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The evolutionarily recent dispersal of anatomically modern humans (AMH) out
of Africa (OoA) and across Eurasia provides a unique opportunity to examine the
impacts of genetic selection as humans adapted to multiple new environments.
Analysis of ancient Eurasian genomic datasets (~1,000 to 45,000 y old) reveals sig-
natures of strong selection, including at least 57 hard sweeps after the initial AMH
movement OoA, which have been obscured in modern populations by extensive
admixture during the Holocene. The spatiotemporal patterns of these hard sweeps
provide a means to reconstruct early AMH population dispersals OoA. We identify
a previously unsuspected extended period of genetic adaptation lasting ~30,000 y,
potentially in the Arabian Peninsula area, prior to a major Neandertal genetic intro-
gression and subsequent rapid dispersal across Eurasia as far as Australia. Consistent
functional targets of selection initiated during this period, which we term the Arabian
Standstill, include loci involved in the regulation of fat storage, neural development,
skin physiology, and cilia function. Similar adaptive signatures are also evident in
introgressed archaic hominin loci and modern Arctic human groups, and we suggest
that this signal represents selection for cold adaptation. Surprisingly, many of the
candidate selected loci across these groups appear to directly interact and coordinately
regulate biological processes, with a number associated with major modern diseases
including the ciliopathies, metabolic syndrome, and neurodegenerative disorders.
This expands the potential for ancestral human adaptation to directly impact modern
diseases, providing a platform for evolutionary medicine.

adaptation | ancient DNA | hard sweeps | human migrations

When anatomically modern human (AMH) populations moved out of Africa (OoA) and
across periglacial Eurasia around 50 to 60,000 y ago (1), they encountered a range of
environments that were markedly different from their African past. This is likely to have
driven selection for new traits important for human survival, as has been observed for more
recent episodes of human history with genes involved in malaria resistance (2) and lactose
tolerance (3). While such important adaptations might be expected to include hard sweeps,
where a new or rare beneficial allele is driven to high frequency by selection, modern human
populations globally tend to show few classical genetic signatures of strong selection (4, 5).
This has led to the suggestion that most recent human adaptation may have instead been
behavioral or involved alternate modes of genetic selection that leave less pronounced
signatures in genomes such as “soft” sweeps and polygenic selection (6, 7). However, recent
analysis of >1,000 ancient western Eurasian genomes has shown that pronounced phases
of population admixture can obscure earlier signatures of hard sweeps from modern pop-
ulations (8). Here, we analyze ancient sweeps in non-African human groups spanning from
the present to ~45 thousand years ago (kilo annum, ka) and compare published archaic
hominin and modern human datasets to characterize the historic selection pressures and
genetic loci underlying human adaptation to new environments. Understanding and iden-
tifying the influence of significant past selective events on the human genome is also an
important means to reveal genetic factors driving sensitivity to disease in a modern envi-
ronmental and cultural context (9).

Analysis of Ancient Human Genomes Support an OoA Origin for
Hard Sweeps

To examine the molecular, functional, and temporal characteristics of human loci exhibiting
signals of strong selection during the AMH migration OoA, we applied a range of analyses
to a dataset comprising more than 1,500 ancient human genomes (including both shotgun-se-
quenced genomes and high-density single nucleotide polymorphism [SNP] scans) along with
comparative modern datasets from global human populations (57 Appendix, Tables S1-S3
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Significance

We analyze the functional and
spatiotemporal properties of 57
hard sweeps inferred in ancient
human genomes to reconstruct
human evolution during the
poorly understood Out of Africa
migration. Our analyses reveal a
previously unsuspected extended
period of genetic adaptation
lasting ~30,000 y, potentially in
Arabia or surrounding regions,
prior to a rapid dispersal across
the rest of Eurasia as far as
Australia. Functional targets
include multiple interacting loci
involved in fat storage, neural
development, skin physiology,
and cilia function, with
associations with multiple
modern Western diseases.
Similar adaptive signatures are
also evident in introgressed
archaic hominin loci and modern
Arctic human groups, indicating
that cold environments were a
prominent historical selection
pressure that potentially
facilitated the successful
peopling of Eurasia.
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and Supplemental Materials 1). We have previously identified and
validated a set of 57 high-confidence historical hard sweeps
(81 Appendix, Table S4; study-wide false positive rate <11%, see ref.
8) in a dataset of 1,162 ancient west Eurasian genomes (mostly from
the early Holocene and Bronze Age period, ie., ~10-5 ka,
SI Appendix, Table S1) grouped into 18 distinct ancient populations
based on genetic and archacological relationships (S/ Appendix,
Fig. S1, Table S1, and Supplemental Materials 1 and ref. 8). Genomic
sequences within each of the 18 populations were aligned and
scanned for evidence of hard selective sweeps (e.g., distorted allele
frequency patterns and anomalously low diversity) using
SweepFinder2 (SF2). Importantly, SF2 provides robust identification
of hard sweeps using a dynamic sliding window approach to control
for demographic history and population structure (10), and we were
able to confirm that these properties also extend to ancient genomic
datasets using extensive forward simulations that mimic Eurasian
demographic history and ancient genome properties (i.e., missing
data, SNP ascertainment, small sample sizes; S/ Appendix, Fig. S2
and Supplemental Materials 1, ref. 8).

The 57 hard sweeps are limited to Eurasian populations and are
absent from the Yoruba African population (8) and also exhibit no
significant overlap with recently reported hard sweeps observed in mul-
tiple modern African populations (permutation test accounting for
recombination rate: p ~ 0.4; SI Appendix, Supplemental Information I).
Accordingly, we used the SNP frequency differences between the

ancient Eurasians and the Yoruba population to determine a set of
divergent marker alleles that characterize each sweep haplotype
(ST Appendix, Supplemental Materials 2, Datasets S1-S56 (https://doi.
0rg/10.25909/22359865)].  After discarding one hard sweep
(LINCO1153; see SI Appendix, Table $4 for sweep labels and metadata)
with too few marker SNPs to make robust measurements, we could
ascertain 56 sweep haplotypes in ancient and modern human genomes
to examine the broad spatiotemporal dynamics of hard sweeps in recent
human history (S Appendix, Supplemental Materials 2).

The 56 ancient Eurasian sweep haplotypes are almost entirely
absent from contemporary African populations, but many are present
in the genomes of geographically distant individuals whose ancestors
are thought to have separated from other OoA migrants shortly after
the initial Eurasian dispersal [e.g., Andamanese Onge, Aboriginal
Australians, Papuans; (11, 12)] (Fig. 1 and S/ Appendix, Figs. S3 and
S4 and Table S2). This suggests that the sweeps most likely arose in
the founding OoA group following separation from other African
populations [genetically estimated ~100 ka; (1)]. Although several
sweeps appear to have been at high frequency, none were fixed prior
to the subsequent widespread Eurasian dispersal (S Appendix,
Table S2). Further, the temporal haplotype patterns confirm the per-
sistence of the sweep signals through the complex series of population
replacement events in Europe between 45 and 12 ka (13, 14), before
decreasing markedly in the Holocene during two well-known periods
of extensive population admixture [i.e., the initial expansion of Near
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Fig. 1.

Detection of hard sweep haplotypes in ancient human specimens through time. Presence of each of the 56 sweep haplotypes in ancient samples (circles)

and modern populations (diamonds; averages and SEs shown) obtained from the 1,000 Genomes Project (1KGP; with Northern European [CEU; C] British [GBR;
B], and Iberian [IBS; I] populations labeled) and Human Genome Diversity Panel (HGDP). By fitting a local regression (LOESS) of sweep count (y axis) as a function
of sample age (x axis; samples >12 ka are individually labeled) in ancient West Eurasians, we observe that the number of sweeps per specimen appears to
steadily increase through the glacial conditions of the Upper Paleolithic until the start of the warm Holocene period (~12 ka). Population movements resulting
from the rapidly warming Holocene temperatures are associated with sharp declines in sweep frequency across Central Europe, Iberia, and the British Isles (see
legend), notably during known periods of extensive population admixture associated with the expansion of Early Farmers from the Near East (7 to 8 ka), and
Steppe herders (~5 ka) (red shaded panels), with a further marked decline in Iberia around 1 ka associated with Moorish occupation (S/ Appendix, Supplemental
Materials 2). Mean sweep counts for ancient samples (dashed lines; with Moroccan Iberomaurusian samples [i.e., TAF10-14] omitted) are generally consistent
with their modern regional counterparts, and counts are similar for the oldest Eurasians (~45 kya) and Oceanian individuals that likely separated from other
Out of Africa migrants by 50 ka (S/ Appendix, Supplemental Materials 2). This suggests that Oceanians should provide reasonable proxies for estimating ancestral
sweep presence at the time of population separation from Main Eurasian lineages.
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Eastern early Farmers [-8 to 7 ka] and the invasion of Steppe popu-
lations in the early Bronze Age [-5 ka] (15, 16); Fig. 1 and SI Appendiix,
Figs. S3 and S4]. A separate decrease in the sweep signals can be
observed within Iberian data coinciding with the Moorish occupation
around 700 AD (S Appendix, Supplemental Materials 2). The subse-
quent rebound in sweep signals observed in some European regions
(Fig. 1 and S7 Appendix, Fig. S3) during this period may reflect local
demographic changes rather than ongoing selection; for instance,
through the well-documented Middle Holocene resurgence in
WHG-related ancestry apparent throughout much of Europe
(15, 17-21) (SI Appendix, Supplemental Materials 2).

Sustained Adaptation to Cold Eurasian
Environments

The observation that the majority of the 56 sweep haplotypes are
currently segregating at intermediate frequencies in diverse modern
non-African populations (S/ Appendix, Fig. S5) implies ancient selec-
tion pressures acting during the early phase of human expansion
beyond Africa at least 50,000 y ago. To explore this pivotal but poorly
understood period of human evolution further, we performed a series
of qualitative and quantitative analyses to investigate the possible bio-
logical functions and selection pressures that undetlie the hard sweeps.
We applied iSAFE, a statistical method for localizing the adaptive locus
within a sweep region (22), to a set of modern European genomes
(S Appendix, Supplemental Materials 3). In 32 of the 56 sweep regions,
we were able to identify single protein-encoding driver (i.e., candidate)
genes as the putative target of selection, permitting functional analyses
(81 Appendlix, Tables S5 and S6 A—D and Supplemental Materials 3).
Following recommendations for validating positively selected loci in
the absence of clearly defined causal mutations (23), we inferred the
core functionality of each candidate gene using phenotype information
from human carriers of crippling or haploinsufficient alleles or from
animal models with loss-of-function mutations in orthologous genes
(SI Appendix, Table S6 A-D and Supplemental Materials  3).
Surprisingly, the 32 ancient Eurasian candidate genes revealed a pattern
of gene classes and biological functions strongly reminiscent of
high-confidence candidate genes previously identified as being under
population-specific selection in present-day Arctic human populations
(58 functionally classified genes from refs. 24-28) or in archaic hom-
inin adaptively introgressed (HAI) loci arising from past mixing events
with Neandertal or Denisovan groups (54 functionally classified genes
from refs. 29-31) which are also thought to have been cold-adapted
(29) (SI Appendix, Tables S1 and S6 A-D and Supplemental Materials
3). This is consistent with suggestions that archaic hominin genetic
adaptation to colder periglacial northern environments (29) may have
provided beneficial alleles to the early AMH populations dispersing
from Africa into those same Eurasian environments (S Appendix,
Supplemental Materials 3), such as the introgressed Denisovan locus
impacting body fat and developmental traits now found at high fre-
quencies in modern Greenland Inuit (30).

A closer examination of the functions across the candidate selected
genes identified in the ancient Eurasian, Arctic human, and archaic
hominin Al gene sets revealed surprising layers of concordant bio-
logical connectivity, including multiple biological processes known
to be involved in human cold adaptation (31) (Fig. 2, Table 1, and
SI Appendix, Table S6 A—D and Supplemental Materials 3). For exam-
ple, roughly one-quarter of the genes in each candidate set are asso-
ciated with metabolic processes, which include multiple genes that
actively regulate fat metabolism, a key metabolic nexus for mamma-
lian cold adaptation (32). This includes three ancient Eurasian genes:
PPARD, a metabolically-sensitive transcription factor that regulates
fatty acid oxidation for the generation of AT or heat and is involved
in adipogenesis (33); and SMCO and TMCCI which have been
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linked to variation in body fat deposition (34, 35). Among the HAI
genes, PPARG (a PPAR-family nuclear receptor like PPARD) and
WDFY are required for the formation of white and brown adipocytes
(33, 36, 37), which provide fuel storage as triglycerides or heat gen-
eration from oxidative phosphorylation, respectively, while AGL
regulates glycogen metabolism (38), a major source of stored energy.
Similarly, within the modern Arctic human candidate selected genes,
FADSI, 2, and 3 also regulate fatty acid synthesis (39), while
ANGPTLG has profound impacts on the regulation of body adiposity
and insulin sensitivity (40). Remarkably, metabolic loci across all three
of the ancient Eurasian, Arctic human, and HAI candidate gene sets
are also directly linked in regulatory networks (Fig. 2) as PPARD is a
transcription factor regulating the expression of PPARG, which in

turn is a transcription factor regulating the expression of FADSI and
FADS?2, as well as the HAI metabolism gene AGL (41).

Functional Concordance Across Selected
Loci Reveals Adaptation Targets Subcellular
Machinery

Around a third of the genes in each candidate gene set are associated
with developmental processes (Table 1 and S/ Appendix, Table S6
A-D), including distinct subsets of genes involved in the develop-
mental formation and function of cilia, skin properties, and DNA
damage response (Fig. 2 and S/ Appendix, Table S6 A-D and
Supplemental Materials 3). Cilia are evolutionarily conserved hair-like
cell structures that can function as cellular environmental sensors or
provide locomotion (42) but are also important for lung and airway
health in cold and arid environments (43). Cilia genes were also
found to be overrepresented in a meta-analysis of genetic selection
signals in Arctic mammals and multiple human populations from
Greenland and Siberia (ST Appendix, Supplemental Materials 3; also
see tables S8-S10 in ref. 32). The ancient Eurasian candidate genes
DNAH6, DNAHY7, and CCDC138—along with DNAH2, DNAH3,
and DNAH17 identified in the Greenland Inuit study (25)—all
encode molecular structural components of cilia [comprising specific
components of the axonemal dynein motor complex that collectively
provide the force generation for cilia movement (44)], while the
Arctic human-selected gene SDCCAGS controls cilia development
(Fig. 2 and ST Appendix, Table S6 A-D). A further ancient Eurasian
gene, RCBTB2, which fell just below the detection cut-off threshold
(SI Appendix, Table S5 and Supplemental Materials 3), encodes an
intracellular protein also essential for the formation of cilia (45, 46).
In addition, the HAI gene WDRS8S has a potential cilia function, as
its close paralogue DAW7 is involved in building the cilia structures
containing DNAHG6 and DNAH7 (47).

Genes involved in skin physiological properties and pigmentation
emerged as another functional concentration across the three can-
didate gene sets (Fig. 2). Skin pigmentation is dictated by melano-
somes, which produce and transport melanin to intracellular and
extracellular sites (48). Within this process, the ancient Eurasian
gene MLPH interacts biochemically with the HAI gene RAB27A to
shuttle melanin-containing melanosomes to the cellular periphery
(49). Melanin synthesis itself requires the “P protein” encoded by
the shared HAI and Arctic human gene OCA2 (50), while melano-
some formation (i.e., melanogenesis) requires the Arctic-selected
gene SLC24A5 (51). Mutations in either MLPH or RAB27A cause
the hypopigmentation condition Griscelli syndrome (52, 53), while
SLC24A5 and OCA2 variants are associated with albinism in
humans (50, 54). In evolutionary terms, these “color” genes are
functionally conserved across vertebrates, as polymorphisms in
MLPH contribute to coat color in domestic cats (55) while muta-
tions in SLC24A5 and OCA2 result in the “golden” phenotype in
zebrafish and cichlids, respectively (53, 56, 57). Selective pressure
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Functional concordance across genetic targets of selection (i.e., candidate genes) in ancient Eurasian sweeps (Green), adaptively introgressed archaic

hominin [HAI] loci (Red), modern cold-adapted Arctic human groups (Blue), or both HAI loci and Arctic humans (Purple), in genes that: (A), regulate metabolism

through adipogenesis, as well as fat synthesis and distribution [arrows indicate ge
of the basal body complex and dynein motor complexes; or (C) control skin phys

ne regulatory networks]; (B) are active in cilia function, particularly formation
iology including the “wooly” phenotype, wound healing, and skin formation,

as well as (D) pigmentation through the formation of melanosomes, melanin synthesis within melanosomes, and melanosome transport to the cell periphery.

The asterisk denotes putatively adaptive genes identified within the ancient Eur.
conservative criteria for inclusion among the respective candidate gene sets. Se
characteristics and functions.

on pigmentation during the OoA migration has been noted previ-
ously and suggested to be a response to UV and or sunlight levels
(58). In this regard, it is notable that a number of the Eurasian sweep
genes are involved in the DNA damage response (e.g., 7P53BP1,
GTSE1, and FANCD2) which may also relate to selection due to
high UV levels (58).

Evidence for Neurological Adaptation in
Eurasian Environments

A further one-third of the candidate genes are associated with neu-
ronal functions (Table 1 and S/ Appendix, Table S6 A-D). This was
not necessarily expected, but neural tissues play a central role in
coordinating environmental information into physiological and
behavioral responses necessary to navigate new environments (59),

40f12 https://doi.org/10.1073/pnas.2213061120

asian sweeps or reported for Arctic human groups that did not satisfy our
e S/ Appendix, Table S6 A-D and Supplemental Materials 3 for detailed gene

while human cognitive performance is also impaired in cold con-
ditions (60). Intriguingly, eight of the ten ancient Eurasian neuronal
genes are associated with severe intellectual disabilities and devel-
opmental delay phenotypes in humans (Table 1 and S7 Appendix,
Table S6 A-D). This is provocative as it has been suggested that the
rapid development of advanced sociality and behavior in late
Pleistocene African AMH populations during the cold Marine
Isotope Stage 4 (MIS4) climatic period from ~75 to 58 ka is likely
to have involved selective pressure around cognition (61).
Collectively, the neuronal candidate genes highlight fundamental
neurological processes of vesicle trafficking, neurite growth, and
cerebral cortex formation, suggesting that there may have been
selection around the maintenance of environmental perception and
cognitive functions in cold environments (S Appendix, Supplemental
Materials 3). In this regard, the ancient Eurasian gene MPP6 is
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Table 1. Biological role of genes inferred as under pos-
itive selection (i.e., candidate genes) in ancient Eura-
sians, cold-adapted modern human groups, or archaic
hominin introgressed loci

Adaptive
Biological Ancient archaic hominin  Arctic
impact of Eurasians  introgression humans
candidategene n=32,% n=>54,% n=>58, %
Neurological 31 35 34
Development 34 31 28
Metabolism 28 24 22
Immunity 0 7 16
Reproduction 6 2 0
Importance, %
Lethal phenotype 25
Constrained gene 50
Major physiological impact 59
Molecular function, %
Membrane proteins 9
Extracellular proteins 3
Intracellular proteins 88
Enzyme 22
Transcription regulator 9
Molecular motor 6
Other 13
Signaling 38
Adapters 16
Molecular complex 9
Guanidine exchange factor 9
Kinase 3

Frequency [%] is calculated from the total number of candidate genes annotated for each
respective data set (S/ Appendix, Table S6 A-D). Key biological impacts (Importance) of the
candidate genes identified in ancient Eurasians. Lethal phenotype defined by spontane-
ous embryonic lethality or premature lethality post-partum in humans or animals; con-
strained genes identified by LOUEF scores < 0.5; major physiological impact defined as a
loss-of-function mutation in human subjects and or from gene targeting studies in ani-
mal models which cause premature lethality, physical malformations, or developmental
delay. Molecular function of candidate genes defined as membrane proteins (receptors,
ion pumps, transporters, tethered proteins), extracellular proteins (secreted or otherwise
released), or intracellular proteins (enzymes, transcription regulators, signaling molecules
etc.). Signaling molecules were able to be further classified.

required for nerve myelination (62), which changes in response to
environmental cues throughout life and may represent a plastic
neural response to environmental challenges, while 7RPM2, a can-
didate selected gene identified in modern Arctic human popula-
tions, encodes a nerve receptor that relays temperature information
to the central nervous system (63) (SI Appendix, Supplemental
Materials 3).

Quantitative Validation of Functional Analyses

The surprising degree of functional concordance observed across
the ancient Eurasian, modern Arctic human, and archaic hominin
Al candidate loci (Fig. 2) suggests that sustained selection pressures
have acted upon a common set of biological pathways over a long
period of time, which minimally includes the founding AMH
expansion into Eurasia and subsequent Holocene migrations into
Arctic environments (24, 25). To further scrutinize the apparent
elevated functional concordance across the three candidate gene
sets, we used curated protein—protein interactions (PPIs) from the
STRING database (64) to test if there are more PPIs between the
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candidate sets than expected among randomly sampled gene sets
of the same size (S/ Appendix, Supplemental Materials 3). These tests
provide further support for high functional concordance across the
three gene sets, with ~15 to ~170% more PPIs observed among
genes from different candidate sets than expected (SI Appendix,
Fig. S6, Table S7 A and B, and Supplemental Information 3).

A similar excess of PPIs was also apparent among the candidate
genes when grouped according to our functional categories, while
multiple functionally equivalent GO and biomedical annotations
were overrepresented among candidate genes within each func-
tional category (FDR < 0.05 for STRING enrichment tests;
SI Appendix, Table S8 and Supplemental Information 3), indicating
that these groupings formed biologically coherent units. In con-
trast, only neurological functions were significant when enrich-
ment tests were performed on the combined set of candidate genes
(SI Appendix, Table S8)—possibly because the large number of
functionally coherent candidate loci within this category preserved
the underlying statistical signal in the presence of additional func-
tionally distinct genes. These results indicate that our analytical
approach can discriminate robust fine-scale functional informa-
tion that may not be detected when applying standard statistical
tests to a multifunctional cohort of candidate genes.

The Ancient Hard Sweeps Do Not Appear to
Arise from Introgressed Archaic Hominin
Sequences

It is notable that 14 of the hard sweeps (~25%) overlap with intro-
gressed archaic hominin DNA tracts that have previously been
identified as putative targets of selection in AMH (87 Appendix,
Figs. S7 and S8), raising the possibility that some of the 56 sweeps
may have been driven by beneficial introgressed Neandertal or
Denisovan variants. However, close inspection reveals that most of
these overlapping introgressed sequences lie on the periphery of our
sweep regions. Indeed, introgressed hominin regions inferred in
ancient Eurasian genomes with the recently developed admixfrog
method (65) were underrepresented near the peak sweep signal
(Fig. 3 and ST Appendix, Figs. S7 and S8 and Supplementary
Materials 4). Together, this suggests that the beneficial sweep vari-
ants were most likely AMH-derived, which removed introgressed
hominin sequences lying near the beneficial variant while bringing
linked introgressed sequences to higher frequencies through genetic
hitchhiking. Such hitchhiking archaic hominin sequences may be
the primary cause of the sizeable overlap between the Eurasian
sweep regions and introgressed archaic hominin DNA tracts and
could feasibly have produced false positive signals of adaptive intro-
gression using current detection methods.

Using Hard Sweep Signals to Reconstruct
Paleolithic Human Migrations

The origins and geographic distribution of the hard sweeps provide
a distinctive genetic marker to examine early AMH population
movements QoA and across Eurasia, which remain poorly under-
stood. The ~2% genomic signal of Neandertal admixture observed
in modern non-African populations globally (1, 11, 66) has previ-
ously been used to trace the dispersal of a single ancestral OoA
population across Eurasia and Island Southeast Asia (ISEA) as far
as Australia around 60 to 50 ka (1, 67), but probably as recently as
~54 to 50 ka (S Appendix, Supplemental Materials 2). The 54 to
50 ka date is in very close agreement with independent molecular
clock dating of mitochondrial, Y chromosome, and autosomal
DNA, all of which indicate the last common genetic ancestor of
global non-African populations existed around 45 to 55 ka (1). In
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Fig.3. Introgressed archaic hominin loci in the vicinity of ancient hard sweeps. To determine the distribution of introgressed hominin loci around each sweep,
we used admixfrog (65) to directly infer these loci in ancient genomes prior to the Holocene admixture events. (A) The inferred loci are shown for each of the
27 Anatolian Early Farmer individuals (black lines) for four sweeps (labeled panels), which includes the only candidate gene that is also found among the HAI
candidate genes, WWOX. The frequencies of introgressed loci across each sweep region is indicated by the purple line. For comparison, we also depict the
SweepFinder2 CLR scores (blue lines), with the maximum score indicating the most likely location of the underlying causal allele. Each gene in the region is shown
as a colored rectangle, with the color indicating the gene score used to identify sweeps (see key). Notably, introgressed loci tend to occur at negligible frequencies
beneath the peak CLR score and at higher frequencies when moving further away from the peak (peak CLR scores shown at Top-Right of each panel). (B) When
averaging introgressed loci frequencies across all sweeps in successive 25 kb bins (black points, associated lines = mean + two SEs), we find that these loci
become significantly more common >150 kb from the peak than at the peak, consistent with introgressed loci hitchhiking to higher frequencies on a beneficial

AMH-derived variant (red dashed line = mean frequency near peak, blue line and shading = best fitting LOESS curve + two SEs, respectively).

contrast, the genetic separation of the ancestral OoA population
from other African populations is estimated to have occurred
approximately 100 ka (1)—some 40 to 50 thousand years earlier.
The early date of separation aligns with widespread archaeological
evidence for the presence of early AMH groups throughout the
Arabian Peninsula area (from the Levant to the Arabian Gulf,
potentially including southern Iran) associated with discrete cli-
matic wet phases around 125 ka, 100 ka, and 80 ka during MIS 5
(68-73), prior to the prolonged cold arid conditions of MIS 4 (71
to 57 ka). While some archacological studies have supported the
presence of AMH outside the African and Arabian areas before 55
ka, for example in India (74), much of the evidence is of uncertain

AMH origin (1, 75) and the oldest uncontested records for AMH
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presence across Europe [~54 ka; (76)], and Asia and Australia [-50
ka; (75, 77)] closely match the genetic date estimates.

To examine genetic selection during the early stages of AMH
dispersal from Africa, we reconstructed the spatiotemporal pattern
of the underlying selection pressure(s) by quantifying the presence
of the hard sweep haplotypes within moderate- to high-coverage
genomic sequences of pre-Holocene Eurasian individuals up to
~45 ka in age, as well as indigenous Oceanic groups, such as
Aboriginal Australians, whose genetic ancestry stems from the ini-
tial Main Eurasian dispersal and who have remained largely isolated
since (S Appendix, Supplemental Materials 2). Simulations indicate
that our detection method is more prone to missing sweep haplo-
types that are present in ancient samples (-26% detection rate in
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sweep heterozygotes) than making false detections (FPR ~6%)
(SI Appendix, Figs. S9 and S10 and Supplemental Materials 2).
Accordingly, we interpreted the oldest point at which the sweep
haplotype was observed, or inferred within the genetically recon-
structed Eurasian dispersal process (11), as evidence that the selec-
tion pressure was likely to have been present at that time point
even if the locus was potentially not yet fixed in all individuals.
Around half of the hard sweeps (31/56) seem to have reached
relatively high frequencies prior to the Eurasian dispersal as they are
distributed widely across descendant European and Asian ancient
and modern populations, as well as distant Oceanic populations in
very different selective environments (Fig. 4 and ST Appendix,
Table S2). The large number of sweeps inferred in the ancestral OoA
group indicates that after separating from other African populations,
it had experienced an extended period of both genetic isolation and
selection prior to the Eurasian dispersal. Linear regression and pop-
ulation genomic analyses suggest this period of selection originated
around 80,000 years ago (respective means ~83 and 79 ka, 95% Cls
~72t0 97 kaand 74 to 91 ka; ST Appendix, Fig. S11 and Supplemental
Materials 2). This timing closely matches archaeological evidence of
AMH activity across the Arabian Peninsula associated with the last
wet climatic period in MIS 5 ~ 80 ka (68, 72, 78), immediately
prior to the prolonged cold arid conditions of MIS 4 period (71 to
57 ka) (Fig. 5). From these observations, we infer that the ancestral
OoA population underwent a prolonged period of genetic isolation
and adapration outside Africa, likely in the Arabian Peninsula area,
potentially from around 100 ka but at least ~80 ka until the
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subsequent Eurasian dispersal ~54 to 50 ka (Figs. 4 and 5), and
term this model the “Arabian Standstill” (S7 Appendix, Supplemental
Materials 2). The current lack of archaeological evidence for AMH
presence in the Arabian Peninsula during the harsh conditions of
MIS 4 has led to suggestions that the area was abandoned during
this time (70-72). However, the genetic evidence indicates the con-
tinuous presence of at least a small AMH population, which may
have been geographically constrained to a potential refugia such as
the lower Arabian Gulf or Red Sea which are now largely submerged
(68, 72) or adjacent areas such as southern Iran where Middle
Paleolithic sites such as Boof Cave include MIS 4 dates (73)
(SI Appendix, Supplemental Materials 2). Genomic studies have
indicated that around the beginning of this period (~-80 ka), the
ancestral OoA population split into the now-extinct Basal Eurasians
(1), which potentially occupied an area around the Arabian Gulf
(79), and the Main Eurasian group which went on to admix with
Neandertals at the end of the Standstill period, before dispersing
globally (Figs. 4 and 5). The relatively large size of the resulting
Neandertal genomic content (-2%) in the descendant populations
indicates that the effective population size of the admixing Main
Eurasian population was probably indeed very small, consistent
with the presence of just two mitochondrial lineages (M and N)
(SI Appendix, Supplemental Materials 2).

After the initial 31 hard sweeps associated with the Arabian
Standstill, new groups of sweeps appear in a sequence of ancient
specimens that record the movement of Main Eurasian populations
out of the Arabian area into the novel cold periglacial northern
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Fig. 4. Dispersal of anatomically modern humans out of Africa. A simplified reconstruction of the AMH movement Out of Africa (130 to 80 ka) into the Arabian
Peninsula area, and subsequent rapid expansion across the rest of Eurasia (~54 to 51 ka), based on the spatiotemporal distribution of the 56 hard sweeps,
archaeological and genetic data, and savannah habitats (S/ Appendix, Supplemental Materials 2). Archaeological evidence of AMH movements into the Arabian
Peninsula area (potential southern and northern routes are shown, blue dashed lines) during discrete climatic wet phases from ~130 to 80 ka (Fig. 5) closely
match the onset of an extended period of genetic isolation of the ancestral Out of Africa population, from around ~100 ka through to ~55 ka, which we term
the Arabian Standstill phase. During this period the Main and Basal Eurasian lineages diverged (~80 ka), and the isolated Main Eurasian population experienced
a significant phase of genetic selection starting around ~80ka, resulting in at least 31 hard sweeps (box 1). This is depicted in the potential Arabian Gulf Oasis/
Iranian refugium (68, 72, 73). Around 54 to 51 ka, shortly after a major phase of Neandertal gene flow (oval), the Main Eurasian lineage rapidly dispersed across
Eurasia, arriving in Europe by 54 ka (76), and as far as Australia by 50 ka (S/ Appendix, Supplemental Materials 2). Discrete spatiotemporal groupings for the initial
appearance of the hard sweeps are shown (boxes 1 to 5, with representative genomes), with an undated group appearing to originate outside the sampling
range. Early European movements are simplified into three time bins (boxes 2 to 4) for clarity, marked as red, pink, and magenta. Areas of inferred admixture
with archaic hominins are indicated (D; Denisovans: N; Neandertals). Key ancient specimens/sites: U = Ust-Ishim, T = Tianyuan, K = Kostenki, S = Sunghir,
G = Goyet, BK = Bacho Kiro, A = Andaman Islands. The function of identified candidate genes is indicated by color (key, along with an approximate timescale
[brown = reproduction]). Underlining indicates sweeps identified as overlapping with adaptively introgressed archaic hominin loci.
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Fig. 5. Environmental reconstruction for the Arabian Standstill. The estimated initial genetic isolation ~100 ka (dashed line), and subsequent onset of strong
selection in the Arabian Standstill population ~80 ka (solid line) is shown in relation to the environmental conditions on the Arabian Peninsula during the
final wet phase of MIS 5e, and severe cold arid conditions from the onset of MIS 4 (~71 ka) through to the warming of MIS 3 (~57 ka). The Arabian Standstill is
contemporaneous with a marked arid cooling phase, potentially further exacerbated by events such as the Toba Eruption (~74 ka) and geographic isolation
of the Arabian Peninsula area by desert and marine boundaries (S/ Appendix, Supplemental Materials 2). The inability to migrate in response to the climatic
deterioration is likely to have strengthened selective pressures for cold adaptation during the ~30 ka period of genetic selection. The subsequent expansion
northwards, including admixture with local Neandertal populations, occurred with the return of moist, warmer conditions at the start of MIS 3 (~57 ka). (A)
NGRIP §'80 record reported on the GICCO5 timescale B.P. (CE 1950) (80); Greenland Stadial 13 (GS-13) and Heinrich 5 (H5), and Mt. Toba eruption (81) are shown.
(B) Mean annual sea surface temperatures (SSTs) from the Gulf of Aden marine core RC09-166 (82). The Late Holocene (last 2.5 ka) temperature range is shown
for comparison on the left-hand side. (C) Hydroclimate changes in northeast Africa reconstructed from stable hydrogen isotopic composition of leaf waxes
corrected for ice volume contributions from RC09-166 (82). Horizontal dark gray bars define age ranges for key AMH events across the Arabian Peninsula and
the Eurasia dispersal, including the apparently brief initial AMH presence in southern Europe around 54 ka (76), and potential for earlier Neandertal gene flow
during the Arabian Standstill (S/ Appendix, Supplemental Materials 2).

latitudes of Eurasia from ~54 to 51 ka (Fig. 4 and ST Appendix,
Table S9 and Supplemental Materials 2). The eatliest observations of
eight sweeps occur in genomes from the first analyzed European and
Asian AMH populations, which are associated with the Initial Upper
Paleolithic culture, ~45 to 40 ka; (83). Following the IUP, early West
Eurasian individuals dated between 38 and 18 ka subsequently
recorded an additional 10 sweeps (Fig. 4 and S/ Appendix, Table S9).
Opverall, the ancient West Eurasian specimens show four distinct
temporal groupings of sweeps. Remarkably, each group correlates
closely with a major early European archaeological culture (Fig. 4 and

SI Appendix, Table S9 and Supplemental Materials 2). For example,

80f 12 https://doi.org/10.1073/pnas.2213061120

after the Initial Upper Paleolithic specimens, nine sweeps are first
detected in two specimens (Kostenkil4, 38 ka, and GoyetQ116-1,
35 ka) associated with the Aurignacian Culture [~42 to 35 ka; (84)].
Further new sweeps then appear in individuals associated with the
subsequent Gravettian Culture [35 to 25 ka; represented by Sunghir
1-4 (35 to 33 ka) and Véstonicel6 (31ka)] and the Magdalenian
culture toward the end of the Last Glacial Maximum (represented
by the El Mirén specimen, 19 ka) (84, 85). The patterns of tempo-
rally grouped sweep signals are consistent with previously recognized
genetic population replacements between the IUP, Aurignacian, and

Gravettian populations (13) (SI Appendix, Supplemental Materials 2
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and Table S3). Interestingly, the currently unexplained replacement
events between these three populations occur close in time to two
major geomagnetic excursions (Laschamps ~41 ka and Mono Lake
~35 ka) recently suggested to have caused major environmental shifts
(86). Lastly, individuals from late-glacial/Epigravettian cultures (e.g.,
Villabruna and the Azilian Bichon, 14 ka) contain a further six
sweeps which appear to have originated earlier in populations to the
east (SI Appendix, Supplemental Materials 2) but only spread geo-
graphically westward into view of the samples in this study around

this time (Fig. 4 and SI Appendix, Table S9).

Early Selection Phase Coincides with
Transition to Cold and Arid Climates

Together, the unexpected levels of biological connectivity and dis-
crete temporal patterns of the sweep signals are consistent with a
long-term selective pressure around cold adaptation, which appears
to have started during the Arabian Standstill and continued through
the Eurasian dispersal and archaic hominin introgression phase, into
the Late Glacial (ca. 14 to 12 ka, Fig. 1). Candidate loci within each
of the functional categories were widely distributed spatiotemporally
(Fig. 4, Table 1, and ST Appendix, Tables S2 and S9) including mod-
ern Arctic populations, suggesting adaptations acquired during the
Arabian Standstill continued to be important for subsequent expan-
sion into new environments. While selective pressure for cold adap-
tation could be expected in the periglacial conditions across much
of late Pleistocene Eurasia, the Arabian Standstill period was also
characterized by a pronounced and sustained cooling phase ~71 to
57 ka associated with MIS 4 (Fig. 5), during which the mean annual
temperatures in the Arabian Peninsula are estimated to have
decreased -4 °C (likely much greater during the boreal winter) (82).
The onset of pronounced cooling and aridity in the Arabian area is
close in age to the ~80 ka estimated date for the onset of the earliest
sweeps, potentially reflecting the limited geographic ability of the
isolated, small Arabian Standstill population to migrate in response
to major climatic change, consistent with paleoenvironmental mod-

eling (70) (SI Appendix, Supplemental Materials 2).

Discussion

The large amount of genomic information now available from
ancient and modern AMH specimens, along with extensive data-
bases of human functional and disease genetics, effectively makes
humans a powerful model system to study evolution within the
<0.1 Ma time frame, where the interplay of selective sweeps and
population admixture can be observed. By identifying a set of
high-confidence adaptive genes, our study has provided an initial
view of key functional targets and environmental pressures during
this crucial period. The ancient hard sweep signals persisted from
the Arabian Standstill phase through the Eurasian dispersal as far
as Oceania, indicating that there were no appreciable genetic con-
tributions from any earlier AMH groups along this route, if they
existed, similar to previous studies of the Neandertal genome
content. The hard sweep signals were eventually diluted in western
Eurasia by Holocene population admixture (Fig. 1), potentially
involving groups with Basal Eurasian or African ancestry that did
not possess the Arabian Standstill sweep haplotypes. The same
admixture processes are thought to explain the reduced Neandertal
genomic content of European versus Asian populations (1). The
Holocene admixture has caused around 80% (41/57) of the hard
sweeps we detect to instead be reported in modern European
populations as partial sweeps of relatively recent origin (<30 ka)
(8). This pattern suggests that hard sweeps may be more common
in evolution than current studies have suggested.

PNAS 2023 Vol.120 No.22 e2213061120

The large number and broad function of the selected loci
detected in ancient Eurasians raises the possibility that the speed
of AMH movement OoA and across Eurasia may have been limited
by both climatic cycles and the need for genetic adaptation to new
environments (e.g., during the Arabian Standstill), rather than
simply by the existing occupation of areas by archaic hominin
groups. For example, the Eurasian dispersal moved very rapidly
eastward through Asia and down as far as Australia by 50 ka, fol-
lowing a familiar (warmer) savannah ecozone (75, 87), despite the
presence of multiple Denisovan and other ISEA hominin groups
as well as significant marine barriers through ISEA (75, 87). The
contrasting delay before AMH groups successfully colonized
Europe around 47 ka, following an apparently unsuccessful initial
foray around 54 ka (706), has often been explained by the presence
of Neandertal populations in the area (88, 89). However, our data
suggest that this delay may also have been associated with a distinct
phase of genetic adaptation to the very cold northern environments,
first seen as the set of sweeps in the Initial Upper Paleolithic indi-
viduals (Fig. 4 and SI Appendix, Tables S2 and S9) who appear in
Europe immediately after the extreme cold conditions of Heinrich
Event 5 (48 to 47 ka). Such an additional phase of cold adaptation
is unlikely to have been necessary for the AMH expansion across
the southern Asian savannah and tropical ISEA into Australia.

In comparison, the absence of ancient Eurasian sweep genes that
are overtly involved in immune system functioning stands out,
especially as introgressed archaic hominin immunogenetic variants
appear to have been consistent targets of selection after Neandertal
admixture ~54 to 51 ka (90-92). Indeed, recent epidemiological
models predict that the successful expansion of AMH beyond the
Levant likely required human migrants to adapt to the novel path-
ogen package carried by local Neandertal groups (89). While further
testing is needed to reconcile this apparent discrepancy, these results
align with recent research emphasizing the importance of genetic
adaptation in facilitating range expansions into novel environments
(93, 94) and suggest that multiple modes of selection, including
soft sweeps and polygenic selection that were not directly evaluated
in the present study, were involved in the peopling of Eurasia.

Many of the ancient Eurasian sweep haplotypes appear at mod-
erate to high frequencies across contemporary non-African popula-
tions (Fig. 1 and S/ Appendix, Fig. S5), where they might still
contribute to differences in fitness and health. Remarkably, haplo-
insufficiency in over half of the Eurasian candidate genes causes
Mendelian disease phenotypes, 25% are associated with premature
lechality, while the majority exhibit low frequencies of loss-of-function
mutations in human lineages (95) (Table 1 and SIAppendix,
Fig. S12, Table S6 A-D, and Supplemental Materials 3). Further, a
number of the Eurasian loci that coordinately regulate biological
processes with those in the HAI and cold-adapted Arctic human
gene sets are associated with major modern diseases including the
ciliopathies (e.g., DNAHG), a recently recognized severe disease class
that includes sensory, immunological, reproductive as well as devel-
opmental abnormalities (42); metabolic syndrome, including obesity
and diabetes (e.g., PPARD); and neurodegenerative diseases including
dementia and autism (e.g., TAF15, AMBRA]I), all of which represent
increasing or significant medical maladies in present-day populations
(96, 97). This raises the potential that ancestral selection during the
Oo0A expansion, focused around adaptation to novel cold environ-
ments, has established haplotypes that under modern conditions are
associated with disease phenotypes.

The pattern of hard sweeps in recent human history provides an
unexpected view of evolution, with the majority of gene targets con-
centrated around evolutionarily conserved intracellular machinery,
dominated by enzymes, components of intracellular protein signaling
complexes, and transcription regulators, rather than cell surface
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receptors and ligands, which might seem more obviously associated
with sensing and responding to new environments (Table 1). The
surprising prevalence of hard sweep signals may partly be explained
by selection acting on the reduced haplotype diversity likely for these
functionally important genes due to the prolonged small population
sizes associated with the Arabian Standstill period (8, 98). Overall,
these signals suggest that strong and persistent selective pressures have
acted across sets of human genes that coordinate specific physiological
functions, and can be observed from the early OoA phase through
to modern Arctic populations.

Methods

Data Processing and Sweep Detection Pipeline (S/ Appendix, Supplemental
Materials 1). A full description of the sweep detection pipeline-including ancient
sample characterization, standardized genomic data processing, selection scan
methodology, and various pipeline validation and performance measures-has been
reported in ref. 8. We summarize key technical information for the population assign-
ment (S/ Appendix, section 1.1), data processing (SI Appendix, section 1.3), and the
analytical pipeline (S/Appendix, sections 1.4-1.6) procedures in SIAppendix, section 1
and include new methodological information from tests on the sensitivity of sweep
detection on SNP missingness (S Appendix, section 1.7) and statistical comparisons
with sweep signals from modern African populations (S/ Appendix, section 1.8).

Inferring Selection Onset and Sweep Dynamics (S/ Appendix, Supplemental
Materials 2). To track the occurence of the sweep haplotypes through time, we
developed a heuristic method to determine a set of marker SNP alleles for each
of the 57 sweeps and then used these markers to quantify the presence of the
inferred sweep haplotype in modern and ancient human samples. Briefly, for each
sweep, we evaluated SNP-wise F; scores for all pairs of an African population (YRI)
and ancient Eurasian populations with significant sweep signals. Up to 30 marker
SNPs were determined for each sweep that satisfied threshold F, scores obtained
from background SNPs, with the most probable selected alleles at each marker
SNP being combined to generate the putative underlying selected haplotype
(SI Appendix, section 2.1). Sweep LINCOT153 (S Appendix, Table S4) only had
3 SNPs that passed all marker filtering criteria and was subsequently excluded
from further marker-based analyses. Full discussion of the statistical properties of
our sweep haplotype detection analyses is provided in S/ Appendix, section 2.5
(also see SI Appendix, Figs. S9 and $10).

To evaluate sweep dynamics during the European Holocene period
(SI Appendix, section 2.3), we quantified sweep presence in a dataset that com-
bined 32 Paleolithic samples dated between 45 and 10 ka with a set of 424
Holocene-era (<10 ka) European samples sourced from three geographically
distinct locations: the British Isles; Central Europe; and the Iberian Peninsula
(SI Appendix, Table S3). Sweep haplotype dynamics were inferred by fitting a
LOESS curve to the sweep presence data with respect to the radio-carbon dated
sample age, with separate analyses performed for the three geographical regions
after combining these samples with those from the Upper Paleolithic period
(Fig. 1 and S/ Appendix, Figs. S3 and S4 and section 2.3).

To ascertain the temporal origins of the sweeps (S/ Appendix, section 2.4),
we scanned for the presence of all 56 selected haplotypes among a set of 22
high-quality ancient and modern human genomes, which included multiple
genomes from Eurasian Paleolithic samples and subsequent early Western
HunterGatherers, along with genomes from the modern descendants of human
lineages that are thought to have separated from the Eurasian dispersal at an
early stage (S Appendix, Fig. S11). Selection onset times were estimated using
two separate statistical procedures: 1) the x-intercept from a standard linear
model that regressed total sweep presence for each sample upon the reported
specimen date and 2) the best fitting trajectory of aggregate sweep presence
per sample through time inferred from population genetic simulations of hard
selective sweeps under a plausible demographic model that accounts for sweep
detection properties and the empirical characteristics of our samples.

Functional Analysis of Candidate Genes (S/ Appendix, Supplemental
Materials 3). In addition to seven genes originating from sweeps that contained
onlyasingle gene, 25 putative target (i.e., candidate) genes were identified from
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the remaining sweep regions by running iSAFE on modern genomes from individ-
uals with Northern and Western European ancestry (i.e., Utah residents from the
Thousand Genomes Project [CEU]) and searching for cases where a single gene
contained more than 50% of the top 20 iSAFE SNPs, and no other gene had more
than 20% of these top 20 SNPs, in each sweep region (S/ Appendix, section 3.1).

These genes were functionally classified by performing a systematic review of
human disease literature, as well as animal and cell knockout phenotypic datasets
available on public databases, and through utilization of available online bioinfor-
matic functional annotation tools (S/Appendix, section 3.4). Similar classifications
were also performed for comparative sets of candidate genes from modern Arctic
human populations and HAl loci obtained from previously published studies (see
Sl Appendix, section 3.2 for full list of studies and candidate gene selection crite-
ria). Discussion of the functional evaluations, including evidence for biological
coordination across the three gene sets and all relevant literature, are provided
in S/ Appendix, sections 3.4-3.6.

We performed a series of quantitative analyses to assess the robustness of
our functional classifications and levels of biological coordination across can-
didate gene sets. We assessed the essentiality of the candidate genes through
statistical tests of multiple loss-of-function mutation metrics published in ref.
95 (SI Appendix, section 3.3). Evaluation of coherent biological functionality
among the candidate gene sets was performed using standard enrichment
tests of predefined functional and biomedical annotations on the STRING data-
base (64) (S Appendix, section 3.8). We also used PPI metrics from the STRING
database to formally evaluate hypotheses concerning the degree of biological
connectivity among the three candidate gene sets (S/ Appendix, section 3.7).

Evaluating the Hominin Source of Sweep Driver Alleles (S/ Appendix,
Supplemental Materials 4). To examine if the hard sweeps were driven by
introgressed hominin alleles, we used admixfrog (65, 83) to infer intro-
gressed hominin sequences within the combined set of genomes from the
Anatolian EF population, which have the largest set of shotgun-sequenced
genomes among the ancient Eurasian populations we had surveyed for hard
sweeps. Hominin allele frequencies were calculated as the proportion of
inferred introgressed sequences at each nucleotide position up to 1 Mb
either side of the most likely target site at each sweep (taken as the position
of the peak SF2 signal). For each sweep, hominin allele frequencies were
averaged in successive 25 kb bins and SEs were compared to values at the
putative target site (Fig. 3).

Data, Materials, and Software Availability. Datasets 1-56 and Dataset 57
have been deposited in adelaide.figshare.com and are accessible via https://doi.
0rg/10.25909/22359865 (99) and https://doi.org/10.25909/22359874 (100),
respectively. All genetic datasets used in this study are publicly available with
summaries and links provided in the S/ Appendix.
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