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ARTICLE INFO ABSTRACT

Keywords: Chemoreception is critical for the survival and reproduction of animals. Except for a reduced group of insects and
Gastropoda chelicerates, the molecular identity of chemosensory proteins is poorly understood in invertebrates. Gastropoda
Chemoreceptors

is the extant mollusk class with the greatest species richness, including marine, freshwater, and terrestrial lin-
Gene clusters eages, and likely, highly diverse chemoreception systems. Here, we performed a comprehensive comparative
GPCRs genome analysis taking advantage of the chromosome-level information of two Gastropoda species, one of which
WGD belongs to a lineage that underwent a whole genome duplication event. We identified thousands of previously
uncharacterized chemosensory-related genes, the majority of them encoding G protein-coupled receptors
(GPCR), mostly organized into clusters distributed across all chromosomes. We also detected gene families
encoding degenerin epithelial sodium channels (DEG-ENaC), ionotropic receptors (IR), sensory neuron mem-
brane proteins (SNMP), Niemann-Pick type C2 (NPC2) proteins, and lipocalins, although with a lower number of
members. Our phylogenetic analysis of the GPCR gene family across protostomes revealed: (i) remarkable gene
family expansions in Gastropoda; (ii) clades including members from all protostomes; and (iii) species-specific
clades with a substantial number of receptors. For the first time, we provide new and valuable knowledge
into the evolution of the chemosensory gene families in invertebrates other than arthropods.

Chemosensory gene families

1. Introduction

The chemosensory system is essential for the survival and repro-
duction of animals. The olfactory and taste senses are responsible for the
detection of chemical signals, a critical process that, at the molecular
level, is mediated by proteins that usually belong to medium- to large-
sized gene families (Robertson, 2019). Peripheral chemosensory sys-
tem (CS) functioning relies on two main groups of proteins, membrane
receptors and extracellular water-soluble ligand-binding proteins
(Sanchez-Gracia et al., 2009). Studies on arthropods and vertebrates
show that chemoreceptors are encoded by large gene families (Nei et al.,
2008; Vizueta et al., 2020a; Vizueta et al., 2018), with most of them
having a seven transmembrane domain (7-TM) structure (Hilger et al.,
2018; Krishnan et al., 2014). Some members of these receptor families,

however, can be involved in physiological processes other than che-
mosensation (Bohme & Beck-Sickinger, 2009). Vertebrate genomes
encode six different chemosensory receptor families: olfactory receptors
(vOR), trace amine-associated receptors (TAAR), and vomeronasal re-
ceptors type 1 and 2 (V1R and V2R) (Buck & Axel, 1991; Liberles &
Buck, 2006), which are associated with the olfactory system, and type 1
and 2 (T1R and T2R) taste receptors (Adler et al., 2000; Li et al., 2002).
All of these families belong to the well known rhodopsin-like (Class A) G
protein-coupled receptor (GPCR) superfamily (equivalent to group R of
the GRAFS classification (Alexander et al., 2021)). Arthropod chemo-
receptor families include the odorant (OR) and gustatory (GR) receptors,
ionotropic receptors (IR), a group of highly divergent ionotropic gluta-
mate receptors (iGluR) (Croset et al., 2010), and degenerin amiloride-
sensitive ion channels (DEG-ENaC; (Pikielny, 2012)). Despite
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exhibiting a 7-TM structure, both vertebrate and insect OR are not ho-
mologs; indeed, they have an opposite membrane topology and use
different signal transduction pathways, constituting an astonishing case
of functional convergence (Benton et al., 2020; Clyne et al., 1999; Derby
etal., 2016; Vieira & Rozas, 2011). On the other hand, the small soluble
proteins secreted in the aqueous space surrounding insect chemore-
ceptors include members of the odorant-binding (OBP), chemosensory
(CSP), and Niemann-Pick type C2 (NPC2) gene families (Angeli et al.,
1999; Pelosi & Maida, 1995; Storch & Xu, 2009). The candidate carrier
(CCP) gene family can also be added to this last group, although its
secretion in the vicinity of chemoreceptors has not been confirmed
(Vizueta et al., 2017). Once more, despite the same name (and general
function), vertebrate and insect OBP families are not homologs; with
vertebrate OBP (vOBP) belonging to the lipocalin family.

The independent evolutionary origin of the chemosensory gene
families in vertebrates and arthropods prompts for an in-depth charac-
terization of these gene families in other invertebrate taxa, particularly
taking into account that most invertebrates have an aquatic lifestyle.
Despite the fact that few studies have investigated the correlation be-
tween the type of habitat and the molecular mechanisms of chemore-
ception, the role of the environment in the evolution of chemosensory
gene families is evident. With 40,000-90,000 estimated species, Gas-
tropoda is the extant mollusk class with the greatest species richness,
showing an astonishing morphological and ecological diversity (Albano,
2021). This group includes marine, freshwater, and terrestrial species
with very different life histories, in which chemoreception surely plays a
fundamental role in its ecological diversification. Therefore, gastropods
could be a sound model system to characterize the wider diversity of
chemosensory-related genes outside insects and chelicerates. Thus far,
the few attempts to explore such diversity focused on the detection of
differentially expressed genes of the GPCR and iGluR families in the
rhinophore and oral tentacles of sea hares of the genus Aplysia (infraclass
Heterobranchia) (Croset et al., 2010; Cummins et al., 2009). Yet, there
are no wide genomic surveys of the complete repertoire of
chemosensory-related genes reported in gastropods, as high quality
(chromosome-level) genomes for this group have not been available

Caenogastropoda
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until recently. Within Gastropoda, 60% of the species diversity is
concentrated into infraclass Caenogastropoda, which includes mostly
marine but also estuarine, freshwater, and terrestrial lineages (Albano,
2021). Early divergent caenogastropod lineages include mostly detriti-
vore snails that browse on micro-organisms and decomposing organic
matter. During the evolutionary history of Caenogastropoda, other di-
etary specializations were acquired including herbivory, suspension-
feeding, and carnivory (Albano, 2021). In particular, the order Neo-
gastropoda includes active carnivores, which have evolved highly so-
phisticated predatory systems (Lemarcis et al., 2022).

In this context, we compared the chromosome-level genomes of two
caenogastropod species, the golden apple snail Pomacea canaliculata
(Lamarck, 1822), belonging to family Ampullariidae (order Ampullar-
iida), and the Mediterranean cone snail Lautoconus ventricosus (Gmelin,
1791), belonging to family Conidae (order Neogastropoda), with the
aim of describing for the first time the main gene families related to the
chemosensory system of gastropods (Fig. 1). The golden apple snail lives
in freshwater streams and ponds, feeds mostly on organic matter and
macrophytes (Lach et al., 2000), and has both gills and a lung to breathe
air (Mueck et al., 2020). Native to South America, P. canaliculata is a
highly invasive species in southern and eastern Asia (Hayes et al., 2008)
and North America (Rawlings et al., 2007), where it causes serious al-
terations of native wetlands. The Mediterranean cone L. ventricosus is a
marine venomous snail endemic to the Mediterranean Sea and adjacent
Atlantic waters (Abalde et al., 2020). It lives on rocky shores in the
intertidal zone, feeding actively on worms, which are captured through
the injection of a cocktail of potent neurotoxic peptides termed con-
otoxins. Despite the absence of a chromosome-level assembly, we also
included genome data from the sea hare Aplysia californica (Cooper,
1865) in the comparative analyses, as it is the only gastropod species
with transcriptomic information from the chemosensory organs re-
ported (Cummins et al., 2009). Our analysis using our bioinformatic
pipeline BITACORA (Vizueta et al., 2020b) allowed identifying thou-
sands of GPCR members, most of them organized into large gene clus-
ters. We also identified members of other chemosensory-related gene
families, but with much more modest repertory sizes. Our findings,
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Fig. 1. Gastropod phylogeny showing the relationships among the species analyzed in this work as well as the WGD event (x2) close to the ancestor of the Neo-
gastropoda lineage (Hallinan & Lindberg, 2011; Liu et al., 2021; Pardos-Blas et al., 2021). Phylogenetic relationships among major gastropod lineages were based on
(Uribe et al., 2019), caenogastropod lineages were based on (Lemarcis et al., 2022), except for the position of P. canaliculata, which was based on (Albano, 2021; Osca

et al., 2015). Picture from P. canaliculata was taken by H. Zell.
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which are examined in the context of the ancient WGD that occurred
within the caenogastropod lineage, contribute novel and valuable
knowledge into the evolution of chemosensory gene families in in-
vertebrates other than arthropods.

2. Materials and methods
2.1. Identification of chemosensory genes in gastropod genomes

Whole-genome sequences and annotation files of L. ventricosus
(BioProject PRJINA678883; (Pardos-Blas et al., 2021)), P. canaliculata
(BioProject PRINA427478; (Liu et al., 2018)), and A. californica (Bio-
Project PRJINA13635; (Knudsen et al., 2006)) were downloaded from
NCBI (National Center for Biotechnology Information; (Sayers et al.,
2021)) (Table 1). In the case of L. ventricosus we also compared its two
available assemblies, the first consists of a total of 35 chromosomes
(chromosomal assembly) and for the other, 19,364 unplaced scaffolds
were added (non-chromosomal assembly). For the other two gastropods,
we used the only assembly available for each species, chromosomal for
P. canaliculata and non-chromosomal for A. californica. We applied the
BITACORA v.1.2.1 bioinformatic pipeline (Vizueta et al., 2020b) in two
successive search rounds using as query a set of previously identified
chemosensory proteins from invertebrate lineages phylogenetically
close to gastropods (other mollusks, as well as other more distant ones
such as arthropods, and nematodes). The chemosensory sequences
downloaded from NCBI were used to create a local reference database of
proteins for each family, including GPCRs, DEG-ENaC, IR/iGluR, GR,
OR, OBP, CSP, CCP, NPC2, SNMP, and lipocalin protein families (see
databases folder in the supplementary data). We used HMMER v3.3
(Eddy, 2011) to build the HMM (hidden Markov model) profile for each
of these families. The sequences obtained in the first search round were
used to improve HMM profiles for the second search round. Candidate
sequences were classified as members of one of the query gene families
based on a cutoff E-value of 1 x 10~ in BLAST searches (Camacho et al.,
2009).

Protein sequences belonging to GPCR subfamilies were used to
search for GPCR candidates, including the 7-TM receptor rhodopsin
(7TM_1; ID Pfam database PF00001), frizzled (PF01534), 7TM_2 secretin
(PF00002), 7TM_GPCR _Srg (PF02118), 7TM_GPCR Srsx (PF10320),
7TM_GPCR Srv  (PF10323), 7TM_GPCR Srw (PF10324) and
7TM_GPCR _Srx (PF10328). We also included GPCR sequences (sub-
families A, B, and C) reported in A. californica (Cummins et al., 2009). To
classify GPCR encoding candidates, we searched for functional domains
with the Pfam and Superfamily databases (Gough et al., 2001; Mistry
et al., 2021).

Gene models were further validated by inspecting the trans-
membrane domain (TMD) typical of GPCR and the protein domains
characteristic of the DEG-ENaC and IR/iGluR families, using TMHMM
2.0 (Krogh et al., 2001) and InterProScan v.5.56-89.0 (Jones et al.,
2014) with the Pfam and the Conserved Domain Database (CDD) data-
bases, respectively. To identify members of the IR/iGluR families, we
used the Pfam domains PF10613, PFO0060, and PF01094, whereas for
DEG-ENaC, we used the Pfam domain PFO0858. We classified the novel
sequences into three categories based on the functional and structural
criteria as described in (Vizueta et al., 2018). Briefly, these categories
included (i) sequences encoding complete proteins (Scp set): for the

Table 1
Genomic statistics.

Molecular Phylogenetics and Evolution 192 (2024) 107986

GPCR family, sequences with six or more TMDs were included; (ii) The
Smin set (the minimum number of sequences), those encoding complete
(Scp set) plus some incomplete proteins that either encoded at least five
TMDs (for GPCRs) or showed more than 80% of the corresponding
average protein domain length. This value, which represents the mini-
mum number of potentially functional sequences was used for
comparative purposes in the GPCR, IR/iGluR, and DEG-ENaC families,
across the different genomes, and (iii) all sequences identified by
BITACORA (Smax set), which represent the maximum possible number
of members from a particular gene family. In summary, our classifica-
tion considers structural aspects in the sequences (gene completeness) to
infer their functional character and thus, include them into a given
category.

2.2. Identification of chemosensory-related gene clusters in the genomes of
L. ventricosus and P. canaliculata

The chromosomal distribution of chemosensory-related genes was
investigated in the two species with chromosome-level genomes
(L. ventricosus and P. canaliculata). We extracted the genome coordinates
of chemosensory-related genes in the described chromosomes of the
surveyed species (35 and 14 for L. ventricosus and P. canaliculata,
respectively) from GFF files output from BITACORA. We identified the
genomic clusters for each chemosensory family following the approach
of Vieira et al., 2007 and with the adjustments presented in Escuer et al.,
2022:

CL=gn -1,

where Cf is the maximum length of a genomic region containing n genes
of a particular chemosensory family to be considered a cluster, with g
being the maximum physical distance between two genes to be
considered as clustered. If two or more genes were located at a distance
less than Cj, they were considered members of the same gene cluster
(Escuer et al., 2022). Since L. ventricosus and P. canaliculata greatly differ
in their genome size, we used different g values to compute Cj. For
simplicity, we used the same C;, value for all chemosensory families in
the same genome; specifically, C; values were estimated using infor-
mation from the largest gene family (GPCR), which corresponds to the
more conservative scenario avoiding the overestimation of the number
of clusters in families with a small number of members.

2.3. Phylogenetic analyses and evolutionary distances

We aligned candidate protein sequences from each family with
MAFFT v.7.453 (Katoh & Standley, 2013), and misaligned regions were
trimmed with trimAl v.14 (using the options -gt 0.2, -st 0.0001, and -cons
60) (Capella-Gutiérrez et al., 2009). The alignment strategy for each
gene family was chosen by MAFFT run in -auto mode. In particular for
the GPCR family we used the FFT-NS-i algorithm due to the number of
sequences analysed. The IR/iGluR and GPCR sequences were first
aligned using only full (Scp) sequences; then partial proteins were added
with the -addfragments and -keeplength options in MAFFT. For the DEG-
ENaC family, since a moderate number of members were found, we
decided to include all the sequences identified in the analysis (Smax).
Gene family phylogenetic trees were built using a maximum likelihood

L. ventricosus

P. canaliculata A. californica

Whole assembly

Chromosomic assembly

Whole/Chromosomic assembly Whole assembly

Assembly size (bp)
Number of scaffolds
Protein-coding genes

3,592,060,885 3,154,414,418
19,399 35
31,591 28,579

440,159,624 927,310,431
24 (14)* 4,332
21,533 26,663

" Number of pseudochromosomes in parenthesis.
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(ML) approach in IQTREE v.2.1.2 (Minh et al., 2020), which also
allowed us to estimate the substitution model with the best fit to each
dataset. The support values of each branch were obtained after 1,000
bootstrap replications. In the GPCR tree, the rooting was placed in the
branch connecting the clearly differentiated clade with GPCR sequences
of A. californica with the sequences of the other gastropods. The ML
phylogeny of invertebrate GPCRs was constructed using the sequences
from gastropods identified in this work, together with homologous se-
quences belonging to GPCR families from Nematoda (Caenorhabditis
elegans), Mollusca: Gastropoda (Lottia gigantea), Arthropoda (Anopheles
gambiae, Drosophila melanogaster, Daphnia pulex, Pediculus humanus),
Platyhelminthes (Schistosoma mansoni and Schmidtea mediterranea), and
Cnidaria (Nematostella vectensis) (Krishnan et al., 2014; Saberi et al.,
2016). We also incorporated sequences of Dictyostelium fasciculatum as
outgroups (Krishnan et al., 2014). We used the iTOL web tool (Letunic &
Bork, 2021) to customize tree visualization by adding information about
the species and chromosomal location of each sequence. We calculated
the pairwise physical and evolutionary distances between GPCR paral-
ogs as in Escuer et al., 2022. Evolutionary distances were estimated
using the MEGA-CC v.11.0.11 (Kumar et al., 2012) and the JTT-F sub-
stitution model (Jones et al., 1992) with gamma-distributed heteroge-
neous rate variation among sites and 14 discrete classes (alpha = 7.37),
found by IQ-TREE as the best-fit model for the evolution of this family in
invertebrates.

3. Results

3.1. GPCRs are the most abundant chemosensory-related gene families in
the surveyed gastropod genomes

First, regarding the number of putative genes for each chemosensory
family, we found that by far the GPCR gene family is the most abundant
gene family across the three gastropods studied. The cone snail
L. ventricosus could encode 2102 and 2053 members (Smin values) upon
the non-chromosomal, and chromosome-level assemblies, respectively

Table 2
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(Tables 2, S1 and S2). The other gene families encompassed a much
lower number of members (51 IR/iGluR, 18 DEG-ENaC, and less than 10
copies of the NPC2, SNMP, and lipocalin families; Tables S1 and S2). The
genome of P. canaliculata also encodes a large number of chemosensory-
related genes, about half that of L. ventricosus i.e., 1222 and 32 genes
(Smin) of the GPCR and IR/iGluR families, respectively (Tables 1 and S2)
in the chromosome assembly. In the Aplysia genome, we found fewer
GPCR than in P. canaliculata (872 copies), and a similar number of other
gene families. In the surveyed genomes of the three species, the number
of genes identified by our pipeline was higher than that reported in the
annotations released for each assembly (Tables S1-S3).

Second, regarding the classification of the putative GPCR genes
found in each gastropod genome, the structural and functional annota-
tion revealed that 95.3% (2881 members in L. ventricosus), 98.6% (1406
members in P. canaliculata), and 95.3% (1064 members in A. californica)
of the sequences belonged to class A of the GPCR (SSF81321) based on
the superfamily database analysis (Table S3). The most represented
functional Pfam domains were the 7-TM receptors (PF00001); 49.6%
members in L. ventricosus; 53.7% in P. canaliculata; and 46.8% in
A. californica. The second most represented domain was the Serpentine
type 7-TM GPCR chemoreceptor Srw (PF10324) (Table S3 and
Figure S1). As expected, we found that the number of GPCRs encoded in
the high-quality genomes was much higher (at least 10-fold higher) than
those reported in A. californica and L. gigantea (Cummins et al., 2009;
Robertson, 2015).

3.2. Chemosensory-related genes are mostly organized into genomic
clusters in the genomes of gastropods

The chromosome-level genome assemblies allowed performing a
comprehensive analysis of the physical location and chromosomal dis-
tribution of family members. Overall, we found that, chemosensory-
related genes were distributed evenly across all chromosomes in
L. ventricosus and P. canaliculata, with some exceptions, such as chro-
mosome 24 in L. ventricosus and chromosome 6 in P. canaliculata, which

Comparison of the number of genes per family, clusters, and genes within and outside of the genome clusters using different values of g in L. ventricosus and

P. candliculata.

L. ventricosus
35 chromosomes assembly

Family Total number of g=100kb g=150kb
genes, and Scp  Number of Genes in Genes outof % genes in Number of Genes in Genes out of % genes in
values clusters clusters clusters clusters clusters clusters clusters clusters
GPCRs* 3,022 (1,602)* 235 989 613 62% 243 1,127 475 70%
IR 57 13 28 29 49% 13 31 26 54%
DEG-ENaC 18 4 9 9 50% 5 12 6 67%
NPC2 3 0 0 0 - 0 0 0 -
SNMP 7 0 0 0 - 0 0 0 -
Lipocalins 0 0 0 0 - 0 0 0 -
GR 0 0 0 0 - 0 0 0 -
Total 3,107 252 1,026 758 - 256 1,184 600 -
P. canaliculata
14 chromosomes assembly
Total number of g=10kb 2=100kb
genes, and Scp  Number of Genes in Genes outof % genesin ~ Number of Genes in Genes out of % genes in
values 1 S 1 S 1 ] 1 S clusters clusters clusters clusters

GPCRs* 1,425 (1,079)* 124 668 411 62% 72 904 175 84%
IR 33 3 11 22 33% 6 22 11 67%
DEG-ENaC 12 0 0 12 0% 2 4 8 33%
NPC2 19 4 11 8 58% 4 11 8 58%
SNMP 4 0 0 - 0 0 4 -
Lipocalins 10 0 0 10 - 1 2 8 -
GR 7 1 2 5 - 1 3 4 -
Total 1,510 132 692 472 - 86 967 187 -

* In parenthesis the number of complete sequences (Scp), the values used to define gene clusters.
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contained proportionally more chemosensory-related genes (Figure S2,
Tables S4 and S5).

We operationally used two different g values in each species
(100—150 kb, and 10—100 kb in L. ventricosus and P. canaliculata,
respectively) to define Cy (Fig. 2A and B). As in Escuer et al. (2022), we
choose these values based on the probability of finding two or more
chemosensory genes clustered by chance (p-value lower than 0.01). For
the analysis, we used the number of genes identified in the GPCR family.
These g values are around the average gene density for each genome
(one gene every 110.3 kb, and 20.4 kb for L. ventricosus and
P. canaliculata respectively; Table 1). Although the p-value for 100 kb in
P. canaliculata was 0.042, we included this shared g value for compari-
son purposes.

We found that for both species, the chemosensory-related gene
families were mainly organized into clusters (Figures S3 and S4). In
L. ventricosus and using the g = 100 kb, we defined a total of 235 clusters
encompassing 989 genes (62% of complete sequences); with g = 150 kb,
we identified 243 clusters including 1,127 genes (70.3% of the genes
present in clusters; Tables 2 and S6; Figure S3). The same trend was
observed in the P. canaliculata genome. Using the most stringent criteria
(g = 10 kb), we were able to identify 124 clusters encompassing 668
genes (61.9% of the full length members), a percentage that increased to
83.8% using the more relaxed criterium (g = 100 kb; Tables 2, and S7). A
similar clustering pattern was observed for both species in the IR/iGluR,
DEG-ENaC, and NPC2 gene families (Tables 2, S6-S8).

3.3. Phylogenetic relationships of the chemosensory gene family members

Our phylogenetic analysis using the information from complete
GPCR sequences (Scp = 3,427, across the three gastropod genomes)
revealed that most belong to the Rhodopsin-like (class A) family, as
classified under the GRAFS system (Alexander et al., 2021). We identi-
fied two major groups in L. ventricosus and P. canaliculata, one with most

Molecular Phylogenetics and Evolution 192 (2024) 107986

members having the 7TM_GPCR_Srw domain, denoted as Serpentine Srw
(PF10324) group, and another more diverse group showing the 7TM_1
domain, denoted as Rhodopsin (PF00001) group (Fig. 3). Noticeably, we
found that many large clades (with more than 20 sequences) were from
the same species (species-specific); twelve in L. ventricosus and nine in
P. canaliculata. For instance, the clade L4 included 354 L. ventricosus
members, and the P1 of P. canaliculata, 329 (Table S9). Since the anal-
ysis included only complete proteins located in chromosomes (excluding
information from minor scaffolds), the actual number could be greater.
We also identified three other clades named H1-3 that encompassed
members of the three gastropod species (Fig. 3).

We found that most GPCR genes of A. californica conformed to a
monophyletic group, sister to the other two gastropod clades (Al in
Aplysia group; Fig. 3). Indeed, all the 90 chemosensory-expressed genes
identified in Cummins et al. (2009) are in this group, 35 and 51 of them
have the 7TM_1 and 7TM_Srw domains, respectively. Interestingly,
clade A2 was placed deep within the phylogeny as sister to L. ventricosus
and P. candliculata members (Fig. 3). The phylogenetic analysis
including representatives from other protostomes (Arthropoda, Nem-
atoda, and Platyhelminthes), along with sequences of the Cnidaria
phylum, that diverged before the protostomes/deuterostomes split, and
the Amoebozoa outgroup uncovered six main GPCR clades, named from
I to VI (Fig. 4). Clades I and II included members of the Serpentine Srw
(PF10324) group, with clade I being gastropod-specific, whereas II and
VI encompassed members of all protostome groups. Clades III to VI
included the Rhodopsin (PF00001) group members; with clades III and
V containing large groups of gastropod-specific sequences. Clade IV
included mainly nematode (C. elegans) sequences.

The gene family trees of the other chemosensory-related proteins
uncovered different evolutionary dynamics. For instance, in the IR/
iGluR gene family tree, we identified several orthologs between Cae-
nogastropoda and D. melanogaster IR, a family with some members
known to have chemosensory roles in this and other insect species

Fig. 2. Genome organization into clusters for the GPCR gene family in chromosome 19 of L. ventricosus using a g value of 100 kb (panel a) and of 150 kb (panel b).
The squares with thicker lines represent the clusters (11 clusters in panel a; 12 clusters in panel b). The range of the colors shows the physical distances on a 100

kb scale.
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Fig. 3. Phylogenetic relationships among complete GPCR sequences (Scp) belonging to the Rhodopsin family (Class A) in L. ventricosus (red branches and strip in the
inner ring), P. canaliculata (green branches and strip in the inner ring), and A. californica (purple branches and strip in the inner ring). Three main clades are
highlighted in the outer ring: Aplysia sequences (purple strip), Serpentine Srw (PF10324) group (gray strip), Rhodopsin (PF0001) group (brown strip). The large gene
expansion clades are shadowed in colors. Pfam domains are indicated in the central ring. All clades showed support values greater than 90, except clades H1, P4, P6,
H2, P9, L11, and L12 whose values were greater than 63, after 1,000 replicates.The scale bar refers to 1 amino acid substitution per site and the substitution model
chosen was JTT + R10. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(Figure S5). Despite the absence of large species-specific clades in gas-
tropods, we could identify some gene duplications in L. ventricosus.
Many of the D. melanogaster IRs formed a clade, reflecting either a rapid
turnover rate of this family, or a specific diversification in insects.
However, we also found old and conserved IRs, such as the putative
gastropod homologs of the co-receptor IR25a, and the IR76b, both sour-
detecting proteins required in Drosophila females for oviposition pref-
erence in acid-containing food (Chen and Amrein, 2017). A similar
pattern could be observed for the DEG-ENaC gene family (also known as
pkk genes in Drosophila), where the gene tree shows a large clade of
Drosophila members, clearly separated from those of gastropods, but also
a putative homolog in gastropods of the highly conserved receptor
ppk17, gene involved in sodium ion transmembrane transport and with

roles in fluid and salt absorbance, mechanosensation and chemo-
sensation (Zelle et al., 2013) (Figure S6).

3.4. Physical and evolutionary distances

We performed a comparative genomic analysis of pairwise evolu-
tionary distances (measured as the number of amino acid substitutions
per site) versus physical distances (in bp) for each GPCR member within
and outside genomic clusters. We found, as in Escuer et al., 2022, that
the evolutionary distances increased with the physical distance on the
chromosome 11 of L. ventricosus (Fig. 5a), and this phenomenon was
observed in all other chromosomes (Fig. 5b).



J.J. Rondén et al.

Molecular Phylogenetics and Evolution 192 (2024) 107986

Pcan XP 025102102.1 P7
Acal XP 0 1293992 9.1 H2

7
L399
7
H3

2,
925,52 /
57_192&(’ 7z
0250797”
23-RA H3

Qé’%fa,

¢
O
(ye,, CPto’
Peap (9
Pean xp gz,

Ly,
Lven AN

Tree scale: 1 ———i

£H T°88Z6£62T0 dX [e2Y

717 vH-T6EZONNY UAT

Fig. 4. Phylogenetic relationships among complete GPCR sequences Class A from representatives of different phyla. Mollusk sequences (white background) including
representatives of some expansion clades of L. ventricosus (Lven), P. canaliculata (Pcan), and A. californica (Acal), and sequences from the gastropod Lottia gigantea
(Lgig), the nematode (red background) C. elegans (Cele), arthropods (green background) Anopheles gambiae (Agam), Daphnia pulex (Dpul), Drosophila melanogaster
(Dmel) and Pediculus humanus (Phum), the platyhelminthes (gray background) Schmidtea mediterranea (Smed) and Schistosoma mansoni (Sman), the cnidarian (cyan
background) Nematostella vectensis (Nvec), and the amoeba (purple background) Dyctiostelium fasciculatum (Dfas). In each clade, the support value after 1,000
replicates is shown. The scale bar refers to 1 amino acid substitution per site and the substitution model chosen was LG + F + R5. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

4.1. Repertoires and clustering of chemosensory-related gene families in
gastropods

To our knowledge, there is not a comprehensive report of
chemosensory-related gene families in mollusks. Pioneer studies in
gastropods, the largest taxonomic class of mollusks, either provided
partial information of the proteins expressed in sensory organs (Cum-
mins et al., 2009), or searched for putative orthologs of the main CS
families of arthropods on the first fragmented genome drafts of species
such as the sea hare A. californica (sea slug) and the owl limpet

L. gigantea (Croset et al., 2010; Krishnan et al., 2014; Saina et al., 2015).
Here, we analyzed chromosome-level assemblies and found that the true
repertoire of chemosensory-related genes in gastropods is undoubtedly
much higher than previously reported, especially in the case of GPCRs.
For instance, we found at least 872 GPCR genes in the genome of
A. californica compared to the 90 receptors previously identified in a
transcriptomic study (Cummins et al., 2009). In L. ventricosus and
P. canaliculata, we identified up to 3,022 and 1,425 GPCRs, respectively.
To overcome putative genome annotation problems (caused by bio-
informatic sensitivity or the highly repetitive nature of the studied ge-
nomes), for some analysis we used conservative estimates of gene family
size, Smin (minimum number of functional sequences) or Scp (the
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Fig. 5. Plots comparing evolutionary (amino acid substitution per site) and physical (in base pairs) distances between GPCRs copies in L. ventricosus. Each dot
represents a comparison of two GPCR members of the same chromosome. Colored and gray dots show comparisons within and outside genomic clusters, respectively
(g = 100 kb). Panel (a) data from chromosome 11; each cluster is depicted in a different color. Panel (b) data from the total data (average for the 35 chromosomes);

each chromosome is depicted in a different color.

number of complete members), as in Vizueta et al., 2018. The estimated
Smin was 2,053 and 1,222 in L. ventricosus and P. canaliculata, respec-
tively. Here, we found that gastropods exhibit a much higher chemo-
sensory diversity than that exhibited by arthropods, whose
chemoreceptor repertoires are usually in the hundreds (Vizueta et al.,
2020a), with the exception of some chelicerates; in this latter group,
nevertheless the main expanded family encodes the GR (putative gus-
tatory) receptors (Vizueta et al., 2018). In fact, we also identified ho-
mologs to these GRs and to the IR/iGluR family, which are well known
arthropod chemoreceptors, confirming that the emergence of these
families trace back at least to the ancestor of protostomes (Krishnan
etal., 2014; Saina et al., 2015). In contrast, we did not find any homolog
of the insect OR family, which likely has a more recent origin in ar-
thropods (Robertson, 2015). In summary, gastropods have the largest CS
(GPCR) family described thus far in invertebrates, with repertoire sizes
similar to those found in many vertebrates (Shi and Zhang, 2009).
Nevertheless, it remains necessary to validate that all these identified
members really perform a chemosensory function. Indeed, it is expected
that not all GPCR genes have a chemosensory role, for instance, while in
humans about half of the GPCR members are chemosensory (Di Pizio
et al., 2019), this fraction increases to the 88% in C. elegans (Vidal et al.,
2018). Therefore, we could expect that at least half of the genes iden-
tified for this family in gastropods are linked to chemosensory functions,
in which case our conclusions remain unchanged. Overall, all these
observations could be well accommodated by the Birth-and-Death
model of gene family evolution (Nei and Rooney, 2005; Vieira et al.,
2007). Unfortunately, the availability of very few highly continuous
genomes across gastropods prevents obtaining sound estimations of the
turnover rates for the chemosensory families, and to perform a
comparative analysis with that of other invertebrates and vertebrates.
We found that the GPCR genes were not randomly distributed within
chromosomes; indeed, in L. ventricosus and P. canaliculata more than
60% of members were arranged into genome clusters. Furthermore,
most of these tandemly arranged paralogs are also clustered together in
the phylogenetic tree, suggesting recent common ancestry. Remarkably,
this uneven distribution of GPCR copies across chromosomes is not
associated with the size, or with the number of genes in the chromo-
somes. Indeed, we found large species-specific clades enriched in genes
located on a few chromosomes. We also found that genes within clusters
(physically close) exhibit lower genetic distances than those outside
them (Fig. 5). Thus, new copies would originate in tandem by unequal
crossing-over, they would remain physically close for a while and then

progressively move to other genomic regions through mutational
mechanisms underlying the formation of structural variations, such as
DNA recombination-, replication- and repair-associated processes (Car-
valho and Lupski, 2016) or they could be lost by deletions or be retained
transiently as pseudogenes. The presence of large species-specific clades
indicates that in the gastropod genomes many GPCR members have a
recent origin (at least with respect to separation from the other inver-
tebrate groups). This notable number of members, which represents a
significant fraction of protein-coding genes encoded in the genome
(Table 1), highlights the biological importance (i.e., interaction with the
environment, conspecifics, prey, and predators) of the expansion of this
chemosensory-related gene family.

The evolutionary relationships of GPCR members are still unclear,
especially in protostomes (Nordstrom et al., 2011). Indeed, the sequence
similarity and the type of ligands recognized by these receptors have
been the key features for GPCR’s classification into five major groups:
Glutamate, Rhodopsin, Adhesion, Frizzled, and Secretin under the
GRAFS system. Other nomenclature classifies GPCRs into six classes or
clans: Rhodopsin-like (Class A), Secretin-like GPCRs (Class B), metabo-
tropic glutamate receptor (Class C), fungal mating pheromone receptors
(Class D), cAMP receptors (Class E), and frizzled/smoothened (Class F)
(Alexander et al., 2021). Here, we found that most of the GPCR identi-
fied in gastropods belong to the Rhodopsin (Class A) family, including
members of many of the described subfamilies (Nordstrom et al., 2011;
Saberi et al., 2016), with half of them likely belonging to the Srw
subfamily.

Remarkably, and despite the large number of specie-specific expan-
sions, we found three clades (H1, H2, and H3) that included members of
the three gastropod species with a large number of sequences (e.g., 319
members in H2); likely these members could have a (general) important
role in gastropod chemosensation (Fig. 3). The phylogenetic analysis
including representatives from other invertebrates (Arthropoda, Nem-
atoda, Platyhelminthes, and Cnidaria), which allowed us to explore the
evolution of GPCRs on a larger taxonomic scale (Fig. 4), uncovered both
gastropod-specific clades (e.g., clade I), as well as others with members
from all analyzed protostome genomes (such as clades II and IV).

4.2. The evolutionary significance of the WGD in the chemosensory-
related gene repertoire of caenogastropods

Although successful WGDs can increase the adaptive potential of an
organism by driving morphological and physiological innovations, they
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are rarely observed in the evolutionary history of animals because they
can cause many genetic incompatibilities and meiotic problems (Orr,
1990). In mollusks, there have been reported three putative WGD
events, one having occurred in the ancestor of the Stylommatophora
(infraclass Heterobranchia), the other close to the ancestor of Neo-
gastropoda (infraclass Caenogastropoda), and the last one within
Cephalopoda, concomitant with radiation events of the three groups
(Ponder et al., 2008; Hallinan & Lindberg, 2011). The two gastropod
ancient WGDs have been supported by comparative analyses involving
the chromosome-level genomes of L. ventricosus (Pardos-Blas et al.,
2021) and Achatina immaculata (Liu et al., 2021), which represent
Neogastropoda and Stylommatophora, respectively. In the case of
L. ventricosus, synteny analyses showed that most chromosomal regions
of P. canaliculata had homolog counterparts in at least two chromosomes
in L. ventricosus, and the comparison of hox gene clusters also agreed
with a WGD event (Pardos-Blas et al., 2021). Here, we found that CS
family sizes could also reflect the WGD event that occurred in Caeno-
gastropoda, coupled with high gene retention (Table 2). Indeed, we
found that the family sizes were nearly double in L. ventricosus compared
to P. canaliculata: GPCR 2.1 times higher; IR/iGluR, 1.7 times; and DEG-
ENaC, 1.5 times. The WGD, probably took place approximately between
203 and 155 Mya (Hallinan & Lindberg, 2011), with the elapsed time
large enough to have eroded the molecular fingerprint in (evolutionary
fast) chemosensory genes via dispensable gene loss (Brunet et al., 2006).
If that is the case, the putative adaptive significance of some chemo-
sensory genes would explain the large family sizes. However, although
the expansion of these gene families could be decisive in the functional
and ecological diversification of Neogastropoda, for instance associated
with their active predatory behavior, the WGD could be also concomi-
tant with many non-adaptive gene repertoire changes pre- and post-
WGD (Nei et al., 2008). Hence, a more exhaustive and statistically
prone analysis of turnover rates and gene copy sequence evolution is
required to distinguish between all potential WGD/non-WGD and
adaptive/non-adaptive scenarios to understand the biological meaning
of the current high diversity of chemosensory-related genes in
L. ventricosus. In this regard, the future availability of genomes with a
wider taxonomic representation of gastropods is still needed to fully
understand the evolution of CS genes and the role of WGDs in their
diversification.

4.3. Functional significance of candidate genes

Currently, there is little knowledge about how the signal detection
and processing occurs in the sensory organs of gastropods, and how
these signals are translated into responses at the physiological or
behavioral level. Studies in A. californica and in the giant triton Charonia
tritonis (Caenogastropoda: Ranellidae) suggest that chemosensation oc-
curs in cephalic sensory organs, such as the rhinophore and oral tenta-
cles (the proboscis in cone snails), where the expression of GPCRs has
been detected (Cummins et al., 2009; Lindberg & Sigwart, 2015; Motti
et al., 2022). Another potential target is the osphradium, an organ
located in the mantle cavity that is highly developed in predatory spe-
cies such as cone snails, and also allows the detection of prey odorants
through chemoreceptors (Taylor & Miller, 1989).

Our results, uncovering about 1,000-3,000 GPCR genes in each
genome of L. ventricosus, P. canaliculata and A. californica, highlight the
physiological relevance of this family in the studied organisms. Never-
theless, some of the identified GPCR members may likely play a non-
chemosensory role (Kang and Koo, 2012), so some extra functional
and behavioral experiments, such as deep transcriptomics or knockout
of candidate genes, are definitely needed to determine the specific
members involved in chemoreception. Similarly, although the chemo-
sensory function of the candidates belonging to other chemosensory
gene families (e.g., IR, DEG-ENaC, NPC2, SNMP, and lipocalins) cannot
be ruled out, the fact that we detected a relatively reduced number of
members of these families preclude any conclusion about its overall
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chemosensory significance. While they may not likely be primarily
responsible for recognising the plethora of chemical cues that a
gastropod has to deal with, some of these molecules fulfill highly specific
functions.

There is also little knowledge of the role (if any) of soluble proteins,
such as NPC2, OBPs, and CSPs in the recognition of target molecules
outside insects (Leal, 2013). If they are an adaptation to terrestrial life,
as has been suggested (Mollo et al., 2017), marine gastropods, such as
L. ventricosus, might not need some of these proteins, or may depend on
them to a lesser degree, hypothesis that could be tested using genomic
data from the recently published genome of the lung slug Arion vulgaris
(Chen et al., 2022). In marine gastropods, the flow of water through the
osphradium (close to the gills), allows the transport of molecules and
sediments through the membrane epithelium where they would pre-
sumably be detected by GPCRs. This feature could explain why we only
detected seven NPC2 genes in L. ventricosus (Table 2). On the contrary,
despite having lower genome sizes, P. canaliculata and A. californica
encoded more putative chemosensory soluble proteins, 31 and 29
members, respectively, including NPC2 and lipocalin-like OBPs (Ta-
bles 2 and S1). Although the three studied gastropod species have an
aquatic lifestyle, the lower number of chemosensory soluble proteins in
the cone snail, compared to the sea slug and the golden apple snail,
might suggest more exposure to air in the latter two, and therefore a
greater necessity of these soluble proteins to facilitate the activation of
the chemosensory receptors. In fact, the golden apple snail has a lung
that allows this species to survive in poorly oxygenated waters, to esti-
vate buried in the mud, and to leave the water for oviposition; sug-
gesting that it could be almost an obligate air-breather (Rodriguez et al.,
2021).
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