
the same time still conserving a certain number of Greco speakers (Suppl. Table S1)4%41.

Incorporating in future studies the information provided by whole genome sequence data will be an additional
value to comprehensively understand the interplaying impact of complex demographic history and evolutionary
processes. Recent studies (e.g.*’) have made efforts to identify loci or regions of the genome evolving in truly neu-
tral vs. non-neutral manner to perform demographic inferences based on whole-sequencing data, also stressing
how a-priori assumptions on the neutrality of great part of the genome may bias some resultant inferences (see
also®>°!). Therefore, even if the limited temporal depth and relatively micro-geographical setting of the present
study should in some way prevent relevant biases, future researches in these directions may integrate and be
compared to the present work in order to obtain more accurate demographic inferences.

Besides the importance in population history, ethnogenesis and linguistic variation, demographic processes
of isolation might have also affected the genetic composition of present-day groups inhabiting these areas of
Southern Italy. In fact, the GO analysis showed peculiar biological function of genes related to neurological
pathways with higher level of differentiation in the Calabrian area (Suppl. Table S6). Recent studies on hereditary
neurodegenerative disorders such as Alzheimer’s, Frontotemporal Dementia and Parkinson diseases in Southern
Italy were carried out and highlighted that certain areas of the Calabrian region are characterized by low genetic
heterogeneity and high levels of consanguinity due to the geographic isolation over the centuries®=%. The obser-
vation of recurrent mutations and haplotypes in isolated populations with high rates of consanguinity might
be potentially informative for the study of hereditary diseases. Overall, these data more generally remark the
importance of population isolates in genetic studies. In fact, due to isolation and drift, coupled with the effects of
smaller Ne and higher levels of consanguinity, isolated populations may have modified their genetic architecture
through the random amplification or loss of certain genetic variants, thus allowing the study of the role of loci
found at higher frequency in these groups. In this sense, future studies including also phenotypic data could be
of extreme value to understand the role of trait-associated variants on health status as recently demonstrated by
research efforts that have linked population genetics and medical genetics (e.g.*).

Materials and methods
Population samples. In this study, we collected and analyzed a total of 149 Southern Italian individuals
belonging to 11 villages from the Aspromonte mountain area of Reggio Calabria (Southern Calabria), 4 villages
from the province of Catanzaro (Central Calabria), and to population samples from the provinces of Cosenza
(Northern Calabria) and Benevento (Campania) (Fig. 1, Suppl. Table S1).

Saliva samples were collected with the Oragene-DNA Self Collection Kit OG-500 (DNA Genotek, Ottawa,
Ontario, Canada) from unrelated volunteers, by focusing on subjects with a local genetic ancestry over at least
three generations in their respective communities of origin, which were also surveyed for language affiliation.

Ethics statement. All donors provided a written informed consent to data treatment and project objec-
tives, and all the procedures concerning this population genetics study was approved by the Bioethic Committee
of the University of Bologna on 08/04/2013. The study was designed and conducted in agreement with relevant
guidelines and regulations according to the ethical principles for research involving human subjects stated by
the WMA Declaration of Helsinki.

Genotyping and quality filtering. Genomic DNA was purified from Oragene-DNA collection kits
following manufacturer’s recommendations and quantified with the Qubit dsDNA BR Assay Kit (Life Tech-
nologies, Carlsbad, CA, USA). DNA samples were then genotyped for the 713,014 SNPs implemented in the
HumanOmniExpress BeadChip (Illumina, San Diego, CA, USA), by using the facilities available at the Center
for Biomedical Research & Technologies of the Italian Auxologic Institute (Milan, Italy).
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Genotyping results were filtered using the PLINK software 1.9% after having excluded SNPs on the sex chro-
mosomes. We removed all individuals with a genotyping success rate lower than 92%, variants with missing call
rates exceeding 2%, SNPs with a minor allele frequency (MAF) lower than 1%, and markers showing significant
deviations from the Hardy-Weinberg equilibrium. In addition, we estimated the degree of identity-by-descent
(IBD) sharing and excluded one individual for each pair of samples with a kinship coefficient (PiHat) higher
than 12.5%.

After filtering procedures, we obtained a final “local” dataset composed by 141 individuals typed for 621,755
autosomal SNPs markers. The dataset was thinned for genotype-based analyses by removing SNPs in LD (r2>0.1)
within a sliding window of 50 SNPs advanced by 10 SNPs at the time (PLINK option --indep-pairwise 50 10 0.1),
obtaining a “pruned local” dataset consisting of 64,147 SNPs.

Comparison datasets. In order to frame the variability of analyzed populations into the Euro-Mediter-
ranean genetic landscape, we merged our Southern Italian “local” dataset with publicly available genome-wide
data from Europe, Near East and the Caucasus, extracted from the Human Genome Diversity Project (HGDP)®'.
The same QC described above for the local population set were performed on the reference dataset, further
removing ambiguous A/T and C/G polymorphisms to avoid strand-flipping issues during merging procedure.
After merging, we obtained a “modern extended” dataset including 238 additional individuals from 10 Euro-
Mediterranean comparison populations (Suppl. Table S1) and a common set of 337,711 SNPs (59,124 SNPs after
pruning for --indep-pairwise 50 10 0.1 as above).

To test temporal patterns of genetic relationships, we finally merged the “modern extended” dataset with
genomic data for 1059 ancient samples (Suppl. Table S7) extracted from the literature®~’* and genotyped on
the 1240 K panel (V37.2.1240K, https://reich.hms.harvard.edu/), finally obtaining a common “modern-plus-
ancient” dataset of 326,832 SNPs. For the genotype-based analyses involving also ancient samples we applied a
LD-pruning procedure by excluding one SNP for each pair of loci showing r2 values higher than 0.4 within a
200-SNPs window, sliding 25 loci at the time (PLINK option --indep-pairwise 200 25 0.4), for a total of 286,656
SNPs left after pruning.

Population structure and admixture analyses. Principal Component Analysis (PCA) was performed
on the “local” and “extended” datasets including modern populations by using the smartpca function imple-
mented in the EIGENSOFT package”. Ancient samples were then projected onto the PCA space obtained from
the modern populations by using the Isqproject= YES function.

Inferences of ancestry proportions for the modern groups were estimated with the ADMIXTURE software”,
by testing hypothetical ancestral populations (K) from 2 through 10. We performed ten independent runs with
different random seeds for each given K and used those with the highest log-likelihood values for the final plot.
Cross-validation (CV) errors were also calculated for each run with the aim of identifying the number of K
showing the best fit to the data.

Genetic relationships and gene-flow patterns between modern populations were explored using the Treemix
v1.12 software’>. We run Treemix including a North-African population (Mozabites) as root to build a phylo-
genetic tree without allowing for migration, and then we tested an increasing number of migratory events from
m=1tom=6.

To formally assess affinity patterns between modern groups and ancient individuals we computed outgroup-f3
statistics in the form of f3(YRI; Modern, Ancient), by using the gp3pop function implemented in the ADMIX-
TOOLS package’®””. Furthermore, to test models of phylogenetic relationships between present-day and ancestral
populations, we applied the modeling approach implemented in the gpGraph software of the ADMIXTOOLS
v3.0 package”’, relying on defined topologies with ancient West Eurasian groups®>”8. In order to keep the models
simple, we started with small, well-understood subgraph by adding additional sources one at a time and testing
at each subsequent step of the analysis the fitting of present-day populations as being explained by a mixture of
two possible ancestral populations. In particular, by starting with a skeleton tree including Mbuti, WHG and
MAL1, we consequently grafted onto this basic phylogeny additional putative ancient sources representative of
Early farmers, Eastern Hunter Gatherers (EHG) and Caucasian Hunter Gatherers (CHG)”®. Then, we tried to
explore the fitting of the analyzed modern Italian populations (particularly Southern Italian ones, compared to
North Italy and Sardinians) into the progressively considered gpGraph-based phylogenies, evaluating the fits
to the models based on the maximum |Z|-score comparing predicted and observed values. Finally, to better
characterize the ancestral composition of analyzed modern Italian groups, we exploited the modeling approach
implemented in gpAdmix®® to quantitatively estimate the admixture profile of each modern Test population
using a four-population model of ancient ancestral Source groups (“Left” populations) with respect to a specific
set of Outgroups (“Right” populations). In details, we first checked whether the considered “Right” and “Left”
populations were significantly distinguishable by using gp Wave and the following set of outgroups (Ust_Ishim,
Kostenkil4, MA1, GoyetQ116-1, EIMiron, Vestonice, Villabruna, EHG, Levant_N, Natufian, Mota) as defined
previously”. Then, by using the same set of outgroups, we performed gpAdm runs to establish if the admixture
profile of each target modern population was consisted with the selected set of ancient ancestral sources (i.e.
WHG, CHG/Iran_N, Anatolian_Neolithic, Steppe_EMBA), inferring their relative admixture proportions. We
considered a P-value threshold of 0.01 to assess the significance of tested models.

Haplotype-based analysis of fine-scale structuring. To explore fine-grained patterns of population
structure and define genetic clusters of homogeneous individuals, we exploited the haplotype-based approach
implemented in CHROMOPAINTERv2/ fineSTRUCTURE®. Samples were phased using SHAPEIT®! by apply-
ing default parameters and using HapMap phase 3 recombination maps. We run CHROMOPAINTER analysis
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on the 379 individuals of the “unpruned modern extended” dataset, by initially estimating the switch and muta-
tion/emission rates on a subset of four chromosomes {4, 10, 15, 22} using 10 steps of Expectation-Maximisation
(E-M). Then, we averaged the inferred values across these chromosomes, weighting by the number of markers
and individuals, and we exploited the obtained parameters to re-run CHROMOPAINTER on all chromosomes
using each individual both as “donor” and “recipient”. The obtained matrix of shared haplotype “chunk-counts”,
combined across the 22 autosomes, was submitted to the fineSTRUCTURE clustering algorithm version fs2.1%C.
We ran fineSTRUCTURE by setting 3,000,000 “burn-in” MCMC iterations, followed by 2,000,000 additional
iterations where the inferred clustering patterns were sampled every 10,000 runs. Finally, we set 1,000,000 addi-
tional hill-climbing steps to improve posterior probability and merge clusters in a step-wise fashion until reach-
ing the final configuration tree.

Analyses of genetic isolation and population differentiation. To explore patterns of within popu-
lation genetic variation, we calculated the number and extension of ROH segments®*** and the Fin and Fhom
indexes by using respectively the --homozyg and --het functions of PLINK software as described previously*’.

Furthermore, we estimated patterns of IBD sharing within and among Southern Italian populations using
the fastIBD method implemented in the BEAGLE 3.3 software®*. Data were phased with SHAPEIT®! as specified
above and fastIBD was run ten times for each chromosome using different random seeds. IBD blocks were called
by post-processing the obtained results with the ‘plus-process-fibd.py’ pipeline®, setting the fastIBD threshold
to le-10 and considering only blocks longer than 1 cM. We then explored the distribution of segments shared
IBD between pairs of individuals both within- and among-populations for different bins of length (in cM) to
approximate different degrees of relatedness®.

Finally, to examine possible signals of genetic differentiation in the isolated groups of Aspromonte area with
respect to the more general Southern Italian population, we compared allele frequencies between the popula-
tion clusters identified by fineSTRUCTURE, computing single locus Weir and Cockerham Fst for each of the
621,755 SNPs included in the high-density “local” dataset. More precisely, we retained the top 1% of markers in
the Fst distribution that differentiate the Aspromonte cluster from both Catanzaro and Benevento + Castrovillari
comparison clusters. The list of genes encompassing the detected top 1% most differentiating SNPs was com-
pared to the reference list of all genes covered by the Illumina HumanOmniExpress BeadChip and submitted to
an Enrichment Analysis using the PANTHER Gene Ontology (GO) tool®”® with the aim to pinpoint the most
relevant pathways involved in the observed differentiation. Information about chromosome location, start and
end positions of each gene, as well as its approved name and alternative nomenclature was built by cross-checking
the Ensembl database gene list for the human reference genome hg37.p13 (Ensembl GRCh37 human archive,
release 100) and the HUGO Gene Nomenclature Committee resource (http://www.genenames.org, March 2020),
with data recovered through the BioMart data mining tool in both cases®*!.
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