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INTRODUCTION: For much of modern human
history, we were only one of several different
groups of hominins that existed. Studies of
ancient and modern DNA have shown that
admixture occurred multiple times among dif-
ferent hominin lineages, including between the
ancestors of modern humans and Neanderthals.
A number of methods have been developed to
identify Neanderthal-introgressed sequences
in the DNA of modern humans, which have
provided insight into how admixture with Nean-
derthals shaped the biology and evolution of

modern human genomes. Although gene flow
from an early modern human population to
Neanderthals has been described, the conse-
quences of admixture on the Neanderthal genome
have received comparatively less attention.

RATIONALE: A better understanding of how
admixture with modern humans influenced
patterns of Neanderthal genomic variation may
provide insights into hominin evolutionary
history. For example, DNA sequences inherited
from modern human ancestors in Neander-
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Detecting modern human-to-Neanderthal gene flow (H—N) and its consequences. Modern human-to-
Neanderthal admixture causes a local increase in heterozygosity in the Neanderthal genome, a characteristic
that enabled approaches to quantify and detect introgressed sequences. We leveraged modern human-
introgressed sequences in the Neanderthal genome to refine estimates of Neanderthal ancestry in contemporary
humans by decomposing IBDmix-detected segments into those attributable to human-to-Neanderthal (H—N)
versus Neanderthal-to-human (N—H) gene flow in 2000 modern human individuals. We also used modern
human-introgressed sequences to discover that Neanderthals had a smaller effective population size (Ne) than
previously estimated and that a second wave of modern human-to-Neanderthal gene flow occurred ~100 to

120 thousand years ago (ka). bps, base pairs.
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frequency, magnitude, and timing of ad:
ture and the population genetics character-
istics of Neanderthals. Introgressed modern
human sequences in Neanderthals can also
be used to refine estimates of Neanderthal an-
cestry in contemporary individuals. We de-
veloped a simple framework to investigate
introgressed human sequences in Neander-
thals that is predicated on the expectation that
sequences inherited from modern human an-
cestors would be, on average, more genetically
diverse and would result in local increases in
heterozygosity across the Neanderthal genome.

RESULTS: We first used a method referred to as
IBDmix to identify introgressed Neanderthal
sequences in 2000 modern humans sequenced
by the 1000 Genomes Project. We found that
sequences identified by IBDmix as Neanderthal
in African individuals from the 1000 Genomes
Project are significantly enriched in regions
of high heterozygosity in the Neanderthal
genome, whereas no such enrichment is ob-
served with sequences detected as introgressed
in non-African individuals. We show that these
patterns are caused by gene flow from modern
humans to Neanderthals and estimate that the
Vindija and Altai Neanderthal genomes have
53.9 Mb (2.5%) and 80.0 Mb (3.7%) of human-
introgressed sequences, respectively. We leverage
human-introgressed sequences in Neanderthals
to revise estimates of the amount of Neanderthal-
introgressed sequences in modern humans. Ad-
ditionally, we show that human-introgressed
sequences cause Neanderthal population size
to be overestimated and that accounting for
their effects decrease estimates of Neanderthal
population size by ~20%. Finally, we found evi-
dence for two distinct epochs of human gene
flow into Neanderthals.

CONCLUSION: Our results provide insights into
the history of admixture between modern hu-
mans and Neanderthals, show that gene flow
had substantial impacts on patterns of modern
human and Neanderthal genomic variation, and
show that accounting for human-introgressed
sequences in Neanderthals enables more-
accurate inferences of admixture and its con-
sequences in both Neanderthals and modern
humans. More generally, the smaller estimated
population size and inferred admixture dynam-
ics are consistent with a Neanderthal popula-
tion that was decreasing in size over time and
was ultimately being absorbed into the modern
human gene pool.
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Recurrent gene flow between Neanderthals and
modern humans over the past 200,000 years

Liming Li*2, Troy J. Comi?, Rob F. Bierman?, Joshua M. Akey?*

Although it is well known that the ancestors of modern humans and Neanderthals admixed, the effects

of gene flow on the Neanderthal genome are not well understood. We develop methods to estimate the amount
of human-introgressed sequences in Neanderthals and apply it to whole-genome sequence data from

2000 modern humans and three Neanderthals. We estimate that Neanderthals have 2.5 to 3.7% human
ancestry, and we leverage human-introgressed sequences in Neanderthals to revise estimates of Neanderthal
ancestry in modern humans, show that Neanderthal population sizes were significantly smaller than
previously estimated, and identify two distinct waves of modern human gene flow into Neanderthals. Our data
provide insights into the genetic legacy of recurrent gene flow between modern humans and Neanderthals.

tudies of ancient DNA have shown that
admixture among modern humans (Homo
sapiens), Neanderthals, and Denisovans

has played a prominent role in hominin
evolutionary history (7). Although gen-

etic data from Neanderthal and Denisovan
individuals continue to accumulate (2-10), in-
ferences of gene flow among hominin lineages
have largely focused on high-coverage, whole-
genome sequence (WGS) data from three
Neanderthals and one Denisovan (3-6). The
Vindija (4) and Chagyrskaya (5) Neander-
thals were excavated from the Vindija cave in
Croatia and the Chagyrskaya cave in the Altai
Mountains, respectively, whereas the Altai
Neanderthal (also referred to as Denisova 5)
(3) and the Denisovan hominin (also named
Denisova 3) (6) were both excavated from the
Denisova Cave in the Altai Mountains. These
genomes combined with WGS data from
thousands of modern humans have revealed a
network of interactions—including gene flow—
between modern humans and Neanderthals
(2, 3, 11), between modern humans and two
distinct Denisovan populations (72), and be-
tween Neanderthals and Denisovans (3, 13),
including an F1 hybrid who had a Neanderthal
mother and Denisovan father (J0). In modern
humans, non-African individuals derive ~2% of
their genome from Neanderthal ancestors (2),
and individuals of Melanesian and Australian
aboriginal ancestry can trace an additional 2 to
5% of their genome to Denisovan ancestors, with
the highest levels in certain Philippine groups (74).
In addition to estimates of admixture pro-
portions, numerous approaches have been
developed to identify the specific DNA se-
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quences in the genomes of modern humans
that were inherited from Neanderthals and
Denisovans (15-17). The resulting catalogs of
introgressed sequences have enabled their
functional, phenotypic, and evolutionary con-
sequences to be studied (18-23). For example,
analyses of Neanderthal-introgressed sequen-
ces in modern humans have shown that they
were targets of both purifying and positive
selection (24-26), have facilitated the devel-
opment of more-refined admixture models
(24, 27-30), and have enabled insights into
the phenotypic legacy of admixture (23).

In contrast to the detailed studies of how
admixture with Neanderthals affected the
genomes of modern humans, comparatively
little is known about the consequences that
admixture had on the Neanderthal genome.
Several studies have shown evidence of modern
human ancestry in the Neanderthal genome
(31-33) as aresult of admixture that predates
the out-of-Africa dispersal of ~60 thousand
years ago (ka) (11, 34), to which contemporary
non-Africans can trace the majority of their
ancestry (35-38). Thus, admixture between
modern humans and Neanderthals has oc-
curred at least twice, with one admixture re-
sulting in modern human-to-Neanderthal
(H—N) gene flow ~250 to 200 ka and the
other admixture resulting in Neanderthal-to-
modern human (N—H) gene flow ~60 to 50 ka
(39) (Fig. 1A). The signal of modern human-to-
Neanderthal gene flow was initially detected
in the Altai Neanderthal (37) but was also sub-
sequently found in the Vindija (32), which
suggests that admixture occurred before the
divergence of these two lineages (Fig. 1A).

The observation of modern human ancestry
in the Neanderthal genome due to H—N gene
flow raises important questions about the dy-
namics and significance of introgressed modern
human sequence in the Neanderthal genome.
For example, Neanderthals had a substantially

lower effective population size (denoted as N,)
and, thus, less genetic diversity compared with
modern humans (3-5). Therefore, modern
human-introgressed sequences in Neander-
thals may affect inferences of Neanderthal
genetic diversity and population genetics pa-
rameters. Additionally, the number, timing,
and magnitude of admixture events that led
to modern human ancestry in Neanderthals is
not well defined. Finally, the presence of mod-
ern human-introgressed sequences in Nean-
derthals may confound inferences about how
much Neanderthal ancestry exists in modern
human individuals. To address these ques-
tions and better delimit the admixture history
and its impact on both modern humans and
Neanderthals, we developed a methodological
framework to better understand the magni-
tude and consequences of modern human-to-
Neanderthal gene flow.

Expected characteristics of human-introgressed
sequences in Neanderthals

Our approach for investigating modern human-
to-Neanderthal gene flow is predicated on
two observations made in previous studies of
hominin admixture. First, our framework takes
advantage of the well-known differences in N,
between modern humans and Neanderthals
(3-5). Second, our approach derives power
from the fact that both H—-N and N—H gene
flow make substantial contributions to the
signal of Neanderthal-introgressed sequences
identified in African individuals (33), whereas
the signal of Neanderthal-introgressed se-
quences detected in non-African individuals is
primarily the result of N—H admixture (2, 33).

Given these observations, we hypothesized
that introgressed modern human sequences
in Neanderthal genomes would result in local
increases in levels of heterozygosity (Fig. 1, B
and C) given the larger N, of modern humans
compared with that of Neanderthals. If true,
we would expect regions of high heterozygos-
ity in the Neanderthal genome to overlap
sequences identified as Neanderthal in Afri-
can individuals more often compared with
sequences identified as Neanderthal in non-
African individuals (Fig. 1B). We would further
expect that when regions of high heterozy-
gosity in the Neanderthal genome are masked,
the amount of detected introgressed sequence
would decrease more in Africans compared
with non-Africans (because the signal from
H—N admixture is attenuated, which prefer-
entially affects African individuals; Fig. 1B).
Below, we evaluate these predicted features
using empirical data.

Regions of high heterozygosity in Neanderthal
genomes are enriched for introgressed
modern human sequences

To assess the relationship between Neanderthal
heterozygosity and the probability of calling
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Fig. 1. Neanderthal-introgressed sequences identified in African individuals
are associated with regions of high heterozygosity in the Neanderthal genome.
(A) Schematic of modern human-to-Neanderthal (H—N) and Neanderthal-to—
modern human (N—H) gene flow. Red and blue lines represent modern human
and Neanderthal lineages, respectively. AFR, EUR, and EAS denote African,
European, and East Asian, respectively. (B) Schematic showing how H—N
admixture can lead to regions of high heterozygosity in the Neanderthal genome
and calls of introgressed Neanderthal sequence in modern humans. Two
Neanderthal, AFR, and EUR chromosomes are shown. Red segments in Neanderthal
chromosomes denote modern human-introgressed sequences due to H—N gene
flow. Black segments represent IBDmix-called introgressed Neanderthal sequences
in modern humans due to a mixture of H—N and N—H gene flow. H—N
admixture can result in local increases of heterozygosity, whereas N—H
admixture does not. The bar plot shows the amount of introgressed sequence

identified in EUR and AFR samples when the entire genome is analyzed
(unmasked) or when loci in the human genome that overlap high-heterozygosity
regions in the Neanderthal genome (gray rectangles) are removed from the
analysis (masked). (C) Genome-wide distribution of heterozygosity calculated in
nonoverlapping 100-kb windows across the Altai Neanderthal genome. Solid
and dashed lines represent the 99th percentile and average heterozygosity,
respectively. (D) Proportion of windows in the Altai Neanderthal genome that
overlap AFR (purple) and non-AFR (light blue) calls of introgressed Neanderthal
sequences as a function of heterozygosity in the Neanderthal genome. The

x axis represents the percentile of heterozygosity for analyzed windows.
Heterozygosity of windows decreases from left to right. (E) Heterozygosity in regions
of the Altai Neanderthal and Denisovan genomes that overlap IBDmix calls of
introgressed Neanderthal sequence in Africans and non-Africans. The dashed line
represents the genome-wide average heterozygosity of Altai.

introgressed Neanderthal sequences in Africans
and non-Africans, we applied IBDmix (33) to
2000 individuals from the 1000 Genomes Project
(40). IBDmix detects introgressed sequences
by identifying segments in a test genome that
are shared identical by descent with an ar-
chaic reference genome. To mitigate false pos-
itives, a minimum segment size threshold is
used, which we previously specified in units
of physical distance (33). In this work, we ext-
ended IBDmix to also allow segment sizes to
be measured in units of genetic distance, which
results in a lower false discovery rate (FDR)
while maintaining the same power compared
with physical distance-based thresholds (41)
(fig. S1). Using a minimum segment size thresh-
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old of 0.05 centimorgans (cM), we identified 92.4,
85.5, and 84.3 gigabases (Gb) of introgressed
Neanderthal sequence across all 2000 individ-
uals using the Vindija Neanderthal (4), Altai
Neanderthal (3), and Chagyrskaya Neanderthal
(5) as the archaic reference genome, respective-
ly (table S1).

IBDmix calls in African individuals were sig-
nificantly enriched at locations of the human
genome that overlap regions of high heterozy-
gosity in the Neanderthal genome compared
with those in non-African individuals [P < 10‘6;
(41)] (Fig. 1D). For example, 60% of windows
in the top fifth percentile of high-heterozygosity
regions in the Altai genome overlapped calls of
Neanderthal-introgressed sequence in Africans

compared with only 23% of windows in non-
Africans (Fig. 1D). Similar patterns were ob-
served with the Vindija and Chagyrskaya
genomes (fig. S2). Furthermore, Neanderthal
heterozygosity in regions that overlap calls of
introgressed sequence in Africans is 8.6 times
as high relative to Neanderthal heterozygosity
in regions that overlap introgressed sequence
in non-Africans (Fig. 1E). As a control, we com-
pared levels of heterozygosity in the same
regions of the Denisovan genome and only
observed a 1.3-fold difference in heterozygosity
between Africans and non-Africans (Fig. 1E).
In addition, Kuhlwilm et al. (31) have reported
162 regions of the Altai Neanderthal genome
that had elevated heterozygosity and were

2 of 10

202 ‘2T AInC uo B10°90UB 195 MMM,/SA1Y WOJ ) PSPeo [UMOQ



RESEARCH | RESEARCH ARTICLE

putatively introgressed from modern humans,
of which 130 overlap our high-heterozygosity
regions, which is significantly more than ex-
pected by chance [P = 1.63 x 107* (41)]. Col-
lectively, these observations demonstrate that
regions of high heterozygosity in the Nean-
derthal genome are enriched for modern human-
introgressed sequences.

Decomposing IBDmix calls into their
component sources

Genomic segments that IBDmix detects as Ne-
anderthal introgressed are potentially a mix-
ture of sequences derived from both H—N
and N—H gene flow. Thus, to specifically in-
vestigate the characteristics of modern human-
to-Neanderthal gene flow, it is necessary to
distinguish between these two component
sources. To this end, we evaluated whether the
summary statistics Ri,q and Rpop, (41) could
distinguish between IBDmix calls of intro-
gressed sequence attributable to H—N or N—H

gene flow. Ry, q is the ratio of the average num-
ber of introgressed base pairs per individual
called by IBDmix in Africans relative to Euro-
peans, and Rp,, is the ratio of the number of
base pairs of the reference modern human ge-
nome covered by one or more IBDmix calls in
Africans relative to that in Europeans (41, 42).
We estimated Rinq and Rp,p, using each of the
five African populations and Europeans from
the 1000 Genomes Project (40) and evaluated
their relationship with levels of heterozygosity
in the Neanderthal genome (41). Both Ry,q and
Rpop are higher for LWK (Luhya in Webuye,
Kenya) and GWD (Gambian in Western Divi-
sion, The Gambia) compared with MSL (Mende
in Sierra Leone), YRI (Yoruba in Ibadan,
Nigeria), and ESN (Esan in Nigeria), which
suggests that they have higher amounts of
introgressed Neanderthal sequence (Fig. 2A).
Despite the quantitative differences in Ryyq
and Rp,, among African populations, they all
qualitatively show the same pattern as a func-

tion of heterozygosity in the Neanderthal ge-
nome. In particular, Rr,q and Rp,, decrease
precipitously when masking the top 10% of
windows with the highest heterozygosity in
the Neanderthal genome before converging to
stable values as progressively more of the Ne-
anderthal genome is masked (Fig. 2A and figs.
S3 and S4). The initial decrease observed for
Rmna and Rp,, when the most heterozygous re-
gions in the Neanderthal genome are masked
indicates that less introgressed Neanderthal
sequence is identified in African relative to
non-African individuals.

To help interpret the empirical patterns of
Rina and Rp,p, we performed coalescent simu-
lations of a model with H—N gene flow, a
model of N—H gene flow with migration back
to Africa, and a joint model with both H—-N
and N—H gene flow (47) (Fig. 2B and fig. S5).
For each admixture model, we simulated 15 Mb
of sequence in 503 Europeans, 108 Africans,
and 3 Neanderthals; identified introgressed

A B
03 Observed Data 03 Simulated H=N °3|  simulated N—H with Back Migration
—@— LWK
—@— GWD
0.2 —— MSL 0.2 0.2
—a— YRI
E ESN Neanderthal Neanderthal
= AFR EUR EAS AFR EUR EAS
0.1 0.1
0.0 0.0
0% 10% 20% 30% 40% 50% 0% 10% 20% 30% 40% 50% 0% 10% 20% 30% 40% 50%
0.3 0.3 0.3
0.2 0.2 0.2
u
)
-9
&
—@— IBDmix calls
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0% 10% 20% 30% 40%

Percentage of masked genomic windows

Fig. 2. Ring and Rpq, can distinguish between admixture models. We show R
and Rpgp as a function of heterozygosity in the Altai Neanderthal genome. The

x axis represents the percentage of high-heterozygosity windows in the Neanderthal
genome that are masked when identifying Neanderthal-introgressed sequences
with IBDmix. Thus, heterozygosity decreases from left to right. (A) We estimated R4
and Rpop Using Europeans and each of the five African populations from the
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1000 Genomes Project, including Luhya in Webuye, Kenya (LWK); Gambian in
Western Division, The Gambia (GWD); Esan in Nigeria (ESN); Mende in Sierra Leone
(MSL); and Yoruba in Ibadan, Nigeria (YRI). (B) Estimates of Rj,q and Rep in the
simulated data. The red and black lines represent values of Rjq and Rpqp, that
were calculated from Neanderthal-introgressed sequences identified by IBDmix and
those obtained directly from the coalescent tree, respectively.
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sequences with IBDmix; and calculated Ry,q
and Ry, as a function of heterozygosity in the
simulated Neanderthal genome. In the H—>N
admixture model, all Neanderthal-introgressed
sequences detected by IBDmix in Africans are
due to modern human gene flow into Nean-
derthals (Fig. 2B). By contrast, in the N—H
model, all Neanderthal-introgressed sequen-
ces in Africans identified by IBDmix are the
result of gene flow from Neanderthals into
non-Africans followed by the migration of in-
dividuals carrying Neanderthal sequence back
to Africa (Fig. 2B). In the joint model, all
Neanderthal-introgressed sequences detected
by IBDmix in Africans are due to both H—>N
and N—H gene flow (fig. S5).

In the H—N model, Ry,q and Rp,, decrease
as a function of heterozygosity in the Nean-
derthal genome and tend toward zero (Fig.
2B). In the N—H model with back migration,
Rmma and Rp,p behaved much differently and
were relatively flat as a function of Neander-
thal heterozygosity (Fig. 2B). In the joint mod-
el, Rima and Ry, decrease as a function of
heterozygosity in the Neanderthal genome and
tend toward those estimated using Neanderthal-
introgressed sequences obtained from the
coalescent tree (fig. S5). The differences in
patterns of Ryyq and Rpop, between admixture
models are robust to the presence of false
positives in the IBDmix call set (fig. S5). Over-
all, the simulations demonstrate that both
H—N and N—H with back migration contrib-
ute to the observed patterns of Ry,q and Rpop
in the empirical data. Specifically, H—N gene
flow is necessary to account for the higher ob-
served values of Ri,q and Rp,p, Without mask-
ing and their rapid decline when the most
heterozygous windows of the Neanderthal
genome are masked. Similarly, N—H admix-
ture with back migration explains the low but
nonzero values of Ry,q and Rp,, in the empi-
rical data when windows with high heterozy-
gosity in the Neanderthal genome are masked.
In summary, these data provide additional
evidence that introgressed modern human se-
quences contribute to regions of high hetero-
zygosity in the Neanderthal genome and that
the relationship between Ry,q and Rpg, and
levels of Neanderthal heterozygosity can be
leveraged to quantitatively decompose the pro-
portion of introgressed sequences in modern
humans due to H—-N and N—H gene flow.

Estimating the proportion of modern human
ancestry in Neanderthals

We next developed an approach to estimate
the amount of modern human ancestry in
Neanderthals that is based on the relationship
between Rp,, and Neanderthal heterozygosity
(fig. S4) and an orthogonal statistic to detect
Neanderthal-introgressed sequences in non-
Africans known as S* (4, 24, 27, 41) (fig. S6).
Using this method, we estimate the Vindija

Li et al., Science 385, eadil768 (2024) 12 July 2024

and Altai genomes contain 53.9 and 80.0 Mb
of modern human-introgressed sequence, re-
spectively (table S2), and these estimates are
robust to the choice of which African popula-
tion is used to calculate Rp,, (fig. S4 and table
S2). Accounting for the fraction of masked ge-
nomic regions (41), this corresponds to ~2.5
and 3.7% modern human ancestry in Vindija
and Altai, respectively, which is higher than
the estimated amount of Neanderthal ances-
try in present-day modern humans (24, 27).
We performed a gene ontology (GO) analysis
to test whether human-introgressed sequen-
ces were enriched for particular GO biological
process and molecular function terms (41). We
identified five terms that were significantly
enriched (FDR < 0.05) after correcting for
multiple hypothesis tests (table S3). Two of the
enriched GO terms, metal ion transmembrane
transporter activity (FDR = 7.16 x 107%) and
glutamate receptor signaling pathway (FDR =
7.81 x 1072), are composed of numerous genes
that influence central nervous system biology,
neurotransmitter uptake and metabolism, and
other neuronal processes, mutations in several
of which have been associated with intellec-
tual disability [CACNG2, GRIA1, and SLC6A11
(43-45)], autism [GRIN2B (46)], and other
neurodevelopmental disorders [GRIK2 and
GRM7 (47, 48)]. However, additional work is
necessary to better interpret the biological
significance of the observed GO enrichment
results.

Revising estimates of Neanderthal ancestry
in modern humans

The total amount of IBDmix-detected Nean-
derthal sequence can be decomposed into
amounts attributable to N—H and H—N gene
flow using the same methodological framework
to estimate the amount of modern human-
introgressed sequences in Neanderthals (41).
In these analyses, however, we used Ry,q in-
stead of Rp,, because our goal is to estimate
the amount of introgressed sequence per indi-
vidual, which is more straightforward to calc-
ulate with Ry,q (41) (fig. S3). To evaluate our
approach, we performed simulations and found
that it is robust to several potential confound-
ing variables, including recombination rate
heterogeneity, Neanderthal effective popula-
tion size, and the time and magnitude of H—N
gene flow (figs. S7 to S13).

When using Vindija as the Neanderthal ref-
erence genome, IBDmix identified a total of
62.3, 60.1, and 55.8 Mb of Neanderthal se-
quence per individual in East Asians, South
Asians, and Europeans, respectively (table S4,).
The percentage (and amount) of total IBDmix-
identified Neanderthal sequence attributable
to N—H gene flow is 91.1% (56.8 Mb), 92.3%
(55.5 Mb), and 91.8% (51.2Mb) in East Asians,
South Asians, and Europeans, respectively
(Fig. 3 and table S4). In African populations, the

total amount of IBDmix-detected Neanderthal
sequence per individual ranged from 6.2 Mb
in YRI to 8.0 Mb in LWK (table S4). The per-
centage (and amount) of IBDmix-identified
Neanderthal sequence due to N—H gene flow
ranged from a low of 25.6% (1.8 Mb) in MSL to
a high of 39.4% (2.9 Mb) in GWD (Fig. 3 and
table S4). These results are broadly consistent
when using Altai as the reference genome (Fig.
3), except the estimated percentage of total
Neanderthal sequence called by IBDmix that
is attributable to H—N gene flow increased
modestly (see the legend of table S4 for an
explanation of this observation). Collectively,
these data show that Neanderthal-introgressed
sequences in Africans and non-Africans are
influenced by both H—N and N—H gene flow
but their relative contributions differ among
populations.

Neanderthals had significantly smaller
population sizes than previously thought

The presence of human-introgressed sequen-
ces in Neanderthal genomes could potentially
influence estimates of their N.. To test this
hypothesis, we compared estimates of the long-
term N, of Neanderthal lineages before and after
correcting for modern human-to-Neanderthal
admixture. Without accounting for H—N gene
flow (41), the estimated long-term NV, of Altai,
Chagyrskaya, and Vindija were 3369 [95%
confidence interval (CI), 3036 to 3520], 2964
(95% CI, 2765 to 3148), and 3408 (95% CI, 3209
to 3554) individuals, respectively (Fig. 4A and
table S5), which is similar to previous esti-
mates (4, 5). After removing human-introgressed
sequences by masking regions of the Nean-
derthal genome that overlapped African IBDmix
calls (41), the estimated long-term N, signifi-
cantly (P < 0.05) decreased in all three Nean-
derthal lineages. Specifically, the estimated N,
in Altai, Chagyrskaya, and Vindija decreased
to 2484 (95% CI, 2223 to 2639), 2379 (95% CI,
2181 to 2569), and 2807 (95% CI, 2622 to 2959)
individuals, respectively (Fig. 4A and table S5).
This constitutes a reduction in the long-term
N, of 26.3% in Altai, 19.7% in Chagyrskaya, and
17.5% in Vindjija (table S5).

To assess the robustness of these results,
we first estimated N, in Denisovans with and
without masking genomic regions that carry
modern human-introgressed sequences in Ne-
anderthals. As expected, the Denisovan esti-
mates of N, differ by only 1.92% (3824 versus
3899; P > 0.05; table S5). We confirmed by co-
alescent simulations that the observed amount
of human to Neanderthal gene flow can inflate
estimates of N, in Neanderthals by amounts
commensurate with the empirical data (41).
We also performed analyses to show that the
smaller estimates of N, when accounting for
H—N gene flow are robust to heterogeneity in
locus-specific mutation rates and false posi-
tive IBDmix calls in African individuals (41).
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Fig. 3. Decomposing the signal of Neanderthal ancestry in modern human populations. Each bar shows the average proportion of Neanderthal-introgressed
sequence per individual due to H—N and N—H gene flow across eight geographically diverse populations. Results are shown when using the Vindija (left) or Altai

(right) Neanderthal as the archaic reference genome.

Additionally, we used PSMC (pairwise sequen-
tially Markovian coalescent) (41) to estimate
N,, which also shows that estimates of N, over
time are smaller when accounting for modern
human-introgressed sequences (Fig. 4B). Con-
versely, PSMC estimates of Denisovan and Mbuti
N, (41) did not change with and without re-
moving regions that carry modern human-
introgressed sequence in Neanderthals (Fig.
4B and fig. S14).

Previous estimates of N, were roughly the
same in Altai and Vindija (4, 5). However, when
accounting for modern human-introgressed
sequences, we found that the N, of Vindija is
13% higher than that of Altai (table S5), which
suggests that Altai had a smaller N, after it
split with other Neanderthal lineages. We per-
formed simulations to estimate the N, of the
Altai lineage after it split from the common
ancestor of the Vindija and Chagyrskaya line-
ages and the N, of the Chagyrskaya lineage
after it split from the common ancestor of the
Vindija lineage. We estimate that the N, of the
Altai and Chagyrskaya lineages are 45 and 27%,
respectively, the size relative to the Vindija
lineage (Fig. 4C). These estimates are similar
when assuming different times and magni-
tude of H—N gene flow (fig. S15).

These data show that Neanderthals had
smaller and more variable population sizes
among lineages than previously thought. The
~20% lower estimate of long-term N, has im-
portant implications for the cost of introgres-
sion to modern humans because it potentially
allowed more deleterious mutations to accu-
mulate in Neanderthals that were subsequent-
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ly inherited by the ancestors of predominantly
non-African populations (26, 49, 50).

Evidence for two distinct pulses of
modern human-to-Neanderthal gene flow

Although previous studies have found evi-
dence for gene flow from modern humans to
Neanderthals (31-33), they assumed a single
period of admixture, and more-complex mod-
els have not been explored. We used our re-
vised estimates of N, in Neanderthals to
evaluate single- versus multiple-pulse models
of H—N gene flow. We first tested whether we
could confirm a previous inference of gene
flow from early modern humans into Nean-
derthals between 200 and 300 ka (32). We
found that our data are most consistent with
models where the H—N admixture fraction
was 5% and the time of admixture was 200 ka
or where the admixture fraction was 10% and
the time of admixture was 250 ka, but the data
are less consistent with a model where the
admixture fraction is 10% and admixture oc-
curred 200 ka (47) (fig. S3B and fig. S16).

We leveraged the temporal variation of the
Altai [age = 122 ka (4)], Chagyrskaya [age = 80 ka
(5)], and Vindija [age = 52 ka (4)] Neander-
thals to develop an approach for evaluating
admixture models with an additional wave of
modern human-to-Neanderthal gene flow. Spe-
cifically, we asked whether Vindija, Chagyrskaya,
or both Vindija and Chagyrskaya received an
additional wave of H—N admixture relative to
Altai. One- versus two-pulse admixture models
were formally assessed by approximate Bayes-
ian computation (ABC) (4I), which has been

used in a wide variety of inference problems
in population genetics (57-53). In ABC,
summary statistics are used to assess the fit
between observed and simulated data, and
this information provides the basis to cal-
culate approximate posterior probabilities of
distinct models and the approximate poste-
rior distribution of model parameters (53-55).

To implement an ABC method for evaluat-
ing admixture models, we first developed 10
summary statistics that capture a broad set
of potential features in the data that may be
informative for distinguishing between one-
and two-pulse models of H—N gene flow
(table S6). We evaluated informativeness
through coalescent simulations in which each
summary statistic was calculated in a one-
pulse model and 20 two-pulse models para-
meterized by the time 7Ty_,n and magnitude
op_x Of the second admixture (47). For each
two-pulse model, we calculated the power of
the summary statistics to distinguish between
one- and two-pulse admixture models and
Cohen’s D, which is a measure of effect size
(fig. S17 and table S7). Each summary stat-
istic exhibited high power (=80%) and modest-
to-large effect sizes for at least part of the
parameter space considered (table S7), and
therefore, we retained all 10 summary stat-
istics in the ABC model.

We next evaluated the power of our ABC
framework through extensive coalescent sim-
ulations (41). Briefly, for each replicate, we
simulated WGS data in 1120 individuals from
10 distinct two-pulse models, which we treated
as “real data” in an ABC analysis (41). We then
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Fig. 4. Modern human-introgressed sequences in Neanderthals lead to biased estimates of effective population size N. Estimates of N, when modern
human-introgressed sequences are masked (- modern human-introgressed sequences) or are not masked (+ modern human-introgressed sequences). (A) Estimates of
N, and its 95% Cl for Vindija, Altai, and Chagyrskaya. (B) PSMC estimates of N, throughout time for the Altai Neanderthal. (C) We simulated models that varied the ratio of N
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model (solid lines) and compared them with the empirical ratios (dashed lines).

calculated a Bayes factor (BF), which we de-
fined as the ratio of approximate posterior
probabilities between the two-pulse and one-
pulse models, and estimated power as the

Li et al., Science 385, eadil768 (2024) 12 July 2024

fraction of the total simulation replicates where
the BF > ¢ (multiple thresholds, ¢, were con-
sidered) and correctly selected the two-pulse
over the one-pulse model (41). Our ABC meth-

od exhibited high power (=80%) across a broad
range of two-pulse models, with some models
exhibiting BFs > 50 (table S8). Furthermore,
the posterior modes of o_,x and 73— almost
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always coincided with the true parameter value
(tables S9 and S10). Power was lower when the
magnitude of the second pulse was small and
occurred more distantly in the past (og_N =
0.25% and Ty _,x = 120 ka; table S8). We also
estimated the false positive rate (FPR) by
performing ABC analyses on replicates simu-
lated from the one-pulse model (41), and, as
expected, the FPR decreases as the BF thresh-
old increases and with BF = 5, the FPR is <2 x
107* (table S11).

We applied our ABC method to the empir-
ical data to test the hypothesis of an additional
wave of H—N gene flow in the Vindija and
Chagyrskaya lineages (41). In the ABC analysis,
we compared the observed data with simu-
lated data from a one-pulse and 40 distinct
two-pulse models parameterized by Ty .x =
[60 ka, 80 Ka, ..., 140 ka] and og_,x = [0.25%,
0.50%, ..., 2%]. Note, the range of T3_ con-
sidered covers the upper and lower bounds of
plausible times for a second H—N pulse of
gene flow, given that the Vindija and Chagyrskaya
lineages split from the Altai lineage ~140 ka
(4) and that the Vindija and Chagyrskaya fos-
sils were estimated to be ~52 ka (4) and 80 ka
(5), respectively. Both Vindija and Chagyrskaya
exhibited significant evidence for a second pulse
of H-N gene flow (table S12). Specifically,
Vindija and Chagyrskaya had BFs > 20 for 12
and 5 two-pulse models, respectively (table S12).
The most supported two-pulse model for Vindija
(BF =123) was for an additional pulse of H—>N
gene flow that occurred 73, = 100 ka with
an admixture fraction of oy_, = 0.5% (table
S12). Similarly, the most supported two-pulse
model for Chagyrskaya (BF = 67) was for an
additional pulse of H—N gene flow that oc-
curred Ty_n = 120 ka with an admixture
fraction of oy_,n = 0.5% (table S12). These
were also the values of Ty, and ay_n With
the highest approximate posterior probabil-

Vindija
2.0 0.40
15 0.30
<
? 1.0 0.20
L
s

0.5

0.0

0.00

20 130 160

40 60 EY 100 13
Ty (ka)

ities for Vindija and Chagyrskaya (Fig. 5A). To
ensure that these results were robust, we
repeated the ABC analysis using transver-
sions only when calculating D statistics () and
found that our estimates of 73,y and oy
did not change (471) (fig. S18). These estimates
were similar to those obtained when using a
neural network correction implemented in the
“abc” package (41). Overall, the ABC results are
broadly concordant between Vindija and
Chagyrskaya (Fig. 5A and table S12) and are
consistent with a second pulse of modern
human-to-Neanderthal gene flow ~120 to
100 ka of substantially smaller magnitude rela-
tive to the first wave of H—N admixture (Fig. 5B).

Discussion

Advances in the sequencing and analysis of
modern and ancient genomes have enabled
remarkable insights into hominin evolutionary
history and the relationship between modern
and extinct humans (77). For example, analyses
of WGS data from Neanderthals and modern
humans revealed the now well-characterized
admixture that occurred between these lineages
~60 to 50 ka (39), which resulted in the intro-
gression of Neanderthal sequences into mod-
ern human genomes (2). In this work, we provide
insights into the long admixture history and
dynamics of gene flow between modern humans
and Neanderthals. Our data, along with pre-
vious studies (31-33), show that recurrent epi-
sodes of gene flow, beginning ~250 to 200 ka,
affected the genomes and biology of both mod-
ern humans and Neanderthals.

As predicted by Chen et al. (33), we find that
both H—N and N—H gene flow contribute
to IBDmix calls of Neanderthal-introgressed
sequence in the 1000 Genomes Project pop-
ulations, with the relative contribution vary-
ing among populations. In the non-African
populations studied, N—H gene flow accounts

Chagyrskaya

20 0.24

—0.08

0.5 —

0.0

40 60 80 0 140 160

100 12
Ty_y (ka)

EAS EUR AFR

for ~90% of detected introgressed sequences,
whereas in the African populations studied,
H—N gene flow explained 61 to 82% of the
signal depending on the specific population
and Neanderthal reference genome used. Sim-
ilarly, Harris et al. (56) recently used IBDmix
to identify Neanderthal-introgressed sequences
in 12 sub-Saharan African populations. Con-
sistent with Chen et al. (33) and our current
study, they found that H—N and N—H gene
flow contributed to IBDmix-detected sequences
for four of the populations that they studied.
However, for the other eight sub-Saharan pop-
ulations, they estimated that H—N gene flow
accounted for all, or nearly all, of the IBDmix-
detected signal of Neanderthal ancestry (56).
Thus, some sub-Saharan African populations
may not have any Neanderthal-introgressed
sequence. We note that IBDmix is sensitive to
allele frequency estimates (33), and the pop-
ulations that they studied had relatively small
sample sizes and potential genetic structure
(56), which may reduce the power of IBDmix
to detect introgressed sequences (33). None-
theless, it seems clear that although all con-
temporary human populations harbor the signal
of a shared historical dispersal that led to
H—N gene flow, the amount of introgressed
segments attributable to N—H admixture is
unevenly distributed across the African con-
tinent. Additional studies of genetically and
geographically diverse African populations
will be necessary to more precisely delimit
the distribution of Neanderthal-introgressed
sequences across Africa. Such data may pro-
vide insights into historical patterns of ad-
mixture among African populations and
the timing and routes of migration through-
out Africa. Furthermore, even small amounts
of Neanderthal ancestry discovered in fu-
ture studies of diverse African populations, if
robustly inferred from large enough sample

l ~5-10%

Altai

Chagyrskaya
Vindija

7

>

Neanderthal

Fig. 5. Multiple waves of modern human-to-Neanderthal gene flow. (A) Contour plots showing the posterior distribution of the admixture proportion (on_.n)
and time of admixture (Ty_,n) estimated using ABC for the Vindija (left) and Chagyrskaya (right) Neanderthal. (B) Schematic illustration showing the recurrent admixture
events between modern humans and Neanderthals, including the two waves of H—N gene flow.
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sizes, would have important implications for
understanding African evolutionary history.

The initial wave of H—N admixture occurred
~250 to 200 ka and represents an early dis-
persal of modern humans from Africa. This
early dispersal is broadly consistent with the
fossil record both within and outside of Africa.
For example, the first morphological features
of anatomically modern humans emerged in
Africa ~300 ka (57-60), and fully anatomically
modern fossil remains discovered in southern
Ethiopia date to a minimum age of 233 ka (61).
Thus, early to fully anatomically modern hu-
mans existed in this time frame. Additionally,
the fossil record shows that early modern hu-
mans had dispersed out of Africa by at least
~200 Kka (62-64). Of particular relevance is the
Apidima 1 fossil from the Apidima Cave in
southern Greece that dates to ~210 ka (62),
which shows that these early out-of-Africa di-
asporas were not confined to the Levant (63)
but in some cases covered substantial dis-
tances. Although it is difficult to speculate
on where the first wave of H—>N admixture
occurred, sequencing more Neanderthal ge-
nomes that span additional points in space
and time would be fruitful in addressing this
question. Finally, it remains to be seen wheth-
er these early migrations from Africa were
able to extend into the range of Denisovans
(14), but future studies that look for evidence
of modern human-to-Denisovan gene flow
may be useful in identifying previously un-
known out-of-Africa dispersals and providing
insight into the timing and ranges that they
covered.

We also found evidence for an additional
pulse of modern human-to-Neanderthal gene
flow ~120 to 100 ka. This timing is consistent
with the presence of the Nile-Sinai land bridge
between 130 and 96 ka (65) and fossil and
archeological data showing that modern hu-
mans reached the Levant (66) and Arabian
Peninsula in this time frame (67, 68). We
caution that inference of complex demograph-
ic models is challenging, and additional mod-
els could also be compatible with the data.
However, our results, coupled with other ar-
chaeological (66, 69), geographic (65, 67, 68),
and genetic (31-33, 70-72) evidence, demon-
strate that although contemporary non-African
populations can trace much of their ancestry
to a single out-of-Africa dispersal 50 to 60 ka
(85-38), these early, effectively extinct disper-
sals of modern humans out of Africa none-
theless played an important role in hominin
evolutionary history.

More broadly, the quantitative patterns of
recurrent gene flow between modern humans
and Neanderthals that we describe over the
course of ~200 ka offer a perspective on factors
possibly related to the disappearance of Nean-
derthals. Specifically, we show that the mag-
nitude of H—N gene flow decreased through
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time, from 5 to 10% at 250 to 200 ka, to 0.5%
at 120 to 100 ka, to 0% for late Neanderthals
who lived between 47 and 39 ka (8). Converse-
ly, as H—N gene flow ceased, numerous ex-
amples of N—H admixture began to appear.
These include N—H gene flow ~60 to 50 ka
with an initial Neanderthal admixture pro-
portion as high as 10% (26, 49), possible ad-
ditional waves of N—H admixture in specific
modern human populations such as East
Asians (11, 17), and ancient DNA from several
early modern humans who lived ~39 to 45 ka
that show evidence of more-recent N—H gene
flow (73, 74). This asymmetric admixture pat-
tern, where gene flow is primarily detected in
one direction, initially from H—N but then
from N—H, suggests a Neanderthal popula-
tion that was decreasing in size over time,
eventually reaching a point where it was not
large enough to absorb modern humans into
their gene pool. At this time, gene flow re-
verses direction, and the one-way flow of
Neanderthal genes into modern humans may
have contributed to the extinction of Nean-
derthals (75). Specifically, the assimilation of
Neanderthals into modern human populations
(75-77) as they spread throughout Eurasia
would have effectively increased the size of
modern human populations while simulta-
neously decreasing the size of an already at-
risk Neanderthal population. Our finding that
the effective population size of Neanderthals
was likely even smaller than previously esti-
mated would only hasten the assimilation
process, and the replacement of the Y chro-
mosome (7I) and mitochondrial DNA (72) in
late Neanderthals by modern humans may
have marked an irrevocable path toward the
disappearance of one of the few remaining
hominin lineages that coexisted with mod-
ern humans.

Materials and methods summary

We analyzed WGS data from 2000 unrelated
individuals generated by the 1000 Genomes
Project (40) (table S1). Additionally, we analyzed
the following high-coverage archaic genomes:
Altai Neanderthal (3), Vindija Neanderthal (4),
Chagyrskaya Neanderthal (5), and Denisovan
(6). We downloaded genotype data in variant
call format (VCF) for Altai, Vindija, and Deni-
sovan from http://cdna.eva.mpg.de/neandertal/
Vindija/VCF/ and for Chagyrskaya from http://
cdna.eva.mpg.de/neandertal/Chagyrskaya/VCF/.

We improved the IBDmix algorithm (33)
such that it has a lower false positive rate com-
pared with our previous implementation (fig.
S1) and used it to identify introgressed Nean-
derthal sequences in the 1000 Genomes Proj-
ect individuals. We generated IBDmix call sets
separately using Altai, Vindija, and Chagyrskaya
as the archaic reference genome. We then eval-
uated the relationship between heterozygosity
in the genomes of Altai, Vindija, and Chagyrskaya

and IBDmix calls of introgressed sequence in
African and non-African individuals from the
1000 Genomes Project. We calculated two sum-
mary statistics, Ring and Rp,p (41), in empirical
and simulated data to help interpret the cor-
relation observed between genomic locations
of IBDmix calls in African individuals and re-
gions of high heterozygosity in the Neanderthal
genomes.

We developed an approach to estimate the
amount of modern human-introgressed se-
quence in Neanderthals and Neanderthal-
introgressed sequence in modern humans using
Rpops Ring, IBDmix, and S* (4, 4I). Briefly,
IBDmix is sensitive to both H—>N and N—H
gene flow, whereas S* is only well powered to
detect N—H admixture. Thus, we can leverage
the different characteristics of IBDmix and S*
to formulate an approach to distinguish be-
tween H—N and N—H gene flow (41). We
evaluated our approach by performing exten-
sive coalescent simulations and showing that
estimates were robust to a number of potential
confounding factors (41).

We investigated whether modern human-
introgressed sequences influenced estimates
of the effective population size, N,, of Nean-
derthals. We used heterozygosity to esti-
mate the long-term N, of Altai, Vindija, and
Chagyrskaya with and without masking IBDmix
calls of introgressed sequences made in African
individuals. We also estimated N, of Neander-
thals as a function of time using PSMC (41)
with and without masking IBDmix calls of
introgressed sequences made in African indi-
viduals. In addition, we estimated NN, of Altai
and Chagyrskaya lineages after they split from
the introgressing and Vindija lineages. We
performed coalescent simulations to eval-
uate the quantitative relationship between the
amount of modern human-to-Neanderthal
gene flow and magnitude of bias in estimates
of N, (41).

To test the hypothesis of additional waves of
modern human-to-Neanderthal admixture, we
performed ABC. Specifically, we tested whether
there was evidence for a second pulse of gene
flow from modern humans specifically to Nean-
derthal lineages after they split from Altai. We
evaluated the power of 10 summary statistics
to detect a second wave of modern human-to-
Neanderthal admixture through coalescent
simulations. We also used coalescent simula-
tions to evaluate the power and false positive
rate of ABC to identify a second pulse of gene
flow conditional on using these 10 summary
statistics and other aspects of the empirical
data (41). ABC was performed on the observed
data to determine whether a model of two waves
of modern human-to-Neanderthal admixture
better explained the data compared with a single
pulse of admixture and to estimate the posterior
distribution of the timing (73;_,) and magnitude
(ag_) of the second pulse.
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