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Genomic imputation of ancient
Asian populations contrasts local adaptation
in pre- and post-agricultural Japan

Niall P. Cooke,’-® Madeleine Murray,' Lara M. Cassidy,” Valeria Mattiangeli,” Kenji Okazaki,> Kenji Kasai,*
Takashi Gakuhari,® Daniel G. Bradley,” and Shigeki Nakagome'->7.*

SUMMARY

Early modern humans lived as hunter-gatherers for millennia before agriculture, yet the genetic adapta-
tions of these populations remain a mystery. Here, we investigate selection in the ancient hunter-gath-
erer-fisher Jomon and contrast pre- and post-agricultural adaptation in the Japanese archipelago. Building
on the successful validation of imputation with ancient Asian genomes, we identify selection signatures in
the Jomon, particularly robust signals from KITLG variants, which may have influenced dark pigmentation
evolution. The Jomon lacks well-known adaptive variants (EDAR, ADH1B, and ALDH2), marking their
emergence after the advent of farming in the archipelago. Notably, the EDAR and ADH1B variants
were prevalent in the archipelago 1,300 years ago, whereas the ALDHZ2 variant could have emerged later
due to its absence in other ancient genomes. Overall, our study underpins local adaptation unique to the
Jomon population, which in turn sheds light on post-farming selection that continues to shape contempo-
rary Asian populations.

INTRODUCTION

For tens of thousands of years, human populations were exclusively reliant on hunting and foraging for sustenance, before the advent of agri-
culture during the Holocene period.'™ While this shift is a relative blip on the evolutionary timescale, it had an enormous impact on global
lifeways.”® Much effort has been devoted to uncovering the population dynamics that accompanied the spread of farming, which include
migration, admixture, turnover, and growth,””"" as well as adaptation to novel selective pressures that emerged from the change of dietary
habits and the increase of pathogen loads following this transition.'”'” However, it is equally critical to understand the evolutionary trajec-
tories of pre-agricultural humans, including selective pressures that characterized these early hunter-gatherer populations.

Extant hunter-gatherers often inhabit isolated or extreme environments that are not suited to agriculture,” offering an accessible model
for studying the genetic basis of human adaptation, such as metabolic pathways specialized for high-fat diet’’ and short stature potentially
beneficial for efficient hunting.”>** It is unknown whether or not similar patterns of phenotypic adaptation would have also been present or
even advantageous in pre-agricultural populations living in less hostile terrain. A population-scale dataset of ancient genomes from pre-agri-
cultural humans makes it possible to identify the adaptive traits that are present or absent in these populations,””” which in turn provides
critical insights in the distinctive natures of pre- and post-farming evolution.

The indigenous Jomon population of prehistoric Japan, known as one of the most deeply diverged populations in East Asia, provides
an unparalleled opportunity to explore adaptive history throughout lifeway transitions from pre- and post-agriculture. The Japanese archi-

8,26,27

pelago is marked by many thousands of years of insular isolation for the Jomon, prior to more recent shifts to rice farming and then to state
formation.®?®?” This history makes the region an ideal contained system in which to contrast pre- and post-agricultural populations.

In this study, we leverage genomic imputation®~
statistically infers the likely identity of missing genomic data based on available sequence information and common haplotypic patterns, usu-
ally determined through the use of a phased reference panel (e.g., 1000 Genome phase 3°°%). However, it remains still unclear how effectively
imputation performs for populations like the Jomon, whose ancestry is only represented in present-day reference panels by Japanese pop-

to increase the genomic resolution of low-coverage ancient genomes. This approach

ulations.® Here, we assess and implement the imputation of ancient Japanese genomes and those from continental Asia, uncovering the
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Figure 1. Performance of imputing heterozygotes in five ancient individuals

(A and B) The ability to impute ancient Asian individuals is assessed by two metrics: (A) the concordance measures how many of heterozygous sites in the original
diploid genomes are successfully recovered from imputation, while (B) the accuracy quantifies how many of the sites that are imputed as heterozygotes are
validated with the diploid data. These metrics are calculated for seven different depths of lower coverage data downsampled from the original data (i.e.,
0.01, 0.05, 0.1, 0.5, 1, 2, and 5 X ). The lines with open circles represent transition mutations, while those with closed circles represent transversions. The
ancient genomes included are as follows: two Jomon individuals (JpKa6904 and F23, represented by red and pink respectively), a 31,600-year-old Upper
Palaeolithic North Siberian (Yanal represented by green), and two Siberian individuals from the Baikal Region and Krasnoyarsk Krai (irk034 and kra0OO1,
represented by blue and orange, respectively).

footprints of natural selection that are uniquely characteristic of pre-agricultural hunter-gatherers and the origins of adaptive traits that
continue to characterize modern populations.

RESULTS
Assessing the performance of imputation in ancient Asian individuals

The applicability of imputation to ancient Asian individuals remains relatively unexplored compared to those from various geographic regions
within West Eurasia.’*~** In particular, haplotypic patterns or variation in ancient populations may not be necessarily well represented in large
present-day reference panels, which may result in inaccurate calls or biases toward included populations.® It is therefore important to estab-
lish how well deeply diverged ancestral lineages—which often have no or a very little genetic contribution to present-day populations—can
be imputed to higher coverage (Figures 1 and S1).

Here, we took an approach in which high coverage ancient individuals were downsampled, put through an imputation pipeline imple-
mented by GLIMPSE,*” and compared to their original diploid genotypes. This approach was applied to two individuals of Jomon who
have been sequenced to relatively high-coverage (8,819-year-old “JpKa6904" and 3,755-year-old “F23"; coverages of approximately 7.5 X
and 35 x respectively)g'3’8 and three additional individuals that have different temporal, spatial, and archaeological contexts (31,600-year-
old Upper Palaeolithic “Yanal” representing the Ancient North Siberian lineage, a 5,533-year-old individual from the Baikal region
“irk034", and a 4,186-year-old individual from Krasnoyarsk Krai “kra001 "),37:40

Our analysis shows that high proportions of diploid genotypes were successfully recovered from imputation (>98.9%), which we define as
"concordance rates,” with genome coverage of >0.5 x (Figures 1A, ST1A, and S1B). The concordance rates are extremely high for homozygous
sites (>99.7%) for both transitions and transversions. The concordance rates for transition sites are marginally lower than transversions when
focusing on heterozygous sites. However, they become comparable once the coverage reaches 0.5 x (Figure 1A). The accuracy per site is
nevertheless high in heterozygous sites for both transitions and transversions (>97%) (Figures 1B, S1C, and S1D), supporting an idea that alleles
produced through this imputation pipeline are reliable, even for the coverage as low as 0.05 x . However, the number of imputed heterozy-
gotes significantly decreases when the coverage drops below 0.5 X primarily due to misclassifications of heterozygotes as homozygotes
(Figures 1A and S2). We thus defined a coverage cut-off as 0.5 X for excluding ancient individuals from haplotypic-based analyses, which is
consistent with findings from the previous studies involving ancient samples from other geographic contexts.”*' Given the high accuracy rates
observed regardless of coverage and mutation type, we included all available individuals in frequency-based analyses, i.e., selection scans. This
is strong evidence that imputed data provides a firm foundation upon which to conduct further demographic and selection analysis.

Genetic uniqueness of hunter-gatherer-fisher Jomon in the broader Asian context

Leveraging IBDSeq"' with 126 imputed ancient genomes from various parts of East Eurasia with coverage of >0.5 X (Table S1), we provide a
comprehensive picture of identity-by-descent (IBD) sharing across all pairs of individuals (Figure 2A). Our principal component analysis (PCA)
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Figure 2. Haplotypic analysis of 126 imputed ancient Asian individuals

(A) Principal component analysis based on a matrix of identity-by-descent (IBD) sharing between all pairs of imputed ancient individuals. Different colors show
different geographic or cultural backgrounds.

(B) ROH profiles stratified by their total lengths of short (<1.6 Mb) and long (>1.6 Mb) fragments. Individuals with the coverage <0.5 X in their original data (i.e.,
pre-imputed data) are excluded due to insufficient numbers of imputed sites available for this analysis.

based on the IBD patterns captures the positioning and clustering of samples that broadly mirror their geographic or cultural affiliations in the
continent, such as the individuals from Yellow River*” or the Baikal populations split into the Neolithic and Bronze Age groups.”” The most
striking observation is the degree to which the Jomon stand out from all continental populations in the second principal component (PC2).
Regardless of temporal and spatial variation (Figure S3), as well as a lack of kinship (Figure S4), the twelve Jomon individuals display a uniquely
high amount of internal IBD compared to the rest of the dataset (Figure S5). This pattern is still observable even if analysis is restricted to
shorter or longer lengths (1-5 Mb, 5-10 Mb, or >10 Mb) of shared IBD (Figure Sé), although the tightness of the cluster decreases somewhat
as when only longer fragments are included. In line with previous studies, the survival of Jomon ancestry is evident in a historical individual
from the Ryukyu Islands,**** three individuals from the Kofun period and in individuals from the historic Korean Three Kingdoms period. How-
ever, Jomon ancestry is not evenly distributed, with one of the Kofun samples sharing more IBD with the Yellow River population, which sup-
ports the previously reported genetic affinity between the Kofun and people with widespread East Asian ancestry’ and an uneven level of
sharing within the Historic Korean population in line with differing levels of reported Jomon ancestry.

The Jomon also stand out from other Asian populations with their highest total levels of runs-of-homozygosity (ROH) in Asia (Figures 2B
and S7), with an excessive amount of short ROH fragments (<1.6 Mb in size). This pattern supports a strong bottleneck and small population
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size in the Jomon, as shown in a previous study.8 In particular, the highest levels of ROH are observed in the two Jomon individuals (F5 and
F23) from the same site (i.e., Funadomari site of Rebun Island, north of Hokkaido); they also share excessively high amount of IBD (>1,000 Mb)
compared with any pairs of the other Jomon individuals (Figure S8). This enhanced resolution of genomic data identifies a degree of
geographic substructure within the otherwise largely uniform Jomon, which has been previously undetectable with pseudo-haploid data.’
Additionally, the lack of evidence on inbreeding in this set of ancient East Eurasians highlights the role of demography including population
size and admixture, rather than cultural processes, in shaping the elevated levels of autozygosity as is the case of ancient West Eurasians®

Detecting genetic signatures of local adaptation in pre-agricultural hunter-gatherers

The long-lasting isolation of Jomon in the Japanese archipelago prior to the arrival of agriculture may make it possible to genomically identify
adaptive traits that are unique to a hunter-gatherer lifeway. To scan for signatures of natural selection at a genome-wide scale, we applied the
population branch statistic (PBS)" to a set of 19 Jomon individuals (Figure S3) by using Utah residents (CEPH) with Northern and Western
European ancestry (CEU) and Han Chinese in Beijing, China (CHB) as an outgroup and a reference, respectively. This allele frequency-based
approach can mitigate confounding effects of the strong linkage disequilibrium found throughout the Jomon genomes on the selection scan
(Figure S9). Our sliding window analysis identified 12 regions with high PBS values ranked in the top 0.1% of the empirical distribution (Fig-
ures 3, S10, and S11), highlighting selective pressures unique to the Jomon lineage and those absent in the Jomon but characteristic of the
broader East Asian populations. The strongest signals of selection in the Jomon, ranking within the top 0.01%, are observed in two regions on
chromosomes 7 and 12 (Figure 3) and are robust to the choice of different reference populations in the scans (Figure S10). Furthermore, these
two regions are marked by a significant reduction in genetic diversity entirely or locally within each window as expected from a recent selective
sweep”® (Figures 3and S11). In contrast, although PBS values exceed the top 0.1% around the EDARlocus, a well-known adaptive gene in East
Asia, the region exhibits a high level, rather than a low level, of genetic diversity in the Jomon compared with the other populations (Figures 3
and S11).

EDAR has strong associations with a variety of traits (Figure S12A) including hair thickness,” earlobe and chin shape,”® and a suite of
morphological variants on teeth.”'*” A focal mutation at Val370Ala (rs3827760) is generally at extremely high frequencies across the ancient
as well as modern datasets (Figure 3). Intriguingly, this allele is completely absent from all Jomon individuals included in this analysis. This
finding is further validated by counting raw reads carrying the ancestral or derived alleles (Table S2), as well as by estimating allele frequencies
based on these read counts'®?” (Figure 513). These results suggest that this adaptive mutation was almost absent in the population ancestral
to the Jomon. The oldest ancient individual reported to have this mutation is an Upper Pleistocene individual dated to 19,587-19,175 cal BP,
the end of Last Glacial Maximum (LGM), from the Amur River Basin, northern China (AR19K),>* a finding we also observe (Figure S14). Given
that the Jomon lineage has been estimated to have emerged 15,000-20,000 years ago,” our analysis provides an upper limit of the temporal
origin of ~20,000 years ago for this adaptive mutation, which in turn suggests that this mutation emerged in response to the environmental
conditions observed during the LGM.

The highest peak observed in the selection scan analysis comes from a region on chromosome 7, with a window including four protein-
coding genes: KCND2, TSPAN12, ING3, and CPED1 (Figures 3 and S11). Compared with the present-day or ancient population, the Jomon
display particularly low heterozygosity in the region, in which several single nucleotide polymorphisms (SNPs) show significant associations
with bone health (Figure S12B). Quantifying differences in allele frequencies between the Jomon and each of the continental populations, we
were able to further narrow potential targets of natural selection down to three SNPs, whose frequencies are among the most differentiated
sites in the region (rs150038188, rs143809091, and rs77567846; Figure S15). These SNPs have derived allele frequencies of >94% in Jomon,

1> or of osteoporosis55 (Table S3). These fre-

with phenotypic impacts on heel bone mineral density, an indicator of physical activity leve
quencies contrast with those observed in modern Africans and European populations (<5%) and in ancient and modern East Asian popula-
tions (<50%) (Figures 3, S13, and S16A).

We additionally found strong signals of selection in aregion on chromosome 12 (Figure 3), which also encompasses several protein-coding
genes. This includes KITLG, a gene well-known for its functional roles in pigmentation. The heterozygosity in Jomon is extremely low down-
stream of this gene when compared to other ancient and modern populations (Figures 3 and S12C): within this region, two SNP sites
(rs74381527 and rs11495049) are highly differentiated in their frequencies between Jomon and ancient or modern continental populations
(Figure S17). The derived alleles are almost exclusively observed in Jomon (60%) and are rarely seen in other populations (Figures 3, S13,
and S16B). Notably, the UK Biobank dataset”™”’ reveals a clear phenotypic impact associated with these alleles, manifesting as darker
hair and skin pigmentation (see Table S4). This observed phenotypic effect may be facilitated by alterations in KITLG expression, as indicated
in the GTEx data.”®

Tracing selection following the introduction of agriculture

The presence or absence of adaptive variants identified from modern populations in the Jomon is also informative as to whether selection
occurred before or after the agricultural revolution. One of the traits specifically associated with modern people of East Asian descent is a
physiological reaction to the consumption of alcohol in which the skin of affected individuals turns a pinkish-red color, a phenomenon known
as “Asian Flush.”*”° This response is caused by an accumulation of excessive acetaldehyde in the blood due to atypical forms of enzymes
involved in alcohol metabolism.®’ Variants in genes that encode proteins associated with different stages of the alcohol breakdown pathway,
such as rs1229984 at ADH1B and rs671 at ALDHZ (Figure 4A), are present at elevated frequencies in East Asian populations (Figure $18)°%¢3
and appear to have undergone recent selection in modern Japanese populations.'***¢* The temporal patterns of allele frequencies are
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Figure 3. A genome-wide scan for positive selection in the Jomon

Top: Transformed PBS represents rankings of windows (size: 80 SNPs; step between windows: 10 SNPs) by their PBS values. The dashed horizontal lines show the
99.9th (magenta) and 99.99t (purple) percentiles of the empirical distribution. Middle: Heterozygosity of Jomon (red), Han Chinese in Beijing (CHB; blue), and
Utah Residents with Northern and Western European ancestry (CEU; orange) in the regions on chromosomes 2, 7, and 12. The protein-coding genes present in
each region are shown by solid lines with magenta. The dashed lines mark the locations of focal SNPs in each region. Bottom: Frequencies of focal alleles in
ancient populations and modern-day references. The bar plots represent the frequencies of ancestral (blue) and derived (orange) alleles for SNPs of the
region on chromosomes 2, 7, and 12, respectively. The frequencies of other SNPs (rs150038188 and rs77567846 on chromosome 7; rs11495049 on
chromosome 7) are shown in Figure S16.

consistent across SNPs in strong linkage disequilibrium ( > 0.8) with those two loci (Table S5
less of transitions or transversions (as shown in Figures 1 and S1).

, supporting the accuracy of imputation regard-

Our imputation and allelic count approaches clearly demonstrate the complete absence of both adaptive alleles among the Jomon popula-
tion (Figures 4A and S13; Table S2), supporting a possibility that they were brought by later arrivals to the archipelago from the continent. A “C-to-
T" missense mutation at rs1229984 (Argd7His) results in a more active form of the alcohol dehydrogenase 1B (ADH1B) enzyme®® and is observed at
high frequencies in present-day East Asian populations (Figures 4A and S18A). Our diverse set of ancient genomes from pre- and post-farming
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Figure 4. Tracing selection within the alcohol metabolism pathway pre- and post-farming

(A) Temporal changes in allele frequencies at rs1229984 and rs671 in Japanese and Chinese populations. The bar plots represent the frequencies of ancestral
(blue) and derived (orange) alleles for those SNPs. Two enzymes are mainly involved in this pathway: first, ADH1B converts ethanol into acetaldehyde, and
then ALDHZ digests acetaldehyde into acetate. The nonsynonymous mutation at ADH1B (rs1229984) speeds up the conversion process, while the mutation
at ALDHZ (rs671) slows down the digestion. Natural selection on this pathway is directed toward the local accumulation of acetaldehyde.

(B) Contrasting the recent population growth with the emergence of a novel trait that facilitates the accumulation of acetaldehyde. Top: A temporal change in
effective population size estimated from IBD sharing between individuals. The estimates are obtained from five different time points: four individuals of the
Odake site (Jomon; 5,979 years before present, BP), two individuals of the Kosaku site (Jomon; 4,159 years BP), two individuals of the Funadomari site
(Jomon; 3,755 years BP), three individuals of the Ilwade site (Kofun; 1,348 years BP), and 104 individuals of modern Japanese. Bottom: Evolution of genetic
potential to retain acetaldehyde. The plots show genetic scores of alcohol consumption estimated from the two SNPs (rs1229984 and rs671)°° among
individuals from the Jomon (n = 19), Kofun (n = 3), and modern Japanese (n = 104). The x axis represents time with the same scale as that in the top plot.

populations show that this variant is observable in individuals from the broad Yellow River cluster in ancient China, historic Southern China, historic
Korea, and the imperial Kofun period of Japan (Figures S13 and S18A). The earliest occurrence of this mutation that we observe is ~4,000 years
ago duringthe Late Neolithic period (Figure 4A), which roughly coincides with an intensification in rice farming and an increased genetic affinity to
present-day populations from China and Southeast Asia compared to the preceding Middle Neolithic period.***” The frequency continued to
increase within China in subsequent periods of the Late Bronze Age and Iron Age and is at its highest level in present-day populations. By the
historic period, the allele had become prevalent in Southern China and Korea. Given that the Kofun period saw a large influx of people from con-
tinental East Asia, including Yellow River Basin, via the Korean Peninsula,’ this allele was likely introduced through migration to the archipelago
during this time and spread into Japanese populations through admixture with indigenous people. The total absence of the allele in the Jomon
may also suggest that this mutation and its resulting phenotype conferred no advantage to the hunter-gatherer lifeway, and that its later rise in
frequency may be due to the impact of subsistence change after the introduction to farming to the region.

In contrast to rs1229984, a “G-to-A" missense mutation at rsé671 is unobservable across all ancient populations from our dataset, except for
in Historic Korea (Figures 4A, S13, S18B, and S19). Although no confirmed reads carry this mutation, the majority of SNPs in strong linkage
disequilibrium with rs671 support the presence of derived alleles in this population (Figure S19). This mutation changes the position of amino
acid residue 504 from glutamic acid to lysine, leading to a slower breakdown of acetaldehyde to acetate via the aldehyde dehydrogenase
enzyme.®® This result suggests that the two mutations directly affecting alcohol metabolism on the same pathway occurred at separate stages
of history, within different cultural contexts. The emergence of adaptive mutations is often contextualized into the growth of human popu-
lations (i.e., the larger a population becomes, the more adaptive variants appear in the population.®” Due to the complete fixation of ancestral
alleles at both sites, the genetic potential to retain more acetaldehyde was low in the Jomon, where the population size was constantly small
over time (Figure 4B). However, this trait became more variable when the population started to increase in the Kofun period. This evolution
further accelerated during which the population exploded in the last 1,300 years, resulting in a bimodality of this phenotypic variation in the
modern-day population.

DISCUSSION

Our study performs the first in-depth analysis of natural selection in hunter-gatherer-fisher Jomon. We first demonstrate high rates of accuracy
and concordance for genotype imputation in ancient Asian individuals including two Jomon individuals. The vast majority of sites used for the
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direct comparison of diploid and imputed data are homozygous for either reference or alternative alleles; these sites are imputable with very
high rates of concordance and accuracy as long as the coverage is > 0.01 x (Figures 1 and S1). In contrast, the ability to recreate heterozygotes
is limited by a higher genome coverage of 0.5 X due to a reduction in the number of heterozygous sites correctly imputed (Figure S2). Thus,
imputing low-coverage genomes (e.g., <0.5 X ) comes with a caveat that it may lead to an overall lack of heterozygosity. We also design our
imputation framework to minimize potential impacts of ancient DNA damage by imputing data without transition sites, which results in lower
concordance rates of imputed sites with transitions than those of transversions. Still, a high rate of accuracy is achievable across all coverage,
suggesting that imputed sites are useful, regardless of transitions or transversions, for allele-based analysis such as determining the presence
or absence of adaptive alleles. This validation of the successful imputation of ancient Asian genomes enabled us to confidently increase the
genomic resolution of individuals from this region and opened novel analytical approaches.

Taking advantage of the potential of imputed data for the deeper analysis, our study provides new insights into pre- and post-farming
selection. Following their arrival and subsequent isolation on the archipelago, the population profile of the Jomon became markedly different
from those of mainland Asia (Figure 2), with a high level of temporal and spatial genetic homogeneity due to a strong bottleneck and small
effective population size as previously shown.® The divergence of the Jomon lineage appears to have preceded the highly prevalent EDAR
V370A mutation within Asia (Figure 3); this finding is supported by a lower rate of incisor shoveling in Jomon.”® While this variant is at near
ubiquity in a diverse range of genetic clusters from Asia (Figures 3 and S14), it is completely absent in those who predate the emergence of
Jomon lineage estimated to be 15,000-20,000 years ago (i.e., a 33,000-year-old Upper Pleistocene individual from Amur region, a 31,600-year-
old individual from Yana River in Siberia, and 24,000-year-old Upper Paleolithic Siberian from Mal'ta).® Given that the presence of this variant is
traceable at least for the last 19,000 years (Figure S14), this mutation could have appeared during the LGM when aridity increased and bio-
logical productivity reduced dramatically.”"’?

A lack of this selection on EDAR V370A in Jomon in turn raises an intriguing question as to how they coped in extreme environments.
Our analysis mapped the most pronounced allele frequency differences between Jomon and other populations onto the two genomic loci
including ING3 on chromosome 7 and KITLG on chromosome 12 (Figure 3). ING3 and its surrounding region have robust associations with
heel bone mineral density (Figure S12B; Table S3), loss of which results in osteoporosis, a common chronic form of disability. Knockdown of
this gene impairs osteoblast differentiation but enhances adipogenesis; this implies its function in determining the fate of mesenchymal
progenitors.” Thus, this selection may have been driven by the high levels of physical activity required for hunting and gathering, which
has been also implicated from Mesolithic hunter-gatherers in Europe.”* The other gene, KITLG, is well-known for its associations with vari-
ation in hair and skin pigmentation’* as well as its adaptive roles in the ancestor of modern European populations.’® These phenotypic and
selection signals come from the enhancer region upstream of the KITLG transcription start site; a reduction in enhancer activity and KITLG
expression results in lighter coat color in mice.”’”® However, our scan of Jomon genomes identified selection signatures from its down-
stream region including the derived alleles that are almost exclusive to Jomon (Figures 3 and S13) and associated with the increase of
KITLG expression as well as dark hair color and dark skin pigmentation (Table S4). European hunter-gatherers tend to have darker skin
colors even under low environmental UV radiation compared with later farmer,®””®° which was potentially due to their accessibility to
a diet rich in vitamin D.°" Our results highlight a new possibility that dark pigmentation may have been favored in such pre-agricultural
hunter-gatherers, rather than persisting as the ancestral state.®” Given the pleiotropic effects of KITLG in melanogenesis, hematopoiesis,
and gametogenesis,”® these variants may have been maintained in this population not directly for skin pigmentation but for other aspects
of human physiology.

These selective pressures could have been relaxed due to population movement and admixture® or increased sedentism and warm and
stable climate when paddy field rice cultivation spread into the archipelago in the Yayoi period,**® as suggested in a previous study.®
Selection may have then shifted toward the emergence of novel mechanisms on alcohol digestion in this transition (Figure 4). One example
of this is the ADH1B allele, which accelerates the rate of conversion from ethanol to acetaldehyde, and arrived in Japan by the time of the
Kofun period. While this mutation was completely absent in the Jomon, it started to increase in its frequency in the Yellow River region of
China from the Late Neolithic onward (Figure 4A). This mutation is, however, unobservable in the West Liao River, Amur River, and
Neolithic Baikal populations (Figure S18A), who all represent Northeast Asian ancestry introduced into the Japanese archipelago during
the Yayoi period.’ The prevalence of this adaptive allele in Korea during the period coinciding with the Kofun era supports the possibility
that this allele was brought to the archipelago with the arrival of East Asian ancestry during that time. Another mutation in the same
pathway subsequently emerged, which slows down the digestion of acetaldehyde into acetate by ALDH2. This mutation is only observable
in Historic Korea at a very low frequency among our diverse set of ancient populations and individuals (Figures 4A and S18B), suggesting
its very recent origin, possibly within the last millennium to two millennia consistent with recent findings.®” This post-agricultural selection
has shaped the inter-individual variability in the alcohol metabolism and “Asian Flush” phenotype observed among the modern popula-
tions (Figure 4B).

In summary, taking advantage of the applicability and reliability of genotype imputation to increase the genomic resolution of
ancient genomes and the accessibility to both hunter-gatherers and farmers, our study provides genetic evidence on the shift in selective
pressures before and after the agricultural revolution in Japan, and more broadly across East Asia. Population movement and admixture
appears to have played a critical role not only in transforming lifeways but also in producing phenotypic variation that continues to
characterize modern populations. Our approaches illustrate the utility of rapidly growing ancient human genomes with modern bio-
informatic methods for understanding regional impacts of agricultural transitions on local adaptation and phenotypic variation in human
populations.
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Limitations of the study

The main limitation of this study is the small sample size of the Jomon population. We included all accessible Jomon genomes, nineteen in-
dividuals in total, into our imputation framework and selection scans. However, it is important to highlight that seven of these genomes exhibit
high missing rates in their imputed data, as evidenced in Figure S2. This is primarily due to their failure to meet the 0.5 X coverage cut-off.
While we are confident with the reliability of the imputed genotypes, it is worth emphasizing the need for additional ancient genomes to vali-
date and strengthen the findings presented in this study.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

1000 Genomes Phase 3 1000 Genomes Project Consortium™® https://www.internationalgenome.org/

data-portal/data-collection

BioBank Japan Matoba et al. (2020)°° https://humandbs.dbcls.jp/en/hum0014-v32
GTEXx Portal GTEx Consortium”® https://gtexportal.org/home/
Open Target Genetics Ghoussain et al. (2021)°°; Mountjoy et al. (2021)°*’ https://genetics.opentargets.org/

Software and algorithms

bcftools v1.11 Li (2011)%8 http://samtools.github.io/bcftools/beftools.html

DownsampleSam N/A https://gatk.broadinstitute.org/hc/en-us/articles/
360036431292-DownsampleSam-Picard

GATK (v3.7-0 and v4.3-0) McKenna et al. (2010)*” https://gatk.broadinstitute.org/hc/en-us

GLIMPSE v1.0.1 Rubinacci et al. (2021)* https://odelaneau.github.io/GLIMPSE/glimpse1/index.html

IBDne Browning and Browning (2015)"° https://faculty.washington.edu/browning/ibdne.html

IBDSeq Browning and Browning (2013)"' https://faculty.washington.edu/browning/ibdseq.html

KING v2.2.5 Manichaikul et al. (2010)”" https://www.kingrelatedness.com/

PLINK v1.90b4.4 Purcell et al. (2007)7? http://zzz.bwh.harvard.edu/plink/

samtools version 1.7 Li et al. (2009)7* http://samtools.sourceforge.net/

vcftools v0.1.13 Danecek et al. (2011)7* https://vcftools.github.io/index.html

R software R Core Team https://www.r-project.org/
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Further information on materials, datasets, and protocols should be directed to and will be fulfilled by the lead contact, Shigeki Nakagome
(NAKAGOMS@tcd.i.e).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e The 260 ancient previously published genomes used in this study are all listed in Table S1.
e This paper does not report the original code.
e The full imputed database (in PLINK format) and any additional information required to reanalyse the data is available upon request
from the lead author.

METHOD DETAILS

Data processing and imputation pipeline

260 ancient genomes (listed in Table $1) were processed using the same pipeline as those used in a previous study® with two additional steps:
aligned reads were further filtered for a higher mapping quality threshold of 25 using samtools version 1.7,”* and all reads with less than 34 bp
in length were removed.

We used the 1000 Genomes Phase 3 as the reference panel for imputa‘[ion,35 which is composed of 75,880,357 SNP sites. All bi-allelic var-
iants were called from ancient data, and the corresponding genotype likelihoods were calculated using bcftools v1.11% with the arguments
“-mpileup” and “-call” respectively, and subsequently indexed with “-index"”. The genotype likelihood score for all transition sites was manu-
ally lowered to “0" before imputation in order to account for potential errors caused by damaged ancient DNA that would influence the impu-
tation output.
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Ancient genomes were imputed using GLIMPSE v1.0.1.*” The computational speed of this method made it possible to impute each

ancient individual independently, and not as a single batch in which the imputation would be informed by markers in the other ancient sam-
ples. For any known second-degree relatives within the dataset, only the highest coverage individual was imputed. Input genomes were first
splitinto chunks of 2 Mb windows with a buffer size of 200 kb using GLIMPSE_chunk and subsequently imputed with GLIMPSE_phase. These
chunks were then ligated using GLIMPSE _ligate. Output SNPs were further filtered based on their output genotype likelihood score, with only
SNPs reaching 99% considered in further analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Validation of imputation

We assessed the performance of imputation by downsampling the processed BAM file for five selected high coverage ancient individuals to
lower coverages (i.e., 0.01, 0.05, 0.1, 0.5, 1, 2, and 5X), using DownsampleSam, part of Picard tools version 1.101 (https://gatk.broadinstitute.
org/hc/en-us/articles/360036431292-DownsampleSam-Picard) with random seed “1234". We independently imputed each individual at each
coverage under the same pipeline, and compared the output sites to the original sequence data. The five individuals with >7.5 X coverage
that were included in this comparison were: two Jomon individuals “JoKaé904"® and “F23",*® sequenced to a depth of approx. 7.5 X and 35 x
respectively; two individuals from the Baikal region “irk034" and "kra001"*” 14.1 x and 13.2 X respectively; and the ~33kya Upper Paleolithic
North Siberian “Yana1"‘’ with a coverage of approx. 23 x .

Diploid variants were called from processed bam files using HaplotypeCaller, which is part of GATK version 3.7-0.%7 Sites were further
filtered for a minimum allele balance of 40%, a base quality of 30, and a depth of 10 using FilterVcf in GATK version 4.3-0%" and vcftools
v0.1.13.7

Direct comparisons were made between sites common to the imputed and downsampled individuals. Performance was measured under
two metrics: a) concordance, which was defined as rate at which diploid sequence data was correctly re-created through imputation (i.e., over-
lapping sites divided by the sites present in the diploid data) and b) accuracy, which was defined as how often imputed data accurately
matched the sequence data (i.e., overlapping sites divided by the number of imputed sites).

Jomon kinship analysis

We further assessed kinship within the entire Jomon population (n = 19) to look for potential deeper relatives (third to fifth degree relations)
using KING v2.2.5 —kinship.”" The imputed data were filtered for minor allele frequencies >1% and transversions only.

IBD analysis

Identical-by-descent (IBD) segments of the genome across imputed individuals were identified using IBDSeq vr1206"" using parameters as
follows: —errormax = 0.00 -ibdlod = 2 —r2max = 0.15 —r2window = 500. Analysis was confined to sites filtered for minor allele frequencies >1%
and transversions only. Low-coverage individuals that showed >15% missingness in their imputed genotypes were removed from analysis, as
were the lower coverage individuals of any second-degree relatives; SNPs with >10% missingness rate were subsequently removed using
—geno 0.1 in PLINK v1.90b4.4.”” The IBDSeq output was further used to estimate recent population sizes using IBDne” with default param-
eters. Estimated population sizes were calculated by taking a harmonic mean of the values estimated between 5 and 15 generations. Principal
component analysis based on the shared IBD between each individual was calculated using the prcomp function in R.

ROH analysis

We measured the proportion of imputed genomes under runs of homozygosity (ROH) using PLINK v1.90b4.4.7% As in IBD analysis, this analysis
was conducted on sites filtered for minor allele frequencies >1% and transversions only, with low-coverage individuals (>15% missingness)
and poorly imputed SNPs (>10% missingness after the exclusion of low-coverage individuals) not included in the analysis. ROH was measured
in each imputed genome using the following options: -homozyg ~homozyg-density 50 ~homozyg-gap 100 ~homozyg-kb 500 ~homozyg-snp
50 ~homozyg-window-het 1 ~homozyg-window-snp 50 ~homozyg-window-threshold 0.05.

Positive selection scan

We used PLINK v1.90b4.47? to calculate allele frequencies, specifically focusing on sites filtered for minor allele frequencies >1%, limited to
transversions, and containing no missing genotypes in at least 12 Jomon genomes with coverage >0.5 X (see Figure S3). We then computed
Fstvalues using an estimator as described in Weir and Cockerham (1984)”" for all pairwise comparisons including Jomon (i.e., test population),
CEU (i.e., outgroup), and each of several reference populations (i.e., CHB, the other modern East Asians included in 1000 Genome Phase 3,
ancient hunter-gatherers from the Baikal region, ancient farmers from Yellow River Basin, and a group of individuals from Historic Korea).
These Fst values were further used to measure the Population Branch Statistic (PBS)*” between the Jomon population and each reference
population, with CEU serving as the outgroup. This method has been shown to be powerful in detecting population specific selection in hu-
mans;"’ it allows us to identify SNPs with a change in allele frequency specific to the branch leading to the Jomon. If this change is notably
extreme (i.e., the branch length is significantly longer than the genome-wide average), it can be considered as a sign of positive selection in
the Jomon population.
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To detect signatures of selection, we employed a sliding window approach with an 80-SNP window size and a 10-SNP step size. This
approach identified 12 genomic intervals that contained windows with mean PBS values above the 99.9™ percentile of the empirical distri-
bution (Figure 511). Two of these intervals achieved a more stringent cut-off with the values above the 99.99" percentile of the distribution
(Figure 3). These selection signatures were characterised by overlapping signals of phenotypic associations retrieved from BioMart in En-
sembl (Ensembl Variation 104), with the filters for a human reference genome (GRCh37.p13) and “Study type: GWAS".

We further searched for phenotypes or molecular traits that have significant associations with SNPs uniquely differentiated in Jomon using
Open Target Genetics*** or GTEx Portal*® (see Table 52). One of the phenotypes chosen for this analysis is skin color (Data-Field 1717), which
is coded by eight different categorical values: 1 (Very fair), 2 (Fair), 3 (Light olive), 4 (Dark olive), 5 (Brown), and 6 (Black). Thus, positive values of
effect sizes were considered as genetic effects on darker skin pigmentation.

Adjacent sites in linkage disequilibrium (* > 0.8) with the focal SNPs were identified based on the modern Japanese population from the
1000 Genomes Phase 3 panel,” with the commands in PLINK as follows: —r2 —Id-snp site_position -ld-window-kb 1000 -Id-window 99999 —Id-
window-r2 0.8.

Adaptive allele frequencies based on allelic counts

To validate the differences in allele frequencies among imputed ancient populations, we estimated the frequencies based on numbers of
reads carrying ancestral and derived alleles at each site of interest in the pre-imputed data. We initially retrieved aligned sequence reads
(i.e., BAM files) of ancient Asian individuals from Japan (i.e., Jomon and Kofun), Korea, the Yellow River region, the West Liao River region,
and the Amur River region respectively. Second, we utilised CollectAllelicCounts in GATK version 4.0.5.1 to quantify the presence of ancestral
and derived alleles at a given site. Then, we estimated the allele frequency in each ancient population, taking into account individuals who
possessed imputed genotypes at the site (Figure S13). This estimation was carried out using a likelihood function described in a previous
study.”

Polygenic score calculation

We quantified the genetic potential to retain acetaldehyde for each individual from ancient (i.e., 19 individuals of Jomon and three individuals
of Kofun) and modern Japanese (JPT; n = 104). The scores were calculated from genotypes at rs1229984 (ADH1B) and rs671 (ALDH2) weighted
by the effect sizes estimated from a genome-wide association study (GWAS) on alcohol consumption in a large cohort of BioBank Japan sam-
ples.®” Due to variable coverage across ancient individuals, not all SNPs were present in a given sample. To account for missing information in
this calculation, we used an equation modified from a previous studygoz Score = Y7 1GiBi/ S 12B;, where m is the number of SNPs (i.e.,
two), G; is the genotype at the i-th SNP (i.e., 0, 1, or 2, depending on how many effect alleles an individual has), and 8; is the GWAS-estimated
effect size. The genetic potential was defined in a way that an individual with a higher score has a lower potential to retain acetaldehyde in the
blood.
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