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Abstract
Low oxygen and fluctuant ambient temperature pose serious challenges to mammalian survival. Physiological adaptations in
mammals to hypoxia and low temperatures have been intensively investigated, yet their underlying molecular mechanisms
need further exploration. Independent invasions of high-altitude plateaus, subterranean burrows and marine environments
by different mammals provide opportunities to conduct such analyses. Here, we focused on six genes in the hypoxia inducible factor (HIF) pathway and two non-shivering thermogenesis (NST)-related genes [PPAR co-activator 1 (PGC-1) and
uncoupling protein 1 (UCP1)] in representative species of pikas and other mammals to understand whether these loci were
targeted by natural selection during independent invasions to conditions characterized by hypoxia and temperature fluctuations by high-altitude, subterranean and marine mammals. Our analyses revealed pervasive positive selection signals in the
HIF pathway genes of mammals occupying high-altitude, subterranean and aquatic ecosystems; however, the mechanisms
underlying their independent adaptations to hypoxic environments varied by taxa, since different genes were positively
selected in each taxon and expression levels of individual genes varied among species. Additionally, parallel amino acid
substitutions were also detected in hypoxia-tolerant mammals, indicating that convergent evolution may play a role in their
independent adaptations to hypoxic environments. However, divergent evolutionary histories of NST-related genes were
noted, since significant evidence of positive selection was observed in PGC-1 and UCP1 in high-altitude species and subterranean rodents; however, UCP1 may have already lost its function in diving cetaceans, which may be related to the thick
blubber layer of adipose and connective tissue in these mammals.
Keywords Hypoxia · Low temperature · Adaptive evolution · HIF pathway · NST · Differential expression

Introduction
Environmental stress has been a major driving force in the
evolution of living organisms (Parsons 2005). Organisms
may evolve similar survival traits when they face the same
ecological stressors, thus providing an opportunity for biologists to study the basis of adaptive evolution and predict
the repeatability of evolution (Gompel and Prud’homme
2009; Losos 2011; Stern and Orgogozo 2009; Storz 2016).
Naturally occurring examples of convergent evolution are
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good choices for these studies. Independent invasions of
high-altitude, subterranean and marine niches by pikas,
subterranean mole rats and cetaceans, respectively, provide
an excellent natural system to study the basis of adaptive
evolution and convergent evolution of hypoxia adaptation
and cold resistance.
As the highest plateau in the world, the Qinghai–Tibet
Plateau (QHTP) has an average altitude of more than 4000 m
and is characterized by hypoxia, low temperatures and strong
UV radiation, which impose strong environmental stresses
on resident animals. Pikas are small non-hibernating, diurnal
lagomorphs that belong to the Ochotonidae family, and most
species of this taxon are endemic to the QHTP and the Himalayas as well as their adjacent areas (Corbet 1978; Hoffmann 1993). A previous study also showed that the QHTP
and its vicinity are the most likely ancestral range of extant
pikas (Ge et al. 2012). Pikas have successfully evolved a
series of physiological adaptations to survive in hypoxic
conditions in high-altitude plateaus, including a blunted
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hypoxic pulmonary vasoconstrictive response (Ge et al.
1998), lower maximal heart rate (Pichon et al. 2013) and
higher capillary density (Qi et al. 2008). In addition, physiological adjustments to cope with hypoxic environments can
also be seen in diving cetaceans and subterranean rodents.
Cetaceans are fully aquatic mammals that routinely breathe
air at the surface and then submerge for several seconds
to hours, whereas subterranean mole rats live in burrows
characterized by low oxygen ( O2) concentrations and high
carbon dioxide ( CO2) concentrations (Buffenstein 2000).
Both cetaceans and subterranean mole rats have evolved
increased blood O2 carrying ability and modified circulatory
and respiratory systems to meet their O2 demands (Arieli
et al. 1986; Johansen et al. 1976; Maina et al. 2001; Panneton 2013; Ramirez et al. 2007). Although physiological
adaptations to hypoxic environments have been intensively
investigated, examination of their underlying molecular
mechanisms only began in recent decades.
In mammals, the HIF pathway plays crucial roles in the
response to O2 stress since it can induce the expression of
genes involved in glucose metabolism, cell proliferation,
erythropoiesis and vascularization (Maxwell 2005). Under
normoxia, two proline residues in the O
 2-dependent degradation domain (ODDD) and an asparagine residue located
in the C-terminal transactivation domain (C-TAD) of HIFα
are hydroxylated by prolyl hydroxylase domain proteins
(PHDs) and factor inhibiting HIF-1 (FIH-1), leading to its
degradation via the ubiquitin–proteasome pathway or preventing the binding of transcriptional co-activators, respectively (Masson and Ratcliffe 2014; Zhang et al. 2010); under
hypoxia, HIFα will be stably expressed, form a heterodimer
with HIF1β, and then induce the transcription of hypoxia
responsive genes (Masson and Ratcliffe 2014). Prompted
by the discovery of genes in the HIF pathway, the molecular mechanisms underlying hypoxia perception and adaptations have been studied in detail. In diving mammals, physiological studies on the HIF pathway in cetaceans revealed
that the turnover rate and transcription activity of HIF1A
are related to the diving behaviour of cetaceans (Bi et al.
2015). In addition, higher expression levels of HIF1A are
observed in both subterranean Spalax ehrenbergi superspecies and pikas, which can be treated as adaptive strategies
to cope with hypoxia (Li et al. 2009; Shams et al. 2004).
Furthermore, genomic analyses of subterranean mole rats
and domestic yak (Bos grunniens) endemic to the QHTP
also revealed evidence of adaptation to hypoxic conditions
that involved HIF1α target genes, p53 target genes, haemoglobin α, neuroglobin and others (Fang et al. 2014a, b; Qiu
et al. 2012). Again, investigation of indigenous people living
in the Tibetan Plateau also suggested that HIF2A and PHD2
were top two positive selection candidates (Hu et al. 2017).
In short, the HIF pathway has been investigated in different
hypoxia-tolerant mammals, but most of these studies have
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focused on single genes, single groups or limited physiological levels.
The low temperatures on high-altitude plateaus and the
high thermal conductivity and heat capacity of water challenge mammalian thermoregulatory systems, particularly for
species living in cold water, such as the beluga whale (Delphinapterus leucas) (Citta et al. 2013; Kovacs et al. 2011).
Pikas have evolved an unusually high resting metabolic rate
and high NST (Li et al. 2001; Sheafor 2003) to ward off
hypothermia, and cetaceans have a thick subcutaneous fat
layer to store energy and stay warm (Dunkin et al. 2005;
Struntz et al. 2004). In eutherian mammals, NST mainly
occurs in brown adipose tissue (BAT), and to date, UCP1 is
the only known protein expressed exclusively in BAT that
controls NST (Bouillaud et al. 1986; Cannon and Nedergaard 2004; Jacobsson et al. 1985). UCP1, a mitochondrial
inner-membrane protein, can generate heat by dissipating the
proton gradient across the mitochondrial inner-membrane
(Klingenberg and Huang 1999; Nicholls and Locke 1984).
Indeed, mice lacking gene UCP1 are sensitive to cold exposure (Enerbäck et al. 1997). For pikas living at high altitudes, their NST, cytochrome C oxidative activity and UCP1
content in BAT are significantly increased to defend against
cold temperatures in winter (Wang et al. 2006), whereas the
contribution of NST is lower in large mammals than in small
eutherians (Cannon and Nedergaard 2004). Interestingly,
genomic analysis in the bowhead whale (Balaena mysticetus) suggested that UCP1 may have lost its function because
of a stop codon in the C-terminal region (Keane et al. 2015).
It will be interesting to explore whether the loss of UCP1 is
only restricted to the bowhead whale or has occurred in all
cetaceans by adding more species and testing whether natural selection plays different roles in small and large mammals. In addition, PGC-1, a co-activator linked to NST, is
also highly expressed in BAT and can be rapidly induced in
BAT upon cold exposure in mice (Puigserver et al. 1998). A
previous study showed that PGC-1 can increase the expression of UCP1 by co-activating the transcriptional factors
assembled on UCP1 (Lowell and Spiegelman 2000). However, molecular studies on PGC-1 in mammals are still rare.
In this study, we chose representative species from highaltitude pikas to amplify UCP1, PGC-1 and genes from the
HIF pathway (including HIF1A, HIF2A, HIF1B, PHD2,
PHD3 and FIH-1). In combination with sequences downloaded from NCBI (https://www.ncbi.nlm.nih.gov/) and
Ensembl (http://asia.ensembl.org/index.html), we aim to
test the following: (1) which loci were targeted by natural
selection during independent invasions to different hypoxic
environments by high-altitude, subterranean and marine
mammals; (2) whether molecular convergence played roles
during their independent evolution processes; (3) whether
UCP1 has lost its function in all cetaceans and whether the
evolutionary histories of UCP1 and PGC-1 are different
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among small and large mammals; and (4) whether expression levels of individual genes differ between hypoxia-tolerant mammals and their phylogenetically related species.

Materials and Methods
Sample Collection, Polymerase Chain Reaction
and DNA Sequencing
A total of eight Ochotona species occupying different high
altitudes were collected in the field, and their detailed information is listed in Table S1, ESM. Genomic DNA was
extracted from muscle tissues using a DNeasy Blood & Tissue Kit (TIANGEN) according to the manufacturer’s instructions. The quality of extracted DNA samples was detected
using agarose gels. Voucher specimens were preserved at
the Institute of Zoology, Chinese Academy of Sciences. In
addition, sequences of American pika (Ochotona princeps)
were downloaded from Ensembl and used as references to
design primers to amplify UCP1, PGC-1 and genes in the
HIF pathway (including HIF1A, HIF2A, HIF1B, PHD2,
PHD3 and FIH-1) in the eight pikas. The PCR primers are
listed in Table S2, ESM. The PCR mixture (25 µL) contained 1 µL of DNA, 0.5 µL of each primer and 23 µL of
PCR Mix (TSINGKE). We used touch down methods to
perform PCR with the following cycling parameters: duration of 2 min at 98 °C, 3 cycles of 98 °C for 10 s, 57–60 °C
for 10 s, 72 °C for 10 s, 3 cycles of 98 °C for 10 s, 55–58 °C
for 10 s, 72 °C for 10 s, 30 cycles of 94 °C for 10 s, 52–55 °C
for 10 s, 72 °C for 10 s, and finally, an elongation of 72 °C
for 30 s. The amplified PCR products were verified with
agarose gels and then sent to Tsingke biological technology
company for sequencing. Each PCR product was sequenced
from both directions using ABI PRISM 3730 DNA sequencers. Gene sequences of other mammals were downloaded
from Ensembl and NCBI with the accession numbers listed
in Table S3, ESM. Sequence alignments were performed by
ClustalW (Thompson et al. 1994) in MEGA6 (Tamura et al.
2013). For each sequence alignment, we used the program
Gblocks 0.91b with parameter b5 = with half (Castresana
2000) to eliminate poorly aligned positions and divergent
regions, and then each of them was visually inspected again.
All sequences except for pseudogenes were first translated
into protein sequences and aligned and were then translated
back into nucleotide sequences.

Analysis of Evolutionary Selective Pressure
The conventional program for selective pressure analyses
is codeml in PAML v4.9d, which is a package of programs
for phylogenetic analyses based on maximum likelihood
(ML) (Yang 2007). Estimation of the non-synonymous and
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synonymous substitution ratio (ω) is indicative of natural
selection acting on the protein. Simplistically, ω > 1, = 1
and < 1 indicate positive selection, neutral evolution and
negative selection, respectively. In our study, we divided the
sequences into two datasets: pikas-only and all-mammals.
The commonly accepted species trees for pikas and all mammals were used as the input trees in our analyses (Fig. S1,
ESM) (Fang et al. 2014a, b; Ge et al. 2012; Lindblad-Toh
et al. 2011; Zhou et al. 2011).
Since positive selection will not affect all sites and all
lineages over a prolonged time, we chose different models
in PAML to detect positive selection on specific sites and
lineages. Here, M2a vs M1a, M8 vs M8a and M8 vs M7,
which allow ω to vary among different sites, were used in
site model to detect positively selected sites (PSSs) in the
pikas-only and all-mammals datasets. Branch model (including free ratio and one ratio) was used to detect branches with
positive selection signals, but a previous study showed that
the free ratio is parameter rich and prone to inaccurate estimation (Yang et al. 2000). Therefore, in this study, we used
the one ratio (which assumes that all branches across the
tree have a single ω) and one ratio constrained (which fixes
ω = 1 across the phylogenetic tree) as suggested in Sunagar
et al. (2012) to evaluate the selective pressure acting on all
mammals. We used branch site model (Ma vs Ma1) that
assumes a subset of site-selective pressures varying in the
foreground lineage to observe positive selection on specific
residues of specific lineages in the all-mammals datasets.
Clade C and its null model M2a_rel were used to evaluate
selective pressures affecting groups of related taxa in the
all-mammals datasets. Clade C models were developed for
all cetaceans, all high-altitude mammals (including all pikas,
domestic yak and Tibetan antelope), all pikas, domestic yak
plus Tibetan antelope and all subterranean rodents [including blind mole rat (Spalax galili), naked mole rat (Heterocephalus glaber) and Damaraland mole rat (Fukomys damarensis)]. In addition, for Clade C model, we also constructed
datasets containing only one focal clade in order to avoid
their influence on one another, i.e. datasets only containing cetaceans + outgroup (non-hypoxia-tolerant mammals),
subterranean mole rats + outgroup, all pikas + outgroup,
domestic yak plus Tibetan antelope + outgroup and highaltitude mammals + outgroup. The p values were estimated
assuming a null-distribution that is a 50:50 mixture of a chisquared distribution and a point mass at zero, and only genes
with p < 0.05 were considered. Bayes empirical Bayes (BEB)
sites with posterior probabilities > 0.90 of belonging to the
“ω > 1” class were treated as sites under positive selection
(Yang 2005) in our analyses.
In contrast to methods implemented in PAML (Yang
2007), which only considers variation in the non-synonymous substitution rate, the ML-based methods implemented
in Datamonkey (http://www.datamonkey.org/) incorporate
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variation in both non-synonymous and synonymous substitution rates across sites (Kosakovsky Pond and Frost 2005a,
b). Here, we used random effects likelihood (REL), fixed
effects likelihood (FEL) and fast unconstrained Bayesian
approximation (FUBAR) methods in Datamonkey to detect
PSSs in both pikas-only and all-mammals datasets. REL
has greater power to detect positive selection in datasets of
intermediate size but suffers from high false-positive rates
in datasets with few sequences; however, FEL is better at
capturing rate variation and does not suffer from as many
false positives in small datasets (Kosakovsky Pond and
Frost 2005a, b). FUBAR, which was developed later, has
sped up the detection of positive selection and relaxed REL
restrictions (Murrell et al. 2013). In this study, sites with a
significance level < 0.2 in FEL, Bayes factor > 50 for REL
and posterior probability < 0.8 for FUBAR were treated as
PSSs. Only sites identified by two ML methods were used
for further analyses.
Some studies have shown that ML-based methods will
produce false-positive results and provide less evidence
about the cause of selection (Suzuki and Nei 2002, 2004);
therefore, we used a complementary protein level method
implemented in TreeSAAP to support the ML-based results
in both pikas-only and all-mammals datasets (Woolley et al.
2003). TreeSAAP classifies the magnitudes of amino acid
replacements in eight categories, measures the selective
influences on 31 structural and biochemical amino acid
properties during cladogenesis, and performs goodness-offit and categorical statistical tests (Woolley et al. 2003). In
our analyses, only sites satisfying the following two criteria
were treated as PSSs: (1) sites assigned to categories with
radical functional or structural changes (i.e. categories 6–8),
and (2) sites that were significant at p < 0.05.

Analysis of Pseudogenized UCP1 in Cetaceans
For pseudogenes, we removed the premature stop codons
and/or ORF-disrupting indels first, and then followed the
procedures described in Zhao et al. (2010) to estimate ω
using PAML v4.9d. We constructed five different models
to infer the evolutionary history of cetaceans. First, we constructed model A (which allows a single ω value across the
tree) and model B (which fixes the ω value across the tree to
be 1) to evaluate the selective pressure affecting the whole
phylogenetic tree. Second, to see whether cetaceans possessed a different ω value, we used model C which allowed
different ω values between pseudogenized cetacean branches
and the rest branches. To further investigate whether selective pressure have already completely removed in cetaceans,
we constructed model D. Model D allowed selective pressure falling on the pseudogenized cetacean branches to be
1, and the rest branches had a different ω value. At last, we
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constructed model E, and this model assigned different ω
values for each branch in the tree.

Convergent Evolution Analysis in Hypoxia‑Tolerant
Mammals
Similar environmental challenges may induce the evolution
of phenotypic convergence between different species. Convergently evolved character states can result from convergent/parallel amino acid replacements [along different phylogenetic lineages, changes from different ancestral states to
the same descendant amino acid are defined as convergent
changes, whereas changes from the same ancestral state
to the same descendant amino acid are defined as parallel changes (Zhang and Kumar 1997)], but to what extent
a convergent phenotype is caused by convergent/parallel
amino acid substitutions is a key question in evolutionary
biology (Bridgham 2016; Natarajan et al. 2016; Stern 2013;
Zhang and Kumar 1997). Here, we used different methods to
detect the molecular basis of convergent hypoxic adaptation
in high-altitude (pikas, domestic yak and Tibetan antelope),
diving (cetaceans) and subterranean (subterranean mole rats)
mammal groups.
In our study, we first constructed phylogenetic trees of six
HIF pathway genes (HIF1A, HIF2A, HIF1B, PHD2, PHD3
and FIH-1) using MrBayes 3.2 (Ronquist et al. 2012) to
test whether hypoxia-tolerant mammals grouped together.
JModelTest 2.1.7 was used to calculate the best-fit models of
nucleotide substitution under the Akaike information criteria
(Darriba et al. 2012; Guindon et al. 2003). For MrBayes
inference, tree searches were run using four Markov chains
for a minimum of 10 million generations and sampled every
1000 generations. A consensus tree was estimated after
removing the first 1000 tree as burn-in.
Second, according to methods introduced in Zou and
Zhang (2015), we computed the observed and expected
number of convergent and parallel substitutions between
each pair of hypoxia-tolerant mammals under neutral models termed Jones, Taylor and Thorton (JTT)-fsite, which
has replaced the equilibrium amino acid frequencies in the
JTT model with the observed amino acid frequencies at the
site across all sequences in the alignment. Protein alignments for HIF pathway genes were analysed using codeml
program in PAML v4.9d (Yang 2007). The Empirical + F
model together with the JTT matrix was used, and a discrete
gamma model with eight rate categories was used to calculate among-site rate variation. From the PAML output, we
extracted the branch lengths of the tree, relative substitution
rate of each site and inferred ancestral sequences.
In addition, we also extracted convergent/parallel and
unique amino acid substitutions based on sequence alignments, since convergent phenotypic characteristics can also
arise from unique substitutions that independently evolved in
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different species (Natarajan et al. 2015; Stern 2013). In the
all-mammals datasets, we performed sequence alignments
with ClustalW (Thompson et al. 1994) in MEGA6 (Tamura
et al. 2013), and chose convergent/parallel amino acid substitutions and those specific to each hypoxia-tolerant mammal
group (including the high-altitude, diving and subterranean
groups).

Structure Analysis
We investigated whether positively selected, convergent/
parallel and group-specific residues affect protein function
by mapping these sites onto three-dimensional protein structures. Protein structures were obtained from Protein Data
Bank (http://www.rcsb.org/pdb/home/home.do), a database
containing 3D shapes of proteins, nucleic acids and complex assemblies, or constructed by I-TASSER, a hierarchical approach for protein structure and function prediction
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) (Zhang
2008). We used the PyMol (http://www.pymol. org) for visualization and structure mining.

Analysis of Differential Gene Expression
The expressions of UCP1, PGC-1 and six HIF pathway genes
(HIF1A, HIF2A, HIF1B, PHD2, PHD3 and FIH-1) were
examined in publicly available RNA-seq data. Here, we mainly
focused on RNA-seq data from lung and heart, since previous
studies showed that circulatory and respiratory systems in cetaceans and pikas have been modified to meet oxygen demand
in low oxygen environments (Ge et al. 1998; Panneton 2013;
Pichon et al. 2013; Ramirez et al. 2007). American pika samples collected from high (1400 m) and low (300 m) elevation
sites were sequenced by 454 GS FLX Titanium platform, and
five tissues (heart, liver, brain, gonad, liver) were sequenced
with single-end layouts (Lemay et al. 2013) (Table S4, ESM).
Common mink whale (Balaenoptera acutorostrata) (1 lung
and 1 heart) (Yim et al. 2014), domestic yak (1 lung and 1
heart) (Qiu et al. 2012) and cow (Bos taurus) (2 lungs and
2 hearts) (Merkin et al. 2012) were sequenced by Illumina
HiSeq 2000 platform, and all of them had paired-end library
layouts (Table S4, ESM). Reference genome sequences were
downloaded from NCBI (Table S5, ESM). FastQC (http://
www.bioinformatics.bbsrc.ac.uk/projects/fastqc) was used
to check read quality and raw reads in FASTQ format were
filtered for adapter contamination, ambiguous residues (N’s)
and low-quality regions using Trimmomatic 0.36 (Bolger
et al. 2014). For quality-based trimming, we used the quality filtering functionality of Trimmomatic with a sliding window, which will scan at the 5′ end and clip the read once the
average quality within the window falls below 15. Then, we
used two methods to conduct differential expression analyses,
one based on RSEM: for each species, all the cleaned reads
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were mapped to the reference genome sequences with STAR
v2.6.0c (Dobin et al. 2013), and then RSEM v1.3.0 was used
to estimate and quantify the gene and isoform abundances (Li
and Dewey 2011). The other method is based on TopHat2:
for each species, TopHat2 v2.1.1 and Bowtie2 v2.2.3 were
used for alignment (Langmead and Salzberg 2012; Kim et al.
2013), and read counting was performed by featureCounts
(Liao et al. 2014). Finally, the R package edgeR was used to
normalize the expression levels by Trimmed Mean of M-values (TMM) correction (Robinson et al. 2009; Robinson and
Oshlack 2010). If the sequencing depth is reasonably consistent across the RNA samples (the ratio of the large library size
to the small one is not more than about threefold), the normalized counts were subject to the simplest limma-trend approach
with trend = TRUE for the eBayes function and correction for
multiple testing (Benjamini–Hochberg false discovery rate of
0.05) (Law et al. 2014). When the library sizes are quite variable between samples (i.e. the ratio is greater than threefold),
normalized read counts were next subjected to the voom function in limma R package with trend = TRUE for the eBayes
function and correction for multiple testing (Benjamini–Hochberg false discovery rate of 0.05) (Law et al. 2014). Following limma analysis, we have set strict parameters to denote
genes as differently expressed between pairwise comparisons
among hypoxia-tolerant mammals and their partners: genes
with a log2 fold-change of at least 2.0, a Benjamini–Hochbergadjusted p-value less than or equal to 0.05 and a B-value of
least 2.945 were defined as significant genes.

Results
Characterization of Amplification Results
In this study, we successfully amplified six HIF pathway
genes (HIF1A, HIF2A, HIF1B, PHD2, PHD3 and FIH-1),
UCP1 and PGC-1 from representative Ochotona species
(Table S6, ESM). Newly obtained sequences were deposited in GenBank with accession numbers MG811875MG811938, reaching 55.61 (471 aa/847 aa in HIF1B) to
97.98% (778 aa/794 aa in PGC-1) of the coding regions
according to the reference sequences from American pika.
Based on the sequence alignment of each gene, we did not
identify any premature stop codons or frame shift mutations
in any of the amplified pika sequences, suggesting that all
these genes may still be functional in pikas.

Detection of Signatures of Positive Selection
and Differential Gene Expression Analysis
For the pikas-only datasets, we used site model (M2a vs
M1a, M8 vs M8a and M8 vs M7) in PAML and FEL, REL
and FUBAR methods in Datamonkey to detect PSSs in this
high-altitude group. In total, we identified 13 PSSs detected
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by at least two ML methods in five genes (including HIF1B,
PHD2, PHD3, PGC-1 and UCP1) (Table 1). As a complementary protein level approach to ML methods, TreeSAAP
was applied to limit PPSs to those with effects on function
or changes in amino acid properties. This retained nine of 13
PSSs in the above five genes. Furthermore, based on differential gene expression results from both TopHat2 and RSEM
methods, we did not identify any genes up- or down-regulated in the American pikas from high elevation site when
compared to those from lower site (Tables S7–S8, ESM).
In the all-mammals datasets, we used a series of methods
to detect PSSs and positively selected lineages and to determine which loci were targeted by natural selection during
mammalian invasions to environments with low O
 2 and/or
fluctuant ambient temperatures. First, we used the simplest
branch model one ratio (which assigns all branches across
the phylogenetic tree a single ω) vs one ratio constrained
(which fixes ω = 1 across the tree) to evaluate selective pressure affecting all mammals. Our results showed that for all
genes, one ratio was better than its null model (p values
all significantly less than 0.001) and ω values ranged from
0.026 to 0.199 (Table S9, ESM), suggesting that negative
selection still played important roles.

Second, by combining the results from site model and
Datamonkey, we identified 47 PSSs scattered among seven
genes (including 23 sites in five HIF pathway genes: HIF1A,
HIF2A, HIF1B, PHD2 and PHD3 and 24 sites in two
NST-related genes: UCP1 and PGC-1) (Table 2). Further,
TreeSAAP analyses reduced PSSs with radical amino acid
changes to 21 in four genes (including nine sites in three HIF
pathway genes: HIF1A, HIF2A and PHD3, and 12 sites in
PGC-1) (Fig. 1; Table 2).
Third, branch site model was more powerful than the
other models, and it may be a useful tool for detecting episodic positive selection and generating biological hypotheses for mutation studies and functional analyses (Yang and
dos Reis 2011). In our study, positive selection signatures
were only detected in UCP1 and two HIF pathway genes
(HIF2A and PHD3) (Fig. 1; Table 3), and different lineages
and sites were affected. In UCP1, subterranean naked mole
rat was under positive selection (ω2 = 999.000, p = 0.028).
Moreover, in HIF2A, only high-altitude Tibetan antelope
was positively selected (ω2 = 999.000, p < 0.001), and in
PHD3, both diving and high-altitude mammals were positively selected (including American pika (ω2 = 67.825,
p = 0.007) and common bottlenose dolphin (Tursiops

Table 1  Selective pressure analyses of genes in the HIF pathway and NST-related genes in the pikas-only datasets
Gene

Position PAML

DataMonkey

TreeSAAP Properties

Site model (M8) Site model (M2a) FEL p < 0.2 REL BF > 50 FUBAR pp > 0.8 Radical changes
in AA p ropertiesa

Functional
Total domain

HIF1B
PHD2

PHD3

PGC-1

UCP1

306

0.189

0.892

Pα

1

8.722E + 08
7.472E + 08

0.878
0.838

Pα c

2

0.184

3068.790
72282.900

0.839
0.888

pKʹ Ra Hp

3

0.182
0.147
0.105
0.131
0.184

553.565
514.647
9473.830
566.831
486.080
454.106
417.982

0.900
0.897
0.967
0.911
0.864
0.864
0.844

Ns P
Pα P
Pα
Ns Br

2
2
1
2

NLSb

Ns Br

2

RNPc

1426.250

0.845

Ht

1

143
176
16
204

0.956*

243
326
364
371
423
439
714

0.958*
0.958*
0.977*
0.964*
0.957*
0.956*
0.955*

10

0.960*

0.193

a

Radical changes in amino acid properties under categories 6–8 were detected in TreeSAAP. Physicochemical amino acid properties are as follows: Br buriedness, c composition, Hp surrounding hydrophobicity, Ht Thermodyn transfer hydrophob., Ns Average # surrounding residues, P
turn tendencies, Pα α − helical tendencies, pKʹ Equil. Const. – ioniza., COOH; Ra Solvent accessible reduct ratio
b
c

Nuclear localization signal
RNA-binding domain

13

13

UCP1

PHD3

PHD2

HIF2A

HIF1B

HIF1A

Gene

0.095
0.145
0.133

53
55
234

84
108

0.118
0.055

0.164

252
253

9
16

0.139
0.058
0.036

468
653
682

0.109

0.173
0.161

0.066

0.174

0.079

0.906

0.912
0.949

0.933

0.945

0.072

FEL P < 0.2

Site model (M8)

0.954*
0.966*
0.978*

DataMonkey

PAML

262

603
608
622
626
634
644
682

584
597
598
600
602

Position

58.159
81.631

50.572
136.860

78.911

155.433

54.852
122.073
153.276

236.405
76.426
55.013
56.483
131.261
50.835
73.422

628.298
360.704
126.019
952.745
72.633

REL BF > 50

0.816
0.801

0.847

0.881

0.824

0.868
0.872

0.805

0.897

0.856

0.908

FUBAR pp > 0.8

e

Gly → Glu

Ile → Thr
Val → Ile
Asn → Asp

His → Glu
Thr → Ile

e1
g
l1

e
l1

o

c1
e1
e

Ala → Thr
Ala → Ile
Thr → Ala

Val → Ile

m1

Clade

Ile → Val

AA changes

TreeSAAP properties

Table 2  Selective pressure analyses of genes in the HIF pathway and NST-related genes in the all-mammals datasets

pKʹ
pKʹ
αc

αc
Hp Ht

pKʹ

Pα

Pα
pKʹ
Pα

pKʹ

Radical changes in
AA propertiesa

1
1
1

1
2

1

1

1
1
1

1

Total

Near to ODDD/N-TAD

Near to PAS-Ac

ODDD/N-TADb

Functional domain
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102
205
208
224
294
300
313
318
343
399
402
403
413
415
416
421
423
504
512
634
698
758

Position
FEL P < 0.2

Site model (M8)

0.175
0.170
0.181
0.012
0.103
0.091
0.046
0.020
0.092
0.121
0.199
0.136
0.111
0.127
0.085
0.161
0.198
0.191
0.173
0.116
0.200
0.094

DataMonkey

PAML

214.616
68.692
67.863
671.841
431.222
474.263
782.683
671.541
469.614
83.133
76.729
338.984
234.393
290.567
103.090
214.348
207.724
209.769
66.171
285.628
204.310
460.858

REL BF > 50

x1
e
e
e
f
q1
v

t1
i1
l1

Ala → Thr
Thr → Ala
Ser → Ala
Gly → Arg
Tyr → Ser
Leu → Pro
Glu → Gly

Ser → Ala
Ser → Cys
Thr → Ala

0.851
0.958
0.925

0.810

h

Ala → Thr

Clade

l1

AA changes

Thr → Ala

0.980

FUBAR pp > 0.8

TreeSAAP properties

µ
Pα

Pα

V0
Pα
Pα

Mv Mw V0 µ

Pα

Pα
Pα

Pα

Pα

Radical changes in
AA propertiesa

1

Total

NLS
RNPg

NLSf

NID1d
NID2e
NID2
NID2

Functional domain

Nuclear receptor interaction domain 2

Nuclear receptor interaction domain 1

PER ARNT SIM A domain

Oxygen-dependent degradation and N-terminal transactivation domain

RNA binding domain

Nuclear localization signal

g

f

e

d

c

b

Radical changes in amino acid properties under categories 6–8 were detected in TreeSAAP. Physicochemical amino acid properties are as follows: αc Power to be—C-term., α-helix, Hp surrounding hydrophobicity, Ht Thermodynamic transfer hydrophob, Mv molecular volume, Mw molecular weight, Pα α—helical tendencies, pKʹ Equil. Const. – ioniza., COOH; µ refractive index;
V0 partial specific volume

a

PGC-1

Gene

Table 2  (continued)
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Gene

Branch site
model

Site model and
TreeSAAP

HIF1A
HIF2A
FIH-1

PHD2

a1

j

i

HIF1B

b1

h

g
f

PHD3

l

k

d

UCP1

O. dauurica

d1

O. thibetana

f1
g1
h1
i1

c

j1
k1

n
m

b

l1
m1

o
p
x

a

u

v

t1
u1
z

s

y

v1
w1
x1

r

y1

q

z1
a2
b2

60

264

555

649

253

104

237

T-M

Y-H

T-M
D-G

T-A

S-A

O. forresti
O. erythrotis

D-G

N-S

O.cuniculus
M. musculus
N. galili

L-H

H. glaber

R-H

H. sapiens

q1

568

O. macrotis

o1

s1

t

O. princeps

F. damarensis

r1

w

439

O. huangensis

n1
p1

642

O. cansus

c1
e1

e

PGC-1

O. curzoniae

N-S

T-A

S-N Y-H

T-A

S-N

T-A

N-S

P. troglodytes
T. truncatus
O. orca
L. vexillifer
P. catodon
B. acutorostrata

N-S
S-A

B. taurus
B. mutus
P. hodgsonii
E. caballus
C. lupus
M. lucifugus
L. africana

2.0

Fig. 1  Positive selection at UCP1, PGC-1 and six HIF pathway genes
across the phylogenetic tree. Radical amino acid changes of positively
selected sites and positively selected branches of the corresponding
gene were marked throughout the phylogenetic tree using boxes and
circles of different colours, respectively. Parallel/convergent amino

acid changes occurred in HIF1A (yellow), HIF2A (cycan), FIH1 (orange), HIF1B (purple), PHD2 (grey) and PHD3 (green) in the
lineages listed to the right of the corresponding terminal branches.
Amino acid positions (numbers) and parallel changes at each position
are listed on the right side of Fig. 1

truncatus) (ω2 = 645.215, p < 0.001)). In favour of this
result and according to results from Clade C model in the
all-mammals datasets (Table 3), we found that the clade
including all cetaceans was marginally positively selected
in PHD3 (ω3 = 1.162, p = 0.053), and in HIF2A ω value,
falling on clade containing domestic yak and Tibetan antelope was significantly greater than its background lineages
(ω2 = 0.291, ω3 = 0.751, p = 0.007). Moreover, in PGC-1,
we detected positive selection signals falling on two focal
clades that included all cetaceans (ω3 = 1.554, p = 0.002)
and all pikas (ω3 = 4.214, p = 0.007). When considering
datasets only with one focal clade, we obtained similar
results (Table S10, ESM).
At last, using RNA-seq data from lung and heart in
the diving common mink whale, high-altitude domestic
yak and their closely related partner cow, we conducted
a series of differential gene expression analyses to see
whether expression levels of each gene were different
among them. Combined TopHat2 and RSEM results, we
only found expression of PHD3 was up-regulated in the
heart of domestic yak (Tables S7-S8, ESM).

Convergent Hypoxic Adaptation in Hypoxia‑Tolerant
Mammals
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In our study, gene trees constructed by MrBayes did not
group any hypoxia-tolerant mammal groups together for the
six genes in the HIF pathway (Figs. S2–S7, ESM). In addition, based on comparisons between observed and expected
number of convergent and parallel substitutions among each
pair of hypoxia-tolerant mammals under JTT-fsite model,
our results revealed eight pairs of hypoxia-tolerant mammals possessed higher-than-neutral substitutions, and five
of them reached a significant level (Table S11, ESM). Based
on sequence alignments, we found these five parallel sites
scattered in four genes including HIF1A, HIF2A, HIF1B and
PHD3 (Table S12, ESM).
In addition to convergent/parallel amino acid substitutions, convergent phenotypic characteristics can also arise
from unique substitutions (Natarajan et al. 2015; Stern
2013). Based on sequence alignments of six HIF pathway
genes, a total of 14 unique substitutions were identified in
diving cetaceans and subterranean rodents (including 11
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Table 3  Selective pressure analyses by branch-site and Clade C models in the all-mammals datasets
Model

Gene

Branch site HIF2A

Model compared 2ΔLnL p-value ω values

Positively selected sites

Branch (terminal branch of Pantholops hodgsonii)
Null
34.322 < 0.001 ω0 = 0.049, ω1 = 1.000, ω2 = 1.000
Alternative
ω0 = 0.049, ω1 = 1.000, ω2 = 999.000

PHD3

UCP1

Clade C

HIF2A

PHD3

PGC-1

187 T 0.997**;191 K 0.990*;193 Y
0.998**

Branch (terminal branch of Ochotona princeps)
Null
7.324
0.007
ω0 = 0.024, ω1 = 1.000, ω2 = 1.000
Alternative
ω0 = 0.024, ω1 = 1.000, ω2 = 67.825
Branch (terminal branch of Tursiops truncatus)
Null
17.142 < 0.001 ω0 = 0.022, ω1 = 1.000, ω2 = 1.000
Alternative
ω0 = 0.022, ω1 = 1.000, ω2 = 645.215

90 T 0.958*;179 P 1.000**;182 I 0.958*

Branch (terminal branch of Heterocephalus glaber)
Null
4.804
0.028
ω0 = 0.136, ω1 = 1.000, ω2 = 1.000
Alternative
ω0 = 0.137, ω1 = 1.000, ω2 = 999.000

166 P 0.934

205 * 0.920

Pantholops hodgsonii and Bos grunniens
Clade C
7.276
0.007
ω0 = 0.017, ω1 = 1.000, ω2 = 0.291, ω3 = 0.751
M2a_rel
ω0 = 0.017, ω1 = 1.000, ω2 = 0.307
All cetaceans
Clade C
M2a_rel
All cetaceans
Clade C
M2a_rel
All pikas
Clade C
M2a_rel

3.744

0.053

ω0 = 0.007, ω1 = 1.000, ω2 = 0.168, ω3 = 1.162
ω0 = 0.014, ω1 = 1.000, ω2 = 0.441

9.566

0.002

ω0 = 0.025, ω1 = 1.000, ω2 = 0.358, ω3 = 1.554
ω0 = 0.000, ω1 = 1.000, ω2 = 0.207

7.178

0.007

ω0 = 0.049, ω1 = 1.000, ω2 = 0.646, ω3 = 4.214
ω0 = 0.000, ω1 = 1.000, ω2 = 0.207

sites in cetaceans and three sites in subterranean rodents)
(Table S13, ESM). However, we did not detect any unique
sites shared by pikas, Tibetan antelope and domestic yak
native to high altitudes, which was probably because these
mammals were distantly related in the phylogenetic tree.

Structures Linked to Protein Function
We mapped PSSs on the crystal structures of the corresponding genes to access the influence of selection on the structure and function of each gene (Figs. S8–S15, ESM). For 23
PSSs among five genes in the HIF pathway, three sites (584
in HIF1α, 468 in HIF2α and 262 in HIF1β) were located in
or near functional domains. In HIF1α and HIF2α, these two
sites were located within or near the ODDD/N-TAD domain
(Table 2, Figs. S8–S9, ESM), and residue 262 in HIF1β
was adjacent to the PER ARNT SIM A (PAS-A) domain

(Table 2, Fig S10, ESM). For 24 PSSs in PGC-1 and UCP1,
seven sites in PGC-1 (102, 205, 208, 224, 313, 634 and 698)
were located within functional domains, and both residues
84 and 108 in UCP1 were close to sites whose mutation will
impair nucleotide sensitivity of proton transport (Table 2,
Figs. S14–S15, ESM) (Klingenspor et al. 2008). Among six
sites in PGC-1, residues 102, 205, 208 and 224 were in the
domains that can interact with the nuclear receptor (Knutti
et al. 2000), 313 and 634 were located within the nuclear
localization signal (NLS) domain and 698 was in the RNA
binding (RNP) domain (Table 2, Fig. S15, ESM). In addition, in the pikas-only dataset, two sites with radical amino
acid changes (326 and 714) in PGC-1 were located within
the NLS domain and RNP domain, respectively (Table 1).
By mapping convergent/parallel and unique amino
acid substitutions onto the 3D structures of the corresponding proteins, we aimed to illustrate how these sites
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affected protein function. For genes in the HIF pathway,
one convergent site (L/R439H in HIF2α) and two unique
substitutions (578T in HIF1α and 451S in HIF2α) in diving cetaceans were distributed within the ODDD/N-TAD
domain (Tables S12-S13, Figs. S8–S9, ESM). Moreover,
a unique substitution (140S) in diving cetaceans was
found to locate in the β2β3 loop of PHD3, which will
participate in binding to target prolines (Table S13, Fig.
S13, ESM) (Chowdhury et al. 2016).

Selective Pressure Analysis of Pseudogenized UCP1
in Cetaceans
Based on the sequence alignment of UCP1, we identified
premature stop codons located in the C-terminal region of
all examined cetaceans. We analysed the selective pressure affecting cetaceans by removing the premature stop
codons and then followed the procedures described in
Zhao et al. (2010) to estimate ω using PAML. Based on
a comparison between model A (one ratio) and model
B (one ratio constrained), we found that the average ω
across all mammals was 0.236 (p < 0.001), suggesting that
purifying selection still played key roles in the evolution
of UCP1 to maintain its function in NST (Table 4). Then
we constructed model C, which allowed a difference in
ω between pseudogenized cetacean branches (ω = 1.780)
and all other branches (ω = 0.205), to observe selective
pressure on pseudogenized cetacean lineages. Based on
the LRT test, model C fit the data better than model A
(p < 0.001), indicating a different ω in cetaceans. Consistent with this result, model E, which allowed variant ω
across the tree, was a significantly better fit than model
C, suggesting that the selective pressure of each branch
was different from one another (p = 0.001). Interestingly,
model D, which had a fixed ω = 1 in pseudogenized
cetacean branches, was better than model C (p = 0.098),
suggesting that functional constraints on cetaceans have
already been completely removed.

Discussion
Adaptive Hypoxia and Cold Adaptation in Pikas
Pikas are small, non-hibernating lagomorphs native to highaltitude plateaus, where they experience chronic hypoxia and
cold temperatures. In our study, three hypoxia responsive
genes were positively selected, including HIF1B, PHD2 and
PHD3 (Table 1). Particularly, positive signals in PHD3 were
detected by M2a and M8 in site model and at least REL and
FUBAR methods in Datamonkey, which was indicative of
strong adaptive evolution signals on PHD3. Further identification of sites with radical changes in amino acid properties in these three genes validated our conclusion. However,
positive signals were not so strong in HIF1A or HIF2A, since
both of them had only one PSS detected by FEL method
alone (data not shown). Again, differential gene expression analysis did not reveal any gene up- or down-regulated
between American pikas from high and low altitudes (Tables
S7-S8, ESM).
Previous studies showed that pikas can rapidly adapt to
cold stress under intermittent environmental cold exposure
by “browning” white adipose tissues, which is achieved by
increased expression of UCP1 mainly in visceral adipose
tissue (Bai et al. 2015). Furthermore, the NST content and
UCP1 content in BAT were also significantly increased to
enhance tolerance to cold temperatures in winter (Wang
et al. 2006). Consistent with this finding, UCP1 was shown
to be positively selected in pikas with one PSS showing a
radical change in its amino acid properties (Table 1). In addition, PGC-1, which can co-activate the transcriptional factors assembled on UCP1 (Lowell and Spiegelman 2000),
had seven amino acid sites detected by M8 in site model
and at least REL and FUBAR methods in Datamonkey
(Table 1). Further protein mapping results suggested that
two sites of PGC-1 were located within functional domains,
including residue 326 in the NLS domain and 714 in the
RNP domain. A previous study showed that the C-terminus
containing the RNP domain contributed to the co-activation
function of PGC-1 (Knutti et al. 2000). In addition, leptin,

Table 4  Likelihood ratio tests of various models on the selective pressures of UCP1
Models

ω values

-lnL

np

Model compared

2ΔLnL

p-value

All branches have one ω (A)
All branches have one ω = 1 (B)
All cetacean branches have ω2, others have ω1 (C)

0.236
1.000
ω1 = 0.205
ω2 = 1.780
ω1 = 0.205
ω2 = 1.000
Variable ω by branch

4494.304
4677.101
4472.137

52
51
53

B VS A
A VS C

365.594
44.334

< 0.001
< 0.001

4473.508

52

D VS C

2.742

0.098

4430.548

101

C VS E

83.178

0.001

All cetacean branches have ω2 = 1, others have ω1 (D)
Each branch has its own ω (E)
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an adipocyte-derived hormone playing important roles in
energy homeostasis, was also suggested to be positively
selected in pikas and had a superior induced capacity for
NST (Yang et al. 2008, 2011). Taken together, we proposed
that adaptation to cold environments in pikas was driven
by adaptive evolution, but the underlying mechanisms were
complex and finely orchestrated by NST-related genes;
further functional experiments are needed to clarify their
relationships.

Molecular Evolution of the HIF Pathway
in Hypoxia‑Tolerant Mammals
In addition to high-altitude mammals that must survive in
hypoxic environments, mammals occupying aquatic ecosystems and burrows with poor ventilation are also exposed
to hypoxic conditions. Physiological adaptations that independently evolved in hypoxia-tolerant mammals have been
intensively investigated, and they include but are not limited to modified circulatory and respiratory systems and
enhanced O2 carrying ability in the blood (Ge et al. 1998;
Johansen et al. 1976; Maina et al. 2001; Panneton 2013;
Qi et al. 2008; Ramirez et al. 2007). However, exploration
of the molecular mechanisms underlying their hypoxia
tolerance has only begun in recent decades. For example,
genomic analysis in four marine mammals (the walrus (Odobenus rosmarus), bottlenose dolphin, killer whale (Orcinus
orca) and manatee (Trichechus manatus latirostris)) revealed
that parallel substitutions in positively selected genes may
contribute to their cardiovascular regulation (Myh7b) and
the low flow rate of viscous blood during diving (Serpinc1)
(Foote et al. 2015). Using genomic data from indigenous
people of the Tibetan Plateau, Hu et al. (2017) found that
several positively selected genes were involved in high-altitude adaptation, and both HIF2A and PHD2 were among top
candidate genes. Here, we focused on six genes in the HIF
pathway to conduct comparative analyses among representative hypoxia-tolerant mammals occupying high-altitude,
aquatic and subterranean niches to explore the underlying
mechanisms of hypoxia tolerance in different mammals.
In our study, all six genes except for FIH-1 in the HIF
pathway showed signals of positive selection with a total
of 23 PSSs identified by at least two ML methods when the
results from site model and Datamonkey were combined
(Table 2). Of these 23, nine sites in three genes (HIF1A,
HIF2A and PHD3) were demonstrated to have radical
changes in amino acid properties, further validating our
adaptive evolution signals. Moreover, three sites (584 in
HIF1α, 468 in HIF2α and 262 in HIF1β) were located in
or near functional domains (Table 2, Figs. S8–S10, ESM).
In HIF1α and HIF2α, both sites were within or near the
ODDD/N-TAD domain, which is responsible for the degradation and recruitment of transcriptional co-activators,
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whereas 262 in HIF1β was close to PAS-A domain which
is involved in DNA binding and dimerization (Chowdhury
et al. 2008). Interestingly, in PHD3, five PSSs (9, 16, 53, 55
and 234) were located within positions that were conserved
within two of the three PHDs (PHD1-3); in particular, 16,
the only site with radical amino acid changes, was shown
to be conserved across all three PHDs. In addition, branch
site model also suggested that the common bottlenose dolphin had two PSSs (179 P 1.000**; 182 I 0.958*) that were
conserved across all three PHDs (Table 3). These changes
might lead to the relaxation of PHD-dependent degradation
of HIFα, thus contributing to adaptation to low O2 conditions. However, their contribution to protein function still
requires further functional verification; in this study, we have
provided a series of candidate sites that may be helpful in
future studies.
Based on results from branch site and Clade C model,
which label a specific branch as the focal clade, we found
that different hypoxia-tolerant mammal groups may prefer
distinct components of the HIF pathway (Table 3). According to branch site model, only high-altitude Tibetan antelope
was positively selected in HIF2A (ω2 = 999.000, p < 0.001).
Interestingly, Clade C model also detected higher ω value
falling on the clade containing domestic yak and Tibetan
antelope (ω2 = 0.291, ω3 = 0.751, p = 0.007). In contrast,
PHD3 was positively selected in branches occupying two
niches, including American pika (ω2 = 67.825, p = 0.007)
and common bottlenose dolphin (ω2 = 645.215, p < 0.001),
according to the branch site model. Furthermore, Clade
C model revealed that the clade containing all cetaceans
was marginally positively selected in PHD3 (ω3 = 1.162,
p = 0.053). And our differential gene expression analyses from lung and heart transcriptome data also revealed
that PHD3 was up-regulated in the heart of high-altitude
domestic yak. In addition, previous studies also suggested
that many target genes in the HIF pathway showed increased
gene expression levels and/or significant adaptive evolution
signals in above hypoxia-tolerant mammals (Fang et al.
2014a; Ge et al. 2013; Li et al. 2013; McGowen et al. 2012;
Qiu et al. 2012; Schmidt et al. 2017). Hence, we proposed
that the HIF pathway played important roles during mammalian adaptation to hypoxic conditions; however, it seemed
that the mechanisms underlying independent mammalian
invasions to hypoxic environments may differ.

Convergent and Unique Substitutions Contribute
to Hypoxia Adaptation
Similar environmental challenges may induce convergent
phenotypic adaptations between independently evolved species, and convergent evolution of a specific characteristic
can arise from convergent/parallel amino acid replacements
and/or unique substitutions; however, a key question in
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evolutionary biology is to what extent a convergent phenotype is caused by such amino acid substitutions (Bridgham
2016; Natarajan et al. 2016; Stern 2013; Zhang and Kumar
1997). Independent invasions of high-altitude, subterranean and marine niches by different mammals provide a
naturally occurring example to study convergent adaptation
to hypoxic environments. Previous studies have already
revealed a series of convergent physiological adaptations
in hypoxia-tolerant mammals, such as modified circulatory
and respiratory systems and enhanced O2 carrying ability in
the blood (Ge et al. 1998; Johansen et al. 1976; Maina et al.
2001; Panneton 2013; Qi et al. 2008; Ramirez et al. 2007). In
our study, based on sequence alignments, we identified ten
parallel/convergent sites occurred among hypoxia-tolerant
mammals in the HIF pathway genes, and one convergent site
(L/R439H in HIF2α between the naked mole rat and blind
mole rat) was distributed within the ODDD/N-TAD domain
(Table S12, ESM). However, based on comparison of
observed and expected number of convergent/parallel substitutions among each pair of hypoxia-tolerant mammals under
JTT-fsite model, our results revealed five pairs of hypoxiatolerant mammals in four HIF pathway genes (including
HIF1A, HIF2A, HIF1B and PHD3) which possessed significant higher-than-neutral substitutions (Table S11, ESM).
Again, unlike the prestin gene, which grouped echolocation
bats and dolphins together (Li et al. 2010; Liu et al. 2010),
our phylogenetic reconstructions of each gene from the HIF
pathway did not group any high-altitude, subterranean or
diving mammals together (Figs. S2–S7, ESM). This result
was not unpredictable, because responses to hypoxia challenges are controlled by many genes; thus, only the weak
convergent effects detected in these genes were reasonable.
Since the convergent signals affecting the HIF pathway
were week, we further investigated whether unique substitutions existed in different hypoxia-tolerant mammal groups
(i.e. high-altitude, subterranean and diving groups). Finally,
we identified 11 and three unique substitutions in diving
cetaceans and subterranean rodents, respectively (Table S13,
ESM). Moreover, among unique substitutions in cetaceans,
578T in HIF1α and 451S in HIF2α in diving cetaceans were
distributed within the ODDD/N-TAD domain. In addition,
140S in PHD3 was within the β2β3 loop (Table S13, Fig.
S13, ESM), which is a major determinant of NODD and
CODD selectivity (Flashman et al. 2008). However, we did
not detect any unique sites shared by pikas, Tibetan antelope
and domestic yak native to high altitudes, which was likely
due to the fact that these mammals are distantly related on
the phylogenetic tree. Thus, we proposed that convergent
and unique adjustments of the HIF pathway may coexist or
separately play roles during independent invasions of highaltitude, subterranean and marine niches by different mammals based on our combined analyses of convergent sites
within functional domains.
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Different Molecular Mechanisms Underlying
Adaptations to Fluctuant Temperatures in Mammals
Mammals in different niches will encounter divergent ambient temperatures. Animals living at high altitudes, such as
pikas and domestic yaks, are challenged by consistently low
temperatures; fully aquatic cetaceans face the high thermal
conductivity and heat capacity of water, particularly in species that live in cold water. The burrow atmosphere of subterranean rodents that live underground features relatively
constant temperatures compared to the outside temperature;
for example, the burrow temperature of the naked mole rat
is approximately 27 ~ 31 °C (Bennett et al. 1988). However,
for blind mole rats living in the northern cool-humid Upper
Galilee Mountains, which often became flooded (Nevo et al.
2001), it is difficult for their nest temperature to reach a thermoneutral zone. Placental mammals can increase their heat
production in cold temperatures by NST-mediated UCP1
expression in BAT; in particular, UCP1 expression can reach
5% of the total mitochondrial protein content in cold acclimated rodents (Stuart et al. 2001). Based on investigation in
vertebrates, Klingenspor et al. (2008) detected an accelerated
evolution of UCP1 in placental mammal lineages; however,
Hughes et al. (2009) suggested that the increased ω value on
the branch leading to Eutherians should be best explained by
relaxed constraints, not positive selection. However, in our
analyses, based on molecular evolution analyses of UCP1
and its co-activator PGC-1 in the all-mammals datasets (for
UCP1, all cetaceans were removed), our study provided
three lines of evidence to support the positive signals affecting placental mammals. First, 24 PSSs were identified by at
least two ML methods in Datamonkey, including two sites
in UCP1 and 22 sites in PGC-1 (Table 2). Second, 12 PSSs
in PGC-1 had radical changes in their amino acid properties.
Furthermore, four positively selected sites (102, 205, 208
and 224) in PGC-1 were located within the nuclear receptor interaction domain 1 and 2 (NID1 and 2) (Table 2, Fig.
S15, ESM), and their deletion will eliminate PGC-1 activity (Knutti et al. 2000). In addition, two positively selected
sites 84 and 108 in UCP1 were close to sites whose mutation will impair nucleotide sensitivity of proton transport
(Klingenspor et al. 2008). Additionally, branch site model
also revealed that naked mole rat was positively selected and
residue Trp166 was positively selected under BEB analysis (Table 3). Trp166 was among the putative GDP binding sites, whose mutation may influence the GDP-sensitive
fatty acid inducible proton leak in UCP1 (Klingenspor et al.
2008). This finding was consistent with previous genomic
analysis conducted by Kim et al. (2011). Third, Clade C
model revealed that in PGC-1 positive selection was located
on two focal clades, all cetaceans (ω3 = 1.554, p = 0.002)
and all pikas (ω3 = 4.214, p = 0.007) (Table 3), which were
all exposed to low temperatures.
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As diving mammals, cetaceans evolved a thick blubber
layer to defend against heat loss in the water, only leaving
a thermal window within peripheral sites (dorsal fins and
flukes) to transfer excess heat (Kanwisher and Ridgway
1983; McGinnis et al. 1972; Ryg et al. 1993), and vessels
in peripheral sites were arranged in a counter-current manner (Hampton and Whittow 1976; Scholander and Schevill
1955). Peripheral vasoconstriction occurred and heat flow
declined in both the dorsal fin and flank when the animals
dove, further reducing heat loss to the water (Skrovan et al.
1999). Investigations of the common bottlenose dolphin
showed that their skin temperature often remained within
1 °C of the water temperature (Noren et al. 1999). Thus,
we proposed that these adaptations in aquatic cetaceans
may eliminate their need for high levels of heat production.
In favour of this hypothesis, we identified premature stop
codons within the C-terminal region of UCP1 in all examined cetaceans, which was consistent with genomic analysis
in the bowhead whale (Keane et al. 2015). Further selective
pressure analysis also suggested that functional constraints
were almost completely removed from cetaceans (Table 4),
indicating that the loss of UCP1 may have occurred immediately after their divergence from cloven-hoofed partners.
Interestingly, pigs, another member of Cetartiodactyla, were
also shown to have a pseudogenized UCP1 due to the deletion of exons 3–5, and the disruption of UCP1 may have
occurred approximately 20 million years ago (Berg et al.
2006). Since modern cetaceans originated approximately
34 million years ago (Thewissen et al. 2009; Zhou et al.
2011), we thus proposed that the loss of UCP1 may have
occurred independently in pig and cetaceans. However, a
previous study identified the existence of BAT in cetacean
blubber through the immunohistochemical positive reaction
specific to UCP1 in four species of delphinoid cetaceans
(Hashimoto et al. 2015), creating ambiguity about the existence of UCP1 in cetaceans. Hence, we assumed that UCP1
may have evolved a new function or continue to perform its
original function in a weaker form, but further functional
experiments are still needed to clarify this.

Conclusion
In this study, genes playing important roles in NST and the
HIF pathway were investigated in pikas and other hypoxiatolerant mammals. Selective pressure analyses showed that
during the evolution of pikas, natural selection may have
been a primary driving force in their adaptation to hypoxia
and cold environments. Further analyses in the HIF pathway genes revealed pervasive positive selection signals and
weak convergent effects in mammals occupying divergent
hypoxic niches. UCP1 and PGC-1, which participate in cold
adaptation, also showed strong positive selection signals in
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high-altitude and subterranean mammals; however, UCP1
may have lost its function in cetaceans, which may be related
to their insulating blubber. In addition, it should be noted
that functional estimates based on ω cannot replace physiological and biochemical studies and that additional integrative approaches at molecular, physiology, biochemistry
and genomics levels are required to fully understand these
mechanisms. Our analyses provide a series of functionally
important candidate sites for future functional experiments.
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