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EVOLUTIONARY BIOLOGY

Ecological interactions and genomic innovation fueled
the evolution of ray-finned fish endothermy
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Endothermy has independently evolved in several vertebrate lineages but remains rare among fishes. Using an
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integrated approach combining phylogenomic and ecomorphological data for 1051 ray-finned fishes, a time-
dependent evolutionary model, and comparative genomic analyses of 205 marine vertebrates, we show that
ecological interactions with modern cetaceans coincided with the evolution of endothermy in ray-finned fishes
during the Eocene-Miocene. This result is supported by evidence of temporal and geographical overlap between
cetaceans and endothermic fish lineages in the fossil record, as well as correlations between cetacean diversifica-
tion and the origin of endothermy in fishes. Phylogenetic comparative analyses identified correlations between
endothermy, large body sizes, and specialized swimming modes while challenging diet specialization and depth
range expansion hypotheses. Comparative genomic analyses identified several genes under selection in endother-
mic lineages, including carnmt1 (involved in fatty acid metabolism) and dcaf6 (associated with development). Our
findings advance the understanding of how ecological interactions and genomic factors shape key adaptations.

INTRODUCTION

Endothermy, the ability to generate heat via metabolic processes and
maintain an elevated body temperature independent of environ-
mental conditions, is one of the most notable adaptations in verte-
brates (I, 2). This trait has independently originated in birds and
mammals, as well as in some reptile and fish lineages (3). Although
endothermy is considered a functional innovation in fishes, this ca-
pability is present in less than 0.1% of the roughly 36,000 known fish
species (4). Ray-finned fishes have independently evolved endother-
my at least four times (1, 3). These include the generation of internal
heat in the eye and brain region (butterfly kingfish, sailfishes, mar-
lins, and swordfishes), red muscle (some tunas), a combination of
regional strategies (Pacific bluefin tuna, slender tuna, among oth-
ers), or full-body endothermy (opahs) (3, 4). Certain endothermic
fishes can conserve the heat they generate internally using the retia
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mirabilia (5). This structure uses a countercurrent mechanism for
heat retention, reducing heat dissipation (5).

The diverse manifestations and mechanisms of endothermy in
fishes present substantial challenges to their study, particularly
compared to terrestrial vertebrates (6). Previous hypotheses on the
evolutionary advantages of endothermy in fishes included enhanced
aerobic swimming performance (7, 8), thermal and depth range
expansion (5, 9-11), specialized diets (5, 12), increased body size
(13, 14), and higher metabolic rates (4, 15), often in conjunction with
ancient paleoclimatic events such as ocean cooling during the Ceno-
zoic (4, 16). Past studies, which often suffered from limited taxonomic
sampling (7, 17), analyzed one or more of these hypotheses, typically
using a small number of endothermic fish lineages (5). Further-
more, the lack of statistical methods capable of incorporating time-
dependent evolutionary processes has hindered experiments from
rigorously quantifying how ancient climatic changes and other time-
varying factors influenced the evolution of endothermy in fishes. Al-
though discussions on the evolution of endothermy in ray-finned
fishes in relation to the geological past have largely focused on paleo-
climatic changes (4), a broader analysis of its evolutionary and
geological context has revealed an often-overlooked phenomenon.
Ecological interactions (i.e., competition, predation, etc.) (18) have
been linked to increased body sizes and the potential evolution of
endothermy in organisms like elasmobranchs (14), synapsids (19),
and archosaurs (19). Yet, the view on interactions related to endo-
thermy in ray-finned fishes often centers on endothermic organisms
outcompeting ectothermic ones (7, 17). However, these hypotheses
ignore the fact that despite being formidable apex predators (I, 4),
endothermic ray-finned fishes are not considered the most competi-
tively dominant endothermic organisms in the ocean. Consequently,
the potential for evolutionary arms races through ecological interac-
tions among marine vertebrates during the Eocene-Miocene remains
underexplored. The Eocene-Miocene transition was a period of sub-
stantial marine ecosystem restructuring marked by the expansion of
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open-ocean predatory niches, the diversification of cetaceans, and
shifts in oceanic productivity (20, 21). The appearance of marine
cetaceans created additional ecological niches and resource pres-
sures for existing apex ray-finned fish predators (tunas, billfishes,
and opahs), suggesting that factors like coevolution or competitive
exclusion might have shaped their ecological roles. Given the poten-
tial for competition-driven endothermy and the dietary and geo-
graphic overlap between cetaceans and endothermic ray-finned
fishes (22-24), this underexplored aspect of marine vertebrate inter-
action merits further investigation.

Affordable genome sequencing technologies greatly advanced
the study of fish endothermy. A whole-genome comparison of
billfishes and tunas identified signatures of positive selection in
genes related to metabolic and cell pathway regulation (25). No-
tably, atp2al and atp2all have emerged as key genes involved in
pumping calcium ions (Ca*") into the sarcoplasmic reticulum, a
critical process in muscle contraction and internal heat produc-
tion (1, 25). A study in tunas observed mutations in the gpdlb
and gpdIc genes, contributing to ATP synthesis and a high rate of
oxidative phosphorylation, generating localized heat in the tissue
(26). In opahs, the only fishes with whole-body endothermy, a
previous experiment identified positive selection signals in ndufal0
and cox15 genes, which play a role in the mitochondrial electron
transport chain, a process integral to oxygen reduction, creating
high-energy phosphate bonds from ATP, resulting in heat genera-
tion (27). Despite the progress that previous genomic studies have
achieved, the limited inclusion of endothermic species, coupled
with a lack of phylogenetic replication across multiple endothermic
lineages, remains a substantial limitation (25-28). By incorporating
more endothermic fishes and marine vertebrates, comprehensive
genomic analyses might reveal the convergent molecular under-
pinnings of marine endothermic lineages. However, identifying
orthologous sequences at deep evolutionary scales remains a major
challenge (29).

Using a multifaceted approach, we investigate the evolutionary
origins of endothermy within ray-finned fishes. First, we con-
structed the largest time-calibrated phylogenomic tree for ray-
finned fishes to date, encompassing 1051 species and including all
known endothermic groups. Next, we built a comprehensive com-
parative dataset incorporating multiple ecomorphological index-
es, including swimming mode (e.g., sub-carangiform, carangiform,
and thunniform), an array of body shape metrics, diet preferences,
and depth range to test for evolutionary correlations with endo-
thermy. To explore the origins of ray-finned fish endothermy, we
further developed and applied a time-variable model to indepen-
dently evaluate two key factors: (i) its relationship with paleocli-
matic changes and (ii) its association with the lineage diversity of
fossil and extant cetaceans and chondrichthyans, as an avenue to
assess the potential role of ecological interactions with marine ver-
tebrates. In addition, we examined fossil assemblages from the
past 40 million years (Myr) to investigate spatiotemporal overlaps
among ancient pelagic communities. Last, we performed compar-
ative genomic analyses using 205 long-read and short-read ge-
nomes encompassing all endothermic fish lineages and other
marine vertebrates, including whales, penguins, and marine tur-
tles, followed by positive selection and accelerated evolution anal-
yses to detect genomic signatures of convergence.
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RESULTS

Constructing a comprehensive phylogeny of

ray-finned fishes

We addressed the limitations of previous studies, which focused on
the origin of endothermy in small fish subclades (5, 7, 17), by using
genome-wide data to generate a phylogenomic hypothesis for a
large group of ray-finned fishes (Fig. 1). Our genomic dataset in-
cludes 1099 single-copy nuclear exon markers (30) (dataset S1) se-
quenced from 1051 species, spanning all four major endothermic
lineages represented by 22 species (table S1). Our resulting phy-
logeny was time calibrated using a congruification approach (31),
which integrates multiple secondary calibrations from existing time
trees based on shared taxa (see Materials and Methods). We used
the time tree from Hughes et al. (30) as the primary framework but
supplemented it with eight additional calibrations from four calibra-
tion schemes derived from more recent studies (30, 32-40) to refine
divergence time estimates for major fish clades (Fig. 1, fig. S1, and
table S2). To address uncertainties in phylogenetic placement and
divergence times, we generated alternative topologies and calibra-
tion strategies using four randomly grouped genomic subsets (41),
each comprising ~220 loci, resulting in a total of 19 time-calibrated
trees used for downstream comparative analyses (datasets S2 to S6).
This set of ray-finned fish phylogenies is the most phylogenomically
exhaustive to date, with a comprehensive representation of all endo-
thermic lineages.

Evolutionary dynamics of endothermy

To elucidate the origins and effects on lineage diversification of
endothermy in ray-finned fishes, we used a stochastic character
mapping of discrete traits (SIMMAP) (42) and state-dependent
diversification and extinction analyses based on hidden states
(HiSSE) (43). Aligning with previous assessments of the origin of
endothermy in ray-finned fishes (25-27, 32), our SIMMARP results
corroborate four independent origins of endothermy within three
distantly related clades: one in the stem lineage leading to Istiophori-
formes (sailfishes, marlins, and swordfishes), another in Lampri-
formes, and two independent origins within the family Scombridae
(one in the tunas and one in the butterfly kingfish Gasterochisma
melampus) (Fig. 1). HiSSE analysis (dataset S7) favors a character-
independent model with four hidden states [CID-4; Akaike infor-
mation criterion weight (AICw) > 99%]. This result suggests that,
although hypothesized as a key innovation (44) contributing to both
the avian and mammal’s evolutionary success (14, 19), endothermy
is not a major factor influencing ray-finned fishes’ diversification
dynamics. Endothermy’s scattered phylogenetic presence, distinct
evolutionary patterns, and lack of association with increased rates
of evolution reflect features often associated with evolutionary
dead ends. Although our methods were not able to account for
elevated extinction rates for endothermic species (Fig. 1 and data-
set §7), they do appear to correlate with the phylogenetic patterns
observed from potential loss/gain imbalances (45). This phenom-
enon is similar to the evolution of red flowers (45), where, despite
multiple origins, the trait is not widespread due to a higher loss
rate. This suggests that, although endothermy may provide a
short-term evolutionary advantage, it is not more common due to
high maintenance costs outweighing the potential benefits under
most conditions.
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Fig. 1. Time tree of 1051 species of ray-finned fishes. Tree based on 1099 single-copy nuclear exon markers. Colored fish illustrations indicate endothermic lineages,
whereas grayscale illustrations represent their ectothermic counterparts. Colored dashed lines indicate endothermic lineages and the type of endothermy they exhibit.
Colored branches show net diversification rates for all 1051 species, estimated using HiSSE. The central graph compares the distribution of diversification rates between

endothermic and ectothermic ray-finned fishes. lllustration(s) by Julie Johnson (Life Science Studios).

Ecomorphological predictors of endothermy evolution

We assembled a combined dataset encompassing four key ecomor-
phological traits from multiple databases (see Materials and Meth-
ods), including swimming mode, diet preference, depth range, and
body size (average standard length and length-weight relationship)
(table S3). Historically, these traits have been linked to the evolution
of endothermy in fishes (1, 4, 5, 12, 17). In addition, we used the
FishShapes (FS) dataset (46), to examine lesser-studied relation-
ships, including morphometric traits such as body depth, width,
head depth, caudal peduncle width, and weight (table S4). To ensure
robustness, we also retested average standard length using FS data.
Because of the inconsistent classification of Istiophoriformes’ swim-
ming mode, we ran the swimming mode comparisons using two
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different schemes: classifying them as either sub-carangiform or
thunniform swimmers (tables S5 to S8). From a kinematic perspec-
tive, traditional swimming mode categories (e.g., anguilliform, ca-
rangiform, thunniform, among others) are better represented as
continuous traits based on undulatory movements (47). However,
given the broad taxonomic scope of our study (>1000 species), we
used these traditional categories as practical and applicable ecologi-
cal descriptors. This approach remains common across comparative
studies and is represented in several major databases (see Materials
and Methods). We emphasize that these classifications are intended
as broad, scalable proxies for locomotion, not precise biomechanical
definitions of swimming behavior. To explore potential evolutionary
correlations between endothermy and these traits, we conducted
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phylogenetic generalized logistic regression (PGLR) analyses (48),
both in univariate (uv) and multiple logistic regression (mr) frame-
works. Because of analytical convergence issues, the multiple logis-
tic regression tests focused on the four endothermy-linked traits but
excluded the additional FS morphometric factors. Variations in tree
topology and divergence times had negligible effects on comparative
analyses (Fig. 2A). Last, to account for potential instances of false
discovery, we implemented a false discovery rate (FDR) correction
to all estimated P values.

Our analyses revealed a significant correlation between body size
(average standard length) and the origin of endothermy (P,, = 0.01 to
0.02; Py = <0.01 to 0.04) in ray-finned fishes. However, no signifi-
cant correlation was found for the length/weight relationship, sug-
gesting different selective pressures on these traits. In addition, we
detected no significant correlation between endothermy and depth
range (Pyy = 0.24 to 0.99; Py, = 0.06 to 0.17) or specialized diets
(Puy=10.2510 0.80; Ppyr = 0.12 t0 0.99). These findings appear to differ
from the established hypotheses concerning the evolution of endo-
thermy and extrinsic ecological factors (1, 5, 17, 49), revealing that the
evolution of endothermy was not influenced by the need for enhanced
access to different depths (1, 4, 9, 10) or dietary changes (5, 12).

No significant correlation was observed for swimming mode in
univariate tests (Pyy = 0.68 to 0.99), but a significant relationship
emerged in multiple logistic regression tests (Pp, = 0.02 to 0.04).
This result identified swimming mode as a significant predictor of
endothermy in interactions with other traits (Fig. 2A). Analyses us-
ing the FS dataset (Fig. 2A) showed significant correlations between
endothermy and a broader caudal peduncle, deeper heads, taller
and wider bodies, and greater body lengths (P, = <0.01 to 0.05).
No significant correlations were found for mouth width, weight,
body depth-length ratio, or body depth-length-weight ratio (table S5).
Together, these results support an evolutionary association be-
tween endothermy in ray-finned fishes and size-related metrics like
increased body length, depth, and width, along with distinct swim-
ming modes (Fig. 2A and tables S5 to S8). Although these traits are
common to large pelagic fishes and are not exclusive to endother-
mic species, the significant correlation between these traits and en-
dothermy suggests that they may have been further influenced or
more intensely selected in endothermic fishes. This could be due
to the enhanced metabolic and physiological demands associated
with endothermy, driving a stronger selection pressure for these
traits in endothermic species compared to their ectothermic coun-
terparts (4).

The relationship between past climatic changes

and endothermy

Short-term and long-term temperature fluctuations have been hy-
pothesized to influence endothermic adaptations in terrestrial (6)
and marine (4, 5) ecosystems. The evolution of endothermy in fishes
has been associated with cooling periods during the Cenozoic (4). In
addition, previous studies used proxies like paleo-altitude and paleo-
latitude (6), movement tracking data (17), and dietary patterns (5) to
identify similar climatic relationships. To directly assess the correla-
tion between the evolution of endothermy and ancient climatic
changes, we developed a phylogenetic comparative approach based
on a modified threshold model. This model tests for a statistical as-
sociation between the emergence of a discrete trait (i.e., endothermy)
and a time-varying function (50) (i.e., temperature; see Materials and
Methods). The model was validated through extensive simulations
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(figs. S2 to S11 and dataset S8), demonstrating high accuracy in de-
tecting evolutionary signals. Although our time-dependent model
receives some support (average Akaike weights AICw = 0.18), both
random walk (Brownian motion, average AICw = 0.32) and phylo-
genetic signal (Lambda, average AICw = 0.27) models are favored
(Table 1 and tables S9 and S10). This suggests that evidence for the
role of climate in the evolution of endothermy is equivocal at best.

Cetacean interactions as a selective pressure in the origin of
fish endothermy

The concept of ecological interactions and evolutionary arms races
driving the origin of endothermy is not unexpected; it has been sug-
gested in synapsids and archosaurs during the Triassic (19). Similar-
ly, ecological interactions with giant, planktivorous bony fishes have
been used to explain thermoregulatory strategies and patterns of gi-
gantism in some elasmobranchs (14). The Cenozoic, particularly the
Eocene-Miocene period, exhibits similar trends indicative of big
changes in the pelagic realm. This period was marked by mammal
recolonization of the ocean (51), the presence of endothermic chon-
drichthyan lineages, and the origin of endothermy in pelagic ray-
finned fishes (Fig. 2A). These larger endothermic organisms had
heightened metabolic requirements, overlapping diets (i.e., small
fishes, plankton, squids, and some crustaceans) (22, 23), and a need
for increased quantities of food, likely influencing their evolutionary
trajectories (22-24). However, the hypothesis that whales and ray-
finned fishes had ecological interactions similar to those between
synapsids and archosaurs has not been explored. Establishing direct
evidence for ecological competition between high-performance en-
dothermic fishes and cetaceans is inherently challenging. However,
contemporary fishery studies have identified a substantial niche
overlap between endothermic fishes and cetaceans (24, 52). Further-
more, satellite tracking data provide evidence that some endothermic
fishes and marine mammals exhibit remarkably similar migration
ranges (17), suggesting that both can access the same productive
feeding grounds, they can maintain activity in both warm and cold
waters, and they share physiological capabilities that allow them to
track and exploit the same mobile prey resources (22, 23) across
ocean basins, providing strong evidence for niche overlap and eco-
logical interactions.

To investigate the relationship between the evolution of endo-
thermy in ray-finned fishes and the evolutionary trends of modern
cetaceans, we conducted model-fitting analyses using our proposed
time-varying threshold model. Instead of using paleoclimatic curves
as input, we fitted the model with lineage through time (LTT)
curves, which depict the accumulation of lineages over time, and
diversification through time (DTT) curves, which track species
richness and incorporate speciation and extinction, based on fossil
and extant species data for modern cetaceans (Neoceti) (51) and
chondrichthyans (53, 54). This approach enabled us to directly as-
sess whether evolutionary dynamics in these external groups corre-
late with the emergence of endothermy in ray-finned fishes. Because
of the time-varying nature of the model, we empirically validated it
by fitting two additional trees with artificially younger evolutionary
origins for endothermy. These branch length alterations assigned
more recent temporal origins (25 and 50%) for endothermic ray-
finned fish lineages. The goal was to assess the robustness of our
analyses: If positive results were obtained using trees younger than
the estimated origin of endothermy, it would indicate that the mod-
el had not adequately captured the effect. Conversely, if the model
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Fig. 2. Evolutionary correlations and tests for ecological interactions. (A) Results illustrating nine sets of boxplots, each representing either one of the factors previ-
ously associated with the evolution of endothermy (white shaded) or one of the statistically significant factors obtained using additional morphometric traits (FS dataset)
(blue shaded). The vertical dashed line represents the threshold for statistical significance (P value of 0.05). The vertical axis indicates whether the analysis was performed
on a single trait (uv) or considering all traits jointly (mr). Each boxplot encompasses the distribution of the results of the PGLR analyses for the 19 different trees estimated
to account for phylogenetic uncertainty. (B) LTT plots for all cetacean groups combined (Neoceti), Odontoceti, Mysticeti, and Carcharhiniformes, based on previously
published phylogenies that include fossil and extant species. The vertical lines intersecting the LTT plots denote the origin of endothermic fish lineages. (C) AICw com-
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detected a signal using only our tree but not with artificially younger
trees, it provides more confidence in the results. We also attempted to
run the model with artificially older origins for endothermy, but the
runs failed to converge because most transitions were pushed beyond
the appearance of cetacean lineages. The cetacean LTTs were ana-
lyzed in three ways: Mysticeti only (baleen whales), Odontoceti only
(toothed whales), and Neoceti (baleen and toothed whales). This
approach was taken to further discern the origin of the effect being
observed and to avoid potential instances of false positives. The
chondrichthyans LTTs and DTTs were based on either Carcharhini-
formes (54) only or all chondrichthyans (53). We excluded Odonto-
ceti and Mysticeti from the DTT analysis because DTT estimation
requires ultrametric trees, and removing fossil tips lowers taxonomic
sampling (<100 species), which could have compromised the mod-
el’s accuracy, as indicated by our simulations (figs. S2 to S11).

Model fitting results indicate an evolutionary correlation be-
tween the origin of endothermy in ray-finned fishes, LTT and
DTT trends of Neoceti, and LTT trends in Odontoceti and Mysti-
ceti (AICw ~ 0.43), suggesting that the diversification of modern
whales in the marine environment greatly restructured the eco-
logical and biological dynamics of the ocean, particularly among
large pelagic marine organisms (Table 2). Visual inspection of the
LTT curves for Neoceti, Odontoceti, and Mysticeti (Fig. 2B) re-
veals multiple inflection points, marked by bursts, plateaus or
slowdowns, and subsequent bursts, that closely align with the ori-
gins of endothermy in ray-finned fishes. The first inflection, dur-
ing the late Eocene to early Oligocene (~38 to 30 Myr), features a
slowdown followed by a burst across all cetacean groups analyzed,
coinciding with the emergence of Istiophoriformes. A second in-
flection during the early to mid-Miocene (~23 to 16 Myr) aligns

with the appearance of Scombriformes, and a third inflection in
the late Miocene (~11 to 7 Myr) corresponds with the origin of
Lampriformes. Although Carcharhiniformes also exhibit increasing
lineage accumulation, they lack the punctuated burst-slowdown-burst
patterns observed in cetaceans (Table 2). Notably, Mysticeti shows the
best model fit despite a shallower slope, possibly because its mid-
Miocene inflection aligns with endothermic transitions. These results
suggest that the timing and structure of diversification bursts in
cetaceans, rather than absolute richness, correlate with the emergence
of endothermy in ray-finned fishes.

As major marine predators, cetaceans may have introduced ad-
ditional ecological pressures for resources, which potentially played
a crucial role in the evolution of endothermy in ray-finned fishes.
This finding aligns with the demonstrated performance advantages
in endothermic fishes, particularly their higher cruising speeds
(7, 8, 17) and sustained cardiovascular capabilities (55), supporting
our hypothesis on the role of competitive interactions in pelagic
environments. Although these results suggest that ecological inter-
actions played a role in the origin of endothermy, they also under-
score the complexity of this trait and the numerous factors that
contributed to its development (Supplementary Text). Although
our LTT- and DT T-based models present a moderate AICw (~0.43)
value for Neoceti, these results are consistent with our simulations
when the strength of the signal/effect was low (fig. S2 and tables S9
and S10) (56), leading to conservative AICw estimates even when
we induced the desired correlation effect. This relatively low signal/
effect strength can also be explained by the small number of transi-
tions to endothermy in ray-finned fishes (n = 4). Furthermore,
when we tested our model by artificially altering the ages of endo-
thermic ray-finned fish lineages, our analyses found no correlation.

Table 1. Results of model fitting for climatic analyses. Average weighted Akaike scores (AICw) for different models, including our time-dependent (Clim),
Brownian motion (BM), Early Burst (EB), Pagel’s Lambda (Lambda), and Ornstein-Uhlenbeck (OU) models, along with averages for beta (f), and lambda () values.
Bold values indicate the best-supported model for each climatic curve based on AIC weights.

Curve Clim AlCw BM AlCw EB AlICw Lambda AlCw OU AlCw g A
Scotese Deep 0.201 0.312 0.113 0.263 0.111 —2.295 0.959
Scotese GAT 0.201 0.312 0.113 0.263 0.111 —2.298 0.959

cotese Tropica
Total average

Table 2. Results of model fitting for ecological interactions. Average weighted Akaike values (AICw) for each model based on LTT curves for cetaceans (whole
group, Mysticeti, and Odontoceti), Chondrichthyes, and Carcharhiniformes, along with averages for beta (), mu (n), and lambda (1) values. Bold values indicate

the best-supported model for each group based on AIC weights.

Group LTT AICw BM AlCw EB AlCw Lambda AlCw OU AICw 1] i A
Mysticeti 0.445 0.227 0.083 0.145 0.099 0.344 —16.038 0.938
Odontoceti 0.420 0.237 0.087 0.152 0.104 0.237 b 0.938
Cetacean 0.414 0.239 0.088 0.153 0.105 0.216
All Chondrichthyes 0.177 0.336 0.124 0.215 0.147 —0.143 . 0.938
Only 0.239 0.311 0.114 0.199 0.136 0.118 —20.694 0.938
Carcharhiniformes
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Our time-dependent model was less favored (AICw ~ 0.28) and was
outperformed by Brownian motion (AICw ~ 0.45) (Fig. 2, Band C,
and tables S11 to S16). We observed no correlation between endo-
thermic ray-finned fishes and the chondrichthyan and Carcha-
rhiniformes LTT and DTT curves (Fig. 2, B and C; Table 2; and
tables S11 to S16), providing additional evidence that the Eocene-
Miocene, and not the Cretaceous, was a notable period for the evo-
lution of endothermic strategies in ray-finned fishes. The lack of
correlation observed in our analyses of chondrichthyan, Carcha-
rhiniformes, and on our altered dates reinforces that the correlation
observed with cetaceans obtained with the unmodified ages are un-
likely to be false positives introduced by our model or the curves
used. In addition, the timing of endothermy evolution in ray-
finned fishes coincides with the radiation of cetaceans, with both
groups representing small but notable portions of their respective
vertebrate classes. Although earlier marine predator extinctions
(plesiosaurs and mosasaurs, ~66 Myr) predate the evolution of
endothermy in most ray-finned fishes, others like the Megalodon
(3.6 Myr) show no correlation with our DTT and LTT curves (Fig. 2C
and Table 2).

To further investigate the macroevolutionary history of eco-
logical interactions between modern cetaceans and ray-finned fish

endothermic lineages, we analyzed fossil records from the past
40 Myr using their historical biogeographic occupancy overlap. A
failure to see an overlap between them would mean there were no
interactions between the groups (57), making it unlikely that mod-
ern cetaceans promoted the origin of endothermy in ray-finned
fishes. We examined a total of 12 geological formations, includ-
ing fossil lineages for three main groups: Neoceti, endothermic
chondrichthyans (Alopiidae and Lamnidae), and ray-finned fishes
(Scombriformes, Istiophoriformes, and Lampridae). In addition,
we included fossil data for two ray-finned fish lineages, Clupeiformes
and Myctophiformes, which are well represented in geological forma-
tions and are prey for these marine predators (Fig. 3). These prey
fossils were added to establish a historical dietary correlation to
supplement the geographical correlation observed and further
strengthen the feasibility of such ecological interactions taking
place. Although most geological formations presented a temporal
and geographic overlap of at least four of our six fossil lineages, two
formations (the Yorktown and Monterey) included all six of them.
These results further confirm the ancient coexistence of these ma-
rine apex predators. Although no macroevolutionary studies have
explicitly considered the early trophic interactions between ceta-
ceans and ray-finned fishes, our study provides evidence that the
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Fig. 3. Fossil evidence of geographic coexistence between cetaceans and fishes. Fossil record representations showing the geographical coexistence among different
groups of predators and prey, suggesting potential ecological interactions among them. Major predators, alongside their correlated prey, were selected. Fossilized prey
was included to support the observed geographical link to dietary ones, reinforcing the likelihood of such ecological interactions taking place. Each map represents in-
tervals of 10 up to ~40 Myr, with dots indicating fossil location. Only regions with the simultaneous presence of at least four of our six fossil lineages are illustrated to
maintain figure clarity. The intervals above the map indicate the fossil range age, and the number next to the silhouettes shows the fossils for each group and time range.

lllustration(s) by Julie Johnson (Life Science Studios).
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Eocene-Miocene appears to be a hotspot for these ecological inter-
actions between these two groups. This period represents stages of
an evolutionary arms race that could have led to the evolution of
endothermy in ray-finned fishes and their distinct adaptations, a
phenomenon that mirrors the evolutionary arms race between syn-
apsids and archosaurs, where both groups adopted different move-
ment strategies and physiological adaptations (endothermy) as a
competitive advantage in the aftermath of the Permian-Triassic
mass extinction (19). We propose that endothermy in ray-finned
fishes could have evolved as a response to the increased energetic
demands stemming from emerging ecological interactions with ce-
taceans in the marine realm, representing a key physiological adap-
tation in lineages exhibiting ecomorphological traits typical of
pelagic fishes (24). Our data suggest that cetacean interactions in-
fluenced endothermy in ray-finned fishes (Fig. 2B), but the butter-
fly kingfish highlights the trait’s broader evolutionary complexity.
Although its divergence may overlap with early cetacean diversifi-
cation (52), variable divergence estimates (table S2) reduce confi-
dence in its origin within our time-varying model. Moreover, some
estimates align its origin with the extinction of large marine rep-
tiles such as plesiosaurs and mosasaurs (~66 Myr), suggesting that
these apex predators may have imposed ecological pressures simi-
lar to those from modern cetaceans. Furthermore, the rarity of en-
dothermy and its uneven distribution among ray-finned fishes,
primarily concentrated in tunas, pose additional challenges to fully
resolving its evolutionary trajectory.

A All endotherms (S1)
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Comparative genomics reveals convergent molecular
adaptations for endothermy

We conducted a comprehensive genomic analysis of 205 genomes
from diverse endothermic marine lineages, including mammals,
birds, reptiles, chondrichthyans, and ray-finned fishes. Integrating
138 long-read and 69 short-read genomes, we identified 833 single-
copy orthologs along with 61 candidate genes associated with en-
dothermic traits (I, 4, 25-27) in a dataset of 894 single-copy
orthologous sequences (datasets S9 to S11). To detect positive selec-
tion, we used the BUSTED-E and BUSTED-PH models, modified
versions of the BUSTED[S] model implemented in the HyPhy pack-
age (fig. S12) (58), which account for synonymous site-to-site sub-
stitution rate variation (SRV) (59, 60). Following FDR corrections,
genes were categorized based on their selection profiles: FDR-class
101 for genes selected in the foreground (fg) without background
(bg) selection and FDR-class 111 for genes under positive selection
in both the fg and bg, indicating varied selection pressures (Supple-
mentary Text). Our analyses spanned four scenarios (S1 to S4),
ranging from a broad comparison of all endotherms versus ecto-
therms (S1) to more specific contrasts between different groups of
endotherms and ectotherms (S2 to S4). We observed 51 positively
selected genes (PSGs) in scenario S1 (Fig. 4A), primarily affecting
neural development, muscle function, and metabolism (61). In re-
gional endotherms such as tunas and great white sharks (S2), we
detected 17 PSGs (Fig. 4B), including those related to energy gen-
eration and muscle function (61). Scenario S3 highlighted seven
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Fig. 4. Positive selection of endothermic genes. Genes that exhibited positive selection and accelerated relative rates of evolution across different scenarios using
BUSTED-PH (corrected with BUSTED-E) and “RER” The genes with the highest evolutionary rate for each scenario are underlined. Genes showing convergent signals are
marked with an asterisk (*). Each scenario highlights the vertebrates used as the foreground species. We also highlighted regions used for internal heat production as-
sociated with genes under selection. The scenarios are (A) all endothermic species (foreground or fg) compared to all ectothermic species (background or bg), (B) re-
gional endotherms (fg), all ectotherms (bg), and the other endothermic representatives as nuisance species, (C) eye/brain endotherms (fg), all ectotherms (bg), and the
other endothermic representatives as our nuisance species, and (D) full-body endotherms (fg), all ectotherms (bg), and the other endothermic representatives as our
nuisance species. (E) Upset plot indicating the number of genes under positive selection for each scenario. Boxes with black dots joined by a black line represent the
number of genes shared between those highlighted scenarios. Although shared genes were observed among all endothermic species, some genes showing signatures
of selection and accelerated evolution were found exclusively in some scenarios. Functional categories based on Biological Processes were obtained using the PANTHER
database. lllustration(s) by Julie Johnson (Life Science Studios).
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PSGs in eye/brain endotherms, like billfishes and marlins (Fig. 4C),
associated with catabolic processes and muscular maintenance (61).
In full-body endotherms, including marine mammals and penguins
(S4) (Fig. 4D), 75 PSGs were found to be related to metabolism and
muscle contraction (tables S18 to S26) (61).

We expanded our positive selection analyses by estimating rela-
tive evolutionary rates (RERs) (62) through Hyphy (58) (fig. S17 and
tables S18 to S26). This method uses a likelihood framework to cor-
relate traits with accelerated evolution in amino acid sequences.
“RER” also accounts for cases where a single branch contains the
evolutionary signal by testing the significance of shifts in RERs both
on the “single branch only” and on “all but this branch” for each re-
spective foreground branch. We found a notable overlap where
genes under accelerated evolution frequently exhibited positive se-
lection. Among all endotherms, we found 479 genes (380 genes with
evolutionary signals driven by multiple branches) showing signifi-
cantly faster or slower evolutionary rates. Notably, ddx54, critical in
genotoxic stress response and stimuli reception, displayed the high-
est relative rates among PSGs in S1. Among regional endotherms,
we identified 517 genes (324 genes with evolutionary signals driven
by multiple branches) with significant evolutionary rate shifts. The
gene pyroxd2, involved in essential oxidoreductase processes for en-
ergy metabolism, exhibited the highest rate of evolution among
PSGs in regional endotherms like tunas and sharks (S2). In eye/
brain endotherms, 232 genes (100 genes with evolutionary signals
driven by multiple branches) showed significant evolutionary rate
shifts with elapor1, associated with cellular stress responses, having
the highest rate of evolution (S3). In full-body endotherms (54), 383
genes (208 genes with evolutionary signals driven by multiple
branches) experienced significant rate variation. Here, pdlim?7, cru-
cial for the structural assembly of skeletal muscle, showed the high-
est evolutionary rate among PSGs (S4).

Our findings highlighted convergent evolution in PSGs like carnmt1
and dcaf6, consistently selected across different nonoverlapping
scenarios for their roles in muscle function and regulatory path-
ways. These results underscore shared genetic strategies for the evo-
lution of endothermy, focusing on adaptations in muscle function
and metabolic processes (Fig. 4E, figs. S13 to S18, and tables S18 to
S$26). However, only five (ryrl, aco2, ephb2, mt-nd2, and pyroxd2)
(1, 4, 25-27) of the previously identified candidate genes for endo-
thermy were confirmed under our more stringent analysis conditions.
This illustrates the complexity and specificity of genetic adaptations
for endothermy, suggesting that, although genes with convergent ac-
celerated evolutionary rates do not always align with positive selec-
tion signals, their elevated rates may reflect unique, scenario-specific
phenotypes (63) rather than direct contributions to endothermy. Our
approach, emphasizing genes with both convergent evolutionary
rates and positive selection, provides a robust framework for un-
derstanding the genetic basis of endothermy in marine vertebrates.
Future research exploring gene duplications, losses, and regulato-
ry or noncoding regions could offer deeper insights into the evo-
lutionary mechanisms that enable these species to maintain higher
body temperatures.

DISCUSSION

Building on an extensive dataset that includes a larger number of
species and factors than previous studies (1, 4, 5, 12, 17), our analyses
shed light on the evolutionary pathways of endothermy in marine

Melendez-Vazquez et al., Sci. Adv. 11, eads8488 (2025) 25 June 2025

vertebrates, particularly in ray-finned fishes. We integrated a com-
prehensive phylogenomic dataset of 1051 species with detailed eco-
logical, morphological, and paleontological data alongside comparative
genomic analyses of 205 genomes. We find that endothermy in ray-
finned fishes arose in conjunction with a combination of body shape,
specialized swimming, and ecological interactions with cetaceans
during the Eocene-Miocene, rather than from climatic shifts or
thermal expansion (64). Phylogenetic comparative analyses indicate
strong correlations between endothermy and distinct morpholo-
gies, such as streamlined or deep-bodied forms, which vary across
lineages and support high-performance swimming while rejecting
links to depth range expansion (7) or dietary specialization. Al-
though these findings represent correlations, our analyses suggest
that the evolution of endothermy in ray-finned fishes was shaped by
a complex interplay of ecological (e.g., swimming performance),
morphological (e.g., body length and width), and genetic factors
(Fig. 4). When considered alongside paleogeographic overlap with
cetaceans (Fig. 3), the correlation with cetacean diversification sup-
ports that ecological interactions contributed to the evolution of
endothermy, although these trends may also reflect shared respons-
es to broader environmental pressures beyond the scope of our
study. Endothermy in ray-finned fishes also exhibits substantial ana-
tomical and physiological diversity, including full-body, regional,
and eye/brain-specific endothermy. The ecological and locomotor
benefits associated with endothermy likely vary across lineages de-
pending on the form and extent of heat production. However, given
the limited number of independent evolutionary origins for each
type of endothermy, treating it as a generalized trait was necessary
for robust phylogenetic comparative analyses. We separately distin-
guished endothermy types in our genomic comparisons (Fig. 4) to
account for this biological variation. These considerations highlight
that the selective pressures and functional outcomes associated with
endothermy likely varied across lineages and may have included,
but were not limited to, ecological interactions with cetaceans.

Endothermy’s restricted distribution suggests evolutionary con-
straints akin to echolocation in bats and dolphins (65) or flight loss in
birds (66). Our results suggest that endothermy in ray-finned fishes
may have arisen in response to increased energetic demands driven
by emerging ecological interactions with cetaceans in the marine
realm. Endothermy represents an advanced physiological adaptation
that emerged in lineages exhibiting ecomorphological traits common
among pelagic fishes (67, 68). Explaining why endothermy remains
confined to certain lineages requires considering multiple factors: the
high energetic cost of maintaining elevated body temperatures, eco-
logical and functional trade-offs, genetic preadaptations, and phylo-
genetic constraints that may limit its evolution outside of certain
ancestral conditions. For example, one or more of these factors could
explain why the louvar, despite having internalized red muscle and a
pelagic fast-swimming lifestyle similar to tunas, has not evolved en-
dothermy (69). Although our findings reveal a correlation between
the emergence of endothermy in ray-finned fishes and the evolution-
ary trends of modern cetaceans, the timing of its evolution across
endothermic lineages suggests additional complex dynamics, par-
ticularly in older lineages of endothermic fishes. When considered
alongside correlations with swimming mode, body morphology, and
paleogeographic overlap with cetaceans, our results suggest that ceta-
cean diversification and their ecological interactions with endother-
mic ray-finned fishes was likely a contributing factor to the evolution
of endothermy rather than solely the emergence of faster prey.
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The independent evolution of endothermy in chondrichthyans
prior to the radiation of marine mammals suggests multiple selec-
tive pressures contributed to this trait. Ecological interactions like
predation, niche differentiation, and prey capture were key drivers
of gigantism and thermoregulation in large chondrichthyans (14).
Competition with extinct apex predators, such as Mosasaurs and
Megalodon, provides further parallels to dynamics in ray-finned
fishes and cetaceans. Although a predator-prey arms race is a plau-
sible evolutionary mechanism, this scenario alone is insufficient to
explain the evolution of endothermy in ray-finned fishes as wide-
spread convergence in swimming performance across distantly re-
lated prey groups, including small fishes, planktonic organisms,
cephalopods, and crustaceans (22, 23), would be required. Instead,
our analyses show a temporal correlation between cetacean diversi-
fication and fish endothermy (Table 2), supporting an ecological
interaction adaptation model. Benton (19) proposed that a com-
petitive evolutionary arms race between synapsids and archosaurs
during the Triassic led to the evolution of endothermy, not neces-
sarily prey interactions. A similar dynamic may have occurred in
marine ecosystems, where competition between predatory ceta-
ceans and ray-finned fishes, rather than solely predator-prey inter-
actions, exerted selective pressure favoring endothermy. Although
we acknowledge that selective pressures to capture faster prey could
have played a role, testing or falsifying this hypothesis would re-
quire a different framework to analyze independent prey adapta-
tions across multiple lineages.

Comparative genomic analyses revealed convergent molecular
adaptations for endothermy, with PSGs involved in metabolism,
muscle function, and neural responses following similar evolution-
ary trajectories. Across multiple evolutionary scenarios, we identi-
fied shared genetic strategies, particularly among genes linked to
energy metabolism and muscle function. Genes such as carnmt1l
and dcaf6 show selection despite phylogenetic divergence, whereas
pyroxd2, elaporl, and pdlim7 exhibit scenario-specific adaptations
in regional, eye/brain, and full-body endotherms, respectively.
Distinct endothermy types exhibit scenario-specific genetic adap-
tations: pyroxd2 evolves rapidly in tunas and sharks (regional en-
dotherms), elaporl is associated with cellular stress responses in
billfishes and marlins (eye/brain endotherms), and pdlim7 facilitates
muscle adaptation in full-body endotherms like marine mammals,
opahs, and penguins. These findings highlight how molecular
modifications enhance metabolic resilience across independent
origins of endothermy. Although our focus was on convergent se-
lection, future studies examining nonconvergent patterns could
reveal lineage-specific adaptations and alternative evolutionary
pathways to endothermy. The overlap between genes under posi-
tive selection and those with accelerated evolutionary rates under-
scores convergent pressures on metabolic and muscular pathways,
although the limited confirmation of previously proposed candi-
date genes suggests a more complex genetic basis. Expanding taxo-
nomic sampling, integrating experimental studies on functional
development, and investigating the regulatory elements shaping
endothermy through chromosome-level genome assemblies will
be critical next steps in refining our understanding of vertebrate
physiological adaptations. This work lays the foundation for future
research into the genetic and ecological factors fueling complex
trait evolution across taxa, enhancing our understanding of the
evolution of unique traits.
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MATERIALS AND METHODS

Sample collection and taxon selection

Our study used two datasets encompassing all major lineages of ma-
rine vertebrates that have independently evolved endothermy. The
ray-finned fish dataset (RFFD) (table S1) included 1051 species for
phylogenetic analysis. The marine vertebrate dataset (MVD) (table S17)
comprised whole-genome sequencing data from 205 species used
for comparative genomic analyses. The RFFD encompasses 1051
species and 1099 nuclear exon markers (table S1), with additionally
sequenced genomic data for 763 species (dataset S1). It includes 22
endothermic teleosts from families such as Lampridae, Xiphiidae,
and Scombridae. DNA samples were collected from voucher speci-
mens across various museums (table S1). DNA extractions for 763
species of ray-finned fishes were sent to Arbor Biosciences for li-
brary preparation and target enrichment using the FishLife project
exon probe sets (Backbone 2, Eupercaria, and Pelagiaria) (70). The
RFFD was expanded using previously published data for an addi-
tional 285 species (30, 7I) and three outgroups, totaling 1051 spe-
cies. The MVD contains whole-genome sequences from 205 marine
species (table S17), including 138 long-read genomes from NCBI,
69 additional short-read genomes of ray-finned fishes (dataset S9),
and a diverse range of taxa such as whales, seals, penguins, marine
reptiles, and both ectothermic and endothermic ray-finned fishes.
DNA for the short-read genomes was extracted and processed for
sequencing at the Oklahoma Medical Research Foundation Clinical
Genomics Center. Assemblies were obtained with coverage between
12X and 300X; in some cases, multiple individuals per species were
sequenced.

Data assembly and quality control

Data assembly for the RFFD followed the Hughes et al. (70) bioinfor-
matic pipeline. It eliminated low-quality bases and any traces of
adapter contamination using Trimmomatic v0.36 (72). Mapping of
the raw reads to the respective reference sequence was based on the
three different Fishlife probe sets, using BioPython (73), the Burrows-
Wheeler Alignment (BWA) tool (74), and SAMtools v.1.7-1.9 (75).
Our initial assemblies were created using Velvet v1.2.10 (76). We
used the automated target-restricted assembly method (aTRAM)
software (77) with Trinity v2.8.5 (78) as the assembler. Reading
frames were condensed and generated using CD-HIT (79) and exon-
erate (80). The assemblies were combined with previously published
sequence data (30, 71) and aligned using the Multiple Alignment of
Coding Sequences MACSE v2.05 (81). We removed any instance of
single-taxon insertions, trimmed gappy edges, and filtered short se-
quences using a custom Python script (Supplementary Text). We
manually inspected ~20% of the gene alignments to check for read-
ing frame modifications, potential misalignment, and data vetting
using Geneious Prime v2022.2.2.

Two methods were used for comparative genomic data assembly
for the 205 marine vertebrate species (MVD). Initially, a phyloge-
netic framework was constructed from 1099 (70) single-copy nuclear
loci using the NHMMER tool within HMMER v3.1 (82). Assembly
was conducted in Trinity v2.8.5 (78), and all mined sequences were
aligned in MACSE v2.05 (81). The second method involved creating
a probe set for 61 candidate genes related to endothermy obtained
through an extensive literature review (I, 4, 25-27, 83, 84) (dataset
S$10) and sourcing the orthologs from the Ensembl genome browser.
From our genomic dataset, 22 species with annotated genomes in
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NCBI were chosen to find additional single-copy orthologous se-
quences. This process involved downloading genome annotations
from NCBI and identifying 833 single-copy orthologous amino acid
sequences using OrthoFinder v2.5.4 (85). A custom Python script
(dataset S11) was then used to match these amino acid sequences with
their corresponding nucleotide sequences in our reference genome.
These 833 nucleotide sequences served as baits to extract sequences
for the other 183 unannotated species (dataset S9), completing our
collection of single-copy orthologs.

Phylogenomic analyses and divergence time estimation
Phylogenetic analyses for the RFFD and MVD datasets were per-
formed using maximum likelihood (ML) and multispecies coales-
cent methods. Gene alignments were combined into a supermatrix
with AMAS (86) (datasets S1 and S10), and preliminary trees were
created using FastTree2 (87) for quality control (Supplementary
Text). The best ML trees were derived using IQTREE v2.0 (88) un-
der a “MIX” model (dataset S2); this approach is less computation-
ally demanding than alternative techniques in determining the most
suitable partitioning scheme for datasets (71, 89). We estimated
branch support on all ML datasets using the ultrafast bootstrapping
approach with the “-bnni” argument on 1000 replicates (88). Gene
trees were estimated from single-gene alignments using IQ-TREE
and MIX models. The trees were pruned for bootstrap support be-
low 30%. Last, species-tree analyses were completed with ASTRAL-
111 v5.1.1 (90) (dataset S2).

In our RFFD analysis, we addressed phylogenetic uncertainty by
creating four genomic subsets, each containing around 220 loci and
seven shared “anchor” legacy nuclear markers (37, 41). We used
IQTREE v2.0 for phylogenetic estimations on these subsets. Al-
though multispecies coalescent methods are typically resilient to
low and moderate missing data levels (91), we refrained from apply-
ing these methods to subsets where missing data exceeded 90%. This
decision was made due to the substantial increase in gene tree errors
associated with large amounts of missing data, a challenge for exist-
ing coalescent methods (91, 92).

Divergence time estimation was performed only for the RFFD.
Considering the computational challenges associated with estimat-
ing divergence times for large phylogenies within a Bayesian frame-
work (93-97), we used a previously proposed MCMC (Markov
chain Monte Carlo) time-calibrated tree of ray-finned fishes (30),
which includes 303 species, as our reference tree. We used a con-
gruification approach using geiger v.2.0 (98) and treePL (99). To
account for uncertainty in divergence time, we used the three alter-
native calibration schemes presented by Hughes et al. (30) (datasets
S2 to S6). We conducted an extensive comparison of our divergence
times against other recently published time-calibrated phylogenies
of ray-finned fishes at the family, order, and series level (30, 32-40).
Owing to the recent evidence of additional fossil species informing
the time of evolution of Pelagiaria (38), Carangaria (36), Anaban-
taria (36), and Syngnatharia (37), we included eight additional fossil
calibrations (table S2 and dataset S6) in our treePL analyses.

Compilation of ecological and morphological traits

We constructed an ecomorphological dataset for 1051 ray-finned
fish species, incorporating five ecological traits that were hypothe-
sized to influence the evolution of endothermy in fishes: average
standard length (cm), length-weight relationship (g), swimming
mode, diet, and depth range (m) (1,4, 13, 17, 84, 100, 101) (table S3).
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The data for these traits were gathered from a variety of sources
(102-108) (Supplementary Text). Dietary categories were extensive-
ly classified into 30 distinct groups, and swimming modes were
differentiated into 11 unique types (Supplementary Text). This de-
tailed categorization allowed for a nuanced analysis of the ecological
factors contributing to endothermy, with the integrity of the data
further ensured through cross-referencing and validation against
multiple databases.

We leveraged the FS database (46) to examine the relationship
between endothermy and various morphometric variables. This in-
cluded average body depth (cm), average body width (cm), average
head depth (cm), average mouth width corrected for size (cm), aver-
age caudal peduncle width (cm), average weight (g), body depth-
length ratio (cm), and body depth-length-weight ratio (cm?/g).
Morphometric factors were calculated using formulas, such as the
body depth-length ratio [(standard length/body depth) x standard
length] and the body depth-length-weight ratio [(standard length/
body depth) x weight]. To assess the robustness of our findings, we
reassessed the average standard length using FS values, ensuring
consistency with the data obtained from the various sources.

Correlated trait evolutionary analyses

To elucidate potential evolutionary correlations between the presence
and absence of endothermy and its relationships to either multistate
discrete characters (such as diet and swimming mode) or continuous
characters (like average length, length/weight relationship, and depth
range), we used a PGLR analysis (48) (Supplementary Text). We used
the “phyloglm” function from the phylolm (109) R package to imple-
ment this model. Analyses were structured into univariate and multi-
variate frameworks for each factor with 1000 bootstrap replicates
across all our estimated chronograms (19 total trees). The univariate
approach explored the interaction between individual factors, whereas
the multiple logistic regression frameworks incorporated interactions
among all investigated factors (table S3) and endothermy. Given the
inherent challenges in designating swimming modes to istiophorids,
especially when differentiating between sub-carangiform and thunni-
form classifications (1, 17, 110-112), we conducted additional regres-
sions for each proposed swimming mode (tables S5 to S8).

Ancestral reconstructions of endothermy

We used SIMMAP (42) to estimate ancestral character states for the
presence or absence of endothermy for all of the most recent com-
mon ancestors (MRCA) in our RFFD phylogeny (42, 113). We first
assessed whether these transitions fit a model where shifts between
state 0 and state 1, and vice versa, exhibit equal rates (ER) or if, in-
stead, these transitions are different (ARD) (114). We performed
stochastic character mapping (100 simulations) based on the best-fit
model across our 19 total trees using the “make. simmap” command
to account for phylogenetic and divergence time uncertainty in phy-
tools v2.2-1 (114).

State-dependent diversification

Models for state-dependent speciation and extinction (SSE) (115)
have proven to be a robust toolkit for inferring the processes that
dictate the patterns of species richness and trait diversity (45, 116),
given that they jointly account for speciation (birth) and extinction
(death) rates for each character of interest alongside state transition
rates (45, 117). By categorizing species into ectothermic “0” and en-
dothermic “1” states, we used the hisse (43) package in R to evaluate

110f 16

G202 ‘2 8unr uo 610°80us 105'MMM//:SANY W) pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

the evolutionary consequences of endothermy on diversification
(dataset S6). The analysis included a range of SSE models, from the
null BiSSE model, which assumes uniform birth and death rates
across states (118), to the full BiSSE and HiSSE models, which allow
for variable rates tied to the presence or absence of the trait. In addi-
tion, we explored endothermy-independent models based on two
and four hidden states to ensure a comprehensive examination of
diversification patterns. To address sampling biases due to the dis-
proportionate representation of endothermic and ectothermic spe-
cies, we adjusted our sampling fractions and conducted additional
analyses with balanced proportions (Supplementary Text). The AIC
guided our selection of the best-fit model, whereas a phylogenetic
analysis of variance (ANOVA) in RRPP with Bonferroni correction
(dataset S6) (119, 120) was used to statistically compare diversifica-
tion rates between states (Supplementary Text).

Model to assess time-variable associations in the origin of
discrete traits

Studies have shown that climatic events have promoted many evolu-
tionary tendencies (6, 13). Although the potential impact that past
climatic changes may have on the evolution of endothermy has been
alluded to (6, 7, 13, 26), no empirical methods exist to test this hy-
pothesis across species. To account for these effects, we developed a
modified time-dependent threshold model for binary characters on
phylogenetic trees based on Felsenstein’s threshold model (50), build-
ing on a likelihood approximation with numerical integration and
quadratures using the general algorithm described in a previous study
(121). This model assumes that the evolution of a binary trait is con-
trolled by an unobserved (latent) continuous process (for instance,
Brownian motion) controlling the transitions from one character
state to another upon a given threshold. We rigorously tested the ac-
curacy of our model with extensive simulations focusing on accurate-
ly detecting the generating model and inferring a relationship with
climatic changes (Supplementary Text). We assigned character states
based on the presence or absence of endothermy for each taxon. We
conducted a model selection analysis in which we compared the fit of
our modified climactic threshold model to other threshold models
based on alternative latent processes like Brownian motion, Ornstein-
Uhlenbeck, Early Burst, and Pagel's Lambda (Supplementary Text).
To account for uncertainty, we ran our model selection analyses using
all of our previously estimated phylogenies and divergence times and
a variety of climatic curves (Supplementary Text).

Tests of biotic interactions in the origin of endothermy

To test for an evolutionary relationship between the emergence of
endothermy in ray-finned fishes and the appearance of modern ce-
taceans in the ocean, we used our generalized threshold model men-
tioned above with a curve of group diversity. Using previously
published tip-dated phylogenies for the whole cetacean group com-
bined and Mysticeti and Odontoceti individually (51), we generated
LTT curves as proxies of diversity for each group using the “Itt”
function found in the phytools R package (114). We then refitted
our threshold model by substituting the paleoclimatic curve with
the estimated LTT curve. We accounted for the lack of extinction
consideration when estimating LTTs using only extant species by
using tip-dated phylogenies. We also calculated the DTT for the ce-
taceans (Supplementary Text). Because DTT estimation is based on
an ultrametric tree, we estimated DTT values for all extant cetaceans
(Odontoceti + Mysticeti) combined (51) but avoided doing separate
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analyses for the Odontoceti and Mysticeti groups, respectively, be-
cause, when removing the fossil tips, the remaining taxonomic sam-
pling was low (<100 species), which can compromise the accuracy
of our model (figs. S1 to S7). In addition, we estimated the LT'T and
DTT values for all elasmobranchs using a previously published phy-
logeny (53). Although the elasmobranch phylogeny by Stein ef al.
(53) is one of the most taxonomically well-sampled ones, it lacks
fossils as terminal taxa, risking biased LTT results. Although using
DTT values helps account for these potential issues, we also con-
ducted additional analyses using LTT values for a tip-dated phylog-
eny of Carchariniformes and DTT estimates (54) (Supplementary
Text). Our modified threshold model was tested against various ar-
tificially adjusted dates that altered the origin of endothermy by 50
and 25%, respectively, to further validate our results and avoid any
potential instance of a false positive. Running this model with artifi-
cially older origins for endothermy resulted in failed convergence
runs because most transitions were pushed beyond the appearance
of cetacean lineages.

Tests of positive selection, rates of evolution, and

molecular convergence

Our study examined 894 single-copy orthologs to identify selection
patterns within the MVD, which encompasses 205 species (table S17
and datasets S8 and S9). We used two modified versions of the
BUSTED analysis from the HyPhy package (58): BUSTED-E and
BUSTED-PH, both extensions of the BUSTED[S] model that consider
rate variations across synonymous sites (SRV) (59, 60). BUSTED-E
specifically filters alignment errors by isolating problematic se-
quence regions into an error-sink category, ensuring that they do
not skew the overall @ distribution used to detect selection (Supple-
mentary Text).

BUSTED-PH is designed to detect signals of positive selection that
are associated with a particular binary phenotype, distinguishing be-
tween phylogeny-wide positive selection and selection in genes
evolving convergently (60). The model uses an unrestricted dN/dS
distribution and three distinct null models to discern foreground-
specific positive selection, background-specific positive selection, and
differences between foreground and background branches. For posi-
tive selection tests, the null model constrains dN/dS to be at most 1 for
either the foreground or background branches, whereas the other
branches are left unconstrained, and for differences between branch-
es, it fits a single tree-wide unrestricted dN/dS distribution. This ap-
proach allows us to categorize signatures of selection based on their
association with the selection being observed (Supplementary Text).
BUSTED-PH introduces a third “nuisance” branch category, which is
not directly involved in the inference process (60). This feature was
instrumental in our study as it allowed us to categorize the selection
signals by comparing endotherms against ectotherms in different sce-
narios: endotherms (fg) versus ectotherms (bg), regional endotherms
(fg) versus ectotherms (bg), eye/brain endotherms (fg) versus ecto-
therms (bg), and full-body endotherms (fg) versus ectotherms (bg)
(Supplementary Text). This feature helped clarify how each type of
endothermy contributes to the selection signals detected. Crucially,
BUSTED-PH preserves the integrity of our taxonomic sampling,
avoiding the pitfalls of other methods that might inadvertently in-
crease the risk of false positives by pruning “nuisance” species (60).

Our experiment used the Protein Analysis Through Evolution-
ary Relationships (PANTHER) database to classify the functions of
the genes we identified (61). It organizes genes into families and
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subfamilies, creating a structured framework that facilitates the visu-
alization and summarization of each gene’s role (61). This systematic
categorization allowed us to make efficient functional comparisons,
substantially broadening our comprehension of how these genes
contribute to the trait of endothermy in marine vertebrates. We also
looked at the relative rates of evolution for each gene. This was
achieved using the “RER” functionality in Hyphy, which evaluates
the correlation between the rate of gene evolution and the trait of
interest, in this case, endothermy (62, 63). By incorporating this ap-
proach, we added an additional layer to our phenotype-to-genotype
association analysis, allowing us to not only focus on genes under
positive selection but also consider those evolving at the most rapid
rates. These analyses provided additional evidence supporting the
convergence signals we observed in endothermic species.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1t0 S18

Legends for tables S1 to S27

Legends for datasets S1to S11
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