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Theapportionment ofhumangeneticdiversitywithinandbetweenpopulations
has beenmeasured tounderstandhuman relatedness anddemographic history.
Likewise, the distribution of archaic ancestry in modern populations can be
leveraged to better understand the interaction between our species and its
archaic relatives. Resolving the interactions between modern and archaic
human populations can be difficult, as archaic variants in modern populations
have been shaped by genetic drift, bottlenecks and gene flow. Here, we investi-
gate the distribution of archaic variation in Eurasian populations. We find that
archaic ancestry coverage at the individual- and population-level present dis-
tinct patterns in modern human populations: South Asians have nearly twice
the number of population-unique archaic alleles compared with Europeans or
East Asians, indicating that these populations experienced differing demo-
graphic and archaic admixture events. We confirm previous observations that
EastAsian individuals havemoreNeanderthal ancestry thanEuropean individ-
uals, but surprisingly, when we compare the number of single nucleotide
polymorphisms with archaic alleles found across a population, Europeans
have more Neanderthal ancestry than East Asians. We compare these results
to simulated models and conclude that these patterns are consistent with mul-
tiple admixture events between modern humans and Neanderthals.

This article is part of the theme issue ‘Celebrating 50 years since
Lewontin’s apportionment of human diversity’.
1. Introduction
Modern human populations vary in their patterns of genetic diversity as a result
of past demographic events and interactions between populations. The serial
bottlenecks that occurred as humans expanded out of Africa [1,2] and spread
across the world still have a visible impact today, resulting in a continuous gradi-
ent of diversity that was influenced by human migrations originating in the
African continent [2]. For example, populations that are geographically further
from Africa have fewer variable sites and lower heterozygosity than populations
that are geographically closer toAfrica [1,3,4]. Additionally, periods of population
replacement [5,6] or gene flow [7], isolation and selective pressures [8,9] have
further shaped the genomes of modern populations. Allele sharing between
populations is reflective of these demographic changes: many alleles are found
globallywhile smaller numbers are found in only one or a small number of popu-
lations, usually representing novel mutations at low frequency or the result of
recent gene flow between populations [10,11].

In recent decades, an additional component of human genetic diversity has
been discovered and highlighted: modern human populations carry a legacy of
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admixture with archaic human populations, including Nean-
derthals and Denisovans. Neanderthal ancestry has been
detected in human populations in Eurasia, Oceania and the
Americas, as well as North Africans [12–14], while Denisovan
ancestry has been found primarily in Asia, the Americas and
Oceania [13,15–17]. Further archaic ancestry from unknown
sources has even been identified in African populations
[18–20]. Levels of archaic ancestry as a whole (including
Neanderthal andDenisovan introgression, as well as introgres-
sion from other archaic humans in the case of Africans) vary
between approximately 1% in African populations [18,19]
and approximately 2% in Eurasians [13,15,16], with popu-
lations in Oceania harbouring the largest amount at
approximately 6% [16]. The surviving archaic segments in
modern human genomes are likely not the product of a
single admixture event, but instead reflect a complex history
of multiple points of contact between humans and several
archaic populations [19,21–23]. Numerous demographic
models and distinct introgression events have been suggested
to explain the interactions between modern and archaic
humans, although none has been posited that encompasses
all modern human populations and archaic humans [24].
Many studies focus on Europeans and East Asians as focal
populations, or on a single population of interest, such as
Papuans, who have one of the highest proportions of Deniso-
van ancestry worldwide [16,23]. There is not yet a consensus
on the number or location(s) of periods of gene flow between
archaic and modern humans, and the models are continually
changing as new data are being generated.

Interbreeding with archaic humans introduced novel
genetic variants into modern humans, which were then
shaped by demographic and selective forces. Positive [25–27]
and negative [13,28–30] selection have shaped the frequency
of some archaic genome segments, but genetic drift amplified
by demographic processes—population contractions and
expansions—along with admixture between modern human
lineages are largely responsible for the current distribution of
archaic variation in modern populations [31]. Gene flow from
modern human populations with population-unique archaic
alleles (i.e. archaic alleles that are only present in a single popu-
lation) can introduce new archaic variants to a population, or
gene flow from modern human populations without archaic
admixture can decrease the amount of archaic ancestry in a
population [32,33].

One key observation related to the distribution of archaic
ancestry is that despite most Neanderthal archaeological sites
being situated in western Eurasia, East Asian individuals
exhibit higher Neanderthal ancestry than modern Europeans
[12,13,34,35]. Some studies have suggested that differences in
demographic history between East Asians and Europeans
(such as a stronger bottleneck in East Asians) are sufficient
to explain the elevated Neanderthal ancestry in East Asians
[13,34,36]. Other studies have found that these factors explain
some but not all of the difference [22,29], suggesting instead
that additional Neanderthal admixture events provide a
better explanation for the observed patterns in modern popu-
lations [16,22,37]. Interestingly, a study that examined the
genetic differentiation between archaic ancestry segments in
different populations recovered signals from two distinct
Denisovan populations but only one Neanderthal popula-
tion [21]. This result suggests that if Neanderthal admixture
did occur more than once, it was from the same population
or multiple closely related ones. Modern Europeans are also
the product of multiple historic admixture and replacement
events [7,38–40], and their demographic history may have
affected levels of Neanderthal ancestry. The earliest Eur-
opeans, who encountered European Neanderthals, were
more closely related to East Asians than modern European
populations are [41] and were replaced by later migrants
after all Neanderthals had become extinct [42]. Europeans
further received gene flow from other Eurasian populations
[32,39,43] and maintained long-term gene flow with African
populations [18,44]. Because of the complexity of Eurasian
demographic history, a consensus has not yet been reached
as to the cause of the differences in Neanderthal ancestry
between Europeans and other Eurasian populations, such
as East Asians. Instead, the evidence points toward a more
complex interaction of population demographic histories,
natural selection and possibly multiple admixture events.

Several previous studies have inferred and quantified
levels of archaic ancestry in modern human populations
but have only made limited comparisons between popu-
lations. In this study we wanted to look at the distribution
of archaic variation in each population to gain insight into
how this variation has evolved in modern humans. Specifi-
cally, we compute the distribution and frequency of archaic
variation in human populations and we quantify levels of
shared and non-shared archaic variation between modern
populations. We find that, similarly to non-archaic variants,
the majority of Neanderthal alleles are present in multiple
populations and geographical regions. Denisovan variation,
however, tends to be found in one geographical region
rather than being globally shared. Archaic variation in a
population has also been affected by its demographic history;
for example, population structure that can be identified using
non-archaic variants can also be recovered using only archaic
variants. We also quantify the level of archaic variation as a
function of sample size, and we find that more of the Nean-
derthal genome can be recovered from a sample of South
Asian individuals than a sample (of equal size) of Europeans
or East Asians. In comparing Europeans with East Asians, we
confirm that East Asian individuals harbour a larger amount
of Neanderthal ancestry than European individuals, as pre-
viously reported, but more of the Neanderthal genome is
recovered from a sample of multiple Europeans than an
equal size sample of East Asian individuals. We use simula-
tions to explore demographic models of archaic introgression
and assess which model is most consistent with the patterns
observed in the empirical data. Examining the worldwide
distribution of archaic ancestry at the population level will
improve our understanding of how differing demographic his-
tories have impacted the distribution and number of archaic
alleles in modern human populations.
2. Methods
(a) 1000 Genome Project data
For this project, we used the 1000 Genomes Project Phase III data,
which consists of low-coverage genomes (approx. 7–8× coverage)
of 2504 individuals from 26 different populations [3]. These
populations are categorized into five regional groups, often
called ‘superpopulations’, and each has an associated three-
letter acronym. African (AFR) populations include: African
ancestry in the southwestern USA (ASW), African Caribbean in
Barbados (ACB), Esan in Nigeria (ESN), Gambian in Western
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Division—Madinka (GWD), Luhya in Webuye, Kenya (LWK),
Mende in Sierra Leone (MSL), and Yoruba in Ibadan, Nigeria
(YRI). European (EUR) populations include: British from
England and Scotland (GBR), Finnish in Finland (FIN), Iberian
populations in Spain (IBS), Toscani in Italy (TSI) and Utah resi-
dents with Northern and Western European ancestry (CEU).
East Asian (EAS) populations include : Chinese Dai in Xishuang-
banna, China (CDX), Han Chinese in Beijing, China (CHB), Han
Chinese in Southern China (CHS), Japanese in Tokyo, Japan
(JPT) and Kinh in Ho Chi Minh City, Vietnam (KHV). South
Asian (SAS) populations include : Bengali in Bangladesh (BEB),
Gujarati Indians in Houston, Texas (GWD), Indian Telugu in
the UK (ITU), Punjabi in Lahore, Pakistan (PJL) and Sri Lankan
Tamil in the UK (STU). American populations (AMR) consist
of admixed individuals with varying proportions of European,
African and Indigenous American ancestry and include: Colom-
bian in Medellin, Colombia (CLM), Mexican Ancestry in Los
Angeles, California (MXL), Peruvian in Lima (PEL) and Puerto
Rican in Puerto Rico (PUR). Throughout the paper, we will
refer to the populations using the acronyms above, and any refer-
ence to a superpopulation (Africans, Europeans, East Asians,
South Asians and Americans) will refer to the population sets
described here. We will also use the term Eurasians, which
refers to all populations that are part of the European, East
Asian and South Asian superpopulations.

(b) Archaic ancestry coverage
To study patterns of archaic variation in modern human popu-
lations, we examined the quantity and the frequency of archaic
introgressed variants. Using the autosomes, we measured the
amount of archaic ancestry within a single individual as well
as in a set of multiple individuals. We call this measure archaic
ancestry coverage and use it to investigate how sample size
impacts the proportion of an archaic genome recovered. We com-
puted this quantity by using the number of single nucleotide
polymorphisms (SNPs) that contain alleles that we identify as
archaic, which is defined in §2c. Figure 1 illustrates our concept
of archaic ancestry coverage at the individual and popula-
tion level. Here, we show the archaic ancestry coverage in a
genome region for two populations (A and B), each containing
four individuals. The individual-level archaic coverage is
simply the number of SNPs with archaic alleles present in each
individual. For the genome region in our example, the ancestry
coverage for individuals in population A ranges from 3 to 4
and the ancestry coverage for individuals in population B
ranges from 1 to 2. To take the ancestry coverage of a larger
number of individuals, we look for all sites where at least one
individual in the sample has an archaic allele. Therefore, popu-
lation A has archaic ancestry coverage of 5 and population B
has archaic ancestry coverage of 6. Our example also illustrates
how population- and individual-level ancestry coverage can
vary between populations. Population B has higher ancestry cov-
erage than population A at the population level, but lower
ancestry coverage than population A at the individual level,
suggesting that there is more archaic allele sharing between indi-
viduals within population A than between the individuals
within population B. While our calculation is similar to counting
the number of segregating sites (S), our identification of archaic
sites has additional conditions. Specifically, the sites must have
an allele that is also present in Neanderthals or Denisovans,
while also being absent/rare in Africa (assuming introgression
occurred in Eurasia). The motivation for this statistic is that the
number of sites that are archaic and found primarily outside of
African populations will increase as the magnitude of introgres-
sion increases. This increase in archaic alleles in populations
outside of Africa is due to introgression introducing derived
alleles into the recipient population and re-introducing ancestral
alleles that were previously lost in the human lineage. This analy-
sis can similarly be applied to ancestry tracts instead of alleles,
provided that the ancestry tracts are identified at the individual
level. In the case of ancestry tracts, the tracts for each individual
can be identified using a variety of methods, such as ones that
use conditional random fields [13] or hidden Markov models
[45] to scan the genome for regions that have characteristics
that are consistent with archaic introgression. To determine
population-level archaic ancestry coverage from individual tract
data, any overlapping tracts across individuals would be
merged and treated as one longer archaic ancestry tract, and
any part of the genome that was identified as part of an archaic
ancestry tract in an individual in that population would be
included in the total for that population. We would like to note
that we used the tract lengths inferred and published in other
studies, and we did not infer introgressed tracts ourselves.
(c) Identifying archaic alleles and calculating ancestry
coverage

We compared the 1000 Genomes (phase III) populations [46]
with the Altai, Vindija and Chagyrskaya Neanderthal, and the
Denisovan high-coverage genomes which were genotyped
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using snpAD [47,48]. Archaic genotypes were filtered with a
minimum genotype quality score of 40 [8]. Alleles were con-
sidered to be ‘non-African’ if two conditions were true: (i) the
allele had a frequency less than 0.01 across all African 1000 Gen-
omes populations, and (ii) the allele had a frequency greater than
0.01 in at least one non-African population. These two conditions
were set to identify sites with alleles that most likely arose out-
side of Africa. In addition, if the allele was also found in at
least one of the sequenced archaic genomes, then we call it an
archaic allele, to represent sites with alleles that were likely intro-
gressed from archaic humans. Archaic alleles with a frequency of
less than 0.01 in a populationwere not considered, as the frequency
was below the maximum archaic allele frequency cutoff we
allowed in Africans. We will refer to this method as the SNP
counting method. The non-African alleles that were not archaic
were defined as Modern non-African alleles, which have the same
allele frequency requirements as the archaic datasets but are not
shared with archaic individuals. We considered three sets of
archaic alleles: All-Archaic (found in any of the archaic genomes),
Denisovan-Unique (found in theDenisovans but notNeanderthals),
and Neanderthal-Unique (found in the Altai, Chagyrskaya or
Vindija Neanderthals but not Denisovans).

We calculated the archaic ancestry genome coverage per indi-
vidual by summing up the total number of SNPs with archaic
alleles in each individual’s genome (figure 2a,c,e). We computed
the archaic ancestry genome coverage in samples of randomly
selected individuals from each population of varying sample size
(n = 1, 10, 25, 50, 75, 100, 125, 150; figure 2b,d,f). We excluded
two populations—ACB (African Caribbeans in Barbados) and
ASW (African ancestry in southwest USA)—from our analyses
because they contain a high proportion of African ancestry [49],
sowe expect them to have low levels of Neanderthal or Denisovan
ancestry. Additionally, as the SNP countingmethod only considers
alleles with a low frequency in African populations, the high pro-
portion of African ancestry would be a confounding factor for
identifying archaic alleles using our method. Given that Papuans
have a higher proportion of Denisovan ancestry than the popu-
lations in the 1000 Genomes project [16,23], we also analysed
archaic ancestry coverage and archaic allele sharing in Papuans
(see electronic supplementary material, methods).

(d) Simulations
We performed coalescent simulations [50] under the demo-
graphic model described below to (i) measure the power of the
SNP counting method to detect archaic variants and (ii) check
how demographic factors affect the number of archaic alleles.
We also employed forwards-in-time simulations [51] to investi-
gate how often alleles that are lost in Africans are called as
archaic alleles, because our method uses a low frequency/
absence in African populations to identify alleles as archaic
instead of shared ancestral variation. A detailed description is
provided in electronic supplementary material, methods. The
demographic model assumed for all simulations is described in
the next section and depicted in figure 3.

We also used coalescent simulations with one or two pulses of
Neanderthal introgression to measure its effect on the amount of
Neanderthal ancestry recovered in Europeans and East Asians
as a function of sample size. These simulations are described
in §2h ‘Simulating demographic models of archaic introgression’.
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(e) Demographic model
All of the simulations were conducted using the demographic
model depicted in figure 3. This model is similar to the demo-
graphic model used by Villanea & Schraiber [22] (see also
[16,37]), although the magnitude of introgression pulses was
varied based on the simulation. This model also uses demo-
graphic parameters inferred in Gravel et al. [52,53], which
includes the effective population sizes, split times between popu-
lations (Yorubans, Europeans and East Asians) and migration
between populations. The split time between Neanderthals and
modern human populations is set to 300 ka. Although there are
two pulses of Neanderthal introgression in the depiction of the
model, for some simulations we only had the ‘first pulse’: intro-
gression from Neanderthals into the ancestral population of East
Asians and Europeans, which was set to 44.3 ka. For the other
simulations, we added a ‘second pulse’ into East Asians, which
happens 39.3 ka. All fixed parameters are listed in figure 3. For
different simulations we ran, some parameters were varied,
which will be specified in the description of each analysis. We
tested our SNP counting method to assess whether changes in
the demographic model impacted archaic allele detection, and
detailed methods for our benchmarking simulations can be
found in electronic supplementary material, methods.
( f ) Archaic allele sharing and frequency
To investigate archaic allele sharing between populations and geo-
graphical regions (Europe, EastAsia, SouthAsia and theAmericas),
for each population we identified all genome positions where at
least one individual in the population had at least one copy of the
archaic allele (which was at less than 1% frequency in Africans
and at least 1% frequency in a non-African population). We also
combined population lists in their respective regions to create
region-specific position lists. We then compared those position
lists to identify alleles that were unique to a population or region
or were shared between multiple populations or regions and
repeated this analysis for All-Archaic, Neanderthal-Unique and
Denisovan-Unique allele sets (as defined in §2c; figure 1c).

In addition to counting all SNPs with non-African alleles
present in each population and partitioning them as modern
or archaic (see definitions in §2b), we also computed the allele fre-
quency of these SNPs. The idea here is that any new genetic
variants that accumulated outside of Africa were due to new
mutations (represented by theModern non-African set) or acquired
through introgression with archaic humans (represented by the
Archaic set). As human demographic history would affect both
Modern non-African and Archaic variants similarly, we wanted to
compare the frequency distribution of these variants. For each of
thesemodern andarchaic alleles,we calculated the allele frequency
and classified them as ‘rare’ (0.01 < f < 0.2) or ‘common’ ( f≥ 0.2).
Archaic alleles with a frequency of less than 1% in any population
were not considered. We computed the ratio of common to rare
alleles for Modern non-African and Archaic variants, respectively,
plotted in electronic supplementary material, figure S1.
(g) Principal component analysis
To determine if archaic variants in humans can be used to repro-
duce known patterns of human population structure, we used
principal component analysis (PCA). We used the archaic alleles
(see definition in §2b) with a minimum frequency of 0.05 in at
least one non-African population for the PCA (n = approximately
250 000). We used a higher minimum frequency cutoff than
the 1% cutoff used for other analyses to help control for biases
associatedwith the inclusion of low-frequency alleles in PCA calcu-
lations [54].We also selected an equal number of randomly selected
Modern non-African alleles (which had a frequency in Africans of
less than 0.01 and a minimum frequency of 0.05 in a non-African
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population) to serve as a non-archaic comparison. PCAs were
constructed for all three sets of archaic alleles (All-Archaic,
Neanderthal-Unique, and Denisovan-Unique, figure 4a,b; elec-
tronic supplementary material, figure S2) and the randomized
Modern allele subset (figure 4c) using Eigenstrat v. 6.0 [55,56].
The resulting PCAs were plotted in R v. 4.0.2 using ggplot2
[57,58]. To compare the random and All-Archaic plots more
directly, we used a Procrustes analysis to plot the two PCAs on
top of each other using the package MCMCpack v. 1.6-0 [59].

(h) Comparing archaic ancestry coverage measures
across methods

For the analysis of Neanderthal introgression into Europeans and
East Asians, we computed the amount of Neanderthal-ancestry
coverage by counting the number of Neanderthal variants in
East Asian and European populations (SNP counting method)
at the individual and population levels. To confirm that the
results from the SNP counting method are similar to calculations
using other published sets of archaic alleles or tracts, we also
computed the archaic ancestry coverage using the introgressed
tract lengths or alleles inferred in other studies [21,35,60] (elec-
tronic supplementary material, figure S3). We used a total of
three datasets for comparative purposes: SNPs with archaic
alleles identified in the 1000 Genomes populations using an
LD-detection method called Sprime [21], the introgressed tracts
detected in the 1000 Genomes populations using a hidden
Markov model-based method called diCal-admix [35], and
archaic introgressed tracts identified in 1000 Genomes popu-
lations using a conditional random field-based method [60].
For the studies that included allele data [21,35], we counted the
SNPs with archaic alleles as identified by each of the studies
that were present in the 1000 Genomes CEU, CHB and CHS
populations. For the dataset that used introgressed tracts rather
than alleles [60], we used the introgressed haplotypes for CHB,
CHS, JPT, IBS, TSI, CEU, FIN and GBR 1000 Genomes project
individuals, excluding X chromosome haplotypes. To compare
Neanderthal ancestry coverage across European and East Asian
superpopulations, we used introgressed tracts that were sorted
for each individual into two haploid genomes as presented in
Sankararaman et al. [60] and merged introgressed tracts between
haploids in each sample using the merge function in BEDTools
v. 2.26 [61] to find the total length of Neanderthal genome recov-
ered. We took 100 replicates of each of nine sample sizes (1, 5, 10,
25, 50, 75, 100, 125, 150 haploid individuals) from each superpopu-
lation to calculate the ratio of European to East Asian Neanderthal
ancestry coverage. This metric illustrates how the amounts of Euro-
pean andEast Asian archaic ancestry change relative to one another
on the basis of sample size. This ratiowill demonstratewhether the
observed increase of archaic ancestry in East Asians comparedwith
Europeans is observed at the population level aswell as the individ-
ual level. We also compared homozygosity of Neanderthal
introgressed tracts between European and East Asian individuals
bypairinghaplotypes as identified in [60] into their diploid individ-
uals and identifying intersections between tracts on each allele for
each diploid using the intersect function in BEDTools v. 2.26.
We considered a tract homozygous if there was a tract on its
paired allele that reciprocally overlapped it by at least a threshold
percentage (40, 50, 60, 70, 75, 80, 90 or 95%; see electronic
supplementary material, figure S4).

(i) Simulating demographic models of archaic
introgression

Sincehigher levels ofNeanderthal ancestry inEastAsian individuals
comparedwith Europeans has been hypothesized to be due tomore
Neanderthal introgression events in East Asians than in Europeans,
we investigated whether a single or two introgression events
into East Asians can reproduce the observed relationship between
the amount of Neanderthal ancestry recovered as a function of
sample size (figures 1 and 3). We used msprime to simulate archaic
introgression into modern Europeans and East Asians under the
demographicmodel depicted in figure 3 (see §2e). Inorder to explore
howvarious levels of admixturewitharchaic populations impact the
amount of archaic variation recovered (archaic ancestry coverage) in
modern populations, we tested two scenarios. In the first one, we
considera single ‘first pulse’ofNeanderthalgene flow into theances-
tor of Europeans andEast Asianswhere the admixture proportion is
either 1, 1.5, 2, 2.5, 3 or 4%. In the second scenario, we add a ‘second
pulse’ of Neanderthal gene flow into East Asians where the admix-
ture proportion is either 0, 0.1, 0.2, 0.5, 0.8 or 1% following the East
Asian–European split (figure 3b).

For each replicate, we simulated 198 European chromosomes,
206 East Asian chromosomes and 204 African chromosomes,
matching the sampling available from the 1000 Genomes project
panel for the CEU, CHB and YRI populations, respectively, as
well as two chromosomes representing a Neanderthal genome.
We simulated a 100 Mb chromosome using a mutation rate of
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1.5e−8 bp per generation and a recombination rate of 1e−8 bp per
generation [59]. Using the tree sequences output by msprime, we
identified introgressed segments in the sampled chromosomes by
asking which of the sampled chromosomes coalesced with the
archaic lineage more recently than the human–archaic population
split time. For each simulation replicate we computed the amount
of Neanderthal ancestry recovered in the simulated European and
East Asian populations as a function of the number of sampled
chromosomes, and took the ratio of East Asian archaic ancestry cov-
erage to European archaic ancestry coverage (EAS/EUR). By
calculating this ratio, we could directly compare the simulated
ancestry coverage relationship with the empirical differences in
ancestry coverage betweenEastAsians andEuropeans as a function
of sample size. Each combination of admixture parameters was
simulatedwith 200 replicates. For each replicate,we resampledgen-
omes 100 times for each sample size. For example, for a sample of
size 1, we randomly sampled one European chromosome and one
East Asian chromosome and took the ratio, and we did that 100
times and computed the mean across all replicates.
Soc.B
377:20200411
( j) Assessing model fit to empirical data
For our empirical data comparison, we calculated the ratio of
East Asian to European archaic ancestry coverage using the
Neanderthal-Unique allele set across various sample sizes (n = 1,
10, 25, 50, 75, 100, 125, 150), resampling the data 100 times for
each sample size to create a distribution of ratios (see electronic sup-
plementarymaterial, figure S3 ).We also compared our resultswith
those of three previously published datasets: the archaic alleles
identified using the method Sprime in Browning et al. [21], the
archaic alleles identified using the program diCal-admix in [34]
and the archaic introgressed tracts identified using a conditional
random field method in Sankararaman et al. [60]. A comparison
of the empirical archaic ancestry coverage is shown in electronic
supplementary material, figure S3. For each dataset, we calculated
the ratio of East Asian to European ancestry coverage at the sample
sizes mentioned above (using alleles or tract lengths depending on
the data), resampling 100 times for each size. Because our simulated
data produced tract lengths, we chose to compare our simulated
data with the inferred introgression maps from Sankararaman
et al. [13]. We calculated the ratio of East Asian to European archaic
ancestry coverage across sample sizes for each of the simulated
datasets. We calculated mean squared error (MSE) to test the fit
of each model to the empirical data:

MSE ¼ 1
n

Xn
i¼1

(meanempirical �meansimulation)
2,

where n = the number of simulation replicates for each model. We
then calculated the Akaike information criterion (AIC) for the one-
pulse model and two-pulse model with the lowest mean squared
error to compare their efficacy using the following equation:

AIC ¼ N � log
RSS
N

� �
þ 2k,

where RSS is the residual sum of squares,N is the number of ratios
thatwere calculated for eachmodel (aswell as thenumberof sample
sizes) and k is the number of parameters that were variable in each
model (1 for one pulse and 2 for two pulses).
3. Results
(a) Testing our archaic allele identification method with

simulations
To compute archaic ancestry coverage, we counted the
number of sites with archaic alleles in a single individual or
in a set of individuals (see §2). We tested this SNP counting
method using simulations to estimate its power to detect
alleles that were introduced as a result of archaic introgres-
sion (see electronic supplementary material, Methods). The
method has a high statistical power to correctly identify
archaic alleles (0.745 ± 0.04) (electronic supplementary
material, figure S5). Nearly all of the false negatives were
cases in which the allele was introgressed but was not present
in a sampled Neanderthal genome. Our SNP counting
method has no way to identify introgressed variants if they
are not shared with a Neanderthal reference and therefore
would not be expected to correctly identify alleles that
derive from a Neanderthal but are not found in the
sequenced Neanderthal genomes. When positions with
alleles not shared with the sampled Neanderthal were
excluded, the power was much higher (0.993 ± 0.003). We
found that the statistical power was essentially identical
between simulated East Asian and European populations
(0.742 ± 0.04 for Eurasians and 0.748 ± 0.04 for East Asians,
with an average difference between them of −0.0057 ±
0.023) and the amount of archaic introgression detected was
robust to a range of bottleneck sizes and population growth
rates (electronic supplementary material, figure S6). We also
calculated the likelihood that an ancestral allele would be
lost in Africa (but not in Eurasia or Neanderthals) and then
be erroneously identified as an introgressed allele, and
show that, on average, ancestral variation (false positive
detections) only accounts for 4% of the detected archaic intro-
gression calls (electronic supplementary material, figure S7).
For some outlier simulations, we observe a proportion
larger than 10% (see ‘%AncAsIntrogression’ in electronic sup-
plementary material, figure S7), but that can be explained by
the extremely low detected archaic introgression rate (less
than 1%; electronic supplementary material, figure S8).

(b) Distribution of archaic variation in modern human
populations

As a first step, we identified all segregating sites with archaic
alleles in the populations considered here, and applied a PCA
to the set of All-Archaic sites (see §2) with archaic alleles at
greater than 5% frequency. We find that archaic alleles recapi-
tulate similar levels of population structure to a random
sample of non-archaic sites that was size-matched to the
number of sites with archaic alleles (figure 4a,c). Archaic
alleles can be used to visually distinguish between East
Asian, South Asian and European populations. The first prin-
cipal component visually separates East Asians, South Asians
and Europeans, while the second principal component differ-
entiates the admixed American, European and East Asian
populations from the South Asian populations. The first
principal component also sorts the admixed American popu-
lations based on their proportion of European ancestry, so
that individuals with higher European ancestry cluster more
closely with Europeans (electronic supplementary material,
figure S9) than individuals with less European ancestry. A Pro-
crustes analysis of the two plots demonstrates that the East
Asians, SouthAsians, and Europeans cluster together similarly
on both plots, while the admixed American individuals are
distributed along a steeper gradient in the random sample of
sites comparedwith the archaic sites (electronic supplementary
material, figure S10). Neanderthal-Unique sites show a similar
pattern to that of All-Archaic sites (electronic supplementary
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material, figure S2), while Denisovan-Unique sites show less
distinction between South Asians and Europeans compared
with Neanderthal-Unique sites (figure 4b).

Despite the regional differences as observed in the PCA,
more archaic alleles are shared between populations and
regions than are population- or region-unique (electronic sup-
plementary material, tables S1 and S2) [62]. For example,
when we examine archaic allele sharing between Eurasian
populations (East Asians, South Asians, and Europeans),
we find that archaic variants present in only a single Eurasian
population make up 35.6% of archaic variants, representing
21.1% of South Asian alleles, 20.3% of East Asian alleles
and 4.2% of European alleles (figure 5a). These numbers
show that South Asian populations have the largest
number of unique archaic alleles relative to other Eurasian
populations (17.2%). If we examine only the Neanderthal-
Unique alleles (figure 5b), the trends are similar to those
observed for All-Archaic alleles (figure 5a). Notably, the
Denisovan-Unique alleles show a different pattern, where a
large proportion (approx. 72%) of Denisovan-Unique vari-
ation is private to South Asian or East Asian populations
(44.7 and 27.4% respectively, figure 5c).

As South Asian populations harboured the largest number
of unique Denisovan variants, we wanted to compare their set
of archaic SNPswith those in Papuans. As Papuans have one of
the highest proportions of Denisovan ancestry worldwide
[16,23], we wanted to determine whether the inclusion of
Papuans in the comparison would reduce the proportion of
unique Denisovan variants that are private to South Asian
populations. Since Papuans were not sequenced in the 1000
Genomes project, we used the 16 Papuan samples from the
Simons Diversity Project [63]. When we examine archaic
allele sharing between Papuans and other 1000 Genomes
populations (see electronic supplementary material, Methods),
we find thatmost PapuanNeanderthal-Unique alleles (approx.
80%) are shared with other global populations, while few
Papuan Denisovan-Unique alleles (approx. 18%) are found in
Europe, East Asia or South Asia (electronic supplementary
material, figure S11). As most of the Denisovan variation pre-
sent in Papuans is private to Papuans, there is very little
sharing between Papuans and East Asian populations or
Papuans and South Asian populations. Therefore, we still see
that the majority of Denisovan-Unique variants present in
East Asian or South Asian populations are private to these
populations (approx. 53 and 55%, respectively; electronic sup-
plementary material, figure S11). This pattern of limited allele
sharing between populations may be due to the fact that mul-
tiple Denisovan-like populations have admixed with modern
humans [16,23].

(c) Comparing archaic allele frequencies between
populations

While most of the variation in non-Africans is a subset of
what we observed in African populations, non-African popu-
lations have accrued new alleles since their expansion out of
Africa. If we ask what proportion of non-African alleles
(defined by our ‘non-African’ set, see §2) were actually intro-
duced through introgression with archaic humans (i.e alleles
that are also present in the sequenced archaic individuals),
we find that the proportion varies between 7 and 11%
depending on the population (see electronic supplementary
material, table S3). The majority (88–98%) of non-African
alleles, whether looking at the modern (non-archaic) or the
archaic set, have allele frequencies less than 20%. The popu-
lations with the largest proportions of high-frequency
(≥20%) non-archaic or archaic alleles are found in East
Asian populations and Peruvians (6–12% compared with
2–6% for other populations; electronic supplementary
material, table S3). For most populations, the ratio of
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common to rare alleles is similar regardless of whether the
alleles being considered are archaic or modern (electronic
supplementary material, figure S1). For example, East Asian
populations have a higher common : rare ratio than European
populations for both modern and archaic alleles. However,
South Asian populations have a lower common : rare ratio
for archaic alleles compared with their common : rare ratio
for modern alleles, suggesting that they have an excess of
rare archaic alleles compared with rare modern alleles.
Therefore, not only do South Asian populations have more
archaic variants than East Asian or European populations,
but they also have the highest proportion of rare archaic alleles
(electronic supplementarymaterial, tables S1 and S2 and figure
S1). Comparison with the 16 Papuans shows that Papuans
have more archaic alleles at higher frequencies than the other
populations sampled (electronic supplementary material,
figure S12).

(d) Variation in archaic ancestry coverage across
populations

We further looked at the individual- and population-level
Neanderthal and Denisovan ancestry coverage as a function
of sample size. The idea was to investigate how much of
the Neanderthal or Denisovan genome could be recovered
from a single or more individuals. Our hypothesis was that
since the proportion of introgression is reported to be
higher in East Asian individuals, then we should recover
more archaic ancestry from a sample of East Asian individ-
uals than from a sample of European individuals. To test
this hypothesis, we measured archaic ancestry coverage (see
§2) at various sample sizes to investigate the amount of
Neanderthal variants that we could recover from a set of indi-
viduals. Figure 2a confirms that East Asians have more
Neanderthal ancestry coverage per individual compared
with individuals in other populations, consistent with pre-
vious studies [12,13,35,36,64]. For Denisovan variants, East
Asian individuals exhibit similar levels of coverage to South
Asian individuals (figure 2b). When we look at the relation-
ship between the amount of Neanderthal or Denisovan
variants and sample size, we find that East Asian populations
have nearly identical ancestry coverage to European popu-
lations and admixed American populations as the sample
size increases, and have lower coverage than South Asian
populations (figure 2f ).

Notably, different patterns emerge when we examine
the Neanderthal- and Denisovan-Unique datasets. With
Neanderthal-Unique variants, we actually recover more of
the Neanderthal genome from a set of European genomes
than a set of East Asian genomes, which is the opposite of
what we would expect from the findings at the individual
level (figure 2a,b). This pattern suggests that while Nean-
derthal variants in East Asian populations are found at
higher frequency than in European populations, more Nean-
derthal variants are shared between individuals in East Asia
compared with individuals in Europe (electronic supplemen-
tary material, figure S13). Indeed, East Asian individuals are
more likely to be homozygous for Neanderthal ancestry than
European individuals (see electronic supplementary material,
figure S4). The presence of alleles that are Denisovan-Unique
or shared between Neanderthals and Denisovans seems to be
sufficient to mask this pattern in the All-Archaic dataset. For
Denisovan-Unique variants, we recover more from a set of
East Asian individuals than Europeans, which we expect given
that Europeans exhibit almost no Denisovan ancestry [60]. Per-
haps most surprising is that we recover the largest proportion
of a Neanderthal or Denisovan genome from any set of South
Asian individuals even though South Asians have individual-
level ancestry coverage similar to or lower than East Asians
(figure 2c,d). When we compare Eurasian populations with
Papuans,we find thatNeanderthal ancestry coverage inPapuans
is similar to Eurasian populations, while Denisovan ancestry
coverage is much higher in Papuans (electronic supplementary
material, figure S14), which is expected since Papuans have the
largest proportion of Denisovan ancestry [16,23].

(e) Modelling Neanderthal ancestry in Europeans and
East Asians

Figure 2b shows that, at a sample size of 25 or larger, we
recover more Neanderthal ancestry from a set of Europeans
than a set of East Asians. If we compare the ratio of
Neanderthal-Unique ancestry coverage between East Asians
and Europeans, we observe an EAS/EUR ratio of 1.2 at the
individual archaic ancestry coverage level, consistent with
the 20% enrichment of Neanderthal ancestry reported in the
literature [12,13,35,36,64]. However, as sample size increases,
the EAS/EUR ratio approaches 1.01 (figure 6), and at the
highest sample sizes, Europeans actually exhibit higher
archaic ancestry coverage than East Asians at the population
level, with an EAS/EUR ratio of 0.97. This pattern is
observed using archaic allele data, and we compared our
results with introgressed segments and alleles inferred for
Europeans and East Asians using alternative methods
[21,35,60] (electronic supplementary material, figure S3).
While each of these methods recovers different amounts of
introgression for Europeans and East Asians (for example,
our method recovers nearly double the number of alleles
identified using the Sprime method [21]), the change in
ratio with increasing sample size remains consistent.

As several studies have suggested that East Asians have
more Neanderthal ancestry than Europeans owing to more
than one introgression event from Neanderthals, we wanted
to assess whether one or two introgression events from Nean-
derthals into East Asians could lead to the observed pattern.
Specifically, we simulated under a demographic model that
accommodates up to two introgression events from Nean-
derthals into East Asian populations (see Methods and
figure 3a,b). We varied two parameters representing differing
proportions of one-pulse and two-pulse introgression
models, with a first pulse ranging from 1 to 4% to the ances-
tors of East Asians and Europeans and a second pulse from 0
to 1% to East Asians (figure 3b) for a total of 36 parameter
combinations. We find that the parameters that minimize
the mean squared error between the simulated and empirical
EAS/EUR ratio curves correspond to a model with a first
pulse of Neanderthal admixture of 3% and a second pulse
of admixture into East Asians exclusively of 0.5% (figure 6).
Interestingly, several parameter combinations capture the
observed pattern of the ratio being greater than 1 at n = 1
and less than 1 at larger sample sizes, but none captures
the exact shape of the empirical curve. The five best-fitting
models have a second pulse that is 10–20% the magnitude
of the first pulse, and only one of the 10 best-fitting models
had only a single pulse of admixture (see electronic sup-
plementary material, table S4). Additionally, when we use
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AIC to compare the best-fitting one-pulse model with the
best-fitting two-pulse model, the two-pulse model has the
lower score (−22.38 compared with −18.00), suggesting that
a two-pulse model is more likely to accurately represent the
data than a one-pulse model. The worst-fitting models were
any models with two pulses of admixture where the second
pulse is ≥50% of the magnitude of the first (electronic sup-
plementary material, table S4). Single-pulse models show a
similar shape to the ratio curve observed in the empirical
data, but the ratio in the single-pulse models decreases
more steeply with sample size, making for a poorer fit (elec-
tronic supplementary material, table S4).
4. Discussion
Our study of the distribution of archaic alleles and of archaic
ancestry coverage at the individual- and population-levels
adds a new dimension to understanding the evolution of sur-
viving archaic variation in modern human populations. We
find that archaic variants in modern human populations reca-
pitulate the population structure that is typically observed for
East Asian, South Asian, European and admixed American
populations (figure 4; electronic supplementary material,
figure S10). Despite this regional grouping, there is more
archaic variation that is shared between populations than
is population-unique (table S2), which is consistent with
other studies that have explored the distribution of alleles
across global populations [10,11]. The only exceptions are
Denisovan-Unique variants, where the majority of SNPs
with archaic alleles are unique to South Asia and to a smaller
degree East Asia (figure 4b). This distribution of Denisovan
alleles may be a consequence of contributions from distinct
Denisovan populations into East and South Asians or to
differences in the proportion of Denisovan introgression.
Several studies have provided evidence of at least two dis-
tinct introgression events from highly diverged Denisovan-
like populations in the history of modern human populations,
and Denisovan ancestry of early East Asians correlates with
that in present-day East Asian and Austronesian populations,
but not in South Asians [16,23,65]. This differentiation between
Denisovan ancestry in East Asian and SouthAsian populations
suggests that East Asian and South Asian populations received
genomic contributions from distinct Denisovan populations.
Furthermore, when we include a smaller sample of Papuans,
who have a much larger amount of Denisovan ancestry com-
pared with Eurasian populations, we find that Denisovan
variants in Papuans only overlap slightly with Denisovan var-
iants in a matched-size sample of South Asians. That is, the
majority of Denisovan variants in South Asians are private.
This observation that most Denisovan alleles are unique to a
single geographical region provides support for contributions
from distinct Denisovan populations rather than a larger
proportion of Denisovan introgression.

Our analysis also reveals that, unlike other populations,
South Asian populations have archaic variation that tends
to be at lower frequencies compared with archaic alleles in
East Asian or European populations (electronic supplemen-
tary material, figure S1), as South Asians have an excess of
rare archaic alleles compared with rare non-archaic alleles.
Less is known about the demographic history of South
Asians compared with Europeans or East Asians, but this
pattern of having many archaic alleles at low frequency
may be due to population structure, as it has been suggested
that South Asians are descendants of multiple ancestral
populations [66]. One possibility is that the ancestral popu-
lations that contributed to modern South Asian populations
harboured contributions from distinct Denisovan populations
and mixtures between these populations may have reduced
the frequencies of Denisovan alleles in South Asians.
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We also find that, consistent with previous findings, at the
individual level, Neanderthal ancestry is higher in East Asian
individuals than Europeans [12,13,35,36,64]. However, at the
population level, Europeans have more Neanderthal alleles
than East Asians, which is the opposite of our individual-
level results. This reversal in the relationship between East
Asian and European Neanderthal ancestry with increasing
sample size suggests that East Asian populations have
fewer Neanderthal introgressed segments than European
populations but the segments found in East Asians are at
higher frequencies, which results in higher Neanderthal
ancestry coverage per individual. Conversely, European
populations retain more Neanderthal segments than East
Asian populations, recovering a larger portion of the Nean-
derthal genome at the population level (figure 2a,b). The
retention of more unique Neanderthal variants in Europeans
compared with East Asians may certainly be related to differ-
ences in population history, as East Asians experienced a
more severe founder effect with a more rapid recovery than
Europeans [28,34,52,53]. For instance, we find that East
Asian individuals have significantly more tracts of archaic
ancestry that are homozygous compared with European indi-
viduals ( p < 0.001 for tracts with 80% overlap; electronic
supplementary material, figure S4).

We used simulated datasets to test whether demographic
hypotheses could explain how the ratio of Neanderthal ances-
try coverage between East Asians and Europeans changes as a
function of sample size. In particular, we tested the number
and magnitude of Neanderthal admixture events, while
also taking inferred demographic differences between East
Asians and Europeans into account [53]. The parameter
combinations that minimize the mean squared error corre-
spond to a model with two pulses where the second pulse is
approximately 10–20% of the magnitude of the first (figure 6;
electronic supplementary material, table S4), but these
parameters fail to capture the full shape of the curve. Interest-
ingly, both single- and two-pulse models can reproduce the
feature that East Asians have more archaic coverage than
Europeans at an individual level, and Europeans have more
coverage than East Asians as the sample size increases,
suggesting that the stronger bottleneck in East Asians has a
non-negligible effect on archaic ancestry retained even in the
case when the actual proportion of introgression is higher in
East Asians. Models where the second pulse is at least 50% of
themagnitude of the first pulse result in somuch archaic ances-
try coverage in East Asians that the ratio remains above 1
regardless of sample size, suggesting that increasing the pro-
portion of introgression will not result in a better fit. Single-
pulse models show a similar shape to the ratio curve observed
in the empirical data, but the ratio in single-pulse models
decreases more steeply with sample size than the ratio in the
empirical data, making for a slightly poorer fit (electronic
supplementary material, table S4).

While a model with two introgression events has the
smallest mean squared error and a lower AIC compared to
a model with a single introgression event, none of our
simple models perfectly reconstruct the EAS/EUR archaic
coverage ratio curve (figure 6). While the simulated model
curves all reach a consistent ratio at n = 50 or n = 100, the
empirical curve continues to decrease slightly with increasing
sample size, suggesting that more investigation of the demo-
graphic changes that may contribute to this pattern is needed.
We acknowledge that we have only considered a small
number of parameter combinations, and further exploration
of the parameter space may reveal combinations of first and
second pulse proportions that provide an even better fit to
the data. Additionally, there are demographic models we
have not considered that may also fit the empirical data
more closely than a one- or two-pulse model. These demo-
graphic models include an influx of unadmixed individuals
into Europe from Northern Africa creating a ‘dilution’ effect
of archaic ancestry in modern Europeans [39] or the occur-
rence of Neanderthal admixture into Europeans as well as
East Asians (a ‘three-pulse’ model). There is growing evi-
dence of encounters between modern humans and various
Neanderthal populations in geographically distinct regions
of Eurasia [42,67–70]. On the question of whether Europeans
also received additional Neanderthal ancestry, recent evidence
indicates the earliest Europeans encountered and admixed
with distinct Neanderthal lineages but failed to leave descen-
dants in today’s Europe (Oase-1 [59]), and some are more
closely related to East Asian populations than modern Eur-
opeans [40]. These early Europeans were later replaced by
human groups who only carried the original Neanderthal
genomic ancestry shared by all Eurasians [41]. By simulating
introgression models that are more complex than one or two
pulses of gene flow, we may find a simulated demographic
model that is an even better fit to our empirical data.

Our study highlights how examining patterns of archaic
variation in modern human variation can lead to insights
on the evolution of archaic variation in humans. As a case
in point, we find that our examination of South Asians
reveals a rich and unique pattern of archaic ancestry. Pre-
vious studies comparing archaic ancestry in Eurasians have
focused mostly on East Asians and Europeans [22,28,34,65],
but our results suggest that South Asians have higher archaic
ancestry coverage at the population level than both Eur-
opeans and East Asians (figure 2). South Asians also
display a large proportion of rare archaic alleles compared
with other Eurasians (electronic supplementary material,
table S3 and figure S1), and a much larger number of
unique archaic alleles compared with other populations (elec-
tronic supplementary material, tables S1 and S2; figure 5).
Future inclusion of other South Asian and Oceanian popu-
lations may also help characterize the dynamics of
Denisovan introgression, and modelling of archaic ancestry
coverage to account for periods of bottlenecks, expansions,
gene flow and natural selection that followed the introgres-
sion events may reveal how evolutionary processes shaped
the patterns of archaic ancestry in modern humans.
5. Conclusion
Inspired by Lewontin’s [71] classic 1972 study, we compare
archaic variation in populations from different geographical
regions. We summarize archaic ancestry coverage at the indi-
vidual and population level to make and test hypotheses
of archaic admixture. Our analysis shows that patterns of
archaic variation in South Asian populations point to com-
plex histories of both archaic introgression and recent
mixtures of multiple ancestral groups that have shaped pat-
terns of archaic variation differently from in Europeans or
East Asians. Our results also suggest that a model with a
second Neanderthal introgression event into East Asians is
a better fit than a model for a single pulse of introgression.
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Therefore, the differences in Neanderthal ancestry between
East Asians and Europeans are likely not solely due to differ-
ences in recent demographic history of these populations.
Closer examination of how archaic ancestry coverage patterns
change under a range of demographic models with the effects
of natural selection will yield a better understanding of the
population history of both modern and archaic humans.
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