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Several previous genomic studies have focused on adaptation to
high elevations, but these investigations have been largely limited
to endotherms. Snakes of the genus Thermophis are endemic to
the Tibetan plateau and therefore present an opportunity to study
high-elevation adaptations in ectotherms. Here, we report the de
novo assembly of the genome of a Tibetan hot-spring snake (Ther-
mophis baileyi) and then compare its genome to the genomes of
the other two species of Thermophis, as well as to the genomes of
two related species of snakes that occur at lower elevations. We
identify 308 putative genes that appear to be under positive se-
lection in Thermophis. We also identified genes with shared amino
acid replacements in the high-elevation hot-spring snakes com-
pared with snakes and lizards that live at low elevations, including
the genes for proteins involved in DNA damage repair (FEN1) and
response to hypoxia (EPAS1). Functional assays of the FEN1 alleles
reveal that the Thermophis allele is more stable under UV radia-
tion than is the ancestral allele found in low-elevation lizards and
snakes. Functional assays of EPAS1 alleles suggest that the Ther-
mophis protein has lower transactivation activity than the low-
elevation forms. Our analysis identifies some convergent genetic
mechanisms in high-elevation adaptation between endotherms
(based on studies of mammals) and ectotherms (based on our
studies of Thermophis).
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The Tibetan Plateau is the highest-elevation plateau on Earth,
with an average elevation of more than 4,000 m. The in-

hospitality of its relatively extreme environment, including oxi-
dative stress, UV radiation, and thermal extremes, has led to
various adaptive responses in a variety of species. The biology of
physiological responses to high-elevation stresses has been the
subject of over a century of research (1). Recent advances in ge-
nomic technologies have opened up new opportunities to explore
the genetic basis of adaptation to extreme habitats. Consequently,
many recent studies have focused on genetic adaptations to high
elevations, but most of these studies have been limited to endo-
therms (2–8), with only one genomic study of a high-elevation
species of ectotherms, the frog Nanorana parkeri (9).
The genus Thermophis includes three closely related species

(10): Thermophis baileyi, the Tibetan hot-spring snake; Thermo-
phis zhaoermii, the Sichuan hot-spring snake; and Thermophis
shangrila, the Shangri-La hot-spring snake. All three species are
endemic to the Tibetan plateau and occur at elevations over
3,500 m (Fig. 1A). Although they are found around hot springs,
these species still experience extreme environmental conditions,
including low concentrations of molecular oxygen, high levels of
UV radiation, and relatively dramatic fluctuations in tempera-
ture on a daily basis. Therefore, these species present an ideal

opportunity to study the genetics of local adaptation to extreme
conditions in ectotherms.

Results and Discussion
Sequencing and Assembly of the Tibetan Hot-Spring Snake Genome.
A total of ∼325 Gb of clean Illumina HiSeq pair-ended reads was
generated from a female T. baileyi, representing ∼185× coverage
of the estimated 1.76-Gb genome (SI Appendix, Tables S1–S3).
The resulting assembly is ∼1.74 Gb (98% of the estimated full
genome) with a scaffold N50 value of 2.41 Mb (SI Appendix,
Table S4) and is larger than those of the other snake species with
sequenced genomes (SI Appendix, Table S10). Approximately
90% of the assembly was contained in the 889 longest scaffolds
(>363 kb), with the largest spanning 18.66 Mb. This assembly
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captures more than 94% of the core eukaryotic genes (SI Ap-
pendix, Table S5). We identified ∼791 Mb of repetitive se-
quences, which are predominantly made up of LTRs and other
unknown transposable elements (TEs) (SI Appendix, Table S12),
comprising 45.28% of the T. baileyi genome assembly. This is the
highest percentage of TE content among all five snakes with a
sequenced genome (SI Appendix, Table S10). In total, 20,995 protein-
coding genes were predicted using transcriptome sequencing data
from five tissues, combined with de novo sequencing and homology-
based strategies (detailed gene annotation methods are provided in
SI Appendix).

Phylogenetic Relationships. The available genomic datasets im-
prove our understanding of the phylogeny and molecular evolution
of these snakes, which have been difficult to place within the family
Colubridae (10). Using 842 single-copy orthologous groups con-
structed from 12 reptilian genomes and 12 nonreptilian vertebrate
genomes (SI Appendix, Table S19), we conducted Bayesian phylo-
genetic analyses (Fig. 1B), including time calibrations based on the
fossil records (SI Appendix, Table S22). Our molecular clock anal-
ysis indicated that the split between Lepidosauria (snakes and liz-
ards) and the Archosauromorpha (turtles, crocodilians, and birds)
occurred at ∼278.5 Mya during the Permian period, which predates
the Permian–Triassic extinction event (11) and is consistent with
previous estimates (12). We also dated the divergence between the
genus Thermophis and its colubrid relatives in the genus Thamno-
phis at ∼28 Mya and the divergence time of Thermophis-Python and
Thermophis-Anolis at ∼71 Mya and ∼160 Mya, respectively.

Gene Family Evolution. Frequent turnover of gene copy number
has been proposed as a major mechanism underlying adaptive

evolution (7, 13). Using OrthoMCL (14), we detected 92 gene
clusters (including 354 genes) that were specific to the Tibetan
hot-spring snake. These species-specific genes were significantly
overrepresented in three major molecular functional categories
(Fig. 2A and SI Appendix, Table S21). These categories include
sensory perception (olfactory receptor activity, 32 genes, cor-
rected P value = 4.00e-11; G protein-coupled receptor activity,
61 genes, corrected P value = 6.39e-03), reaction to hypoxic
stress (such as heme binding, 27 genes, corrected P value =
5.34e-03; oxidoreductase activity, acting on paired donors, 11
genes, corrected P value = 6.96e-03), and ribosome-related
genes (structural constituent of ribosome, 29 genes, corrected
P value = 1.02e-02).
We also identified 17 significantly expanded and two signifi-

cantly contracted gene families in the Tibetan hot-spring snake
compared with other vertebrates (Fig. 1B and SI Appendix, Table
S23). The genes from the expanded gene families were mainly
enriched in L-alanine-2-oxoglutarate aminotransferase activity (cor-
rected P value = 2.74e-22), cholinesterase activity (corrected P
value = 1.71e-16), heme binding (corrected P value = 7.07e-08), iron
ion binding (corrected P value = 7.43e-07), oxidoreductase activity
(corrected P value = 7.07e-08), monooxygenase activity (corrected P
value = 0.04107), and carbon utilization (corrected P value = 5.03e-
16) (SI Appendix, Table S24). The two contracted gene families were
made up of olfactory receptor, family 5, subfamily U, member 1 and
zinc finger protein 167 (SI Appendix, Table S25).

Genes Under Positive Selection. Our first step in identifying po-
tential genomic adaptations was to identify genes that are under
positive selection in the Tibetan hot-spring snake lineages (15). We
identified 308 positively selected genes (PSGs) in Tibetan hot-spring
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Fig. 1. History of Thermophis snakes. (A) Geographical distribution and sampling locations of the snakes. (B) Phylogenetic position of Tibetan spring snake
relative to other vertebrates. The branch lengths of the phylogenetic tree are scaled to estimated divergence time. Tree topology is supported by posterior
probabilities of 1.0 for all nodes. The blue bars on the nodes indicate the 95% credibility intervals of the estimated posterior distributions of the divergence
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snake lineages (Materials and Methods and SI Appendix, Table S26).
Of 517 genes annotated in the whole genome and involved in the
“response to DNA damage stimulus” functional category, 12
showed evidence of positive selection in the Tibetan hot-spring
snake [P = 0.0239, Fisher test in topGO (16)], including ERCC6,
SMARCAL1, MEIOB, ING4, RBBP5, DMAP1, MSH2, p21,
CCNT2, USP7, RBM38, and APLF (SI Appendix, Table S28). In-
terestingly, most of these genes are located upstream in the p53
pathway or are the targets of the p53 protein (Fig. 2B).
Three PSGs were identified on the upstream of p53 activating

pathway (Fig. 2B). DMAP1 is required for ataxia telangiectasia mu-
tated (ATM) activation (17) and is recruited to damaged sites to form
complexes with gamma-H2AX and replication factors, including
proliferating cell nuclear antigen (PCNA) (18). APLF promotes the
assembly and activity of nonhomologous end-joining protein com-
plexes (19, 20), which are critical for the maintenance of genetic in-
tegrity and repairing DNA double-strand breaks. USP7 is a direct
antagonist of MDM2 and can deubiquitinate p53 and protect p53
from MDM2-mediated degradation. USP7 also regulates nucleotide
excision repair (NER) by deubiquitinating the xeroderma pigmen-
tosum complementation group C protein (XPC), which is a crucial
damage-recognition factor that binds to helix-distorting DNA lesions
and initiates NER and is ubiquitinated during the early stage of NER
for UV-induced DNA lesions.
When DNA has sustained damage, p53 expression can be

stimulated and then can activate DNA repair proteins, including
MSH2 (21), ERCC6 (22), RBM38 (23), and p21 (24) (Fig. 2B).
ERCC6 is one of the main enzymes involved in repairing the
genome when specific genes undergoing transcription are dam-
aged and serves as a transcription-coupled excision repair gene.

In addition to the NER pathway, ERCC6 is involved in the base
excision repair (BER) pathway by stimulating the apurinic/
apyrimidinic (AP) site incision activity of AP endonuclease in-
dependently of adenosine triphosphate (25). RBM38 is a target
of p53 and a negative regulator of p53 and MDM2 (26). In-
terestingly, RBM38 is required for maintaining the stability of
the basal and stress-induced p21 transcript (27) and also regu-
lates HIF1α expression via mRNA translation (23). MSH2 is a
caretaker gene that is responsible for DNA mismatch repair and
is involved in many different forms of DNA repair, including
transcription-coupled repair (28), homologous recombination
(29), and BER (30). p21 interacts with proliferating cell nuclear
antigen (PCNA) and plays a regulatory role in S-phase DNA
replication and DNA damage repair (31).
The exposure of Tibetan hot-spring snakes to UV radiation

and hypoxia in high-altitude environments may cause DNA
damage. The finding of a group of genes involved in DNA repair
under positive selection is consistent with the high levels of ex-
posure to UV radiation and hypoxia that Tibetan hot-spring
snakes are subject to in high-altitude environments and suggests
that these genes have functionally diverged between lowland and
high-altitude snake lineages.

Shared Amino Acid Replacements in Thermophis Genomes. We next
compared sequences of proteins identified as being under posi-
tive selection in high-elevation Thermophis to the sequences of
the homologous proteins in nine low-elevation species of lizards
and snakes (SI Appendix, Tables S2 and S10). We used the al-
gorithms SIFT (32) and PolyPhen-2 (33) to examine the poten-
tial functional effects of amino acid replacements that were
unique to Thermophis compared with the other species. We
identified 27 unique amino acid replacements in 27 different
proteins of Thermophis that were predicted to impact function by
both the SIFT and PolyPhen-2 algorithms (SI Appendix, Fig.
S10). Two of these proteins, NT5C2 and NT5DC3, are involved
in 5′-nucleotidase activity; three proteins, RNF41, CARNS1, and
FEN1 (Figs. 2B and 3A), have functional associations with re-
active oxygen species and DNA damage; and five proteins,
FKB1A, ITSN2, CHST1, WDFY4, and IL4RA, are related to
immunity. Five of six members of the hypoxia-inducible factors
(HIFs) superfamily, which are transcription factors that respond
to decreases in available oxygen in the cellular environment,
were found to have 11 shared amino acid replacements (Fig. 3B
and SI Appendix, Fig. S11), and an amino acid replacement at
position 65 of the endothelial PAS domain protein 1 (EPAS1)
was predicted as possibly damaging by PolyPhen-2 (Fig. 3B).

Adaptation to UV Radiation. Increased exposure to UV radiation
in high-elevation environments may cause DNA damage, and
DNA damage response and repair pathways may show functional
adaptations. Indeed, we found changes in several genes involved
in such pathways. Specifically, we identified two amino acid re-
placements in flap structure-specific endonuclease 1 (FEN1, Fig.
3A) of Thermophis compared with all of the lowland species of
reptiles. This protein is involved in processing intermediates of
Okazaki fragment maturation, long-patch BER, telomere main-
tenance, and stalled replication fork rescue (34). The FEN1–XPG
complex also displays substantial NER activity in vivo (35). NER is
a particularly important excision mechanism that removes DNA
damage induced by UV.
To test the potential functional differences of the FEN1 pro-

tein in Thermophis compared with all of the lowland species (Fig.
3A), we compared the in vitro stability of these two protein
variants under UV radiation. The Thermophis protein has two
amino acid replacements compared with the lowland species,
one of which (an alanine-to-threonine replacement at position
200) is predicted by the SIFT (32) and PolyPhen-2 (33) algo-
rithms to impact the protein’s function. We expressed the Ti-
betan Thermophis-specific allele of FEN1, as well as the allele
found in all of the lowland species, in human embryonic kidney
cells (HEK293) using plasmids. We then irradiated each cell type
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with UV light and measured each protein’s stability using im-
munoblots to detect protein concentration over exposure times.
Our UV irradiation assays showed that the lowland protein
variant of FEN1 is less stable than the Thermophis variant after
irradiation with UV light, suggesting that the amino acid re-
placement in Thermophis at position 200 represents adaptation
to high UV exposure (Fig. 4 A–C).

Hypoxia Adaption. In their high-elevation environments, Ther-
mophis species are exposed not only to higher UV radiation
intensity but also to hypoxia. EPAS1, one of the six members of
the HIF superfamily, has been demonstrated to be under se-
lection for adaptation to hypoxia at high elevations in Tibetan
mammalian species, including humans (6, 36) and the Tibetan
Mastiff (37). We identified three shared amino acid replace-
ments in EPAS1 of Thermophis, and the branch-site model
implemented in PAML (38) revealed significant positive selec-
tion of the EPAS1 gene in these snakes (likelihood ratio test, P =
0.025; Fig. 3B). Among the three amino acid replacements, the
histidine-to-arginine replacement at position 65 was predicted to
be “damaging” to function by PolyPhen-2 (note that “damaging”
in this context means “change in function”), and the codeml
function of PAML found that this position was likely to be under
positive selection for change (P = 0.922; Fig. 3B).
The amino acid replacement at position 65 of EPAS1 is lo-

cated in the DNA-binding domain, where it is expected to affect
the expression of the hypoxia-related protein erythropoietin
(EPO) (39). To test the potential functional effects of this re-
placement in EPAS1, we compared EPAS1-targeted EPO ex-
pression in Thermophis compared with the lowland reptile
species. Using three plasmids including pIRES2-EPAS1-EGFP
(Thermophis allele), pIRES2-EPAS1p.His65Arg-EGFP (low-
elevation allele), and pIRES2-EGFP (negative control) (Fig.
4D), our qPCR results showed that the endogenous expression of
EPO in a 293T cell line (a variant cell line derived from human
embryonic kidney cells 293) was much higher in cells transfected

by the “low-elevation allele” plasmid than the “Thermophis al-
lele” plasmid (Fig. 4E), reflecting much lower transactivation
activity in the Thermophis protein variant.
Notably, EPAS1 mutations in patients presenting with poly-

cythemia are associated with increased EPAS1 activity, increased
protein half-life (40), and increased expression of hypoxia-
related genes (41). Mutations in this gene are also associated
with erythrocytosis (42), pulmonary hypertension, and chronic
mountain sickness (43). However, there is also evidence that some
variants of this gene provide protection for people living at high
elevation (2, 6, 36). In Tibetan humans, the Tibetan EPAS1 allele is
associated with lower erythrocyte quantities, and correspondingly
lower hemoglobin levels. As elevated erythrocyte production is a
common response to hypoxic stress, the Tibetan EPAS1 allele may
have lower transactivation activity than the lowland allele and may
be able to maintain sufficient oxygenation of tissues at high elevation
without the need for increased erythrocyte levels (6). Therefore, the
lower transactivation activity of EPAS1 in Thermophis suggests a
similar adaption to high-elevation environments.
Our comparative genomics analyses have identified several con-

vergent genetic mechanisms in high-elevation adaptation between
endotherms and ectotherms. Moreover, the assembled genome of
Thermophis, the first genome of a high-elevation squamate, provides
useful genomic resources for further investigating adaptation to high
elevations in ectotherms.

Materials and Methods
SI Appendix has additional information relating to the methodologies
described below.

Materials and Genome Sequencing. Blood samples acquired from a female
Tibetan hot-spring snake (T. baileyi, sample name 1-13) captured in Yangbajing,
Xizang, China were used for de novo genome sequencing. Whole-genome
shotgun sequencing was employed and short paired-end inserts (280 bp and
450 bp) and long mate-paired inserts (2 kb, 5 kb, and 10 kb) were subsequently
constructed using a standard protocol provided by Illumina. Six tissues (liver,
brain, heart, lung, muscle, and ovary) were collected from the same Tibetan
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Thamnophis sirtalis        ISFLRTHKLL PSLHLP RSENCAL
Ophiophagus hannah         ISYLRMRKLL PSLHLS RSENCAL
Python bivittatus          ISYLRMRKLL PSLHLP RSENCAL
Boa constrictor            ISFLRTHKLL PSLHLP RSENCAL
Pogona vitticeps           ISFLRTHKLL PPLHLP RGENCAL
Anolis carolinensis        ISFLRTHKLL PPLHLP RGENCAL
Ophisaurus gracilis        ISFLRTHKLL SPLHLP RTENCAL
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Thermophis shangrila       WCLEEARRLFLQPEVADPGQVVLEWKEPDEEGVVNFLAH
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                           . ... . .......       ... .....  . .. .
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Fig. 3. Shared amino acid replacements in Ther-
mophis genomes. (A) Variation in the FEN1 protein
among two species of lizards and seven species of
snakes. Two amino acid replacements in Thermophis
compared with all low-elevation species of lizards
and snakes are shown in red and marked with boxes.
The red star marks the amino acid replacement that
affects protein function as predicted by the SIFT and
PolyPhen-2 algorithms. (B) Variation in the EPAS1
protein among three species of lizards and nine
species of snakes. Three amino acid replacements in
Thermophis compared with all lowland species of
lizards and snakes are shown in red. The red star
marks the amino acid replacement that affects pro-
tein function as predicted by the PolyPhen-2 algo-
rithm. The lower bars indicate posterior probabilities
for three different site classes as calculated using
codeml of PAML. Class 1 sites are evolving under
purifying selection (very low rate of nonsynonymous
compared with synonymous substitutions), class 2
sites are evolving under neutral selection (similar
rate of nonsynonymous and synonymous substitu-
tions), and class 3 sites are under positive selection
(high rate of nonsynonymous compared with syn-
onymous substitutions).
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hot-spring snake individual (individual name 1-13), and total RNA was
extracted from pooled tissues and a single cDNA library was constructed.

Samples used for whole-genome resequencing were acquired from three
Thermophis and two false cobra (Pseudoxenodon) individuals. A male Ti-
betan hot-spring snake (T. baileyi) sample, a female Sichuan hot-spring
snake (T. zhaoermii) sample, and a female Shangri-La hot-spring snake (T.
shangrila) sample were obtained from Yangbajing, Xizang, China, Quhe village,
Litang, Sichuan, China, and Tianshengqiao, Shangri-La, Yunnan, China, re-
spectively. A female large-eyed false cobra (Pseudoxenodon macrops, www.
iucnredlist.org/details/191926/0) and male bamboo false cobra (Pseudoxenodon
bambusicola, www.iucnredlist.org/details/192230/0) were collected from Hon-
ghe, Yunnan and Quanzhou, Fujian, China, respectively. For each of the five
resequenced snakes, two DNA libraries with an average insert size of 450 bp
were constructed. Each library was prepared according to the appropriate Illu-
mina’s protocols and was sequenced using the HiSEq 2000 instrument.

Genomes were assembled and then annotated using various bioinformatic
tools. Detailed information is provided in SI Appendix.

Identification of Gene Families. Protein sequences of 23 species of vertebrate
were downloaded from Ensembl (release version 78) and NCBI (SI Appendix,
Table S19). Only the longest transcript was selected for each gene locus with
alternative splicing variants. Orthologous groups were constructed by
ORTHOMCL (14) v2.0.9 using the default settings based on the filtered BLASTP
results (SI Appendix, Table S20). Genes that could not be clustered into any
gene family and for which only one species sample was available were species-
specific within our sample. Gene Ontology (GO) terms that were statistically
significantly overrepresented among the Tibetan hot-spring snake-specific
genes were identified using BiNGO (44) in Cytoscape (45) by conducting a
hypergeometric test. The entire GO annotations of the Tibetan hot-spring
snake genes were assigned as a reference set, and the Benjamini and Hoch-
berg false discovery rate (FDR) correction was applied (SI Appendix, Table S21).

Phylogenetic Tree Construction and Divergence Time Estimation. Single-copy
gene families were retrieved from the ORTHOMCL (14) results and used
for phylogenetic tree construction. Conserved coding sequences (CDS)
alignments of each single family were concatenated to generate a matrix of
unambiguously aligned nucleotides. Fourfold degenerate nucleotide sites
(4DTV) were extracted from these super genes, and MrBayes3.22 (46) was

used to generate a Bayesian tree with the GTR+I+Γ model using 4DTV (SI
Appendix, Fig. S9). The concatenated supergenes were separated into three
categories that corresponded with the first, second, and third codon sites in
the CDS. Divergence times were estimated under a relaxed clock model us-
ing the MCMCTREE program in the PAML4.7 package (38). We ran the
program twice for each data type to confirm that the results were similar
between runs. The constraints are listed in SI Appendix, Table S22.

Identification of Expanded and Contracted Gene Families. Gene family ex-
pansion and contraction analyses were performed using CAFÉ 3.1 (47). For
each branch and node, an “expanded and contracted gene family” with
both an overall P value (family-wide P value) and an exact P value (Viterbi
method) ≤0.01 was defined as a “significantly expanded and contracted
gene family.” Significantly overrepresented GO terms among these signifi-
cantly expanded gene families were identified using the topGO (16) package
in R programming language (https://www.r-project.org/), and the Benjamini
and Hochberg FDR correction was applied. Significantly overrepresented GO
terms were identified with corrected P values of ≤0.05.

Identification of PSGs. To identify potential PSGs in the Tibetan hot-spring
snake lineage, gene families of the Tibetan hot-spring snake and seven other
species [Gallus gallus, Alligator sinensis (48), Chelonia mydas (12), Thamnophis
sirtalis (49), Python bivittatus (50), Ophiophagus hannah (51), and Anolis caro-
linensis (52)] were retrieved from the ORTHOMCL (14) results. Conserved CDS
alignments of each single-copy gene family were extracted by Gblocks (53) and
used for further identification of PSGs. The branch-site model of CODEML in
PAML 4.7 (38) was used to test for potentially PSGs, with the Tibetan hot-spring
snake set as the foreground branch and the others as background branches. A
likelihood ratio test was then performed, and the P values were further corrected
for multiple testing by conducting FDR test with a Bonferroni correction. The
genes with corrected P value <0.01 and containing at least one positively selected
site (posterior probability ≥0.99, Bayes empirical Bayes analysis) were defined as
PSGs. Significantly overrepresented GO terms among the PSGs were identified
using topGO (16), and significantly overrepresented GO terms were identified
with corrected P values of ≤0.05.

Shared Amino Acid Substitutions in Hot-Spring Snakes. Tibetan hot-spring
snake proteomes were independently aligned with those of Ophisaurus
gracilis (54), A. carolinensis (52), Pogona vitticeps (55), Ophiophagus hannah
(51), P. bivittatus (50), Boa constrictor (platanus.bio.titech.ac.jp/platanus-as-
sembler/platanus-1-2-1), and Thamnophis sirtalis (49) using BLASTP. Re-
ciprocal best hits (RBHs) were extracted from each pair, and RBHs from each
pair were merged into groups according to their homology with the Tibetan
hot-spring snake. Groups with fewer than two lizard and two snake species were
removed. Tibetan hot-spring snake-specific amino acid substitutions were
extracted from the conserved amino acid alignments, and the amino acids at
these substitution sites were checked in the five resequenced snakes using
multiple genome alignments of the Tibetan hot-spring snake and the five
resequenced genome assemblies. If the amino acids in one site were the same
in all four hot-spring snake individuals and differed to those in the lizard
and lowland snake species, they were defined as Thermophis-specific amino acid
substitutions. The functional effects of these Thermophis-specific amino acid
substitutions were further evaluated by SIFT (32) and PolyPhen-2 (33). In total,
we identified 27 sites (from 27 genes) that were predicted as “DELETERIOUS” by
SIFT and predicted as “damaging” by PolyPhen-2 (Fig. 3A and SI Appendix, Fig.
S10 and Table S29). Sites of 12 PSGs that may play a role in DNA damage repair
in the Tibetan hot-spring snake (SI Appendix, Table S28) were also checked in the
five resequenced snakes (SI Appendix, Table S2).

Functional Assay of Flap Structure-Specific Endonuclease 1 (FEN1). HEK293 cells
were cultivated in DMEM (C11995500BT; Gibco) with 10% FBS (10099141;
Gibco) and were then transiently transfected with pCMV-3×FLAG-FEN1
(Thermophis allele) or pCMV-3×FLAG-FEN1 p.Ala200Thr (low-elevation al-
lele). Twenty-four hours after transfection (Lipofectamine 3000 Transfection
Reagent, L3000015; Gibco), the cells were passage-cultured into five plates
equally. After 48 h, the cells were irradiated with UV of 40 J·m−2·min−1 for 0,
2, 5, 15, and 30 min, harvested, and immediately lysed (RIPA Lysis Buffer,
P0013B; Beyotime and PMSF, ST506; Beyotime), and subjected to immuno-
blot with anti-FLAG (1804; Sigma) or anti-LAMIN (ab83472; Abcam) or anti-
GAPDH (KM9002T; SUNGENE BIOTECH) antibodies. Three biological repli-
cates were used to produce grayscale images by Quantity One.

Functional Assay of Endothelial PAS Domain Protein 1 (EPAS1). To investigate
whether endogenous EPO transcriptional up-regulation differs between
EPAS1 (Thermophis allele) and EPAS1 p.His65Arg (low-elevation allele), we

Fig. 4. Functional assays of the FEN1 (A–C) and EAPS1 (D and E) variants
shared by the high-elevation Thermophis snakes. (A) Immunoblots of N-
terminally FLAG-tagged FEN1 (Thermophis allele) and FEN1 p.A200T (low-
elevation allele) in a time course of HEK293 cells irradiated with UV of
40 J·m−2·min−1. LAMIN is shown as a loading control. The lysis solutions of
the cells were immunoblotted with anti-FLAG or anti-LAMIN antibody. (B)
Immunoblot of N-terminally FLAG-tagged FEN1 (Thermophis allele) and
FEN1 p.A200T (low-elevation allele) of HEK293 cells irradiated with UV of
40 J·m−2·min−1 for 0 and 15 min. GAPDH is shown as a loading control. The
lysis solutions of the cells were chosen to immunoblot with anti-FLAG or anti-
GAPDH antibody, respectively. (C) Quantification of FEN1 (Thermophis allele)
and FEN1 p.A200T (low-elevation allele) expression levels shown in B. Data are
presented as the mean ± SEM. (D) Semiquantitative RT-PCR analysis confirmed
that the plasmids were successfully transfected and the cDNA were successfully
transcribed. The GAPDH is reference gene for semiquantitative RT-PCR anal-
ysis. EGFP is the negative control, EPAS1 (p.H65R) is the low-elevation allele,
and EPAS1 is the Thermophis allele. (E) Real-time qPCR analysis of EPO ex-
pression in 293T cell line transfected with different plasmids. The cells trans-
fected with the low-elevation allele plasmid had higher EPO expression level.
EGFP is the negative control, EPAS1 (p.H65R) is the low-elevation allele, and
EPAS1 is the Thermophis allele.
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constructed three plasmids including pIRES2-EPAS1-EGFP (Thermophis al-
lele), pIRES2-EPAS1p.His65Arg-EGFP (low-elevation allele), and pIRES2-EGFP
(negative control). These plasmids were overexpressed in 293T cells. For
mRNA extraction, 5 × 104 293T cells were plated on six-well plates in tripli-
cate, and when the cells reached 50% confluence the plasmids (1 μg per
well) were transfected to the cells after 48 h using Lipofectamine 3000
(L3000015; Thermo Fisher).

A semiquantitative RT-PCR was performed using first-strand cDNA
(RevertAid H Minus First Strand cDNA Synthesis Kit, K1631; Thermo) that was
synthesized from total RNA samples (Total RNA Kit II, R6934-01; Omega) and
GoTaq ColorlessMasterMix (M7133; Promega) to ascertain whether the plasmids
were successfully transfected. The amplified products were separated on 1%
agarose gels, stained with Goldview (090804; SBS), and photographed.

Real-time qPCR was performed using SYBR Premix Ex Taq II (RR820A ;
Takara) with first-strand cDNA to evaluate EPO expression. The primers
used, annealing temperatures, and expected product sizes are described
in SI Appendix, Table S30.
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