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            Abstract
Much of the American Arctic was first settled 5,000 years ago, by groups of people known as Palaeo-Eskimos. They were subsequently joined and largely displaced around 1,000 years ago by ancestors of the present-day Inuit and Yup’ik1,2,3. The genetic relationship between Palaeo-Eskimos and Native American, Inuit, Yup’ik and Aleut populations remains uncertain4,5,6. Here we present genomic data for 48 ancient individuals from Chukotka, East Siberia, the Aleutian Islands, Alaska, and the Canadian Arctic. We co-analyse these data with data from present-day Alaskan Iñupiat and West Siberian populations and published genomes. Using methods based on rare-allele and haplotype sharing, as well as established techniques4,7,8,9, we show that Palaeo-Eskimo-related ancestry is ubiquitous among people who speak Na-Dene and Eskimo–Aleut languages. We develop a comprehensive model for the Holocene peopling events of Chukotka and North America, and show that Na-Dene-speaking peoples, people of the Aleutian Islands, and Yup’ik and Inuit across the Arctic region all share ancestry from a single Palaeo-Eskimo-related Siberian source.
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                    Fig. 1: Principal component analysis and qpAdm modelling.[image: ]


Fig. 2: A demographic model based on 114 individuals from 9 meta-populations.[image: ]


Fig. 3: Archaeological and geographical interpretation of our model.[image: ]
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                Data availability

              
              Raw sequence data (.bam files) from the 48 ancient individuals that we studied here are available from the European Nucleotide Archive under accession number PRJEB30575. The genotype data for the Iñupiat were obtained through informed consent, which does not allow us to provide the data through public or controlled-access data repositories; it also does not allow analyses of phenotypic traits, or commercial use of the data. To protect the privacy of participants and ensure that their wishes with respect to data usage are followed, researchers wishing to use data from the Iñupiat samples should contact M.G.H. (ghayes@northwestern.edu) and D.A.B. (deborah.bolnick@uconn.edu), who can then arrange to share the data with researchers who can affirm that they will abide by the relevant conditions through a signed data-sharing agreement. The SNP genotyping data for West Siberians (Enets, Kets, Nganasans, and Selkups) are publicly available at the Edmond database, under the permalink https://doi.org/10.17617/3.1z.

            

Code availability

              
              Custom code used in this manuscript is available at dedicated GitHub repositories: rarecoal (https://github.com/stschiff/rarecoal), rarecoal-tools (https://github.com/stschiff/rarecoal-tools), and RAS-tools (https://github.com/TCLamnidis/RAStools).
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Extended data figures and tables

Extended Data Fig. 1 Geographic locations of Siberian and North American populations used in this study.
The three main datasets are as follows (Supplementary Tables 4, 5): (1) a set based on the Affymetrix Human Origins genotyping array, including alternatively pseudo-haploid or diploid genotypes for the ancient Saqqaq individual1; diploid genotypes for the ancient Clovis35 individual, together with 1240K SNP capture pseudo-haploid data from 6 ancient Aleuts who had the highest coverage; 2 unrelated ancient Athabaskans; 19 ancient Old Bering Sea individuals from the Ekven and Uelen sites; the Middle Dorset and Late Dorset Palaeo-Eskimo individuals; and the ancient Ust’-Belaya Angara population of 9 individuals (Supplementary Table 1); (2) a set based on various Illumina arrays, including Saqqaq and the other ancient samples; and (3) a whole-genome dataset of 190 individuals from 87 populations, including the Saqqaq individual, 1 ancient Athabaskan individual (I5319), and 1 ancient Aleut individual (I0719), for whom we generated complete genomes with 6.1× and 2.3× coverage, respectively (Supplementary Table 1). The dataset composition—that is, the number of individuals in each meta-population—is shown in the table on the right. Locations of individuals with whole-genome sequencing data (SEQ) are shown with circles, and those of Illumina (ILL) and HumanOrigins (HO) SNP-array samples with triangles and diamonds, respectively. Meta-populations are colour-coded in a similar way throughout all figures and designated as follows: Na-Dene speakers (abbreviated as ATH), other northern Native Americans (NAM) (alternatively known as Northern First Peoples), Southern First Peoples (SAM), Ancient Beringians (BER), Eskimo–Aleut speakers (E-A), Chukotko-Kamchatkan speakers (C-K), Palaeo-Eskimos (P-E), West and East Siberians (WSIB and ESIB), Southeast Asians (SEA), Europeans (EUR), and Africans (AFR). The locations of the Saqqaq, Dorset, and other ancient individuals are shown as stars that are coloured to reflect their meta-population affiliation.


Extended Data Fig. 2 PCA based on the Illumina dataset.
A plot of two principal components (PC1 versus PC2) calculated using PLINK2 is shown (linkage disequilibrium pruning was not applied). No outliers were excluded for this analysis, which was based on 642 individuals and 524,830 loci. The following meta-populations most relevant for our study are plotted: present-day Eskimo–Aleut and Chukotko-Kamchatkan speakers, ancient Chukotkan Neo-Eskimos (Ekven and Uelen sites), ancient Aleuts, Palaeo-Eskimos (the Saqqaq, Middle Dorset, and Late Dorset individuals), ancient Northern Athabaskans, present-day Na-Dene speakers, Northern and Southern First Peoples, West and East Siberians, the Ust’-Belaya Angara ancient Siberian group, Southeast Asians, and Europeans. Radiocarbon dates in cal. yr bp are shown for ancient samples. For individuals, 95% confidence intervals are shown, and for groups of individuals, minimal and maximal median dates among individuals are shown.


Extended Data Fig. 3 Ancestry proportions in American, Chukotkan, and Kamchatkan populations.
a–j, The HumanOrigins (a–e) and Illumina (f–j) datasets without transition polymorphisms are shown. Five alternative outgroup sets are indicated below the plots and described in detail in the Methods and Supplementary Information section 5. Bold formatting denotes ancient target groups. Saqqaq (pseudo-haploid genotype calls) was considered as a Palaeo-Eskimo source for all populations apart from Saqqaq itself (for which Late Dorset was used as a source) and alternative First Peoples sources were as follows: Mixe, Guarani, or Karitiana for the HumanOrigins dataset; Nisga’a, Mixtec, Pima, or Karitiana for the Illumina dataset. To visualize both systematic and statistical errors, ancestry proportions inferred by qpAdm and their standard errors are shown for all triplets including these different First Peoples sources, or for many alternative target groups in the case of Southern First Peoples (single standard error intervals are plotted here). Asterisks indicate ancestry proportions greater than 150% (inappropriate models). Meta-populations are colour-coded according to the legend and abbreviated as before (N-D, Na-Dene speakers). Target group sizes in the HumanOrigins dataset ranged from 1 to 23 individuals (average 5.6), and in the Illumina dataset they ranged from 1 to 16 individuals (average 5.1).


Extended Data Fig. 4 Ancestry proportions in American, Chukotkan, and Kamchatkan populations.
a–j, Similar analysis as in Extended Data Fig. 3, but including transition polymorphisms. Target population sizes in the HumanOrigins dataset (a–e) ranged from 1–23 individuals (average 5.6), and in the Illumina dataset (f–j) they ranged from 1–16 individuals (average 5.1).


Extended Data Fig. 5 Relative Saqqaq, Arctic, and European haplotype-sharing statistics for American individuals.
a, b, Results are shown for the Human Origins (a) and Illumina (b) datasets, normalized using the African meta-population. Both Eskimo–Aleut- and Chukotko-Kamchatkan-speaking groups contributed to the Arctic HSS. The same statistics and statistics with other normalizers are shown in the form of two-dimensional plots in Supplementary Information section 6. Two Dakelh (Northern Athabaskan) individuals with whole-genome sequencing data5 were included in both datasets and are marked with asterisks. The plots based on both datasets demonstrate that Na-Dene speakers have the highest relative Saqqaq HSS. One Haida and three Splatsin individuals also demonstrate outlying Saqqaq HSSs (b); however, these individuals contrast with a majority of non-Na-Dene-speaking Northern First Peoples, and Palaeo-Eskimo ancestry in these individuals may be explained by recent interaction with Na-Dene speakers living in close proximity43. The Haida outlier demonstrates the maximal Arctic HSS among all First Peoples, and their Arctic ancestry has contributed to their elevated Saqqaq HSS. Saqqaq, Arctic, and European statistics are largely uncorrelated in First Peoples: Pearson’s correlation coefficients for Saqqaq versus Arctic relative HSSs are 0.56 among all First Peoples and 0.64 among Northern First Peoples in the case of the Illumina dataset, and 0.66 and 0.72, respectively, in the case of the HumanOrigins dataset. h.s., haplotype sharing.


Extended Data Fig. 6 Rare-allele-sharing analysis.
A two-dimensional plot of Chukotko-Kamchatkan and Siberian rare-allele-sharing statistics for First Peoples, Na-Dene-speaking, Eskimo–Aleut-speaking, and Palaeo-Eskimo individuals. Rare alleles occurring from 2 to 5 times in the reference set of 238 haploid genomes (0.8–2.1% frequency) contributed to the statistics; the Chukchi individual was dropped from the Chukotko-Kamchatkan reference group, and the transversion-only dataset was used. Thus, this analysis was based on 918,474 loci. The sample size for this analysis equals 238 + 2 haploid genomes in a target individual, as individuals were analysed separately. Standard deviations were calculated using a jackknife approach, with chromosomes used as resampling blocks. Single standard error intervals and means are plotted. Populations and meta-populations are colour-coded according to the legend. Rare-allele-sharing statistics for simulated mixtures of any present-day southern Native American individual and the Saqqaq individual (from 5–75% Saqqaq ancestry, with 5% increments) are plotted as semi-transparent pink circles. Plots for the 2–10 allele frequency range and other versions are shown in Supplementary Information section 8.


Extended Data Fig. 7 An admixture graph connecting various modern meta-populations and ancient populations or individuals.
The graph (see Supplementary Information section 10) features a simplified three-component model for Europeans as previously suggested37, and two gene flows from a European lineage related to the ancient Siberian genome MA-136 into Native Americans and Siberians. The topology within the PPE clade was obtained by cycling through dozens of trees with all possible topologies of branches and admixture edges, and selecting the one with the highest support and no zero-length edges within the PPE clade.


Extended Data Fig. 8 ADMIXTURE analysis.
a, b, Results are shown for the HumanOrigins (a) and Illumina (b) SNP-array datasets. The number of source populations in ADMIXTURE is 14 and 11 for the 2 datasets, respectively. One hundred iterations were calculated for each value of K from 5–20 (in which K is the number of ancestral populations), and the optimal K values were selected based on 10-fold cross-validation. Contributions from hypothetical ancestral populations are colour-coded, and meta-populations used in this study are indicated above the plot (abbreviations as before). Chipewyan or Northern Athabaskan and Tlingit individuals with European admixture are plotted in separate bars, as are ancient individuals: Clovis, Northern Athabaskans, Aleuts, Chukotkan Neo-Eskimos (Ekven and Uelen sites), Saqqaq and Late Dorset Palaeo-Eskimos, and a genetically heterogeneous Ust’-Belaya Angara Siberian population (Ust’-Belaya WSIB, an individual I7760 who has a West Siberian genetic profile according to PCA and this ADMIXTURE analysis; Ust’-Belaya, the remaining eight individuals from the Ust’-Belaya Angara site who have a distinct genetic profile according to our PCA analysis). Outliers, including individuals admixed with Europeans and East Asians, were not removed from Na-Dene-speaking populations in the Illumina dataset (b) to preserve their maximal diversity. Outliers were removed for the purpose of other analyses that rely on pre-defined populations (for example, qpAdm and f4-statistics).


Extended Data Fig. 9 Clustering trees of individuals, computed by fineSTRUCTURE.
a, b, The trees are based on co-ancestry matrices of counts of shared haplotypes. Reduced versions of the HumanOrigins (a) and Illumina (b) SNP-array datasets were used (Supplementary Table 5), including only the following meta-populations that were most relevant for our study: Eskimo–Aleut speakers, Chukotko-Kamchatkan speakers, Na-Dene speakers, Northern First Peoples, Southern First Peoples, West Siberians, East Siberians, Southeast Asians, and Europeans. Meta-population affiliation is colour-coded for individuals. Iñupiat individuals genotyped in this study are marked with a blue line. The two Dakelh (Northern Athabaskan) individuals with sequenced genomes are also indicated, as well as the ancient individuals—Clovis within the Southern First Peoples clade and Saqqaq within the Chukotko-Kamchatkan clade. Most members of each clade belong to the meta-populations indicated, with a few exceptions. First (a), Altaians fall into the ESIB clade, some Chilote fall into the NAM, and Aleuts fall into the WSIB clades (the two latter cases might be explained by extensive European ancestry in Chilote and in Aleuts (Extended Data Fig. 8a), which drives this clustering). Second (b), some Selkups fall into the ESIB clade, all four Southern Athabaskan speakers cluster with South Americans (reflecting their substantial South American ancestry (Extended Data Fig. 8b)), one Haida individual clusters with Na-Dene speakers, and five Northern Athabaskan speakers cluster with other Northern First Peoples.
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