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Genomic analysis of snub-nosed monkeys (Rhinopithecus)
identifies genes and processes related to high-altitude

adaptation

Li Yu!29, Guo-Dong Wang???, Jue Ruan®>*29, Yong-Bin Chen>?’, Cui-Ping Yang*>2?, Xue Ca0%>%2%, Hong Wul-27:8:20,
Yan-Hu Liu!»720, Zheng-Lin Du*2?, Xiao-Ping Wang!2?, Jing Yang!-?°, Shao-Chen Cheng!7-?%, Li Zhong!,

Lu Wang!, Xuan Wang?, Jing-Yang Hu'>>7:3, Lu Fang?, Bing Bai!, Kai-Le Wang?, Na Yuan3, Shi-Fang Wu?,
Bao-Guo Li®19, Jin-Guo Zhang!!, Ye-Qin Yang!?, Cheng-Lin Zhang!!, Yong-Cheng Long!3, Hai-Shu Li!4,
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The snub-nosed monkey genus Rhinopithecus includes five
closely related species distributed across altitudinal gradients
from 800 to 4,500 m. Rhinopithecus bieti, Rhinopithecus
roxellana, and Rhinopithecus strykeri inhabit high-altitude
habitats, whereas Rhinopithecus brelichi and Rhinopithecus
avunculus inhabit lowland regions. We report the de novo
whole-genome sequence of R. bieti and genomic sequences for
the four other species. Eight shared substitutions were found in
six genes related to lung function, DNA repair, and angiogenesis
in the high-altitude snub-nosed monkeys. Functional assays
showed that the high-altitude variant of CDT1 (Ala537Val)
renders cells more resistant to UV irradiation, and the
high-altitude variants of RNASE4 (Asn89Lys and Thr128lle)
confer enhanced ability to induce endothelial tube formation

in vitro. Genomic scans in the R. bieti and R. roxellana populations
identified signatures of selection between and within populations
at genes involved in functions relevant to high-altitude
adaptation. These results provide valuable insights into the
adaptation to high altitude in the snub-nosed monkeys.

The snub-nosed monkey genus Rhinopithecus (Colobinae) comprises
five closely related species (R. bieti, R. roxellana, R. brelichi, R. avun-
culus, and R. strykeri) that diverged in the Early Pleistocene!=3. All
five species are among the world’s rarest and most endangered pri-
mates (2000 International Union for Conservation of Nature (IUCN)

Red List of Threatened Species; see URLs) and are confined to very
limited areas in isolated regions of China and Vietnam!. The refer-
ence genome of R. roxellana and genomic resequencing data for all
species included here, with the exception of R. avunculus, have been
previously reported*.

In addition to their conservation value, Rhinopithecus species are
unique in the context of adaptive evolution. Besides having a foli-
vorous diet with forestomach fermentation*, which is functionally
analogous to that of ruminants, with molecular convergence of lys-
ozyme and RNase functions demonstrated for leaf-eating monkeys
and cows*5, these species show a distribution across altitudinal gra-
dients from 800 to 4,500 m. R. brelichi and R. avunculus inhabit low-
land regions (<2,000 m) of Guizhou province in China and northern
Vietnam, respectively, whereas R. bieti, R. roxellana, and R. strykeri
live in separated highland zones that each have elevations above 3,000
m, including the Tibetan Plateau and the mountains of central China
(Fig. 1). The most notable among these species is R. bieti, which is
found exclusively on the Tibetan Plateau in a narrow area between
the Yangtze and Mekong rivers and has been thought to be the non-
human primate dwelling at the highest altitude, occurring at eleva-
tions of 3,500-4,500 m (refs. 7-11). In addition, previous phylogenetic
analyses of nuclear genes have shown that the high-altitude R. bieti
and R. strykeri species are grouped with the low-altitude R. avuncu-
lus species and that the high-altitude R. roxellana species is grouped
with the low-altitude R. brelichi species (Fig. 1)!2. Accordingly, the
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Figure 1 Geographical distribution and phylogenetic relationships of the Rhinopithecus species. (a) Geographical distribution and sampling locations
of the Rhinopithecus species. Sampling locations are represented by pink dots. The photographs of snub-nosed monkeys were taken by Y.C. Long
and Z.F. Xiang. The map is from Google Maps, map data © 2016 Google, SK Planet, ZENRIN. (b) Phylogenetic relationships of the Rhinopithecus
species inferred from a previous nuclear gene analysis!2. The present whole-genome phylogeny supports the same relationships, regardless of the
reference genomes and tree-building methods used. All nodes received support levels of 100%. The estimated divergence times are included above

the nodes. MYA, million years ago.

Rhinopithecus genus offers an interesting study model not only to
investigate the adaptive mechanisms of non-human primates to high
altitude but also to examine the differences and similarities between
the adaptive mechanisms in different high-altitude regions.

Here we carried out de novo sequencing and genome assembly of R.
bieti using the Illumina HiSeq 2000 platform, generating ~270 Gb of
genomic sequence with 76.5-fold coverage (Supplementary Table 1);
R. bieti has an estimated genome size of 3.52 Gb on the basis of flow
cytometry analysis (Supplementary Note). The assembly produced
contig and scaffold N50 sizes of 20.5 kb and 2.2 Mb, respectively
(Supplementary Table 2). The pattern of GC content for R. bieti is
similar to those for macaque and human (Supplementary Fig. 1).
We found genomic synteny between R. bieti and rhesus macaque
(Macaca mulatta'3) (Fig. 2a) and identified 21,812 recent segmental
duplications with a total length of 72.1 Mb (2.43%) in the R. bieti
genome (Fig. 2b).

The R. bieti genome is predicted to contain 22,834 protein-coding
genes (Supplementary Fig. 2). We identified 1,187 gene families that

were expanded in R. bieti in comparison to M. mulatta (Fig. 2c).
InterPro classification of the genes from 231 significantly expanded
gene families showed significant enrichment (P < 0.01) of these genes
in categories involved in DNA repair and damage response (94 genes)
and oxidative phosphorylation processes (107 genes) (Supplementary
Table 3). This finding may be related to the increased exposure of
snub-nosed monkeys to UV radiation and the potentially increased
rate of energy metabolism required for high-altitude survivall4-18,
However, caution is needed in interpreting gene family expansions
and contractions that were identified by comparing genomes assem-
bled using different methods.

In addition to comparative genomic analyses, we performed a com-
parative transcriptomic analysis of R. bieti and M. mulatta based on
~240 Gb of RNA-seq data from the same 11 tissues in both species
(Supplementary Table 4 and Supplementary Note). We observed
that the expression profiles of highly expressed genes from the diges-
tive system (small intestine, large intestine, and stomach) and energy-
consuming tissues (heart and skeletal muscle) were more similar in
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Figure 2 Comparative genomic analysis of R. bieti. (a) Whole-genome synteny analysis for R. bieti and M. mulatta. Most R. bieti scaffolds (scafl-scaf21)
show high collinearity with the M. mulatta genome (chrl-chrX), except for the non-collinear regions indicated by red lines. (b) Distribution of the
percentage identity of segmental duplications in the R. bieti genome. The horizontal axis represents the percentage identity, and the vertical axis represents
the total length of the segmental duplications in each window of percentage identity. “Interscaffold” and “intrascaffold” correspond to segmental
duplications between scaffolds and within scaffolds, respectively. (c) Gene family expansions and contractions in the R. bieti genome. The numbers on
each branch correspond to the numbers of gene families that have expanded (orange) and contracted (blue). MRCA, most recent common ancestor.
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Figure 3 Heat map of genes enriched for expression in the tissues of

R. bietiand M. mulatta. The heat map was generated using hierarchical
clustering and complete linkage of the top 500 most highly expressed
one-to-one orthologous genes from R. bieti and M. mulatta. Distances,
representing the relative similarity among genes and tissues, were
calculated using Pearson’s correlation coefficients. Color represents FPKM
value of gene expression after scaling and centering.

the same species than the expression patterns for the same tissue in the
different species (Fig. 3), reflecting the genetic discrepancy between
R. bieti and other primates with respect to dietary and high-altitude
adaptation, respectively. Furthermore, analyses of highly expressed
genes showed that those involved in the oxidative phosphorylation
pathway (KEGG database, ko00190; 28 genes; P = 8.03 x 10716) and
the cardiac muscle contraction pathway (KEGG database, ko04260;
10 genes; P = 1.88 x 107°) were significantly enriched for expression
in energy-consuming tissues from R. bieti, indicating the possible
involvement of energy metabolism and heart function in high-altitude
adaptations of the snub-nosed monkeys.

To investigate the adaptive mechanisms of snub-nosed monkeys
from different high-altitude regions, we performed a comparative
genomic analysis of all snub-nosed monkeys by including resequenc-
ing genomes for R. brelichi, R. strykeri, and R. avunculus (30-fold
coverage on average per species, with one individual per species;
Supplementary Table 5) as well as the recently published R. roxellana
genome?. Genomic sequence data for R. avunculus, with only 250
individuals in the wild, have to our knowledge not previously been
reported. The genetic diversity among these snub-nosed monkeys
is between 0.014% and 0.068%. R. brelichi has the highest diversity
(0.068%), whereas R. strykeri has the lowest diversity (0.014%).
R. roxellana (0.054%) and R. avunculus (0.044%) show similar levels
of diversity, with the diversity in both species greater than that in
R. bieti (0.030%) (Supplementary Fig. 3). On the basis of 69,586,645
SNPs in the five snub-nosed monkeys and macaque, we constructed
a phylogenetic tree. Regardless of the reference genomes and tree-
building methods used, the genome phylogeny strongly supported
the interspecific relationships shown in a previous tree based on the
analyses of several nuclear genes (Fig. 1) and significantly rejected
the relationships represented in a tree based on the mitochon-
drial genome!? (P =1 x 10740 in an approximately uniform test).
Estimation of divergence times suggests that the two high-altitude
‘Himalaya’ species R. bieti and R. strykeri diverged from the lowland
R. avunculus species 0.80 million years ago and that the high-altitude
northern species R. roxellana separated from the lowland R. brelichi
species 1.07 million years ago (Fig. 1 and Supplementary Note).
We then identified shared amino acid substitutions that occurred
along the lineage containing R. bieti and R. strykeri and the line-
age leading to R. roxellana, but not along the lineages leading to the
low-altitude R. avunculus and R. brelichi species. Overall, 20 com-
mon amino acid substitutions for 18 genes were observed in all high-
altitude snub-nosed monkeys (Supplementary Table 6), with this
number of substitutions not resulting from chance (P = 3.3 x 10719).
Of the common substitutions identified, 18 occurred in 16 genes
that were also identified as evolving under positive selection on the
basis of likelihood-ratio tests for these two lineages (Supplementary
Table 7). Positively selected genes had a significantly higher ratio
of nonsynonymous substitutions to synonymous substitutions than
other genes in the high-altitude snub-nosed monkeys (P = 3.84
x 1073 for R. strykeri, 3.45 x 107° for R. bieti, and 5.10 x 1078 for
R. roxellana) (Supplementary Table 8). Further examination of these
16 genes found that 6 genes, including ARMC2, NT5DC1, RNASE4,
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CDT1, RTELI, and DNAHI11, have functional associations with lung
function, angiogenesis, DNA repair, or respiratory cilia movement,
suggesting a role in the high-altitude adaptation of the snub-nosed
monkeys!®-24 (Table 1). Moreover, when the common substitutions
for these six genes were examined in more mammalian species with
publicly available genomes, no identical substitutions were found in
those species (Supplementary Table 9 and Supplementary Note).
To test the potential functional effects of these substitutions, we
performed experimental validation of the substitutions identified
in CDTI (p.Ala537Val) and RNASE4 (p.Asn89Lys and p.Thr1281le)
(Fig. 4). CDT1 is a licensing factor for DNA replication that is tightly
controlled to maintain genome integrity, and the encoded protein
is rapidly degraded by the SCFkP2 complex upon UV-induced
DNA damage?®. Using plasmids encoding human CDT1 proteins
in a HeLa cell culture model, our UV irradiation assays showed
that CDT1 Ala537Val was more stable than the reference CDT1
protein after irradiation with 100 J/m? UV light (Fig. 4c,d), sug-
gesting that the p.Ala537Val substitution might contribute to the
increased resistance to UV radiation of the high-altitude snub-
nosed monkeys. RNASE4 is a member of the RNase superfamily and
has been reported to induce angiogenesis'®2°. The coding regions
of RNASE4 and its high-altitude variants were synthesized and

Table 1 Six candidate genes that may have a role in the
high-altitude adaptation of three snub-nosed monkeys: R. bieti,
R. strykeri, and R. roxellana

Gene Position?  Common amino acid substitution  Biological category
RNASE4 89 Asn—Lys Angiogenesis!®
128 Thr—lle
DNAH11 466 Lys—Glu Respiratory cilia
movement20
CDT1 537 Ala—Val DNA repair?l
RTELI 234 Ser—Asn DNA repair22
ARMC2 835 Leu—Phe Lung function23
NT5DCI 393 Leu—Phe Lung function24

aPosition of the amino acid substitution within the encoded product of the human gene sequence.
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a 89 128
Human WNIRSICSTTNIQCKNGKMNCHEGVVKVTDCRDTGSSRAPNCRYRATASTRRVVIACEGN
Dog WNIRSICSTTNIQCKNGKMNCHEGVVKVTDCRETGSSRAPNCRYRASASTRHVVIACEGD
WNIRSTCSTTNIQCKNGKMNCHEGVVKVTDCRDTGSSKAPNCRYRAMASTRRVV TACEGN
WNIRS TCSTTITQCKNGKMT\'CHEGVVKVTDCRDTGSSKAPNCRYRAMASIRRVVTACEGN
WNIRS TCSTTITQCKNGKMT\'CHEGVVKVTDCRDTGSSKAPNCRYRAMASIRRVVTACEGN
WNIRS lCSTTI1QCKNGKNH\CHEGVVKVTDCRDTGSSKAPNCRYRAMASIRRVV TACEGN
WNIRSTCSTTNIQCKNGKMNCHEGVVKVTDCRDTGSSKAPNCRYRAMASTRRVVTACEGN
WNIRSICSTTNIQCKNGKMNCHEGVVKVTDCRDTGSSKAPNCRYRAMASTRRVVIACEGN

Macaque
R. bieti

R. roxellana
R. strykeri
R. brelichi

R. avunculus

Opossum WNINSICRTTDIRCKNGQMNCHEGIMKTTDCRVTGGSTSPNCRYRAMTRTRHVVIACEDL
Elephant WNIRSICSTTNIQCKNGSMNCHEGVVKVTDCKETGSSRAPNCRYRAKTSTRRVVIACEGN
Rabbit WNIRSICSTTSIRCKNGKMNCHEGVVKVTDCKETGSSRAPNCRYRAAASTRRVVIACEGN
Tree shrew WNIRSTCSTTNTACKNGKMNCHEGVVKVTDCRETGSSRAPNCKYRAKASTRRIVIACEGN
Hedgehog GNINSTCSTANTQCKNGSMNCHQGVVKVTDCKVSGSSRSPNCRYRALASTRRVVIACEGT

Tasmanian devil WNINSICHTTDIKCKNGQMNCHEGIMKVTDCRLTGGSTSPNCRYRALARTRHVVIACDNS
WNIRGICSTTNILCKNGQMNCHEGVVKVTDCRETGNSKAPNCRYRARTSTRRVVIACEGD
Cow WNIRSICSTTNIQCKNGQMNCHEGVVRVTDCRETGSSRAPNCRYRAKASTRRVVIACEGN

Mouse

b 537

CTIMSPGEMEKHLLLLSELLPDWLSLHRIRTDTYVKLDKAADLAHITARLAHQTRAEEGL
Dog PAAMNPGEMEKHIRLLSELLPDWLSLHHIRTDTY IKLDKAADLAGV IMRLAHLALAEAAL
RTAMSPGEMEKHLLLLSELLPDWLSLHHIRTDTYVKLDKAADLASITARLARQARAEEGL
RTAMSPGEMEKHLLLLSELLPDWLRLHHIRTDTYVKLDKGADLAS TTARIIRQARAEEGL
RTAMSPGEMEKHLLLLSELLPDWLRLHHTRTDTYVKLDKGADLAS ITARIIRQARAEEGL
RTAMSPGEMEKHLLLLSELLPDWLRLHHIRTDTYVKLDKGADLAS lTARLIRQARAEEGL
RTAMSPGEMEKHLLLLSELLPDWLRLHHIRTDTYVKLDKGADLASTTARLARQARAEEGL
RTAMSPGEMEKHLLLLSELLPDWLRLHHIRTDTYVKLDKGADLASITARLARQARAEEGL

Human

Macaque
R. bieti

R. roxellana
R. strykeri
R. brelichi

R. avunculus

Opossum GPSLTPGEMEKHLQVLSELLPDWLSLHRVRTDTYLKLDKSAELGP TAERLARTTQEEEKK
Elephant HTPMSPGDMEQHLQLLAELLPDWLSLHHIRTDTYLKLDKAADLAGLTVRLARLARTEEGL
Rabbit CAATSPGEMEQCVLLLSELLPDWLRLHRVRTDTY IKLDKDADLAS IMARLAHQARTEAVL
Wallady RSSMTPGEMEKHLQILSELLPDWLSVHRIRTDTYLKLDKSVDLGHISERLART TQEEEKL
Hedgehog CTAMSHGEMEKHVKLLSELLPDWVSLHHIRTDTYVKLDKAAELAGITEQLARLTQAEESL

Tasmanian devil RSSMTSGEMEKHLQVLSELLPDWLSLHQIRTDTYLKLDKSTDLAHISERLARVTQQEEQL
QTALSPGEMEKHLVLLAELLPDWLSLHRIRTDTYVKLDKAVDLAGLTARLAHHVHAEGL—
Cow RAAMSPGEMEKHLQLLSELLPDWLSLHRIRTDTYVKLDKAADLAGVMEQLAHLARAEETL

Mouse

Horse WNTRS ICSTTS TQCKNGKMNCHEGVVKVTDCRETGSSRAPNCRYRAMTSTRRVVVACEGN Horse RAAMSPGEMETHVRLLSELLPDWLSLHCTRTDTYVKLDKAADLAS 1 TAQLAHLARAEEML
Armadillo WNIRSICSTTSIMCKNGKMNCHEGVVKVTDCKETGSSRTPNCRYRAMASTRRVVIACEGN Armadillo RASLSTGEMEAHVRLLSELLPDWLSLHRIRTDTYVKLDKAADLAGLTARLALLARAEEGL
Platypus VKNS TCSTDS TSCKNGRMNCHEGVVRVTDCREKGGSRPGNCRYRAQVSTRRVVIACEGD Microbat RVAMSSGEMEKHVQLLSELLPDWLSLHRTRTDTYVKLDKAADLASVTAQLARLARAEEML
C CDT1 CDT1 A537V f RNASE4 concentration
Figure 4 RNASE4 and CDT1 )
g U (min) O 5 15 30 60 0 5 15 30 60 0.1 ug/ml 0.5 ug/ml 1.0 pg/ml

substitutions identified in three
high-altitude snub-nosed monkey
species and functional assays of the
identified variants. (a) Alignment

of mammalian RNASE4 amino acid
sequences. Amino acids unique to the
three high-altitude snub-nosed monkey
species (corresponding to residues

89 and 128 in human RNASE4) are
shown in red; other amino acids at
these positions are shown in yellow.
(b) Alignment of mammalian CDT1
amino acid sequences. The amino acid
unique to the three high-altitude snub-
nosed monkey species (corresponding
to residue 537 in human CDT1) is
shown in red; other amino acids at

CDT1 A537V

this position are shown in yellow. e N
(c) Immunoblot of C-terminally tagged %Q,b‘ &6:1-
human CDT1 and CDT1 AI‘a53l7VaI ina Marker & Q‘@Q’
time course of Hela cells irradiated

with 100 J/m2 UV. GAPDH is shown 20 KDa -~

as a loading control. (d) In HeLa cells 10 KDa —

stably expressing C-terminally tagged

- ....mm " FLAG

RNASE4

RNASE4
(N89K + T128l)

o
£
Q E
& =
< 3
x )
G
g 8
m PBS 3
O Ang 2

O RNASE4 OO 2D

Il RNASE4 N89K + T128I RNASE4 concentration

human CDT1 and CDT1 Ala537Val, protein synthesis was inhibited with 100 pg/ml cycloheximide (CHX), and the fate of CDT1 protein was examined
by SDS-PAGE and immunoblotting with antibody to the C-terminal FLAG tag. (e) Coomassie blue staining of E. coli recombinant RNASE4 and variant
RNASE4 (Asn89Lys and Thr128Ille) proteins. (f) Microscopy images of endothelial cell tubes in HUVECs formed with various concentrations of
recombinant RNASE4 protein. Representative images are shown from three independent experiments. Scale bar, 500 um. (g) Number of circular tube
structures per mm2 in HUVECs with various concentrations of recombinant RNASE4. Values are shown as means * s.e.m. from three independent
experiments, and statistical analysis was performed by Student’s t test: *P < 0.05, **P < 0.01.

cloned into an Escherichia coli expression vector. The purity of
active proteins was demonstrated by Coomassie blue staining (Fig. 4e).
We then examined the ability of cells to induce endothelial tube
formation after addition of recombinant reference or variant (Asn89Lys
and Thr128Ile) RNASE4 protein. Variant RNASE4 (Asn89Lys
and Thr128Ile; 1 pg/ml concentration) showed higher activity in
inducing tube formation in human umbilical vein endothelial cell
(HUVEC) cultures in Matrigel than reference RNASE4 (Fig. 4f,g),
indicating that the Asn89Lys and Thr128Ile variants may enhance
angiogenesis for high-altitude adaptation in snub-nosed monkeys.
The fact that heat inactivation or proteolysis abolishes RNASE4

protein activities suggests that intact peptide sequence and structure
are also important (data not shown).

In addition to species-level investigation, we performed popula-
tion-level genomic scans for selection in R. bieti (n = 20; ~10-fold cov-
erage per individual) and R. roxellana (n = 26; ~12.29-fold coverage
per individual) populations (Supplementary Tables 10-13). Three
R. roxellana populations from Sichuan and Gansu (SG; n = 12; 2,500-
3,500 m), Qinling (QL; n = 9; 2,000-3,000 m), and Shennongjia (SNJ;
n = 5;2,000-2,500 m), which showed obvious isolation and different
demographic scenarios, were compared to one R. bieti population from
Weixi (3,300-4,100 m) (Supplementary Fig. 4 and Supplementary
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Table 2 Candidate genes that may relate to the high-altitude
adaptation of snub-nosed monkeys identified by population
genomic scans of snub-nosed monkey populations (R. bieti,
SG, QL, and SNJ)

Gene Biological category Population
BRCC3 DNA repair2® R. bieti, SG, and QL
RYR2 Heart function3® R. bieti and SG
NOX1 Vessel function32 R. bieti

ATR DNA repair and hypoxia response33-35 R, bijeti

HDAC9 Vessel function36 SG

ARNT Hypoxia response3” SG

ACE Blood pressure and HAPH38 SG

SETD2 DNA repair32 SG

PDK3 Energy metabolism40 QL

CASQ2 Heart function41.42 QL

ACSS3 Energy metabolism43.44 SNJ

Genes identified by at least two of the three scan methods, that is, standardized
heterozygosity (Zy), locus-specific branch length (LSBL), and 6, were considered as
candidate genes under selection.

Note). These populations occupy different elevations at high altitude
and may face different levels of hypoxia stress, similar to those expe-
rienced by other high-altitude mammals at comparable altitudes?”-28.
The high-altitude R. strykeri population was not included because
of its small size, with fewer than 300 individuals in the wild, which
led to sample collection difficulties. By identifying loci and path-
ways that were outliers using three methods to scan for selection
(Supplementary Note), we detected 60 genes in the R. bieti popula-
tion (3.12 million SNPs), 247 genes in the SG population (5.85 mil-
lion SNPs), 313 genes in the QL population (4.37 million SNPs), and
269 genes in the SNJ population (4.16 million SNPs) evolving under
selection. Inspection of the genes overlapping between populations
(Supplementary Fig. 5) identified two genes—BRCC3 (R. bieti, SG,
and QL) and RYR2 (R. bieti and SG)—related to DNA repair and heart
function, respectively?®-30 (Table 2). Interestingly, RYR2 has also been
reported as a key candidate gene related to high-altitude adaptation
in Tibetan wolves®!. In addition to the overlapping loci, we observed
nine candidate high-altitude-related loci that were specific to particu-
lar populations, which may contribute to the development of unique
and local adaptations??-44 (Table 2). Interestingly, ATR (R. bieti
specific), which functions in DNA repair, regulates the expression of
hypoxia-inducible factor (HIF)-10., and confers hypoxia tolerance
in vitro33-3>, was identified here for the first time to our knowledge
in R. bieti as a candidate target of selection in high-altitude adapta-
tion. ARNT (SG specific), whose protein product binds to HIF-a. to
regulate adaptation to hypoxia3’, has been mentioned as a target of
positive selection in the human Tibetan population*>. ACE (SG spe-
cific), which functions in blood pressure regulation and carries vari-
ants responsible for high-altitude pulmonary hypertension (HAPH)3,
has been reported to have a role in high-altitude adaptation of human
populations#6-48, In comparison, no significant signatures of selection
were observed in hemoglobin genes, which have been identified as
critical genes for oxygen binding and resistance to hypoxia in other
high-altitude mammals*-33. The occurrence of population-specific
selection signatures mostly in genes in the R. bieti and SG populations,
along with most of the overlapping genes being shared by these two
populations, highlights the greater extent of signatures for genomic
adaptation to high altitude in R. bieti and SG than in the QL and
SNJ populations. This observation is consistent with the fact that the
R. bieti and SG populations inhabit the highest altitudes.

Our study extends the genomic analysis of high-altitude adapta-
tion to a unique branch of the non-human primate evolutionary tree.

LETTERS

On the basis of a multilevel survey, the genomic sequence analyses
from both the species level and population level, as well as the
transcriptomic analyses and functional assays, find adaptive
signatures that may reflect molecular adaptations consistent with
the high-altitude environments of three snub-nosed monkey spe-
cies, contributing to a new and more complete understanding of the
complex biological features of high-altitude adaptation.

URLs. International Union for Conservation of Nature (IUCN) Red
List of Threatened Species, http://www.iucnredlist.org/; GOBOND,
http://software.big.ac.cn/gobond.html; WinMDI, http://facs.scripps.
edu/software.html; RepeatMasker, http://www.repeatmasker.org/;
Repbase, http://www.girinst.org/repbase/index.html; TreeFam,
http://www.treefam.org/download/; InterPro, http://www.ebi.ac.uk/
interpro/; macaque genome sequence, ftp://hgdownload.cse.ucsc.
edu/goldenPath/rheMac3/bigZips/rheMac3.fa.gz; macaque transcrip-
tomic sequence, http://www.ncbi.nlm.nih.gov/bioproject?LinkName
=sra_bioproject&from_uid=260130; R. roxellana genome reference,
ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF_000769185.1_Rrox_v1/.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. All raw data from de novo sequencing and resequenc-
ing are available through the NCBI Sequence Read Archive (SRA)
under projects PRINA247935, PRJNA283338, and PRJNA261768.
RNA-seq reads are available under project PRJNA248058. The
de novo genome assembly for R. bieti has been deposited in the DNA
Databank of Japan/European Molecular Biology Laboratory/GenBank
under project PRINA315476.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

De novo genome sequencing and assembly. Blood from an adult live male
R. bieti (Rb0) that was caught in the wild and kept in the Centre of Experimental
Primates at the Kunming Institute of Zoology (Chinese Academy of Sciences)
was obtained for de novo sequencing. Genomic DNA was extracted using the
QIAamp DNA Blood Mini kit (Qiagen). Thirteen libraries consisting of short
paired-end inserts (200 bp, 300 bp, 400 bp, and 600 bp) and long mate-paired
inserts (5 kb, 10 kb, and 15 kb) were constructed for genome sequencing
according to the Illumina protocol. All libraries were sequenced on the HiSeq
2000 platform (Supplementary Table 1).

Ilumina paired-end reads were assembled into contigs with the programs
Anytag® and Newbler. To evaluate and improve the quality of the contigs,
short reads were mapped to contigs using BWA®°. Small indels and single-
nucleotide variants (SNVs) were called from the short-read alignments by
SAMtools*” and BCFtools>”. In the first round, we used these indels and SNV
to correct the contigs. In the final round, we ran mapping/calling again and
estimated the base accuracy of the assemblies to be 0.99954. Scaffolding was
performed by our in-house scaffolder GOBOND. GapCloser 1.12 (ref. 58) was
used to close gaps in the scaffolds.

Transcriptome sequencing. Blood and 11 tissues (stomach, spleen, kidney,
testicle, liver, brain, heart, lung, muscle, large intestine, and small intestine)
were collected from the same R. bieti individual (Rb0) for genome sequenc-
ing after it died of old age. The study has been reviewed and approved by the
internal review board of the Kunming Institute of Zoology, Chinese Academy
of Sciences. Total RNA was extracted from each tissue using the TRIzol kit
(Life Technologies). Libraries were constructed and sequenced according to
the Illumina protocol (Supplementary Table 4).

Repeat identification, gene prediction, and annotation. The R. bieti
genome was searched for repeats using the program RepeatMasker and the
Repbase library®. Repeat proteins were identified using RepeatProteinMask,
and de novo repeat annotation was performed using RepeatModeler
and RepeatMasker.

Using the repeat-masked genome, three approaches were combined to
predict genes. AUGUSTUS®, Glimmer-HMM®!, and SNAP®2 were used for
ab initio prediction. We also assembled R. bieti RNA-seq reads into tran-
scripts using Trinity®? for gene structure annotation. Protein sequences from
Homo sapiens, Mus musculus, and M. mulatta were aligned to the R. bieti
genome using Exonerate®* for homology-based gene prediction. The gene
sets predicted by the three approaches were integrated with EVM®? to produce
consensus gene models, which were then updated by PASA%®.

Gene functions were assigned according to the best match for each gene
in alignment to the NCBI non-redundant (nr) protein database using BLAST
(E value <1 x 107°). Gene ontology analysis was performed with Blast2GO¢7
using default settings. We also compared the predicted proteins using BLAST
(E value <1 x 107%) with the KEGG database for pathway annotation.

Whole-genome synteny analysis. The repeat-masked scaffolds of the R. bieti
genome with sequence lengths >100,000 bp, which accounted for 92.45% of the
assembled genome, were aligned to the M. mulatta genome!3, which contains
21 chromosomes, using MUMmer v3.0 (ref. 68). The whole-genome syntenic
relationships between the species were visualized using Circos®.

Segmental duplication identification. Segmental duplications were detected
from whole-genome assembly comparison. Self-alignment was generated using
LASTZ7% with default parameters on the repeat-masked genome sequence, and
the resulting alignment was filtered for maximum simultaneous gap <100 bp
to identify fragments corresponding to recent segmental duplication (>90%
identity and >1 kb in length).

Gene family construction. The predicted genes in the R. bieti genome were
used along with those from the genomes of H. sapiens (human), M. mulatta
(macaque), and Canis lupus familiaris (dog), which were downloaded from
the Ensembl public database (version 78)7!. The longest translation form was
chosen to represent each gene. We assigned the R. bieti genes to TreeFam9
proteins using BLAST. HMMER? software was used to assign each gene to the

corresponding profile HMM databases with default settings. The R. bieti genes
were assigned to the gene family with the highest scoring HMM result.

Gene family expansions and contractions. Expansion and contraction of
gene clusters were determined using CAFE 2.2 (ref. 73) with the lambda option
0f 0.00596954. A phylogenetic tree from a previous study’* was used in CAFE
to infer changes in gene family size using a probabilistic model”3. Significantly
expanded gene families (P < 0.05) were then classified by InterPro”.

Comparative transcriptomic analyses of R. bieti and M. mulatta. RNA-seq
data from 11 tissues of M. mulatta, the same as those used in the transcrip-
tome sequencing of R. bieti (Supplementary Table 4 and Supplementary
Note), were obtained. RNA extraction and sequencing library construction for
M. mulatta used the same approaches as were applied for R. bieti. We aligned
the high-quality RNA-seq reads from M. mulatta and those from R. bieti to
their respective genomes (rhemac Ensembl release 72 and R. bieti de novo
assembly) using TopHat’® with default parameters. The expression level of
each gene in each RNA-seq library from R. bieti or M. mulatta was determined
using Cufflinks”’. The top 500 most highly expressed one-to-one orthologous
genes in each tissue were selected and then merged. Clustering and generation
of a heat map of FPKM values for the selected genes was performed using the
pheatmap package in R.

Genome resequencing of three snub-nosed monkey species. The genomic
data for R. brelichi, R. strykeri, and R. avunculus were newly generated using
the Illumina HiSeq 2000 platform. For each of the three snub-nosed monkey
species, one paired-end library with an average insert size of 491 nt (range of
365-651 nt) was constructed. A total of 330 Gb of raw data were obtained.
Library preparation and sequencing were performed according to the manu-
facturer’s protocols.

Phylogenetic reconstruction for the five snub-nosed monkey species.
Raw paired-end reads for R. brelichi, R. strykeri, and R. avunculus as well
as those published for R. roxellana* and M. mulatta'® were aligned to the
R. bieti assembled genome (Rb0) using BWA with default parameters>®
(Supplementary Note). We performed SNP calling using SAMtools®’
(Supplementary Note). To avoid potential tree estimation bias introduced
by the reference genomes used, we also applied R. roxellana and M. mulatta,
respectively, for comparison. Phylogenetic analysis was performed using
RAxML7® for partitioned maximum-likelihood analyses. The GTR-GAMMA
model was used, and 1,000 bootstrap replicates were conducted. Besides
the concatenation methods, two coalescence-based species tree estima-
tion methods—STAR”? (Species Tree Estimation using Average Ranks of
Coalescences) and ASTRAL® (Accurate Species Tree Algorithm)—were also
used. Trees were rooted with M. mulatta. The incongruence between the
topologies of the present nuclear genome tree and the previous mitochon-
drial genome tree was evaluated using the approximately uniform test8!
as implemented in the CONSELVO0.1i program®? with default scaling and
replicate values. We implemented a Monte Carlo Markov chain (MCMC)
algorithm for estimation of divergence times using the program MCMCtree
from the PAML package®? (Supplementary Note).

Common amino acid substitutions. Single—amino acid polymorphisms for
R. bieti and R. roxellana genes were compared with known genes from human,
dog, and macaque (Ensembl release 78). Protein sequences for R. strykeri,
R. brelichi, and R. avunculus genes were predicted by aligning and substituting
the raw reads to R. bieti scaffolds. Artifacts from the multiple-sequence align-
ment (PRANK®48) were trimmed by the Gblocks program®®. After trimming,
any alignment that was shorter than 100 bp was discarded®”. To exclude
variation in individual species, only amino acid changes shared by the three
high-altitude snub-nosed monkey species were used. Statistical analyses were
conducted using the method of Zou and Zhang®®.

dN/dS ratio and positive selection test. The Codeml program from
the PAML package®® was implemented to estimate the dN/dS (nonsynony-
mous to synonymous) ratio for genes with the branch-specific model and
the branch-site model. For the branch-site model, the branch of interest
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on the phylogenetic tree was designated as the foreground branch. Genes
with 2Aln L >3.84 in likelihood-ratio tests were designated as positively
selected genes.

Plasmid construction, transfection, cell culture, UV irradiation assays, and
immunoblot analysis. A sequence encoding C-terminally 3xFLAG-tagged
human CDT1 was synthesized and cloned into the pPCDH-MSCV-E2F-eGFP
lentiviral vector. The high-altitude variant form of CDT1 (Ala537Val) was
generated by mutagenesis PCR. All constructs were verified via sequencing.
Lentiviruses were generated according to the manufacturer’s protocol. HeLa
cells and HEK293T cells were provided by the Kunming Cell Bank, Kunming
Institute of Zoology, Chinese Academy of Sciences. The cell lines were veri-
fied to be free of mycoplasma contamination by fluorescent staining. HeLa
cells were infected by the different lentiviruses and cultured in high-glucose
DMEM supplemented with 10% FBS, 1% penicillin-streptomycin and 1 pg/l
puromycin (Sigma). All cells were incubated in a humidified atmosphere with
5% CO, at 37 °C. For UV irradiation assays, HeLa cells stably expressing
the different forms of CDT1-3xFLAG were synchronized by incubation with
50 ng/ml nocodazole (Sigma) for 16 h and then subjected to UV irradiation
at 100 J/m?2. Cells were collected at the indicated time points. Immunoblot
analysis was performed according to the standard protocol. The antibodies
used included rabbit antibody to CDT1 (Cell Signaling Technology, 8064;
1:500 dilution), mouse M2 antibody to FLAG (Sigma, F3165; 1:1,000 dilution),
mouse antibody to GAPDH (ABclonal, AC002; 1:1,000 dilution), horseradish
peroxidase (HRP)-conjugated goat anti-mouse antibody (Santa Cruz
Biotechnology, sc-2055; 1:2,000 dilution), and HRP-conjugated goat anti-rabbit
antibody (Santa Cruz Biotechnology, sc-2054; 1:2,000 dilution). Some
cells were incubated with 100 pg/ml cycloheximide for the indicated
periods of time.

In vitro angiogenesis assays. The coding sequences for RNASE4 and variant
RNASE4 (Asn89Lys and Thr128Ile) from human were synthesized and
cloned into the pET21b E. coli expression vector. Recombinant proteins were
expressed in BL21 (DE3) cells and purified following the protocol used for
the generation of Ang®. The ability of RNASE4 and RNASE4 (Asn89Lys and
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