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C-type allatostatins (C-type ASTs) are a family of structurally related neuropeptides
found in a wide range of insects and crustaceans. To date, the C-type allatostatin
receptor in crustaceans has not been deorphaned, and little is known about its
physiological functions. In this study, we aimed to functionally define a C-type ASTs
receptor in the mud crab, Scylla paramamosian. We showed that C-type ASTs receptor
can be activated by ScypaAST-C peptide in a dose-independent manner and by
ScypaAST-CCC peptide in a dose-dependent manner with an IC50 value of 6.683
nM. Subsequently, in vivo and in vitro experiments were performed to investigate
the potential roles of ScypaAST-C and ScypaAST-CCC peptides in the regulation of
ecdysone (20E) and methyl farnesoate (MF) biosynthesis. The results indicated that
ScypaAST-C inhibited biosynthesis of 20E in the Y-organ, whereas ScypaAST-CCC
had no effect on the production of 20E. In addition, qRT-PCR showed that both
ScypaAST-C and ScypaAST-CCC significantly decreased the level of expression of
the MF biosynthetic enzyme gene in the mandibular organ, suggesting that the two
neuropeptides have a negative effect on the MF biosynthesis in mandibular organs.
In conclusion, this study provided new insight into the physiological roles of AST-C
in inhibiting ecdysone biosynthesis. Furthermore, it was revealed that AST-C family
peptides might inhibit MF biosynthesis in crustaceans.

Keywords: mud crab, C-type allatostatin, receptor, ecdysone, methyl farnesoate

INTRODUCTION

Allatostatins (ASTs), a class of peptides found in insects, have a potent effect on the production of
juvenile hormone (JH) in corpora allata (Stay and Tobe, 2007). Three distinct families of allatostatin
peptides known as A-type, B-type, and C-type ASTs, have been identified in arthropods based
on structural difference (Verlinden et al., 2015). The C-type AST has a conserved pentapeptide
P–I–S–C–F in the C-terminus and a disulfide bridge between the cysteine residues located at
positions 7 and 14, which was first isolated in the tobacco hornworm Manduca sexta (Kramer
et al., 1991). Three members of C-type ASTs, including AST-C peptide, AST-CC peptide, and
AST-CCC peptide, have been recorded in arthropods. AST-C and AST-CC are unblocked peptides
whereas AST-CCC has an amidated C-terminus in most insect species, but AST-CCC peptides in
Hemiptera are not amidated (Veenstra, 2009, 2016). The allatostatic role was initially assigned to
allatostatin neuropeptides, but further research revealed pleiotropic roles in different species, such
as inhibition of the spontaneous foregut contractions in the tomato moth (Lacanobia oleracea)
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(Matthews et al., 2007), stimulation of proteases release from the
gut in the red flour beetle (Tribolium castaneum) (Audsley et al.,
2013), and modulation of immunity and seasonal evening activity
in the fruitfly (Drosophila melanogaster) (Bachtel et al., 2018;
Diaz et al., 2019).

A large number of C-type AST family peptides have
been identified using mass spectrometry and transcriptome
sequencing in crustacean species (Stemmler et al., 2010; Bao et al.,
2015; Christie, 2016, 2020; Veenstra, 2016), but there has been
limited research into their biological functions. Besides regulating
the cardiac and foregut activity of the American lobster, Homarus
americanus and the crab, Cancer borealis (Dickinson et al., 2009,
2018; Ma et al., 2009; Wiwatpanit et al., 2012), allatostatin C
has been showed to inhibit the ovarian development in our
recently study of the mud crab, Scylla paramamosain (Liu et al.,
2019). The blocked C-type AST peptides (AST-C and AST-CC)
and unblocked peptide (AST-CCC) had different distribution
patterns in the stomatogastric nervous system in H. americanus,
indicating that they may play distinct roles in crustaceans
(Christie et al., 2018).

The cognate receptors for C-type AST peptide, Drostar-
1 and -2, which were structurally related to the mammalian
somatostatin receptor, were first characterized in D. melanogaster
by reverse pharmacology using Xenopus oocytes (Kreienkamp
et al., 2002). Inhibition of Drostar-1 and -2 by RNA interference
caused an increase in the methyl farnesoate (MF) and juvenile
hormone III (JH III) (Wang et al., 2012). Subsequently, receptors
for C-type ASTs were deorphaned in other insect species,
including Aedes aegypti (Mayoral et al., 2010), T. castaneum
(Audsley et al., 2013), Apis mellifera (Urlacher et al., 2016),
Carausius morosus (Şahbaz and Lyison, 2019), and Bombyx mori
(Čižmár et al., 2019), as well as the starfish Asterias rubens,
which is an echinoderm (Zhang et al., 2020). In A. aegypti,
for example, allatostatin C peptide inhibits the level of cAMP
in cytoplasm after binding to its receptor expressed in human
embryonic kidney 293T (HEK293T) cells (Mayoral et al., 2010).
Interestingly, the C-type AST receptor gene is duplicated in
Diptera insects, and different members of the C-type AST family
can activate a same receptor (Verlinden et al., 2015; Urlacher
et al., 2016). Although transcriptome sequencing showed a
putative C-type AST receptor in the Y-organ of the green shore
crab, Carcinus maenas, and the blackback land crab, Gecarcinus
lateralis (Oliphant et al., 2018; Tran et al., 2019), C-type AST
receptors have not been yet functionally deorphaned in any
crustacean species. Therefore, the identification of a C-type ASTs
receptor in crustaceans will have significant implications for
future research into physiological functions of C-type ASTs.

In our previous study, we used molecular cloning to isolate
a putative receptor for C-type ASTs from S. paramamosain, and
revealed that it was expressed in the Y-organ and mandibular
organ (Liu et al., 2019), indicating that C-type ASTs have a
potential role in the regulation of ecdysone and MF biosynthesis.
Ecdysone, a hormone in arthropods plays a crucial role in
molting, growth, and reproduction, among other processes
(Nagaraju, 2011; Gong et al., 2015; Hyde et al., 2019). The
biosynthesis of ecdysone in crustacean is known to be negatively
regulated by molt-inhibiting hormone (MIH), which is produced

by the eyestalk ganglion (Nakatsuji and Sonobe, 2004). In
silkworm, B. mori, ecdysone biosynthesis is inhibited by B-type
ASTs, which is also termed as prothoracicostatic peptide (PTSP)
(Yamanaka et al., 2010). The effects of C-type AST in ecdysone
biosynthesis in crustaceans and insects has not been yet reported.
Methyl farnesoate is a homologous hormone to insect JH with
the same biosynthesis pathway as JH (Homola and Chang, 1997;
Sin et al., 2015). Methyl farnesoate is involved in the regulation of
protein metabolism, molting and metamorphosis, reproduction,
and other processes in crustaceans (reviewed by Homola and
Chang, 1997; Nagaraju, 2011). The inhibitory role of C-type AST
is not conserved in insects, and it is not clear whether it regulates
the biosynthesis of MF in crustaceans.

Mud crab (S. paramamosain) is a popular aquaculture species
found in Indo-Pacific regions (Walton et al., 2006). It has
great economic values due to its high nutritional benefits and
fast growth rate. In recent years, S. paramamosain has drawn
increasing attention in the fishing and aquaculture industries
in China, as well as in Southeast Asian countries (VinceCruz-
Abeledo et al., 2021). In this study, we used in vivo and
in vitro experiments to functionally characterize the C-type
ASTs receptor in S. paramamosain, as well as to examine
the potential effects of ScypaAST-C and ScypaAST-CCC on
the regulation of ecdysone and MF production. Recently,
four cytochrome P450 (CYP) enzymes, namely CYP306A1
(phantom), CYP302A1 (disembodied), CYP315A1 (shadow),
and CYP314A1 (shade), that are involved in the ecdysteroid
biosynthesis pathway have been identified (Christiaens et al.,
2010). Disembodied and shadow genes were identified from
S. paramamosain transcriptome data, and these two genes
expression in the Y-organ were studied as indicators of 20E
biosynthesis. In addition, in order to investigate the effect of
ScypaAST-C and ScypaAST-CCC peptides on MF biosynthesis,
six MF biosynthetic enzyme genes, including acetoacetyl-CoA
thiolase (thiol), 3-hydroxy-3-methylglutaryl-CoA synthase (hmgs),
3-hydroxy-3-methylglutaryl-CoA reductase (hmgr), mevalonate
kinase (mk), diphosphomevalonate decarboxylase (ppmd), and
farnesyl diphosphate synthase (fpps), expression in the mandibular
organ were studied.

MATERIALS AND METHODS

Animals
Female crabs at the intermolt stages (carapace width
11.9 ± 0.56 cm, body weight 317.1 ± 25.5 g) were purchased
from a local fish market in Xiamen city, Fujian Province, China,
and then transported to the laboratory in Xiamen university.
Crabs were housed individually in a rectangular tank filled
with seawater for a week. The salinity of the water was set at
28 ± 0.5 ppt and the water temperature was maintained at
28 ± 2◦C. During this period, crabs were fed with clam Ruditapes
philippinarum to satiation once a day.

Peptides
According to the deduced amino acids of the preprohormone,
mature allatostatin C (QIRYHQCYFNPISCF-OH, a disulfide
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bridge present between C7 and C14; GenBank accession number:
MK314113) and allatostatin CCC (RSYWKQCAFNAVSCF-NH2,
a disulfide bridge present between C7 and C14; GenBank
accession number: ALQ28598.1) were synthesized by GL
Biochem (Shanghai, China), with a purity of 98%, for the
subsequent experiments.

Molecular Cloning and Plasmid
Construction
Total RNA from the Y-organ of S. paramamosain was
extracted using TRIzol R© reagent (Invitrogen), according to the
manufacturer’s instructions. The cDNA was reverse-transcribed
with a RevertAid First Strand cDNA Synthesis Kit (Fermentas)
utilizing random primers and 1 µg of total RNA according to
the given directions. The open reading frame of ScypaAST-CR
(GenBank accession number: MK314114) was amplified with
AST-CR-F and AST-CR-R primers (Supplementary Table 1),
and then inserted into pEGFP-N1 vector by restriction enzymes
of EcoRI and BamHI. Finally, it was sequenced to validate the
veracity and orientation.

Cell Culture and Receptor Assay
HEK293T cells were cultured in dulbecco’s modified eagle
medium (DMEM, Gibco) supplemented with 10% inactivated
fetal bovine serum (Gibco), 100 U/mL penicillin, and 100 µg/mL
streptomycin (Sigma) at 37◦C, 5% CO2. Cells grown in a
monolayer to approximately 60% confluency in a 6-well plant
were transiently transfected with 1 µg of pFGFP-N1-ScypaAST-
CR plasmid, 0.5 µg of cAMP reporter gene pCRE-luc, and
0.2 µg of internal control gene pRL-TK using Lipofectamine
3000 reagent (Invitrogen) according to the manufacturer’s
recommendations. The mock cells were transfected with empty
pEGFP-N1 instead.

To examine the expression and localization of ScypaAST-CR
in HEK293T cells, transfected cells cultured for 24 h were fixed
in 4% paraformaldehyde for 20 min. Subsequently, cells were
stained with nuclear dye DAPI (Invitrogen) for 10 min and
then with membrane probe DiI (Beyotime, China) for 15 min.
The stained cells were imaged using a fluorescence confocal
microscope (LSM 780, Zeiss) and the pictures were processed
using Zeiss 20.0 software.

Transfected cells were detached from the culture flask 24 h
after transfection and transferred to 96 well plates at a confluence
of approximately 90%. After 12 h, the cells were stimulated
with 0.1 µM forskolin for 15 min, thereafter, they were washed
with HBSS buffer (Sigma). The cells were then challenged for
6 h with a dilution series of ScypaAST-C and ScypaAST-CCC
peptides dissolved in same DMEM. Finally, luciferase activity
was detected by GloMax R© 20/20 Luminometer (Promega) using
a Dual-Luciferase R© Reporter Assay System Kit (Promega).

In vivo Effect of AST-C and AST-CCC on
Y-Organ and Mandibular Organ
To explore the potential effect of C-type ASTs peptide on the
biosynthesis of 20E and MF in S. paramamosain, an in vivo
experiment with injection of ScypaAST-C or ScypaAST-CCC

peptides was performed. Before the experiment, the crabs were
housed for a week under the same condition for acclimation
as described in section “Animals.” The animals were randomly
divided into four groups, each with seven individuals (n = 7).
Before injection, a group of animals was randomly sampled
and set as a pre-injection control. Subsequently, crabs were
given 100 µL of crustacean saline that containing ScypaAST-
C or ScypaAST-CCC peptides (10 ng/g body weight). The
saline control group was treated with 100 µL of crustacean
salt instead. Injections were performed at every 4 days, with
a microsyringe (Hamilton, Switzerland) into the arthrodial
membrane located at the fifth swimming leg. The injections
were continued for about half a month, and on day 16, almost
24 h after the fourth injection, the crabs were put on ice for
anesthetization and 1 mL of the hemolymph was extracted
for 20-hydroxyecdysone (20E) assay. Finally, the animals were
euthanized, and Y-organ and mandibular organ samples were
dissected for gene expression analyses.

In vitro Effect of AST-C and AST-CCC on
Y-Organ and Mandibular Organ
We conducted an in vitro experiment that applied ScypaAST-
C and ScypaAST-CCC peptide to the explants of Y-organ
to confirm the role of C-type ASTs in regulating 20E
biosynthesis in S. paramamosain. The crabs at the intermolt
stage were anesthetized on ice for 10 min and sterilized in
75% ethanol for 10 min. Y-organ samples were immediately
taken from the crabs and gently washed five times with crab
saline containing antibiotics penicillin G (300 IU/mL) and
streptomycin (300 mg/mL). Subsequently, the Y-organs were
cultured in L15 medium that contained antibiotics penicillin G
(300 IU/mL) and streptomycin (300 mg/mL). Each crab has two
Y-organs, one was used as a control and the other was treated with
ScypaAST-C or ScypaAST-CCC peptide at a final concentration
of 10−6 M. Each treatment was repeated five times (n = 5). After
incubation for 12 h, Y-organ samples were used to examine gene
expression of the 20E biosynthetic enzyme, and the medium was
used to perform a 20-hydroxyecdysone assay.

To explore the effects of C-type ASTs on MF biosynthesis
in the mandibular organ of S. paramamosain, we performed an
in vitro experiment in which we added ScypaAST-C or ScypaAST-
CCC peptide to the explants of mandibular organ. Similarly,
one mandibular organ was cultured for 12 h in L15 medium
containing ScypaAST-C or ScypaAST-CCC peptide at a final
concentration of 10−6 M, whereas the other one was cultured
in the L15 medium without any peptides as the control (n = 5).
Finally, the mandibular organ was collected for MF biosynthetic
enzyme gene expression analysis.

RNA Extraction, cDNA Synthesis, and
qPCR Analysis
Total RNA was extracted from homogenized samples of Y-organ
and mandibular organ using TRIzol R© reagent (Invitrogen),
according to the manufacturer’s instructions. The quantity
and quality of RNA was determined using a Nanodrop
spectrophotometer (Thermo Scientific). After removing
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any potential genomic DNA contamination with DNase I
(Invitrogen), 1 µg of total RNA was reverse-transcribed with a
RevertAid First Strand cDNA Synthesis Kit (Fermentas) using
random primers according to the manufacturer’s protocol. The
generated cDNAs were diluted four folds for qPCR analysis.
The reaction was 20 µL in a total volume that containing 10 µL
2X PCR Master Mix with SYBR Green, 2 µL dilute cDNA,
0.8 µL each primer (1 mM), and 6.4 µL deionized water. The
qPCR reaction was run using 7500 Fast Real-time PCR machine
under the following conditions: 94◦C for 3 min, followed by
40 cycles of 94◦C for 30 s, 58◦C for 30 s, 72◦C for 30 s, and
72◦C for 10 min. The reactions were completed in triplicate
and the results were normalized to the internal control gene
β-actin. In this study, the 20E and MF biosynthetic enzyme
genes were identified through transcriptome sequencing (see
Supplementary Files 1, 2). The primers used for qPCR analysis
were listed in Supplementary Table 1.

Determination the Concentration of
20-Hydroxyecdysone
The determination of 20-hydroxyecdysone concentrations was
performed using a 20E enzyme immunoassay kit (Arbor assays,
United States) (Mckinney et al., 2017). For sample preparation,
1 mL hemolymph or 0.5 mL medium was extracted by adding
three volumes of chilled methanol followed by vortexing for
30 s. The mixture was centrifuged at 10,000 g for 10 min at
4◦C, and the supernatant containing 20E was carefully collected.
The supernatant was then dried completely in a centrifugal
concentrator at 30◦C for 2–3 h before being dissolved in 125 µL
assay buffer for 20E analysis as directed by the manufacturer.
Each set of standards and samples was run in duplicate. Finally,
the data were calculated using Arbor assay, an online tool1.

Statistical Analysis
The qRT-PCR data were processed using the 2−11Ct method,
and then analyzed statistically. The Levene’ test was used
for homoscedasticity, and statistical significance (P < 0.05)
was evaluated using one-way analysis of variance (ANOVA)
or Student’s t test in SPSS 20.0. The results were presented
as mean ± SEM.

RESULTS

ScypaAST-CR Is Expressed and
Activated in HEK293T Cells
In this study, we assessed the functionality of ScypaAST-CR
by assaying cAMP accumulation in response to ScypaAST-C or
ScypaAST-CCC stimulation. The levels of intracellar cAMP were
determined by luciferase activity. The fusion protein, ScypaAST-
CR-EGFP was successfully expressed in HEK293T cells and
localized in the cell membrane (Figure 1).

It was discovered that the cytoplasmic cAMP levels increased
significantly in HEK293T cell after adding forskolin (Figure 2A).

1www.myassays.com/arbor-assays-detectx-20-hydroxyecdysone-eia-kit.assay

The ScypaAST-CR was activated by ScypaAST-C and ScypaAST-
CCC at concentration of 10−6 M, resulting a significant
inhibition of forskolin-stimulated luciferase activity (P< 0.0001).
There was no significant change in luciferase activity in mock-
transfected HEK 293T cells (Figure 2A). Surprisingly, the
ScypaAST-C induced inhibition was dose-independent, but
ScypaAST-CCC induced inhibition was dose-dependent with an
IC50 value of 6.683 nM (Figure 2B).

ScypaAST-C Inhibits the Biosynthesis of
20E in the Y-Organ of S. paramamosain
The functions of C-type ASTs in the regulation of 20E
biosynthesis in the Y-organ of the mud crab S. paramamosain
was investigated through in vivo and in vitro experiments. The
results revealed that the concentration of 20E in the hemolymph
of S. paramamosain ranged from 20.49 to 73.69 ng/mL (Figure 3).
The levels of hemolymph 20E levels were not significantly
affected by ScypaAST-C or ScypaAST-CCC peptides injection
(P > 0.05). Additionally, the qPCR results suggested that the
expression of the disembodied gene was significantly decreased by
the ScypaAST-C peptide but not by the ScypaAST-CCC peptide
(Figure 4A). The amount of shadow gene expression in the
Y-organ was not significantly changed after the administration of
ScypaAST-C or ScypaAST-CCC peptides (Figure 4B).

The in vitro experiment showed that the secretion of 20E
by Y-organ was significantly inhibited by ScypaAST-C peptide.
However, the ScypaAST-CCC peptide had no effect on the
synthesis of 20E in Y-organ explant (Figure 5). There were no
significant changes in the abundance of both disembodied and
shadow genes in the Y-organ after addition of ScypaAST-C or
ScypaAST-CCC peptide in vitro (Figure 6).

C-Type ASTs Have Potential Effects on
the MF Biosynthesis
The qPCR results revealed that ScypaAST-C peptide injection had
no effect on the expression of thiol, hmgs, hmgr, mk, or fpps genes
in the mandibular organ, but significantly induced the expression
of ppmd gene (Figure 7). However, the quantity of hmgs, hmgr,
mk, and fpps transcripts was decreased after the administration
of ScypaAST-CCC peptide (Figure 7).

The results of qRT-PCR revealed that the ScypaAST-C peptide
significantly reduced the amount of thiol and hmgs transcripts
in the mandibular organ. However, there was no significant
difference in the abundance of hmgs, mk, ppmd, and fpps
transcripts between the control and ScypaAST-C treatment
groups (Figure 8). In contrast, ScypaAST-CCC had no effect
on the expression of thiol, hmgs, hmgr, and mk genes in the
mandibular organ, but it significantly inhibited the expression of
ppmd and fpps genes (Figure 8).

DISCUSSION

Recently, we used transcriptome sequencing and RACE cloning
to isolate ScypaAST-CR, a putative receptor which had a
strong structural resemblance to the somatostatin receptor from
the mud crab S. paramamosain (Liu et al., 2019). C-type
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FIGURE 1 | Expression and localization of ScypaAST-CR-EGFP in the HEK293T cell. (A) Nucleus labeled by DAPI (blue); (B) ScypaAST-C-EGFP; (C) cell membrane
stained by Dil (red); (D) merge.

FIGURE 2 | Functional characterization of ScypaAST-CR in HEK293T cells in vitro. (A) ScypaAST-CR was activated after stimulation with ScypaAST-C or
ScypaAST-CCC at concentration of 10−6 M, resulting in a significant inhibition of forskolin-stimulated luciferase activity (***P < 0.0001). (B) Receptor activation
following stimulation by different concentrations of ScypaAST-C and ScypaAST-CCC peptides was determined by monitoring intracellular cAMP levels. Curves were
obtained by fitting the data using non-linear regression analysis in the GraphPad Prism software.

ASTs receptors with structural homology to the somatostatin
receptor have been functionally characterized in several insects
(Kreienkamp et al., 2002; Mayoral et al., 2010; Audsley et al.,
2013; Urlacher et al., 2016; Čižmár et al., 2019; Şahbaz and
Lyison, 2019) and echinoderm A. rubens (Zhang et al., 2020).
However, the C-type ASTs receptor has been not yet deorphaned
in crustaceans. Forskolin, a potent eukaryotic adenylate cyclase

(AC) activator, can rapidly increase intracellular cAMP levels
without receptors, so it was commonly used in receptor assay
(Alasbahi and Melzig, 2012). In this study, the ligand-receptor
activation of signaling pathway was demonstrated by using
forskolin upon peptides stimulation. The synthetic peptides
ScypaAST-C activated the putative receptor ScypaAST-CR in a
dose-independent manner. In contrast, ScypaAST-CCC activated
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FIGURE 3 | In vivo effect of synthetic ScypaAST-C and ScypaAST-CCC
peptides on 20E titer in the hemolymph of S. paramamosain. Data were
shown as means ± SEM (n = 7). No significant change in the hemolymph 20E
titer was detected after administration of ScypaAST-C or ScypaAST-CCC
peptide.

the putative receptor in a dose-dependent manner with an IC50
value of 6.683 nM, inhibiting of forskolin-stimulated cAMP
accumulation (Figure 2). Therefore, we designated this candidate
receptor as the S. paramamosain C-type ASTs receptor. Similar
results were reported in T. castaneum and A. mellifera, where
AST-C and AST-CC activated the same receptor (Audsley et al.,
2013; Urlacher et al., 2016). The reduction in cytoplasmic
cAMP suggested that ScypaAST-CR was coupled with Giα
protein to inhibit the activity of AC. Surprisingly, ScypaAST-C
induced inhibition was in a dose-independent manner, which
contradicted the results recorded in insects (Mayoral et al., 2010;
Audsley et al., 2013; Urlacher et al., 2016), and the reason for
this was unknown.

To date, the physiological roles of C-type ASTs, and hence
their receptors, in crustaceans have received little attention.
In our previous study, we demonstrated that ScypaAST-CR
was extensively expressed in the female S. paramamosian and
was strongly expressed in the Y-organ (Liu et al., 2019).
Transcripts of C-type AST receptor were also found in the

FIGURE 5 | In vitro effects of ScypaAST-C and ScypaAST-CCC peptides on
the secretion of 20E by Y-organ of S. paramamosain. The secretion of 20E by
Y-organ was significantly inhibited by ScypaAST-C but not effected by
ScypaAST-CCC. Data were shown as means ± SEM (n = 5). Asterisk “∗” on
the error bars indicates the significantly difference from the control (P < 0.05).

Y-organ of the green shore crab, C. maenas and the blackback
land crab, G. lateralis (Oliphant et al., 2018; Tran et al.,
2019). These findings indicated that C-type ASTs may regulate
the ecdysone biosynthesis in crustaceans. In this study, we
performed both in vivo and in vitro experiments to examine
the potential effects of ScypaAST-C and ScypaAST-CCC on
ecdysone biosynthesis. The results revealed that ScypaAST-C
significantly reduced the production of 20E in vitro, but that
ScypaAST-CCC had no effect (Figure 5). In addition, injection
of ScypaAST-C decreased the amount of disembodied expression
in the Y-organ of S. paramamosian, however, no significant
effect was observed after the administration of ScypaAST-CCC
(Figure 3). Our result suggested that ScypaAST-C inhibited
ecdysone biosynthesis in S. paramamosain, whereas ScypaAST-
CCC had no effect on the biosynthesis of ecdysone. To our
knowledge, this study is the first study to show that AST-C
inhibits ecdysone biosynthesis in crustaceans.

Previously, it was reported that ecdysone biosynthesis was
negatively regulated by MIH in crustaceans (Soumoff and
O’Connor, 1982; Nakatsuji and Sonobe, 2004), and by PTSP in

FIGURE 4 | In vivo effect of synthetic ScypaAST-C and ScypaAST-CCC peptides on the abundance of 20E biosynthetic enzyme gene expression in Y-organ. (A) The
abundance of disembodied gene expression in Y-organ; (B) the abundance of shadow gene expression in Y-organ. Result were shown as means ± SEM (n = 7).
Asterisk “∗” on the error bars indicates the significant difference from the saline control (P < 0.05).
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FIGURE 6 | In vitro effects of ScypaAST-C and ScypaAST-CCC peptides on the abundance of 20E biosynthetic enzyme gene expression in the Y-organ. (A) The
abundance of disembodied gene expression in Y-organ; (B) the abundance of shadow gene expression in Y-organ. Data were shown as means ± SEM (n = 5). No
significant change in the abundance of disembodied and shadow expression in the Y-organ was detected after addition of ScypaAST-C or ScypaAST-CCC peptide.

FIGURE 7 | In vivo effects of ScypaAST-C and ScypaAST-CCC peptides on the abundance of MF biosynthetic enzyme genes in the mandibular organ. (A) thiol:
acetoacetyl-CoA thiolase; (B) hmgs: 3-hydroxy-3-methylglutaryl-CoA synthase; (C) hmgr: 3-hydroxy-3-methylglutaryl-CoA reductase; (D) mk: mevalonate kinase;
(E) ppmd: diphosphomevalonate decarboxylase; (F) fpps: farnesyl diphosphate synthase. Asterisks on the error bars indicates significant difference from the saline
control (∗P < 0.05; ∗∗P < 0.01).

B. mori (Yamanaka et al., 2010). On Y-organ, AST-C displayed a
physiological effect comparable to MIH in crustacean and PTSP
in B. mori, implying that it was involved in the regulating molting
and reproduction through inhibiting ecdysone biosynthesis
(Gong et al., 2015; Hyde et al., 2019). Investigation in A. aegypti
revealed that AST-C affected the production of acetyl coenzyme
A (acetyl-CoA) (Nouzova et al., 2015). Cholesterol, the first
step in the ecdysone biosynthesis pathway, was discovered to
be biosynthesized from acetyl-CoA (Warren and Hetru, 1990;

Gilbert et al., 2002; Do et al., 2009). Thus, we hypothesized
that AST-C inhibited ecdysone biosynthesis in the Y-organ via
obstructing cytoplasmic acetyl-CoA production.

The physiological role of C-type AST in regulating JH
biosynthesis is not conserved in insects and it was confined in
Lepidoptera and mosquitoes (Verlinden et al., 2015), possibly due
to the presence of the C-type AST receptor in the corpora allata.
For instance, in D. melanogaster, A. aegypti, and T. castaneum,
the C-type AST receptor was highly expressed in the corpora
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FIGURE 8 | In vitro effects of ScypaAST-C and ScypaAST-CCC on the abundance of MF biosynthetic enzyme genes in the mandibular organ. (A) thiol:
acetoacetyl-CoA thiolase; (B) hmgs: 3-hydroxy-3-methylglutaryl-CoA synthase; (C) hmgr: 3-hydroxy-3-methylglutaryl-CoA reductase; (D) mk: mevalonate kinase;
(E) ppmd: diphosphomevalonate decarboxylase; (F) fpps: farnesyl diphosphate synthase. Asterisks “∗” on the error bars indicates significant difference from the
control (P < 0.05).

allata, supporting the aforementioned role (Mayoral et al.,
2010; Wang et al., 2012). The sensitivity of corpora allata to
C-type AST has been linked to the levels of expression of
the C-type AST receptor gene in the corpora allata. Reducing
the expression of C-type AST receptor gene in the corpora
allata of D. melanogaster, resulted in an increase in MF and
JH biosynthesis (Wang et al., 2012). The mandibular organ in
crustaceans is homologous to corpora allata in insects and can
produce MF (Homola and Chang, 1997). MF is the precursor
of JH, and its physiological effect in crustaceans is similar to
JH in insects (Homola and Chang, 1997; Sin et al., 2015).
However, the potential function of C-type AST in the regulation
of MF biosynthesis has not been yet studied in any crustacean
species. In S. paramamosian, it was found that ScypaAST-CR
was expressed in the mandibular organ, indicating that C-type
ASTs might inhibit the biosynthesis of MF in mandibular
organs (Liu et al., 2019). This was supported by our in vitro
results, which indicated that ScypaAST-C and ScypaAST-CCC
significantly reduced the abundance of MF biosynthetic enzyme
genes in the mandibular organs (Figure 8). It was also discovered
that ScypaAST-C injection had no effect on the expression of
MF biosynthetic enzyme genes in mandibular organs, which is
similar to the result observed in A. aegypti (Nouzova et al.,
2015). Thus, the mechanism of ScypaAST-C action on MF
biosynthesis in S. paramamosain might be similar to that of
AST-C in A. aegypti. It was revealed that the target of AST-
C is located before the entry point of acetyl-CoA in the JH
biosynthesis pathway, and that AST-C inhibits JH biosynthesis by
obstructing the production of cytoplasmic acetyl-CoA (Nouzova
et al., 2015). In the in vitro experiment, ScypaAST-C decreased

both the levels of thiol and hmgs gene expression, which could
be due to a low level of cytoplasmic acetyl-CoA, which is the
substrate of thiol and subsequently catalyzed by hmgs (Nagaraju,
2011). Limited studies have explored the functions of AST-CCC,
and little is known regarding its physiological roles. Our results
showed that injection of ScypaAST-CCC significantly reduced
the abundance of hmgs, hmgr, mk, and fpps in mandibular
organs, while application of ScypaAST-CCC to the explants of
mandibular organ reduced the abundance of ppmd and fpps,
indicating that ScypaAST-CCC might inhibit MF biosynthesis in
a distinct mode from ScypaAST-C. Unfortunately, due to limited
research conditions, in this study, the concentration of MF was
not detected. Therefore, we could not define the inhibitory effect
of ScypaAST-C and ScypaAST-CCC on MF at the hormone level.
Consequently, we hypothesized that ScypaAST-C and ScypaAST-
CCC served an inhibitory role in the biosynthesis of MF in
S. paramamosain.

In this study, we characterized a cognate C-type AST
receptor (ScypaAST-CR) in the mud crab, S. paramamosain, and
showed that it can be activated by ScypaAST-C and ScypaAST-
CCC. To our knowledge, this is the first time a C-type ASTs
receptor has been functionally defined in crustacean species.
In addition, we explored a novel role for AST-C in inhibiting
ecdysone synthesis in a crustacean and suggested that ScypaAST-
C and ScypaAST-CCC play an inhibitory role in regulating MF
biosynthesis. In summary, this study provides a new insight into
the physiological functions of C-type ASTs in crustaceans. C-type
ASTs are short neuropeptides that can be easily synthesized and
can thus be applied in the future development of mud crab
aquaculture techniques.
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