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C-Type allatostatin and its putative receptor from the mud crab

serve an inhibitory role in ovarian development
An Liu, Fang Liu, Wenyuan Shi, Huiyang Huang*, Guizhong Wang and Haihui Ye*

ABSTRACT

C-Type allatostatins are a family of peptides that characterized by a
conserved unblocked PISCF motif at the C-terminus. In insects, it is
well known that C-type allatostatin has a potent inhibitory effect
on juvenile hormone biosynthesis by the corpora allata. C-Type
allatostatin has been widely identified from crustacean species but
little is known about its roles. Therefore, this study investigated the
tissue distribution patterns of C-type allatostatin and its putative
receptor in the mud crab Scylla paramamosain, and further explored
its potential effect on vitellogenesis. Firstly, cDNAs encoding C-type
allatostatin (Sp-AST-C) precursor and its putative receptor (Sp-AST-CR)
were isolated. Subsequently, RT-PCR revealed that Sp-AST-C was
mainly expressed in the nervous tissue, middle gut and heart,
whereas Sp-AST-CR had extensive expression in all tissues tested
except the eyestalk ganglion and hepatopancreas. In addition, in situ
hybridization in the cerebral ganglion showed that Sp-AST-C was
localized in clusters 6 and 8 of the protocerebrum, clusters 9, 10 and
11 of the deutocerebrum, and clusters 14 and 15 of the tritocerebrum.
Whole-mount immunofluorescence revealed a similar distribution
pattern. Synthetic Sp-AST-C had no effect on the abundance of
S. paramamosain vitellogenin (Sp-Vg) in the hepatopancreas and
ovary in vitro but significantly reduced the expression of its receptor
(Sp-VgR) in the ovary in a dose-dependent manner. Furthermore,
Sp-VgR expression, vitellin content and oocyte diameter in the ovary
were reduced 16 days after the first injection of Sp-AST-C. Finally,
in situ hybridization showed that Sp-AST-CR transcript was
specifically localized in the oocytes, which further indicated that the
oocytes are the target cells for Sp-AST-C. In conclusion, our results
suggested that the Sp-AST-C signaling system is involved in the
regulation of ovarian development, possibly by directly inhibiting the
uptake of yolk by oocytes and obstructing oocyte growth.
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INTRODUCTION

The allatostatins (ASTs) are the most abundant neuropeptides in
arthropods, which were named because of their inhibitory effect on
juvenile hormone (JH) synthesis by the corpora allata in insects
(Stay and Tobe, 2007). Based on their distinct structural differences,
ASTs are subdivided into three different families: A-type, B-type
and C-type (Stay and Tobe, 2007; Verlinden et al., 2015). A-type
ASTs, typified by the conserved pentapeptide C-terminal sequence
Y/F-X-F-G-L/lamide, were first discovered in the cockroach
Diploptera punctata (Pratt et al., 1989); B-type ASTs, which have
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a conserved W(Xg)Wamide at the C-terminus, were first identified
in the cricket Gryllus bimaculatus (Lorenz et al., 1995; Lorenz et al.,
1999); C-type ASTs, which are characterized by a non-amidated
C-terminal pentapeptide PISCF motif, a pyroglutamine blocked
amino (N)-terminus and a disulfide bridge between the Cys residues
located at positions 7 and 14, were first isolated in the tobacco
hornworm Manduca sexta (Kramer et al., 1991). The precursors
encoded by A-type and B-type AST genes can produce from three to
14 structurally related peptides; in contrast, the known C-type AST
genes only encode a single C-type AST peptide (Stay and Tobe,
2007). To date, it is known that there exist several paralogs of the
C-type AST in both insects and crustaceans, which are termed AST
CC and CCC (Veenstra, 2009; Veenstra, 2016). Structurally, the
C-type AST peptide is similar to the mammalian somatostatin
(Veenstra, 2009). In recent years, a growing number of C-type AST
peptide paralogs and structurally related peptides have been identified
in other insect species and crustaceans with the application of mass
spectrometry and next-generation sequencing technology (Ma et al.,
2009; Dickinson et al., 2009; Stemmler et al., 2010). For instance,
based on transcriptome data, two genes that encode a C-type AST
peptide and a C-type AST-like peptide were identified in the mud
crab Scylla paramamosain (Bao et al.,, 2015); however, the
physiological roles of these peptides remain to be determined.

Previous studies have clearly demonstrated that C-type ASTs are
pleiotropic peptides that are involved in many physiological
activities (Verlinden et al., 2015). In the mosquito Aedes aegypti,
C-type AST plays an inhibitory role in JH biosynthesis (Li et al.,
2004) and metamorphosis (Li et al., 2006). The mechanism
underlying this inhibition was recently revealed: by blocking
the citrate mitochondrial carrier that transports citrate from the
mitochondria to the cytosol, C-type AST could obstruct the
production of cytoplasmic acetyl-CoA to further inhibit JH
synthesis (Nouzova et al., 2015). It has been reported that C-type
ASTs also mediate the spontaneous contractions of the foregut in
the tomato moth, Lacanobia oleracea (Matthews et al., 2007), and
stimulate the release of proteases from the gut in the red flour beetle,
Tribolium castaneum (Audsley et al., 2013). In Drosophila
melanogaster, C-type AST was shown to be involved in the
modulation of nociception and immunity (Bachtel et al., 2018), and
seasonal evening activity (Diaz et al., 2019). In addition, a
regulatory role of C-type ASTs on feeding behavior was studied
in the fall armyworm, Spodoptera frugiperda (Och et al., 2000). In
contrast to insects, the function of C-type AST peptides in
crustaceans is poorly understood. Currently, studies on their
physiological roles have been reported in the American lobster,
Homarus americanus, and the Jonah crab, Cancer borealis, which
demonstrated that both C-type AST and C-type AST-like peptides
were capable of modulating the output of the cardiac neuromuscular
system and stomatogastric ganglion in H. americanus and
C. borealis, respectively (Ma et al., 2009; Dickinson et al., 2009;
Wiwatpanit et al., 2012).
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The identification of receptors is important to better understand the
functions of C-type ASTs. In D. melanogaster, two C-type AST
receptors were first reported by Kreienkamp et al. (2002).
Subsequently, receptors have been identified in other insects,
including the silkworm, Bombyx mori (Yamanaka et al., 2008),
A. aegypti (Mayoral et al., 2010), and T. castaneum (Audsley et al.,
2013). In addition, two C-type AST receptors were characterized
in a crustacean, H. americanus (Stanhope et al., 2016; Walsh
et al., 2017). Interestingly, the C-type AST receptor gene in
D. melanogaster and H. americanus is duplicated; it appears that
the two genes might take on distinct functions as they have different
expression patterns (Bachtel et al., 2018; Diaz et al., 2019; Stanhope
etal.,2016; Walsh et al., 2017; for review, see Verlinden et al., 2015).
As with C-type AST, the sequence of the known C-type AST
receptors showed a high identity to the mammalian somatostatin
receptors (Kreienkamp et al., 2002). The similarity between C-type
AST peptide/receptors and somatostatin peptide/receptors suggests
that C-type AST and somatostatin have a common molecular ancestor
(Veenstra, 2009). This phenomenon may provide an advantage in the
future identification of C-type AST receptor genes in other species.

Vitellogenesis is a crucial process in the reproduction of female
crustaceans. In brachyuran crabs, vitellogenin (Vg) synthesis occurs
in the hepatopancreas and ovary, although the hepatopancreas is the
main synthesis site (Zmora et al., 2007; Huang et al., 2017).
The oocyte takes in Vg by endocytosis, which is mediated by the Vg
receptor (VgR; Warrier and Subramoniam, 2002). This process is
under the control of neurotransmitters (e.g. 5-hydroxytryptamine,
octopamine and dopamine), neuropeptide hormones (e.g.
crustacean hyperglycemic hormone family peptides), opioid
peptides (e.g. enkephalin) and steroid hormones (e.g. ecdysone
and methyl famesoate) (reviewed by Nagaraju, 2011). Methyl
famesoate (MF), a structurally similar hormone to insect JH, was
shown to play a key role in the regulation of crustacean
vitellogenesis (Miyakawa et al., 2014). To date, the C-type AST
signaling system has been poorly studied in crustaceans. The
objectives of this study were to describe the distribution patterns
of C-type AST and its receptor in tissues of the mud crab
S. paramamosain Estampador 1949, and to investigate whether the
Sp-AST-C  signaling system is implicated in regulating
vitellogenesis. We first isolated the full-length ¢cDNA of both
Sp-AST-C and its receptor Sp-AST-CR, and subsequently identified
their tissue expression profiles by reverse transcription PCR (RT-
PCR), in situ hybridization and immunofluorescence. Based on the
tissue distribution of Sp-AST-CR and its expression pattern in the
ovary, we hypothesized that AST-C might have an inhibitory role in
vitellogenesis by affecting Sp-Vg or Sp-VgR expression in the ovary.
Thus, we performed both in vitro and in vivo experiments to
examine the effect of synthetic Sp-AST-C on ovarian development.

MATERIALS AND METHODS
Animals
The collection and handling of the animals in this study was carried
out in accordance with the guidelines for the care and use of
laboratory animals at the Xiamen University, China.
Vitellogenesis of S. paramamosain can be divided into three
stages (Huang et al., 2014) and crabs at each stage can be easily
distinguished by the color of the ovaries: at the previtellogenic stage,
the ovaries are white or milk-white; at the early vitellogenic stage,
the ovaries are pale yellow to yellow in color; at the late vitellogenic
stage, the ovaries are orange to reddish-orange in color. Mud crabs
at the previtellogenic stage (body mass 145.6+£25.3 g, carapace
width 9.3+£1.44 cm), early vitellogenic stage (body mass 304.7+

32.3 g, carapace width 12.8+1.35 cm) and late vitellogenic stage
(body mass 417.7£34.3 g, carapace width 13.6+2.23 cm) were
purchased from a local fish market in Xiamen city of Fujian
Province, China, and then transported to the laboratory. They were
housed individually in rectangular tanks filled with seawater having a
salinity of 28 ppt for a week and the seawater was renewed every day.
During this period, the crabs were fed with clams (Ruditapes
philippinarum) and the temperature was maintained at 28+1°C.
Animals were placed on ice for anesthetization before tissue dissection;
11 tissues — the eyestalk ganglion, cerebral ganglion, thoracic ganglion,
Y-organ, mandibular organ, heart, middle gut, ovary, hepatopancreas,
muscle and hemocytes — were collected at the early vitellogenic stage
for tissue distribution analysis via RT-PCR. Ovaries from crabs (n=5)
at each stage were collected for Sp-4ST-CR expression profile analysis
via real-time quantitative PCR (qPCR). Samples were immediately
used for RNA extraction or stored in liquid nitrogen.

RNA extraction and molecular cloning

Total RNA was extracted from the cerebral ganglia of mature
females using TRIzol reagent (Invitrogen). The quantity and quality
of RNA were determined using a NanoDrop spectrophotometer
(Thermo Fisher Scientific). For c¢cDNA generation, 1pug of
individual RNA was treated with DNase I (RNase-free DNase I,
Invitrogen) to eliminate potential genomic DNA contamination.
Subsequently, the RNA was reverse transcribed with a RevertAid
First Strand ¢cDNA Synthesis Kit (Fermentas) utilizing random
primers as per the manufacturer’s protocol. The cDNA generated
was diluted fourfold and stored at —80°C until use.

Two cDNA fragments encoding putative Sp-4S7-C and Sp-AST-
CR were identified based on transcriptome data for the cerebral
ganglia (Bao et al., 2015). The full-length cDNA of Sp-AST-C and
Sp-AST-CR was obtained using a SMART™ RACE cDNA
amplification kit (Clontech) according to the manufacturer’s
instructions. Primer sequences used for molecular cloning are
shown in Table 1. The PCR products were separated by 1.0%
agarose gel electrophoresis and detected using SYBR Green (Thermo
Fisher Scientific). After gel purification, PCR products were ligated
into pMDI19-T vector for sequencing (Sangon Biotech) and the
full-length cDNA of Sp-AST-C and Sp-AST-CR was assembled.

Predicted protein sequences were established using ORF finder,
while the possible presence of signal peptides were checked using
Signal P 4.0 and transmembrane domains were predicted by
transmembrane prediction server TMHMM. Convertase cleavage
sites and mature peptide of Sp-AST-C were identified based on
previously described rules (Veenstra, 2016). Protein sequence
alignments of Sp-AST-C and Sp-AST-CR with their homologs were
established using ClustalW software.

Tissue distribution of Sp-AST-C and Sp-AST-CR

The distribution profiles of Sp-AST-C and Sp-AST-CR were analyzed
by RT-PCR. Briefly, cDNAs were obtained from 11 tissues of a
female S. paramamosain: eyestalk ganglion, cerebral ganglion,
thoracic ganglion, Y-organ, mandibular organ, heart, middle gut,
ovary, hepatopancreas, muscle and hemocytes. Each cDNA template
was then amplified with AST-C-QF/-QR or AST-CR-QF/-QR primer
pairs. Meanwhile, the housekeeping gene B-actin was concurrently
amplified with ACT-QF/-QR primers as an internal control.
Additionally, the amplification of water served as a negative
control. PCR was performed with an efficient Ex-Tag® DNA
polymerase (Takara) under the following conditions: 94°C for 2 min,
followed by 35 cycles of 94°C for 30 s, 58°C for 30 s, 72°C for 30 s
and 72°C for 10 min. Finally, PCR products were resolved on 1.0%
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Table 1. Summary of primers used in this study

Primer Primer sequence (5'-3') Target size (bp) Application
AST-C-3F1 CACCTATCAGGACCTGCCATCTTT 806 3'RACE
AST-C-3F2 GCAAGAAGAAGAGGATGTTTG 705 3'RACE
AST-C-5R1 GCTTCGAGCTCCTCCTGGCTGGTGT 322 5'RACE
AST-C-5R2 TGGCGGGCAGGGCGTGACTCAGGGT 213 5'RACE
AST-C-QF TCACTCGCTGCTTGTTATCCT 199 RT-PCR
AST-C-QR AACCCCATCTCCTGCTTCA RT-PCR
AST-C-IF GACCCTGAGTCACGCCCTGCCCGC 239 ISH
AST-C-IR TCCCCATCGACCTCCGCCTTCAGT ISH
AST-CR-5R1 CACGTAGATGACGAGAGTGTTGC 1234 5'RACE
AST-CR-5R2 ACGTCCGCGATGTCCGTGTTATTG 1104 5'RACE
AST-CR-QF CAAGGCAAAGTCCAAGGAGAAG 192 RT-PCR
AST-CR-QR TAGGAGAGGCAGGAGGAAATCA RT-PCR
AST-CR-IF GTGTTGGCTGCCCTACTGG 420 ISH
AST-CR-IR TTCCTGACGGAGTGGCTGTCCC ISH
Vg-QF CGCAACCGCCACTGAAGAT 204 gPCR
Vg-QR CCACCATGCTGCTCACGACT gPCR
VgR-QF TTCTATACCAGGCCACTACC 185 gPCR
VgR-QR TTTTCACTCCAAGCACACTC gPCR
ACT-QF CACACTTCACAGACCTTC 187 gPCR
ACT-QR CACAATGCCATCCTCTAC gPCR
T7 TAATACGACTCACTATAGGG ISH

SP6 ATTTAGGTGACACTATAG ISH

ISH, in situ hybridization; RT-PCR, reverse transcription PCR; qPCR, real-time quantitative PCR.

agarose gel, stained with ethidium bromide and visualized under a
UV detector (Geldoc, Thermo Fisher Scientific).

In situ hybridization

RNA probes were generated by two pairs of gene-specific primers,
AST-C-IF/IR and AST-CR-IF/IR, and the universal primers
T7/SP6 (Table 1). The in situ hybridization was performed as
described in our previous study (Liu et al., 2018). Briefly, samples
of the cerebral ganglion and ovary were dissected from a female
S. paramamosain at the early vitellogenesis stage, and immediately
rinsed 3 times in 0.1 mol I~ phosphate-buffered saline (PBS,
pH 7.4). Tissues were then fixed overnight in a solution of 4%
paraformaldehyde prepared in 0.1 mol 1=! PBS at 4°C. After rinsing
3 times with 0.1 mol 17! PBS, samples were dehydrated with 75%
ethanol, 85% ethanol, 95% ethanol and 100% ethanol in order,
followed by treatment with xylene, then embedded in paraffin.
Finally, the embedded tissues were sectioned with thickness of
7 um for hybridization. Hybridization was carried out using DIG
RNA Labeling Kit (Roche, Switzerland) and the signal was
detected by alkaline phosphatase using a BCIP/NBT Chromogen kit
(Solarbio, China).

Peptide synthesis

Based on the deduced amino acid sequence of the C-type
AST preprohormone, the mature Sp-AST-C peptide
(QIRYHQCYFNPISCF-OH, with a disulfide bridge present
between C7 and C14) was synthesized (GL Biochem Ltd, Shanghai,
China), with a purity of 98%, for the subsequent experiments.

Whole-mount immunohistochemistry

Antibody production

To map the distribution of Sp-AST-C peptides, a custom-produced
polyclonal rabbit antibody was generated (GL Biochem Ltd). This
antibody was raised against the predicted mature Sp-AST-C peptide
conjugated via the N-terminal cysteine to keyhole limpet
hemocyanin. Two months after immunizations, serum containing
antibody was obtained and the antibody was purified by affinity

chromatography. Finally, the specificity and efficiency of the
antibody were determined and it was stored at —80°C until use.

Whole-mount immunofluorescence

Whole-mount immunofluorescence staining was performed
following a method described by Christie et al. (2006). In
detail, samples of the cerebral ganglion were fixed in a solution
of 4% paraformaldehyde in 0.1 mol 17! PBS at 4°C overnight. At
the end of this period, tissues were rinsed 5 times at ~1 h
intervals at room temperature in PBS containing 0.3% Triton-X
100 (PBS-T) and then incubated for ~72 h at 4°C in primary
antibody (rabbit anti-AST-C) diluted to a final working
concentration of 1:5000) Subsequently, tissues were rinsed 5
times at ~1 h intervals at room temperature in PBS-T, followed
by incubation in goat anti-rabbit IgG conjugated to Alexa Fluor®
594 (ab150080, Abcam; 1:500 dilution) for ~24 h at 4°C. Both
the primary and secondary antibody were diluted in PBS-T
containing 10% normal donkey serum. Before visualization,
samples were incubated in 4’,6-diamidino-2-phenylindole
(DAPI, Invitrogen) buffer to label the cell nuclei. To render the
samples transparent so that the fluorescence signals from the
labeled cells could be easily detected, tissues were treated with
scale reagent for ~3 days (Hama et al., 2011). Finally, the
samples were imaged using a Zeiss LSM780 system equipped
with a 10x dipping objective lens.

In vitro effect of Sp-AST-C peptide on Sp-Vg and Sp-VgR
expression

To test a potential effect of Sp-AST-C peptides on vitellogenesis of
S. paramamosain, an in vitro experiment was conducted. This
experiment was repeated 3 times. Briefly, female crabs at the early
vitellogenic stage were anesthetized on ice for 10 min, followed by
sterilization in 75% ethanol for 10 min. After that, tissues of the
ovary and hepatopancreas were dissected and washed with crab
saline containing penicillin G (300 IU ml~!) and streptomycin
(300 mg mI~') 9 times. Subsequently, the samples were cut into
fragments of approximately 50 mg and placed in a well of 24-well
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culture plate with 500 ul L15 medium containing penicillin G and
streptomycin as above for preincubation at 25°C. The experiment
included four treatments: three different concentrations (107>, 107°
and 1077 mol 17!) of Sp-AST-C peptide (treatments 1-3) and a
control without any peptide (treatment 4); each treatment had four
replicates (n=4). After a 1 h pre-incubation, the culture medium was
replaced with L15 medium containing different concentrations of
peptide and incubated for another 24 h. Finally, the ovarian and
hepatopancreatic explants were collected for total RNA extraction
and cDNA synthesis, and the expression of Sp-Vg (GenBank
accession number: FJ812090.1) and Sp-VgR (GenBank accession
number: KF860893.1) was detected by qPCR.

In vivo effect of Sp-AST-C on ovarian development
Based on the results of the in vitro experiment, we speculated that
Sp-AST-C had an inhibitory role in vitellogenesis. To confirm this

hypothesis, a long-term in vivo experiment was performed. Mud
crabs at the early vitellogenic stage were randomly divided into three
groups, each containing four individuals (n=4). Before injection, a
group of animals was sampled as a pre-injection control. Crabs were
then injected with Sp-AST-C peptide (10 ng g=' body mass) in
100 ul crab saline once every 5 days, while the saline control received
100 ul crab saline instead. On day 16, approximately 24 h after the
third injection, crabs were placed on ice for anesthetization before
being killed, and samples of ovary were dissected for gene expression
analysis, vitellin (Vn) measurement and histological analysis
(Hemotoxylin and Eosin staining).

The content of Vn in ovary was detected by western blot with anti-
Vn antibody against the swimming crab Portunus trituberculatus Vn
(Zhang et al., 2011). Briefly, 50 mg of ovary was homogenized in
0.5 ml of extraction buffer (0.1 mol 1! Tris-HCI, 0.1 mol 1=! NaCl,
2.5 mmol 17! EDTA, 0.5% Triton X-100), followed by centrifugation

A Fig. 1. Scylla paramamosain C-type allatostatin
(Sp-AST-C). (A) Nucleotide and deduced amino acid
sequence of Sp-AST-C. The ORF is shown in a single
letter code below the nucleotide sequence. The signal and
mature peptides are underlined; the initiation codon

and the dibasic cleavage sites are indicated in red.

(B) Sequence alignment of the known C-type allatostatin
(AST) peptides in insects and crustaceans.

CCGCATTTGCTGCCTGGAAACCTCCCGCGCGTTCACTCTCCCTAAGCTCCTGACGCAGTT
BTG C6ETeEEEE6EETTIOTETETeTETCTICCTECEEETACCOAAGCGCTECTCCOAGETEE
CTCCCACCTACCTCCCAGTCATGATGCTCTGCCCTGGCCATCTGGTCGTCGCCCTGGCCC
Signalpeptide M_L _C P G _H L V _V A L A
TGGTGCTGACCCTGAGTCACGCCCTGCCCGCCAAGGAGGTCCCCAAGGCGCAGAAGGAGG
L V L T L S H A L P A K E V P K A Q@ K E
TCTCTTCGGCTCATGAAGGAGGACGGTTGCAGAAGAGAGCTGCGGGTCCCTCCTCTGACA
V S S A HE G G R L Q KR AATGUP S S D
CCAGCCAGGAGGAGCTCGAAGCCCTTAAAGACCTCATCCTGTCCCGTCTGGCGGCTGAGC
T s @ E E L E A L K D L I L 8 R L A A E
TTGATGCCACCTATCAGGACCTGCCATCTTTCAAGCATGACTTACTGAAGGCGGAGGTCG
L D AT Y @ DL P S F KHUD L L KA E V
ATGGGGAAGAGGACGATGAAGGAAACGAAGAAGGAAGGAGGGAGGAGGGCAAGAAGAAGA
D 6 E E D D E G N EE G R REE 6 K K K
GGATGTTTGCCCCTCTCTCTGGCTTACCGGGTAACCTGCGTACCATCAAGAGACAGATTC
R M F AP L S G LPGNLRTI KR Q|
GGTACCATCAGTGTTATTTCAACCCCATCTCCTGCTTCAGGCGGAAGTGAATCTGCTGGC
R Y HQ C Y F NP I 8 CF R R K =
ATTGCAAGTAGAGATGACGCCGCTGCGAGCTGTTGACGTCATCCCACTCTGACGTCATCC
AGTAGCCTGACCAGCGCGTCCACTCCCGCCGCTTGACGTCATCATCATCAACAGCAGCAG
CAGTGGCAGCGGCGGCGGCTCGGGAAGTAGCAGCAGCAGTGGTAACAGCACCCACCGCAG
CCCACAGCACGCGCAGGTGAAAGGAAATACAAGGAAAGAAAATAAAGAAAAGAGAGAGAG
AAAGAAAGAGAAAACAGACAAAGCGCAGACGGACAGGTGACGTAAGAAGAGGAAGAAGAA
GAGAAAGAGAGAAAGAAAGAAAGAAAGAAAGAAGTAGAGGAAGGATCCAGGACTGACTGT
TACGATAAAAGAGGAAGAGGAAGAGGAAGAAGAAGAGGGTGTAATAACTAATGGAGGAGG
AACACCATCACCACTACCATCACCATCACCACTACAACCACAACCTCACTATAACAATGC
TATCACCACCACAAACAACAACAACAACAACAACTACACCATCAACAACAACACCAACCA
CAACAAACACAGCTTGAAAAAAAAAAAAAAAAA

B Limulus polyphemus

Stegodyphus mimosarum

Cancer borealis
Homarus americanus
Litopenaeus vannamei Crustaceans
Scylla paramamosain

Carcinus maenas

Mesobuthus martensii

Drosophila melanogaster,

Locusta migratoria
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at 10,000 g for 10 min at 4°C. The supernatant was subsequently
collected and the amount of total protein was measured by the
Bradford method. A 30 pug sample of total protein was subjected to
8% SDS-PAGE and then transferred to a PVDF membrane. The
membrane was blocked in blocking buffer (PBS containing 5% BSA)
for 1 h, followed by incubation with rabbit anti-Vn antibody diluted
1:1000 in blocking buffer at 37°C for 1 h, and subsequently washed 3
times in 0.1 mol I=! PBS containing 0.1% Tween 20 (PBST). The
membrane was then incubated in goat anti-rabbit IgG conjugated to
HRP (diluted 1:1000 in PBST) for 1 h at room temperature and
washed 3 times in PBST. Finally, protein bands were detected using
an Easysee Western Blot kit (Transgen Biotech).

Statistical analyses
The qPCR data were calculated using the method and
normalized to B-actin gene expression. Subsequently, Levene’s test

2—AACt

Cephus cinctus

Athalia rosae

Carausius morosus

= Scylla paramamosain
Manduca sexta
Helicoverpa armigera
Danaus plexippus

was used for homoscedasticity and statistical significance of the data
(P<0.05) was determined using one-way analysis of variance with
post hoc Duncan’s multiple comparison test (SPSS 20.0). The
results are presented as means+s.e.m.

RESULTS

Sp-AST-C and Sp-AST-CR cDNA

By PCR and RACE methods, the full cDNA sequence of Sp-AST-C
was cloned from cerebral ganglion cDNA of S. paramamosain. The
complete cDNA of Sp-AST-C had a length of 1773 bp (GenBank
accession number: MK314113). It consisted of an ORF of 450 bp
that coded for a 149 amino acid precursor, flanked by 5’ and 3’
UTRs of 140 bp and 583 bp, respectively. The precursor contained a
21 amino acid signal peptide, three precursor related peptides and a
mature C-type AST peptide flanked by two dibasic cleavage sites
(Fig. 1A). The mature peptide (QIRYHQCYFNPISCF-OH) was 15

———————————— SCGQDLPTVS 36
———————————— NCDADLPIVS 51
~~~~~~~~~~ ECDTDQPTLL 55
—--GAGRMSTTAM 49
—--CPNINLHIVY 38
<<<<<<<<<<<< CPNINLPVVY 38
———————————— CPNINLPIVS 38
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Fig. 2. Amino acid sequence of S. paramamosain C-type AST receptor (Sp-AST-CR) and its homologs. Sequence alignments of the predicted C-type AST

receptor in S. paramamosain and of its homologs in Cephus cinctus (GenBank: XP_015598452.1), Athalia rosae (GenBank: XP_012260695.1), Carausius
morosus (GenBank: AOV81581.1), Manduca sexta (GenBank: ADX66345.1), Helicoverpa armigera (GenBank: XP_021194801.1), Danaus plexippus

(GenBank: OWR41004.1), Drosophila melanogaster (GenBank: AAL02125.1) and Ceratitis capitata (GenBank: XP_023159475.1). The amino acid number is

indicated on the right. Conserved residues are highlighted with a black background and conservative changes have a gray background.
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amino acids in length, was non-amidated and possessed two
cysteine residues at positions 7 and 14 connected by a disulfide
bridge (Fig. 1B).

Additionally, we isolated a fragment encoding a putative C-type
AST receptor using transcriptome data for the cerebral ganglion. By
5" RACE, the complete coding region of Sp-AST-CR was
subsequently obtained (GenBank accession number: MK314114),
containing 3309 bp with an ORF of 1281 bp that coded for a 426
amino acid protein, flanked by a 5 UTR of 1015 bp and an
incomplete 3’ UTR of 325 bp, respectively. The TMHMM
transmembrane prediction server predicted that Sp-AST-CR
contained seven transmembrane domains, like other G protein-
coupled receptors (Fig. 2). Sequence alignment revealed that Sp-
AST-CR had a high identity to the C-type AST receptor reported in
D. melanogaster and M. sexta, and to other predicted insect
receptors.

Expression of Sp-AST-C and Sp-AST-CR in S. paramamosain
To survey the tissue expression profiles of Sp-AST-C and Sp-AST-
CR in S. paramamosain, an RT-PCR assay was performed. Our
results showed that of 11 tissues detected, Sp-4ST-C was highly
expressed in the cerebral ganglion, thoracic ganglion and the middle
gut, with much lower levels in the eyestalk ganglion and heart. Sp-
AST-CR was found to be extensively expressed in the tissues of
S. paramamosain, including the cerebral ganglion, thoracic
ganglion, Y-organ, mandibular organ, heart, middle gut, ovary,
muscle and hemocytes, whereas no transcript was detected in the
eyestalk ganglion and hepatopancreas (Fig. 3A). In addition, the
expression profile of Sp-AST-CR in the ovary at three vitellogenic
stages, determined by qPCR (Fig. 3B), showed that it had high
expression at the previtellogenic stage and that expression
significantly decreased in the early and late vitellogenic stages
(P<0.01).

Localization of Sp-AST-C in the cerebral ganglion of
S. paramamosain
According to previous studies, the cerebral ganglion can be divided
into the protocerebrum, deutocerebrum and tritocerebrum (see
Sandeman et al., 1992). The results of in situ hybridization revealed
that Sp-AST-C transcripts were localized in the cells of clusters 6 and
8 of the protocerebrum; clusters 9, 10 and 11 of the deutocerebrum;
and clusters 14 and 15 of the tritocerebrum (Fig. 4A,C-E). No
positive signal was detected when a sense probe was used (Fig. 4B).
C-Type AST immunoreactivity was found to be distributed
throughout the cerebral ganglion (Fig. 5). There were many
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Sp-AST-CR

Sp-AST-C

Sp-actin

1 2 3 4 5 6 7 8 9

Relative expression of Sp-AST-CR
o
3
L

immunoreactive cells in clusters 6 and 8 of the protocerebrum. In
the deutocerebrum, strong immunoreactivity was observed in clusters
9 and 11, while no immunoreactivity was detected in cluster 10. In
addition, strong immunoreactivity was also detected in the olfactory
lobe. A few immunoreactive cells were detected in clusters 14 and 15
of the tritocerebrum.

In vitro effect of synthetic Sp-AST-C peptide on
vitellogenesis

The synthetic Sp-AST-C peptide was applied to the culture medium
containing the explants of ovaries or hepatopancreas at the early
vitellogenic stage. The qPCR results showed that Sp-AST-C
significantly reduced the level of Sp-VgR transcript in the ovary
in a dose-dependent manner (Fig. 6C). In contrast, the levels of
Sp-Vg transcript in both the hepatopancreas and ovary showed no
statistical difference after addition of Sp-AST-C peptide (Fig. 6A,B).

In vivo effect of Sp-AST-C peptide on Vg uptake and oocyte
growth

In vivo injection of Sp-AST-C peptide reduced the expression of
Sp-VgR and the content of Vn in ovary but did not affect Sp-Vg
expression (Fig. 7). This result was confirmed by the findings of the
histological analysis, which showed that the administration of
Sp-AST-C decreased the diameter of the oocytes and the number of
yolk granules (Fig. 8). In summary, the in vivo experiment indicated
that Sp-AST-C could inhibit oocyte uptake of Vg and obstruct
oocyte growth in S. paramamosain ovary.

Localization of Sp-AST-CR in the ovary of S. paramamosain
Based on histological characterization, the ovary was at the early
vitellogenic stage, in which oocytes were surrounded by follicular
cells, and only a few previtellogenic oocytes were observed
(Fig. 9C). The antisense Sp-AST-CR probe gave a clear signal in
the oocytes but not in the follicular cells (Fig. 9A). Interestingly,
previtellogenic oocytes showed a much stronger signal than early
vitellogenic oocytes. No signal was detected when a sense probe or
PBS was used as a negative control (Fig. 9B). The results showed
that Sp-AST-CR was exclusively expressed in oocytes in the mud
crab ovary.

DISCUSSION

In insect species, the C-type ASTs are a group of structurally
conserved peptides named because of their inhibitory effect on JH
biosynthesis in the corpora allata (Kramer et al., 1991; Li et al.,
2004; Li et al., 2006; Abdel-Latief and Hoffmann, 2010; Wang
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Fig. 3. Expression of Sp-AST-C and Sp-AST-CRin S. paramamosain. (A) The distribution of Sp-AST-C and Sp-AST-CR expression, as detected by qPCR. Scylla
paramamosain f-actin was included as a control. 1: eyestalk ganglion; 2: cerebral ganglion; 3: thoracic ganglion; 4: Y-organ; 5: mandibular organ; 6: heart;

7: middle gut; 8: ovary; 9: hepatopancreas; 10: muscle; 11: hemocytes; 12: negative control (water). (B) The expression pattern of Sp-AST-CR in the ovary during
development (previtellogenic, early vitellogenic and late vitellogenic stage). Asterisks indicate significant differences from the previtellogenic stage (**P<0.01).
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Fig. 4. Localization of Sp-AST-C in the cerebral ganglion of S. paramamosain at the early vitellogenesis stage. (A) Localization of Sp-AST-C-expressing

cells in the cerebral ganglion using an antisense probe. (B) Negative control usi
AST-C localization in clusters 6 and 8 of the protocerebrum; clusters 9, 10 and

ng the sense probe. (C—E) Enlargement of the boxed regions in A, showing Sp-
11 of the deutocerebrum; and clusters 14 and 15 of the tritocerebrum. (F)

Hematoxylin and Eosin staining. OGT, olfactory globular tract; AMPN, anterior medial protocerebral neuropil; PMPN, posterior medial protocerebral neuropil; PB,
protocerebral bridge; CB, central body; ON, olfactory lobe; MAN, median antenna | neuropil; LAN, lateral antenna | neuropil; TN, tegumentary neuropil; AnN,

antenna Il neuropil; EC, esophageal connectives.

et al., 2012). To date, the regulatory role of C-type ASTs on JH
biosynthesis in the corpora allata has been well studied in insects
(for review, see Stay and Tobe, 2007). The recent discovery in
A. aegypti of the mode of action of C-type AST in the regulation of
JH biosynthesis is a great breakthrough (Nouzova et al., 2015). It is
now known that the C-type AST is also widely present in crustacean
species, such H. americanus (Dickinson et al., 2009), the white
shrimp Litopenaeus vannamei (Stemmler et al., 2010) and
S. paramamosain (Bao et al., 2015); however, information on the
potential functions of C-type ASTs in crustaceans is rather limited.
In the present study, we describe the distribution profiles of a C-type

AST and its putative receptor in the mud crab S. paramamosain and
verified its inhibitory role in vitellogenesis.

In our previous study, we identified a fragment sequence that
encoded a C-type AST precursor (Sp-AST-C) from our transcriptome
database of S. paramamosain (Bao et al., 2015). By RACE PCR-
based isolation, the full-length cDNA of Sp-AS7-C was cloned from
the cerebral ganglion of S. paramamosain. The Sp-AST-C precursor
shared a similar basal framework with the C-type ASTs previously
reported in insects and other crustaceans, which consisted of a
signal peptide, three precursor-related peptides and a mature
peptide (Fig. 1A). The mature peptide was 15 amino acids
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Fig. 5. Localization of C-type AST immunoreactivity (red) in the cerebral ganglion of S. paramamosain at the early vitellogenesis stage. Blue indicates
cell nuclei labelled by DAPI. AMPN, anterior medial protocerebral neuropil; PMPN, posterior medial protocerebral neuropil; PB, protocerebral bridge; CB, central
body; ON, olfactory lobe; MAN, median antenna | neuropil; LAN, lateral antenna | neuropil; TN, tegumentary neuropil; EC, esophageal connectives.

(QIRYHQCYFNPISCF-OH) in length, characterized by a PISCF-
OH motif in the C-terminus (Fig. 1B). In addition, two cysteine
residues at positions 7 and 14 were found in the mature peptide that
were connected by an intramolecular disulfide bridge, which is an
invariable feature for C-type AST family peptides (Veenstra, 2009).
It has been shown that such a feature is essential for the function of
C-type AST peptides (Kreienkamp et al., 2002). Three members of
the C-type AST family have been identified: C, CC and CCC
(Veenstra, 2009, 2016). The notable characteristics of AST-C that
differ from those of the other two peptides are that it has a Pro residue
in the disulfide bridge and a predicted pyroglutamate residue in the N-
terminus of the mature peptide (Veenstra, 2016). Based on sequence

characteristics, Sp-AST-C is a C-type AST peptide. Finally, sequence
alignment showed that the mature peptide of C-type AST in
crustaceans was identical and had high identity to the insect C-type
ASTs (Fig. 1B), indicating that C-type AST is conserved among
insects and crustaceans.

It was shown that the insect C-type AST receptor is related to the
mammalian somatostatin/opioid receptor family (Kreienkamp et al.,
2002; Olias et al., 2004). This is clear from the structural similarity
of C-type ASTs to the mammalian somatostatin (Veenstra, 2009).
To date, the C-type AST receptor has been studied in several insect
species, e.g. A. aegypti (Mayoral et al., 2010), D. melanogaster
(Kreienkamp et al., 2002) and T castaneum (Audsley et al., 2013),
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Fig. 6. Effect of synthetic Sp-AST-C peptide on the in vitro expression of Sp-Vg and Sp-VgR. (A,B) Relative expression of Sp-Vg in the hepatopancreas (A)
and ovary (B). (C) Relative expression of Sp-VgR in the ovary. The samples were collected from the no-peptide control and after incubation with 10~7, 106 or
10~% mol I=" synthetic Sp-AST-C peptide. Data are shown as meanszts.e.m. (n=4). Asterisks indicate significant differences from control (*P<0.05; **P<0.01).

8

)
(@)}
9
Q
o
©
-+
c
Q
£
—
()
o
x
(NN}
Y—
(©)
©
c
—
=)
(®)
-_




RESEARCH ARTICLE

Journal of Experimental Biology (2019) 222, jeb207985. doi:10.1242/jeb.207985

Relative expression of SpVg

Pre-injection Saline AST-C
control control treatment
Cc Pre-injection control

Saline control

=N
[$)]
1

N
o
1

Relative expression of SpVgR
o
o

o
I

AST-C
treatment

Saline
control

Pre-injection
control

AST-C treatment

~100 KDa— B s s -

T80 kDA s o —

Fig. 7. In vivo effect of synthetic Sp-AST-C peptide on vitellogenesis of S. paramamosain. (A,B) Relative expression of Sp-Vg (A) and Sp-VgR (B) in the
ovary 16 days after the first injection of synthetic AST-C peptide (see Materials and Methods). (C) Western blot showing the change in Vn content of the ovary
16 days after the first injection of synthetic Sp-AST-C peptide. Data are meanszts.e.m. (n=4). Asterisks indicate significant differences from the saline control

(*P<0.05).

and one crustacean species, H. americanus (Stanhope et al., 2016;
Walsh et al., 2017). In Diptera, there are two AST-C receptor genes
that may be involved in different physiology functions. For instance,
in D. melanogaster, it has been reported that allatostatin-C receptor
2 is specifically involved in the regulation of immunity and
nociception (Bachtel et al., 2018), and the modulation of seasonal
evening activity (Diaz etal., 2019). Similarly, two putative receptors
were identified in H. americanus (Stanhope et al., 2016). However,
in S. paramamosain, only one putative receptor, Sp-AST-CR, was
found by analysis of the transcriptome sequence. Like insect C-type
AST receptor, this putative receptor is related to the mammalian
somatostatin receptors. Furthermore, sequence alignment revealed
that Sp-AST-CR and the insect C-type AST receptors are highly
similar in the transmembrane domains (Fig. 2), which indicates that
Sp-AST-CR encodes a C-type AST receptor in S. paramamosain.
Nevertheless, a functional assay is needed to confirm whether this
putative receptor can be activated by Sp-AST-C peptide.

In the insect species, C-type AST is considered to be a brain—gut
peptide as it is mainly secreted by the brain and gut (Williamson
et al., 2001). For instance, in 7. castaneum, it was reported that 7c-
AST-C is expressed in the greatest amounts in the head, with lower
transcript levels in the gut, fat body and testis (Audsley et al., 2013).
In the present study, RT-qPCR results showed that Sp-AST-C
transcripts were mainly expressed in the cerebral ganglion, thoracic
ganglia and gut, with much lower levels in the eyestalk ganglion and
heart (Fig. 3). Such a result is largely in accordance with the
findings in insect species. Similarly, the expression of C-type AST
in the cerebral ganglion, eyestalk ganglion, heart and gut was
recorded in H. americanus and C. borealis (Stemmler et al., 2010).
The appearance of C-type AST in the nervous system revealed that
Sp-AST-C might serve as a neuromodulator and neurohormone
(Stemmler et al., 2010; Wilson and Christie, 2010). This is further
supported by the localization of Sp-AST-C in the cerebral ganglion
through in situ hybridization and immunofluorescence staining in
the present study. Both Sp-AST-C mRNA and Sp-AST-C peptide
exhibited a wide distribution in the cerebral ganglion. Interestingly,
Sp-AST-C was expressed in cluster 10 of the deutocerebrum, where

Sp-AST-C peptide immunoreactivity was not detected. This
phenomenon might be caused by the low expression of Sp-AS7-C
in cluster 10 and the peptide being immediately secreted out as soon
as it is synthesized. The extensive distribution of Sp-AST-C in the
cerebral ganglion implies it has multiple functions, as suggested in
the case of oxytocin/vasopressin-like mRNA in the blue swimming
crab, Portunus pelagicus (Saetan et al., 2018). Based on the
function of the cerebral ganglion structure, the presence of Sp-AST-
C1in clusters 6 and 8 indicated that it is involved in the regulation of
feeding and reproductive behaviors (Sandeman et al., 1992); and its
localization in the olfactory lobe and clusters 9, 10 and 11 of the
deutocerebrum revealed that Sp-AST-C is associated with the
modulation of the visual and chemosensory process, and involved in
the regulation on feeding behaviors (Urlacher et al., 2016; Urlacher
et al., 2017).

In crustaceans, information on the functions of C-type AST is still
scanty although it was identified almost a decade ago (Dickinson
et al., 2009). In this study, the tissue distribution of Sp-AST-CR in
S. paramamosain may provide a cue to understanding the potential
roles played by C-type AST in crustaceans. In insect species, it is
believed that the C-type ASTs are pleiotropic peptides that are
involved in various metabolic roles (Stay and Tobe, 2007). This is
further supported by the extensive expression of C-type AST
receptor in many tissues/organs. For instance, in T. castaneum,
TC-AST-CR transcript was widely expressed in the head, gut,
corpora allata, fat body and the reproductive organs (Audsley et al.,
2013). Similarly, in S. paramamosain, RT-qPCR showed that
Sp-AST-CR was broadly present in the detected tissues except the
eyestalk ganglion and hepatopancreas (Fig. 3). In Lepidoptera, e.g.
M. sexta and A. aegypti, AST-C can block JH synthesis in the
corpora allata (Kramer et al., 1991; Nouzova et al., 2015). In
crustaceans, there is a homologous gland to the corpora allata,
namely the mandibular organ, which can produce an equivalent
hormone to JH, i.e. MF (Miyakawa et al., 2014). In adult female
D. melanogaster, inhibition of C-type AST receptor-1 or -2 by RNA
interference resulted in an increase of MF and JH III biosynthesis
(Wang et al., 2012). Currently, there is no evidence to suggest that
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C-type ASTs act as inhibitors of MF production in crustaceans, but
the presence of Sp-AST-CR transcript in the mandibular organ of
S. paramamosain indicates that C-type AST is potentially involved in
the regulation of MF production. In H. americanus, it was reported
that the AST-C receptor was expressed in the heart and C-type AST
was able to modulate the output of the heart (Dickinson et al., 2009).
In the present study, the existence of Sp-AST-CR transcript in the
heart implied a similar regulation of C-type AST in the heart
of S. paramamosain. In addition, in T. castaneum, in vitro assay
revealed that 7c-AST-C stimulated the release of proteases from the
anterior midgut in a dose-dependent manner (Audsley et al., 2013).
In S. paramamosain, both Sp-AST-C and Sp-AST-CR transcripts were
detected in the middle gut, which suggests that it might impact on the
same activities as in the gut. Surprisingly, Sp-AST-CR was highly

Sl 'lhzﬁﬁft % i\
Fig. 8. Histological changes in S. paramamosain ovary at the early vitellogenic stage in response to administration of synthetic Sp-AST-C peptide.

(A) Pre-injection control. (B) Crab saline treatment (saline control). (C) Sp-AST-C peptide treatment. Images are from n=4 crabs for each condition. OG,
oogonium; OC1, previtellogenic oocyte; OC2, early vitellogenic oocyte; OC3, late vitellogenic oocyte; N, cell nucleus; YG, yolk granule. Scale bars: 100 um.
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expressed in the Y-organ of S. paramamosain, the site of ecdysone
biosynthesis in crustaceans. Up to now, the expression of Sp-4ST-CR
in the Y-organ has never been studied. In B. mori, studies have shown
that the B-type ASTs are a potent inhibitory factor for ecdysone
biosynthesis (Davis et al., 2003; Yamanaka et al., 2010). Collectively,
our results indicate that C-type AST is probably involved in
the regulation of ecdysone biosynthesis. In our previous study,
qPCR results showed that the level of Sp-AST-C precursor expression
in the cerebral ganglion declined gradually during ovarian
development, indicating it might be a negative regulatory factor of
vitellogenesis (Bao et al., 2015). Interestingly, in the present study, we
found that Sp-AST-CR transcript was expressed in the ovary of
S. paramamosain and its expression pattern during ovarian
development was similar to that of Sp-AS7-C (Fig. 3B), which

10

>
(@)
9
Q
(2]
©
-+
C
()
S
=
()
o
x
L
Y
(©)
©
c
e
-]
(®)
_




RESEARCH ARTICLE

Journal of Experimental Biology (2019) 222, jeb207985. doi:10.1242/jeb.207985

100 um

Fig. 9. Localization of Sp-AST-CR in S. paramamosain ovary at the early vitellogenic stage. (A) Localization of Sp-AST-CR mRNA by the antisense probe;
arrows indicate the positive signals of Sp-AST-CR in the oocytes. (B) Negative control result with the sense probe. (C) Hematoxylin and Eosin staining. OC1,

previtellogenic oocyte; OC2, early vitellogenic oocyte; FC, follicular cell.

further revealed that the ovary was under the direct control of C-type
ASTs. In summary, the widespread distribution of Sp-AST-CR in
S. paramamosain suggests that C-type AST might have multiple
functions in crustaceans as well as in insects.

To further investigate the effect of Sp-AST-C on vitellogenesis of
S. paramamosain, both in vitro and in vivo experiments were
conducted in the present study. Vg, a precursor of vitellus, is
synthesized in the hepatopancreas and the ovary, and subsequently
taken up by analysis of the the oocytes via endocytosis mediated by
the Vg receptor (Warrier and Subramoniam, 2002); this process is
termed vitellogenesis. Thus, we used Sp-Vg and Sp-VgR as
indicators of vitellogenesis in this study. The in vitro result
showed that Sp-AST-C peptide significantly reduced the level of Sp-
VgR transcript in a dose-dependent manner, while it had no effect on
the levels of Sp-Vg transcript in the ovary and hepatopancreas
(Fig. 6). A reduction in the levels of Sp-VgR in the ovary was also
observed after administration of short neuropeptide F and
knockdown of the bone morphogenetic protein 7 receptors by
RNA interference (Bao et al., 2018; Shu et al., 2016). Our results
suggest that Sp-AST-C peptide might inhibit vitellogenesis by
impacting on the uptake of Vg by oocytes but not the production of
Vg. This was further consolidated by our in vivo evidence, which
revealed that the expression of Sp-VgR and the content of Vn in the
ovary were reduced by injection of Sp-AST-C (Fig. 7B,C).
Furthermore, oocyte diameter and the number of yolk granules in
the oocytes decreased after administration of Sp-AST-C (Fig. 8),
suggesting that oocyte growth was inhibited by Sp-AST-C. In
Diploptera punctata, injection of A-type AST peptide inhibits JH
synthesis and oocyte growth (Garside et al., 2000). Thus, in the
present study, the inhibition of oocyte growth could
alternatively have been caused by the low MF titer in
hemolymph. As Sp-AST-CR exists in the mandibular organ
(Fig. 3A), is possible that injection of Sp-AST-C decreased MF
titer in the hemolymph; unfortunately, this was not determined,
so no conclusion can be made. Nevertheless, our results clearly
demonstrate that Sp-AS7T-C had an inhibitory role in Vg
absorption and oocyte growth. Finally, given the absence of
Sp-AST-C mRNA in the ovary and the localization of Sp-AST-
CR mRNA in the oocytes (Fig. 9), we believe that Sp-AST-C
acts as a circulating hormone to inhibit the uptake of Vg by
oocytes directly.

In conclusion, the extensive distribution of both C-type AST and
its putative receptor in the mud crab S. paramamosain indicates that
Sp-AST-C might be a pleiotropic peptide involved in many

physiological functions. The in vitro and in vivo experiment further
provide the first evidence that Sp-AST-C serves as a circulating
hormone to regulate ovarian development via direct inhibition of Vg
absorption by oocytes and obstruction of oocyte growth.
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