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The receptors of serotonin, also known as 5-hydroxytryptamine receptor (5-
HTR) can mediate regulatory metamorphosis processes in a variety of mollusks.
Studying the mechanisms of metamorphosis of the pearl oyster is significant to
elucidate breeding, resource recovery and marine pearl production. In this
study, two 5-HTR genes from Pinctada fucata martensii (Pm5-HTR2 and Pm5-
HTR4) were cloned. A total of 1623 bp open reading frame was identified in
Pm5-HTRZ2, and a 1185 bp open reading frame was detected in Pm5-HTR4;
these open reading frames encoded a 540-residue polypeptide and a 394-
residue polypeptide, respectively. We also conducted a domain analysis, which
indicated that Pm5-HTR2 and Pm5-HTR4 contained a seven-transmembrane
domain and revealed that the receptors had high similarity to Crassostrea gigas
5-HTR2 (54.62%) and 5-HTR4 (66.23%). Sequence analysis demonstrated
conserved advanced structure and motifs (the DRY/ERY and NPXXY maotifs).
The expression pattern analysis revealed high expression levels of Pm5-HTR2
and Pm5-HTR4 during the developmental stages. ISH analysis showed that
Pm5-HTR2 was primarily expressed in the FE, B, T, EU, and EL stages and Pm5-
HTR4 was mainly expressed in the FE, B, T, D, EU, and EL stages. These results
suggest that 5-HTRs may play key roles in P. f. martensii larval metamorphosis.
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Introduction

The neurotransmitter 5-hydroxytryptamine (5-HT), more
commonly known as serotonin, is a key signaling molecule in
mammals that regulates many physiological processes, such as
learning, emotion, sleep, locomotion, reproduction, and pain
perception (Weiger, 1997). 5-HT also is one of the oldest and
most ubiquitous developmental regulators in vertebrates and
invertebrates. In invertebrates, 5-HT plays a crucial role in
growth, development, memory, mating, and biological
rhythms (Norville et al, 2010; Johnson et al., 2011). In
mollusks, 5-HT and 5-HT receptors (5-HTRs) are key
components of a variety of physiological activities, including
locomotion (Filla et al., 2004), feeding (Kawai et al., 2011), and
reproduction (Panasophonkul et al., 2009); researchers have also
demonstrated their involvement in memory (Kandel, 2001) and
circadian rhythms (Levenson et al., 1999). Furthermore, 5-HT
can regulate metamorphosis and larval settlement
in invertebrates, including hydroids (McCauley, 1997;
Mayorova et al,, 2014), ascidians (Zega et al., 2005), barnacles
(Yamamoto et al., 1996), and mollusks (Couper and Leise, 19965
Urrutia et al., 2004; Mapara et al., 2008). For example, the larvae
of freshwater molluscs and marine polychaetes, endogenous 5-
HT released from the neurons of the apical sensory organ (ASO)
in response to external stimuli retarded larval development at
premetamorphic stages, and accelerated it at metamorphic
stages (Glebov et al., 2014). In ascidian larvae, 5-HT signaling
was suggested to trigger metamorphosis (Zega et al.,, 2005). 5-HT
was suggested to act via larval nervous system and downstream
5-HT receptors. However, the underlying functions of 5-HT in
development of pearly oyster are unclearly.

5-HT regulates a plethora of biological functions by binding
to several receptors (Tierney, 2001). Researchers have identified
seven 5-HT receptor subtypes (5-HT1-7) in mammals, and all
seven have been characterized as G-protein-coupled receptors
(GPCRs) according to biochemical and pharmacological criteria
(Roth, 2006). In mammals, these receptors are involved in
synthesizing second messengers that activate mitogen-activated
protein kinase as well as protein kinases A and C (Ghirardi et al.,
1992; Li et al., 1995; Martin et al., 1997). By interacting with G-
protein-coupled receptors, 5-HT alters the concentration of
intracellular cAMP in larvae, thereby participating in larval
settlement and metamorphosis (Heyland et al, 2011). Three
types of 5-HT receptors (5-HT1-, 5-HT4- and 5-HT7-like) from
Helicoma trivolvis are functionally active at premetamorphic
(trochophore, veliger) and metamorphic (veliconcha) stages
(Glebov et al., 2014).

The lifestyles of most aquatic invertebrates are complex and
consist of two phases: a larval (planktonic) phase followed by an
adult (benthic) phase. The intricate process of larval
development is regulated by several internal and external

Frontiers in Marine Science

02

10.3389/fmars.2022.1011420

elements. Metamorphosis, in which the planktonic larvae
transition to adult bivalves, is a vital stage in the life cycle of
the bivalve and has a direct impact on changes in the population
because of the mortality rate of 80%-90% (Yang et al., 2022).
Research has demonstrated that 5-HT is a crucial molecule in
the transition from the planktonic stage to the adult stage,
including larval settlement and metamorphosis. Serotonergic
pathways, which involve 5-HT and its precursors (5-
hydroxytryptophan and L-tryptophan), help regulate
metamorphosis in many invertebrates (Zhao et al., 2003;
Urrutia et al., 2004; Yu et al., 2008; Alfaro et al., 2011; Cao
et al., 2020). Zhao et al. (2003) reported that 1073 M serotonin
led to the highest rate of larval settlement in Pinctada maxima
and did not have any toxic effects on the larva. However, studies
on 5-HTR-particularly role of its signaling pathways in larval
development and during metamorphosis are scarce.

Pinctada fucata martensii is a subspecies of pearl oyster
predominantly distributed in subtropical and tropical marine
environments (Li et al., 2018); it is the main species of seawater
pearl oysters cultivated in China and is cultured in Guangdong
Province, Guangxi Province, and Hainan Province (He et al,
2020). Studying the mechanisms of metamorphosis as well as the
larval growth and development patterns of the pearl oyster is
essential to elucidate breeding, resource recovery, population
changes, and distribution patterns in natural marine areas. Our
previous research revealed that the upregulation of 5-HTRs (5-
HTRs 1, 2, and 4) promoted larval metamorphosis in P. f.
martensii (Zhang et al., 2021). Therefore, in the current study,
two 5-HTR genes were cloned and analyzed to explore their
functions in larval development.

Materials and methods
Study animals and collection of samples

The animals used in this study were 1.5-year-old P. f. martensii
black shell line pearl oysters (Deng et al., 2013) that were reared on
pearl farm in Liusha bay (Zhanjiang, Guangdong Province, China).
Sperm and eggs were obtained by dissecting the parents, and after
artificial insemination, the larvae of P. f. martensii were grown in
nursery pools (temperature: 25 + 1°C; salinity: 30 + 1%o). Larvae were
collected at the following stages: juvenile (J), spat (S), eyed larvae
(EL), early umbo larvae (EU), D-stage larvae before feeding (DF), D-
stage larvae (D), trochophore (T), early trochophore (ET), gastrula
(G), blastula (B), fertilized egg (FE), and egg (E). Liquid nitrogen was
used to freeze some samples immediately, and these samples were
kept at —80°C until they underwent RNA extraction; 5% MgCl, was
used to anesthetize the other larvae, which were then washed with
filtered sterile seawater, fixed in 4% paraformaldehyde containing
1% DEPC, and stored at 4°C for in situ hybridization experiments.
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Cloning of full-length Pm5-HTR2
and Pm5-HTR4

Trizol reagent (Thermo-Fisher Scientific, USA) was used to
isolate total RNA from samples at different developmental
stages, and gel electrophoresis was used to detect RNA
integrity on 1% agarose gel. To measure RNA quantity, the
0D260/0OD280 ratio was calculated with a NanoDrop 2000
spectrophotometer (Thermo-Fisher Scientific, USA).
Subsequently, M-MLV reverse transcriptase obtained from
Promega (USA) was employed to synthesize cDNA from 2 ug
aliquots of RNA following the protocol of the manufacturer.
Partial sequences of Pm5-HTR2 and Pm5-HTR4 were obtained
from the P. f. martensii genome (Du et al, 2017) and larval
transcriptome (Zhang et al., 2021), and a SMART RACE ¢cDNA
Amplification Kit (Clontech, USA) was used to carry out RACE
reactions. The 5" untranslated region (5'UTR) (partial sequence
of Pm5-HTR2 and Pm5-HTR4) and 3’ untranslated region (3’
UTR) (Pm5-HTR2 and Pm5-HTR4) were isolated via nested
polymerase chain reaction (PCR). The 5'UTR of Pm5-HTR2 was
obtained using unpublished data on the full-length
transcriptome of P. f. martensii. Primers (presented in
Table 1) were based on the partial sequences of Pm5-HTR2
and Pm5-HTR4.

Sequence analysis

BLASTX (http://www.ncbinlm.nih.gov/blast) and DNAMAN
were used to evaluate and merge the complete sequences of Pm5-

TABLE 1 Primers used in the present study.
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HTR4 and Pm5-HTR2. The Open Reading Frame Finder (https://
www.ncbinlm.nih.gov/orfiinder/) was then employed for the
prediction of the open reading frame (ORF). Subsequently, the
amino acid sequences were identified using Expasy ProtParam
(http://web.expasy.org/protparam/), and the transmembrane
domain was analyzed by TMHMM Server version 2.0 (https://
services.healthtech.dtu.dk/service.php? TMHMM-2.0). NCBI
BLAST (http://blast.ncbinlm.nih.gov/Blast.cgi) was used to assess
the similarity between 5-HTR amino acid sequences from different
species, and multiple sequences were aligned with the sequences of
5-HTR2 (Crassostrea virginica, XP_022343922.1; Mytilus
galloprovincialis, VD168244.1; Haliotis rufescens, XP_046365272.1;
Crassostrea gigas, XP_011430856.2; Pecten maximus,
XP_033761220.1) and 5-HTR4 (C. virginica, XP_022341057.1; C.
gigas, XP_011430667.2; P. maximus, XP_033756774.1;
Mizuhopecten yessoensis, XP_021369092.1; and Mytilus coruscus,
CAC5420242.1) using Clustal W. The advanced structure was
determined by Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/
protocol) on the basis of sequences from M. galloprovincialis
(VDI168244.1) and C. gigas (XP_011430667.2). The amino acid
sequences of 5-HTRs from various species (Haliotis discus hannai:
QEZ90770.1, QEZ90772.1, QEZ90773.1, QEZ90775.1, and
QEZ90776.1; Pinctada fucata: AIW04132.1; Aplysia californica:
NP_001240691.1 and XP_005105784.1; M. yessoensis:
XP_021369092.1; Homo sapiens: CAA71462.1, AAA92622.1,
NP_000863.1, NP_000858.3, and NP_000859.1; Mus musculus:
NP_001347227.1; Xenopus laevis: NP_001082744.1; Equus
caballus: NP_001157454.1; and Bos taurus: NP_001035575.1)
were employed to build a phylogenetic tree with MEGA6
software. To obtain the confidence value for the phylogenetic

Primer name Sequences (5'—3’) Function
Pm5-HTR2-3-outerl TAACACGGGTCCATTTCCA RACE
Pm5-HTR2-3-innerl CACAGTCACTTGAGCGGATT RACE
Pm5-HTR2-5-outer2 GCTAATGTCAAACGATGGGG RACE
Pm5-HTR2-3-inner2 GTGACAGCCAACGACAAGAG RACE
Pm5-HTR4-3-outerl TTACCAATGCCTTCGTCGTGTC RACE
Pm5-HTR4-3-innerl AGCAAGAAAGCAAGCACACCAT RACE
Pm5-HTR4-5-outer2 GCTAACATCCATCGCAGTCC RACE
Pm5-HTR4-3-inner2 TCACTAGCGGCAAGACTGAC RACE

B-actin-F CGGTACCACCATGTTCTCAG qRT- PCR
B-actin-R GACCGGATTCATCGTATTCC qRT- PCR
Pm5-HTR2-q-F GCGACCTAAGCAGTTCACC qRT- PCR
Pm5-HTR2-q-R TGACACGGACACGCCATT qRT- PCR
Pm5-HTR4-q-F CGCCTCCACCTGTTTATTC qRT- PCR
Pm5-HTR4-q-R ACACGACGAAGGCATTGG qRT- PCR
Pm5-HTR2-F GCGACCTAAGCAGTTCACC In situ hybridization
Pm5-HTR2-R tttTAATACGACTCACTATAGGGTGACACGGACACGCCATT In situ hybridization
Pm5-HTR4-F TTATTCCAAGGAGGTCAGTACG In situ hybridization
Pm5-HTR4-R tttTAATACGACTCACTATAGGGTATACAGCGAACGGCATCAC In situ hybridization
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investigation, the neighbor-joining method was utilized; 1000
bootstrap replications were carried out.

Analysis of Pm5-HTR2 and Pm5-
HTR4 expression

Quantitative real-time RT-PCR (qQRT-PCR) was performed with
B-actin as the reference gene to determine mRNA expression.
Research has showed that B-actin was the most stable reference gene
for different tissues and different embryonic developmental stages
(Wang and He, 2013) and have been widely used as reference genes
for qQRT-PCR analysis (Wang et al., 2019; Lai et al., 2021;
Chen et al, 2022). qRT-PCR was performed with SYBR Green
Master Mix (Thermo-Fisher Scientific, USA) according to the
protocol recommended by the manufacturer. All reactions were run
in triplicate. Using the complete cDNA sequences from the Pm5-
HTR2 and Pm5-HTR4 genes, primers (100 to 300 bp in length) were
created with a T7 promoter (GCGTAATACGACTCACTATAGGG)
inserted upstream of the forward primer to perform in situ
hybridization (ISH). PCR amplification was used to isolate the target
fragments, which were then recovered and purified. The recovered
products were subsequently transcribed by DIG RNA Labeling Mix
and T7 RNA polymerase, ultimately yielding a digoxigenin-labeled
RNA probe. D-shaped larvae, umbo larvae, eyed larvae, and juveniles
were decalcified with 30% EDTA solution containing 1% DEPC for 1-
12 h (the decalcification time was gradually extended as development
progressed), and the other stages of larvae were washed with DEPC 3-
5 times for 2 min. The treated larvae underwent in situ hybridization
using the Enhanced Sensitivity ISH Detection Kit IV (CY3) (Boster)
following the instructions from the manufacturer, and observations
were recorded by microscopic examination.

Statistical analysis

SPSS software (IBM, Chicago, IL, USA) was used to perform all
statistical analyses in this study. Significant differences (P < 0.05) in
expression levels between different stages of development were
identified by one-way analysis of variance (ANOVA) followed by
Duncan’s multiple comparison test. The expression levels of Pm5-
HTR2 and Pm5-HTR4 were analyzed by comparative CT (274<T)
method (Livak and Schmittgen, 2001).

Results

Pm5-HTR2 and Pm5-HTR4 cloning and
sequence analysis

The 5'-UTR, 3’-UTR, and the complete sequence of Pm5-
HTR2 were 483 bp, 192 bp, and 2298 bp, respectively. The Pm5-
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HTR2 sequence analysis identified an ORF of 1623 bp; in
addition, the gene encoded 540 amino acids (Figure 1A), and
its molecular weight was 60.94 kDa. Transmembrane prediction
using hidden Markov models (TMHMM) revealed seven
transmembrane domains, each consisting of 19-22 residues.
According to the predictions of the NetPhos 3.1 server, Pm5-
HTR?2 contains 106 phosphorylation sites, and threonine, serine,
and tyrosine residues serve as potential phosphorylation sites for
multiple protein kinases (Supplementary Table 1).

The 5’-UTR, 3’-UTR, and the complete sequence of Pm5-
HTR4 were 479 bp, 428 bp, and 2092 bp, respectively. The ORF
identified by Pm5-HTR4 sequence analysis was 1185 bp and
encoded a total of 394 amino acids (Figure 1B); the gene’s
molecular weight was 44.59 kDa. TMHMM analysis revealed
seven transmembrane domains, each consisting of 22 residues.
The NetPhos 3.1 server predicted the presence of 31
phosphorylation sites and indicated that threonine, serine, or
tyrosine residues serve as potential phosphorylation sites for
multiple protein kinases (Supplemental Table 2).

Multiple sequence alignment analysis of
Pm5-HTR2 and Pm5-HTR4

The 5-HTR2 and 5-HTR4 sequences from different species
were used to construct multiple sequence alignment, which
revealed that the 5-HTR amino acids were conserved. In
addition, DRY and NPXXY (the receptor activation residues
found in the GPCRs) were conserved in the 5-HTR2 and 5-
HTR4 structural profiles (Figure 2). BLASTP was used to search
the NCBI database, which revealed that Pm5-HTR2 exhibited
the highest homology with the C. gigas 5-HTR2 (54.62%), and
Pm5-HTR4 exhibited the highest homogony with C. gigas 5-
HTR4 (66.23%).

Advanced structure analysis of Pm5-
HTR2 and Pm5-HTR4

The advanced structure of the P. f. martensii and M.
galloprovincialis 5-HTR2s and P. f. martensii and C. gigas 5-
HTR4s were predicted by Phyre2, and the results were visualized
by Chimera 1.8.1. Multiple alpha helices were identified in 5-HTR2
and 5-HTR4, and helix-loop-helix structures separated these
motifs (Figure 3). The advanced structures of the 5-HTR2s of P.
. martensii and M. galloprovincialis were similar, as were the ERY
and NPXXY motifs of these species. Correspondingly, the advanced
structures of the 5-HTR4s from P. f. martensii and C. gigas were
similar, as were the DRY and NPXXY motifs. These findings
validated the conservation of the predicted 5-HTR structure. In
addition, we observed a short carboxy-terminal domain and a long
third cytoplasmic loop in the sequence.
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450 IPGMCKQCYLNPTLMTAFVVWLGYVSSTLNEP
2341 ATTATATATACCATGTTTAACAAAACKTTCAAAATTACGATGAAAMATTGATATGTGOCAGTATGACAMACTACMCCGCACAGACCA o8 ALLPTEMNSTLTLCH
480 ITYTMFENKTFEKITMEKEKLIMCQYDKLGQEREHREP 711 4 toatatcatetacttt attgaccagatagtgacgt
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FIGURE 1

The nucleotide and deduced amino acid sequences of Pm5-HTR2 (A) and Pm5-HTR4 (B). The 5-UTR and 3’-UTR are indicated by small letters;
capital letters represent the ORF and the deduced amino acid (aa) sequences; and the letters with gray background shows the transmembrane

domain

Phylogenetic tree analysis of Pm5-HTR2
and Pm5-HTR4

To investigate possible evolutionary relationships, the 5-
HTRs of various vertebrate and invertebrate species were used
to construct a phylogenetic tree. The results presented in
Figure 4 show the clustering of the 5-HTRs into various
clades. According to the phylogenetic tree analysis, Pm5-
HTR2 showed the closest relationship to the 5-HTR2 of H.
discus hannai, and the 5-HTR2s of P. f. martensii, H. discus
hannai, H. sapiens, and X. laevis were clustered and separated
with other 5-HTRs. Pm5-HTR4 clustered with the 5-HTR4 of
the bivalve species (H. discus hannai, A. californica, and M.
yessoensis). The results of the phylogenetic tree analysis were
consistent with those of traditional taxonomy.
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Expression analysis of Pm5-HTR2 and
Pm5-HTR4

To analyze the expression level of Pm5-HTR2 and Pm5-HTR4 at
different development stages, QRT-PCR method was utilized. Both
Pm5-HTR2 and Pm5-HTR4 were expressed in the following stages: ],
S, EL, EU, DF, D, T, ET, G, B, FE, and E (Figure 5). Pm5-HTR2
expression in G was significantly elevated compared with its
expression in the other stages (P < 0.05) (Figure 5A). Pm5-HTR4
was highly expressed in the early development stages and the EU
stage (Figure 5B). In addition, ISH was used to detect Pm5-HTR2
and Pm5-HTR4 in different developmental stages. The Pm5-HTR2
or Pm5-HTR4 ISH signal was indicated by red fluorescence; the
nuclear staining signal (which indicates the integrity of the tissue or
individual) was indicated by blue fluorescence. As shown in Figure 6,
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Multiple sequence alignment of Pm5-HTR2 (A) and Pm5-HTR4 (B). The numbers on the right present the total amino acid of each protein. The
conserved residues believed to be involved in 5-HT-receptor binding is indicated by asterisks. The rectangular box indicates the conserved

residues of GPCRs.

the ISH results revealed that Pm5-HTR2 was primarily expressed in
the FE, B, T, EU, and EL stages; in addition, strong hybridization was
identified in the T and EL stages (Figure 6B-a and Figure 6B-c).
Pm5-HTR4 was mainly expressed in the FE, B, T, D, EU, and EL
stages (Figure 7), and strong hybridization signals were detected in
the FE, T, D, and EU stages (Figure 7B-a and Figure 7B-c).

Discussion

Research has showed that serotonergic pathway which
includes the manoamine neurotransmitter 5-HT, involved in
larval development and metamorphosis in H. trivolvis and P. f.
martensii (Glebov et al., 2014; Zhang et al,, 2021; Yang et al,,
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2022). In this study, two full-length of 5-HTRs obtained from P.
f. martensii were used to explore their potential roles in this
species’ development. The protein sequences of both Pm5-HTR2
and Pm5-HTR4 contained seven transmembrane domains; these
were identified as typical G-protein-coupled chemoreceptors.
Serotonin receptor was characterized with seven hydrophobic
transmembrane helical segments with unique sequence patterns
(including a short intracellular loop domain and a long third
cytoplasmic loop) (Tierney, 2001), which is similar to the result
of the present study. These intracellular loops and extracellular
loops connect these transmembrane helices (Baldwin, 1993).
Receptor activation in the GPCR family is likely attributable to
the DRY/ERY and NPXXY motifs of TM-III and TM-VII,
respectively (Sharker et al., 2020). Furthermore, the
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FIGURE 3

Molecular model of the three-dimensional structure of Pm5-HTR2 (A), Mg-HTR2 (B) (VDI68244.1), Pm5-HTR4 (E), and Cg5-HTR4 (F)
(XP_011430667.2). The ERY/DRY and NPXXY motifs are shown in orange and red, respectively. Panels (C, D, G, H) show the ERY/DRY and

NPXXY motifs of panels (A, B, E, F), respectively.

phosphorylation site for protein kinase A or C may be essential
in various signal transduction cascades (Ali et al, 2016).
According to multiple sequence alignment, the binding of 5-
HT with its receptor involves the conserved residues Ala, Phe,
and Trp (Mapara et al., 2008). Consistent with these findings,
advanced structure analysis demonstrated the conserved
structure of the full protein sequence and motif (Sharker et al.,
2020). In this study, a phylogenetic tree analysis revealed that
Pm5-HTR2 and Pm5-HTR4 clustered with 5-HTR2 and 5-
HTR4, respectively, which supports the results of the
abovementioned studies.

The signaling of 5-HT2R stimulates the phosphatidylinositol-
calcium second messenger system, regulates the action of
phosphatidylinositol 3-kinase and its downstream signaling
pathways, and induces cells to release intracellular calcium ions.
5-HT4R activates adenylate cyclase activity primarily by coupling
with G proteins, thereby elevating the level of the intracellular
second messenger cAMP, which activates corresponding
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functional effects in cells (Claeysen et al., 1996). Furthermore, 5-
HT2R is necessary for the release of dopamine and 5-HT, the
uptake of 5-HT, and the modulation of extracellular dopamine
and 5-HT levels, thus affecting neural activity (Lamiay et al., 2006;
Doly et al,, 2008) during mammalian development stages. The
results of the RT-qPCR and ISH of Pm5-HTR2 and Pm5-HTR4
during P. f. martensii development revealed that both receptors
are expressed widely during development especially in the early
development stages which indicated their functions in the early
development (Zheng et al, 2019; Zhang et al., 2021). The
experimental tractability of H. trivolvis embryos revealed that 5-
HT, 5-HTR and neurotransmitter plays multiple roles during
embryonic development (Christopher et al,, 1996; Mapara
et al.,, 2008).

In invertebrates, different types of 5-HT receptors have
varying affinities for serotonin; for example, Balanus
amphitrite has two receptors with different affinities for
serotonin. In one study, 5-HT receptors inhibited larval
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Phylogenetic tree analysis of Pm5-HTR2 and Pm5-HTR4 from differe
using the neighbor-joining method with 1000 bootstrap replications.

settlement when larvae were exposed to 0.1 uM serotonin,
whereas they promoted larval settlement when larvae were
exposed to high concentrations of serotonin (100 puM)
(Yamamoto et al., 1996). Different 5-HTR isoforms (5-HTRI,
5-HTR4, and 5-HTR7) were also identified in the genome of the
gastropod Helisoma trivolvis; as the gastropod transitioned to the
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The scale bar indicates a branch length of 0.1.

metamorphic stage, researchers observed downregulated 5-
HT4-like and 5-HT7-like receptor expression, along with
downregulated expression of the downstream G protein. By
contrast, they observed that the expression of the 5-HT1-like
receptor was upregulated, as was the expression of its
downstream G protein (Glebov et al.,, 2014). However, in some
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In situ hybridization results of Pm5-HTRZ2 at the developmental stage. (A—G) photos of the experimental group under white light; (a—g) photos
of the experimental group under fluorescent light. (A/a), fertilized ovum; (B/b), blastocyst; (C/c), trochophore; (D/d), D larvae; (E/e), umbo
larvae; (F/f), eyed larvae; (G/g), juvenile. Red fluorescence: in situ hybridization signal of the gene; blue fluorescence: nucleus.

mollusks, such as Phestilla sibogae (Hadfield, 1984) and H.
rufescens (Morse et al., 1979), 5-HT did not exhibit inductive
activity during larval metamorphosis. In the present study, Pm5-
HTR2 was highly expressed in the eyed larvae, whereas 5-HTR4-
like was significantly upregulated in the umbo larvae. These
results aligned with the results of ISH. Pm5-HTR2 showed
highly expression in the eyed larvae and indicated its roles in
the larval settlement and metamorphosis. Furthermore, Pm5-
HTR4 showed highly expression in the stages before the eyed
larvae which may provide the possibility of it in the materials or
molecules preparation for the metamorphosis process. These
results suggest that these receptors might function during
different stages or have different functions in larval settlement
and metamorphosis. These studies suggest that different marine
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invertebrate larvae may have different 5-HT and 5-HTR
regulatory mechanisms during metamorphosis which require
further investigation.

Conclusions

In the present study, two 5-HTR genes (Pm5-HTR2 and
Pm5-HTR4) from P. f. martensii were cloned. Both contained a
typical seven-transmembrane domain and demonstrated high
identity with C. gigas 5-HTR2 (54.62%) and 5-HTR4 (66.23%).
Sequence analysis revealed the conserved advanced structure
and DRY/ERY and NPXXY motifs. Pm5-HTR2 and Pm5-HTR4
were expressed widely in the developmental stages, which was
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In situ hybridization results of Pm5-HTR4 at the developmental stage. (A—G) photos of the experimental group under white light; a—g: photos of
the experimental group under fluorescent light. (A/a), fertilized ovum; (B/b), blastocyst; (C/c), trochophore; (D/d), D larvae; (E/e), umbo larvae;
(F/f), eyed larvae; (G/g). juvenile. Red fluorescence: in situ hybridization signal of the gene; blue fluorescence: nucleus.

consistent with the results of ISH. These findings indicate that 5-
HTRs participate in larval metamorphosis; thus, our study
provides novel evidence to support the investigation of this
process in bivalves.
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