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Reconstructing the genetic history of late
Neanderthals
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Although it has previously been shown that Neanderthals
contributed DNA to modern humans1,2, not much is known
about the genetic diversity of Neanderthals or the relationship
between late Neanderthal populations at the time at which their
last interactions with early modern humans occurred and before
they eventually disappeared. Our ability to retrieve DNA from a
larger number of Neanderthal individuals has been limited by
poor preservation of endogenous DNA3 and contamination of
Neanderthal skeletal remains by large amounts of microbial and
present-day human DNA3–5. Here we use hypochlorite treatment6
of as little as 9 mg of bone or tooth powder to generate between
1- and 2.7-fold genomic coverage of five Neanderthals who lived
around 39,000 to 47,000 years ago (that is, late Neanderthals),
thereby doubling the number of Neanderthals for which genome
sequences are available. Genetic similarity among late Neanderthals
is well predicted by their geographical location, and comparison to
the genome of an older Neanderthal from the Caucasus2,7 indicates
that a population turnover is likely to have occurred, either in the
Caucasus or throughout Europe, towards the end of Neanderthal
history. We find that the bulk of Neanderthal gene flow into early
modern humans originated from one or more source populations
that diverged from the Neanderthals that were studied here at least
70,000 years ago, but after they split from a previously sequenced
Neanderthal from Siberia2 around 150,000 years ago. Although four
of the Neanderthals studied here post-date the putative arrival of
early modern humans into Europe, we do not detect any recent gene
flow from early modern humans in their ancestry.
The Middle to Upper Palaeolithic transition in Europe was characterized by major cultural and biological changes that coincided
with the arrival of early modern humans and the disappearance of
Neanderthals8,9. Analyses of the first Neanderthal genomes have provided evidence of gene flow from Neanderthals into modern humans
between 50,000 and 60,000 years ago (ka), resulting in around 2%
of Neanderthal DNA in the genomes of non-Africans today1,2,10.
Additionally, genetic analyses of an approximately 39,000–42,000-yearold modern human from Romania (Oase 1) showed that interbreeding
between Neanderthals and modern humans also happened in Europe
at a later point in time11. However, little is known about the diversity
of late Neanderthal populations across Europe and western Asia
shortly before their disappearance, or about their relationship to

the population that admixed with early modern humans. To date, only
a handful of Neanderthal remains have been identified with a sufficiently high content of endogenous DNA and low enough levels of
microbial and human DNA contamination3 to allow analysis of larger
parts of their genomes1,2,7, limiting our ability to study their genetic
history.
In an attempt to make more Neanderthal genomes available for population analyses, we identified five specimens with sufficient preservation of endogenous DNA to explore the possibility of nuclear genome
sequencing (Fig. 1a and Supplementary Information 1): a fragment of
a right femur (Goyet Q56-1) dated to 43,000–42,080 calibrated years
(cal. yr) before present (bp; taken to be ad 1950) from the Troisième
caverne of Goyet in Belgium12; an upper right molar (Spy 94a) that is
associated with a maxillary fragment dated to 39,150–37,880 cal. yr bp
from the neighbouring Spy cave in Belgium13; a tooth (Les Cottés
Z4-1514) dated to 43,740–42,720 cal. yr bp from Les Cottés cave14 in
France; an undiagnosed bone fragment found in Vindija cave in Croatia
(Vindija 87) dated to be older than 44,000 uncalibrated years bp; and a
skull fragment of an infant from Mezmaiskaya cave (Mezmaiskaya 2)
in the Russian Caucasus dated to 44,600–42,960 cal. yr bp15.
We extracted DNA from between 9 and 58 mg of bone or tooth
powder. Approximately half of the powder from each specimen was
treated with 0.5% hypochlorite solution before DNA extraction to
remove present-day human and microbial DNA contamination6.
Hypochlorite treatment increased the proportion of DNA fragments
mapping to the human reference genome between 5.6- and 161-fold
(Fig. 1b and Supplementary Information 2), and reduced present-day
human contamination in four of the specimens between 2- and 18-fold
(Fig. 1c and Supplementary Information 2). This substantial increase in
the proportion of informative fragments made whole-genome sequencing of these previously inaccessible specimens feasible.
We generated additional single-stranded DNA libraries from
selected extracts and sequenced them to an average genomic coverage of 2.7-fold for Les Cottés Z4-1514, 2.2-fold for Goyet Q56-1, 1.7fold for Mezmaiskaya 2, 1.3-fold for Vindija 87 and 1-fold for Spy 94a
(Extended Data Table 1 and Supplementary Information 3). Estimates
of mitochondrial (mt) and nuclear DNA contamination ranged from
0.52% to 5.06% and from 0.18% to 1.75%, respectively (Supplementary
Information 4). Therefore, we restricted analyses to fragments carrying
cytosine (C) to thymine (T) substitutions at their ends as these derive
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Figure 1 | Specimen information and the effects of 0.5% hypochlorite
treatment. a, Location and age of the five late Neanderthal specimens
analysed in this study (new), and other sites for which genome-wide data
of Neanderthal samples have previously been published (old). Map source:
Vectormapcollection. b, Proportion of DNA fragments aligned to the
human reference genome in untreated bone and tooth powder and in

powder treated with 0.5% sodium hypochlorite (Supplementary Table 2.1).
c, Proportion of present-day human contamination (with 95% binomial
confidence intervals) inferred from mtDNA fragments in treated and
untreated samples. Two-sided Pearson’s χ2 tests were used to calculate
significant differences (**α
  0.001) (Supplementary Table 2.5).

from deamination of cytosine to uracil and indicate that DNA molecules are of ancient origin16,17 (Extended Data Figs 1, 2). This reduced
the mtDNA contamination to 0.39–1.61% and the autosomal contami
nation to 0–0.81% (Supplementary Information 4). To mitigate the
influence of deamination on genetic inferences, we further restricted
the analyses to only transversion polymorphisms (see Supplementary
Information 6).
A phylogenetic tree (Fig. 2a) of the reconstructed complete mitochondrial genomes places these five specimens within the Neanderthal
mtDNA variation. The relationship of the mtDNA of Les Cottés
Z4-1514 to the mtDNAs of Neanderthals from across their entire geographic range—including older Neanderthals from Okladnikov and
Denisova cave (Supplementary Information 5)—together with the
grouping of Mezmaiskaya 2 with late Neanderthals, including Feldhofer
2, challenges the previously proposed division between Eastern and
Western mtDNAs in late-surviving Neanderthals18. As inferred from
the sequence coverage of the X chromosome and the autosomes, Goyet
Q56-1, Les Cottés Z4-1514 and Vindija 87 were females, whereas
Mezmaiskaya 2 and Spy 94a were males (Extended Data Fig. 3). The
Y chromosome sequences of both male individuals fall outside the
known variation of present-day human Y chromosomes (Fig. 2b and
Supplementary Information 5), as is the case for the Y chromosome of
a Neanderthal from El Sidrón, Spain19.
We analysed the genomes of the five late Neanderthals with the
previously published high-quality genomes of an approximately
120,000-year-old Neanderthal from Siberia (Altai Neanderthal)2 and
Neanderthal from Croatia (Vindija 33.19) that is more than 45,000
years old7, the low-coverage genome of a Neanderthal who lived
approximately 60–70 ka from Mezmaiskaya cave (Mezmaiskaya 1)2,7,
the composite low-coverage genome of three Neanderthals from

Croatia1, the high-coverage genome of a Denisovan individual20 and
a world-wide panel of present-day humans2,21. On the basis of derived
alleles that are shared with the Vindija 33.19 genome7, we find that the
Vindija 87 specimen originates from the same individual as Vindija
33.19. We therefore excluded Vindija 87 from subsequent analyses
(Supplementary Information 7).
A neighbour-joining tree based on the number of pairwise transversions between individuals shows that all Neanderthals form a
monophyletic clade relative to the Denisovan individual (Fig. 2c and
Supplementary Information 7, 8). The tree reflects an apparent age-
related division among the Neanderthals with the oldest specimen,
the Altai Neanderthal branching off first, followed by Mezmaiskaya 1,
whereas the late Neanderthals form a clade. To assess the relationship
of the late Neanderthals to the high-coverage genomes of the Altai and
Vindija 33.19 Neanderthals, we used two related statistics that measure the fraction of derived allele-sharing between the genomes. We
find that all late Neanderthals and Mezmaiskaya 1 share significantly
more derived alleles with Vindija 33.19 than with the Altai Neanderthal
(−32.1 ≤  Z ≤  −58.1; Extended Data Table 2 and Supplementary
Information 9) and that late Neanderthals share on average 49.0%
(95% confidence interval, 44.2–54.2%) of the derived alleles seen in
Vindija 33.19 and not in other high-coverage genomes in the analysis,
whereas they share 17.2% (95% confidence interval, 15.9–18.3%) of the
derived alleles in the Altai Neanderthal (Extended Data Table 3 and
Supplementary Information 7).
Obtaining genome-wide data of multiple late Neanderthals from a
broad geographical range enabled us to determine whether relatedness among Neanderthals is correlated to their geographical proximity,
as is the case for present-day humans22. In support of this, we find
that the two Neanderthals from Belgium share more derived alleles
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Figure 2 | Phylogenetic relationships of late Neanderthals. a, Bayesian
phylogenetic tree of mitochondrial genomes of 23 Neanderthals,
3 Denisovans, 64 modern humans and a hominin from Sima de los
Huesos. The posterior probabilities for the branches are shown.
b, Neighbour-joining tree of Y chromosome sequences of Mezmaiskaya
2, Spy 94a, 175 present-day humans21 and two present-day humans

carrying the A00 haplogroup30. The number of substitutions is shown
above the branches. c, Neighbour-joining tree of nuclear genomes based
on autosomal transversions among late Neanderthals, Vindija 33.19,
Mezmaiskaya 1, Altai Neanderthal, Denisovan and 12 present-day
humans. Bootstrap support values after 1,000 replications are shown.

with each other than with any other Neanderthal (−3.65 ≤  Z ≤  −8.47;
Supplementary Information 9), and in turn more derived alleles with
Neanderthals from France and Croatia than with the late Neanderthal
from the Caucasus. Similarly, the four Neanderthals from Vindija cave
that come from a relatively narrow time range share more derived
alleles with each other than with other Neanderthals (−2.2 ≤  Z ≤ 
−14.5; Supplementary Information 9). Furthermore, specimens with
a similar age and the largest geographical distance between them
(Les Cottés Z4-1514 and Mezmaiskaya 2) shared the fewest derived
alleles (Supplementary Information 9). By contrast, Mezmaiskaya 2
shared more derived alleles with the other late Neanderthals than with
Mezmaiskaya 1 (−2.13 ≤  Z ≤  −9.56; Supplementary Information 9),
suggesting that there was a population turnover towards the end of
Neanderthal history. This turnover may have been the result of a population related to western Neanderthals replacing earlier Neanderthals
in the Caucasus, or the replacement of Neanderthals in western Europe
by a population related to Mezmaiskaya 2. The timing of this turnover
coincides with pronounced climatic fluctuations during Marine Isotope
Stage 3 between 60 and 24 ka23, when extreme cold periods in northern
Europe may have triggered the local extinction of Neanderthal populations and subsequent re-colonization from refugia in southern Europe
or western Asia24,25.

We estimated the population split times between each of the low-
coverage Neanderthal genomes and the two high-coverage Neanderthal
genomes by determining the fraction of sites at which each of the
low-coverage Neanderthal genomes shares a derived allele that occurs
in the heterozygote state in one of the high-quality genomes (F(A|B)
statistics1,20). This fraction was then used to estimate the population
split times for each pair of Neanderthals using previous inferences of
how Neanderthal population sizes changed over time2,7. Owing to the
uncertainties in the mutation rate and generation times, we caution
that although the times presented are likely to accurately reflect the
relative ages of the population split times, the absolute estimates in
years are approximate. We estimate that the late Neanderthals studied
here separated from a common ancestor with the Altai Neanderthal
around 150 ka (95% confidence interval, 142–186 ka), and from a common ancestor with Vindija 33.19 about 70 ka (95% confidence interval,
58–72 ka; Extended Data Table 4 and Supplementary Information 8).
The estimates of the population split times from the common ancestors
shared with the Denisovan and with modern humans are around 400 ka
(95% confidence interval, 367–484 ka) and about 530 ka (95% confidence interval, 503–565 ka; Extended Data Table 4 and Supplementary
Information 8), respectively, consistent with previous estimates using
the Altai and Vindija 33.19 Neanderthal genomes1,2,20.
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Figure 3 | Proximity to the introgressing Neanderthal populations in
present-day and ancient humans calculated using D(Neanderthal1,
Neanderthal2; non-African, African). Three Mbuti individuals from the
Simons Genome Diversity Project (SGDP)21 were used as an outgroup
and standard errors were calculated using a weighted block jackknife
(Supplementary Information 10). Shaded grey region corresponds

to D <  0. a, All late Neanderthals and the older Mezmaiskaya 1 are
significantly closer to the introgressing Neanderthal population(s) than
the Altai Neanderthal. b, There is no significant difference between late
Neanderthals, Mezmaiskaya 1 and Vindija 33.19 in their proximity to
the introgressing Neanderthal population(s) in present-day and ancient
humans.

To investigate whether any of the Neanderthals sequenced to date
is more closely related to the Neanderthal population that contributed
genetic material to modern humans, we compared the Neanderthal
genomes from this and previous studies to the genomes of 263 presentday humans21 as well as a number of early modern humans10,11,26,27.
We find that all late Neanderthals and the older Mezmaiskaya 1
Neanderthal share significantly more derived alleles with the introgressing Neanderthals than the Altai Neanderthal does (−2.4 ≤  Z ≤ 
−5.6; Fig. 3a and Supplementary Information 10), with no significant
differences among them (−0.1 ≤  Z ≤  1.8; Fig. 3b and Supplementary
Information 10). Interestingly, this is also true for an approximately
45,000-year-old modern human from Siberia (Ust’-Ishim) (Fig. 3 and
Supplementary Information 10), who was contemporaneous with late
Neanderthals, but is not a direct ancestor of present-day humans10.
Thus, the majority of gene flow into early modern humans appears
to have originated from one or more Neanderthal populations that
diverged from other late Neanderthals after their split from the Altai
Neanderthal about 150 ka, but before the split from Mezmaiskaya 1 at
least 90 ka (Extended Data Table 4). Owing to the scarcity of overlapping genetic data from Oase 1, whose genome revealed an unusually
high percentage of Neanderthal ancestry11, we were unable to resolve
whether one of these late Neanderthals was significantly closer than
others to the introgressing Neanderthal in Oase 1.
Interbreeding between Neanderthals and early modern humans is
likely to have occurred intermittently, presumably resulting in gene

flow in both directions28. However, when we applied an approach that
uses the extended length of haplotypes expected from recent introgression into the analysed late Neanderthals, we did not find any
indications of recent gene flow from early modern humans to the late
Neanderthals (Supplementary Information 11). We caution that given
the small number of analysed Neanderthals we cannot exclude that
such gene flow occurred. However, it is striking that Oase 1, one of two
early modern humans that overlapped in time with late Neanderthals,
showed evidence for recent additional Neanderthal introgression10,11
whereas none of the late Neanderthals analysed here do. This may
indicate that gene flow affected the ancestry of modern human
populations more than it did Neanderthals29. Further work is necessary
to determine whether this was the case. Our work demonstrates that
the generation of genome sequences from a large number of archaic
human individuals is now technically feasible, and opens up the possibility to study Neanderthal populations across their temporal and
geographical range.
Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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Methods

Data reporting. No statistical methods were used to predetermine sample size.
The experiments were not randomized and the investigators were not blinded to
allocation during experiments and outcome assessment.
DNA extraction and library preparation. All specimens were sampled in clean
room facilities dedicated to the analysis of ancient DNA. Between 28 mg and
104 mg of tooth or bone powder was obtained by drilling once into the physically cleaned part of the specimen and split evenly (Supplementary Information
2; Supplementary Table 2.1). Approximately half of the powder was directly subjected to DNA extraction using a silica-based method31 as implemented in ref. 6
(the untreated sample), whereas the second half was treated with a 0.5% sodium
hypochlorite solution6 before DNA extraction in an attempt to remove some of the
microbial and present-day human DNA contamination3–5. Subsequently, 5 or 10 μl
of each extract was converted into single-stranded DNA libraries32 with the modifications as in ref. 6. The initial libraries of Vindija 87, Goyet Q56-1 and Les Cottés
Z4-1514 were treated with Escherichia coli uracil-DNA-glycosylase (UDG) and
E. coli endonuclease VIII (Endo VIII)15,20 to excise uracils, while all other libraries
were prepared without this enzymatic treatment (Supplementary Information 2).
The libraries were amplified into plateau33 and tagged with two sample-specific
indices6,34. An aliquot of each amplified library was additionally enriched for
hominin mtDNA using a bead-based hybridization method and modern human
mtDNA as a bait35–37. After analysing the first set of libraries, we selected the
extracts with the highest proportion of endogenous DNA and the lowest levels of
present-day human DNA contamination to produce the final set of single-stranded
DNA libraries6,32 (Supplementary Information 2 and Supplementary Table 2.6).
Genome sequencing and data processing. All libraries were initially sequenced
together on Illumina’s MiSeq and HiSeq 2500 platforms to determine their
suitability for whole-genome sequencing. Subsequently, 23 libraries from five
Neanderthal specimens were selected and sequenced on 50 lanes of the Illumina
HiSeq 2500 platform in rapid mode, using double index configuration (2× 76 bp)34
(Supplementary Information 2). Base calling was done using Bustard (Illumina)
for the MiSeq runs and FreeIbis38 for the HiSeq runs. Adapters were trimmed
and overlapping paired-end reads were merged into single sequences using
leeHom39. The Burrows–Wheeler aligner (BWA, version 0.5.10-evan.9-1g44db244; https://github.com/mpieva/network-aware-bwa)40 was used to align the
shotgun data to the modified human reference GRCh37 (ftp://ftp.1000genomes.
ebi.ac.uk/vol1/ftp/technical/reference/phase2_reference_assembly_sequence/) and
to align the human mtDNA capture data to the revised Cambridge Reference
Sequence (NC_01290) with parameters adjusted for ancient DNA (-n 0.01 –o 2 –l
16500)20. We developed a two-step algorithm called jivebunny (https://bioinf.eva.
mpg.de/jivebunny) for de-multiplexing of the sequencing runs (Supplementary
Information 3), retaining only fragments that were assigned to the correct
library based on their index sequences for all of the downstream analyses. PCR
duplicates were removed using bam-rmdup (version 0.6.3; https://github.com/
mpieva/biohazard-tools/) and fragments were filtered for read length (≥35 bp)
and mapping quality (MQ ≥ 25) using SAMtools (version 1.3.1)41.
The deamination of cytosine (C) to uracil (U) residues leaves characteristic
C-to-T substitution patterns in ancient DNA molecules, which are particularly close
to the alignment ends15 and thus provide evidence for the presence of authentic
ancient DNA in specimens5,42 (Supplementary Information 2, 3 and Extended
Data Fig. 1). We evaluated the frequency of these nucleotide substitution patterns
characteristic of ancient DNA using an in-house Perl script. For determining the
coverage of the nuclear genomes, we counted the number of bases with a base
quality of at least 30 (BQ ≥ 30) in the fragments that overlapped highly mappable regions of the autosomes of the human genome (Map35_100% of ref. 2) and
divided this number by the total length of those regions. We determined the sex
of the Neanderthal individuals by counting the number of fragments that aligned
to the X chromosome and the autosomes (Extended Data Fig. 3).
Contamination estimates. We used four methods to estimate the proportion
of present-day human DNA contamination in the final dataset (Supplementary
Information 4). We estimated the proportion of mtDNA contamination by
present-day human DNA using two different sets of positions. First, we re-aligned
the shotgun data of all HiSeq runs to the revised Cambridge Reference Sequence
(rCRS, NC_012920) using BWA40. We then counted the number of fragments
overlapping 63 positions at which 18 published Neanderthal mitochondrial
genomes1,2,12,43–46 differ from those of 311 present-day humans43. In the second
approach, we determined positions in the reconstructed mtDNA genomes of each
of the five Neanderthals that are specific for that Neanderthal compared to 311
present-day humans. To mitigate the effect of deamination for both approaches,
we ignored the alignments on the forward or reverse strands at positions where
the informative base was a C or a G17.
We estimated the extent of present-day human DNA contamination in the
autosomal sequences of the five late Neanderthals using a maximum likelihood

approach described in ref. 1, based on all sites covering informative positions in
the nuclear genome at which humans carry a fixed derived variant when compared
to the great apes. Additionally, we estimated levels of present-day human DNA
contamination using an ancestry model in which each low-coverage Neanderthal
traces a portion of the genome either from a high-coverage uncontaminated
Neanderthal, or from a modern human population related to present-day non-
Africans. We built a two-source qpAdm47 model in which one part of the ancestry
was modelled as being closely related to the high-coverage genome of Vindija 33.19
Neanderthal, and the other source of ancestry was modelled as being most closely
related to the Dinka population of the Simons Genome Diversity Project (SGDP)21.
We estimate the proportion of male contamination for the three female individuals, Les Cottés Z4-1514, Goyet Q56-1 and Vindija 87 by counting the number
of fragments aligning to the unique regions of the Y chromosome and divided it
with the number of fragments that would be expected if the individual was a male
(Supplementary Information 4 and Supplementary Table 4.1).
mtDNA and Y chromosomes of Neanderthals. We re-aligned the shotgun data
of all HiSeq runs to the Vindija 33.16 mitochondrial genome (AM948965)43 using
BWA40 to reconstruct complete mitochondrial genomes of five Neanderthals.
A consensus base was called at each position covered by at least three fragments
and where at least two-thirds of fragments had an identical base17 (Supplementary
Information 5). We aligned the reconstructed mitochondrial genomes of the five
late Neanderthals to the mtDNA genomes of 18 Neanderthals2,12,43–46,48,49, 311
present-day humans43, 10 ancient modern humans5,10,36,50–52, 3 Denisovans53–55,
a hominin from Sima de los Huesos17 and a chimpanzee56 using MAFFT57 and
calculated the number of pairwise differences among mitochondrial genomes using
MEGA658. Bayesian phylogenetic analysis was performed using BEAST version
2.4.559 to infer the time to the most recent common ancestor of all Neanderthal
mitochondrial genomes (Supplementary Information 5). Radiocarbon dates of
Neanderthals and ancient modern humans were used as calibration points for
the molecular clock and we used jModelTest260 and marginal likelihood estimation analysis61,62 to choose the best fitting substitution, clock and tree model
(Supplementary Information 5).
For reconstructing the phylogeny of the Neanderthal Y chromosomes, we
compared the two male Neanderthal individuals, Mezmaiskaya 2 and Spy 94a,
to 175 present-day human males from the SGDP21 and two present-day humans
with haplogroup A0030. For processing the Y chromosomal data of the presented
Neanderthal individuals, we followed the processing of the previously published
Neanderthal Y chromosome analysis19 and used the described parameters to call
bases and infer genotypes (Supplementary Information 5).
Set of filters for nuclear data analyses. As the data presented in this study were of
low-coverage and contained elevated C-to-T substitutions, we investigated spurious correlations stemming from the properties of the data using D-statistics1,54,63
(Supplementary Information 6). All of the sampling schemes, except random read
sampling and then restricting to transversion polymorphisms, as well as simulation of UDG treatment, resulted in significant spurious correlations between individuals (Supplementary Information 6 and Supplementary Table 6.1). Therefore,
we applied random read sampling at each position in the genome that was covered
for the low-coverage individuals. To diminish the effect of present-day human
DNA contamination and enrich for the endogenous fragments17, we further
selected the fragments that showed C-to-T substitutions relative to the human
reference genome at the first three and/or the last three positions, that is, putatively
deaminated fragments. The newly generated sequencing data of Mezmaiskaya 17,
an approximately 60,000–70,000-year-old sample of a Neanderthal from Russia,
were processed in the same way as the data of the other low-coverage individuals.
For the high-coverage genomes of Altai2 and Vindija 33.197 Neanderthals, as
well as the Denisovan20 individual, snpAD genotype calls (http://cdna.eva.mpg.
de/neandertal/Vindija/VCF/) were used. For comparison to modern humans,
we used hetfa files of 263 present-day human genomes of the SGDP21 and
snpAD genotype calls of three high quality ancient modern humans, Ust’-Ishim,
an approximately 45,000-year-old modern human from Siberia10; Loschbour,
an around 8,000-year-old hunter-gatherer from Luxembourg26; and LBK, an
approximately 7,000-year-old farmer from Stuttgart26. Variant sites across all
genomes were extracted (https://bioinf.eva.mpg.de/heffalump) and converted
into an input format for AdmixTools (version 4.1)63 or exported into combined
VCF files. We further restricted all analyses to bi-allelic sites in the genome
covered by at least one low-coverage Neanderthal genome and to transversion
polymorphisms.
Principal component analysis. We carried out principal component analysis64,65
using genomes of Vindija 33.197, the Altai Neanderthal2 and the Denisovan
individual20 to estimate the eigenvectors of the genetic variation and then projected
the low-coverage Neanderthal genomes onto the defined plane. This allowed us
to explore the relationship of low-coverage Neanderthal genomes relative to the
high-coverage Neanderthal genomes (Extended Data Fig. 4).
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Lineage attribution and average sequence divergence of late Neanderthals. We
followed an approach described in ref. 66 based on the sharing of derived alleles
with a certain hominin group to determine more precisely to which hominin group
the nuclear genomes of Les Cottés Z4-1514, Goyet Q56-1, Spy 94a, Mezmaiskaya
2 and Vindija 87 are most closely related. We investigated the state of DNA fragments overlapping the positions at which the high-coverage genomes of the Altai
Neanderthal2, the Vindija 33.19 Neanderthal7, the Denisovan individual20 and a
present-day African (Mbuti, HGDP00982)2 differ from those of the great apes
(chimpanzee, bonobo, gorilla and orangutan). We then determined the proportion
of fragments for each of the low-coverage Neanderthal genomes that supported
the derived state of each of the branches in the phylogenetic tree relating the four
high-coverage genomes66 (Extended Data Table 3, Supplementary Information 7
and Supplementary Table 7.1).
We estimated the divergence of the five late Neanderthal genomes along the
lineage from the ancestor shared with the chimpanzee and the high-coverage
genomes of the Altai and Vindija 33.19 Neanderthals, the Denisovan individual,
or a present-day human from the B-panel of ref. 2, using the triangulation method
previously applied to a number of ancient genomes1,2,20,54,55. We calculated how
many of the substitutions that were inferred to have occurred from the human–
chimpanzee ancestor to the high-coverage genomes that occurred after the split
from the low-coverage genome (Supplementary Information 7 and Supplementary
Tables 7.2, S7.3). Standard errors were computed by a weighted block jackknife67
with a block size of 5 million base pairs (5 Mb) across all autosomes.
Split times of late Neanderthals and the neighbour-joining tree of nuclear
genomes. We conditioned on the heterozygous sites in the two high-coverage
Neanderthals, and then computed the fraction of sites that show the same derived
allele in randomly sampled fragments of the low-coverage individuals in order
to estimate the split times between the low-coverage Neanderthals and the Altai2
and Vindija 33.197 Neanderthals (Extended Data Table 4 and Supplementary
Information 8). In this F(A|B) statistic1,2,20, the expected value depends only on
the demography of the high-coverage individuals from which heterozygous sites
are determined. We performed these analyses on all randomly sampled fragments,
and on deaminated fragments only (Extended Data Table 4 and Supplementary
Information 8).
We used the low-coverage nuclear genomes of Les Cottés Z4-1514, Goyet Q56-1,
Spy 94a, Mezmaiskaya 2 and Mezmaiskaya 1, the high-coverage genomes of
Vindija 33.19, Altai Neanderthal, the Denisovan individual and 12 present-day
humans from ref. 2 for the construction of a neighbour-joining tree. We counted
the total number of transversions between all pairs of individuals and the human–
chimpanzee common ancestor2,54. We constructed a neighbour-joining tree68
based on the pairwise number of transversions in windows of 5 Mb across all autosomes between all individuals with 1,000 bootstrap replications (Supplementary
Information 8). The tree was constructed as implemented in the R-package
phangorn69 and visualized with FigTree (version 1.4.2) (http://tree.bio.ed.ac.uk/
software/figtree/).
Inferring the relationships between Neanderthals. We used D-statistics1,54,63
to investigate the population relationships among Neanderthal individuals. We
co-analysed all low-coverage Neanderthal genomes with the high-coverage
genomes of the Altai2 and Vindija 33.197 Neanderthals. We used the whole-genome
alignments of the chimpanzee, orangutan and rhesus macaque to the human
reference genome70–72 to infer the ancestral states for the analyses of D(Altai,
Vindija 33.19; Neanderthal, outgroup). Furthermore, we used the genomes of the
Dinka and Mbuti individuals from the SGDP21 as outgroups for the statistics of
D(Neanderthal1, Neanderthal2; Neanderthal3, outgroup). The standard errors
were computed using a weighted block jackknife63,67 with equally sized blocks of
5 Mb over all autosomes. We further restricted these analyses to bi-allelic sites in
the genome covered by at least one low-coverage Neanderthal and transversion
polymorphisms.
Inferring the relationship to the introgressed Neanderthals in present-day
and ancient modern humans. We analysed the low-coverage late Neanderthal
genomes together with the high-coverage genomes of the Altai2 and Vindija 33.19
Neanderthals7, the high-coverage genomes of the Denisovan individual20 and 263
present-day humans of the SGDP21 (Supplementary Information 10). We included
Ust’-Ishim, an approximately 45,000-year-old modern human from Siberia10;
Loschbour, an around 8,000-year-old hunter-gatherer from Luxembourg26; and
LBK, an around 7,000-year-old farmer from Stuttgart26 to study the differences
among Neanderthals in their proximity to the introgressed Neanderthal DNA
detected in ancient modern humans. Analyses were restricted to transversion
polymorphisms and to bi-allelic sites in the genome covered by at least one
low-coverage Neanderthal. As above, D-statistics were used to infer the relationships between individuals1,54,63 and standard errors were computed using a
weighted block jackknife63,67 over all autosomes (block size: 5 Mb).

Early modern human gene flow into late Neanderthals. We modelled admixture
from modern humans into Neanderthals with an ascertainment scheme in which
both the Denisovan individual and Altai Neanderthal were fixed for the ancestral
allele and at least half of the alleles in present-day African populations are derived.
We applied the method as previously described73 and estimated the date of recent
early modern human admixture into Neanderthals to be around 10–100 gene
rations ago. At each single-nucleotide polymorphism in the genome, we consi
dered data from all Yoruba individuals from the 1000 Genomes Project74 covered
by at least three fragments that passed a pre-defined set of filters. Furthermore,
we restricted the analysis to sites in the genome at which ≥24 Yoruba indivi
duals as well as the Altai Neanderthal and Denisovan individual had allele calls
(Map35_50% filter from ref. 2). The ancestral states were taken from the inferred
ancestor of humans and chimpanzees (Ensembl Compara version 64)75,76. We
introduced a more complex demographic history that is loosely based on the model
described in ref. 77 (details in Supplementary Information 11).
Code availability. All software packages used for analysis are cited and are publicly available. All custom developed software is freely available at https://bioinf.
eva.mpg.de/.
Data availability. The aligned sequences have been deposited in the European
Nucleotide Archive under accession numbers PRJEB21870 (Goyet Q56-1),
PRJEB21875 (Les Cottés Z4-1514), PRJEB21881 (Mezmaiskaya 2), PRJEB21882
(Vindija 87) and PRJEB21883 (Spy 94a). The mitochondrial consensus sequences
reported in this paper are available in GenBank with accession numbers
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Extended Data Figure 1 | Frequency of nucleotide substitutions at the
beginning and the end of nuclear alignments for the final dataset of
Les Cottés Z4-1514, Goyet Q56-1, Mezmaiskaya 2, Vindija 87 and Spy
94a. Only fragments of at least 35 bp that mapped to the human reference

genome with a mapping quality of at least 25 (MQ ≥ 25) were used for this
analysis. Solid lines depict all fragments and dashed lines the fragments
that have a C-to-T substitution at the opposing end (‘conditional’ C-to-T
substitutions). All other types of substitutions are marked in grey.
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Extended Data Figure 2 | Fragment size distribution of fragments
longer than 35 bp mapped to the human reference genome with
MQ ≥ 25 for each of the five late Neanderthals. All fragments are

depicted in solid lines and fragments with C-to-T substitutions to the
reference genome (putatively deaminated fragments) are depicted with
dashed lines.
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Extended Data Figure 3 | Sex determination based on the number
of fragments aligning to the X chromosome and the autosomes. The
expected ratios of X to (X +autosomal) fragments for a female and a male

individual are depicted as dashed lines. The results were concordant for all
fragments (in red) and for deaminated fragments only (in grey).
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Extended Data Figure 4 | Principal component analysis of the
genomes of Vindija 33.19, Altai, the Denisovan individual, five late
Neanderthals and Mezmaiskaya 1. Genomes of the high-coverage
archaics were used to estimate the eigenvectors of the genetic variation and

low-coverage Neanderthals were projected onto the plane. Only
transversion polymorphisms and bi-allelic sites were considered for
the analysis, to a total of 1,010,417 sites as defined by the high-coverage
genomes. PC, principal component.
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Extended Data Table 1 | Amount of data generated for Les Cottés Z4-1514, Goyet Q56-1, Mezmaiskaya 2, Vindija 87 and Spy 94a
Fragments with terminal C-to-T substitutions to the reference
genome

All fragments
Specimen

Les Cottés Z41514
Goyet Q56-1

Number of
sequenced
fragments

Number of
fragments ≥ 35 bp

Number of mapped
fragments ≥ 35 bp,
MQ ≥ 25,
Map35_100%

Number of unique
fragments ≥ 35 bp,
MQ ≥ 25,
Map35_100%

Obtained
nuclear
coverage

Number of mapped
fragments ≥ 35 bp,
MQ ≥ 25,
Map35_100%

Number of unique
fragments ≥ 35 bp,
MQ ≥ 25,
Map35_100%

Obtained
nuclear
coverage

1,776,108,129

978,981,412

253,134,472

121,336,498

2.71

59,777,476

41,804,332

1.00

917,798,995

575,597,226

124,582,445

80,515,019

2.18

13,585,646

9,859,280

0.27

Mezmaikaya 2

2,571,128,011

1,356,302,134

125,815,832

74,407,074

1.74

32,838,281

23,521,855

0.56

Vindija 87

1,353,546,508

678,005,556

110,385,510

60,034,976

1.27

32,597,516

22,828,056

0.49

733,212,063

278,595,622

72,962,863

46,836,553

1.00

14,301,192

10,003,560

0.22

Spy 94a

The number of fragments after merging all of the sequencing libraries together is shown. The coverage of the nuclear genomes is determined by counting the number of bases with a base quality of at
least 30 in fragments longer than 35 bp with MQ ≥ 25 that overlapped highly mappable regions of autosomes of the human genome, and dividing that number by the total length of these regions.
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Extended Data Table 2 | Relationship of the late Neanderthals and Mezmaiskaya 1 to the Altai and Vindija 33.19 Neanderthals calculated
as D(Altai, Vindija 33.19, Neanderthal, outgroup) for all fragments and deaminated fragments, restricted to transversions
D (Altai, Vindija 33.19, Neanderthal,
outgroup)
W

X

Altai

Vindija33.19

Altai

Vindija33.19

Altai

Vindija33.19

Y
1514
1514
1514

-

All fragments

Deaminated fragments

Z

%D

Zscore

BABA

ABBA

%D

Zscore

BABA

ABBA

Dinka

48.87

-55.31

30,276

10,399

49.08

-52.83

19,048

6,506

Mbuti

49.08

-57.83

30,340

10,362

49.34

-55.25

19,077

6,471

Chimp

49.16

-59.83

29,427

10,028

49.38

-56.69

18,597

6,302

Orang

48.88

-60.25

28,149

9,664

49.15

-57.21

17,775

6,060

Rhesus

48.35

-58.96

25,856

9,003

48.38

-55.77

16,281

5,664

Altai

Vindija33.19

Altai

Vindija33.19

Altai

Vindija33.19

Goyet Q56-1

Dinka

55.87

-66.92

33,208

9,403

56.32

-56.88

8,673

2,423

Altai

Vindija33.19

Goyet Q56-1

Mbuti

56.00

-68.27

33,269

9,383

56.32

-58.37

8,689

2,428

Altai

Vindija33.19

Goyet Q56-1

Chimp

55.96

-68.97

32,188

9,090

56.76

-59.25

8,485

2,340

Altai

Vindija33.19

Goyet Q56-1

Orang

55.68

-68.11

30,735

8,749

56.79

-59.39

8,125

2,239

Altai

Vindija33.19

Goyet Q56-1

Rhesus

55.40

-67.04

28,312

8,125

56.31

-58.09

7,483

2,092

Altai

Vindija33.19

Mezmaiskaya1

Dinka

36.58

-36.63

20,392

9,468

37.09

-32.69

8,379

3,845

Altai

Vindija33.19

Mezmaiskaya1

Mbuti

36.80

-37.33

20,516

9,479

37.43

-33.41

8,438

3,842

Altai

Vindija33.19

Mezmaiskaya1

Chimp

36.70

-38.66

19,860

9,197

37.00

-33.45

8,126

3,736

Altai

Vindija33.19

Mezmaiskaya1

Orang

36.18

-37.38

18,904

8,860

36.77

-32.27

7,758

3,586

Altai

Vindija33.19

Mezmaiskaya1

Rhesus

36.00

-37.77

17,433

8,204

36.36

-32.05

7,129

3,327

Altai

Vindija33.19

Mezmaiskaya2

Dinka

47.44

-42.97

26,802

9,553

46.84

-40.59

12,477

4,516

Altai

Vindija33.19

Mezmaiskaya2

Mbuti

47.83

-47.39

26,781

9,451

47.13

-44.43

12,471

4,481

Altai

Vindija33.19

Mezmaiskaya2

Chimp

47.92

-51.11

26,019

9,160

47.37

-47.06

12,233

4,369

Altai

Vindija33.19

Mezmaiskaya2

Orang

47.86

-53.48

24,921

8,788

47.07

-47.53

11,700

4,210

Altai

Vindija33.19

Mezmaiskaya2

Rhesus

47.33

-49.32

22,908

8,189

46.65

-44.74

10,799

3,929

Altai

Vindija33.19

Spy 94a

Dinka

54.86

-56.62

21,416

6,242

55.17

-50.39

6,558

1,895

Altai

Vindija33.19

Spy 94a

Mbuti

55.18

-59.76

21,453

6,196

55.53

-52.89

6,567

1,878

Altai

Vindija33.19

Spy 94a

Chimp

55.32

-60.58

20,814

5,988

55.39

-50.67

6,354

1,824

Altai

Vindija33.19

Spy 94a

Orang

55.01

-60.26

19,793

5,746

55.33

-50.10

6,052

1,740

Altai

Vindija33.19

Spy 94a

Rhesus

54.46

-58.94

18,179

5,360

54.93

-48.52

5,584

1,624

1514
1514

-

All late Neanderthals and Mezmaiskaya 1 are significantly closer to Vindija 33.19 than to the Altai Neanderthal, irrespective of the outgroup used. Blue denotes Z  − 2. A total of 1,567,449 sites that
are transversions among Neanderthals and for which at least one late Neanderthal has coverage were used. Chimp, chimpanzee; Orang, orangutan; Rhesus, rhesus macaque.
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Extended Data Table 3 | The fraction of derived alleles among putatively deaminated fragments that each of the low-coverage individuals
shares with the Altai Neanderthal, Vindija 33.19, the Denisovan individual and a present-day human genome

1514

-

Goyet Q56-1
Spy 94a
Vindija 87
Mezmaiskaya 2
Mezmaiskaya 1
Vindija 33.16
Vindija 33.25
Vindija 33.26
Feldhofer 1
El Sidron 1253
Denisova 4
Denisova 8

Human
(%)

Neanderthal
(%)

0.67
[0.65-0.70]
0.60
[0.56-0.65]
0.71
[0.66-0.77]
0.36
[0.33-0.38]
0.65
[0.62-0.69]
0.76
[0.72-0.80]
3.60
[3.50-3.71]
3.04
[2.94-3.15]
3.49
[3.38-3.62]
4.71
[2.40-9.01]
1.29
[0.44-3.72]
2.63
[1.51-4.54]
1.60
[1.39-1.85]

93.01
[92.89-93.13]
94.38
[94.19-94.57]
93.89
[93.65-94.12]
97.08
[96.97-97.19]
92.78
[92.62-92.93]
91.87
[91.67-92.06]
93.39
[93.18-93.59]
94.17
[93.95-94.37]
93.54
[93.31-93.77]
94.38
[87.51-97.58]
90.99
[84.21-95.03]
2.31
[1.06-4.94]
6.75
[6.13-7.43]

Altai
Neanderthal
(%)
18.00
[17.69-18.32]
16.47
[15.93-17.02]
16.52
[15.90-17.17]
6.81
[6.53-7.09]
17.91
[17.51-18.31]
20.30
[19.81-20.80]
17.09
[16.55-17.65]
16.69
[16.10-17.30]
17.04
[16.43-17.67]
20
[8.86-39.13]
17.50
[8.75-31.95]
2.13
[0.59-7.43]
1.75
[1.23-2.48]

Vindija 33.19
(%)

Denisovan
(%)

46.41
[46.06-46.77]
53.55
[52.91-54.18]
51.45
[50.70-52.21]
75.93
[75.49-76.36]
44.65
[44.19-45.12]
38.38
[37.85-38.91]
58.99
[58.36-59.63]
60.81
[60.11-61.49]
59.65
[58.94-60.36]
50.00
[34.07-65.93]
42.86
[30.02-56.73]
2.04
[0.56-7.14]
1.83
[1.37-2.45]

0.86
[0.82-0.89]
0.80
[0.74-0.86]
0.80
[0.73-0.87]
0.37
[0.34-0.40]
0.83
[0.79-0.88]
0.97
[0.91-1.03]
3.94
[3.81-4.08]
3.41
[3.28-3.55]
3.70
[3.55-3.85]
1.80
[0.50-6.33]
4.35
[2.22-8.34]
71.43
[65.87-76.40]
60.02
[58.92-61.12]

NeanderthalDenisova
(%)
97.90
[97.83-97.98]
98.17
[98.04-98.29]
97.83
[97.66-97.99]
99.05
[98.98-99.12]
97.74
[97.63-97.84]
97.61
[97.48-97.73]
96.14
[95.95-96.32]
96.53
[96.33-96.72]
96.25
[96.04-96.45]
90.63
[81.02-95.63]
95.24
[88.39-98.13]
96.15
[91.86-98.23]
92.53
[91.66-93.32]

HumanNeanderthal
(%)
97.30
[97.17-97.43]
97.72
[97.49-97.92]
97.62
[97.35-97.87]
98.91
[98.79-99.02]
97.53
[97.36-97.68]
96.80
[96.58-97.00]
95.46
[95.15-95.74]
95.79
[95.46-96.09]
95.40
[95.04-95.72]
96.00
[80.46-99.29]
97.44
[86.82-99.55]
10.00
[5.15-18.51]
15.32
[13.72-17.06]

Human-Denisova
(%)
3.22
[3.07-3.38]
2.52
[2.29-2.78]
3.06
[2.75-3.39]
1.38
[1.24-1.53]
3.38
[3.18-3.59]
3.73
[3.49-4.00]
4.89
[4.56-5.24]
3.77
[3.46-4.12]
4.56
[4.21-4.95]
0
[0-12.87]
2.33
[0.41-12.06]
90.32
[80.45-95.49]
87.72
[86.01-89.25]

The state of DNA fragments overlapping the positions at which the high-coverage genomes of the Altai Neanderthal, the Vindija 33.19 Neanderthal, the Denisovan individual and a present-day African
(Mbuti, HGDP00982) differ from those of the great apes were investigated. Fragments longer than 35 bp with MQ ≥ 25 and within the highly mappable regions of the genome that had terminal C-to-T
substitutions reported in the Supplementary Table 3.2 were used. 95% binomial confidence intervals are provided in brackets.
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Extended Data Table 4 | Time of separation of late Neanderthals and Mezmaiskaya 1 (A) from the ancestor with the high-coverage genomes
of Altai and Vindija 33.19 Neanderthals, Denisovan individual and a present-day human (B), when measured in terms of time of split from
the B individual (split A–B), or time from present (split-time + branch shortening)

A
Les Cottés
Z4-1514
Goyet Q56-1
Mezmaiskaya 2
Spy 94a
Vindija 87
Mezmaiskaya 1
Les Cottés
Z4-1514
Goyet Q56-1
Mezmaiskaya 2
Spy 94a
Vindija 87
Mezmaiskaya 1
Les Cottés
Z4-1514
Goyet Q56-1
Mezmaiskaya 2
Spy 94a
Vindija 87
Mezmaiskaya 1
Les Cottés
Z4-1514
Goyet Q56-1
Mezmaiskaya 2
Spy 94a
Vindija 87
Mezmaiskaya 1

B

All fragments
% Split A-B Split time
F(A|B)
(ky)
+ bs (kya)

95% CI
(kya)

Deaminated fragments
% Split A-B Split time
95% CI
F(A|B)
(ky)
+ bs (kya)
(kya)

Altai

35.2

35.0

157.5

144.6-160.7 34.7

37.8

160.2

156.4-163.5

Altai
Altai
Altai
Altai
Altai

35.8
35.4
34.4
35.2
34.8

22.3
33.8
39.2
35.4
37.4

144.7
156.2
161.7
157.8
159.9

142.8-157.6
143.9-159.7
158.2-165.2
144.7-161.1
156.1-163.0

35.9
34.2
33.6
34.6
34.4

22.2
40.2
43.1
38.3
42.9

144.6
162.6
165.5
160.8
165.3

141.5-159.3
158.7-166.5
160.4-186.2
156.2-164.8
161.1-178.6

Vindija 33.19 35.3

15.1

66.9

66.1-68.7

34.3

18.3

70.0

67.9-72.4

Vindija 33.19
Vindija 33.19
Vindija 33.19
Vindija 33.19
Vindija 33.19

37.8
35.6
36.9
46.8
31.6

8.3
14.3
10.4
0.0
42.0

60.1
66.1
62.2
51.8
93.8

58.8-61.7
64.3-67.7
60.6-64.3
51.8-51.8
81.5-96.9

38.0
34.3
37.2
45.0
30.6

8.1
18.3
9.9
0.0
46.9

59.9
70.0
62.7
61.7
98.7

57.8-61.9
67.4-74.5
59.1-64.8
51.8-51.8
94.5-102.9

Denisovan

12.6

333.1

405.1

381.9-448.2 12.2

346.7

418.7

390.4-470.8

Denisovan
Denisovan
Denisovan
Denisovan
Denisovan

12.8
12.4
12.5
12.5
12.3

328.6
338.2
336.0
337.1
341.6

400.6
410.2
407.9
409.1
413.6

377.3-438.0
387.0-458.4
384.7-451.6
385.8-455.0
389.2-463.5

13.1
11.9
12.4
12.2
12.3

322.4
362.0
339.4
346.7
345.0

394.3
434.0
411.3
418.7
417.0

367.1-434.0
398.9-483.8
382.4-470.8
390.9-470.2
388.7-471.4

Mbuti

17.5

525.9

525.9

511.3-539.8 17.2

549.3

549.3

533.2-565.4

Mbuti
Mbuti
Mbuti
Mbuti
Mbuti

17.7
17.6
18.0
17.6
17.8

515.0
521.6
502.6
523.0
512.8

515.0
521.6
502.6
523.0
512.8

501.8-528.9
506.9-536.2
488.7-517.2
509.1-537.6
498.9-528.1

520.8
535.4
542.7
542.0
552.2

520.8
535.4
542.7
542.0
552.2

502.6-540.6
517.9-553.0
518.6-566.1
524.5-558.8
534.7-569.8

17.6
17.4
17.3
17.3
17.1

Results reported for all fragments and for deaminated fragments only (Supplementary Tables 3.1, 3.2). 95% confidence intervals for F(A|B) values are estimated via weighted block jackknife, using
blocks of 5 Mb. In order to obtain estimates of split times from present, we correct ‘split A–B’ by adding the age of the high-coverage B-individual estimated from branch-shortening (column: split time
+branch shortening (ka)).
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Experimental design

1. Sample size
Describe how sample size was determined.

Through our screening process of ancient DNA preservation in fossils, we have
identified five specimens with sufficient enough levels of ancient DNA preservation
in order to apply sodium hypochlorite treatment on them in order to try to remove
microbial and present-day human contamination
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2. Data exclusions
Describe any data exclusions.

No data was excluded.

3. Replication
Describe whether the experimental findings were
reliably reproduced.

All attempts of replication were successful.

4. Randomization
Describe how samples/organisms/participants were
allocated into experimental groups.

Randomization is not relevant to this study, as we first determined the
preservation in ancient specimens and then continued working on those that had
DNA preservation.

5. Blinding
Describe whether the investigators were blinded to
group allocation during data collection and/or analysis.

Blinding was not relevant for this study.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.

6. Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly
A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
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The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

See the web collection on statistics for biologists for further resources and guidance.
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Policy information about availability of computer code

7. Software
Describe the software used to analyze the data in this
study.

The code availability statement is now included in the manuscript. Algorithms and
packages are freely available at https://bioinf.eva.mpg.de/
Custom software was used for:
Demultiplexing - jivebunny (https://bioinf.eva.mpg.de/jivebunny).
Duplicate removal - bam-rmdup (https://bitbucket.org/ustenzel/biohazard)
Whole genome site sampling - heffalump (https://bitbucket.org/ustenzel/
heffalump)
All other software used is previously published, and is properly cited both in the
Online Materials and in the Supplementary Information.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.
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8. Materials availability
Indicate whether there are restrictions on availability of
unique materials or if these materials are only available
for distribution by a for-profit company.

The unique materials used in this study are palaeontological specimens. Access to
these specimens and permission for destructive sampling is granted by the
institutions holding these specimens. Applications and requests for sampling
should be directed to the respective curators and/or institutional boards.

9. Antibodies
Describe the antibodies used and how they were validated No antibodies were used.
for use in the system under study (i.e. assay and species).

10. Eukaryotic cell lines

`

a. State the source of each eukaryotic cell line used.

No eukaryotic cell lines were used.

b. Describe the method of cell line authentication used.

No eukaryotic cell lines were used.

c. Report whether the cell lines were tested for
mycoplasma contamination.

No eukaryotic cell lines were used.

d. If any of the cell lines used are listed in the database
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

No eukaryotic cell lines were used.

Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived
materials used in the study.

No animals were used in this study.

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population
characteristics of the human research participants.

This study did not include human research participants.
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