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Tibetan, one of the largest indigenous populations living in the high-altitude region of the Tibetan Plateau (TP), has developed a suite of physiological adaptation strategies to cope with the extreme highland environment in TP. Here, we reported genome-wide SNP data from 48 Kham-speaking Nagqu Tibetans and analyzed it with published data from 1,067 individuals in 167 modern and ancient populations to characterize the detailed Tibetan subgroup history and population substructure. Overall, the patterns of allele sharing and haplotype sharing suggested (1) the relatively genetic homogeny between the studied Nagqu Tibetans and ancient Nepalese as well as present-day core Tibetans from Lhasa, Nagqu, and Shigatse; and (2) the close relationship between our studied Kham-speaking Nagqu Tibetans and Kham-speaking Chamdo Tibetans. The fitted qpAdm models showed that the studied Nagqu Tibetans could be fitted as having the main ancestry from late Neolithic upper Yellow River millet farmers and deeply diverged lineages from Southern East Asians (represented by Upper Paleolithic Guangxi_Longlin and Laos_Hoabinhian), and a non-neglectable western Steppe herder-related ancestry (∼3%). We further scanned the candidate genomic regions of natural selection for our newly generated Nagqu Tibetans and the published core Tibetans via FST, iHS, and XP-EHH tests. The genes overlapping with these regions were associated with essential human biological functions such as immune response, enzyme activity, signal transduction, skin development, and energy metabolism. Together, our results shed light on the admixture and evolutionary history of Nagqu Tibetan populations.
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Introduction

Tibetan Plateau (TP), one of the most challenging environments with perennial cold temperatures, hypobaric hypoxia, and high levels of ultraviolet radiation, is considered the last terrestrial environment occupied by humans (Beall, 2014). The limited archeological and paleogenetic discoveries shed light on an unexpected long-lasting peopling history of TP. The ∼160 thousand-year-old Xiahe Denisovan mandible and the Denisovan-type mtDNA extracted in sediments dated to ∼100–60 thousand years ago (ka) from Baishiya Karst Cave demonstrated the long-term colonization of the northeastern margin of the Tibetan Plateau by archaic hominins (Chen et al., 2019; Zhang et al., 2020). The existence of ∼40–30 ka blade technology at the Nwya Devu site showed evidence of the earliest modern human occupation in the hinterland of TP (Zhang et al., 2018). The co-analyses of archeological and high-resolution mtDNA genetic data revealed that the immigrations related to lowland millet farmers played a crucial role in the introduction of both millet farming (∼5.2 ka) and barley agriculture (∼3.6 ka) into high-altitude plateau areas that further facilitated the permanent settlement on the TP (Chen et al., 2015; Li Y.-C. et al., 2019). So far, only two ancient nuclear DNA-based paleogenomics studies have been reported. All ∼3.4–1.4 ka culture-diverse ancients from the Nepalese side of the Himalayas derived the predominant ancestry from lowland Neolithic Qijia culture-related upper Yellow River (YR) farmers and the rest from an uncertain deeply diverged East Eurasian-related ancestry, suggesting the massive migrations of lowlanders to TP might be more likely to occur before the advent of barley agriculture in TP (∼3.6 ka) (Jeong et al., 2016; Liu et al., 2022). Denser ancient nuclear DNA sampling from archeological sites in TP will lead to a more detailed human evolutionary history, including human dispersal, settlement, and adaptation in TP.

Recent genomic studies, focusing on genome-wide SNP data and lower resolution forensic genetic markers (e.g., Indels, STRs) in systematic sampling of present-day Tibetans and Sherpa highlanders (Yao et al., 2017; Zhang et al., 2017; He et al., 2019, 2021; Liu et al., 2021; Wang et al., 2021, 2022), repeatedly characterized (1) the genetic connection between TP highlanders and lowland Han Chinese/Neolithic upper YR millet farmers (Yao et al., 2017; He et al., 2021; Liu et al., 2021; Wang et al., 2021, 2022) that was in line with the linguistic phylogenetic evidence for the Northern China origin of Sino-Tibetan language (Zhang et al., 2019); (2) the genetic continuity in Himalayan region within at least 3,400 years (Liu et al., 2022); (3) the patterns of co-existence of both Paleolithic and Neolithic ancestries in present-day Tibetan highlanders’ gene pool from both uniparental and autosomal genetic markers perspectives, providing clues of the Upper Paleolithic colonization and Neolithic expansion of anatomically modern humans in TP (Shi et al., 2008; Lu et al., 2016; He et al., 2021; Liu et al., 2021, 2022; Wang et al., 2021, 2022); and (4) the population genetic structure strongly correlated to the culturally defined regions of historical Tibet (Zhang et al., 2017; He et al., 2021; Wang et al., 2021): Amdo Tibetan groups from northeast TP (Qinghai and Gansu) and Kham Tibetan groups from Tibetan-Yi corridor possessed amounts of Ü-Tsang Tibetan-related ancestry (denoted as core Tibetan-related ancestry in Wang et al., 2021) from central and western region of the Tibet Autonomous Region. Moreover, Amdo Tibetans and Kham Tibetans received additional gene flow from Western Eurasian Steppe Herder-related and lowland southeast Asian-related ancestry, respectively.

Tibetans and Sherpa have inhabited high elevations of TP for generations, representing a remarkable research topic for understanding the genetic basis of human adaptation to a high-altitude environment. Multiple variants have been identified as targets of positive selection based on SNP array genotyping and exome or whole-genome sequencing data (Beall et al., 2010; Simonson et al., 2010, 2012; Xu et al., 2011; Yang et al., 2017; Deng et al., 2019). EPAS1 and EGLN1 genes, the two well-established candidates with strong selection signals, contributed functionally to the high-altitude adaptive phenotype of present-day ethnic groups and prehistorical ancients in the Himalayan valley (Jeong et al., 2016; Liu et al., 2022). The adaptive introgression of Denisovan-like archaic humans also accelerated the adaptative process of present-day highlanders in the Himalayas (Huerta-Sánchez et al., 2014; Hackinger et al., 2016). The genetically estimated age of selection on EPAS1 and EGLN1 coincided with the two separate migration waves occurring in the Upper Paleolithic Age and early Neolithic Age, mirroring that Tibetan hunter-gatherers (HG) would have adapted to the harsh environments far before the introduction of the agropastoral subsistence strategy (Peng et al., 2011; Qi et al., 2013; Xiang et al., 2013).

Here, we genotyped 717,228 genome-wide SNPs for three Western Kham-speaking Tibetan groups from Baqing County, Nagqu prefecture. Our combined dataset harbored spatiotemporally diverse Eurasians, thus allowing us to investigate (1) the finer-scale population structure within Nagqu Tibetan inhabitants, and the genetic relationships between the studied Nagqu Tibetans and published ancient and present-day Eurasians via two different analysis strategies: allele-frequency sharing-based methods including principal component analysis (PCA), ADMIXTURE, f-statistics, FST, and haplotype sharing-based methods Refined IBD and fineSTRUCTURE; (2) the admixture history of the studied Nagqu Tibetans based on admixture f3-statistics, linkage disequilibrium-decay-based ALDER, and f statistics-based qpAdm; and (3) the genomic regions with natural-selection signals for our newly collected Nagqu Tibetans and the published Ü-Tsang Tibetans (Wang et al., 2021) via haplotype-based methods (iHS and XP-EHH) and allele-frequency-based method (FST).



Methods and materials


Sample collection, genotyping, quality control, and data merging

We collected saliva samples of 62 Nagqu Tibetan individuals with informed consent from three Western Kham-speaking Tibetan groups in Baqing County, Nagqu prefecture (Figure 1A). The studies involving human participants were reviewed and approved by Xizang Minzu University. We genotyped genome-wide SNP data (717,228 SNPs) via Illumina WeGene Arrays. We used PLINKv1.90 (Chang et al., 2015) for quality control based on Hardy–Weinberg exact test (–hwe 10–6), minor allele frequency (–maf 0.01), and missing rate (–geno 0.01 and –mind 0.01). Finally, the dataset remained 450,031 SNP sites. We used GCTA software (Yang et al., 2011) to estimate the genetic relationship matrix (GRM) and applied PLINKv1.9 (Chang et al., 2015) with the option “–remove” to exclude 14 samples who possessed close sibship with others within three generations (kinship coefficient > 0.125) (Supplementary Figure 1). We merged our data with published modern and ancient reference data from the Human Origin (HO) dataset and the 1240K dataset shared from Allen Ancient DNA Resource (AADR)1 to generate the “merged 1240K dataset (172,393 SNPs)” and “merged Human Origin dataset (64,018 SNPs)” via mergeit packages in EIGENSOFT (Patterson et al., 2012).
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FIGURE 1
Geographical locations of our newly collected Nagqu Tibetan samples and genetic population structure of East Asians. (A) Map of our studied three Nagqu Tibetan populations. Sample sizes were indicated in parentheses. Map of East Asia was plotted via R package “map” (top-right), and the relief map of Baqing County was plotted using ArcGIS (bottom-left). (B,C) Haplotype sharing-based PCA that focused on (B) present-day East Asians and (C) Sino-Tibetan speaking populations were constructed based on the co-ancestry matrix via fineSTRUCTURE. (D) Allele-frequency-based PCA plot focused on present-day and ancient East Eurasians. Populations were color-coded according to the geographical and linguistic categories.




Principal component analysis

We applied the smartpca program (version: 16000) implemented in EIGENSOFT (Patterson et al., 2012) to conduct PCA with lsqproject: YES, shinkmode: YES, and numoutlieriter: 0.



ADMIXTURE

We pruned the SNPs with strong linkage disequilibrium in the “merged HO dataset” using “–indep-pairwise 200 25 0.4” option in PLINKv1.9 (Chang et al., 2015). The pruned HO dataset containing 53,692 SNPs was used for the unsupervised ADMIXTUREv1.3.0 (Alexander et al., 2009) analysis to explore the individual genetic compositions with the predefined K ancestral components ranging from 2 to 12. We estimated the cross-validation (CV) error with the option “–cv 10.” The best-fitted model possessed the lowest CV error.



Pairwise FST

We measured FST index (Weir and Cockerham, 1984) via smartpca (version: 16000) package in EIGENSOFT (Patterson et al., 2012) with parameters “inbreed: YES; fstonly: YES” to estimate the genetic distance between the studied Nagqu highland Tibetans and 75 present-day East Eurasian populations that composed of at least five sampled individuals. We built a neighboring joining (NJ) tree based on FST genetic distance via the Molecular Evolutionary Genetic Analysis v.7.0 (MEGA 7.0) (Kumar et al., 2008).



f3 statistics

We used the qp3Pop (version 600) program in ADMIXTOOLS (Patterson et al., 2012) to calculate two forms of f3 statistics. (1) outgroup-f3 (X, Y; Yoruba) assessed the sharing genetic drift between the studied Nagqu Tibetans (X) and reference Eurasians (Y) since their divergence from the outgroup Yoruba. The high outgroup-f3 values suggested the close genetic relationships; (2) admixture f3-statistics in the form of f3 (source1, source2; studied Nagqu Tibetans) were used to identify the potential admixture signals for the focused Nagqu Tibetans. The significant negative admixture f3 values (Z < −3) denoted the possible admixture signals.



Estimating gene flow based on f4-statistics

We applied f4-statistics in the form of f4 (Yoruba, W; X, Y) to detect the admixture events across four populations via qpDstat (version 600) package in ADMIXTOOLS software (Patterson et al., 2012). The significant negative f4 (Z < −3) denoted W shared excess derived alleles with X than with Y; the significant positive f4 (Z > 3) suggested that W shared more alleles with Y than with X; the non-statistically significant f4 (−3 < Z < 3) indicated that W shared the equal loci with X and Y.



Pairwise qpWave

We applied qpWave (version 600) in ADMIXTOOLS (Patterson et al., 2012) to test whether the two left populations were genetic homogeny relative to a set of outgroup populations (sample sizes were indicated in parentheses): Mbuti (4), Loschbour_HG (1), Russia_Afanasievo (23), Tianyuan (1), Onge (2), Papuan (15), Xiaojingshan (3), Mongolia_N_East (2), Qihe3 (1), Ami.DG (2), Upper_YR_LN (7), and YR_MN (3).



qpAdm

We used qpAdm (version: 1000) in ADMIXTOOLS (Patterson et al., 2012) to infer the admixture proportions for the studied Nagqu Tibetans (as well as the reference Tibetans published in Wang et al., 2021) with the parameter “allsnps: YES.” We only accepted the admixture models fitting three criteria: (1) p-value > 0.05; (2) nested p-value < 0.05; and (3) all the ancestral coefficients were within the range [0, 1]. We used the following 11 populations as outgroups (sample sizes were indicated in parentheses): Mbuti (4), Loschbour_HG (1), Onge (2), Papuan (15), Russia_EHG (1), Yana_UP (2), Tianyuan (1), Qihe3 (1), DevilsCave_N (4), Japan_Jomon (6), and Anatolia_N (22).



ALDER

To infer the admixture date, we conducted ALDER v1.03 (Loh et al., 2013) with parameters: mindis: 0.005 and jackknife: YES. We exhausted all pairs of the present-day Eurasian populations in the “merged HO dataset” as reference populations and each studied Nagqu Tibetan population as target population. We reported results with 2-ref Z-score > 3 and p-value < 0.001. We assumed 29 years per generation to scale the time.



Phasing data

We used PLINKv1.9 (Chang et al., 2015) to split the bPLINK form data (.bed, .bim, .fam) based on the chromosome and ran SHAPEIT2 (Delaneau et al., 2012) software with 1000 Genomes Phase 3 genetic maps (1000 Genomes Project Consortium et al., 2015) released by the HapMap Consortium2 to infer haplotypes of each present-day individuals from three genotype datasets, respectively: (1) HO dataset (597,573 SNPs); (2) newly generated dataset (harbored three studied Nagqu populations with 450,031 SNPs); and (3) the “merged HO dataset” with 64,018 SNPs. We ran impute2chromopainter.pl to convert SHAPEIT2-type files into the Chromopainterv2 phase format. We ran convertrecfile.pl to generate recombination files.



FineSTRUCTURE

We ran the haplotype-based method fineSTRUCTUREv4 (Lawson et al., 2012) to cluster individuals into genetic homogeny groups based on automatic mode (“fs”) following four stages: (1) estimate the switch rate Ne and global mutation rate mu; (2) chrome painting; (3) fine structure MCMC inference; and (4) fine structure tree inference.



Inferring the identity by descent segments and effective population size (Ne)

We used Refined IBD software (Browning and Browning, 2013) with option “length = 1” to infer the sharing IBD between each pair of individuals and then used the program merge-ibd-segments from BEAGLE utilities (Browning and Browning, 2007; Browning et al., 2018) to remove gaps between IBD segments that had at most one discordant homozygote and were less than 0.6 cM in length. The IBD sharing within each individual population = [image: image], the pairwise population-level shared IBD = [image: image], whereNAandNB represented the sample size of populations A and B. Effective population size was estimated using the IBDNe software (Browning and Browning, 2015) based on the shared IBD of at least 2 cM within each newly collected Nagqu Tibetan population.



Detecting natural-selection signals based on haplotype-based and allele-frequency-based methods

The iHS scores (Voight et al., 2006) and XP-EHH scores (Sabeti et al., 2007) for autosomal SNPs with minor allele frequency > 5% were calculated via the R package of “rehh” (Gautier et al., 2017). We split the genome into non-overlapping segments of 200 kb as described in Pickrell et al. (2009). The regions that harbored more than 20 SNPs with | iHS scores/XP-EHH scores| > 2 were considered candidates for containing selective sweeps. The size of the signal in each region was quantified by the proportion of SNPs with | iHS scores/XP-EHH scores| > 2.

For FST analysis (Weir and Cockerham, 1984), we divided the whole genome into 200 kb non-overlapping windows. Autosomal SNPs with minor allele frequency > 5% were used for FST calculation. We computed the weighted and mean FST via vcftools software (Danecek et al., 2011) for windows with more than five SNPs. We defined that the windows with FST scores in the top 1% of the distribution were the candidate regions under positive selection.

All genes that overlapped with the window of 50 kb on either side of each candidate region are reported in Supplementary Table 10. We then conducted Gene Ontology (GO) analysis via R packages “Clusterprofiler v3.18.1” (Wu et al., 2021) with default options. Enriched pathways with an adjusted p-value of < 0.05 after Bonferroni correction were considered statistically significant. Gene function was determined using National Center for Biotechnology Information Gene (NCBI)3 and literature searches.




Results


Genetic affinity of the studied Nagqu Tibetans in the context of East Asians

After quality control and removal of biologically related individuals, we obtained 450,031 SNPs typed on 48 individuals in three Kham-speaking Nagqu Tibetan subpopulations (Figure 1A). East Asian-specific haplotype sharing-based PCA (Figures 1B,C) and allele-frequency-based PCA (Figure 1D) showed the geographically structured gene pools in Sino-Tibetan (ST) speaking populations: (1) Tibeto-Burman (TB) speakers from Southern East Asia (e.g., Lahu, Cong) displayed close relationships with Tai-Kadai (TK)/Austroasiatic (AA)/Austronesian (AN)/Hmong-Mien (HM) speaking populations from southern China and Southeast Asia; (2) Han Chinese formed a north-to-south genetic cline; TB speakers from central China such as Tujia clustered with geographically close Han Chinese; and (3) one genetic cline comprising TB-speaking highlanders from TP and Tibetan-Yi corridor. Our newly genotyped three Nagqu Tibetan populations formed a tight genetic cluster falling with previously published core Tibetans that at the end of TB-speaking highlander-related cline away from lowland TB-related cluster. Moreover, FST index-based neighboring-joining tree (Supplementary Figure 2A) and co-ancestry matric-based clustering patterns (Supplementary Figure 2B) described that the studied Nagqu Tibetans formed a clade with Ü-Tsang Tibetans and then with geographically close Amdo/Kham Tibetans, Han Chinese, and lowland TB in turn. The top high outgroup-f3 statistics in the form of f3 (studied Nagqu Tibetans, present-day reference pops; Yoruba) (Supplementary Figure 3A) and numerous negative f4-statistics in the form of f4 (Yoruba, studied Nagqu Tibetans; representative northern ST speaking populations, worldwide reference populations) (Supplementary Figure 3B) validated the closest relationship between the studied Nagqu Tibetans and geographically close ST speaking populations under the genetic background of Eurasians.

After projecting ancient reference populations in the PCA plot (Figure 1D), we replicated the previous findings of the genetic continuity across at least 3,400 years in the Himalaya region, as ancient Nepalese from Mustang and Manang districts (aMMD) aggregated with the present-day Tibetan-related cline. The studied Nagqu Tibetans also had relatively close relationships with the ancient Yellow River millet farmers from Qijia culture-related sites (upper_YR_LN), Miaozigou site in Inner Mongolia (Miaozigou_MN), Shimao site in Shannxi (Shimao_MN), Middle Neolithic Yangshao (YR_MN), and Late Neolithic Longshan (YR_LN) culture-related individuals and further validated via outgroup-f3 statistics (Supplementary Figure 4A). Moreover, the studied Nagqu Tibetans shared equal alleles with each pair of the aforementioned ancients as no significant f4 was observed in f4 (Yoruba, studied Nagqu Tibetans; YR_LN/upper_YR_LN/Miaozigou_MN/Shimao_LN/ancient Nepalese, YR_LN/upper_YR_LN/Miaozigou_MN/Shimao_LN/ancient Nepalese) (Supplementary Figure 4B).



The ancestry makeup of the studied Nagqu Tibetans

We then applied the unsupervised model-based ADMIXTURE analysis to infer the genetic makeup of the studied Nagqu Tibetans and the clustering patterns with reference Eurasians. The lowest CV error (Supplementary Figure 5) was obtained when assuming six predefined sources (i.e., K = 6, CV error = 0.62120). At K = 6 clusters (Figure 2), one genetic component (purple in the plot) was maximized in published core Tibetans, as well as the studied Nagqu Tibetans, Sherpa, and ancient Nepalese, illuminating either their sharing common evolutionary history or recent admixture events. In addition, core Tibetan-related ancestry acted as one ancestry component in the ADMIXTURE models for K ranging from 4 to 12, mirroring its genetic uniqueness in the context of East Asians (Supplementary Figure 6).
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FIGURE 2
Unsupervised model-based ADMIXTURE analysis for six predefined ancestral sources (K = 6) based on the LD-pruned dataset (50,194 SNPs). We observed that our studied Nagqu Tibetans clustered with the published core Tibetans (Purple in the plot).


To quantitatively explore the prominent ancestry of the studied Nagqu Tibetans, we calculated f4 (Yoruba, X; targeted Nagqu Tibetans, Y) (Supplementary Figure 7) based on the merged HO database (64,130 SNPs). The studied Nagqu Tibetans expectedly harbored significant amounts of X people-related ancestry if we observed significant negative f4 values (Z < −3) for most Y. We identified that ancient Nepalese-related ancestry (represented by Nepals_Samdzong_1500BP, Nepals_Mebrak_2125BP, Nepals_Chokhopani_2700BP) shared excess alleles with the studied Nagqu Tibetans than with most East Asians except for published core Tibetans from Shannan (3.078 < Z < 4.505). Inland ancient NEAs represented by Yellow River millet farmers from Shimao site (Shimao_LN), Miaozigou site (Miaozigou_MN), and Qijia culture (upper_YR_LN) were more related to the studied Nagqu Tibetans than to most East Asians except for northern Chinese Han populations (3.689 < Z < 5.095). Moreover, Western Steppe Herd (WSH) (represented by steppe pastoralist-related ancestry EBA_Afanasievo, MLBA_Sintashta) shared similar amounts of genetic drift with the studied Nagqu Tibetan highlanders and Han Chinese except for coastal Han_Fujian from Southern China (−3.078 < Z < −2.713). The studied Nagqu Tibetans exhibited excess WSH-related ancestry than most present-day Southern East Asians, that is, Z-scores of f4 (Yoruba, WSH representatives; targeted Nagqu Tibetans, southern East Asians) < −3.

Collectively, the studied Nagqu Tibetans derived most of their ancestry from ancient Nepals and upper Yellow River farmer-related lineages. To explore whether the studied Nagqu Tibetans received additional gene flow from worldwide reference Eurasians compared with the assumed ancestors, we calculated f4 (Yoruba, HO modern East Asians/1240K ancient Eurasians; targeted Nagqu Tibetans, the assumed ancestors) (Supplementary Figure 8). We observed the genetic homogeny between the studied Nagqu Tibetans and ancient Nepalese (all f4 values∼0), suggesting that they might be most likely to derive from a common ancestral population. There were numerous significant positive f4 but no significant negative results found in f4 (Yoruba, reference Eurasians; the studied Nagqu Tibetans, ancients from upper YR regions), suggested that Shimao_LN, Miaozigou_MN, and upper_YR_LN individuals might harbor more coastal/Inland Northern and Southern East Asian-related ancestry than our studied Nagqu Tibetans. It could also be explained by the studied Nagqu Tibetans receiving the gene flow from an unknown deeply branching ancestry that might split off before the differentiation of northern East Asian and southern East Asian lineages. In addition, we identified that the studied Nagqu Tibetans harbored more Western Eurasian-related ancestry relative to upper_YR_LN (2 < Z < 3).



The demographic history of the studied Nagqu Tibetans

To explore the recent admixture signals for the studied Nagqu Tibetans, we exhausted all pairs of modern/ancient Eurasian populations in the merged HO and the merged 1240K datasets to generate 5,050 and 2,278 pairs of reference sources and then carried out admixture f3-statistics in the form of f3 (source1, source2; studied Nagqu Tibetan) (Supplementary Tables 1–6). The statistically negative f3 values (Z < −3) suggested that the allele frequency of the studied Nagqu Tibetan intermediated between that of source1 and source2, indicating the potential admixture signatures. Only one pair of source populations in f3 (Mongolic-speaking Bonan, Tibetan_Zase_Gaimatang; Tibetan_Zase_Meipatang) gave a significant negative result (−3.123 × SE) for Tibetan_Zase_Meipatang. We did not detect any other significant admixture signals, which might be explained by (1) the strong post-admixture genetic drift; and (2) the true source populations experienced extreme genetic drift following the divergence with the reference sources. Focused on the lowest admixture f3 values (though the corresponding Z-scores fall within [−3,0]), we summarized that (1) one source from the present-day western European (WE)/South Asian (SA) population and the other source from TB-speaking populations could generate weak signals for the other two studied Nagqu Tibetans, for example, f3 (English, Qiang_Danba; Tibetan_Bentaxiang) = −2.833 × SE; f3 (French, Tibetan_Meipatang; Tibetan_Zase_Gaimatang) = −1.178 × SE; (2) ancient Nepalese combined with ancient southeast Asians could also produce marginal signals for all three studied Nagqu Tibetans, for example, f3 (Chokhopani, Indonesia_LN_BA_IA; Tibetan_Bentaxiang/Tibetan_Gaimatang/Tibetan_Meipatang) = −2.315 × SE/−1.669 × SE/−1.643 × SE, but the low coverage of Indonesia_LN_BA_IA should be cautioned. We then applied ALDER to estimate the date of these admixture events for three studied Nagqu Tibetan populations. The combinations of one WE/SA and one EA can give significant admixture signals dating to ∼20–50 generations ago (Supplementary Table 7).

Next, we calculated the normalized length and count of shared IBD segments within each ST group to infer the population demographic history (Figure 3A). We found that studied Zase_Gaimatang Tibetan (21 samples), studied Zase_Meipatang Tibetan (14 samples), Cong (12 samples), Yunnan Tibetan (4 samples), Vietnam Lahu (12 samples), and Sila (12 samples) showed an upward trend of within-population IBD sharing relative to other ST speaking references, suggesting their possible strong genetic drift experience; Han Chinese and other Tibetans displayed relatively low levels of within-population IBD sharing, indicating either population expansion or admixture. Then, we applied IBDNe software to estimate the effective population size (Ne) of three studied Nagqu Tibetans. We found that targeted Nagqu Tibetans have undergone a decreased population size ∼10–20 generations ago, followed by a recent population expansion with different levels: The Ne of studied Bentaxiang Tibetans was relatively larger than that of the studied Zase Tibetans (Figure 3B). Finally, we estimated the normalized length of shared IBD blocks between populations (Figure 3C). Our three studied Nagqu Tibetans shared more than 10 cM IBD with each other and shared 4–6 cM IBD with the published Ü-Tsang Tibetans. The results from f4 (Yoruba, reference Eurasians, studied Nagqu Tibetans, published Ü-Tsang Tibetans) showed the relatively genetic homogenous between the studied Nagqu Tibetans and published Ü-Tsang Tibetans except that Shannan Tibetans harbored more ancestry associated with present-day Qiang, ancient Nepals_Samdzong_1500BP, and ancient Nepals_Mebrak_2125BP individuals (2.113 < Z < 4.505) than the studied Nagqu highlanders (Supplementary Figure 9). The recent contact and/or shared ancestry was also evidenced via the long IBD fragment sharing (>5 cM) between Kham-speaking Nagqu Tibetans and Kham-speaking Chamdo Tibetans. Outgroup-f3 statistics also suggested that our studied Kham-speaking Nagqu Tibetans shared the highest genetic drift with Kham-speaking Chamdo Tibetans (Supplementary Figure 3A). f4-statistics showed that Chamdo Tibetans harbored more studied Nagqu Tibetan-related ancestry as no significant positive f4 results were observed in f4 (Yoruba, studied Nagqu Tibetans; Chamdo Tibetans, worldwide references) (Supplementary Figure 3B).
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FIGURE 3
Identity-by-descent (IBD) sharing-based analysis. (A) The normalized number and length (unit: cM) of IBD blocks sharing within a population. (B) Effective population size (Ne) of three studied Nagqu Tibetan populations within 30 generations before the present. (C) The normalized length (unit: cM) of IBD sharing between Sino-Tibetan populations.




Constructing qpAdm-based admixture models

Pairwise qpWave suggested the cladality between the studied Nagqu Tibetans and ancient Nepalese from Chokhopani and Mebrak-related cultures as well as present-day Tibetan populations from Lhasa, Shigatse, and Nagqu relative to a series of outgroups (Figure 4A). To better understand the genetic origin of the studied Nagqu Tibetan, here, we used (1) Neolithic upper Yellow River farmers (represented by upper_YR_LN) as the representatives of northern East Asians; (2) Hunter-gatherers (HG) from Southern East Asia (represented by Upper Paleolithic Guangxi_Longlin and Laos_Hoabinhian) and present-day South Asia populations (Mala/PaThan) as the southern surrogates; (3) western Steppe pastoralist (represented by Russia_EBA_Afanasievo and Russia_MLBA_Sintashita) as Western Eurasians surrogate to conduct qpAdm-based two-way and three-way admixture model (Figure 4B; Supplementary Table 8). The studied Nagqu Tibetans could be modeled as the mixture of ∼90% upper_YR_LN+ ∼10% present-day South Asian Mala/PaThan adequately. However, upper_YR_LN + Guangxi_Longlin/Laos_Hoabinhian individuals failed to describe the ancestry of the studied Nagqu Tibetans. Only studied Tibetan_Zase_Gaimatang could be successfully fitted as the mixture of upper_YR_LN+ Western Steppe pastoralist (p-value = 0.53323). However, this two-way model was worse than the well-fitted three-way admixture model that used Upper_YR_LN + Laos_Hoabinhian/Guangxi_Longlin + Steppe pastoralist as ancestry proxies (p-value of > 0.190328; nested p-value of < 0.00245 for pattern 010) for all three studied Nagqu Tibetans in the merged HO dataset (64,018 SNPs) and the published Tibetan_Nagqu, Tibetan_Shigatse, Tibetan_Shannan, and Tibetan_Lhasa in the HO dataset (597,573 SNP sites) (Supplementary Table 9). In addition, f4 values of f4 (Yoruba, Denisovan; Han, studied Nagqu Tibetan) were non-significant (−1.154 < Z < 0.388), suggesting that our newly collected Nagqu Tibetans did not harbor more Denisovan-related genetic heritage than Han Chinese.


[image: image]

FIGURE 4
Inferring the demographic history of our studied Nagqu Tibetans. (A) Pairwise qpWave analysis suggested the genetic homogeny between the studied Nagqu Tibetans and ancient Nepalese from Chokhopani and Mebrak-related cultures as well as published present-day Tibetan populations from Nagqu, Lhasa, and Shigatse (0.01 < p-value < 0.05 was noted as +, p-value > 0.05 was noted as ++) and (B) the fitted two-way and three-way qpAdm-based admixture model for three studied Nagqu Tibetan populations. For each target population, we reported the p-value for rank = 1 behind the corresponding population name in the form of “population name| p-value.” The error bars showed the standard errors of the estimated ancestry proportions. Details of the modeling are provided in Supplementary Table 8.




Y-chromosomal and mtDNA diversity in the studied Nagqu highlanders

We assigned all 48 individuals to 26 maternal haplogroups (Supplementary Figure 10A). The most frequent maternal haplogroup was D4, which accounted for 16.6%, followed by F1, A15, A11, M6, A10, Z, C4, B4, G2, M9, and M13; haplogroups D5, D6, and U were observed once, respectively. In addition, we identified five paternal haplogroups in 29 males (Supplementary Figure 10B). The most frequent paternal lineages in the studied Nagqu Tibetans were D1 (65.5%), one of the most dominant haplogroups in published Tibetans (Shi et al., 2008), followed by O2a, N1b, and R1b; haplotype J2 was observed only once. Overall, the great majority of paternal and maternal haplogroups in the studied Nagqu Tibetans were the founding lineages of northern East Asians. We observed that one individual belonged to the U1a1c1 mtDNA haplogroup, and two individuals belonged to West Eurasian-specific Y haplogroup R1b, which indicated the minor gene flows.



Identifying signals of positive selection on a genome-wide scale

Our analysis applied three metrics: haplotype-based iHS and XP-EHH, and the allele-frequency-based method FST. The “integrated haplotype score” (iHS) is useful for detecting the potential selection signals within populations but loses its power when the selected allele is at or near fixation (Voight et al., 2006). The complementary approach, “cross-population extended haplotype homogeneity” (XP-EHH), is particularly suitable for identifying SNPs that were under strong selection and at or near fixation in one population but still polymorphic in another (Sabeti et al., 2002). FST measured the between-population allele-frequency differences; the candidate regions under natural selection expectedly harbored continuous stretches of large FST scores. The merged HO dataset covered only 64,018 SNPs, which is inadequate for calculating the selection signals. Thus, our analysis is based on two datasets, that is, the newly genotyped dataset (450,031 SNPs for three studied Nagqu populations) and the HO dataset (597,573 SNPs for published present-day worldwide Eurasians). We first calculated the iHS scores for each SNP based on the phased newly genotyped data for the studied Nagqu Tibetans and scanned the candidate windows under positive selection. Then, we applied the same iHS approach to identify the target regions of selection in published Ü-Tsang, Amdo, Kham Tibetans, and Han Chinese populations in the HO dataset (Wang et al., 2021); for the FST and XP-EHH analysis, present-day Han Chinese, Amdo, and Kham Tibetans were used as the references, respectively, to explore the selection signals that were specific to the published Ü-Tsang Tibetans.

We identified obvious iHS-based candidate regions of the studied Nagqu Tibetans in chromosomes 2, 6, and 12 (Supplementary Table 10A). Chromosome 6 showed selection signals in human leukocyte antigen genes that were enriched in the immune response-related pathways; four candidate genes on Chromosome 2 (SULT1C2; SULT1C2P1; SULT1C3; and SULT1C4) involved in the metabolic process were also identified in other Asian populations (Fagny et al., 2014), and a gene named DLEU1 on Chromosome 13 encoded the long-non-coding RNA and involved in various biological processes, especially tumorigenesis (Li Y. et al., 2019).

The iHS analysis based on the HO dataset showed that the HLA region on Chromosome 6 was also under positive selection in published Ü-Tsang Tibetans, Kham Tibetans, Amdo Tibetans, Han Chinese, and French (Supplementary Tables 10B–D). The iHS analysis for published core Tibetans (Supplementary Table 10B) showed the selection signals for genes EPHB1 and DLG2: EPHB1 located on chromosome 3 encoded Ephrin type-B receptor 1 which participated in contact-dependent bidirectional signaling into neighboring cells; the over-expression of EPHB1 might promote the migration and invasion of lung cancer cells (Wang et al., 2020); DLG2 on chromosome 11 involved in the susceptibility of schizophrenia (Yoo et al., 2020).

Next, we focused on the Gene Ontology enrichment results of the genes falling within the candidate regions identified by XP-EHH analysis (Supplementary Table 10E). When published Amdo Tibetans were used as the reference population (Supplementary Figure 11A), the enrichment of genes was responsible for the monooxygenase activity (GO:0004497), oxidoreductase activity (GO:0016709; GO:0047555), and 3′5′-cyclic-GMP phosphodiesterase activity (GO:0016705) that were related to energy metabolism and may contribute to the adaptation of Ü-Tsang Tibetans to hypoxia conditions. When published Kham Tibetans were used as the reference population (Supplementary Figure 11B), we identified 11 enriched GO terms involved in the development of skin. When Han Chinese was used as the reference population, there were no enriched GO terms.

Previously reported high-altitude adaptation locus such as EPAS1, EGLN1, and HMOX2 genes (Peng et al., 2011) did not fit as the candidate genomic region for the involved Tibetans based on the iHS and XP-EHH analysis. Moreover, we observed that rs4953342, rs12613519, and rs6756667 in the EPAS1 gene exhibited significant iHS scores in published Ü-Tsang and Kham Tibetan populations but not in Amdo Tibetans and Han Chinese; we also detected that Ü-Tsang Tibetans showed the significant allele-frequency differentiation of these three SNP sites with Amdo Tibetans, Kham Tibetans, and Han Chinese (Supplementary Tables 10F–H).

FST statistics quantified the allele-frequency differences between published Ü-Tsang Tibetans and published Amdo and Kham Tibetans. We listed the top 1% significant regions identified via FST in Supplementary Table 10I. However, there were no GO terms enriched when published Amdo and Kham Tibetans were used as reference populations. The most significant region detected by the FST metric between published Ü-Tsang Tibetans and Amdo Tibetans encapsulated genes associated with skin development: CRNN; FLG; FLG-AS1; FLG2; HRNR (regional FST value = 0.132204). When published Kham Tibetans were used as reference populations, the most significant selection region that covered LIPE-AS1, CEACAM1, CIC, CNFN, CXCL17, ERF, LIPE, MEGF8, MIR8077, PAFAH1B3, PRR19, and TMEM145 genes on chromosome 19 (regional FST value = 0.211566) involved in various biological processes such as immune response, keratinization, antimicrobial activity, protooncogene develop, post-transcriptional regulation, and enzyme activity. When Han Chinese was used as reference populations, genes falling within the top 1% FST-based candidate regions were enriched in ethanol oxidation, ethanol metabolic process, and alcohol dehydrogenase [NAD(P)+] activity. We noticed that high-altitude adaptation locus including EPAS1, EGLN1, and HMOX2 genes (Peng et al., 2011) was detected as candidate regions for the published Ü-Tsang Tibetans when Han Chinese was used as the reference population. Interestingly, we identified that EPAS1 was selected as a candidate region via FST statistics for published Ü-Tsang Tibetans when published Amdo or Kham Tibetans were used as reference.




Discussion

For East Eurasia, recent ancient DNA studies have revealed that migrations, admixtures, or replacements played a pivotal role in the formation of spatiotemporal East Eurasian populations (Jeong et al., 2020; Ning et al., 2020; Yang et al., 2020; Kılınç et al., 2021; Wang et al., 2021; Zhang et al., 2021; Kumar et al., 2022). For Tibet Plateau, long-term genetic stability was observed for at least ∼3,400 years (Liu et al., 2022). However, the peopling history of TP is still in its fancy largely due to the lack of data for interdisciplinary studies, including well-excavated archeological sites, the ancient nuclear DNA extracted from human remains, and genome-wide SNP array data/deep-genome sequencing data of present-day TP highlanders. In this study, we reported genome-wide SNP data of 48 samples from three geographically close Nagqu Tibetan populations. Our analysis revealed the demographic history of Nagqu Tibetans based on both the patterns of allele sharing and haplotype sharing.

First, we uncovered the genetic substructure and admixture history of the studied Nagqu Tibetans. Our studied Nagqu Tibetan highlanders who resided in Ü-Tsang regions were genetically indistinguishable from ancient Nepalese and published Ü-Tsang Tibetans from Nagqu, Shigatse, and Lhasa supported via allele-sharing-based outgroup f3, f4, and qpWave analysis. Therefore, our studied Nagqu Tibetans could be classified as “core Tibetans” (He et al., 2021; Wang et al., 2021). The remarkable differences in the genetic makeup between the studied Nagqu Tibetans and lowland Neolithic Qijia culture millet farmer-related ancestry were attributed to the deeply diverged Southern East Eurasian-related ancestry and the Western Eurasian-related ancestry in Tibetans inferred via qpAdm, consistent with the alternative two-way admixture fitted model in which we used the present-day South Asians as one proximal source who harbored a great amount of Andamanese Hunter gatherer-related ancestry and Western Steppe Herder-related ancestry (de Barros Damgaard et al., 2018). Kham-speaking Chamdo Tibetans who lived in the Kham region harbored more Nagqu Tibetan-related ancestry than other published non-core Tibetans from the allele-sharing perspective, in agreement with that Chamdo Tibetans had the more extended sharing of IBD length with Nagqu Tibetans than other non-core Tibetans, suggested the more recent interactions between the Chamdo Tibetans and Nagqu Tibetans within the past few hundred years.

Second, we searched for the adaptation signatures of newly collected Nagqu Tibetans and published Ü-Tsang Tibetan highlanders using FST, iHS, and XP-EHH scores. Different methodologies utilized different patterns of genetic variation to identify the target regions of selection, thus producing quite different results when applied to the same genotyped data (Weir and Cockerham, 1984; Voight et al., 2006; Sabeti et al., 2007; Cadzow et al., 2014). Based on our iHS analysis, the only overlapping candidate regions between published geographically different Tibetans and our newly collected Nagqu Tibetans were the immunity-related genes HLA that were previously reported as candidate genes under natural selection in worldwide populations via the adaptively introgressed from archaic human to modern humans (Abi-Rached et al., 2011). However, our newly genotyped data consisted of only 60,000 overlapping SNPs with the published HO dataset. The vastly different SNP density between Human Origin-type and illumine-type SNP chips might cause the number of overlapping windows to be underestimated. In the XP-EHH and FST analysis, we detected the specific selection signal associated with highland altitude adaptation, skin development, and metabolism in published Ü-Tsang Tibetans compared with Amdo and Kham Tibetans, reflecting the differentiation in the evolutionary histories of geographically different samples caused by diverse selective evolutionary forces such as diet, climate, and pathogen, required confirmation from high-resolution research data of sampling. We note that in addition to natural selection, another possible reason for the observed signal is that Amdo and Kham Tibetans have, respectively, received more gene flow from West Eurasians and lowland East Asians including Han Chinese than the Ü-Tsang Tibetans.

In this study, we enrolled only four Nagqu Tibetan subgroups with limited overlapping SNP sites after the data merging. The complete landscape of genetic diversity in Tibetans required further investigation by increasing the number of Tibetan subgroups, the sample sizes, and the overlapping SNP sites. The whole-genome sequencing with systematic sampling in the future will shed more light on the finer-grained profile of Tibetan populations.
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SUPPLEMENTARY FIGURE 1
Kinship. (A) The visualization of the genetic relationship matrix (GRM). “+” denoted that the corresponding pair of individuals were in the kinship up to the third degree. (B) The GRM based on the data that removed the putative kinship.

SUPPLEMENTARY FIGURE 2
Phylogenetic relationship between the studied Nagqu Tibetans and present-day reference East Asians. (A) Neighbor Joining (NJ) tree based on pairwise FST genetic distance; (B) the pairwise coincidence matrix constructed via the haplotype sharing-based fineSTURCTURE.

SUPPLEMENTARY FIGURE 3
Applying f-statistics to quantitatively measure the genetic relationships between our targeted Nagqu Tibetans and present-day reference East Eurasians based on the merged Human Origin dataset (64,018 SNPs). (A) The outgroup-f3 statistics measured the shared genetic drift between the studied Nagqu Tibetans and present-day reference East Eurasians in the form of f3 (studied Nagqu Tibetan, HO modern populations; Yoruba). The larger outgroup f3 indicated the more sharing genetic drift between the studied Nagqu Tibetans and reference HO populations. (B) Heatmap of Z-scores in f4 (Yoruba, studied Nagqu Tibetans; HO modern pop1, HO modern pop2). Statistically positive f4 values (Z > 3) suggested the higher affinity of HO modern pop2 than HO modern pop1 to the studied Nagqu Tibetans, while negative f4 values (Z < −3) suggested a closer relationship of HO modern pop1 than HO modern pop2 to the studied Nagqu Tibetans. −3 < Z < 3 suggested that the studied Nagqu Tibetans shared as many alleles with HO modern pop1 as with HO modern pop2.

SUPPLEMENTARY FIGURE 4
Applying f-statistics to quantitatively measure the genetic relationships between our targeted Nagqu Tibetans and ancient reference populations based on the merged 1240K dataset (172,393 SNPs). (A) The outgroup-f3 statistics measured the sharing genetic drift between the studied Nagqu Tibetans and ancient reference populations in the form of f3 (studied Nagqu Tibetan, 1240K ancients; Yoruba). The larger outgroup f3 indicated the more shared genetic drift between the studied Nagqu Tibetans and reference populations. (B) Heatmap of Z-scores in f4 (Yoruba, studied Nagqu Tibetans; 1240K ancient pop1, 1240K ancient pop2). Statistically positive f4 values (Z > 3) suggested the higher affinity of 1240K ancient pop2 than 1240K ancient pop1 to the studied Nagqu Tibetans, while the negative f4 values (Z < −3) suggested a closer relationship of 1240K ancient pop1 than 1240K ancient pop2 to the studied Nagqu Tibetans. −3 < Z < 3 suggested that the studied Nagqu Tibetans shared as many alleles with 1240K ancient pop1 as with 1240K ancient pop2.

SUPPLEMENTARY FIGURE 5
ADMIXTURE cross-validation (CV) for K = 2–12 with 5-fold. K = 6 showed the lowest CV error.

SUPPLEMENTARY FIGURE 6
Model−based ADMIXTURE results (K = 2–12) based on the LD-pruned dataset (50,194 SNPs).

SUPPLEMENTARY FIGURE 7
Inferring the prominent ancestry of the studied Nagqu Tibetans via f4 (Yoruba, HO ancient Eurasians; studied Nagqu Tibetans, HO modern East Asians) based on the merged Human Origin dataset (64,018 SNPs). We expectedly observed numerous significant negative f4 values (Z < −3) for most reference modern East Asians if the studied Nagqu Tibetans harbored great amounts of reference ancient Eurasian-related ancestry.

SUPPLEMENTARY FIGURE 8
Inferring the admixture history of the studied Nagqu Tibetans via (A) f4 (Yoruba, HO modern Eurasians; studied Nagqu Tibetans, assumed ancestor) based on the merged Human Origin dataset (64,018 SNPs) and (B) f4 (Yoruba, 1240K ancient Eurasians; studied Nagqu Tibetans, assumed ancient ancestors) based on the merged 1240K dataset (172,393 SNPs).

SUPPLEMENTARY FIGURE 9
Inferring admixture history of the studied Nagqu Tibetans via pairwise f4-statistics in the form of f4 (Yoruba, HO present-day and ancient Eurasians; Kham speaking studied Nagqu Tibetans; published Ü-Tsang Tibetans/Amdo Tibetans/Kham Tibetans) based on the merged HO dataset (64,018 SNPs).

SUPPLEMENTARY FIGURe 10
Distribution of Mitochondrial and Y chromosomal haplogroups of studied Nagqu Tibetans. We obtained (A) maternal and (B) paternal haplogroups for 48 individuals and 29 males respectively. The number of samples assigned to a specific haplogroup is denoted as N. For each Mitochondrial haplogroup, we reported “N” and the corresponding proportion (i.e., N/48) in the form of “haplogroup (N, N/48).” For each Y chromosomal haplogroup, we reported “N” and the corresponding proportion (i.e., N/29) in the form of “haplogroup (N, N/29).”

SUPPLEMENTARY FIGURE 11
Gene enrichment analysis for candidate genes identified via XP-EHH analysis in the studied Nagqu Tibetans when using (A) published Amdo Tibetans (i.e., Gangcha Tibetans, Xunhua Tibetans, and Gannan Tibetans) and (B) published Kham Tibetans (i.e., Chamdo Tibetans, Xinlong Tibetans, Yajiang Tibetans, and Yunnan Tibetans) as the reference population (Wang et al., 2021). GO terms were represented by circles and were plotted according to the gene ratio on the X-axis. The size was proportional to the count of the GO terms. The color of the circle defined the adjusted p-value.
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