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Abstract

Sensory receptors are at the interface between an organism and its environment and thus represent
key sites for biological innovation. Here, we survey major sensory receptor families to uncover
emerging evolutionary patterns. Receptors for touch, temperature, and light constitute part of
the ancestral sensory toolkit of animals, often predating the evolution of multicellularity and

the nervous system. In contrast, chemoreceptors exhibit a dynamic history of lineage-specific
expansions and contractions correlated with the disparate complexity of chemical environments.
A recurring theme includes independent transitions from neurotransmitter receptors to sensory
receptors of diverse stimuli from the outside world. We then provide an overview of the
evolutionary mechanisms underlying sensory receptor diversification and highlight examples
where signatures of natural selection are used to identify novel sensory adaptations. Finally, we
discuss sensory receptors as evolutionary hotspots driving reproductive isolation and speciation,
thereby contributing to the stunning diversity of animals.
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1. INTRODUCTION

Sensory systems serve as the primary interface with the outside world, allowing organisms
to perceive environmental cues critical to their survival. Sensory system function is
mediated by a host of molecular receptors that detect and transduce specific external
energy, chemicals, or physical forces into biochemical events and neural activity to elicit
behavior (Julius & Nathans 2012). Adaptations in sensory receptor function therefore play
a crucial role in shaping the ability of different species to occupy specific ecological and
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behavioral niches. Furthermore, considering the clear link between genotype and phenotype,
sensory receptors represent a tractable model for dissecting the molecular basis of adaptation
(Baldwin & Ko 2020, Wray 2013). Thus, combining evolutionary and functional studies of
sensory receptors across species provides fertile ground to advance our understanding of
how ecological and physiological factors shape genetic variation.

Numerous recent studies have investigated the evolutionary dynamics of sensory receptors
within various groups, such as vertebrates and insects, as well as among specific receptor
families (Baldwin & Ko 2020, Churcher & Taylor 2011, Eyun et al. 2017, Feuda et al.
2012, Guo et al. 2022, Himmel & Cox 2020, Kadowaki 2015, Leung & Montell 2017,
Nei et al. 2008, Ni 2021, Peng et al. 2015, Policarpo et al. 2024, Robertson 2019, Saina
et al. 2015, Saito & Tominaga 2015, Sparks et al. 2018, Vidal et al. 2018, Wicher &
Miazzi 2021). Yet, a systematic survey of diverse sensory receptor families, including all
major animal groups, holds the potential to uncover general patterns in the functional
evolution of genes. This is because identifying large-scale patterns requires integration
across the phylogenetic diversity of animals. In addition, animals are an ideal model to
characterize conserved evolutionary themes. First, key innovations in early animal history,
such as the origin of multicellularity and the evolution of nervous systems, have spurred
the emergence of intricate and highly integrated sensory systems. Second, unlike other
multicellular organisms, animals face the challenges of active exploration and navigation
and thus display a wide range of complex and remarkably coordinated behaviors. Finally,
animals have adapted to an extraordinary diversity of niches, playing crucial roles in
ecosystems as predators, prey, pollinators, seed dispersers, and nutrient recyclers. This
range of adaptations has evolved in response to the same fundamental types of physical
stimuli, such as light, chemicals, stretch, and temperature, among others, which impinge
upon sensory receptors and are decoded by animal sensory systems across the diversity
of life histories (Block 1992). Hence, a comprehensive comparative analysis could reveal
patterns of both conservatism and innovation in the evolution of sensory receptors.

In this review, we present a brief overview of the evolutionary history of key sensory
receptor families spanning all major clades of animals (here synonymous with metazoans)
and closely related groups. We begin by mapping the gains and losses of these families
throughout the animal phylogeny and discuss their repertoire size, as well as trends of
lineage-specific expansions and contractions. Our estimates of gains, losses, and repertoire
sizes are based on literature (Baldwin & Ko 2020, Churcher & Taylor 2011, Eyun et al.
2017, Feuda et al. 2012, Guo et al. 2022, Himmel & Cox 2020, Kadowaki 2015, Leung &
Montell 2017, Nei et al. 2008, Ni 2021, Peng et al. 2015, Policarpo et al. 2024, Robertson
2019, Saina et al. 2015, Saito & Tominaga 2015, Sparks et al. 2018, Vidal et al. 2018,
Wicher & Miazzi 2021) as well as the mining of annotated genomes from exemplar taxa
(Figure 1) (see the Supplemental Appendix for details on receptor mining). Importantly,
as placeholders for large clades in the phylogeny, exemplars provide a partial picture of
the variation between clades. We then focus on the evolutionary mechanisms underlying
the emergence of genetic variation and molecular adaptations in these receptor families.
We devote particular attention to functional investigations of sensory receptors across levels
of biological organization, from molecular and cellular properties to the broader context
of organismal life history and ecology. Finally, we review recent work detecting natural
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selection and describing how sensory receptors represent hotspots in the evolution of
reproductive isolation, ultimately catalyzing adaptive radiations and contributing to animal
biodiversity.

2. EVOLUTIONARY HISTORY OF MAJOR SENSORY RECEPTOR FAMILIES
IN ANIMALS

The oldest known animals existed ~600 million years ago during the Ediacaran period at the
close of the Precambrian era (Bobrovskiy et al. 2018, Chen et al. 2019). Diverse lineages
made their first appearance in the fossil record as marine forms during the Cambrian
explosion around 541 million years ago (Dunn et al. 2014). Five major phyla arose during
this period and survived to the present time: poriferans (sponges), ctenophores (comb
jellies), placozoans (microscopic flat animals), cnidarians (anemones, jellyfish, and hydra),
and bilaterians (including chordates, mollusks, arthropods, and a variety of worms) (Schultz
et al. 2023). These extant groups comprise the animal kingdom, or Metazoa, which is sister
to unicellular protists such as Choanoflagellata and Filasterea (Schultz et al. 2023). Whether
sponges or ctenophores are a sister to the remaining metazoans, the common feature shared
by all animals is multicellularity. Indeed, multicellularity is a pivotal trait for the evolution of
sensory systems because it enabled the development of complex body plans with specialized
cell types, organ morphologies, and receptors.

Beyond multicellularity, nervous systems represent another hallmark of animal evolution.
Yet not all animals have nervous systems. Indeed, many groups of sensory receptors that

are widespread in animals predate the evolution of nervous systems. Sponges lack neurons
but express molecular components associated with presynaptic function (Musser et al.
2021). Similarly, placozoans are devoid of nervous systems, but recent evidence suggests
they possess neuron-like cells (Najle et al. 2023). Thus, ancestral sensory receptors likely
expanded in concert with the evolution of new cell types, sensory organs, and the elaboration
of the nervous system. Brains evolved in bilaterally symmetrical animals, Bilateria, a

group roughly composed of Protostomia and Deuterostomia (Martin-Duran & Hejnol 2021).
Protostomes encompass diverse groups of invertebrates, such as the Ecdysozoa (which
notably grow by molting and include arthropods and nematodes) and the Lophotrochozoa (a
major spiralia clade encompassing mollusks and annelids) (Dunn et al. 2014). In contrast,
deuterostomes include the ambulacrarians (such as echinoderms and hemichordates) and
their sister group, the chordates (including vertebrates) (Dunn et al. 2014). Nervous systems
across these distinct groups amplify and integrate signals perceived by sensory receptors

to orchestrate appropriate behavioral responses. In turn, the neural coordination of different
sensory modalities led to the evolution of more complex sensory systems and diverse
sensory receptor repertoires.

The evolution of multicellularity and nervous systems is thus key to understanding the
striking diversity of sensory modalities. Collectively, animals have evolved to monitor
just about everything, including light, chemicals, sound, pressure, body position, heat,
acceleration, gravity, electrical and magnetic fields, and even the passage of time (Block
1992). Nonetheless, the perception of many of these stimuli is restricted to specific clades

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2024 October 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Valencia-Montoya et al. Page 4

and requires highly specialized receptor cells and organs. In this section, we review broad
families of mechanoreceptors, thermoreceptors, chemoreceptors, and light receptors. We
focus on these sensory modalities because they are widespread in all animal groups,
allowing us to infer general patterns and uncover mechanisms by which sensory receptor
families originate and change over time.

2.1. Transient Receptor Potential Channels Are Part of the Ancestral Sensory Toolkit of

Animals

Transient receptor potential (TRP) channels are a large superfamily of receptors present

in all animals that have been examined (Figures 1 and 2). TRP channels are activated

by a diverse array of stimuli, including chemical, thermal, and mechanical signals, and
function in numerous systems as signal transducers (Himmel & Cox 2020). TRP channels
are widely expressed in eukaryotes but have not been reported in Archaea or Bacteria,
suggesting they evolved early in eukaryote evolution (Cai & Clapham 2012, Himmel

& Cox 2020, Himmel et al. 2020, Venkatachalam & Montell 2007). TRP receptors are
divided into two major clades that diverged before plants and animals split. Group 1

likely predates the Cnidaria-Bilateria split (earlier than 750 Ma) and includes the TRPA
(ankyrin), TRPM (melastatin), TRPN (including nompC, or no mechanoreceptor potential
0), TRPC (canonical), TRPS (soromelastatin), TRPV (vanilloid), and TRPVL (vanilloid-
like) subtypes. Since choanoflagellates have at least TRPM, TRPC, TRPV, and TRPA,
these families also likely predate the emergence of animals (Himmel & Cox 2020).
Contrastingly, group 2 split into TRPP (polycystin or polycystic kidney disease receptors)
and TRPML (mucolipin) early in eukaryote evolution, as at least animals, alveolates, and
other eukaryotes express genes from both subfamilies (Himmel & Cox 2020). The ancient
nature of TRP channels, their myriad sensory functions, and conserved features across
animal diversity provide hints that this receptor family may have functioned as an ancestral
sensory toolkit of animals.

TRPV (see gene groups in Figure 1) channels underwent remarkable functional
diversification during animal evolution (Figures 1 and 2). They are reported to detect stimuli
ranging from temperature, chemical, and osmaotic signals in vertebrates, to chemical and
mechanical sensors in nematodes, and hygro- and mechanoreceptors in insects (Caterina et
al. 1997, Himmel & Cox 2020, Rhyu et al. 2021). Placozoans and cnidarians have both
inactive and nanchung TRPV subfamilies (Himmel & Cox 2020, Peng et al. 2015). Notably,
choanoflagellate TRPV channels cluster more closely to mammalian TRPV than to inactive
and nanchung, indicating that the TRPV-V subfamily was lost in the early protostome
ancestor, whereas nanchung and inactive were lost in deuterostomes (Himmel & Cox 2020,
Peng et al. 2015).

TRPN (nompC) channels function primarily as mechanoreceptors (Jin et al. 2017, van
Giesen et al. 2020, Walker et al. 2000, Weir et al. 2020). They seem to be missing from
placozoans, comb jellies, and choanoflagellates (Figure 1), suggesting that TRPN channels
evolved in an early cnidarian-bilaterian ancestor after animals emerged (Peng et al. 2015,
Schiiler et al. 2015). Indeed, nompC mechanosensory function has been demonstrated in
cnidarian stinging cells, suggesting nonneuronal origins (He et al. 2023, Weir et al. 2020).
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TRPA channels are polymodal receptors that respond to a variety of stimuli in neurons

and nonneuronal cell types. In different animals, they are gated by direct or indirect heat

or cold, mechanical stimuli, hypoxia, electrophilic chemicals, reactive oxygen species,

and endogenous molecules associated with tissue damage, among others (Himmel & Cox
2020). TRPA channels can be divided into TRPAL, TRPA1-like, and AsTRPAL (arthropod
TRPA channels or basal) (Himmel & Cox 2020). Channels in the TRPA1-like subfamily
have not been functionally characterized but are found in cnidarians, ecdysozoans, and
lophotrochozoans. Most arthropod-specific TRPA channels participate in high-temperature
sensing, whereas water witch facilitates sound detection and hygrosensation (Lee et al. 2005,
Liénard et al. 2024, Liu et al. 2007, Matsuura et al. 2009, Tracey et al. 2003). Unlike
chemical sensitivity, the structural basis of temperature sensation is not well understood for
TRPA proteins, although some evidence suggests that thermosensitivity is linked to highly
conserved N-terminal ankyrin repeats (Cordero-Morales et al. 2011, Zhang et al. 2022).

TRPM channels are involved in temperature sensation, chemoreception, and
mechanosensation (Huang et al. 2020). 7RPMS8 is a well-characterized sensor for cold

and menthol in vertebrates and insects (Himmel et al. 2019, McKemy et al. 2002).
Choanoflagellates are unicellular and lack neurons, but they express TRPM channels, such
as TRPM_Z2, which shows enzymatic activity. In cnidarians, TRPM channels are widely
expressed, including in neurons. Since TRPMs in both cnidarians and choanoflagellates can
function as both Mg?* channels and protein kinases, this might be their ancestral function
(LU & Du 2020, Téth et al. 2020). This suggests that a sensory role of ancient nonneuronal
TRP channels might have evolved from enzymatic activities and eventually been coopted by
neurons for sensory integration.

In summary, TRP channels are fundamental components of a variety of sensory systems,
predating the evolution of neurons. Interestingly, although TRP channels lack a canonical
voltage-sensing domain, they are part of the large class of voltage-gated ion channels

that includes voltage-gated K+, Na+, and CaZ* channels (Arendt 2020). All of these
voltage-gated ion channels are critical to signal transduction in neurons (Arendt 2020).
Hence, given the ancient nature of TRP channels, their structural architecture, and their
expression patterns, their evolution might contribute to understanding the early evolution of
nervous systems. This is partly because sensory functions in TRP channels likely predate the
emergence of the nervous system, which is often credited as the basis for animal behavior
(Himmel & Cox 2020). Indeed, all TRP families appear in ancient nodes of the animal
phylogeny and have been conserved throughout animal evolution (Figure 1). Therefore, TRP
channels might represent the polymodal sensory receptor toolkit that endowed early animals
with the capacity to respond to a wide repertoire of stimuli essential to the evolution of
complex behaviors and physiology.

Mechanoreceptors Are Highly Conserved Over Evolutionary Time

Animals exploit subtle variations in both external and internal forces for navigation and
communication. Mechanoreceptors transduce these forces to detect sound for hearing,
body position for proprioception, and tactile sensation for touch (Katta et al. 2015). At
least four major classes of membrane proteins have been linked to mechanotransduction

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2024 October 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Valencia-Montoya et al. Page 6

in animals: TRP channels, degenerin/epithelial Na channels (DEG/EnaC), Piezo proteins,
and transmembrane channel-like (TMC) proteins (Katta et al. 2015). Here, we focus on
Piezo and TRP channels because they are widespread across animals (Figure 1) and have
been robustly studied in heterologous systems that recapitulate the mechanically induced
activation observed from native cells. Notably, these mechanoreceptor ion channels are
remarkably conserved across animal groups.

Piezo proteins are mechanically activated ion channels with 24-40 transmembrane domains,
making them among the largest known proteins (Figure 2) (Coste et al. 2010, Saotome et

al. 2018). From an evolutionary perspective, Piezos are quite mysterious as they exhibit

no homology to any other known ion channels (Katta et al. 2015). Nonetheless, they are
reported among animals, plants, and single-cell eukaryotes, but are largely absent from
bacteria and archaea, indicating they likely evolved in the common eukaryote ancestor,
predating the evolution of animals (Katta et al. 2015). Conversely, TRPN is restricted

to Eumetazoa (Cnidaria plus Bilateria) (Figure 1). Although Piezo and TRPN channels
appeared in early animals, they have remained strikingly unchanged over the course of
evolution, both in number of copies and in sequence identity. Piezo seems to have been
duplicated just once at the base of the vertebrates, as they carry two copies, Piezo1 and
PiezoZ, while invertebrates and tunicates only have Piezo1 (Figure 1). Similarly, despite the
occurrence of several independent whole-genome duplications across bilaterian taxa, only a
single TRPN is predicted in bilaterian genomes (Figure 1) (Himmel & Cox 2020, Schiiler et
al. 2015). Since both Piezo and TRPN channels are highly conserved, mechanotransduction
in animals seems to be mediated by a small repertoire of genes that play critical functions
across physiological systems, whereby functional diversification might be driven by the
diversity of cell types, expression patterns, auxiliary subunits, and organ morphology.

2.3. Chemoreceptors Exhibit a Dynamic History of Evolution, Including Numerous Gains

and Losses

In stark contrast to other sensory modalities, chemoreceptors exhibit a dynamic evolutionary
history. Chemoreceptors physically bind distinct chemicals that are waterborne, volatile, or
encountered by contact. Indeed, the chemical world of animals is composed of a virtually
infinite number of molecules varying in physicochemical properties and structure (Del
Marmol et al. 2021). How do animals contend with the challenge of sensing the complex
chemical world? One solution is having many chemoreceptors for many molecules. In fact,
the number of chemoreceptors is several orders of magnitude greater than those used in
other sensory modalities, and they constitute the largest known of any gene families (Figure
1). In addition to large repertoires, recent protein structural analyses suggest that promiscuity
in the ligand-binding site of chemoreceptors could explain a broad coding logic for a vast
diversity of chemical cues (Allard et al. 2023c, Billesbglle et al. 2023, Del Marmol et al.
2021, Kang et al. 2023, Ma et al. 2024). Therefore, both the diversity and promiscuousness
of chemoreceptors underlie their critical role in mediating a wide range of behavioral
responses such as feeding, hunting, mating, and avoiding predators.

2.3.1. Gustatory receptors and insect odorant receptors.—Gustatory receptors
(GRs) form ion channels activated by diverse chemicals, including sugar, bitter compounds,
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caffeine, salt, hydrocarbons, and amino acids (Bray & Amrein 2003, Delventhal & Carlson
2016, Fujii et al. 2015, Miyamoto et al. 2012, Shim et al. 2015). GRs also contribute

to the sensation of CO, and temperature (Jones et al. 2007, Ni et al. 2013), and given

their diversity, additional functions likely await identification. GRs were first described in
insects, but homologs have been found widely in protostomes, cnidarians, and placozoans,
suggesting GRs predate the Cnidaria-Bilateria split and were secondarily lost in chordates
(Figure 1) (Eyun et al. 2017). More recently, leveraging structure-based discovery of
distant homologs, Himmel et al. (2023) identified GR-like receptors [including animal GRs
and insect odorant receptors (ORs-/)] as part of an ancient and cryptic superfamily of 7-
transmembrane domain ion channels (7TMICs) (Figure 2). Notably, while GRs are missing
from chordates, they have undergone massive diversifications in invertebrates, particularly
in insects (Figure 1). Indeed, odorant receptors (ORs-/) evolved from GRs concurrent with
the terrestrial evolution of insects (ORs-/to distinguish them from the unrelated G protein—
coupled receptors mostly found in vertebrates, ORs- V) (Benton et al. 2020, Brand et al.
2018, Missbach et al. 2014). ORs-/respond to a wide range of volatiles, including terpenes,
aldehydes, alcohols, aromatic compounds, sex pheromones, and atmospheric gases, among
others (De Bruyne et al. 2010, Del Marmol et al. 2021, Hallem & Carlson 2006, Hallem et
al. 2004, Robertson 2019, Robertson et al. 2003, Sparks et al. 2018). Recent cryo-electron
microscopy (cryo-EM) structures of GRs (Ma et al. 2024) and ORs-/ (Butterwick et al.
2018, Del Marmol et al. 2021) show that they form tetrameric cation channels. Interestingly,
although ORs-/can assemble as homomers, the most predominant system in insects is
made from heteromeric channels composed of the ubiquitous and highly conserved Orco
coreceptor and an OR tuning receptor that responds to specific ligands (Benton et al. 2006,
Larsson et al. 2004).

2.3.2. Olfactory receptors (ORs-V) and vomeronasal receptors.—The majority
of chemosensory genes in chordates belong to the rhodopsin superfamily or class A G
protein—coupled receptors (GPCRs) (Figure 2) (Nei et al. 2008, Nordstrém et al. 2011).
ORs- Vform the largest family of GPCRs (Nei et al. 2008). ORs- VVare present in chidarians
and deuterostomes, implying that they evolved early in a Cnidaria-Bilateria ancestor and
were subsequently lost in protostomes (Baldwin & Ko 2020, Churcher & Taylor 2011).
ORs- VVare primarily expressed in the olfactory epithelium but can function in other organs
(Bellono et al. 2017, Pluznick et al. 2013). ORs are both broadly and narrowly tuned,
responding to volatiles such as aldehydes, terpenes, thiols, ketones, alcohols, fatty acids,
and aromatic compounds (Adipietro et al. 2012, Baldwin & Ko 2020, Fleischer et al. 2009,
Jiang & Matsunami 2015, Nei et al. 2008). Pheromones, by contrast, are detected mainly
by vomeronasal receptors (VRs) (Baldwin & Ko 2020, Dulac & Axel 1995). Interestingly,
the two major families of VRs, V1Rs and V2Rs, originated before the emergence of a
morphologically distinct vomeronasal organ (VNO) (Figure 1) (Baldwin & Ko 2020). V1Rs
are older than V2Rs, and respond to sulfate steroids, volatile pheromones in urine, bile acids,
and putative reproductive hormones (Doyle & Meeks 2018, Haga-Yamanaka et al. 2014,
Meeks et al. 2010). Conversely, V2Rs first appeared in cartilaginous fish and, consistent
with an aquatic environment, are activated by different soluble peptide pheromones and
major histocompatibility complex peptides (Baldwin & Ko 2020, Karn & Laukaitis 2012,
Laukaitis et al. 2008).
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2.3.3. Taste receptors: types 1 and 2.—Similar to V1Rs and V2Rs, the taste
receptors T1R and T2R appeared at different nodes in the animal phylogeny (Figure 1)
(Baldwin & Ko 2020). T1R receptors first evolved in cartilaginous fish, such as sharks.
T1R repertoires are small and conserved, and although the bony ancestor vertebrate likely
had nine copies, many tetrapod species only have three T1R genes (7ZR1, TIRZ and
TIR3) (Figures 1 and 2) that are broadly tuned to diverse tastants (Nishihara et al. 2024).
Heterodimers of these genes bind sugar, amino acids, and certain nucleotides, and underlie
sweet (71R2/ T1R3) (Nelson et al. 2001) and umami tastes ( 7ZR1/ T1R3) (Nelson et al.
2002). Taste receptors are mostly expressed in oral taste buds, but non-canonical expression
has been demonstrated in diverse systems. For instance, catfish have taste buds covering
their bodies and have been described as swimming tongues (Caprio et al. 1993). Similarly,
sea robins are fish with leg-like appendages that express taste receptors in their epithelial
cells to locate buried prey (Allard et al. 2023b). 7ZR2has been repeatedly pseudogenized
in carnivore species (Policarpo et al. 2024), whereas hummingbirds and songbirds have
convergently regained sweet perception by mutations in the ancestral umami receptor
following the loss of 7ZR2early in bird evolution (Baldwin et al. 2014, Toda et al. 2021).
By contrast, T2Rs, or bitter receptors, first appeared in bony vertebrates and show great
variation in repertoire size (Figure 1).

In summary, the number of chemosensory receptor genes and families varies extensively
among animals. Is the repertoire size correlated with ecological parameters or tuning
breadth? Although functional studies remain rare, repertoire size appears to relate to

tuning breadth and the complexity of a given species’ chemical ecology. For instance, in
vertebrates, species with fewer chemosensory genes have broadly tuned receptors, while
species with a higher number of genes show more narrowly tuned receptors (Baldwin

& Ko 2020). In insects, generalist species tasting a wide variety of chemically defended
plants show major expansions of divergent GRs (Robertson 2019). Furthermore, OR
family expansions in ants and bees have been linked to the evolution of chemically based
social communication (McKenzie et al. 2016, Robertson & Wanner 2006, Smith et al.
2011, Zhou et al. 2012). Another notable case of a lineage-specific expansion is the
evolution of chemoreceptors with a limited phylogenetic distribution, such as the nematode
chemosensory receptor (NEMCH) family, also from the rhodopsin superfamily (Nordstrém
etal. 2011, Vidal et al. 2018). The genome of Caenorhabditis elegans encodes over 1,300
NEMCH genes, and functional studies have linked a subset of these receptors to the
sensation of environmental and pheromonal cues (Vidal et al. 2018). Finally, a dramatic
case of novel lineage-specific expansion and functional gain is the repeated evolution of
chemoreceptors from ancestral neurotransmitter receptors in protostomes, cephalopods, and
vertebrates, which we discuss below.

2.4. Independent Evolutionary Transitions of Chemoreceptors from Neurotransmitter

Receptors

The emergence of neurotransmitter systems was likely triggered by the diversification of
multicellular animals and the requirement for specialized communication among early
nervous systems. These systems probably arose by independently coopting broadly tuned
chemoreceptors into receptors narrowly tuned to specific neurotransmitters. More recently,
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we observed repeated evolutionary transitions from neurotransmitter receptors to peripheral
chemoreceptors across ancient and derived nodes of the animal phylogeny (Figures 1

and 2). Examples include ionotropic receptors (IRs) evolving from ionotropic glutamate
receptors (iGIuRs) in protostomes (Benton et al. 2009, Croset et al. 2010) and trace amine-
associated receptors (TAARs) from serotonergic receptors [5-hydroxytryptamine (5-HT)]

in vertebrates (Dieris et al. 2021, Liberles & Buck 2006). The most recently described
family of chemoreceptors, chemotactile receptors (CRs) in octopus and squid, diverged from
ancestral nicotinic acetylcholine receptors (NnAChRs) (Allard et al. 2023c, Kang et al. 2023,
van Giesen et al. 2020). Like nAChRs, CRs form homopentameric and heteropentameric ion
channels, but instead of binding acetylcholine, they are activated by hydrophobic molecules
for contact-dependent aquatic chemosensation (Allard et al. 2023c, Kang et al. 2023, van
Giesen et al. 2020). In octopuses, CRs have undergone significant expansions relative to
other cephalopods, consistent with their elaborate chemotactile exploration of the seafloor
(Allard et al. 2023a, c; Kang et al. 2023). For example, while the Octopus bimaculoides
genome has up to 26 CRs, the Doryteuthis pealeii (squid) genome only encodes 6 (Kang et
al. 2023).

Although the structure of an IR has not been determined, IRs are predicted to form ion
channels similar to other iGIuRs (Figures 1 and 2) (Ni 2021). However, in contrast to

their ancestors, IRs are implicated in a remarkable diversity of sensory roles, including
olfaction, gustation, hygrosensation, and thermosensation (Benton et al. 2009, Greppi et
al. 2020, Morita et al. 2023, Ni 2021). IRs date to at least the emergence of protostomes,
as they are present in arthropods, nematodes, and mollusks (Figure 1) (Croset et al. 2010,
Eyun et al. 2017). Unlike CRs and IRs, which form ion channels, TAARs are GPCRs.
TAARs evolved from 5-HT receptors and primarily specialize in detecting ecologically
relevant amine compounds from animal body fluids (Guo et al. 2022, 2023). TAARs likely
first appeared in the ancestor of vertebrates and are divided into TAARs and TAAR-like
receptors, which include the TARL and the sea-lamprey-specific TARLL subgroups (Guo et
al. 2022).

Although CRs, IRs, and TAARS represent striking cases of parallel evolutionary outcomes,
all these transitions are quite ancient, occurring between 300 and 700 million years ago
(Figure 1). Thus, more recent chemoreceptor families, such as formyl peptide receptors
(FPRs), can offer clues about these evolutionary transitions. FPRs initially functioned

as receptors for pathogens in the rodent immune system, but they have evolved into
environmental sensors housed in the vomeronasal organ (VNO). Strikingly, Dietschi et al.
(2017) found that through exon shuffling, an FPR immune receptor coopted a promoter

of a VR, hijacking its expression pattern. Therefore, changes in regulatory elements seem
sufficient to explain the switch of FPRs from detecting pathogens inside the organism to
sensing the outside world (Dietschi et al. 2017). The initial transition from neurotransmitters
might similarly involve changes in expression patterns, since the evolution of regulatory
elements might be under relaxed selection compared to drastic functional modifications.
Indeed, the basic function of neurotransmitters and chemoreceptors is conserved, as they
both initiate cellular activity in response to binding an extracellular ligand, whether from

a presynaptic partner or the external environment. Unraveling similar or distinct genomic
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mechanisms underlying the evolution of CRs, IRs, and TAARs from neurotransmitter
receptors represents an exciting avenue for research in evolutionary sensory biology.

2.5. Receptors for Temperature and Light Are Related to Chemoreceptors

Chemosensation is one of the most ancient senses, and receptors involved in other sensory
modalities are often nested within families of chemosensory genes. Notably, thermosensory
proteins in animals have independently evolved many times, including in the TRP, IR,

and GR families, whereby chemosensation is likely to be ancestral (Figure 1) (Caterina
etal. 1997, Greppi et al. 2020, McKemy et al. 2002, Morita et al. 2023, Ni et al. 2013).
Indeed, thermosensory TRP channels mediate a host of thermosensory responses, while
maintaining conserved chemical sensitivity (Himmel & Cox 2020). For example, capsaicin,
electrophiles, and menthol are agonists of 7RPV1, TRPAL and TRPMS, respectively, across
diverse bilaterians (Himmel & Cox 2020). Similarly, GR286(D), a thermosensitive channel
in Drosophila, is part of the large and ancient family of gustatory receptors (GRs) (Ni et

al. 2013). More recently, IR genes, such as /R21a, IR40, IR93a, and /R25a, were shown to
be necessary for responses to cooling in flies and mosquitoes (Greppi et al. 2020, Morita et
al. 2023). Interestingly, temperature sensing in bacteria is also coupled to chemoreception.
The bacterial 7arand 7srproteins are both the major chemoreceptors and thermoreceptors
used to navigate thermal and chemical gradients (Sengupta & Garrity 2013). Thus, these
unrelated cases underscore the relationship between chemo- and thermosensory modalities
across the tree of life and can offer clues into the molecular mechanisms of temperature
sensing, which remain poorly understood.

Unlike diverse thermoreceptors, opsins represent a single gene family that mediates

visual transduction across animals. Nonetheless, opsins are also derived from ancestral
chemoreceptors, as they are part of the superfamily of rhodopsin-like GPCRs, which,

in addition to opsins, includes hormone, neuropeptide, neurotransmitter, and olfactory
receptors (Nordstrom et al. 2011). Yet opsins are unique among GPCRs because they bind
an inactive form of their specific ligand, the chromophore retinal, rendering an almost
instantaneous response upon light stimulation (Figure 2) (Cronin et al. 2014, Liénard et al.
2022, Varma et al. 2019). The free-retinal chromophore absorbs in the ultraviolet (UV), but
its sensitivity changes when bound to an opsin to tune absorbance to specific wavelengths
from the UV to the far-red portion of the visible spectrum (Cronin et al. 2014, Liénard

et al. 2022). Opsins originated early in the evolution of metazoans and duplicated to give
rise to three major gene groups: ciliary opsins (c-opsins) and rhabdomeric opsins (r-opsins),
which are the main visual pigments of vertebrates and invertebrates, respectively, and the
less-characterized retinal RGR/Go-opsins (Feuda et al. 2012, 2014). The early notion that
c-opsins were restricted to vertebrates and r-opsins were exclusive to invertebrates has been
revised following comparative genomic analysis (Figure 1) (Leung & Montell 2017). For
example, mammalian melanopsin is related to r-opsins, and some opsins in insects are
related to c-opsins (Leung & Montell 2017). In addition, other less studied opsin groups
include the RGR/Go-opsins and early divergent opsins from cnidarians, ctenophores, and
placozoans (Feuda et al. 2014, Leung & Montell 2017). Notably, in addition to vision,
opsins are also involved in the entrainment of circadian rhythms, photorelaxation of blood
vessels, and potentially temperature discrimination and audition (Leung & Montell 2017,
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Musilova et al. 2021). Thus, considering these unconventional roles and expression patterns,
the great variation in the size of opsin repertoires across animals could underlie light-
independent functions beyond visual specialization.

3. MECHANISMS UNDERLYING THE EVOLUTION OF SENSORY
RECEPTORS

How did the vast diversity of animal sensory receptors emerge? As is the case for all

gene families, four main evolutionary forces orchestrate sensory receptor diversification.
Mutation and gene flow introduce novel genetic variation, while genetic drift and natural
selection lead to the loss or fixation of new variants (Figure 3a). Here, we describe these
mechanisms of evolutionary change and highlight how they shape the adaptive function of
sensory receptors.

3.1. Sources of Variation: Mutation and Gene Flow

Adaptive evolution is only possible if populations harbor genetic diversity. Such genetic
diversity arises from genetic mutations and gene flow mediated by the migration of
individuals between populations (Figure 3a). Mutations range from single-nucleotide
changes and small deletions or insertions to large-scale rearrangements. Duplications are
particularly critical to the evolution of novel sensory receptor families (Figure 3b) because
one gene copy is rendered redundant and the duplicated gene is thus freed from selective
constraints (Long et al. 2013, Nei et al. 2008). The most likely outcome of duplication is that
one of the copies acquires disruptive mutations and decays into a nonfunctional pseudogene
(pseudogenization) (Long et al. 2013, Roberts et al. 2022). Another outcome is that each
copy may specialize in a subset of the ancestral gene functions (subfunctionalization) or that
one of the copies accumulates mutations that endow it with a novel function or expression
pattern (neofunctionalization) (Long et al. 2013, Roberts et al. 2022). Duplication and
neofunctionalization are the primary drivers for gains of novel sensory receptor families.
Interestingly, the genomic architecture of gene copies can provide insights into their
duplication history. For example, tandem duplication results in a novel copy of a gene

next to its progenitor (Figure 3b). They arise from unequal crossover that occurs during
meiosis between misaligned homologous chromosomes, producing tandemly arranged genes
(Zhang 2003). Tandem clusters of paralog genes are widespread in chemoreceptor families,
including in GRs, IRs, ORs- V; V1Rs, and CRs, among others, highlighting the importance
of this process in mediating the dynamic evolution and expression patterns of chemoreceptor
genes.

Transposons, or so-called jumping genes, represent another key mechanism in the
diversification of novel sensory receptor families. Retroduplication is a common type of
transposition in which a gene copy transitions through an intermediate RNA in order to
transpose, resulting in a new copy devoid of introns (Figure 3b). Since retrogenes insert
randomly, they often lose their regulatory sequences and mostly decay into pseudogenes
(Lallemand et al. 2020). However, in some cases, they can acquire novel functions. For
instance, a striking number of chemoreceptors, including some groups of divergent GRs and
IRs, ORs-V, TAARs, V1Rs, T2Rs, and CRs, are intronless, a hallmark of retroduplication.
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Additionally, transposable elements in the flanking regions of a gene can translocate an
entire sequence, whereby the gene fragments may still contain introns. For instance, a
recent study demonstrated that sex-linked UV color vision in Heliconius butterflies resulted
from the transposition of a UV opsin from an autosome to the sex chromosome, making it
obligately female-specific (Chakraborty et al. 2023).

Whole-genome duplication has also increased the sensory receptor repertoire of animals.
This large-scale mutation arises from a failure of homologous chromosomes to separate
during meiosis (Figure 3b) (Lallemand et al. 2020). While more common in plants, whole-
genome duplications have also occurred in animals, notably twice at the base of vertebrates
(Dehal & Boore 2005). Indeed, whole-genome duplication underlies the apparent single
gain of an additional copy of Piezoin the evolutionary history of Metazoa (Figure 1).
Additionally, teleosts like zebrafish have two copies of TRPAI that show distinct chemical
and thermal sensitivity (Oda et al. 2016), and that likely emerged during a teleost whole-
genome duplication event. These cases suggest that large sensory receptor genes, such as
Piezo or TRP channels, might be less prone to duplication through retrotransposition or
tandem duplication, with the evolution of new copies instead linked to uncommon large-
scale mutations.

Finally, although mutation is the ultimate source of variation, gene flow can also introduce
new variants in populations or species (Figure 3a). Gene flow between closely related
species occurs through hybridization, and this transfer of genetic variation is known as
introgression (Green et al. 2010, Valencia-Montoya et al. 2020). In addition, gene flow
between distantly related species is also possible through diverse mechanisms of horizontal
gene transfer. For instance, several lines of evidence support the eukaryote-to-prokaryote
horizontal gene transfer of 7TMICs, a recently uncovered superfamily of receptors, which
includes insect gustatory receptors (GRs) and odorant receptors (ORs-/) (Benton et al. 2020,
Himmel et al. 2023). With the increasing availability of genomes and the development of
new analytical frameworks to detect signatures of migration, more examples of gene flow
will likely be unveiled, providing a deeper understanding of the early evolution of ancient
receptor families.

3.2. Forces Shaping the Fate of Genetic Variation: Genetic Drift and Selection

Once a genetic variant appears through mutation or is introduced by gene flow, whether
it increases or decreases in frequency depends on genetic drift and selection. Genetic
drift accounts for the change in the frequency of a variant due to random chance, and

its strength is tightly linked to population size (Figure 3a). A striking example of how
genetic drift shapes the evolution of sensory receptor repertoires is the birth-death process
of chemoreceptor families. Birth-and-death evolution occurs in multigene families when
new genes arise by gene duplication, with some retained as functional genes and others
inactivated by random mutations and eliminated (Nei et al. 2008). All multigene families
are predicted to be subject to this mode of evolution, but chemoreceptors represent
extreme cases. Even between closely related species, the number of chemoreceptor genes
varies greatly, and animal genomes generally contain a large number of pseudogenes in
chemosensory gene families (Figure 1) (Nei et al. 2008).
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Natural selection is remarkably simple yet incredibly powerful. Natural selection can explain
the exquisite structural adaptations of sensory receptors and the fit of organisms to their
sensory environments. Nonetheless, it is important to recall that the emergence of variation
is random and unrelated to a species’ needs. Rather, selection favors a variant that enhances
survival and reproduction in a specific environment and time, and beneficial traits become
more common in subsequent generations only if they are inherited. Natural selection

itself encompasses three main types of selection (reviewed in Rice 2004) (Figure 3c).

First, stabilizing selection, also known as purifying selection, favors an average phenotype
while selecting against the extremes of a trait. Unsurprisingly, this is the most common
type of selection because novel mutations that disrupt functionally relevant genes, such

as sensory receptors, are generally wiped out by selection. Second, directional selection
favors a particular phenotype, causing variant frequency to shift in one direction. Third,
diversifying selection, or disruptive selection, increases genetic variation as it favors two

or more phenotypes, each providing selective advantages. These last two types of selection
that increase variation are less common but are the drivers of functional diversification and,
ultimately, of the diversity of sensory systems. In the next section, we discuss methods to
detect selection operating on sensory receptors.

4. DETECTING SELECTION IN THE EVOLUTION OF SENSORY
RECEPTORS

In this section, we describe examples integrating evolutionary and sensory biology

to ask interdisciplinary questions spanning molecular, cellular, and structural biology.
The overarching goal is to demonstrate how applying evolutionary methods can help
generate hypotheses for functional experiments that test sensory receptor adaptations.
Some interdisciplinary questions include the following: Are sensory receptors under
selection to drive new functions? Is there positive selection driving specific amino acid
substitutions when a species shifts to a new environment? To aid researchers interested
in addressing these questions, we have compiled a summary of steps and programs

for comparative analysis, including those for detecting selection (Supplemental Table 1).
These methods mostly use within-species diversity (population-level or microevolution)
or between-species nucleotide divergence (above the species level or macroevolution) to
estimate selection parameters. Within-species methods for detecting selection use population
genetics approaches to identify genomic footprints left by the action of selection, such
as selective sweeps. These methods allow us to detect recent signatures of selection but
require sequencing the genomes of several individuals to characterize genetic variation
within populations, which remains challenging for many species. Thus, the most widely
used methods to infer selection exploit the ratio of synonymous substitutions (dS) and
nonsynonymous (dN) substitutions. We discuss notable examples of studies that have
applied these methods at different evolutionary scales and for diverse groups of sensory
receptors and species.
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4.1. Selection at the Microevolutionary Level: Selective Sweeps and Adaptive
Introgression

Selective sweeps are troughs in the genetic diversity at the vicinity of a selected gene. As

a positively selected variant sweeps to high frequency, this adaptive allele carries a portion
of the sequence on which it arose, reducing levels of genetic diversity in the surrounding
area (Booker et al. 2017). Thus, a selective sweep appears as a drop in genetic diversity
because variation in this region is lost as most individuals in a population have the same
advantageous variant. A stunning example of a selective sweep is found in stickleback
opsins (Figure 4a). Since the retreat of the ice sheets around 12,000 years ago, marine
sticklebacks have colonized hundreds of freshwater habitats (Marques et al. 2017). Some
of these habitats are black water lakes, stained by dissolved tannins that lead to an almost
nocturnal redshifted light environment (Marques et al. 2017). Strikingly, when analyzing
genomes of three-spined sticklebacks from black water populations, Marques et al. (2017)
found a selective sweep centered on the adjacent blue- and red-light-sensitive opsins SWS2
and LWS. The haplotype favored in black water populations carries substitutions in the blue
opsin SWS2that cause a redshift in light absorption. Furthermore, the authors performed

a selection experiment in which sticklebacks from black water lakes were transplanted into
an uninhabited clear water pond. Remarkably, after 19 years, they found that the redshifted
SWS2 opsin was disfavored in the clear water habitat of the transplant population, showing
signatures of a reversed selective sweep (Marques et al. 2017). Finally, the two amino acid
changes responsible for the redshift occurred independently 198 million years earlier in
distantly related fish species that have also adapted to black waters (Marques et al. 2017).
This study combines experimental evolution and comparative biology to reveal how adaptive
changes in sensory receptors can mediate convergent evolution on different timescales.

Adaptive introgression is the transfer of adaptive genetic variation between species as

a result of hybridization and repeated backcrossing. Thus, unlike a selective sweep, the
adaptive variant is acquired from another population or closely related species rather than
from a mutation. Until recently, the detection of adaptive introgression from genomic data
relied on comparative analysis that required sequences from both recipient and donor
species, such as introgression of Neanderthal and Denisovan genes into modern humans
(Green et al. 2010, Reich et al. 2010). However, in many cases, the donor species is
unknown (called a ghost donor population) or the genomic data are not available. Setter et
al. (2020) recently developed applicable methods to detect adaptive introgression sweeps
from the pattern of excess variants they produce in the flanking region of the selected gene.
Pawar et al. (2023) applied this method to search for signatures of introgression in all four
extant gorilla subspecies, including mountain and lowland eastern and western populations
from Africa (Figure 4b). They found a signature of introgression from an archaic ghost
lineage into the common ancestor of eastern gorillas but not western gorillas (Pawar et al.
2023). The adaptive introgressed regions contained the bitter taste receptor 7AS2R14, which
showed several protein-coding changes (Pawar et al. 2023). Interestingly, eastern gorillas
have more herbaceous diets than frugivorous western gorillas (Pawar et al. 2023). Thus, the
adaptive introgression of this receptor likely shaped the perception of bitter taste, which
plays an essential role in avoiding toxic plants. Notably, this novel taste receptor variant did
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not result from a novel mutation or from standing variation in the western gorilla clade but
was instead acquired through ancient hybridization with a now likely extinct species.

4.2. Selection at the Macroevolutionary Level: Selection Along Branches and Across

Sites

Methods to detect purifying or diversifying selection acting on sequences primarily rely on
identifying functionally relevant genes and residues, either because they are conserved or
because they show lineage-specific accelerations in their evolutionary rate. The most widely
used statistic for detecting selection is the dN/dS or w ratio, which compares the rates

of nonsynonymous substitutions per site (dN) with the rate of synonymous substitutions
(dS) (McDonald & Kreitman 1991, Yang 2007). Because synonymous changes are neutral,
their substitution rate provides a baseline against which the rate of amino acid substitution
is compared (Vitti et al. 2013). Thus, a relative excess of nonsynonymous substitutions
indicates diversifying or recent positive selection and will correspond to a w ratio greater
than 1 (Vitti et al. 2013). In contrast, a w ratio smaller than 1 is indicative of purifying
selection, as negative selection is acting against novel mutations (Vitti et al. 2013). The most
popular tools to estimate w ratios use codon substitution models and likelihood methods
(Kosakovsky Pond et al. 2020, Yang 2007). These tools include models that can be used

to detect positive selection driving adaptive protein evolution within particular lineages of

a phylogeny (branch models), amino acid residues (site models), or a subset of sites along
specified lineages (branch-site models) (Alvarez-Carretero et al. 2023).

Branch models are useful for detecting genes under selection as they allow for different

w ratios across a phylogeny. An example of detecting selection in sensory receptors using
branch models is related to heat-seeking predation in snakes (Figure 4c). Some snakes

are able to sense infrared thermal radiation using specialized pit organs that express the
temperature-sensitive 7RPA1 channel (Gracheva et al. 2010). Importantly, only pit vipers,
pythons, and some boas have evolved pit organs for infrared sensation (Geng et al. 2011).
Remarkably, Geng et al. (2011) found that 7/RPAZ is under strong positive selection in
pit-bearing snakes (w> 1) but not in other non-pit-bearing snakes and non-snake vertebrates
(Geng et al. 2011). In stark contrast, 7RPV1, a related thermoreceptor, was not under
diversifying selection but instead exhibited strong purifying selection (w < 1) with no
difference between pit-bearing and non-pit-bearing snakes (Geng et al. 2011). This is an
exceptional example of a tight functional link between the adaptive evolution of an ancient
sensory receptor, the exquisitely sensitive organ where it is expressed, and the emergence of
a specialized behavior.

In contrast to branch models, site models allow the w ratio to vary among codons; thus,
specific amino acids under selection can be identified (Alvarez-Carretero et al. 2023). A
recent example where this method uncovered significant site variation is found within
cephalopod CRs (Figure 4d). CRs are expressed in arm suckers, endowing octopuses with
contact-dependent aquatic chemosensation of poorly soluble molecules (Allard et al. 2023c,
van Giesen et al. 2020). Remarkably, site models of octopus CRs revealed numerous
positively selected sites, suggesting CRs have rapidly diversified to mediate the detection
of a wide array of molecules (Allard et al. 2023c). These positively selected sites are
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primarily concentrated in the ligand-binding pocket, and cryo-EM structures confirmed
that ligand-binding residues are among those experiencing the strongest selection (Allard
et al. 2023c). Therefore, octopus CRs provide one of the most comprehensive examples
demonstrating the connection between adaptive substitutions in sensory receptors at the
structural level and the evolution of novel organismal traits.

5. SENSORY RECEPTOR EVOLUTION AND DIVERSIFICATION

5.1. Sensory Receptors Are Hotspots for the Evolution of Reproductive Isolation

Speciation is the emergence of reproductive barriers between populations that maintain

the genetic and phenotypic distinctiveness of these populations even when in geographic
proximity (Seehausen et al. 2014). Since sensory receptors are required to detect signals
from potential mates, they represent evolutionary hotspots for the establishment of early
barriers leading to reproductive isolation (Yohe & Brand 2018). A striking example of how
a single point mutation can alter sensory receptor function and driver reproductive isolation
comes from studies of moth pheromone signaling (Figure 5a). Female moths produce mating
pheromones that are necessary to elicit the attraction behavior of males. Indeed, male moths
can track females’ pheromones from kilometers away. Notably, the composition and relative
proportion of the pheromones in these secretions are highly species-specific. For example,
despite being sister species, Heliothis virescens and Heliothis subflexa show divergent
pheromone bouquets (Cao et al. 2021). Cao et al. (2021) cloned and functionally profiled all
pheromone receptors that were associated with differences in male responses to pheromone
blends and found that only orthologs of OR6 show a different response profile between

the two species. The authors found that HvirOR6 and HsubOR6 are narrowly tuned to

the pheromone bouquets of their conspecific females. Furthermore, through site-directed
mutagenesis, they show that a single point mutation (L321V) in HvirORé6 changed its
response to that of HsubOR6 (Cao et al. 2021), tuning these odorant receptors (ORs) to their
species-specific pheromone mixtures. This example underscores how even a single genetic
variant in a sensory receptor can change tuning properties and affect the sensation of signals
crucial for species-specific recognition and reproductive behavior.

5.2. Sensory Drive and Adaptive Radiations

Sensory drive predicts that selection will favor coadaptation of highly specific signals and
sensory systems with respect to background noise in different environments (Stevens 2013).
This is because sensory systems are shaped by the biophysical properties of distinct habitats
(Stevens 2013). Consequently, receivers from a particular niche are likely to detect some
stimuli better than others, resulting in biases (Cummings & Endler 2018). For example,

in mate choice, males with features that match a female’s sensory bias will experience

an advantage in being more easily detected, such as being smelled, seen, or heard with

the greatest sensory stimulation (Cummings & Endler 2018). These biases can lead to
reproductive isolation and speciation as a by-product of adaptive changes in perception and
behavior based on environmental conditions (Stevens 2013).

Among the most compelling evidence for sensory drive leading to speciation is found
in cichlid fish. Cichlids have undergone rapid speciation in the Great Lakes of
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Africa, particularly in Lake Victoria (Figure 5b). Interestingly, Lake Victoria is highly
heterogeneous in ambient light because, as water depth increases, the light composition
becomes more biased toward longer wavelengths (Seehausen et al. 2008). This is due to
particulate matter in the water that renders the environment significantly redshifted at greater
depths. Seehausen et al. (2008) tested predictions of speciation by sensory drive by studying
populations of the cichlid fish Pundamilia pundamilia and Pundamilia nyererei, which are
fully sympatric and live within light gradients mediated by water depth (Seehausen et al.
2008). P, nyererei have blue-gray male nuptial coloration (shown as the blue fish in Figure 5)
and inhabit shallower waters, whereas 2. pundamilia nuptial males are yellow and bright red
colored (red fish in Figure 5) and inhabit deeper waters (Seehausen et al. 2008).

Remarkably, Seehausen et al. (2008) found that the red and blue fish predominantly possess
different haplotypes (variants or alleles) of the long-wavelength-sensitive (LIV/S) opsin
locus, allele Pand allele A, which differ in three amino acid positions. They cloned and
characterized the two haplotypes to find that allele 2is more sensitive to shorter wavelengths
and is found with high frequency in populations of the blue fish that inhabit shallow

water, while allele His redshifted with sensitivity to longer wavelengths and occurs more
prevalently in red fish populations at greater depths (Seehausen et al. 2008). Behavioral
experiments further showed that female Pundamilia species use male color as an important
mate choice cue, exhibiting a preference for the male nuptial coloration of their own

species (Seehausen et al. 2008). Thus, this example supports a critical role for sensory

drive underlying speciation because the authors demonstrate functional variation in sensory
receptors, an association between this variation and an environmental factor (here light
among water depths), and a link between receptor allele frequency and mate choice, thereby
resulting in reproductive isolation.

A relationship between opsin allele type and male coloration is also found in other cichlid
species in Lake Victoria, suggesting that sensory drive may play a general role in driving
cichlid speciation. Indeed, the cichlid diversity there, known as the Lake Victoria Region
Superflock (LVRS), represents a classic example of adaptive radiation, as this region harbors
more than 700 species that all arose rapidly in only the last 150,000 years (Figure 5b) (Meier
et al. 2017). How could this huge number of species evolve on such rapid timescales? Meier
et al. (2017) uncovered evidence that hybridization and gene flow between two divergent
clades facilitated this process by providing genetic variation that eventually recombined

and sorted into many new species (Figure 5b). Strikingly, the ancestral hybridization

event generated exceptional genetic variation at the LWS opsin gene, which is involved

in adaptation and speciation through sensory drive (Meier et al. 2017). Cichlids, therefore,
serve as a particularly clear example of how evolutionary mechanisms like gene flow and
hybridization generate sensory receptor diversity to facilitate rapid and extensive adaptive
radiation.

6. SUMMARY

By analyzing the distribution of diverse sensory gene families across all major lineages
of animals, we infer general patterns of sensory receptor evolution. We find that highly
conserved receptors are encoded by ancient families, including TRP and Piezo channels. In
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contrast, chemoreceptors appear to be among the most evolutionarily labile gene families in
the animal kingdom, allowing for rapid evolution among complex chemical worlds. Indeed,
large-scale trade-offs resulting from losses of ancient chemoreceptor families in the two
largest clades of animals likely underlie the predominance of GPCRs as sensory detectors in
vertebrates, while invertebrates mostly rely on diverse groups of ion channels. In addition,
we reviewed the central mechanisms of evolution and how these natural processes can
account for the striking diversity of sensory systems. Collectively, these topics explore how
sensory receptor evolution can provide insights into one of the core questions in biology—
the origin of species.

FUTURE STUDIES OF EVOLUTIONARY SENSORY BIOLOGY

Despite recent advances in the characterization of the diversity and evolution of sensory
receptors, many questions remain. To date, our knowledge of sensory receptor variation
has been historically limited to model species, particularly vertebrates, and heavily

biased toward identifying interspecies variation while largely neglecting variation within
natural populations. Studying non-model organisms in their ecological context and
moving toward characterizing within-species genetic variation will allow us to dissect

the contemporary evolution of sensory receptors and elucidate how molecular adaptations
influence organismal performance. Moreover, expanding analyses across phylogenetically
diverse clades, including early divergent lineages and outgroups, will further uncover the
ancestral sensory repertoire of animals and their role in the evolution of the nervous
system. Indeed, as evidenced by the discovery of sensory receptors nested within families
of neurotransmitters, the number of peripheral sensory receptors that evolved from other
neuron-specific receptors is likely to be greater than currently recognized. Similarly, novel
thermosensory receptors could be nested within families of chemoreceptors, as these
modalities seem tightly linked over evolutionary time. Lastly, investigating convergence
of sensory functions at the scale of the animal tree will provide a robust comparative
framework to probe for constraints in sensory integration and the predictability of evolution.

Novel approaches will continue to shape our understanding of sensory receptors. The
cryoEM structural revolution, further fostered by inference using AlphaFold, will continue
to provide increased power to contrast predictions of selected sites in receptor proteins

and functionally relevant adaptations. Furthermore, improved bioinformatic methods that
consider three-dimensional structural motifs can help delineate the deep evolutionary history
of receptor families, including those in the so-called twilight zone of sequence similarity
(Benton et al. 2020, Himmel et al. 2023). Nevertheless, protein biochemistry and physiology
will remain foundational and necessary approaches for connecting evolutionary analyses,
structural biology, and organismal function. Finally, a promising avenue for future research
is to understand how complex evolutionary interactions between distinct receptor types,
sensory modalities, and processing mechanisms synergistically give rise to diverse animal
behavior.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2024 October 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Valencia-Montoya et al. Page 19

ACKNOWLEDGMENTS

We thank Maude Baldwin, Corey Allard, and Neil Rosser for valuable comments on the manuscript, as well as
members of the Bellono, Pierce, Losick, Nett, and Elya labs for discussions. This work was supported by the
National Institutes of Health (R35GM142697 and RO1NS129060). W.A.V.-M. is supported by the Department of
Organismic and Evolutionary Biology, the Museum of Comparative Zoology at Harvard University, the Fulbright
Doctoral Fellowship, and the Harvard Ashford Fellowship in the Natural Sciences.

LITERATURE CITED

Adipietro KA, Mainland JD, Matsunami H. 2012. Functional evolution of mammalian odorant
receptors. PLOS Genet. 8(7):€1002821 [PubMed: 22807691]
Allard CA, Valencia-Montoya WA, Bellono NW. 2023a. Cephalopod chemotactile sensation. Curr.
Biol. 33(20):R1081-82 [PubMed: 37875087]
Allard CAH, Herbert AL, Krueger SP, Liang Q, Walsh BL, et al. 2023b. Evolution of novel sensory
organs in fish with legs. bioRxiv 2023.10.14.562285. 10.1101/2023.10.14.562285
Allard CAH, Kang G, Kim JJ, Valencia-Montoya WA, Hibbs RE, Bellono NW. 2023c. Structural basis
of sensory receptor evolution in octopus. Nature 616(7956):373-77 [PubMed: 37045920]
Alvarez-Carretero S, Kapli P, Yang Z. 2023. Beginner’s guide on the use of PAML to detect positive
selection. Mol. Biol. Evol. 40(4):msad041 [PubMed: 37096789]
Arendt D 2020. The evolutionary assembly of neuronal machinery. Curr. Biol. 30(10):R603-16
[PubMed: 32428501]
Baldwin MW, Ko M-C. 2020. Functional evolution of vertebrate sensory receptors. Horm. Behav.
124:104771 [PubMed: 32437717]
Baldwin MW, Toda Y, Nakagita T, O’Connell MJ, Klasing KC, et al. 2014. Evolution of sweet
taste perception in hummingbirds by transformation of the ancestral umami receptor. Science
345(6199):929-33 [PubMed: 25146290]
Bellono NW, Bayrer JR, Leitch DB, Castro J, Zhang C, et al. 2017. Enterochromaffin cells are
gut chemosensors that couple to sensory neural pathways. Cell 170(1):185-98.e16 [PubMed:
28648659]
Benton R, Dessimoz C, Moi D. 2020. A putative origin of the insect chemosensory receptor
superfamily in the last common eukaryotic ancestor. eLife 9:e62507 [PubMed: 33274716]
Benton R, Sachse S, Michnick SW, Vosshall LB. 2006. Atypical membrane topology and heteromeric
function of drosophila odorant receptors in vivo. PLOS Biol. 4(2):e20 [PubMed: 16402857]
Benton R, Vannice KS, Gomez-Diaz C, Vosshall LB. 2009. Variant ionotropic glutamate receptors as
chemosensory receptors in Drosophila. Cell 136(1):149-62 [PubMed: 19135896]
Billesbglle CB, de March CA, van der Velden WJC, Ma N, Tewari J, et al. 2023. Structural basis of
odorant recognition by a human odorant receptor. Nature 615(7953):742-49 [PubMed: 36922591]
Block SM. 1992. Biophysical principles of sensory transduction. Soc. Gen. Physiol. Ser. 47:1-17
[PubMed: 1369757]
Bobrovskiy I, Hope JM, lvantsov A, Nettersheim BJ, Hallmann C, Brocks JJ. 2018. Ancient steroids
establish the Ediacaran fossil Dickinsonia as one of the earliest animals. Science 361(6408):1246—
49 [PubMed: 30237355]
Booker TR, Jackson BC, Keightley PD. 2017. Detecting positive selection in the genome. BMC Biol.
15(1):98 [PubMed: 29084517]
Brand P, Robertson HM, Lin W, Pothula R, Klingeman WE, et al. 2018. The origin of the odorant
receptor gene family in insects. eLife 7:38340 [PubMed: 30063003]
Bray S, Amrein H. 2003. A putative Drosgphila pheromone receptor expressed in male-specific taste
neurons is required for efficient courtship. Neuron 39(6):1019-29 [PubMed: 12971900]
Butterwick JA, del Marmol J, Kim KH, Kahlson MA, Rogow JA, et al. 2018. Cryo-EM structure of the
insect olfactory receptor Orco. Nature 560(7719):447-52 [PubMed: 30111839]
Cai X, Clapham DE. 2012. Ancestral Ca2* signaling machinery in early animal and fungal evolution.
Mol. Biol. Evol. 29(1):91-100 [PubMed: 21680871]

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2024 October 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Valencia-Montoya et al. Page 20

Cao S, Liu Y, Wang B, Wang G. 2021. A single point mutation causes one-way alteration
of pheromone receptor function in two Heliothis species. iScience 24(9):102981 [PubMed:
34485863]

Caprio J, Brand JG, Teeter JH, Valentincic T, Kalinoski DL, et al. 1993. The taste system of the
channel catfish: from biophysics to behavior. Trends Neurosci. 16(5):192-97 [PubMed: 7685945]

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D. 1997. The capsaicin
receptor: a heat-activated ion channel in the pain pathway. Nature 389(6653):816—24 [PubMed:
9349813]

Chakraborty M, Lara AG, Dang A, McCulloch KJ, Rainbow D, et al. 2023. Sex-linked gene traffic
underlies the acquisition of sexually dimorphic UV color vision in Heliconius butterflies. PNAS
120(33):22301411120 [PubMed: 37552755]

Chen Z, Zhou C, Yuan X, Xiao S. 2019. Death march of a segmented and trilobate bilaterian elucidates
early animal evolution. Nature 573(7774):412-15 [PubMed: 31485079]

Churcher AM, Taylor JS. 2011. The antiquity of chordate odorant receptors is revealed by the
discovery of orthologs in the cnidarian Nematostella vectensis. Genome Biol. Evol. 3:36-43
[PubMed: 21123836]

Cordero-Morales JF, Gracheva EO, Julius D. 2011. Cytoplasmic ankyrin repeats of transient receptor
potential Al (TRPAL) dictate sensitivity to thermal and chemical stimuli. PNAS 108(46):E1184—
91 [PubMed: 21930928]

Coste B, Mathur J, Schmidt M, Earley TJ, Ranade S, et al. 2010. Piezol and Piezo2 are
essential components of distinct mechanically activated cation channels. Science 330(6000):55-60
[PubMed: 20813920]

Cronin TW, Johnsen S, Marshall NJ, Warrant EJ. 2014. Visual Ecology. Princeton, NJ: Princeton Univ.
Press

Croset V, Rytz R, Cummins SF, Budd A, Brawand D, et al. 2010. Ancient protostome origin of
chemosensory ionotropic glutamate receptors and the evolution of insect taste and olfaction. PLOS
Genet. 6(8):21001064 [PubMed: 20808886]

Cummings ME, Endler JA. 2018. 25 years of sensory drive: the evidence and its watery bias. Curr.
Zool. 64(4):471-84 [PubMed: 30108628]

De Bruyne M, Smart R, Zammit E, Warr CG. 2010. Functional and molecular evolution of olfactory
neurons and receptors for aliphatic esters across the Drosophila genus. J. Comp. Physiol. A
196(2):97-109

Dehal P, Boore JL. 2005. Two rounds of whole genome duplication in the ancestral vertebrate. PLOS
Biol. 3(10):e314 [PubMed: 16128622]

Del Marmol J, Yedlin MA, Ruta V. 2021. The structural basis of odorant recognition in insect olfactory
receptors. Nature 597(7874):126-31 [PubMed: 34349260]

Delventhal R, Carlson JR. 2016. Bitter taste receptors confer diverse functions to neurons. eLife
5:€11181 [PubMed: 26880560]

Dieris M, Kowatschew D, Korsching SI. 2021. Olfactory function in the trace amine-associated
receptor family (TAARs) evolved twice independently. Sci. Rep. 11(1):7807 [PubMed: 33833329]

Dietschi Q, Tuberosa J, Rdsingh L, Loichot G, Ruedi M, et al. 2017. Evolution of immune
chemoreceptors into sensors of the outside world. PNAS 114(28):7397-402 [PubMed: 28652375]

Doyle WI, Meeks JP. 2018. Excreted steroids in vertebrate social communication. J. Neurosci.
38(14):3377-87 [PubMed: 29519850]

Dulac C, Axel R. 1995. A novel family of genes encoding putative pheromone receptors in mammals.
Cell 83(2):195-206 [PubMed: 7585937]

Dunn CW, Giribet G, Edgecombe GD, Hejnol A. 2014. Animal phylogeny and its evolutionary
implications. Annu. Rev. Ecol. Evol. Syst. 45:371-95

Eyun S, Soh HY, Posavi M, Munro JB, Hughes DST, et al. 2017. Evolutionary history of
chemosensory-related gene families across the Arthropoda. Mol. Biol. Evol. 34(8):1838-62
[PubMed: 28460028]

Feuda R, Hamilton SC, Mclnerney JO, Pisani D. 2012. Metazoan opsin evolution reveals a simple
route to animal vision. PNAS 109(46):18868-72 [PubMed: 23112152]

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2024 October 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Valencia-Montoya et al. Page 21

Feuda R, Rota-Stabelli O, Oakley TH, Pisani D. 2014. The comb jelly opsins and the origins of animal
phototransduction. Genome Biol. Evol. 6(8):1964—71 [PubMed: 25062921]

Fleischer J, Breer H, Strotmann J. 2009. Mammalian olfactory receptors. Front. Cell. Neurosci. 3:9
[PubMed: 19753143]

Fujii S, Yavuz A, Slone J, Jagge C, Song X, Amrein H. 2015. Drosophila sugar receptors in sweet taste
perception, olfaction, and internal nutrient sensing. Curr. Biol. 25(5):621-27 [PubMed: 25702577]

Geng J, Liang D, Jiang K, Zhang P. 2011. Molecular evolution of the infrared sensory gene TRPAL in
snakes and implications for functional studies. PLOS ONE 6(12):e28644 [PubMed: 22163322]

Gracheva EO, Ingolia NT, Kelly YM, Cordero-Morales JF, Hollopeter G, et al. 2010. Molecular basis
of infrared detection by snakes. Nature 464(7291):1006-11 [PubMed: 20228791]

Green RE, Krause J, Briggs AW, Maricic T, Stenzel U, et al. 2010. A draft sequence of the neandertal
genome. Science 328(5979):710-22 [PubMed: 20448178]

Greppi C, Laursen WJ, Budelli G, Chang EC, Daniels AM, et al. 2020. Mosquito heat seeking is
driven by an ancestral cooling receptor. Science 367(6478):681-84 [PubMed: 32029627]

Guo L, Cheng J, Lian S, Liu Q, Lu Y, et al. 2023. Structural basis of amine odorant perception by a
mammal olfactory receptor. Nature 618:193-200 [PubMed: 37225986]

Guo L, Dai W, Xu Z, Liang Q, Miller ET, et al. 2022. Evolution of brain-expressed biogenic
amine receptors into olfactory trace amine-associated receptors. Mol. Biol. Evol. 39(3):msac006
[PubMed: 35021231]

Haga-Yamanaka S, Ma L, He J, Qiu Q, Lavis LD, et al. 2014. Integrated action of pheromone signals
in promoting courtship behavior in male mice. eLife 3:e03025 [PubMed: 25073926]

Hallem EA, Carlson JR. 2006. Coding of odors by a receptor repertoire. Cell 125(1):143-60 [PubMed:
16615896]

Hallem EA, Ho MG, Carlson JR. 2004. The molecular basis of odor coding in the Drosophila antenna.
Cell 117(7):965-79 [PubMed: 15210116]

He LS, Qi Y, Allard CA, Valencia-Montoya WA, Krueger SP, et al. 2023. Molecular tuning of sea
anemone stinging. eLife 12:RP88900 [PubMed: 37906220]

Himmel NJ, Cox DN. 2020. Transient receptor potential channels: current perspectives on evolution,
structure, function and nomenclature. Proc. R. Soc. B 287(1933):20201309

Himmel NJ, Gray TR, Cox DN. 2020. Phylogenetics identifies two eumetazoan TRPM clades and
an eighth TRP Family, TRP soromelastatin (TRPS). Mol. Biol. Evol. 37(7):2034-44 [PubMed:
32159767]

Himmel NJ, Letcher JM, Sakurai A, Gray TR, Benson MN, Cox DN. 2019. Drosophila menthol
sensitivity and the Precambrian origins of transient receptor potential-dependent chemosensation.
Philos. Trans. R. Soc. B Biol. Sci. 374(1785):20190369

Himmel NJ, Moi D, Benton R. 2023. Remote homolog detection places insect chemoreceptors in
a cryptic protein superfamily spanning the tree of life. Curr. Biol. 33(22):5023-33.e4 [PubMed:
37913770]

Huang Y, Fliegert R, Guse AH, LU W, Du J. 2020. A structural overview of the ion channels of the
TRPM family. Cell Calcium 85:102111 [PubMed: 31812825]

Jiang Y, Matsunami H. 2015. Mammalian odorant receptors: functional evolution and variation. Curr.
Opin. Neurobiol. 34:54-60 [PubMed: 25660959]

Jin P, Bulkley D, Guo Y, Zhang W, Guo Z, et al. 2017. Electron cryo-microscopy structure of the
mechanotransduction channel NOMPC. Nature 547(7661):118-22 [PubMed: 28658211]

Jones WD, Cayirlioglu P, Kadow IG, Vosshall LB. 2007. Two chemosensory receptors together
mediate carbon dioxide detection in Drosophila. Nature 445(7123):86-90 [PubMed: 17167414]

Julius D, Nathans J. 2012. Signaling by sensory receptors. Cold Spring Harbor Perspect. Biol.
4(1):a005991

Kadowaki T 2015. Evolutionary dynamics of metazoan TRP channels. Pflugers Arch. 467(10):2043—
53 [PubMed: 25823501]

Kang G, Allard CAH, Valencia-Montoya WA, van Giesen L, Kim JJ, et al. 2023. Sensory
specializations drive octopus and squid behaviour. Nature 616(7956):378-83 [PubMed: 37045917]

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2024 October 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Valencia-Montoya et al. Page 22

Karn RC, Laukaitis CM.2012.The roles of gene duplication, gene conversion and positive selection in
rodent £sp and Mup pheromone gene families with comparison to the Afp family. PLOS ONE
7(10):e47697 [PubMed: 23094077]

Katta S, Krieg M, Goodman MB. 2015. Feeling force: physical and physiological principles enabling
sensory mechanotransduction. Annu. Rev. Cell Dev. Biol. 31:347-71 [PubMed: 26566115]

Kosakovsky Pond SL, Poon AFY, Velazquez R, Weaver S, Hepler NL, et al. 2020. HyPhy 2.5—a
customizable platform for evolutionary hypothesis testing using phylogenies. Mol. Biol. Evol.
37(1):295-99 [PubMed: 31504749]

Lallemand T, Leduc M, Landes C, Rizzon C, Lerat E. 2020. An overview of duplicated gene
detection methods: why the duplication mechanism has to be accounted for in their choice. Genes
11(9):1046 [PubMed: 32899740]

Larsson MC, Domingos Al, Jones WD, Chiappe ME, Amrein H, Vosshall LB. 2004. Or83b encodes
a broadly expressed odorant receptor essential for Drosophila olfaction. Neuron 43(5):703-14
[PubMed: 15339651]

Laukaitis CM, Heger A, Blakley TD, Munclinger P, Ponting CP, Karn RC. 2008. Rapid bursts of
androgen-binding protein (Abp) gene duplication occurred independently in diverse mammals.
BMC Evol. Biol. 8(1):46 [PubMed: 18269759]

Lee Y, Lee Y, Lee J, Bang S, Hyun S, et al. 2005. Pyrexia is a new thermal transient receptor
potential channel endowing tolerance to high temperatures in Drosophila melanogaster. Nat.
Genet. 37(3):305-10 [PubMed: 15731759]

Leung NY, Montell C. 2017. Unconventional roles of opsins. Annu. Rev. Cell Dev. Biol. 33:241-64
[PubMed: 28598695]

Liberles SD, Buck LB. 2006. A second class of chemosensory receptors in the olfactory epithelium.
Nature 442:645-50 [PubMed: 16878137]

Liénard MA, Baez-Nieto D, Tsai C-C, Valencia-Montoya WA, Werin B, et al. 2024. TRPAS5 encodes a
thermosensitive ankyrin ion channel receptor in a triatomine insect. iScience 27:109541 [PubMed:
38577108]

Liénard MA, Valencia-Montoya WA, Pierce NE. 2022. Molecular advances to study the function,
evolution, and spectral tuning of arthropod visual opsins. Philos. Trans. R. Soc. B Biol. Sci.
377(1862):20210279

Liu L, LiY, Wang R, Yin C, Dong Q, et al. 2007. Drosophila hygrosensation requires the TRP
channels water witch and nanchung. Nature 450(7167):294-98 [PubMed: 17994098]

Long M, VanKuren NW, Chen S, Vibranovski MD. 2013. New gene evolution: little did we know.
Annu. Rev. Genet. 47:307-33 [PubMed: 24050177]

Lu W, Du J. 2020. The N-terminal domain in TRPM2 channel is a conserved nucleotide binding site. J.
Gen. Physiol. 152(5):e201912555 [PubMed: 32282890]

Ma D, Hu M, Yang X, Liu Q, Ye F, et al. 2024. Structural basis for sugar perception by Drosophila
gustatory receptors. Science 383(6685):eadj2609 [PubMed: 38305684]

Marques DA, Taylor JS, Jones FC, Palma FD, Kingsley DM, Reimchen TE. 2017. Convergent
evolution of SWS2 opsin facilitates adaptive radiation of threespine stickleback into different
light environments. PLOS Biol. 15(4):e2001627 [PubMed: 28399148]

Martin-Duran JM, Hejnol A. 2021. A developmental perspective on the evolution of the nervous
system. Dev. Biol. 475:181-92 [PubMed: 31610146]

Matsuura H, Sokabe T, Kohno K, Tominaga M, Kadowaki T. 2009. Evolutionary conservation and
changes in insect TRP channels. BMC Evol. Biol. 9(1):228 [PubMed: 19740447]

McDonald JH, Kreitman M. 1991. Adaptive protein evolution at the Adh locus in Drosophila. Nature
351(6328):652-54 [PubMed: 1904993]

McKemy DD, Neuhausser WM, Julius D. 2002. Identification of a cold receptor reveals a general role
for TRP channels in thermosensation. Nature 416(6876):52-58 [PubMed: 11882888]

McKenzie SK, Fetter-Pruneda I, Ruta V, Kronauer DJC. 2016. Transcriptomics and neuroanatomy of
the clonal raider ant implicate an expanded clade of odorant receptors in chemical communication.
PNAS 113(49):14091-96 [PubMed: 27911792]

Meeks JP, Arnson HA, Holy TE. 2010. Representation and transformation of sensory information in
the mouse accessory olfactory system. Nat. Neurosci. 13(6):723-30 [PubMed: 20453853]

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2024 October 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Valencia-Montoya et al. Page 23

Meier JI, Marques DA, Mwaiko S, Wagner CE, Excoffier L, Seehausen O. 2017. Ancient hybridization
fuels rapid cichlid fish adaptive radiations. Nat. Commun. 8:14363 [PubMed: 28186104]

Missbach C, Dweck HK, Vogel H, Vilcinskas A, Stensmyr MC, et al. 2014. Evolution of insect
olfactory receptors. eLife 3:e02115 [PubMed: 24670956]

Miyamoto T, Slone J, Song X, Amrein H. 2012. A fructose receptor functions as a nutrient sensor in
the Drosophila brain. Cell 151(5):1113-25 [PubMed: 23178127]

Morita T, Lyn NG, von Heynitz RK, Goldman OV, Sorrells TR, et al. 2023. Cross-modal
sensory compensation increases mosquito attraction to humans. bioRxiv 2023.10.10.561721.
10.1101/2023.10.10.561721

Musilova Z, Salzburger W, Cortesi F. 2021. The visual opsin gene repertoires of teleost fishes:
evolution, ecology, and function. Annu. Rev. Cell Dev. Biol. 37:441-68 [PubMed: 34351785]

Musser JM, Schippers KJ, Nickel M, Mizzon G, Kohn AB, et al. 2021. Profiling cellular diversity
in sponges informs animal cell type and nervous system evolution. Science 374(6568):717-23
[PubMed: 34735222]

Najle SR, Grau-Bové X, Elek A, Navarrete C, Cianferoni D, et al. 2023. Stepwise emergence of the
neuronal gene expression program in early animal evolution. Cell 186(21):4676-93.e29 [PubMed:
37729907]

Nei M, Niimura Y, Nozawa M. 2008. The evolution of animal chemosensory receptor gene repertoires:
roles of chance and necessity. Nat. Rev. Genet. 9(12):951-63 [PubMed: 19002141]

Nelson G, Chandrashekar J, Hoon MA, Feng L, Zhao G, et al. 2002. An amino-acid taste receptor.
Nature 416(6877):199-202 [PubMed: 11894099]

Nelson G, Hoon MA, Chandrashekar J, Zhang Y, Ryba NJP, Zuker CS. 2001. Mammalian sweet taste
receptors. Cell 106(3):381-90 [PubMed: 11509186]

Ni L 2021. The structure and function of ionotropic receptors in Drosophila. Front. Mol. Neurosci.
13:638839 [PubMed: 33597847]

Ni L, Bronk P, Chang EC, Lowell AM, Flam JO, et al. 2013. A gustatory receptor paralogue controls

rapid warmth avoidance in Drosophila. Nature 500(7464):580-84 [PubMed: 23925112]

Nishihara H, Toda Y, Kuramoto T, Kamohara K, Goto A, et al. 2024. A vertebrate-wide catalogue
of T1R receptors reveals diversity in taste perception. Nat. Ecol. Evol. 8:111-20 [PubMed:
38093021]

Nordstrém KJV, Sallman Almén M, Edstam MM, Fredriksson R, Schiéth HB. 2011. Independent
HHsearch, Needleman-Wunsch-based, and motif analyses reveal the overall hierarchy for most of
the G protein-coupled receptor families. Mol. Biol. Evol. 28(9):2471-80 [PubMed: 21402729]

Oda M, Kurogi M, Kubo Y, Saitoh O. 2016. Sensitivities of two zebrafish TRPA1 paralogs to chemical
and thermal stimuli analyzed in heterologous expression systems. Chem. Senses 41(3):261-72
[PubMed: 26826723]

Pawar H, Rymbekova A, Cuadros-Espinoza S, Huang X, De Manuel M, et al. 2023. Ghost admixture
in eastern gorillas. Nat. Ecol. Evol. 7(9):1503-14 [PubMed: 37500909]

Peng G, Shi X, Kadowaki T. 2015. Evolution of TRP channels inferred by their classification in
diverse animal species. Mol. Phylogenet. Evol. 84:145-57 [PubMed: 24981559]

Pluznick JL, Protzko RJ, Gevorgyan H, Peterlin Z, Sipos A, et al. 2013. Olfactory receptor responding
to gut microbiota-derived signals plays a role in renin secretion and blood pressure regulation.
PNAS 110(11):4410-15 [PubMed: 23401498]

Policarpo M, Baldwin MW, Casane D, Salzburger W. 2024. Diversity and evolution of the vertebrate
chemoreceptor gene repertoire. Nat. Commun. 15(1):1421 [PubMed: 38360851]

Reich D, Green RE, Kircher M, Krause J, Patterson N, et al. 2010. Genetic history of an archaic
hominin group from Denisova Cave in Siberia. Nature 468(7327):1053-60 [PubMed: 21179161]

Rhyu M-R, Kim Y, Lyall V. 2021. Interactions between chemesthesis and taste: role of TRPAL and
TRPV1. Int. J. Mol. Sci. 22(7):3360 [PubMed: 33806052]

Rice SH. 2004. Evolutionary Theory: Mathematical and Conceptual Foundations. Sunderland, MA:
Sinauer Assoc.

Roberts RJV, Pop S, Prieto-Godino LL. 2022. Evolution of central neural circuits: state of the art and
perspectives. Nat. Rev. Neurosci. 23(12):725-43 [PubMed: 36289403]

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2024 October 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Valencia-Montoya et al. Page 24

Robertson HM. 2019. Molecular evolution of the major arthropod chemoreceptor gene families. Annu.
Rev. Entomol. 64:227-42 [PubMed: 30312552]

Robertson HM, Wanner KW. 2006. The chemoreceptor superfamily in the honey bee, Apis mellifera.
expansion of the odorant, but not gustatory, receptor family. Genome Res. 16(11):1395-403
[PubMed: 17065611]

Robertson HM, Warr CG, Carlson JR. 2003. Molecular evolution of the insect chemoreceptor gene
superfamily in Drosophila melanogaster. PNAS 100(Suppl. 2):14537-42 [PubMed: 14608037]

Saina M, Busengdal H, Sinigaglia C, Petrone L, Oliveri P, et al. 2015. A cnidarian homologue of an
insect gustatory receptor functions in developmental body patterning. Nat. Commun. 6(1):6243
[PubMed: 25692633]

Saito S, Tominaga M. 2015. Functional diversity and evolutionary dynamics of thermoTRP channels.
Cell Calcium 57(3):214-21 [PubMed: 25533790]

Saotome K, Murthy SE, Kefauver JM, Whitwam T, Patapoutian A, Ward AB. 2018. Structure of the
mechanically activated ion channel Piezol. Nature 554(7693):481-86 [PubMed: 29261642]

Schiller A, Schmitz G, Reft A, Ozbek S, Thurm U, Bornberg-Bauer E. 2015. The rise and fall
of TRP-N, an ancient family of mechanogated ion channels, in metazoa. Genome Biol. Evol.
7(6):1713-27 [PubMed: 26100409]

Schultz DT, Haddock SHD, Bredeson JV, Green RE, Simakov O, Rokhsar DS. 2023. Ancient gene
linkages support ctenophores as sister to other animals. Nature 618(7963):110-17 [PubMed:
37198475]

Seehausen O, Butlin RK, Keller I, Wagner CE, Boughman JW, et al. 2014. Genomics and the origin of
species. Nat. Rev. Genet. 15(3):176-92 [PubMed: 24535286]

Seehausen O, Terai Y, Magalhaes IS, Carleton KL, Mrosso HDJ, et al. 2008. Speciation through
sensory drive in cichlid fish. Nature 455(7213):620-26 [PubMed: 18833272]

Sengupta P, Garrity P. 2013. Sensing temperature. Curr. Biol. 23(8):R304-7 [PubMed: 23618661]

Setter D, Mousset S, Cheng X, Nielsen R, DeGiorgio M, Hermisson J. 2020. VolcanoFinder: genomic
scans for adaptive introgression. PLOS Genet. 16(6):e1008867 [PubMed: 32555579]

Shim J, Lee Y, Jeong YT, Kim Y, Lee MG, et al. 2015. The full repertoire of Drosophila gustatory
receptors for detecting an aversive compound. Nat. Commun. 6:8867 [PubMed: 26568264]

Smith CD, Zimin A, Holt C, Abouheif E, Benton R, et al. 2011. Draft genome of the globally
widespread and invasive Argentine ant (Linepithema humile). PNAS 108(14):5673-78 [PubMed:
21282631]

Sparks JT, Botsko G, Swale DR, Boland LM, Patel SS, Dickens JC. 2018. Membrane proteins
mediating reception and transduction in chemosensory neurons in mosquitoes. Front. Physiol.
9:1309 [PubMed: 30294282]

Stevens M 2013. Sensory Ecology, Behaviour, and Evolution. Oxford, UK: Oxford Univ. Press

Toda Y, Ko M-C, Liang Q, Miller ET, Rico-Guevara A, et al. 2021. Early origin of sweet perception in
the songbird radiation. Science 373(6551):226-31 [PubMed: 34244416]

Téth B, lordanov I, Csanady L. 2020. Selective profiling of N- and C-terminal nucleotide-binding sites
in a TRPM2 channel. J. Gen. Physiol. 152(5):201912533 [PubMed: 32211872]

Tracey WD Jr., Wilson RI, Laurent G, Benzer S. 2003. painless, a Drosophila gene essential for
nociception. Cell 113(2):261-73 [PubMed: 12705873]

Valencia-Montoya WA, Elfekih S, North HL, Meier JI, Warren 1A, et al. 2020. Adaptive
introgression across semipermeable species boundaries between local Helicoverpa zeaand
invasive Helicoverpa armigera moths. Mol. Biol. Evol. 37(9):2568-83 [PubMed: 32348505]

van Giesen L, Kilian PB, Allard CAH, Bellono NW. 2020. Molecular basis of chemotactile sensation
in octopus. Cell 183(3):594-604.e14 [PubMed: 33125889]

Varma N, Mutt E, Miihle J, Panneels V, Terakita A, et al. 2019. Crystal structure of jumping spider
rhodopsin-1 as a light sensitive GPCR. PNAS 116(29):14547-56 [PubMed: 31249143]

Venkatachalam K, Montell C. 2007. TRP channels. Annu. Rev. Biochem. 76:387-417 [PubMed:
17579562]

Vidal B, Aghayeva U, Sun H, Wang C, Glenwinkel L, et al. 2018. An atlas of Caenorhabditis elegans
chemoreceptor expression. PLOS Biol. 16(1):e2004218 [PubMed: 29293491]

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2024 October 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Valencia-Montoya et al. Page 25

Vitti JJ, Grossman SR, Sabeti PC. 2013. Detecting natural selection in genomic data. Annu. Rev.
Genet. 47:97-120 [PubMed: 24274750]

Walker RG, Willingham AT, Zuker CS. 2000. A Drosophila mechanosensory transduction channel.
Science 287(5461):2229-34 [PubMed: 10744543]

Weir K, Dupre C, van Giesen L, Lee AS-Y, Bellono NW. 2020. A molecular filter for the cnidarian
stinging response. eLife 9:e57578 [PubMed: 32452384]

Wicher D, Miazzi F. 2021. Functional properties of insect olfactory receptors: ionotropic receptors and
odorant receptors. Cell Tissue Res. 383(1):7-19 [PubMed: 33502604]

Wray GA. 2013. Genomics and the evolution of phenotypic traits. Annu. Rev. Ecol. Evol. Syst. 44:51—
72

Yang Z 2007. PAML 4: phylogenetic analysis by maximum likelihood. Mol. Biol. Evol. 24(8):1586-91
[PubMed: 17483113]

Yohe LR, Brand P. 2018. Evolutionary ecology of chemosensation and its role in sensory drive. Curr.
Zool. 64(4):525-33 [PubMed: 30108633]

Zhang H, Wang C, Zhang K, Kamau PM, Luo A, et al. 2022. The role of TRPAL channels in
thermosensation. Cell Insight 1(6):100059 [PubMed: 37193355]

Zhang J 2003. Evolution by gene duplication: an update. Trends Ecol. Evol. 18(6):292-98

Zhou X, Slone JD, Rokas A, Berger SL, Liebig J, et al. 2012. Phylogenetic and transcriptomic analysis
of chemosensory receptors in a pair of divergent ant species reveals sex-specific signatures of
odor coding. PLOS Genet. 8(8):1002930 [PubMed: 22952454]

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2024 October 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Valencia-Montoya et al. Page 26

Thermoreceptors Light receptors

Mechanoreceptors

o3 NIEORE
O NN o N N ¢ N’ o
L &L &L > N & R X RS
FRF IR R Q@ FEY FF I AL LE S
Mus musculus 8% - o HEN 1 [’s] Ol O O o N0 - i - 142(BSHEEN 4 1 |3 o
Homo sapiens . o B : B I o o o o o8 - s o  EEIE : 5 o
Gallus gallus \ - o 1 BBl o o o o oFE s o o N :H : B o
Alligator mississippiensis T~ . 1 e 1 - 0O o o0 o o |5ESl 6 2 o0 EEM 9 4 1 AN 0
Cheloniamydas "9 - 3l B ° 0 o o EE s o B E - 0
Anolis mmlinensixbs - o B8 : [ 8 I o o o o o 15 3 2 [« [NEEN > BN o
Xenopuxlaevisg - o [ 1 - 50 53 23 2 (2 - 51 5 - o B3 10 16 - 0
Protopterus annectens se— . 1 - 2 ‘ 8 | o o o o o ENEE - Bl 2 (s Bl o
Latimeriachatumnee e JEHCTIEN : BB 0 o o o o 7w e E : [7 o
Daniorerio  &=%% - B 2 Bl 0o o o o o [ - 7 57 [ 7 - 5 - 0
Carcharodon carcharias <= HEER B © o ¢ o s/s sl ™:HE -
Pe mnrinus( : 1 - 5N 1 M o o0 o o0 O0 |63 A 6 1 0 o NEN 1 34 o0
Branchiostoma floridae =~ SN 6 B o 0o o o o0 6 0 0 o0 o o 54 7 HNEN o
Ciona intestinali ‘ BN R RN N 0 0 (0 0| 0 0 0 | 0 |0 |0 0 NN 0 S8 0
Ambulacraria (— lytechinus variegatus ] - KN - lll 5 o o o o /22 0o o o 0o o1 i M 2
3 Saccoglossus kowalevski SN 7 e 1 0o 0 0 0 0O 0O 0O 0 0 0 0 O SN O
Lophotrochozoa Lingula anatina SN 4+ B8N 2 (12 0 0 0 o0 0 0 O o0 o0 O0 |5 EEW O
Priapulus caudatus ) B i o 1 6 0 0| 0 O O 0 0 |0 o o BaNEIN 0
. o
+CR Aplysia californica o AN > BEN 13 |10 0 0 0 O ©0 0 0 ©0 o0 o0 2 |1 o0
Octopus bimaculoides Bz : s 13 o - ollo oo alle e o EIEl ¢
+IR Drosophilamelanogaster % 1 FEE . Bl o 0o (o 0o o oo ool o o
+GR Tribolium castaneum ' Nz s 1 --- o e e e e e el Fa | e B e e
. l Acyrthosiphon pisum B R 2 4 1 i1l 0 0 0 0 0 0 0 O 1 B5W 0 |0
+Opsins ) s
Daphniapulex § o Vs 2 EE - 5= k51 (553 ol el el e s e - ol e
Ecdysozoa .
Ixodes scapularis @ BN 0 20 EONESEEEE 0 (0 (0 (0 0| 00 |0 0 1 F28ES o
Limulus polyphemus 6\ B2 3 AN 1 B o 0 0 O O 0O 0 o0 O 2 H&N 2 O
Paramacrobiotus metroj limnus’ B N o 0 24l Bo8 N0/ Mo (R0 Mol R0/t o o |(Nos] S0 S0/ IEGEN T | -0
+TRPN & =
Caenorhabditis elegans _} SN 2 B4R 5 3 0 0 - elojolalaele|ala]a]|w
+NEMCH 5 s
o Hydra vulgaris “f< BN o BBl © o o o o 1 o o o 0o o 0 0 0 -
Cnidaria i 1 vectonsi
vectensis RSN 4 o o o0 o0 46 0 0 0 0 o0 o0 o0 o S
3 L Trichoplax adhaerens ‘ BN 0 B2 o BN 3 o 0 O 0 o0 0 O0 0 0 o0 0 0 0 |3
Porifera o -
@I o oo o o o o o o 0o 0o 0o 0o 0o 0 0 0 o0
Salpi rosetta ‘ B o B2 BN o o0 0 0|0 0O 0 0 0 0 ©0 0 0 0| 0
Filasterea Capsaspora owczarzaki .E B O3 NOS B o FON 0N O oSl ol KON OS oM [Fo (RoN 0N IO o (RO N0
+TRPA
2.0 T
+TRPM l |
+Piezo 0.0 0.5 1.0
Figurel.

Evolution of major sensory receptor families. Sensory gene repertoires show lineage-specific
expansions and losses, with chemoreceptors exhibiting the most dynamic patterns of
evolution. The phylogeny of major metazoan clades, as well as the closest relatives of
animals, the choanoflagellates and filastereans, is shown. Lines at the nodes indicate inferred
gains, and dotted lines denote inferred losses of receptor families. Colors in the heat map
represent the normalized number of genes across columns. The heat map values correspond
to the number of retrieved receptors for each family and species. Sensory receptor families
are classified as mechanoreceptors, thermoreceptors, chemoreceptors, and light receptors:
Piezo; transient receptor potential (TRP) channels, including TRPM (melastatin), TRPV
(vanilloid), TRPA (ankyrin), TRPP (polycystin or polycystic kidney disease), and TRPN
(including nompC, or no mechanorecaptor potential C); gustatory receptor (GR); odorant
receptor, mainly present in vertebrates (OR- V); ionotropic receptor (IR); chemotactile
receptor (CR); odorant binding protein (OBP) and insect odorant receptor (OR-/); nematode
chemosensory (NEMCH) receptor; trace amine-associated receptor (TAAR); vomeronasal
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receptor type 1 (V1R); vomeronasal receptor type 2 (V2R); taste receptor type 1 (T1R);
taste receptor type 2 (T2R); ciliary opsins (C-opsins); rhabdomeric opsins (R-opsins);
retinal G protein—coupled receptor (RGR-Go) opsins; and other (cnidopsins, placopsins, and
echinopsins). Here, we used OR-/to distinguish insect ORs from the unrelated vertebrate
odorant receptors, here called OR- V. Figure animal silhouettes adapted from images from
https://www.phylopic.org/.
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Figure 2.

Genomic architecture, protein structure, and membrane topology of sensory receptors,
showing patterns of assembly. Exon-intron structures (green) of sensory receptor families
hint at the duplication mechanism underlying their evolution. The exon-intron architectures
and assemblies were inferred from the majority of the known cases within the gene
families. Distinct families across vertebrates and invertebrates diverged from ancestral
neurotransmitter receptors, including IRs, CRs, and TAARs. Piezo channels, TRP channels,
GRs, ORs-/, IRs, and CRs are nonselective cation channels. GPCRs transduce information
through multicomponent second messenger—based signaling pathways. Abbreviations: CRs,
chemotactile receptors; GPCRs, G protein—coupled receptors; GRs, gustatory receptors; IRs,
ionotropic receptors; ORs-/, insect olfactory receptors; OR- V; vertebrate odorant receptor;
T1R, taste receptor type 1; T2R, taste receptor type 2; TAARs, trace amine-associated
receptors; TRP, transient receptor potential; V1R, vomeronasal receptor type 1; V2R,
vomeronasal receptor type 2.
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Evolutionary mechanisms at the population level drive gene diversification. (&) There are
four main evolutionary forces. Mutation introduces new variants into the population. Gene
flow introduces new variants through migration from divergent populations. Genetic drift
explains the increase or decrease of variant frequency in a population due to random
processes and is linked to population size. Natural selection increases the frequency of
genetic variants that increase population fitness, including survival and reproduction. (4)
Duplications are the most common type of mutation underlying the evolution of novel
gene families. Tandem duplications produce identical adjacent sequences. Retroduplications
result in a retrocopy of the gene devoid of introns and with a polyA tail. Whole-genome
duplication entails complete chromosome duplication. (¢) Different types of natural
selection decrease, shift, or increase genetic variation in a population. Stabilizing selection
decreases genetic variation, favoring an average phenotype. Directional selection favors

a particular phenotype, causing the frequency of variants to continuously shift in one
direction. Diversifying selection (or disruptive selection) increases genetic variation as it
favors two or more phenotypes, each providing selective advantages.
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Detecting signatures of natural selection in the evolution of sensory receptors. (&) Selective
sweep for the rapidly increased frequency of a black water—adapted blue-light-sensitive
opsin (SWS2) variant in sticklebacks, which colonized dark water habitats after glaciation
around 12,000 years ago. The black water—adapted sticklebacks were transplanted to a
clear water habitat, and after 19 years, the alternate SWS2 clear water—adapted variant
increased, consistent with a transient reversed selective sweep. (6) Archaic admixture into
eastern gorillas includes adaptive introgression (adaptive transfer of variation between
species through gene flow) of a taste receptor 7AS2R14 variant. Since gorillas from
eastern populations have more herbaceous diets than the frugivorous western gorillas,

this introgression event likely shaped the adaptive perception of bitter taste in eastern
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gorillas. (¢) TRPAL channels underlie infrared perception in pit-bearing snakes. TRPA1
channels of pit-bearing snakes show accelerated rates of adaptive evolution compared to
TRPA1 sequences of non-pit-bearing snakes. (@) Cephalopod CRs evolved from ancestral
acetylcholine receptors. Key amino acid sites in the ligand-binding pocket of octopus CRs
are under strong diversifying selection mediating the detection of hydrophobic molecules
for contact-dependent aquatic chemosensation, in contrast to the ancestral detection of small
polar neurotransmitters. Abbreviations: CRs, chemotactile receptors; LRT, likelihood ratio
test. Panel a adapted from Marques et al. (2017) (CC BY 4.0). Panel 6 adapted from Pawar
et al. (2023) (CC BY 4.0). Panel cadapted from Geng et al. (2011) (CC BY 4.0). Panel d
adapted from Allard et al. (2023c). Illustrations of animals adapted from images created with
BioRender.com.
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Figureb.
Divergence in sensory receptors drives the evolution of new species and fuels adaptive

radiations. (&) In moths, the composition of pheromone components is highly species-
specific and promotes reproductive isolation between the sister species Heliothis virescens
and Heliothis subffexa. A single critical amino acid mutation in OR6 changes receptor
specificity to alter the preference of male moths for female sex pheromones of their own
species. (b) Divergent evolution in the visual system of Lake Victoria cichlids is adapted to
different depths and associated with male coloration and female preference for coloration
of conspecific males, indicating reproductive isolation leading to speciation through sensory
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drive. (/) The sympatric pair of closely related cichlid species includes a red-colored species
that exhibits a long-wavelength-sensitive (LIW/S) opsin haplotype adapted to the redshifted
ambient light of the greater water depths it inhabits and a blue-colored species with a non-
redshifted LIS opsin haplotype that is adapted to shallow, clear waters. (/i) Interspecific
gene flow (hybridization) between these divergent lineages facilitated cichlid radiation

by providing variation at the LWS locus, which is critically involved in adaptation and
speciation. This case of gene flow underpinning the diversity of opsin haplotypes illustrates
how evolutionary processes such as the gene flow of sensory receptor variants can facilitate
adaptive radiations. Panel g adapted from Cao et al. (2021) (CC BY 4.0). Panel b, subpanel
fadapted with permission from Seehausen et al. (2008). Panel 4, subpanel /i adapted from
Meier et al. (2017) (CC BY 4.0). lllustrations of animals adapted from images created with
BioRender.com.
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