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Abstract 

Background:  The Italic Iron Age is characterized by the presence of various ethnic groups 
partially examined from a genomic perspective. To explore the evolution of Iron Age 
Italic populations and the genetic impact of Romanization, we focus on the Picenes, one 
of the most fascinating pre-Roman civilizations, who flourished on the Middle Adriatic side 
of Central Italy between the 9th and the  3rd century BCE, until the Roman colonization.

Results:  More than 50 samples are reported, spanning more than 1000 years of history 
from the Iron Age to Late Antiquity. Despite cultural diversity, our analysis reveals no major 
differences between the Picenes and other coeval populations, suggesting a shared 
genetic history of the Central Italian Iron Age ethnic groups. Nevertheless, a slight genetic 
differentiation between populations along the Adriatic and Tyrrhenian coasts can be 
observed, possibly due to different population dynamics in the two sides of Italy and/
or genetic contacts across the Adriatic Sea. Additionally, we identify several individuals 
with ancestries deviating from their general population. Lastly, in our Late Antiquity site, 
we observe a drastic change in the genetic landscape of the Middle Adriatic region, indi-
cating a relevant influx from the Near East, possibly as a consequence of Romanization.

Conclusions:  Our findings, consistently with archeological hypotheses, suggest genetic 
interactions across the Adriatic Sea during the Bronze/Iron Age and a high level of individual 
mobility typical of cosmopolitan societies. Finally, we highlight the role of the Roman Empire 
in shaping genetic and phenotypic changes that greatly impact the Italian peninsula.
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Background
Before the unification under Roman rule, the inhabitants of the Italian peninsula con-
sisted of various regional groups characterized by specific geographical distribution, 
cultural identities, and languages [1–3]. The Italic Iron Age (IA) (about the 10th–3rd 
centuries BCE) was a transformative era characterized by the use of new metals in 
artifact production, novel agricultural and breeding practices, linguistic and cultural 
development, migrations, and conflicts. During the Late Bronze Age, distinct Italic 
ethnicities emerged, giving rise to new communities with well-defined cultural and 
linguistic identities that consolidated during the IA, such as the Picenes, Etruscans, 
Latins, and others [1, 4–6]. These cultural entities were connected to each other and 
engaged in close commercial and cultural contacts [1]. Moreover, the presence of 
non-autochthonous goods in Italic IA archeological sites suggests that these popula-
tions were part of an extensive commercial network, connecting the Italian Peninsula 
with the whole Mediterranean basin and Europe [7].

Despite extensive archeological and historical studies, the genetic origins and pos-
sible admixture events among these populations are still elusive. The population 
dynamics that have contributed to shape the ancient and modern Italian gene pool 
remain largely unknown, and only a limited number of studies have investigated the 
genomic variability of Italic IA ethnicities [8–10]. In this context, one of the under-
studied areas is the Adriatic side of Central Italy, nowadays the Marche region. In this 
area, between the 9th and the 3rd century BCE, one of the most flourishing pre-Roman 
civilizations was established: the Picenes [1, 5, 11–14].

This term refers more to an ethnicity rather than a population. Indeed, the Picenes 
were divided into many local groups not necessarily ancestrally related, but sharing a 
common cultural substratum [5]. According to a mythical tale reported by Pliny the 
Elder (1st century BCE), the Picenes are connected with the Sabines, from whom they 
would have separated in search of a new homeland. This migration occurred in the 
ritual form of a so-called sacred spring (ver sacrum) following a totemic animal, the 
woodpecker, in Latin picus. Thus, the migrants assumed the ethnonym of Picenes (or 
Picentes), i.e., “people of the woodpecker” [5]. Regardless of their traditional ethno-
genesis, it has been hypothesized that the Picenes derive from the Late Bronze Age 
cultures of the Adriatic coast with connections to other coeval ethnicities such as the 
trans-Adriatic ones [5].

Our current knowledge about this civilization is mainly based on archeological 
findings belonging to grave goods found in necropolises. The funerary settings show 
a society organized into coherent (but differentiated) political groups rooted in local 
traditions but, at the same time, open towards foreign cultural inputs which were 
often converted into an original artistic conception [5, 11, 12]. In this context, it has 
been suggested that the Picenes had frequent contacts with other cultures, for exam-
ple with Northern Europe and Eastern Mediterranean populations, as traced by many 
artifacts found in the burials [5, 13]. The relevance of these cultural contacts in shap-
ing the gene pool of the area is still debated, especially since later events have prob-
ably blurred these genetic traces.

In the early years of the 3rd century BCE, the Picene culture started to fade due 
to the Roman expansion [5]. The Romans have deeply impacted the history of Italy 
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by contributing to different socio-cultural aspects and, possibly, to demography and 
genetics [8, 15]. The rise of a multicultural Roman Empire changed the genetic land-
scape of the city of Rome, introducing a strong genetic component from the Near 
East that also lasted throughout the Late Antiquity [8]. Although this shift in the gene 
pool has also been observed outside the city of Rome [9, 16], it is still unclear how 
pervasive it was in the entire peninsula.

To shed light on all these aspects, we conducted an archaeogenetic analysis of the 
Italian Middle Adriatic populations covering a period of more than 1000 years by per-
forming shotgun sequencing of 102 ancient individuals. In particular, we analyzed: 
two different Picene necropolises (Novilara and Sirolo-Numana) both dated to the 
early stages of this civilization (8th–5th centuries BCE) [11, 12, 14, 17, 18]; an Etruscan 
necropolis (Monteriggioni/Colle di Val d’Elsa, 8th-6th centuries BCE) to compare the 
gene pool of the two sides of Central Italy during the IA; and finally, a Late Antiquity 
funerary site (Pesaro) [19] dated to the 5th–7th centuries CE and located 7 km away 
from Novilara, to study the genetic changes in the Picene territory after the Romani-
zation (Fig.  1, Additional file  1). With our study, we described the gene pool of the 
Picenes shedding light on their genetic origin, deeply connected to the other coeval 
populations. Nevertheless, we highlighted relevant differences between the IA popu-
lations settled in the Adriatic and the Tyrrhenian coasts of Italy. Finally, we assessed 
the genetic impact of the historical events related to Romanization in the former 
Picene area.

Results
We collected and extracted DNA from tooth and petrous bone samples of 71 Picene 
individuals (61 from Novilara necropolis and 10 from Sirolo-Numana necropolis), 10 
Etruscans from Monteriggioni/Colle di Val d’Elsa necropolis, and 21 Late Antiquity 
individuals from Pesaro (hereafter called Pesaro Late Antiquity), resulting in a total of 
102 samples (Fig. 1; Additional file 2: Table S1). For each sample, we built libraries and 

Fig. 1  Location of the sites analyzed in this study. On the left, map of Italy with the Picene area highlighted 
in red. On the right, the magnification of Central Italy showing the location, the period, and the number of 
samples for each necropolis analyzed in this study. Symbols associated with necropolises are the same as in 
PCA (Fig. 2A)
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performed shotgun whole genome sequencing (see Methods section for details). We 
restricted all subsequent genomic analysis to individuals that passed authentication and 
quality control, for a total of 55 samples, with a nuclear genome coverage spanning from 
0.04× to 0.33× (mean 0.15×) (Additional file 2: Table S1). To identify genetically identi-
cal samples, we performed kinship analysis (Additional file 2: Table S2 and S3) finding 
two Etruscan samples from Monteriggioni/Colle di Val D’Elsa (EV7A and EV19) pos-
sibly representing twins or the same individual. Therefore, we removed the one with the 
lowest coverage (EV19) for a final sample set of 54 individuals (Table 1).

In order to contextualize our ancient Italian sequences in the genetic variability of 
ancient and modern Eurasia and North Africa, we combined the genomic information 
of the newly genotyped samples with relevant individuals from the Allen Ancient DNA 
Resource (AADR, v. 52.2 [20, 21]) (Additional file 2: Table S4 and S5).

The Picene and the genomic landscape of the Italic Iron Age

We placed the genetic variability of the Picenes in the context of a European and 
Mediterranean framework through Principal Component Analysis (PCA), including 
a total of 1464 ancient and modern individuals (Fig.  2A; Additional file  3: Fig. S1). 
The Picene individuals constitute a wide cluster between the genetic variability of 
modern Italian, Balkan, and Northern European populations. Remarkably, no major 
differentiation between individuals from the two Picene necropolises (Novilara and 
Sirolo-Numana) can be observed, pointing to genetic similarity among the two Picene 
sites, notwithstanding differences in their material cultures [5, 13]. In agreement with 
previous findings about other Italic IA cultural groups [10], the Picenes show a slight 
deviation from the genetic distribution of modern Central Italians, being shifted 
towards Northern Italians and, more in general, Central Europeans (Additional file 3: 
Fig. S2). Unsupervised Admixture analysis [22] performed with 1708 modern and 
ancient Eurasian and North African individuals (Fig.  2B; Additional file  3: Fig. S3) 
supports the general genetic homogeneity observed among the two different Picene 
sites. The principal genetic ancestry for the two Picene groups is composed of Ana-
tolian Neolithic and Eastern Hunter Gatherer (EHG)/Yamnaya (also referred to as 
Steppe BA) components (about 90%), with only minor proportions of Serbia Iron 
Gates Mesolithic and Caucasus Hunter Gatherer (CHG), similarly to other Italic IA 
groups (Fig. 2B; Additional file 3: Fig. S3).

To clarify the evolution of the gene pool of the Picenes and to get a general overview of 
the Italian IA population dynamics we also included in the downstream analyses newly 
generated data for 4 individuals from the Etruscan necropolis of Monteriggioni/Colle di 

Table 1  Samples analyzed, included in genetic population analysis and genomic imputation 
for each site. aSamples used for population genome-wide analysis. bSamples used for genomic 
imputation and haplotype-based analysis

Archeological site Group Nr Coverage ≥ 0.04 × a Coverage ≥ 0.1 × b

Novilara Iron Age/Picene 61 40 28

Sirolo-Numana Iron Age/Picene 10 3 1

Monteriggioni/Colle di Val d’Elsa Iron Age/Etruscan 10 4 1

Pesaro Late Antiquity 21 7 5

Total 102 54 35
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Val d’Elsa (Table 1; Additional file 2: Table S1) together with Italian IA individuals from 
the literature [8–10]. The Monteriggioni/Colle di Val d’Elsa samples overlap the genetic 
variability of other Etruscan individuals [9] and mirror the ancestry patterns already 
identified in this ethnicity (Fig. 2; Additional file 3: Figs. S1 and S3).

Despite cultural differences, the PCA shows that IA populations exhibit relative genetic 
homogeneity, suggesting a shared genetic origin for these ethnicities in continuity with the 

Fig. 2  Population structure of the Italic IA and LA period. A PCA with the newly reported samples and a 
relevant subset of modern and ancient individuals from the literature (see also Additional file 3: Fig. S1). 
Modern samples are pictured in gray. B Unsupervised Admixture analysis at k = 4. Above, a subset of samples 
representing the four ancestral components that contributed to the European gene pool since the Bronze 
Age: Serbia Iron Gates Mesolithic (blue), Anatolian Neolithic (orange), Caucasus Hunter-Gatherers (CHG)/
Iran Neolithic (purple), and Eastern Hunter-Gatherers (EHG)/Yamnaya (green); below, genetic make-up of the 
newly reported individuals
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former Italian Bronze Age (BA) cultures (Fig. 2A; Additional file 3: Fig. S1) [23]. Neverthe-
less, in the context of this genetic homogeneity, we can observe some differences, being the 
Picenes slightly shifted towards Balkan and Northern European modern populations. More 
in general, a significant differentiation is observed in the distribution along the PC2 of the 
Tyrrhenian people (Italy_IA_Romans and Etruscans, which are slightly closer to modern 
Sardinians) and the Adriatic group (Picenes and Italy_IA_Apulia, which tends to form a 
cluster shifted towards the ancient Yamnaya pastoralists) (Mann-Whitney U test p-value 
< 0.0001; Additional file 3: Fig. S4). It may be possible that the Picenes (and more gener-
ally the IA Adriatic populations) have had slightly different evolutionary trajectories com-
pared to the Tyrrhenian populations. This is confirmed by the D-statistics in the form D(X, 
Y; Italy_BA_EBA, YRI.SG) where X and Y are the Italic Iron Age groups and Italy_BA_EBA 
represents the previous Italian BA cluster from both Adriatic and Tyrrhenian side [23–25] 
(Additional file  2: Table  S4). When comparing Italy_IA_Apulia and Picenes (the Adri-
atic groups), it is possible to observe a symmetrical relationship to the Italian Bronze Age 
(Fig. 3A; Additional file 2: Table S6). In the same way, Etruscans and Italy_IA_Romans (the 
Tyrrhenian groups) are equally related to the previous Italian gene pool. On the other hand, 
the comparison of Tyrrhenian and Adriatic groups shows that the Bronze Age cluster tends 
to be more similar to the Tyrrhenian populations (Additional file 2: Table S6). Moreover, 
by performing D-statistics in the form D(Italy_IA_Adriatic, Italy_IA_Tyrrhenian; Italy_BA_
EBA, YRI.SG), the Italian BA cluster results are more related to the Tyrrhenian side (Fig. 3A; 
Additional file 2: Table S6). This result may suggest that the Adriatic and the Tyrrhenian 
sides of Italy were shaped by different demographic events after or during the Bronze Age.

To explore which genetic influx may have primarily contributed to the evolution of 
the Adriatic gene pool we interpolated on a map the European ancestral components 
obtained with Admixture incorporating Eurasian individuals dating back to the 1st Mil-
lennium BCE. The results reveal a nearly complementary distribution between the 

Fig. 3  Genetic affinity and modeling of the Italic IA populations. A D-statistics in the form D(X,Y; Italy_BA_
EBA; YRI.SG), where X and Y are Italic IA groups. If D > 0, the Italian BA individuals (Italy_BA_EBA) are more 
closely related to population X, while if D < 0, Italy_BA_EBA is more closely related to population Y. In the 
first two tests, comparisons between Italic groups on the same side of the peninsula (Italy_IA_Apulia vs 
Picenes; Etruscans vs Italy_IA_Romans) are represented; the third test shows the comparison between all 
the Tyrrhenian vs all the Adriatic IA populations. B qpAdm with 3 source populations for the Italic IA groups. 
Above, Italic IA ethnic groups analyzed so far. Below, Italic IA Adriatic and Tyrrhenian populations grouped 
together. For each model, p-values are reported
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Anatolian Neolithic and EHG/Yamnaya components (Additional file 2: Table S7; Addi-
tional file  3: Fig. S5). Regions such as Etruria (i.e., the Etruscan region), Sardinia, and 
Southern Italy exhibit a higher prevalence of the Anatolian Neolithic component, while 
the Adriatic coast, particularly the Picene region, displays a more pronounced influence 
from the EHG/Yamnaya component (Additional file 3: Fig. S5).

To gain insights into these findings, we analyzed the ancestry of these groups using 
a qpWave/qpAdm framework. First, by performing qpWave considering the four Italic 
IA groups separately (Picene, Etruscan, Italy_IA_Romans, Italy_IA_Apulia) and grouped 
together based on geographical distribution (Italy_IA_Adriatic, Italy_IA_Tyrrhenian) we 
confirmed in both cases that a single wave of ancestry between these groups cannot be 
considered (p-value = 1.4 × 10−5, for the separated groups and p-value = 2.2 × 10-4, for 
the grouped test), making the groups reported justifiable. When modeling the IA groups 
with three source populations, Serbia Iron Gates Mesolithic, Yamnaya, and Italy Neo-
lithic (Italy_N), it emerges that the Adriatic people have a greater proportion of Yamnaya 
component compared to the Tyrrhenian ones (Fig 3B; Additional file  2: Table  S8 and 
Table S9).

To look into the genetic relationships among the ancient Italian and European groups 
we performed a f4/NNLS analysis harnessing about 1.5 million of f4-statistics vectors as 
described in Saupe et al. [23]. We performed this analysis employing two different sets of 
ancestral components with the populations described in Lazaridis et al. [26] (Additional 
file 3: Fig. S6). The ancestral components that differ between the two sets are Yamnaya and 
EHG. We performed this analysis to potentially differentiate between these two genetic 
components, as they often appear similar when comparing Western European populations 
(as observed in Fig.  2B). Overall, this analysis recapitulates the emerging picture, high-
lighting the same ancestral components and with similar proportions for Bronze Age and 
Iron Age European populations, with the Adriatic populations showing a slightly greater 
Yamnaya component with respect to the Tyrrhenian groups. To have an overview of the 
phyletic relationships of the populations involved, we built a UPGMA tree based on the 
Euclidean distances between f4-statistics vectors. All the Italic IA ethnic groups are located 
in a single cluster suggesting a shared ancestral root (Additional file 3: Fig. S6). Notably, an 
Adriatic cluster emerges, encompassing Picenes and Italy_IA_Apulia, thereby distinguish-
ing them from the Tyrrhenian populations. Remarkably, the sister clade to the Italian IA 
is represented by trans-Adriatic cultures. This implies a potential influence from the Bal-
kan peninsula on the evolution of the Italic gene pool, particularly impacting the Adriatic 
coasts of the peninsula.

The putative connection among the Adriatic cultures was further investigated by 
imputing the genotypes in 815 (new and published) samples [8–10, 23, 24, 26–32] and 
generating a PCA based on the shared identity-by-descent (IBD) fragments between 
individuals (Additional file  2: Table  S10; Additional file  3: Fig. S7A). Notably, we con-
firmed a significant shift of the Adriatic people toward the Balkan and Central European 
populations with respect to Etruscans and Italy_IA_Romans (Additional file 3: Fig. S7B).

Social structure and mobility in pre‑Roman Central Italy

By performing genetic kinship analyses, we did not identify close relatives (1st and 2nd 
degree) among our samples, not even within the well-represented Novilara necropolis 
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(Additional file  2: Table  S2 and S3). This result may reflect the fact that Novilara was 
probably one of the largest Picene funerary sites [11, 12, 14] and possibly served a huge 
inhabited area where it is more difficult to identify relatives.

To get a finer insight into the social structure of ancient Italian groups, we used 
their imputed genomes to extract the Runs of Homozygosity (ROHs) longer than 4 
cM (Additional file 2: Table S11). While the highest levels of ROHs are found within 
Mesolithic individuals (mean of ROHs = 206.57 cM), later groups show lower levels 
of inbreeding (mean of ROHs = 24.12 cM), as previously highlighted [23, 33] (Addi-
tional file 2: Table S10; Additional file 3: Fig. S8). Notably, although ROH distribution 
of the Picenes is comparable to other IA groups (mean of ROHs in Picenes = 43.76 
cM; Etruscans = 17.23 cM; Italy_IA_Romans = 47.63 cM; Italy_IA_Apulia = 23.65 
cM, ANOVA p-value = 0.164), there are two individuals (PN141 and PN180) with a 
FRoH value (0.111 and 0.096, respectively) in line with inbreeding events in their genea-
logical history (Additional file 2: Table S12).

Among the Central Italic IA populations analyzed here, we observed the presence of 
several putative genetic outliers (i.e., individuals deviating from their main PCA/Admix-
ture cluster; Additional file  3: Figs. S1 and S9). In Novilara, PN43 is slightly shifted 
towards Near Eastern populations in the PCA and shows a high proportion of the CHG/
Iran Neolithic component in Admixture analysis (Fig.  2B). On the other hand, PN87 
seems to be more shifted towards Central European and/or modern Caucasian popula-
tions which, compared to modern Near Eastern populations, shows a high proportion of 
the EHG/Yamnaya component (Additional file 3: Figs. S1, S3 and S9).

Despite the absence of a clear pattern, outgroup f3-statistics analysis in the form f3(X, 
Y; YRI.SG) (where X is a putative outlier individual and Y a modern or ancient Eurasian 
population) shows that PN43 is more similar to European Neolithic populations (Addi-
tional file 2: Table S14; Additional file 3: Fig. S11). Notably, in the qpWave/qpAdm frame-
work, PN43 has a higher proportion of (and a higher number of feasible models with) 
Near Eastern and North African ancestral components (i.e., Levant_PPN or Morocco_
EN) with respect to the general Picene population (Additional file 2: Table S8). On the 
contrary, PN87 shows great affinity with Central and Northern European IA populations 
with respect to other Novilara individuals, possibly indicating genetic influences from 
these regions (Additional file 3: Fig. S11). Moreover, qpWave/qpAdm highlights a greater 
Yamnaya influence in this individual; indeed, when it is modeled as a mixture between 
Serbia_IronGates_Mesolithic, Italy_N, and Yamnaya, the last component is up to about 
50% higher compared to the same model for the general Picene population (Additional 
file 2: Table S8).

Other Novilara individuals (PN3, PN20, PN91, and PN146) and one Sirolo-Numana 
sample (PNU76) are partially separated from the main Picene cluster, greatly overlap-
ping with the variability of Etruscans (Additional file 3: Figs. S1 and S9). However, with 
outgroup f3-statistics and qpWave/qpAdm analyses, it is not possible to highlight major 
differences compared to the general Picene cluster (Additional file 2: Table S8 and S14; 
Additional file 3: Fig. S11).

In the Etruscan site of Monteriggioni/Colle di Val D’Elsa, we found a putative outlier 
(EV15A) that is more similar to modern Sardinians or European Neolithic populations 
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and a sample (EV18) showing a greater North European ancestry, similarly to other 
Etruscan outliers previously reported [9] (Fig. 2; Additional file 3: Figs. S1 and S9). In 
outgroup f3-statistics, EV15A seems to be rooted in the genetic variability of pre-Bronze 
Age Europe, being very similar to populations that lack (or have a small proportion) of 
the Yamnaya-like component (Additional file  2: Table  S14; Additional file  3: Fig. S11). 
Whereas EV18 is similar to populations with a high proportion of this component, like 
the Czech Iron Age individuals (Additional file 2: Table S14; Additional file 3: Fig. S11). 
These observations are mirrored in qpWave/qpAdm analysis; in the model with Serbia_
IronGates_Mesolithic, Italy_N and Yamnaya components, the last one is found with a 
slight lower proportion in EV15A with respect to the general Etruscan population (23% 
vs 25%), while in EV18 it is extremely high (53%) (Additional file 2: Table S8).

The genetic legacy of the Roman Empire in the Middle Adriatic area

To study the evolution of the gene pool after the Romanization of the former Picene ter-
ritory we analyzed 7 individuals of the Late Antiquity Pesaro site (less than 6 km from 
Novilara) (Fig. 1; Additional file 2: Table S1). In the PCA we observe a substantial shift 
towards modern and ancient Near Eastern populations in the genetic landscape of Adri-
atic Central Italy as already reported for other parts of the peninsula since the Roman 
Imperial period (Fig. 2A; Additional file 3: Figs. S1 and S7) [8, 9, 16]. We confirmed these 
results also with Admixture analysis (Fig. 3B), where a great genetic influence from the 
CHG/Iran Neolithic component is observed in all Pesaro individuals.

Nevertheless, some differences among individuals can be observed. Indeed, two of 
them, namely PF1 and PF32, are strongly shifted towards North Africa and Near East in 
the PCA, respectively (Additional file 3: Figs. S1 and S9). Consistently, in the Admixture 
analysis they show no signs of the EHG/Yamnaya component but have a high proportion 
of the CHG/Iran Neolithic one (Fig. 2B). While the outgroup f3-statistics did not indicate 
a clear pattern (Additional file 3: Fig. S11), these results were supported by the qpWave/
qpAdm framework (Additional file 2: Table S8). For the general population of Pesaro, sev-
eral models show ancient Near Eastern genetic components (e.g., CHG, Iran Neolithic, 
Levant PPN) as the most represented ancestries. When performing the same models on 
the putative outliers (PF1 and PF32) they show a greater amount of Near Eastern ances-
try. Notably, while some models including Morocco_EN can explain the ancestry of both 
the general Pesaro population and the putative outliers, only in the case of PF1 this com-
ponent reaches a non-negligible proportion (≈10%), suggesting a possible past genetic 
influence from North Africa for this individual (Additional file 2: Table S8).

The great genetic influence from the Near East in Pesaro (and in general in post-IA 
Italian populations) is mirrored also in IBD (Additional file 3: Fig. S7) and f4/NNLS anal-
ysis in which all the Italian Imperial/Late Antique sites here analyzed cluster together 
(Additional file 3: Fig. S6).

Phenotypic shifts in Italy from the Copper Age to modern times

We investigated possible shifts in phenotypic traits through different ages and places 
by imputing 111 markers related to pigmentation, metabolism, and immune response in 
both the ancient specimens analyzed in this study and ancient samples available from the 
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literature, for a total of 874 individuals from the Copper Age (CA) to the Medieval period 
(Additional file  2: Table  S15, S16 and S17). The allele frequency shifts in the phenotypic 
markers have been evaluated by comparing (1) all the Italian groups from the CA to the 
modern period, (Additional file 2: Table S16), and (2) all the populations dated to the 1st mil-
lennium BCE from all the geographic areas here considered (Additional file 2: Table S17).

Interpreting these results with due caution because of the generally small sample size, we 
observed 7 markers showing significant allele frequency differences in both tests. Three of 
these SNPs (namely, rs3135388 in the HLA locus, rs2395182 on HLA-DRA, and rs2066842 
in NOD2) are involved in the immunity response. Focusing on the two HLA markers, when 
comparing all the 1st millennium BCE groups (test 2), the significance is mainly driven by 
the Italy_IA_Romans, showing the lowest frequency of the effective alleles (Additional 
file  2: Table  S16). Interestingly, when comparing all the Italian populations (test 1), we 
observed a high frequency of both HLA effective alleles since the CA and in all the IA 
groups except Italy_IA_Romans. Later, we observe a decrease in their allele frequencies, 
suggesting a homogenizing effect of Roman domination in the Italian peninsula for these 
loci, which later show a new allele frequency increase after the Medieval period.

As for the third SNP rs2066842, for which the effective allele is considered a risk factor 
for Chron’s disease [34], its significance is due to the Picene group that shows the highest 
frequency of the effective allele compared to all the Italian populations over time and to 
the other coeval ones.

The other 4 significant variants in both tests are in the SLC45A2 and HERC2 loci and 
are involved in pigmentation, with their allele frequency changes showing a temporal 
and geographic pattern in line with the prediction of darker eye, hair, and skin colors 
(Additional file  2: Table  S15, S16 and S17). Interestingly, the Picenes (excluding the 
presumed outliers) have a greater proportion of individuals with blue eyes (26.8%) and 
blond hair color (22.0%) than other Italic populations. In the Etruscans and Italy_IA_
Romans, these lighter phenotypes are much less common (blue eyes: 2.6% in the Etrus-
cans, 10.0% in the Italy_IA_Romans; blonde or dark blond hair: 5.3% in the Etruscans, 
10.0% in the Italy_IA_Romans), making these populations more similar to previous indi-
viduals from the Italian peninsula.

In the statistical test involving all the Italian groups (test 1), we also observed 10 sig-
nificant differences in the allelic frequency in SNPs involved in carbohydrate and vita-
min metabolism, immunity, and pigmentation. In particular, two of these SNPs are in 
the MCM6/LCT locus and have been associated with lactase persistence in adulthood 
in Europe [35]. These markers show an overall low frequency of the lactase persistence 
allele in Italy through time, increasing only from the Late Antiquity and Medieval period, 
possibly due to the additional foreign genetic inputs, as shown by the PCA and Admix-
ture analysis. In any case, with few exceptions, possibly caused by random fluctuations, 
Picene people are overall similar to the other Iron Age Italian populations.

Discussion
In this study, we analyzed the genetic variation among 54 Central Italian samples span-
ning more than 1000 years of history and portrayed a comprehensive picture of the evo-
lution of the genetic pool of the pre-Roman middle Adriatic cultures by contextualizing 
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them in the broader framework of the entire Italic Iron Age, providing novel insights 
into the population dynamics after the Roman Empire in the area.

The Picenes in the context of Central Italian IA

We present the first genetic characterization of the Picene ethnicity, highlighting a sub-
stantial homogeneity among the sites analyzed here (Novilara and Sirolo-Numana). Our 
genetic data align with archeological evidence suggesting that the Picenes emerged as an 
ethnic group from earlier Italic Bronze Age cultures (Fig. 2A, Additional file 3: Fig S1). 
This finding is particularly interesting because, despite sharing a core material culture, 
some differences in the archeological record of the two Picene sites here analyzed can 
be observed [5]. Our results show that these differences were only cultural, as the whole 
Picene genetic pool exhibits either a common origin or a significant genetic homogeni-
zation (Fig. 2). However, we caution that given the small sample size of Sirolo-Numana, 
further investigations involving more individuals from different necropolises are needed. 
More in general, despite the high cultural diversity within the Italian context [1, 4], our 
analysis has revealed strong genetic homogeneity in the Iron Age ethnic groups suggest-
ing that their genetic origins are interconnected (Fig. 2A, Additional file 3: Fig. S3).

One of the most interesting characteristics of the Picenes and of all the Italic IA 
populations analyzed so far is the frequent presence of genetic outliers (Fig.  4). In 

Fig. 4  Proposed scenarios for the genetic evolution of the Italic IA. The differences observed between Italic 
IA Adriatic and Tyrrhenian populations, mainly represented by different proportions in the Yamnaya-related 
ancestry (blue color in the pie charts) could be explained by two scenarios: (1) differential arrival of the 
Yamanaya-related ancestry (blue arrows); (2) trans-Adriatic genetic connection represented (red arrows). 
Green gradients indicate the putative area of origin of individuals with different genetic ancestry identified 
among the Central Italic IA (based on Antonio et al. (2019), Posth et al. (2021), and the putative outliers here 
identified)
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Novilara one individual (PN43) shows a greater Near Eastern ancestry compared 
to the general population. This individual may represent a direct movement of peo-
ple from the Eastern Mediterranean area  to the Middle Adriatic region, as also 
attested from an archeological perspective which indicates clear evidence of the cir-
culation of goods and cultural patterns [13]. Another Novilara individual (PN87) is 
more compatible with a Central European ancestry, possibly representing genetic 
connections associated with the extensive trade network between Picenes and Cen-
tral-Northern Europe where personal ornaments with a hint of Picene influence have 
been discovered [13]. This finding suggests that, within Novilara society, there were 
individuals with different origins who were well-integrated into it. This is further sup-
ported by the archeological analysis of the grave goods in the putative outliers’ tombs, 
which shows no differences from the broader Picene culture. Similarly, two possible 
genetic outliers (EV15A and EV18) can be observed among the Etruscans from Mon-
teriggioni/Colle Val D’Elsa. While the former shows a genetic makeup analogous to 
coeval Sardinians [29], probably representing the genetic outcome of the well-known 
IA connections between this island and Etruria [36], the latter is more similar to 
Central European BA/IA individuals, like other Etruscan outliers already described 
[9]. The presence of all these genetic outliers in the Italic IA, also attested among the 
Romans [8], is a direct consequence of the great mobility of the Mediterranean popu-
lations [7, 37]. This trend started from the Neolithic and intensified throughout the 
subsequent periods, reaching considerable levels in the 1st millennium BCE [38, 39] 
and with the Italian peninsula, due to its central position in the Mediterranean basin, 
possibly representing a melting pot for these movements. Thus, the increased mobil-
ity in the IA resulted in a highly multicultural society which profoundly impacted the 
Italian cultures [1, 3–5]. Our results highlighted the importance of analyzing sev-
eral samples from the same cultural background, in order to unveil the many social 
aspects characterizing them. Moreover, our findings confirm that a process of globali-
zation was already well in place before the Roman Imperial times [8].

It is worth noting the absence of relatives among Picene individuals here analyzed, 
in particular in the Novilara necropolis. This can be explained considering that this 
necropolis is one of the largest Picene funerary sites excavated so far [11, 12, 14]. This 
indicates that, if present, the corresponding inhabited area may have had a consider-
able extension. Nevertheless, in Novilara we identified at least two individuals (PN141 
and PN180) with an amount of ROHs consistent with the hypotheses that they are 
offspring of two related individuals, possibly first cousins (Additional file 2: Table S12; 
Additional file  3: Fig. S8). Therefore, even though close relatives were not directly 
identified in this study, social and kinship relationships may have been complex and 
far from being completely resolved.

Corridors and barriers: the Adriatic Sea and the Apennines

As highlighted in several studies, the amount of Yamnaya-related genetic component 
varies greatly in Europe starting from the BA, with Southern European populations (i.e., 
Italian and Balkan peninsulas) usually showing less of it [23, 25, 40–44]. In this context, 
it is worth noting that our results showed some genetic similarity between Italy and Bal-
kans, with the IA Italy and BA/IA Balkans being sister clades (Additional file 2: Fig. S6). 
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This relative genetic homogeneity between these peninsulas (Additional file 3; Fig. S1) 
probably started much earlier than the BA according to previous studies [41, 45] and 
seems to have been maintained during the BA and IA. Here, we propose two non-mutu-
ally exclusive scenarios for the genetic similarity between Italian and Balkan populations 
(Fig. 4): (1) these areas were influenced by similar demographic events, mostly involving 
the arrival of the Yamnaya-related genetic component from continental Europe along the 
two sides of the Adriatic Sea; (2) the two peninsulas were in close genetic contact during 
the BA and the IA. The populations on the Adriatic Sea could have moved between the 
two shores and mixed with each other, in a continuous process of gene flow.

These scenarios can also explain the small differences observed between the Adriatic 
and Tyrrhenian Italic IA populations determined by the East to West genetic gradient 
encompassing the Italian and Balkan peninsulas, mostly represented by the Yamnaya-
related genetic ancestry (Additional file 3: Fig. S5). Indeed, the arrival of the Yamnaya 
component in Italy, possibly through its North-Eastern regions, may have been partially 
hindered by Apennine mountains, resulting in a higher Yamnaya genetic component in 
Adriatic populations compared to Tyrrhenian ones. In addition, and considering the sec-
ond scenario, if gene flow occurred across the Adriatic Sea during the BA and/or IA, it 
would certainly have impacted more the populations facing the sea, and then gradually 
diminished as distances from it increased. Future studies focusing on the genetic onset 
of the BA on both Adriatic shores (Italian and Balkan) compared to the Tyrrhenian side 
may help to elucidate these processes.

From an archeological perspective, the extensive connections across the two peninsu-
las throughout the BA and IA are well-characterized. Strong commercial trans-Adriatic 
routes were already present from the 3rd millennium BCE [7]. During the Early BA the 
Cetina culture, although rooted in the Dalmatian coast, spread throughout the Adri-
atic, eventually reaching Sicily, Malta, and Western Greece [7, 46, 47]. These contacts 
persisted throughout the BA [48] and during the IA they were strongly consolidated. 
Indeed, the extensive presence of shared cultural traits across the two sides of the Adri-
atic Sea has allowed some authors to describe an “Adriatic koiné” (Adriatic culture) to 
emphasize this circulation of goods and perhaps individuals [49–51]. Similarly, the pos-
sible genetic relationship between Northern/Central Europe and the Middle Adriatic 
region could be supported by the observed material connections between the Hallstatt 
culture along the Danube River and Northern-Central Italy, already starting from the 
late BA [52].

Y chromosome data of the Italic IA groups provide additional evidence to these obser-
vations, suggesting that the two scenarios proposed are complementary. Indeed, in the 
Picenes, two main Y haplogroups are observed, namely R1-M269/L23 (58% of the total) 
and J2-M172/M12 (25% of the total) (Additional file 1: Table S13), which may be repre-
sentative of the direct connection to Central Europe and the Balkan peninsula, respec-
tively. As for the R1-M269/L23 haplogroup, it has been associated with the Yamnaya 
ancestry [26] and observed at high frequency among Central European populations from 
the BA onward. More specifically, one Picene individual (PN146) clusters with mod-
ern and ancient Central-Northern Europeans and other IA Italians, in the sub-branch 
defined by the L51/L11 markers, frequent in mainland Europe [53] (Additional file 2: Fig. 
S10). Another Picene individual (PN176) belongs to the R1-L23/Z2106 subclade, which 
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has been previously interpreted as a genetic link between Yamnaya, Balkans, and South-
ern Caucasus [26]. Finally, five Picenes and two Etruscans are placed at the basal por-
tion of the R1-L23 branch, together with other ancient Yamnaya, Balkan, and Southern 
Caucasic samples (Additional file 2: Fig. S10). On the other hand, it is worth noting that 
the trans-Adriatic distribution of the internal branches of J2-M172/M12 was previously 
interpreted as a clue of a BA expansion from the Balkans in the Italian area and a link 
between BA Balkans and BA Nuragic Sardinia, possibly with peninsular Italian inter-
mediates that were not observed before [26, 54]. Interestingly, two out of three of our 
J2-M12 Picene samples (PN157 and PN29), due to their phylogenetic position (Addi-
tional file 3: Fig. S10) in between the BA Nuragic and the BA Balkan clusters, could rep-
resent the descendants of the aforementioned Italian intermediates.

Overall, combining genetic and archeological evidence, we suggest that the Adriatic 
Sea was a hotspot for the commercial, social, and genetic connections between the two 
peninsulas, with the populations living on its shores directly involved in the exchanges. 
It is possible that in the highly connected landscape of the Mediterranean IA, moun-
tain ranges like the Apennines may have been a greater barrier to the movement of 
people than small stretches of sea like the Adriatic one. Nevertheless, it is possible that 
other factors (e.g., cultural barriers) contributed to the emerging picture of the Italic IA 
genetic pool.

After the Romanization

In our Late Antiquity samples from the Pesaro necropolis, a substantial shift in the 
genetic landscape of the area towards the Near East can be observed compared to the 
Picene IA cluster. This process is the genetic outcome of the social changes brought 
by the Romanization of the Italian peninsula in general. Indeed, in Italy, Near Eastern 
genetic influx, represented by the CHG/Iran Neolithic component, starts to be exten-
sively present in the majority of the Imperial time individuals, and it continues to be 
common during the Late Antiquity [8, 9], as observed also for Pesaro necropolis in this 
study (Fig.  2B). The most likely explanation for this genetic shift is the central role of 
Rome and Italy in the political and social scene of the Roman Empire, attracting people 
from the other Imperial provinces, especially the wealthy Eastern ones [8].

Footprints of the initial spread of the Romans across the peninsula and its impact on 
demographic changes can be observed in the frequency shift of some alleles associated 
with phenotypic traits. Indeed, the allele frequency at two HLA markers associated with 
protection against leprosy and risk factor for gluten intolerance [55, 56] were probably 
influenced by the Roman expansion. They are found with high frequency in all the Ital-
ian groups from the Neolithic to the IA, apart from the Roman IA individuals. In sub-
sequent periods, the frequencies drop for all the Italian areas considered (Additional 
file 1: Table S16), suggesting a strong homogenizing effect caused by the Roman domina-
tion. Only during the Middle Ages, the frequency of these alleles rose again, suggesting 
an intricate evolutionary history for these markers, intertwined between demographic 
dynamics and putative selective pressure which possibly had a role in the diffusion of 
gluten intolerance as a consequence of increased protection against leprosy.

Despite the diffusion of Near Eastern ancestries seems to be relatively homogeneous 
and widespread in the Italian context, in Pesaro necropolis we observe a great genetic 
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variability, towards both the extremes of the distribution [8, 9]. This may be the result 
of population dynamics occurring in the Mid-Adriatic area during Late Antiquity. After 
the fall of the Western Roman Empire, the area was under control of the Eastern Roman 
(Byzantine) Empire during the 6th century CE, with the city of Pesaro representing an 
important political center of the Duchy of the Pentapolis. It is possible that these politi-
cal dynamics additionally influenced the movement of people in the area and, therefore, 
the evolution of the local genetic pool.

It was only in later periods, starting from the Early Middle Age as suggested by pub-
lished data [8], that the Central Italian genetic pool changed again, with a decrease of 
Near Eastern ancestry and a new increase of Central/Northern European one. The main 
reason for this is probably the massive arrival of people with a Central European ances-
try (like the Longobards) that established the nowadays North-South genetic gradient in 
Italy [8, 57, 58].

Conclusions
Our study provides new insights into the population dynamics in Italy from the Iron 
Age to the Late Antiquity. In particular, we investigated demographic events occurring 
in the Adriatic side of Central Italy in more than 1000 years of history and throughout 
several socio-political changes. We identified a common genetic origin for all the Italian 
IA ethnicities analyzed until now despite minor regional differences, with a particularly 
strong homogeneity among the Picenes. We highlighted the genetic similarities of the 
Italian and Balkan peninsulas during these ages, indicating common histories and/or 
frequent contacts across the Adriatic in the frame of the Mediterranean genetic contin-
uum already described [10, 43]. The presence of several individuals with different genetic 
make-up among the IA groups analyzed so far, suggests that a cosmopolitan society 
began to emerge and persisted in Italy during this period, reaching its climax during the 
Roman Imperial period. With the onset of the Roman Empire in the area and in the sub-
sequent Late Antiquity, we observed a shift in the genetic landscape toward the Near 
East mirroring the pattern observed in Rome and on the Tyrrhenian side, pointing out 
that this change affected Central Italy and possibly the entire peninsula [16].

Methods
The analyzed samples are under the protection of the Superintendence Archaeology, 
Fine Arts and Landscape of the Marche Region and the Superintendence Archaeol-
ogy, Fine Arts and Landscape of the Toscana Region. They were collected in the frame 
of the agreements between the Department of Biology and Biotechnologies “C. Dar-
win” of the Sapienza University of Rome and the aforementioned Superintendencies: 
protocol Number 0010166 for the Picene necropolises, protocol number 0000934 for 
the Pesaro necropolis and protocol number 10527 for the Etruscan one. In this article, 
we labeled the genetic clusters composed of our samples by using the archeological 
culture nomenclature [5, 11, 12, 59]. Nevertheless, we note that archeological/cultural 
labels do not necessarily correspond to genetic clusters or individual identities.

DNA extraction and library preparation were performed at the ancient DNA labo-
ratory at the Estonian Biocenter, Institute of Genomics, University of Tartu, Tartu, 
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Estonia. Quantification and sequencing of the libraries were carried out at the Esto-
nian Biocenter Core Laboratory. Radiocarbon dating was performed at Vilnius Radio-
carbon, Vilnius, Lithuania.

DNA extraction

We extracted DNA from a total of 102 human remains samples, consisting of 3 
petrous bones and 99 tooth roots. Small slices of bone were sampled from petrous 
bone and root portions were taken from teeth samples. Both these procedures were 
performed with a sterile drill wheel that was sterilized with 6% (w/v) bleach followed 
by distilled water and ethanol rinse in between the samples. The collected samples 
were placed in 6% (w/v) bleach for 5 min, then rinsed with 18.2 MΩcm water for 
3 times and soaked for 2 min in 70% (v/v) ethanol. During the previous bleach and 
ethanol steps the samples were shaken to allow the detachment of particles. Later, 
the samples were placed on a clean paper towel inside a class IIB hood, and they were 
left to dry for 2 h with the UV light on. To calculate the correct volume of EDTA 
and Proteinase K needed for the extraction, the samples were weighted. We consid-
ered 20× EDTA (µL) of sample mass (mg) and 0.5× Proteinase K (µL) of sample mass 
(mg). The samples, EDTA and Proteinase K were placed into PCR-clean conical tubes 
(Eppendorf ) of 5 or 15 mL, depending on the total volume required, under the IIB 
hood. These tubes were incubated on a slow shaker for 72 h at room temperature. 
The resulting DNA extracts were concentrated to a final volume of 250 µL with the 
Vivaspin Turbo 15 (Sartorius). Then, they were purified in large volume columns 
using the High Pure Viral Nucleic Acid Large Volume Kit (Roche) with 2.5 mL of PB 
buffer, 1 mL of PE buffer, and 100 µL of EB buffer (MinElute PCR Purification Kit, 
QIAGEN). The silica columns were placed in a collection tube to dry and later in a 
1.5-mL DNA lo-bind tube (Eppendorf ) for elution. Samples were incubated at 37 °C 
for 10 min with 100 µL of EB buffer and then centrifuged at 13,000 rpm for 2 min. The 
silica columns were removed after centrifugation and the samples were stored at − 20 
°C, 30 µL of the samples were used for library preparation.

Library preparation and sequencing

The libraries for sequencing were made with NEBNext DNA library Prep Master Mix 
Set for 454 (E6070, New England Biolabs) and with Illumina-specific adaptors [60] using 
established protocols [60–62]. The end repair part was implemented (as described in 
Saupe et al. [23]) using 118.75 µL of water, 7.5 µL of buffer, and 3.75 µL of enzyme mix, 
incubated at 20°C for 30 min. Then, the samples were purified with 500 µL of PB buffer 
and 650 µL of PE buffer and eluted in 30 µL of EB buffer (MinElute PCR Purification 
Kit, QIAGEN). As previously, the adaptor ligation step was implemented as in Saupe 
et al. [23], using 10 µL of buffer, 5 µL of T4 ligase, and 5 µL of adaptor mix [60], incubat-
ing for 14 min at 20°C. The samples were purified as described above and then eluted in 
30 µL of EB buffer (MinElute PCR Purification Kit, QIAGEN). The step of the adapter 
fill-in was performed using 13 µL of water, 5 µL of buffer, and 2 µL of Bst DNA polymer-
ase, incubating 30 min at 37°C and for 20 min at 80°C [23]. For PCR amplification of the 
libraries, we used 50 µL of DNA library, 1X PCR buffer, 2.5 mM MgCL2, 1 mg/mL BSA, 
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0.2 µM inPE1.0, 0.2 mM dNTP each, 0.1 U/µL HGS Taq Diamond and 0.2 µM indexing 
primer. Cycling conditions were settled in the following way: 5 s at 94°C, followed by 18 
cycles of 30 s each at 94°C, 60°C and 68°C, with a final extension of 7 min at 72°C. After 
PCR amplification, the samples were purified in 35 µL of EB buffer (MinElute PCR Puri-
fication Kit, QIAGEN). To measure the concentration of dsDNA/sequencing libraries 
and to confirm that library preparation was successful, we performed three verification 
steps: fluorometric quantification (Qubit, Thermo Fisher Scientific), parallel capillary 
electrophoresis (Fragment Analyzer, Agilent Technologies) and qPCR. DNA sequenc-
ing was performed using the Illumina NextSeq500/550 High-Output single-end 75 
cycle kit and 20 samples were sequenced together on one flow cell.

Mapping

The sequences of the adapters, the indexes, the poly-G tails that occur because of the Next-
Seq 500 technology specifics, and sequences shorter than 28 bp (--minimum-length 28, to 
reduce the risk of random mapping of sequences from other species) were removed from 
the DNA sequences before the mapping with cutadapt-2.1 [63]. The resulting sequences 
were mapped to the human reference sequence GRCh37 (hs37d5) with BWA-0.7.17 [64]. 
To reduce the effect of reference bias in the following analyses we used the command bwa 
aln with relaxed alignment parameters (-n 0.01 -o 2) in combination with disabling seed-
ing (-l 1024) [65–67]. The sequences were converted to BAM file format subsequent to the 
alignment and only the mapped sequences were retained using samtools-1.9 [68]. Dupli-
cates were removed with picard-2.20.8 (http://​broad​insti​tute.​github.​io/​picard/​index.​html) 
and indels were realigned using GATK-3.5. With samtools-1.9 we filtered out reads with 
mapping quality lower than 25 as suggested by Martiniano et al. [65]. We estimated the 
number of final reads, average read length, average coverage, and other parameters with 
samtools-1.9 on the final BAM files. The endogenous DNA content of the samples (calcu-
lated as the proportion reads mapping to the human reference genome) spanned between 
0.16 and 69.34% with an average of 22.33% (Additional file 2: Table S1).

aDNA authentication and contamination rate

We employed the program MapDamage-2.0 [69] to estimate the frequency 5′ ends of 
sequences C->T transitions, one of the characteristic patterns of ancient DNA (aDNA) 
damage, to confirm that the sequences we obtained are mostly ancient. We estimated 
contamination rates on the mitochondrial DNA (mtDNA) with the method detailed in 
Jones et al. [70] by computing the fraction of non-consensus bases at mtDNA haplogroup 
defining position. Samples with a contamination rate lower than the 3% were used for 
subsequent analyses. We additionally estimated nuclear contamination for males on the 
basis of the X chromosome with the two methods described in Rasmussen et  al. [71] 
implemented in the ANGSD tool [72] and with HapCon [73]. In these cases, samples with 
a contamination estimate lower than 6% were considered suitable for further analyses.

Genetic sex estimation

Genetic sex was estimated with the procedure described in Skoglund et al. [74], com-
puting the proportion of reads mapping to the Y chromosome with respect to the total 

http://broadinstitute.github.io/picard/index.html
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number of reads mapping either to the X or the Y chromosome. In some cases, it was 
not possible to unequivocally assign the genetic sex, but we note that these samples were 
not considered for population genomics analysis because of other issues (i.e., low cover-
age or contamination, Additional file 2: Table S1).

mtDNA haplogroups assignment

We assigned the mitochondrial DNA haplogroups with the online tool Haplogrep2 [75] 
(https://​haplo​grep.i-​med.​ac.​at/​haplo​grep2/​index.​html). The VCF file that was used to 
perform haplogroup prediction was obtained by calling the variants from the .bam files 
with bcftools-1.14 [76]. The command used was bcftools mpileup with the additional 
flag --ignore-RG and then only the variant positions were called with the command 
bcftools call -m --ploidy 1 -v.

Y chromosome haplogroup assignment and phylogeny

Y chromosome phylogenetic relationship among newly reported samples and other 
ancient Euroasiatic samples [8–10, 23, 24, 26, 28–32, 77–79] (Additional file 2: Table S5) 
were reconstructed with pathPhynder [80] starting from the .bam files, using stand-
ard parameters. As a reference tree, we used the one provided in Martiniano et al. [80] 
which spans across all the genetic variability of human Y chromosome haplogroups with 
a total of 2014 individuals included. To visualize the resulting tree, we used the R pack-
age ggtree [81].

Variant calling on autosomes

Variant calling for autosomes was performed with ANGSD-0.917 [72]. We called haploid 
genotypes sampling a random base (-doHaploCall 1) for each position that is present in 
the 1240K SNPs panel using the -sites options. In addition, we specified the major and 
minor alleles as they are indicated in the 1240K SNPs panel with the option -doMajor-
Minor 3. The function haploToPlink was used to convert the .haplo file, resulting after 
the SNP calling, into Plink [82] format files.

Design of datasets for genomic analysis

For genomic analyses, we compared our newly reported samples with modern and 
ancient individuals from the literature. The included samples belong to the AADR data-
set v52.2 ([20, 21], both the 1240K and the 1240K+HO dataset, Lazaridis et al. [26] and 
Aneli et al. [10]. To maximize the number of SNPs available for each analysis we built 
three different datasets: (A) including 1240K and HO data, used for PCA and Admixture 
analysis; (B) including only 1240K data, used for kinship analysis, f3-statistic, D-statis-
tics, qpAdm; (C) including 1240K, HO and modern Italians from Raveane et  al. [57], 
employed for PCA to compare ancient and modern Italians (Additional file 3: Fig. S2). 
All the data coming from different datasets were merged with Plink-1.9 [82]. To mini-
mize the possible error due to post-mortem damage of ancient DNA, for all the popu-
lation genetics analyses employing these 3 datasets (PCA, Admixture, f3, D-statistics, 
qpWave/qpAdm, and f4 NNLS analysis) we used only transversions. The resulting total 
number of autosomal SNPs was 98,845 for dataset (A), 209,089 for dataset (B), and 
98,842 for dataset (C). After merging, we retained for subsequent analysis only the newly 

https://haplogrep.i-med.ac.at/haplogrep2/index.html
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reported samples showing mtDNA contamination lower than 3% and a coverage of SNPs 
of at least 10,000 from dataset (A) and 5000 from dataset (B) and (C). The label for the 
population assigned to each individual sample used in this study can be found In Addi-
tional file 1: Table S4 and S5. Because they belong to the same material culture and for 
the genetic similarities outlined, for several analysis (D-statistic, qpWave/qpAdm, f4/
NNLS, IBDs, ROHs and phenotype prediction) Etruscan individuals reported in this 
study were grouped together with individuals from the literature [9], maintaining puta-
tive outliers individuals separated.

Kinship analysis

Kinship estimations were performed independently with READ [83] and TKGWV2 [84]. 
Since READ with default parameters estimates the median pairwise distance of unre-
lated individuals in the population under study to assess the potential kinship relation-
ships, using different individuals may change these estimates. Therefore, for READ, we 
performed tests with four different datasets: (1) samples from Central Italy Iron Age 
[8, 9], but excluding the ones identified as outliers; (2) only the Picenes, with both the 
necropolises of Novilara and Sirolo-Numana; (3) only the Picenes from the necropolises 
of Novilara; (4) the LA individuals from Pesaro with the Imperial time individuals from 
Antonio et al. [8]. For each of these tests, we performed the analysis with all the SNPs 
and with only the transversions (Additional file 2: Table S2). The samples were selected 
from the original datasets with the option --keep of Plink [82] and converted into the 
.tped format that is required for READ. With TKGWV2 we performed two different 
tests with all SNPs and only transversions including all the samples of interest at the 
same time (newly reported individuals, other IA samples from Central Italy, and Impe-
rial time individuals), since it requires an external source for allele frequencies estima-
tion. We used the allele frequencies of the European populations of the 1000 Genomes 
data [85] as provided here: https://​github.​com/​danim​ferna​ndes/​tkgwv2 (Additional 
file 2: Table S3). In all the tests performed the two Etruscan samples EV7A and EV19 
resulted to be the same individuals (or monozygotic twins), therefore for population 
genetics analysis the sample with the lowest coverage (EV19) was excluded.

Principal component analysis

For PCA we selected a subset of modern and ancient Eurasian and North African 
samples from dataset A, for a total of 1464 individuals (Additional file2: Table  S4). 
The subset was performed with the option --keep of Plink [82]. The resulting Plink 
format files were converted into EIGENSTRAT format with the program convertf of 
the EIGENSOFT-7.2.0 package [86, 87] using the parameter “familynames:NO”. The 
program smartpca of the EIGENSOFT-7.2.0 package was used to perform PCA with 
the parameters lsqproject:YES, autoshrink:YES, and outliermode:2. We projected all 
the ancient individuals onto the PCs built based on modern samples. In the PCA per-
formed including modern Italians (employing dataset C, Additional file  3: Fig. S2), 
these had to be projected like ancient individuals due to the high number of miss-
ing SNPs (>60%), since the original data were produced on a different beadchip with 
respect to the HO and 1240K data (Infinium Omni2.5-8 Illumina beadchip). The 
results of the first two PCs were visualized in R-4.1.3 (https://​www.r-​proje​ct.​org/) 

https://github.com/danimfernandes/tkgwv2
https://www.r-project.org/
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with the package ggplot2 (https://​ggplo​t2.​tidyv​erse.​org/). We note that for low cover-
age (less than 10,000 transversions) putative genetic outliers, their deviation from the 
general population may be influenced lower amount of available markers.

Admixture analysis

We performed unsupervised Admixture analysis [22] with 1708 modern and ancient 
Eurasian and North African individuals selected from dataset A (Additional file  2: 
Table  S4). Before running Admixture, SNPs were pruned for linkage disequilibrium 
with Plink [82] (option --indep-pairwise with parameters: 50 5 0.5) for a final set of 
98,759 transversions. Moreover, modern and high-coverage ancient diploid genomes 
were converted into pseudo-haploid by picking a random allele for each variant posi-
tion. We performed 10 independent repetitions (giving different random seeds with 
the -s option) for k values from 2 to 10 using the option --haploid=’*’. The results 
from different runs were merged and visualized with the R package pophelper (Addi-
tional file 3: Fig. S3) [88]. We portrayed k = 4 because it is the most representative, 
showing a differentiation between CHG/Iran Neolithic and EHG/Yamnaya compo-
nents. The names of the ancestral components in the main text (Anatolia Neolithic, 
Serbia Mesolithic, EHG/Yamnaya, CHG/Iran Neolithic) were given on the basis of the 
populations considered basal to modern Europeans which have the highest amount of 
that component.

The interpolation maps with the proportion of the ancestral components obtained 
with Admixture were performed with QGIS-3.26.1 (https://​www.​qgis.​org/​en/​site/). 
For this analysis we kept only the samples from the 1st millennium BCE excluding 
known outliers for a total of 396 samples and, in archeological sites where more than 
one individual was present, we performed the mean for each component (Additional 
file 2: Table S7). The interpolation was calculated with the IDW method and for rep-
resentation the option “singleband pseudocolor” was chosen, the minimum value was 
set to 0.01 and the maximum to 0.6, and, finally, the option “Interpolation: Discrete” 
was selected.

Outgroup f3 statistic

To explore the genetic relationships between different IA Italian groups, the Pesaro 
LA individuals and the putative outliers identified with the PCA and/or Admixture 
analysis in the form f3(X,Y;YRI.SG), where X is one of the following population: 
Picene, Etruscan, Italy_IA_Romans, Italy_IA_Apulia, Pesaro_LA, Italy_Imperial; or 
one of the following samples: EV15A, EV18, PN43, PN146, PN91, PN20, PN3, PN87 
PF1, PF32; Y is a modern or ancient Eurasian or North African population selected 
from the dataset B (Additional file2: Table S4). f3 statistics were computed with the 
program qp3pop of the package admixtools-7.0.1 [89] using the option “inbreed:YES”.

D‑statistic

D-statistic was performed in the form D(X, Y; Italy_BA_EBA, YRI.SG), where X and 
Y are a set of the populations present in Additional file 2: Table S4, selected from the 
dataset B. An additional test comparing Italy_IA_Tyrrhenian and Italy_IA_Adriatic 

https://ggplot2.tidyverse.org/
https://www.qgis.org/en/site/
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populations was added. D-statistic was calculated with the program qpDstat of the pack-
age admixtools-7.0.1. [89] with the options “printsd: YES” and “inbreed: YES”.

qpWave/qpAdm analysis

To explore more in detail the ancestral genetic components of the Italian IA and LA 
populations, and the putative outliers we identified, we exploited a qpWave/qpAdm 
framework [90]. As a target, we used the populations and single individuals in the fol-
lowing list: Italy_IA_Adriatic, Italy_IA_Tyrrhenian, Picene, Etruscan, Italy_IA_Romans, 
Italy_IA_Apulia, Pesaro_LA, Italy_Imperial, EV15A, EV18, PN43, PN146, PN91, PN20, 
PN3, PN87, PF1, PF32. In detail:

i)	We exploited qpWave to evaluate if the targets can be described as a combination of 
the sources.

ii)	If (i) returned a p-value > 0.01, we used qpAdm to model the targets as a mixture of 
the sources.

We tested models with two and three left populations (sources) using all the possible 
combinations of the following: Anatolia_N_Barcin, Serbia_IronGates_Mesolithic, Yam-
naya, Morocco_EN, Levant_PPN, CHG, Iran_N, Italy_N, Sardinia_N, Germany_Bell-
Beaker, Italy_CA, Italy_BA_EBA, EHG. We discussed plausible models with a p-value 
≥ 0.01 as also reported in Skourtanioti et al. [91]. As right populations (outgroup), we 
always used the following: Mbuti.DG, ISR_Natufian_EpiP, Morocco_Iberomaurusian, 
Mesopotamia, Russia_AfontovaGora3, Russia_MA1_HG.SG, Turkey_Boncuklu_N, Tur-
key_Epipaleolithic, WHG2, Ethiopia_4500BP.SG (the corresponding samples can be 
found in Additional file 2: Table. S4).

f4 NNLS analysis

To explore at a finer level the ancestral components of the newly reported samples and 
other populations from the literature, we performed a Non-Negative Least Squares 
(NNLS) analysis exploiting different f4-statistics vectors as a proxy for the relationships 
among the analyzed populations. In detail, we performed approximately 1.5 million of f4 
in the form f4(X,Y;Z,Mbuti.DG) where X, Y, and Z are all the possible combinations of 
112 populations. For each of these populations, a f4 vector was created and used to per-
form NNLS analysis (reconstructing each target individual copying vector as a mixture 
of different proportions of the putative sources employing a slightly modified version of 
the nnls function in the R package “nnls,” as described in Saupe et al. [23] and Wang-
kumhang et al. [92]) with these two sets of ancestral populations:

1)	 Anatolia_N_Barcin, Serbia_IronGates_Mesolithic, Iran_N, Levant_PPN, Yamnaya;
2)	 Anatolia_N_Barcin, Serbia_IronGates_Mesolithic, Iran_N, Levant_PPN, EHG.

The issue with this method is that some NNLS values are not computed from f4 vec-
tors, in particular when the same populations are present between the X, Y, and Z pop-
ulations. To avoid the presence of missing data, we set all these f4 values to 0, which 
is formally correct only when X and Y, and not X and Z, are the same populations. 
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Additionally, to get an overview of the genetic similarity among the analyzed popula-
tions we performed an UPGMA tree based on the Euclidean distance between f4 values.

Genome imputation

We performed genome imputation following a slightly different pipeline to the one 
described in Hui et  al. [93]. In particular, genotypes were called with ANGSD-0.917 
[72] on the SNPs panel (removing indels) present in the global population of the 1000 
Genomes Project Phase 3 [85], using the parameters -doMajorMinor 3 -GL 1 -doPost 
1 -doVcf 1 -doMaf 1 -checkBamHeaders 0. Genotype likelihoods were updated in Bea-
gle-4.1 [94] with -gl mode. Then, we performed imputation from sites where the gen-
otype probability (GP) of the most likely genotype is equal or higher than 0.99, using 
Beagle-5 [95] with -gt mode. We exploited the 1000 Genomes Project Phase 3 [85] world 
population as a reference for the Beagle -gl step, while we used the Human Reference 
Consortium [96] dataset for the Beagle -gt step. After genome imputation, an additional 
GP filter (MAX(GP) ≥ 0.99) was applied before performing subsequent analyses.

We selected for imputation only samples with a coverage ≥ 0.1×, for shotgun data, 
or covering more than 300K SNPs from the 1240K panel, for chip data. To compare our 
data with other ancient populations, we selected unrelated individuals from different 
studies [8–10, 23, 24, 26–32] for a total of 815 individuals. The complete list of samples 
and the corresponding publication can be found in Additional file 2: Table S5).

Identity‑by‑descent (IBD) analysis

In order to identify segments of the genome that are identical by descent, we exploited 
the program IBDseq-vr1206 [97] on the imputed dataset, following the procedure illus-
trated in Ariano et al. [98]. In detail, with Plink-1.9 [82] we filtered out SNPs showing 
genotype missingness > 0.02 and a MAF < 0.05 (parameters --geno 0.02 and --maf 0.05 
in Plink). The resulting Plink format files were converted into VCF with the option --vcf 
of Plink, and this was used as the input file for IBDseq. The parameters used for IBDseq 
were errormax = 0.005 and LOD ≥ 3, as indicated in Ariano et al. [98] and Schroeder 
et al. [99], and only IBD longer than 2Mb (≈2cM) were retained as suggested in Brown-
ing and Browning [97]. Individuals included in IBD analysis are listed in Additional 
file 2: Table S5. A PCA was performed with the data of IBD sharing between each pair of 
individuals in the dataset with the function prcomp and the parameters center=TRUE, 
scale.=TRUE in R. Results were visualized with R package ggplot2.

Runs of homozygosity

To identify possible traces of past inbreeding events in ancient Italian samples, we per-
formed runs of homozygosity analysis using hapROH [100]. In order to run hapROH 
with the reference data provided in Ringbauer et al. [100], we downsampled the data-
set obtained after genome imputation to the autosomal SNPs in the 1240K SNPs 
panel, with Plink-1.9 [82] option --extract. Data were converted into EIGENSTRAT 
format with the program convertf of the EIGENSOFT-7.2.0 package [86] using the 
parameter “familynames:NO”. hapROH analysis was performed with parameters e_
model="haploid" and random_allele=True. Results were visualized with R package 
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ggplot2. The complete list of samples on which we performed ROH analysis can be 
found in Additional file 2: Table S5.

Phenotype prediction

In order to perform phenotype prediction, we ran a two-step pipeline for local imputa-
tion of the region around the phenotypic markers of interest, as previously described 
[93]. In detail, for 39 out of the 41 HIrisPlex-S set of SNPs [101], we selected 2 Mb 
around the informative variants, merging the regions on the same chromosome, except 
for the variants on chromosome 15, which have been analyzed in two different regions 
since the distance between the two nearest SNPs was about 20 Mb. We selected 10 
regions from 9 autosomes, spanning from about 1.5 Mb to 6 Mb. For the other pheno-
typic informative markers (diet, immunity, and diseases), we selected 2 Mb around each 
variant and merged the overlapping region, for a total of 46 regions from 17 autosomes. 
We performed this phenotypic analysis on the same set of samples used for the whole 
genome imputation described above.

We called the variants using ANGSD-v0.917 [72] at positions with a minimum allele 
frequency (MAF) ≥ 0.1% in the reference panel, which was composed by the Europeans 
from the 1000 Genomes (EUR) [85] plus the MANOLIS (EUR-MNL) set from Greece and 
Crete extracted from the HRC [96]. The ANGSD output in VCF format was used as input 
for the first step of our imputation pipeline [93] (genotype likelihood update), performed 
with Beagle 4.1 -gl command [94] using the same panels as before as reference. We then 
discarded the variants with a genotype probability (GP) lower than 0.99 and imputed the 
missing genotype with the -gt command of Beagle 5.1 [95] using the HRC as a reference 
panel. We then discarded the variants with a GP < 0.99 and used the remaining SNPs 
to perform the phenotype prediction. For the pigmentation prediction, we prepared an 
input file for the HIrisPlex-S webtool (https://​hiris​plex.​erasm​usmc.​nl) following its man-
ual for formatting and results interpretation. Sample-by-sample phenotype prediction 
and genotypes (as counts of the effective alleles in the form 0, 1, or 2) are reported in 
Additional file 1: Table S15. We then grouped the individuals in different cohorts depend-
ing on both time and space. First, we grouped the ancient individuals from the Italian 
peninsula in 10 groups from the CA to the Medieval period and compared them with the 
modern TSI from the 1000 Genomes Project. We compared the groups performing an 
ANOVA test and, for the significant variants, we performed a posthoc Tukey test to iden-
tify the significantly different pairs of groups (Additional file2: Table S16). Using the same 
approach, we also analyzed the difference among populations dated to the 1st millennium 
BCE, i.e., coeval to the Picene people, creating 15 groups (Additional file2: Table S17). For 
both comparisons, we set a significance threshold applying a Bonferroni’s correction on 
an alpha value of 0.05 divided by the number of tested SNPs.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13059-​024-​03430-4.

Additional file 1. Information about the necropolises analyzed.

Additional file 2. Supplementary table S1-S17.

Additional file 3. Supplementary figure S1-S11.

Additional file 4. Review history.

https://hirisplex.erasmusmc.nl
https://doi.org/10.1186/s13059-024-03430-4


Page 24 of 27Ravasini et al. Genome Biology          (2024) 25:292 

Acknowledgements
Bioinformatic analyses were carried out employing the facilities of the High Performance Computing Center of the 
University of Tartu. The authors are grateful to the aDNA team at the Institute of Genomics of the University of Tartu, 
Estonia, including Lehti Saag and Biancamaria Bonucci for the support in wet lab and bioinformatic analysis. The authors 
are grateful to Superintendence Archaeology, Fine Arts and Landscape of the Marche Region and to Superintendence 
Archaeology, Fine Arts and Landscape of the Toscana region.

Peer review information
Kevin Pang and Wenjing She were the primary editors of this article and managed its editorial process and peer review in 
collaboration with the rest of the editorial team.

Review history
The review history is available as Additional file 4.

Authors’ contributions
FRa, ED, CD and BT conceived the study; CD, SF, PG, MABDL and EC collected the samples and provided archaeologi-
cal background; FRa, HN and AS performed aDNA extraction and sequencing; FRa, LDG, FM, RH, MH, LP, FRi, CG and 
ED performed bioinformatic analyses; CLS, KT, MM, ED, FC and BT supervised the work; FRa, FM, CLS, KT, ED, FC and BT 
discussed and interpreted the results; FRa, ED and BT acquired the funding; FRa, ED and BT wrote the original manuscript 
with input from all the authors. All authors read and approved the final manuscript.

Funding
This study was supported by: EASI-Genomics 3rd Call for Transnational Access grant nr. PID15152 to BT, the EASI-Genomics 
project has received funding from the European Union’s Horizon 2020 research and innovation program under grant 
agreement No 824110; Gerda Henkel Foundation grant nr. 40/V/20 to ED, BT and FC; Sapienza University of Rome grants 
nr. RM12117A81385C5A, nr. RM122181691E0881, and nr. RM123188F697BDAE to BT; Sapienza University of Rome “Avvio 
alla Ricerca” grants nr. AR12218166B098F1, nr. AR2231888B0D5B90, nr. AR12117A8035EDED to FRa. LDG was supported by 
#NEXTGENERATIONEU (NGEU) and the Ministry of University and Research (MUR), National Recovery and Resilience Plan 
(NRRP), project MNESYS (PE0000006, DN. 1553 11.10.2022). FM was supported by Fondazione con il Sud (2018-PDR-01136) 
and by MUR (2022P2ZESR). FRa was supported by Sapienza University of Rome grants nr. RM12218167749457 to FC.

Data availability
The dataset generated in the current study is available in the European Nucleotide Archive (ENA, https://​www.​ebi.​ac.​uk/​
ena/​brows​er/​home) under Accession Number PRJEB77116 [102]. Published data used in this study and described more 
extensively in the main text are also listed here [8–10, 20, 21, 23, 24, 26–32, 57]. No other scripts and software were used 
other than those mentioned in the “Methods” section.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Biology and Biotechnologies ‘Charles Darwin’, Sapienza University of Rome, Rome, Italy. 2 Institute 
of Genomics, University of Tartu, Tartu, Estonia. 3 Department of Biosciences, Biotechnology and Environment, University 
of Bari, Bari, Italy. 4 Alan Turing Institute, London, UK. 5 McDonald Institute for Archaeological Research, University 
of Cambridge, Cambridge, UK. 6 Superintendence Archaeology, Fine Arts and Landscape for the Provinces of Frosinone 
and Latina, Ministry of Cultural Heritage, Rome, Italy. 7 Superintendence Archaeology, Fine Arts and Landscape of Ancona, 
Ministry of Cultural Heritage, Ancona, Italy. 8 Superintendence Archaeology, Fine Arts and Landscape for the Metropolitan 
City of Florence and the Provinces of Pistoia and Prato, Ministry of Cultural Heritage, Florence, Italy. 9 Department of Com-
munication Sciences, Humanities and International Studies, University of Urbino, Urbino, Italy. 10 Department of Cardiac, 
Vascular Sciences and Public Health, University of Padova, Padua, Italy. 11 Department of Cultural Heritage, University 
of Bologna, Ravenna, Italy. 12 Department of Zoology, University of Cambridge and St John’s College, University of Cam-
bridge, Cambridge, UK. 13 Institute of Molecular Biology and Pathology, CNR, Rome, Italy. 

Received: 19 March 2024   Accepted: 29 October 2024

References
	 1.	 Pallottino M. A History of Earliest Italy. University of Michigan Press; 1991.
	 2.	 Brisighelli F, Álvarez-Iglesias V, Fondevila M, Blanco-Verea A, Carracedo A, Pascali VL, et al. Uniparental markers of 

contemporary Italian population reveals details on its pre-Roman heritage. PLoS ONE. 2012;7:e50794.
	 3.	 Buti GG, Devoto G. Preistoria e storia delle regioni d’Italia: Una introduzione. Sansoni; 1974.
	 4.	 Bietti Sestieri AM. L’Italia nell’età del bronzo e del ferro: dalle palafitte a Romolo (2200–700 a.C.). Carocci; 2010.

https://www.ebi.ac.uk/ena/browser/home
https://www.ebi.ac.uk/ena/browser/home


Page 25 of 27Ravasini et al. Genome Biology          (2024) 25:292 	

	 5.	 Naso A. I Piceni: storia e archeologia delle Marche in epoca preromana. Longanesi; 2000.
	 6.	 Pallottino M. Etruscologia. Hoepli; 1984.
	 7.	 Broodbank C. The Making of The Middle Sea. Thames & Hudson; 2013.
	 8.	 Antonio ML, Gao Z, Moots HM, Lucci M, Candilio F, Sawyer S, et al. Ancient Rome: A genetic crossroads of Europe 

and the Mediterranean. Science. 2019;366:708–14.
	 9.	 Posth C, Zaro V, Spyrou MA, Vai S, Gnecchi-Ruscone GA, Modi A, et al. The origin and legacy of the Etruscans 

through a 2000-year archeogenomic time transect. Sci Adv. 2021;7:eabi7673.
	 10.	 Aneli S, Saupe T, Montinaro F, Solnik A, Molinaro L, Scaggion C, et al. The Genetic Origin of Daunians and the Pan-

Mediterranean Southern Italian Iron Age Context. Mol Biol Evol. 2022;39:msac014.
	 11.	 Delpino C. Necropoli del Piceno. Dati acquisiti e prospettive di ricerca. Dalla Valdelsa Al Conero Ric Archeol E 

Topografia Storica. Atti Convegno Internazionale Studi. 2015;11:287–303.
	 12.	 Delpino C. Infant and child burials in the Picene necropolis of Novilara (Pesaro): the 2012–2013 excavations. Stud 

Mediterr Archaeol. 2018;149:123–31.
	 13.	 Naso A. I Piceni: prospettiva archeologica. 2013. p. 151–65.
	 14.	 Laffranchi Z, Beck De Lotto MA, Delpino C, Lösch S, Milella M. Social differentiation and well-being in the Italian 

Iron Age: exploring the relationship between sex, age, biological stress, and burial complexity among the Picenes 
of Novilara (8th–7th c. BC). Archaeol Anthropol Sci. 2021;13:182.

	 15.	 Harper K. The Fate of Rome: Climate, Disease, and the End of an Empire. Princeton University Press; 2017.
	 16.	 Coia V, Paladin A, Zingale S, Wurst C, Croze M, Maixner F, et al. Ancestry and kinship in a Late Antiquity-Early Middle 

Ages cemetery in the Eastern Italian Alps. iScience. 2023;26:108215.
	 17.	 Brizio E. La necropoli di Novilara: presso Pesaro. R. Accademia dei Lincei; 1895.
	 18.	  Beinhauer KW. Untersuchungen zu den eisenzeitlichen Bestattungsplätzen von Novilara (Provinz Pésaro und 

Urbino, Italien): Archäologie, Anthropologie, Demographie, Methoden und Modelle. Listen, Ortsverzeichnis, Kata-
log und Tafeln. Haag und Herchen; 1985.

	 19.	 Cerri L, Delpino C, Lani V, Maestri C, Valli E. Pesaro. A necropolis from the 6th-7th centuries AD, adjacent to the 
Via Flaminia. TRADE: Transformations of Adriatic Europe (2nd–9th Centuries AD) Proceedings of the Conference in 
Zadar. 2016. p. 62–8.

	 20.	 Mallick S, Micco A, Mah M, Ringbauer H, Lazaridis I, Olalde I, et al. The Allen Ancient DNA Resource (AADR) a 
curated compendium of ancient human genomes. Sci Data. 2024;11:182.

	 21.	 Mallick S, Reich D. The Allen Ancient DNA Resource (AADR): A curated compendium of ancient human genomes. 
Harvard Dataverse; 2024. https://​datav​erse.​harva​rd.​edu/​datas​et.​xhtml?​persi​stent​Id=​doi:​10.​7910/​DVN/​FFIDCW

	 22.	 Alexander DH, Novembre J, Lange K. Fast model-based estimation of ancestry in unrelated individuals. Genome 
Res. 2009;19:1655–64.

	 23.	 Saupe T, Montinaro F, Scaggion C, Carrara N, Kivisild T, D’Atanasio E, et al. Ancient genomes reveal structural shifts 
after the arrival of Steppe-related ancestry in the Italian Peninsula. Curr Biol CB. 2021;31:2576-2591.e12.

	 24.	 Olalde I, Brace S, Allentoft ME, Armit I, Kristiansen K, Booth T, et al. The Beaker phenomenon and the genomic 
transformation of northwest Europe. Nature. 2018;555:190–6.

	 25.	 Allentoft ME, Sikora M, Sjögren K-G, Rasmussen S, Rasmussen M, Stenderup J, et al. Population genomics of Bronze 
Age Eurasia. Nature. 2015;522:167–72.

	 26.	 Lazaridis I, Alpaslan-Roodenberg S, Acar A, Açıkkol A, Agelarakis A, Aghikyan L, et al. The genetic history of the 
Southern Arc: a bridge between West Asia and Europe. Science. 2022;377:eabm4247.

	 27.	 Clemente F, Unterländer M, Dolgova O, Amorim CEG, Coroado-Santos F, Neuenschwander S, et al. The genomic 
history of the Aegean palatial civilizations. Cell. 2021;184:2565-2586.e21.

	 28.	 Damgaard P de B, Marchi N, Rasmussen S, Peyrot M, Renaud G, Korneliussen T, et al. 137 ancient human genomes 
from across the Eurasian steppes. Nature. 2018;557:369–74.

	 29.	 Marcus JH, Posth C, Ringbauer H, Lai L, Skeates R, Sidore C, et al. Genetic history from the Middle Neolithic to 
present on the Mediterranean island of Sardinia. Nat Commun. 2020;11:939.

	 30.	 Mathieson I, Lazaridis I, Rohland N, Mallick S, Patterson N, Roodenberg SA, et al. Genome-wide patterns of selec-
tion in 230 ancient Eurasians. Nature. 2015;528:499–503.

	 31.	 Fischer C-E, Pemonge M-H, Ducoussau I, Arzelier A, Rivollat M, Santos F, et al. Origin and mobility of Iron Age Gaul-
ish groups in present-day France revealed through archaeogenomics. iScience. 2022;25:104094.

	 32.	 Patterson N, Isakov M, Booth T, Büster L, Fischer C-E, Olalde I, et al. Large-scale migration into Britain during the 
Middle to Late Bronze Age. Nature. 2022;601:588–94.

	 33.	 Ceballos FC, Gürün K, Altınışık NE, Gemici HC, Karamurat C, Koptekin D, et al. Human inbreeding has decreased in 
time through the Holocene. Curr Biol CB. 2021;31:3925-3934.e8.

	 34.	 Gaj P, Habior A, Mikula M, Ostrowski J. Lack of evidence for association of primary sclerosing cholangitis and 
primary biliary cirrhosis with risk alleles for Crohn’s disease in Polish patients. BMC Med Genet. 2008;9:81.

	 35.	 Enattah NS, Sahi T, Savilahti E, Terwilliger JD, Peltonen L, Järvelä I. Identification of a variant associated with adult-
type hypolactasia. Nat Genet. 2002;30:233–7.

	 36.	 Amicone S, Freund KP, Mancini P, D’Oriano R, Berthold C. New insights into Early Iron Age connections between 
Sardinia and Etruria: Archaeometric analyses of ceramics from Tavolara. J Archaeol Sci Rep. 2020;33:102452.

	 37.	 Abulafia D. The Great Sea: A Human History of the Mediterranean. USA: Oxford University Press; 2011.
	 38.	 Moots HM, Antonio M, Sawyer S, Spence JP, Oberreiter V, Weiß CL, et al. A genetic history of continuity and mobil-

ity in the Iron Age central Mediterranean. Nat Ecol Evol. 2023;7:1515–24.
	 39.	 Antonio ML, Weiß CL, Gao Z, Sawyer S, Oberreiter V, Moots HM, et al. Stable population structure in Europe since 

the Iron Age, despite high mobility. eLife. 2024;13:e79714.
	 40.	 Haak W, Lazaridis I, Patterson N, Rohland N, Mallick S, Llamas B, et al. Massive migration from the steppe was a 

source for Indo-European languages in Europe. Nature. 2015;522:207–11.
	 41.	 Aneli S, Caldon M, Saupe T, Montinaro F, Pagani L. Through 40,000 years of human presence in Southern Europe: 

the Italian case study. Hum Genet. 2021;140:1417–31.

https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/FFIDCW


Page 26 of 27Ravasini et al. Genome Biology          (2024) 25:292 

	 42.	 Lazaridis I, Patterson N, Mittnik A, Renaud G, Mallick S, Kirsanow K, et al. Ancient human genomes suggest three 
ancestral populations for present-day Europeans. Nature. 2014;513:409–13.

	 43.	 Sarno S, Boattini A, Pagani L, Sazzini M, De Fanti S, Quagliariello A, et al. Ancient and recent admixture layers in 
Sicily and Southern Italy trace multiple migration routes along the Mediterranean. Sci Rep. 2017;7:1984.

	 44.	 Serrano JG, Ordóñez AC, Fregel R. Paleogenomics of the prehistory of Europe: human migrations, domestication 
and disease. Ann Hum Biol. 2021;48:179–90.

	 45.	 Peresani M, Monegato G, Ravazzi C, Bertola S, Margaritora D, Breda M, et al. Hunter-gatherers across the 
great Adriatic-Po region during the Last Glacial Maximum: Environmental and cultural dynamics. Quat Int. 
2021;581–582:128–63.

	 46.	 Arcuri F, Livadie CA, Maio GD, Esposito E, Napoli G, Scala S, et al. Influssi balcanici e genesi del Bronzo antico in 
Italia meridionale: la koinè Cetina e la facies di Palma Campania. Rivista di Scienze Preistoriche. 2016;66:77–94.

	 47.	 Gori M, Recchia G, Tomas H. The Cetina phenomenon across the Adriatic during the 2nd half of the 3rd millen-
nium BC: new data and research perspectives. 2017.

	 48.	 Borgna E. Di periferia in periferia. Italia, Egeo e Mediterraneo orientale ai tempi della koinè metallurgica. Riv Sci 
Preistoriche - LXIII. 2013;125–53.

	 49.	 Peroni R. La “koinè” adriatica e il suo processo di formazione. Jadranska Obala U Protohistoriji Kult Etnicˇki Probl. 
Zagreb; 1976. p. 95–115.

	 50.	 Bietti Sestieri AM, Lo SF. Alcuni problemi relativi ai rapporti fra l’Italia e la Penisola Balcanica nella tarda età del 
bronzo — inizi dell’età del ferro. Iliria. 1976;4:163–89.

	 51.	 Lucentini N. Riflessi della circolazione Adriatica. Piceni Ed Eur Atti Convegno. 2006.
	 52.	 Tarpini R. Elementi di koinè tra area danubiano-pannonica e Caput Adriae nella prima età del ferro. Preistoria E 

Protostoria Caput Adriae Studi Preistoria E Protostoria 5. 2018.
	 53.	 Myres NM, Rootsi S, Lin AA, Järve M, King RJ, Kutuev I, et al. A major Y-chromosome haplogroup R1b Holocene era 

founder effect in Central and Western Europe. Eur J Hum Genet. 2011;19:95–101.
	 54.	 Cruciani F, La Fratta R, Trombetta B, Santolamazza P, Sellitto D, Colomb EB, et al. Tracing past human male move-

ments in northern/eastern Africa and western Eurasia: new clues from Y-chromosomal haplogroups E-M78 and 
J-M12. Mol Biol Evol. 2007;24:1300–11.

	 55.	 Monsuur AJ, de Bakker PIW, Zhernakova A, Pinto D, Verduijn W, Romanos J, et al. Effective detection of human leu-
kocyte antigen risk alleles in celiac disease using tag single nucleotide polymorphisms. PLoS ONE. 2008;3:e2270.

	 56.	 Krause-Kyora B, Nutsua M, Boehme L, Pierini F, Pedersen DD, Kornell S-C, et al. Ancient DNA study reveals HLA 
susceptibility locus for leprosy in medieval Europeans. Nat Commun. 2018;9:1569.

	 57.	 Raveane A, Aneli S, Montinaro F, Athanasiadis G, Barlera S, Birolo G, et al. Population structure of modern-day Ital-
ians reveals patterns of ancient and archaic ancestries in Southern Europe. Sci Adv. 2019;5:eaaw3492.

	 58.	 Amorim CEG, Vai S, Posth C, Modi A, Koncz I, Hakenbeck S, et al. Understanding 6th-century barbarian social 
organization and migration through paleogenomics. Nat Commun. 2018;9:3547.

	 59.	 Eisenmann S, Bánffy E, van Dommelen P, Hofmann KP, Maran J, Lazaridis I, et al. Reconciling material cultures in 
archaeology with genetic data: The nomenclature of clusters emerging from archaeogenomic analysis. Sci Rep. 
2018;8:13003.

	 60.	 Meyer M, Kircher M. Illumina sequencing library preparation for highly multiplexed target capture and sequenc-
ing. Cold Spring Harb Protoc. 2010;2010:pdb.prot5448.

	 61.	 Malaspinas A-S, Lao O, Schroeder H, Rasmussen M, Raghavan M, Moltke I, et al. Two ancient human genomes 
reveal Polynesian ancestry among the indigenous Botocudos of Brazil. Curr Biol CB. 2014;24:R1035-1037.

	 62.	 Orlando L, Ginolhac A, Zhang G, Froese D, Albrechtsen A, Stiller M, et al. Recalibrating Equus evolution using the 
genome sequence of an early Middle Pleistocene horse. Nature. 2013;499:74–8.

	 63.	 Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet.journal. 
2011;17:10–2.

	 64.	 Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinforma Oxf Engl. 
2009;25:1754–60.

	 65.	 Martiniano R, Garrison E, Jones ER, Manica A, Durbin R. Removing reference bias and improving indel calling in 
ancient DNA data analysis by mapping to a sequence variation graph. Genome Biol. 2020;21:250.

	 66.	 Schubert M, Ginolhac A, Lindgreen S, Thompson JF, AL-Rasheid KA, Willerslev E, et al. Improving ancient DNA read 
mapping against modern reference genomes. Improving ancient DNA read mapping against modern reference 
genomes BMC Genomics. 2012;13:178.

	 67.	 Kircher M. Analysis of High-Throughput Ancient DNA Sequencing Data. In: Shapiro B, Hofreiter M, editors. Anc 
DNA Methods Protoc. Humana Press; 2012. p. 197–228.

	 68.	 Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map format and SAM-
tools. Bioinforma Oxf Engl. 2009;25:2078–9.

	 69.	 Jónsson H, Ginolhac A, Schubert M, Johnson PLF, Orlando L. mapDamage2.0: fast approximate Bayesian estimates 
of ancient DNA damage parameters. Bioinforma Oxf Engl. 2013;29:1682–4.

	 70.	 Jones ER, Zarina G, Moiseyev V, Lightfoot E, Nigst PR, Manica A, et al. The Neolithic Transition in the Baltic Was Not 
Driven by Admixture with Early European Farmers. Curr Biol CB. 2017;27:576–82.

	 71.	 Rasmussen M, Guo X, Wang Y, Lohmueller KE, Rasmussen S, Albrechtsen A, et al. An Aboriginal Australian genome 
reveals separate human dispersals into Asia. Science. 2011;334:94–8.

	 72.	 Korneliussen TS, Albrechtsen A, Nielsen R. ANGSD: Analysis of Next Generation Sequencing Data. BMC Bioinfor-
matics. 2014;15:356.

	 73.	 Huang Y, Ringbauer H. hapCon: estimating contamination of ancient genomes by copying from reference haplo-
types. Bioinformatics. 2022;38:3768–77.

	 74.	 Skoglund P, Storå J, Götherström A, Jakobsson M. Accurate sex identification of ancient human remains using DNA 
shotgun sequencing. J Archaeol Sci. 2013;40:4477–82.

	 75.	 Weissensteiner H, Pacher D, Kloss-Brandstätter A, Forer L, Specht G, Bandelt H-J, et al. HaploGrep 2: mitochondrial 
haplogroup classification in the era of high-throughput sequencing. Nucleic Acids Res. 2016;44:W58-63.



Page 27 of 27Ravasini et al. Genome Biology          (2024) 25:292 	

	 76.	 Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, et al. Twelve years of SAMtools and BCFtools. 
GigaScience. 2021;10:giab008.

	 77.	 Mathieson I, Alpaslan-Roodenberg S, Posth C, Szécsényi-Nagy A, Rohland N, Mallick S, et al. The genomic history of 
southeastern Europe. Nature. 2018;555:197–203.

	 78.	 Narasimhan VM, Patterson N, Moorjani P, Rohland N, Bernardos R, Mallick S, et al. The formation of human popula-
tions in South and Central Asia. Science. 2019;365:eaat7487.

	 79.	 Lazaridis I, Mittnik A, Patterson N, Mallick S, Rohland N, Pfrengle S, et al. Genetic origins of the Minoans and Myce-
naeans. Nature. 2017;548:214–8.

	 80.	 Martiniano R, De Sanctis B, Hallast P, Durbin R. Placing Ancient DNA Sequences into Reference Phylogenies. Mol 
Biol Evol. 2022;39:msac017.

	 81.	 Yu G, Smith DK, Zhu H, Guan Y, Lam TT-Y. ggtree: an r package for visualization and annotation of phylogenetic 
trees with their covariates and other associated data. Methods Ecol Evol. 2017;8:28–36.

	 82.	 Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, et al. PLINK: a tool set for whole-genome 
association and population-based linkage analyses. Am J Hum Genet. 2007;81:559–75.

	 83.	 Kuhn JMM, Jakobsson M, Günther T. Estimating genetic kin relationships in prehistoric populations. PLoS ONE. 
2018;13:e0195491.

	 84.	 Fernandes DM, Cheronet O, Gelabert P, Pinhasi R. TKGWV2: an ancient DNA relatedness pipeline for ultra-low 
coverage whole genome shotgun data. Sci Rep. 2021;11:21262.

	 85.	 Auton A, Abecasis GR, Altshuler DM, Durbin RM, Abecasis GR, Bentley DR, et al. A global reference for human 
genetic variation. Nature. 2015;526:68–74.

	 86.	 Patterson N, Price AL, Reich D. Population structure and eigenanalysis. PLoS Genet. 2006;2:e190.
	 87.	 Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D. Principal components analysis corrects for 

stratification in genome-wide association studies. Nat Genet. 2006;38:904–9.
	 88.	 Francis RM. pophelper: an R package and web app to analyse and visualize population structure. Mol Ecol Resour. 

2017;17:27–32.
	 89.	 Patterson N, Moorjani P, Luo Y, Mallick S, Rohland N, Zhan Y, et al. Ancient admixture in human history. Genetics. 

2012;192:1065–93.
	 90.	 Harney É, Patterson N, Reich D, Wakeley J. Assessing the performance of qpAdm: a statistical tool for studying 

population admixture. Genetics. 2021;217:iyaa045.
	 91.	 Skourtanioti E, Erdal YS, Frangipane M, Balossi Restelli F, Yener KA, Pinnock F, et al. Genomic History of Neolithic to 

Bronze Age Anatolia, Northern Levant, and Southern Caucasus. Cell. 2020;181:1158-1175.e28.
	 92.	 Wangkumhang P, Greenfield M, Hellenthal G. An efficient method to identify, date, and describe admixture events 

using haplotype information. Genome Res. 2022;32:1553–64.
	 93.	 Hui R, D’Atanasio E, Cassidy LM, Scheib CL, Kivisild T. Evaluating genotype imputation pipeline for ultra-low cover-

age ancient genomes. Sci Rep. 2020;10:18542.
	 94.	 Browning BL, Browning SR. Genotype Imputation with Millions of Reference Samples. Am J Hum Genet. 

2016;98:116–26.
	 95.	 Browning SR, Browning BL, Zhou Y, Tucci S, Akey JM. Analysis of Human Sequence Data Reveals Two Pulses of 

Archaic Denisovan Admixture. Cell. 2018;173:53-61.e9.
	 96.	 McCarthy S, Das S, Kretzschmar W, Delaneau O, Wood AR, Teumer A, et al. A reference panel of 64,976 haplotypes 

for genotype imputation. Nat Genet. 2016;48:1279–83.
	 97.	 Browning BL, Browning SR. Detecting identity by descent and estimating genotype error rates in sequence data. 

Am J Hum Genet. 2013;93:840–51.
	 98.	 Ariano B, Mattiangeli V, Breslin EM, Parkinson EW, McLaughlin TR, Thompson JE, et al. Ancient Maltese genomes 

and the genetic geography of Neolithic Europe. Curr Biol. 2022;32:2668-2680.e6.
	 99.	 Schroeder H, Margaryan A, Szmyt M, Theulot B, Włodarczak P, Rasmussen S, et al. Unraveling ancestry, kinship, and 

violence in a Late Neolithic mass grave. Proc Natl Acad Sci U S A. 2019;116:10705–10.
	100.	 Ringbauer H, Novembre J, Steinrücken M. Parental relatedness through time revealed by runs of homozygosity in 

ancient DNA. Nat Commun. 2021;12:5425.
	101.	 Chaitanya L, Breslin K, Zuñiga S, Wirken L, Pośpiech E, Kukla-Bartoszek M, et al. The HIrisPlex-S system for eye, hair 

and skin colour prediction from DNA: Introduction and forensic developmental validation. Forensic Sci Int Genet. 
2018;35:123–35.

	102.	 Ravasini F, Kabral H, Solnik A, Gennaro L de, Montinaro F, Hui R, et al. The Genomic portrait of the Picene culture: 
new insights into the Italic Iron Age and the legacy of the Roman Empire in Central Italy; PRJEB77116. European 
Nucleotide Archive (ENA); 2024. https://​www.​ebi.​ac.​uk/​ena/​brows​er/​view/​PRJEB​77116

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://www.ebi.ac.uk/ena/browser/view/PRJEB77116

	The genomic portrait of the Picene culture provides new insights into the Italic Iron Age and the legacy of the Roman Empire in Central Italy
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	The Picene and the genomic landscape of the Italic Iron Age
	Social structure and mobility in pre-Roman Central Italy
	The genetic legacy of the Roman Empire in the Middle Adriatic area
	Phenotypic shifts in Italy from the Copper Age to modern times

	Discussion
	The Picenes in the context of Central Italian IA
	Corridors and barriers: the Adriatic Sea and the Apennines
	After the Romanization

	Conclusions
	Methods
	DNA extraction
	Library preparation and sequencing
	Mapping
	aDNA authentication and contamination rate
	Genetic sex estimation
	mtDNA haplogroups assignment
	Y chromosome haplogroup assignment and phylogeny
	Variant calling on autosomes
	Design of datasets for genomic analysis
	Kinship analysis
	Principal component analysis
	Admixture analysis
	Outgroup f3 statistic
	D-statistic
	qpWaveqpAdm analysis
	f4 NNLS analysis
	Genome imputation
	Identity-by-descent (IBD) analysis
	Runs of homozygosity
	Phenotype prediction

	Acknowledgements
	References


