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            Abstract
As modern humans migrated out of Africa, they encountered many new environmental conditions, including greater temperature extremes, different pathogens and higher altitudes. These diverse environments are likely to have acted as agents of natural selection and to have led to local adaptations. One of the most celebrated examples in humans is the adaptation of Tibetans to the hypoxic environment of the high-altitude Tibetan plateau1,2,3. A hypoxia pathway gene, EPAS1, was previously identified as having the most extreme signature of positive selection in Tibetans4,5,6,7,8,9,10, and was shown to be associated with differences in haemoglobin concentration at high altitude. Re-sequencing the region around EPAS1 in 40 Tibetan and 40 Han individuals, we find that this gene has a highly unusual haplotype structure that can only be convincingly explained by introgression of DNA from Denisovan or Denisovan-related individuals into humans. Scanning a larger set of worldwide populations, we find that the selected haplotype is only found in Denisovans and in Tibetans, and at very low frequency among Han Chinese. Furthermore, the length of the haplotype, and the fact that it is not found in any other populations, makes it unlikely that the haplotype sharing between Tibetans and Denisovans was caused by incomplete ancestral lineage sorting rather than introgression. Our findings illustrate that admixture with other hominin species has provided genetic variation that helped humans to adapt to new environments.
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                    Figure 1: Genome-wide FST versus maximal allele frequency difference.[image: ]


Figure 2: Haplotype pattern in a region defined by SNPs that are at high frequency in Tibetans and at low frequency in Han Chinese.[image: ]


Figure 3: A haplotype network based on the number of pairwise differences between the 40 most common haplotypes.[image: ]
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Extended data figures and tables

Extended Data Figure 1 FST calculated for each SNP between Tibetan and Han populations.
Each dot represents the FST value for each SNP in EPAS1. The x axis is the physical position in the gene. Positions are based on the hg18 build of the human genome. The green box defines a 32.7-kb region where we observe the largest genetic differentiation between Han Chinese and Tibetans. The first and last positions of this 32.7-kb region correspond to the first and last position of the SNPs listed in Supplementary Table 3. For comparison, in ref. 4 the genome-wide FST between Han and Tibetans is 0.02. The site with the largest frequency difference (and therefore largest FST) is circled.


Extended Data Figure 2 Distribution of fixed differences.
The left panel is the distribution of fixed differences between two haplotype groups under a scenario of selection on a de novo mutation (see Methods), and the right panel is the distribution under a scenario of selection on standing variation (see Methods) for a region of size ∼32.7 kb. The initial frequency of the selected allele in the SSV model is 1%. Each row of panels corresponds to different selection strengths (2Ns) from 200 to 1,000. The red lines mark the number of fixed differences observed between the two haplotype classes in the real data for the given window size.


Extended Data Figure 3 Haplotype frequencies for Tibetans, our Han samples and the populations from the 1000 genomes project for the five-SNP motif in the EPAS1 region.
The y axis is the haplotype frequency. The legend shows all the possible haplotypes for the region considered among these populations: ASW, African American from the south western United States; CEU, Utah Residents with Northern and Western European ancestry; CHB, Han Chinese from Beijing; CHS, Southern Han Chinese; CLM, Colombian; FIN, Finnish; GBR, British; HAN, Han Chinese from Beijing; IBS, Iberian; JPT, Japanese; MXL, Mexican; PUR, Puerto Rican; LWK, Luhya; TSI, Toscani; TIB, Tibetan; YRI, Yoruban (see Methods).


Extended Data Figure 4 Derived allele frequency of the SNPs with the largest frequency difference between Tibetans and the 1000 Genomes Project populations.
At these SNPs, the frequency difference between Tibetans and the 1000 Genomes project populations is 0.65 or larger. Positions 46571435, 46579689, 46584859 and 46600358 were not called as SNPs in the 1000 Genomes data, so we assume these positions were fixed for the human reference allele. Note that even though position 46577251, 46588331, 46594122 and 46598025 appear to have a frequency of 0.0 for the populations in the 1000 Genomes data, the derived allele in these SNPs are observed at very low frequency in at least one population (for example, CHB).


Extended Data Figure 5 Differences between haplotypes.
a, The full matrix of pairwise differences between all the unique haplotypes in Fig. 3, for the 40 most common haplotypes identified in the 1000 Genomes and the Tibetan samples in the 32.7-kb region of EPAS1. The Denisovan haplotype (of frequency two) was added afterwards for comparison. The unique haplotypes are labelled with Roman numerals (here and in Fig. 3), and the Denisovan haplotype is the first column, haplotype I. Refer to Fig. 3 in the main text and the supplementary material for the representation of populations for each haplotype. b, Illustration of the genealogical structure in a model with gene flow from Denisovans to Tibet. Letters a–k are the labels for the branch lengths and are adjacent to their corresponding branches. The divergence between modern human haplotypes and the introgressed haplotype in Tibetans would be larger than the haplotypes in other modern human populations and the Denisovan haplotype (see Methods and Supplementary Information). TIB, CEU and YRI denote Tibetan, European and Yoruban populations. Note that the lengths i and k are unknown as we do not know when these populations went extinct.


Extended Data Figure 6 Other haplotype networks.
a, A haplotype network based on the number of pairwise differences between 43 unique haplotypes defined from the 20 most differentiated SNPs between Tibetans and the 14 populations from the 1000 Genomes Project. The R software package pegas (ref. 22) was used to generate the figure. The haplotype distances are from pairwise differences. Each pie chart represents one unique haplotype and the size of the pie chart is proportional to log2(number of chromosomes with that haplotype). The sections in the pie provide the breakdown of the haplotypes amongst populations. The width of the edges is proportional to the number of pairwise differences between the joined haplotypes; the thinnest edge width represents a difference of one mutation. The number 57 next to a Tibetan haplotype is the number of Tibetan chromosomes with that haplotype. Similarly, the number 1,912 is the number of chromosomes (across several populations) with that haplotype. b, The number of pairwise differences between the Denisovan haplotype and the 43 unique haplotypes defined from the 20 most differentiated SNPs between Tibetans and the 14 populations from the 1000 Genomes Project (same haplotypes as in a). Each bar is a unique haplotype, and they are sorted in increasing order of pairwise differences. The colours within each bar represent the proportion of chromosomes with that haplotype broken down by populations. The numbers on top of each bar represent the total number of chromosomes within the 1000 Genomes data set and Tibetans that have the haplotype. Note this is the same data set used to create the haplotype network in panel a. Supplementary Tables 5 and 6 contain the 43 haplotypes and the frequencies within each of the populations.


Extended Data Figure 7 Number of pairwise differences.
Red bars are the histograms of the number of pairwise differences between Denisovan and Tibetans. Blue bars are the histograms of the number of pairwise differences between Denisovan and GBR, CHS, FIN, PUR, CLM, IBS, CEU, YRI, CHB, JPT, LWK, ASW, MXL or TSI. All comparisons are within the 32.7-kb region of high differentiation (green box in Extended Data Fig. 1).


Extended Data Figure 8 Divergence distributions.
Modern human–Denisovan divergence (see Methods) for intronic regions of size 32.7 kb is plotted in red. Modern human–modern human divergence for the same intronic regions is plotted in blue. At the EPAS1 32.7-kb region, in green, is plotted the Tibetan–Han divergence. The black arrow points to the number of nucleotide differences between the Denisovan and the most common Tibetan haplotype (0.0038). This value is significantly lower than what we observe between modern human–Denisovan (red curve, P = 0.0028).


Extended Data Figure 9 Null distributions of D for an assumed Tibet–Han divergence of 3,000 years.
Each histogram corresponds to the D values obtained under null models without gene flow, and the red vertical bar corresponds to the D values observed in the real data. The observed D values are significant (P < 0.001) even when we assume Tibet–Han divergence of 5,000 or 10,000 years (see Methods and Supplementary Tables 8–10) (model abbreviations are given in the Supplementary Information; section on D statistics under models of no gene flow).


Extended Data Figure 10 S* statistics and PCA plot.
a, A measure of introgression, S*, from ref. 23. Distributions are for 1,000 simulations under the four demographic models described in the Supplementary Information; section on D statistics under models of no gene flow. S* for the Tibetan individuals is shown as a vertical grey line. For all models, the empirical P values are 0.035, 0.028, 0.019 and 0.017, respectively, for each model (top to bottom). b, Plots the first and second principal components using all the CHS (100 individuals) and the CHB (97 individuals) from the 1000 Genomes and the 77 Tibetan individuals from ref. 45 (see Methods). The black circle and the black triangle represent the single CHB and the CHS individuals carrying the five-SNP Tibetan–Denisovan-haplotype (Extended Data Fig. 3). All SNPs in the intersection between the 1000 Genomes populations and the 77 Tibetan individuals from chromosome 2 were used for this analysis.
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