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Can language be a valuable predictor of genetic diversity even at the level of extremely circumscribed 
areas of linguistic diversity? We report on the analysis of mtDNA and NRY variation extracted from the 
whole-genome sequencing of 27 natives of Grecìa Salentina, a geographic area in southern Italy home 
to a historic Greek-speaking community. With respect to mtDNA, we found similarities with samples 
from Central Italy and Eastern Balkan, mainly because of the high haplogroups N, K and J1 frequencies. 
Detailed phylogeographic analyses of these haplogroups reveal instances of Grecìa Salentina-specific 
lineages. With respect to the NRY, we find similarities with other samples from southern Italy, Anatolia 
and the Middle East, because of the overwhelming frequency of haplogroup J2a. The new J2a lineages, 
many of which are specific to Grecìa Salentina, greatly expand the phylogeny of the haplogroup. 
Haplogroup R1a is also overrepresented, with a new lineage belonging to the GML6 subclade, which 
is common in the Western Balkans. All the above haplogroups were long recognized as markers of 
post-Neolithic East-to-West movements through the Balkan Peninsula by land or off its coasts by sea. 
We conclude that the peculiar component detected in the Grecìa Salentina gene pool is the result of 
past immigration. Specifically, there was a demic contribution of both sexes, which foreshadows the 
build-up of an entire community, and subsequent dilution in the surrounding gene pool by admixture 
occurred only to a limited extent. These results add a genomic dimension to our knowledge of the 
identity of the Greek-speaking community settled in Grecìa Salentina. To date, the peculiarity of the 
Grecìa Salentina population was only its linguistic identity, but we now show that it is also supported 
by a genetic component. The more general hypothesis of a connection between the demic and 
linguistic structure of the area can now be tested by comparing the genetics of Grecìa Salentina to 
those of other linguistic enclaves of Balkan origin in southern Italy.

Keywords  Linguistic minority, Magna graecia, Whole-genome sequencing, Mitochondrial DNA, Y 
chromosome

‘Grecìa Salentina’ (henceforth GS) is the label assigned to a geographic area in Apulia [Southern Italy (SI), 43,000 
inhabitants] (Figs. 1, S1), where a Greek dialect (usually labelled Griko, see Supplemental text) has historically 
been spoken (and still is, although it is now less widespread than it was in the past).

The linguistic origins of the Greek-speaking communities of SI (traditionally located in GS and southern 
Calabria1 are controversial and essentially unsolved issues. Traditionally, two major hypotheses have been 
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proposed in the literature2. One hypothesis is that the currently spoken Greek dialects are direct descendants 
of the Medieval Greek varieties introduced in SI during Byzantine rule, especially between the 9th and 11th 
centuries CE, when waves of Greek-speaking settlers, soldiers, monks, and administrators are believed to have 
migrated to the region3. According to this view, these dialects are essentially “Modern” Greek dialects, that 
originate from the same linguistic source as most present-day Greek varieties (i.e., the so-called Hellenistic 
Koiné). The other hypothesis is that these dialects derive from the Greek-speaking communities that settled in 
SI as a consequence of the First Great Colonization started in the 8th century BCE4. Linguistically, this would 
imply that they originate from ancient Greek varieties that were spoken before the “linguistic unification” 
brought about in Hellenistic times through the Koiné. Although the debate in the literature has been intense, no 
unambiguous evidence has thus far emerged to support the direct descent of the present-day Greek varieties of 
SI from ancient rather than medieval Greek dialects. In fact, the Greek language left multiple layers of influence 
across SI, which have interacted and blended with other languages (especially Latin and its descendant Romance 
dialects) at various diachronic stages5, making it almost impossible to determine whether the current dialect 
represents a continuation of earlier Greek linguistic components or results from later transplants6,7.

The uniparentally transmitted portions of the genome [mitochondrial DNA (mtDNA) and the 
nonrecombining portion of the Y chromosome (NRY)] are each inherited as single loci and, as far as they are 
carried in a haploid state, cannot be reshuffled with homologs by recombination. With the advent of genome-
wide analyses of diversity, the information conveyed by variants in mtDNA and the NRY is diluted among 
millions of autosomal variants. Nevertheless, they continue to be considered markers of choice to clarify the 
formation of gene pools in human locales, in Italy and elsewhere8–16. This is because (i) they inform specifically 
on female- and male-borne contributions to the gene pools and (ii) the descent of the particular arrangements 
of variants carried by each subject can be reconstructed as a strict phylogeny, in which the appearance of each 
branch (node) can be confidently dated assuming a molecular clock. This power is further enhanced when the 
full array of variants is characterized by complete resequencing, reaching the maximal density of markers. This 
enables the detection of recent affinities, revealed by the sharing of derived alleles in the most terminal branches. 
The geographical positioning of populations in which samples displaying such phylogenetic closeness are found, 
can be compared with known historical events to infer when separation from a common ancestor may have 
occurred. Assuming a monophyletic origin, if the shared derived alleles can be supposed to be younger than a 
given date, the timing of the migration responsible for their spread can be given an upper bound in the past. In 
this way one can distinguish more recent from more ancient dispersal events, even if they impacted the same 
area.

The GS community was already the subject of uniparental genetic surveys, using pre-defined lists of known 
SNPs. For both mtDNA15 and the NRY15,16 diversity indexes similar to other non-linguistically isolated Italian 
samples were obtained. Onto an haplogroup frequency background similar to other SI samples, an increase of 

Fig. 1.  Map of Italy and detail of southern Apulia with the position (red) of the 10 Greek-speaking 
municipalities belonging to Grecìa Salentina. Additional details are provided in Fig. S1.
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Y-chromosome haplogroups J2a15 and R1b-M412* were reported. This latter was considered compatible “with 
the early Hellenistic colonization and/or the more recent Byzantine domination”16.

In this work, we report on the analysis of mtDNA and NRY variation extracted from the whole-genome 
sequencing of a sample of native GS (Table S1), with the aim of clarifying some questions about the sources of 
the biological legacy of GS. The first and foremost question refers to the presence of a signal that distinguishes 
it from the general SI background in the GS gene pool. It is to be expected that this appears as the presence of a 
minority of genetic types attributable to distinctive ancestral sources. Should such a signal be found, subordinate 
questions would have to refer to the particular population sources and the time frame for a genetic input to GS, 
and whether both sexes contributed it. We then searched for GS-specific mtDNA and NRY molecular types 
(Tables S2, S3) and analysed them in the context of phylogenies resulting from studies carried out at the same 
level of resolution.

Bearing in mind that the history of a population does not necessarily coincide with the history of its language, 
our description of the genetic endowment of the GS community could represent a valuable step towards more 
directly investigating the mechanisms underlying the historical transmission of the Greek in SI within a 
conceptual framework that integrates insights from both genetics and linguistics.

Results
Mitochondrial DNA
The results of the haplogroup assignment of the 27 mitogenomes are reported in Tables 1 and S2. In agreement 
with a previous report15, typical western Eurasian branches (H, HV, I, J, K, N1, R0a, T, U, W, and X) largely 
predominate, with the possible exception of a single representative of haplogroup U6, for which a western 
Eurasian origin has been proposed, followed by reintroduction in northern Africa17,18. Haplogroups of either 
sub-Saharan (L) or Northern African (M) origin, not represented in our population sample, are instead found 
at low (0.01–0.03) frequencies in Central-Southern Italy and Iberia, increasing to 10% in some Middle Eastern 
populations (Table S4).

To determine the haplogroup distribution of GS in the context of European and Mediterranean mtDNA 
diversity, we summarized data from the literature with principal component analysis (PCA). The results (Figure 
S2) clearly separate North Africans from the rest of populations on PC1. PC2 clearly summarizes an east/south-
east to north gradient, with populations from the Arabian Peninsula and southern Asia at the bottom centre 
and those of northern Europe at the top right. The projected GS sample falls in an area of the plot together with 
Central Italy and the Eastern Balkan samples of Bulgaria, Ukraine, Romania and North Macedonia, mainly 
because of the high frequencies of haplogroups K, J1 and H.

An Fst analysis based on the complete set of haplogroup distributions (Table S4) at this level of classification, 
revealed the least nonsignificant differentiation between the GS and all the Italian samples, plus Greece and 

Haplogroup Count

H 1

H1u2 1

H20c 1

H34 1

H35 1

H58 2

H5a1 + 16,093 1

H8c 1

HV6a 1

J1c10a 1

J1c9 1

J1d1a1 1

K1b1c 5

N1b1a + 195 1

N1b1a5 1

T1a4 1

U1b1 1

U4b1b1 1

U6a7a1b 1

V 1

W1c 1

W3a1 1

Total 27

Table 1.  Absolute frequency of MtDNA haplogroups among 27 Grecìa Salentina subjects (classification 
according to Haplogrep3).
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Macedonia. Nonsignificant differences are also observed with several populations from the Middle East and the 
Balkan Peninsula and north of it, up to Lithuania and Ukraine. On the other hand, significant differentiation is 
observed with North Africa, northwestern Europe and the Arabian Peninsula.

Haplogroups N, K, and J1 accounted for 37% of all the haplogroups in GS, a value exceeding the aggregated 
frequency of the same haplogroups in any other sample. We then asked whether a finer phylogenetic analysis of 
the types recovered in GS could provide clues regarding their geographic origins.

N1b1a
Haplogroup N has frequencies less than 6% among the 53 populations represented in Fig. S2, with the exception 
of the Lebanese, Georgian and Syrians (0.06–0.09) and the outlying Sudanese. The two mitogenomes in our 
series belong to the N1b1a clade. Many N1b1a branches are shared between Europeans and Near Easterners, and 
the Near East, as the likely homeland of N1b1a, has been favoured on the basis of ancient specimens19. A tree 
including modern and ancient N1b1a mitogenomes is shown in Fig. S4.

Among the GS mitogenomes, one (16 as numbered in Table S1) carries the 195 C variant but neither the 
1406 C nor the 16,126 C and is thus to be classified as a representative of a sister clade of both N1b1a7 and 
N1b1a8 (Fig. 2). This mitogenome is also derived at five different positions (723T, 2223G, 9336G, 9525 A, and 
16249 C), which is consistent with the average length of the other sequences in the 195 C clade. It thus qualifies 
as a GS-specific haplogroup.

The second subject (24) belongs to a clade (N1b1a5b in HRAS) characterized by 12,007 A, together with 
samples from Italy and Northern Europe (Fig. 2). Within this clade, subject 24 shares the 143 A variant with only 
two other sequences sampled in the USA in a clinical screening (not shown). N1b1a5 was dated to 2 Kya19, but 
it appears to be more widespread and deeper here.

In our analysis, we also included N1b1a9 (four sequences sampled in Sardinia and one in Serbia) whose 
basal node (14323 A) was dated to 9.39–7.25 Kya. This figure thus serves as a reference for the fast radiation 
within N1b1a, evident in our tree. Two sequences, from the Turkish Neolithic (I0708) and Danish Middle Ages 
(MK059572) are basal in the radiation.

In conclusion, the two GS mitogenomes appear to be quite recent and likely postdate the entry of Neolithic 
farmers through the Balkans20.

K1b1c
K1b1c appears to be grossly overrepresented in GS, with 5 (18.5%) carriers noted out of the 27 fully sequenced 
subjects and 3 (23%) carriers of the three founding variants among 13 additional subjects. This compares to 
the limited observations among modern samples from the Caucasus, Turkey and southern Balkans and a few 
instances of ancient sequences in the Ancient mtDNA database (amtDB)21. In particular, K1b1c accounts for a 
small portion of K, whose overall frequency is less than 10% in Europe. This haplogroup was claimed to track 
the demic movements responsible for the Neolithic transition in Europe22 with a dual route through the Balkans 
by land and the Mediterranean by seafaring20,23.

Our K1b1c mitogenomes belong to the K1b1c7 subclade (Fig. S5). Three of them (4, 12 and 20) are identical, 
whereas one carries the 11,137 C variant and one the 7754 A variant. These two mutations are never observed 
except in other haplogroups. All of our K1b1c mitogenomes share the 14,258 A variant, which is not found in 
any of the rest of the K1b1c sequences. In the overall tree, the three sequences from ancient samples (PCA0053, 
I10866, I3582) map outside all modern K1b1c7 sequences. Downstream of the node defined by the 94 A variant 
the tree has a markedly star-like structure. The age of this radiation is between 12.4 and 7.0 Kya for the basal node 
of K1b1c6 and K1b1c7, and between 5.0 and 2.5 Kya for a small group of Sardinian representatives of K1b1c19 
(Fig. 2). Note that the radiation is also strongly geographically structured, with sequences forming small clades 
sharing sampling locations near each other, indicating that parallel processes occur independently locally. Only 
two sequences sampled in Serbia are basal, tracking the route to Central Europe.

We used TaqMan assays to search for K1b1c among 69 subjects from Greek-speaking communities in 
Calabria (Grecanici) and found a null frequency (AN, VS in prep).

In conclusion, the particular K1b1c subtypes reported here qualify as a GS-specific subhaplogroup, 
which possibly persisted in the GS community undergoing recent and limited radiation. In the absence of 
other observations, whether the 14,258 A variant arose outside or within GS remains to be determined (see 
Supplemental text).

J1
We found three mitogenomes affiliated with different clades within haplogroup J1 (Fig. S6). Overall, J1 
accounted for < 10% in the 53 populations shown in Fig. S2, with the exception of the Lebanese, Ukrainian 
and North Central European populations. An extremely star-like structure for J1 among 28 mainly European 
representatives was already reported24 and attributed to a Paleolithic matrilineal expansion.

One GS subject (1) carries a subtype of J1c9 characterized by the 951 A variant (J1c9b in HRAS), shared 
with JQ797871 sampled in Apulia (Fig. 2). The GS subject, however, also carries the 6050 C variant, which is 
not present in JQ797871. One subject (21) carries a J1c10 mitogenome (Fig. 2), which is very rare throughout 
Southeastern Europe. The closest relative is KF451147, which was sampled in the Near East (HGDP Bedouins). 
However, subject 21 has the 16527 T variant, whereas KF451147 has the 5563 A and 9554 A variants. A third 
subject (9) carries a J1d mitogenome, which is typical of the Arabian Peninsula, although at low frequencies. The 
affinity of this mitogenome with sequences from the Middle East, but also North Africa and Sicily is confirmed 
(Fig. 2), but it departs from a basal node and is characterized by 5 private variants.

In conclusion, the particular J1c9 subtype reported here qualifies as a GS-specific subhaplogroup, with a 
geographically close molecular relative. On the other hand, the J1c10 mitogenome is also GS-specific but its 
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Fig. 2.  Details of subclades of mtDNA haplogroups N1b1a, K1b1c and J1 relevant to the recent affinities of 
GS mitogenomes. The sample origins are indicated, when available. Subclade nomenclature is reported to the 
right.
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closest relative is from the Eastern edge of the Ancient Greek world. Also the J1d GS mitogenome is GS-specific 
and may represent a possible direct link with the Middle East, though not recent (Fig. 2).

Other haplogroups
Two subjects carried a Hg W mitogenome. In particular, the W1c mitogenome had the 16193 T variant and was 
more precisely classified as W1c3. Among the 11 mitogenomes in this clade in HRAS, 10 were from the Balkan 
Peninsula and one was from Turkey. The V mitogenome shares the 11404G variant with a sequence from Iran 
(KC911406) but has four additional derived variants.

We found nine mitogenomes belonging to haplogroup H (32%), a frequency consistent with the declining 
pattern from Western Europe towards the Near East and the Caucasus25. In Italy, frequencies ranging from 
33% to 55% have been reported15,26. A precise reconstruction of the origin of haplogroup H is still lacking. 
Conservatively, we consider the assemblage of GS haplogroup H mitogenomes a signal of the general Italian 
mtDNA background into the GS gene pool (see Supplemental text).

Y chromosome
Among the 20 GS males, we identified 16 different haplogroups (Tables  2 and S3) using a coarse level of 
identification to allow immediate comparisons with the literature.

The results of PCA based on a classification into 34 haplogroups are shown in Figure S3. PC1 clearly 
summarizes a longitudinal east-to-west gradient, spanning from Iran and Anatolia to North Central Europe and 
the Iberian Peninsula. Despite living at similar longitudes, the Balkan and SI populations are widely separated 
on PC2, as this is dominated by the differential occurrence of haplogroups I-P37 and R1a (Fig. S3, inset). The 
projected GS sample falls in an area of the plot populated by Italian samples, closer to the Apulian and Ionian 
Calabrian samples. More northerly, Italian samples lie towards Central European samples. Note that in the data 
entered in the PCA, only the haplogroup J2 subclades J2-M410 and J2-M12 are considered, i.e., an insufficient 
classification to faithfully describe the diversity recovered in GS (see below).

An Fst analysis based on the full set of haplogroup distributions (Table S5) at this classification level revealed 
a greater proportion of significant (p < 0.05) pairwise contrasts compared with mtDNA, consistent with the well-
known stronger Y chromosome structuring. The least nonsignificant differentiation was found between the GS 
and all the SI samples, including Sicily, plus Crete and Anatolia. Significant differences were observed between 
GS and both Northern Italy (Fst’s > 0.08) and Western Europe (Fst’s > 0.20 for France and > 0.14 for Spain). In line 
with the PC plot, comparisons with Balkan samples revealed significant Fst values, because of the contribution 
of haplogroup I.

Haplogroups J2 and R1a account for more than 50% of all the haplogroups in GS, a value exceeding the 
aggregated frequency of the same haplogroups in any other population. Also in this case, we performed a finer 
phylogenetic analysis of the types recovered in GS, searching for clues to their geographic origins. However, 
in view of the large number of variants resulting from complete sequencing, we limited our analysis to those 
enabling immediate comparisons with the published literature.

Hg E
The two observations of haplogroup E refer to the E-M78 lineage, with one falling into the E-V13 subclade. The 
frequencies of this latter peak among Macedonians, Continental and Aegean Island Greeks (but not Cretans), 
Bulgarians and Albanians27 and account for approximately 90% of all E-M78 males. Conversely, in Italy, this 

Haplogroup Count

E-M78(xV13) 1

E-V13 1

G2a-P15 1

J2-L26(xM67) 1

J2-M319 2

J2-L26* 1

J2-L397 2

J2-M410(xL26) 1

J2-M92 1

R1a-M558 3

R1b-L23(xM412) 1

R1b-M269(xL23) 1

R1b-M412(xL11) 1

R1b-S116(xU152, M529) 1

R1b-U152 1

T-M70 1

Total 20

Table 2.  Absolute frequency of Y chromosome haplogroups among 20 Grecìa Salentina males.
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proportion is only approximately 50%. The phylogeography of these two E clades suggests that Western Asians 
carrying E-V13 reached the Balkans after 17.0 Kya but expanded into Europe no earlier than 5.3 Kya.

Hg J
Within haplogroup J, we did not observe representatives of J1, a lineage that would testify to immediate 
connections with the Middle East and the Arabian Peninsula28,29. Conversely, J2 is the clade with the greatest 
number of observations (8/20 = 40%), doubling the average reported for Italian regions30 and higher than 
previous reports in GS15,16. None of the 20 males carried J2b-M12. Interestingly, 7 of our 8 cases lacked the 
M67 variant and fell into the heterogeneous J2a-M410(xM67) lineage group (Fig. 3). This is rather unexpected, 
as J2-M67 accounts for a relevant proportion of all J2 in Italy, Turkey, Bulgaria, and Greece11,12,16,31–35. In the 
Western Balkans, strong heterogeneity has been reported across populations and studies, with the contribution 
of J2a-M67 to the overall frequency of J2a ranging from 0% to 57%, which is occasionally accounted for entirely 
by the subclade J2a-M9236,37. Medieval movements in the area may be responsible for such heterogeneity38. No 
M67 carriers were reported among 28 haplogroup J2a males from Lebanon39.

Two of the J2a observations (1 and 6) fall into the J2a-L397 clade, which is also identified by the peculiar 
6-repeat allele at DYS445 in some studies. This clade was considered a marker of population movements from 
Anatolia to Greece12 and from here to the rest of the western Mediterranean40. The frequency of this clade in our 
sample greatly exceeds that reported previously12,33,39. We confirmed the high frequency of this variant in GS 
(13%) by directly typing it in an expanded series of 36 males.

A fine dissection of the J2a-L397 lineage41 attributed its presence in SI to Greek colonizers. A basal branch was 
defined by a total of 9 SNP variants, including L397. Here, one of the J2a-L397 chromosomes (subject 1) splits 
this basal branch (Fig. 3), as it carries the ancestral state at 3 of the 9 SNPs, i.e., rs768053437 (Z423), rs769850957 
and rs775324890. The new lineage carried by this subject thus defines a Grecìa-specific haplogroup. The other 
J2a-L397 chromosome (6) is further derived and is related to a single chromosome sampled in Greece, belonging 
to a rare terminal branch otherwise found almost exclusively in SI [branch 58, defined by rs775512766, (Fig. 2 
in ref41)]. Here, this terminal branch is split, as the new subject carries the derived state only at 3 [rs752917236 
(PH2725), rs777859510 (F801) and rs770808691] of the nine positions that previously defined the branch.

Two subjects (12 and 24) were located on the J2a-M319 branch, sharing 13 of the 45 variants with a 
previously identified Turkish subject. Many of the same variants are shared with 9 of 28 Lebanese J2a39, one 
(EGAN0001235049) of 11 Greek J2a42, one (APPG7555919) of 3 Iraqi J2a43 and one (Y21100000492520) of 25 
Central Asian J2a44.

The J2-M92 chromosome falls downstream of branch 9841, defined by the derived state at rs1039640322, a 
variant not yet catalogued by ISOGG. Furthermore, this same subject does not carry any of the variants defining 
the four downstream branches; thus a fifth branch is identified. One subject (17) was located in a small subclade 
downstream of the PF5007 node. Here, a long branch defined by 25 variants, none of which are reported by 
ISOGG, leads to an additional node. Only a single Italian and Turkish subject were previously found to belong 
to this small clade41. The closest relatives of this lineage (sharing the variants rs1013856758, rs926847533, and 
rs915578291) were found among Lebanese (ERS617422) and Greeks (EGAN00001235017). One subject (2) 
belonged to a second clade undescribed by ISOGG. This subject carried derived alleles at all 22 sites defining 
this branch but did not match any of the two downstream branches previously found in a Greek and a Turkish 
subject41. Closely related lineages, sharing a majority of the 22 variants, were found in the Lebanese (ERS617415) 
and Greek data (EGAN00001235025, EGAN00001235028). Finally, subject 8 was assigned a basal position in the 
J2a-L26 clade, as he carries the derived allele at the immediately downstream marker Z6064 and other markers 
defining J2a1a2a1~ in ISOGG. He thus differs from both sister lineages departing from L26 (Fig. 3). This lineage 
is characterized, among others, by the derived state at Y32713, Y32714 and Y33274. Only three Saudis carrying 
the same markers are recorded at www.yfull.com/tree/J-Y32707.

In summary, in addition to their increased frequency, the J2a chromosomes found here rewrite the phylogeny 
of internal branches of J2a and serve as representatives of a novel and poorly known quota of diversity in a 
lineage strongly implicated in the movements of people in the Mediterranean space. With the caveat of the 
particular sampling scheme for the tree noted in Fig. 3, the GS chromosomes show closer affinities with previous 
specimens sampled in Greece, Turkey and Lebanon than in Italy. In particular, phyletic affinities with both 
Lebanon and Greece were found in two cases (J2-M410xL26, J2-L26xM67), with Greece and SI in two cases (J2-
L397) and with the Middle East in three cases (J2-M319, J2-L26*); the J2-M92 was uncertain. The node ages set 
an upper bound of 6.3 Kya41,45 for the appearance of at least 4 of the 8 J2a chromosomes. Altogether, the 8 J2a 
chromosomes are compatible with a radiation that may have occurred at least in part in GS.

R1a
We found three R1a chromosomes (3/20 = 15%), in line with a previous report16. All these chromosomes belong 
to the terminal branch R1a-M558, which currently occupies Central-Eastern Europe with frequencies of up 
to 40%46,47. This clade was dated to 4.0 Kya (C.I. 3.4–4.7 Kya)45 and is currently considered a signal from the 
present-day Slavic population in Central Europe47. In more detail, the three chromosomes carry the derived state 
at three markers (rs556726425, rs763333432 and rs566690499), which correspond to branch GML6 in the R1a1 
tree48. Conversely, they lack the markers further downstream in this clade, as well as the marker (rs770125881) 
corresponding to GML7, thus defining a novel branch within the GML6 clade. The most closely related 
chromosomes, among those entirely sequenced here surveyed, were found in a Greek (EGAN00001235046)42 
and a Central Asian (Y21100000492573)44 subjects, sharing the GML6 markers.

Inferences on the origins of the three GS chromosomes must consider that R1a1-GML6* is the predominant 
R1a1 subtype in Slovenia, Hungary, Romania and Belarus, where R1a1 accounts for up to 25% of all Y 
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Fig. 3.  Approximate positions of the eight J2 Y-chromosomes recovered in GS (numbered as in Table S1) on 
the maximum parsimony tree of the haplogroup by Finocchio et al. (2018). Branch-defining markers are boxed 
in grey. The provenance of each branch-defining subject in the original tree is reported. The estimated ages of 
relevant nodes are also shown. The depth of the newly added branches is arbitrary.
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chromosomes. In Italy, where the overall frequency of R1a1 is less than 10%, one-third of the chromosomes 
were reported to belong to R1a1-GML6*48.

R1b
We found five representatives of haplogroup R1b, each belonging to a different subclade. Among these, R1b-
L23(xM412) is present at low frequencies in the Balkan Peninsula and east49. R1b-U152 is prevalent (20%) in 
France and sharply decreases in frequency along the Italian Peninsula, reaching 8.8% in Apulia16. The remaining 
three branches are all prevalent in extreme Western Europe. Considerably discrepant dates for R1b-L23(xM412) 
and R1b-S116(xU152, M529) were obtained using different methods45,49. A date of 6.5 Kya was reported recently 
for L2350 in a founder population that is yet to be identified. As with mtDNA haplogroup H, we conservatively 
consider the assemblage of R1b chromosomes a signal of the general Italian background into the GS gene pool.

Discussion
The idea of coinheritance of genes and languages through generations has long inspired human population 
genetics research50,51. By analysing the complete variation in the two uniparentally transmitted portions of the 
genome, we generated information that adds a genomic dimension to our knowledge of the Greek speaking 
community in Grecìa Salentina.

In the entire northern Mediterranean, the superimposition of multiple migratory pre- and historical east-to-
west movements has led to a genetic landscape referred to as the “Mediterranean genetic continuum”52. Markers 
with the appropriate age and geographic distribution may be able to resolve at least some of these layers. For 
example, in GS, this is key for distinguishing between Greek colonial and Byzantine migrations by checking 
whether the most derived lineages are shared with mainland/Aegean Greece or other areas under past Byzantine 
domination.

Our Fst analyses (Tables S4, S5) confirm a general similarity between GS and other SI samples15,16. The 
novelty of the present work lies in the identification of rare, phylogenetically defined lineages that detect peculiar 
components of the gene pool that are useful for tracking at least a fraction of a population’s ancestry. Such signals 
may be easily missed when whole population samples are examined exclusively in a frequentist fashion or when 
potentially useful autosomal markers are diluted into large, often preselected, arrays. The uniparental signals we 
detected in the GS population allow a first set of firm conclusions concerning the development of its gene pool, 
along with others that await further testing.

First, we found clear instances (in N1b1a, K1b1c and J1 for mtDNA and in J2 and R1a1 for the NRY) of 
GS-specific lineages that distinguished this community from the current surrounding genetic landscape of SI. 
A likely explanation is that people from external population(s) of the Mediterranean space settled in, leaving a 
distinctive genetic legacy that survived until today. Data from the literature on complete mitogenomes or NRY 
sequences for the Aegean area (on the opposite side of the Greek peninsula, with respect to Italy) are scarce. 
Given that Eastern Aegean coasts were a relevant stepping stone in the Western expansion of the Greek world in 
the 1 st millennium BCE, such information would help in discriminating between a contribution from an area 
directly involved in the foundation of Magna Graecia (i.e., Anatolia) and a later contribution from elsewhere.

Second, the observation that both maternally and paternally transmitted portions of the genome provided 
signals of admixture denotes a contribution of both sexes, which foreshadows the build-up of an entire 
community and not, e.g., a military conquest or the settlement of sailors only. However, one can suppose that 
it is possible that male and female movements were not synchronous, with one sex being more involved in the 
initial settlement, followed by the fetching of other societal components. This scenario implies the possibility 
of different geographical areas as sources for female- and male-borne lineages. With the caveat of the different 
population samples in the two PCA plots (Figs. S2, S3), a very general sense of affinity with Balkan populations 
emerges for mtDNA but is not so evident for the NRY.

Third, the very presence of the particular haplogroups that reveal these contributions (see above) suggests 
that dilution in the surrounding gene pool by admixture occurred only to a limited extent; i.e., the community 
likely retained a closed marriage structure that hindered the massive entry of genes from the outer population. 
Previous studies28,53 have shown the role of sex-biased cultural processes in the distribution of intra- and 
intergroup diversity for uniparental markers, and a variegated pattern of social and reproductive segregation of 
Greek colonists in some locations emerged from the analysis of ancient specimens related to the colonial period 
of the 8th to 6th centuries BCE38. On the other hand, our knowledge about the history of the GS municipalities 
(Fig. 1) testifies that they have experienced minimal isolation from each other over time54,55. Their proximity and 
the lack of natural barriers probably facilitated movement and communication, solidifying the bonds between 
municipalities within the Greek-speaking community.

Fourth, the frequencies of the particular haplogroups that reveal these contributions may not directly mirror 
those in the group of immigrants that contributed them, as the small population size and ensuing genetic drift 
likely modified the frequency of the surviving haplogroups and caused the extinction of other, unrecognized 
ones56, both in GS and in the source areas (see Supplemental text). The effects of drift can be captured in extant 
populations of SI13,57,58. Additionally, strong between-group heterogeneity has been shown in at least two of the 
candidate source regions, namely northern Greece59 and the Peloponnese60.

In summary, although the major questions of “wherefrom” and “when” the admixture began are largely 
open, there are now working hypotheses to address them analytically, lineage by lineage. For example, at least 
two mtDNA lineages (J1c10 and J1d) found their closest relatives in the Middle East. For the Y chromosome, 
haplogroup R1a provides a signal of affinity with Greece and the Balkans. At the same time, haplogroup J2 
provides diverse signals of affinity, in some cases with Greece while in others with Lebanon, Iraq, the Arabian 
Peninsula and Central Asia. In these latter instances, the available phylogeographic data favour direct Near 
East-to-GS connections, with little evidence for intervening colonization of mainland Greece. Thus, based on 
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molecular similarity alone, at the present stage, the results are compatible with both immigration in the Greek 
colonial (supposedly from mainland Greece) and Byzantine (supposedly from the easternmost fringes of the 
empire) periods. Historical accounts can be scanned for hints on pushes for the supposed displacement of people 
(e.g. the repeated earthquakes that destroyed the densely populated city of Antioch in the early Middle Ages).

The finding of an external demic contribution to GS is a major discovery because it ultimately highlights 
unprecedented genetic parallelism to the evident linguistic diversity of the area from the Romance-speaking 
surroundings: now, one needs to take into account the possibility that the arrival of the Greek language to Salento 
may have been the product of a recognizable fully demic and possibly double-gendered colonization. Although 
it is still possible that the arrival of the people and the language to GS were two coincidental processes along 
similar routes, the other linguistic enclaves of Balkan origin in SI provide some ground to test the hypothesis 
of a single causal event for both language and population replacement. Specifically, further evidence at the 
finest possible genetic resolution must be compared to ascertain how many of the peculiar genetic lineages 
of GS are shared with Grecanico speakers in Calabria, although not with the Albanian-speaking Arbereshe52. 
Additionally, speakers of South-Slavic in Molise may represent a useful benchmark to address this question. 
The possible sharing of lineages between the two Greek-speaking communities, in contrast to the others, would 
favour the view of a cause-effect relationship between genetic and language diversity at such a small geographic 
and population-size scale.

Methods
Sampling
Sampling was performed in two temporally distinct campaigns. The first one was performed in 1994. The use of 
these samples, collected decades ago, in genomic studies was approved by the Ethical Committee Fondazione 
IRCCS Policlinico San Matteo (protocol number 0028298/22). The results regarding Y chromosome variation 
in this series, obtained by typing individual markers, were previously presented [labelled GS, n = 82 in ref16. The 
second one began in 2019, is still ongoing and currently consists of 75 subjects. This design was applied to control 
for gross shifts among localities and across generations. In both cases, written informed consent was obtained 
after the aims and scopes of the project were illustrated to the participants and their communities. Research 
procedures and the form for informed consent were approved by the local Ethics Committee (Comitato etico 
ASL Lecce, verbali n. 34 4/7/2019; n. 35 del 25/7/2019; n. 41 14/1/2020).

All the research was performed in accordance with the relevant guidelines and regulations reported in the 
abovementioned documents and those agreed upon by the scientific community. In this respect, because the 
present work did not involve any issue relevant for the donor’s health, only the relevant prescriptions of the 
WMA Declaration of Helsinki and COE Oviedo Convention were obeyed.

Biological samples (buccal swabs) were anonymized upon collection. DNA was prepared with standard 
methods. Exclusively based on DNA quality, eight (7 M, 1 F) and nineteen (13 M, 6 F) out of the 82 samples 
from the first and 75 from the second campaigns, respectively, were entered into the whole-genome sequencing 
pipeline.

The project received the endorsement of the Union of the Municipalities ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​u​n​i​o​n​e​g​r​e​c​i​a​s​a​l​e​n​t​i​
n​a​.​l​e​.​i​t​/​​​​​)​.​​

Library construction, alignment and variant calling
Each sample was prepared according to the Illumina TruSeq DNA sample preparation guide to obtain a final 
library with a 300–400 bp average insert size. Multiple indexing adapters were ligated to the ends of the DNA 
fragments to prepare them for hybridization onto a flow cell.

The BCL/cBCL (base call) binary files were converted into FASTQ files using the Illumina package 
bcl2fastq2-v2.20.0. The demultiplexing option (--barcode-mismatches) was set to perfect match (value: 0).

Paired-end sequences generated by the HiSeq instrument were mapped to the human genome using iSAAC 
aligner (iSAAC-04.18.11.09 (c) 2010–2017 Illumina, Inc.) with the UCSC assembly hg38 (Dec. 2013) reference 
sequence.

Strelka (2.9.10 (c) 2009–2018 Illumina, Inc.) was used to identify single-nucleotide variants (SNVs) and 
short insertions and deletions (indels). Variant mitochondrial DNA positions were obtained by alignment to the 
rCRS61. Summary results of the sequencing effort are reported in Table S1.

Haplogroup inference
For mitochondrial haplogroup assignment, Haplogrep3 was used62, with PhyloTree 17 - Forensic Update 1.263, 
using the list of variants reported in Table S2. Whenever a finer classification could be obtained with some of the 
markers (e.g. K1b1c according to Haplogrep3, refined to K1b1c7 in the Haplogroup Research Analytical Suite, 
HRAS, https://hras.yseq.net/), the Haplogrep3 nomenclature was retained (compare Table 1 with Figs. S4-S6 
and Supplemental text).

For the Y chromosome, haplogroup affiliation was obtained with the Y-SNP Haplogroup Hierarchy Finder64, 
which is based on the ISOGG tree 11 Jul 2020 Version 15.73. The most derived marker was annotated (Table 
S3), but information on lineage identification is also provided using markers that allow immediate comparisons 
with specific publications.

Additional assays
Custom TaqMan allele discrimination assays were designed to directly detect the mtDNA variants 94 A, 3337 A 
and 11,914 A, basal to haplogroup K1b1c in additional subjects. Additionally, for the Y chromosome haplogroup 
J2a, the L397 variant was directly searched in an enlarged group of males with the TaqMan assay C__61531938. 
Both assays were performed according to the manufacturer’s instructions. The reactions were run under the 
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following conditions: initial denaturation at 95 °C for 10 min, 40 cycles of denaturation at 92 °C for 15 s, and a 
single annealing and extension step at 60 °C for 90 s. The genotype was assigned by registering the fluorescence 
emission from each sample at the corresponding VIC and FAM dye wavelengths.

Tree construction
For mtDNA, accessions of complete sequences for the recognized haplogroups and those sharing derived 
markers were identified in HRAS and downloaded from https://www.ncbi.nlm.nih.gov/nuccore. Additional 
sequences from related clades, dated in the relevant publications, were included. Sequences for ancient samples 
affiliated with the relevant haplogroups were obtained from amtDB21. To make sure that relevant closely related 
sequences were not missed, we performed a megaBLAST search by using as queries the GS sequences affiliated 
with haplogroups N, K and J1. For each haplogroup a non-redundant set of sequences with similarity above 
a given threshold (≥ 99.89%, ≥ 99.91% and ≥ 99.93% for N, K and J1, respectively) was assembled (Table S6). 
This search did not result in a major increase of representatives of clades relevant to GS. Sequences identified in 
clinical screenings or with more than 2% missing calls were omitted. Alignments with MUSCLE and maximum 
parsimony tree construction were performed with MEGA X65. In the alignment, 21 bp corresponding to 
positions 301–321 of the rCRS containing a (C)n stretch were excluded. For haplogroup J1, position 16,519 was 
not considered, following Phylotree63 (phylotree.org/tree/JT.htm). A list of sequences (Table S6) with discordant 
G185A and C13934T calls was also excluded, as they generated an artefactual clade not consistent with the 
known phylogeny.

For the Y chromosome haplogroup J2, the GS chromosomes were superimposed on the tree proposed in 
ref41., by considering variants falling in the bait fragments considered therein. The search for related lineages was 
performed on a marker-by-marker basis in the fully sequenced population samples of Middle Easterners39,43, 
Greeks42, Central Asians44 and the Tuscans of the 1,000 Genomes Project66.

To evaluate the population specificity of haplogroups, we refer to the conceptual scheme outlined in ref19.

Data analysis
Principal component analysis (PCA) was performed with the R program princomp. For mitochondrial DNA, 
the pooling of data in refs24,26 [Tables S3 and S1, respectively] at the coarser level of resolution in either of the two 
was used as a reference (Table S4). Populations from sub-Saharan Africa and East Asia were not considered in 
the analysis to avoid inflation of PC1. Populations with the same label in the two papers were combined into one. 
After the 27 GS mitogenomes were adjusted to the classification of the same table, the latter were projected in the 
PC space. Pairwise Fst values were calculated with the same data with Arlequin67 by using haplogroup affiliation 
as a categorical variable, without considering the mutational distance between haplogroups.

The same procedure was applied to Y chromosome haplogroups, using data reported in the literature16,68 
[Tables S5 and S1, respectively]. The frequencies are reported in Table S5. The original GS frequencies were not 
used in the PCA to avoid pseudoreplication.

Data availability
The genotyping results, haplogroup affiliations and reference population frequencies are reported in Tables S1–
S5 in the spreadsheet attached to the manuscript. The complete mitogenome sequences were submitted to Gen-
Bank and received Acc. N. PV521797-PV521823.
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