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ABSTRACT

Gene loss represents a powerful driver of adaptive
evolution. Cetaceans, which underwent a profound
transition from terrestrial to fully aquatic life, provide an
excellent model for investigating this process. Comparative
genomic analysis of the cold-sensitive ion channel
transient receptor potential ankyrin 1 (TRPAT) revealed
lineage-specific ~ patterns of degeneration across
cetaceans. In toothed whales, the ancestral lineage
exhibited extensive exon loss within the TRPA7 locus,
whereas baleen whales showed signatures consistent with
markedly reduced or absent TRPA1 expression. These
molecular alterations were inferred to disrupt or abolish
TRPA1 protein function across cetaceans. Integration of
these findings with established experimental evidence from
human and murine TRPA1 studies supported several
adaptive hypotheses for TRPA71 gene loss, including
tolerance to abrupt thermal fluctuations, attenuation of
nociceptive  responses in aquatic  environments,
specialization of integumentary sensory systems, and the
emergence of echolocation-associated sensory trade-offs
in toothed whales. Collectively, these findings expand the
gene loss repertoire of cetaceans and provide novel
insights into the molecular underpinnings of secondary
aquatic adaptation in mammails.
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INTRODUCTION

Cetaceans, descended from terrestrial artiodactyls in the Indo-
Pakistan region approximately 52.5 million years ago (Ma),
represent a fully aquatic lineage that has undergone profound
morphological, physiological, and behavioral remodeling
(Uhen, 2010). Adaptations such as hydrodynamic body
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shaping, enhanced thermoregulatory mechanisms,
reorganization of auditory structures, simplification of
integumentary architecture, and remodeling of sensory
modalities facilitated the occupation of diverse marine
environments and supported extensive ecological radiation
(Chai et al., 2024; Gai et al., 2023; Guo et al., 2024; Huang
etal., 2021; Liang etal., 2022; Wu etal., 2022; Xu etal.,
2025; Yu etal., 2021; Zhang et al., 2025; Zhou et al., 2022).
These evolutionary transformations position cetaceans as a
valuable model for studying the genomic basis of adaptive
transitions from terrestrial to aquatic life. In the context of
historical and ongoing climate fluctuations, analysis of
cetacean molecular responses to environmental stress offers
critical insights into mammalian resilience and adaptation to
extreme conditions.

Gene loss is increasingly recognized as a major
evolutionary force driving adaptive evolution in cetaceans.
Advances in genomic sequencing have enabled the
identification of numerous lineage-specific gene inactivations
tightly linked to ecological and physiological shifts associated
with aquatic specialization (Huelsmann et al., 2019). Losses of
genes involved in chemosensory function, such as OMACS,
NQO1, TASTR, and TAS2R, correlate with diminished
olfactory and gustatory capabilities (Feng et al., 2014; Kishida
etal., 2015). Similarly, pseudogenization of enamel-related
genes, such as ACP4, KLK4, MMP20, and ACPT, supports
the progressive degeneration of dentition in baleen whales
(Mu et al., 2021; Randall et al., 2022). Disruption of sebum-
producing genes (DGAT2L6 and AWATT1) and epidermal
keratin genes (KRT1 and KRT2) further indicates adaptation
of the skin to aquatic environments (Lopes-Marques et al.,
2019; Springer et al., 2021). A recent survey cataloged 1 866
gene loss events across 57 cetacean species, underscoring
the extensive genomic remodeling accompanying aquatic life
(Themudo etal., 2025). Systematic reconstruction of the
evolutionary trajectories of pseudogenes in cetaceans can
deepen our understanding of the molecular mechanisms
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underlying phenotypic evolution and elucidate the genetic
pathways through which mammals adapt to novel ecological
niches.

Transient receptor potential ankyrin 1 (TRPA1) is a
polymodal ion channel expressed across a broad range of
neuronal and non-neuronal cell types. Within the peripheral
nervous system, it localizes to sensory ganglia, including
dorsal root (DRG), trigeminal (TG), and nodose ganglia, as
well as astrocytes, cochlear hair cells, cardiac ventricular
myocytes, respiratory epithelial cells, and multiple immune cell
types (Zhang et al., 2022). Like other temperature-sensitive
ion channels, TRPA1 converts thermal stimuli into electrical
signals that are relayed to the central nervous system, thereby
contributing to thermal perception (Delmas et al., 2011; Vriens
et al., 2014). TRPA1 exhibits considerable functional diversity
across animal lineages. In invertebrates, its thermal gating
properties range from heat activation in species such as
planarians, mites, flies, mosquitoes, and honeybees, to cold
sensitivity in Caenorhabditis elegans (Chen, 2015; Zhang
etal., 2022). In mammals, TRPA1 thermosensitivity remains
unresolved, with divergent findings across both species and
experimental systems. Notably, Zhang etal. (2022)
systematically analyzed 27 studies that examined TRPA1
temperature sensitivity in various species, including humans,
rhesus monkeys, mice, rats, and thirteen-lined ground
squirrels, using expression platforms ranging from primary
sensory neurons to heterologous systems such as HEK293
cells, oocytes, neuroblastoma cells, tumor cells, and planar
lipid bilayers. Among these studies, 16 reported cold-induced
activation, seven found no thermal responses, three detected
sensitivities to both cold and heat, and one observed heat
activation alone. These findings indicate no consistent pattern
across taxa or experimental system, highlighting persistent
uncertainty regarding TRPA1 thermal gating in mammals.

Beyond thermosensation, TRPA1 mediates a wide range of
physiological and pathophysiological processes. It functions
as a chemosensor for electrophilic compounds such as allyl
isothiocyanate and allicin, detecting both environmental
irritants (e.g., acrolein) and endogenous proalgesic agents
(Bautista etal.,, 2006; Kwan etal., 2006). TRPA71 also
contributes to mechanical nociception, particularly under
inflammatory conditions that potentiate pain hypersensitivity
(Kwan et al., 2006; Nilius et al., 2012), and is implicated in
visceral pain signaling (Balemans et al., 2017) and migraine
generation (Benemei et al., 2014). It functions as a sensor of
oxidative stress by detecting reactive oxygen species, thereby
supporting cellular defense responses (Andersson etal.,
2008), and is required for chronic itch signaling under
pathological conditions (Moore et al., 2018; Wilson et al.,
2013). In the auditory system, TRPA1 modulates cochlear
function by adjusting auditory sensitivity following acoustic
trauma (Nagata etal., 2005; Vélez-Ortega etal., 2023). In
skin, TRPA1 regulates epidermal barrier integrity, keratinocyte
differentiation, and immune activity, thereby contributing to the
pathophysiology of various inflammatory and neoplastic
dermatologic conditions (Maglie etal., 2021). Structurally,
TRPA1 is composed of approximately 1 100 amino acids, with
intracellular N- and C-termini. The N-terminal domain contains
14—-18 ankyrin repeat motifs, followed by six transmembrane
segments. Among these, the fifth and sixth segments form the
pore region, which is essential for calcium ion transport and
extracellular signal transduction (Meents et al., 2019). These
architectural features are fundamental to TRPA7 channel
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activity.

Thermal adaptation of TRPA1 has been documented across
multiple species. In hot spring snakes, specific coding
mutations in TRPA1 enhance channel sensitivity to elevated
temperatures, facilitating thermal detection in high-
temperature habitats (Yan etal., 2022). In infrared-sensing
species such as pythons and pit vipers, convergent amino
acid substitutions in TRPA1 have evolved independently and
are thought to mediate infrared signal detection (Geng et al.,
2011; Gracheva etal.,, 2010). In amphibians, alternative
splicing modulates TRPA7-mediated thermosensitivity by
introducing a valine residue at position 277 between the sixth
and seventh ankyrin repeats, thereby increasing the heat
activation threshold of the TRPA1 protein (Saito et al., 2022).
In mammals, a single residue within the fifth transmembrane
domain—glycine (G878) in rodents versus valine (V875) in
primates—accounts for the observed interspecific differences
in cold sensitivity (Chen etal.,, 2013). Collectively, these
findings underscore the functional and structural plasticity of
TRPA1 under divergent thermal selective pressures.

Despite the extensive functional diversity of TRPA7 in
mammals, patterns of sequence evolution in cetaceans
remain largely unexplored. The present study characterized
evolutionary modifications of TRPA1 across cetacean lineages
and explored potential molecular adaptations associated with
the secondary transition from terrestrial to aquatic
environments. Understanding these evolutionary mechanisms
will provide valuable insights into how sensory genes adapt to
extreme environmental conditions, thereby advancing our
understanding of the molecular basis of aquatic adaptation in
mammals.

MATERIALS AND METHODS

Sequence acquisition and alignment

A comprehensive dataset of TRPA1 coding sequences was
assembled, comprising 27 cetacean species, including 19
toothed whales and eight baleen whales, alongside 28
additional mammalian species spanning 12 major placental
orders (Supplementary Table S1). Cetacean taxa included
representatives from three mysticete families (Balaenidae,
Balaenopteridae, and Eschrichtidae) and 10 odontocete
families  (Delphinidae, Iniidae, Kogiidae, Lipotidae,
Monodontidae, Phocoenidae, Physeteridae, Platanistidae,
Pontoporiidae, and Ziphiidae). The comparative mammalian
dataset comprised 25 families, including Elephantidae,
Trichechidae, Cercopithecidae, Hominidae, Cricetidae,
Muridae, Erinaceidae, Soricidae, Bovidae, Suidae, Camelidae,
Cervidae, Hippopotamidae, Canidae, Odobenidae, Otariidae,
Phocidae, Ursidae, Phyllostomidae, Vespertilionidae, Equidae,
Rhinocerotidae, Manidae, Dasypodidae, and Choloepodidae.
Initial retrieval of TRPA1 coding sequences was performed
through batch Entrez queries in the NCBI genome database
(https://www.ncbi.nlm.nih.gov/). For taxa lacking annotated
genomes, BLAST searches (Altschul etal., 1990) were
conducted using orthologous sequences from humans, cattle,
or closely related species as queries. Preliminary alignments
were generated using MUSCLE implemented in MEGA7
(Edgar, 2004; Kumar etal, 2016), and sequence
completeness was assessed manually. Subsequently,
complete sequences were realigned using PRANK (L6ytynoja,
2013). Regions with ambiguous homology, extensive gaps, or
poor alignment quality were excluded using Gblocks v.0.91b
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(Castresana, 2000) with the parameters -t=c and -b5=h.

Identification of inactivating mutations

To assess coding sequence integrity, putative inactivating
mutations in TRPA1 were identified, including disruptions to
initiation or stop codons, frameshift-inducing insertions or
deletions, premature stop codons, and splice site mutations at
intron-exon boundaries (GT/AG). Candidate mutations were
validated by aligning assembled sequences to raw sequencing
reads stored in the Sequence Read Archive (Kodama et al.,
2012), allowing exclusion of errors introduced during genome
assembly. lllumina-generated sequencing datasets included
muscle-derived reads from the Indo-Pacific humpback dolphin
(Sousa chinensis, SRR14018396) and Antarctic minke whale
(Balaenoptera bonaerensis, SRR4011114) and skin tissue of
the gray whale (Eschrichtius robustus, SRR13562679) and
Indus River dolphin (Platanista minor, SRR11431927). For
mutations shared across multiple cetacean lineages,
validation was performed using PCR amplification. To assess
the presence of large fragment deletions, comparative
genomic alignments from 120 and 470 mammal datasets were
examined using the UCsC Genome Browser
(https://genome.ucsc.edu/cgi-bin/hgTracks?db=hg38) (Hecker
& Hiller, 2020; Minkin & Salzberg, 2025). Sequences
potentially involved in regulatory functions were further
investigated using the ReMap (https://remap.univ-amu.fr/) and
ENCODE (https://www.encodeproject.org/) databases.

Validation of inactivating mutations by polymerase chain
reaction (PCR)

Five inactivating mutations (Supplementary Table S2) were
validated in two cetacean species: the common minke whale
(Balaenoptera acutorostrata) and Yangtze finless porpoise
(Neophocaena asiaeorientalis), both recovered as stranded
individuals from the East China Sea and the Yangtze River,
respectively. Primers were designed using Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast) and are listed
in Supplementary Table S2. Genomic DNA was extracted
from muscle tissue using a DNeasy Blood & Tissue Kit
(Qiagen, Germany) according to the manufacturer’s protocols.
PCR amplification was conducted in 50 pL reaction volumes
using standard reagents and cycling conditions, as detailed in
the Supplementary Materials. Amplified products were
sequenced using the lllumina platform (USA), and the
resulting data were visualized using SnapGene Viewer v.6.2.2
to verify the presence of inactivating mutations.

Querying TRPA1 in transcriptome data

To assess whether inactivating mutations affected TRPA1
transcription, transcriptomic datasets from 15 tissue samples
representing four baleen whale species were analyzed for
evidence of gene expression (Supplementary Table S3). The
species included the blue whale (Balaenoptera musculus)
(Bukhman et al., 2024; Lopes-Marques et al., 2019), bowhead
whale (Balaena mysticetus) (Keane etal., 2015), common
minke whale (Yim etal, 2014), and humpback whale
(Megaptera novaeangliae) (Geoghegan etal., 2018; Tollis
et al., 2019; Tsagkogeorga et al., 2015). Transcriptome reads
were queried using the nucleotide BLAST tool
(https://blast.ncbi.nim.nih.gov/Blast.cgi),  with  alignments
mapped to the TRPAT1 coding sequence to evaluate
transcriptional activity. As comparative controls, transcriptomic
data from the hippopotamus (Hippopotamus amphibius)
(Figuet et al., 2021), a close relative of cetaceans, as well as

cattle (Bos taurus) (Hou etal., 2022) and humans (Homo
sapiens) (Horwitz et al., 2024) were also screened for TRPA1
expression.

Selection pressure analysis

Comparative analysis revealed that toothed whales have lost
the TRPA1 coding region corresponding to the
transmembrane domain, preventing the formation of a
functional protein. In contrast, baleen whales have retained
the full-length TRPA1 sequence, although the nature and
extent of selection pressures acting on these lineages remain
unclear. To evaluate selective constraints on the TRPA1 gene
in baleen whales, an aligned sequence dataset comprising
3 357 bp was analyzed using two complementary approaches:
PAML and RELAX. The ratio of nonsynonymous to
synonymous substitution rates (w=d\/ds) was used to
evaluate selective pressure, with w>1, =1, and <1 indicating
positive, neutral, and purifying selection, respectively. Codon-
based maximum-likelihood estimates of w were calculated
using Codeml in PAML v.4.9e (Yang, 2007). Three branch
models were tested: (a) a one-ratio model assuming uniform
w across all branches (null hypothesis); (b) a two-ratio model
allowing different w values for the foreground and background
branches (alternative hypothesis); and (c) a modified version
of model b with w in the foreground branches fixed at 1. Model
fit was assessed via likelihood ratio tests (LRTs). A
significantly better fit of model (b) over model (a), but not over
model (c), was interpreted as evidence of relaxed selection in
the foreground lineages. Phylogenetic relationships between
baleen whales and other mammals (excluding toothed whales)
were based on McGowen etal. (2020) and TimeTree
(https://timetree.org/) and were used as the input tree for
PAML analyses. Given the potential functionality of GC splice
sites (Burset et al., 2000; Churbanov et al., 2008; Hiller et al.,
2006), the fin whale (Balaenoptera physalus), gray whale, and
Antarctic minke whale were classified as carrying inactivating
mutations, while the remaining five baleen whale species were
classified as lineages with intact sequences. Each group was
designated as the foreground in separate branch model tests
using PAML, with all other lineages in the phylogenetic tree
treated as background.

RELAX analysis (Wertheim et al., 2015) was conducted via
the Datamonkey web platform (https://datamonkey.org/). This
method estimates a selection intensity parameter (K), where a
value greater than 1 indicates intensified selection pressure,
and a value less than 1 suggests relaxed selection pressure.
In the null model, K is assumed to be 1, with three w values
and corresponding site class proportions estimated jointly for
test and reference branches. In the alternative model, K is
treated as a free parameter, and three w values and their site
proportions are calculated separately for the test and
reference branches. Statistical significance was determined by
comparing models via LRT. An inferred shift in w toward
neutrality (i.e., approaching 1) in test branches relative to
reference branches was interpreted as evidence of relaxed
selective constraint. Foreground and background designations
followed the same grouping scheme used in the PAML
analysis.

RESULTS

TRPA1 in toothed whales
Extensive exon loss was identified in TRPA1 across toothed
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whale lineages (Figure 1). Deletions spanning exons 2
through 23 were consistently observed in all sampled toothed
whales, except the Indus River dolphin. BLAST-based
searches further revealed that the last two exons were absent
in the Amazon River dolphin (/nia geoffrensis), the last three
exons were missing in the La Plata dolphin (Pontoporia
blainvillei), and no exons were detected in the pygmy sperm
whale (Kogia breviceps).

Synteny analyses of the TRPAT1 gene and its flanking
regions were conducted across 43 representative mammalian
species from the Euarchontoglires, Laurasiatheria, Xenarthra,
and Afrotheria superorders (Figure 2), as well as a broader
dataset comprising 470 mammals, including 25 toothed
whales (Supplementary Figure S1). These analyses
corroborated the BLAST results, revealing large segmental
deletions in all examined toothed whale genomes. Notably,
the pygmy sperm whale lacked the entire TRPA1 gene region,
whereas the Indus River dolphin retained the genomic
segment covering exons 2 to 12.

Several lineage-specific inactivating mutations were also
identified. A 19 bp deletion in exon 1 and a 4 bp deletion in
exon 27 were shared by members of Phocoenidae and
Monodontidae, while a 1 bp insertion in exon 1 was specific to
Phocoenidae. A shared splice site mutation (AG—GG) was
detected in Delphinidae, Phocoenidae, and Monodontidae.
Additionally, a stop codon mutation was identified in the Indo-
Pacific humpback dolphin. A 2 bp insertion in exon 2 and a
splice site mutation in exon 7 were also detected in the Indus
River dolphin. These mutations were confirmed by PCR
amplification or raw read alignment (Figure 1). Collectively,
these findings support the hypothesis that TRPA1 underwent

functional loss in the common ancestor of extant toothed
whales.

TRPA1 in baleen whales
For baleen whales, protein-coding sequences of TRPA1 were
recovered in all species except the bowhead whale, for which
exon 1 was missing (Figure 1; Supplementary Figure S1).
Multiple splice site mutations were identified across the group.
A GT—GC substitution at the 3' end of exon 7 was shared by
all baleen whale species. Additional lineage-specific mutations
were observed, including a GT—GA mutation at the 3' end of
exon 3 in the Antarctic minke whale and two substitutions in
the gray whale (GT—-GC and GT—GG) at exons 2 and 6,
respectively. A premature stop codon (TAG) was also
detected in exon 2 of TRPAT in the fin whale. All mutations
were validated by PCR or by alignment of raw sequencing
reads (Figure 1). Notably, the exon 7 GT—GC splice site
mutation, conserved across baleen whales, was also detected
in the Indus River dolphin and the hippopotamus. To assess
its evolutionary distribution, a broader comparison across 470
mammalian genomes was performed. Only 46 species
retained the canonical GT splice donor site at this locus, while
the GC variant was present in the remaining placental
mammals (Supplementary Figure S2). The GT-retaining
species included all 18 examined Metatheria, 16 Glires (e.g.,
mouse and rat), nine Camelidae, as well as the Hispaniolan
solenodon, slow loris, and bushbaby. These findings suggest
that the GC splice site at the 3' end of exon 7 predates the
origin of cetaceans and may represent an ancestral state in
certain eutherian lineages.

BLAST searches using TRPA1 sequences from the blue
whale, bowhead whale, Antarctic minke whale, and humpback
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Figure 1 Inactivating mutations of TRPA1 in cetacean lineages

Left panel shows phylogenetic relationship and divergence time based on McGowen et al. (2020) and data from TimeTree (https://timetree.org/).
Sea surface temperature change curve was adapted from Liu et al. (2009). Right panel, yellow rectangles represent exons and gray rectangles

represent missing exons. Red vertical lines denote mutations, including initiation codon mutations, stop codon mutations, frameshift insertions and
deletions, and splice site mutations at the intron-exon boundary (GT/AG). Validation of inactivated mutations through read alignment or PCR is

represented in red boxes.
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whale as queries yielded few or no transcriptome matches
across a range of baleen whale tissues, including skin,
epidermis, blubber, muscle, cerebellum, liver, heart, brain,
kidney, and lung (Figure 3). The highest number of matching
reads was only 16, detected in a limited set of samples: skin
and pooled tissue from the humpback whale, epidermis and
blubber from the blue whale, and muscle, cerebellum, and
liver from the bowhead whale. No TRPAT transcripts were
detected in the remaining nine baleen whale transcriptomes.
In contrast, TRPAT transcripts were clearly identified in the
transcriptomes of the hippopotamus, as well as in the skin of
cattle and humans, with 3 718, 496, and 548 reads obtained,
respectively (Figure 3; Supplementary Table S3). These
datasets were comparable in both library size and sequencing
depth (Supplementary Table S3). These findings suggest that
while TRPA1 remains transcriptionally active in the terrestrial
relatives of cetaceans, its expression in baleen whale tissues
is markedly reduced or absent in most sampled contexts.
Given that baleen whales retain intact TRPA71 coding
sequences in contrast to the extensively disrupted loci
observed in toothed whales, additional analyses were
conducted to determine whether relaxed selective pressure
may be acting on lineages with inactivating mutations. In
branch model tests where three baleen whales carrying
inactivating mutations were designated as the foreground, the
estimated nonsynonymous-to-synonymous substitution rate
increased (wp=0.23049, w;=0.53240), with a statistically

significant difference relative to the null model assuming
uniform selection across branches (P[Model A vs.
B]=7.41x107% Table 1). However, comparison with a model
constraining the foreground branch to neutral evolution (w=1)
did not support a complete loss of selective constraint
(P[Model C vs. B]=1.33x107% Table 1). In contrast, when the
five baleen whales without inactivating mutations were tested
as the foreground branch, no significant difference in
substitution rates was observed relative to background
branches (w,=0.23248, w;=0.33020; P[Model A vs.
D]=2.36x107"; Table 1). RELAX analysis similarly failed to
detect evidence of relaxed selection, regardless of whether
the foreground was assigned to whales with or without
inactivating mutations (Figure 4A, B). Collectively, these
findings suggest that the three baleen whales harboring
inactivating mutations exhibited a modest relaxation of
selective pressure, whereas the five whales without such
mutations continued to evolve under purifying selection,
despite the minimal expression detected in the sampled
baleen whale transcriptomes.

In addition, a key amino acid residue within the S5
transmembrane domain, previously shown to influence
interspecific variation in cold sensitivity (Chen et al., 2013),
was examined across species. In baleen whales, this position
(residue 877) was occupied by valine (877V), matching the
variant found in primates, but differing from isoleucine in cattle
(8771) and glycine in mice (877G) (Supplementary Figure S3).
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For H. sapiens, B. taurus, and H. amphibius, only the top 100 BLAST hits are shown. In baleen whales, transcriptomic reads from six examined
tissues yielded limited matches to TRPA1, as shown on the right. No alignments were detected in transcriptomic data from an additional nine
tissues listed in Supplementary Table S3. Alignment scores are color-coded: green (50-80), purple (80-200), and red (>200), with higher scores

indicating greater reliability.
DISCUSSION

The evolutionary transition of cetaceans from their terrestrial
ancestor Indohyus—a small wading artiodactyl adapted to
shallow water environments (Thewissen et al., 2007)—into a
morphologically and ecologically diverse assemblage
spanning marine and freshwater habitats represents a striking
example of large-scale adaptive evolution (Gatesy etal.,
2013). The present study demonstrated that TRPA1 followed
distinct evolutionary trajectories in toothed and baleen whales,
a pattern that has implications for the modulation of
thermosensation, nociception, skin physiology, and sensory
specialization associated with aquatic life.

Comparative genomic analyses demonstrated that, with the
exception of the Indus River dolphin, toothed whales shared
extensive deletions spanning exons 2-23 of TRPA1, which
encode nearly all transmembrane domains required for
channel activity (Figure 1). This conserved deletion pattern
supports functional loss of TRPA1 in the common ancestor of
odontocetes. In contrast, baleen whales retained intact TRPA1
coding sequences, yet transcriptomic surveys across multiple
tissues detected little to no expression. Together, these
observations indicate that TRPAT lost protein-coding capacity
in toothed whales and experienced marked functional
attenuation in baleen whales. The genomic segment absent in
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toothed whales but retained in baleen whales encompassed
two putative regulatory regions identified by the ReMap
database and three candidate cis-regulatory elements
annotated in the ENCODE database (Figure 2), one of which
was recognized by both databases. Although these elements
have yet to be experimentally validated, bioinformatic
analyses of 706 human DNase-seq datasets indicated that all
three ENCODE-annotated regions exhibited features
characteristic of distal enhancers (The ENCODE Project
Consortium etal., 2020). Retention of these noncoding
elements suggests that regulatory constraints may contribute
to preservation of intronic regions within TRPA1 despite loss
or attenuation of protein-coding function. Such an
interpretation is consistent with growing evidence that
pseudogenized loci can retain or acquire regulatory roles; for
example, the human n-globin pseudogene plays an essential
role in erythropoiesis through a lineage-specific regulatory
mechanism (Ma et al., 2021). Overall, these findings expand
the catalog of cetacean gene loss and provide a potential
molecular basis for their adaptive evolution.

A single amino acid substitution within the S5
transmembrane domain—valine in humans and glycine in
mice—determines TRPA1 cold sensitivity, with mouse TRPA1
being responsive to cold stimuli, whereas the human ortholog
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Table 1 Results of selection analyses based on five branch models

Models Foreground branch w InL np Models 2A(InL) P-value
compared

A: One ratio 0.23329 -29393.60791 72

B: Two ratio Three baleen whales with inactivating mutation ~ w,=0.23049 w=0.53240 -29 387.91579 73 Avs.B 11.384248 7.41E-04

C: Two ratio (w=1) Three baleen whales with inactivating mutation = w,=0.23062 w=1 -29390.9793 72 Cvs.B  6.127018 1.33E-02

D: Two ratio Five baleen whales without inactivating mutation w,=0.23248 w=0.33020 -29 392.90517 73 Avs.D 1.405492 2.36E-01

E: Two ratio (w=1) Five baleen whales without inactivating mutation w,=0.23266 w=1 -29399.86637 72 Evs.D 13.922394 1.91E-04

Model A represents the null hypothesis. Models B and D (alternative hypotheses) specify foreground branches comprising three baleen whales with
inactivating mutations and five baleen whales without inactivating mutations, respectively. Models C and E are derived from Models B and D, but
with the w value fixed at 1. Likelihood ratio tests comparing A vs. B and A vs. D assessed whether foreground lineages exhibited signals of
accelerated evolution, while C vs. B and E vs. D tested for relaxed selection in those lineages. InL indicates log-likelihood calculated by PAML; np
denotes number of parameters.
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Figure 4 Selection pressure analysis in baleen whales using RELAX

Plot displays three w values (horizontal axis) and their relative site proportions (vertical axis) for test branches (green) and reference branches
(black). A, B: Gray dashed vertical lines represent neutral evolution. Tests were conducted using three baleen whales with inactivating mutations
and five without, designated as foreground branches. Results indicate that these lineages are not under relaxed selection.
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is not (Chen etal., 2013). The homologous site (877V) in
baleen whales is consistent with that in primates
(Supplementary Figure S3), potentially indicating a conserved
insensitivity to temperature. However, additional studies
employing DRG neurons, HEK293 cells, and oocytes have
reported cold-induced activation of human TRPA71 (Zhang
etal.,, 2022), revealing conflicting evidence regarding its
thermosensitivity. These inconsistencies highlight the
limitations of inferring functional phenotypes from single
residues in isolation. Therefore, one possibility is that the loss
of 21 exons in toothed whales, along with the relatively low
expression levels observed in baleen whales, may have led to
the functional inactivation of TRPAT, potentially as an
adaptation to changes in ambient temperature. This
evolutionary trajectory may have been shaped by the Eocene-
Oligocene ftransition (approximately 34 Ma), a period of
significant climatic cooling and widespread faunal turnover,
including the decline of archaeocete lineages (Hull, 2015;
Ivany etal,, 2000). Phylogenomic analyses date the
divergence of odontocetes and mysticetes to approximately
36Ma (McGowen etal.,, 2020), placing the origin of these
clades within the context of this global environmental shift.
Disruption of thermosensory genes such as TRPAT typically
alters temperature detection thresholds and downstream
sensory signaling. TRPA1 knockout mice exhibit impaired cold
perception, as indicated by reduced cold-evoked jumping and
a lower frequency of cold-responsive neurons compared to
wild-type controls (Fajardo etal.,, 2008; Karashima etal.,
2009). Functional loss of TRPA1 in toothed whales may have
similarly modulated thermal responsiveness, potentially
conferring adaptive benefits in changing marine habitats.
TRPA1 transcripts were detected at low levels in extant
species such as the blue whale, bowhead whale, and
humpback whale, and absent in all six transcriptomes of the
common minke whale, implying an overall reduction in TRPA1
activity. However, whether their common ancestor maintained
robust TRPA1 expression remains unresolved. Although the
Eocene-Oligocene boundary represents a significant global
cooling event, our current evidence cannot determine whether
the functional loss of TRPA17 in toothed whales occurred
immediately after their divergence or after a considerable
temporal gap. Most toothed whales inhabit lower latitudes,
while baleen whales are capable of living in higher-latitude
environments and tolerating a broader temperature range.
These contrasting thermal environments likely imposed
distinct selective pressures on each lineage, shaping their
divergent evolutionary trajectories at this locus.

Loss of TRPA1 may have contributed to diminished pain
perception in cetaceans. This channel is directly activated by a
broad range of inflammatory factors, including reactive oxygen
species, nitric oxide, and cyclopentenone prostaglandins,
thereby playing a central role in acute pain signaling (Souza
et al., 2020). In Schwann cells, nerve injury induces oxidative
stress that triggers TRPA1-dependent release of H,O,, which,
in turn, activates nociceptors and provokes mechanical
allodynia. Following their secondary transition to aquatic life,
cetaceans were exposed to a variety of pain-related stressors,
including ultraviolet-induced and diving-related oxidative
stress, both capable of eliciting endogenous nociceptive
responses. In addition, contact between open wounds and
high-salinity seawater may exacerbate pain; nevertheless,
bottlenose dolphins exhibit a striking insensitivity to injury-
associated discomfort (Zasloff, 2011). In recent years, TRPA1
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has attracted growing interest as a therapeutic target for
analgesic drug development in humans (Souza et al., 2020),
suggesting that its loss in cetaceans may reflect an adaptive
modulation of pain pathways. Functional inactivation of
TRPA1 may have raised their nociceptive thresholds,
particularly under conditions of environmental insult,
endogenous inflammatory  responses, or traumatic
interactions. Convergent shifts in pain perception have also
been documented in other species. For instance, the African
naked mole-rat is insensitive to acid-induced pain, while the
pallid bat, a predator of venomous scorpions, exhibits high
tolerance to sting-induced pain. These phenotypes have been
linked to mutations in TRKA and NAV1.7, respectively (Hopp
etal.,, 2017; Omerbasi¢ et al., 2016). In addition to TRPAT,
multiple pseudogenized nociception-associated genes and
positively selected analgesia-related genes have been
identified in cetaceans (Ding et al., 2022), underscoring the
evolutionary remodeling of pain pathways in response to the
distinctive demands of marine life.

Gene loss can drive morphological evolution by eliminating
traits that are no longer beneficial, thereby facilitating
structural and functional adaptations. The inactivation of
TRPA1 may relate to the distinctive epidermal architecture of
cetaceans, which includes a markedly thickened stratum
spinosum, absence of the granular layer, and incomplete
keratinization. TRPA1 is expressed in human keratinocytes,
melanocytes, and fibroblasts, and functions in melanocyte-
mediated extraocular phototransduction (Bellono et al., 2013).
In murine skin, application of a TRPA1 agonist has been
shown to accelerate lamellar body secretion at the stratum
corneum-granular layer interface, facilitating rapid barrier
regeneration (Denda et al., 2010). Given the evolution of a
hyperplastic epidermis in cetaceans, the barrier-related
function of TRPA1 may have become redundant, akin to
keratin-associated genes, thus escaping selective constraint.
At the genomic level, widespread loss of TRPA1 in toothed
whales may also be linked to the emergence of echolocation.
In mice, TRPA1 mediates astrocyte-initiated neuromodulatory
responses to low-intensity, low-frequency ultrasound (Oh
et al., 2019), while in humans, it confers ultrasound sensitivity
to mammalian cells (Duque etal., 2022). These studies
suggest that TRPA1 is closely associated with ultrasonic
detection. Toothed whales possess a highly specialized nasal
complex for sound generation and have evolved sophisticated
echolocation, accompanied by positive selection on genes
implicated in this sensory modality (Magpali et al., 2024; Shen
et al., 2012). Although TRPA1 is retained in baleen whales, its
complete absence in toothed whales suggests functional
incompatibility or dispensability during the evolution of
echolocation in this lineage.

Two salient patterns emerged from our analysis of TRPA1
sequence evolution. First, the Indus River dolphin retained
more than a dozen TRPA1 exons (Figure 1), an unexpected
feature among toothed whales. This pattern is consistent with
at least two evolutionary scenarios: independent loss events
within odontocetes, or a stepwise deletion process in which
exons 13—-23 were eliminated in the stem lineage, followed by
a subsequent loss of exons 2-12 in most descendant
lineages. The retained exons in the Indus River dolphin are
unlikely to reflect contamination or introgression from baleen
whales, as the sequence contained a unique 2 bp insertion in
exon 3 and multiple lineage-specific substitutions absent in all
other baleen whale species. Second, a splice site mutation at
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the 3' end of exon 7 (GT—GC) was identified across all
placental mammals, indicating that this variant alone cannot
account for the relatively low expression of TRPA1 in baleen
whales. GC donor sites are the most common non-canonical
splice sites in mammalian genomes and are known to play
important roles in regulating gene expression (Burset et al.,
2000; Churbanov etal., 2008; Hiller etal., 2006). This
suggests a deep evolutionary shift in TRPA1 regulation early
in placental mammal evolution. Notably, reversion to the
canonical GT donor was observed in 28 placental species,
including mice and rats, implying potential lineage-specific
adaptive significance at this locus, particularly within rodents.
Across vertebrates, TRPA1 displays pronounced functional
and structural plasticity. Large-scale deletion of this gene in
toothed whales and markedly reduced expression in several
baleen whales together indicate substantial divergence of
TRPA1 function in cetaceans, although precise physiological
roles remain unclear. Several evolutionary scenarios may
account for this unique trajectory, collectively pointing to
lineage-specific remodeling of sensory and regulatory
pathways during adaptation to aquatic environments.
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