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Allatostatin-type A (AST-A), kisspeptin (KISS) and galanin (GAL) G-protein coupled receptor (GPCR) systems
share a common ancestral origin in arthropods and the vertebrates where they regulate metabolism and repro-
duction. The molluscs are the second most diverse phylum in the animal kingdom, they occupy an important
phylogenetic position, and their genome is more similar to deuterostomes than the arthropods and nematodes
and thus they are goodmodels for studies of gene family evolution and function. Thismini-review intends to ex-
tend the current knowledge about AST-A, KISS and GAL GPCR system evolution and their putative function in the
molluscmantle. Comparative evolutionary analysis of the target GPCR systemswas establishedby identifying ho-
mologues in genomes and tissue transcriptome datasets available for molluscs and comparing them to those of
other metazoan systems. Studies in arthropods have revealed the existence of the AST-A system but the loss of
homologues of the KISS and GAL systems. Homologues of the insect AST-AR and vertebrate KISSR genes were
found in molluscs but putative GALR genes were absent. Receptor gene number suggested that members of
this family have suffered lineage specific evolution during the molluscan radiation. In molluscs, orthologues of
the insect AST-A peptides were not identified but buccalin peptides that are structurally related were identified
and are putative receptor agonists. The identification of AST-AR and KISSR genes inmolluscs strengthens the hy-
potheses that in metazoans members of the AST-AR subfamily share evolutionary proximity with KISSRs. The
variable number of receptors and large repertoire of buccalin peptides may be indicative of the functional diver-
sity of the AST-AR/KISSR systems in molluscs. The identification of AST-A and KISS receptors and ligands in the
mantle transcriptome indicates that in molluscs they may have acquired a novel function and may play a role
in shell development or sensory detection in the mantle.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The G-protein coupled receptors (GPCRs) are a large family of recep-
tors that mediate the signalling of many endocrine factors that regulate
growth, metabolism, ion homeostasis, stress response and reproduction
in metazoans (Dorange, 2015). The GPCR family emerged early during
eukaryote evolution and comprises one of the oldest and biggest fami-
lies of cell membrane receptors (Schioth, 2005; de Mendoza, 2014).
Their relatively large size and signaturemotif of seven highly conserved
transmembrane (TM) domains facilitate receptor gene identification
and isolation inmany phyla. The GPCRs are relevant targets for molecu-
lar studies of their evolution and function in metazoan endocrine sys-
tems (Cardoso and Larhammar, 2014).

Lophotrocozoans are a speciose protostome group that comprise
nearly one-third of all documented marine species (Simakov, 2013;
Cock, 2010). Their larvae are distinctive, possessing a horseshoe-
shaped feeding device with ciliated tentacles named the lophophore,
and/or a distinctive larval form known as a trochophore (Nesnidal,
2013). Members of the lophotrocozoans are monophyletic (Nesnidal,
2013) and diverged from ecdysozoans, animals that moult (including
arthropods, nematodes and other related phyla) early during the proto-
stome radiation (Erwin, 2011). Their biodiversity, unique morphology,
lifecycle and widespread distribution make the lophotrocozoans an in-
teresting group for studying gene evolution and function in metazoans.
Nonetheless, although they have a similar gene repertoire and genome
organisation to deuterostomes they remain largely unstudied unlike
the popular protostome models (e.g. nematodes and insects) that
have undergone substantial gene loss and genome rearrangements
(Simakov, 2013; Raible, 2005;Miller, 2009; Takahashi, 2009). Therefore
lophotrocozoan genomes have the potential to contribute to the under-
standing of gene and genome evolution since it is likely that features re-
main that may have been lost or diverged in other protostome models.
Studies of the neuropeptide GPCR gene repertoire in lophocotrozoans
are scarce and those that exist suggest that a similar receptor gene com-
plement to that of arthropods and vertebrates exists (Clark, 2010;
Mirabeau, 2013; Cummins, 2009; Rodet, 2005). In contrast, neuropep-
tides, putative ligands of GPCRs, have been described in several
lophotrocozoans including the marine annelids (Platynereis dumerilii)
(Conzelmann, 2013), the polychaete worms (Capitella teleta)
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(Veenstra, 2011), the leech (Helobdella robusta) (Veenstra, 2011), the
owl limpet gastropod (Lottia gigantea) (Veenstra, 2010); and in two
molluscs, the Akoya pearl oyster (Pinctata fucata) and the Pacific oyster
(Crassostrea gigas) (Stewart, 2014).

Recently, we characterised the allatostatin-type A (AST-A) sys-
tem in arthropods and revealed that it shared a common origin
with the kisspeptin (KISS) system present in vertebrates (Felix, 2015)
(Fig. 1). Previously, the KISSR gene, that encodes a GPCR, was suggested
to have emerged from the same ancestral gene precursor as the galanin
receptor (GALR) family (Kim, 2014). In arthropods, the evolution of
AST-A receptors and peptide genes has been affected by lineage and
species-specific duplication and deletion events. In themalariamosqui-
to Anopheles coluzzii duplicate receptors persist and it has been
hypothesised that they may retain the function of the vertebrate KISS
homologue and regulate and integrate the link between metabolism
and reproduction (Felix, 2015). Insects are the most diverse animal
group and their evolutionary success was powered by the plasticity of
their genome that favoured adaption to their external environment
(Savard, 2006; C. Tribolium Genome Sequencing et al., 2008; Xia,
2010). This has affected the evolution of the AST-A system and in the
malaria mosquitoes AST-A receptors map to highly variable chromo-
some regions (Felix, 2015). Thus the loss of the KISS and GAL system
in insects may be the result of lineage or species-specific gene loss.
Characterisation of the homologous systems in invertebrates reveals
that they have suffered fewer genomemodifications and further studies
are essential to better understand gene family evolution in metazoans
and to identify alternative animal models in which to study their
function.

The molluscs are the most speciose animal phyla after the insects
and many possess a unique calcium carbonate shell that is secreted by
the mantle. Molluscs are animal models for biomineralization and
Fig. 1. Hypothetical model to explain the origin and evolution of the AST-A, KISS and GAL rece
GPCRs identified in mollusc genomes have been added to the model. The GPCRs analysed are
the absence of a coloured sphere means absence of the receptor in the species indicated. Num
two genome duplication events (1R and 2R) that occurred at the vertebrate radiation are indica
ary events.
mantle transcriptomes and shell proteomes have led to the discovery
of candidate shell-forming genes and shell matrix proteins (Clark,
2010; Stewart, 2014; Craft, 2010; Joubert, 2010; Milan, 2011;
Takeuchi et al., 2012; Zhang et al., 2012; Meng, 2013; Werner,
2013; Freer, 2014; Picone, 2015; Berland, 2011; Marie, 2013), none-
theless this process is still not well understood. Recently, molecular
analysis of the Mytilus galloprovincialis mantle transcriptome
(Bjärnmark et al. – present issue) identified for the first time in the
bivalves orthologues of the vertebrate KISS and GAL receptors and
insect AST-AR, and indicates a possible regulatory role for this sys-
tem in mantle function. In another shelled mollusc L. gigantea, a sim-
ilar gene repertoire exists but in the annelid C. teleta, members of the
KISSR, GALR and AST-AR family have evolved differently (Mirabeau,
2013; Felix, 2015), suggesting that lineage specific pressures have
affected receptor evolution in lophocotrozoans. This mini-review in-
tends to challenge the recent models proposed for AST-A, KISS and
GAL GPCR gene family evolution in metazoans by comparative analysis
of their evolution in the molluscs, a phylogenetically important group
lying between the arthropods and vertebrates. The potential involve-
ment of AST-A, KISS and GALGPCR's inmantle functionwill be explored
by analysis of available bivalve mantle transcriptomes.

2. The allatostatin-type A, kisspeptin and galanin systems

The AST-A system in arthropods and the KISS and GAL system in
vertebrates are well-known peptidergic systems that are involved in
the regulation of food-intake, metabolism and reproduction. In insects
and other arthropods, AST-As are a large family of small peptides
characterised by a conserved C-terminal FGL-amidemotif and their pro-
duction is by proteolytic cleavage of a common prohormone precursor
(Bendena, 1999). AST-A peptides were first discovered in cockroaches
ptors in protostomes and deuterostomes. The figure is adapted from Felix (2015) and the
represented by colour coded spheres (red — GALR, blue — AST-AR, green — KISSR) and
bers within the coloured spheres indicate the number of family members identified. The
ted. Crossed circles represent putative gene deletions and dashed lines putative evolution-



Fig. 2. Dendogram showing the evolutionary position of the mollusc phylum relative to
other phyla. Molluscs are sister group of Brachiopoda and they are divided into two
main groups (subphylum): the Conchifera that have a shell and the Aculifera that have
no shell. Many representatives of the Conchifera subphylumsubsequently lost their shells.
The figure is adapted from Kocot (2011). The time of divergence between classes is not
represented and the images represent an example of one species of each class and are
not drawn to scale.
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and inhibit the secretion of juvenile hormone (JH) by the corpora allata
(CA) (Woodhead, 1989). However, they are now known to regulate
food intake in many insects and are potent anti-myotropic factors of
gut motility and regulate the activity of several digestive enzymes
(Hergarden, 2012; Aguilar, 2003; Spit, 2012). Their cognate receptors
remain at present poorly studied andmost insects possess a single recep-
tor copy with the exception of the Coleoptera in which the AST-A system
is absent and the Diptera where two receptors exist (Felix, 2015; Hauser,
2008; Lenz, 2000; Cardoso, 2012). In Diptera (Drosophila melanogaster
and A. coluzzii) the paralogous receptors are suggested to be functionally
divergent and across species the orthologous receptors seem to have
acquired different functions and the duplicate receptors in A. coluzzii
respond to blood feeding (Felix, 2015).

The KISS and the GAL systems in deuterostomes shared a common
origin with the protostome AST-A system. KISSR and AST-AR were the
result of a subsequent gene duplication event in the ancestral bilaterial
genome (Fig. 1, (Felix, 2015)). In humans, KISS consists of a group of
short amidated peptides that stimulate GnRH release in the hypo-
thalamus. KISS peptides in humans are required for puberty and
maintenance of normal reproductive function but also regulate
food intake and fat mass production (d'Anglemont de Tassigny,
2010; Wahab, 2013; Brown, 2008). Galanin has similar functions to
KISS peptides and is co-expressed with GnRH and changes in energy
intake modify its levels in serum and the hypothalamus (Fang, 2015;
Lang, 2007). In humans, a single KISSR and three GALR (GALR1,
GALR2 and GALR3) genes exist but in the slow evolving genomes of
the spotted gar (Lepisosteus oculatus) a ray-finned fish (Amores,
2011), four KISSRs and four GALRs exist and in the cartilaginous ele-
phant shark (Callorhinchus milii) (Venkatesh, 2014) three KISSRs and
five GALRs are predicted, suggesting that members of this family ex-
panded early in the vertebrate radiation but subsequently gene deletion
occurred in some lineages (Felix, 2015; Kim, 2014; Pasquier, 2012).

3. Phylogeny and evolution of molluscs

Mollusca are the second largest phylum of animals. They emerged
during the Cambrian period when the vertebrates also emerged
(Erwin, 2011). Molluscs have diverse body plans, sizes and shapes.
Seven classes of molluscs have been identified that are subdivided
into two subphylums based on the possession or not of a calcium car-
bonate shell: the shell-bearing, Conchifera and the shell-less Aculifera
(Fig. 2) (Smith, 2011; Kocot, 2011). The Conchifera subphylum in-
cludes; the bivalves with a bivalve shell, the gastropods with a single
coiled shell, the cephalopods with a single chambered or inner shell
and scaphopods that have a single tusk-shaped shell. The relationships
between the different classes remain enigmatic and some gastropods,
cephalopods and scaphopods possess no shell (Kocot, 2011; Gonzalez,
2015; Plazzi, 2011; Cunha, 2009). Many shell shapes and structures
have been identified and all molluscan shell layered structures are ex-
tracellular and result from the secretory activity of the mantle. Based
on studies of the engrailed genes (homeodomain transcription factors
that participate in establishing the boundaries of the shell-forming
fields), it is proposed that the evolution of the shell in Conchifera was
a consequence of the concentration of a diffuse shell gland into a single
zone of themantle (or in two mantle zones in bivalves). However, after
the shell evolved it was subsequently lost in many lineages (Smith,
2011; Jacobs, 2000). The bivalves and gastropods are highly successful
clades and more than 100,000 extant species have been identified. The
success of bivalves and gastropods is probably a consequence of their
functional plasticity that has allowed them to adapt to different envi-
ronments and acquire the diversity of forms, lifecycle and feeding strat-
egies that exist today, much as occurred in the insects. Genome and
transcriptome datasets are providing insight into how bivalve and gas-
tropod adaptations shaped their genomes and the genes that underpin
their unique structure and function (Clark, 2010; Zhang et al., 2012;
Meng, 2013; Uliano-Silva, 2014).
4. Molecular data for molluscs

Draft genome assemblies exist for three gastropods, L. gigantea
(Simakov, 2013), the freshwater snail (Biomphalaria glabrata)
(Raghavan, 2006) and the California sea hare (Aplysia californica)
and for two bivalves, C. gigas and the Japanese pearl oyster (P. fucata)
(Takeuchi et al., 2012) (Table 1). However, transcriptome data mainly
from high-throughput sequencing platforms is also available for a
large number of molluscs and provides an opportunity to identify
genes and to infer their potential function in organism physiology.
Transcriptomes exist for several gastropods and include the muscle,
ganglion, hepato-pancreas, gonad and gill of the South African Ablone
(Haliotis midae) (Picone, 2015) and the mantle of the common limpet
(Patella vulgate) (Werner, 2013). For bivalves of the Mytilus species
(Craft, 2010; Freer, 2014; Uliano-Silva, 2014), the Antarctic clam
(Laternula eliptica) (Clark, 2010), the great scallop (Pecten maximus)
(Artigaud, 2014) the black-lip oyster (Pinctada margaritifera) (Joubert,
2010) and the Japanese scallop (Patinopecten yessoensis) (Ding,
2015) mantle transcriptomes exist and for the Manila clam
(Ruditapes philippinaru) and the deep-sea hydrothermal vent mussel
(Bathymodiolus azoricus) transcriptomes for the gills and digestive
gland (Milan, 2011) and gills (Bettencourt, 2010) exist, respectively.
Most of the transcriptome data for molluscs is available at the NCBI
database as Expressed Sequence Tags EST; 1.137,560 sequences, July



Table 1
List of the mollusc genomes searched in the analysis. Searches were performed against the deduced peptides.

Species Common name Assembly Database

Lottia gigantea Owl limpet GCA_000327385.1 ENSEMBL
Aplysia californica California sea hare AplCal 2.0 Broad Institute
Biomphalaria glabrata Freshwater snail BglaB1 NCBI/VectorBase
Crassostrea gigas Pacific oyster GCA_000297895.1 ENSEMBL
Pinctada fucata Japanese pearl oyster ver 1.0 http://marinegenomics.oist.jp
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2015) or as short sequence reads (SRA; 1833 experiments, July 2015).
Recently, with the aim of further investigating the physiological mech-
anisms and biomolecules that regulate shell growth and development,
we generated an RNAseq assembled library from the mantle of the
Mediterranean mussel (M. galloprovincialis) (for library construction
and assembly details, see Bjärnmark et al.– present issue). The available
mantle datasets in NCBI were used to establish if the AST-A, KISS and
GAL receptor genes were present and to assess if functional specialisa-
tion of members of this gene family occurred in association with the
evolution of the mantle during bivalve evolution.
Fig. 3. AST-AR andKISSRGPCRs and buccalin polypeptides encoded by the gene precursors iden
Biomphalaria glabrata, Aplysia californica, Lottia gigantea and the bivalves Crassostrea gigas and Pi
number of putative buccalin amide peptides deduced from the polypeptide precursor is indicat
duced peptides are represented in Supplementary Fig. 3. The A. californica buccalin precursor is
“g”. The dendogram represents the consensus evolutionary trajectory of the species included
(2009); Razkin (2015).
5. Receptor members in molluscs

In molluscs as well as in other lophocotrozoan, studies of GPCR
evolution are scarce but orthologues of the insect AST-AR and of the ver-
tebrate KISSR genes were recently described in a gastropod, L. gigantea
(Mirabeau, 2013; Felix, 2015). No orthologues for the vertebrate GALR
genes were found. In other lophocotrozoans, such as the annelid
C. teleta, genes encoding receptors of the three subfamilies were identi-
fied as well as multiple AST-AR genes (5 genes) indicating that mem-
bers of this receptor family were under different evolutionary
tified in gastropods and bivalves. Numbers indicate the number of genes in the gastropods
nctata fucata. For other species the number of unique transcripts identified is indicated. The
ed within brackets. L. gigantea, C. gigas andM. galloprovincialis buccalin precursors and de-
described in Miller et al. (1993). Species with available genome data are annotated with a
in the analysis based on information obtained from Kocot (2011); Plazzi (2011); Cunha

http://marinegenomics.oist.jp


Table 2
Accession numbers of themollusc receptor family members identified. Data origin (genome or transcriptome datasets) are indicated below the species names. Receptors that aremarked
with an asterisk “*”were not used for the phylogenetic analysis due to the incomplete nature of the sequence.

Species AST-AR KISSR

Gastropods Aplysia californica
(genome)

XP_005097945.1 XP_005100004.1
XP_005105721.1

Lottia gigantea
(genome)

LotgiG108200 LotgiG51656
LotgiG102897
LotgiG92705

Biomphalaria glabrata
(genome)

BGLB009144RA

Lymnaea stagnalis
(heart and CNS transcriptome)

CAB77263.1
CAB77264.1
CAB77265.1
CAB77262.1

Bivalves Crassostrea gigas
(genome)

CGI_10013414 CGI_10023500
CGI_10017836
CGI_10023499*
CGI_10013413*

Saccostrea glomerata
(gills, digestive gland transcriptome)

GBJD01010463.1

Pinctata fucata
(genome)

aug1.0_4555.1_08937.t1
aug1.0_32239.1_12096.t1

aug1.0_585.1_36598.t1
aug1.0_33075.1_26626.t1

Mytilus galloprovincialis
(mantle transcriptome)

MgaR1 MgaR2
MgaR3
MgaR4
MgaR5

Bathymodiolus azoricus
(gill transcriptome)

SRR067874.129271.2*
SRR067874.397942.2*
SRR067874.146318.2*

Laternula eliptica
(mantle transcriptome)

18,961,079

Villosa lienosa
(muscle, mantle, gill transcriptome)

JR495027.1
JR511751.1

JR509684.1

Elliptio complanata
(whole animal transcriptome)

GAHW01014852.1
GAHW01038350.1
GAHW01078092.1*

GAHW01047360.1
GAHW01035593.1*
GAHW01061991.1

29J.C.R. Cardoso et al. / Marine Genomics 27 (2016) 25–35
pressure during the lophotrocozoan radiation (Mirabeau, 2013; Felix,
2015).

The receptor sequences from the insects (D. melanogaster, DAR1,
FBgn0028961 and DAR2 FBgn0039595 and A. coluzzii, GPRALS1 and
GPRALS2) (Felix, 2015)) and L. gigantea (Mirabeau, 2013; Felix,
2015) were used to search genomic (Table 1) and other available
mollusc databases (protein, transcriptome shotgun assembly (TSA)
ESTs, taxid:6447, http://www.ncbi.nlm.nih.gov) for putative AST-AR
and KISSR/GALR gene family members. Putative mollusc receptor
sequences with a cut off e-value b−10 were retrieved, analysed and
translated into the most probable coding sequence using the translator
tool available from Expasy (http://web.expasy.org/translate/). Articles
reporting assembled SRA datasets were also used to recover se-
quences as were raw reads (454 sequencing) from the gills of the
deep-sea hydrothermal vent mussel (B. azoricus). Query of unas-
sembled SRA datasets from other Mollusca produced a large num-
ber of short sequence hits that were difficult to interpret and
were not taken in consideration in this study. Assembled mantle
transcriptomes of M. galloprovincialis (Bjärnmark et al. – present
issue), L. eliptica and P. maximus (downloaded from the Polar Data
Centre NERC-BAS Datasets available from the British Antarctic Survey)
were also searched for AST-AR and KISSR/GALR family members. To
confirm the identity of the mollusc protein sequences, all the retrieved
DNA sequences for putative AST-AR and KISSR/GALR were used to in-
terrogate the NCBI vertebrate (taxid:7742) and insect (taxid:6960)
datasets using Blastp.

In general, AST-AR and KISSR/GALR receptor number varied be-
tween molluscs and multiple receptors of the same subfamily were
found in some species and were retrieved frommantle and other tissue
transcriptomes indicating that the receptors have a widespread tissue
distribution (Fig. 3, Table 2). Sequence homologues of AST-AR and
KISSR were identified but no GALR gene or transcripts were retrieved
from molluscs with available genome and transcriptome data
(Table 2). In the gastropods, a putative AST-AR and two putative
KISSR genes were identified in the genome of A. californica and a
single AST-AR and three KISSR genes (LotgiG102897 and LotgiG92705)
were retrieved from the genome of L. gigantea (Table 2). In the assem-
bled genome of B. glabrata a single AST-AR- gene was found and in the
great pond snail, L. stagnalis four AST-ARs genes were previously de-
scribed (Saunders, 2000) but no orthologues of the KISSR gene were
identified (Fig. 3).

In bivalves, multiple AST-AR and KISSR sequences were identified
and the number of genes/transcripts identified was species specific
(Table 2, Fig. 3). In oyster C. gigas genome a single AST-AR gene
(CGI_10013414 in scaffold960) and two complete KISSR genes
(CGI_10017836 in scaffold72 and CGI_10023500 in scaffold1258)
were found. In the genome of this species two other KISSR genes were
also predicted (CGI_10013413 in scaffold960 and CGI_10023499 in
scaffold1258) but their identity remains to be confirmed, as the se-
quences were very incomplete (Table 2). In the available genome of
the oyster P. fucata two AST-AR and two KISSR genes were retrieved.
In the transcriptome (gills and digestive gland) of the Sydney rock oys-
ter (Saccostrea glomerata) a single AST-AR transcript was found and the
M. galloprovincialismantle transcriptome yielded a single transcript for
AST-AR and four transcripts for KISSR although it was not possible to es-
tablish if the latter transcripts were the result of alternative gene splic-
ing or corresponded to the product of different genes, as no assembled
genome for this species or for other mussels are available. In contrast,
in the deep-sea hydrothermal ventmussel (B. azoricus), another species
of the Mytilidae family, three transcripts for AST-AR were retrieved
from the gill transcriptome but no representatives of the KISSR family
were identified. In the freshwater mussels, V. lienosa (muscle, mantle
and gill cDNA library) and E. complanata (whole animal cDNA library)
two and three AST-ARs and one and three KISSR transcripts were ob-
tained, respectively. In the L. elipticamantle transcriptome only one pu-
tative KISSR was retrieved (Table 2).

http://www.ncbi.nlm.nih.gov
http://web.expasy.org/translate/


30 J.C.R. Cardoso et al. / Marine Genomics 27 (2016) 25–35



31J.C.R. Cardoso et al. / Marine Genomics 27 (2016) 25–35
Phylogenetic analysis of bivalveAST-ARs andKISSRswithhomologues
from the insects (D. melanogaster, A. coluzzii and water flea, Daphnia
pulex), the nematodes (Caenorhabdiis briggsae and Pristonchus pacificus),
an early deuterostome representative, the amphioxus (Branchiostoma
floridae), and two vertebrates, a fish (L. oculatus) and human, confirmed
their identity. Trees were built using a sequence alignment of TM1
to TM7 domains using the: a) Maximum likelihood (ML) method in
PhyML, (http://www.atgc-montpellier.fr), b) the Neighbour Joining (NJ)
method in Mega 5 (Kumar, 2008) and c) Bayesian interference (BI) in
MrBayes 3.2 (Ronquist, 2012). ML and NJ phylogenetic trees were
constructed using the best model that characterises protein family
evolution (obtained from the Protest 2.4 server, (Abascal, 2005)). To
infer statistical support for phylogenetic tree branching 100 and 1000
bootstrap iterationswere used forML andNJ, respectively and probabil-
ity values were extracted for BI. The ML, NJ and BI methods generated
phylogenetic trees with identical topologies (Fig. 4 and Supplementary
Figs. 1 and 2).

The consensus ML tree (Fig. 4) revealed that most of the duplicate
receptor genes seem to have arisen through lineage specific or
species-specific events. Within the AST-AR cluster the two P. fucata
genes and the four L. stagnalis genes were the result of species-specific
duplications but the two members identified in the freshwater mussels
(V. lienosa and E. complanata) were potentially the consequence of a
gene duplication that affected the Unionidae family. In the KISSR clade
a similar scenario seems to have occurred but the clustering of one of
the A. californica KISSR and two L. gigantea KISSR genes outside the
deuterostome–protostome main receptor cluster suggests that the
ancestral KISSR gene may have duplicated prior to the protostome–
deuterostome divergence and that the descendants of the two gene
copies only persisted in gastropods (Fig. 4). In M. galloprovincialis the
four KISSR mantle transcripts grouped in two different branches of the
ML phylogenetic tree along with the duplicate orthologues found in
the oyster genomes, suggesting that prior to the divergence of the
Mytyloidea order, receptor gene duplication may have occurred. Three
of the M. galloprovincialis KISSR (MgaR3, 4 and 5) transcripts share
high sequence similarity and it remains to be established if they are
mantle specific gene isoforms or are also expressed in other tissues.
The presence of diverse members of the AST-AR and KISSR gene fam-
ily in the mantle of several bivalves (M. galloprovincialis, Laternula
eliptica, Villosa lienosa) and the characterisation of multiple receptor
transcripts in the mantle of M. galloprovincialis highlight that they
have a role in mantle function, which will be explored in future
studies.

6. Putative ligands

Mollusc genomes do not contain AST-A peptides and buccalins
have been proposed to be homologues of the insect AST-A peptides
(Veenstra, 2010). Both buccalins and AST-A are small peptides that
possess a C-terminal amidated region, they are encoded by large gene
families and multiple peptides arise by proteolysis of a single polypep-
tide precursors (Fig. 5 and Supplementary Fig. 3). Buccalins inhibit
mollusc muscle contraction and regulate feeding behaviour (Veenstra,
2010; Cropper, 1988; Miller et al., 1993). Buccalin was first isolated
from the gastropod accessory radula closer muscle (Cropper, 1988;
Miller et al., 1993) and in L. gigantea proteolysis of the polypeptide
precursor generates 19 peptides, 7 (GLDQYGFTGQLamide) and 3
(GLDQYGFAGQLamide) of which are identical (Veenstra, 2010) (Fig. 5
and Supplementary Fig. 3). Gastropod and bivalve genomes and
transcriptomes were interrogated with L. gigantea mature buccalin
Fig. 4. Phylogenetic tree of the AST-AR, KISSR and GALR sequences in molluscs and other meta
strap replicates using the deduced receptor sequence of TM1 to TM7 (available from Suppleme
tools/clustalw/) and edited with AliView software to eliminate the N and C terminal variable d
(http://www.atgc-montpellier.fr) with the bestmodel for protein evolution obtained fromProte
(Branchiostoma floridae) KISSR and GALR were obtained from Felix (2015) and have been inclu
peptides and orthologues of the genes encoding the full polypeptide
precursors retrieved to establish, which tissues produce them.

A novel buccalin-like gene (LotgiG87724) was identified in the
L. gigantea genome and the predicted buccalin-like peptides ended
with a V-amide. The putative peptide precursor probably generates at
least 11 mature V-amide peptides, 9 of which were identical
(PFDTLASGLVamide, Supplementary Fig. 3). In the C. gigas genome 3
genes for putative bucallin precursors were predicted (Supplementary
Fig. 3). The predicted C. gigas buccalin gene mapped to scaffold750
and had the potential to produce a high number of mature peptides.
Although relatively few identical peptides would be generated. Of the
19 L-amide peptides predicted to arise by proteolytic processing of the
C. gigas buccalin precursor polypeptide, 4 (ALDRYGFFGGLamide
peptides) and 2 (ALDQYGFAGSLamide) would be identical and the
sequence of the remaining peptides would be unique. The other two
C. gigas genes are buccalin-like genes (that map to scaffold1329 and
SuperContig C20578) and 100% identical but SuperContig C20578 was
13 aa shorter than scaffold1329. Both the predicted oyster buccalin-
like polypeptide precursors generate V-amide peptides and scaf-
fold1329 encoded a polypeptide precursor containing 12 peptides of
which 5 were identical.

In theM. galloprovincialis mantle transcriptome, 3 putative buccalin
polypeptide precursors orthologues of the C. gigas genes were retrieved
and designatedMga1–3. The deducedmature protein sequence ofMga1
was 32% and 34% similar to Mga 2 and 3 and generated 9 different
buccalin L-amide peptides (Supplementary Fig. 3). The deducedmature
polypeptide sequence ofMga 3was100% identical toMga 2with the ex-
ception that it was 13 aa shorter (Supplementary Fig. 3). Mga 2 and 3
were predicted to produce 10 and 9 buccalin-like peptides, respec-
tively of which 7 were PFDRLASGLVamide peptides. Comparison of
the mollusc buccalin L-amide and V-amide peptides revealed that
members of each peptide subfamily shared a conserved D at the N ter-
minus and a conserved G at the C-terminus. L-amide peptideswere sep-
arated by 5 residues (D-(5X)-G) and V-amide peptides were separated
by 4 residues (D-(4X)-G) (Fig. 5 and data not shown). Putative buccalin
transcripts (L-amide and V-amide) were also identified in other
molluscs and analysis of transcript expression revealed that they were
present in the mantle and several other tissues (heart, gill, muscle and
reproductive tissues) (Table 3).

In annelids, buccalin peptides or AST-A precursors were not identified
in C. teleta andH. robusta (Veenstra, 2011). However, in P. dumerilii 3AST-
A precursors were characterised (Conzelmann, 2013) suggesting that
buccallin and its precursors may be a mollusc specific innovation. The
peptide coding potential of the expressed product of the buccalin gene
and the number of unique family members, many of which seem to be
species-specific, is intriguing and raises questions about how they
evolved and their physiological importance in molluscs.

7. Conclusion

Members of the AST-A, KISS and GAL GPCR systems had a common
evolutionary origin but after their divergence family members suffered
distinct evolutionary pressures as revealed by the receptor and peptide
gene repertoire present in animal genomes (Fig. 1). Homologues of the
arthropod AST-AR and vertebrate KISSR and putative peptide ligands
were identified in molluscs but no GALR genes or transcripts were
found suggesting that they were lost in this lineage (Fig. 1). The
buccalins were identified as putative AST-AR ligands andmay be amol-
lusc specific innovation. Multiple copies of buccalin, some identical and
others withminor sequence variations, were predicted when the genes
zoans. The consensus tree was constructed with Maximum likelihood (ML) and 100 boot-
ntary Data 1). Receptor sequences were aligned using Clustal W (http://www.genome.jp/
omains and incomplete receptor sequences (Table 2). The ML tree was built using PhyML
st (LG+ I (0.013)+G (1.271)). Human, spotted gar (Lepisosteus oculatus) and amphioxus
ded in the analysis. The tree was rooted with the human and spotted gar GPR151 branch.

http://www.atgcontpellier.fr
http://www.genome.jp/tools/clustalw/
http://www.genome.jp/tools/clustalw/
http://www.atgcontpellier.fr


Fig. 5. Comparison of the humanKISS, insect AST-Apeptides andmollusc buccalin andbuccalin-like peptides. Amino acid conservationwith the FGLmotif characteristic of the insect AST-A
is highlighted in red. The conserved D and G motifs characteristic of L-amide and V-amide buccalin peptides are in bold. Only unique peptides deduced from the complete precursor se-
quences reported in Supplementary Fig. 3 are represented. The letters after the accession number indicate identical peptides predicted in the full peptide precursor, and the peptides are
listed according to their order of appearance in the polypeptide precursor (e.g. “a” is thefirst deducedmature peptide and so on). The Crassostea gigas andMytilus galloprovincialisV-amide
peptides correspond to scaffold1329 and Mga2, respectively (Supplementary Fig. 3).
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and transcripts of a given species were analysed and this suggests that
this family of peptides may have a diversity of unexplored functions in
molluscs. The production of multiple copies of identical buccalin pep-
tides from the same polypeptide precursor is intriguing and we
hypothesize that this may favour a rapid and strong response to stimu-
lus; future studies will be required to answer this question. Data from
the molluscs support the hypothesis that AST-AR shares greater evolu-
tionary proximity to KISSR than to GALR and that the members of



Table 3
Accession numbers and origin (EST and TSA) of the mollusc bucallin and bucallin-like peptide transcripts.

Species Type EST TSA

Aplysia californica V-amide GBDA01109291
(gills)
GBBG01041237
(ovotestis)
GBBE01067718
(hermaphroditic glands, reproductive tissue)
GBCZ01124427
(rhinophores, tentacles)
GBAQ01052379
(hepatopancreas)
GBBV01059111
(digestive tissue)
GBAV01130732
(muscle)
GBBW01013096
(heart)

L-amide FF081227
(multi tissues)

GBCZ01016503
(rhinophores, tentacles)
EZ114739
(whole animal)
GBCZ01016502
(rhinophores, tentacles)
GBAV01060166
(muscle)
GBCZ01016503
(rhinophores, tentacles)
GBDA01058080
(gills)
GBBG01042508
(ovotestis)

Crassostrea angulata V-amide JT997155.1
(whole animal)

Crassostrea gigas L-amide CU988287
(whole animal)
HS248228
(gill, muscle, mantle)
HS240090
(gill, muscle, mantle)

Limnoperna fortunei L-amide GBGC01006916
(mantle, gills, digestive gland, abductor muscle)

Mytilus galloprovincialis L-amide Mga_1
(mantle)

V-amide Mga_2
(mantle)
Mga_3
(mantle)

Saccostrea glomerata L-amide GBJD01013364
(whole animal)
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both receptor families suffered lineage and species-specific evolution
during the mollusc radiation. The absence of GALR genes in mollusc
and insect genomes, and their presence in annelids suggest that they
were transmitted from the ancestral bilateria genome to protostomes
but that during their radiation the receptor genes were lost or retained
due to different evolutionary pressures. In the Lophocotrozoa genomes
GALR genes were deleted prior to the mollusc expansion and in the
Ecdysozoa they were deleted, probably at the same time as the KISSR
genes and prior to the radiation of the nematode and arthropod line-
ages. The existence inmolluscs of anAST-AR systemsimilar to that in in-
sects and a KISSR system similar to that in vertebrates highlights the
biological importance of these regulatory networks. Co-expression of
AST-AR and KISSR and a variety of bucallin peptides by the mantle sug-
gests that they probably have a regulatory role in this tissue. We pro-
pose that during evolution of the molluscs the AST-A/KISS peptidergic
system recruited a new ligand, buccalin, and also acquired, as yet un-
identified, mantle specific functions.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.margen.2015.12.003.
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