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58 Abstract

59 Characterized by the earliest use of pottery, the Jomon culture was a unique Neolithic
60 culture that spread throughout the Japanese Archipelago. Previous archaeological evidence
61  suggests that Jomon hunter-gatherers colonized the southernmost islands, the Ryukyu
62 Archipelago, by approximately 7,000 years before present (YBP). However, genetic
63 characteristics of the Ryukyu Jomon population and its contribution to the modern
64  population have not been elucidated yet. In this study, we newly sequenced 273 modern
65 and 25 ancient (6,700-900 Y BP) whole genomes collected across the Ryukyu Archipelago.
66 Our andysis demonstrated a genetic differentiation between the Hondo (Japanese
67 mainland) and Ryukyu Jomon, dating back to ~6,900 YBP. After the divergence from the
68 Hondo Jomon, the Ryukyu Jomon experienced severe bottlenecks, with an effective
69 population size of ~2,000. Admixture between the Ryukyu Jomon and migrants from the
70  historic Hondo population occurred ~1,000 YBP, which corresponds to the widespread
71  adoption of iron tools and agriculture in the Central Ryukyus. Different demographic
72 histories between modern Hondo and Ryukyu populations resulted in different rates of
73  Jomon ancestry in these populations. By providing a new perspective on the peopling of
74  the Ryukyu Archipelago, this study significantly enhances our understanding of cultural
75  transitionsin the region.
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78 Introduction
79 The insular region of East Asia is one of the endpoints of the human journey.
80 After the out-of-Africa migration approximately 50,000 years before present (YBP),
81 anatomically modern humans spread across the world and reached the Japanese
82  Archipelago by approximately 35,000 YBP (Fujita et a. 2016). The Japanese Archipelago
83  dtretches from north to south and is prehistorically divided into three regions. Hokkaido,
84 the “Hondo” region (consisting of Honshu, Shikoku, and Kyushu), and the Ryukyu
85  Archipelago.
86 The Ryukyu Archipelago, which is also called the Nansel Islands, constitutes the
87  southernmost island chain of the Japanese Archipelago (Fig. 1A) and can be further
88  divided into the Northern Ryukyus (the Osumi and Tokara Islands), the Central Ryukyus
89  (the Amami and Okinawa Islands), and the Southern Ryukyus (the Miyako and Y aeyama
90 Islands) based on archaeological and biological perspectives (Fig. 1B). Due to the
91  historical and cultural differences between Hondo, the Central Ryukyus, and the Southern
92  Ryukyus, the chronological period designations applied to these regions differ among them
93  (Supplementary Fig. 1) (Pearson 2013).
94 In the Hondo region, although numerous Upper Paleolithic artifacts have been
95 excavated, the only human bones dating back to the Paleolithic period are the Hamakita
96 human remains (Kondo and Matsu’ura 2005). In contrast, there are many sites where
97  Upper Paleolithic human bones have been excavated from the Ryukyus, including at the
98 Minatogawa Fissure site (16,000 YBP) (Suzuki and Hanihara 1982) and the
99  Shiraho-Saonetabaru Cave site (20,000 YBP) (Nakagawa et a. 2010) in the Central and
100 the Southern Ryukyus, respectively. It is worth noting that microblade industries, which
101 showed a common distribution in the Hokkaido and Hondo regions during the Upper

102  Paleolithic period, were not present in the Centra and Southern Ryukyus (Sato and
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103  Morisaki 2022). Therefore, the origins of these different Paleolithic cultures have been
104  under debate.

105 After the Upper Paleolithic period, the Jomon pottery culture, developed by
106  Neolithic hunter-gatherers, began around 16,000 YBP in the Hondo region (Habu 2004).
107 By approximately 7,000 YBP, the pottery culture had been introduced to the Central
108 Ryukyus (Takamiya et a. 2019; Pearson 2013; Fujita et a. 2016). This culture in the
109 Central Ryukyus, known as the Shell-mound culture or the Ryukyu Jomon culture,
110 continued even after the introduction of rice cultivation to the Hondo region during the
111 Yayoi period (3,000 YBP), and ultimately lasted until the late Heian period (1,000 YBP).
112  Therefore, the Neolithic culture in the Central Ryukyus can be divided into two periods:
113  the Early Ryukyu Jomon period, which corresponds to the Jomon period in the Hondo
114  region, and the Late Ryukyu Jomon period, which overlaps with the Yayoi to Heian
115  periods.

116 In contrast, the Jomon culture did not extend to the Southern Ryukyus, resulting in
117 amarked gap in the archaeological record. In the Yaeyama Islands and on Tarama Island,
118 part of the Miyako Islands, the Shimotabaru culture (4,200-3,500 YBP) emerged, but
119  subsequently disappeared. Later, the Aceramic culture (2,500-900 Y BP), characterized by
120 giant clam shell adzes, appeared on both the Miyako Islands and the Yaeyama Islands
121 (Asato 1993; Yamagiwa et a. 2019). The origins of these two cultures remain a subject of
122  debate. The cultures of the Central and Southern Ryukyus were finally unified during the
123  Gusuku period (900-500 Y BP), atime that saw the widespread adoption of iron tools and
124  agriculture. This cultural transformation led to a period of warfare and eventually to the
125  establishment of the Ryukyu Kingdom.

126 Recent genomic analyses have provided insights into human migration to the

127  Ryukyu Archipelago. Previous studies on present-day individuals revealed clear genetic
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128 differentiation between the Hondo and Ryukyu regions and among island groups within the
129  Ryukyu Archipelago (Y amaguchi-Kabata et a. 2008; Sato et al. 2014; Liu et a. 2023; Liu
130 et al. 2024). Attempts have also been made to unravel the history of population formation
131  inthe Ryukyu Archipelago (Matsunami et al. 2021; Cooke et al. 2023; Koganebuchi et al.
132  2023; Yamamoto et al. 2024). For reconstruction of the population formation history,
133 inclusion of ancient genomes makes the analysis more effective, but ancient genomic data
134  from the Ryukyu Archipelago remain limited and fragmentary. To date, several ancient
135 mitochondrial DNA (mtDNA) datasets, including those from the Upper Paleolithic period,
136  have been reported (Shinoda et al. 2012; Shinoda et al. 2013a; Shinoda and Adachi 2017;
137 Shinoda et al. 2018; Mizuno et al. 2021); however, ancient nuclear genome data are
138  currently restricted to skeletal remains excavated from the Nagabaka site on Miyako Island,
139 dating from the Aceramic to the Ryukyu Kingdom periods (Robbeets et al. 2021).
140  Although it is notable that an individual from the Aceramic period had a genetic profile
141  comparable to that observed in Jomon individuals, a comprehensive understanding of the
142  population history in the Ryukyu Archipelago from ancient times to the present is still
143  lacking.

144 In this study, we conducted whole-genome sequencing (WGS) of 273 modern and
145 25 ancient individuals (dating from 6,700 to 900 BP) from the Ryukyu Archipelago.
146  Providing evidence for genetic differentiation between ancient populations in the Hondo
147 and Ryukyu regions, we estimated the prehistoric population dynamics of the Ryukyu
148  Archipelago.

149

150

151 Results

152  Dating and relatedness of sequenced ancient samples
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153 In this study, we newly sequenced 25 ancient individuals from 12 archaeological
154  sites across the Ryukyu Archipelago and directly confirmed the date of each bone sample
155 (Fig 1B; Supplementary Fig. 2). Archeologica evidence indicates that these samples are
156  derived from the Ryukyu Jomon period and the Aceramic period in the Central and
157  Southern Ryukyus, respectively (Supplementary Note 1). Radiocarbon dating results
158 reported in previous studies for 19 of the 25 individuals, and the 6 newly analyzed
159 individuals are shown in Supplementary Table 1.  Although most of the radiocarbon dates
160 for the ancient bones corresponded to the archeological estimation, two samples—from
161  Gushibaru Shell Mounds and Tsuken Shell Mounds—were dated to the Gusuku period,
162  which islater than the Ryukyu Jomon period (Table 1). Two human remains unearthed on
163  Ishigaki Island were dated to the Aceramic period.

164 Except for Shiraho6 from the Shiraho Saonetabaru Cave site, the sequence quality
165 of the samples was sufficient for population genomics analyses (Supplementary Fig. 3):
166  depth > 0.01 with more than 10K SNPs. Most samples showed a low contamination rate
167  (lessthan 0.09%), but due to the low sequencing depth, the contamination rate could not be
168  estimated for Shiraho6 and Shiraho5 (Supplementary Table 2).

169 We investigated kinship among the Ryukyu Jomon individuals using identity by
170  descent (IBD) segment sharing (Ringbauer et a. 2024) and found evidence of close genetic
171  relationships among the three individuals from the Tomachin site on Tokuno-shima Island
172  from ~2,500 YBP (Supplementary Fig. 4). Based on the total length of IBD segments and
173  the count of IBD segments >8cM, we estimated that Tomachin003 and Tomachin001 were
174  siblings, while Tomachin002 was the son of Tomachin001. Consequently, Tomachin003
175  wasthought to be the aunt of Tomachin002.

176 We aso found multiple pairs of individuals who were not first- or second-degree

177  relatives but who shared more than 2 segments with length of >20cM in length, potentially
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178 indicating a more distant kinship (third-degree plus). These distant kinship relationships
179  were inferred within the Gushikawa site and the Heizanbaru site on Okinawa Island.
180 Interestingly, we also inferred such links between different sites. HeizanbaruA3 (1,200
181  YBP) has distant kinship with Ufutobaru003 (1,400 Y BP) from a separate site on Okinawa
182 Island and with Furuzamami3 (1,200 YBP) on Zamami Island. This indicates a certain
183  degree of local migration among the Ryukyu Jomon, including between islands.

184 In analysis of runs of homozygosity (ROH) segments using hapROH (Ringbauer
185 et a. 2021), the length of the ROH varied significantly among the ancient individuals,
186 from 4 to 286 cM. ROH segments longer than 12cM are indicative of recent inbreeding, as
187  observed in the Tomachin individuals and the IreibaruD3 individual on Okinawa Island.
188 We determined mitochondrial DNA and Y chromosome haplogroups from
189 genotyping data. All of the Ryukyu Jomon individuals had a M7a haplogroup for
190 mitochondrial DNA and al male individuals showed a Dla2al haplogroup for Y
191  chromosome (Table 1).

192

193  Structures of ancient and modern Ryukyu populations

194 We obtained WGS data for 273 modern individuals collected across the Ryukyu
195 Archipelago: Okinawa Island and its surrounding islands (OKI, n = 97), Kume
196 Island/Tonaki Island/Awa Island (KME, n = 60), the Miyako Islands (MY K, n = 50), the
197  Yaeyamalslands (YAE, n = 48), and the Amami Islands (AMA, n = 18).

198 Obtained Ryukyu WGS data was combined with other genomes to infer the
199  population structure using a principal component analysis (PCA). We extracted 1240K
200 SNPs from newly sequenced and previously reported ancient genomes (Supplementary
201 Tables 3 and 4) and projected these data into a PCA generated by modern genome data.

202  When we focused on East Asian populations (Fig. 1C), three clusters (Hondo, Ryukyu, and
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203  Jomon) were aigned along the PC1 axis. Within the Jomon cluster, Hondo and Ryukyu
204  Jomon exhibited slightly different PC1 scores, suggesting genetic differentiations between
205 Hondo and Ryukyu Jomon. Modern individuals from different island groups in the Ryukyu
206  Archipelago formed a cluster as shown in Fig. 1C. When we plotted another PCA result
207  using only Japanese populations (Fig. 1D), Ryukyu and Hondo Jomon individuals were
208 more clearly differentiated on the PC1 axis, and the PC2 axis was mainly explained by the
209 genetic diversity within the Miyako Islands, as previously reported (Matsunami et a. 2021;
210 Koganebuchi et al. 2023). For the Ryukyu Jomon population, linear regression analyses
211  indicated that PC1 values are associated not with location of the site (Supplementary Fig.
212  5A; R*= -0.0264, p = 0.4738) but with date (Supplementary Fig. 5B; R*= 0.1658, p =
213  0.0472). However, sequence depth was also associated with PC1 values (Supplementary
214  Fig. 5C; R? = 0.2388, p =0.0195). Using imputed ancient data, we also observed that
215 Ryukyu and Hondo Jomon clusters were aligned along the PC1 axis (Supplementary Fig.
216  6).

217 ADMIXTURE analysis indicated that three ancestral populations (K = 3) best
218  explain the genetic profiles of East Asian populations. These ancestries seem to correspond
219  to Jomon, northern continental, and southern continental lineages (Fig. 1E; Supplementary
220 Fg. 7). The Hondo and Ryukyu Jomon shared a single ancestry, and differentiation
221  between the Jomon populations was not observed in the results of ADMIXTURE.

222

223  F-statistics between Ryukyu and other populations

224 Pairwise outgroup f3 statistics reveded that the Ryukyu Jomon have relatively
225 high genetic affinities with surrounding modern and ancient East Asian populations
226  (Supplementary Fig. 8; Supplementary Tables 5 and 6). The dendrogram for modern and

227 ancient Japanese individuals based on individual-level pairwise f3 statistics shows two

10
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228  distinct clusters (Fig. 2A): one consisting of Jomon individuals and the other of non-Jomon
229 individuals. The Jomon cluster was subdivided into two groups, one mainly corresponding
230 to the Ryukyu Jomon individuals and one mainly corresponding to Hondo Jomon
231 individuas. These results were replicated using population-level 3 statistics
232  (Supplementary Fig. 9). We aso found that ancient individuals from the Aceramic culture
233 in the Southern Ryukyus were included in either the Hondo Jomon cluster or the
234  non-Jomon cluster (Fig. 2A). However, since the data quality for the Aceramic individuals
235 wasvery low (Supplementary Fig. 3), the results need to be carefully interpreted.

236 Next, we calculated the f4 statistics to assess relative Jomon ancestry in modern
237 populations: f4(Mbuti, Jomon; OKI, JPT). The results indicated that the genetic
238  contribution from the Jomon population is greater in the modern Ryukyu population (OKI)
239 than in the modern Hondo population (JPT) (Supplementary Fig. 10). Although both
240 Hondo and Ryukyu Jomon individuals showed a genetic affinity with OKI, Ryukyu Jomon
241 individuals tended to show greater absolute f4 statistics than Hondo Jomon individuals
242  (Supplementary Fig. 10). We did not detect any evidence of variation in gene flows from
243  the Jomon population into modern Ryukyu populations (OKI, MYK, YAE, AMA, and
244 KME) (Supplementary Table 7).

245 We aso calculated f4(Mbuti, X; Hondo Jomon, Ryukyu Jomon) to detect the
246 relative gene flow from other ancient and modern Asian populations (X) into two Jomon
247  populations. As expected, highly positive values of the f4 statistics were observed for
248 modern Ryukyu populations assigned to X. This indicated that modern Ryukyu
249 populations inherited relatively high proportion of genetic components from the Ryukyu
250  Jomon (Supplementary Fig. 11A). Unexpectedly, the f4 statistics also showed significantly
251  positive values (Z > 3) when we assigned modern or ancient Asian populations outside the

252  Japanese Archipelago to X. This suggested that compared with the Hondo Jomon, the

11
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253  Ryukyu Jomon received a slightly but significantly higher level of gene flow from another
254  population (Supplementary Fig. 11B). We further evaluated the difference of such gene
255 flow between the Early and Late Ryukyu Jomon periods (before and after 2500 YBP)
256  using f4(Mbuti, X; Early Ryukyu Jomon, Late Ryukyu Jomon). However, no significant f4
257  satistics were detected for any modern or ancient Asian population tested as X
258 (Supplementary Tables 8 and 9). From a prehistoric archaeological perspective, one of the
259  candidates for the source of the gene flow may be Upper-Paleolithic people in the Ryukyu
260 Archipelago. Although no data are available for Upper-Paleolithic Ryukyu people, an
261  Upper-Paealithic individual of China, Tianyuan, showed a non-significant f4 statistics
262  (Supplementary Fig.11) and thus was not a plausi ble source.

263

264 Local Admixturein the Ryukyu Archipelago

265 Using the f4 ratio test, we estimated the admixture proportion between the
266  Jomon people (Hondo or Ryukyu Jomon) and continental migrants (CHB or Korean)
267  during formation of the Japanese populations. The results of the f4 ratio test indicated that
268 the admixture proportions from Jomon people to the modern Ryukyu populations were
269 0.159-0.279, whereas those to the modern Hondo population (JPT) were 0.035-0.136
270 (Supplementary Fig. 12; Supplementary Table 10). When CHB, instead of Korean, was
271 used as the continental parental population, the estimated admixture proportion from
272 Jomon people was increased.

273 Next, we applied the gpWave and gpAdm algorithm to estimate the admixture
274 proportion in the ancient and modern Ryukyu populations. The results of gpWave
275 caculation indicate that at least two migration waves to the Ryukyu Archipelago are

276  required to explain the past and present population structures (Supplementary Table 11).

12
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277 Since the results of the f4 statistics suggested the presence of the gene flow from
278 a population outside the Japanese Archipelago into the Ryukyu Jomon, we attempted to
279 identify the source population that contributed to the admixture. Using two-way gpAdm
280 with Hondo Jomon as one of the source populations, many ancient and modern Asian
281 populations were identified as potential source populations for the Ryukyu Jomon
282 (Supplementary Tables 12 and 13). Fom a geographical perspective,
283  Austronesian-speaking people living in Taiwan and the Philippines are candidates for the
284  source population. While indigenous Taiwanese, Ami and Atayal, were acceptable as
285 sources in the two-way gpAdm algorithm, the continental populations such as Orogen,
286 Hezhen, Ulchi, Daur, Korean, and northern Han exhibited a greater tailed p-value
287 (Supplementary Table 13). To determine which of the Austronesian-speaking or
288 continental populations are a more plausible source population, we further conducted a
289 rotated gpAdm analysis using Ami and Orogen as reference populations. The results
290 indicate that Orogen (admixture rate = 0.176, tail p-value = 0.54) is more likely to serve as
291  asource population than Ami (admixture rate = 0.104, tail p-value = 0.04) (Supplementary
292 Tables 14), which is consistent with the Ryukyu Jomon receiving gene flow from a
293  continental, but not insular, Asian population.

294 We aso modeled the formation of the Ryukyu populations by admixture
295  between the Ryukyu Jomon and modern Hondo Japanese (Supplementary Table 15; Fig
296 2B). The results showed that the proportion of Jomon ancestry gradually decreases over
297  time (Gusuku > Ryukyu Kingdom > modern). The admixture rate from the Ryukyu Jomon
298 to modern Ryukyu populations ranged from 0.151 to 0.173 and remained largely stable
299 testing each island group (OKI, MYK, YAE, AMA, and KME) as the target population,

300 athoughit wasslightly lower for YAE and AMA.

13
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301 Phylogenetic trees were constructed using the Treemix program (Pickrell et al.
302 2012; Supplementary Fig. 13). We confirmed that the Ryukyu and Hondo Jomon cluster
303 together and that all of admixture edges were directed from the ancient Jomon branches to
304 the modern Japanese branches, as expected. Additionally, we reconstructed a model of
305 population formation using gpGraph. Although we attempted to introduce an admixture
306  between the Jomon and continental populations to form the Ryukyu Jomon, the proportion
307 from the continental population was estimated to be zero (Supplementary Fig. 14).
308 Consequently, the resulting model took the form shown in Fig. 3, although the worst z
309 score in the f4 statistics was 4.412. The admixture rate from the Hondo Jomon to the
310  modern Japanese was estimated to be 13% and that from the Ryukyu Jomon to the modern
311 Ryukyu population was 18%.

312

313  Demographic dynamicsfor the Ryukyu populations

314 To understand the demographic dynamics of the Ryukyu populations in detail,
315 we conducted further population genomics anayses using imputed ancient genomes.
316  Because we could not obtain genomic data of good enough quality from ancient samples
317  from the Southern Ryukyus, we only used samples from the Central Ryukyus in the
318  subsequent analysis.

319 We estimated the date of the admixture between Jomon and CHB as being
320 representative of the continental population using the software ALDER (Loh et al. 2013).
321 The date inferred by ALDER tends to indicate the most recent admixture event between
322 the two ancestral components. Therefore, it should be noted that the admixture may not
323  have been asingle event and that the admixture event does not necessarily represent direct
324  mixing between Jomon and CHB. The estimated date of Jomon admixture in the Hondo

325  Japanese (JPT) population was 54.49 + 2.37 generations ago (Fig. 4A), which corresponds
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326 to about 1,526 YBP during the Kofun period when we consider 28 years/generation. In
327 contrast, the estimated date of Jomon admixture in the Ryukyu population (OKI) was
328 36.77 £ 1.71 generations ago (approximately 1,030 YBP) (Fig. 4B). The dates of Jomon
329  admixture were similar among island groups in the Ryukyu Archipelago (Supplementary
330 Fig. 15; Supplementary Table 16).

331 As a signature of a population bottleneck or prolonged small effective
332  population size, we estimated the number and length of ROH for each modern and ancient
333  population using the imputed data. From the distribution of ROH ranging from 1-5 Mbp,
334  the Hondo Jomon showed longer ROH than the modern Japanese (Fig. 5A). In addition,
335 the Ryukyu Jomon exhibited longer ROH than the Hondo Jomon, suggesting that the
336  Ryukyu Jomon had experienced a more severe bottleneck (t = 2.989, df = 18.859, P =
337 0.008; HND_JMN N=14, RYK_JMN N=19). In contrast to the distribution of total number
338 and total length of ROH (Supplementary Fig. 16A), no difference was observed in the
339 distribution of ROH ranging more than 5 Mbp (Supplementary Fig. 16B).

340 We also conducted an ancestral recombination graph analysis using RELATE to
341  estimate the historical change in population size (Speidel et al. 2019; Fig. 5B). As with the
342 ROH analysis, the results indicated that the Ryukyu Jomon had a severely decreased
343 population size. The demography is mostly identical between the Ryukyu and Hondo
344  Jomon populations to about 10,000 Y BP. Thereafter, these two populations seem to have
345 been genetically differentiated. We further conducted a time-stratified f4 ratio test using
346 RELATE and twigstats (Speidel et al. 2025; Supplementary Fig. 17; Supplementary Table
347 17). However, no clear migration signal from Jomon population to other Japanese
348  population was detected when either time threshold (500 or 300 generations) was applied.
349 Finally, we estimated divergence time and the population sizes of the Ryukyu

350 and Hondo Jomon populations based on coalescent simulation using fastsimcoal2
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351  (Excoffier et al. 2021). Considering the results of the ancestral recombination graph, we
352 simplified the model assuming that these two populations split after the population
353  bottleneck during the Out-of-Africa migration, and both kept a constant population size
354  without migration to each other (Fig. 6A). The joint fold site frequency spectrum (SFS)
355  was used as the summary statistic in the simulations. The observed SFS, the expected SFS
356 for the best-fitting model, and the Anscombe residuals were shown in Fig. 6B. The results
357  of our smulations suggested that the timing of the split between the Ryukyu and Hondo
358  Jomon populations was 246 generation ago (95% Cl: 230-265), corresponding to 6,900
359 YBP (28 years/generation), and the population size of Ryukyu Jomon was 2,099 (95% CI:
360 2,026-2,296). Since the model does not take admixture or migration into account, the
361 edimated divergence timeislikely to represent the lower bound.

362

363 Jomon-derived regionswithin the modern Japanese genome

364 We calculated Fsr for each locus between the Ryukyu and Hondo Jomon
365 populations and found that 19 loci showed Fsr > 0.7. These loci are included in functiona
366  genes, such as SSBP3, FAM180A, and AXCR1C (Supplementary Tablel8).

367 To understand the details of the Jomon components in modern populations, we
368 decomposed admixed chromosomes using a local ancestry inference. We estimated
369 haplotypes derived from the Jomon population in both modern Ryukyu and Hondo
370 individuals and calculated the rate of Jomon ancestry for each chromosomal region in each
371 population (Fig. 7A). The Jomon rates in each chromosomal region were clearly correlated
372  between JPT and OKI (Fig. 7B; r = 0.568, t = 41.363, df = 4600, P < 2.2 x10™°) and there
373 was no region with a signature indicating different selection pressures between the
374  populations. Our analysis suggested that rates of Jomon ancestry in modern Ryukyu

375 genomes were relatively higher than those in modern Hondo genomes on average (mean of
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376  difference = 0.106). In particular, we found that a locus showing a high Jomon ancestry
377 rateislocated near the telomeric region of chromosome 14 (Supplementary Tables 19 and
378  20; chrl4:105,562,800-106,883,658). This region includes the gene cluster encoding the
379  immunoglobulin heavy chain.

380

381

382 Discussion

383 In the dual structure model, Hanihara (1991) argued that the Japanese Archipelago
384  was occupied by the indigenous Jomon people and that differences between the Hondo and
385 the Ainu/Ryukyu populations were caused by migrations from the East Asian continent,
386  predominantly into the Hondo region. Technological advances make it possible to test
387  these hypotheses using genomic data. Genome-wide SNP studies demonstrated that,
388  athough there is some genetic similarity between the Ainu and Ryukyu populations, the
389 Ryukyu population are genetically closer to the Hondo Japanese than to the Ainu (Jinam et
390 al. 2012). Building on the basic concept of the dual structure model, researchers recently
391  hypothesized that assuming additional migrations is more suitable for explaining the
392  genomes of the ancient and modern Japanese (Cooke et al. 2021; Jinam et al. 2021; Liu et
393  al. 2024). This study focusing on the Ryukyu Archipelago highlights that the origins of the
394  Japanese population may be more complicated than previously thought, and the modern
395 Ryukyu and Hondo people do not simply share the same Jomon ancestors.

396 We demonstrated that the Ryukyu and Hondo Jomon populations are genetically
397 differentiated (Figs. 1C, D and 2). A previous study has suggested that Hondo and Ryukyu
398  Jomon individuals have a different facial morphology of the skull (Fukase et a. 2012). In

399  this study, we also detected genetic polymorphisms that are highly differentiated between
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400 the Hondo and Ryukyu Jomon populations (Supplementary Table 18), which can be
401 candidates for theloci that explain phenotypic differences between populations.

402 Using coalescent simulation, we estimated the divergence time between the
403 Ryukyu and Hondo Jomon to be 6,900 YBP. Interestingly, this date coincides with the
404  emergence of Tsumegata-mon (Fingernail-impressed) pottery culture associated with the
405 onset of full-scale stone tool production in the Central Ryukyus (Takamiya et al. 2019;
406 Pearson 2013). This culture emerged after the Kikai-Akahoya eruption (7,300 YBP)
407  (Uchiyamaet al. 2023) and is considered to have been independent of the Tsumegata-mon
408 culture in the Hondo region that emerged during the Incipient Jomon period (before 11,500
409 YBP). Thus, the origin of the Tsumegata-mon pottery culture in the Central Ryukyus is
410  still unclear. Although Jomon pottery in the Central Ryukyus was discovered sporadically
411  from earlier periods (Yamasaki 2020), archaeologists have regarded the Tsumegata-mon
412  pottery culture as the establishment of the Ryukyu Jomon period, based on increased
413  evidence of human settlement. Although our simplified simulation model, which assumes
414 no migration or admixture, may under- or over-estimate the divergence time, the
415  estimation does not contradict our understanding that people migrated from Hondo to the
416  Central Ryukyus and introduced Jomon pottery cultures.

417 Previous morphological studies of ancient bones have suggested that the
418  Upper-Paeolithic Ryukyu people were distinct from the Jomon people and were likely
419  derived from prehistoric Southeast Asian populations with Australo-Melanesian affinities
420 (Kaifu et a. 2011). Previous studies have suggested that the mtDNA of the
421  Upper-Paleolithic Ryukyu individuals does not show continuity with that of subsequent
422  Jomon individuals or present-day populations in the same region (Mizuno et al. 2021,
423  Shinoda et al. 2013b). Consistent with those findings, this study found no evidence that

424  continental Upper-Paleolithic people represented by Tianyuan contributed genetically to
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425 the Ryukyu Jomon. Instead, our f4 and gpAdm analyses detected that the Ryukyu Jomon
426 had received a slightly greater genetic contribution from another population than the
427 Hondo Jomon had, demonstrating that the source population is likely a northern
428  continental group but not the indigenous Taiwanese. At this moment, we cannot conclude
429  whether gene flow occurred directly from the Asian continent or through Hondo. Although
430 previous studies have demonstrated that the genomes of historical and modern Ryukyu
431 individuals harbor continental genetic components (Cooke et a. 2023; Liu et a. 2025), the
432 introduction of certain components into the Ryukyus may date back to an earlier era than
433 the Late Ryukyu Jomon (Y ayoi) period.

434 Our findings suggest that the Ryukyu Jomon experienced a severe genetic
435  Dbottleneck after the divergence from the Hondo Jomon and maintained a small population
436 size (about 1,700 in RELATE and 2,100 in fastsmcoal2) for more than 5,000 years.
437 Recently, Kawai et al. (2023) estimated the transition in population size from ancient times
438 to the present using whole genome data for modern Ryukyu individuals. However, the
439 previous estimation may not directly reflect the population size of the Ryukyu Jomon
440  because the large proportion of the modern Ryukyu ancestry is derived from the historic
441  Hondo population. Therefore, the present study provides new evidence on population size
442  changesin the Ryukyu Archipelago during the prehistoric period using genomic data from
443  Ryukyu Jomon individuals.

444 The origins of prehistoric cultures in the Southern Ryukyus, the Shimotabaru and
445  Aceramic cultures, remain poorly understood (Y amagiwa et al. 2019). Some archaeologists
446 consider that these cultures originated in Taiwan or the Philippines. However, previous
447 genome analysis demonstrated that ancient individuals from the Aceramic period on
448 Miyako Island have a genetic background similar to that of the Jomon (Robbeets et al.

449 2021). In the present study, we attempted to add additional ancient samples from the
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450  Southern Ryukyus; however, high-quality genomic data could not be obtained. In the
451 analysisusing f3 statistics (Fig. 2), individuals from the Southern Ryukyus in the Aceramic
452 period clustered together with the Hondo Jomon individuals. Nonetheless, due to the
453 limited quantity and quality of the data, it would be premature to conclude that the
454  aceramic culture was introduced from the Hondo region, skipping over the Central
455 Ryukyus. Therefore, collection of additional high-quality data and comprehensive data
456 analyses are required to clarify the origins of the prehistoric cultures in the Southern
457  Ryukyus.

458 From an archaeological perspective, cereal farming and the use of iron tools were
459 introduced to the Central Ryukyus between the 8th and 12th centuries, after which the
460 Ryukyu Archipelago was considered to have entered the Gusuku period (Takamiya and
461  Nakamura 2021). Clarifying whether this cultural transition resulted from the transmission
462  of cultural practices alone or from human migration is also archaeologically important. As
463 previously reported (Koganebuchi et al. 2023), the present study showed that the genetic
464  contribution of migrants from the Hondo region is substantial in the modern Ryukyu
465 population (83% and 82% in OKI by gpAdm and admixture graph, respectively). Although
466 the admixture proportions were largely stable across different island groups, it is
467 noteworthy that the Y aeyama Islands, despite being the farthest west, showed a relatively
468 high proportion of Hondo-derived admixture. Furthermore, we showed that ancient
469 individuals from the Gusuku period and the Ryukyu Kingdom period have lower
470 proportions of Hondo-derived admixture. This suggests that migration and admixture
471  eventsdid not occur at asingle point in time, but rather accumulated gradually over time.
472 We aimed to estimate the timing of the admixture between the indigenous Ryukyu
473  Jomon and the Hondo-derived immigrants after the Gusuku period. ALDER likely failed to

474  make this determination because the modern Hondo population containing some Jomon
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475 ancestry is genetically too close to the modern Ryukyu populations (Loh et al. 2013).
476 Therefore, we instead used CHB as one of source populations and detected the admixture
477  between the Jomon and continental genomic components. The Jomon admixture in the
478  modern Ryukyu populations was estimated to be approximately 1,000 YBP (Fig. 3), which
479  corresponds to the timing of the introduction of agriculture. This is also consistent with a
480 previous estimation using individuals from the Ryukyu Kingdom period on the Miyako
481 Island (historical Nagabaka) (Cooke et a. 2023). These results suggest that the
482 introduction of agriculture to the Ryukyu Archipelago was accompanied by human
483  migration.

484 We showed that the rates of Jomon ancestry in each chromosomal region were
485 higher in OKI than in JPT and were clearly correlated between the modern populations
486 (Fig. 7). Concurrently, we did not observe any genomic regions with distinctly higher or
487 lower levels of Jomon ancestry that were specific to OKI. The genomic regions showing
488 higher levels of Jomon ancestry in both populations may be candidates for adaptive
489 introgression, but a comprehensive understanding of this phenomenon will require
490  elucidating the associations between phenotypes and genetic polymorphisms, as well as the
491  functions of nearby genes.

492 Although our study provides new insights into the demography of Japanese
493 populations, we should also recognize its limitations. First, due to the small sample size
494  and the low quality of the ancient genome samples, we could not conduct a detailed
495 analysis of the Southern Ryukyus. Second, because of the absence of genome data from
496 Pdeodlithic individuals, we could not explicitly clarify the relationships between the
497 Pdeolithic people and the Ryukyu Jomon. Third, athough archeological evidence
498 indicates that trade between the Ryukyus and external region increased during the Late

499  Ryukyu Jomon period in the Central Ryukyus (Kinoshita 2012), no genetic traces of this
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500 were detected. Fourth, we could not decompose admixture events during and after the
501 Gusuku period. Additional genome information from the Ryukyus will facilitate the
502  resolution of these remaining questions.

503

504

505 Materialsand Methods

506 Ethicsstatements

507 Prior to sharing modern genome information used in this study, all participants
508 provided written informed consent. The study protocol was approved by the Ethics
509 Committee of the National Center for Global Health and Medicine (Approva No.
510 NCGM-S-003460-06) and the Ethics Committee on Life Science and Medical Research
511  Involving Human Subjects, University of the Ryukyus: Approval No. 18-2300-07-00-00,
512  No. 21-1826-17-03-00 (for modern genome data) and No. 23-2213-00-00-00 (for ancient
513 genome data).

514

515 Modern sample collection and sequencing

516 A total of 273 individuals living in the Ryukyu Archipelago (OKI: n = 97, KME:
517 n=60, MYK: n=50, YAE: n =48, and AMA: n = 18) participated in this study and gave
518  written informed consent before their enrollment. The origin of individual participants was
519 determined using information on the birthplace of their four grandparents obtained by
520 questionnaire. Genomic DNA was extracted from saliva or blood samples. WGS was
521  conducted at Macrogen Japan Corp. (Tokyo, Japan) and Genesis Healthcare Co. (Tokyo,
522  Japan). DNA quality was assessed using the picogreen method, and the condition of the
523 DNA was assessed by gel electrophoresis. A WGS library was constructed using a TruSeq

524 DNA PCR-Free Library Preparation kit (Illumina Inc., San Diego, CA, USA) according to
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525  manufacturer protocols. We sequenced the DNA using 2% ]150-bp paired-end reads on a
526  HiSeq X sequencing platform (Illuminainc.).

527

528 Ancient sample collection and genomic mapping

529 Excavated ancient bones (25 samples from 12 sites) in the Ryukyu Archipelago
530 were utilized for this study (Figure 1). Archeological evidence suggests that all of these
531 sites date to the Shell-mound period (i.e., Ryukyu Jomon). Description of each site are
532 provided in Supplementary Note 1. C14 radiocarbon dating was performed on the bone
533  samples as described in Supplementary Note 2. After ancient DNA extraction and library
534 preparation (Supplementary Note 3), DNA libraries were sequenced using HiSeq X
535  (lllumina) with 150 base paired-end reads. The DNA sequence data were mapped to the
536 GRCh38 reference genome using the BWA software with the mem option (Li and Durbin
537 2009). After removing soft clips, base recalibration was performed with the GATK4
538 BaseRecalibrator (Van der Auwera and O'Connor 2020). The generated bam file for each
539 samplewas utilized in further analysis.

540

541 Molecular sex determination and contamination estimation for ancient dataset

542 To clarify the authenticity of the mapped sequence reads, the frequency of
543  postmortem misincorporation and depurination, which are characteristic of ancient DNA,
544  was checked with mapDamage2.0 (Jonsson et al. 2013). After confirming the authenticity,
545  the contamination frequency was estimated for nuclear DNA sequences. We used ANGSD
546  software (“MoM” estimate from “Method 1" and the “new_lIh" likelihood computation)
547  (Korneliussen et al. 2014), which estimates contamination based on the X chromosome
548  polymorphism rate in males. Then, the molecular sex of ancient samples was determined

549  using the method of Skoglund et al. (2013).
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550

551 Genotype calling and mergeto previously reported modern and ancient datasets

552 We collected publicly available modern genome data from following datasets:
553 1000 Genomes Project Phase 3 (The 1000 Genomes Project Consortium 2012), Simon
554  Genome Diversity Project (Mallick et a. 2016), Human Genome Diversity Project
555 (Bergstrom e a. 2020), and Korean Persona  Genomics  Project
556  (http://camda2021.bioinf.jku.at/kpg_prepro). We also newly obtained WGS from 273
557 individuas in the Ryukyu Archipelago and one previously published high-coverage Jomon
558  sequence (F23; Kanzawa-Kiriyama et al. 2019). Raw reads of these data were mapped to
559 the GRCh38 reference genome and variants were jointly called.

560 The pipeline of joint calling described in Kawai et a. (2023) was utilized for this
561 study. Using NVIDIA Clara Parabricks (v4.1), sequence reads in fastq format were
562 mapped to the GRCh38 reference sequence using the bwa-mem algorithm, and duplicate
563 reads were marked. SNV and INDEL variant calls were performed using the GATK
564  Haplotypecaller algorithm, and the output saved in genomic Variant Call Format (gVCF)
565 files was used to generate a VCF containing genotypes from multiple samples via joint
566 calling with scores for each variant calculated by the VQSR algorithm using the Sentienon
567 software. The resultant variants with a genotype quality of less than 20 or fewer than 10
568 reads supporting the variant were subsequently filtered out. Additionally, we applied hard
569 filtering to heterozygous genotypes where the proportion of non-reference alleles deviated
570 significantly (p < 0.001) from 50%. After that, we removed variants that deviated
571  significantly (p < 10*) from Hardy-Weinberg equilibrium in any population or had a
572 missing rate of 10% or higher, and only the remaining bialelic SNPs were used for

573  subsequent analysis.
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574 The 1240K SNPs in the Allen Ancient DNA Resource (Mallick et al. 2024) were
575 extracted from these joint calling data. Using downloaded 1240K v54.1 dataset, positions
576 were converted from GRCh37 to GRCh38 wusing the LiftOver tool
577  (https://genome.ucsc.edu/cgi-bin/hgLiftOver). After obtaining these SNPs, quality controls
578 of joint calling data were conducted using PLINK 1.9 (Chang et al. 2015). The criteria for
579 SNPs filtering were as follows: (1) SNP calling rates of 95% or higher, (2) shared
580 identity-by-descent (@) of higher than 0.5, and (3) hetero F coefficients were less than
581 -0.07. As aresult, 3,912 individuals with 1,067,494 variants were retained in the dataset.
582  These variants were listed using mpileup in samtools with -g30 -Q20 parameters (Li 2011)
583 and used for random haploid calling of ancient genomes using pileupCaller
584  (https://github.com/stschiff/sequenceTools). We used samples including newly sequenced
585 Ryukyu ancient genomes, as well as previously reported Asian and Japanese ancient
586  genomes for calling (Table 1; Supplementary Tables 2 and 3). After calling, these modern
587  and ancient datasets were merged.

588

589 Mitochondrial DNA and Y chromosome haplogroups

590 Haplogroups of mitochondrial DNA and Y chromosome were determined. We
591 extracted variants located in mitochondrial DNA from mpileup calling data. Then, the
592 haplogrep program (v2.4.0) was used for the estimation of mtDNA haplogroup
593 (Weissensteiner et a. 2016). Estimation of Y chromosome haplogroups was performed
594  using Yleaf software (Ralf et a. 2018) with and without the -aDNA option (ignoring all
595 G>A and C>T mutations). For further classification into Y chromosome sub-haplogroups,
596 SNP sites in each haplogroup were called by mpileup and groups were subdivided by
597  visualy checking for the presence or absence of mutations.

598
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599 Population structure analysis

600 Merged data were used to examine the genetic relationships between individuals
601 through PCA. These analyses were performed using the smartpca program in the
602 EIGENSOFT package (Patterson et al. 2006). When ancient samples were included in the
603 PCA, ancient samples we specified were projected to modern samples using the
604 “poplistname’ and “Isgproject” options. Ancient samples having a genomic depth of more
605 than 0.01 were used for analysis.

606 To estimate individual ancestry, we conducted an ADMIXTURE analysis
607 (Alexander et al. 2009). To decrease sampling bias, ten individuals were randomly selected
608 from each modern population where the population includes more than ten individuals. For
609 ancient samples, we used samples showing a depth of more than 0.01. In total, 289
610 individuals from the East Asian dataset were subjected to maximum-likelihood clustering
611 analysis using an ADMIXTURE run from K = 1 to 8 with calculation of cross-validation
612  errorsfor each value of K.

613

614  F-statisticsto detect gene flow

615 Individual- and population-level f3 and f4 statistics were calculated to infer gene
616 flow between Ryukyu and other populations. For calculation of f3 dtatistics, we chose
617  Mbuti as the outgroup, and pairwise comparisons between each modern and ancient Asian
618 and Japanese populations were conducted. For calculation of f4 statistics, we aso chose
619 Mbuti as the outgroup and ancient Japanese as source populations of admixture. Then,
620 modern Japanese were used as the target population, and the relative degrees of gene flows
621  were estimated. The genetic differentiation among Jomon populations was estimated using

622 f4-statistics with both Ryukyu and Hondo Jomon populations chosen as targets and other
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623 Asian ancient and modern populations selected as source populations. Both tests were
624  carried out using admixr (Petr et al. 2019) and AdmixTools (Patterson et al. 2012).

625 To estimate the proportion of ancient ancestry in each modern Ryukyu population,
626 we applied the f4 ratio test implemented in AdmixTools (Patterson et al. 2012). We
627 selected Mbuti and CDX as the outgroup and A population, respectively. Each modern and
628 ancient Japanese population was assigned as X population (modern: JPT, AMA, KME,
629 MYK, OKI, and YAY; ancient: Yayoi, Kofun, Gusuku, Aceramic, and Ryukyu Kingdom).
630 We chose modern East Asian (Korean and CHB) as the B population, and each Jomon
631  (Hondo and Ryukyu) as the C population.

632

633  Estimation of admixture waves

634 Admixture waves and genetic contributions of each ancestral population were
635 edtimated using gpWave and gpAdm in AdmixTools (Patterson et a. 2012). First, we
636 conducted a gpWave analysis to infer the number of migration waves. We set Sardinian,
637 Kusunda, Papuan, Dai, Ami, Naxi, and Mbuti as outgroups. We included combinations of
638 ancient and modern Hondo populations (Japanese in SGDP/HGDP, Hondo Jomon, Y ayoi,
639 and Kofun) into the right population. Ancient Ryukyu populations (Ryukyu Jomon, and
640 Gusuku) with or without a subset of modern and ancient Ryukyu populations (Ryukyu
641  Kingdom, OKI, AMA, KME, MYK, and YAY) were included into the left population.
642  Second, we conducted gpAdm analysis to estimate the proportion of genetic contributions
643 from each ancestral population. Based on the gpWave analysis, we assumed two or three
644  migration waves.

645 In addition, we conducted a two-way gpAdm analysis focusing on Ryukyu Jomon
646  to infer the genetic contribution from populations outside the Japanese Archipelago to the

647  Ryukyu Jomon. We set Hondo Jomon as one of the reference populations, and each Asian
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648 ancient and modern population was assigned as another reference population. Then, the
649 genomic contributions from northern and southern populations into the Ryukyu Jomon
650 were inferred using rotating gpAdm. At this time, we assumed Ami and Orogen were
651  representatives for the northern and southern populations, respectively. We calculated the
652  admixture proportion using Hondo Jomon and these populations as references.

653

654 Demographicinference

655 Bifurcation phylogenetic trees were reconstructed using Treemix (Pickrell et al.
656 2012). The VCF file was converted to TreeMix format using plink1.9 (Chang et al. 2015)
657 and a python script (plink2treemix.py). We fitted 0-5 admixture edges using the Japanese
658  ancient and modern populations and CHB was set as an outgroup.

659 The admixture graph was modeled using gpGraph in AdmixTools (Patterson et al.
660 2012). We specified parameters as outpop: Mbuti, usedlsnps: YES, blgsize: 0.05,
661 forcezmode: YES, diag: 0.0001, bigiter: 6, hires: YES, inbreed: YES. Considering
662  previous results (Koganebuchi et al. 2023), we proposed an appropriate evolution model.
663

664 Imputation of ancient genome

665 Genotyping imputation of the ancient genome was performed using GLIMPSE2
666 (Rubinacci et a. 2023). Before imputation, the genotypes of the modern human samples
667 created in this study were phased using Beagle 5.4 (Browning et al. 2021). According to
668 GLIMPSE2 instructions, the data were divided into chunks, an imputation panel was
669 created, and the imputation was performed with bam files obtained from the ancient human
670 analysisasinput and results in VCF format. We retained ancient samples showing a depth
671  of more than 0.1 after imputation. From these data, we filtered out SNPs showing MAF <

672 0.01, and individuals showing shared identity-by-descent (7)) was higher than 0.5 for
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673 analysisof PCA, ROH, and admixture dating. After filtering, we retained 3,958 individuals
674  with 10,880,721 SNPs.

675

676 Inferring genomic sharing between individuals

677 AncIBD (Ringbauer et al 2024) was run on the imputed ancient genomes with
678  coverage higher than 0.25 to infer IBD segments. We filtered the imputed genomes to the
679 1240K SNP sites lifted over to GRCh38 (Mallick et al. 2024). Allele frequency files of the
680 imputation reference panel were created and used to make the required h5 files. AnclBD
681  was then run in mode --IBD2 to detect both IBD1 and IBD2 segments. Only IBD calls
682  exceeding 8cM were retained.

683 To infer ROH segments, we ran hapROH on the imputed ancient genomes filtered
684 to 1240K sites (Ringbauer et al 2021). We used the 1240K 1000 Genomes reference hdf5
685 files and metadatain GRCh38 available from the hapROH website as areference.

686

687 ROH of each population

688 We identified ROH segments in each population using PLINK 1.9 with the default
689  setting, which selects segments containing at least 100 SNPs, and of total length > 1 Mbp.
690 Wedivided the resulting ROH segments into short (1-5 Mbp) and long (more than 5 Mbp)
691 classes.

692

693 Admixturedating

694 Based on the weighted linkage disequilibrium computed by ALDER v1.03 (Loh et
695 al. 2013), admixture dates between Jomon and East Asian ancestry were estimated. We set
696  modern Japanese (JPT, AMA, KME, MYK, OKI, and YAY) as the target population. For

697 onereference admixture tests, we selected Hondo or Ryukyu Jomon as the reference
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698  populations. For two-reference admixture tests, we added CHB or Korean as another target
699  population. The default parameter setting with “checkmap: YES’ was used.

700

701 Reconstructing ancestral recombination graph using RELATE

702 The joint genealogies of modern and ancient individuals were estimated using the
703  ancestral recombination graph implemented in RELATE v1.2.1 (Speidel et a. 2019).
704 Among the imputed data, we extracted modern and ancient genomes showing a depth of
705 more than 0.5 for later analysis. We filtered out SNPs showing an imputation posterior
706  probability of lessthan 0.8 in more than 2% individuals. LiftOvered 1K GP strict mask and
707 ancestral fasta files (https://myersgroup.github.io/relate/input_data.html) were used for
708 analysis. After filtering, a maximum of 10 samples for each modern population, 9 samples
709  for Ryukyu Jomon, and 12 samples for Hondo Jomon were retained for RELATE analysis.
710  We executed RELATE with a mutation rate (m) of 1.25x10°® per generation and per site,
711 giving an effective population size of haplotypes (N) of 20,000 and specifying sample ages.
712  Generated trees and SNP information files were used to estimate population size using the
713  EstimatePopulationSize mode of RelateCoal escentRate.

714

715 Time-stratified F-statistics using twigstats

716 To improve the dtatistical power of F-statistics by focusing on coalescences in
717  recent times, we applied the time-stratified f4 ratio test using the twigstats package in R
718  language (Speidel et a. 2025). RELATE outputs were used as inputs for this analysis. We
719  selected Mbuti and CDX as PO and Pl populations, respectively. Modern and ancient
720  Japanese populations were assigned as PX population (modern: JPT, AMA, KME, MYK,

721  OKI, and YAY; ancient: Yayoi and Kofun). We chose CHB and Korean as P1 populations,
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722  and each Jomon (Hondo and Ryukyu) as P2 populations. We specified a twigstats cutoff of
723 500 and 300 generations.

724

725 Coalescent smulation

726 We conducted coalescent simulation using joint SFS as summary statistics to
727 egtimate the demography of the Jomon population. We prepared SFS from imputed
728 genotyping data. After filtering out low-quality variants (see Reconstructing ancestra
729  recombination graph using RELATE), we extracted Ryukyu and Hondo Jomon from
730  genotyping data. From these data, monoallelic SNPs were removed, and the mask regions
731  were filtered out based on 1KGP annotation. SNPs located in the protein-coding regions
732  and CpG islands were discarded based on annotation by the ANNOVAR program (Wang
733 et d. 2010) and the UCSC platform (https://hgw2.cse.ucsc.edu/), respectively. Ancestral
734 and derived alleles were determined using the ancestral genome provided by The 1000
735 Genomes Project Consortium (2012). To reduce the computational cost, we randomly
736 sampled 1,719,898 SNPs using vcfrandomsample function from the vcfLib library
737  (Garrison et a. 2022). From these data, joint-fold SFS were generated by the easySFS
738  program (Gutenkunst et al. 2009), projecting nine individuals each.

739 We inferred the demographic population history, namely effective population
740 sizes, and divergence times especially focused on the Jomon population. Coalescent
741 simulation using the fastsimcoal2 v2.7 program was carried out (Excoffier et al. 2021). A
742  mutation rate of 1.25x10° per generation and per site was assumed. One hundred
743  independent fastsimcoal2 runs with broad prior search ranges for each parameter were
744  performed. Each run comprised 50 rounds of parameter estimation via the
745  expectation/conditional maximization algorithm with a length of 100,000 coalescent

746  simulations each. The best-fit model was selected based on the likelihood values for each
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747 run and the -confidence interval for each parameter was caculated using
748  block-bootstrapping. After the simulation, we compared the observed and expected
749 joint-fold SFSto evaluate fitting for the proposed demographic model by dadi-cli program
750  (Huang et al. 2023). After confirmation of divergence between Hondo and Ryukyu Jomon,
751  we calculated the Weir and Cockerham Fsrusing vcftools to identify the differentiated loci
752 (Danecek et al. 2011).

753

754  Local ancestral inference to detect Jomon-derived regions

755 The Jomon-derived genomic region in JPT and OKI was inferred using local
756  ancestra inference implemented in RFmix v2.03 (Maples et al. 2013). Because the quality
757  and accuracy of the results depend directly on provided haplotypes, and small sample sizes
758  often lack reference homozygote genotype calls at known variable sites, we treated the
759  combined Hondo and Ryukyu Jomon (n = 28) as one reference population to maximize the
760 datistica power. Since skewing of the reference sample size violates the results of local
761  ancestra inference, we randomly selected 28 individuals from the CHB population for use
762  as another reference population. JPT (n=106) and OKI (n=89) were selected as target
763  populations. These data were used for input in the RFmix program. After local ancestral
764 inference, centromeres were filtered out based on the UCSC gene annotation
765  (https://hgw2.cse.ucsc.edu/).

766 We estimated the rate of Jomon ancestry for each haplotype in JPT and OKI
767  populations from the results of local ancestry inferences. The number of haplotypes
768 derived from Jomon in each modern population was counted. These numbers were
769 normalized by the number of individuals in each population. We summarized the
770  proportion of Jomon ancestry in JPT and OKI populations and plotted the results using the

771 R package, karyoploteR library (Gel and Serra, 2017).
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772

773

774 Data availability

775 Individual modern genomic data are available in the NBDC human database (Accession:
776  hum0562) upon review and approva. The ancient genome data used in this study have
777  been deposited in the NCBI BioProject under accession code PRIDB40338.

778

779 Codeavailability

780 The source code used for this study is avalable on github
781  (https://github.com/mmatsunami/RyukyuJomon).

782
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1041  Figure captions

1042 Fig. 1. Integrated population genetic structure using modern and ancient Ryukyu
1043 genomes

1044  (A) Geographic location of the Japanese Archipelago. The Japanese Archipelago can be
1045 divided into Hokkaido, Hondo (Honshu, Shikoku, and Kyushu Islands) and the Ryukyu
1046  Archipelago. (B) Geographic location and sampling points of ancient genomes in the
1047 Ryukyu Archipelago. The Central and Southern Ryukyu Archipelago includes Amami,
1048 Okinawa, Miyako, and Y aeyama Islands. The color of each island group and the shape of
1049  each sampling point of ancient genomes correspond to following PCA plot except for the
1050  Cliff bottom site at the Gushikawa Gusuku and the Tomachin site. Because these sites
1051  include both early and late Ryukyu Jomon, locations are represented by pink diamonds.
1052 (C) PCA plot using 1240 K SNPs from ancient and modern East Asian populations.
1053  Ancient genome data was projected into the modern genome plot. (D) PCA plot using only
1054  Japanese modern and ancient genomes. Coloring corresponds to C. (E) Admixture plot
1055 using K=3, which has the lowest cross vaidation errors. We randomly selected ten
1056 individuals from each modern population, when a population had data available for more
1057  than ten individuals. For ancient samples, we used samples showing a depth of more than
1058 0.01.

1059

1060 Fig. 2: Genetic affinity between ancient/modern Ryukyu and other populations

1061 (A) Heatmap of outgroup f3 statistics between Japanese modern populations and ancient
1062 individuals. High f3 statistics indicate high genetic affinity. (B) Ancestry estimation using
1063 gpAdm. Target populations are modern and ancient Ryukyu, and Japanese and Ryukyu
1064  Jomon were used for source populations. HND_JMN: Hondo Jomon, RYK_JMN_E: Early

1065 Ryukyu Jomon, RYK_JMN_L: Late Ryukyu Jomon.
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1066

1067  Fig. 3: Admixture graph modeling for Ryukyu populations

1068 Based on f-statistics anaysis, a suitable evolutionary model for modern and ancient
1069 Ryukyu population was proposed (|Z| = 4.412). In this model, two ancestral Jomon
1070  populations were assumed, and these populations were split from the ancestral non-African
1071  population. Colored nodes represent actual populations as input data, whereas others are
1072  hypothetical populations.

1073

1074  Fig. 4: Admixture dating between JPT/OKI and Jomon ancestry

1075  (A) LD decay curve for JPT using Hondo Jomon and CHB as sources. (B) LD decay curve
1076  for OKI using Ryukyu Jomon and CHB as sources. The fitted trendline considers a
1077  minimum distance of 1.1 and 1.2(1cM for JPT and OKI populations, respectively.

1078

1079  Fig. 5: Inferences of population size using haplotype data

1080 (A) Violin plot showing distribution of total length of short ROH (1-5 Mbp) for each
1081 population with rotated kernel probability density. Each black box indicates the
1082 interquartile range and each horizontal white line indicates the median. (B) Changes in
1083  effective population sizes were estimated using RELATE. The vertical axis represents
1084 population size with a common logarithmic scale. The horizontal axis represents
1085  generation times. We assumed 28 years per generation.

1086

1087  Fig. 6: Proposed evolutionary model for coalescent simulation

1088 A simple demographic model was proposed for coaescent simulation using fastsimcoal 2,
1089  considering the results of other analysis. (A) We estimated all parameters shown in the

1090 figure, such as effective population sizes and divergence times. The resulting point
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1091  estimations with 95% confidence interval of coalescent simulation are shown in table. (B)
1092 Observed and expected joint fold SFS between Hondo and Ryukyu Jomon populations
1093  with Anscombe residuals between observed and expected SFS were plotted.

1094

1095 Fig. 7: Signatures of Jomon-derived haplotypes in modern Hondo and Ryukyu
1096 genomes

1097 (A) Chromosomal overview of the distribution for the rate of Jomon ancestry in the
1098  JPT/OKI populations. The upper track shown in blueis the rate of Jomon ancestry for each
1099  haplotype in the JPT population, while the lower track shown in red is the rate of Jomon
1100 ancestry for each haplotype in the OKI population. (B) Scatter plot of rate of Jomon
1101 ancestry between JPT and OKI populations. The regression lines are shown with standard
1102  errors. We observed a significant correlation between the rate of Jomon population from

1103 JPT/OKI (r = 0.568, t = 41.363, df = 4600, P < 2.2 x10'%9).
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Tables

Table 1. Detailed information for newly sequenced Ryukyu ancient genome

) . ! ) . . Date No. of 1240K
Period Region Island Site Latitude | Longitude Label GeneticID Depth Sex mtDNA Y
(14C BP) SNP
West area of Gushikawa001 YpGSK001 | 4420420 0.109 84,167 XX M7ala8 -
Gushikawa o 26.98 127.92
Shiitachi Site Gushi kawa002 Y pGSK002 3386120 0.035 17,173 XX M7ala -
GushiCliff003 Y pGCBO003 2056120 0.648 316,349 XY M7ala Dlaalclbl
GushiCliff004 YpGCBO004 260623 0.450 443,392 XX M7ala -
Cliff bottom site GushiCliff005 | YpGCBOO5 | 217120 | 3217 1007598 | XX | M7ala -
of Gushikawa 26.32 127.86
Gusuku GushiCliff001 YpGCBO001 282820 0.306 234,938 XY M7ala Dla2al
GushiCliff002 Y pGCBO002 1993+20 2.816 890,546 XY M7ala Dlaalclbl
GushiCliff006 Y pGCBO006 259621 0.106 100,615 XY M7ala Dla2alclb
Okinawa
Hanzanbaru A HeizanbaruA3 Y pHZB001 1197422 6.427 1,063,863 XX M7ala -
) 26.33 127.76
Shll Site HeizanbaruA5 YpHZB002 1072+23 8.404 1,065,934 XY M7ala8 Dla2alclbl
mound Central Ireibaru D Site 26.32 127.76 IreibaruD3 Y plRB001 1261+20 0.543 503,359 XY M7ala Dla2alclbl
Ufutobaru002 Y pUFB002 1439+18 0.168 77,554 XY M7ala Dla2alclbl
Ufutobaru Shell
Mound 26.40 127.72 Ufutobaru001 Y pUFB001 1265+20 0.076 38,620 XX M7ala -
ounds
Ufutobaru003 Y pUFB003 1399+20 0.348 174,518 XY M7ala Dla2alclbl
Furuzamami Shell Furuzamami3 Y pFRZ001 1281+20 5.602 960,794 XX M7ala -
Zamami 26.22 127.31
Mounds Furuzamamil Y pFRZ002 1360+20 1.611 610,310 XX M7ala -
Takara Oike B Site 29.15 129.21 Oike001 YpOIK001 3165+23 0.315 185,009 XX M7ala -
Omonawa Shell
27.67 128.96 OmonawaD02 YpOMNOO2 2874123 0.071 74,264 XX M7al -
Mounds
Tokuno -
Tomachin001 YpTMCO01 2480+18 1.648 822,445 XY M7ala Dla2al
Tomachin Site 27.67 128.98
Tomachin002 Y pTMCO002 252621 2.317 910,501 XY M7ala8 Dla2al
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Tomachin003 YpTMCO003 | 2670+21 2.863 941,673 XX M7ala -
Gushibaru Shell .

le 26.67 127.72 Gushibaru001 Y pGSB001 884+21 0.074 61,049 XX M7ala -

Gusuk Mounds

u Tsuken Shell
Tsuken Mourd 26.25 127.94 Tsuken001 YpTKNOO1L 1039+20 0473 72,686 XY N9a2a3 Dla2ala2bla

ounds

Acera Shiraho Shiraho6 Y pSIS001 2312458 0.004 2,427 NA M7 -
) Southern Ishigaki Saonetabaru Cave 2441 124.23
mic Ruins Shiraho5 Y pSI S002 998+61 0.012 14,364 XY M7ala Dla2a
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