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ABSTRACT
Structural variants (SVs) may play important roles in human adaptation to extreme environments such as
high altitude but have been under-investigated. Here, combining long-read sequencing with multiple
scaffolding techniques, we assembled a high-quality Tibetan genome (ZF1), with a contig N50 length of
24.57 mega-base pairs (Mb) and a scaffold N50 length of 58.80Mb.The ZF1 assembly filled 80 remaining
N-gaps (0.25Mb in total length) in the reference human genome (GRCh38). Markedly, we detected
17 900 SVs, among which the ZF1-specific SVs are enriched in GTPase activity that is required for
activation of the hypoxic pathway. Further population analysis uncovered a 163-bp intronic deletion in the
MKL1 gene showing large divergence between highland Tibetans and lowland Han Chinese.This deletion
is significantly associated with lower systolic pulmonary arterial pressure, one of the key adaptive
physiological traits in Tibetans. Moreover, with the use of the high-quality de novo assembly, we observed a
much higher rate of genome-wide archaic hominid (Altai Neanderthal and Denisovan) shared
non-reference sequences in ZF1 (1.32%–1.53%) compared to other East Asian genomes (0.70%–0.98%),
reflecting a unique genomic composition of Tibetans. One such archaic hominid shared sequence—a
662-bp intronic insertion in the SCUBE2 gene—is enriched and associated with better lung function (the
FEV1/FVC ratio) in Tibetans. Collectively, we generated the first high-resolution Tibetan reference
genome, and the identified SVs may serve as valuable resources for future evolutionary and medical studies.
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INTRODUCTION
Next-generation sequencing (NGS) is a powerful
tool to study human genomic variations through
simple alignment of short reads to a reference
genome. However, short reads have unavoidable
limitations for genome assembly, especially for de-
tection of structural variants (SVs) that have been
shown to play an important role in normal and
abnormal human biology [1,2]. By contrast, with
an advantage of long reads (>10 kilo-base pair,
kb), the single-molecular real-time (SMRT) se-
quencing (also called the third-generation sequenc-

ing, TGS) has been proven effective in resolv-
ing complex genomic regions, such as sequences
with SVs [3,4]. Meanwhile, the application of next-
generation mapping technologies provides comple-
mentary approaches tode novo genomeassembly, in-
cluding BioNano, 10XGenomics andHi-C, etc. Re-
cently, with the aid of SMRT sequencing and next-
generation mapping methods, two long-read Asian
genome assembles (AK1 and HX1) were released
[5,6].

Tibetans represent a unique highland population
permanently living at the Tibetan Plateau (average
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elevation:>4000 m)—one of the most extreme en-
vironments on Earth.Their permanent settlement in
the Qinghai-Tibetan plateau was dated as early as
30 000 years ago based on genetic data [7–9]. Pre-
vious genetic studies have identified two key genes
(EPAS1 and EGLN1) carrying adaptive alleles that
help maintain relatively lower hemoglobin concen-
tration in native Tibetans so that over-production
of red cells (polycythemia) at high altitude could be
avoided [10–20]. Also, a Tibetan-enriched 3.4-kb
deletion (TED) near EPAS1was reported [21]. Ad-
ditionally, itwas proposed that theTibetan-enriched
EPAS1 variants were inherited from Denisovan-
like hominid [22]. This evidence suggests that the
high-altitude adaptation of Tibetans is probably
multi-faceted, involving different types of genomic
variations.

Besides hemoglobin concentration, there are
other key adaptive physiological traits in Tibetans,
such as elevated resting ventilation, low hypoxic pul-
monary vasoconstrictor response [23] and lower
blood nitric-oxide levels [24], which cannot be fully
explained by the known single nucleotide variations
(SNVs) identified using NGS data. Putatively, SVs
located in the regulatory regions of the genomemay
contribute to these unresolved adaptive traits. Also,
the sequences present in Tibetans but absent in the
human reference genomeareputative introgressions
from archaic humans, which have not been system-
atically evaluated. Hence, these unsolved questions
call for a high-quality Tibetan reference genome.

We combined SMRT long-read sequencing with
multiple scaffolding techniques, as well as short-
read deep-sequencing, and we de novo assembled
a high-quality Tibetan genome (ZF1). The assem-
bled Tibetan genome reached a contig N50 size of
24.57 Mb and a scaffold N50 size of 58.80 Mb. We
used a read-mapping approach to detect SVs in the
assembled ZF1 genome. By comparing with two
previous long-read Asian genome assemblies (AK1
and HX1), we identified a large number of novel
SVs, some of which are enriched in Tibetans and
showed associationwith pulmonary arterial pressure
and lung functions. Furthermore, using the high-
quality ZF1 assembly, we found a much higher rate
of genome-wide archaic hominid (AltaiNeanderthal
and Denisovan) shared non-reference sequences in
ZF1 than in other East Asian genomes.

RESULTS
De novo assembly of the Tibetan genome
and gap filling on the reference genome
We performed SMRT long-read sequencing using
PacBio RSII at 70× coverage and obtained a total of

24.9 M subreads with median and mean read length
of 9.5 kb and 10.3 kb, respectively (Supplementary
Fig. 1). The long reads were error-corrected and as-
sembled into contigs by Falcon, and then the assem-
bled contigs were polished by Quiver [25]. In to-
tal, we generated 3148 contigs with a N50 length of
23.62 Mb (Supplementary Fig. 2 and Supplemen-
tary Tables 1–3, Methods). To order and link these
contigs into larger scaffolds, we utilized the data of
BioNano and 10X Genomics, and constructed two
versions of scaffolding (SupplementaryTables 2 and
3). The first version used the 10X Genomics linked-
reads (100×) to link the contigs into larger scaf-
folds and then combined the physical maps with
unique motifs from BioNano. This scaffolding strat-
egy resulted in 2403 scaffolds with a N50 length of
45.42 Mb (Supplementary Fig. 2a and Supplemen-
tary Table 2, Methods). The second version used
the BioNano data first and then the 10X Genomics
reads, which resulted in 2321 scaffolds with a N50
lengthof 47.17Mb(SupplementaryFig. 2b andSup-
plementary Table 3). Considering the longer scaf-
foldN50 length, we chose the second version for fur-
ther improvement using Hi-C data.

We generated 100× Hi-C data of ZF1 (Supple-
mentary Table 1). Using SALSA [26], we grouped
the scaffolds using Hi-C data, leading to a final ver-
sion of the assembled ZF1 genome of 2.89 Gb with
a contig N50 length of 24.57 Mb and a scaffold
N50 length of 58.80 Mb. In addition, we performed
short-read sequencing using an Illumina HiSeq X10
platform and generated 100× coverage of the ZF1
genome to improve base-level accuracy (Fig. 1 and
Supplementary Tables 2 and 3, Methods). We also
generated a phased version of the ZF1 genome as-
sembly (see Methods for technical details).

Next, we used the de novo assembled ZF1
genome to conduct gap closure for the human
reference genome GRCh38. A total of 80 of the
940 N-gaps in the GRCh38 human reference
genome were completely filled by the ZF1 assembly
and the total length was 0.25 Mb (Fig. 1 and
Supplementary Table 4, Methods).

Toevaluate the completeness and accuracyof the
ZF1 genome assembly, we compared the ZF1 as-
sembly with two previous long-read Asian genome
assemblies (AK1 [5] and HX1 [6]) and a high-
qualityEuropean genome(ASM101398, sample ID:
NA12878 [27]). We found that the total bases
(non-N bases in assembly) of the three Asian de
novo assemblies (ZF1, AK1 and HX1) were quite
similar (Table 1 and Supplementary Fig. 3). No-
tably, the remaining gap length of ZF1 (7.82 Mb)
is much shorter than those in AK1 (37.34 Mb)
and HX1 (39.34 Mb) (Supplementary Table 5).
In addition, using MUMmer [28], we assessed the
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Figure 1. De novo assembly of the ZF1 genome compared to GRCh38. Scaffold coverage and gap closure over GRCh38 per chromosome are shown in
the plot. The colored bars above each chromosome represent the ZF1 scaffolds, with the dark red segments for the long scaffolds (> 1 Mb) and the
orange segments for the short ones (≤ 1 Mb). Closed euchromatic gaps are labeled by the green triangles on each chromosome, and the unclosed gaps
in ZF1 by the khaki-green triangles.

consensus quality of the ZF1 assembly by align-
ing the ZF1 chromosomes with those of GRCh38
and we obtained 99.90% consensus accuracy for the
ZF1 assembly, which is better than those for HX1
(99.73%), YH2.0 (99.81%), NA12878 (99.73%)
and HuRef (99.84%) [6] (Supplementary Fig. 4).

Additionally, we evaluated the base-error rate
of the ZF1 assembly using our 100× Illumina
short-read data with the previous approach [29,30].
The inconsistency rate is 0.0006% (Supplementary
Table 6)—well below one error per 10 000 bases,
the quality standard used for human genome [31].

Furthermore, we annotated the ZF1 assembly
using CESAR2.0 [32] and made a functional anno-
tation for ZF1 genes with four databases (KEGG,
Swiss-Prot, InterPro and NR) (Supplementary Fig.
5). We obtained a similar number of annotated
genes compared with GRCh38 (ZF1: 19 805 vs
GRCh38: 19 267) and 99.8% of the ZF1 genes were
annotated by multiple databases. Notably, the ZF1
assembly embraced a longer average length of cod-
ing sequence (CDS) than GRCh38 (Supplemen-
tary Fig. 6 and Supplementary Tables 7 and 8)
and this improvement may stem from long-read

Table 1. Comparison of the ZF1 de novo assembly with the published human genome assemblies.

Assembly
Assembly
approach Sequencing platform

Contig
N50 (Mb)

Scaffold
N50 (Mb)

Genome
size (Gb)

Gaps
number

Gap
length (Mb)

ZF1 WGS, Hi-C PacBio, BioNano,
10X Genomics,

Hi-C, Illumina-PE

24.57 58.8 2.9 740 7.82

HX1 WGS PacBio, BioNano,
Illumina-PE

8.33 21.98 2.93 10 901 39.34

AK1 WGS, BAC PacBio, BioNano,
Illumina-PE

17.92 44.85 2.9 264 37.34

GRCh38 BAC, Fosmid Sanger, FISH, OM,
fingerprint contigs

56.41 67.79 3.2 940 159.97

NA12878
(ASM101398)

WGS PacBio, BioNano 1.56 26.83 3.2 2332 146.35

WGS, whole-genome sequencing; BAC, bacterial artificial chromosome; PE, pair end; FISH, fluorescence in situ hybridization; OM, optical mapping.
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assembly of more exons of the ZF1 assembly. Taken
together, our ZF1 assembly provided a reliable refer-
ence genome for downstream analyses.

Profiling SVs of the ZF1 genome and
evolutionary genetics analysis
We employed a read-mapping-based approach to
call SVs from the ZF1 PacBio long reads (see
Methods for details) [4]. For the compatibility of
conducting downstream SV comparison analysis
with the public data, we used the human genome
build GRCh37 instead of GRCh38 as the reference.

Within the size range of 50 bp to 2Mb, we obtained
17 900 SVs, including 7461 deletions, 1853 duplica-
tions, 8196 insertions, 204 inversions and 186 com-
plex SVs. We found 75% of the SVs were supported
by results from other platforms (i.e. Illumina X10,
BioNano and 10X Genomics; Fig. 2a and Supple-
mentary Tables 9 and 10). The majority (89%) of
the SVs are smaller than 1 kb, with the median
lengths for deletion, insertion, duplication and inver-
sion being 166, 144, 543 and 1399 bp, respectively
(Fig. 2b and Supplementary Fig. 7).Thedistribution
of the large SVs (>1 kb) on the 24 chromosomes
(including X and Y chromosomes) of ZF1 is shown

P = 1.85E-8

Figure 2. A summary of structural variants (SVs) detected in ZF1. (a) Pie plot shows the number and the proportion of inser-
tions, deletions, duplications, inversions and complex SVs detected in ZF1. (b) Size distribution of SVs in ZF1. (c) Correlation
of chromosome length with SV numbers (dark gray) and SV lengths (light gray). (d) Enrichment/depletion of genomic elements
for different SV classes. CDS, coding sequences; UTR, untranslated region; UCE, ultra-conserved element. P-value refers to
the significance of permutation test. ***P< 0.001; **P< 0.01; ns, non-significant (P> 0.05). (e) and (f) Overlap of SVs among
ZF1, HX1 and AK1 for deletions (e) and insertions (f), respectively. An overlapped SV was defined as one with overlapping
length reaching at least 50% of reciprocal similarity.
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in Supplementary Fig. 8. The SVs cover 57.8 Mb
in total, accounting for ∼2% of the entire genome
(Fig. 2b). Almost 70% of the SVs contain repeti-
tive elements such as SINEs, LINEs, simple repeats
and satellites, etc. (Supplementary Table 11). Be-
sides, we found the number of SVs in each chro-
mosome was significantly correlated with chromo-
some length (R2 = 0.759, P = 1.85E−8) while the
SV length was not (R2 = 0.01, P = 0.26) (Fig. 2c
and Supplementary Fig. 9).

To explore the genomic features of these SVs,
we analysed the intersection of SVs with various
functional genomic elements, including CDSs, un-
translated regions (UTRs), exons, introns, lincR-
NAs, ultra-conserved elements (UCEs) andpseudo-
genes. We found a significant depletion (P< 0.001;
permutation test) of genomic elements for different
SV classes compared to a random background, sug-
gesting a selective constraint of SVs as previously in-
dicated [2]. Additionally, combining the SVsofZF1,
AK1 andHX1, we usedWatterson’s θ and estimated
the mutation rates for deletion and insertion to be
0.186 and 0.203 per generation per haploid genome,
respectively (Supplementary Table 12). These esti-
mations are higher than the previous report basedon
NGS data [2], likely due to the increased power of
the TGS platform in detecting SVs.

Among the 17 900 SVs of ZF1, 6505 (36.3%)
were not found in either AK1 or HX1, including
3375 deletions and 3130 insertions, accounting for
45.24% (3375/7461) and 38.19% (3130/8196)
of the total deletions and insertions, respectively
(Fig. 2e and f). Genes located <5 kb downstream
or upstream of these ZF1-specific SVs (annotated
using Variant Effect Predictor (VEP)) were defined
as ZF1-specific-SV-associated genes (ZSAGs).
Totally, we found 1832 ZSAGs enriched in four
functional clusters, i.e. positive regulation of GT-
Pase activity (false discovery rate, FDR= 1.78E−5),
intracellular signal transduction (FDR = 0.008),
transmembrane receptor protein tyrosine ki-
nase signaling pathway (FDR = 0.011) and
peptidyl-tyrosine phosphorylation (FDR = 0.035)
(Supplementary Fig. 10 and Supplementary
Table 13).

We next explored howmanyZSAGswere related
to hypoxic regulation. Among the 571 priori can-
didate genes of hypoxia adaptation in the Tibetans
(473 known hypoxia-related genes [19] and 168 re-
ported genes showing signals of Darwinian positive
selection in Tibetans [10–15,17,33]), we found 69
of them overlapped with the 1832 ZSAGs (Sup-
plementary Tables 14 and 15; odds ratio = 2.42,
P=3.40E−12,Chi-squared test). Interestingly, these
newly identified hypoxia- and selection-related SVs
are all located in either intronic or intergenic regions

and, if functional, they aremore likely to affect gene-
expression regulation.

Novel Tibetan-specific SVs are
associated with high-altitude adaptation
Thehigh-resolution ZF1 genome assembly provides
high-confidence SVs with precise breakpoint posi-
tions,which could serve as a reference panel to assess
the variant frequency difference between Tibetans
and lowland populations. To this end, we analysed
the genetic divergence of SVs between Tibetans and
HanChinese using the publishedNGSdata of 38Ti-
betans and 39 Han Chinese [8] (see Methods for
details). We listed the 124 SVs (the top 5% of the
1887 copy number variants (CNVs) and 593 in-
sertions that passed the NGS-genotyping filtering;
see Methods) with the highest between-population
divergence (measured by VST) in Supplementary
Tables 16 and 17.Themost diverged SVwas the pre-
viously reported TED near EPAS1 (VST = 0.725)
[21] (Supplementary Fig. 11 and Supplementary
Table 16). The remaining 123 SVs contain 93
CNVs (Supplementary Fig. 11 and Supplementary
Table 16) and 30 insertions (Supplementary Fig. 12
and Supplementary Table 17).

Notably, we found a 163-bp deletion (chr22:
40935468-40935631, hg19) with an allelic diver-
gence of 0.227 between Tibetans and Han Chinese
(the allele frequencies are 0.544 and 0.317 in Ti-
betans andHanChinese, respectively) (Supplemen-
tary Table 18). The VST of this variant (0.106) is
among the top 5% of the genome-wide SVs (5% cut-
off = 0.0956), a suggestive signal of selection and
less likely caused by genetic drift or other demo-
graphic events according to the simulation analysis
(see Methods, Supplementary Fig. 13).

This deletion is located in the intronic re-
gion of MKL1, which encodes Megakaryoblastic
Leukemia 1 and was previously reported to reg-
ulate hypoxia-induced pulmonary hypertension in
rodents [34,35]. We found that this 163-bp dele-
tion overlapped with multiple histone modifica-
tion signals (reported by ENCODE), suggesting
that it is located in a region with enhancer activ-
ity. We also detected a GeneHancer regulatory ele-
ment (MKL1/GH22J040443) and twomethylation
hotspots in this region (Fig. 3a and Supplementary
Fig. 14).

We measured 19 physiological traits (varied
blood, heart and lung indexes) and collected blood
samples from 1039 indigenous adult Tibetans. Us-
ing PCR (polymerase chain reaction) and Sanger
sequencing, we genotyped the MKL1 deletion in
868 Tibetans from three geographic populations,
including 337 unrelated individuals from Lhasa
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Figure 3. The Tibetan-enriched MKL1 163-bp deletion and its association with physiological traits. (a) The schematic map
indicating the genomic location (upper panel), epigenetic signals (histone modification and DNA methylation, middle panel)
and sequence alignment (bottom panel) of the MKL1 deletion and its flanking sequences in Tibetans and Han Chinese. (b)
Genotyping electromorphic of theMKL1 deletion. The two alleles are indicated as ‘W’ (wild type) and ‘D’ (deletion). (c) Allele
frequencies of theMKL1 deletion in Tibetans (TBN) and Han Chinese (HAN); TBN (LS), Tibetans at Lhasa; TBN (BG), Tibetans
at Bange; TBN (LKZ), Tibetans at Langkazi; HAN (DL), Han Chinese at Dalian; TBN (NGS) and HAN (NGS), Tibetans and Han
Chinese from the NGS data (Methods). (d) Genetic association between theMKL1 deletion and multiple physiological traits
in Tibetans (n= 868). The dot line in red refers to the cut-off of statistical significance with false discovery rate (FDR) of<5%
by Benjamini and Hochberg [42] and the trait abbreviations are described in Methods. (e) Comparison of pulmonary arterial
pressure levels among three different genotypes at theMKL1 deletion; W-wide type (non-deletion). P-value was calculated
assuming an additive model with multiple-testing correction using Bejamini and Hochberg FDR control (FDR BH) (Methods).
(f) and (g) Estimation of EHH decay of haplotypes in Tibetans (f) and Han Chinese (g) surrounding theMKL1 163-bp deletion.
The physical position of the 163-bp deletion is indicated by the vertical dashed line in (f) and (g).

(elevation: 3658m), 284 unrelated individuals from
Bange (elevation: 4700 m) and 247 unrelated in-
dividuals from Langkazi (elevation: 5108 m). We
also genotyped 94 unrelated Han Chinese from
northern China (elevation: 60 m). The frequen-
cies of the MKL1 deletion are similar with those
estimated based on NGS data (0.500 in Tibetans
and 0.287 in Han Chinese; Fig. 3c and Supplemen-
tary Table 18, Methods). We next performed asso-
ciation analysis using the pooled Tibetan samples
(n = 868), since no genetic heterogeneity was de-
tected among the three Tibetan populations. We
found that theMKL1 deletionwas negatively associ-
atedwithPAP(systolic pulmonary arterial pressure)
(FDR= 0.005, Fig. 3e) and theMKL1 deletion car-
riers tend to have a lower PAP, consistently with
the well-known low hypoxic pulmonary vasocon-
strictor response in Tibetans [23]. Interestingly, the
MKL1 deletion also showed association with several
blood indices, including negative associations with
HB (hemoglobin concentration) (FDR = 0.03),
HCT (hematocrit) (FDR = 0.02) and RBC (red
blood count) (FDR = 0.01), and a positive associ-
ation with PLT (platelets) (FDR = 0.005) (Fig. 3d
and Supplementary Table 19), implying that the
MKL1deletionmight be involved inmultiple regula-
tory effects on pulmonary and blood indexes. When
using the most rigorous adjustment (19 traits × 4
SVs) for multiple test correction, PAP, RBC and
PLT still remain significant: FDR (PAP) = 0.01,
FDR (RBC)= 0.04 and FDR (PLT)= 0.01.

In addition to the MKL1 deletion, we also se-
lected other SV overlapping genes with previous
evidence of positive selection or related with hy-
poxia regulation (Supplementary Table 20). Al-
though these SVs were not among the top 5% di-
verged SVs between Tibetan and Han Chinese,
someof themwere significantly associatedwithmul-
tiple physiological traits (Supplementary Table 19).
For example, a 53-bp insertion (allele frequency:
0.424 in TBN and 0.339 in HAN, Supplemen-
tary Table 20) in COL6A2 was significantly associ-
ated with systolic blood pressure (SBP; P = 0.002,

FDR = 0.03) and diastolic blood pressure (DBP;
P = 0.005, FDR = 0.035) (Supplementary Figs 15
and 16 and Supplementary Table 19). COL6A2 en-
codes eukaryotic translation initiation factor 4Ewith
selection signals in Ethiopian high-altitude popula-
tions [36]. Another example is a 63-bp insertion in
EIF4E2. The protein encoded by EIF4F2 can form
a complex with HIF-2 (encoded by EPAS1) and
RBM4 under hypoxia as an oxygen-regulated switch
[37].This insertion (allele frequency: 0.457 in TBN
and 0.382 inHAN)was significantly associated with
maximum ventilatory volume (MVV) (P = 0.04,
FDR = 0.293, Supplementary Fig. 15 and Supple-
mentary Table 19).

Identification of ZF1-specific novel
sequences shared with archaic humans
Previous studies have found evidence of Denisovan-
like archaic introgression in the Tibetan genome
such as the 32.7-kb fragment in EPAS1 [22] and
a ∼300-kb region in the chromosome 2 derived
from unresolved archaic ancestry [8]. However,
the sequences that are not included in the hu-
man reference genome but present in both archaic
and Tibetans have not been systematically assessed.
Taking advantage of the de novo ZF1 assembly,
we performed a genome-wide search of archaic-
sharing non-reference sequences (NRSs) and com-
pared the results with the two de novo assembled
Asian genomes (AK1 and HX1) (Methods). We
found a total length of 39.6-Mb ZF1 sequences
shared with the Altai Neanderthal genome and
45.9-Mb ZF1 sequences shared with the Denisovan
genome, corresponding to 1.32% and 1.53% of the
entire ZF1 genome, respectively. These archaic
proportions are much higher than that in AK1
(Altai Neanderthal: 0.82%; Denisovan: 0.70%) or
HX1(AltaiNeanderthal: 0.98%;Denisovan: 0.85%)
(Fig. 4a). We further checked those novel archaic-
shared sequences that could be unambiguously de-
termined as an insertion model (Methods) and
identified 239/164 Neanderthal/Denisovan-shared
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Figure 4. ZF1-speicific novel sequences sharedwith archaic hominins. (a) Genomic proportion of the non-reference sequences
shared with archaic hominids in the three de novo assembled Asian genomes. (b) Schematic diagram of the ZF1-sepcific non-
reference sequences shared with archaic hominids. Novel non-reference sequences (red) shared between Tibetan (ZF1) and
archaic hominids but absent in the other representative modern human genomes (one European, one African and two Asian
genomes). (c) A novel sequence shared between ZF1 and archaic hominid in the intron of SCUBE2. This sequence was found
in both Denisovan and Altai Neanderthal. Shown here is the Denisovan reads mapping. The upper panel shows the position
of this 662-bp novel sequence in the human reference genome GRCh37. The bottom panels indicate the Denisovan reference
unmapped reads aligned to the ZF1 contig. (d) Allele frequencies of the 662-bp insertion in Tibetans (TBN) and Han Chinese
(HAN). TBN (LS), Tibetans at Lhasa; TBN (BG), Tibetans at Bange; TBN (LKZ), Tibetans at Langkazi; HAN (DL), Han Chinese
at Dalian; TBN (NGS) and HAN (NGS), insertion frequency estimated by next-generation-sequencing data (Methods). (e)
Comparison of the FEV1/FVC ratios among three different genotypes at the SCUBE2 insertion; I, insertion; W, wide type (non-
insertion). (f) and (g) Estimation of EHH in TBN (f) and HAN (g) around the SCUBE2 insertion at Chr11:9068607. The physical
position of the insertion is indicated by the vertical dashed line in (f) and (g).

ZF1-specific events (sequences only present in ZF1
but absent in AK1 or HX1), which are more
than the 133/115 Neanderthal/Denisovan-shared
AK1-specific events and 151/126 Neanderthal/
Denisovan-shared HX1-specific events, indicating
the Tibetan genome contains more archaic-shared
sequences than the other two East Asian genomes.
After further filtering using the published Euro-
pean (NA12878) andAfrican (NA19240) genomes,
we obtained 167 Neanderthal- and 117 Denisovan-
shared ZF1-specific events that were absent in the
representative modern human assemblies (Meth-
ods, Fig. 4b and Supplementary Table 21), among
which 51/28 Neanderthal/Denisovan-shared ZF1-
specific events are present in great apes (chim-
panzee, gorilla and orangutan).

Among the archaic-shared ZF1-specific NRSs,
we found a 622-bp sequence in the intron of
SCUBE2 (Signal peptide-, CUB domain- and EGF-
like domains-containing protein 2) (Fig. 4c), a
non-repetitive insertion listed as the top three
diverged insertions between Tibetans and Han Chi-
nese (mVST = 0.079, Supplementary Fig. 12 and
Supplementary Table 17). The 622-bp SCUBE2 se-
quence is also present in great apes, suggesting that it
is an ancestral sequence.Wegenotyped theSCUBE2
insertion using PCR and Sanger sequencing in the
three Tibetan populations (452 Lhasa samples, 214
Bange samples and 278Langkazi samples), aswell as
in the Han Chinese population (92 samples) (Sup-
plementary Fig. 17). The allele frequency of the
SCUBE2 insertion in Tibetans is on average near
two-fold that in Han Chinese (0.240 vs 0.130 for
the combined samples, Fig. 4d and Supplementary
Table 22). The VST [CN] of this variant (0.096) is
among the top 5% of the genome-wide SVs (5% cut-
off = 0.0956) and is also significantly larger than
the expected value under neutrality (see Methods,
Supplementary Fig. 13).

Previous study found that SCUBE2 could reg-
ulate VEGF-induced angiogenesis [38]. To check
the functional relevance of the SCUBE2 662-bp in-

sertion, we performed genetic association analysis
in Tibetans (n = 944). We detected positive as-
sociation with one lung index, the FEV1/FVC ra-
tio (FFR) (FVC-forced vital capacity) (P = 0.04,
FDR=0.28) (Fig. 4e andSupplementaryTable 19),
although the association became non-significant af-
ter multiple-testing correction. In addition, using a
joint additivemodel, we performed association anal-
ysis by combing the two SVs (the MKL1 163-bp
deletion and the SCUBE2 662-bp insertion) and we
observed a stronger signal for FFR compared with
the single-SV analysis (P = 0.009, FDR = 0.060;
Supplementary Fig. 18). It was known that Tibetans
perform better than Han Chinese in view of lung
functions at high altitude (i.e. larger FVCandFEV1)
[23,39,40]. Collectively, these results suggest that
the two SVs may work together to improve the lung
function of Tibetans.

DISCUSSION
Through an integrated approach using PacBio long-
read sequencing, BioNano optical mapping, 10X
Genomics, Illumina HiSeq X10 and Hi-C technolo-
gies, we de novo assembled a high-quality Tibetan
genome (ZF1). Compared with the previous de
novo assemblies, the ZF1 assembly showed substan-
tially improved quality with longer contig and scaf-
fold N50 sizes. Based on this high-quality Tibetan
genome, we detected 6505 ZF1-specific SVs and
the associated genes are enriched for four functional
clusters, especially for GTPase activity. Notably,
GTPase activity is required for activationof hypoxia-
inducible factor 1 (HIF-1α). In hypoxic cells, the
small GTPase Rac1 is activated in response to hy-
poxia and is required for the induction of HIF-1α
protein expression and transcriptional activity [41].
Consistently, the previously reported genes under
selection in Tibetans (Supplementary Table 15) are
enriched in the HIF-1 signaling pathway. Presum-
ably, natural selection might have picked up some
of these SVs contributing tohigh-altitude adaptation
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in Tibetans. Further population and functional data
are needed to test the contribution of the GTPase-
activity-related SVs to the regulation of the hypoxic
pathway.

The identified SVs with base-level breakpoints
accuracy offer a comprehensive map that could
facilitate estimating the variant frequencies in
the corresponding populations so that SVs with
large divergence between highlander Tibetans and
lowlander Han Chinese can be found. Importantly,
combining TGS and NGS data, we successfully
identified an intronic 163-bp deletion in MKL1
and a 662-bp insertion in SCUBE2 that are highly
differentiated between Tibetans and Han Chinese.
We speculate that these two SVs are likely under
positive selection in Tibetans: (i) the considerable
genetic differentiation between highlander Tibetans
and lowlander Han Chinese is less likely caused by
genetic drift or other demographic events under
neutrality according to our simulation data; (ii)
they show significant associations with multiple
adaptive physiological traits in Tibetans and might
have larger functional influence than SNPs in terms
of nucleotide length. We noted that the two SVs did
not show significant iHS or XP-EHH estimates over
the genome, but this should not be the reason to
rule out the possibility of positive selection on these
loci. It is well acknowledged that different methods
for detecting positive selection have their own
underlying principles and weakness, and we should
not expect positive results for a potential signal
from all of them. In particular, most of the current
methods were designed for SNP data and could
have limited power when applied to SV analysis.The
substantial genetic differentiation and phenotypic
association suggest weak selection on the deletion
at MKL1 and the insertion at SCUBE2. Functional
validation of these novel SVs would largely rely on
the experimental studies in the future.

MKL1 is a transcriptional regulator known to
influence cellular response to stress signals in the
vasculature. It was shown that, under chronic hypo-
baric hypoxia, the lung expression ofMKL1 was up-
regulated in both rat and mouse, andMKL1 knock-
down could attenuate hypoxia-induced pulmonary
hypertension (HPH) [34,35]. The MKL1 protein
directs histone H3 lysine 4 methyltransferase com-
plexes to ameliorated HPH in mice [34]. Accord-
ingly, the Tibetan-enriched MKL1 163-bp deletion
is located in a putative enhancer sequence and em-
braced a GeneHancer regulatory element and two
methylation hotspots (Fig. 3a and Supplementary
Fig. 14), suggesting that it may affect epigenetic
regulation ofMKL1 and eventually the downstream
pathways, including vascular remodeling, vascular
tone and pulmonary inflammation. Consistently, we

saw negative association of theMKL1 deletion with
pulmonary arterial pressure in Tibetans, explain-
ing their low hypoxic pulmonary vasoconstrictor
response at high altitude [23]. In line with this
view, based on SNV analysis, MKL1 was recently
reported to have undergone positive selection in the
Himalayan populations from Nepal, Bhutan, North
India and Tibet [33]. The 163-bp deletion may
disrupt an enhancer ofMKL1, leading to a reduced
MKL1 expression, subsequently attenuating CAM
(cell adhesion molecules) and eventually ameliorat-
ing HPH (Supplementary Fig. 19) [34,35].

The high-quality genome allows us to better un-
derstand the sequences showing population-level or
individual-level specificity where they are different
or even absent from the human reference genome.
ZF1 has more archaic-shared novel sequences
than the other two Asians, consistently with a
previous study proposing more archaic-shared
DNAs in Tibetans than in Han Chinese [8]. The
662-bp SCUBE2 insertion presents in both archaic
and ZF1 genomes, but is absent in other Asian
genomes. It is difficult to determine whether this
insertion was introgressed from archaic hominids,
but the association between the insertion and the
lung-function index (the FEV1/FVC ratio) such
as the 662-bp SCUBE2 insertion (Supplementary
Table 19) suggests that these archaic-shared se-
quences in modern Tibetans may contribute to
high-altitude adaptation, in a way such as either
selection acting on standing variants or like the
reported ‘borrowed fitness’ case of EPAS1 [22].
Of note, SCUBE2 plays a key role for VEGFR2 and
potentiate VEGF-induced signaling in angiogenesis.
SCUBE2 is up-regulated by HIF1α at both mRNA
and protein levels in lung endothelial cells [38],
providing a possible mechanistic explanation for the
observed association of the archaic-shared SCUBE2
insertion with better lung functions in Tibetans.

Despite the success in charactering ZF1 SVs via
analysing TGS data, there are some limitations in
this study when using the NGS data to estimate
the frequency of the SVs reported from ZF1. This
is mainly due to the fact that near 70% of the SVs
fromTGS consist of repeat elements.We also found
that the TGS-only deletions and insertions have dif-
ferent repeat proportions compared to the SVs that
could be called by both the TGS and the NGS plat-
form (P < 0.0001; Supplementary Fig. 20). The re-
peat elements would cause uncertainty for short-
reads mapping and, in turn, affect the NGS SV de-
tection. Consequently, the mismapped short reads
would substantially influence the accuracy of SV
detection. Given the uncertainty, we only consid-
ered those SVs with <70% of repeat elements and
applied several stringent filtering steps to estimate
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the frequency difference between Tibetans andHan
Chinese. This conservative strategy renders more
accurate frequency estimation, while, on the other
hand, it might miss highly differentiated variants, es-
pecially those containing a large portion of repeats.
Such a problem could be solved in the future when
the long-read sequencing becomes cost-effective for
population studies.

In summary, taking advantage of long-read-
sequencing and next-generation-mapping technolo-
gies, we de novo assembled a high-quality Tibetan
genome and identified novel SVs, some of which
might contribute to high-altitude adaptation in
Tibetans. Our study demonstrates the value of con-
structing a high-resolution reference genome of rep-
resentative populations (e.g. native highlanders) for
understanding the genetic basis of human adapta-
tion to extreme environments as well as for future
clinical applications in hypoxia-related illness.

METHODS
Thedetailed descriptions ofmethods are available as
Supplementary Materials atNSR online.

DATA AVAILABILITY
The PacBio sequence data, Illumina sequencing
reads, the ZF1 final assembly, the phased assem-
blies and its annotation files are available at the
Genome Sequence Archive (GSA) (http://gsa.
big.ac.cn/index.jsp) under the project ID of PR-
JCA000936. All data can also be viewed in NODE
(http://www.biosino.org/node) by pasting the
accession (OEP000207) into the text search box
or through the URL http://www.biosino.org/
node/project/detail/OEP000207.
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