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Abstract
Structural variation (SV) acts as an essential mutational force shaping the evolution and function of the human
genome. To investigate the role of SVs in high-altitude adaptation (HAA), we here generated a comprehensive
catalog of SVs in a Chinese Tibetan (n = 15) and Han (n = 10) population using the nanopore sequencing
technology. Among a total of 38,216 unique SVs in the catalog, 27% were sequence-resolved for the first time.
We systemically assessed the distribution of these SVs across repeat sequences and functional genomic regions.
Through genotyping in additional 189 genomes, we identified 90 Tibetan-Han stratified SVs and 124
candidate adaptive genes. Besides, we discovered 15 adaptive introgressed SV candidates and provided
evidence for a deletion of 335 base pairs at 1p36.32. Overall, our results highlight the important role of SVs in
the evolutionary processes of Tibetans’ adaptation to the Qinghai-Tibet Plateau and provide a valuable
resource for future HAA studies.
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Introduction
Structural variation (SV) is usually defined as the intra or inter-chromosomal genomic rearrangement acting as
a significant mutational force shaping the evolution and function of the genome (Collins et al. 2020). As an
essential component of deleterious polymorphisms in humans (Abel et al. 2020), SVs positively impact the
formation of population diversity and adaptation (Moan et al. 2019). In the face of high gene flow caused by
migration load, SVs can generate incompatible alleles allowing the beneficial variant to reduce the risk of
recombination with maladapted genomic backgrounds, thereby maintaining allele frequency (AF) clines
towards environmental gradients (Moan et al. 2019; Wellenreuther et al. 2019).
The adaptation of Tibetan highlanders to the Qinghai-Tibet Plateau with an average elevation of over
4,000 meters is a representative case of anatomically modern human (AMH) conquering new environmental
conditions (Huerta-Sánchez et al. 2014). Previous studies usually used single nucleotide variants (SNVs) to
search for selection evidence in the Tibetan genome and successfully identified two essential genes involved in
the HIF-1 (hypoxia-inducible transcription factor 1) pathway, EPAS1 (endothelial PAS domain protein 1) and
EGLN1 (egl-9 family hypoxia inducible factor 1) (Xiang et al. 2013; Huerta-Sánchez et al. 2014; Deng et al.
2019). The adaptive alleles of these two genes could help maintain the hemoglobin concentration so that red
cells would not be overproduced at high altitude (Hu et al. 2017; Yang et al. 2017). However, few studies have
examined the role of SVs underlying high-altitude adaptation (HAA). In an earlier study (Lou et al. 2015), a
3.4 kilobase (kb) Tibetan-enriched deletion (TED) located at 80 kb downstream of EPAS1 had been identified
using microarray data, indicating that SVs also play a role in the process of Tibetans’ adaptation to the plateau.
Besides, the discovery of a particular Tibetan-Denisovan haplotype motif characterized by derived alleles from
five SNVs in the EPAS1 region indicated shared genetic drift between Tibetans and extinct non-AMH
populations (Yi et al. 2010; Huerta-Sánchez et al. 2014; Lu et al. 2016). Although several recent studies have
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found that SVs originated from archaic hominins and introgressed into AMH substantially contribute to local
population adaptation (Hsieh et al. 2019; Almarri et al. 2020), little is known of adaptive introgressed SVs in
Tibetans so far.
In recent years, long-read sequencing (LRS) technologies, such as PacBio single-molecule real-time
(SMRT) sequencing and nanopore sequencing, have been introduced to resolve SVs in the human genome
(Stancu et al. 2017; Audano et al. 2019). Long and contiguous reads generated from these emerging
technologies can span SVs’ breakpoints, enabling more accurate alignment to repetitive sequences (Coster et al.
2019). Thus, LRS makes it possible to detect previously unresolved SVs with high sensitivity (Sedlazeck et al.
2018a; Chaisson et al. 2019; Ho et al. 2020), facilitating a better evaluation of SVs’ impact on HAA. A recent
study sequenced one single adult male of native Tibetan ancestry using the PacBio SMRT sequencing platform,
and identified a deletion of 163 base pairs (bp) located in an intronic region of MRTFA (myocardin related
transcription factor A), which is associated with lower systolic pulmonary arterial pressure in Tibetans
(Ouzhuluobu et al. 2019). However, it is still necessary to use population-based detection methods to explore
SVs related to HAA.
In this study, we sought to comprehensively characterize the complete spectrum of SVs in a Chinese
Tibetan and Han population using the nanopore sequencing technology. We performed a population-based SV
detection in order to include as many common variants as possible. Among a total of 38,216 unique SVs in the
catalog, we identified 90 Tibetan-Han stratified SVs and 124 candidate adaptive genes, providing valuable
resources for future HAA studies. Furthermore, we scanned signatures of natural selection and archaic
introgression around the population-stratified SVs to explore how SVs introgressed from hominins could
facilitate HAA.
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Results
Discovery of SVs in a Tibetan and Han population by long-read sequencing
Long-read sequencing data were generated from 15 Tibetan and 10 Han genomes using the nanopore
sequencing (Supplemental Table S1). For each genome, we detected SVs relative to GRCh37 human reference
assembly using a multi-platform pipeline (Methods). On average, 15,813 SVs per sample were identified and
were then merged into a non-redundant set of 41,792 SVs (Fig. 1A and 1B). Consistent with a previous study
(Audano et al. 2019), the size of the non-redundant set grew rapidly at the beginning and gradually slowed
down with the increase of samples, suggesting that a considerable proportion of common variations were
detected in this Chinese Tibetan and Han population. Then, we filtered out 3,576 unreliable genotypes with a
hard threshold and obtained a total of 38,216 unique SVs (Methods). Nearly 74% (n = 27,994) of these SVs
have breakpoints within an interval of 100 bp across different samples (Supplemental Fig. S1A). All
subsequent analyses were then performed on this final set of SVs, which comprise 19,441 deletions, 17,424
insertions, 721 duplications, 442 inversions, and 188 translocations (Fig. 1C; Supplemental Table S3).
Contrary to the results observed using PacBio SMRT-SV (Audano et al. 2019), we identified more deletions
than insertions using nanopore sequencing. This phenomenon might result from base-calling errors of
homopolymer regions, which is still the main drawback of nanopore sequencing (Stancu et al. 2017; Jain et al.
2018; Sedlazeck et al. 2018b; Coster and Broeckhoven 2019). Meanwhile, we identified a relatively small
number of duplications, mainly because the majority of common duplications should be classified as
multi-allelic SVs (Sudmant et al. 2015), which is beyond the scope of this study.
As suggested in a previous report (Audano et al. 2019), we classified these SVs into four categories:
shared (identified in all samples), major (identified in ≥ 50% of samples), polymorphic (identified in > 1
sample), and singleton (identified in only one sample) SVs. Consistent with the results observed using PacBio
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SMRT-SV (Audano et al. 2019), nearly 40% (n = 14,306) of the SVs were identified as major or shared
variants, and the proportion of shared insertions was higher than that of deletions (Fig. 1C). The frequencies of
SVs in all categories decreased markedly with length, and > 88% (n = 33,680) of these SVs have a length
ranging from 50 bp to 1 kb (Supplemental Fig. S1B and S1C). As reported in previous studies (Audano et al.
2019; Beyter et al. 2019), we estimated a fourfold increase in SV density within the last five megabase (Mb) of
chromosome arms (p-value = 0.001), with the largest increase for major variants (fold change [FC] = 5.48) and
the lowest for shared variants (FC = 4.18) (Fig. 1D and Supplemental Fig. S2).
We compared our non-redundant set with previously published SV calls identified from thousands of
genomes and calculated the maximum variant frequency in these datasets (Methods). We found that 27.0% (n
= 10,308) of the SVs discovered in our data are novel ones that have not been sequence-resolved before (Fig.
1E). Moreover, there were 842 shared variants and 2,310 major variants defined as rare mutations (maximum
AF < 0.01) in previous studies (Supplemental Fig. S1D), suggesting an increased sensitivity for SV detection
using the nanopore sequencing technology (Sedlazeck et al. 2018a; Chaisson et al. 2019; Ho et al. 2020).
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Fig. 1 Discovery of structural variations in 15 Tibetan and 10 Han samples. (A) Structural variations (SVs)
discovered from each sample were merged into a non-redundant set. Shared SVs are shown as red portions of
each bar. (B) The number of SVs for each discovery category is shown per sample, including shared (identified
in all samples), major (identified in ≥ 50% of samples), polymorphic (identified in > 1 sample), and singleton
(identified in only one sample) SVs. (C) The frequencies for each SV type: translocation (TRA), inversion
(INV), duplication (DUP), insertion (INS), and deletion (DEL). (D) The circular layout of SV distribution for
each discovery category. (E) Proportions for SVs discovered in previously published SV calls for each
discovery category. IMH represents a common disease trait mapping study published by Ira M. Hall’s lab.
DDD study represents the Deciphering Developmental Disorders Study.
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Distribution of SVs across repeat sequences and functional genomic regions
We found that nearly 80% of the breakpoints of SVs overlapped with repetitive elements, of which most are
interspersed repeats (56.8%) and tandem repeats (21.3%) (Fig. 2A). Compared to the random background, we
found significant positive enrichment of short interspersed nuclear elements (SINEs) (FC = 1.22, p-value =
0.009) and clear depletion of other interspersed repeats (Fig. 2B), such as long interspersed nuclear elements
(LINEs) (FC = 0.78, p-value < 0.001) and long terminal repeats (LTRs) (FC = 0.80, p-value < 0.001). These
results indicated that the relatively small size of SINEs makes them more neutral than other interspersed
repeats, so they manage to act as an important source of genetic diversity associated with the formation of SVs
(Zhao et al. 2016; Payer et al. 2017). Consistent with previous studies (Beyter et al. 2019; Coster et al. 2019),
the SV length distribution profiles showed noticeable peaks at 300 bp, corresponding to SINEs, as well as 6 kb,
corresponding to LINEs (Fig. 2A). To our surprise, we also found a considerable number of SV events around
300 bp overlapped with LINEs, especially for insertions (Supplemental Fig. S3A and S3B). Previous studies
have reported that the Alu element is a non-autonomous retrotransposon belong to SINE and has a length of
~300 bp. Therefore, the Alu element acquires trans-acting factors from LINE-1 (Deininger 2011), which could
result in overlaps of SINEs and LINEs in modern human genomes.
Then, we used a simplified pipeline to infer the SV formation mechanisms according to the profile of
breakpoint junction sequences (Methods; Fig. 2A). Nonallelic homologous recombination (NAHR) was the
dominated formation mechanism (38.3%, n = 7,433) among all deletion events (< 1 Mb, n = 19,416),
consistent with previous observations of SV hotspots (Mills et al. 2011). Further classification of deletions
showed that 37.5% (n = 2,787) of the NAHR events overlapped with SINE on both sides, again suggesting that
SINE plays an essential role in the formation of SVs. Variable number tandem repeats (VNTRs) were another
contributor to SV formation, accounting for 27.6% (n = 5,350) of deletions and 30.4% (n = 5,296) of insertions
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(< 1 Mb, n = 17,424). Additionally, 41.4% (n = 7,221) of insertions were mediated by transposable elements
(TE), and approximately 71.7% (n = 5,177) out of them were annotated as LINE or SINE-mediated ones.
As SVs usually have deleterious effects when occurring in functional sequences (Hurles et al. 2008; Lin
and Gokcumen 2019), we systemically evaluated possible functional impacts of major and shared SVs on both
the coding and non-coding regions. First, we found that most SVs are located in introns or intergenic regions
(Fig. 2C). Compared to the genomic background (Supplemental Table S4), SVs which were predicted to cause
genic loss of function (LoF) showed a significant depletion (p-value < 0.001), while the intergenic SVs showed
significant enrichment (p-value = 0.009). Further analysis of the nearest transcription start site (TSS) revealed
that SVs rarely locate near the genes that are intolerant to either LoF (p-value < 0.001) or missense mutations
(p-value = 0.049). Besides, we found significant depletion of SVs overlapped with binding clusters of
transcriptional repressor CTCF (p-value < 0.001) and boundaries of topologically associating domain (TAD)
(p-value < 0.001). In addition, SVs are also strongly depleted in active chromatin regions and enriched in
inactive regions (Fig. 2D). An exception is that a significant enrichment of SVs was found in weakly
transcripted regions (TxWK, p-value = 0.009; Fig. 2D).
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Fig. 2 Distribution of structural variations across repeat sequences and functional genomic regions. (A)
Distribution of insertions and deletions classified by intersected repeat elements. The formation mechanism
was classified into three categories, including nonallelic homologous recombination (NAHR), variable
number tandem repeats (VNTR), and transposable elements (TE). (B) Log2 fold change (LFC) of enrichment
analysis for repeat elements intersected with breakpoint junction sequences. *denotes significant enrichment
with empirical p-value < 0.05. (C) Proportions for potential effects on coding sequences. (D) LFC of
enrichment analysis for structural variations intersected with 15-core chromatin states from RoadMap.

Population structure and Demographic inference
To further study the population distribution of SVs discovered by LRS, we aggregated a human genome
diversity panel constructed from 189 genomes using next-generation sequencing (NGS) data, including 81
Tibetans, 84 Hans, and 24 Biaka samples in the Central African Republic (Methods; Supplemental Table S2).
Targeted genotyping of SVs using NGS data is still a nontrivial challenging task (Sedlazeck et al. 2018a; Chen
et al. 2019). In this study, we applied a graph-based approach (Chen et al. 2019), and 83.8% (31,881/38,028) of
the SVs were successfully genotyped in at least 95% of samples (Fig. 3A), which means the missing rate (MR)
of genotyping is less than 0.05. However, only 53.2% (16,953/31,881) of these successfully genotyped SVs
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were supported by at least one sample (Fig. 3A), indicating that nearly half of the SVs discovered by LRS can
not be recalled by NGS (genotyped AF = 0). Although the graph-based method reduced the MR of genotyping,
it still resulted in an unsatisfying recall rate, similar to previous studies (Audano et al. 2019; Beyter et al. 2019).
Further analysis showed that 28.6% (4,263/14,928) of these SVs, which failed to be recalled by NGS, were
classified as major or shared SVs in the original LRS calls (Fig. 3A). This result indicated that the low recall
rates are unlikely to be solely caused by rare mutations or somatic artifacts, at least for these common SVs
discovered by LRS. Besides, 56.7% (8,465/14,928) of these SVs overlapped with repeated sequences or
segmental duplications, and another 19.5% (2,917/14,928) has repetitive breakpoint junction sequences
(Supplemental Fig. S4A). These results suggested that the relatively low resolution in the repeated regions may
be a significant flaw in SV genotyping with NGS data.
Taking advantage of these successfully recalled SVs (n = 16,953, AF > 0 and MR < 0.05), we further
investigated the population structure. First, we artificially divided Chinese samples into four subgroups based
on geography, including Hans in North China (HANN) or South China (HANS), and Tibetans living above
(TIBG) or below (TIBL) 4,000 meters. Meanwhile, Biaka samples were introduced as an outgroup
(Supplemental Table S2). While large proportions of rare SVs were specific to individual groups, almost all
SVs were shared across these groups at AF > 2.5% (Supplemental Fig. S4B). We found little difference in
SV-homozygosity across populations (Supplemental Fig. S4C). HANS and Biaka populations exhibited
slightly less homozygous than the other groups. Biaka samples exhibited 10% less heterozygous from
Chinese populations (mean of 3,203 vs. 3,577, p-value < 0.001), indicating that many genotyped SV events
were unique to Chinese populations. We did not find any significant differences between TIBG and TIBL,
while the heterozygosity of HANS was significantly higher than HANN (mean of 3,644 vs. 3,522, p-value <
0.001). Principle component analysis (PCA) also revealed that Biaka and Chinese samples were clustered in
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separated groups (Supplemental Fig. S4D). Restricting the analysis to Chinese populations unveiled three
major clusters (Fig. 3B), with the first PCA axis separating Tibetans from Hans, and the second axis
separating HANS from HANN. The best-fitting admixture model indicated by the minimum cross-validation
error was K = 4 (Fig. 3C), depicting four primary ancestral components, including Biaka, TIB, HANN, and
HANS.
After the major population structure (TIB-HANN-HANS) was confirmed, we used whole-genome SNVs
to estimate the demographic history of the three populations (Methods). We tested three models with
symmetric migrations to describe simplified evolution paths (Supplemental Table S5). After rounds of
optimization, the second model with no size changes yielded the highest likelihood, describing a more recent
divergence between HANN and HANS than between HAN and TIB. Specifically, the best-fit demographic
model (Supplemental Fig. S5A and S5B; Supplemental Table S7) indicated that the ancestors of Tibetans and
Hans remained isolated until ~17,000 years ago (95% confidence interval [CI]: 14,776 to 20,502 years), while
HANN and HANS diverged much more recently, ~770 years ago (95% CI: 727 to 810 years). These results
confirmed the recent migration to the Qinghai-Tibet Plateau after the intense cold period during the Last
Glacial Maximum (LGM, ~19,000 to 25,600 years before present) (Lu et al. 2016). If we ignored the internal
genetic divergence in Han populations and included Yoruba samples in Ibadan (YRI) to construct another
population model YRI-TIB-HAN (Methods; Supplemental Table S6), the best-fit demographic model
(Supplemental Fig. S5C and S5D; Supplemental Table S7) indicated that the ancestors of Africans and Chinese
diverged ~88,000 years ago (95% CI: 82,872 to 94,398 years), followed by TIB-HAN divergence ~22,000
years ago (95% CI: 19,763 to 26,184 years). In this case, it takes a longer time for neutral variants to reach the
level of variation within the Han populations. As a result, the divergence between Tibetans and Hans is much
closer to the first major prehistoric migration into the plateau in the Upper Paleolithic (~30,000 years before
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present), supported by both archaeological and genetic studies (Aldenderfer 2011; Qi et al. 2013).

Fig. 3 Population structure analysis using short-read data. (A) Genotyping results for short-read
sequencing data. Discovery categories for original LRS calls were shown for structural variations (SV) with
genotyped missing rate (MR) < 0.05, including shared (identified in all samples), major (identified in ≥ 50% of
13
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samples), polymorphic (identified in > 1 sample), and singleton (identified in only one sample) SVs. (B)
Principle component analysis (PCA) of SV genotypes for Hans in North China (HANN) or South China
(HANS), and Tibetans living above (TIBG) or below (TIBL) 4,000 meters. (C) Admixture analysis of Tibetans
and Hans, using the Biaka populations as an outgroup. The minimum cross-validation error occurs when K = 4.
(D) Manhattan plot for the window-based fixation index (FST) statistics (Tibetans vs. Hans). Linear nearest
genes to top candidate regions (FST > 0.15) are marked in the corresponding colors. Distances from the middle
of the regions to the transcription start site of the genes are listed in brackets.
Table 1 Summary of top 13 population-stratified structural variations (SVs) with FST > 0.15
Genotyped AF

Length
No.

SV Location (GRCh37)

Type

Candidate Affected

FST
(bp)

Tibetan

Han

Biaka

Genes

1

chr2:46,694,272-46,697,680

Deletion

3,408

0.54

0.58

0.02

0.00

TMEM247 and other 8 genes

2

chr6:57,392,157-57,392,158

Insertion

4,197

0.24

0.61

0.24

0.63

PRIM2

3

chr1:158,488,405-158,488,672

Deletion

267

0.22

0.84

0.51

0.56

OR10Z1

4

chr22:40,935,457-40,935,620

Deletion

163

0.22

0.51

0.17

0.00

MRTFA, EP300

5

chr9:81,725,770-81,726,090

Deletion

320

0.20

0.63

0.30

0.56

TLE4

6

chr7:1,185,068-1,187,658

Deletion

2,590

0.19

0.77

0.45

0.92

ZFAND2A, GPER1

7

chr7:127,766,419-127,766,732

Deletion

313

0.18

0.62

0.30

1.00

LRRC4

8

chr2:206,210,503-206,210,504

Insertion

3,345

0.18

0.73

0.41

0.13

PARD3B

9

chr18:45,099,900-45,100,212

Deletion

312

0.18

0.24

0.02

0.48

SKOR2

10

chr14:106,055,915-106,056,047

Deletion

132

0.18

0.10

0.36

0.00

TMEM121, IGHA2

11

chr21:42,402,890-42,403,212

Deletion

322

0.17

0.70

0.39

1.00

BACE2

12

chr12:52,354,758-52,354,891

Deletion

133

0.17

0.60

0.29

0.04

ACVR1B

13

chr5:52,231,784-52,232,117

Deletion

333

0.17

0.63

0.89

0.90

ITGA1

FST, fixation index between Tibetans and Hans; AF, allele frequency; bp, base pairs.

Population-stratified SVs and candidate adaptive genes
In order to discover candidate adaptive variants, we calculated the fixation index (FST) between Tibetans and
Hans using the NGS data (Methods). A total of 90 Tibetan-Han stratified SVs (FST > 0.1) were identified,
including 75 deletions and 15 insertions (Fig. 3D; Table 1 and Supplemental Table S9). Less than one-fifth of
these SVs (15/90) have a length > 1 kb, and the largest event is a ~61 kb deletion at chromosome 20p11.
Almost all the population-stratified SVs were located in introns or intergenic regions, except for three deletions
leading to the ablation of pseudogene transcripts (Supplemental Table S9). Consistent with previous reports
(Lou et al. 2015; Ouzhuluobu et al. 2019), the top candidate variant with the maximum FST is the 3.4 kb TED
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located in the intergenic region between EPAS1 and TMEM247 (transmembrane protein 247). We also
confirmed the 163 bp Tibetan-Han stratified deletion in the intronic region of MRTFA (Ouzhuluobu et al.
2019).
SVs could alter the transcription of genes by affecting regulatory elements in non-coding regions
(Fudenberg and Pollard 2019; Jakubosky et al. 2020; Shanta et al. 2020), which is called position effects
(Spielmann et al. 2018). When occurring near genes, SVs exhibit remarkable regulatory effects and are more
likely to act as expression quantitative trait locus (eQTL) than SNVs in distal regions (Jakubosky et al. 2020).
In order to identify all candidate adaptive genes that tend to be affected by the Tibetan-Han stratified SVs, we
considered three types of evidence-supported genes, including linear overlapping/nearest genes,
three-dimensional (3D) affected genes, and linkage disequilibrium (LD)-linked eQTL genes (eGenes). Finally,
we discovered a total of 124 protein-coding genes (Fig. 4A and 5D; Supplemental Table S10). Among these
potentially affected genes, 36 genes have been reported in previous studies to be relevant to HAA, and another
64 genes have traits directly or indirectly related to hypoxia (Supplemental Table S10). Here, we briefly
summarize the potential functional effects of some representative SVs on these candidate adaptive genes.
We first assessed the functional roles of the two known adaptive SVs. We found that the 3.4 kb TED,
which has been reported to affect the function of EPAS1 (Lou et al. 2015), is able to modify the high-order
chromatin structure by removing a nearby chromatin loop anchor that mediated interactions between
regulatory elements and multiple distant genes (Fig. 4E). For example, the TED could remove a convergent
interaction between 46.68-46.88 Mb in chromosome 2, which will disable the interactions between many
strong enhancers/active promotors and five continuous protein-coding genes within this region (Fig. 4E),
including TMEM247, ATP6V1E2, RHOQ, PIGF, and CRIPT. Through the discovery of Tibetan-Han
stratified SNVs in this region, it has been proved that all these candidate genes were relevant to HAA
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(Huerta-Sánchez et al. 2014; Deng et al. 2019). Furthermore, LD-linked eQTL tests also confirmed the
relationship between the TED and PIGF (Fig. 4E and Supplemental Fig. S6A; Supplemental Tables S11 and
S12). PIGF (phosphatidylinositol glycan anchor biosynthesis class F) is an essential member of the VEGF
(vascular endothelial growth factor) family and facilitates angiogenesis in Tibetans (Deng et al. 2019).
Therefore, the TED is likely to regulate many adaptive genes besides EPAS1. Similarly, we found that the
163 bp deletion in the intronic region of MRTFA was also involved in a high-confidence LD-linked eQTL
relationship with EP300 (E1A binding protein p300) (Supplemental Fig. S6B; Supplemental Tables S11 and
S12), which encodes a co-activator of HIF1A and can stimulate other hypoxia-induced genes (Deng et al.
2019). Together, these results provide new insights into the two known SVs and suggest population-stratified
SVs could affect multiple adaptive genes far from their breakpoints.
Besides, we found that a substantial number of adaptive genes (n = 36) identified by SNVs are potentially
influenced by novel SVs. For example, a 2,590 bp deletion at 7p22.3 (chr7:1,185,070-1,187,063) is located
nearby a region with reported selection signatures (Deng et al. 2019). Consistent with previous reports (Yang et
al. 2017; Deng et al. 2019), four SNVs (rs7805591, rs2949174, rs2140578, rs2949172) highly linked to this
deletion (LD > 0.8) showed significantly different frequencies between Tibetans and Hans (all FST > 0.16;
Supplemental Table S13). These adaptive SNVs were identified as eQTLs exhibiting negative associations
with the expression levels of ZFAND2A (zinc finger AN1-type containing 2A) and GPER1 (G protein-coupled
estrogen receptor 1) (Fig. 4A and Supplemental Fig. S6C; Supplemental Tables S11 and S12). Both ZFAND2A
and GPER1 locate close to this deletion and are associated with HIF1A. ZFAND2A is predicted to be a target
gene of the HIF1A transcription factor using known transcription factor binding site motifs from the
TRANSFAC database (Matys et al. 2006; Rouillard et al. 2016). Moreover, ZFAND2A was recently reported to
undergo positive selection and exhibit significantly down-regulated expression in the Tibetan pig (Wu et al.
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2019). Meanwhile, activation of GPER1 by 17β-estradiol (E2) and the specific agonist G-1 will trigger a
GPER1-EGFR-MAPK1-FOS signaling pathway, leading to the increased expression level of VEGF through
upregulation of HIF1A (Francesco et al. 2014; Xiang et al. 2018). These results suggested that the regulatory
mechanism of adaptive genes is complex and could be affected by both SNV and SV.
Lastly, we performed functional enrichment to select novel adaptive genes for HAA. Gene-Ontology
enrichment analysis (Fig. 4B; Supplemental Table S14) showed that these candidate genes were significantly
involved in the cellular response to hypoxia, cold-induced thermogenesis, blood vessel diameter regulation,
and etc. Besides, enrichment analysis of hypoxia-related pathways indicated that candidate genes are most
significantly enriched in the VEGF pathway (Fig. 4C; Supplemental Table S15), which could stimulate the
proliferation of endothelial cells (ECs) and promote angiogenesis (Senger et al. 2002). Among the novel
candidates responding to hypoxia, CPEB1 (cytoplasmic polyadenylation element binding protein 1) encodes a
protein that binds to the 3'-UTR of HIF1A mRNA and affects its translational efficiency; when activated by
hypoxia and insulin, CPEB1 will increase the protein expression of HIF1A (Hägele et al. 2009). Another
candidate, ITGA1 (integrin subunit alpha 1), encodes a positive regulator of blood vessel diameter; ITGA1
usually dimerizes with ITGB1 and forms a cell-surface receptor, which facilitates attachment of dermal
microvascular ECs and collaborates with VEGF in promoting MAPK activation and angiogenesis (Senger et al.
2002). These results demonstrated that a considerable number of genes affected by population-stratified SVs
are involved in the biological functions contributing to HAA, suggesting they are novel adaptive genes.

17

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.01.401174; this version posted December 2, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Fig. 4 Candidate adaptive genes. (A) All linkage disequilibrium (LD)-linked genes across tissues. Known
adaptive genes were marked in red color. (B) Gene-Ontology (GO) and (C) Hypoxia-related pathway
enrichment analysis for 124 candidate genes. (D) All three-dimensional (3D) interactions and the
corresponding genes affected by 90 population-stratified structural variations (SVs) (fixation index [FST] > 0.1
between Tibetans and Hans). The outermost green layer represents the transcription regions of affected genes.
Deletions (DEL) will remove overlapped interactions (blue), and insertions (INS) could create a new anchor
(red) or duplicate nearby anchors and then construct new interactions with the closest anchors (green). (E)
Profile of all CTCF interactions near the 3.4 kilobase (kb) Tibetan-enriched deletion (TED). The outermost
layer shows the 15-core chromatin states from RoadMap. The inner green layer represents the transcription
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regions of affected genes. Among single nucleotide variants (SNVs) highly linked with TED (orange points),
rs60199254 and rs10206434 act as expression quantitative trait locus (eQTL) exhibiting relationships with
expression levels of PIGF and TTC7A, respectively (red dashed lines).

Signatures of positive selection and archaic introgression
As described in previous studies (Hsieh et al. 2019; Almarri et al. 2020), the population-stratified SVs can
originate from de-novo mutations or standing variations that have been introgressed from other hominins and
were then subject to natural selection or demographic processes. To distinguish these two hypotheses, we
searched for signatures of selection and archaic hominin introgression using population genetic statistics
towards SNVs from the sequences surrounding the Tibetan-Han stratified SVs (Methods). Neutral variations
from parametric coalescent simulations based on the best-fit demographic model for Tibetans (Supplemental
Fig. S5 and S7; Supplementaty Table S8) were considered as the null expectation to estimate the significance
of selection and introgression at individual loci (Methods). Using evaluation methods described in previous
studies (Hsieh et al. 2016; Hsieh et al. 2019), we found that our whole-genome coalescent simulations could
recapitulate the mutation patterns of SNVs and exhibited the ability to identify non-neutral variants (Methods;
Supplemental Fig. S8 and S9). We determined the selection and introgression candidates by checking whether
they are close (< 500 kb) to a significant signature. Among the 90 Tibetan-Han stratified SVs, we identified
signatures of natural selection around 20 SV loci (p < 0.05, integrated haplotype homozygosity score [iHS])
and archaic introgression around 61 loci (p < 0.05 for both D-statistic and fd-statistic), including 52 and 39 loci
using Neanderthal and Denisovan genomes as the archaic reference respectively. Three-quarters of the
selection candidates (15/20) also have introgression signals at the flanking sequences, which were marked as
adaptive introgressed SVs (Fig. 5; Supplemental Tables S9 and S16).

19

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.01.401174; this version posted December 2, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Fig. 5 Candidate adaptive and archaic introgressed structural variations. Joint distributions of fixation
index (FST) statistics for the population-stratified structural variations (SVs) (x-axis), p-values for positive
selection (integrated haplotype homozygosity score [iHS], top row), Denisovan introgression (fd-statistic,
middle row), and Neanderthal introgression (fd-statistic, bottom row). SVs that show signatures of both
selection and introgression (purple circles) are distinguished from the variants that show signatures of
selection (blue circles) or introgression (green circles) only. The p-values point to the most significant and
closest windows to SVs (±500 kb).

To further validate these SVs in ancient genomes, we applied the same graph-based genotyping approach
to archaic hominins and chimpanzees (Methods). Among 15 adaptive introgression candidates, three deletions
were supported by at least one ancient genome with short-read sequencing data (Supplemental Table 16),
including a 335 bp deletion at 1p36.32 (chr1:2,919,030-2,919,365), a 2,590 bp deletion at 7p22.3
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(chr7:1,185,070-1,187,063), and a 322 bp deletion at 21q22.2 (chr21:42,402,890-42,403,212). Among these
three candidates, the deletions at 7p22.3 and 21q22.2 caused copy number losses in both Biaka and ancient
populations (Supplemental Fig. S10A and S11A). Meanwhile, both deletions exhibited high genotyped variant
frequencies in the Biaka population (AF = 0.92 and 1, respectively; Supplemental Fig. S10B and S11B).
Therefore, it is difficult to determine whether these two deletions are derived from ancient humans, because
Neandertals and Dennisovas should not have obvious genetic communications with African ancestors (Hsieh
et al. 2019; Almarri et al. 2020).
The deletion at 1p36.32 (chr1:2,919,030-2,919,365) was found only in the Chinese and ancient genomes
(Fig. 6B). No evident copy number losses around this deletion were found in either Biaka genomes or
Chimpanzees (Fig. 6A), suggesting a high-confidence introgressed SV locus. Meanwhile, the flanking SNVs
exhibited significant positive cross-population Extended Haplotype Homozygosity (XP-EHH), suggesting that
this region might undergo positive selection in the Tibetans (Fig. 6C; Supplemental Tables S17 and S18). It is
worth noting that this SV occurred less frequently in Tibetans (AF = 0.06) than in Hans (AF = 0.23) (Fig. 6B),
suggesting that it is the ancestral allele subject to positive selection. Although the allele frequency was
relatively lower than other Tibetan-Han stratified SVs, this deletion exhibited high rates of heterozygosity in
both Tibetans (100%) and Hans (88%), indicating a considerable variant frequency in Chinese populations
(Fig. 6B). We further found that this SV exists in populations from the 1000 Genomes Project and has the
highest variant frequency in East Asians (AF = 0.27) and the lowest in Africans (AF = 0.06). Therefore, we
extracted 90 flanking SNVs of this deletion with positive selection signals (XP-EHH > 2) and detected the
differences between haplotypes of the Tibetan, Han, and African populations. Through hierarchical clustering
and network analysis (Fig. 6D and 6E), we found that all haplotypes with the deletion in Tibetans and Hans
were clustered together, as well as the haplotypes with or without the deletion in the ancient genomes. In
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contrast, all haplotypes with the deletion in YRI were clustered with other haplotypes without the deletion,
indicating a distinct pattern from the Chinese population. As expected, the beneficial standing ancestral allele
co-exists with complex genomic backgrounds, which resulted in remaining genetic variations in current
Tibetan populations and no significant differences between haplotypes without the deletion. Besides, this
deletion is located close to PRDM16 (PR/SET domain 16). PRDM16 is a key regulator of the thermogenic
program that controls the endogenous transformation of white to brown adipose tissues in response to cold
(Seale et al. 2011; Cohen et al. 2014), and has been reported to exhibit up-regulated expression in the Tibetan
pig (Lin et al. 2017). In summary, the 335 bp deletion at 1p36.32, which is located in a region with weak
positive selection, is likely to be introgressed from the ancient humans and related to the local adaptation of
Tibetan highlanders.
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Fig. 6 Signatures of selection and archaic introgression from Neandertals (NDL) and Denisovans (DNS)
for the deletion of 335 base pairs at 1p36.32. (A) Absolute integer copy numbers for a sliding window of 100
base pairs (bp) and a step size of 50 bp around the deletion. Each row represents the copy numbers of a sample
over the region. (B) Genotyping results for the deletion among different populations. Pie charts along the
x-axis indicate the population distribution for different structural variation (SV) genotypes (colors are the same
as populations), and pie charts along the y-axis illustrate the frequency distribution for a given population
(colors are the same as copy number of 2/1/0). (C) Distributions of single nucleotide variants (SNVs) with
significant fd-statistic (purple dots) and cross-population Extended Haplotype Homozygosity (XP-EHH, blue
dots). (D) Hierarchical clustering for the region around the deletion. Rows illustrate the individual haplotypes.
The column indicates the genotypes of 90 variants with selection signals (XP-EHH > 2). The color of gray and
black represents the ancestral and derived alleles, respectively. (E) TCS haplotype network for 20 linkage
disequilibrium (LD)-linked SNVs to the deletion with selection signals (XP-EHH > 2). All haplotypes with the
deletion in Tibetans and Hans, and the haplotypes with or without the deletion in the ancient genomes are
clustered together within the dotted box.
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Discussion
In this study, we comprehensively analyzed the complete spectrum of SV in a Chinese Tibetan and Han
population using the nanopore sequencing technology. We explored novel adaptive genes affected by
Tibetan-Han stratified SVs. Besides, we carried out the first study to investigate adaptive introgressed SVs in
the whole genome of Tibetans. Overall, our results provide a valuable resource for future HAA studies.
Due to the limitations of the short-read sequencing technology, a substantial amount of SVs remains
uninvestigated. Although the publicly available SV calls we used for comparison included both short-read and
long-read sequencing data, there are still more than one-quarter of SVs in our catalog that are
sequence-resolved for the first time. Therefore, our high-confidence SV callsets provide a considerable
number of common variations in Chinese Tibetan and Han populations. Then, we adopted a combined strategy
that SVs discovered within a small population using LRS were genotyped with a relatively large amount of
NGS data. It is noteworthy that approximately half of the SVs discovered in LRS data can not be recalled in
NGS data. Through analyzing the local sequence architecture around SVs, we speculated that the relatively
low resolution in the repetitive regions is likely to be the primary defect of SV genotyping with NGS data.
Further genotyping studies should focus on improving the unsatisfying recall rates in repetitive regions. To
facilitate the use of these resources for the genomics community, we published our callset with high-coverage
genotype calls from 189 samples.
Though SVs are known to impact the formation of population diversity and adaptation positively (Moan
et al. 2019), few studies have examined SVs’ role in HAA. Considering three types of evidence-supported
genes, we screened out a total of 124 protein-coding adaptive genes affected by 90 population-stratified SVs
between Tibetans and Hans, providing valuable resources for future HAA studies. Moreover, the majority of
these genes have not been reported in previous studies, which could improve our understanding of

24

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.01.401174; this version posted December 2, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

multi-variant adaptation. For example, CPEB1 and ITGA1 are two potential adaptive genes, both of which lead
to increased oxygen delivery and promote adaptation in the hypoxic environment (Senger et al. 2002; Hägele
et al. 2009). These Tibetan-Han stratified SVs and potential adaptive genes will facilitate further
molecular-functional studies of HAA.
Although recent studies have found that genetic variants originated from archaic hominins contribute to
local population adaptation (Huerta-Sánchez et al. 2014; Hsieh et al. 2019; Almarri et al. 2020), little is known
of adaptive introgressed SVs in Tibetans. We searched for signatures of natural selection and ancient human
introgression around Tibetan-Han stratified SVs using simulated neutral variations and finally identified a total
of 15 adaptive introgressed candidates. To the best of our knowledge, this is the first study to detect adaptive
introgressed SVs in the whole genome of Tibetans. Our results suggested that the introgressed SVs could
contribute to the local adaptation of Tibetan highlanders. It should be noted that SVs which were not
successfully recalled in any ancient genomes were not necessarily absent from ancient humans, especially
considering the short-read of ancient genomes. For instance, there are many flanking SNVs around the 2,590
bp deletion at 7p22.3 that exhibited both signatures of natural selection (︱XP-EHH︱> 2) and archaic
introgression (p < 0.05 for both D-statistic and fd-statistic) (Supplemental Fig. S10C; Supplemental Table S13),
suggesting that the surrounding genomic region of the deletion could come from archaic introgression and
contribute to adaptation. Thus, each candidate needs more detailed investigations in the future.
In conclusion, our study demonstrates that SVs play an important role in the evolutionary processes of
Tibetans’ adaptation to the Qinghai-Tibet Plateau. Our comprehensive SV callset, which consists of 38,216
unique SVs, provides a considerable number of previously unresolved common variants in Chinese
populations. Furthermore, we screened out a total of 124 protein-coding adaptive genes affected by 90
population-stratified SVs between Tibetans and Hans, which reveals new evidence of HAA and will improve
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our understanding of multi-variant adaptation. Besides, we carried out the first study to investigate adaptive
introgressed SVs in the whole genome of Tibetans and discovered 15 candidates, suggesting that SVs
originated from archaic hominins and introgressed into Chinese populations could contribute to the local
adaptation of Tibetan highlanders.

Methods
Study participants recruitment
We recruited 15 unrelated ethnic Tibetan and 10 unrelated Han subjects for nanopore sequencing
(Supplemental Table S1). These 25 subjects were recruited during a physical examination program at the
community conducted in December 2018 in Chongqing city located in southern China. Among the 15
indigenous Tibetan subjects, seven came from Shigatse (4,000 meters above sea level), and the others came
from areas of relatively lower altitudes (between 3,000 and 4,000 meters). The mean age (s.d.) of these
Tibetans is 20.13 (0.99) years old. All Hans came from plain areas (≤ 1,500 meters), and their mean age (s.d.) is
23.20 (4.49) years old. All subjects are males. Besides, we also aggregated several short-read whole-genome
sequencing (WGS) datasets (Supplemental Table S2 and Supplemental Methods).
All the above mentioned studies were performed with the approval of the Medical Ethical Committee of
the Beijing Institute of Radiation Medicine (Beijing, China). Written informed consent was obtained from each
participant.
Nanopore sequencing
The peripheral blood samples were collected from 25 subjects, and then the genomic DNA was extracted by
QIAGEN® Genomic DNA extraction kit (Cat ID: 13323, QIAGEN) according to the standard operating
procedure provided by QIAGEN. The extracted DNA was detected by NanoDrop™ One UV-Vis
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spectrophotometer (Thermo Fisher Scientific, USA) for DNA purity (OD260/280 ranging from 1.8 to 2.0 and
OD 260/230 is between 2.0-2.2), then Qubit® 3.0 Fluorometer (Invitrogen, USA) was used to quantify DNA
accurately. Since the sample was qualified, BluePippin system (Sage Science, USA) was used to size-select
long DNA fragments. Then, we repaired the DNA and prepared the DNA ends for adapter attachment. The
sequencing adapters supplied in the SQK-LSK109 kit were attached to the DNA ends. Finally, Qubit® 3.0
Fluorometer (Invitrogen, USA) was used to quantify the size of library fragments. In the end, we primed the
Nanopore GridION X5 sequencer (Oxford Nanopore Technologies, UK) flow cell and loaded the DNA library
into the flow cell. All samples were sequenced with 1D R9.4.1 nanopores. Each genome was sequenced to a
10~20 × coverage depth.
SV discovery and genotyping
Base-calling of the raw nanopore squiggles was performed using Guppy v2.3.1 for GridION, and a minimum
quality score of 7 (Q7) was applied. Reads were mapped to GRCh37 human reference. Mapping was
performed using NGMLR (v0.2.7) (Sedlazeck et al. 2018b) with default parameters for the nanopore
sequencing. SV calling was performed using Sniffles (v1.0.11) (Sedlazeck et al. 2018b), NanoSV (v1.2.3)
(Stancu et al. 2017), and SVIM (v1.2.0) (Heller and Vingron 2019). Then we systemically assessed the
distribution of these SVs across repeat sequences and functional genomic regions. Further information is
described in the Supplemental Methods.
SVs discovered using LRS were genotyped with a relatively large amount of NGS data accumulated in
previous studies. Reads from all short-read datasets were mapped to GRCh37 human reference. Mapping
was performed by BWA-MEM (v0.7.19) (Li 2013) with default parameters. Using the SVs discovered by the
nanopore sequencing, we took Paragraph (v2.4a) (Chen et al. 2019) to genotype each genome generated
using NGS data (Supplemental Methods).
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Population structure analysis
We calculated the per-individual SV-heterozygosity using VCFtools, which could exhibit relative diversity
among populations. PCA and admixture analysis were carried out to infer the covariance structure of allelic
frequencies. Next, we employed the Weir and Cockerham estimator for FST based on VCFtools to identify the
Tibetan-Han stratified SVs. We considered three types of evidence-supported genes that tend to be affected by
these SVs. Then we used SNVs to estimate the demographic history of Tibetans and Hans, and performed
whole-genome coalescent simulations with msprime (Kelleher et al. 2016). Further information is described in
the Supplemental Methods.
Natural selection and archaic introgression
To detect evidence of natural selection in Tibetans, we calculated iHS (Voight et al. 2006) and XP-EHH (Sabeti
et al. 2007) using an R package rehh (Gautier and Vitalis 2012). Besides, we applied the D-statistic and
fd-statistic using admixr (Petr et al. 2019) to distinguish excess genetic drift from the ancient introgression
based on allele frequencies. Further information is described in the Supplemental Methods.

Data access
The basecalled nanopore sequencing data generated in this study have been submitted to the NCBI
BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/) under accession number PRJNA681146. All
scripts used in this study can be found in the stable release at GitHub
(https://github.com/quanc1989/SV-ONT-Tibetan).

Acknowledgments
This work was supported by the General Program (31771397, 81573251 and 81672369) of the Natural

28

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.01.401174; this version posted December 2, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Science Foundation of China (www.nsfc.gov.cn), Beijing Nova Program (20180059), National Key R&D
Program of China (No. 2017YFA0504301), and Chinese Key Project for Infectious Diseases (No.
2018ZX10732202 and 2017ZX10203205).
Author contributions: Conceptualization, C.Q., Y.Lu, and G.Z.; Methodology, C.Q., Y.W., J.P., and Y.Lu;
Study participants recruitment, Y.W., J.P., Y.Li, and Y.Lu; Nanopore sequencing data generation and analysis,
C.Q., Y.W., and Y.Lu; Illumina NGS data generation and analysis, Y.W, Y.Li, and Y.Lu; Genotyping and
population analysis, C.Q., Y.W., and J.P.; Data Curation, C.Q., Y.W., J.P., Y.Li, and Y.Lu; Validation, Y.W.
and Y.Li; Manuscript writing, C.Q., Y.Li, Y.Lu, and G.Z; Visualization, C.Q. and Y.Lu; Supervision, Y.Lu
and G.Z..

Competing interests
The authors declare no competing interests.

References
Abel HJ Larson DE Regier AA Chiang C Das I Kanchi KL Layer RM Neale BM Salerno WJ Reeves C et al.
2020. Mapping and characterization of structural variation in 17,795 human genomes. Nature 583:
83-89.
Aldenderfer M. 2011. Peopling the Tibetan Plateau: Insights from Archaeology. High Alt Med Biol 12:
141-147.
Almarri MA, Bergström A, Prado-Martinez J, Yang F, Fu B, Dunham AS, Chen Y, Hurles ME, Tyler-Smith C,
Xue Y. 2020. Population Structure, Stratification, and Introgression of Human Structural Variation.
Cell 182: 189-199.e115.
Audano PA, Sulovari A, Graves-Lindsay TA, Cantsilieris S, Sorensen M, Welch AE, Dougherty ML, Nelson
BJ, Shah A, Dutcher SK et al. 2019. Characterizing the Major Structural Variant Alleles of the Human
Genome. Cell 176: 663-675.e619.
Beyter D, Ingimundardottir H, Eggertsson HP, Bjornsson E, Kristmundsdottir S, Mehringer S, Jonsson H,
Hardarson MT, Magnusdottir DN, Kristjansson RP et al. 2019. Long read sequencing of 1,817
Icelanders provides insight into the role of structural variants in human disease. bioRxiv
doi:10.1101/848366.
Chaisson MJP, Sanders AD, Zhao X, Malhotra A, Porubsky D, Rausch T, Gardner EJ, Rodriguez OL, Guo L,
29

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.01.401174; this version posted December 2, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Collins RL et al. 2019. Multi-platform discovery of haplotype-resolved structural variation in human
genomes. Nat Commun 10: 1784.
Chen S, Krusche P, Dolzhenko E, Sherman RM, Petrovski R, Schlesinger F, Kirsche M, Bentley DR, Schatz
MC, Sedlazeck FJ et al. 2019. Paragraph: a graph-based structural variant genotyper for short-read
sequence data. Genome Biol 20: 291.
Cohen P, Levy JD, Zhang Y, Frontini A, Kolodin DP, Svensson KJ, Lo JC, Zeng X, Ye L, Khandekar MJ et al.
2014. Ablation of PRDM16 and Beige Adipose Causes Metabolic Dysfunction and a Subcutaneous to
Visceral Fat Switch. Cell 156: 304-316.
Collins RL Brand H Karczewski KJ Zhao X Alföldi J Francioli LC Khera AV Lowther C Gauthier LD Wang
H et al. 2020. A structural variation reference for medical and population genetics. Nature 581:
444-451.
Coster W, Broeckhoven C. 2019. Newest Methods for Detecting Structural Variations. Trends Biotechnol 37:
973-982.
Coster W, Rijk P, Roeck A, Pooter T, D'Hert S, Strazisar M, Sleegers K, Broeckhoven C. 2019. Structural
variants identified by Oxford Nanopore PromethION sequencing of the human genome. Genome Res
29: 1178-1187.
Deininger P. 2011. Alu elements: know the SINEs. Genome Biol 12: 236.
Deng L, Zhang C, Yuan K, Gao Y, Pan Y, Ge X, He Y, Yuan Y, Lu Y, Zhang X et al. 2019. Prioritizing natural
selection signals from the deep-sequencing genomic data suggests multi-variant adaptation in Tibetan
highlanders. Natl Sci Rev 6: 1201-1222.
Francesco EMD, Pellegrino M, Santolla MF, Lappano R, Ricchio E, Abonante S, Maggiolini M. 2014.
GPER Mediates Activation of HIF1α/VEGF Signaling by Estrogens. Cancer Res 74: 4053-4064.
Fudenberg G, Pollard KS. 2019. Chromatin features constrain structural variation across evolutionary
timescales. Proc Natl Acad Sci USA 116: 2175-2180.
Gautier M, Vitalis R. 2012. rehh: an R package to detect footprints of selection in genome-wide SNP data
from haplotype structure. Bioinformatics 28: 1176-1177.
Hägele S, Kühn U, Böning M, Katschinski DM. 2009. Cytoplasmic polyadenylation-element-binding protein
(CPEB)1 and 2 bind to the HIF-1alpha mRNA 3'-UTR and modulate HIF-1alpha protein expression.
Biochem J 417: 235-246.
Heller D, Vingron M. 2019. SVIM: Structural Variant Identification using Mapped Long Reads.
Bioinformatics 35: 2907-2915.
Ho SS, Urban AE, Mills RE. 2020. Structural variation in the sequencing era. Nat Rev Genet 21: 171-189.
Hsieh P, Veeramah KR, Lachance J, Tishkoff SA, Wall JD, Hammer MF, Gutenkunst RN. 2016.
Whole-genome sequence analyses of Western Central African Pygmy hunter-gatherers reveal a
complex demographic history and identify candidate genes under positive natural selection. Genome
Res 26: 279-290.
Hsieh P, Vollger MR, Dang V, Porubsky D, Baker C, Cantsilieris S, Hoekzema K, Lewis AP, Munson KM,
Sorensen M et al. 2019. Adaptive archaic introgression of copy number variants and the discovery of
previously unknown human genes. Science 366: eaax2083.
Hu H, Petousi N, Glusman G, Yu Y, Bohlender R, Tashi T, Downie JM, Roach JC, Cole AM, Lorenzo FR et
al. 2017. Evolutionary history of Tibetans inferred from whole-genome sequencing. Plos Genet 13:
e1006675.
Huerta-Sánchez E, Jin X, Asan, Bianba Z, Peter BM, Vinckenbosch N, Liang Y, Yi X, He M, Somel M et al.
2014. Altitude adaptation in Tibetans caused by introgression of Denisovan-like DNA. Nature 512:
30

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.01.401174; this version posted December 2, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

194-197.
Hurles ME, Dermitzakis ET, Tyler-Smith C. 2008. The functional impact of structural variation in humans.
Trends Genet 24: 238-245.
Jain M, Koren S, Miga KH, Quick J, Rand AC, Sasani TA, Tyson JR, Beggs AD, Dilthey AT, Fiddes IT et al.
2018. Nanopore sequencing and assembly of a human genome with ultra-long reads. Nat Biotechnol
36: 338-345.
Jakubosky D, D'Antonio M, Bonder MJ, Smail C, Donovan M, Greenwald WW, Matsui H, Consortium
iQTL, D'Antonio-Chronowska A, Stegle O et al. 2020. Properties of structural variants and short
tandem repeats associated with gene expression and complex traits. Nat Commun 11: 2927.
Kelleher J, Etheridge AM, McVean G. 2016. Efficient Coalescent Simulation and Genealogical Analysis for
Large Sample Sizes. PLoS Comput Biol 12: e1004842.
Li H. 2013. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv:
1303.3997.
Lin J, Cao C, Tao C, Ye R, Dong M, Zheng Q, Wang C, Jiang X, Qin G, Yan C et al. 2017. Cold adaptation
in pigs depends on UCP3 in beige adipocytes. J Mol Cell Biol 9: 364-375.
Lin Y-L, Gokcumen O. 2019. Fine-scale characterization of genomic structural variation in the human
genome reveals adaptive and biomedically relevant hotspots. Genome Biol Evol 11: 1136-1151.
Lou H, Lu Y, Lu D, Fu R, Wang X, Feng Q, Wu S, Yang Y, Li S, Kang L et al. 2015. A 3.4-kb Copy-Number
Deletion near EPAS1 Is Significantly Enriched in High-Altitude Tibetans but Absent from the
Denisovan Sequence. Am J Hum Genet 97: 54-66.
Lu D, Lou H, Yuan K, Wang X, Wang Y, Zhang C, Lu Y, Yang X, Deng L, Zhou Y et al. 2016. Ancestral
Origins and Genetic History of Tibetan Highlanders. Am J Hum Genet 99: 580-594.
Matys V, Kel-Margoulis OV, Fricke E, Liebich I, Land S, Barre-Dirrie A, Reuter I, Chekmenev D, Krull M,
Hornischer K et al. 2006. TRANSFAC(R) and its module TRANSCompel(R): transcriptional gene
regulation in eukaryotes. Nucleic Acids Res 34: D108-D110.
Mills RE, Walter K, Stewart C, Handsaker RE, Chen K, Alkan C, Abyzov A, Yoon SC, Ye K, Cheetham RK
et al. 2011. Mapping copy number variation by population-scale genome sequencing. Nature 470:
59-65.
Moan A, Bekkevold D, Hemmer-Hansen J. 2019. Evolution at two-time frames shape structural variants and
population structure of European plaice (Pleuronectes platessa). bioRxiv doi:10.1101/662577.
Ouzhuluobu, He Y, Lou H, Cui C, Deng L, Gao Y, Zheng W, Guo Y, Wang X, Ning Z et al. 2019. De novo
assembly of a Tibetan genome and identification of novel structural variants associated with high
altitude adaptation. Natl Sci Rev 7: 391-402.
Payer LM, Steranka JP, Yang WR, Kryatova M, Medabalimi S, Ardeljan D, Liu C, Boeke JD, Avramopoulos
D, Burns KH. 2017. Structural variants caused by Alu insertions are associated with risks for many
human diseases. Proc Natl Acad Sci USA 114: E3984-E3992.
Petr M, Vernot B, Kelso J. 2019. admixr—R package for reproducible analyses using ADMIXTOOLS.
Bioinformatics 35: 3194-3195.
Qi X, Cui C, Peng Y, Zhang X, Yang Z, Zhong H, Zhang H, Xiang K, Cao X, Wang Y et al. 2013. Genetic
evidence of paleolithic colonization and neolithic expansion of modern humans on the tibetan plateau.
Mol Biol Evol 30: 1761-1778.
Rouillard AD, Gundersen GW, Fernandez NF, Wang Z, Monteiro CD, McDermott MG, Ma'ayan A. 2016.
The harmonizome: a collection of processed datasets gathered to serve and mine knowledge about
genes and proteins. Database-oxford 2016: baw100.
31

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.01.401174; this version posted December 2, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Sabeti PC Varilly P Fry B Lohmueller J Hostetter E Cotsapas C Xie X Byrne EH McCarroll SA Gaudet R et
al. 2007. Genome-wide detection and characterization of positive selection in human populations.
Nature 449: 913-918.
Seale P, Conroe HM, Estall J, Kajimura S, Frontini A, Ishibashi J, Cohen P, Cinti S, Spiegelman BM. 2011.
Prdm16 determines the thermogenic program of subcutaneous white adipose tissue in mice. J Clin
Invest 121: 96-105.
Sedlazeck FJ, Lee H, Darby CA, Schatz MC. 2018a. Piercing the dark matter: bioinformatics of long-range
sequencing and mapping. Nat Rev Genet 19: 329-346.
Sedlazeck FJ, Rescheneder P, Smolka M, Fang H, Nattestad M, Haeseler Av, Schatz MC. 2018b. Accurate
detection of complex structural variations using single-molecule sequencing. Nat Methods 15:
461-468.
Senger DR, Perruzzi CA, Streit M, Koteliansky VE, Fougerolles ARd, Detmar M. 2002. The α1β1 and α2β1
Integrins Provide Critical Support for Vascular Endothelial Growth Factor Signaling, Endothelial Cell
Migration, and Tumor Angiogenesis. Am J Pathology 160: 195-204.
Shanta O, Noor A, Chaisson MJP, Sanders AD, Zhao X, Malhotra A, Porubsky D, Rausch T, Gardner EJ,
Rodriguez OL et al. 2020. The effects of common structural variants on 3D chromatin structure. BMC
Genomics 21: 95.
Spielmann M, Lupiáñez DG, Mundlos S. 2018. Structural variation in the 3D genome. Nat Rev Genet 19:
453-467.
Stancu M, Roosmalen MJv, Renkens I, Nieboer MM, Middelkamp S, Ligt Jd, Pregno G, Giachino D,
Mandrile G, Valle-Inclan J et al. 2017. Mapping and phasing of structural variation in patient genomes
using nanopore sequencing. Nat Commun 8: 1326.
Sudmant PH, Rausch T, Gardner EJ, Handsaker RE, Abyzov A, Huddleston J, Zhang Y, Ye K, Jun G, Fritz M
et al. 2015. An integrated map of structural variation in 2,504 human genomes. Nature 526: 75-81.
Voight BF, Kudaravalli S, Wen X, Pritchard JK. 2006. A Map of Recent Positive Selection in the Human
Genome. Plos Biol 4: e72.
Wellenreuther M, Mérot C, Berdan E, Bernatchez L. 2019. Going beyond SNPs: The role of structural
genomic variants in adaptive evolution and species diversification. Mol Ecol 28: 1203-1209.
Wu D-D, Yang C-P, Wang M-S, Dong K-Z, Yan D-W, Hao Z-Q, Fan S-Q, Chu S-Z, Shen Q-S, Jiang L-P et al.
2019. Convergent genomic signatures of high altitude adaptation among domestic mammals. Natl Sci
Rev 7: 952-963.
Xiang J, Liu X, Ren J, Chen K, Wang H-L, Miao Y-Y, Qi M-M. 2018. How does estrogen work on
autophagy? Autophagy 15: 197-211.
Xiang K, Ouzhuluobu, Peng Y, Yang Z, Zhang X, Cui C, Zhang H, Li M, Zhang Y, Bianba et al. 2013.
Identification of a Tibetan-Specific Mutation in the Hypoxic Gene EGLN1 and Its Contribution to
High-Altitude Adaptation. Mol Biol Evol 30: 1889-1898.
Yang J, Jin Z-B, Chen J, Huang X-F, Li X-M, Liang Y-B, Mao J-Y, Chen X, Zheng Z, Bakshi A et al. 2017.
Genetic signatures of high-altitude adaptation in Tibetans. Proc Natl Acad Sci USA 114: 4189-4194.
Yi X, Liang Y, Huerta-Sanchez E, Jin X, Cuo Z, Pool JE, Xu X, Jiang H, Vinckenbosch N, Korneliussen T et
al. 2010. Sequencing of 50 Human Exomes Reveals Adaptation to High Altitude. Science 329: 75-78.
Zhao P, Li J, Kang H, Wang H, Fan Z, Yin Z, Wang J, Zhang Q, Wang Z, Liu J-F. 2016. Structural Variant
Detection by Large-scale Sequencing Reveals New Evolutionary Evidence on Breed Divergence
between Chinese and European Pigs. Sci Rep-uk 6: 18501.

32

