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Abstract
Background: Large, long-lived organisms typically have a higher risk of cancer, but cetaceans, which
include the largest and longest-living mammals, may have evolved a mechanism to counter this.
However, little is known about the genetic basis underlying this mechanism.

Cetaceans, which include the largest and longest-lived mammals, may have evolved effective anticancer
mechanisms in response to a high risk of cancer caused by massive somatic cell divisions.

Results: The p53 pathway is ideal for studying the mechanisms behind cancer resistance, as nearly all
types of cancer have evolved ways to evade this suppressive mechanism. Here, comparative genetic
analyses of the 73 genes involved in the p53 pathway were examined in cetaceans to explore potential
anticancer mechanisms behind natural longevity. We found that long-lived species have three positively
selected genes (APAF1, CASP8, TP73) and three duplicated genes (IGFBP3, PERP, CASP3) involved in the
regulation of apoptosis, suggesting that apoptosis regulation may be an important strategy for cancer
resistance in these long-lived cetaceans. Inhibition of angiogenesis may be another strategy for
protecting cetaceans from cancer because the evolutionary rates of three angiogenesis-regulated genes
(SERPINE1, CD82 and TSC2) were signi�cantly related to longevity traits (longevity quotient and
maximum lifespan). Interestingly, some tumor suppressor genes were determined to be under positive
selection (APAF1 and TP73), have high copy numbers (CASP3 and CCNG1), and be related to body size in
the large-bodied and long-lived cetacean lineages. The above is all molecular evidence for Peto's paradox.

Conclusions: Our study identi�ed several candidate genes for the p53 pathway with different evolutionary
paths in the large, long-lived cetaceans and suggested that tumor suppression in cetaceans might be
mediated through multiple synergistic effects rather than a single pathway/target.

Background
Lifespan is a characteristic of life history [1]. Extant mammals show a wide variety of lifespans and body
masses (BM), with the shortest- and longest-living mammals differing by more than 100-fold and
smallest and largest mammals differing by ~100-million-fold [2, 3]. The cetaceans contain extremes in
both categories, as this group includes the largest and longest-lived lineages of mammals. The largest
living mammal on earth is the blue whale (Balaenoptera musculus), which has an average reported adult
weight of 136,000 kg and maximum lifespan (MLS) of 110 years [4]. The longest living mammal is the
bowhead whale (Balaena mysticetus), weighing more than 100,000 kg and living up to 211 years [5].
Generally, large, long-lived organisms have an increased risk of developing cancer because big bodies
with more cells undergo more cell divisions, increasing the probability that a) DNA damage will occur and
b) a normal cell will become a cancerous one [6, 7]. However, large whales—which have 1,000 times more
cells than humans—have a lower cancer risk and longer lifespan than might be expected based on this
pattern [8]; this is consistent with Peto’s paradox, the observation that there is no correlation between
cancer incidence and body size or longevity across species [9]. For example, only two benign tumors were
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identi�ed in 2,000 baleen whales shunted in South Africa [10] and few cancers were identi�ed in wild
toothed whales that were killed by hunters or died of natural causes [8]. Thus, it is reasonable to suggest
that these large, long-lived cetaceans evolved an effective mechanism for suppressing cancer. 

Recent studies have sequenced the genomes of several extremely large and long-lived species of
cetaceans and identi�ed the genetic basis by which they resist cancer [11-13]. Comparative genomic
studies of the long-lived bowhead whales and humpback whales (Megaptera novaeangliae, MLS: 95
years) found that a number of genes related to cancer and aging are under positive selection (e.g. SOCS2,
APTX, PRDM1 & PRDM2, and WDHD1), have undergone gene duplication (e.g. LAMTOR1), and have
lineage-speci�c amino acid changes (e.g. PRDM13, ERCC1) [11, 12]. Moreover, transcriptomic analyses of
the gray whale (Eschrichtius robustus)—which can live up to 77 years—revealed that pathways related to
DNA repair, autophagy, and ubiquitination appear to have higher activity that other mammals, which is
crucial for preventing cell transformation and eliminating cancer cells [13]. A handful of candidate genes
and pathways related to lifespan extension were identi�ed in single-species studies, but the broader
mechanisms underlying lifespan regulation in cetaceans remain poorly explored.

The p53 pathway has received considerable attention for its essential roles in tumor-suppression and
extending lifespan; in addition, nearly all types of cancer have evolved ways to evade this suppressive
mechanism. The p53 pathway mainly exerts its tumor-suppressing function through the well-known
tumor suppressor p53. Numerous studies have shown that loss or mutation of p53 results in over half of
all human cancers, and spontaneous tumorigenesis was shown to occur in p53 knockout mice [14]. As a
transcription factor, p53 can prevent tumor formation and development through selective transcriptional
regulation of many target genes to induce cell cycle arrest (e.g. SFN, CDK1, CDK4), promote cell
apoptosis or senescence (e.g. EI24, APAF1, FAS), and accelerate DNA repair (e.g. CHEK1,
CHEK2, TP53) [15]. For example, comparative genomic studies identi�ed multiple copies of the tumor
suppressor gene TP53 in the long-lived elephants [16], and in vitro experiments further found that the
expansion of the TP53 enhanced the DNA damage response and augmented apoptosis, thus decreasing
cancer incidence and increasing longevity [17]. In addition, p53 negatively regulates the IGF1-mTOR
pathway by inducing the expression of related genes (e.g. PTEN, TSC2, IGFBP3) and inhibits cell growth
and division with high error rates caused by stress [18]. Previous studies have shown that the
IGF1 pathway is related to lifespan regulation in nematodes and mammals [19], and inhibition
of the mTOR signaling pathway can extend the lifespans of many species—e.g., mice (Mus
musculus) [20, 21]. Together, studying the p53 pathway is a promising way to uncover mechanism by
which large and long-lived species inhibit cancer.

In the present study, we investigated the molecular evolution of 73 genes (downloaded from KEGG; the
Kyoto Encyclopedia of Genes and Genomes, Table S1) involved in the p53 pathway in 17 cetacean
species with high-quality genomes to explore the potential anticancer mechanisms underlying natural
longevity. We �rst traced the gene copy number variation across cetacean genomes to test whether
duplicated genes coincide with the evolution of large, long-lived species. For single copy orthologs, we
determined whether positive selection is limited to long-lived cetaceans classi�ed by MLS and longevity
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quotient (LQ) correcting for body size. Finally, we investigated the relationship between gene evolutionary
rates and lifespan variables (MLS, LQ, and BM) in cetaceans.  We aimed to use the results from the above
analyses to understand the molecular mechanism behind the suppression of tumors in long-lived
cetaceans.

Results
According to the MLS and BM records of non�ying eutherian mammals from the AnAge online dataset,
we obtained a new allometric equation: . The LQ of all
cetacean species was calculated based on the allometric equation 

. The mean LQ value from 65 cetaceans was 0.97 and the 0.5
SD was 0.17 (LQ = 0.97 ± 0.17). Six cetacean species had LQ > 1.14, so we classi�ed them as long-lived
species: bowhead whales, long-�nned pilot whales (Globicephala melas), Paci�c white-sided dolphins
(Lagenorhynchus obliquidens), killer whales (Orcinus orca), bottlenose dolphins ((Tursiops truncatus),
and Indo-Paci�c bottlenose dolphins (T. aduncus). In contrast, we classi�ed �ve species short-lived (LQ <
0.80): vaquita (Phocoena sinus), harbor porpoises (P. phocoena), beluga whales (Delphinapterus leucas),
baiji (Lipotes vexillifer), and common minke whales (B. acutorostrata). The remaining species (0.8 < LQ <
1.14) were used as the control (Fig. 1). For the MLS, the mean MLS value ± 0.5 SD for all cetaceans was
47.90 ± 15.67. Five species were classi�ed as the long-lived group with MLS > 63.57: blue whales,
bowhead whales, humpback whales, killer whales, and sperm whales (Physeter catodon). Four species
had MLS < 32.23 and were thus considered short-lived: vaquita, harbor porpoises, Yangtze �nless
porpoises (Neophocaena asiaeorientalis), and baiji. In addition, the ancestral state of both MLS and LQ
was reconstructed to further classify long-lived lineages in the ancestral nodes (Figure S1). The long-lived
cetacean species identi�ed by the two standards (LQ > 1.14, MLS > 63.57) were used for subsequent
analyses.

Gene duplications in cetacean genomes

To gain insight into the molecular mechanisms of cancer resistance in the p53 pathway, we identi�ed
genes that had undergone duplications in cetaceans. In our study, 23 genes were detected to have copy
number gains in at least one cetacean lineage (Figure 2, Table S2). We leveraged the COSMIC
v92 [22] and TSGene 2.0 [23] databases and found that, among genes that underwent duplications, more
than 50% were tumor suppressor genes (i.e. CASP3, CDK1, CDK2, CDK6, EI24, GADD45A, IGFBP3, PERP,
RCHY1, SFN, SIAH1, THBS1). Four genes with two copies were unique to the long-lived cetacean lineages
(LQ > 1.14)—BCL2L1 (long-�nned pilot whales), IGFBP3 (Indo-Paci�c bottlenose dolphins), PERP
(bottlenose dolphins), and STEAP3 (Indo-Paci�c bottlenose dolphins)—whereas only one copy was
identi�ed in other cetacean lineages. In addition, three copies of CCNB2 and two copies of MDM4 were
detected only in the large, long-lived sperm whale, but only one copy of each was found in the other
cetacean lineages. We also found that both CASP3 and CCNG1 had undergone duplication in all the large
long-lived cetacean species (MLS > 63.57) except the common minke whale. In contrast, only one copy of
RCHY1 was identi�ed in the �ve large, long-lived species, but two copies were found in the other cetacean

Y (expected longevity) = 3.7136 BM 0.1842

LQ = MLS / (3.7136 * BM ^ 0.1842)
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species. To further con�rm whether the above eight genes with gene copy gains (BCL2L1, IGFBP3, PERP,
STEAP3, CCNB2, MDM4, CASP3, CCNG1) and one gene with copy loss (RCHY1) are unique to long-lived
cetaceans, we added 17 non-cetacean mammals and found higher copies of both CASP3 and PERP in
the well-known long-lived species (including large cetaceans, primates and the naked mole-rat), although
there were some exceptions (e.g. cow). In addition, we did not �nd an effect of genome assembly length
or scaffold N50 numbers on estimated gene copy number (Figure S2).

Positive selection of p53 pathway-related genes in cetaceans

A total of 46 “one-to-one” orthologous genes were identi�ed among the 73 genes involved in the p53
pathway. To detect signatures of episodic selection in genes occurring along the long-lived cetaceans, we
used four different methods: free-ratio and branch-site model from the PAML4.9 package and aBSREL
and BUSTED from Datamonkey. The LRT revealed that the free‐ratio model that assumes an independent
ω on each branch �t the data signi�cantly better than the one‐ratio model for three genes (APAF1,
CASP8, AIFM2;P < 0.05, Figure 1, Table S3). ω > 1 was only identi�ed in four long-lived branches of both
APAF1 and CASP8: the LCA of the humpback whale and terminal branch of the Indo-Paci�c bottlenose
dolphin of APAF1, and the LCA of delphinids and the branch leading to the Paci�c white-sided dolphin of
CASP8. However, AIFM2 was found to be under positive selection in both long-lived long-�nned pilot
whales and short-lived vaquita. Similar results were obtained from the more stringent branch-site model—
which can detect stronger positive selection acting on only a few sites within a landscape of overall
purifying selection—from CODEML. Evidence of positive selection was observed in the two long-lived
branches leading to the sperm whale for TP73 and the long-�nned pilot whale for AIFM2 (Figure 1, Table
S3). Two positively selected sites identi�ed using the BEB approach in both genes (TP73: 506; AIFM2:
459) had undergone radical changes in at least one property. In addition, three genes (TP53I3, SIVA1,
GTSE1) were identi�ed in the short-lived groups and another two (CCNE1 and TP53) along the non-long-
lived branch leading to the common minke whale. We then ran another branch-site model in the
Datamonkey program aBSREL, which appeared to be markedly more sensitive in detecting episodic
selection than branch-site methods from PAML. The result showed evidence of episodic selection on two
branches from two genes after correcting for multiple testing. TP73 was identi�ed to be under positive
selection along the large long-lived humpback whale, whereas GTSE1 was subject to positive selection
along the non-long-lived lineage of the LCA of Phocoenidae and Monodontidae (Table S4). The BUSTED
program, which may be particularly effective at testing for selection limited to foreground branches,
further revealed that the TP73 in the long-lived cetaceans undergoes positive selection (p < 0.05, Table
S5). The above four methods of selection testing identi�ed three positively selected genes
(APAF1, CASP8, TP73) unique to the long-lived cetacean species.

Neutral theory predicts that the ω value is higher in species with small effective population sizes (Ne), like
cetaceans. To test whether the selective signs we identi�ed in the three genes (APAF1, CASP8, TP73) of
long-lived cetaceans were due to a low Ne, we used branch-site and free ratio models implemented in
PAML4.9 to evaluate the ω value in each lineage across 17 non-cetacean mammals. Two genes were
also identi�ed to be under positive selection in other long-lived mammals: the ancestral branch of
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primatesfor CASP8 and TP73, and TP73 in the terminal branch of Brandt's bat (Myotis brandtii). The
results suggest that positively selected genes were not identi�ed in the long-lived cetaceans due to a low
Ne (Table S6). 

Gene-phenotype evolution

The phylogenetic generalized least squares (PGLS) regressions were performed between the evolutionary
rate of each orthologous gene (represented by root-to-tip ω) and three lifespan-associated traits (MLS,
BM, and LQ). Regression analyses revealed that the evolutionary rates of the two genes were signi�cantly
positively correlated with LQ: CD82 (R2 = 0.392, P = 0.004) and SERPINE1 (R2 = 0.343, P = 0.010, Figure 3).
For MLS, a positive association between log10 (root-to-tip ω) and log10 (MLS) was identi�ed at TSC2 (R2 =

0.364, P = 0.008). Moreover, the TP73 evolution rate was positively related to BM (R2 = 0.226, P = 0.031,
Figure 3).

Discussion
Larger cetaceans tend to have a longer lifespan than small ones. A previous study suggested that large
and long-lived cetaceans might have evolved effective anticancer abilities, since their incidences of
cancer were reportedly low [8]. Until now, however, anticancer mechanisms have only been revealed for
individual, extremely long-lived species. The p53 pathway plays a key role in tumor suppression because
the activation of p53 can induce cell cycle arrest, regulate autophagy, accelerate DNA repair, regulate cell
metabolism, and promote cell apoptosis. Here, we comprehensively analyzed the 73 genes involved in the
p53pathway across 17 cetacean lineages with relatively high-quality genomes and found evidence that
long-lived cetaceans may have a mechanism for preventing cancer (Figure 4). Four duplicated genes (i.e.
IGFBP3, STEAP3, CASP3, PERP) and three positively selected genes (APAF1, CASP8, TP73) were detected
in the long-lived cetaceans. Additionally, evolutionary rates of four genes (CD82, SERPINE1, TSC2, TP73)
were signi�cantly related to three lifespan traits (MLS, LQ, BM) in cetaceans. Genes involved in the p53
pathway of long-lived cetaceans underwent different evolutionary paths, indicating that cancer resistance
might be mediated through multiple synergistic effects rather than a single pathway/target. 

Tumor suppression by regulation of apoptosis and inhibition of angiogenesis 

p53-dependent apoptosis is a key regulator of tumorigenesis because cell apoptosis is signi�cantly
reduced in tumors of mice without p53 [24]. The apoptosis rate of African elephant (cancer mortality of
4.81%) cells is reportedly twice that of human (cancer mortality of 11% to 25%) cells [25]. Accordingly,
several studies have suggested—and our study corroborated—that regulating apoptosis is important for
preventing cancer in long-lived mammals.

In the present study, 100% (3/3) of positively selected genes (APAF1, CASP8, TP73) and 75% (3/4) of
genes with multiple numbers of copies (IGFBP3, PERP, CASP3) identi�ed in the long-lived cetacean
species were involved in regulating apoptosis, thus inhibiting tumor growth. APAF1 is a key regulator in
the intrinsic or mitochondrial pathway of apoptosis, as was evident from the deletion of this gene in mice
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showing clear defects in apoptosis functioning [26, 27]. CASP3 and CASP8 are included in the Caspases
(CASP) gene family, which is known to play a major role in the execution of apoptotic cascades. CASP3
plays a key role in removing DNA-damaged cells and preventing the occurrence of tumors—impairing the
expression of CASP3 induces various tumors [28]—whereas overexpression of CASP8 in breast cancer
cells can lead to cell apoptosis [29]. In addition, IGFBP3, a duplicated gene that was identi�ed solely in
long-lived cetaceans, reportedly exerts antitumor effects through IGF-independent mechanisms, which
involve the activation of caspase-dependent apoptosis and angiogenesis suppression by regulating
multiple potent angiogenic factors [30, 31]. The PERP (p53 apoptosis effector related to PMP22), a
critical effector involved in the p53-dependent apoptotic pathway, functions as a tumor suppressor in
several human cancers [32]. Interestingly, positive selection and duplication events related to apoptosis
identi�ed in long-lived cetaceans were also observed in long-lived lineages of 17 non-cetacean mammals
—e.g., CASP8 and TP73 were positively selected in the ancestral branch of primates; TP73 was positively
selected in the terminal branch of Brandt's bat; and PERP and CASP3 underwent gene expansion in
human, bonobo (Pan paniscus), and naked mole rat (Heterocephalus glaber). A similar result was
reported in a recent study, which found human cancer gene duplications across long-lived mammals [33].
Thus, we suggest that these long-lived lineages might have evolved convergent mechanisms
of apoptosis to ward off cancer. 

Angiogenesis is a key process in the development of cancer because it allows for the delivery of oxygen,
nutrients, and growth factors and the dissemination of tumors to distant organs [34]. There is growing
evidence that p53 also helps inhibit angiogenesis by activating downstream genes in the
p53 pathway [35]. The evolution rates of two angiogenesis-inhibiting genes (SERPINE1 and CD82) were
signi�cantly correlated with LQ in our study. SERPINE1, which encodes endothelial plasminogen activator
inhibitor-1 (PAI1), plays an important role in inhibiting VEGF (vascular endothelial growth factor)-induced
angiogenesis in mice [36]. Another tumor suppressor gene—TSC2 (tuberous sclerosis complex 2)—
exhibits a signi�cantly positive relationship with MLS in cetaceans. TSC2 reportedly contributes to the
regulation of angiogenesis, since the loss of this gene was accompanied by increased levels of HIF-1α
(hypoxia-induced factor 1α) and VEGF, whereas the activation of the HIF-1α/VEGF pathway was
responsible for hypoxia-induced angiogenesis [37]. In addition, TSC2 was negatively regulated by mTOR
signaling, whereas a genetic inhibition of TOR activity led to a two-fold extension in the lifespan in
Caenorhabditis elegans [38]. Thus, the inhibition of angiogenesis may be another strategy by which
cetaceans protect against cancer. 

Evidence for Peto’s paradox in large, long-lived cetaceans

Peto’s paradox states that large-bodied, long-lived species do not have a greater lifetime risk of
cancer than small, short-lived ones [9]. For instance, the African elephant was not found to have a higher
cancer incidence than humans, despite the 100-fold difference in number of cells between them [25]. This
phenomenon was also found in large-bodied and long-lived cetaceans [8]. The evolution of giant body
size and low cancer incidence may be related to the selection of genes and pathways related to cancer in
cetaceans.
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In the present study, we searched genes related to cancer resistance in cetaceans and found three lines of
evidence that support Peto’s paradox at the molecular level. First, two positively selected genes
(APAF1 and TP73) involved in apoptosis and senescence were identi�ed across the large, long-lived
lineages: the sperm whale and humpback whale for TP73 and the ancestral branch of three baleen
whales (blue whale, common minke whale, and humpback whale) for APAF1. Second, a signi�cantly
positive relationship between the gene evolution and body size was identi�ed for the tumor suppressor
gene TP73, suggesting that cetaceans evolved to overcome the risk of cancer caused by the
accumulation of mutations within the cell. TP73 was linked to senescence as knockout mice revealed
more pronounced aging with increased oxidative damage [39]. Finally, increases in tumor suppression
gene copy numbers might be another mechanism of cancer resistance in large, long-lived
cetaceans [40]. In our study, both tumor suppression genes that participated in cell apoptosis (CASP3 and
CCNG1) were duplicated in the large, long-lived cetaceans, whereas only one copy was found in small-
bodied species. Big-bodied baleen whales generally have a long lifespan, with the exception of the
common minke whale (MLS = 50 years). The last common ancestor of baleen whales was estimated to
have lived over 110 years according to the ancestral state reconstruction in our study (Figure S1). Here, it
might be understandable that the copy number gains of both genes in the common minke whale were the
same as those of other baleen whales classi�ed as long-lived species based on the MLS. Taken together,
our results might account for the relatively lower incidence of cancer in large and long-lived species and
provide new insights into Peto's paradox. Of course, laboratory experiments are needed to verify this. 

Conclusions
In our study, we analyzed 73 genes of the p53 pathway in 17 cetaceans to reveal their potential
anticancer mechanisms. Apoptosis-related genes were identi�ed to be under positive selection (APAF1
and CASP8) or have undergone duplications (IGFBP3, PERP, CASP3) in long-lived cetaceans, suggesting
that the regulation of apoptosis is a key anti-cancer strategy in the extending the lifespan of cetaceans.
Moreover, we suggest that cetaceans also inhibit angiogenesis to protectect against cancer, as the
evolutionary rates of three angiogenesis-regulated genes (SERPINE, TSC2, CD82) were signi�cantly
related to longevity traits LQ and MLS. Tumor suppressor genes were determined to be under positive
selection (APAF1 and TP73) and to have more gene copies (CASP3 and CCNG2) in the extremely large
and long-lived cetaceans, this is all molecular evidence for Peto's paradox. In conclusion, our study
identi�ed several candidate genes for cancer resistance in cetaceans, which may provide new ideas for
lifespan extension in humans.

Methods
Identi�cation of long-lived species

In this study, we used two different standards to de�ne long-lived species: MLS and LQ. LQ is the ratio of
observed longevity to expected longevity following Austad and Fisher [41], which can indicate how long a
species’ lifespan compares to that of other species of a similar size. The expected longevity was
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calculated for each species by �tting a linear regression [42]:  , where Y is the expected MLS, M is BM, a is
a constant representing the proportionality coe�cient, and b is the scaling exponent. We �rst obtained
MLS and BM records from the AnAge database [3] for all non�ying eutherian mammals (n = 823, Table
S7) to calculate the a and b values. This regression equation also applies to cetaceans. The MLS and BM
records of 65 cetacean species were collected from the AnAge & Amniote life history databases [43] and
published books such as Jefferson et al. [44] (Table S8). Species with an LQ or MLS greater than 0.5 SD
(standard deviations) from the mean of 65 cetaceans were classi�ed as long-lived. This is because we
calculated the sequential threshold from 0 to 1.0 SD from the cetacean mean and found that the same
species were included in the long-lived species with any threshold between 0.4 and 0.8 (Figure S3). Thus,
the species with LQ or MLS less than 0.5 SD from the mean were classi�ed as the short-lived group. To
assess whether ancestral nodes in the tree belong to the long-lived species, the ancestral state of MLS
and LQ was reconstructed through the maximum-likelihood method implemented in the APE R-
package [45]. We used the time-calibrated supertree from McGowen et al. [46] as the reference tree for the
cetacean phylogeny.

Identi�cation of multiple copy genes in cetacean genomes

We used 16 cetacean genomes (three mysticetes and 13 odontocetes) for this study with scaffold N50 >
1M downloaded from NCBI and the genome of longest-lived bowhead whale from its corresponding
resource (http://www.bowhead-whale.org/, Table S8). The reference gene set used in this study came
from the human p53 signaling pathway in KEGG (hsa04115). We utilized the method of Tollis et
al. [33] to test if multiple copies involved in the p53 pathway occurred in cetaceans. We �rst used BLAT
software [47] to look for p53 pathway orthologous genes in each cetacean genome (minscore = 55,
minidentity = 60), using all the known human protein sequences as initial references. To collect p53
pathway gene paralogs, the putative homologs in cetaceans with a length at least 2/3 that of the coding
sequence were taken as queries in blast searches against the human protein database using
BLASTx [48], and cetacean copies were only kept when the top hit had over 65% sequence identity to the
human sequence. Additionally, genes with multiple copies identi�ed in cetaceans were scanned in the
genomes of 17 non-cetacean species to detect whether the duplicated genes were unique to cetaceans
(Table S8). To assess the in�uence of genome assembly quality on copy number detection, we analyzed
the correlation between the normalized copy numbers (the total number of copies divided by the total
number of genes) and genome assembly length and scaffold N50.

Sequence retrieval and alignment

We performed TBLASTN searches [49] against cetacean genomes using bottlenose dolphins genes as
queries to obtain the coding sequence of high-con�dence single-copy orthologs of the p53 pathway,
setting the expected cut off value to 1e-5 (Table S9). The downloaded sequences that covered at least
75% of the entire coding sequences were retained for further analysis. Multiple alignments of orthologous
sequences were �rst carried out with MACSE, a tool that prevents the disruption of frameshifts and stop
codons [50]. Sequences were then aligned with PRANK, which outperforms other alignment tools and
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produces the fewest false positives [51]. Finally, potentially unreliable regions of multiple alignments were
removed using the Gblocks program under parameters “-t=c -b1 = 5 -b2 = 6 -b3 = 8 -b4 = 10 -b5 = h” [52]. 

Selection detection

To elucidate the molecular evolution of orthologous genes involved in the p53 pathway, we estimated the
rates of nonsynonymous (dN) and synonymous (dS) (ω = dN / dS) using the maximum likelihood (ML)
method in the CODEML program implemented in PAML 4.9e [53]. Values of ω >1, = 1, and <1 indicate
positive selection, neutral selection, and purifying selection, respectively. A well-accepted phylogeny of
cetaceans [46] was used as an input tree for analyses of each orthologous gene.

To evaluate whether positive selection was restricted to long-lived cetacean lineages, we used the free-
ratio model and branch-site model implemented in the CODEML program. The free-ratio model (M1),
which allow independent ω values for each branch, was compared with the null one-ratio model (M0)
with the same ω for all branches in a tree. The branch-site model, which assumes that codons are under
positive selection along a speci�c lineage with ω2 > 1, was compared with a null model Ma0 with a �xed
ω2 = 1. The positively selected sites were identi�ed using a Bayes Empirical Bayes (BEB)
analysis [54] with posterior probabilities ≥ 0.80. A false discovery rate (FDR, cutoff = 0.05) correction for
multiple tests was conducted in the branch-site model analysis [55]. All nested models were compared
using the likelihood ratio test (LRT) to determine which models were statistically different from the null
model, P values < 0.05 after FDR correction were considered signi�cant. We further manually checked the
putative positively selected sites identi�ed by the branch-site model to minimize the impact of potential
false positives. The putative positively selected sites were removed if the aligned positions of the
positively selected sites were located nearly or within a poorly conserved section, such as close to
insertions or deletions or surrounded by large gaps. The positively selected sites further employed
TreeSAAP v3.2 to measure the selective in�uences on 31 structural and biochemical amino acid
properties, the residues that had category Z-scores greater than six were regarded as radical amino acid
changes [56].

Additional robustness of statistical signi�cance of aBSREL (adaptive branch-site random effects
likelihood) [57] and BUSTED (branch-site unrestricted statistical test for episodic
diversi�cation) [58] implemented in Datamonkey were further used to investigate whether episodic
positive selection acted on the long-lived lineages. aBSREL identi�es branches under positive selection
without a priori knowledge about which lineages are of interest by sequential likelihood ratio
tests. BUSTED is capable of detecting episodic positive selection that acts on a subset of branches in the
phylogeny in at least one site within the alignment [58]. BUSTED, which splits branches into the
foreground and background partitions, includes three ω classes (ω1 ≤ ω2 ≤ ω3, unconstrained model)
and tests for positive selection against a constrained null model (ω = 1, disallowing positive selection) on
the foreground branches.

Association analysis between ω and longevity-associated traits
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PGLS regression was used to further assess the relationships between gene evolution and lifespan
associated traits (i.e., MLS, BM, and LQ). The maximum-likelihood method was used as a quantitative
measure of phylogenetic correlation (λ). Values of λ range between 0 and 1, with λ close to 0 indicating
traits that are phylogenetically independent and λ of 1 or close to 1 indicating that the genes show a
strong phylogenetic signal. All analyses were performed in R 3.4.2 [59]. The gene evolutionary rate, ω
value, for each gene was calculated using the free-ratio model implemented in the CODEML program of
PAML 4.9e. The root-to-tip ω (average ω ratio from the ancestral cetacean to each terminal species tip),
which includes gene evolutionary history, is more suitable for regressions against phenotypic data from
extant species. The ultrametric tree of 17 cetacean species from McGowen et al. [46] was used as an
input tree. Lifespan variables and root-to-tip ω were log10 transformed to improve normality for the
regression analysis.

Abbreviations
BLAST: Basic local alignment search tool; BLAT: The BLAST-like alignment tool; FDR: False discovery
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Figures

Figure 1

Evidence of positive selection across the phylogeny of cetaceans. The long-lived species identi�ed based
on the longevity quotient (LQ) and maximum lifespan (MLS) are marked in green and red, respectively. In
contrast, short-lived species and the control group are in purple and grey, respectively. Signi�cant positive
selection identi�ed by the free-ratio model, branch-site model, and aBSREL is indicated by a circle,
pentagram, and triangle, respectively. 
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Figure 2

The copy number variation of p53 pathway-related genes in cetaceans. The heat map shows copy
number variation in cetaceans. The colors correspond to the number of copies, with red indicating
increasing copy number. Red bars represent long-lived species.
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Figure 3

Regression analyses between root-to-tip (ω) and three longevity traits (MLS, BM, and LQ).
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Figure 4

Diagram of p53 pathway-related genes evolution in the long-lived cetaceans. Positively selected genes
(blue), genes related to three longevity phenotypes [MLS or LQ (gold) and BM (purple)] identi�ed in the
long-lived cetacean lineages are marked with different colors. The red star indicates gene duplications
examined in the long-lived cetaceans. 
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