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Life history and ancestry of the late Upper
Palaeolithic infant from Grotta delle
Mura, Italy

Owen Alexander Higgins 1,2,18 , Alessandra Modi 3,18 ,
Costanza Cannariato3,18, Maria Angela Diroma 3, Federico Lugli 1,
Stefano Ricci4, Valentina Zaro 3, Stefania Vai 3, Antonino Vazzana 1,
Matteo Romandini 1, He Yu 5, Francesco Boschin 4, Luigi Magnone 4,
Matteo Rossini4, Giovanni Di Domenico 6, Fabio Baruffaldi 7, Gregorio Oxilia8,
Eugenio Bortolini1, Elena Dellù9, Adriana Moroni4, Annamaria Ronchitelli4,
Sahra Talamo 10,11, Wolfgang Müller 12,13, Mauro Calattini14, Alessia Nava 2,
Cosimo Posth 15,16, Martina Lari 3, Luca Bondioli 1,17, Stefano Benazzi1 &
David Caramelli 3

The biological aspects of infancy within late Upper Palaeolithic populations
and the role of southern refugia at the end of the Last GlacialMaximumare not
yet fully understood. This study presents a multidisciplinary, high temporal
resolution investigation of an Upper Palaeolithic infant fromGrotta delleMura
(Apulia, southern Italy) combining palaeogenomics, dental palaeohistology,
spatially-resolved geochemical analyses, direct radiocarbon dating, and tra-
ditional anthropological studies. The skeletal remains of the infant – LeMura 1
– were directly dated to 17,320-16,910 cal BP. The results portray a biological
history of the infant’s development, early life, health and death (estimated at
~72 weeks). They identify, several phenotypic traits and a potential congenital
disease in the infant, the mother’s low mobility during gestation, and a high
level of endogamy. Furthermore, the genomic data indicates an early spread of
the Villabruna-like components along the Italian peninsula, confirming a
population turnover around the time of the Last Glacial Maximum, and high-
lighting a general reduction in genetic variability from northern to southern
Italy. Overall, Le Mura 1 contributes to our better understanding of the early
stages of life and the genetic puzzle in the Italian peninsula at the end of the
Last Glacial Maximum.

The end of the Last GlacialMaximum (LGM) is a crucial period of great
transformation, characterised by the beginning of a general climate
improvement1 with new human expansions throughout southern
Europe and Italy2,3 and apparent changes in material culture, technol-
ogy, population structures and settlement patterns4–6. Despite recent
works2,3,7–9, the role of southern refugia is still not fully understood, and

even less is known for the biological aspects related to early life history
of late Upper Palaeolithic individuals. The study of both human life
history (e.g., ontogenetic patterns, biological profile, health) and
population dynamics (e.g., mobility patterns, social behaviour and
organisation, evolutionary trajectories) is of great importance for the
exploration and understanding of the impact the different glacial
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refugia, such as southern Italy, had on the cultural and genetic con-
tribution of post-LGM populations, as well as of the demographic
trajectories that occurred in the rapidly changing environment of late
Upper Palaeolithic Europe. In this respect, infant human fossil remains
have the potential to provide awide range of data on humanbiological
and cultural patterns, early life history, and the relationship between
different human groups. Nevertheless, high-resolution multi-
disciplinary investigations into the biological profile, life history and
ancient DNA (aDNA) of Upper Palaeolithic infants have so far been
limited4,10–13.

The infant of Grotta delle Mura (Apulia, southern Italy; Fig. 1) –
known as LeMura 1 –was discovered in the homonymous cave in 1998,
carefully covered by rock slabs, with no grave goods14 (Supplementary
Note 1). Based on stratigraphic association (Fig. 1b), the inhumated
remains were attributed to the final Epigravettian (Supplemen-
tary Note 1).

This study presents an in-depth analysis of the skeletal remains by
combining traditional anthropological studies, direct AMS radio-
carbon dating, dental palaeohistology, spatially resolved elemental
and isotopic analyses by LA-(MC-)ICPMS, and palaeogenomics for an
enhanced and high temporal resolution investigation into the chrono-
technological attribution, physiological development, biological pro-
file, early life history, genetic relatedness, and ancestry of this Upper
Palaeolithic infant with poor contextual information, contributing – at
the same time – to our better understanding of the genetic puzzle of
the Italian peninsula and its role as glacial refugia at the end of the Last
Glacial Maximum.

Results
The skeletal remains
The skeletal remains were in a good state of preservation and mostly
intact. From the length of the femur’s diaphysis, the infant’s height was
estimated at around 82 cm15, whereas the stage of dental and skeletal
development suggests an age at death between approximately 7.5
months and 1.5 years of age16 (Supplementary Note 2). Notably, a likely
fracture of the left claviculawas recorded and interpreted as a possible
consequence of complications during birth (Supplementary Note 2).
Two vertebral arches (a cervical and a lumbar) were selected and
sampled for direct AMS radiocarbon dating of the infant. Two separate
radiocarbon dates were obtained (Supplementary Data 1) and com-
bined using R_ Combine in OxCal 4.417 to determine the 14C age of the
remains, which were then calibrated to provide a calibrated calendar
age range of 17,320–16,910 cal BP (95.4% probability) (Supplemen-
tary Data 1).

Palaeohistology
The deciduous upper left first incisor (ULdi1; Fig. 2a) and the perma-
nent upper right first molar (URM1; Fig. 2b) were selected based on
known odontogenesis patterns for modern humans16,18,19 for palaeo-
histological and spatially resolved geochemistry analyses to cover the
broadest period of the infant’s development, from the foetal stage to
its premature death.

The ULdi1 presented no occlusal wear (stage 020), one caries, and
two hypoplastic linear defects21 on the buccal aspect of the crown. The
root is at stage R ¾ of formation22 (Supplementary Note 3). On the

Fig. 1 | Contextual information for the skeletal remains of LeMura 1. a Position
of Grotta delle Mura within the Italian peninsula (fromNASA Visible Earth project ‒
credits to Jacques Descloitres, MODIS Rapid Response Team, NASA/GSFC);

b Stratigraphy and complete cultural sequence at the site; the infant’s location
within the stratigraphy is highlighted (see Supplementary Note 1); c Photograph of
the infant burial during excavation (Photo by Mauro Calattini).
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histological thin section (Fig. 3a), the Neonatal Line (NNL; marking the
moment of birth23) and four accentuated lines (ALs; indicators of
physiological stress events24) are clearly identifiable (Fig. 3b). The
crown growth parameters (Supplementary Data 2) register a mean
daily secretion rate (DSR; the daily amount of enamel matrix secreted
by the ameloblasts25) within inner enamel and along the enamel den-
tine junction (EDJ) of 2.86 ±0.24 µmd−1 (n = 124) on the buccal side and
2.74 ±0.23 µmd−1 (n = 160) on the lingual side, in line with reported
ranges from archaeological and contemporary humans26,27. The
enamel extension rate (EER; the rate atwhich ameloblasts differentiate
along the EDJ, determining the speed of longitudinal crown
formation28), which in the buccal aspect of cuspal enamel (at a 78.84
µmd−1 rate during the first ~20-days of formation) is sensibly higher
than the lingual (Supplementary Data 2), also falls within reported
ranges26,28–30. The construction of an individual-specific odontochro-
nology (seemethods), based on the position of the NNL, indicates that
crown initiation (Ci) began in utero around 30 weeks before birth and
the crown reached completion (Crc) around 12 weeks after birth, for a
total crown formation time (CFT) of 42 weeks, portraying an early and
fast formation in comparison to published ranges and modern Eur-
opean averages16,26,29. The accentuated lines were recorded at −21, −11,
−5, and +3 weeks from birth, with the latter two (−5 and +3 weeks from
birth) corresponding to the formation of hypoplastic defects on the
enamel surface.

The URM1, with a large Carabelli’s tubercle (grade 531), is
approximately at Cr ½ stage of formation32. No enamel hypoplastic
defect is visible on its surface (Supplementary Note 3). On the thin
section, a clear NNL is not identifiable, hence, in line with average
timing of odontogenesis reported in literature16,19,25, birth was set at
crown initiation. The crown growth parameters of the paracone
(Supplementary Data 1) register a mean DSR within inner enamel and
along the EDJ of 3.11 ± 0.26 µmd−1 (n = 149) –with fewer peak variations
and generally higher values compared to the ULdi1 – which is within
previously reported values33,34. The initial EER in cuspal enamel is of
35.18 µmd−1 (within the first ~20-days of formation),with values slowing
down and flattening out along the tooth’s growth. Five ALs were
identified at 17, 20, 40, 45, and 52 weeks after birth. Since the crown of
the URM1 was not complete, the total CFT could not be estimated.
However, its stage of formation (Cr ½32) at as early as ~70 weeks
confirms, as for the previous tooth, the tendency to a slightly pre-
cocious development compared to modern European averages16,18.
The cessation of enamel secretion caused by the infant’s death was
used for an informed estimate of the age at death on a histological/
chronological basis at ~72 weeks (i.e. ~16.5 months) from birth, once a
minimum of 14 additional days were considered for the loss of the last
formed immature enamel35; a timing that alsofits wellwith the incisor’s
root formation stage (R ¾)16,22.

Spatially resolved geochemistry
Spatially resolved geochemical analyses of both ULdi1 and URM1 were
performed by LA-(MC-)ICPMS along the EDJ at ~100 µm from it (LA
tracks as in Fig. 3 and Supplementary Fig. 1). Descriptive statistics of
the elemental content are reported in Supplementary Data 3, whereas
detailed elemental content is reported in Supplementary Data 4. Ele-
mental profiles display a strong diagenetic overprint due to elevated U
and Mn concentrations, with the two teeth seemingly showing differ-
ent post-depositional pathways, likely due to their different stages of
mineralization (i.e., ULdi1 is fully mineralized, while URM1 is only
partially mineralized).

Along the entire EDJ path of the URM1, U concentrations are
strongly elevated (~22 µg/g on average), indicative of an overprint of
the biogenic signal. In contrast, [U] of ULdi1 is lower (~0.5 µg/g on
average, but still elevated relative to enamel free of diagenetic imprint;
Supplementary Fig. 2). Indeed, the Sr/Ca ratio displays a remarkable
correlation with both U and Mn profiles along the EDJ (fitted

Fig. 2 | Photographic record and virtual reconstruction of the sectioned teeth.
a Photographic record (left) and virtual reconstruction (right) of the ULdi1. In the
centre, virtual representation of the sectioning plane. b Photographic record (left)
and virtual reconstruction (right) of the URM1. In the centre, virtual representation
of the sectioning plane.

Fig. 3 | Histological thin section of the ULdi1. aHistological thin section of ULdi1
(buccal aspect on right, lingual aspect on left; laser ablation tracks still visible along
EDJ on lingual enamel and following prism orientation on buccal enamel and
dentine); b Close-up view of the buccal lateral aspect (yellow arrows indicate ALs
marking systemic stress events; the green arrow points to the NNL, marking the
moment of birth in the tooth’s enamel).
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generalized additive model (GAM) with Sr/Ca dependent [U] and [Mn]
independent variables R2 = 0.65, approximate significance of smooth
terms: Mn p <0.018, U p < 0.001), suggesting that the original in-vivo
signal is again masked by diagenetic alterations (Supplementary
Fig. 3). In both teeth, Ba seems to be preserved even worse than Sr,
showing a stronger correlation with U (ULdi1 fitted GAM R2 = 0.80,
approximate significance of smooth terms: Mn p =0.36, U p <0.001).
The low-U portions ([U] <0.1 ppm) of ULdi1 EDJ yield 87Sr/86Sr-ratios
between 0.7082 and 0.7084. Obtaining reliable 87Sr/86Sr ratios for
URM1 is hampered by the high Rb content (85Rb/86Sr up to 0.9, with an
average of 0.1); however, the lowest Rb/Sr portions of the profile (ca.
500 µm in length) show a mean 87Sr/86Sr ratio of 0.7082, consistent
with ULdi1 (Supplementary Fig. 4, Supplementary Data 5).

Palaeogenomics
Palaeogenomic analysis was carried out on the left petrous bone.
Through deep shotgun sequencing, we reconstructed 75.26% of the
genome with a mean coverage of ~2.21X (Table 1). Deamination and
fragmentation patterns were typical of ancient remains (up to ~17%
damage at both 5′ and 3′ ends of the reads and an average fragment
length of 47.72 bp)36 and the overall modern human DNA contamina-
tion was very low (mtDNA contamination: 3; X-chromosome: 0.52%
(SE = 1.299559× 10−3); ContamLD: −0.076 (SE 0.013)) (Table 1, Sup-
plementary Fig. 5, Supplementary Data 6 and 7). By comparing the
number of aligned reads on the sex chromosomes and autosomes, the
infant was determined as male (Supplementary Data 8). The mito-
chondrial genome belongs to the U2’3’4’7’8’9 haplogroup and the
Y-chromosome is assigned to the I2a haplogroup (sub-clade I2a1a1)
(Supplementary Discussion, Supplementary Data 9), some of themost
common mtDNA and Y lineages among the Italian hunter-gatherers
associated to the Epigravettian culture and belonging to theVillabruna
genetic cluster2,37–40.

Investigating the genetic relationships between Upper Palaeo-
lithic and Mesolithic hunter-gatherers from Eurasia (Supplementary
Discussion, Supplementary Data 10, 11, and 12), Le Mura 1 fell within
the Western hunter-gatherer (WHG) population (Principal Compo-
nent Analysis, Supplementary Fig. 6a), clustering closer to the Late
Upper Palaeolithic and Mesolithic specimens from Sicily, the Upper
Palaeolithic specimen from Arene Candide cave (AC16) and the
Mesolithic individuals from Grotta Continenza (Multi-Dimensional
Scaling, Fig. 4a and Supplementary Fig. 6b). Conversely, it exhibits
lesser affinity with coeval and later specimens from north-eastern
Italy, as confirmed by outgroup f3-statistics (f3(Le Mura 1, X; Mbuti),
where X represents alternative individuals listed in Supplementary
Data 10 (Supplementary Fig. 7), and f4-statistics analysis (Fig. 4b,
Supplementary Discussion, Supplementary Data 13 and 14). In parti-
cular, f4-statistics in the form f4(Le Mura 1, Group3; Group1/Group2,
Mbuti), where Group 3 are Late Upper Palaeolithic and Mesolithic
specimens from Sicily, and Group1/Group2 are alternative Epi-
gravettian/Mesolithic specimens respectively from northern and
central Italy (as defined in ref. 3), show that Le Mura 1 is mostly
symmetrically related to the later Sicilian hunter-gatherers (Fig. 4b;
Supplementary Discussion and Supplementary Data 13). Furtherly,
qpWave and qpAdm were utilised to model potential ancestral
sources for the Le Mura individual (Supplementary Data 15, 16, and
Supplementary Discussion). These analyses revealed that our gen-
ome from southern Italy can be modelled as deriving the entirety of
its ancestry from Villabruna-like ancestry.

Phylogenetic reconstruction using pairwise 1- outgroup f3 genetic
distance matrix indicates that, despite its ancient date, the Le Mura 1
genome exhibits a derived placement that branches off after the split
of northern (Pradis 1, Tagliente 2, Villabruna) and central Italian (AC16,
Continenza group) hunter-gatherers, but before the lineage separating
Sicilian individuals (Oriente C, San Teodoro 2, early Mesolithics from
Uzzo cave) (Fig. 5a; Supplementary Discussion). A simplified version of Ta
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the same phylogenetic relationships was specifically tested via
qpGraph (Fig. 5b and Supplementary Discussion). The analysis pro-
vided statistical support for a model in which the Le Mura 1 genome
closely related to a derived population in the southernmost region of
Italy that settled Sicily possibly by crossing a temporary land-bridge
before the end of the LGM7,41,42 (Supplementary Data 17).

Pairwisemismatch rates (PMR) between the ItalianMesolithic and
Epigravettian individuals confirm a general decline of the genetic
variability along a North to South cline, with a more pronounced
reduction between north-eastern regions and the rest of the peninsula,
and later through the spread into Sicily. The pattern indeed suggests
that Le Mura 1 belongs to a population that exhibited a higher degree

Pradis

Tagliente2

AreneCandide16

Continenza LeMura1

SanTeodoro
OrienteC

Uzzo_EM

ElMiron
GoyetQ2

Paglicci12

Regions
Italy

Spain
France
Belgium
Switzerland
Luxembourg
Austria
Germany
Czech Republic
Hungary
Balkan
Romania
Ukraine
Latvia
Sweden

Russia
Georgia

Periods

Pre-LGM
Post-LGM
Late Glacial
Holocene hunter-gatheres

a

b

Villabruna

Fig. 4 |MDSplotandgenetic affinityamongpost-LGMItalianhunter-gatherers.
a Multi-Dimensional Scaling (MDS) plot of European hunter-gatherers based on
1 − f3(Le Mura 1, X; Mbuti.SDG). The dimensions are calculated using the reported
specimen and previously published hunter-gatherer groups or individuals listed in
Supplementary Data 6. Only labels of the populations mentioned in the main text
are reported (all labels are shown in Supplementary Fig. 6a); b f4-statistics com-
paring the affinity of Le Mura 1 with Late UP and Mesolithic individuals from Italy.
Filled and empty circles represent the significant (Z-score > |3|) and non-significant

Z-score respectively, associatedwith the statistics. Error bars show 1 × s.e.m. (black)
or 3 × s.e.m. (grey) of the f4 values estimated from 5 cM-block jackknife analysis.
The values of the f4-statistics suggest no recent interactions between tested indi-
viduals and Le Mura 1 (See Supplementary Data 9). The higher genetic affinity was
observed between LeMura 1 and the later Sicilian hunter-gatherers. In both figures,
samples dated to the Pre-LGM are coloured in blue, Post-LGM in green, Late Glacial
in magenta and Holocene hunter-gatherers in red. Source data are provided as a
Source Data file.
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of genetic variability than the Sicilian group (Supplementary Data 18;
Supplementary Fig. 8). To better investigate this issue, we performed
genome-wide analysis of long and shorter runs of homozygosity
(ROH)43. Le Mura 1 carries less than 100 centiMorgans (cM) of short
ROH segments (sROH 4–8 cM) (Supplementary Data 19), similarly to
the Epigravettian-related individuals from northern Italy3. Moreover,
the amount of long ROH (sROH>20= 213,69 cM) segmentsobserved
suggests close kinship between the infant’s parents (e.g., first cou-
sins) (Fig. 6).

Using f4-statistics, we assessed the genetic proximity of Italian
Epigravettian-related groups to El Mirόn or GoyetQ238, each repre-
senting two distinct genetic clusters associated with the Magdalenian
culture. Aware of the potential bias introduced by genotyping strate-
gies, Le Mura 1 seemsmore closely related to El Mirόn than specimens
from north-eastern Italy. However, among all the Italian Epigravettians
from west-central and southern Italy, El Mirόn has a stronger genetic
connection with the Epigravettian and early Mesolithic individuals
from Sicily, rather than with Le Mura 1 and Grotta Continenza (Sup-
plementary Data 20). Moreover, an extra genetic affinity was found
between Pop1 individuals and GoyetQ2 when Pop2 is Tagliente2
(f4(Pop1, Pop2; GoyetQ2, Mbuti)) (Supplementary Data 20) (Pop1 and
Pop2 are samples listed in Supplementary Data 20). This is true except
for Le Mura 1 (Le Mura 1, RIP; GoyetQ2, Mbuti f4 = 0.00172 Z = 2.216)
which showsno additional genetic relationshipwith individuals related
to GoyetQ2.

In addition, possible traces of local genetic continuity between
Gravettian individuals and early post-LGM Epigravettian populations
were assessed using f4-statistics, though no significant genetic signal
of Gravettian-related ancestry was found even when comparing pre-
and post-LGM genomes from southern Italy (Supplementary Data 21).

The estimation of Neanderthal DNA proportion using f4-ratio
statistics, using high-quality Neanderthal genome from Altai and Vin-
dija 33.1944 (Supplementary Discussion), estimated 2.25% (Standard
Error (SE): 0.4%) Neanderthal DNA in the infant (Supplementary
Figs. 9 and 10), like other post-LGM and present-day Europeans
(2.2–2.7%)45. However, applying methods described in ref. 46, with a
total of 194,076 SNPs (out of 221,482 informative variants), a late
admixture with Neanderthals along the lineage of Le Mura 1 was
detected dating back 814 +/− 122.77 generations, which was estimated
to 40,623 +/− 3560 years BP assuming 29 years per generation47, or
more recently if a 2.68/3.39-year shorter generation interval is
assumed, as recently suggested for West Eurasian populations48

(Supplementary Discussion, Supplementary Data 22 and Supplemen-
tary Fig. 11).

Additionally, functional and phenotypically interesting SNP sites
were targeted among those annotated in SNPedia49, with a unique
variant allele reported in dbSNP (build 153)50 (Supplementary Discus-
sion). Based on data from the 41 SNPs in the HIrisPlex-S panel51, the
infantmost likely hadblue eyes, dark skin and curly dark brown/almost
black hair (Supplementary Data 23). Additionally, we screened poly-
morphisms at two SNPs loci linked to lactase persistence (rs4988235
and rs182549) on the MCM6 gene, identifying in Le Mura 1 the ances-
tral alleles (Supplementary Data 24) that suggest the inability to digest
milk in adulthood, in line with previous observations in hunter-
gatherer populations52. Finally, a list of candidate SNPs associated with
several genetic disorders were analysed and two heterozygous muta-
tions in two different genes (TNNT2 and MYBPC3) encoding sarco-
meric proteins, linked to familial hypertrophic cardiomyopathy (FHC
or HCM) were observed with the highest genotype likelihood value
(loglikeratios to the most likely, scaled as log10, = 0) (Supplementary
Data 24)53,54.

Discussion
The direct AMS dating and its combination with traditional anthro-
pological, histological, geochemical, and genomic analyses of the
infant of Grotta delle Mura opens a broader perspective on the human
population in southern Italy at the end of the LGM.

The palaeohistological analysis offers a picture of the develop-
ment and odontogenic bio-rhythms during the foetal stage and early
infancy in the Upper Palaeolithic, which is of primary importance in
understanding potential changes that have occurred in the timing and
modality of dental development during gestation and its stage at birth.
While both DSRs and EERs fall within the reported ranges for the same
tooth classes from archaeological and contemporary humans26–30,33,34

suggesting comparable rates of tissue secretion across both the
crown’s thickness and length, the biochronological reconstruction of
the development highlights an earlier and abbreviated period of toot
formation (Ci at ~30 weeks before birth, Crc at ~12 weeks after birth,
and CFT of ~42 weeks) when compared to the published range of
values and to modern European averages16,18,26,29 (Supplementary
Data 2). This supports previous observations of generally faster dental
and skeletal development in pre-industrial infants and an Upper
Palaeolithic foetus also from Apulia12,26,55, aligning with the faster
spectrum of modern variability. Such findings advise caution

Fig. 5 | Population structure of the post-LGM Italian hunter-gatherers.
a Neighbour-joining tree of Italian Epigravettian and Mesolithic individuals based
on pairwise 1-outgroup f3 genetic distance matrix; b Phylogenetic relationship

graph of the main post-LGM Italian individuals modelled using qpGraph. Source
data are provided as a Source Data file.
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regarding the use of modern standards for archaeological and
paleoanthropological specimens.

The identification of nine ALs indicates that the infant experi-
enced at least as many different physiological stress events (two of
which developed hypoplastic defects). Their cause cannot be ascer-
tained due to the non-specificity of the stress markers; however, their
number draws a picture of severe physical stresses throughout his
development and life. The ALs in prenatal enamel (21, 11 and 5 weeks
before birth) – unusual during the sheltered intrauterine period,
though not unprecedented12,13,56 – may reflect the mother’s health
during pregnancy. Nevertheless, the detection of two variants in the
TNNT2 and MYBPC3 genes, suggesting a potential congenital heart
defect (FHC or HCM) – cause of arrhythmias, syncopes and sudden
cardiac arrest and death in young adults and children57,58 –may be able
to account for the peculiarly high number of stresses, and potentially
affecting his death, which was refined on a histological/chronological
basis at ~16.5 months from birth.

Due to the strong post-depositional elemental alteration that
affected relevant portions of the EDJ tracks, we cannot retrieve robust
dietary in-vivo information from the Sr/Ca profiles, and even less so
from Ba/Ca data. Yet, Sr isotopes from the unaltered enamel portions
where [U] is less than 0.1 ppm, can inform about the mobility of the
mother. Little is directly known about sub-seasonal humanmobility for
the Late Upper Palaeolithic, including Italian sites. The individual from
Grotte di Pradis (northern Italy)10 shows a remarkably variable intra-
tooth Sr isotopic composition, possibly linked to seasonal mobility
patterns of the human group.We need to stress that Grotte di Pradis is

characterized by quite heterogeneous geology, thus hampering a
direct comparisonwith southern Italian contexts,where the geological
bedrock is more homogenous and mainly composed of carbonate
rocks. Three Epigravettian individuals from Grotta Paglicci (also in
Apulia)4 display highly-radiogenic Sr isotopic compositions in their
deciduous teeth, suggesting they were born non-locally. On the other
hand, the Sr isotopic signature of LeMura 1 is fully compatiblewith the
local bioavailable Sr (see4 and Supplementary Fig. 4), suggesting that
themother of the individual was likely local/low-mobile during the last
months of her pregnancy.

Genome-wide analysis improved the information on the infant’s
biological profile (Supplementary Data 8, 23 and 24), determining the
individual asmale and with a phenotypic combination (blue eyes, dark
skin and curly dark brown, almost black hair) that was likely very
common among WHGs, since it has been inferred for several late
Upper Palaeolithic and Mesolithic individuals in south-western and
central Europe3,39,59,60. Moreover, the infant also appears to be the
offspring of close kin parents (Fig. 6). A recent study43 attributes
similar ROH lengths prevalently to first cousin unions and recorded
two other cases in the European Upper Palaeolithic (i.e., El Mirón and
Villabruna, in the Iberic and Italian peninsula, respectively). In ethno-
graphic literature, the union amongst first cousins – especially cross-
cousins – with the effect to reinforce clan/group ties, has recurrently
been documented61,62. However, this type of union has not commonly
been observed across most ancient populations and is not associated
with particular regions or chrono-cultural groups, though few cases of
high consanguinity were especially observed among members of

Fig. 6 | ROH in Mura’s autosomes. a ROH positions across the 22 autosomes are
marked in red, with map length in Morgan. b Distribution of observed ROH in Le
Mura 1 with the expected densities of ROH for certain degrees of parental rela-
tionship calculated in Ringbauer et al. c Le Mura 1’s ROH represented by vertical

bars, where the length of each bar corresponds to the four classes of ROH (dis-
tinguishedbydifferent colours).On the right, legendof expectedROHfor offspring
of close kin or for small populations, calculated in Ringbauer et al. Source Data for
are found in Supplementary Data 19.
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farming societies43,63. In this instance, the small group size, as sug-
gested by the reduced genetic diversity across the Italian peninsula,
might have contributed to the likelihood of it occurring.

The genomic data from Le Mura 1 are also important to inves-
tigate post LGM human population dynamics in southern Italy. Le
Mura 1 falls within the variability of the WHGs and shares the highest
genetic affinity with Mesolithic and Late Epigravettian individuals
from central Italy and Sicily, rather than with the coeval specimen
from northern Italy (Tagliente2) (Fig. 4a; Supplementary
Figs. 6a and 7), confirming the presence of a geographic rather than
chrono-cultural pattern of genetic variability in Italy. The presence of
Villabruna ancestry in southern Italy at least 17,000 years BP, toge-
ther with a highly derived genome of Le Mura 1 among the Italian
Epigravettian-related groups (Fig. 5), suggests the spread of
Villabruna-like components along the Italian peninsula during or
immediately after the LGM2,3. Our data, therefore, corroborate the
hypothesis of an early expansion of Villabruna ancestry in southern
Europe well before the Bølling-Allerød warming event3, and the lack
of Gravettian-related ancestry in Le Mura 1 directly shows that a
population turnover effectively occurred in southern Italy, where the
abrupt techno-typological transition from the late Gravettian to the
early Epigravettian technocomplex64 was likely influenced by a
demographic process linked with the spread of Villabruna-like
ancestry. However, genome-wide data from the Italian peninsula
dated to the LGM (~24,000–19,000 cal BP), essential to explore in
detail the genetic transformation observed between pre- and post-
LGM groups and to investigate the role of southern European refugia
during the LGM, are not currently available.

Consistent with a progressive north-to-south reduction of the
genetic variability previously recorded in the Italian Epigravettian and
Mesolithic hunter-gatherers3, Le Mura 1 exhibits a lower PMR value
than those found in Epigravettian and Mesolithic individuals from
northern and central Italy (Supplementary Data 18), marking a popu-
lation decline along the Italian peninsula favoured by its geographical
features. Progressing southwards, the ancestral population did not
admix with populations carrying distinct ancestries, as suggested by
qpAdm and qpWave results, which are consistent with a one-way
model where Villabruna is the unique ancestry component in LeMura
1. This scenario is further supported by mitochondrial genome data,
with individuals from both Grotta delle Mura and Riparo Tagliente
carrying mitochondrial DNA sequences of the generally rare
U2’3’4’7’8’9 clade (Supplementary Discussion and Supplementary
Data 25), but which is the most represented lineage among hunter-
gatherers from Sicily2,7,65–67. In contrast, later Epigravettian and Meso-
lithic individuals from northern and central Italy - such as Villabruna,
Arene Candide 16, Pradis 1, and Continenza 8 - dating from 14,000
BP3,38,66,68, harbour more differentiated mitochondrial DNA sequences
of the U5b lineage (Supplementary Fig. 12). The particular distribution
and the TMRCA of the U2’3’4’7’8’9 sequences among Italian hunter-
gatherers of 20,610 years BP (95% HPD: 17,817–23,743) (Supplemen-
tary Fig. 12; SupplementaryData 26, 27 and 28) thus appear compatible
with its spread across the peninsula via a singular population move-
ment.Overall, wecanhypothesise that the ancestry associatedwith the
Epigravettian culture reached Italy much earlier than 17,000 years BP
through a rapid expansion of a single source population, most likely
starting from north-east (as suggested by Pradis 1 and Tagliente2) to
then reach the most southern regions and Sicily. As shown here, Le
Mura 1 is basal to Sicilian hunter-gatherers (Fig. 5a), with which it also
shares a phylogenetically related mitogenome sequence (Supple-
mentary Data 25, Supplementary Fig. 12). Le Mura 1 could therefore
represent an ancestral population, characterised by a limited
group size and increased inbreeding – as evidenced by the close
genetic relationshipbetween his parents (Fig. 6) – thatwaswidespread
in the southern regions of the Italian peninsula during the latter phase
of the LGM and contributed to the peopling of Sicily. However, more

genomic data from Epigravettian individuals of continental southern
Italy are necessary to better investigate this issue.

Previous mitochondrial and genome-wide analyses on late Upper
Palaeolithic hunter-gatherers from theMediterraneanarea have shown
an early connection between different LGM refugia in southern
Europe3,8,38,40,66,67. We showed that ElMirόn has a higher genetic affinity
with individuals from central-western and southern Italy, including Le
Mura 1, than with Epigravettian individuals from north-eastern Italy
(i.e., Tagliente2, Villabruna and Pradis 1) (Supplementary Discussion,
Supplementary Data 18). This affinity is even higher in the Epi-
gravettian and early Mesolithic individuals from Sicily, confirming a
deep connection between glacial refugia during the LGM that mainly
involved the Tyrrhenian area of southern Italy8,66,67. Additionally, no
extra genetic affinity was observed between theMagdalenian GoyetQ2
from Belgium (central Europe) and the oldest Italian Epigravettian
specimens (Le Mura 1 and Tagliente2), whereas a higher amount of
shared genetic drift was detected between GoyetQ2 and late Epi-
gravettian and early Mesolithic individuals from Italy (Supplementary
Data 18). Genetic exchange between those different hunter-gatherer
groups (i.e., Magdalenian-related groups from central Europe and the
most recent Epigravettian-related groups from Italy) could suggest
increased mobility between Italy and central Europe across the Alps
after 17,000 years BP, thanks to an initial climatic amelioration after
the LGM. Even if more in-depth studies are needed, these contacts
seem to be also testified by some parallelisms in techno-economic
tendencies69 and by the sharing of genetically closely related domestic
dogs70.

On a different level, although no additional proportion of Nean-
derthal DNA was detected in our sample compared to other post-LGM
and present-day Europeans38 (Supplementary Figs. 9 and 10), the
tentative estimation of a Neanderthal late admixture along the lineage
of LeMura 1 at around40,000yearsBP (SupplementaryData 22) could
have important implications on the genetic relationship between early
modern humans and late Neanderthals in Europe. However, more
genome-wide data of post-LGM individuals from southern Europe are
needed to confirm the significance of this relatively late admixture.

Overall, the implementation of an advanced multidisciplinary
high-resolution approach within the Italian panorama, directly por-
trays the history of development, early life, health and death of a late
Upper Palaeolithic infant, zooming in on the dental growth patterns
during foetal development and early infancy, and contributing to the
observation of variations in the timing of odontogenic development
between pre-industrial andmodern societies12,26,55,71. In concert, it hints
at social dynamics within the group, highlighting the mother’s low
mobility during pregnancy and parental consanguinity. Furthermore,
the great genomic preservation contributed to our better under-
standing of the genetic puzzle in the Italian peninsula following the
Last Glacial Maximum, confirming a population turnover around the
time of the cultural transition from the Gravettian to the Epigravettian
technocomplex.

The infant from Grotta delle Mura represents an exceptional tes-
timony to the early phases of life and peopling of southern Italy, with
several implications for the interpretation of social and population
dynamics at the end of the LGM. These findings reinforce the impor-
tance of this period in the peopling history of the Italian peninsula and
the need for further biological data from early Epigravettian-
associated individuals.

Methods
The analytical set-up included the sampling of two vertebral arches
(cervical and lumbar) for AMS radiocarbon dating, the upper left first
deciduous incisor (ULdi1) and the upper right first permanent molar
(URM1) for histomorphometric and histochemical analyses, and the
sampling of the left petrous bone for aDNA analysis. Destructive
sampling was conducted under the permissions granted to the
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involved institutions by the Soprintendenza Archeologia, belle arti e
paesaggio per la città metropolitana di Bari within the Ministry of
Cultural Heritage and Activities and Tourism (MiBACT) (protocol
number 4997).

AMS radiocarbon analysis
Both vertebral samples were pretreated at MPI-EVA Leipzig. Sample
R-EVA 3275, which involved a small amount of bone material (Sup-
plementaryData 1), followed theprotocol described in ref. 72.Whereas
R-EVA 3276 followed the standard procedure described in ref. 73. Both
sampleswere demineralized in0.5MHCl at room temperatureuntil no
CO2 effervescence could be observed. 0.1M NaOHwas then added for
30min to remove humics. The NaOH step was followed by further
rinsing with 0.5M HCl for 15min. The samples were then gelatinized,
following74, in a pH3 solution at 75 °C for 20 h. The resulting gelatine
was first filtered in an Eeze-Filter™ (Elkay Laboratory Products (UK)
Ltd.) to remove small (<8 µm) particles and then through a 30kDa
ultrafilter (Sartorius “Vivaspin 15”)75. Prior to use, the filter was cleaned
to remove carbon-containing humectants73. The samples were lyo-
philized for 48 hours, and thosewith a satisfactory collagen yield (>1%)
and a C:N ratio between 2.9 and 3.5 were selected for dating73,76. The
collagen was combusted and converted to graphite using the AGE
system77 before beingmeasured at the AMS at the Klaus-Tschira-Labor
für Physikalische Altersbestimmung (Curt-Engelhorn- Zentrums für
Archaometrie), Mannheim, Germany78. Radiocarbon dates were cali-
brated in OxCal v4.417 using the IntCal20 calibration curve79.

Palaeohistology
Virtual acquisition of dental specimens. Prior to processing, the
dental specimens were micro-CT scanned at the IRCCS Istituto Orto-
pedico Rizzoli (Bologna) by using a Skyscan 1072 (Bruker Corp.). The
data acquisitions were performed at a voltage of 50kV, 197 µA, and a
voxel resolution of 16.45 µm for the ULdi1 and of 12.50 µm for the
URM1. The X-ray beam was filtered with by 1mm aluminium. The
exposure timewas set at 5936ms, and the image averagedon 2 frames,
with a 180° rotation and a rotation step of 0.9°. The images were
reconstructed with a Beam Hardening Correction of 25% and a Ring
Artifact Correction of 1 using NRecon software (Bruker Corp.).

Following processing, though before extraction from epoxy, the
specimensweremicro-CT scanned at theUniversity of Ferrara by using
amicrofocus X-ray tube (Hamamatsu L9421-02), a rotation stage and a
flat panel detector (Hamamatsu C14400DK-51). The data acquisitions
were performed at a voltage of 80 kVp, 80μA and a focal spot size of
nearly 5 μm. The X-ray beam was filtered by 1mm aluminium. A set of
720 images over an angular scan of 360° was acquired of each speci-
men with an integration time of 100ms. The planar images were dark
and flat corrected and reconstructed using a home-made software in a
3D volume with an isotropic voxel of 30μm.

Specimen processing. The dental elements were processed and
analysed at the Laboratory of Osteoarchaeology and Palaeoan-
thropology of the University of Bologna (Bones Lab), in Ravenna. The
sectioning protocol adapted the method described in ref. 11, consist-
ing of a composite embedding-cutting-mounting procedure, and
involved a thorough cleaning of all tool surfaces with absolute ethanol
in-between each step of the cutting-mounting process. Each specimen
was first coated with Crystalbond 509TM (Aremco Products, Inc.) and
then embedded in EpoThinTM 2 epoxy resin (Buehler). The favourable
cutting plane for both specimens was identified on a 3-dimensional
(3D) virtual reconstruction, which was generated from the micro-CT
images. The ULdi1 was sectioned along its central labio-lingual plane
and theURM1along thebucco-lingual planeof its paraconebyusing an
IsoMetTM low speed saw mounted with a 0.3mm thick IsoMetTM Dia-
mond Wafering Blade (Buehler). One of the resulting blocklets from
each tooth was then selected and gently grinded with P2500 abrasive

paper and polished with 1μm MetaDiTM Polycrystalline Diamond
Suspension (Buehler) to eliminate any saw marks, rinsed with demi-
neralisedwater, and left to dry. Thedryblockletswere then attached to
a microscope glass slide with EpoThinTM 2 epoxy resin (Buehler) and
left overnight at room temperature for full polymerisation. At which
point a second sectioning was performed to obtain single longitudinal
sections of ~300μmof thickness. Both sections were then grinded to a
thickness of ~150μmandpolishedwith 1μmMetaDiTMPolycrystalline
Diamond Suspension (Buehler), rinsed with demineralised water and
left to dry at room temperature. After LA-(MC-)ICPMS, the thin sec-
tions were furtherly grinded and polished to a more optimal thickness
of ~100μm for histological analysis.

Micrographic documentation of the thin sections at the different
stages of processing was acquired at 100× magnification under trans-
mittedpolarised lightwith anAxioscope 7microscopemounting a 208
colour camera (Zeiss). The micrographs were automatically taken and
assembled in a single image using the mosaic setting of ZenCore
3 software (Zeiss).

Finally, the blocklets containing the remaining portions of both
teeth – after being micro-CT-scanned (see above) – were shorty trea-
ted with acetone to remove the Crystalbond 509TM coating (Aremco
Products Inc.), allowing the extraction of the teeth portions from the
blocklets of epoxy resin and their restoration through the use of
reverse engineering and rapid prototyping by adapting the method
described in ref. 74 (below).

Histomorphometric analysis. The micrographs of the thin sections
were opened with Adobe Photoshop (Adobe Inc.), on which a chron-
ological framework based on the dental enamel microstructures was
constructed adapting methods described in literature30,80. A first seg-
mentwas traced following the local prismorientation from thedentine
horn to an isochronous line (Retzius line) in the enamel, which was
then followed back down to the EDJ (enamel dentine junction). From
this intersection, a new segment was traced following the local prism
orientation to another isochronous line, which was also followed back
down to the EDJ. This zig-zagmotionwas repeated to the crowncervix.
All prism segmentswere tracedwithin 100μmfor the ULdi1 andwithin
200μm of length for the URM1. Following, the image with the chron-
ological framework was opened on ImageJ 1.54b software81, where all
measurements were performed (e.g., prism segments, EDJ lengths,
lengths of Laser Ablation tracks) The time (in days) expressed by each
prism length was estimated dividing its value by the local mean of
inner enamel DSRs, which in turn was calculated by measuring visible
consecutive cross-striations and dividing each length by the corre-
sponding number of cross striations. The total crown formation time is
equal to the sum of the selected prism segments. The local EER was
calculated by dividing the EDJ length between each two selected prism
segments by the number of days represented by the corresponding
prism segment.

Spatially resolved geochemical analyses
Spatially resolved elemental and strontium (Sr) isotopic analysis, by
Laser Ablation (Multi-Collector) Inductively Coupled Plasma Mass
Spectrometry (LA-MC-ICPMS) was carried out on the same thin sec-
tions used for paleohistological investigation at the Frankfurt Isotope
and Element Research Center (FIERCE) at Goethe University Frankfurt,
Germany, closely following analytical protocols described by Müller
et al.82 and Müller and Anczkiewicz83, respectively. The tracks were
performed in continuous profilingmode, always following the enamel-
dentine junction from apex to cervix (within 100μm distance) and
along selected prisms. Themicrographs of the thin sections displaying
the tracks left by the ablation were superimposed onto the micro-
graphs used for the histomorphometric analysis and onto the chron-
ological framework itself. This allowed the temporal attribution of
multiple points along the ablation tracks. The distance along the
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ablation track of each temporally-known point was recorded through
ImageJ 1.54b81 and the translation of the spatial information into
enamel (secretion) chronologies and the smoothing of the elemental
and isotopic profiles were carried out using R software environment
for statistical computing (v 4.2.3)84 and a local polynomial regression
fitting85.

Restoration of dental specimens
The here-described protocol for physical restoration, adapted from
ref. 86, involved a composite procedure consisting in: a) the µCT
scanning of the original specimens; b) histological sectioning; c) the
µCT scanning of the specimens after sectioning; d) the building of the
digital 3D surfaces of the specimens before and after sectioning; e) the
reconstruction of the digital models of the extracted portions by
subtracting the 3D surfaces of the preserved portions (after section-
ing) from the surfaces of the intact specimens (before sectioning) by
using reverse engineering techniques; f) the prototyping of the
extracted portions to be integrated; g) the application of the proto-
types through the use of compatible and reversible adhesives (Sup-
plementary Fig. 13).

The following is a detailed description of the work plan applied:
a. The teeth were measured using microcomputed tomography

scanners.
b. The ULdi1 was sectioned along its central labio-lingual plane and

the URM1 along the bucco-lingual plane of its paracone by using
an IsoMetTM low speed sawmountedwith a 0.3mm thick IsoMetTM

Diamond Wafering Blade (Buehler). Single longitudinal thin
sections of ~300μm of thickness were obtained.

c. An additional computed tomographic scan was performed on the
teeth following the sampling.

d. µCT image data (pre- and post-sectioning) were segmented semi-
automatically using Avizo Lite 9.2.0 software (Thermo Fisher
Scientific) to render the pre- and post-sectioning 3D digital
models, which were then imported in Geomagic Design X (3D
Systems) for cleaning processes and for the correction of
incidental defects (e.g., filling of small holes) to create fully closed
surfaces.

e. The digital surfaces (of the specimensbefore and after sectioning)
were overlaid using the overlay algorithms found in Geomagic
Design X software. To extract the missing portion of the tooth,
best-fit planes were generated on the surfaces of the sectioning
cut present on the preserved fragment model (post-sectioning).
The same planes were then used to divide the digitalmodel of the
whole tooth into three portions: the sectioned portion and the
two preserved portions. The result is a distinct three-dimensional
model of themissing portion. In the case of URM1, some channels
were created through the model to allow expansion of the glue
when the printed prototype would be applied to the original
portions of the tooth; this was not possible for ULdi1 due to
constraints linked to the model’s size.

f. Exact replicas of the sectioned portions were reproduced with
rapid prototyping technology (LCD Stereolithography (SLA))
using a PhotonMONOX3Dprinter (Anycubic). Theprototypewas
produced using Anycubic resin with a layer thickness of 0.05mm,
UV Matrix 405 nm LED lighting sources and slicing Chitubox
V1.9.1 software.

g. Finally, the printed replicas were applied between the preserved
portions of the original specimens by using compatible and
reversible glues (specifically UHU extra gel Polyvinylester) (Sup-
plementary Figs. 14, 15).

Paleogenomics
Laboratory work and bioinformatics analysis. Genetic analysis was
carried out at the Laboratoryof Anthropology (University of Florence),
in facilities exclusively dedicated to aDNA analysis and following strict

guidelines to minimise the risk of modern human DNA
contamination87,88. Moreover, negative controls were processed
alongside each experimental step and they did not exhibit humanDNA
(Supplementary Data 6). After removal of the environmental con-
taminants from the outer layer of the bone by brushing and UV light,
approximately 50 milligrams of bone powder was recovered from the
inner part of the petrous bone and used for DNA extraction83. A
double-strand and double indexed library89,90 with partial uracil-DNA
glycosylase91 was generated to reduce the impact of deaminations and
improve the subsequent analyses. Library underwent shallow shotgun
sequencing and mitochondrial DNA capture92 to assess the overall
endogenous DNA content and preservation. The same library was
subsequently sequenced on an entire S2 flow cell of the Illumina
NovaSeq 6000 with 2 × 50 + 8 + 8 cycles.

Bioinformatic analysis of shotgundata: readsprocessing,mapping,
variant calling and sex identification. After demultiplexing, raw reads
were pre-processed and filtered for sequencing quality and fragments
length using EAGER pipeline93. Merged reads longer than 30 bp were
thenmapped to the hg19 human reference genome using BWA v.0.6.2
(parameters: -n 0.01, -l 16500)94; reads with mapping quality below 30
were discarded. PCR duplicates were removed using DeDup34. The
analysis of the first shallow whole genome shotgun sequencing
showed a total humanDNA content of 22.46%, with a deamination rate
of 17% on both ends of the reads and an average fragment length of
<50 bp (Table 1 and Supplementary Data 6), confirming the presence
of authentic ancient DNA molecules.

Data from deep sequencing were used for subsequent analysis
after trimming of the 4 bp at both termini of the sequences. Pseudo-
haploid genotype was called by randomly choosing an allele at each
site using pileupCaller tool95 with base andmapping quality set to 30. A
total of 1,080,593 SNPs overlapping with the 1240K SNPs Array were
recovered. Then our data was merged with previously published
modern and ancient genotype data collected on 1240K dataset (AADR
v44.3)96,97 available at https://reich.hms.harvard.edu/allen-ancient-
dna-resource-aadr-downloadable-genotypes-present-day-and-ancient-
dna-data, plus the addition of useful ancient individuals2,3,40,67,98 and
with ancient individuals from the Edmond Data Repository of the Max
Planck Society available at https://edmond.mpdl.mpg.de/dataset.
xhtml?persistentId=doi:10.17617/3.Y1KJMF99.

Genetic sex was determined comparing the coverages on the sex
chromosomes and autosomes. We also calculated the ratio of the
reads aligning to the Y chromosome to the reads mapping to either X
and Y chromosomes as described in ref. 100. Additionally, the ratio of
X chromosome-mapped reads to the autosomal coverage was esti-
mated (Supplementary Data 8)101. In all cases, LeMura 1 is attributed to
male sex.

Authentication of the results. The authenticity of the data was further
assessed in silico with several methods. Firstly, post-mortem degra-
dation (i.e., short sequence length and high percentage of nucleotide
misincorporation at the end of reads) was evaluated with
mapDamage2.0102. Exploiting the male genetic sex attribution of the
specimen, nuclear contaminationwas estimated on deep shotgun data
by measuring levels of heterozygosity of the X chromosome103, using
the ANGSD pipeline104. Moreover, the degree of mitochondrial DNA
contamination was used as an indirect estimate of the nuclear con-
tamination level together with the mtDNA/nDNA ratio105 in shotgun
sequencing (see Supplementary Data 6 and 25).

Finally, we applied contamLD method106 based on breakdown of
linkage disequilibrium when there are human contaminations in the
ancient sample. Only reads withmapping quality ≥30 were considered
for the analysis. Linkage pattern was determined using the panel of
1240K sites downloaded from https://reichdata.hms.harvard.edu/
pub/datasets/release/contamLD/. For Le Mura 1 individual, the
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Finnish in Finland (FIN) panel - representing the present-day European
population with the most shared genetic drift, determined by the
outgroup-f3 statistics analysis - yielded a contamination estimate of
−0.076 (SE 0.013). Negative value indicates a very low contamination
level, in agreement with X chromosome contamination estimate
obtained (Supplementary Data 7).

Uniparental markers analysis. Raw reads from the mtDNA capture
library was pre-processed and mapped against the revised Cam-
bridge Reference Sequence, rCRS (GenBank Accession Number
NC_012920) using BWA94 integrated in EAGER (CircularMapper)93,
with the same parameters as above. Only reads with mapping quality
>30 were used for estimating deamination rates and assembling the
endogenous consensus sequence using schmutzi107 setting:
--lengthDeam 2, --uselength. For contamination estimation, we first
applied ContDeam which computes contamination level using dea-
mination patterns: 7.5% of contamination was obtained (Supple-
mentary Data 25). This estimate is refined in subsequent iterations of
the schmutzi program to promote endogenous consensus calling.
Additionally, for the consensus sequence reconstruction, quality
cutoff was set at 20 and bases with individual likelihood lower than
this value were considered as unassigned positions (Ns). In the last
iterations, present-day human contamination was evaluated using a
database of 256 Eurasian mitochondrial genomes distributed with
schmutzi tool107. Complete mitochondrial genome was recon-
structed with a depth of coverage of ~120X and with a final modern
human contamination level estimated to 3% (Supplementary
Data 25). Mitochondrial haplogroup was determined with
Haplogrep2108,109 on the command line, using fasta file as input. Le
Mura 1 was assigned to the U2’3’4’7’8’9 lineage.

A Maximum Parsimony (MP) tree was constructed to infer the
phylogenetic position of the mitochondrial consensus sequence of Le
Mura 1. MUSCLE software110 was used to perform a multiple alignment
between the 54 present-day mtDNAs111 and 76 Upper Palaeolithic and
Mesolithic Eurasian specimens (Supplementary Data 26). A Nean-
derthal mtDNA genome (Feldhofer 2, FM865408112,) was included as
phylogenetic out-group. From the aligned sequences, we removed
poly-C regions and AC-indels (positions 16180–16193, 303–315,
515–524 and 573–576) and mutational hotspot (nucleotide position
16519). Maximum Parsimony tree was built using MEGAX113, with Sub-
tree Pruning and Regrafting (SPR) algorithm and 99% partial deletion,
as proposed in ref. 114. The phylogeny was tested with the bootstrap
method and 1000 replications.

The age node of the U2’3’4’7’8’9 mitochondrial lineage was esti-
mated using a Bayesian statistic approach. The dataset used consist of
54modernmtDNAs and 67 ancientmitogenomes (including Feldhofer
2 as out-group) dated between 45,000 to 6500 BP (Supplementary
Data 27), aligned byMUSCLE software110. After removal of all positions
with gaps, a total of 16544 sites were retained and analysed with
jModelTest v2.1.7115,116. Hasegawa–Kishino–Yano with invariant sites
and gamma distributed rates (HKY +G+ I) was identified as the best-
fittingmodel of evolution according to theAICandBIC criteria andwas
selected in the Bayesian analysis with BEAST v1.10.4117. Estimated
mutation rate (2.57 × 10−8 mutations/site/year, 95% HPD:
2.21 × 10−8–2.94 × 10−8) was set and a Bayesian Skyline coalescent with
20 as group number with a strict molecular clock model were used as
priors114. The tip dates of the ancient sampleswere indicated according
to their radiocarbon calibrated BP ages and considering their con-
fidence intervals as uniform priors. Tip dates of zero were selected for
present-day mtDNA sequences. MCMC was performed with
50,000,000 iterations and trees were sampled every 1000 genera-
tions. Effective sample sizes (ESS) values and the adequate con-
vergence of the MCMC chains were checked using Tracer v1.7.1118. A
Maximum Clade Credibility (MCC) tree was generated with TreeAn-
notator v.2.6.2119 after discarding the first 10% of iterations as burn-in,

visualized and edited by FigTree v1.4.3 (http://tree.bio.ed.ac.uk/
software/figtree/).

Y chromosome haplogroup was inferred from deep shotgun data
usingYleaf v2.2 software120. A totalof 22,965Y-SNPmarkers coveredby
at least 2 reads (-r) with mapping quality above 30 (-q) were used for
haplogroup classification, assigning themost derived lineage. To avoid
miscalling, the automated haplogroup predictions were subsequently
manually verified, checking the marker positions and their state
(ancestral or derived) in the phylogenetic tree in the ISOGG data-
base v.15.73.

Population genetic analysis. The genetic relationship between Le
Mura 1 and 115 Eurasian Upper Palaeolithic and Mesolithic hunter-
gatherers previously published2,3,37,39–41,59,60,98,121–134 (with at least 30,000
SNPs covered at least once following38) (Supplementary Data 10) was
computed by calculating an outgroup f3-statistics (Supplementary
Data 10 and 11) using the qp3Pop program from ADMIXTOOLS
(v7.0.1)135. The pairwise dissimilarity (1-f3) matrix was applied in the
Multi-Dimensional-Scaling (MDS) analysis, computed using the
cmdscale() function of R.

The Principal Component Analysis (PCA) was carried out on 58
present-day western Eurasian populations of the 1240K HO dataset
(v44.3) using the smartpca software (EIGENSOFT v7.2.1) with lsqpro-
ject and shrinkmode set to YES, to minimize the effect of missing data
in ancient individuals. Le Mura 1 and other ancient comparison indi-
viduals (Supplementary Data 12) were projected on the calculated PCs
(Supplementary Fig. 6a).

The genetic relationships between Le Mura 1 and the other Italian
Epigravettian hunter-gatherers were explored by reconstructing phy-
logeny using pairwise 1- outgroup f3 genetic distance matrix. Indivi-
duals of this cultural transect were grouped into three different
genetic clusters according to their geographical origin, as suggested in
ref. 3. The basal “Group 1” that includes the samples from North-
Eastern Italy: Tagliente 2, date to 17 ka; Villabruna, 14 ka and Pradis,
13 ka; “Group 2” consisting of the AC16 (13 ka) from Arene Candide
cave located in northeastern Italy the Mesolithic hunter-gatherers
fromGrotta Continenza (12–9 ka) in central Italy; and themost derived
“Group 3” comprising Sicilian hunter-gatherers from Grotta d’Oriente,
OCdated to 14 ka, 3 individuals fromSanTeodoro cave (15–13 ka) year-
old, and two early Mesolithic specimens from Uzzo cave, dated to
10 ka. Several f4 statistics (Supplementary Data 13, 14, 20 and 21) were
calculated using the qpDstat program from ADMIXTOOLS (v7.0.1)136

with the parameter f4mode: YES on 1240K panel to increase the
number of SNPs used in the analyses. The corresponding standard
errors were calculated with the default block jacknife.

Admixture graph was reconstructed using the qpGraph 7365 tool
in ADMIXTOOLS 7.0.1 package with default parameters and also using
“useallsnps” set to NO (Fig. 5b and Supplementary Data 17).

The software hapROH version 0.4a143 was used to detect ROH
segments from the Le Mura 1’s pseudo-haploid genotypes. We used
default parameters that are optimized to detect runs of homozygosity
longer than 4 centimorgan (cM) on pseudo-haploid data with at least
400K SNPs on 1240K panel using 5008 haplotypes of present-day
human (from 1000 Genomes) as reference. We report values (Sup-
plementary Data 19) for sROH 4–8 cM and sROH >20cM that are
representative of background relatedness and close kin unions
respectively43.

Neanderthal ancestry estimation. We computed D and f4-ratio sta-
tistics to test whether Le Mura 1 admixed with archaic humans and to
estimate the proportion of Neanderthal ancestry, respectively. We
applied ADMIXTOOLS (v7.0.1)136 to genotypes related to the 1240K
SNP panel (v44.3)124,137,138. Other ancient and present-day modern
individuals with known ancestry were chosen as terms for comparison
due to their close dating with respect to LeMura 1 (i.e., Tagliente 2 and
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Villabruna) or their significantly low or high proportion of archaic
ancestry (14 Mbuti individuals and Oase 1 for Neanderthal ancestry, 29
Papuan and 2 Australian individuals for Denisovan ancestry) (Supple-
mentary Figs. 10 and 11). Following previous approaches136, the D sta-
tistics was calculated in the form D(X, Yoruba; Archaic, Ancestral)
where “Archaic”was alternately the high-coverage Neanderthal Vindija
33.19 or Denisova 3 genome139,140, X represents Le Mura 1, and more
generally each of the samples/populations tested, chimp was used as
ancestral reference, and “Yoruba” refers to 24 Yoruba individuals from
the AADR resource96,97 (https://reich.hms.harvard.edu/allen-ancient-
dna-resource-aadr-downloadable-genotypes-present-day-and-ancient-
dna-data, version 44.3). The f4-ratio was computed in the form
f4(A,O;X,C)/f4(A,O;B,C) where X represents each tested sample/
population, A and B correspond to Altai46 and Vindija Neanderthals,
respectively, C refers to Yoruba, and chimp was used as
outgroup (“O”).

Dating of Neanderthal admixture. We used the method by Moorjani
et al.46 for dating of Neanderthal admixture in Le Mura 1 specimen, as
well as in all the Italian hunter-gatherers genotyped so far and Ust’-
Ishim as a direct comparison (Supplementary Data 22). The method
allows to calculate covariance of informative sites for Neanderthal
ancestry (the so called “ascertainment0”, supplied with the method46)
in bins of 0.001 centiMorgan (cM), and then fits an exponential dis-
tribution to the slope of covariance to estimate the date since
admixture. Reads with a minimum mapping and base quality of 30
were considered. We used genetic distances from the shared African
Americanmap93. The exponential distribution was fit with the rexpfit.r
script from ADMIXTOOLS136 with the affine term option to the range
0.02–1 cM for Italian individuals, while the extended range of
0.02–10 cM was chosen for Ust’-Ishim, yielding more plausible esti-
mates for a sample closer in time to the Neanderthal admixture, as
noted before46. Finally, we computed the corrected date of gene flow
both in generations and years (assuming 29 years per generation47) by
applying the genetic map correction and standard error estimation, as
previously reported46,141.

Neanderthal and Denisova introgressed segments along
the genome. We used admixfrog (v0.6.2)142 to infer Neanderthal
introgressed regions along the genome of the Le Mura 1 individual
(Supplementary Fig. 4). As potential sources of ancestry we set the
diploid high-coverage Vindija 33.19, Altai Neanderthal, Denisova 3
genomes44,140, and the genomes of the African 1000 Genomes indivi-
duals (108 Yoruba from phase 3)143. We also used ancestral alleles
derived from Ensembl Compara 143,144 release 59, based on a 6-way
primate alignment. The analysis was focused on the “Archaic admix-
ture” panel124, containing ~1.7 million SNPs informative of Neanderthal
and Denisovan ancestry. The reference file was generated specifying
the African American recombination map145 for re-scaling physical
distances (in base pairs) into genetic distances (in cM). The input file
was produced by admixfrog-bam, setting deamination cutoff to 4,
minimum mapping quality to 30, minimum length size to 30. Admix-
frog was then run with parameters “--run-penalty 0.4 --bin-size
10,000”. When overlapping introgressed regions were called for the
heterozygous and homozygous state, the longer region was chosen.

Phenotypic SNPs analysis. Variant calling of ~1200 SNPs related to
phenotypic traits including pigmentation, metabolism, and blood
type, was performed using ANGSD (v0.933)135. Targeted sites were
chosen among those annotated in SNPedia49, with a unique variant
allele reported in dbSNP (build 153)50, including 41 SNPs from the
HIrisPlex-S panel49 (Supplememtary Data 23). Allele frequencies were
estimated from genotype likelihoods according to the GATKmodel135,
assuming both major and minor alleles to be known from dbSNP50.
Genotype calling was based on calculating the genotype posterior

probability using an estimate of the population frequency as prior. We
set minimum mapping and base quality to 30, and posterior prob-
ability cutoff to 99%. Annotations for each SNP identified in the Le
Mura 1 sample was retrieved from SNPedia49 using the R package
SNPediaR (v1.16.0)146. Moreover, we used the HIrisPlex-S51,147–149 online
webtool to predict eye, hair, and skin colour from called genotypes.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All software packages used for analysis are publicly available and cited
in the Methods section or in the Supplementary Information. Source
Data for Figs. 4, 5, and 6 can be found in the Supplementary Data file.
SourceData for Supplementary Figs. 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12 can
be found in the Supplementary Data file. Additional source data are
provided as a Source Data file. The specimen is deposited at the Uni-
versity of Siena (Siena, Italy) with free access following a research
application by contacting Stefano Ricci at stefano.ricci@unisi.it. The
genomic data (BAM format) generated in this study have been
deposited in the European Nucleotide Archive database under acces-
sion code PRJEB66279. The genotype data of the previously published
samples used for analyses were downloaded from the Edmond Data
Repository of the Max Planck Society (https://edmond.mpdl.mpg.de/
dataset.xhtml?persistentId=doi:10.17617/3.Y1KJMF) and from the Allen
Ancient DNA Resource of the David Reich Lab (https://reichdata.hms.
harvard.edu/pub/datasets/amh_repo/curated_releases/index_v44.3.
html). Source data are provided with this paper.
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