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ABSTRACT

Many mammals risk damage from oxidative stress
stemming from frequent dives (i.e., cycles of
ischemia/reperfusion and hypoxia/reoxygenation),
high altitude and subterranean environments, or
powered flight. Purine metabolism is an essential
response to oxidative stress, and an imbalance
between purine salvage and de novo biosynthesis
pathways can generate damaging reactive oxygen
species (ROS). Here, we examined the evolution of
117 purine metabolism-related genes to explore the
accompanying molecular mechanisms of enhanced
purine metabolism in mammals under high oxidative
stress. We found that positively selected genes,
convergent changes, and nonparallel amino acid
substitutions are possibly associated with adaptation
to oxidative stress in mammals. In particular, the
evolution of convergent genes with cAMP and cGMP
regulation roles may protect mammals from oxidative
damage. Additionally, 32 genes were identified as
under positive selection in cetaceans, including key
purine salvage enzymes (i.e., HPRT1), suggesting
improved re-utilization of non-recyclable purines
avoid hypoxanthine accumulation and reduce
oxidative stress. Most intriguingly, we found that six
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unique  substitutions in  cetacean  xanthine
dehydrogenase (XDH), an enzyme that regulates the
generation of the ROS precursor xanthine oxidase
(XO) during ischemic/hypoxic conditions, show
enhanced enzyme activity and thermal stability and
diminished XO conversion activity. These functional
adaptations are likely beneficial for cetaceans by
reducing radical oxygen species production during
diving. In summary, our findings offer insights into
the molecular and functional evolution of purine
metabolism genes in mammalian oxidative stress
adaptations.

Keywords: Evolution; Mammals; Cetaceans;
Purine metabolism; Oxidative stress

INTRODUCTION

There are more than 6 000 species of extant mammals (Burgin
et al.,, 2018), a taxonomic class that manifests remarkable
biological diversity. Habitat conditions range from chronic
hypoxia in tissues of highland and subterranean animals to
repeated cycles of normoxia and hypoxia in diving mammals
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(i.e., cetaceans, pinnipeds, and sirenians), to flight and
hibernation in bats (Hermes-Lima & Zenteno-Savin, 2002;
Ramirez et al., 2007). These are all conditions of oxidative
stress. Marine mammals are fascinating due to their daily
routine of breath-hold diving, which is characterized by
reduced blood flow (ischemia) and decreased tissue oxygen
content (hypoxia) until resurfacing. Oxidative stress is an
umbrella term referring to an imbalance between reactive
oxygen species (ROS) production and their elimination. Major
cellular components — lipids (peroxidation of unsaturated fatty
acids in membranes), proteins (denaturation), carbohydrates,
and nucleic acids — are susceptible to damage by ROS
(Blokhina et al., 2003).

Numerous studies have revealed that mammals in extreme
environments exhibit obvious oxidative stress adaptations that
manifest as changes in physiological features, oxidants,
antioxidant enzyme activity, genetic damage, and even
disease status (Ramirez et al., 2007; Yu et al., 2020). For
example, diving mammals (Wilhelm Filho et al., 2002),
hibernating bats (Yin et al., 2016), and underground rodents
(Yu et al,, 2020) exhibit enhanced glutathione and higher
activity and expression of antioxidant enzymes, including
superoxide dismutase, catalase, and glutathione reductase.
Furthermore, genome-wide studies found that genes related to
oxygen storage and delivery, and energy metabolism are
subjected to strong and consistent selective forces in species
under oxidative stress (including highland species, diving
mammals, and flying bats) (Nery et al., 2013; Qiu et al., 2012;
Shen et al.,, 2010; Storz & Moriyama, 2008; Tian et al., 2016,
2017). Despite these advances, our understanding of genetic
changes for adaptations to oxidative stress remains
incomplete.

Purines are one of the most abundant metabolic substrates.
In addition to serving as building blocks for DNA and RNA,
purines are necessary for cell survival and proliferation
(Pedley & Benkovic, 2017). Two pathways regulate cellular
purine levels: purine salvage and de novo biosynthesis
(Pedley & Benkovic, 2017; Yin et al., 2018). Most cellular
purines stem from purine salvage, catalyzed by hypoxanthine-
guanine phosphoribosyltransferase (HGPRT) and adenine
phosphoribosyltransferase ~ (APRT). HGPRT  recycles
hypoxanthine (HX) and guanine to inosine monophosphate
(inosine 5'-monophosphate; IMP) and guanine
monophosphate (GMP), respectively. APRT catalyzes
adenine and 5'-phosphoribosyl 1-pyrophosphate (PRPP) to
generate adenosine monophosphate (AMP). The de novo
biosynthetic pathway is energy-intensive and utilizes
numerous amino acid substrates and cofactors (e.g., ATP,
glutamine, and aspartate) to generate IMP from PRPP in a
nine-enzyme complex (Pareek et al., 2020). IMP is thus the
main product of both purine pathways and essential for the
interconversion to various intermediates (e.g., AMP, GMP,
adenosine, guanosine, and inosine). Purine nucleoside
phosphorylase (PNP) converts inosine and guanosine to the
purine base HX and guanine. HX and guanine are catalyzed in
separate reactions to form xanthine by xanthine oxidase (XO)
and guanine deaminase. Notably, XO uses molecular oxygen
as an electron acceptor and generates superoxide anion and
other reactive oxygen products. XO can further oxidize
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xanthine to form a final product, uric acid, in hominoids, birds,
and reptiles (Maiuolo et al., 2016). In other species (some
teleost fish and amphibians), uric acid can be further degraded
to allantoin by uricase, to allantoic acid by allantoinase, to
urea by allantoicase, and to ammonia by urease (Hayashi et
al., 2000). These enzymatic processes represent the terminal
steps of purine degradation. It should be noted that uric acid is
an effective antioxidant. Increased serum uric acid levels
could protect against oxidative stress-provoked aging and
cancer (Glantzounis et al., 2005).

All cells require a balanced purine metabolism.
Dysregulated purine metabolism is related to oxidative stress
that results in numerous human diseases and disorders. For
example, HGPRT deficiency results in hyperuricemia (i.e.,
high uric acid levels in the blood), triggering a series of clinical
consequences, such as gout and renal failure (Nyhan, 2005).
Mutations or deficiency of adenosine deaminase (ADA), a key
enzyme for purine degradation or salvage into the purine pool,
increases susceptibility to infections and autoimmunity (Yin et
al., 2018). Deleting erythrocyte equilibrative nucleoside
transporter 1 (eENT1), an enzyme eliminating extracellular
adenosine, allows rapid accumulation of plasma adenosine to
counteract hypoxic tissue damage in mice (Song et al., 2017).
Many studies have focused on the adenosine-signaling
network in stress or hypoxic tolerance. Adenosine is a potent
indicator of tissue and cell damage from hypoxia. Elevated
adenosine signaling coupled with 5' AMP-activated protein
kinase (AMPK) and adenosine receptors (e.g., ADORA2B)
contributes to human adaptation to high-altitude hypoxia by
inducing 2,3-BPG production and triggering O, release (Liu et
al., 2016; Sun et al., 2017). Moreover, Nemkov et al. (2018)
revealed that hypoxia decreases purine oxidation and
enhances purine salvage reactions in human and mouse red
blood cells (Nemkov et al., 2018). In addition, under conditions
of reduced oxygen availability (i.e., ischemia and hypoxia),
hydrolyzation of depleted ATP generates the XO substrate
HX, providing free oxygen radicals for ROS generation during
reperfusion (Robert & Robert, 2014). Apparent enhanced
purine metabolism by marine mammals has been reported.
The bottlenose dolphin (Tursiops truncates) shows enhanced
purine salvage compared to humans (L6pez-Cruz et al.,
2016). Similarly, ringed seal (Pusa hispida) heart and kidney
tissues can maintain HX levels under ischemic conditions
(Elsner et al., 1998). However, whether and how molecular
changes in purine metabolism genes enable mammals to
resist oxidative damage and purine disorders throughout their
relatively long lifespans remains an open question.

In this study, we investigated the molecular adaptations of
genes involved in purine metabolism pathways in mammals.
We performed codon-based selection analyses to identify if
positive selection took place in oxidative stress-tolerant
species. We provide evidence that convergent molecular
adaptations in this pathway underlie the evolution of oxidative
stress tolerance across different mammal lineages. Using a
cell-based functional assay, we further investigated the
consequences of unique amino acid changes in cetacean
XDH (xanthine dehydrogenase), a key gene in the purine
metabolism pathway, which can be converted to XO by
oxidation of sulfhydryl groups or limited proteolysis. Our study
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contributes to a better understanding of molecular and genetic
adaptations associated with oxidative stress defenses of
mammals.

MATERIALS AND METHODS

Taxon coverage,
alignments

Our data set encompassed seven mammal lineages that
independently evolved oxidative stress tolerance: cetaceans
(n=15), pinnipeds (n=3), sirenians (n=1; manatee), highland
species (n=2), subterranean species (n=1), flying bats (n=4).
Additional mammals (n=14) were included as control
(Supplementary Table S1). The 117 genes (Supplementary
Table S2) involved in purine metabolism were obtained from
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (map00230) (Kanehisa et al., 2007). KEGG gene
IDs were converted to gene symbol using DAVID v.6.8
(Dennis et al.,, 2003). For species with a publicly available
genome and gene set in Ensembl, the coding sequences
(CDS) of one-to-one orthologous coding genes were
downloaded from Ensembl BioMart (Kinsella et al., 2011).
Otherwise, the candidate CDSs were obtained using BLASTn
v2.4.0+ (Camacho et al., 2009) (E-value cutoff of 10°) and
human genes as queries. Coding sequences were aligned
with MEGA v7.0.62 (Kumar et al., 2016), followed by removal
of gaps and non-homologous regions using Gblocks v.0.91b
(Talavera & Castresana, 2007).

dataset preparation, and sequence
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Figure 1 Phylogenetic tree of mammals

Odobenus rosmarus divergens
Leptonychotes weddellii
Monachus monachus
Ailuropoda melanoleuca

Balaena mysticetus

Eubalaena japonica

(] Balaenoptera acutorostrata scammoni
Megaptera novaeangliae

B Eschrichtius robustus

Mesoplodon bidens
C Ziphius cavirostris

Neophocaena phocaenoides
Delphinapterus leucas

(_Monodon monoceros
Tursiops truncatus

Molecular evolutionary analyses

Multiple sequence alignments were analyzed, with the species
tree as the guide tree, using “codeml!” program of PAML v.4.7
(Yang, 2007). For the all-mammal dataset (40 mammals), we
ran the branch-site model along cetaceans and other lineages
with oxidative stress resistance (branches A-G in Figure 1).
We also repeated the tests on closely-related sister taxa with
no apparent oxidative stress resistance (e.g., the cattle, Bos
taurus as a sister species to cetaceans) (branches H-N in
Figure 1). The modified model A (Ma) estimates separate site-
wise variation in omega (ratio of nonsynonymous (dy) to
synonymous (ds) rates) for the foreground branch (w2>1) and
the remaining background branches. This model was
compared with a null model (Ma0), which is similar to Ma but
allow the fixed w2=1 in the foreground lineage.

Clade model C (CmC) (Weadick & Chang, 2012), which
allows a class of sites to evolve differently between two or
more partitions along a phylogeny, was used to test for a shift
in selection pressures along particular branches. We
partitioned the 15 cetacean species into deep/long diving
(DLD) and shallow/short diving (SSD) groups according to
their diving capacity (Figure 1; Supplementary Table S3).
Analyses were conducted with the branch leading to all
cetaceans, DLD and SSD, designated as the foreground. The
null model M2a_rel does not allow for divergence in the
foreground clade but allows w to be unconstrained.

Nested models were compared using a likelihood ratio tests
(LRT) with a x® distribution. P-values <0.05 indicates a
significantly better fit by the alternative model. P-values were
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H Enhydra lutris kenyoni

Diving abilities of cetaceans
@Maximum dive time (min)
Average dive time (min)
Maximum dive depth (m)

Average dive depth (m)

Pantholops hodgsonii

Rousettus aegyptiacus

Heterocephalus glaber

M, — Rattus norvegicus
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G Trichechus manatus latirostris
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The topology of the tree is based on previous studies (McGowen et al., 2020; Scornavacca et al., 2019). Shaded boxes (A: pinnipeds, B: cetaceans,
C: Tibetan yak, D: Tibetan antelope, E: bats, F: naked mole rat, and G: manatee) represent oxidative stress-tolerant taxa, while branch H-N
represents sister taxa. External bars represent the diving abilities (maximum dive time, average dive time, maximum dive depth, average dive
depth) of cetaceans obtained from published data (Supplementary Table S3).
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adjusted using the Benjamini-Hochberg method (Benjamini &
Hochberg, 1995), with a significance cut-off of 0.05. Amino
acid sites under positive selection were detected by Bayesian
empirical bayes (BEB) inference, with an 80% posterior
probability cut-off. Overlap in positively selected genes was
visualized using UpSet plots (Lex et al, 2014). The
significance of observed intersections (with all genes tested as
background) was calculated using the supertest function of
SuperExactTest v.0.99.4 (Wang et al., 2015).

Gene—phenotype association analysis

The free-ratios models in PAML were used to evaluate the
average dy/ds ratio from the ancestral cetaceans to each
terminal species. The logqg-root-to-tip dy/ds were then set as
species data and used in phylogenetic generalized least
squares (PGLS) regression (Martins & Hansen, 1997) against
logqg-transformed diving ability variables. A well-supported
species tree from McGowen et al. (2020) and divergence
times from TimeTree (Kumar et al., 2017) was employed. The
diving ability variables, obtained from previously published
data (Supplementary Table S3), were maximum dive time
(min), average dive time (min), maximum dive depth (m), and
average dive depth (m). We performed PGLS using R v3.2.5
and the R packages “ape” (Popescu et al., 2012), “nime”
(Pinheiro et al., 2013), and “phytools” (Revell, 2012).

Evaluation of gene loss and its evolution

We searched for genes that possess inactivating mutations in
cetaceans by querying multiple sequence alignment of the 117
mammalian purine metabolism-related genes. We assessed
stop codons, frameshifting insertions, and deletions using the
human as the reference. This analysis revealed putative loss
of allantoicase (ALLC). Loss of ALCC was validated by
polymerase chain reactions (PCRs) on genomic DNA from
skeletal muscle of dolphin, finless porpoise, pygmy sperm
whale, and beluga whale. PCR primers listed in
Supplementary Table S4. We employed a 2X EasyTag PCR
SuperMix (Promega, USA), purified amplicons using a
QlAquick Gel Extraction Kit Protocol (QIAGEN, Germany),
and sequenced amplicons in both direction by Sanger
sequencing.

We used RELAX (Wertheim et al., 2015) implemented in
Datamonkey (http://www.datamonkey.org) (Weaver et al.,
2018), to determines if ALLC evolves under relaxed selection
in the cetaceans relative to other mammals. RELAX compares
a test branch (here: cetaceans) is under relaxed or intensified
selective strength relative to reference branch/branches (here,
all other lineages) by allowing variation of evolutionary rates
both between sites and across branches (Wertheim et al.,
2015). Relaxed selection strength on pseudogene branches
can thus be assessed. We also applied “codeml” program of
PAML to evaluate whether ALLC has evolved neutrally.
Codeml model A assumes that all branches have a single w
value, while model B allow w=1 in all branches. Purifying
selection was detected by comparing model A and B. Model C
was used to estimate w2 for ALLC-pseudogenized cetaceans
and w1 for other mammals, separately. A comparison
between A and C models indicates that selective pressure is
relaxed. To investigate whether the selective pressure is

244  www.zoores.ac.cn

completely removed from the branches with a pseudogenized
ALLC, we tested model D which allows a fixed w2=1 for
pseudogenized species and a w1 for all remaining branches.
We also tested a model E, where w is allowed to vary among
branches.

To estimate how long ALCC has been evolving neutrally in
cetaceans, we employed a previously described gene loss
dating procedure using the formula (Sharma et al., 2018):

K=KsTs/T+ KT,/ T (1)

We estimated the K,/K; value (K) for the entire branch,
where the K; indicated the gene under selection. K, was set to
1, suggesting the gene evolved neutrally. The “T’ denotes
time in million years (Ma) since cetaceans split from the last
common ancestor (53~59 Ma). Using the lower (53 Ma) and
upper (59 Ma) bound of the confidence interval for the species
divergence time T obtained from TimeTree (Kumar et al.,
2017) and the K /K value of mammals with a functional ALLC
gene (K;=0.187), we estimated a lower and upper bound for
T, (estimate of how long ALLC evolved neutrally) as T
(K-Ks)I(1-Ks).

Detection of unique or convergent amino acid residues

To examine the convergent amino acids among species under
oxidative stress, we reconstructed the ancestral amino acid
sequences using “codeml” program of PAML (Yang, 2007).
Parallel and convergent sites were identified using the JTT-
fgene @mino acid substitution model (Zou & Zhang, 2015). We
estimated the branch length and substitution rate of each site
relative to the average rate of the entire protein to infer the
expected number of convergent sites in each gene. A Poisson
test was used to verify whether the observed number of
convergent sites of each gene was significantly more than the
expected number (P<0.05). We identified genes under
convergence with the following criteria: (1) identical amino
acid residues in any two of seven groups (branch A-G; Figure
1) leading to species under oxidative stress; (2) an amino acid
change has occurred between the species and its most recent
common ancestor; (3) the changes in amino acids differ from
the homologous positions in the non-oxidative stress species
and its ancestral pair. We removed gaps and ambiguous sites.
Substitutions were considered “parallel” if the independent
changes have occurred from the identical ancestral amino
acid, while changes from different ancestral amino acids were
defined as “convergent” (Zhang & Kumar, 1997). Genes
subjected to positive selection and with possessed non-
random convergent amino acid sites between oxidative stress-
tolerant species were considered adaptively convergent
genes. Specific amino acid changes in oxidative stress-
tolerance species were identified from multiple sequence
alignments using FasParser v2.10.0.0 (Sun, 2017).

Protein expression and functional assays

Wild-type XDH (XDH,,,,) for cow was synthesized using with
5' (Nhel) and 3' (BamHI) restriction sites for insertion into the
PCDNA3.1(+) expression vector. The cow was chosen for this
experiment as it was a close relative of cetaceans, and
XDH,,,, had high amino acid sequence identity with cetacean
XDH except for six cetacean-unique substitutions (Figure 3A).
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The T241A, E332Q, S495P, M585L, T750A, K949R mutations
in cow wild-type XDH were generated via QuickMutation Site-
Directed Mutagenesis Kit (Beyotime Institute of Biotechnology,
China). These mutants were verified by Sanger sequencing.
Expression vectors containing wild-type and mutant XDH
(XDH zgtacean) Were transiently transfected into HEK293T cells
and harvested after 48 h.

To determine thermal stability of XDH protein, cells were
immediately lysed using RIPA lysis buffer (Beyotime Institute
of Biotechnology, China) supplemented with protease inhibitor
PMSF. Cellular protein lysates were incubated at different
temperatures (25 °C, 37 °C, 49 °C, and 61 °C) for 30 min.
After centrifugation, soluble proteins were used in Western
blot assay. The remaining protein contents after temperature
exposures were calculated from the control (unheated protein,
incubated in the ice-water mixture for 30 min) taking the
protein contents as 100%.

To investigate the conversion rate of XDH to XO in
response to trypsin treatment, collected cells were
resuspended in the extraction buffer (Solarbio, China) and
disrupted by sonication on ice. The soluble supernatants were
collected and treated with 0.05% w/w trypsin (KeyGen
Biotech, China) from 5 to 60 min (i.e., 5, 10, 15, 40, 50, and 60
min). The XDH and XO protein expression after trypsin
exposure were measured by Western blot assay. Protein band
density from three biological replicates were acquired using
Image J software and data were plotted using GraphPad
Prism software.

Enzyme activity assays of xanthine oxidoreductase (XOR:
XDH/XO) was performed as previously described (Saito &
Nishino, 1989), with some modification. XDH shows a
preference for NAD* reduction at the FAD reaction, whereas
XO exclusively uses dioxygen as its substrate, generating
superoxide and H,0,. For the steady-state kinetics analysis of
xanthine-O, activity, the reaction solution was 250 pL of
potassium phosphate buffer (50 mmol/L, pH 7.8), containing
0.4 mmol/L EDTA, 6.25 yL XDH crude enzyme and various
concentrations of xanthine (Sigma-Aldrich, USA) substrate
ranged from 0.5 to 2.5 ymol/L. In steady-state kinetics of
xanthine-NAD activity, the same reaction system was used
with 2.5 pmol/L xanthine and various concentrations of 3-NAD
(Sigma-Aldrich, USA) substrate ranged from 0.1 to 20 ymol/L.
Before reactions were started, each enzyme and substrates

were incubated separately for 10 min at 25 °C. The
absorbance change of at 295 nm (due to urate formation) was
recorded for 1 min with UV-1800PC spectrophotometer
(Mapada, China). Controls were run using bovine milk
xanthine oxidase (Sigma-Aldrich, USA) and a reaction
medium that contained no or heat-treated (99°C, 10 min)
enzyme. The kinetics constant values were calculated by non-
linear fitting (GraphPad Prism 8.0) according to the Michaelis-
Menten equation.

RESULTS

Unique signature of selection in purine metabolism genes
of oxidative stress-tolerant mammals

We obtained 117 genes related to purine metabolism in 40
mammalian species. To better understand the selection
pressures acting on mammal lineages with improved tolerance
to oxidative stress, we analyzed the annotated coding
sequences of purine metabolism genes in cetaceans,
pinnipeds, bats, highland species (Tibetan yak (Bos mutus)
and Tibetan antelope (Pantholops hodgsonii)), sirenians (the
manatee (Trichechus manatus latirostris)), and a subterranean
species (the naked mole rat (Heterocephalus glaber)) using
the PAML branch-site model. We identified 72 genes (43 after
multiple testing correction) with signals of positive selection
across branches (described in Figure 1) from environments
with elevated oxidative stress: nine in pinnipeds (clade A), 32
in cetaceans (clade B), eight in Tibetan yak (clade C), six in
Tibetan antelope (clade D), two in bats (clade E), 13 in naked
mole rat (clade F), four in the manatee (clade G) (Table 1;
Supplementary Tables S5, 6). This number of positively
selected genes (PSGs) is comparable to that of control
lineages (branches H—N) (Figure 1; Supplementary Tables S5,
6); however, there was little overlap (Table 1; Supplementary
Table S7). For example, of the 32 genes with evidence of
positive selection along the ancestral cetacean branch
(Supplementary Table S5), 25 genes were significant after
FDR correction (Supplementary Table S6). Six out of eight
PSGs identified in the terrestrial counterpart (e.g., cattle)
branch (Supplementary Table S5, branch I) were significant
after FDR correction (Supplementary Table S6). There is
minimal overlap among the identified PSGs between
cetaceans and artiodactyls (PDE3B, ADCY5, and AK9). We

Table 1 Conclusion of positively selected genes detected by PAML in lineages with or not with oxidative stress lifestyle

Focal branch name PSGs in focal branches

Control branch name

PSGs in control branches Overlapped PSG

Branch A 9 Branch H
Branch B 32 Branch |
Branch C 8 Branch J
Branch D Branch K
Branch E 2 Branch L
Branch F 13 Branch M
Branch G 4 Branch N
Total 72

2 1
8 3
4 1
8 1
12 0
6 1
7 0
47 7

Oxidative stress-resistant branches are branch A (pinnipeds), B (cetaceans), C (Tibetan yak), D (Tibetan antelope), E (bats), F (naked mole rat),
and G (sirenians; the manatee). H denotes sea otter and European polecat; |, ancestor of artiodactylas; J, cow; K, sheep; L, ancestor of
Ferungulata; M, rat and mouse; N, African savanna elephant. Clades label in Figure 1.
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next compared the PSGs of species under higher oxidative
stress. The seven oxidative stress-tolerant lineages shared no
PSGs, and there were no significant intersections. Eighteen
PSGs were shared by at least two branches (Figure 2A;
Supplementary Table S8). Among these, PDE8B, NME3, and
ADCY5 are PSGs in three lineages (Figure 2A;
Supplementary Table S8).

Convergent/parallel substitutions are specific to oxidative
stress-tolerant mammals

To investigate molecular convergence, convergent or parallel
amino acid residue changes were identified in the lineages of
species under higher oxidative stress. Ancestral protein-
coding sequences of each node in the phylogenetic tree
(Figure 1) were reconstructed. In total, we identified 32 genes
with 54 non-random parallel or convergent amino acid
changes in the high oxidative stress groups (Figure 2B;
Supplementary Table S9). Of these genes, 26 genes (81.2%)
were shared between any two of the seven with oxidative
stress tolerance (cetaceans vs. bats: seven; cetaceans vs.
pinnipeds: eight; cetaceans vs. highland: six; cetaceans vs.
manatee: four; highland vs. pinnipeds: one). Of these, 18
parallel amino acid residue substitutions in six genes (18.7%)
(ENPP3, GUCY2C, NPR2, NUDT5, PDE6A, and PDET7A)
were shared among three of the seven oxidative stress-
tolerant species (Figure 2B). Notably, 19 of 32 genes have
undergone positive selection (Supplementary Table S9).
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Unique amino acid residue substitutions in species under
higher oxidative stress

We next identified unique amino acid residue substitutions in
species from a high oxidative stress environment. We found
37 genes with 67 unique sites in pinnipeds, 53 genes with 108
unique sites in cetaceans, 61 genes with 152 unique sites in
highland species, 42 genes with 65 unique sites in bats, 37
genes with 133 unique sites in naked mole rat, and 51 genes
with 145 unique sites in the manatee (Figure 2C;
Supplementary Table S10), respectively. Six lineage-specific
amino acid replacements (sites 241, 332, 495, 585, 750, 949)
were detected in XDH of cetaceans (Figure 3A). For instance,
Site 241 of XDH is threonine (Thr) in cetaceans and alanine
(Ala) in background species (Figure 3A). Notably, of these
loci, seven sites were specific across two lineages although
the substitutions were not shared (Supplementary Table S10)
(bats (R/K) and naked mole rat (C): site 131 of AK2; bats (S)
and manatee (l): site 112 of AKS8; pinnipeds (S) and naked
mole rat (N): site 253 of CANT1; naked mole rat (A) and
manatee (R): site 611 of GUCY1B3, bats (A) and cetaceans
(V): site 63 of PDESA; Tibetan Antelope (G) and naked mole
rat (K): site 488 of XDH; cetaceans (R) and naked mole rat
(Q): site 949 of XDH). XDH site 949 is lysine/K in all mammals
except for cetaceans (arginine/R) and the naked mole rat
(glutamine/Q) (Figure 3A). In addition, we also identified non-
synonymous amino acid changes at different sites in six genes
(XDH, NTPCR, ADK, PDE7B, ADCY3, and ATIC) in at least
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Figure 2 Evolution of purine metabolism genes in oxidative stress tolerance mammals
Number and overlap of positively selected genes (A), parallel/convergent amino acid substitutions (B) and genes with unique amino acid

substitutions (C) in each mammalian lineage with oxidative stress tolerance, visualized as an UpSet plot. (D) represents the overview of adaptive

amino acid changes in AT/C exclusive to oxidative stress tolerant species.
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Figure 3 Unique amino acid changes and functional assessment of cetacean XDH

A: Protein domain structure (obtained from UniProt) and overview of mammalian XDH. B: Thermal stability of wild-type (cow) and mutant-type XDH
(cow sequence with six amino acid substitutions unique to cetaceans). The enzyme was incubated at 25-60 °C for 30 minutes. Top, immunoblotting
of FLAG-tagged wild-type and mutant-type XDH. Bottom, densitometry of FLAG-tagged XDH immunoreactivity, normalized to B-tubulin. C: Analysis
of XDH to XO conversion in response to trypsin. Top, proteins subjected to anti-XDH immunoblotting. B-actin served as protein loading control.
Bottom, percentages of XO compared with total labelled XO plus XDH. D, E: Xanthine-O, activity (D) and xanthine-NAD activity (E) were assayed
by adding various concentration of xanthine with/without NAD*, respectively. Mean+SD of three separate experiments. Differences between wild-
type and mutant-type were performed by unpaired, two-tailed Student’s t-test. Data were analyzed using GraphPad Prism or Origin software. P<
0.05 were considered statistically significant ("": P<0.001; ": P<0.01; ": P < 0.05).

five oxidative stress-tolerant groups (Figure 2C, D). These
results indicate that purine metabolism genes might show
evidence of convergent evolution in mammals under higher
oxidative stress.

Functional effects of cetacean specific unique amino acid
substitutions

To investigate whether unique amino acid substitutions are
associated with functional changes, we experimentally
assayed the XDH of cetaceans (six specific amino acid
changes), representatives of oxidative stress-tolerant species
(Figure 3A; Supplementary Table S11). We mutated cow XDH
to obtain a mutant-type enzyme (XDH gtacean). We then
expressed wild-type (XDH,,,) and mutant-type (XDH;stacean)
XDH in vitro. Although wild-type and mutant-type XDH protein
levels both decreased after heat treatment compared to the
unheated control, the mutant-type protein was slightly more
abundant at 25 °C (two-tailed Student’s t-test, P=0.001) and
37 °C (P=0.002) (Figure 3B), suggesting that it exhibits higher
thermal stability at body temperature. XDH protein was
exposed to trypsin to assess XDH/XO conversion. After 5 to
60 minutes, wild-type and mutant-type XDH levels decreased,
whereas XO levels increased (Figure 3C). Mutant-type XDH
generated significantly less XO at 40 min (two-tailed Student’s
t-test, P=0.047), 50 min (P=0.012), and 60 min (P=0.001)
(Figure 3C). A catalase activity assay showed that wild-type
and mutant-type XDH display typical Michaelis-Menten
kinetics with xanthine substrates or NAD* as a coenzyme.
Mutant-type enzyme incubated with various concentrations of

xanthine showed a significant increase in xanthine-O, activity
(Figure 3D). Similarly, significantly higher xanthine-NAD
activity was also observed for the mutant-type at various
concentrations of NAD*. Notably, the mutant-type Michaelis
constant (K,,) value for xanthine-O, activity (K,=2.572+0.154
pmol) was lower than that of the wild-type (K,=3.521+0.326
pumol) (Figure 3D; Table 2). The K, of NAD* for the mutant
enzyme (K,=0.195+0.012 pmol) was also lower than that of
wild-type (K,=0.420+0.027 pmol) (Figure 3E; Table 2). The
Vax Values of the mutant-type xanthine-O, and xanthine-NAD
activity were close to that of the wild-type (Table 2). These
results reflect a higher affinity of the mutant-type enzyme for
xanthine and NAD".

Loss of the ALLC in cetaceans

During our mammalian purine metabolism gene survey, we
failed to obtain ALLC from the genomes of six cetaceans
(Figure 4). An analysis of the ALLC sequences that could be
recovered revealed that cetacean ALLC genes share point
mutations that result in numerous premature stop codons
(Figure 4). Four cetaceans (pygmy sperm whale (Kogia
breviceps), humpback whale (Megaptera novaeangliae), gray
whale (Eschrichtius robustus), and North Pacific right whale
(Eubalaena japonica)) have additional one-bp and five-bp
deletions, leading to frameshifts at the end of ALLC exon 6
(Figure 4). The shared nonsense mutation in the middle of
ALLC exon 5 was validated by PCR and Sanger sequencing
of genomic DNA from skeletal muscle of bottlenose dolphin,
finless porpoise (Neophocaena phocaenoides), beluga whale
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Table 2 Kinetic parameters of recombinant XDH

Substrate XDH i XDH etacean

Km (mmol/L) Vmax (umol/min/mg) Km (mmol/L) Vmax (umol/min/mg)
Xanthine 3.521+0.326 0.0130+0.0004 2.572+0.154 0.026 9+0.0005
NAD* 0.420+0.027 0.0262+0.0004 0.195+0.012 0.0315+0.0004

All assays were performed at 25 °C in 50 mmol/L Potassium phosphate buffer, pH 7.8. Kinetic parameters were
determined by monitoring the increase in uric acid at 295 nm.
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(Delphinapterus leucas), and pygmy sperm whale (Figure 4).
Evolutionary analyses of ALLC showed that the average w
across the tree is 0.231 (model A), significantly lower than 1.0
(model B, Supplementary Table S12), indicative of strong
purifying selection on ALLC in mammalian evolution. In
addition, model D (Supplementary Table S12), which allows
two different w values for pseudogenized (w2=0.926) and
functional (w1=0.187) lineages, fit the data significantly better
than the null model A that assumes a single w for all branches
(Supplementary Table S12). The selective purifying pressure
is markedly relaxed (increased w) in cetacean branches with a
pseudogenized ALLC. Furthermore, the w of cetaceans
(w2=0.926) (model D vs. model C, P>0.05; Supplementary
Table S12), indicates that the selective pressure of cetacean
ALLC has shifted toward neutrality (i.e., w=1.0). Finally, model
E, which allows w variation in all branches, fit significantly
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better than model C, suggesting that w varies significantly
among non-cetacean lineages. Similarly, we also found that
ALLC evolves under relaxed selection (K<1 at P<0.001) in all
cetaceans using the RELAX model (Supplementary Table
S13). For cetaceans, we estimate that loss of ALLC occurred
around 48.2~53.6 Ma. That is, after the split of the cetacean
and artiodactyl lineages 53~59 Ma (Kumar et al., 2017)
(Supplementary Table S14).

Selective constraint shift and correlation analysis in
purine metabolism-related gene of cetaceans with
different diving ability

A previous study reported that oxidative stress levels are
related to diving abilities, such as diving depth and durations
(Cantu-Medellin et al., 2011). Considering that cetaceans are
a diverse group of marine mammals with a range of diving
capacities (Perrin et al., 2009), we collected the phenotype
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data of cetaceans (Supplementary Table S3) to test whether
shifts in evolutionary constraints on purine metabolism-related
gene exist between cetaceans with different diving capacities.
Two independent rounds of Clade model C analyses showed
significantly divergent selection in 26 genes between cetacean
and other mammals partitions, as well as deep/long diving
(DLD) and  shallow/short diving (SSD) partitions
(Supplementary Table S15). Among them, seven genes
(GUCY2C, PDESA, PDE10A, NT5C3A, PDE3B, ENPP3, and
HPRT1) have been both subject to divergent selection and
positive selection in cetaceans (Supplementary Table S15).
Moreover, several genes (GMPR2, PDE8A, NT5C3A, PDE1B,
PAICS, AMPD3, and HPRT1) showed significantly elevated w
in the DLD group (Supplementary Table S15), suggesting that
deep/long diving cetaceans experienced an accelerated
selection. We next performed phylogenetic generalized least
squares (PGLS) analysis to assess the molecular evolution of
purine metabolism-related genes and the diving ability of
cetaceans (Figure 1; Supplementary Table S16). We found a
significant association between the molecular rate (root-to-tip
dn/ds) of five genes and average dive depth, two genes with
average dive time, four genes with maximum dive depth, and
four genes with maximum dive time (Supplementary Table
S16). Interestedly, four genes (ADCY6, PAICS, PED6A, and
PRPS2) presented significant associations with at least two
diving associated variables (Supplementary Figure S1).
Among these, the de novo purine biosynthesis enzyme
phosphoribosylaminoimidazole carboxylase (PAICS) showed
association with three variables (Supplementary Table S16
and Figure S1).

DISCUSSION

Oxidative stress drives shared selection signatures of
purine biosynthesis genes across mammals

Although species under high oxidative stress live in different
natural environment, they all experience ischemia/reperfusion
that is damaging to most mammals (Hermes-Lima & Zenteno-
Savin, 2002; Ramirez et al., 2007). Therefore, these divergent
species may have arrived at broadly similar ecologies and
phenotypes through convergent or independent genetic routes
(Hao et al., 2019). In recent years, studies on convergent
molecular mechanisms have illuminated that adaptive
convergence may occur at different hierarchical levels,
including protein-coding genes, amino acid substitutions, and
non-coding regions. For example, convergent amino acid
substitution in marine mammals possibly contribute to their
musculoskeletal system and thermoregulation (Yuan et al.,
2021). In addition, convergent accelerated evolution of
conserved non-coding elements may underlie the loss of flight
in the bird clade Palaeognathae (Sackton et al., 2019). In line
with these studies, we found evidence of positive selection in
72 out of 117 purine metabolism genes in oxidative stress-
tolerant mammals. A quarter (25%) (18/72) of these PSGs
(i.e., NT5E, P2RX6, P2RX5) are shared by at least one
oxidative stress tolerant species, and most of them (12/18) are
involved in de novo purine biosynthesis pathway. Moreover,
three genes (NME3, ADCY5, and PDES8B) are under selection
in three lineages. A similar trend was observed for convergent

analyses. Out of 32 genes with putative convergent amino
acid changes, a fraction of genes (e.g., ADA, ENPP3, NPR2,
GUCY2C, PDE6A, and PDE7A) containing putative
convergent amino acids along lineages under high oxidative
stress, and 19 genes (59.3%) were also under positive
selection (Supplementary Table S8). These convergent genes
may be related to resistance to oxidative stress of mammals.
NT5E encodes CD73, which converts AMP to adenosine.
Elevated CD73 is associated with high-altitude hypoxia.
CD73-deficient mice showed severe tissue hypoxia,
inflammation, and lung injury (Liu et al., 2016). Convergent
signals of NT5E detected in oxidative stress-tolerant mammals
(e.g., cetaceans and naked mole rat) may suggest that
selection acted on the same gene to produce similar
adaptations to oxidative stress. NME3 encodes nucleoside
diphosphate kinase, an enzyme necessary for generating
various NTPs, including the signaling molecule GTP, and thus
essential for purine biosynthesis (Yu et al., 2017). One
convergent positively selected gene, ADA (adenosine
deaminase), encodes a key purine salvage enzyme. lIts
deficiency leads to an accumulation of toxic purine
degradation by-products (Flinn & Gennery, 2018). Intracellular
cAMP and cGMP are ubiquitous intracellular second
messengers that regulate important cellular functions (Wu et
al., 2013). Intracellular levels of cGMP and cAMP are
dynamically regulated by the rate of their synthesis by
cyclases and their hydrolysis by phosphodiesterases (PDEs)
(Lucas et al., 2000; Sutherland et al., 1968). Interestedly, we
observed that several genes with cGMP and cAMP regulation
roles exhibited convergent signals in multiple species adapted
to high oxidative stress environments (Figure 5). Of these
genes, ADCY3 (adenylate cyclase 3) and ADCY5 (adenylate
cyclase 5) convert ATP/GTP into cyclic AMP/GMP (Furuhashi,
2020). NPR2 and GUCY2C are guanylyl cyclases that
catalyze the conversion of GTP to cGMP. Stimulation of
guanylyl cyclases and the resultant accumulation of cGMP
regulates complex signaling cascades (Lucas et al., 2000).
Moreover, GUCY2C mutations in mice or humans lead to
dysregulation of the GUCY2C-cGMP signaling axis and
disease (Rappaport & Waldman, 2018). PDE6A and PDETA,
which encodes enzymes that hydrolyze cyclic nucleotide
second messengers (CAMP and cGMP) (Kokkonen & Kass,
2017), have convergent sites shared by cetaceans, seals, and
the black flying fox (Supplementary Table S9). It should also
be noted that cAMP and cGMP levels are related to oxidative
stress. For example, increasing the levels of cAMP in
spontaneously hypertensive rats may have a protective effect
by reducing oxidative stress (Saha et al., 2008). Additionally,
extracellular cGMP and its metabolite GMP have been
reported to be protective compounds in the paradigm of
oxidative glutamate toxicity (Albrecht et al., 2013). We,
therefore, hypothesize that these genetic innovations
contribute to oxidative stress adaptation of oxidative
increasing the levels of CAMP and cGMP.

Despite convergent phenotypes across oxidative stress-
tolerant species, examples of identical molecular convergence
are rare (Hindle, 2020). It should be noted that molecular
convergence in protein function driven by nonparallel amino
acid substitutions has been reported across a wide range of
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Figure 5 Simplified diagram of purine metabolism pathways

Red ellipses indicate convergent genes involved in oxidative stress adaptation, orange ellipses represent genes under positive selection or with
unique amino acid changes in cetaceans, blue ellipses genes inactivated or lost in cetaceans. The composition of the purinosome was obtained
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phosphoribosylpyrophosphate (PPAT), phosphoribosylglycinamide synthetase/phosphoribosylglycinamide
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proteins. For instance, increases in hemoglobin-oxygen biosynthesis pathway activation form dynamic multienzyme

binding affinity occurred in high-altitude species, but the
molecular changes underlying the hemoglobin amino acid
substitutions are variable (Natarajan et al., 2016).
Furthermore, substitutions at different sites of rhodopsin in
high-altitude catfishes convergently accelerated the kinetic
rates of rhodopsin, destabilizing its ligand-bound forms
(Castiglione et al., 2018). These findings suggest that while an
adaptive phenotypic change is, to some extent, predictable,
the molecular pathways to these changes may not be because
of differences in the genetic background of species. In line
with this, we also found nonparallel amino acid changes
unique to purine metabolism-related genes of oxidative stress-
tolerant species. Enzymes involved in de novo purine
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complexes, termed purinosomes (Pareek et al., 2020; Pedley
& Benkovic, 2017). ATIC, located in purinosomes, catalyzes
the final two steps of purine de novo biosynthesis (Pedley &
Benkovic, 2017). Interestingly, nonoverlapping amino acid
changes exclusive to ATIC were identified in oxidative stress-
tolerant species (Figure 2D), suggesting that similar high
oxidative stress environments target different sites of ATIC in
these species by nonparallel molecular mechanisms.
Strikingly, specific substitutions of cetaceans (G106A and
G113A), Tibetan antelope (V17E), and manatee (A110S) are
found in the ATIC MGS-like domain. AT/C mutations affect the
assembly of functional purinosomes (Baresova et al., 2012;
Ramond et al., 2020). A similar trend was also found in XDH.
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As we describe in detail below, thermal stability and
conversion rate, combined with XDH enzyme activity, imply
that natural selection has targeted these unique sites due to
their potential capacity to modulate functions of these
convergent genes at high oxidative stress environments.

Taken together, although further studies on the genes
identified in our study are warranted, we propose that our
results reflect that positive and convergent selection on purine
metabolism-related genes, especially in purine de novo
biosynthesis, contribute to the convergent phenotypes
between species that tolerate high oxidative stress
environments.

Purine salvage genes contributing to oxidative stress
adaptation in cetaceans

Cetaceans are excellent models for studying the molecular
basis of oxidative stress tolerance. They are exposed to
reperfusion/reoxygenation during diving. During this process
of oxygen deprivation, purine metabolites accumulate due to
ATP breakdown, which is connected with many pathological
conditions in humans. The physiological adaptations to breath-
hold diving in cetaceans have been well described (Lopez-
Cruz et al., 2016; Ramirez et al., 2007). However, the precise
genetic mechanism that facilitated oxidative stress adaptation
in cetaceans remains unknown. In the present study, we
discovered evidence of positive selection on genes associated
with the purine salvage pathway in cetaceans (Figure 5). The
protein product of HPRT1 is hypoxanthine-guanine
phosphoribosyltransferase (HGPRT), an important enzyme for
the re-utilization of HX and guanine (the conversion of
hypoxanthine/guanine and IMP/GMP, respectively). HGPRT-
deficiency manifests as an accumulation of DNA and
nucleotide lesions and, hence, replication errors in genetic
disorders such as Lesch-Nyhan disease and chronic gout
(Agrahari et al., 2019; Nguyen & Nyhan, 2016; Schretlen et
al., 2016). The bottlenose dolphin has higher plasma HX and
IMP concentrations (i.e., HGPRT substrate and product,
respectively) but a lower intraerythrocytic HGPRT activity than
humans, suggesting an elevated purine recycling rate (Lopez-
Cruz et al., 2016). Additionally, we detected positive selection
and specific substitutions in cetacean DGUOK, an enzyme
that mediates the phosphorylation of purine
deoxyribonucleosides in the first step of the mitochondrial
purine salvage pathway (El-Hattab et al., 2017). We propose
that selection acting on HPRT1 and DGUOK may be
attributable to adaptive evolution to limit the accumulation of
non-recyclable purines (xanthine and uric acid) and to deliver
nucleotide precursors to ischemic tissues during diving.

An alternative adaptation to oxidative stress is evident from
the functional changes of XDH. We found six unique amino
acid changes in cetacean XDH, despite no evidence of
positive selection acting on this gene, and assessed its
function in vitro. XDH is a rate-limiting purine degradation
enzyme, catalyzing the final two-step oxidation of HX and
xanthine to uric acid (Figure 5) (Battelli et al., 2016). XDH can
be converted into XO to promote ROS generation during
ischemic/hypoxic conditions. Since XO increases ROS by
generating superoxide and hydrogen peroxide (Furuhashi,
2020), the decreased conversion rate from XDH to XO and

higher thermal stability of cetacean XDH may reduce oxidative
stress. We show that the unique substitutions in cetacean
XDH enhance enzyme activity and mediate a higher affinity for
xanthine and NAD", possibly resulting in elevated levels of uric
acid in cetaceans. Although sustained elevated uric acid levels
come at the cost of high risk for gout (Maiuolo et al., 2016),
uric acid is also considered an antioxidant and
neuroprotectant (El Ridi & Tallima, 2017). Therefore, there
might be a balance between the deleterious and protective
properties of uric acid in cetaceans.

Inactivation of the cetacean ALLC gene and its
implication for mammalian uric acid metabolism

It is important to note that it is not well-established how most
mammals metabolize uric acid. For example, the elephant and
manatee have lost urate oxidase (UOX, which converts uric
acid to allantoin) yet can maintain low uric acid levels via
unknown molecular mechanisms (Sharma & Hiller, 2020). In
line with this idea, we found that ALLC (which converts
allantoin to allantoic acid) is “missing” or inactivated in all
cetaceans, suggesting that the enzyme became dispensable
upon migration to an aquatic environment. We show an
increased ALLC dy/ds value in cetaceans, implying relaxation
of selective constraints at this locus. A dy/dg value of 0.926 on
the cetacean branch indicates that cetacean ALLC shifted
from purifying selection to neutral evolution in early
evolutionary time (inactivation soon after cetaceans diverged
from their sister group). In agreement, pseudogene dating
suggests that ALLC was inactivated 48.2-53.6 Ma, after the
split of the cetacean and artiodactyl lineages.

This finding begs the question of how cetaceans can
“afford” to lose the ALLC. The formation of uric acid from
purine metabolism is common to all vertebrates; however, uric
acid degradation varies from species to species. Reptiles,
birds, and hominoids among mammals excrete uric acid,
whereas other mammals (like cetaceans) possess uricase and
excrete allantoin (Alvarez-Lario & Macarron-Vicente, 2010).
Although an intact ALLC gene or transcripts are found in some
species (e.g., humans and mice), it is widely accepted that
allantoicase activity is lost in mammals (Vigetti et al., 2002a,
2002b). Therefore, it is plausible that ALLC has been rendered
obsolete in cetaceans. However, for species with an intact
allantoicase gene, we hypothesize that ALLC of the mammal
ancestor acquired one or more mutations that led to the loss
of enzymatic activity associated with purine catabolism but
escaped the fate of becoming a pseudogene — similar to the
loss of UOX in vertebrates (Keebaugh & Thomas, 2010;
Sharma & Hiller, 2020). Nevertheless, we cannot rule out that
the retained ALLC gene in other mammals has critical
functions beyond purine metabolism.

Divergent selective pressures are associated with various
diving phenotypes in cetaceans

A previous study found that shallow/short and deep/long
divers among marine mammals have distinct defence
strategies against ROS formation and oxidative stress (Cantu-
Medellin et al., 2011). For example, the deep/long-diving
Kogia spp. have higher superoxide radical production than the
shallow/short-diving bottlenose dolphin (Canti-Medellin et al.,
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2011). In addition, oxidative stress biomarkers (e.g.,
superoxide dismutase, catalase, and glutathione peroxidase
activity) in the deep/long-diving Southern elephant seal
(Mirounga leonine) were significantly higher than the
shallow/short South American fur seal (Arctocephalus
australis) (Righetti et al., 2014). These findings suggest that a
higher antioxidant content is needed to counteract the higher
ROS production. Here, we found that the divergent selective
pressures of purine metabolism-related genes, such as
AMPD3, among cetacean groups with different diving abilities,
suggest that distinct responses to ischemia (different oxidative
stress) underly this trait. AMPD3 is the red blood cell-specific
isoform of AMP deaminase stimulated by oxidative stress.
Nemkov et al. (2018) reported that storage-dependent
hypoxanthine accumulation could be ameliorated by hypoxia-
induced decreases in AMPD3 activity. The evolutionary rate of
the AMPD3 gene is significantly higher in cetaceans with
excellent diving ability, suggesting that these cetaceans have
an enhanced ability to tolerant higher oxidative stress (Cantu-
Medellin et al., 2011). Coincident with divergent selective
pressure between long and short diving cetaceans, there was
also a significant positive association between average dy/ds
of ten genes and diving phenotypes, indicating a high rate of
evolution of purine metabolism-related genes in long/deep-
diving cetaceans. The increase in evolutionary rates of purine-
metabolism genes could be related to an accumulation of non-
synonymous mutations, which could drive molecular
innovations of oxidative stress defences of diving cetaceans.

SUPPLEMENTARY DATA

Supplementary data to this article can be found online.

COMPETING INTERESTS

The authors declare that they have no competing interests.

AUTHORS’ CONTRIBUTIONS

G.Y. and |.S. conceived and supervised the study. R.T,
S.M.C., and H.G. collected the data and conducted the
genomic analyses. C.Y. performed cell-based experiments.
R.T. wrote the manuscript, and G.Y. and I.S. revised and
directed it. All authors read and approved the final version of
the manuscript.

REFERENCES

Agrahari AK, Priya MK, Kumar MP, Tayubi IA, Siva R, Christopher BP, et al.
2019. Understanding the structure-function relationship of HPRT1 missense
mutations in association with Lesch-Nyhan disease and HPRT1-related
gout by in silico mutational analysis. Computers in Biology and Medicine,
107: 161-171.

Albrecht P, Henke N, Tien MLT, Issberner A, Bouchachia |, Maher P, et al.
2013. Extracellular cyclic GMP and its derivatives GMP and guanosine
protect from oxidative glutamate toxicity. Neurochemistry International,
62(5): 610-619.

Alvarez-Lario B, Macarrén-Vicente J. 2010. Uric acid and evolution.
Rheumatology, 49(11): 2010-2015.

Baresova V, Skopova V, Sikora J, Patterson D, Sovova J, Zikanova M, et

252 www.zoores.ac.cn

al. 2012. Mutations of ATIC and ADSL affect purinosome assembly in
cultured skin fibroblasts from patients with AICA-ribosiduria and ADSL
deficiency. Human Molecular Genetics, 21(7): 1534-1543.

Battelli MG, Polito L, Bortolotti M, Bolognesi A. 2016. Xanthine
oxidoreductase-derived reactive species: physiological and pathological
effects. Oxidative Medicine and Cellular Longevity, 2016: 3527579.
Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a
practical and powerful approach to multiple testing. Journal of the Royal
Statistical Society:Series B (Methodological), 57(1): 289-300.

Blokhina O, Virolainen E, Fagerstedt KV. 2003. Antioxidants, oxidative
damage and oxygen deprivation stress: a review. Annals of Botany, 91(2):
179-194.

Burgin CJ, Colella JP, Kahn PL, Upham NS. 2018. How many species of
mammals are there?. Journal of Mammalogy, 99(1): 1-14.

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et
al. 2009. BLAST+: architecture and applications. BMC Bioinformatics, 10:
421.

Cantu-Medellin N, Byrd B, Hohn A, Vazquez-Medina JP, Zenteno-Savin T.
2011. Differential antioxidant protection in tissues from marine mammals
with distinct diving capacities. Shallow/short vs. deep/long divers.
Comparative Biochemistry and Physiology Part A:Molecular & Integrative
Physiology, 158(4): 438-443.

Castiglione GM, Schott RK, Hauser FE, Chang BSW. 2018. Convergent
selection pressures drive the evolution of rhodopsin kinetics at high
altitudes via nonparallel mechanisms. Evolution, 72(1): 170-186.

Dennis G Jr, Sherman BT, Hosack DA, Yang J, Gao W, Lane HC, et al.
2003. DAVID: database for annotation, visualization, and integrated
discovery. Genome Biology, 4(9): R60.

El-Hattab AW, Craigen WJ, Scaglia F. 2017. Mitochondrial DNA
maintenance defects. Biochimica et Biophysica Acta (BBA)-Molecular Basis
of Disease, 1863(6): 1539-1555.

El Ridi R, Tallima H. 2017. Physiological functions and pathogenic potential
of uric acid: a review. Journal of Advanced Research, 8(5): 487-493.

Elsner R, Qyasseter S, Almaas R, Saugstad OD. 1998. Diving seals,
ischemia-reperfusion and oxygen radicals. Comparative Biochemistry and
Physiology Part A:Molecular & Integrative Physiology, 119(4): 975-980.
Flinn AM, Gennery AR. 2018. Adenosine deaminase deficiency: a review.
Orphanet Journal of Rare Diseases, 13(1): 65.

Furuhashi M. 2020. New insights into purine metabolism in metabolic
diseases: role of xanthine oxidoreductase activity. American Journal of
Physiology-Endocrinology and Metabolism, 319(5): E827-E834.
Glantzounis GK, Tsimoyiannis EC, Kappas AM, Galaris DA. 2005. Uric acid
and oxidative stress. Current Pharmaceutical Design, 11(32): 4145-4151.
Hao Y, Qu YH, Song G, Lei FM. 2019. Genomic insights into the adaptive
convergent evolution. Current Genomics, 20(2): 81-89.

Hayashi S, Fujiwara S, Noguchi T. 2000. Evolution of urate-degrading
enzymes in animal peroxisomes. Cell Biochemistry and Biophysics, 32(1-3):
123-129.

Hermes-Lima M, Zenteno-Savin T. 2002. Animal response to drastic
changes in oxygen availability and physiological oxidative stress.
Comparative  Biochemistry and Physiology Part C:Toxicology &
Pharmacology, 133(4): 537-556.

Hindle AG. 2020. Diving deep: understanding the genetic components of
hypoxia tolerance in marine mammals. Journal of Applied Physiology,
128(5): 1439-1446.

Kanehisa M, Araki M, Goto S, Hattori M, Hirakawa M, Itoh M, et al. 2007.


https://doi.org/10.1016/j.compbiomed.2019.02.014
https://doi.org/10.1016/j.neuint.2013.01.019
https://doi.org/10.1093/rheumatology/keq204
https://doi.org/10.1093/hmg/ddr591
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1093/aob/mcf118
https://doi.org/10.1093/jmammal/gyx147
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1111/evo.13396
https://doi.org/10.1186/gb-2003-4-9-r60
https://doi.org/10.1016/j.bbadis.2017.02.017
https://doi.org/10.1016/j.bbadis.2017.02.017
https://doi.org/10.1016/j.bbadis.2017.02.017
https://doi.org/10.1016/j.jare.2017.03.003
https://doi.org/10.1186/s13023-018-0807-5
https://doi.org/10.1152/ajpendo.00378.2020
https://doi.org/10.1152/ajpendo.00378.2020
https://doi.org/10.1152/ajpendo.00378.2020
https://doi.org/10.2174/138161205774913255
https://doi.org/10.2174/1389202920666190313162702
https://doi.org/10.1385/CBB:32:1-3:123
https://doi.org/10.1152/japplphysiol.00846.2019
https://doi.org/10.1016/j.compbiomed.2019.02.014
https://doi.org/10.1016/j.neuint.2013.01.019
https://doi.org/10.1093/rheumatology/keq204
https://doi.org/10.1093/hmg/ddr591
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1093/aob/mcf118
https://doi.org/10.1093/jmammal/gyx147
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1111/evo.13396
https://doi.org/10.1186/gb-2003-4-9-r60
https://doi.org/10.1016/j.bbadis.2017.02.017
https://doi.org/10.1016/j.bbadis.2017.02.017
https://doi.org/10.1016/j.bbadis.2017.02.017
https://doi.org/10.1016/j.jare.2017.03.003
https://doi.org/10.1186/s13023-018-0807-5
https://doi.org/10.1152/ajpendo.00378.2020
https://doi.org/10.1152/ajpendo.00378.2020
https://doi.org/10.1152/ajpendo.00378.2020
https://doi.org/10.2174/138161205774913255
https://doi.org/10.2174/1389202920666190313162702
https://doi.org/10.1385/CBB:32:1-3:123
https://doi.org/10.1152/japplphysiol.00846.2019
www.zoores.ac.cn

KEGG for linking genomes to life and the environment. Nucleic Acids
Research, 36(S1): D480-D484.

Keebaugh AC, Thomas JW. 2010. The evolutionary fate of the genes
encoding the purine catabolic enzymes in hominoids, birds, and reptiles.
Molecular Biology and Evolution, 27(6): 1359-1369.

Kinsella RJ, Kéhari A, Haider S, Zamora J, Proctor G, Spudich G, et al.
2011. Ensembl BioMarts: a hub for data retrieval across taxonomic space.
Database, 2011: bar030.

Kokkonen K, Kass DA. 2017. Nanodomain regulation of cardiac cyclic
nucleotide signaling by phosphodiesterases. Annual Review of
Pharmacology and Toxicology, 57: 455-479.

Kumar S, Stecher G, Suleski M, Hedges SB. 2017. TimeTree: a resource
for timelines, timetrees, and divergence times. Molecular Biology and
Evolution, 34(7): 1812-1819.

Kumar S, Stecher G, Tamura K. 2016. MEGA?7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Molecular Biology and
Evolution, 33(7): 1870-1874.

Lex A, Gehlenborg N, Strobelt H, Vuillemot R, Pfister H. 2014. UpSet:
visualization of intersecting sets. IEEE Transactions on Visualization and
Computer Graphics, 20(12): 1983-1992.

Liu H, Zhang YJ, Wu HY, D’Alessandro A, Yegutkin GG, Song AR, et al.
2016. Beneficial role of erythrocyte adenosine A2B receptor—Mediated
AMP-activated Protein Kinase activation in high-altitude hypoxia.
Circulation, 134(5): 405-421.

Lépez-Cruz RI, Crocker DE, Gaxiola-Robles R, Bernal JA, Real-Valle RA,
Lugo-Lugo O, et al. 2016. Plasma hypoxanthine-guanine phosphoribosyl
transferase activity in bottlenose dolphins contributes to avoiding
accumulation of non-recyclable purines. Frontiers in Physiology, 7: 213.
Lucas KA, Pitari GM, Kazerounian S, Ruiz-Stewart |, Park J, Schulz S, et al.
2000. Guanylyl cyclases and signaling by cyclic GMP. Pharmacological
Reviews, 52(3): 375-414.

Maiuolo J, Oppedisano F, Gratteri S, Muscoli C, Mollace V. 2016.
Regulation of uric acid metabolism and excretion. International Journal of
Cardiology, 213: 8-14.

Martins EP, Hansen TF. 1997. Phylogenies and the comparative method: a
general approach to incorporating phylogenetic information into the analysis
of interspecific data. The American Naturalist, 149(4): 646-667.

McGowen MR, Tsagkogeorga G, Alvarez-Carretero S, dos Reis M, Struebig
M, Deaville R, et al. 2020. Phylogenomic resolution of the cetacean tree of
life using target sequence capture. Systematic Biology, 69(3): 479-501.
Natarajan C, Hoffmann FG, Weber RE, Fago A, Witt CC, Storz JF. 2016.
Predictable convergence in hemoglobin function has unpredictable
molecular underpinnings. Science, 354(6310): 336—339.

Nemkov T, Sun KQ, Reisz JA, Song AR, Yoshida T, Dunham A, et al. 2018.
Hypoxia modulates the purine salvage pathway and decreases red blood
cell and supernatant levels of hypoxanthine during refrigerated storage.
Haematologica, 103(2): 361-372.

Nery MF, Arroyo JI, Opazo JC. 2013. Genomic organization and differential
signature of positive selection in the alpha and beta globin gene clusters in
two cetacean species. Genome Biology and Evolution, 5(12): 2359-2367.
Nguyen KV, Nyhan WL. 2016. Mutation in the Human HPRT1 Gene and the
Lesch-nyhan syndrome. Nucleosides, Nucleotides & Nucleic Acids, 35(8):
426-434.

Nyhan WL. 2005. Disorders of purine and pyrimidine metabolism. Molecular
Genetics and Metabolism, 86(1-2): 25-33.

Pareek V, Tian H, Winograd N, Benkovic SJ. 2020. Metabolomics and mass

spectrometry imaging reveal channeled de novo purine synthesis in cells.
Science, 368(6488): 283-290.

Pedley AM, Benkovic SJ. 2017. A new view into the regulation of purine
metabolism: the purinosome. Trends in Biochemical Sciences, 42(2):
141-154.

Perrin WF, Wirsig B, Thewissen JGM. 2009. Encyclopedia of Marine
Mammals. 2" ed. San Diego: Academic Press.

Pinheiro J, Bates D, DebRoy S, Sarkar D, Team RC. 2013. nlme: linear and
nonlinear mixed effects models. R Package Version, 3: 111.

Popescu AA, Huber KT, Paradis E. 2012. ape 3.0: new tools for distance-
based phylogenetics and evolutionary analysis in R. Bioinformatics, 28(11):
1536-1537.

Qiu Q, Zhang GJ, Ma T, Qian WB, Wang JY, Ye ZQ, et al. 2012. The yak
genome and adaptation to life at high altitude. Nature Genetics, 44(8):
946-949.

Ramirez JM, Folkow LP, Blix AS. 2007. Hypoxia tolerance in mammals and
birds: from the wilderness to the clinic. Annual Review of Physiology, 69:
113-143.

Ramond F, Rio M, Héron B, Imbard A, Marie S, Billiemaz K, et al. 2020.
AICA-ribosiduria due to ATIC deficiency: delineation of the phenotype with
three novel cases, and long-term update on the first case. Journal of
Inherited Metabolic Disease, 43(6): 1254-1264.

Rappaport JA, Waldman SA. 2018. The guanylate cyclase C-cGMP
signaling axis opposes intestinal epithelial injury and neoplasia. Frontiers in
Oncology, 8: 299.

Revell LJ. 2012. phytools: an R package for phylogenetic comparative
biology (and other things). Methods in Ecology and Evolution, 3(2):
217-223.

Righetti BPH, Simdes-Lopes PC, Uhart MM, Wilhelm Filho D. 2014.
Relating diving behavior and antioxidant status: insights from oxidative
stress biomarkers in the blood of two distinct divers, Mirounga leonina and
Arctocephalus australis. Comparative Biochemistry and Physiology Part A:
Molecular & Integrative Physiology, 173: 1-6.

Robert AM, Robert L. 2014. Xanthine oxido-reductase, free radicals and
cardiovascular disease. A critical review. Pathology & Oncology Research,
20(1): 1-10.

Sackton TB, Grayson P, Cloutier A, Hu ZR, Liu JS, Wheeler NE, et al. 2019.
Convergent regulatory evolution and loss of flight in paleognathous birds.
Science, 364(6435): 74-78.

Saha S, Li Y, Anand-Srivastava MB. 2008. Reduced levels of cyclic AMP
contribute to the enhanced oxidative stress in vascular smooth muscle cells
from spontaneously hypertensive rats. Canadian Journal of Physiology and
Pharmacology, 86(4): 190-198.

Saito T, Nishino T. 1989. Differences in redox and kinetic properties
between NAD-dependent and O,-dependent types of rat liver xanthine
dehydrogenase. Journal of Biological Chemistry, 264(17): 10015-10022.
Schretlen DJ, Callon W, Ward RE, Fu R, Ho T, Gordon B, et al. 2016. Do
clinical features of Lesch-Nyhan disease correlate more closely with
hypoxanthine or guanine recycling?. Journal of Inherited Metabolic Disease,
39(1): 85-91.

Scornavacca C, Belkhir K, Lopez J, Dernat R, Delsuc F, Douzery EJP, et al.
2019. OrthoMaM v10: scaling-up orthologous coding sequence and exon
alignments with more than one hundred mammalian genomes. Molecular
Biology and Evolution, 36(4): 861-862.

Sharma V, Hecker N, Roscito JG, Foerster L, Langer BE, Hiller M. 2018. A
genomics approach reveals insights into the importance of gene losses for

Zoological Research 43(2): 241-254,2022 253


https://doi.org/10.1093/molbev/msq022
https://doi.org/10.1146/annurev-pharmtox-010716-104756
https://doi.org/10.1146/annurev-pharmtox-010716-104756
https://doi.org/10.1093/molbev/msx116
https://doi.org/10.1093/molbev/msx116
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1109/TVCG.2014.2346248
https://doi.org/10.1109/TVCG.2014.2346248
https://doi.org/10.1161/CIRCULATIONAHA.116.021311
https://doi.org/10.1016/j.ijcard.2015.08.109
https://doi.org/10.1016/j.ijcard.2015.08.109
https://doi.org/10.1086/286013
https://doi.org/10.1093/sysbio/syz068
https://doi.org/10.1126/science.aaf9070
https://doi.org/10.3324/haematol.2017.178608
https://doi.org/10.1093/gbe/evt176
https://doi.org/10.1016/j.ymgme.2005.07.027
https://doi.org/10.1016/j.ymgme.2005.07.027
https://doi.org/10.1126/science.aaz6465
https://doi.org/10.1016/j.tibs.2016.09.009
https://doi.org/10.1093/bioinformatics/bts184
https://doi.org/10.1038/ng.2343
https://doi.org/10.1146/annurev.physiol.69.031905.163111
https://doi.org/10.1002/jimd.12274
https://doi.org/10.1002/jimd.12274
https://doi.org/10.3389/fonc.2018.00299
https://doi.org/10.3389/fonc.2018.00299
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1126/science.aat7244
https://doi.org/10.1139/Y08-012
https://doi.org/10.1139/Y08-012
https://doi.org/10.1016/S0021-9258(18)81761-6
https://doi.org/10.1007/s10545-015-9869-x
https://doi.org/10.1093/molbev/msz015
https://doi.org/10.1093/molbev/msz015
https://doi.org/10.1093/molbev/msq022
https://doi.org/10.1146/annurev-pharmtox-010716-104756
https://doi.org/10.1146/annurev-pharmtox-010716-104756
https://doi.org/10.1093/molbev/msx116
https://doi.org/10.1093/molbev/msx116
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1109/TVCG.2014.2346248
https://doi.org/10.1109/TVCG.2014.2346248
https://doi.org/10.1161/CIRCULATIONAHA.116.021311
https://doi.org/10.1016/j.ijcard.2015.08.109
https://doi.org/10.1016/j.ijcard.2015.08.109
https://doi.org/10.1086/286013
https://doi.org/10.1093/sysbio/syz068
https://doi.org/10.1126/science.aaf9070
https://doi.org/10.3324/haematol.2017.178608
https://doi.org/10.1093/gbe/evt176
https://doi.org/10.1016/j.ymgme.2005.07.027
https://doi.org/10.1016/j.ymgme.2005.07.027
https://doi.org/10.1126/science.aaz6465
https://doi.org/10.1016/j.tibs.2016.09.009
https://doi.org/10.1093/bioinformatics/bts184
https://doi.org/10.1038/ng.2343
https://doi.org/10.1146/annurev.physiol.69.031905.163111
https://doi.org/10.1002/jimd.12274
https://doi.org/10.1002/jimd.12274
https://doi.org/10.3389/fonc.2018.00299
https://doi.org/10.3389/fonc.2018.00299
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1126/science.aat7244
https://doi.org/10.1139/Y08-012
https://doi.org/10.1139/Y08-012
https://doi.org/10.1016/S0021-9258(18)81761-6
https://doi.org/10.1007/s10545-015-9869-x
https://doi.org/10.1093/molbev/msz015
https://doi.org/10.1093/molbev/msz015

mammalian adaptations. Nature Communications, 9(1): 1215.

Sharma V, Hiller M. 2020. Losses of human disease-associated genes in
placental mammals. NAR Genomics and Bioinformatics, 2(1): 1gz012.

Shen YY, Liang L, Zhu ZH, Zhou WP, Irwin DM, Zhang YP. 2010. Adaptive
evolution of energy metabolism genes and the origin of flight in bats.
Proceedings of the National Academy of Sciences of the United States of
America, 107(19): 8666-8671.

Song AR, Zhang YJ, Han L, Yegutkin GG, Liu H, Sun KQ, et al. 2017.
Erythrocytes retain hypoxic adenosine response for faster acclimatization
upon re-ascent. Nature Communications, 8: 14108.

Storz JF, Moriyama H. 2008. Mechanisms of hemoglobin adaptation to high
altitude hypoxia. High Altitude Medicine & Biology, 9(2): 148-157.

Sun KQ, Liu H, Song AR, Manalo JM, D’Alessandro A, Hansen KC, et al.
2017. Erythrocyte purinergic signaling components underlie hypoxia
adaptation. Journal of Applied Physiology, 123(4): 951-956.

Sun YB. 2017. FasParser: a package for manipulating sequence data.
Zoological Research, 38(2): 110-112.

Sutherland EW, Robison GA, Butcher RW. 1968. Some aspects of the
biological role of adenosine 3', 5-monophosphate (cyclic AMP). Circulation,
37(2): 279-306.

Talavera G, Castresana J. 2007. Improvement of phylogenies after
removing divergent and ambiguously aligned blocks from protein sequence
alignments. Systematic Biology, 56(4): 564-577.

Tian R, Wang ZF, Niu X, Zhou KY, Xu SX, Yang G. 2016. Evolutionary
genetics of hypoxia tolerance in cetaceans during diving. Genome Biology
and Evolution, 8(3): 827-839.

Tian R, Yin DQ, Liu YZ, Seim |, Xu SX, Yang G. 2017. Adaptive evolution of
energy metabolism-related genes in hypoxia-tolerant mammals. Frontiers in
Genetics, 8: 205.

Vigetti D, Monetti C, Prati M, Gornati R, Bernardini G. 2002a. Genomic
organization and chromosome localization of the murine and human
allantoicase gene. Gene, 289(1-2): 13-17.

Vigetti D, Pollegioni L, Monetti C, Prati M, Bernardini G, Gornati R. 2002b.
Property comparison of recombinant amphibian and mammalian
allantoicases. FEBS Letters, 512(1-3): 323-328.

Wang MH, Zhao YZ, Zhang B. 2015. Efficient test and visualization of multi-
set intersections. Scientific Reports, 5: 16923.

Weadick CJ, Chang BSW. 2012. An improved likelihood ratio test for
detecting site-specific functional divergence among clades of protein-coding

254 www.zoores.ac.cn

genes. Molecular Biology and Evolution, 29(5): 1297-1300.

Weaver S, Shank SD, Spielman SJ, Li M, Muse SV, Kosakovsky Pond SL.
2018. Datamonkey 2.0: a modern web application for characterizing
selective and other evolutionary processes. Molecular Biology and
Evolution, 35(3): 773-777.

Wertheim JO, Murrell B, Smith MD, Kosakovsky Pond SL, Scheffler K.
2015. RELAX: detecting relaxed selection in a phylogenetic framework.
Molecular Biology and Evolution, 32(3): 820-832.

Wilhelm Filho D, Sell F, Ribeiro L, Ghislandi M, Carrasquedo F, Fraga CG,
et al. 2002. Comparison between the antioxidant status of terrestrial and
diving mammals. Comparative Biochemistry and Physiology Part
A:Molecular & Integrative Physiology, 133(3): 885-892.

Wu JX, Sun LJ, Chen X, Du FH, Shi HP, Chen C, et al. 2013. Cyclic GMP-
AMP is an endogenous second messenger in innate immune signaling by
cytosolic DNA. Science, 339(6121): 826-830.

Yang ZH. 2007. PAML 4: phylogenetic analysis by maximum likelihood.
Molecular Biology and Evolution, 24(8): 15686-1591.

Yin J, Ren WK, Huang XG, Deng JP, Li TJ, Yin YL. 2018. Potential
mechanisms connecting purine metabolism and cancer therapy. Frontiers in
Immunology, 9: 1697.

Yin QY, Ge HX, Liao CC, Liu D, Zhang SY, Pan YH. 2016. Antioxidant
defenses in the brains of bats during hibernation. PLoS One, 11(3):
e0152135.

Yu H, Rao XC, Zhang KB. 2017. Nucleoside diphosphate kinase (Ndk): a
pleiotropic effector manipulating bacterial virulence and adaptive responses.
Microbiological Research, 205: 125-134.

Yu HB, Gao YJ, Zhou R. 2020. Oxidative stress from exposure to the
underground space environment. Frontiers in Public Health, 8: 579634.
Yuan Y, Zhang YL, Zhang PJ, Liu C, Wang JH, Gao HY, et al. 2021.
Comparative genomics provides insights into the aquatic adaptations of
mammals. Proceedings of the National Academy of Sciences of the United
States of America, 118(37): €2106080118.

Zhang J, Kumar S. 1997. Detection of convergent and parallel evolution at
the amino acid sequence level. Molecular Biology and Evolution, 14(5):
527-536.

Zou ZT, Zhang JZ. 2015. Are convergent and parallel amino acid
substitutions in protein evolution more prevalent than neutral expectations?.
Molecular Biology and Evolution, 32(8): 2085-2096.


https://doi.org/10.1038/s41467-018-03667-1
https://doi.org/10.1093/nargab/lqz012
https://doi.org/10.1073/pnas.0912613107
https://doi.org/10.1073/pnas.0912613107
https://doi.org/10.1038/ncomms14108
https://doi.org/10.1152/japplphysiol.00155.2017
https://doi.org/10.24272/j.issn.2095-8137.2017.017
https://doi.org/10.1161/01.CIR.37.2.279
https://doi.org/10.1080/10635150701472164
https://doi.org/10.1093/gbe/evw037
https://doi.org/10.1093/gbe/evw037
https://doi.org/10.3389/fgene.2017.00205
https://doi.org/10.3389/fgene.2017.00205
https://doi.org/10.1016/S0378-1119(02)00541-3
https://doi.org/10.1016/S0014-5793(02)02264-0
https://doi.org/10.1038/srep16923
https://doi.org/10.1093/molbev/msr311
https://doi.org/10.1093/molbev/msx335
https://doi.org/10.1093/molbev/msx335
https://doi.org/10.1093/molbev/msu400
https://doi.org/10.1126/science.1229963
https://doi.org/10.1093/molbev/msm088
https://doi.org/10.3389/fimmu.2018.01697
https://doi.org/10.3389/fimmu.2018.01697
https://doi.org/10.1371/journal.pone.0152135
https://doi.org/10.1016/j.micres.2017.09.001
https://doi.org/10.3389/fpubh.2020.579634
https://doi.org/10.1073/pnas.2106080118
https://doi.org/10.1073/pnas.2106080118
https://doi.org/10.1093/oxfordjournals.molbev.a025789
https://doi.org/10.1093/molbev/msv091
https://doi.org/10.1038/s41467-018-03667-1
https://doi.org/10.1093/nargab/lqz012
https://doi.org/10.1073/pnas.0912613107
https://doi.org/10.1073/pnas.0912613107
https://doi.org/10.1038/ncomms14108
https://doi.org/10.1152/japplphysiol.00155.2017
https://doi.org/10.24272/j.issn.2095-8137.2017.017
https://doi.org/10.1161/01.CIR.37.2.279
https://doi.org/10.1080/10635150701472164
https://doi.org/10.1093/gbe/evw037
https://doi.org/10.1093/gbe/evw037
https://doi.org/10.3389/fgene.2017.00205
https://doi.org/10.3389/fgene.2017.00205
https://doi.org/10.1016/S0378-1119(02)00541-3
https://doi.org/10.1016/S0014-5793(02)02264-0
https://doi.org/10.1038/srep16923
https://doi.org/10.1093/molbev/msr311
https://doi.org/10.1093/molbev/msx335
https://doi.org/10.1093/molbev/msx335
https://doi.org/10.1093/molbev/msu400
https://doi.org/10.1126/science.1229963
https://doi.org/10.1093/molbev/msm088
https://doi.org/10.3389/fimmu.2018.01697
https://doi.org/10.3389/fimmu.2018.01697
https://doi.org/10.1371/journal.pone.0152135
https://doi.org/10.1016/j.micres.2017.09.001
https://doi.org/10.3389/fpubh.2020.579634
https://doi.org/10.1073/pnas.2106080118
https://doi.org/10.1073/pnas.2106080118
https://doi.org/10.1093/oxfordjournals.molbev.a025789
https://doi.org/10.1093/molbev/msv091
https://doi.org/10.1038/s41467-018-03667-1
https://doi.org/10.1093/nargab/lqz012
https://doi.org/10.1073/pnas.0912613107
https://doi.org/10.1073/pnas.0912613107
https://doi.org/10.1038/ncomms14108
https://doi.org/10.1152/japplphysiol.00155.2017
https://doi.org/10.24272/j.issn.2095-8137.2017.017
https://doi.org/10.1161/01.CIR.37.2.279
https://doi.org/10.1080/10635150701472164
https://doi.org/10.1093/gbe/evw037
https://doi.org/10.1093/gbe/evw037
https://doi.org/10.3389/fgene.2017.00205
https://doi.org/10.3389/fgene.2017.00205
https://doi.org/10.1016/S0378-1119(02)00541-3
https://doi.org/10.1016/S0014-5793(02)02264-0
https://doi.org/10.1038/srep16923
https://doi.org/10.1038/s41467-018-03667-1
https://doi.org/10.1093/nargab/lqz012
https://doi.org/10.1073/pnas.0912613107
https://doi.org/10.1073/pnas.0912613107
https://doi.org/10.1038/ncomms14108
https://doi.org/10.1152/japplphysiol.00155.2017
https://doi.org/10.24272/j.issn.2095-8137.2017.017
https://doi.org/10.1161/01.CIR.37.2.279
https://doi.org/10.1080/10635150701472164
https://doi.org/10.1093/gbe/evw037
https://doi.org/10.1093/gbe/evw037
https://doi.org/10.3389/fgene.2017.00205
https://doi.org/10.3389/fgene.2017.00205
https://doi.org/10.1016/S0378-1119(02)00541-3
https://doi.org/10.1016/S0014-5793(02)02264-0
https://doi.org/10.1038/srep16923
https://doi.org/10.1093/molbev/msr311
https://doi.org/10.1093/molbev/msx335
https://doi.org/10.1093/molbev/msx335
https://doi.org/10.1093/molbev/msu400
https://doi.org/10.1126/science.1229963
https://doi.org/10.1093/molbev/msm088
https://doi.org/10.3389/fimmu.2018.01697
https://doi.org/10.3389/fimmu.2018.01697
https://doi.org/10.1371/journal.pone.0152135
https://doi.org/10.1016/j.micres.2017.09.001
https://doi.org/10.3389/fpubh.2020.579634
https://doi.org/10.1073/pnas.2106080118
https://doi.org/10.1073/pnas.2106080118
https://doi.org/10.1093/oxfordjournals.molbev.a025789
https://doi.org/10.1093/molbev/msv091
https://doi.org/10.1093/molbev/msr311
https://doi.org/10.1093/molbev/msx335
https://doi.org/10.1093/molbev/msx335
https://doi.org/10.1093/molbev/msu400
https://doi.org/10.1126/science.1229963
https://doi.org/10.1093/molbev/msm088
https://doi.org/10.3389/fimmu.2018.01697
https://doi.org/10.3389/fimmu.2018.01697
https://doi.org/10.1371/journal.pone.0152135
https://doi.org/10.1016/j.micres.2017.09.001
https://doi.org/10.3389/fpubh.2020.579634
https://doi.org/10.1073/pnas.2106080118
https://doi.org/10.1073/pnas.2106080118
https://doi.org/10.1093/oxfordjournals.molbev.a025789
https://doi.org/10.1093/molbev/msv091
www.zoores.ac.cn

	INTRODUCTION
	MATERIALS AND METHODS
	Taxon coverage, dataset preparation, and sequence alignments
	Molecular evolutionary analyses
	Gene–phenotype association analysis
	Evaluation of gene loss and its evolution
	Detection of unique or convergent amino acid residues
	Protein expression and functional assays

	RESULTS
	Unique signature of selection in purine metabolism genes of oxidative stress-tolerant mammals
	Convergent/parallel substitutions are specific to oxidative stress-tolerant mammals
	Unique amino acid residue substitutions in species under higher oxidative stress
	Functional effects of cetacean specific unique amino acid substitutions
	Loss of the ALLC in cetaceans
	Selective constraint shift and correlation analysis in purine metabolism-related gene of cetaceans with different diving ability

	DISCUSSION
	Oxidative stress drives shared selection signatures of purine biosynthesis genes across mammals
	Purine salvage genes contributing to oxidative stress adaptation in cetaceans
	Inactivation of the cetacean ALLC gene and its implication for mammalian uric acid metabolism
	Divergent selective pressures are associated with various diving phenotypes in cetaceans

	SUPPLEMENTARY DATA
	COMPETING INTERESTS
	AUTHORS’ CONTRIBUTIONS

