Article

Geneticdiversity oflate Neanderthalsin
northwestern Europe

https://doi.org/10.1038/s41586-026-10625-1

Received: 6 October 2025

Accepted: 6 May 2026

Published online: 24 June 2026

Open access

M Check for updates

Alba Bossoms Mesa'™, Elena Essel', Stéphane Peyrégne', Arev P. Siimer,

Leonardo N. M. lasi', Christian Heide', Divyaratan Popli', Cesare de Filippo',

Marie-Theres Gansauge?, Lars Gerullat?, Laurin Lippik? Sarah Nagel', Birgit Nickel',
Barbara Schellbach', Anna Schmidt', Johann Visagie', Antje Weihmann', Hugo Zeberg'?,
Julia Zorn', Héléne Rougier?, Isabelle Crevecoeur®, Patrick Semal®, Grégory Abrams™®,
Thibaut Deviése®, Stéphane Pirson'™", Kévin Di Modica', Pierre Cattelain"'3'4,

Christelle Draily'™, Michel Toussaint’, Isabelle De Groote’, Frido Welker™®, Cosimo Posth™",
Marie Soressi'®, Jean-Jacques Hublin'®, Johannes Krause', Svante Paibo', Matthias Meyer’,
Janet Kelso'™, Benjamin M. Peter'?°* & Mateja Hajdinjak'™

Archaeological, osteological and genetic evidence suggests that Neanderthals lived
in small groups?; however, less is known about whether these groups were part of
isolated communities or belonged to larger, well-connected populations®. The dense
concentration of broadly contemporaneous Neanderthal sites in the Meuse Basin,
Belgium®, provides a rare opportunity to study regional populations at high
resolution. Here we generated genetic data from 27 Neanderthals who lived less

than approximately 52,500 years ago from ten archaeological sites in Belgium and
France, including a high-coverage genome from a 45,000-year-old individual from
Goyet, Belgium. We show that most of these individuals are more closely related to
one another thanto other contemporaneous late Neanderthalsin Europe. Further,
some of these individuals carry DNA from a Neanderthal lineage predating the split
oflate Neanderthals. Although these Neanderthals overlapped temporally with early
modern humans in northwestern Europe fromaround 47,000 years ago, we find no
evidence of recent gene flow from modern humans. They also do not show the genetic
signatures of mating among close relatives found in Altai Neanderthals, suggesting
that they lived in larger or better-connected groups. Moreover, genetic load did not
accumulate over time, arguing against progressive genetic deterioration as adriver

of Neanderthal extinction.

Neanderthals lived in Europe and western Asia from at least around
430,000 years ago>® until around 40,000 years before present’ (430-
40 kyr BP). The high-quality nuclear genomes of four Neanderthals**°
provided numerousinsightsinto the diversity and population history
of Neanderthals and their interactions with early modern humans. The
more recent Vindija 33.19 Neanderthal from Croatia (approximately
45 kyr BP) shows higher genetic diversity and less evidence of recent
inbreeding?® than do the older Neanderthals from Denisova and Cha-
gyrskaya caves (Altai Neanderthal (Denisova 5 or D5), approximately
120 kyr BP®; Denisova17 (D17), approximately 110 kyr BP'"; and Chagyr-
skaya 8, approximately 60 kyr BP?) who lived in the easternmost part of
theknown Neanderthal range. Further lower-coverage nuclear genomes

from four late Neanderthals suggest close genetic affinities between
individuals from geographically distant regions, such as Mezmaiskaya
(Caucasus, Russia) and Les Cottés (Poitou, France), indicating possible
long-range connectivity between late Neanderthals™.

Pleistocene remains are rare with generally low DNA preservation®,
but recent methodological advances—including microsampling”,
improved decontamination, extraction, library preparation®** and
enrichment methods"**—have improved the recovery of degraded
DNA, enabling studies of larger numbers of Neanderthal remains. The
low-coverage genomes of 11 Neanderthals from Chagyrskaya Cave
revealed patterns of close kinship and low genetic diversity'. However,
because these observations are based onasingle group at the eastern
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Fig.1|Temporal and geographical overview of the analysed Neanderthal
remains. a, Map of the studied archaeological sites. For all sites, each cross
represents asample, coloured according to the type of genetic data generated.
b, Skeletal remains identified as originating from the same individual (clusters
areshowninyellow and individual numbers are provided at the bottom).

c, Estimated ages for the studied Neanderthals. These are either direct
radiocarbon dates, indirect dates using other bones from the same layer
(Couvin) or acombination of other dating techniques (Walou). Radiocarbon
ages (n(radiocarbon dates) =18) are shown as means with the whiskers

periphery of the Neanderthal range, the extent to which such findings
arerepresentative of Neanderthal diversity and population structure
ingeneral remains open.

A new fine-scale dataset

The Meuse Basin in Belgium offers a unique opportunity to study
broadly contemporaneous late Neanderthals owing to its high con-
centration of Middle Palaeolithic sites® (Fig. 1and Supplementary
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corresponding to +95% probability intervals of the calibrated values
(radiocarbon dates calibrated with IntCal20 (ref. 58) in OxCal 4.4 (ref. 59)).

We excluded Trou Magrite because of insufficient data. Scale bars, each segment
100 km (a), 50 km (a, inset),1cm (b).aDNA, ancient DNA; Fm., femur; HYP,
hydroxyproline; Tb., tibia; Y chr.,Y chromosome. Maps in panelamade with
Natural Earth (https://www.naturalearthdata.com/). Bone picturesin panelb
of Spy 94aand Spy 8 reproduced from E. Dewamme and copyright Royal Belgian
Institute of Natural Sciences (RBINS), CCBY 4.0. Other bone picturesin panelb
adapted fromrefs. 21,25 under a Creative Commons licence, CCBY 4.0.

Information section 1). Most of these sites were excavated during the
nineteenth century, complicating the secure association with lithic
assemblages and making their reliable contextualization more chal-
lenging*. Recent efforts, including reanalysis of faunal collections,
identified further Neanderthal remains'®?* resulting in 14 new Nean-
derthal mitochondrial genomes from the region (including from
Troisiéme Caverne of Goyet, Spy, Fonds-de-Forét, Scladina and Trou
Magrite)*»*?>2* and three low-coverage nuclear genomes of Neander-
thals fromScladina (14-A)*, Spy (94a) and Goyet (Q56-1 (ref. 11)), which


http://www.naturalearthdata.com/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

showed that the Spy 94a and Goyet Q56-1individuals share significantly
more derived alleles with each other than with any other late Neander-
thal sequenced to date".

However, key aspects of Neanderthal population structure in this
region remain unexplored. Morphology-based analyses estimate
that 80 Neanderthal remains from Spy and 101 remains from Goyet
belongedto atleast three and six individuals, respectively?*®, but the
exactnumbersremainunclear. Despite their genetic similarity, mortu-
ary practices of the Neanderthals from Spy and Goyet are very differ-
ent. At Spy, the anatomical connection between the bones suggests
deliberate burial®®, although thisinterpretation has been questioned?.
By contrast, the Neanderthal remains at Goyet are highly fragmented,
with anthropogenic modifications suggesting that the individuals
were cannibalized®. Together with evidence for contrasting mobil-
ity patterns (sulfur isotope values suggest local foraging at Spy but
non-local origins at Goyet)?, this points to greater diversity among
late Neanderthals in northwestern Europe than is at present evident
from genetic data.

Many of the sites in the Meuse Basin and surrounding areas have
yielded Neanderthal remains dated to around 45 kyr BP or more
recently*, atime when modern humans were already present in cen-
tral Europe®®*°. However, the radiocarbon dates of bone implements
recovered fromthe archaeological sites in Belgium suggest that there
was no overlap between modern humans and Neanderthals in this
region®. Obtaining genetic data from both Neanderthals and modern
humans could help toresolve this question, as direct evidence of recent
mixture between them would establish an overlap.

Individual characterization and kinship

We screened the skeletal remains of 34 late Neanderthals from seven
sites in the Meuse Basin (Goyet, Spy, Couvin, Trou Magrite, Engis,
Walou and Fonds-de-Forét) and two sites in France (Saint-Césaire and
Arcy-sur-Cure) forancient DNA preservation (Fig.1and Extended Data
Table1). Theirradiocarbon dates range from 52.48 kyr BP t0 36.15 kyr BP;
however, contamination with modern carbon could have biased some
of the most-recent dates®. Shallow shotgun sequencing indicated that
the proportion of endogenous DNA in most of the 175 DNA libraries
was low, with a median of less than 1% of sequences mapping to the
human reference genome (Supplementary Table 1.1). However, for
Goyet Q56-1, this proportion was as high as 37%, which allowed us
to sequence the genome of this Neanderthal to an average coverage
of 22.4-fold—yielding the fifth high-coverage Neanderthal genome
sequenced to date (Supplementary Table 1.2 and Supplementary
Information section 2).

Togenerate genome-wide nuclear datafrom the less well-preserved
specimens, we designed a hybridization capture panel (ArchaicPlus)
that targets around 2.3 million single nucleotide polymorphisms
(SNPs) informative about Neanderthal and Denisovan variation (Sup-
plementary Information section 12). Using this panel, we recovered
genome-wide nuclear datafrom19 skeletal remains fromsix archaeo-
logicalsites. Allinitial quality controls were performed at alibrary level.
Owing to the high levels of present-day human DNA contamination,
ranging from 0.4% (95% confidence interval (95% CI) 0.3-0.6%) t0 90.3%
(95% CI 85.5-95.2%) (Supplementary Table 2), we restricted all down-
stream analyses to sequences showing cytosine deamination, a char-
acteristic of ancient DNA. This resulted in between 3,087 and 876,377
covered SNPs, with residual present-day human DNA contamination
estimates ranging from 0% (95% C10-0.1%) t020.7% (95% C1 6.9-44.4%)
(Supplementary Table 2 and Supplementary Information section13).

By comparing relative sequence coverage of the autosomes and the
X chromosome (Extended Data Fig. 1 and Supplementary Informa-
tion section 13), we determined that six Neanderthal remains were
genetically male: the neonates Goyet Q305-1and Trou Magrite 2422-36,
the approximately 6.5-12.5-year-old child Goyet 1424-3D and three

elements from mature individuals: Spy 94a, whose Y chromosome had
been sequenced previously', Fonds-de-Forét1and Spy 8. The skeletal
remains of Goyet Q119-2 and Goyet C5-1had insufficient datafor reliable
sex determination, and the remaining 12 specimens were genetically
female, including 10 remains representing at least four adults from
Goyet, as well as Les Cottés Z4-1514 and Arcy-sur-Cure AR-30.

Next, we studied genetic relatedness among 15 skeletal remains with
less than 5% contamination using KIN*? (Supplementary Information
section14). Among the nine specimens from Goyet, we identified two
clusters of genetically identical remains: the Goyet Neanderthal 1 (GN1),
composed of Goyet Q56-1, Q374a-1and Q305-7; and the Goyet Neander-
thal 2 (GN2), composed of Goyet Q57-1, Q57-2 and Q57-3 (Fig. 1b). Our
analysis showed that the Goyet Q305-7 and Q374a-1fragments, which
were previously refitted to two different right tibias (Tibiallland Tibia V,
respectively), were genetically identical. After re-evaluating their refit-
ting, we concluded that Goyet Q305-7 had been wrongly refitted. We
took an extra sample of Tibia Il from the Goyet Q54-4 fragment, and
found that it was genetically distinct from both Goyet Q374a-1and
Q305-7, and therefore did not belong to GN1. Instead, Goyet Q54-4
was genetically identical and morphologically consistent with the set
of remains from GN2 (Supplementary Information section 14), dem-
onstrating the potential of genetic analyses to inform the refitting of
highly fragmented elements.

Similarly, we found that the nuclear datarecovered from Spy 8, aright
femur, were identical to the DNA previously sequenced from Spy 94a",
anupper third molar (log likelihood ratio = 2.8; Supplementary Infor-
mation section 14). Thus, both could be attributed to the same adult
maleindividual (Fig.1b). We proceeded to merge the data assigned to
the sameindividuals, and from this point onwards we refer to them as
GN1, GN2 and Spy94a_8.

Apart from these matches, we found no close relatives among these
Neanderthals up tothird-degree relatedness—the detection limit of KIN
(Supplementary Information section 14). At Goyet, all of the sequenced
individuals were unrelated adult or adolescent female and juvenile male
individuals. Asitis unclear whether this assemblage represents asingle
community??, we refrain from making inferences about their group
structure or culture. However, the fact that there is aneonate (Q305-1)
whose mother is not represented among the analysed femalesiis strik-
ing. Althoughitis possible that his mother remains unsampled, we find
no evidence thatany of the Goyet individuals were close relatives, which
isin stark contrast to the Neanderthals from the Chagyrskaya Cave,
where several closely related individuals were identified.

Molecular dating of uniparental markers

After mitochondrial DNA (mtDNA) enrichment and filtering for
present-day human mtDNA contamination (Supplementary Informa-
tionsection10 and Supplementary Table 3), we were able to reconstruct
the mitochondrial genomes of 24 specimens from all sites except Engis
and Trou Magrite to varying degrees of completeness (from 4.35% to
100% of the coding region; Supplementary Information section 10).
We then used BEAST2 (ref. 33) to generate a dated, individual-level
mitochondrial phylogeny using 11 new, 1 updated and 28 previously
published Neanderthal mtDNA genomes (Fig. 2). We found that most
of the newly reconstructed mtDNA genomes fall within alarge clade
consisting of late Neanderthals from southern and western Europe, as
well as Mezmaiskaya 2 from Russia* (Fig. 2a). We estimated their ages to
bebetween41.06 kyr BP (95% highest posterior density interval (HPDI)
47.55-33.10 kyr BP) and 50.51 kyr BP (95% HPDI 67.06-30.00 kyr BP)
(Fig.2aand Supplementary Table 4), and their most recent mitochon-
drial splittime to be 74.51 kyr BP (95% HPDI 89.23-61.65 kyr BP). As shown
previously", the approximately 42 kyr-old Les Cottés Z4-1514 is part of
adeeper mtDNA clade including individuals from Chagyrskaya and
Okladnikov caves in Russia, with an estimated split time of 114.08 kyr
BP (95% HPDI134.67-94.54 kyr BP).
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The exception was the mtDNA of the Neanderthal from Couvin
(Couvin G6-0083, Belgium), which falls in the same deeply divergent
mitochondriallineageasthe ‘Thorin’Neanderthal (Grotte Mandrin1600)
fromMandrin (Rhone Valley, France)?. Relative dating estimated the age
ofthe Couvin Neanderthal to 49.66-44.17 calibrated (cal.) kyr BP, based
onthe combined radiocarbon dates of several faunal bones recovered
from the same layer; and direct dating yielded estimates of 53-48 cal.
kyr BP for the Mandrin Neanderthal. Both estimates are close to the lim-
itsof radiocarbon dating. Molecular estimates of the ages of the Couvin
and Mandrin Neanderthals are highly sensitive to the priors selected
for the molecular dating. Models not constrained by radiocarbon
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dates estimate both individuals to be older than 100 kyr BP (Extended
DataFig. 2 and Supplementary Information section 10). By contrast,
integrating radiocarbon dates associated with either specimen into
the dating model shifted their age estimates to 69.05 kyr BP (95%
HPDI89.68-50.45 kyr BP) for the Couvin Neanderthal and 49.14 kyr BP
(95% HPDI 66.43-30.07 kyr BP) for the Mandrin Neanderthal, that is,
closer totheir associated radiocarbon dates. Although the confidence
intervals are wide, there is an apparent discrepancy between genetic
and radiocarbon dates for the Couvin Neanderthal, similar to what
has been reported for Mandrin® Considering the archaeological and
stratigraphic contexts of the Couvin G6-0083 molar, theincorporation
of the tooth in the archaeological Unit Il from an older deposit seems
unlikely®. This raises the possibility that a divergent maternal lineage,
which possibly includes the Stajnia and Forbes Quarry Neanderthals®*¥,
waswidespread in western Europe, and perhaps co-existed with other
late Neanderthal lineages.

We next analysed the data generated with a custom Y chromosome
capture panel for three of the newly identified male individuals. We
used between 2,897 and 13,351 Y chromosome SNPs to place these
individuals on a tree relating high-quality Y chromosomes of Nean-
derthals, Denisovans and modern humans’, whichincludes Spy94a_8
(Fig.2b and Supplementary Tables 5and 6). In contrast to the mtDNA,
inwhich most late western Neanderthals are part of a single clade, we
find that their Y chromosomes do not cluster by geography, and none
of the new Y chromosomes share the Y haplotype seen in Spy94a_8.
The Y chromosomes of Fonds-de-Forét 1 and Trou Magrite 2422-36
are most similar to the seven available Chagyrskaya Y chromosomes,
whereas the Y chromosome of Goyet Q305-1is most similar to that
of Mezmaiskaya 2. The newly sequenced Y chromosomes fall within
the variation of previously sequenced Neanderthal Y chromosomes
and represent clades with a split time of 118 kyr BP (133-102 kyr BP)*,

Heterozygosity and population size

Using the high-coverage nuclear genome obtained for the GN1Neander-
thal, we estimated the autosomal genome-wide heterozygosity of GN1
tobe1.51 x10™* (per-chromosome estimates: 1.20 x 10 t01.83 x 107;
Supplementary Information section 7), which falls within the range
of known Neanderthal variation and is substantially lower than that
foundin present-day humans (Extended Data Fig. 3). We used patterns
of heterozygosity along the genome to infer the population history of
GN1using the pairwise sequentially Markovian coalescent (PSMC)*.
After correcting for missing data®, we found that the demographic
history of GN1was very similar to that of the Vindija 33.19 Neanderthal,
supportingthat they shared acommon population history (Supplemen-
tary Information section 6). Using f(A4 | B)-statistics®*", we estimated
that the populationsrepresented by A= GN1land B=Vindija33.19 split
around 54 kyr BP (95% C155-53 kyr BP) (Supplementary Information sec-
tion16) and nuclear branch shortening estimates suggest that they were
probably of similar ages, with GN1estimated to 46.03 kyr BP (interquar-
tilerange (IQR) 63.72-34.13 kyr BP) and Vindija 33.19 t0 47.06 kyr BP (IQR
68.15-35.18 kyr BP; Fig. 3b and Supplementary Information section 5).
Thus, both the radiocarbon and genetic dating place Vindija33.19 and
GN1as roughly contemporaneous, within afew thousand years before
Neanderthals disappeared.

All previously published high-coverage Neanderthal genomes>%’
were shown to carry more extended regions that were homozygous by
descent (HBD tracts) than do most present-day humans. The D5 and
Chagyrskaya Neanderthals from the Altai region both carry a greater
number of, and longer, HBD tracts than the late western Neanderthal,
Vindija 33.19. We estimate the total proportion of the genome con-
tained in HBD tracts in GN1to be between 6.6% and 22.3% depending
on the genotyping error parameter used (r; Fig. 3a). These values are
more comparable to the Vindija33.19 Neanderthal than to the Chagyr-
skaya 8 and D5 Neanderthals. Moreover, unlike the Chagyrskaya and
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D5 Neanderthals, which carry numerous long HBD segments (>10 centi-
morgans (cM)) indicative of recent inbreeding between close relatives,
GN1shows no excess of such long tracts, providing no evidence for
recentinbreeding.

Population structure oflate Neanderthals

We next explored the relationships of the Neanderthals from Belgium
and France to other late Neanderthals using high-coverage shotgun
dataandlow-coverage nuclear genome data generated using Archaic-
Plus hybridization capture (Extended Data Table1). Among the individ-
uals sequenced to high coverage, the GN1 Neanderthalis most closely
related to the contemporaneous Vindija 33.19 from Croatia, sharing a
common ancestor approximately 10 kyr before these individuals lived
(Supplementary Information section 16). Using both D-statistics and
outgroup f;analyses, we found that for the Neanderthals with sufficient
sequencing data from Fonds-de-Forét, Spy, Goyet and Trou Magrite
areallsignificantly more similar to GN1than to Vindija33.19 (Fig. 4a,b,
Extended DataFigs.4-6 and Supplementary Table 7; D = 0.093-0.198,
Z-score =2.97-10.20). The D-statistics also show that all of the analysed
late Neanderthals share significantly more alleles with Vindija 33.19
than with the Chagyrskaya 8 or D5 Neanderthals (Fig. 4a; D= 0.215-
0.37,6 Z-score = 7.01-32.51 for the former; and D = 0.481-0.580,
Z-score =14.40-72.53 for the latter). We estimated the population

split time between each of the low-coverage Neanderthal genomes
and the high-coverage Vindija 33.19 genome using f(A | B)-statistics
together with theinferred change in Neanderthal population size over
time®* (Supplementary Table 8). We estimated that the Neanderthals
studied here separated fromacommon ancestor with the Vindija 33.19
Neanderthal approximately 54 kyr BP (95% CI 58-51kyr), concordant
with the result for GN1 (Fig. 4c). Overall, this indicates that these late
Neanderthals were more closely related to each other thanto the other
contemporaneous Neanderthals from Vindijaand Mezmaiskaya, con-
cordant with their geographical location (Fig. 4d).

Althoughthe AR-30 Neanderthal from Arcy-sur-Cure (approximately
42 kyrBP)***lis genetically closer to Vindija 33.19 than to Chagyrskaya 8
(D=0.293,Z-score =7.01), estimates based onf(A | B)-statistics indicate
that she belongs to a population that split approximately 131 kyr BP
(95% C1195-82 kyr BP) from a common ancestor with the Vindija 33.19
Neanderthal (Fig. 4c). Thisis much earlier than the split estimated for
the Neanderthals from Goyet, Fonds-de-Forét, Spy and Trou Magrite.
This differencein splittimesis driven by AR-30 sharing asmaller propor-
tion of the derived variants on the Vindija 33.19-Chagyrskaya 8 branch
(Extended DataFig.7 and Supplementary Information section16). An
excess of ancestral allelesin AR-30, perhaps due to faunal contamina-
tion, could increase the split time. However, using the metagenomic
pipeline quicksand*?, we found no sequences assigned to any mam-
malian family besides Hominidae, making it unlikely that the signal is
due to faunal contamination. Similarly, the estimated modern human
contamination of 1.3% (95% C10.3-2.8%) is too low to explain this signal.
The excess of ancestral variants could also be compatible with gene
flow into AR-30 from a Neanderthal lineage that diverged sometime
between the split of the Chagyrskaya 8 and D5 Neanderthals (Sup-
plementary Information section 16). However, more data from AR-30
would be needed to validate this hypothesis.

No recent modern human ancestry

The estimated ages of the Neanderthals in this study, based on either
radiocarbon or molecular dating, are between 49.8 cal. kyr BP and
40 cal. kyr Bp (Supplementary Table 24). This overlaps with the presence
of early modern humansin Europe®**, the estimated time of gene flow
between Neanderthals and modern humans®***, and genetic evidence
of modern humans with recent Neanderthal ancestry at both Pestera
cu Oase (Romania)*® and Bacho Kiro Cave (Bulgaria)*¢. Moreover, the
AR-30 Neanderthal was recovered fromanarchaeological layer that also
yielded a bone attributed to modern humans*. We used admixfrog*
(v.0.7.2) to test for recent modern human introgression in these late
Neanderthal genomes. As these Neanderthals lived at most 500 genera-
tions after the first possible interactions with early modern humans, we
would expect multipleintrogressed modern human DNA tracts longer
than1cMin their genomes if introgression took place. We identified
potential tracts of modern human DNAin four of the ten Neanderthals,
but the longest tract we found was only 0.41 cM long, inconsistent with
recent introgression (Fig. 5a and Supplementary Table 36). Because
all of the putative modern human tracts we identified were short, and
lacked fixed differences between Neanderthals and modern humans
(Extended DataFig. 8 and Supplementary Information section17), they
are consistent with previous evidence of much older gene flow from
modern humans to Neanderthals or with incomplete lineage sorting*s.

Although we now have nuclear datafrom 16 Neanderthals who lived
less than 50 kyr ago, we have not yet identified any Neanderthal with
recent modern human ancestry. This is in contrast to early modern
humansin which all 13 of the genomes of individuals predating 40 kyr
in Eurasia have Neanderthal ancestry, and four of them have Nean-
derthal ancestors only 4-10 generations before they lived**¢. This
apparentasymmetry of gene flow, which has been noted previously*,
may reflect the dynamics of introgression, with Neanderthal gene flow
into modern humans occurring early during the expansion of modern
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Fig.4 | Population affinities of late Neanderthals. a, D-statistics of the
form D(X, Vindija33.19; ¥, Mbuti), in which Xrepresents either Chagyrskaya 8
(Chag., left) or GN1(right), and Yrepresents the Neanderthals on the y axis.
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n=1,310,536 SNPs), and the colour represents significance witha Z-score
threshold of 3. b, Outgroup f;-statistics of the form f5(X, ¥; D5), in which X

humans into Eurasia and all later modern humans being descended
from the admixed population. By contrast, at the time of introgres-
sion, Neanderthals were more widespread and any introgression prob-
ably affected only local groups. An alternative is that the absence of
modern human DNA in late Neanderthals could reflect demographic
imbalances, biases in mate choice, the incorporation of the offspring
of Neanderthal-modern human couples in primarily modern human
groups or differential fitness of offspring.

Neanderthal ancestry in modern humans

Previous studies have shown that the Neanderthal ancestry in both
present-day and ancient modern humansis more closely related to the
Vindija 33.19 Neanderthal than to the Chagyrskaya 8 and D5 Neander-
thals*®. Given the new high-coverage genome of alate Neanderthal from
Goyet, GN1, we re-examined which of the sequenced Neanderthals is
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represents the Neanderthals onthe xaxis and Yrepresents the Neanderthals
ontheyaxis. Statistics with fewer than1,000 overlapping sitesappearin grey.
¢, Splittime estimates with Vindija33.19. Means and 95% Cls are given for each
Neanderthal, coloured by site.d, The population genetic model proposed

for Neanderthals. Samples shadedingreyinaand c have fewerthan7,000
informative positions covered by sequences and more than 6% present-day
human contamination.

most closely related to the Neanderthals thatintrogressed into modern
humans using two complementary approaches.

First, we used admixfrog toidentify Neanderthal ancestry segments
in a panel of ancient and present-day modern human genomes (Sup-
plementary Information section 8.1) and then applied aBayesian bino-
mial model to estimate the genetic distance and identify the closest
matching Neanderthal. Second, we used stratified D-statistics® (Sup-
plementary Information section 8) to focus on low-frequency allele
bins in which introgressed variants are expected to be enriched. In
bothanalyses, we found that the Neanderthal ancestry inallindividuals
excluding African peopleis significantly closer to Vindija33.19 and GN1
thanto Chagyrskaya 8 or the Neanderthal D5. As Vindija33.19 and GN1
stem from closely related Neanderthal populations, their comparison
isparticularly challenging. Although thereis atendency for the Nean-
derthal ancestry in present-day humans to be more similar to Vindija
33.19thanto GN1, thisis significant only when pooling all present-day
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Fig.5|Gene flow between GN1and modernhumans. a, Modern human,
Denisovanand Neanderthal ancestryin GN1, coloured according to the
admixfrog posteriors. b, Difference in posterior estimates of the probability
ofderived allelesonanintrogressed segment matching the diagnostic positions
ofVindija33.19 versus GNlinsix selected ancient modern humans that did not
substantially contribute to present-day modern human populations (left, those
withveryrecent Neanderthal ancestry are shaded in grey) and six continental
superpopulations clustering present-day individuals with ancestry other than

individuals (Fig. 5b, Extended Data Figs. 9 and 10 and Supplementary
Information section 8). This suggests that most admixture probably
occurred between modern humans and Neanderthals more closely
related to Vindija 33.19 than with the late Neanderthals from Belgium
and France. By contrast, Neanderthal ancestry in the four Pleistocene
modern humans with very recent Neanderthal ancestors is not signifi-
cantly closer to Vindija 33.19 than to GNI1 (Fig. 5b). Thus, it is possible
thatearly modern humans received some ancestry from Neanderthals
closer to GN1, resulting in an overall non-significant D-statistic.

Neanderthal disappearance

The Neanderthals studied here are some of the last known individuals
from northwestern Europe*’, who lived shortly before the disappear-
ance of Neanderthals. Compared with modern humans, Neanderthals
had a much lower effective population size, with weaker purifying

Africanancestry from the Simons Genome Diversity Project data (right).
Merged, allindividuals pooled together. The segments were called using

the D5, Chagyrskaya8, Vindija33.19 and GN1 Neanderthals as reference for
Neanderthals. Pointsindicate the mean posterior difference and error bars
indicate the 95% HDPI. Estimates inblue indicate asignificantly better match
tooneofthe Neanderthals. The total number of unique positions across
allintrogressed segmentsisindicated above each point. AFR, African;
DEN, Denisovan; NEA, Neanderthal.

selection and possibly reduced fitness***!. It has been suggested that
aloss of genetic diversity may have contributed to their disappear-
ance®*2, We compared three measures of genetic load that have been
showntoincrease over timein other extinct® or critically endangered
species™. For coding variants, we measured the ratio of missense to
synonymous variants (pN/pS), as well as testing genome-wide shifts
towards more deleterious variants using polyPhen2 (ref. 55). Fur-
thermore, we used a second conservation score, phyloP%, which is
defined for both coding and non-coding variants (Supplementary
Information section 4). We found a depletion of non-synonymous
variants in all Neanderthals (for GN1: pN/pS = 0.76, Fisher’s exact
test P=0.0006). However, there is no significant difference between
the ratios in early versus late Neanderthals for either pN/pS (Fisher’s
exacttest, P=0.0959) or for the two conservation scores (polyPhen2:
Wilcoxon rank-sum test, W=116.5, P= 0.08; phyloP: t-test, t = 0.42,
P=0.65; Supplementary Information section 4). Because we also

Nature | Vol 655 | 9July2026 | 415



Article

observed noincrease inhomozygous tracts (Fig. 3) or decrease in het-
erozygosity (Extended DataFig. 3), these results are inconsistent with
models in which accumulating genetic load or reduction in diversity
over time was the primary driver of the disappearance of Neanderthals.

Conclusions

The sequencing of the high-coverage Neanderthal genome (GN1) estab-
lishes a critical reference point for investigating the genetic diversity
oflate Neanderthalsin Belgium and France shortly before their disap-
pearance. Complementing this, we combined laboratory and compu-
tational methods tailored to highly fragmented ancient DNA to recover
genome-wide data from a larger set of further Neanderthal remains
with poor DNA preservation. Together, these genomes provide an
overview of late Neanderthal genetic diversity, and demonstrate that
even low-coverage nuclear genome data, whenintegrated with palaeo-
anthropological context, can substantially increase the resolution of
within-Neanderthal diversity. Although the individuals at Goyet form
adistinct genetic cluster together with the other Neanderthals from
the Meuse Valley, theirisotopic values indicate that they were not local
to the region?. Furthermore, the assemblage consists of cannibalized
remains of unrelated female and two juvenileindividuals, allindicating
that they were not a family group. Notably, we found low genetic dif-
ferentiation withinand between the Neanderthals from archaeological
sites in the Meuse Basin. Considering also that GN1and Vindija 33.19
lacked the long HBD tracts present in the Chagyrskaya 8 and D5 Nean-
derthals, we conclude that these western Neanderthals had higher
genetic diversity and greater connectivity than did the Denisova and
ChagyrskayaNeanderthals from the Altairegion, suggesting that mixing
between close relatives was not a feature common to all Neanderthal
groups. Future studies from different time periods or from other parts
of Eurasiawill be key to determining whether the patterns observed here
represent alocal anomaly or a broader feature of Neanderthal social
organization. Both the nuclear data of Arcy-sur-Cure and the mtDNA
genome of Couvin hint atamore complex populationstructure of late
Neanderthals, but higher-quality data will be needed to corroborate
this. Taken together, the genetic dataindicate substantial connectivity
among late Neanderthal groups in northwestern Europe, consistent
with isolation-by-distance patterns. Rather than reflecting a perma-
nent biogeographical crossroads, this connectivity probably resulted
from episodic phases of regional openness in abroader framework of
climatically driven population contraction and expansion during the
Middle and Upper Pleistocene”. Finally, we found that although late
Neanderthals in Europe overlapped with early modern humans, none
ofthe Neanderthal genomes analysed show evidence of recent modern
humanintrogression. Moreover, the closer relationship of Neanderthal
segmentsin present-day humansto the Vindija 33.19 Neanderthal than
to GNlindicates that gene flow between modern humans and Neander-
thals probably occurred predominantly outside northwestern Europe.
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Methods

DNA extraction and library preparation

Alllaboratoryworkwas conductedindedicated ancient DNA cleanroom
facilities, at the Max Planck Institute for Evolutionary Anthropology,
the Royal Belgian Institute of Natural Sciences or the University of
Tiibingen. Bone powder (1-57.1 mg; Supplementary Table 1.1) was
obtained from 35 skeletal remains using a sterile dentistry drill. More
than one-third of the powdered samples underwent a pretreatment
with either 0.5% hypochlorite solution or a phosphate buffer, in an
attempt to reduce present-day contamination®, before DNA extrac-
tion using a silica-based protocol optimized for recovery of short,
degraded DNA fragments'. Single-stranded sequencing libraries
were prepared using between 5 pland 30 pl of the extracts®, for most
libraries using automated liquid handling (https://doi.org/10.17504/
protocols.io.kqdg32bdpv25/v1)®. A subset of the earliest libraries
were prepared using a modified single-stranded DNA protocol with
partial uracil-specific excision reagent (USER) treatment, reducing
uracil content while preserving terminal deamination signals®. To
enable multiplex sequencing, each library was indexed with a pair of
unique 7 or 8 base pair (bp) barcodes®*®*, We quantified library yields
by quantitative PCR or digital droplet PCR" (https://doi.org/10.17504/
protocols.io.bp2l6xwd5lqe/v2)%, and quantified library preparation
efficiency using spiked-in control oligonucleotides®. Negative controls
were included in all extraction, library preparation and sequencing
steps to monitor for contamination.

Shotgunsequencing

To screen for endogenous DNA preservation, libraries were shallowly
sequenced on Illumina platforms (Supplementary Information section
1.2).Sequencing data processing included adapter trimming and read
merging using leeHom® (v.1.2.18, https://bioinf.eva.mpg.de/leechom/),
followed by mapping to the humanreference genome (hgl9/GRCh37)
with BWA®® (v.0.5.10-evan.9-1-g44db244, https://github.com/mpieva/
network-aware-bwa) using parameters optimized for ancient DNA®.
PCR duplicates were removed using bam-rmdup (https://github.com/
mpieva/biohazard-tools/) and reads were filtered for aminimum length
of 35 bp and a mapping quality of 25. DNA authenticity was evaluated
by determining the frequency of deamination-induced C-to-T substi-
tutions at the ends of reads, requiring more than 10% substitutions at
terminal bases as evidence for the presence of authentic ancient DNA.
Contamination levels were assessed by comparing deamination rates
before and after conditioning on damage at one end’” (Supplementary
Table1.1).

Mitochondrial capture

Libraries were enriched for mtDNA through two rounds of in-solution
hybridization capture (Supplementary Information section 10). We
used probes tiling the revised Cambridge reference sequence of the
human mtDNA genome (rCRS”) for all samples except A57813, which
was captured with anarray containing mitochondrial genomes from 241
mammalianspeciesinaddition to the rCRS reference’. After sequenc-
ing on lllumina MiSeq or HiSeq platforms, reads were processed with
leeHom®” and mapped using BWA* (v.0.5.10) with ancient DNA param-
eters® to both rCRS and a circularized Vindija 33.16 mitochondrial
reference. After duplicate removal and quality filtering (mapQ > 25,
length > 35 bp), authenticity was confirmed by requiring at least 10%
C-to-T damage. Contamination from modern human DNA was conserva-
tively estimated by counting fragments with modern human-specific
alleles at lineage-diagnostic positions in the rCRS alignment”. We
compared the effect of using all sequences versus only those with
putative terminal deamination, as well as two different thresholds for
contamination (10% and 25%), and found no significant differencesin
theresulting mitochondrial consensus genomes. Consensus calling was
performed with different parameters, requiring a consensus support

of either 66% or 80% and a minimum coverage of either 3x or 4x, all
while requiring a base quality score of 20 and masking transitions at
the three last bases at the ends of the reads to mitigate errors due to
damage-induced substitutions.

We constructed adated phylogeny withamultiple alignment, gener-
ated using mafftwith1,000 iterations™ (v.7.453), of the new Neander-
thalmtDNA genomes, as well as previously published mtDNA genomes
from 23 Neanderthals*#81121233475-80 55 nresent-day humans™#!, 10
ancientmodern humans'®7°#% the Sima de los Huesos hominin” and
4 Denisovans®*%# using BEAST2 (v.2.1.3)**. We determined that TrN as
the substitution model®® described our data best, and set the propor-
tion of invariant sites of 0.8. We ran this analysis multiple times, using
allsequences or only those inthe coding portion of the mitochondria,
aswell as testing different models with different clocks and trees, and
using different priors for the tip ages of Couvin G8-0083 and Thorin.
Moreover, we also explored the viability of combining non-overlapping
radiocarbon dates for GN2, and the effect that using different dates
fromthe different specimens would have on the posterior dates. These
analyses are described in more detail in Supplementary Information
section10.

Y chromosome capture

Three out of thefour genetically maleindividuals had enough sequences
mapping to the non-recombining portion of the Y chromosome® for
downstream analyses (Supplementary Information section 11). Owing
tothelow coverage, we did not construct a de novo phylogeny. Instead,
the new data of Goyet Q305-1, Fonds-de-Forét1and Trou Magrite 2422-
36 wereused to place the new individualsinto an existing high-quality
phylogeny of archaic Y chromosomes! to determine their affiliations
with previously sequenced male Neanderthals.

GN1 high-coverage genome

Fromthe Goyet Q56-1specimen (GN1individual), three single-stranded,
non-UDG-treated libraries with around 37% endogenous DNA were
sequenced to high coverage (Supplementary Information section 2).
To improve sequencing efficiency, we used gel excision to remove
fragments shorter than 35 bp (ref. 15), and pooled the remaining mol-
ecules forsequencing on an Illlumina HiSeqX platform at ScilLife. Reads
were processed using leeHom for adapter trimming and merging, and
aligned to the hgl9 reference with BWA using the same software, ancient
DNA parameters and reference sequence described above. PCR dupli-
cateswereremoved (bam-rmdup) and only fragments with mapQ > 25
and length > 35bp were retained for downstream analysis. We assessed
present-day human DNA contamination in each library using five
complementary methods: AuthentiCT®? (v.1.0.1), a likelihood-based
divergence method®®*, a conditional substitution approach®?¢, excess
Y chromosome reads®®® and f-statistics comparing all versus deami-
nated reads with present-day populations from the Simons Genome
Diversity Project® (Supplementary Tables 1.3 and 2.1). We merged the
datafrom the three libraries using SAMtools®® (v.1.3.1-21), resulting ina
genome-wide coverage of 22.4-fold, and carried out genotyping using
snpAD* (v.0.3.11).

Population history of GN1

The demographic history of the GN1 individual was inferred using
PSMC? (v.0.6.5; Supplementary Information section 6). The analysis
was run using the pipeline available at GitHub (https://github.com/
StephanePeyregne/calibratePSMC), with standard parameters and
correcting for missing data®. We calculated the genetic age of GN1
using a molecular branch shortening approach®, which assumes that
olderindividuals have accumulated fewer lineage-specific mutations.
Todo this, we counted derived transversions (to mitigate ancient DNA
damage) onthe GN1lineage, using four great ape outgroups, and cali-
brated assuming a divergence of 13 million years ago with a mutation
rate of 0.5 x107° per bp per year®.
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Genetic diversity of GN1

We calculated the genome-wide heterozygosity for GN1as the ratio of
heterozygous sitesto the total number of callable sites and compared
this value with those of other high-coverage genomes of interest (Sup-
plementary Information section 7). We then identified HBD segments,
indicative of recent inbreeding, by using amethod tailored for ancient
DNA data*®*°, This method accounts for genotyping errors through
a parameter, 17, and has been optimized to increase sensitivity for
longer segments while reducing false positives for shorter segments
(>2.5cMand <10 cM). In the absence of aNeanderthal recombination
map, recombination levels were calculated using three recombination
maps: a constant rate, the African-American map? and the deCODE
map®°. The total proportion of the genome found in such HBD seg-
ments was calculated and compared with those of other high-coverage
Neanderthal genomes.

Functional analysis of GN1

We identified derived variants in the different Neanderthal lineages,
focusingonly onbi-allelicsitesinwhich the global allele frequency of the
derived allele was lower than 0.5% among the modernindividuals from
thegnomAD genome (v.3.1.2) orgnomAD exome (v.4.0) datasets””. Then,
we annotated those that were specific to the high-coverage Neanderthal
genomes using the Ensembl Variant Effect Predictor (v.112, https://www.
ensembl.org/info/docs/tools/vep/index.html). Tolook for biological
pathways that might be overrepresented, we then performed a func-
tional enrichment analysis of Neanderthal-specific protein-coding
andregulatory variants using the GOfuncR R package (v.1.23.2, https://
github.com/sgrote/GOfuncR) to test for overrepresentation in Gene
Ontology and Human Phenotype Ontology categories®, and using
the ABAEnrichment R package®® for overrepresentation in the Allen
Brain Atlas (http://www.brain-map.org). The associated family-wise
error rates associated enabled us to account for multiple testing.
Finally, to test for selection in the Neanderthal lineage, we focused
on polymorphic sites in Neanderthals and performed McDonald-
Kreitman tests contrasting non-synonymous fixed differences (dN),
synonymous fixed differences (dS), non-synonymous polymorphisms
(pN) and synonymous polymorphisms (pS).

ArchaicPlus nuclear capture

For 43 libraries with low endogenous DNA content, we performed
in-solution hybridization capture using a custom ArchaicPlus array,
with around 2.3 million sites chosen to specifically target archaic
variation and quantify present-day human contamination (Supple-
mentary Information sections12and 13). Data from captured libraries
were sequenced on HiSeq4000 and NextSeq platforms (Illumina),
and demultiplexed and processed bioinformatically as described in
the ‘Shotgun sequencing’ section, with the difference that they were
mapped to a modified hgl9 reference thatincluded a third allele (dis-
tinct from the reference and alternative) to mitigate reference bias.
Contamination was estimated using an approach that modelled con-
tamination as the linear combination of the frequencies of derived
alleles in endogenous and exogenous sequences"?, as well as Authen-
tiCT®?(Supplementary Table 5). Because the resulting contamination
estimates were generally higher than 2%, all subsequent analyses were
conservatively restricted to deaminated sequences (C-to-T substitu-
tions in the terminal 3 bp). Libraries originating from the same speci-
men were merged using SAMtools merge v.1.3.1 (ref. 68).

Kinship and genetic sex determination

Genetic sex was determined by calculating the ratio of observed read
coverage on the sexchromosomes versus the autosomes, normalized
by the number of targeted SNPs on the ArchaicPlus array (Extended
Data Fig. 1and Supplementary Information section 13.3). Individu-
als were assigned as genetically female or male based on normalized

X chromosome andY chromosome ratios. To identify skeletal remains
from the same or closely related individuals, we used the software KIN*,
alikelihood-based method that detects up to third-degree relatives
using low-coverage data while modelling contamination. The analysis
was runon the curated capture dataset after applying strand-specific
filtering to mitigate ancient DNA damage using a custom script. The
average pairwise difference between unrelated individuals (PO) was
estimated from the highest-quality samples to calibrate the analysis.

Population affinities

We investigated the population affinities of the low-coverage Nean-
derthal genomes using D-statistics and f-statistics (Supplementary
Information section 15). We computed the statistics using admixr'®°
(v.0.9.1), which relies on ADMIXTOOLS' (v.7.0). First, we computed
the D-statistics of the form D(High-coverage Archaic1, High-coverage
Archaic 2; Test Neanderthal, Mbuti) to test whether a test individual
shared more alleles with one of two high-coverage archaicindividuals
used in the ArchaicPlus ascertainment (for example, Vindija 33.19 or
Chagyrskaya 8) (Supplementary Table 7.1). To perform the same tests
with samples that were not part of the ArchaicPlus ascertainment, such
as GN1, it was necessary to remove sites specific to Vindija33.19 and Cha-
gyrskaya 8to control forascertainmentbias, and, to gainfurther power,
we used a closer outgroup, Neanderthal D5 (Supplementary Table 7.2).
Using this corrected SNP set, we then calculated outgroup f;-statistics
ofthe form f;(Test Neanderthal 1, Test Neanderthal 2, Neanderthal D5)
(Supplementary Table 7.3) and D-statistics of the form D(Test Nean-
derthal 1, Test Neanderthal 2; Test Neanderthal 3, Neanderthal D5) to
investigate population structure (Supplementary Table 7.4).

Split times

Population split times were estimated using f(A4 | B)-statistics, which
measurethe proportion of derived allelesinatestindividual (4) thatare
alsoderived in areference high-coverage individual (B) ** (Supplemen-
tary Information section 16 and Supplementary Table 8). These values,
which correlate with genetic divergence time and range from O (very
deep splittime, no shared variation) to 0.5 forindividuals from the same
population, were calibrated into years BP by using the PSMC-derived
demographic models and the branch shortening-based genetic age
estimates for the high-coverage reference individuals (see ‘Popula-
tion history of GNT'). It should be noted that ascertainment bias in
the ArchaicPlus array precluded reliable split time estimation against
non-ascertainment genomes (for example, Goyet Q56-1 could not
be B) from the capture data.

Local ancestry

Todetectrecentintrogressed segments from modern humans or Den-
isovansin the genomes of Neanderthals, we used admixfrog* (v.0.7.2;
Supplementary Information section 17), a hidden Markov model that
probabilistically assigns local ancestry to genomic segments. This
approach explicitly models contamination, enabling the use of all
sequencing data. The reference panel included three high-coverage
Neanderthals (Vindija 33.19, D5 and Chagyrskaya 8)**°, Denisova 3
(ref. 69) and sub-Saharan African populations from the 1000 Genomes
Project'®, polarized against the chimpanzee genome. Samples with cov-
erage below 0.02x were excluded owing to inconclusive posteriors. In
theremainingindividuals, we called segments with a cut-off of 0.2 cM.

Relationship to modern humans

To determine which of the sequenced Neanderthals is closest to the
population that contributed the ancestry found in modern humans
with ancestries other than African ancestry, we used two methods
(Supplementary Information section 8). First, we assigned archaic
lineages to introgressed segmentsidentified withadmixfrog* (v.0.7.2),
ina panel of 58 ancient and 231 present-day genomes other than Afri-
canones*. This was done using a Bayesian framework to calculate the
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posterior probability of asegment matching either GN1or Vindija 33.19
asreference, inasetof around 2.5 million diagnostic sites. Second, we
used stratified D-statistics of the form D(Neanderthal 1, Neanderthal 2;
modern human, chimpanzee), conditioning on alleles that have alow
frequency in African populations to enrich for variants that entered
the modern human gene pool through Neanderthal introgression and
restricting the analysis to transversions’.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The DNA sequences from Neanderthals from this study have been
deposited in the European Nucleotide Archive under accession num-
ber PRJEB98484. The FASTA files of the reconstructed mitochondrial
genomes as well as the genotype calls of the nuclear genomes have
been depositedinthe Edmond repository (https://doi.org/10.17617/3.
FON730).

Code availability

We did not develop code central to the main work described in this
Article.
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Extended DataFig.1|Sex determination. Average coverage ratiobetween
the X-chromosome and the autosomes (X-axis), and the Y-chromosome and the
autosomes (Y-axis). The marginal histograms (blue bars) on the top and right
axesillustrate the frequency distribution of allsamples along the Xand Y axes,

respectively.Inthreeinstances, weidentified the following bones as
originating from the same individual using kinship analysis (Supplementary
Section 6): (1) Goyet Q56-1,Q374a-1,and Q305-7 belong to GN1, (2) Goyet Q57-1,
Q57-2,and Q57-3 belong to GN2 and (3) Spy 94a and Spy 8 belong to Spy94a_8.



Article

Comparison of genetic dates

. . NoPrior_relaxed PriorCouvin_relaxed PriorThorin_relaxed
BEAST specification
NoPrior_strict PriorCouvin_strict -@- PriorThorin_strict
Coding
160000 -
120000 +
[m)]
O 30000 A l’ %
I
=2 400004 @ @D 39 DD DD arp @ DD DD ap @ @ @ pp D DH>
3
o Complete
160000
& 120000 + + +
() | [ [ ® |® [ [}
= 50000 b + +‘+ ++
40000{ B1® WD 3® WD DD q@ip B DD WD VD B9 B B9 yip BB ® 'y
NS S O oS N v > Wl 2 > N v N » > > O\ &
p . S & 2 o] S & < ] o A ) (g R4 - ) o S ¢
F L F TS FTHF I T T IS &G
N & N Q PR % &
g & O & & @ & P P P L S S 3
((O(\ 00 (©) (€ 9) (€ Q)@OO @?} ®® (o’b )
V
Extended DataFig.2|Estimated genetic ages (with theirrespective aswellasthe molecular clock model (strict or uncorrelated normal).
95% highest posterior density intervals (HPDI)) for all of the focus Thenumber of SNPs from each mitochondrial genome are reportedin
Neanderthals. The coloursindicate whether the priorsincluded the Supplementary Table 2.4.

radiocarbon dates available for either Thorin, Couvin, or none of them,
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whether the associated Z-score reached the absolute threshold of 3 for
significance. The numbers above the error barsindicate the number of SNPs

used for each specific comparison (N =1,310,536 SNPs).
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Proportion of derived variants from Chagyrskaya 8-Vindija33.19 derived branch
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Extended DataFig.7 |Proportion of derived variants specific to either contamination, coloured by the archaeological site (N=159;3,900; 4,984;
Chagyrskaya8, Vindija33.19 or both. Means + 95% confidence intervals 7,766;657;15,392;358;54,829;1,320 SNPs, from left to right).
(CI) aregiven for each Neanderthal sample with <5% present-day DNA
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Extended Data Table 1| Overview of the nuclear data and archaeological information for the Neanderthal specimens

; L : target SNPs Genetic | Contamination LC
Site |Individual ID| Specimen ID Age Rk e Estimate (95 % Cl)
Arcy-sur- | \r-30 ~1y.0. 18,133 | Female 1.3(0.3-2.8)
Cure
Fonds- | o ds-de-Forét 1 Adult 372,149 |  Male 0.5(0.3-0.7)
de-Forét
Goyet 1424-3D 6.5—12.5Y.0. 1,241 Male 20.2 (8.7—38.2)
Goyet C5-1 Adult / Ado. 2,211 Indet. 7.8 (2.6 - 16.5)
Goyet Q119-2 Adult / Ado. 6,946 Indet. 6.3(3.4-10.4)
Goyet Q305-1 Neonate 522,850 Male 0.3(0.2-0.4)
Goyet Q305-4 Adult / Ado. 71,298 Female 1.1(0.5-1.7)
Goyet Q376-25 Adult / Ado. 2,006 Female 9.3 (3.5-18.5)
Goyet
Goyet Q55-4 Adult / Ado. 5,803 Female 6.7 (3.4—-11.3)

Goyet Q56-1,
GN1 Goyet Q374a-1, Adult / Ado. 2,280,251 Female 0.1(0.0-0.1)
Goyet Q305-4

Goyet Q57-1,
Goyet Q57-2,

GN2 Goyet Q57-3, Adult / Ado. 649,420 Female 0.4 (0.0-0.5)
Goyet Q54-4

Spy Spy 94a_8 | Spy 94a, Spy 8 Adult 499,051 Male 0.4 (0.2-0.6)
Trou .

; Trou Magrite 2422-36 Neonate 143,641 Male 1.2(0.8—-1.6)
Magrite
Les :

; Les Cottés Z4-1514 >4vy.0. 2,018,845 Female 0.5(0.5-0.6)
Cottés

Samples in red exceeded the threshold for present-day human contamination (>2%) and were included only in analyses that are robust to contamination. LC: Linear Combination; Cl: confidence
interval; ID: identifier, y.o. = years old, Ado. = Adolescent, Indet. = Indeterminate.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name, describe more complex techniques in the Methods section.

X

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X LI

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXO O OXXOOOS

LK

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used for data collection.

Data analysis All software packages used for analysis are cited in the Online Methods section and in the Supplementary Information and all used packages
are publicly available:

All sequence data processing included adapter trimming and read merging using leeHom (version 1.2.18, https://bioinf.eva.mpg.de/leehom/),
BWA (version 0.5.10-evan.9-1-g44db244, https://github.com/mpieva/network-aware-bwa), bam-rmdup (version 0.6.3, https://github.com/
mpieva/biohazard-tools).

For mitochondrial DNA analysis: mafft (version 7.453, https://github.com/GSLBiotech/mafft) and BEAST2 (version 2.1.3, https://github.com/
CompEvol/beast2), FigTree (ersion 1.4.4, http://tree.bio.ed.ac.uk/software/figtree) .

For nuclear DNA analysis: samtools (version 1.3.1-21, https://github.com/samtools), AuthentiCT (version 1.0.1, https://github.com/
StephanePeyregne/AuthentiCT), snpAD (version 0.3.11, http://bioinf.eva.mpg.de/snpAD), PSMC (version 0.6.5, implemented in a pipeline for
ancient DNA data in https://github.com/StephanePeyregne/calibratePSMC), Ensembl Variant Effect Predictor (version 112, https://
www.ensembl.org/info/docs/tools/vep/index.html), ABAEnrichment R package (version 1.13.3, https://github.com/sgrote/ABAEnrichment),
GOfuncR R package (version 1.23.2, https://github.com/sgrote/GOfuncR), OrganismDb R package (version 1.14.1, https://
www.rdocumentation.org/packages/OrganismDbi/versions/1.14.1), FUNC (version 0.4.9, https://func.eva.mpg.de), gwascat R package
(version 2.42.1, https://bioconductor.org/packages/gwascat), rethinking R package (version 2.13, https://github.com/rmcelreath/rethinking),
picard LiftoverVcf (version 2.18.29, https://gatk.broadinstitute.org/hc/en-us/articles/360037060932-LiftoverVcf-Picard), KIN (version 3.1.3,
https://github.com/DivyaratanPopli/Kinship_Inference), admixr (version 0.9.1, https://github.com/bodkan/admixr), ADMIXTOOLS (version 7.0,




https://github.com/DReichLab/AdmixTools) and admixfrog (version 0.7.2, https://github.com/BenjaminPeter/admixfrog).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The Neandertal sequences from this study have been deposited in the European Nucleotide Archive under accession number PRIEB98484, to be released on the
24th of April. We have also uploaded all mitochondrial sequences fasta files and genotype calls of the nuclear genomes to the Edmond repository (https://
doi.org/10.17617/3.F9N730).
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Private variant analyses of GN1 relied on the datasets gnomAD genomes (version 3.1.2) and gnomAD exomes (version 4.0), available at https://
gnomad.broadinstitute.org; the Human Phenotype Ontology (HPO) available at https://hpo.jax.org; the Gene Ontology (GO) at https://current.geneontology.org/
ontology/; as well as the Allen Brain Atlas, available at http://www.brain-map.org .

Comparative data of present-day human genomes used in this project include the "Simons Genome Diversity Project" available at: https://

www.simonsfoundation.org/simons-genome-diversity-project/ and from the "1000 Genome project (phase 3)" available through the International Genome Sample
Resource (IGSR) at: https://www.internationalgenome.org .

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A.
other socially relevant

groupings

Population characteristics N/A.
Recruitment N/A.
Ethics oversight N/A.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The number of genomes analysed in this study was determined by identifying those specimens that had sufficient levels of ancient DNA
preservation for downstream sequencing and analysis. Neandertal specimens are extremely scarce, and preservation greatly varies. For this
reason, depending on the case the data that could be generated varied:

- 34 different specimens from tfrom seven sites in the Meuse Basin (Goyet, Spy, Couvin, Trou Magrite, Engis, Walou and Fonds-de-Forét) and
two sites in France (Saint-Césaire and Arcy-sur-Cure) were screened for ancient DNA preservation.

- One specimen, Goyet Q56-1, had exceptional DNA preservation, which enabled us to generate a 22.4 fold coverage genome.

- 19 skeletal remains from six archaeological sites (Goyet, Spy, Arcy-sur-Cure, Trou Magrite, Fonds-de-Forét and Les Cottés) had sufficient DNA
preservation to enable the sequencing nuclear DNA analysis after enriching with the ArchaicPlus array. Moreover, of these, three new males
were identified and therefore were also enriched for Y-chromosome sequences.

- Six additional specimens produced mitochondrial DNA data but not nuclear DNA data could be recovered.

All of this is illustrated in Figure 1 of the manuscript.




Data exclusions  We used pre-established criteria in ancient DNA research of excluding sequences form the sequencing data that did not map to the human
genome, sequences that were shorter than 35 base pairs and sequences mapping with a low mapping quality (<25); all of which are excluded
to avoid incorporating sequences that are not endogenous to the individual sequenced. For nuclear DNA analysis, a threshold of 2% present-
day human contamination was established for further filtering. For mitochondrial DNA analysis, we compared two different thresholds of
present-day human contamination (10% and 25%) when reconstructing the mitochondrial genome sequences. Libraries that did not pass
these contamination estimate thresholds were excluded from the study.

Replication When possible, we took multiple samples from the same specimen to generate independent single-stranded DNA libraries. The results of
reproducibility of the data generation and analyses are reported across the Supplementary Tables 1,2,3 and 5. To allow reproducibility of the
downstream analyses, all filtering steps and the comparative data used in this study are detailed in the Online Methods and the
Supplementary Information. Moreover, all of the data obtained in this study can be downloaded from the repositories indicated in the "Data
availability" statement.

Randomization Randomization is not relevant to this study because it does not involve experimental assignment or intervention, but rather the analysis of
rare ancient specimens. In ancient DNA research, sample selection is inherently constrained by DNA preservation and availability, not by
randomized design. Accordingly, all specimens listed in the “Sample size” section were screened for endogenous DNA content, and genome-
wide analyses were conducted on those that met established quality thresholds. This preservation-driven inclusion criterion is standard in the
field and precludes the application of randomization.

Blinding Blinding was not relevant as we sampled ancient hominin specimens that were selected for this study based on their archaeological context
(i.e. age and provenance), thus blinding would be inappropriate given the scarcity and the value of the sampled material. Blinding in
downstream analyses was not relevant given that we analysed genome-wide data of the Neandertal specimens in relation to publicly available
datasets of present-day and ancient human genomes.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies g D ChiIP-seq
Eukaryotic cell lines IZI |:| Flow cytometry
Palaeontology and archaeology IZ D MRI-based neuroimaging
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Palaeontology and Archaeology

Specimen provenance All permissions were granted by our collaborators that are also listed as co-authors on this manuscript, and with the aim of
conducting genetic analyses on the sampled Neandertal material.
Specimen of Saint Cesaire was sampled in 2006 and 2014, subset of the specimens from Goyet was sampled in 2014, the specimens
of Arcy-sur-Cure and Les Cottes were sampled in 2015, and the specimens of Couvin, Engis and Walou were sampled in 2017, all in
the clean room facility of the Max Planck Institute for Evolutionary Anthropology in Leipzig, Germany. The remainder of the
specimens from Goyet, as well as Spy and Trou Magrite, were sampled in 2015 and 2016 in the clean room facility of the Royal
Belgian Institute of Natural Sciences in Brussels, Belgium. The specimen from Fonds-de-Forét was sampled in 2019, also in the clean
room facility of the Royal Belgian Institute of Natural Sciences in Brussels.

Specimen deposition All Neandertal specimens (bones, bone fragments and teeth) are deposited in their respective institutions in Belgium and France.
Scientists wanting to conduct research on these specimens should obtain permits from the institutions housing the specimens.

Dating methods No new archaeological dates are provided in this study. All of the calibrated dates used as priors for the bayesian genetic dating are
described in Supplementary Tables 2.7 and 2.8

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight All approvals for specimen sampling have been obtained from the relevant institutions.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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