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Abstract

The genetic history of prehistoric and protohistoric Korean populations is not well
understood due to the lack of ancient Korean genomes. Here, we report the first
paleogenomic data from Korea; eight shotgun-sequenced genomes (0.7x~6.1x coverage)
from two archeological sites in Gimhae: Yuha-ri shell mound and Daesung-dong tumuli, the
most important funerary complex of the Gaya confederacy. All eight individuals are from
the Korean Three Kingdoms period (4th-7th century CE), during which there is
archaeological evidence of extensive trade connections with both northern (modern-day
China) and eastern (modern-day Japan) kingdoms. All genomes are best modeled as an
admixture between a northern-Chinese Iron Age genetic source and a
Japanese-Jomon-related ancestry. The proportion of Jomon-related ancestry suggests the
presence of two genetic groups within the population. The observed substructure indicates

diversity among the Gaya population that is not related to either social status or sex.
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Teaser
1,700-year-old genomes reveal the genetic diversity of ancient Koreans in the Gimhae

region.

Introduction

Recent studies reveal that East Asian populations have a significant genetic continuity that
can be traced back to the Neolithic (1-8). Present-day Koreans are an East Asian group
with distinct genetic and linguistic traits. The Korean language is often classified as an
isolate, with no other closely related modern languages (9). A recent study of 1,094
present-day Korean genomes indicates that they are a genetically homogenous group (10).
This apparent homogeneity may be the outcome of isolation during the last centuries due
to genetic drift. Additionally, Korean maternal and paternal markers hint towards multiple
lineages forming the present-day Korean population through admixture events in the past
(10, 11). Modern Korean genomes can be modeled with Bronze Age populations of the Liao
River (China), as well as ancestry associated with ancient individuals from the Japanese

archipelago, and Devils’ Gate genomes in Northern Asia (1).

Agricultural practices and complex societies emerged in Korea during the Bronze Age
(1400-300 BCE) (12). Both the genetic study of rice (12) and archeological research(13)
suggest that rice, and crops including millet and various legumes, were introduced and
subsequently intensively used in the Korean peninsula around 850-550 BCE (13). Up to this
day, the exact location from where the rice was introduced in the Korean peninsula is
controversial, however, there is a consensus that rice cultivation spread from the Korean
peninsula to the Japanese archipelago (14). After agriculture, iron production arrived from
China to Korea around the 4th century BCE (15, 16), and further spread from Korea to Japan
during the Yayoi period (10th century BCE-3rd century CE) (17). However, it is unclear
whether the spread of iron technology in the Korean peninsula was accompanied by human
migration or transferred only via trade and cultural diffusion. The Three Kingdoms (TK)

period of Korea (4th-7th century CE) was an era of extensive development of iron
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technology and trading with neighboring populations. During the TK period, the Korean
Peninsula was ruled by several states (15) including Goguryeo, Baekje, and Silla. The Gaya
confederacy was the last independent territory that lasted until the 6th century CE before
being assimilated by the neighboring Silla (18). Although absorbed by Silla eventually, Gaya
had the most developed iron production and trading infrastructure during the early TK
period, including exchange of goods, and possibly also the movement of people, with the
Wa (Wae) inhabitants of the Japanese archipelago and northern China (19). This suggests
that Gimhae, the political center of Gaya, was an important trading centre and as such its
populace may have included a level of cosmopolitanism as has been reported, for example,

in a recent genetic study of the ancient inhabitants of Rome (20).

At the end of the 3rd century CE archaeological sites from the Gimhae area underwent
changes in funerary rituals that are marked by wooden-chambered burials entirely
replacing and the preceding burials characterized by the stone-lined pit tombs, and jar
coffin tombs (21). Another element that was introduced in this period was a mortuary
practice that involved human sacrifices and the inclusion of various grave goods such as
weapons, mirrors and other items made of bronze and iron as well as severed heads of
livestock, that accompanied the deceased (the main burial) (19). The most important
excavated center of the Gaya culture is a massive burial complex of rulers in Daeseong-dong
in Gimhae, dated 1st-5th century CE. It covers an area of 3,700 m® and consists of 219
tombs, 69 of which are complexes with multiple burials including human sacrifices and
various objects such as pottery, iron armors and items related to archery. More modest
burials existed near shell mounds in the same Gyungsang province, in areas such as Busan
and Gimhae throughout the TK period. Most of these mounds did not include human
sacrifices, but often included a family grave or a single burial (19) such as a female child

skeleton from the Yuha-ri shell mound (AKG_3420).

The TK period was a major formative era in the protohistory of Korea and most likely had a

major impact on the genetic structure of modern Korean populations. However, to date
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there are no paleogenomic data for any prehistoric or protohistoric Korean populations.
Here, for the first time, we assess the genetic structure of eight TK period individuals from
Gaya confederacy in relation to their social status (inferred from mortuary contexts) and

the relationship between the TK individuals and present-day Koreans.

Results

We screened 27 petrous bones and teeth obtained from 22 individuals from two
archeological sites in Gimhae city, Gyeongsangnam-do: the Daeseong-dong and Yuha-ri,
both dated to 4th-5th century CE. The libraries of eight individuals had over 7% of
sequencing reads aligning to the human reference genome (range from 7.3% to 68.9%
(Table S1)). The sequencing yielded coverage depths between 0.7x and 6.1x (Table 1). All
seven Daeseong-dong individuals were associated with specific mortuary practices which
are linked to social status, specifically, main burials, and human sacrifices. A single grave of
a child (AKG_3420) from the Yuha-ri shell mound (Table 1, Fig. 1B, Table S1, Fig. S1-S3)
could not be associated with social status due to the lack of mortuary elements. All eight
genomes exhibited typical deamination patterns (22) at read ends (Table 1, Table S2, Fig.
S4). The deamination rates in the last bases of 5’ and 3’ ends ranged between 22% and
33%. Five of the individuals were identified as female and three as male based on sex
chromosomes and autosomes depth coverage ratios. There was no clear identifiable
familial relationship among the sequenced individuals based on the likelihood method
IcMLKkin (23). The lack of kinship evidence was supported by no signs of inbreeding
observed from Runs of Homozygosity (RoH) analysis using a software based on pseudo

haploid data (24) (Fig. S5).

We generated two base-calling sets with these genomes. First, we called pseudo haploid
positions of the 1,240k dataset (25), a standard call-set that is used in most of the
downstream analyses involving ancient samples. Second, we generated imputed diploid
calls that were used to identify haplotype-based connections with present-day populations,

following previously described methodologies (26).
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Uniparental markers

All the samples have typical East Asian mitochondrial DNA (mtDNA) haplogroups (Table
S3) : D (n=5), B, F and M when we determined the haplogroups from the consensus
sequences obtained from Schmutzi (27) with HaploGrep2 (28). All the identified mtDNA
haplogroups prevail among present-day Koreans (9, 11). The most common Korean mtDNA
haplogroup is D4, which we identified in four of the individuals. This haplogroup is also
common among Japanese Yayoi farmers, while absent in Jomon (29). Out of the three male
individuals in this study, we successfully called Y chromosome haplogroups for two:
AKG_10203 (D1a2al) and AKG_10204 (O1lb2ala2albl). The third male, AKG_10218,
ecould not offer fine resolution, but was nonetheless able to be assigned an O haplogroup.
Haplogroup O is the most common Y haplogroup shared by more than 73% of Korean

males (9), and haplogroup D is more common in the present-day Japanese population (30).

Population genetics based on Principal Component Analysis, qpWave, and ADMIXTURE
We focused on the Human Origins (HO) (31) panel of SNPs and compared those for the
eight genomes with the rest of East Asian modern and ancient diversity. A Principal
Component Analysis (PCA) performed with smartPCA showed the presence of three
differentiated genetic groups in ancient East-Asia: 1) the Amur River populations, 2)
northern China, and 3) southern China and Taiwanese populations (Fig. 2A, Fig. S6, Table
S4-S5). The eight individuals from the TK fall clearly within the diversity of the East Asian
samples, especially present-day Koreans and Japanese (Fig. 2A). However, two samples
(AKG_10203 and AKG_10207), clustered rather closely with present-day Japanese and
closer to Japanese Jomon individuals (Fig. 2A), a pattern which distinguishes them from the

other six individuals which cluster with present-day Koreans.

Next, we further explored the ancestral compositions of the eight individuals using a
pairwise qpWave analysis. The main aim is to identify individuals that might not form a
clade with the others, based on a specified set of outgroup populations. When using a set of

ten outgroup populations, which includes ancient Japanese Jomon populations, most
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individuals formed a clade with each other. However, in contrast, the two aforementioned
individuals, AKG_10203 and AKG_10207, formed a clade only with each other, which is
related to their shared Jomon-related ancestry. We then separated our eight TK individuals
into two groups: (a) the two outliers (Korea-TK_2), and (b) the remaining six individuals
(Korea-TK_1). This grouping is also supported by the diploid call analyses, which shows
that one individual (AKG_3421) has an intermediate position between both clusters and
had a p-value between 0.01-0.05 in the qpWave clustering analysis (Fig. S7). Despite these
facts, the f, statistics f,(Mbuti, Japan_Jomon; AKG_3421, Korea-TK_1_individual) of each
individual within Korea-TK_1 has a z-score of Z<|1.75|, which supports the inclusion of
AKG_3421 within Korea-TK_1. The clustering in the PCA plot could not be linked to the
mortuary status as both Korea-TK_1 and Korea_TK_2 have groups consisting of both main

burial and sacrifice burials (Table 1).

We further explored the genetic structure of the Gimhae Korean individuals with
ADMIXTURE analysis, which included 2,283 present-day and ancient individuals (Fig. 2B,
Fig. S8) and a pruned SNP set of the Human Origin (HO) dataset (extended methods). At
K=9, the Korea-TK individuals could be represented by two major genetic components
shared with the Neolithic Devils_Gate (Russian Far East) genomes (Fig. 2B). One is mainly
characteristic of Siberian Late Neolithic genomes (light purple), and the other is a major
genetic component that is commonly present in most ancient and present-day East Asians,
and is especially characteristic of ancient southern Chinese, southeast Asians, and modern
Kinh Vietnamese (orange). Overall, the Korea-TK_1 and Korea-TK_2 individuals have a
genomic composition that closely resembles Yellow River Bronze and Iron Age individuals
and Bronze Age Liao River populations. The minor components found in TK period
Koreans, especially in Korea-TK_2, are shared with Jomon. AKG_10203 and AKG_10207, the
Korea-TK_2 samples, clustered together in the PCA and qpWave analyses. In the
ADMIXTURE modelling, they have a genomic profile that differs slightly from each other in
its minor components. However, in both cases the minor components can be linked to the

components abundant in Jomon and those that are found only as minor components among
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southern prehistoric populations from southern China, Thailand, Vietnam, and adjacent
regions. Notably, the Jomon-related ancestry component is absent among present-day
Koreans, suggesting that the population at Gaya was more diverse than nowadays Korean
population. Additionally we suggest that Korea-TK_ 2 may not have contributed

substantially to the genetic structure of present-day Koreans.

The origin of the Korean Three Kingdoms Period population using f-statistics

We computed outgroup f; statistics, which measures the amount of shared genetic
similarity between populations. We tested both groups, Korea-TK_1 and Korea-TK_2, and
compared them to ancient and present-day populations (Fig. 3A-3D, Fig. S9-10, Tables
S6-S7). Korea-TK_1 showed major affinities to ancient eastern Chinese coastline
populations, while Korea-TK_2 appeared to be the closest to Jomon. A heatmap based on f;
comparisons (Fig. S11) confirmed that the TK period Korean population shared affinities
with eastern Chinese populations. When compared to various present-day Asian
populations, present-day Koreans and Han Chinese were the closest groups to Korea-TK_1

while the Japanese were the closest group to Korea-TK_2 (Fig. 3A-3B, Table S6).

Based on f,(Mbuti, Korea-TK; Pop A, Pop B) statistics comparisons (Fig. 3C-3D, Table S8, Fig.
S12), we observed once again that Korea-TK_1 individuals were related to Bronze Age
populations from the Liao and Yellow rivers in Northern China. The comparative statistic
f+(Mbuti, Korea-TK_1; Yellow-River_LBIA, Liao-River_BA) yielded statistically nonsignificant
results (Z<3). Korea-TK_2 individuals, however, had the highest values with Yankovsky_IA
and the Japanese Jomon (0.004271 and 0.003897, respectively, in combination with
Yellow_River_LBIA).

Lineage analyses based on ancestry composition
We applied qpAdm in order to investigate the overall ancestry composition of the two
groups and to confirm the observed Jomon-related ancestry, to assess the best fitting

model. Applying a 2-step model competition approach, Korea-TK_1 could only be modelled
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as composed by an average of 97+1% of ancestry related to Yellow_River_LBIA and an
average of 3.0£1% related to Japan_Jomon (P=0.472) or Japan_Jomon IK002 (p=0.495),
whereas Korea-TK_2 required an average of 20.5£1.75% of Jomon-related ancestry (Fig. 1B,
Table S9). These results suggest that Korea-TK_2 had ~20% Jomon-related ancestry, and
also points to the presence of Jomon-related ancestry in Korea-TK_1, albeit in much smaller
proportions (about 1%). When we performed the same qpAdm modeling on an individual
basis, we found that four of the six individuals in the Korea-TK 1 cluster could be modelled
with a single source, typically Yellow_River-BA or Liao_River-BA, whereas individual
AKG_10218, required between 4.0£1.8% and 7.3+4.4% ancestry related to either the
Japanese Jomon or Ekven_IA, respectively, as a second source of ancestry (Table S10, Fig.
S13-S14). In turn, individual AKG_3421 required 11.0+2.9% Jomon-related ancestry
(p=0.765) (Table S10, Fig. S13-S14), although this model might be overrepresenting
Jomon-related ancestry in this individual, ( Z<|1.75]) which indicates nonsignificant affinity

to Japan_Jomon when compared to the other Korea-TK_1 individuals.

We attempted to estimate the dates of admixture events identified through the qpAdm
analyses using DATES (32). We derive an estimate that the Korea-TK_2 source population
carrying the Jomon genetic component, was admixed about eight (+/- 3.8) generations
prior, before the Korea-TK_2 individuals lived (32) (Table S11, Fig. S15). We ran Treemix to
graphically represent the relationship with ancient and present-day populations, (Fig. 2B,
Fig. S16-S17) with our TK period samples. The best fitting model for Treemix was using
seven migration events which showed that Korea-TK_2 appeared admixed with the Jomon
population while in Korea-TK_1 Treemix did not pick up a signal of significant shared

ancestry (Fig. 5).

Next, we applied qpAdm to model the present-day Koreans using the same ancestry sources
that were used for modelling ancient Koreans, including the two ancient Korean groups as
separate possible sources. We found that the simplest working models were with a source

related to Yellow_River-LBIA (p=0.072) (Table S12). However, when present-day Koreans

10
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were modelled using each TK period Korean individual as a source, at least three out of the
six individuals from Korea-TK_1 were sufficient enough as a single source (0.099<p<0.908)

(Table S12).

Interestingly, while the admixture pattern for the genome of individual AKG_10218, a male,
was not different from the models for the Korea-TK_1 individuals, the pattern for his X
chromosome SNPs was one that matched a northern Chinese maternal ancestry and lacks
the Siberian ancestry associated with Devils_Gate genomes (Fig. S18). This result suggests a
differential origin of both parents which is the outcome of an admixture in the region

during the TK period.

Genetic and phenotypic continuity

The results obtained with fineSTRUCTURE and identity-by-descent (IBD) analyses, which
were based on the imputed genotypes (see Methods), both show a clear separation
between Korea-TK_1 and Korea-TK 2 groups. FineSTRUCTURE suggested Korea-TK_1
individuals were equally related to present-day Koreans and Japanese, a result which was
also supported by the higher number and length of IBD blocks that each of the Korea-TK_1
individuals shared with these populations. In regards to Korea-TK_2, the individuals have
close genetic affinity to present-day Japanese and the Japanese Jomon from Ikawasu IK002
(Fig. 4A, 4B, Table S13-S14). When compared to the other Korea-TK_1 individuals, the
Korea-TK_2 individuals also have a longer length and a higher frequency of shared IBD
blocks with present-day Japanese (Fig. 4C). Using a commercial individual-based ancestry
prediction service (https://parabon-nanolabs.com), we confirmed that the genetic profile
of Korea-TK_1 provides the best match for present-day Korean ancestry while for
Korea-TK_2 individuals the closest match was the Japanese Ryukyuan people. Interestingly,
the pairwise IBD sharing based on pseudo haploid calls confirmed the absence of close
familial relationship among the individuals. However, the two TK2 individuals appeared to
share significantly (at least twice) more IBD with each other compared to any other pairing

(Fig. 5C).

11


https://doi.org/10.1101/2021.10.23.465563
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.23.465563; this version posted October 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

As significant similarity in SNP profiles and IBD blocks indicate phenotype sharing, we
selected 160 phenotypic variants to estimate whether Koreans have changed
phenotypically in the last 1,700 years. The small sample size did not enable us to draw any
statistically significant inferences, and thus we limited our analysis to presence/absence of
the relevant variants. Based on our eight samples, we conclude that all of the relevant
variants present in the modern Korean population were already established in the TK
period at least 1,700 years ago, showing a deep genetic continuity (Table S15). Some East
Asian traits were detected among all the analyzed individuals including dry earwax, no
body odor (SNP rs17822931) (33), lactose intolerance (rs4988235) (34), and no
homozygous alleles associated with excess sweating (35). All these traits are also common
among present-day Koreans. Seven out of eight individuals carried canonical Asian hair
straightness/thickness associated with the EDAR variant (rs3827760) (36) (except
AKG_10207); which is homozygous in six of them (Table S15). The HirisPlex system (37), a
phenotype prediction protocol, predicted all the individuals had brown eyes and most likely
black hair and variation in skin tones ranging from intermediate to darker (Tables S16-18),

a result which is also in agreement with the phenotypes of present-day Koreans.

Surprisingly, the genetic makeup of the eight Gaya Korean samples also reflected common
present-day Korean healthcare and aesthetic concerns: all individuals have multiple (four
or more) ‘susceptibility-to-myopia-risk’ alleles. Myopia is highly prevalent in Korea,
reaching values of 95% in adult males from Seoul (38). In several individuals, we detected
variants associated with alcohol flush reaction (39, 40). Also, all the samples had on average
at least one homozygous balding risk allele or nine androgenic alopecia risk variants (41).
Sample AKG_10204 has five of these homozygous risk alleles. The eight genomes also
capture the diversity of SNP profiles related to eyelid morphology, hair curliness, and other
phenotypic features (Fig. 6, Fig. S19). The female sample AKG_10207 from Korea-TK_2
group stood out with a more Jomon-like phenotypic SNP profile, mainly due to
homozygosity of reference allele “A” in the EDAR gene (rs3827760) (Table S18). Even

though it is hard to assess hair morphology, in addition to reference allele homozygosity in
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EDAR, AKG_10207 had multiple SNPs related to hair curliness, three of them homozygous,
suggesting she might have had more than slightly wavy hair, while the other samples

suggested most likely had straight hair.

All the phenotypic features assessed by HirisPlex phenotype prediction protocol and our
selected forensically relevant facial morphology-related SNPs were independently validated
by the Parabon NanoLabs (https://snapshot.parabon-nanolabs.com/). Unfortunately, due
to poor preservation of all TK individual’s skeletal remains, the standard skull-based facial
reconstruction was not possible at the time of this study. Therefore, to illustrate our
analysis beyond the basic phenotypic features and to comprehensively reconstruct the
facial characteristics of the studied individuals, we used Snapshot® facial prediction based
on the imputed calls, which, again, showed the phenotypic diversity indistinguishable from

the present-day Koreans (Fig. 6, Fig. $19).

Discussion

Several recent studies reported genomic results for ancient individuals from China, Japan,
Mongolia, Philippines, and Vietnam (1-4, 6, 8, 42). As the Korean peninsula is located
between Japan and China, ancient genomes and population composition from the Korean
Peninsula are particularly interesting in the context of historical and archeological findings,
including evidence of extensive networks of exchange and contacts between Korea,

Northeast Asia, and Japan.

The genetic diversity seen among the Gimhae TK period individuals can be explained by at
least two scenarios. One is that the Jomon ancestry observed in Korea-TK_2 is the result of a
regional admixture that occurred gradually within the Korean peninsula between at least
two subpopulations where the indigenous population already carried the genomic
components prominent among Jomon people. There is indeed some evidence of Jomon
existence in the Korean peninsula along the Southeastern coastline supported by the
artefacts such as pottery and obsidian arrowheads. The obsidian is recognized as an import

from Kyushu in Japan (43), however such evidence dates to the Neolithic (10000-1500
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BCE), a rather distant history. Moreover, Jomon has not been identified as a dominant
cultural component in this area, which could imply that individuals bearing Jomon-related
ancestry were either completely absorbed by populations originating from northern China,
who entered along the Korean peninsula coastlines, or their genetic signal was diluted by
various other demographic scenarios, leading to the genetic homogeneity observed in
present-day Koreans. Under this scenario, it is possible that the reported DATES result of an
admixture event eight generations before the current samples, also can be associated with
the admixtures that lead to this dilution. The second scenario is that the population of the
Gaya region was diverse and some level of cosmopolitanism prevailed in relation to intense
trade and connections with nowadays Japan, similar recently reported results for [ron Age
and Antiquity period populations in the case of Rome and neighboring port cities (23).
Human movements and admixture are closely related to trading networks and connections
between geographic populations in these regions. Archeological studies suggest that the
Japanese Yayoi culture received a populational input from the Korean peninsula in a form of
populations who crossed the narrow Korean Strait between Busan/Gimhae and
Kyushu/Honshu islands (44-46) which in some cases may complicate the genetic and
cultural differentiation between ancient Koreans and Japanese. Taking into consideration
the limitations of the current data, it is difficult to conclusively determine whether the
Jomon component in Gimhae samples is derived mainly from local Korean or external
Japanese sources. Based on the DATES analysis for the Korea-TK 2 individuals, the
admixture with the Jomon component could have occurred around 200 CE, which overlaps
with the reign of Gaya, if we assume that there were distinct Jomon-like and non-Jomon-like
populations in the region. Moreover, it is important to stress that “Jomon” refers originally
to a type of pottery technology and style and is not well defined as a chronological period.
There is archeological evidence of multiple subgroups within the broadly referred Jomon
people rather than a single homogeneous population. This partially explains why
AKG_10203 can only be modelled with the Jomon genome from Ikawazu (897-803 cal BC)
(5) but not with the genomes from Rokutsu shell Mound (2472-835 cal BC) (47). The

differences between the dates and geographical locations (Ikawazu genome is from
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Honshu, Japan’s main island, which is geographically associated with Korea along the
well-established Setonaikai coastal route) also highlights the need to consider possible
Jomon heterogeneity when interpreting admixture. This however, could also be the result of

technical limitations of the method itself due to the low sample numbers.

The use of diploid genotyping and deep-genome sequencing enabled us to identify fine
relationships between the ancient Koreans and their present-day descendants. We
demonstrated that the people of the TK period in Gaya were more genetically diverse than
present-day Koreans, and that they had diverse ancestral components and population
substructure that have been homogenizing from the TK period onwards. The phenotypic
analysis confirmed that over 100 forensically-relevant SNPs of present-day Koreans were
already established during the TK period. For example, EDAR V370A (rs3827760), (36) the
East Asian hair thickness mutation, and the ABCC11 G538A (rs17822931), the dry earwax
variant (33), both of which were homozygous in majority of our TK period samples. The
same mutations were already reported for Tianyuan man and suggest genetic continuity of
this variant in East Asia for the last 40,000 years (48). Furthermore, TK period Koreans
might have had elevated frequencies of SNPs coding for risk variants of Myopia, which is

widespread in Korea (38).

Results also suggest that the main burials and the human sacrifices were not associated
with separate genetic substructures as both Korea-TK_1 and Korea-TK_2 groups are not
based on social status. However, the information inferred from the artefacts was limited
due to poor grave preservation and missing artefacts due to tomb robbery acts prior to
excavations. For example, male AKG_10203 was identified as a possible main burial of a
warrior class or a lower class noble while female AKG_10207 was possibly a human
sacrifice. The remaining gilt bronze artefact and arrow quiver ornaments are insufficient to
accurately determine the social status of AKG_10203. Due to aforementioned issues, we
could not identify the owner of each grave, which is also the case for AKG_10207, who was a

sacrifice for a possibly high-class noble as indicated by iron spear and bronze mirror
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findings. Among the Korea-TK_2 group, AKG_10218 was the main burial while the rest of
the samples were sacrifices for different main burials. It is also notable that we could not
ascertain the relationship between the sex and social status in Daeseong-dong tumuli, even
though the two main burials were of males, it might have been affected by the small sample

bias, as human sacrifices clearly belonged to both sexes.

Our findings and the genetic connections between Daeseong-dong people and Jomon-like
people calls for future work involving extensive sampling of ancient individuals from South
Korea and neighboring regions. Moreover, future studies which focus on intra-cemetery and
regional patterns both in East Asia and other world regions are needed in order to develop
a more comprehensive perspective about the emergence and diversification of social status

and cosmopolitanism among past societies,

Methods
Samples
All individuals were sampled with the permission of the local authorities at the Gimhae
National Museum, following preventive measures to avoid contamination. Six teeth were
collected and twenty petrous bones were drilled using the protocol described in Sirak et al.
(49). Teeth roots were cleaned and cut using a sandblaster and later pulverized using a

mixer mill (Retsch Mixer Mill 400) (50).

DNA extraction, library preparation, and sequencing

All experimental work was performed in the dedicated ancient DNA laboratory of the
University of Vienna. Personnel and facilities followed all the standard measures to
guarantee the authenticity of the data. We included extraction of negative controls (no
powder), library, and PCR negative controls (extract was supplemented with water) in
every batch of samples processed and carried them through the entire wet laboratory
processing to test for reagent contamination. DNA was extracted from ~75 mg of powder

using an optimized DNA extraction protocol (50). Illumina sequencing libraries were
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constructed using 12.5-25ul. of extract and amplified using Accuprime Pfx Supermix
(Thermo Fisher Scientific), following Gamba et al. (51); a protocol adapted from (52).
Quality assessment of the amplified library was performed on an Agilent 2100 Bioanalyzer
and a Qubit 2.0 Fluorometer. All the amplified libraries were initially screened using

NovaSeq platform and further sequenced with NovaSeq platform in the Vienna Biocentre.

Bioinformatic analysis

Sequencing reads were trimmed using cutadapt (Version. 1.2.1) (53) and aligned to the
human reference genome (GRCh37), with the revised Cambridge reference sequence (rCRS)
mitochondrial genome using BWA (54) (Version 0.7.5). Duplicate mapped reads were
removed using Picard Tools (55). Reads with mapping qualities below 30 were also
removed. Unique and filtered reads were analyzed with qualimap-2 (56) to assess the
coverage of the genomes. MapDamage-2 (57) was used to estimate the level of deamination
and the authenticity of the data. Reads used for the genotype-calling were trimmed again, 5

nucleotides in both ends, to minimize the genotyping errors in the downstream analyses.

Pseudo-haplotypes were called with a pileup caller of sequenceTools (58), filtering out
bases with base-quality score below 30. In this stage, we called the positions of the 1240k
dataset (25). These calls were merged with individuals from (2, 4, 47, 59-63) and the rest of
present-day genomes available from David Reich group’s website (reich.hms.harvard.edu).
The final dataset is composed of 645 present-day Eurasian (47, 64) samples and 237

ancient individuals.

Data authenticity

Contamination level was estimated from the mtDNA sequences using Schmutzi(27) and by
estimating the heterozygous content of the male X chromosomes using ANGSD (65).
Mapping qualities and read length distribution were also examined with FASTQC (66), the

average genomic and mitochondrial depths were obtained using Qualimap (56).
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Uniparental Markers

Reads aligned to mitochondria were processed with Schmutzi (27) to generate a consensus
sequence of the mitochondrial genomes. We called the mitochondrial haplogroups of the
mitochondrial consensus sequences using haplogrep 2.0 (28) and the version 17 of

Phylotree. Y chromosome haplogroups were estimated using Yleaf (67).

We used lcmlkin 1.0.0 (68) to explore the presence of kinship relationships between the

samples analyzed.

Population Genetic tools

All the subsequent analyses were performed with the 1,240k dataset.

Principal component analysis was conducted using 597,573 SNPs and 645 present-day
genomes using smartpca from Eigensoft package (69). Resulting data was plotted using R
(70). Ancient samples were projected into the PCA that was based on the present-day ones,
using option “Isqproject”. Two rounds of outlier removal were used. Results with ancient

samples were plotted using R.

An unsupervised ADMIXTURE analysis was performed with ADMIXTURE 1.3.0 (71) with
the modern genotypes from the publicly available Human Origins (HO) panel (69) together
with the eight 1,800 year old Korean SNPs, restricting the analysis to the 597,573 SNPs of
the HO dataset (64). These SNPs were filtered for MAF < 0,05 and Missing sites > 0,05.
Filtered SNPs were pruned for linkage-disequilibrium (LD) using PLINK 1.9 (72) flag
--indep-pairwise with a windows size of 200 SNPs, advanced by 50 SNPs and establishing
an r2 threshold of 0.4. A total of 282,896 SNPs were used in the analysis. The final
ADMIXTURE was run with K ranging from 2 to 15 and 100 bootstrap replications. The
ADMIXTURE result was plotted with PONG 1.4.9 and in R (73).
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For the analysis of the differential X chromosome ancestry, we run ADMIXTURE with a
pruned dataset of 3,063 SNPs and samples that exhibited less than 90% of missing sites.
This has resulted in 56 samples out of the 237 ancient genomes included in the initial
dataset. The analysis has been performed and analyzed as general ADMIXTURE analysis

described above.

f3-statistics were run using admixtools (69) in the form f;(X, Test; Mbuti) using all the
populations of the dataset, both present-day and ancient. f,-statistics were also run using
the same package. We used the form f,(X, Test; PopA, PopB) using all the possible
combinations of a subset of 31 populations (Table S7). Only results with |Z| > 3, and

supported by more than 100,000 SNPs were considered.

gpWave and qpAdm

We used the software gpWave (74) from ADMIXTOOLS 5.1 (69) with parameter “allsnps:
NO” to investigate the homogeneity of the ancient individuals and if any of them would
require additional sources of ancestry to explain their genomes. In order to capture a wide
range of distal ancestries we used the following base “Right” outgroup set of populations
(“R10”): Mbuti.DG, Ami.DG, ONG.SG, Mixe.DG, Tianyuan, Iran_GanjDareh_N, DevilsCave_N,

Bianbian, Liangdao2, Yumin. We used a tolerant threshold of p=0.01.

In admixture modelling we used gpAdm (25), again with parameter “allsnps: NO”, to find
populations and potential admixture events from which the two ancient Korean subgroups
could have descended from. As the outgroup “Right” set we used the base R10. As sources
we used a set of populations based on the top results from the outgroup-f; statistics of the
form f;(X, Test, Mbuti), for Korea-TK_ 1 and Korea-TK 2: Amur_Basin-I1A, Ekven_IA,
Japan_Jomon, Japan_JomonlK002, LateXiongnu, LateXiongnu_Han, Yankovsky_IA,
Yellow_River-BA, Taiwan-IA, Liao_River-BA. We applied a more stringent threshold of

significance, when compared with qpWave, of p=0.05. As part of a 2-step model
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competition approach, models passing this threshold were re-evaluated and only accepted

if they remained significant after moving all unused source populations to the “Right”.

Treemix

We employed Treemix 1.13 (75) to estimate the historical relationships among
populations, using a graph representation that allows both population splits and migration
events. We ran Treemix with five repetitions using from 0 to 8 migration events (-m), with a
-k value of 500 and with low coverage correction (-noss). The final list of populations has
been selected using the f, results and restricting the analysis to the populations that did not

exhibit high error values.

Dates
We used DATES 753 (76) to estimate the dates of different admixture events, based on the
results of qgpAdm. We ran the program using parameters as follows: bin size: 0.001, maxdis:

1.0, runmode: 1, gbin: 10 and jackknife: YES.

Diploid Calls and imputation

We first processed the filtered mapped reads with RealignerTargetCreator from GATK 3.7
(77), and realigned the indels from the Mills_and_1000G_gold dataset. Afterward, we added
MD tags to the bam reads using samtools 1.9 calmd (54). SNPs overlapping both the 1,000
genomes dataset and the 1,000 Korean genome project (KorealK) set (after lifting it over to
hg19 coordinates) (1) were called in these reads using GATK UnifiedGenotyper, setting the
options-out_ mode EMIT_ALL_SITES and --genotyping mode GENOTYPE_GIVEN_ALLELES.
Option -glm SNP was also used to get the genotype likelihoods of the SNPs. Obtained calls
were filtered to add equal likelihoods to both missing data and the sites possibly affected by
deamination. Resulting files were split into chromosomes with bcftools 1.6 (78) and filtered
for sites with MAF>0.05, and less than 10% of genotype missingness. Resulting files were
splitted with splitvcf.jar from Beagle in 100,000 SNPs files, with 20,000 SNPs of overlap. We
used Beagle 4.0 (79) to impute the genotypes setting “gl” option, “gprobs=true”,
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“window=15000", “impute=true” and giving maps and reference files from Beagle. Imputed
calls were filtered by Genotype probability > 0.99, MAF > 0,05 and excluding transitions.
The resulting datasets consist of 1,574,651 filtered and imputed diploid calls. We repeated
the same procedure using the 1,000 genomes data only, in order to obtain a second dataset

with all the SNPs covered by 1,000 genomes imputed.

Chromosome painting analysis (finestructure)

We used vcftools 0.1.13 to merge our eight imputed samples with modern East Asian
samples from 1,000 Genome Project (80) (Han, Dai, Korean, Japanese, and
Kihn_Vietnamese), a Korean set from Jeon et al. (10), and six additional ancient shotgun
genomes from East Asia (NEO204, NEO236, Kolyma_River_M, M9984 and 1K002) (4, 59).
The total number of SNPs after filtering out all the positions with genotype missingness
“--max-missing 1”, Hardy weinberg equilibrium “--hwe 0.000001”, and minor allele
frequencies “--maf 0.00000000001”, was 424,255. Relatives were excluded from the
present-day populations utilizing KING v.2.2.4 with options “--related” and “--degree 3”. The
ethnic representatives for each present-day population were randomly downsampled to
leave a) 10; b) 5; c) 3 representatives per each group. The finalized datasets were converted
to map and ped formats using plink v1.90 with option “--recode 12" to preserve the phasing
information. We ran scripts “plink2chromopainter.pl” and “makeuniformrecfile.pl” from the
FineSTRUCTURE pipeline “fs_4.1.1” to generate phasing and recombination information
files. Effective population size (Ne) was estimated using ChromoPainterv2 with 10 random
samples and settings: “-a -i 20 -in -iM". The average Ne was estimated using “neaverage.pl”.
We ran FineSTRUCTURE v.4.1.1 in linked mode with options “-x 1000000 -y 1000000 -z
10000” and “-y 10000 -m T”. The results were visualized in FineSTRUCTURE GUI for
Windows v.0.1.0

(https://people.maths.bris.ac.uk/~madjl/finestructure/finestructureGUL.html).
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IBD analyses

IBD blocks were identified using a Refined IBD version “17Jan20.102” with default settings
and a recombination map provided with the program. For an input, we merged our eight
imputed ancient Korean genomes with East Asians from 1,000 Genome Project (80), a
Korean set from Jeon et al. (10) and six additional ancient shotgun genomes from East Asia
and filtered them as described in the “Chromosome painting analysis” section above. Our
eight imputed samples were generated and prefiltered as described in “Diploid Calls and
imputation” section. Additionally, all the sites with missing variants and fixed alleles
(MAF>0) had been excluded, yielding 424,255 high-quality markers used as an input.

IBD segments with LOD>3 were analyzed, excluding the few sporadic large-size segments
(>39CM) that are most likely an artifact (shown in S19). We averaged the values of segment
length and segment counts to reflect the pattern of genetic material shared between each
ancient sample and the present-day East Asian populations. The results were plotted using

heatmap.2 in R.

Phenotypic variant analysis

From the imputed ancient genomes, we selected 160 variants with phenotypic implications,
retrieving the alleles and their “rs ID” from dbSNP. The calls included in Table S14
correspond to the genotype probabilities imputed with the Korea Genome project and
1,000 genomes overlap-based merged panel (denoted in black font) or the 1,000 genomes
alone (denoted in blue font). Genotypes were filtered by genotype probabilities of 0.9. For

reference, we included their allelic frequencies in East Asian populations.
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Fig. 1: Three Kingdoms Period genomes from Korea: A) Site description: geographical

location and images of the sites of Daeseong-dong and Yuha-ri. The image of the Yuha-ri
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shell mound aerial view, and the panoramic view of Daeseong-dong tumuli show a general
perspective of the archeological sites. B) Genomic composition of the AKG individuals: We
present the eight individuals classified into the two identified genetic groups based on
gpAdm analyses: TK_1 (blue icon), and TK_2 (red icon), the percentage bar graph shows the
genetic ancestry proportions of: North-China Iron Age ancestry (blue), Jomon-related
ancestry (red). Individuals in panel B are also classified by the archeological context. Crown
depicts a main burial, and a shell depicts the shell mound burial, the samples without a

distinct marking are human sacrifices.
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Fig. 2: TK period Korean genomic context: A) Principal components analysis performed
with present-day East-Asian populations and 96 projected ancient individuals, including
eight TK period Korean samples. B) ADMIXTURE plot (K=9) of the most representative
populations used in the analyses show a shared genomic profile across ancient and modern

East Asians, including TK Koreans and present-day Koreans. Outgroups (2 on the left and 4
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on the right) show populations where minor components from East Asia appear as major.
The letters and arrows in the colored blocks indicate the chronological order of the samples
presented: P->IA Paleolithic to Iron Age; N->BA Neolithic to Bronze Age; N->IA Neolithic to

Iron Age; BA - all samples belong to Bronze Age; Med<-BA Medieval to Bronze Age, etc.
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Fig. 3: f-statistics: A-B) f;-statistics of present-day Asian populations with ancient Koreans
in the combination f;(Mbuti; Korea-1A,X). The figure shows the connection between East

Asian populations and Korea-IA populations. The shared genetic drift between Korea-TK_2
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and Japan_Jomon is higher than the Korea-TK_2 and Japan_Jomon. C) gpWave plot: the
gpWave analysis shows the presence of two differentiated clusters. f,-statistics:
Korea-ITK_1 is associated with ancient populations from Eastern China, while Korea-TK_2
has the closest affinity with Amur Basin and Japan_Jomon populations. Colors in the sample
name denote the region as follows: Dark red - Liao River, Orange - Yellow River, Ivory -
Southern China and Taiwan, Dark blue - Amur Basin, purple - Mongolia, black - Russia
(Russian Far East, Siberia). Additionally, Red denoted Korea-TK samples, Blue denotes

Jomon.
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Fig. 4: Diploid calls analyses. A) fineSTRUCTURE. The plot shows that Korea-TK_2 clusters
with Japanese and IK002_Jomon individuals, while Korea-TK_1 shows connections with Han
Chinese and Korean individuals. B) Shared IBD segments (>1 cM). Korea-TK_2 shows the
highest number of shared IBD with Japanese, while Korea-TK_1 shows connections with
both Koreans and Japanese. C) IBD shared among the pairs of TK individuals; even though
none of the pairs indicate familial relationship, it shows the highest IBD sharing between

the TK_2 individuals, namely AKG_10203 and AKG_10207.
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Fig. 5: Treemix plot using seven migrations. Korea-TK_1 and Korea-TK_2 groups share
the same genetic origin and close relations to present-day Japanese and Koreans, while

Korea-TK2 additionally shows genetic ties with ancient Jomon.
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Fig. 6: Facial predictions of TK period individuals. Face reconstruction of the Korean TK
period individuals AKG_10218, AKG_10203, AKG_3420, AKG_10207 shows a diversity in
phenotypic features commonly observed in present-day Koreans. Face morphology
differences are emphasized relative to a baseline face prediction made using sex and

ancestry. The facial reconstruction has been performed with the imputed calls dataset.
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Individual Cluster Date Typology Coverage
AKG_10203(7) Korea-TK_2 400-450 CE Daeseong-dong-Burial 1.58x
AKG_10204(9) Korea-TK_1 400-450 CE  Daeseong-dong-Sacrifice 0.79x
AKG_10207(2) Korea-TK_2 375-400 CE  Daeseong-dong-Sacrifice 6.11x
AKG_10209(2) Korea-TK_1 425-450 CE  Daeseong-dong-Sacrifice 1.78x
AKG_10210(2) Korea-TK_1 425-450 CE  Daeseong-dong-Sacrifice 2.72x
AKG_10218(7) Korea-TK_1 400-470 CE Daeseong-dong-Burial 0.64x

AKG_3420( %) Korea-TK_1 400 CE Yuha-ri shell mound 3.20x
AKG_3421(%) Korea-TK_1 300-350 CE  Daeseong-dong-Sacrifice 0.74x

Table 1: Main descriptive information of the analyzed individuals.
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Supplementary Text

1. Archeological context

1.1 Daeseong Dong

The archeological site of Daeseong-dong, Gimhae in Gyungsangnamdo province, is situated
on the hill facing the South Eastern coastline of South Korea between the Gujibong Peak and
Bonghwangdae, and east of the Surowangneung tomb (Tomb of King Suro). The tombs of
this site were built during the Geumgwan Gaya period (42-532 AD). The burial complex of
Daeseong-dong together with the complex of Bokcheon-Dong are the most well-known
sites of the Gaya Royal Class. The funerary complex covers an area of 3700 m® Since
fieldwork started in 1990, 219 individuals have been recovered (81), of which 69 are buried
in large tombs made of wooden coffins, that believed to be the ones belonging to the ruling
classes (tomb owners from now on). Most of these burials include human sacrifices and

grave goods.

During the Three Kingdoms period, Gimhae was a major trading port, as is evident from the
multiple Chinese and Japanese artefacts recovered from the tombs (Figure S1). One
example is the mortuary finds from tomb 91, dating to the early 4™ century AD which
include a bronze vessel made in Northeast China, a gilt-bronze harness made from the
Conidae shells that was imported from Japan, bronze horse bells, a chamfron, and
cylindrical bronze implements from Japan. Substantial Japanese bronze ornaments were

also unearthed from tomb 88 that dates to the mid 4" century AD.

46


https://paperpile.com/c/C7pHqN/bjHNg
https://doi.org/10.1101/2021.10.23.465563
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.23.465563; this version posted October 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

[ron artifacts, including armors, iron helmets, and coins, were very common in most tombs.
One of the most remarkable finding were the grave goods from tomb 29. The owner of tomb
29 was buried inside a large wooden coffin built in the mid 3" century AD, that lies over
more than 100 iron ingots. Additionally, this tomb consisted of multiple pieces of pottery
and bronze pots which are stylistically typical of a Northern-style culture. This culture was
introduced to the Gimhae area at the end of the 3™ century AD, probably from the Northern
nomadic steppe tribes (82, 83). The high status burials of this culture are characterized by
the presence of Gimhae-type wooden-chambered burials, Dojil pottery, Ordos-type bronze
pots, iron armors and trappings for horse riding, typical of nomadic tribes. This has been
understood as a signal of intensive trade between the northern East Asian region and
Gimhae area. But it is unclear as to whether this could also indicate the migration of
northern tribes, especially from the Buyeo Tribe (An ancient Korean Kingdom located in
Middle Manchuria) (84), as no anthropological or genetic studies have been carried out to
test this hypothesis. The appearance of these non-local objects also corresponds to the
timing of the appearance of human sacrifices in the complex, at the end of the 3™ century
AD and to the burial division starting from the 4™ to 5™ centuries AD as indicated by the
appearance of Gimhae-type wooden-chambered burials. The majority of burials and objects
associated with ruling class tombs are from the 4™ and 5" centuries. The tombs of the

rulers are placed on the upper parts of the hills (85).

The ritual of human sacrifice as a funeral practice first appeared in the Gyeongsang

province, and especially in Gimhae. No evidence of sacrificial rituals was reported from

47


https://paperpile.com/c/C7pHqN/JJaOp+lov3U
https://paperpile.com/c/C7pHqN/KHd4H
https://paperpile.com/c/C7pHqN/pr9uW
https://doi.org/10.1101/2021.10.23.465563
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.23.465563; this version posted October 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

other Korean regions. The first human sacrifices appeared in the Gimhae region at the end
of the 3™ century, and became prominent during the 4™ century, and then rapidly
disappeared in the Gimhae area during the late 5" century. The sacrificed persons in
Daeseong-dong Tumuli were previously considered as slaves, but recent studies suggest
them as warehouse keepers, concubines, horsemen, and guards related to the main burial.
It is not possible to discern the relationship between the owner of a tomb and sacrifice
victims. Anthropological data suggest that human sacrifices in Gaya were mostly in their
20s and 40s. Women sacrifices are a bit more common than men and this pattern could be

related to the kind of their labor (82, 86, 87).

1.1.1 Individuals included in the study

A) Individual AKG_3421, burial 11
Individual AKG_3421 (Ancient Korean Gimhae Genome 3421) is a female sacrifice found in
tomb 11. Individual AKG_3421 is found together with the tomb owner of the burial. The
main buried individual is found in a single wooden coffin. The tomb is indirectly dated to

the early 5" century AD based on the coffin characteristics.

B) Individual AKG_10207, burial 23
Burial 23 is a single wooden coffin with four human sacrifices and the burial is dated to the
late 4™ century AD, based on the burial style. Individual AKG_10207 is female sacrifice B of

this burial, a non-privileged individual. Japanese and Chinese style relics were discovered in
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the tomb. The funerary objects; bronze mirror and iron spear, suggest that the burial owner

belongs to a high-class individual.

C) Individual AKG_10203, Burial 12
Individual AKG_10203 is the owner of tomb. He is found inside a wooden coffin together
with gold and bronze artifacts from the early 5" century. Probably this individual belongs to
a warrior class or to the low-nobility, as the tomb is not one of the richest ones. He is

therefore classified as a privileged individual.

D) Individual AKG_10204, Burial 12
Male sacrifice of tomb 12, representing a non-privileged individual.

E) Individual AKG_10209, Burial 24
Individual AKG_10209 is the sacrifice B of Burial 24, of a non-privileged female. The owner
of Burial 24 is buried in a wooden coffin together with three sacrifices dating to the early
5 century AD. One spindle was found in the burial, which is a rare object for the site. The

owner of the burial is a privileged individual.

F) Individual AKG_10210, Burial 24

Individual AKG_12010 is the Sacrifice C of Burial 24.

G) Individual AKG_10218, Burial 62
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Individual AKG_10218 is the tomb owner of Burial 62, the relics found in the burial date to
the mid 4™ century AD. The objects found in the tomb suggest a privileged individual. This

individual is a male.

1.2 Yuha-Ri, Gimhae

The Yuha-ri site, also known as Monument Gyeongsangnam-do No. 45, is located on a slope
about 15m above the sea level in the city of Gimhae. (Figure S2). Multiple artefacts have
been documented from this site, including extensive Joseon Dynasty artefacts found in
Trenches 1 and 2 that include porcelain, pottery, and tiles.

Trench 3 is 17 m long and 2 m wide and 60 cm deep trench along the southern walls of the
complex. A shel-rich layer at the eastern section of the trench, at a depth of 20 cm yielded
(in addition to the numerous shells) Three Kingdoms period vessels and soft earthenware.
A five years old baby (individual AKG_3420) was excavated at the western part of the
trench; a Joseon dynasty tomb was identified about 30cm below the topsoil (Figure S3). The
ceramics and other artefacts that were unearthed surrounding the body indicate that the
burial dates to 4™ century AD (Three Kingdoms Period). No other tombs were found on this

site(88).

An anthropological study was carried outin 2017 in the Bioanthropology Lab (Department
of Anthropology, Seoul National University) using standardized anthropological methods
(89). Based on the length of the long bones the age estimate is 3-6 years old (90). All of the

deciduous teeth have erupted and the dental analysis suggests that the child is at least 3
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years old (#1 year old). Considering the growth status of the crowns of the permanent

dentition the subject is estimated to be 4 years old (1 year old).

2. Extended Methods

Diploid calls analyses

We realigned the indels in our bam files with GATK 3.7 (77) IndelRealigner. We also
trimmed two bases per read end to minimize the effect of damage in the variant calling
using trimbam from bamUtil 1.0.14 (91). GATK Unified Genotyper was used to call variants
using the known alleles from 1000 Genomes (--alleles) and restricting the calling to SNP
with genotype likelihoods (-glm), we used -out_ mode EMIT_ALL_SITES. Called variants
were later filtered with bcftools 1.12 (92), excluding transition sites. The resulting

genotypes were also filtered excluding sites with more than 10% of missing sites.

Resulting sites were split by chromosomes with vcftools 0.1.16 (93) and we used the script
splitvcf.jar to split the VCF files in files of 100,000 with an overlap of 25,000. These
genotypes were imputed with Beagle 4.0 (r1399) (94). Using the genetic maps provided by
Beagle. As a reference panel we used the genotypes of Asian individuals from 1,000
genomes and the individuals from the 1,000K genome project. Afterwards we filtered the
sites for GP>0.99, MAF 0.05 and excluding transitions. The resulting number of sites is

1,574,651 SNPs.

51


https://paperpile.com/c/C7pHqN/bZEgr
https://paperpile.com/c/C7pHqN/gIYjh
https://paperpile.com/c/C7pHqN/2lg4R
https://paperpile.com/c/C7pHqN/pt2Rm
https://paperpile.com/c/C7pHqN/Wp2WW
https://doi.org/10.1101/2021.10.23.465563
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.23.465563; this version posted October 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Fig S1: Human sacrifices and Japanese style funerary bronze ornaments found in tomb 88

of Daeseong-dong complex.
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Figure S2: General view of Yuha-ri site in Gimhae.
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Figure S3: Image of the burial of individual AKG_3420 in Trench 3.
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Fig. S4: Deamination profiles of the eight ancient Korean genomes. All the samples show the

typical patterns of ancient DNA deamination.
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Fig. S5: ROH results of the Korean individuals. Y axis shows the sum of ROH longer than 4
cM. Light blue shows ROH between four and eight cM and blue shows ROH between eight
and twelve cM. It is observable that the studied individuals show almost no RoH in their

genome.
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Figure S6: PCA analysis built with the modern samples and the 8 ancient Korean genomes

projected.
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Figure S7: qpWave plot: the qpWave analysis shows the presence of two differentiated
clusters. f,-statistics: Korea-TK_1 is associated with ancient populations from Northern
China, while Korea-TK_2 has the closest affinity with Amur Basin and Japan_Jomon

populations.
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Figure S8: Admixture plots from K2 to K20. We have plotted 108 selected representative
individuals to illustrate the genetic composition of the Three Kingdoms period Gimhae

Korean genomes.
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Figure SO9: f;-statistics analysis on the comparison f;(Korea-TK_1,X;Mbuti). The plot includes
the populations with the highest f; values with at least 50,000 SNPs. The error bars show 1

SD. The colors indicate the population clusters.
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Figure S10: f;-statistics analysis on the comparison f;(Korea-TK_2,X;Mbuti). In the plot,

populations are shown with f; values using at least 50,000 SNPs. The error bars show 1 SD.

The colors indicate the population clusters.
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Figure S11: Heatmap analysis on the f; comparison with all the possible combinations. The

plot is built with the f; values with at least 50,000 SNPs.
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Figure S12: f, comparison analysis using (Mbuti,Korea;Russia_Shamanka_EBA,X)
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Fig. S13:qpAdm results of all the working models of Korea-TK_1. The appendix numbers

indicate the multiple models.
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Fig. S14: qpAdm results of all the working models of Korea-TK_2. The appendix numbers

indicate the multiple models.
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Fig. S15: DATES analysis: A) Korea-TK_1 testing for Liao-River_BA and Japan_Jomon B)
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Fig. S16: Treemix plots with the 15 North and East Asian populations and the two ancient

Korean subgroups (Korea-TK_1, Korea-TK_2) modeled using one to eight migration events

(m).
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Fig. S17: Treemix residue of the analysis using seven migrations

70


https://doi.org/10.1101/2021.10.23.465563
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.23.465563; this version posted October 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

x
n
(4]

Fig. S18: Admixture analysis of X chromosome SNPs with plots from K2 to K10.
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Figure S19: SNP-based facial predictions using a commercial program Snapshot® from

Parabon NanolLabs (https://snapshot.parabon-nanolabs.com/). Face morphology

differences are emphasized relative to a baseline face prediction made using sex and

ancestry. The facial reconstruction has been performed with the imputed calls dataset.

72


https://snapshot.parabon-nanolabs.com/
https://doi.org/10.1101/2021.10.23.465563
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.23.465563; this version posted October 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Admixed population Pop A Pop B Generation to admixture CI
Korea-TK_1 Jomon YRBIA 24914 18.543
Korea-TK_1 Jomon LRBA 1097.120 416.527
Korea-TK_2 Jomon YRBIA 7.914 3.835
Korea-TK_2 Jomon LRBA 13.717 7.789

Table S11: Dates results: the dates are shown according to the admixtures suggested by the

gpAdm results and only the ones showing credible curves.
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AKG_10 AKG_102 AKG_102 AKG_102 AKG_102 AKG_102 AKG_342 AKG_342

SNP Allele 203 04 07 09 10 18 0 1
rs12913832 T 2 2 2 2 2 2 2 2
rs1800407 A 0 0 0 0 0 0 0 0
rs12896399 T 0 1 0 0 2 0 1 0
rs16891982 C 2 2 2 2 2 2 2 2
rs1393350 T 0 0 0 0 0 0 0 0
rs12203592 T 0 0 0 0 1 0 0 0
p-value 0,998 0,997 0,998 0,998 0,993 0,998 0,997 0,998

Brown Brown Brown Brown Brown Brown Brown Brown
Result: eyes eyes eyes eyes eyes eyes eyes eyes

Table S16: Hirisplex prediction of the eye color. Blue SNPs have been predicted with the
SNPs from the 1000 genomes database, while SNPs in black with the ones overlapping the

Korean database with the 1000 genomes database.
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AKG_10 AKG_10 AKG_10 AKG_10 AKG_10 AKG_10 AKG_34 AKG_34

SNP Allele 203 204 207 209 210 218 20 21
rs312262906 A

rs11547464 A 0 0 0 0 0 1 0 0
rs885479 T 1 0 1 2 2

rs1805008 T 0 0 0 0 0 0 0 0
rs1805005 T 0 0 0 0 0 0 0 0
rs1805006 A 0 0 0 0 0 0 0 0
rs1805007 T 0 0 0 0 0 0 0 0
rs1805009 C 0 0 0 0 0 0 0 0
rs201326893 A

rs2228479 A 0 1 0 0 0 0 0 0
rs1110400 C 0 0 0 0 0 0 0 0
rs28777 C 1 2 2 1
rs16891982 C 2 2 2 2 2 2 2
rs12821256 G 0 0 0 0 0 0 0 0
rs4959270 A 0 0 1 0 0 0 0
rs12203592 T 0 0 0 0 0 0 0 0
rs1042602 T 0 0 0 0 0 0 0 0
rs1800407 A 0 0 0 0 0 0 0 0
rs2402130 G 1 0 1 1 0 1 0 0
rs12913832 T 2 2 2 2 2 2 2 2
rs2378249 C 0 0 0 0 1 0 0 2
rs12896399 T 0 1 0 0 2 0 1 0
rs1393350 T 0 0 0 0 0 0 0 0
rs683 G 2 2 2 2 2 2 2 2
rs3114908 T 1 1 1 0 1 1 1 0
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rs1800414 C 0 1 2 1 0 0 2 2
rs10756819 G 1 1 2 2 1 0 1 2
rs2238289 C 2 1 2 2 2 1 2 2
rs17128291 C 1 0 0 0 0 0 1 0
rs6497292 C 2 1 1 2 1 1 2 2
rs1129038 G 2 2 2 1 2 2 2 2
rs1667394 C 2 2 2 2 2 1 2 2
rs1126809 A
rs1470608 A
rs1426654 G 2 2 2 2 2 2 2 2
rs6119471 C
rs1545397 T 2 2 2 2 2 2 2 2
rs6059655 T 0 0 0 0 1 0 0 0
rs12441727 A 0 0 0 0 1 0 0 0
rs3212355 A 0 0 0 0 0 0 0 0
rs8051733 C 0 1 0 0 0 0 0 0
p-value

0,997 0,997 0998 0998 0999 0,777 0998 0,996
Prediction

Dark Dark Dark Dark Dark Black Dark Dark

Table S17: Hirisplex prediction of the hair color. Blue SNPs have been imputed with the
SNPs from the 1000 genomes database, while SNPs in black with the ones overlapping the

Korean database with the 1000 genomes database.
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AKG_102 AKG_102 AKG_102 AKG_102 AKG_102 AKG_102 AKG_342 AKG_34
SNP Allele 03 04 07 09 10 18 0 21

rs312262906 A

rs11547464 A 0 0 0 0 0 1 0 0
rs885479 T 1 0 1 1 2 2 1 1
rs1805008 T 0 0 0 0 0 0 0 0
rs1805005 T 0 0 0 0 0 0 0 0
rs1805006 A 0 0 0 0 0 0 0 0
rs1805007 T 0 0 0 0 0 0 0 0
rs1805009 C 0 0 0 0 0 0 0 0
rs201326893 A

rs2228479 A 0 1 0 0 0 0 0 0
rs1110400 C 0 0 0 0 0 0 0 0
rs28777 C 1 2 2 2 2 2 2 1
rs16891982 C 2 2 2 2 2 2 2 2
rs12821256 G 0 0 0 0 0 0 0 0
rs4959270 A 0 0 1 0 0 0 0 1
rs12203592 T 0 0 0 0 0 0 0 0
rs1042602 T 0 0 0 0 0 0 0 0
rs1800407 A 0 0 0 0 0 0 0 0
rs2402130 G 1 0 1 1 0 1 0 0
rs12913832 T 2 2 2 2 2 2 2 2
rs2378249 C 0 0 0 0 1 0 0 2
rs12896399 T 0 1 0 0 2 0 1 0
rs1393350 T 0 0 0 0 0 0 0 0
rs683 G 2 2 2 2 2 2 2 2
rs3114908 T 1 1 1 0 1 1 1 0
rs1800414 C 0 1 2 1 0 0 2 2
rs10756819 G 1 1 2 2 1 0 1 2
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rs2238289 C 2 1 2 2 2 1 2 2
rs17128291 C 1 0 0 0 0 0 1 0
rs6497292 C 2 1 1 2 1 1 2 2
rs1129038 G 2 2 2 1 2 2 2 2
rs1667394 C 2 2 2 2 2 1 2 2

rs1126809 A
rs1470608 A
rs1426654 G 2 2 2 2 2 2 2 2

rs6119471 C

rs1545397 T 2 2 2 2 2 2 2 2
rs6059655 T 0 0 0 0 1 0 0 0
rs12441727 A 0 0 0 0 1 0 0 0
rs3212355 A 0 0 0 0 0 0 0 0
rs8051733 C 0 1 0 0 0 0 0 0
p-value 0,753 0955 0837 0685 0818 0916 0913 0,994
Intermed Interme Interme
Prediction Dark Dark iate Dark Dark Dark diate diate

Table S18: Hirisplex prediction of the skin color. Blue SNPs have been predicted with the
SNPs from the 1000 genomes database, while SNPs in black with the ones overlapping the

Korean database with the 1000 genomes database.
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