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Introduction: The woody angiosperm Styrax of�cinalis L., primarily occurring in
the Near East and South-eastern Europe, has been historically considered a
human introduction in the Italian Peninsula.
Methods: To challenge this assumption, we conducted a genetic analysis on a
comprehensive sample of individuals across its range, utilizing chloroplast and
nuclear microsatellites as well as a genome-wide single-nucleotide
polymorphism (MIG-seq) sequencing approach.
Results: Analysis of 351 individuals revealed clear genetic structure across
the species’ range. Most Italian populations form a distinct nuclear genetic
cluster, suggesting long-term isolation, while three populations show signs of
admixture with Cypriot individuals. Although one rare chloroplast haplotype was
unique to Italy, widespread eastern haplotypes were entirely absent from the
peninsula, which does not support the hypothesis of a recent human-
mediated introduction.
Discussion: The results largely support the indigenous nature of the species in
the Italian Peninsula, rejecting the notion of recent human introduction, and
elevate S. of�cinalis to the status of a local relict, probably representing a
component of the Late Neogene warm-temperate vegetation in Southern
Paleo Europe.
KEYWORDS
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1 Introduction
Styrax of�cinalis L. (Styracaceae) is a perennial, deciduous small

or low-growing polycormic tree native to western Eurasia. It
exhibits a fragmented distribution, ranging from the Near East to
southeastern Europe, with its westernmost occurrences in
southwestern Italy and southeastern France (Tutin et al., 1964–
1993; Dimopoulos et al., 2016; POWO, 2025) (Figure 1). The
species is commonly found in the warm temperate and arid
regions of the Eastern Mediterranean basin and thrives under
Mediterranean climatic conditions. It typically inhabits evergreen
or semi-evergreen open oak and pine forests, shrublands, and rocky
slopes. Styrax of�cinalis prospers in diverse environments and
remains an integral component of Mediterranean ecosystems due
to its adaptability and distinct morphology. It is known to grow on
various substrates, including tuff, basalt, sedimentary rocks,
conglomerate, and eolianite, often on dry, rocky slopes, at
elevations ranging from sea level in Italy at Mondragone in
southern Italy (Terracciano, 1875) to 1500 m a.s.l. in Lebanon
(Zohary, 1973).

The tree typically reaches a height of about 6 m, with soft,
simple, alternate leaves that are rounded or oval-shaped and
greenish white in colour, featuring hairy lower surfaces. The
species is monoecious, homogamous and xenogamous and its
white, bell-shaped �owers have a superior ovary and 8–16
stamens, double the number of petals. The fruits are greenish-
yellow drupes with a ball-like shape, a soft, elongated apex, and a
single shiny, brown, stony seed inside (Venditti et al., 2018).
According to the IUCN Red List of Threatened Species, the
Frontiers in Ecology and Evolution 02
species is classi�ed as Least Concern (Wilson, 2018). While the
undisputed core of its zonal range lies in the Eastern Mediterranean
region (including Palestine, Cyprus, Crete, southern continental
Greece, the Aegean islands, and southern and western Turkey
(Rikli, 1942; Browicz, 1983; Fritsch, 1996), all occurrences west of
continental Greece have long been suspected of being non-native. In
Italy the species has traditionally been considered introduced by
humans since classical times, and some authors have even described
its presence in both Italy and France as the result of naturalization
(e.g., Fritsch, 1996). Conversely, recent literature suggests that the
native range of this species extends from west-central Italy to
northwestern Jordan, and that its presence in France is due to
human introduction (POWO, 2025). The disputed origin of the
species west of continental Greece, particularly along the Balkan
coasts and Italy, dates to early botanical accounts. Fiori (1923)
acknowledged natural populations in the Balkans and Italy but
omitted occurrences in France. Rikli (1942), in the �rst
comprehensive contour map, excluded East Adriatic populations,
aligning with De Candolle’s view of non-native Italian and French
populations (De Candolle, 1855). This perspective of non-native
populations in Italy partially persisted through subsequent
classi�cations (Tutin et al., 1964–1993; Pignatti, 1982; Browicz,
1983; Fritsch, 1996). The agreement about the non-native status of
the westernmost stands of S. of�cinalis stems from reliance on
references from classical antiquity, particularly in�uential among
pre-Linnean botanists who emphasized cultivation in gardens over
wild occurrences. In Italy, S. of�cinalis exhibits a restricted range
between 41° and 42° 10’ N. The major enclave encompasses
populations clustered on the western edge of the Italian
FIGURE 1

Map showing the natural distribution of Styrax of�cinalis across the Mediterranean basin. The distribution points were derived from literature data,
covering regions including Italy, Greece (continental and islands), Turkey, Dalmatia, Israel, France, Croatia, and Cyprus.
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Peninsula, including areas on Mesozoic limestone (Monti Lucretili,
Monti Cornicolani, Monti Tiburtini, Monti Prenestini, Monti
Ruf�), pyroclastic outcrops and tephra deposits of the Latium
Volcano (Monti Albani), up to an elevation of 600 m a.s.l
(Montelucci, 1949). Discontinuous stands of limited extent,
covering a few hectares, are found further south on the foothills
of a limestone coastal ridge near the village of Mondragone in
Northern Campania. These stands thrive in mostly secondary
thickets within the remnants of a disrupted mixed evergreen-
deciduous thermophilic forest, characterized by the dominance of
Quercus ilex and Quercus pubescens. Initially documented by
Terracciano (1875), these stands have since then been subject to
misinterpretation, primarily due to toponymical homonymy with
the luxuriant populations growing in the estate Villa Mondragone
in Frascati, near Rome (Pignatti, 1982). Additionally, a smaller
enclave has been recently identi�ed on the steep slopes of a coastal
ridge (Monti Lattari) near Amal� in Campania, positioned at 41° N
(Salerno et al., 2007). Several populations north of Rome have not
yet been veri�ed. Possible errors in taxonomic identi�cation may
explain records from Monte Soratte, north of Rome, regarding
Cydonia sp. and near Spoleto pertaining to Pyrus pyraster.

It is important to note that in Italy S. of�cinalis occurs in natural
habitats and shows no preference for proximity to gardens or
human settlements. Its abundance in certain rural landscapes of
the Roman Campagna (Tivoli) is likely a consequence of previous
woodland being replaced by olive orchards. In these areas, Styrax
persists near rocky outcrops, fully demonstrating its capability to
regenerate after �re events. This pattern may mistakenly suggest
human-mediated expansion through arti�cial hedgerows.
Moreover, in Italy, S. of�cinalis grows within plant communities
that include same associated species found in East Mediterranean
analogues (Spada, F. personal communication). Despite the species’
apparent resilience to human in�uence, localized population
declines have been observed, likely due to anthropogenic pressure
(Di Pietro and Germani, 2007, and references therein). Terracciano
(1875) documented populations reaching the seashore at
Mondragone, in contrast to the current upslope distribution.
Moreover, urban sprawl has contributed to local extinctions, as
seen in the southwestern periphery of Rome and along the Tiber
River. Historical claims of S. of�cinalis cultivation in Italy are not
supported by any documentation and likely originated from pre-
Linnean traditions that attributed ornamental or medicinal
properties to the species. Ancient authors, including Pliny the
Elder, occasionally mentioned the extraction of balsam from
Styrax, which contributed to the long-standing misconception of
its eastern origin and cultivation in Italy for balsam production. In
reality, the species has never been used on large scale for balsam
extraction. Although the idea that S. of�cinalis was introduced in
Italy is frequently repeated in the literature, we argue that this
interpretation is not supported by current ecological and historical
evidence. This confusion largely stems from the historical
con�ation of Styrax with the balsam produced by Liquidambar
orientalis, commonly known as “storax” (Meikle, 1977; Bhojvaid
and Chaudhari, 2004) a species native to Anatolia, and widely used
in traditional medicine and perfumery (Duke, 2008; Birney and
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Koh, 2018). Initially, Pignatti (1982), author of the of�cially
recognized Flora d’Italia, de�nitively labelled S. of�cinalis as non-
native in Italy, contrasting Fiori’s earlier stance (Fiori, 1923).
However, in the updated Flora d’Italia, Pignatti et al. (2019)
presents an alternative view, echoing Montelucci’s earlier
proposition that the species might be a relic from the “Riss-
Würm interglacial” (Eemian), suggesting a native status in central
Italy. This notion, revived by other authors (Spada, 1988), is also
supported by coenological similarities between Italian S. of�cinalis
stands and arboreal communities in Anatolia, continental Greece,
Aegean Islands, Crete, and Cyprus (Zohary, 1973; Walter, 1974).
Past coexistence of S. of�cinalis with tertiary relict species in Italy,
such as Zelkova sp (Follieri et al., 1986), reinforces its relict nature.
Today, few extant individuals of Zelkova sicula facing extinction
occur in Sicily (Di Pasquale et al., 1992). In Crete, Zelkova abelicea
considered a relict representative of the late tertiary warm-
temperate �ora, as well (Kozlowski et al., 2014), is associated to S.
of�cinalis along the topographic gradient. Similarly, in the Roman
district where dense populations of S. of�cinalis occur (Monti
Cornicolani), the rare occurrence of the macro-mesothermic forb
Dracunculus vulgaris (Araceae) is recorded. Additionally, the
southernmost small stands of S. of�cinalis in Italy (Monti Lattari
in Campania) are found along with the tertiary relict fern
Woodwardia radicans (Blechnaceae), implying a shared relict
character for S. of�cinalis, consistent with Paleo-European Late
Neogene fossil records (Martinetto, 2001; Cancellieri et al., 2017).
Consistent with this, Fritsch (2001) noted that species within the
section Styrax are distributed across nearly all mixed-mesophytic
forest refugia from the Tertiary in the Northern Hemisphere.
Furthermore, many examples of European deciduous taxa have
become extinct due to prolonged cold conditions from 70,000 to
16,000 years ago, compounded by the presence of latitudinally
oriented mountain ranges. Styrax, along with some of its
sclerophyllous associates, appears to have migrated southward
from its central European range during the Miocene (Palamarev,
1989) to the Mediterranean region, thereby avoiding extinction.
Today, the area occupied by Styrax in the Mediterranean Basin is
recognized as a Tertiary refugium, also home to species such as
Arbutus andrachne, Cercis siliquastrum, Liquidambar orientalis,
and Platanus orientalis (Fritsch, 1996).

Given the diverse and sometimes con�icting information, we
initiated a comprehensive genetic study employing chloroplast, as
well as genome-wide nuclear markers across numerous individuals
within S. of�cinalis populations spanning its current distribution. The
primary objective was to investigate the genetic connections between
Italian stands and those in unequivocally native regions, thereby
testing the hypothesis of the native status of Italian populations.
2 Materials and methods

2.1 Sampling and distribution mapping

We collected 351 samples of S. of�cinalis from 20 populations
across the species’ range, spanning from Italy to the southeastern
frontiersin.org
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Mediterranean region, including continental Greece (Attica and
Peloponnesus), Crete, western Turkey (Isparta province), Rhodes,
and Cyprus (Table 1). Although S. of�cinalis has been reported
from Albania and France, the record for Albania is uncon�rmed
and lacks voucher specimens, and populations were not found
during a previous expedition by one of the authors, while the
French population consists of a few possibly introduced individuals
(e.g. Tutin et al., 1964-1993). For this reason, we focused our
sampling on areas representing the continuous and central part of
the species’ Mediterranean range, which are more informative for
inferring its biogeographic history. When the species was growing
in protected areas the sampling was conducted after obtaining the
necessary permissions from the relevant authorities and, for the
populations from Greece, sampling was conducted according to the
national legislation. In addition to specimens gathered directly from
the wild, a small number of samples were incorporated from
herbarium materials originating from Turkey, Dalmatia, Israel,
France and Croatia. These herbarium samples were acquired
through collaborations with colleagues and Botanical Gardens,
particularly in cases where direct sampling was hindered by
con�icts or accessibility challenges.
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Given the absence of a map illustrating the natural distribution
of S. of�cinalis in the literature, we constructed one using QGIS®

Desktop v3.10.4. This map was developed by compiling all available
data from the literature regarding the presence of the species in the
Mediterranean region (Figure 1).
2.2 DNA extraction

DNA extraction from fresh or silica gel dried leaves was
conducted using the Dneasy® Plant Mini kit (QIAGEN, Hilden,
Germany). Approximately 20 mg (silica gel dried) or 50 mg (fresh)
material was rapidly frozen by �ash-freezing with liquid nitrogen
and subsequently powdered with Tissue Lyser II. Subsequently, the
extraction procedure was carried out following the manufacturer’s
instructions, with 30 minutes’ incubation time to boost the cell wall
lysis and increase the DNA �nal yield. The resultant DNA was then
stored at -20°C in 2 ml plastic tubes until further use. Although we
were able to extract DNA of relatively good quality and carry out
molecular analyses on the herbarium samples, the resulting data
contained a too high proportion of missing SNPs (~95%). This
TABLE 1 Name, geographic location and number (N) of the sampled S. of� cinalis individuals.

Country Label Population N Latitude S Longitude W

Italy FA Fara Sabina (Lazio) 24 42.21763 12.72668

Italy ML Montelibretti (Lazio) 22 42.14205 12.78061

Italy PM Pozzo Merro (Lazio) 8 42.03929 12.68013

Italy MR Moricone (Lazio) 22 42.09786 12.793

Italy MA Marcellina (Lazio) 20 42.03365 12.7979

Italy CA Colli Albani (Lazio) 8 41.7637 12.65587

Italy FR Frascati (Lazio) 20 41.80075 12.68547

Italy MG Palombara (Lazio) 4 42.07257 12.77029

Italy MO Mondragone (Campania) 20 41.14456 13.88775

Italy MT Monti Lattari (Campania) 4 40.66489 14.52765

Greece AG Agios Stefanos (Attica) 24 38.12608 23.81061

Greece ZF Zari� (Peloponnese) 20 37.26325 22.85078

Greece TY Tyros (Peloponnese) 18 37.22358 22.88048

Greece FK Fokianos (Peloponnese) 20 37.07871 22.96089

Greece CR Crete 35 35.305690 24.937512

Greece BV Butter�y valley (Rhodes) 20 36.33076 28.06153

Greece PL Platonia (Rhodes) 20 36.23855 28.00914

Greece SK Salakos (Rhodes) 20 36.28522 27.94766

Cyprus CYP Cyprus 18 34.75535 32.68843

Turkey ISP Isparta (Turkey) 4 37.57068 30.81492
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limited their usability in downstream analyses, and therefore, these
samples were ultimately excluded from the study.
2.3 Chloroplast markers

The complete chloroplast genome of Styrax grandi�orus
obtained from the National Center for Biotechnology Information
Database Resources (https://www.ncbi.nlm.nih.gov/nuccore/) was
used as a reference for primer design, as no sequences for S.
of�cinalis were available. Using SciroKo 3.4 software (Ko�er et al.,
2007), we identi�ed short sequence repeats (cpSSRs) and primer
design was done via the online program Primer3Plus version 2.4.2
(Untergasser et al., 2012). Several designs were created to optimize
resources and allow multiplexing in fragment analysis, considering
the estimated fragment sizes. Design parameters included primer
length (18–23 bp, with 20 bp being optimal), PCR product sizes
(100–450 bp, within the 55°C - 60°C melting temperature range),
and a GC content > 40% for enhanced stability. Eight chloroplast
microsatellite primers were selected and used for analysis (Table 2).
Chloroplast analyses were conducted on 343 samples from 18
populations. The MT and MG populations were not included in
the cpDNA analyses because sampling in these localities was
conducted after these analyses were completed.

Three multiplex PCRs were conducted each tailored to the
speci�c annealing temperature of its primer set (Table 2). For
�uorescence labelling, the forward sequence of each primer pair
was utilized: SG1, SG2, and SG8 were 6-FAM labelled; SG3 and SG4
were VIC labelled; and SG6, SG7, and SG9 were NED labelled.

Each PCR reaction was carried out in a 10 µL �nal volume,
comprising 50–60 ng of template DNA, 1.0 U Supreme NZYTaq 2x
Colourless Master Mix® with separate MgCl2 (Nzytech, Lisbon,
Portugal), 2.5 mM MgCl2, and 0.2 µM of each primer.
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Ampli�cat ions were executed on a UNO96 Gradient
thermocycler (VWR®, Leuven, Belgium). The PCR protocol
initiated with a 10-minute denaturation step at 95°C, followed by
30 cycles of denaturation (30 s at 95°C), annealing (30 s at the
optimal temperature for each primer pair, see Table 2), and
ampli�cation (30 s at 72°C). A �nal extension step of 10 minutes
at 72°C concluded the ampli�cation cycles. Post-ampli�cation, the
PCR products were diluted in 100 µL Milli-Q water, and 0.5 µL of
the diluted product was combined with 10 µL of formamide and 0.3
µL of LIZ-600 size standard. Genotyping was performed using an
ABI 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA). Fragment analysis and binning were conducted using
GeneMapper 4.0 software (Applied Biosystems, Foster City,
CA, USA).

2.3.1 CpSSR genetic diversity and genetic
variation

The cpSSR fragments analysed were combined to infer the
chloroplast haplotype of each sample. The program CONTRIB v.
1.4 (Petit et al., 1998) was employed to compute key metrics for
each population, including the number of haplotypes (Nh),
unbiased haplotypic diversity based on haplotype frequencies (He)
(Nei, 1987), and haplotypic richness (AR). The latter was
determined as the number of different haplotypes found when a
speci�c sample size is drawn from the population, and it was
computed to account for uneven population sampling using a
rarefaction method, with the population size �xed at four. In
addition, GenAlEx v. 6.501 (Peakall and Smouse, 2012) was
utilized to calculate the effective number of haplotypes (Ae) and
the number of private haplotypes (Ph). CONTRIB also furnished
insights into the contribution of each population to total diversity
(CT%) and total haplotypic richness (CTR%). These contributions
were divided into a �rst component attributed to population
TABLE 2 Code, repeat unit, size (bp, base pairs), fragment start and end position on the Styrax grandi � orus chloroplast complete genome, annealing
temperature (°C) and sequence of the eight cpSSR primers used in this study.

Code Repeat unit Size Start End °C Sequence

SG1 T 345 8406 8750 58
TGGCCCCCATTTCTCCATTC
CCTGGATCATTAGATAGGAACCCG

SG2 TTA 292 53226 53517 64
GCATCGACTGGAATCCTATTTCC
AAAGAGACAAAAGGACCTCCC

SG3 TTTA 215 54135 54349 58
ACCGATCGGCCAGTTACAAA
GCATGTTGGGTCTTCGAAACA

SG4 T 308 59779 60086 56
CACAACTTTTTCTACCCATCCTGT
CCAGGGGTAGCACTTCACTA

SG6 TGA 314 78476 78789 58
CTTGCGGCCGGATTCAAAAA
TGTGTTTGTGTGTAATGTGGCT

SG7 TTCTTA 109 100337 100445 56
GGAATCTCCATGAATAGGATCAAACC
TCATGGATCAACTAAGCCCTCT

SG8 T 445 122437 122881 64
TCATGACTTTGTTGATCTGACCA
ACTGTGTTGAGTATTGTCCAACA

SG9 TAAGAA 208 145159 145366 56
TCTCGATCGGAAAAGAATCAAGAGA
ACGGAATCTCCATGAATAGGATCA
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diversity, and a second component resulting from differentiation
from other populations (Petit et al., 1998). An haplotype network
was created using the mst function by using a minimum spanning
tree based on the differences in number of repeats between
haplotypes, and visualized through the plot.mst function in the
pegas package in R (Paradis, 2010; R-Core-Team, 2020).

To investigate the genetic variation, a non-hierarchical analyses
of molecular variance (AMOVA) was conducted using Arlequin 3.5
software (Excof�er and Lischer, 2010). The in�nite allele mutation
model (IAM) was used by considering the distances between
haplotypes as the number of different alleles, and the stepwise
mutation model (SMM) in view of those distances as the number of
repeat units for each locus. This comprehensive test estimated
variance components among and within populations. Signi�cance
values were derived from 1,000 permutations.
2.4 Genome-wide nuclear markers

To better investigate the genetic connections between Italian stands
and those in the eastern Mediterranean region, we conducted
simultaneous ampli�cation and sequencing of genome-wide regions
of the nuclear genome, utilizing the MIG-seq approach (Suyama and
Matsuki, 2015). This method involves the ampli�cation and sequencing
of single nucleotide polymorphic regions of the genome (SNPs),
providing a robust dataset for population demographic analysis.
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To assess MIG-seq performance on S. of�cinalis, we adjusted
template DNA concentrations to 10–50 ng/ml using NanoDrop
One. We used MIG-seq primer set-1 developed by Suyama and
Matsuki (2015) and a MIG-seq library was prepared following the
protocol by Suyama et al. (2022) and sequenced using the MiSeq
system (Illumina, San Diego, CA, USA) and MiSeq Reagent Kit v3
(150 cycles).

2.4.1 Bioinformatic and population structure
analyses

Raw forward and reverse demultiplex reads were merged and
processed together. Since the insert size of the sequenced molecules
were longer than the number of cycles sequenced, no overlap between
the forward and reverse reads was expected. STACKS v. 2.55 (Catchen
et al., 2013) was used to call genotypes using default settings. In short,
cstacks was employed to create a catalogue, and sstacks was further
employed to create stacks from the previously created catalogue. The
function tsv2bam was used to transpose the genotype data by locus
into a bam �le. The bam �les were then analysed with gstacks in “De
novo mode” to call genotypes. Finally, an un�ltered vcf-�le was created
using Populations. Vcftools (v 0.1.15) (Danecek et al., 2011) was used
to calculate the total number of loci covered. A total of 13 samples
were removed due to overall low number of SNPs (<3000)
(Supplementary Figure 1). The remaining samples where further
�ltered by excluding all loci with minor allele frequency below
0.02%. Two missing data thresholds (20%, 80%) were used to assess
FIGURE 2

Haplotype distribution among populations, shown as pie charts placed at their respective geographical locations. Population abbreviations are
provided in Table 1.
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its effect. Loci with high LD were pruned with plink2 (v2.00a3) using
the –indep-pairwise 10000 0.2. The main analysis was performed with
maximal 80% missing data to capitalize the number of loci in the
analysis. Principal Component Analysis (PCA) was preformed using
the SmartPCA function from Eigensoft (Patterson et al., 2006).
Admixture analysis was performed with Admixture (v1.3.0) for k=3
to k=10 and cross-validation values were used to select the most
probable K. Identity by descent (IBD) was calculated using plink2 –
genome. All results were visualised in R (R-Core-Team, 2020) using
ggplot (Wickham, 2016). Missing data was not correlated with the
observed genetic structure (Supplementary Figure 2).
3 Results

3.1 Chloroplast analysis

The distribution of S. of�cinalis chloroplast haplotypes, based
on the analysis of the eight cpSSR primers is illustrated in Figure 2.
The predominant haplotype H5 (red) exhibits a widespread
presence across the entire distribution, with notable prevalence in
Greece and the Near East. Conversely, haplotype H7 (blue) is also
common, but observed mainly in the northern and the eastern
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regions of the Italian Peninsula. The H2 haplotype (yellow) is only
identi�ed in the southern part of the range (Greece and the Near
East), while the haplotype H4 (orange) is only found in Crete.
Finally, the haplotype H8 (purple) is con�ned to Italy. Notably,
Cyprus, which is the most differentiated and diverse population in
the studied region, stands out with its unique haplotype H3 (light
blue). Also, in Greece (Attica), the AG population displayed a
unique haplotype H1 (white). The Cypriot populations revealed
some af�nity with the Italian populations, despite the geographical
proximity with populations from Greece and the Near East as
shown by the mutual presence of the haplotype H6 (green), though
the Cypriot populations lack the common H7 (blue)
Italian haplotype.

Overall, a distinct division emerges between eastern and
western S. of�cinalis populations, with the exclusive occurrence of
the purple haplotype H8 in the Italian populations, and with the
yellow H2 being absent.

In Table 3 we present the genetic parameters for each
population based on the observed chloroplast SSRs primers. Only
eight haplotypes were detected, �ve of which showed low
frequencies (Supplementary Figure 3). Only three cpSSRs showed
polymorphic variations. Overall, the average haplotype diversity
within populations is low (He = �0.40) as well as the mean effective
TABLE 3 Within-population genetic parameters for the S. of� cinalis populations analysed in this study.

Region Label Population N Nh Ae He SE AR Ph

Italy FA Fara Sabina (Lazio) 24 2 1.66 0.42 0.09 0.75 0

Italy ML Montelibretti (Lazio) 22 2 1.54 0.37 0.10 0.67 0

Italy PM Pozzo Merro (Lazio) 8 3 2.13 0.61 0.16 1.29 0

Italy MR Moricone (Lazio) 22 4 1.94 0.50 0.09 1.03 0

Italy MA Marcellina (Lazio) 20 2 1.72 0.44 0.09 0.79 0

Italy CA Colli Albani (Lazio) 8 2 1.60 0.43 0.17 0.79 0

Italy FR Frascati (Lazio) 20 2 1.11 0.11 0.09 0.21 0

Italy MO Mondragone (Campania) 20 3 2.42 0.62 0.06 1.25 0

Cyprus CYP Cyprus 18 4 3.32 0.74 0.06 1.71 3

Turkey ISP Isparta (Turkey) 4 2 1.60 0.50 0.27 1.00 0

Greece AG Agios Stefanos (Attica) 24 3 1.27 0.22 0.10 0.44 1

Greece BV Butter�y Valley (Rhodes) 20 2 1.10 0.10 0.09 0.20 0

Greece PL Platonia (Rhodes) 20 2 1.92 0.51 0.06 0.88 0

Greece SK Salakos (Rhodes) 20 2 1.11 0.11 0.09 0.21 0

Greece CR Crete 35 4 2.29 0.59 0.07 1.20 4

Greece ZF Zari� (Peloponnese) 20 2 1.95 0.51 0.05 0.89 0

Greece TY Tyros (Peloponnese) 18 2 1.80 0.47 0.08 0.83 0

Greece FK Fokianos (Peloponnese) 20 1 1.00 0.00 0.00 0.00 0

Mean 19 2.44 1.75 0.40 0.79

SE 0.20 0.14 0.05
fro
N, population sample size; Nh, number of haplotypes; Ae, effective number of haplotypes; He, unbiased haplotype diversity with standard error (SE); AR, haplotypic richness; Ph, number of
private haplotypes.
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number of haplotypes (Ae = �1.75) and the mean number of
haplotypes (Nh = �2.44). These results suggest that the observed
genetic diversity is largely in�uenced by the predominance of a few
common haplotypes (H5, H7, and H2), which in�ates the apparent
variation within populations. The highest haplotype diversity is
observed in the Cyprus population (CYP), with an effective number
of haplotypes (Ae) of 3.32 and a haplotype diversity (He) of 0.74,
followed by Italy/Mondragone (MO) (2.42 and 0.62), Crete (2.29
and 0.59), and Italy/Pozzo Merro (PM) (2.13 and 0.71). The lowest
haplotypic diversity is observed in the Greece/Fokianos (FK) (1.00
and 0.00) and in the Greece/Rhodes/Butter�y Valley (BV) (1.10 and
0.10) populations. Haplotypic richness (AR), follows a similar
pattern, with the populations showing the highest and lowest
values for this parameter as those observed for haplotype diversity.
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Figure 3 shows the contribution of each population to total
haplotypic diversity (CT%), haplotypic richness (CTR%) and total
genetic diversity, considering both positive and negative
components of diversity and differentiation. Overall, populations
contribute more to haplotypic richness than to total genetic
diversity. Among them, the Cyprus population emerges as the
main contributor to overall genetic diversity and haplotype
richness. Similarly, the Italian populations FA, ML and MA also
contribute positively to both parameters, while CA and FR show
negative contributions, mainly to total haplotypic richness. Most
non-Italian populations show minimal contribution, mainly to
genetic diversity, except for the one from Crete.

AMOVA analysis with the IAM model indicate that the total
genetic diversity among populations (Fst) is very high (40%) and
FIGURE 3

Population diversity components according to Petit et al. (1998): (A) Contribution of each population to total diversity (CT%), divided into own
diversity (white) and divergence (dark grey) components. (B) Contribution of each population to total haplotypic richness (CTR%), also divided into
own diversity (white) and divergence (dark grey) components.
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the remaining 60% is attributable to differences within populations.
When the stepwise mutation model (SMM) is used, the total genetic
diversity among populations rises to 62% (Supplementary Table 1).
3.2 Genome-wide nuclear analysis

After the exclusion of 1,134 SNPs showing strong linkage-
disequilibrium, the �nal dataset included 2,811 unlinked SNPs.
We applied a missing data threshold of 80% to maximize sample
inclusion. A comparative test between thresholds of 20% and 80%
missing data showed no signi�cant differences in the genetic
structure results, supporting the decision to use the more
inclusive 80% threshold to retain a larger number of loci in
the analysis.

In Figure 4A, a PCA conducted on the SNP dataset identi�ed
four major genetic clusters: (i) Italy, (ii) Italy combined with
Cyprus, (iii) Turkey and mainland Greece (Attica), and (iv)
Greek islands, including the Peloponnese, Rhodes, and Crete.
Within the Italy-Cyprus cluster, three distinct subgroups are
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evident: one from Cyprus and two separate groups within Italy,
suggesting some regional genetic differentiation.

Mean relatedness analysis (Figure 4B) supports the PCA results,
showing high genetic relatedness both within populations and
between geographically close populations, consistent with limited
gene �ow over larger distances. For example, the Crete population is
closely related to those from Peloponnese and Rhodes re�ecting
geographic proximity and potential historical connectivity. The
highest within-population relatedness was observed in Italian
populations MT and MO, and Greek populations FK and ZF,
possibly indicating local isolation or bottlenecks. Interestingly,
Italian populations CA and FR exhibit high relatedness to each
other but not to other Italian populations, which themselves form a
distinct related group. A similar pattern is observed between the
Greek populations TY and ZF.

The Admixture analysis (Figure 4C) largely agree with the PCA
and relatedness �ndings. Unexpectedly, evidence of admixture was
detected in the Cyprus population, which shows genetic
contributions from both a subgroup of Italian populations and
the Attica population (AG), possibly re�ecting historical gene �ow.
FIGURE 4

Population genetic analysis using 2,811 unlinked SNPs (maximum 80% missing data). (A) Principal Component Analysis (PCA) reveals four distinct
genetic clusters: (1) Italy, (2) Italy + Cyprus, (3) Turkey + Greece, and (4) Greece + Crete + Rhodes. (B) Heatmap of mean relatedness shows high
relatedness within populations and across geographic regions. Notable exceptions include Crete, which shares some genetic relatedness with
populations from Greece and Rhodes. (C) Admixture analysis for K=5 and K=6, showing clustering patterns consistent with the PCA and relatedness
analyses. Admixture is evident between Cypriot and Italian populations, as well as between Crete, Greece, and Rhodes. Populations from Cyprus and
Turkey remain genetically indistinguishable. The main difference between K=5 and K=6 is the emergence of population FK (Greece) as a distinct
cluster, exhibiting greater admixture with Crete. (D) Admixture analysis for K=5 and K=6 with a down-sampled set of individuals.
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