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Putative role of corazonin

in the ovarian development of
the swimming crab

Portunus trituberculatus

Shisheng Tu, Fugiang Ge, Yaoyao Han, Mengen Wang,
Xi Xie* and Dongfa Zhu*

School of Marine Science, Ningbo University, Ningbo, China

Corazonin (Crz) is a neuropeptide that widely distributed in insects and
crustaceans. The Crz is proposed to have pleiotropic functions in insects, but
its physiological roles in crustaceans are poorly understood. In the present study,
Crz and its putative receptor (CrzR) were identified from the swimming crab,
Portunus trituberculatus, and their interaction was validated using the Dual-
Luciferase reporter assay system. Tissue distribution analysis showed the PtCrz
was mainly derived from center nerve system, while its receptor was highly
expressed in Y-organ, the main site for ecdysteroids synthesis. Exposure of YO to
synthetic Crz and CrzR dsRNA respectively led to the transcriptional changes of
two ecdysteroidogenesis genes, further indicating a putative role of Crz signaling
on ecdysteroids synthesis. During the ovarian development, the mRNA levels of
PtCrz and PtCrzR increased significantly in vitellogenic stages, suggesting a
potential role of Crz signaling in vitellogenesis. The hypothesis was further
strengthened by in vitro experiments that the expression of vitellogenin (Vg), Vg
receptor (VgR), cyclinB, and Cdc2 in ovary explants could be induced by synthetic
Crz, whereas reduced by CrzR dsRNA. In addition, since 20-hydroxyecdysone
also showed a stimulating effect on Vg expression, an indirect regulation of Crz
signaling on ovarian development via ecdysteroids might also exist.

KEYWORDS

corazonin, corazonin receptor, ovarian development, ecdysteroid, Portunus
trituberculatus.

Introduction

Corazonin (Crz) is a neuropeptide that widely distributed in insects and crustaceans
(Roch et al., 2011; Patel et al., 2014; Veenstra, 2016). Due to its structural relevance to the
vertebrate gonadotropin-releasing hormone (GnRH), Crz is known as a member of the
GnRH-related peptides. In arthropods, the GnRH-related peptides also include
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adipokinetic hormone/corazonin-related peptide (ACP) and red
pigment-concentrating hormone (RPCH) (Hauser and
Grimmelikhuijzen, 2014; Zandawala et al., 2015). A typical Crz
prepropeptide normally consists of a predicted signal peptide, a
conserved 11 amino acid corazonin mature peptide, and an
additional sequence called corzaonin-precursor-related peptide
(CrzRP) (Veenstra, 1994; Baggerman et al., 2002; Verleyen et al.,
20065 Predel et al., 2007; Hillyer et al., 2012). In insects, there are
6 isoforms of mature Crzs, differing from each other by only one
amino acid (Verleyen et al., 2006; Predel et al., 2007). Among
them, the [Arg7]—c0razonin is the most common Crz isoform in
insects, and the only isoform found in crustaceans (Dircksen
et al., 2011; Bao et al., 2015; Veenstra, 2016).

The first Crz was identified as a cardioacceleratory peptide in
the cockroach Periplaneta Americana (Veenstra, 1989). Similar
function was found in the blood-sucking bug Rhodnius prolixus
(Patel et al., 2014), but not in other insects (Predel et al., 1999;
Hillyer et al., 2012). Crz was also proposed as a regulator of color
polymorphism in some locusts (Tawfik et al., 1999; Roller et al.,
2003). Recently, emerging evidence suggests that Crz peptides
may have broader physiological roles. For example, injection of
[Arg’]-corazonin can reduce the silk spinning rate and prolong
the pupal development of the silkworm Bombyx mori (Tanaka
et al., 2002). The [Arg7]-corazonin contributes to the early
release of ecdysis-triggering hormone (ETH) in the moth
Manduca sexta, which initiates the ecdysis behavior (Kim
et al., 2004). In the fruit flies, Crz is involved in sperm transfer
(Hou et al,, 2018) and fertility (Gospocic et al., 2017; Ben-
Menahem, 2021), the ethanol intoxication behavior (Varga et al.,
2016), and regulation of metabolism (Nassel et al., 2013).
Compared with insects, the reports about Crz in crustaceans
are limited. In the redclaw crayfish Cherax quadricarinatus, the
synthetic Crz showed abilities in inducing some molting
behavioral responses (Minh Nhut et al., 2020), while in the
green shore crab Carcinus maenas, Crz peptide did not affect
heart activity, blood glucose levels, lipid mobilization, or
pigment distribution in chromatophores (Alexander
et al., 2018).

Most neuropeptides perform their physiological roles by
binding to specific G protein-coupled receptors (GPCRs) (Xu
et al, 2016). The CrzR is a typical GPCR that was firstly
identified is the fruit fly D. melanogaster (Cazzamali et al,
2002). To date, the CrzR has been identified in many insects,
including the moth M. sexta (Kim et al, 2004), the malaria
mosquito Anopheles gambiae (Belmont et al., 2006), the
silkworm B. mori (Yang et al, 2013), the house fly Musca
domestica (Sha et al., 2012), the mosquito Aedes aegypti
(Oryan et al, 2018), and the blood-sucking bug R. prolixus
(Hamoudi et al., 2016). The insect CrzRs are hallmarked with a
DRY motif at the border of the cytoplasmic end of the third
transmembrane domain and a NSXXNPXXY motif in the
seventh transmembrane domain (Oldham and Hamm, 2008).
Based on these features, CrzR has been found in several
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crustaceans, including the green shore crab C. maenas
(Alexander et al., 2018), the blackback land crab Gecarcinus
lateralis (Tran et al., 2019), and the spiny lobster Sagmariasus
verreauxi (Buckley et al., 2016). In C. maenas, the CrzR showed
high sensitivity in binding to the Crz with an EC50 value of 0.75
nM (Alexander et al., 2018).

In the present study, Crz and its putative receptor (CrzR)
were identified from the swimming crab, Portunus
trituberculatus, and their interaction was validated using the
Dual-Luciferase reporter assay system. Based on the spatial and
temporal expression patterns of PtCrzR, the involvement of Crz
signaling in ecdysteroids biosynthesis and ovarian development
was speculated. The hypothesis was further strengthened by Crz
treatment and PtCrzR silencing in the in vitro assays.

Materials and methods
Ethical care considerations

This study was carried out in accordance with the
recommendations of the Institutional Animal Care and Use
Committee (IACUC) of the Ningbo University. All experimental
procedures were approved by the Committee on the Ethics of
Animal Experiments of the Ningbo University.

Animals and tissue sampling

Wild-caught female swimming crabs Portunus
trituberculatus (body weight of 120-360 g) were purchased
from local fish markets in Zhenhai, Ningbo, China. The
ovarian development stage of each crab was determined
according to previously reported (Wu et al., 2007). The female
crabs of exogenous vitellogenic stage were placed on ice for
anesthetization before sacrificed. Tissues including brain (Br),
eyestalk ganglion (Es), gill (Gi), hepatopancreas (Hp), heart
(Ht), Y-organ (YO), muscles (Ms), thoracic ganglion (TG),
and ovaries (Ov) were collected for each crab and stored in
RNA preservation fluid (CWBIO, Taizhou, Jiangsu Province,
China) at -80°C.

RNA extraction, molecular clone and
bioinformatics analysis

Total RNA was extracted from tissues using RNA-Solv®
Reagent (Omega, USA) following the manufacturer’s
instructions. The quantity and quality of the RNA were
determined using a Nanodrop 2000 spectrophotometer
(Thermo Scientific, USA), and the genomic DNA was
removed with DNase I (RNase-free DNase I, Takara). The first
cDNA was synthesized with the Perfect Real-Time
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PrimerScript®RT reagent Kit (Takara), and 5'/3° RACE-cDNA
were synthesized with the BD SMARTer' " RACE cDNA
amplification kit (Clontech). The full-length sequence was
cloned according to the user manual guide for the BD
SMARTer " 5'/3'RACE kit. All PCR products were 1%
agarose gel examined, purified (Sangon, Shanghai, China),
cloned into PMDI19-T vector (Takara), and sequenced by
Zhejiang Youkang Biotechnology Co., Ltd (Hangzhou,
Zhejiang Province, China). The open reading frame (ORF)
was predicted using ORF finder, and the putative signal
peptide was predicted using SignalP 5.0 Server program. For
PtCrz, the deduced amino acid sequence was further analyzed
using the NeuroPred website to predict the prohormone
cleavage sites, the mature peptide and the post-translational
modifications. For PtCrzR, the transmembrane regions were
predicted by GPCRHMM webserver. Multiple sequence
alignment was conducted using Clustal X software. The
phylogenetic tree was constructed using the MEGA7.0.14
software with Neighbor-Joining (NJ) algorithm method.
GenBank accession numbers of these species are shown in
Supplementary Table 1.

Cell culture and transient transfection

The plasmid for transient expression was constructed by
inserting the ORF of PtCrzR into the expression vector pEGFP-
N1 using restriction enzymes BamH [ and EcoR [ (NEB, USA).
The construct was sequenced to validate the sequence and
orientation. Human embryonic kidney 293T cells (HEK293T)
were cultured in high glucose dulbecco’s modified eagle medium
(DMEM, Corning, USA) supplemented with 10% fetal bovine
serum (Bovogen, Australia), 100 U/mL penicillin, and 100 ug/
mL streptomycin (Hyclone, USA). Cells were maintained in T25
flasks at 37°C in a humidified incubator containing 5% CO.,.
Cells were seeded overnight in a 60 mm culture dish and
transiently co-transfected with 3 pg of the PtCrzR/pEGFP-N1
plasmid, 3 ug of the reporter gene pCRE-luc, and 1.2 pg of
internal control gene pRL-TK using 15 puL Lipofectamine 3000
(GLPBIO, USA) transfection reagent following the
manufacturer’s instructions. The empty pEGFP-N1 plasmid
was used for mock transfection.

Confocal microscopy

To verify the membrane localization of PtCrzR, the HEK293T
cells transiently transfected with PtCrzR/pEGFP-N1 plasmid were
used for confocal microscope analysis. The transfected cells were
fixed with 4% paraformaldehyde (PFA) for 20 min, and then
stained with the cell membrane probe 1,I’-dioctadecyl-3,3,3’,3’-
tetramethylindocarbocyanine perchlorate (Dil, Beyotime) at 37°C
for 10 min. After removing the Dil solution, the cells were washed
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three times with PBS and further incubated with a nuclear dye 2-
(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI, Beyotime) at 37°C for 10 min. After removing the DAPI
solution, the cells were washed three times with PBS, mounted in
an anti-fade mounting medium (Solarbio), and imaged using a
Zeiss laser scanning confocal microscope (LSM880, 294 Carl
Zeiss, Oberkochen, Germany). The fluorescence detection was
used green channel of 505-550 nm, blue channel of 430-490 nm
and red channel of 550-585 nm with excitation of 488 nm, 405 nm

and 557 nm respectively.

Dual-luciferase reporter assays

The mature PtCrz peptide (pQTFQYSRGWTN-NH,) was
synthesized by Sangon Biotech (Shanghai, China), with a purity
of 98%. The transfected HEK293T was co-incubated with
synthetic Crz peptide in various concentrations (10*-10"" M).
After incubation for 8 h, ligand-induced changes in luciferase
activity were detected by the Dual-Luciferase® Reporter Assay
System kit (Promega, USA). The dose-response curve was
established and fitted in the Logistic equation utilizing
GraphPad Prism 7.00.

In vitro assays

20-hydroxyecdysone (20E) was purchased from Tokyo
Chemical Industry Development Co., Ltd. (Tokyo, Japan),
dissolved in 95% ethanol, and then serially diluted to
appropriate working concentrations using crab saline. The
female crabs of exogenous vitellogenic stage were used for in
vitro assays. Hepatopancreas, ovary and YO explants were
cultured in 24-well plates as previously described (Xie et al.,
2018). After pre-incubation for 1 h, the hepatopancreas and
ovary explants were treated with synthetic Crz and 20E
respectively, while the YO explants were treated with synthetic
Crz. The working concentrations for synthetic Crz were 10> M,
10° M, and 107 M, and 0.05 uM, 0.5 uM and 5 uM for 20E.
After incubated for another 8 h, tissues were collected in RNA
preservation fluid for qPCR analysis. For Crz treatments,
expression levels of PtVg and PtCrzR in hepatopancreas, PtVg,
PtVgR, PtCrzR, PtcyclinB and PtCdc2 in ovary, and PtSpo, PtSad
and PtCrzR in Y-organs were investigated. For 20E treatments,
expression levels of PtVg and PtEcR in hepatopancreas, and
PtVg, PtVgR, PtEcR, PtcyclinB and PtCdc2 in ovary
were investigated.

RNA interference

c¢DNA fragments of the PtCrzR transmembrane region
(565 bp) and the green fluorescent protein (GFP, 568 bp) were
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cloned into the pMD19-T vector (Takara), respectively. The
dsRNA was prepared as previously described (Xie et al., 2016).
The female crabs of exogenous vitellogenic stage were used for
this experiment. The RNAi experiments were taken on ovary
and YO explants, and were divided into 3 groups. The group 1
and 2 were treated with 5 ug of CrzR dsRNA and the group 3
was treated with 5 pg of GFP dsRNA. For group 1 and 3, the
tissues were collected after 8 h incubation for qPCR analysis.
For group 2, after 8 h incubation, the culture media was
replaced by fresh M199 media containing 10°® M of
synthetic Crz peptide, and the tissues were collected after
incubating for another 8 h.

Gene expression analysis

The relatively mRNA levels in the present study were
determined by qPCR, using the primers listed in
Supplementary Table 2. The amplification efficiency of primers
was 95%-105% (Supplementary Table 3). For tissue distribution
analysis, RT-PCR was also carried out to test the accuracy of
qPCR. The qPCR system and condition were carried out as
previously described (Xie et al., 2016). The B-actin gene was used
as an internal control. The specificity of the PCR products was
verified using melting curve analysis. For each sample, qPCR
reactions were repeated three times. The qPCR data were
2784CT method (Livak and Schmittgen,
2001), and presented as the mean + standard error (SE). The

calculated using the

statistical differences were analyzed by one-way ANOVA
followed by Tukey and Duncan test or student's T-tests (SPSS
statistics 25.0). A P value <0.05 was considered to be statistically
significant different.

Results

Molecular characterization of PtCrz
and PtCrzR

The deduced amino acid sequence of PtCrz consists of a
signal peptide, a mature peptide, an RKR cleavage site, and a
Crz precursor-related peptide (CrzRP) (Supplementary
Figure 1). The predicted Crz mature sequence was
PQTFQYSRGWTNamide, which is identical to the insect
[Arg’]-corazonins (Supplementary Figure 2). The putative
PtCrzR was predicted to have seven transmembrane helix
regions (Supplementary Figure 3), and the phylogenetic
analysis showed it was clustered with other known CrzR
sequences (Supplementary Figure 4), belonging to the
rhodopsin-like GPCR family. The sequence of the PtCrz and
PtCrzR were deposited in GenBank with accession number
OL694705 and OL694706.
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Functional Characterization of PtCrzR

Confocal microscopy showed that PtCrzR/pEGFP-N1 mainly
localized to the cell membrane (Figure 1), indicating the PfCrzR is
a transmembrane protein. For ligand-receptor binding assays, the
HEK293T cells were transiently co-transfected with PtCrzR/
pEGFP-N1, pCRE-luc, and pRL-TK. The transfected HEK293T
cells showed concentration-dependent cAMP responses when
activated with Crz peptide. The median effective concentration
(EC50) value for Crz was 22.91 nM (Figure 2). HEK293T cells
transfected with empty vector showed no response to different
concentrations of Crz peptide.

Spatial and temporal expression of PtCrz
and PtCrzR

The mRNA expression levels of PtCrz and PtCrzR were
detected in a variety of crab tissues. The level of PtCrz expression
was highest in the eyestalk ganglion, and second in the brain
(Figures 3A, C). The PtCrzR mRNA was at extremely high level
in the Y-organ, while at much lower levels in the eyestalk
ganglion, brain, ovary, gill, hepatopancreas, heart, thoracic
ganglion and muscle (Figures 3B, D). During the ovarian
development, the relative expression level of PtCrz in eyestalk
ganglion gradually increased, and reached to a peak in the near-
mature stage, while PtCrzR transcripts in Y-organ was expressed
at the highest level in the exogenous vitellogenic stage, and
decreased in the near-mature stage (Figure 4).

Effects of PtCrz/PtCrzR on
ecdysteroidogenesis related genes

Highly expression of PtCrzR in Y-organs suggested the Crz
signaling might be involved in ecdysteroids biosynthesis.
Therefore, transcriptional changes of two ecdysteroidogenesis
related genes, PtSpo and PtSad, were analyzed in the following in
vitro assays. The synthetic Crz could induce the expression of
PtCrzR, as well as PtSpo and PtSad (Figure 5A). The CrzR
dsRNA treatments showed high efficiency in interfering the
PtCrzR expression, and significant decrease of the PtSpo and
PtSad expression (Figure 5B).

Effects of PtCrz/PtCrzR on genes related
to ovarian development

Since the PtCrzR transcripts were also slightly expressed in
hepatopancreas and ovaries, the direct effects of Crz signaling on
ovarian development were also investigated. Changes in the
expression of several related genes were examined in the
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FIGURE 1
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Expression of PtCrzR in HEK293T cells. Cells expressing PtCrzR/pEGFP-N1 fusion protein were stained with a nuclei probe (DAPI) and a

membrane plasma probe (Dil).

hepatopancreas and ovary explants after treated with synthetic
Crz and CrzR dsRNA, respectively. Treatment with synthetic
Crz could induce the expression of PtCrzR in hepatopancreas
and ovary, suggesting the Crz signaling is existed in both tissues
(Figures 6A, B). However, the synthetic Crz failed to regulate the
PtVg in hepatopancreas, but showed stimulatory effects on the
expression of PtVg, PtVgR, PtcyclinB, and PtCdc2 in ovaries
(Figures 6A, B). Expressions of these genes in ovary explants
could be significantly down-regulated by the CrzR dsRNA, but
the reduction could be rescued by adding Crz peptide (Figure 7).

Effects of 20E on genes related to
ovarian development

The effects of 20E on the expression of genes related to
ovarian development was verified in hepatopancreas and ovary
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explants. Compared with the control group, the mRNA
expression levels of PtEcR and PtVg were significantly up-
regulated in both hepatopancreas and ovary explants. For the
ovary explants, exposure to 20E induced the expression of
PtcyclinB, but had no effect on PtVgR and PtCdc2

expression (Figure 8).

Discussion

Neuropeptides are the largest and most diverse group of
signaling molecules in multicellular organisms, which act as
neurotransmitters, neuromodulators, hormones, or growth
factor, regulating various physiological processes and myriad
behavioral actions (Schoofs et al., 2017). Insects and crustaceans
have long been used to study the mode of action of
neuropeptides, but only a few of neuropeptides are well
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Dose-response curves for PtCrzR heterogeneously expressed in
HEK293T cells. Different concentrations of PtCrz peptides were
treated and the concentration of cCAMP was determined. Each
data point was a mean value + SE from three independent
biological replicates

characterized in some model species. Especially for crustaceans,
the large-scale identification of neuropeptides has only
emerged in recent years, relatively little is known about
most neuropeptides.

The Crz is a typical peptide that were extensively studied
in insects, but poorly understood in crustaceans. The
mature peptide sequence of PtCrz was predicted as
pQTFQYSRGWTNamide, which is identical to the known
crustacean Crzs and insect [Arg7]—corazonins. Since [Arg7]—

10.3389/fmars.2022.976754

corazonins is the main isoform for insect Crzs, and since no
other Crzs were identified in crustaceans, this type of Crz could
be evolutionarily considered as an ancestor Crz. The tissue
expression analysis showed that the PtCrz transcripts were
mainly expressed in center nerve system, concurred with the
CNS dominated expression of Crzs in both insects and
crustaceans (Hou et al., 2017; Alexander et al., 2018; Hou
et al.,, 2018). Compared to the conservation in sequence and
distribution, the Crz function seems to be divergent between
insects and crustaceans. As being a pleiotropic neuropeptide in
insects, only its function in the regulation of molting behavior
has been revealed in a crustacean (Minh Nhut et al., 2020). In
the green shore crab, C. maenas, it was shown that the CmCrz
lacks functions that proposed for insect Crzs, such as cardio
regulation, glucose metabolism, lipid mobilization, and
chromatophore pigment migration (Alexander et al., 2018).
Although the physiological roles of the crustacean Crz
remains unclear, its receptor has been found in several species
by searching for the conserved DRY and NSXXNPXXY motifs
(Veenstra, 2015; Buckley et al., 2016; Alexander et al., 2018).
Given the importance of a receptor in signal transduction, the
behavioral patterns of CrzR may be indicative for the possible
functions of Crz peptides. In this study, the putative PtCrzR
sequence was therefore identified. In addition to the membrane
location and evolutionary conservation, the obtained PtCrzR
could be activated by the synthetic Crz in a dose-dependent
manner, with EC50 of 22.91 nM and which resulted in cAMP
accumulation. In further in vitro assays, the gene expressions
that induced by the synthetic Crz treatment were reduced by
PtCrzR silencing, again suggesting the obtained PtCrzR is a bona
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Tissue distribution of PtCrz (A, C) and PtCrzR (B, D) mRNA in the swimming crab (n=5). Different letters indicate statistically significant
differences (P < 0.05) within each tissue. Br, brain; Es, eyestalk ganglion; Gi, gill; Hp, hepatopancreas; Ht, heart; Ms, muscle; Ov, ovary; TG,

thoracic ganglion; YO, Y-organ.
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fide receptor for PtCrz. However, it should be noted that this
reduction could be rescued by adding Crz in CrzR dsRNA
treatment. Since it is common for a neuropeptide to activate
two or more related receptors (Schoofs et al., 2017), our results
might suggest the existence of other Crz receptors.

The PtCrzR was strongly expressed in Y-organ, and the level
was significantly higher than other tissues. As the molting gland
in crustacean, the Y-organ is mainly responsible for the
production of ecdysteroids. Therefore, our results elicited an
indication that the Crz might be involved in regulating the
ecdysteroidogenesis. Similar distribution was also observed for
the CrzR of C. maenas (Alexander et al., 2018), but in that study,
application of Crz peptide to Y-organ had barely effect on
ecdysteroids secretion. In this study, interestingly, contrary
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evidence might be presented, as the gene expressions of PtSpo
and PtSad in Y-organ explants were remarkably induced by Crz
treatment, whereas reduced by PtCrzR silencing. As members of
Halloween gene family, Spo and Sad encode cytochrome P450
enzymes CYP307A1 and CYP315A1, respectively, which are
responsible for the early and late steps of ecdysteroids
biosynthesis (Mykles, 2011). However, although the
transcription levels of the Halloween genes have been shown
to be closely related to ecdysone levels in many studies (Iga et al.,
2010; Xie et al., 2016; Yang et al., 2021), future studies to detect
the ecdysone levels after Crz treatment are still needed to
confirm the stimulatory effects of Crz peptide.

The expressions of PtCrz and PtCrzR were observed to
increase during the vitellogenic stages, whereas the PtCrzR
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"**" represents extremely significant differences (P < 0.01) from the control group.
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expression declined in the near-mature stage, which might vitellogenic promoting role for 20-hydroxyecdysone (20E), the
suggest a potential role of Crz signaling in vitellogenesis. main active form of ecdysteroids (Li et al., 2000; Tiu et al., 2010;
Combined with the possible effects of Crz on Gong et al, 2015; Yang and Liu, 2021). In this study, 20E
ecdysteroidogenesis, this result could be reminiscent of the treatment induced the Vg expression in both hepatopancreas
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and ovary explants, further illustrating its role in the ovarian
development of P. trituberculatus. However, as mentioned in last
paragraph, whether Crz signaling can regulate ovarian
development via ecdysteroids needs more evidences in
hormone levels.

Since the PtCrzR transcripts were also slightly expressed in
hepatopancreas and ovaries, the direct effects of Crz signaling on
ovarian development should not be ignored. The increase in
PtCrzR expression in hepatopancreas and ovary exposed to Crz
indicated the existence of Crz signaling in both tissues. However,
only the Vg expression in ovaries but not hepatopancreas was
induced by Crz exposure, which may suggest other switch
pathways for Crz signaling. As a GnRH-like peptide, the
effects of Crz on ovarian development were compared with
those from RPCH, another member in this group. In the
whiteleg shrimp Litopenaeus vannamei, in vivo injection of
RPCH caused significant increase in ovarian Vg mRNA levels
(Chen et al., 2018). Similar results were also observed in mud
crab Scylla paramamosain, but the induction of Vg in vitro
required the presence of nerve tissues (Zeng et al., 2016). It was
also found in S. paramamosain that in vivo treatment of RPCH
could also induced the Vg expression in hepatopancreas, which
was not observed in our in vitro studies.

In addition to Vg, several other ovarian-related genes were
also selected to investigate their transcriptional response to the
Crz exposure. Among them, the VgR is a crucial protein in
mediating the endocytosis which incorporating the exogenous
Vg into developing oocytes (Zmora et al., 2007). As for cyclinB
and Cdc2, which are components of maturation promoting
factor (MPF), emerging evidences indicated they are also
involved in the oocyte maturation of crustaceans (Fang et al,
2009; Qiu and Liu, 2009; Han et al., 2012). It was observed that
the expressions of VgR, cyclinB, and Cdc2 were also up-regulated
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by synthetic Crz. This induction was further confirmed by
treating with CrzR dsRNA, which might suggest an integrative
role of Crz signaling during ovarian development. Moreover,
this result conforms to the properties of CrzR as a GPCR, as in
many studies, the intracellular cAMP level plays pivotal roles in
regulating the expression of Vg, cyclinB, and Cdc2 (Chen et al.,
2018; Mani et al., 2019; Feng et al., 2021; Wan et al., 2022).

Although the Crz peptides are structurally related to the
vertebrate GnRHs (Hauser and Grimmelikhuijzen, 2014;
Zandawala et al., 2015), the present study was the first to
explore its putative role in ovarian development. Comparably,
another GnRH-related peptide RPCH has been reported to be
involved in ovarian development in several species
(Zandawala et al., 2015; Zeng et al., 2016; Chen et al., 2018;
Ben-Menahem, 2021). Interestingly, although the RPCHR has
been identified from several crabs (Alexander et al., 2018; Ma
et al., 2018), its paralogous sequence cannot be found in the
transcriptome (Tu et al., 2021) and the genome of P.
trituberculatus (NCBI database: PRINA555262). In addition,
another study in our group has confirmed the ligand
activation of PtCrzR by RPCH (data not shown), which
suggests that the RPCH might use the PtCrzR as its receptor
in P. trituberculatus. It would be intriguing to define the
overlapping roles of these two peptides, as well as their
crosstalk during signal transduction.
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