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Modern humans arrived in Europe more than 45,000 years ago, overlapping at least
5,000 years with Neanderthals'™. Limited genomic data from these early modern
humans have shown that at least two genetically distinct groups inhabited Europe,
represented by Zlaty kain, Czechia® and Bacho Kiro, Bulgaria®. Here we deepen our
understanding of early modern humans by analysing one high-coverage genome

and five low-coverage genomes from approximately 45,000-year-old remains from
llsenhohle in Ranis, Germany*, and a further high-coverage genome from Zlaty kar.
We show that distant familial relationships link the Ranis and Zlaty ki individuals and
that they were part of the same small, isolated population that represents the deepest
known split from the Out-of-Africalineage. Ranis genomes harbour Neanderthal
segments that originate from a single admixture event shared with all non-Africans
that we date to approximately 45,000-49,000 years ago. This implies that ancestors
of all non-Africans sequenced so far resided in acommon population at this time, and
further suggests that modern human remains older than 50,000 years from outside
Africarepresent different non-African populations.

Neanderthals lived in Europe and western Asia for hundreds of thou-
sands of years before their disappearance around 40 thousand years
ago (ka)". Inthe last few thousand years of their documented existence,
Neanderthals met and interbred with modern humans who arrived from
Africa,and, as aresult, 2-3% of the ancestry of present-day non-Africans
derives from Neanderthals®.

So far, only five sites have yielded genome-wide data from modern
humans who lived before 40 ka and thus temporally overlapped with
Neanderthals (Fig. 1). The Neanderthal ancestry in the genomes from
two of these sites probably originated fromjust asingle introgression
event (that is, an admixture with Neanderthals that may have contin-
ued over several generations)®>’. However, the genomes of individuals
from the other three sites showed evidence for additional, more recent
Neanderthal introgression events?®°. The high-coverage genome of
the approximately 44-thousand year (kyr)-old Ust’-Ishim individual,

an early inhabitant of Siberia, shows signals for such an additional
introgression event around 30-50 generations before the individual
lived*®°. A similar analysis has shown that the approximately 40-kyr-old
Oaselindividual from Pestera cu Oase, Romania, and four individuals
dating to around 44 ka from Bacho Kiro, Bulgaria?, had Neanderthal
ancestors probably within the last 10-20 generations before they lived.
By contrast, no evidence for additional admixtures has been found
for the 40-kyr-old Tianyuan individual from China' or the Zlaty kan
individual from Czechia®. Although direct radiocarbon dating yielded
unreliable results for Zlaty kin, the lengths of Neanderthal ancestry
segments in the genome indicated an age of at least 45 kyr (ref. 3).
With the exception of the Tianyuan individual, who was part of the
ancestral population of East Asians, all previously mentioned individu-
alsshowed no, or at mostalimited, direct contribution to the ancestry
of later Out-of-Africa populations. Notably, the Zlaty ki individual
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Fig.1|Geographical distribution of modern humanspecimensolder
than40Kkyrthat produced genome-wide data. Specimens with new
genome-wide data producedin this study are shaded in pink. Ages give 95.4%
Clson calibrated radiocarbon dates except for Zlaty kan, for which we give
the estimated age on the basis of Neanderthal segment lengths. The Ranis
specimens within the dashed circle belong to the same individual. Credits:
photographs of the Ranis specimens are adapted fromref. 4, Springer Nature
Limited, under a Creative Commons licence, CCBY 4.0; the photograph of the
Zlaty ktini skullis adapted from the Department of Anthropology, National
History Museum of Prague (photographer: MarekJantac); photographs of the

belonged to a deeply divergent population that separated from the
lineage leading to non-Africans earlier than any other known ancient
or present-day Out-of-Africa population andis at present the only rep-
resentative of this early branch®.

Although distinct stone tool technologies existed 40-50 ka in
Europe™?, only one of the five early modern human sites that yielded
genome-wide datais associated with such a technology—namely, the
Initial Upper Palaeolithic (Bachokirian) in Bacho Kiro?. It is therefore
stillheavily debated which stone tool technocomplexes were made by
early modern humans and which by Neanderthal groups™. Recently, the
Lincombian-Ranisian-Jerzmanowician (LRJ) technocomplex, which
was present in central and northwestern Europe around 41-47.5 ka
(refs. 4,13), has been shown to be made by early modern humans*. This
assignment was based on the study of mitochondrial DNA (mtDNA)
from 11 bone fragments that were found at llsenh6hle in Ranis, Ger-
many (hereafter, ‘Ranis’), in association with the LRJ during two sepa-
rate excavations of the site (1932-1938 and 2016-2022). These bone
fragments were directly radiocarbon-dated to between 42,200 and
49,540 calibrated years before the present (cal BP) (95.4% probability;
Supplementary Information 2).

To determine the relationship of the Ranisindividuals to other human
populationsandto gain further insightsinto the genetic history of those
early modern humans, we first assessed DNA preservation by gener-
ating shallow shotgun sequence data from 13 specimens from Ranis.
Data from two of these specimens were excluded from downstream
analyses because they showed a high fraction of contaminating DNA
sequences from present-day humans (greater than 40% contamination
inatestbased on characteristic patterns of ancient DNA damage'; Sup-
plementary Table1.2 and Supplementary Information 3). However, one
specimen showed exceptional preservation (30% of DNA sequences
originated from the ancientindividual; Supplementary Table1.2). We
therefore produced further shotgun sequence data fromthis specimen
resulting in a 24-fold coverage genome. We also generated further
sequence data for Zlaty kil on the basis of newly constructed and
existing DNA libraries, resulting in a 20-fold coverage genome. We
estimated approximately 3% present-day human contamination in
the data of both high-coverage genomes (Supplementary Table 4.1).
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Oase and Bacho Kiro specimens, © MPI-EVA/Rosen Spasov (from www.mpg.
de/16663512/genomes-earliest-europeans), and of a40-kyr-old modern human
jawbone, © MPIfor Evolutionary Anthropology/Svante Paiabo (from www.mpg.
de/9278783/modern-humans-neandertals-interbreeding-europe); photograph
ofthe Ust™~Ishim specimenis adapted fromref. 9, Springer Nature Limited,
under a Creative Commons licence, CCBY 4.0; the photograph of the Tianyuan
specimenisreproduced fromwww.science.org/content/article/last-ice-age-
wiped-out-people-east-asia-well-europe (Shaoguang Zhang/Institute of
Vertebrate Paleontology and Paleoanthropology). The base map was made
with Natural Earth (www.naturalearthdata.com/).

Ranis specimens were subjected to targeted enrichment for
1.2 million variants suitable for population genetic analysis (1240k
array)® and 1.7 million variants informative for Neanderthal and
Denisovan ancestry (Archaic Admixture array)'. Two of these speci-
mens were excluded because they yielded insufficient data (less than
0.02x) or were highly contaminated (greater than 20%) (Supplemen-
tary Tables 3.1-3.3). We further restricted our analysis to sequences
carrying characteristic patterns of ancient DNA damage to reduce
contamination for five of nine specimens with an estimate of over 5%
(Supplementary Table 3.2). Using amethod that estimates contamina-
tion using regions with no differences between the parental copies of
the genome”, we estimate that for all nine specimens the filtered data
containless than 5% human contamination (Supplementary Table 3.2).

Kinship and uniparental markers

Multiple Ranis specimens share identical mtDNA and could potentially
represent the sameindividual®. To determine how many different indi-
viduals arerepresented by the nine Ranis specimens, we used autosomal
and X-chromosome datato infer the genetic sex and biological kinship
of allindividuals (Supplementary Information 6). We find that five
specimens originate fromseparate individuals (Ranis4, Ranis6, Ranis10,
Ranis87 and the high-coverage-genome-yielding Ranis13), whereas the
remaining four specimens all belonged to the same individual (Ranis12)
(Fig.2a). Three of the four Ranis12 specimens were discovered during
the original 1932-1938 excavation, whereas one specimen was found
inthe recent 2016-2022 excavation. These bone fragments were dis-
tributed over alarge area and link the stratigraphic sequences from
the two excavations (Extended Data Fig. 1).

Asexpected for separate samples from the same individual, all four
specimens of Ranis12 had the same genetic sex (female) and carried
identical mtDNA. Another individual, Ranis10, also shares the same
mtDNA sequence; however, thisindividual is amale and does not seem
tobeaclose kin to Ranis12 (Fig. 2a). Ranis4 and Ranis6 were also iden-
tified in the previous study* to have identical mtDNA. Our analysis
indicates that both of these individuals are female and show a parent-
offspring relationship. Raniséis ajuvenile younger than 5 years on the
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Fig.2|Geneticrelatedness between pairs ofindividuals. a, Biological
kinshipinferred from genomes of different specimens (prefix ‘RNI’ for Ranis
and ‘ZKU'’ for Zlaty k). The values within the squares indicate log-likelihood
ratio between the two maximum likelihood models, for each pair.b, Heatmap
representing the f;-outgroup statistics results withasubset of early modern

basis of the size of the specimen, implying that Ranis4 and Ranis6 were
motherand daughter. Amore distant second- or third-degree relation-
ship was also detected between Ranis4 and Ranis12 (Supplementary
Information 6).

Three of the six individuals (Ranis13, Ranis87 and Ranis10) were iden-
tified as male. We assigned the Y-chromosomal haplogroup from cap-
ture and shotgun sequencing data to abasal haplogroup F for Ranis10,
whereas Ranis13 and Ranis87 were assigned to haplogroup NO (K2a),
similar to the Siberian ancient individual Ust'-Ishim (Supplementary
Fig.18.1). No evidence of biological kinship was detected among the
three male individuals.

Linking Zlaty kiin and Ranis

Takentogether, these results show that the Ranis individuals belonged,
atleast partially, toagroup closely linked by familial relationships. How-
ever, thekinship analysis applied hereis able toreliably detect relation-
ships only up to the third degree'®. To infer more distant relatedness, we
used amethod to detect segments of shared genetic ancestry (identical
by descent (IBD)) among the genomes of four Ranis individuals with
sufficient coverage and Zlaty kiin (Supplementary Information 8).
Congruent with the previously detected kinship of Ranis4 and Ranis12,
the IBD analysis indicates a relationship of third to fourth degree on
the basis of shared ancestry segments (Extended Data Fig. 2). How-
ever, surprisingly, the sum of long (greater than12 centimorgans (cM))
shared segments between the Zlaty kiin individual and Ranis12 (301 cM
total), and between Zlaty ki and Ranis4 (268 cM total), exceeded the
sum of suchlong segments shared among other Ranis individuals (less
than 205 cM total) (Fig. 2c and Supplementary Table 8.1). The length
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humansolder than 40 kyr. ¢, Pairwise IBD sharing (greater than 12 cM) for
comparisons between individuals Ranis12-Ranis13 and Ranis12-Zlaty k.
d, Total IBD sharing in three different length categories plotted for the ten
Ranis/Zlaty kan pairs with the highest IBD sharing. Ranis6 and Ranis10 were
excluded duetolow coverage.

and frequency of these segments indicate that Zlaty kin was a fifth- or
sixth-degreerelative of Ranis12 and Ranis4, and more distantly related
to the other Ranis individuals (Extended Data Fig. 2).

Zlaty kan and some Ranis individuals shared ancestors in their
recent family history. It is therefore conceivable that all of these indi-
viduals originate from the same population. We tested this hypothesis
by calculating pairwise f;-outgroup statistics?® in comparison with
other pre-40-kyr-old hunter-gatherers (Extended DataFig. 3). Pairwise
comparisons between Zlaty ki and Ranis individuals yielded consist-
ently higher values than comparisons of these individuals with other
hunter-gatherers, indicating that they were part of the same population.
We merged the data of all Ranis individuals and computed f,-statistics®®
to test whether the combined data of Ranis individuals or Zlaty kan
share more alleles with ancient hunter-gatherers. As expected froma
model in which Zlaty kan and Ranis form a uniform group, we found
nosignificant differencesin sharing (Extended DataFig.4a,b and Sup-
plementary Figs. 9.3 and 9.4). We also tested the population relation-
ship using only the Ranis13 and Zlaty kiini high-coverage genomes with
qpGraph®.Models that would place the individuals with one ancestral
tothe other provided a poorer fit to the datathan amodel establishing
acommon branch for both. This commonbranch of Ranis13 and Zlaty
kin separates earlier from the ancestral Out-of-Africalineage than the
lineage leading to the BachoKiroindividuals (Extended DataFig.5). The
population corresponding to this common branch also splits earlier
fromthe Out-of-Africalineage than the population represented by the
Ust’-Ishim genome in a combined model using the inference method
momi2 (ref. 21) (Extended Data Fig. 4c). Ranis and Zlaty ki are thus
members of the same population, which we refer to as the Zlaty kar/
Ranis population hereafter.
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Population continuity

To test whether later populations derive ancestry directly from Zlaty
kin/Ranis, we measured allele-sharing using sites targeted by the 1240k
capture array. In pairwise comparisons of hunter-gatherer groups,
we found some evidence for significant sharing (|Z] > 3 for 151 0f 2,701
comparisons of the formf,(hunter-gatherer, hunter-gatherer; Ranis13,
Mbuti)). However, itis known that some populations carry deeply diver-
gent ancestry in their genomes that derives either from Africans or
fromanancestral lineage that diverged from non-Africans before they
received Neanderthal ancestry (‘Basal Eurasian lineage’). In our com-
parisons we find that all significant results can be explained by these
ancestries. Our results indicate that the Zlaty ki/Ranis population did
not contribute ancestry to later hunter-gatherers, confirming previous
analyses using the low-coverage Zlaty kari data® (Supplementary Fig. 9.5
and Supplementary Table 4.3). However, in contrast to these results, a
recent study of two low-coverage genomes from 36-37-kyr-old Buran
Kayalllindividuals from Crimeafound signals that were interpreted as
evidence foracontribution of Zlaty kiifi ancestry to these individuals®.
Inanattempt to maximize statistical power in the test, we included all
sites covered by the combined data from Buran Kayalllin acomparison
with the high-coverage Zlaty k(in, Ranis13 and Ust’-Ishim genomes, and
low-coverage early European hunter-gatherer genomes from Russia®?*.
We were unable to reproduce the signal of increased sharing with this
dataset (|Z] < 3in 75 comparisons of the form D(Kostenkil4/Sughirl-4,
BuranKayalll, Zlaty k(in/Ranis13/Ust’-Ishim, African); Supplementary
Fig. 9.14). Our results indicate that the Zlaty kiiri/Ranis population
shows no contribution to later Out-of-Africans, similar to Ust’-Ishim
and Oase 1 (ref. 2).

Populationsize

The early appearance of members of the Zlaty kliri/Ranis population
in Europe, the absence of genetic continuity with later Europeans, as
well as the close kinship between individuals even across archaeo-
logical sites suggest that this early modern human population was
rather small. Several measures can be informative about the effective
populationsizes, corresponding to the number of breeding individuals
per generation, at different times in an individual’s past®*%. A broad
estimate of the population size over longer periods of time can be
inferred from the average number of sequence differences observed
between the two sets of chromosomes that anindividual inherits from
their parents (heterozygosity). In contrast to Neanderthal genomesin
which we observe approximately 2 heterozygous positions per 10,000
sites, the genomes of Ranis13 and Zlaty kit show four times higher
values of heterozygosity (approximately 7-8 0of 10,000 sites) which
are in line with estimates for other ancient and present-day modern
humans outside Africa (Extended Data Fig. 6¢c and Supplementary
Table 3.1). This long-term measure of population size contrasts with
the short-term estimates based on regions of homozygosity (ROH),
that is, regions with few to no heterozygous sites that are formed by
consanguinity in the family history of anindividual. Segments of ROH
larger than4 cM are observed for both Ranis13 and Zlaty kiifiand sum
to 5.2% and 7.2% of the genome, respectively (Extended Data Fig. 6a).
A comparable value is found for the 45-kyr-old Vindija Neanderthal
(7.0%), but both values are substantially higher than that observed for
Ust’-Ishim (3.7%). Much of the consanguinity in the history of Ranis13
and Zlaty kiifi seems to have occurred a few generations before these
individuals lived, as 40-50% of the total ROH resides in segments of
12 cM or longer. However, this level of ROH is not due to a close fam-
ily relationship between the parents of these individuals as has been
observed for the Altai Neanderthal”, but rather due to asmall popula-
tion size in their very recent past.

Long ROH can also be inferred from low-coverage data by analys-
ing 1240k capture sites using the hapROH method?®. In our analysis
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of the low-coverage Ranis genomes, we find broadly similar patterns
of consanguinity which can be explained by a small population with
asize of around 300 individuals (95% confidence interval (95% CI),
242-374)inadditionto somelevel of recentinbreeding. This estimate
largely reflects the population size within the last 50 generations (Sup-
plementary Fig. 7.6 and Supplementary Table 8.1).

A small effective population size may negatively affect an individ-
ual’s ability to adapt to pathogens. We therefore analysed the genetic
diversity at the humanleukocyte antigen (HLA) loci, which areamong
the most polymorphic loci in the human genome??°. One of five HLA
lociwere homozygous in the Zlaty kiii genome and three of fivein the
Ranis13 genome. These loci do not fall into long ROH segments in the
genome, which suggests that the homozygosity is probably caused by
the small population size rather than consanguinity (Supplementary
Tables 3.2-3 and 5.1). Similar levels of homozygosity in the HLA region
are observed only for isolated present-day human populations (Sup-
plementary Information 19).

Taken at face value, the level of heterozygosity seems to be at odds
with the signals of consanguinity in the Ranis13 and Zlaty k(i genomes.
However, the analysis of effective population size over time using the
pairwise sequentially Markovian coalescent (PSMC) method® shows
thatbothindividualslived shortly after astrong reductionin population
size that hasbeen associated with the Out-of-Africa event™ (Supplemen-
tary Figs.11.2and 11.3). This reduction would explain the observed levels
of heterozygosity whichmatch those of other non-Africans. However,
from our ROH analysis we infer that the Zlaty kiiri/Ranis population
experienced afurtherreductioninsize whentheir ancestors migrated
into Europe, which did not last long enough to substantially reduce
overall heterozygosity. A small size for the Zlaty kiifi/Ranis popula-
tionisalso supported by the sharing of IBD segments between the two
high-coverage genomes, yielding an estimate of the effective popula-
tionsize withinthe last 15 generations of approximately 160 individuals
(100-240 with 95% probability) (Extended Data Fig. 6b).

Dating Zlaty kan

Radiocarbon dating gives an age of around 45 ka for Ranis13 (ref. 4)
whereas a reliable direct date for Zlaty kiin could not be established,
probably because the Zlaty kiin skull was treated with adhesives derived
fromanimal products®. However, on the basis of shared IBD segments,
Ranis13 and Zlaty kin probably lived three generations apart and con-
fidently within at most 15 generations from each other, suggesting an
age of around 45 ka for Zlaty kiin as well (Extended Data Fig. 6b). The
high-coverage genomes of both individuals also allow us to estimate
their age based solely on molecular data using two approaches: (1) an
age estimate based on the lack of mutations in an ancient compared
with a present-day genome®? (Extended Data Fig. 7a), and (2) an esti-
mate based on the shift in demographic histories estimated by PSMC
fromgenomes of different ages® (Extended Data Fig. 7b-d). Applying
these two approaches to the two high-coverage genomes resulted
in point estimates of around 47-48 ka, albeit with large uncertainty
(Supplementary Tables10.1and 11.4). Inline with this age, we find that
typical high-frequency phenotypic variants in present-day Europe-
ans such as lactose tolerance, light pigmentation and lighter hair are
absent fromboththe Ranis13 and Zlaty kin genomes (Supplementary
Information 20).

Neanderthal ancestry and dating

All non-Africans trace a small fraction of their ancestry back to
Neanderthals. To investigate Neanderthal ancestry in the Ranis
and Zlaty kan individuals, we used a segment-detection method
(admixfrog® v.0.7.1) that inferred 2.9% Neanderthal ancestry (union
of 95% Cls, 2.8-3.0%) for the high-coverage Ranisl3 and Zlaty
kan genomes (Fig. 3a,b). The detected segments are on average
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longer than those in other high-coverage ancient hunter-gatherer
genomes (Fig. 3¢). Three low-coverage Ranis individuals had suffi-
cient data to call segments and yielded similar estimates (union of
95% Cls, 2.7-3.3% for Ranis4, Ranis12 and Ranis87; Supplementary
Table14.4).

Members of the Zlaty kiifi/Ranis population co-inhabited Europe with
Neanderthals so that recent Neanderthal ancestorsintheir history are
plausible. Previous analysis of greater than 40-kyr-old modern humans
from Europe uncovered evidence for such secondary admixtures with
Neanderthals® To test whether the Neanderthal ancestry in individuals
from the Zlaty k(in/Ranis population fits best to ascenario of asingle or
multiple introgression events, we fitted the distribution of segments
to a single exponential or a mixture of two exponential distributions
(Supplementary Tables 13.2 and 14.2). Inaddition, we applied adating
method to the Ranis13 and Zlaty kiin high-coverage genomes that does
not require segments to be called® (Supplementary Table 13.1). Both
methods found a better fit of the data to a scenario of a single intro-
gression event. Assuming a single-generation pulse of Neanderthal
ancestry, the Ranis and Zlaty kn individuals are estimated to have lived
56-98 generations after the admixture (union of 95% Cls of all applied
methods). However, we note that a perhaps more realistic model of
continued admixture over multiple generations* provides an even
better fit and estimates the admixture to have taken place around 80
generations before the individuals lived (Supplementary Table 13.4).
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Previous analyses of present-day non-Africans identified five large
chromosomalregions that are devoid of Neanderthal ancestry (Nean-
derthal deserts), and that were probably formed by strong negative
selection shortly after admixture® . The Ranis genomes show no
Neanderthal segments that fallin desert regions. However, we confirm
the previously reported segment in the Zlaty kit genome that falls
within a desert on chromosome 1 (ref. 3) (Supplementary Informa-
tion17). Most of the desert regions were thus established within about
80 generations following the admixture.

Our analyses indicate that the Zlaty kGifi/Ranis population split
early fromthe lineage leading to other non-Africans and that they left
no descendants among present-day people. The Neanderthal DNA
they carry could therefore have beenintroduced by a separate event
from that which introduced the Neanderthal DNA identified in all
present-day Out-of-Africa populations. To test whether the introgres-
sion events are the same or different, we (1) correlated Neanderthal
segments in the high-coverage genomes of Ranis13 and Zlaty kin
with segments in a set of 274 worldwide present-day and 57 ancient
modern humans®?*, and (2) calculated the proportion of edges of
Neanderthal segmentsin the Zlaty kil or Ranis genomes that are also
found in 2,000 present-day and five high-coverage ancient human
genomes. Both methods find an excess of correlation or sharing,
indicating that the Neanderthal DNA in all ancient and present-day
non-Africans, including the Zlaty kr/Ranis individuals, is best
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Fig.4|Tree summarizing the main points of the study. The schemeincludes
timing of the main Neanderthalintrogression event and order of the population
separations from the Out-of-Africalineage.

explained by ashared pulse of Neanderthal introgression (Extended
DataFig. 8).

Because the Ranis individuals carry Neanderthal ancestry from an
admixture common to all non-Africans, we can combine the estimated
number of generations since this event (56-98 generations), with an
assumed generation time of 29 years (refs. 40,41), and the direct radio-
carbon date of Ranis13 (43,400-46,580 cal BP)* to arrive at arevised date
of the common Neanderthal admixture of 45-49 ka (Supplementary
Information13).

Discussion

In this study, we analysed nuclear genomes from six individuals from
Ranis. We found that they were members of a small and isolated popu-
lation that numbered in the hundreds of individuals per generation.
Among these individuals, we identified some with a close degree of
biological relatedness, including a mother-daughter pair. Estimates
ofthe number of generations since the Neanderthal admixture consist-
ently fall close to around 80 generations for Ranis individuals (Fig. 3d)
and their radiocarbon dates are overlapping, suggesting that these
individuals lived close in time to one another. This is in line with the
archaeological evidence, such asalow proportion of processed animal
remains, limited evidence for the use of fire and alow artefact density
at the site which point to short-term occupation of the cave*****, We
alsogenerated and analysed a high-coverage genome for the Zlaty ki
individual from Czechia, about 230 km from Ranis in Germany. We
inferred afifth- or sixth-degree relationship of this individual to two
Ranisindividuals and showed that Zlaty kan falls within the diversity of
the Ranis population, inline with a small group size for the Zlaty kir/
Ranis population. Because the Ranisindividuals are associated with the
LRJ technocomplex, itis plausible that the Zlaty ki individual may also
have been amaker of the LR]. This association is further supported by
several LR sites in Czechia, including Nad Ka¢dkem, a cave site about
10 km from Zlaty kani**,

In contrast to the genomes from nearly contemporaneousindividuals
from Bacho Kiro in Bulgaria, the genomes of the Ranis and Zlaty kn
individuals showed no evidence for additional Neanderthal ances-
tors following the initial admixture. Further mixing with Neander-
thals could have been hindered by a short presence and/or the small
size of the Zlaty kiifi/Ranis population in Europe. However, the Bacho
Kiro and Zlaty kifi/Ranis populations could also have differed in the
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frequency of Neanderthal encounters along their migratory paths
into Europe.

The Zlaty kiifi/Ranis population represents the earliest split from the
Out-of-Africa population sampled so far, and our results show that this
splitoccurred shortly after aNeanderthal introgression event that took
place only around 80 generations before they lived (Fig. 4d). We show
that this Neanderthal ancestry originates from the same admixture
eventthat canbedetectedin all other non-Africans and date this event
to 45-49 ka, close to or more recent than most previous estimates of
52-57 ka (ref. 9), 47-65 ka (ref. 45) and 41-54 ka (ref. 8). The narrow
confidence interval for our estimate is due to the close proximity of
Ranis13 to the admixture event and the precise radiocarbon date of
theindividual. Because Neanderthal ancestry must have spread among
ancestors of allnon-Africans, the estimate also provides a date for when
a coherent ancestral non-African population must still have existed.
This furtherimplies that modern human remains and material cultures
older than around 50 kyr found outside of Africawould not represent
this non-African population; instead they either resulted from separate
Out-of-Africamigrations or they represent populations that split ear-
lier from the ancestors of non-Africans and that were not part of the
sharedintrogressionevent with Neanderthals. Because all populations
that carry ancestry fromanother archaiclineage, the Denisovans, also
carry Neanderthal ancestry from this shared event, we can infer that
the Denisovan admixture post-dates 45-49 ka. Further study of ancient
genomes, fossils and material cultures will be needed to untangle the
events surrounding and following Out-of-Africamigrations, such as the
origins of the enigmatic Basal Eurasian lineage, and the earliest waves
of modern human movements into Europe and Asia.
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Methods

DNA extraction and sequencing

We generated nuclear DNA data by sequencing 16 existing libraries
described in ref. 4 and one in ref. 3, and by sequencing new libraries
produced after re-sampling specimens from ref. 4, and three addi-
tional specimens. Two of these new specimens, RNI082 and RNIO83,
are from Ranis and one, ZKUOO1, is from Zlaty kiin (Supplementary
Information1). Overall, we collected 41 new subsamples from 14 speci-
mens, varying between 37 mgand 3.9 mgin weight, in dedicated clean
room facilities at the former Max Planck Institute for the Science of
Human History inJena, Germany, and at the Max Planck Institute for
Evolutionary Anthropology (MPI-EVA) in Leipzig, Germany, using a
sterile dentistry drill. DNA was extracted following ref. 46 with buffer
‘D’ and subsequently converted into single-stranded libraries fol-
lowing the automated protocol described in ref. 47. For 25 libraries
from 11 specimens we performed single nucleotide polymorphism
(SNP) enrichment capture using the 1240k array"™ for population
genetics analyses, and for 17 libraries from nine specimens we per-
formed capture using the Archaic Admixture array, specifically Panel 4
(ref.16), for investigating Neanderthal and Denisovan ancestry. Librar-
ieswere captured following the capture protocol presentedinref. 48
and ref. 49. Libraries after 1240k array capture were sequenced on
a HiSeq4000 platform, and libraries after Archaic Admixture array
capture were sequenced on either a NextSeq500 or a HiSeq4000
platformin the Ancient DNA Core Unit facility at the MPI-EVA. For two
of the specimens, RNI010 and RNIO87, we performed both complete
Y-chromosome capture®® and Y-mappable capture assay (YMCA)*
capture and generated sequences on a NextSeq platform. We demulti-
plexed theresulting sequences on the basis of perfect matching of the
expected index combinations, and mapped them to the hg19 reference
genome with BWA (v.0.5.10-evan.9-1-g44db244, https://github.com/
mpieva/network-aware-bwa) with the ancient parameters (“n 0.01-o
2-116500’)%2 (Supplementary Information 3).

Three libraries from ZKU0O2 and four libraries from RNIO13 were
used to obtain the high-coverage Zlaty kit and Ranis13 genomes,
respectively. Sequences from two libraries, ZKU002.A0101 (double-
stranded, half-Escherichia coli uracil-DNA-glycosylase (UDG) treated)
and ZKU002.A0102 (single-stranded, no UDG treatment), were previ-
ously published®. In this study, ZKU002.A0102 was further sequenced
on two full HiSeq4000 runs, using 76-base pair (bp) single-read
sequencing. A third library, ZKU002.A0103, was produced from
the same DNA extract as the two previous libraries and sequenced
at the ScilifeLab in Stockholm, Sweden, on a full Novaseq $4-200
flow-cell using 2 x 75-bp paired-end sequencing. For Ranis13, four
single-stranded libraries (RN1013.A0101, RNI013.A0102, RNI013.A0103
and RNI013.A0104) were prepared from the same lysate and pooled
together for deeper sequencing. Pooled libraries were sequenced at
ScilLifeLab following the same set-up as for the ZKU002.A0103 library
described above. Adaptors were removed and forward and reverse
reads were merged using leeHom (v.1.1.5)%3. Sequences were assigned
tolibraries onthe basis of theindex sequences, allowing for up to one
mismatch perindex. When libraries were sequenced exclusively on a
full lane, all sequences were assigned to a given library, as long as no
evidence for extraneous index combinations was found. Assigned
sequences were mapped to the human reference genome (hg19) with
BWA>* (parameters: -n 0.01-02-116500), and duplicates were removed
usingbam-rmdup (v.0.2, https://github.com/mpieva/biohazard-tools/)
separately for each library.

Data processing, general filters and genotyping

All capture datawere filtered for aminimumsequence length of 30 bp
and aminimum mapping quality of 25. For thelibraries from RNI013 and
ZKU002, we used SpAI® (v.2) to estimate length cutoffs that ensure alow
fraction of spurious alignments. A maximum of 1% spurious alignments

was estimated for the length cutoffs of 26, 27 and 27 bp for ZKU0O02.
A0101, ZKU002.A0102 and ZKU002.A0103, respectively. For all four
libraries of Ranis13, the length cutofffor at most 1% spurious alignments
was 28 bp. We filtered each library accordingly for minimum length,
and mapping quality of 25, using SAMtools*® (v.1.3.1). We also removed
alignments with indels for sequences shorter than 35 bp. We applied
the genome mappability filter map35_100% as described in ref. 27. To
ensure mappability of sequences shorter than 35 bp, we used MapL*.
We estimated present-day human contamination using AuthentiCT*
and/or hapCon_ROH".

We used snpAD (v.0.3.11)** to call genotypes for the Zlaty kan and
Ranis13 high-coverage genomes after filtering for a base quality of 30
and asequence length of 30, and after re-aligning indels using GATK*®
(v.1.3-14). Analyses that are expected to be particularly sensitive to
errors used an alternative genotype calling with a 35-bp length cut-
off. Error profiles (probabilities of base exchanges) and genotype fre-
quencies were estimated and used to call the most likely genotype at
each site, independently for each chromosome. Following previous
approaches®”??, we applied further filters to remove sites that fall
within the 2.5% extremes of the GC-corrected coverage distribution,
andremoved tandem repeats® and sites called asindels. We also filtered
for sites with a minimum depth of 10x, and maximum depth of 50x.

Detection of biological kinship and inbreeding

We used the software KIN*® to infer kinship among the specimens with
more than 0.05x% coverage. We restricted our analyses to on-target
sites from the 1240k capture array®, and provided the model with
contamination estimates from AuthentiCT** and/or hapCon_ROHY
as described in Supplementary Information 6. We merged the data
from specimens found to be originating from the same individual,
and repeated the analysis.

Homozygous regionsin the high-coverage genomes of Ranis13 and
Zlaty ki were detected using a previously described method®?. In
addition, we detected ROH using 1240k sites in low- and high-coverage
genomes with hapROH?,

Branch shortening and split time estimates

To estimate the age of Ranis13 and Zlaty ki, we analysed their
high-coverage genomes with two methods: (1) by counting the number
of missing mutations in the ancient lineages (branch shortening)®%,
and (2) by matching demographic histories estimated by the PSMC
method®* to estimates for younger individuals.

Branch shortening estimates were based on genotype calls with a
minimum sequence length of 35 and we counted only transversion
substitutions. The ancestral state at each position was inferred from
genome alignments of four apes (chimpanzee, bonobo, gorilla and
orangutan—panTro4, bonobo, gorgor3, ponabe2) and differences to
the ancestral state were used to estimate branch length. We used the
genome of apresent-day Mbuti individual (556004471, HGDP00982)*
to calibrate our estimates.

We used PSMC? (v.0.6.5) to reconstruct the demographic history of
Ranis13 and Zlaty kGin and followed the approachinref. 32 to estimate
the age of both individuals. In brief, after correcting for biases intro-
duced through filtering with the help of simulations (using scrm®), we
compared the demographic history reconstructed from the genome of
apresent-day Frenchindividual (SS6004468, HGDP00533)* with the
demographichistory reconstructed from the genomes of Ranis13 and
Zlaty kiin to estimate the age difference between these two groups. For
this, the demographic histories of the younger genome of the French
individual were truncated by 0t0162,429 years in steps of 5,075 years,
while simulating ten whole genomes following that truncated demo-
graphic history each time. We then filtered this genome identically to
Ranis13 and Zlaty kaini, and ran PSMCon it. The truncated histories that
best fit the ancient genomes provided an estimate of the time differ-
ence to the recent genome.
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To estimate the split time between various other Palaeolithic
ancient high-coverage genomes and Ranis13/Zlaty ki, we used
momi2 (ref. 21).

Population genetics

Using 1240k capture data. We calculated f-statistics using qpDstat
from ADMIXTOOLS (https://github.com/DReichLab). Thef;-outgroup
statistics were used to calculate the affinity matrix with all the possible
hunter-gatherer pairwise combinations. The f,-statistics were used
to test for cladality and admixture. For all plots, standard errors were
calculated with the default block jackknife and we consistently display
3 standard errors.

Multidimensional scaling analysis was performed using the Rimple-
mentation cmdscale. Euclidean distances were computed with the
genetic distances calculated from the f;-outgroup matrix on the form
1-f;pairwise valuesamongall possible hunter-gatherer pairwise com-
binations. We used qpGraph from ADMIXTOOLS (https://github.com/
DReichLab) to determine the phylogenetic positions of the Ranis and
Zlaty kiin individuals, following the tree structure reported in ref. 2
andref.17.

Using high-coverage shotgun data. We calculated D-statistics using
the genotype calls (snpAD®¥ v.0.3.11) from the high-coverage geno-
mes of Zlaty kil and Ranis13, along with various ancient and
present-day human genomes, as well as the Neanderthal and Deniso-
van high-quality genomes (Supplementary Information 9). Arandom
allele was chosen per individual at heterozygous calls, and subsetted
to the biallelic sites. To infer the state of the ape-ancestor outgroup,
the aligning base in the chimpanzee, bonobo, gorilla and orangutan
genomes had to match. D-statistics were computed as % d
confidenceintervals were estimated on the basis of a weighted block
jackknife procedure in 5-Mb windows, and plotted with 3 standard
errors (refs. 3,6,20,61).

Neanderthal ancestry
We used admixfrog® (v.0.7.1) toinfer Neanderthal ancestry segments
in the high-coverage Zlaty kiin and Ranis13 genomes, as well as from
the low-coverage genome data obtained through Archaic Admixture
capture'®. We built our reference panels fromallele information of the
high-coverage genomes of Denisova 3 (ref. 52), Vindija 33.19 (ref. 6),
Denisova 5 (or the Altai Neanderthal)”, Chagyrskaya 8 (ref. 32), the
chimpanzee reference genome (panTro6) and all the female Mende,
Mandenka, Yoruba, Esanand Luhyaindividuals from the 1000 Genomes
Projectat thessites ascertained by the Archaic Admixturearray (Fuetal.,
2015, Panel 4)* and, for the X-chromosome sites, from the Extended
Archaic ascertainment®. The genetic distances were assigned using
either the African American recombination map® or the deCODE map®.

The number of introgression events and the timing of these events
were inferred by the Moorjani et al.® dating method on the genotype
calls, and another method that fits Neanderthal segment lengths to a
single exponential distribution, or a mixture of two exponential dis-
tributions, corresponding to single or two admixture events, respec-
tively. Alength cutoff of 0.2 cM was applied for the second method to
avoid shorter segments that could be generated by incomplete lineage
sorting (Supplementary Information13).In addition to asimple pulse
model, wealso tried to fit an extended pulse as described in ref. 34. We
quantified the Neanderthal ancestry in the genomes of Ranis individu-
als and Zlaty ktin on the basis of the segments detected by admixfrog
following ref. 64, and by applying a ‘direct f,-ratio test’>*%°. We also
overlapped Neanderthal segments with the intersections of the pre-
viously reported Neanderthal and Denisovan desert regions using
BEDTools> 37,

We investigated whether Neanderthal segments in the genomes
of Ranis13 and Zlaty kan are shared with later individuals either by
correlating the location of introgressed segments® (Supplementary

Information 15) or by testing for overlap of the edges of Neanderthal
segments (Supplementary Information 16).

Y-chromosome and phenotypes

Y-SNP lists from the ISOGG® (International Society of Genetic Gene-
alogy) collection (v.15.73) were investigated after filtering C > T and
G > A substitutions on the forward and reverse strands, respectively.
We then manually called the most resolved Y haplogroup for which
we have derived calls, and minimal ancestral calls (Supplementary
Information 18).

To infer HLA haplotypes at the five most polymorphic HLA loci
(HLA-A, -B, -C, -DRB1 and -DQB1), we followed ref. 68 (Supplemen-
tary Information 19). Merged fastq files were filtered to remove reads
shorter than 30 bp.Sequence datawere aligned toan HLA reference file
using Bowtie2 (ref. 69) (v.2.2.6) in local alignment mode. Alignments
were manually inspected to reconstruct, at each locus, the consensus
sequences of the two haplotypes while considering only unambigu-
ous alignments to the locus of interest. Consensus sequences were
compared withknown four-digit HLA alleles to find the best-matching
sequences and thus define allele calls. Allele calls at the class I loci were
further corroborated using OptiType” (v.1.3.3).

Weinvestigated 43 variants that are associated with phenotypic vari-
ation, includinglactose persistence and pigmentation (Supplementary
Information 20). We did this by counting the number of sequences
carrying the effect allele versus the non-effect allele for each variant
in all genomes with >1x coverage on the 1240k sites (high-coverage
shotgun data from Ranis13 and Zlaty ki, and low-coverage capture
data from Ranis4, Ranis12 and Ranis87).

We used Rstudio (v.2022.12.0+353, http://www.rstudio.com/) and
the following packages for data visualization: cowplot (v.1.1.2), ggplot2
(v.3.4.2, https://ggplot2.tidyverse.org), tidyr (v.1.3.0, https://github.
com/tidyverse/tidyr), dplyr (v.1.1.4, https://github.com/tidyverse/
dplyr), magrittr (v.2.0.3, https://github.com/tidyverse/magrittr),
scales (v.1.3.0, https://github.com/r-lib/scales) and MetBrewer (v.0.2.0,
https://github.com/BlakeRMills/MetBrewer).

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

Data availability

Allnewly reported ancient nuclear DNA data are archived in the Euro-
pean Nucleotide Archive (accession no. PRJEB78725). Additionally,
the alignment files used for the HLA analyses can be accessed through
https://doi.org/10.17617/3.GHAALO.

Code availability

We provide the code for computing D-statistics and the Neander-
thal ancestry breakpoint sharing analysis through the Max Planck
Digital Library (https://doi.org/10.17617/3.EGKV28, https://doi.
org/10.17617/3.0VLEOH and https://doi.org/10.17617/3.TG4T04), and
for running the PSMC analyses through GitHub (https://github.com/
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Extended DataFig. 6 | Inbreeding, populationsize and heterozygosity
estimates. A. Violin plotsindicating the length distributions of the segments
thatare homozygous by descent (HBD, or ROH), using the African-American
recombination map. The width of the violins is proportional to the number of
HBD segments. B. Likelihood of IBD shared between Ranis13 and Zlaty kiif over
a2Dgrid of effective population size and the absolute value of time difference.
Theredstarindicates the maximum likelihood estimate and the black dashed
circleindicates the 95% confidence region. The colour bar indicates the

log-likelihood values. C. Average heterozygosity (x10,000) in the autosomes of
high-coverage ancientand present-day human genomes. Each point represents
the heterozygosity estimate onasingle autosome (n =22). Archaics arein light
orange and Africans areindark orange, while non-Africans are in yellow. Other
coloursuniquely represent ancient modern humans. The lower and upper
hingesintheboxplotsin A and C correspond to the 25thand 75th percentiles.
Upperand lower whiskers are at most 1.5 inter-quartile range away from the
upper and lower hinges, respectively.
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Sample size Our sample consists of thirteen early modern human specimens from llsenhohle in Ranis, Germany, described in Mylopotamitaki et al., 2024
in Nature. In addition, we generate additional data from the Zlaty kun individual from Czechia, introduced in Prifer et al., 2021 in Nat. Ecol.
Evol., and another specimen from the same site.

Data exclusions  Data from five specimens were excluded (RNI082, RNI083, RNI084, RNI086 and ZKU0OO1) due to low endogenous DNA content in the librries
obtained from these specimens, and/or high levels of present-day human DNA contamination. In addition, all sequences shorter than 30
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Randomization | the data from these specimens. We focus on the sequences per individual, independently and as a population. Randomization is not
applicable in this context.

Blinding Blinding is not applicable for ancient DNA/population genetics studies. We do not compare different treatments on different groups.
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Eukaryotic cell lines
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Palaeontology and Archaeology

Specimen provenance Specimens were collected from llsenhohle in Ranis, Germany and Zlaty kun in Czechia. Permits were provided in Mylopotamitaki et
al., 2024 in Nature and Prifer et al., 2021 in Nat. Ecol. Evol..

Specimen deposition Specimens were either returned to their corresponding collections (National Museum, Prague, Czechia, Landesamt fur
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Dating methods Collagen was extracted following the acid-base-acid plus ultrafiltration protocol for small samples outlined in Fewlass et al., 201913
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Dates were calibrated using the IntCal20 calibration curve in OxCal 4.4.
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Ethics oversight No ethical guidance was required. Sampling was carried out under the guidance and with the permission of archaeologists/curators
responsible for the material.
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