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A B S T R A C T

G protein-coupled receptors (GPCRs) are important transmembrane receptors that participate in diverse phy-
siological processes including metabolism, cell growth and immune processes by transmitting extracellular
signals to intracellular effectors. In this study, a gene belonging to the GPCR family was cloned from Eriocheir
sinensis and named EsGPCR89. The full-length gene includes an open reading frame (ORF) of 465 amino acid
residues, and bioinformatic analysis confirmed the high conservation between species. EsGPCR89 was detected
in various tissues of E. sinensis, and was up-regulated in brain following Staphylococcus aureus infection.
Expression levels of cerebral antimicrobial peptides (AMPs) were also up-regulated following bacterial chal-
lenge, reflecting their function in cerebral immunity. Additionally, EsGPCR89 silencing in hemocytes by RNA
interference, down-regulated AMPs in brain after S. aureus infection. Moreover, through Immunisation assay and
Polyacrylamide gel electrophoresis (SDS-PAGE) experiments, we could infer that bacterially infected hemocytes
released effectors under the regulation of EsGPCR89, thereby activating transcription of cerebral AMPs. These
results demonstrate that EsGPCR89 plays important roles in cerebral antimicrobial function via hemocytes.

1. Introduction

Animals are constantly threatened by invasion of pathogens, and
have evolved immune systems to eliminate infectious microorganisms
[1]. The immune system of gnathostomes consists of two branches;
innate and acquired immunity [2,3]. In invertebrates, although some
studies have revealed an alternative adaptive immune system in ar-
thropods [4,5], innate immunity still plays a significant role in blocking
microbial invaders. The innate immune system recognises pathogen-
associated molecular patterns (PAMPs) absent in the host body but
present on the surface of microorganisms, such as lipopolysaccharides
(LPS), peptidoglycans and β-1,3-glucans, through germline-encoded
pattern recognition receptors (PRRs) [6]. In Drosophila, recognition of
PAMPs leads to both cellular and humoral reactions. These cellular
responses include hemocyte phagocytosis, encapsulation, and de-
granulation, leading to local release of antibiotic substances. Compared
with its counterparts, humoral responses include prophenoloxidase
(proPO) activity, coagulation cascades, and release of AMPs through
Toll, IMD and Jak-STAT intracellular signalling pathways [7–10]. AMPs
are vital components of immune systems in invertebrates that act

against bacteria, fungi, protozoa and viruses, and they also mediate
innate immunity [11].

In vertebrates, the central nervous system (CNS) is generally con-
sidered to be immuno-privileged [12]. Due to its importance, the CNS
might affect the ability to fight infections by providing an environment
conducive to innate immune responses [13]. Additionally, regulation of
innate immune responses in the brain might be associated with Toll-like
receptors (TLRs) [14]. In recent years, G protein-coupled receptors
widely involved in both innate and adaptive immunity in mammals
have been discovered to be important signal mediators. However, the
immune function of GPCRs in invertebrates remains poorly understood.

G protein-coupled receptors (GPCRs) are the most diverse family of
cell surface receptors. More than 50% of prescription drugs target
GPCR-mediated signalling pathways, emphasising their importance in
human disease [15]. The GPCR superfamily comprises> 800 distinct
human proteins sharing a common seven transmembrane (7TM) α-he-
lical fold [16]. Three extracellular loops (ECL1−3) and three in-
tracellular loops (ICL1−3) connect the 7TM bundle [17]. GPCRs are
transmembrane receptors that transmit external signals to intracellular
effectors by binding extracellular ligands, thereby participating in a
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variety of physiological processes [18] such as cellular metabolism
[19], secretion, neurotransmission [20–22], cellular differentiation and
growth, and pathological conditions including inflammation and im-
munoreaction [23]. Compared with the extensive literature relating
GPCRs to vertebrate immunity, their immune functions in invertebrates
are poorly studied. Some GPCRs in mammals such as chemokine re-
ceptors are involved in immune responses [24]. However, evidences for
the role of GPCRs in immune processes in invertebrates remains in-
sufficient.

Due to the molecular architecture of GPCRs, which are particularly
suitable for binding diverse chemical structures [25], and the evolu-
tionary relationships among mammals [26], GPCRs may perform spe-
cific functions in innate immune processes in invertebrates. The first
indication of the role of GPCRs in immune defence came from studies
on horseshoe crabs (Limulus polyphemus) in which blood undergoes
rapid coagulation after exposure to Gram-negative bacterial pathogens
[27]. By analogy with activation of GPCRs, it is inferred that there was
an as-yet-undiscovered GPCR giving rise to diverse intracellular re-
sponses [28]. In Caenorhabditis elegans, a GPCR named FSHR-1 (Follicle-
stimulating Hormone Receptor) possessing a leucine-rich repeat (LRR)
domain might act as a pathogen receptor in the intestines [29] and a
GPCR named NPR-1 (Neuropeptide Receptor) involved in neural circuit
function suppresses innate immune responses. In addition, a putative
GPCR in red swamp crayfish named HP1R (a Protein Receptor in He-
patopancreas) is up-regulated in hepatopancreas following challenge
with heat-killed Aeromonas hydrophila, indicating a role in the defence
against bacterial infection [30]. A GPCR serotonin receptor named 5-
HTR-1 in Crassostrea gigas is up-regulated after simulation by LPS, in-
dicating an immune role for this novel member of the 5-HT1 receptor
family [31]. As for the neuro-immune studies that are relevant to our
work, results on serotonin (5-HT) in the brain provided new targets for
drug development in major depression [32]. Other than this, a GPCR
named Moody was identified to be related to the formation of blood-
brain barrier (BBB) in Drosophila [33]. In mammals, this BBB not only
protects the brain from pathogen, toxic molecules and damage of the
autoimmune system, but also is important for brain homeostasis [34].

Chinese mitten crab (Eriocheir sinensis) is one of the most econom-
ically important aquaculture species in China and elsewhere in Asia.
This species is threatened by numerous pathogens, making the study of
its immune defences particularly important. In the present work, we
identified a new GPCR gene in E. sinensis (EsGPCR89). The full-length
cDNA was obtained and analysed by bioinformatics. In vivo bacterial
infection experiments and interference assays were performed, immune
functions and regulation were preliminarily explored, and the effect of
AMP expression in the brain was investigated. The results demonstrate
a clear role in immune defences, and provide insight on interactions
between immune and nervous systems in Chinese mitten crab.

2. Materials and methods

2.1. Experimental animals

Healthy Chinese mitten crabs (90 ± 10 g wet weight) were ob-
tained from a local agricultural market in Shanghai, China. All crabs
were maintained for a week under constant temperature (20–25 °C) in
the Biology Station after transportation. Filtered and aerated freshwater
was used to acclimate crabs and feeding was performed regularly to
ensure a stable state before starting the experiment. Three independent
repeats were performed in each experiment (≥5 crabs per sample).

All animal experiments were performed according to the protocol
approved by the Ethics Committee of Laboratory Animal
Experimentation at East China Normal University and Use Committee
(Protocol license number: AR2012/12017). Experiments were con-
ducted in accordance with the guidelines on animal care of the Ministry
of Science and Technology of the People's Republic of China.

2.2. Immune challenge and sample collection

S. aureus (BYK0113) was obtained from the National Pathogen
Collection Center for Aquatic Animals (Shanghai Ocean University,
Shanghai, China), since this organism is the major pathogen causing
serious disease in the aquaculture industry [35]. Bacteria were col-
lected by centrifugation at 5000×g for 5min after culturing for 12 h
overnight in Luria Bertani (LB) medium. After washing three times
using sterile phosphate-buffered saline (PBS; 137mM NaCl, 2.7 mM
KCl, 10mM Na2HPO4, 2mM KH2PO4, pH 7.4) and resuspending the cell
pellet, colony-forming units (CFU) were counted using the serial dilu-
tion method.

Healthy and viable Chinese mitten crab were selected for in vivo
bacterial infection experiments. All crabs were randomly divided into
two groups; S. aureus-infected and non-infected controls. After over-
night culturing, S. aureus cells were washed with PBS and diluted to
1×108 CFU/ml, and 100 μl was injected into the hemolymph at the
membrane of the third walking leg (100 μl of PBS was injected into
controls). Brains were sampled at 0, 2, 6, 12, 24 and 48 h after injection
from more than three crabs for each timepoint. Hemolymph (5ml per
crab) was extracted from posterior walking legs using a sterile syringe
containing 5ml anticoagulation solution (0.14M NaCl, 0.1M glucose,
30mM trisodium citrate, 26mM citric acid, 10mM EDTA, pH 4.6) [36]
and centrifuged to pellet the hemocytes. All samples were stored at
−80 °C. Heart, brain, gill, muscle, intestine, stomach, hepatopancreas
and hemocyte samples were also obtained from healthy untreated
(control) crabs.

2.3. Total RNA extraction and cDNA synthesis

Total RNA from hemocytes and tissues were extracted using a
MagMAX mirVANA Total RNA Isolation Kit (ThermoFisher Scientific,
USA) and TRIzol Reagent (Invitrogen, USA) according to the manu-
facturer's instructions. RNA concentration and purity were measured
using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific).
The quality of RNA was assessed by 1% agarose gel electrophoresis
(AGE). First-strand cDNA used for gene cloning was obtained using a
PrimeScript 1st Strand cDNA Synthesis Kit (TaKaRa, Japan) according
to the manufacturer's instructions, and cDNA used for quantitative real-
time PCR (qRT-PCR) was obtained from total RNA (4 μg) by reverse
transcription using a PrimeScript RT reagent Kit with gDNA Eraser
(Perfect Real Time; TaKaRa).

2.4. Cloning of the EsGPCR89 gene

In order to obtain the full-length EsGPCR89 gene, 5 μg of total RNA
was reverse-transcribed using a SMARTer RACE 5’/3′ Kit (Clontech,
Japan) following the manufacturer's protocol. The expressed sequence
tag (EST) of EsGPCR89 was searched against the hemocyte cDNA li-
brary of Chinese mitten crab (unpublished), and full-length EsGPCR89
was amplified the partial gene according to the instructions supplied
with the SMARTer RACE cDNA Amplification kit (Clontech, Shiga,
Japan). Gene-specific primers (Table 1) based on the crab EST were
designed by Rui Mian Company (Shanghai, China). PCR amplification
included an initial denaturation at 94 °C for 4min, followed by 32 cy-
cles of denaturation at 94 °C for 30 s, annealing at 59 °C for 30 s, ex-
tension at 72 °C for 2min, and a final extension at 72 °C for 7min. All
PCR products were assessed by AGE and the target gene was excised
from the gel and purified using an Agarose Gel DNA Extraction Kit
Ver.4.0 (TaKaRa). PCR products were inserted into the pEASY-T1
vector (TransGen, China), confirmed by DNA sequencing, and the full-
length cDNA sequence of EsGPCR89 was uploaded to GeneBank under
accession number MN057664.
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2.5. Bioinformatics analysis

The online search tool BLASTX (http://www.ncbi.nlm.nih.gov/)
was used to compare the obtained sequence with homologs from other
species in the NCBI (National Center for Biotechnology Information)
database, and open reading frames (ORFs) were identified by ORF
Finder (http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi). Structural and
functional domains were predicted by SMART (http://smart.embl-
heidelberg.de/) and transmembrane regions were identified by
TMHMM Server v.2.0 (http://www.cbs.dtu.dk/services/TMHMM/).
ClustalX 2.0 and BioEdit software were used to perform multiple se-
quence alignment, and evolutionary relationships between EsGPCR89
and other species were analysed by constructing a neighbour-joining
(NJ) phylogenetic tree with 1000 replicates using MEGA 7.0 software.

2.6. Quantitative real-time PCR (qRT-PCR)

2.6.1. Tissue-specific expression
Total RNA was extracted from different tissues and cDNA was ob-

tained. Specific primers for EsGPCR89 (EsGPCR89 qF and EsGPCR89
qR; Table 1) and β-actin (β-actin qF and β-actin qR; Table 1) were de-
signed by Rui Mian Company. The tissue-specific expression pattern of
EsGPCR89 was revealed by qRT-PCR analysis using SYBR Premix Ex
TaqII (Ti RNaseH Plus; TaKaRa) and Applied Biosystems QuantStudio 3
& 5 (Thermo Fisher Scientific). β-actin served as a control housekeeping
gene. Reactions were performed at 95 °C for 30 s, followed by 39 cycles
at 95 °C for 5 s and 58 °C for 30 s. Data were analysed by QuantStudio
Design & Analysis Software and relative expression values were

Table 1
Primer sequences used for EsGPCR89 analysis.

Primer name Sequence (5′-3′)

cDNA cloning
3′Ou-EsGPCR89 CAGTGTTACTTCCAGCAGCCCTCA
3′In-EsGPCR89 GCTGTCCACTGGCTTGGCTTTGA
5′Ou-EsGPCR89 CCCTTGGTGACTGGGTCTTTCCT
5′In-EsGPCR89 ATGTGACCCTTTCTCGTTGTGCC
Real-time quantitative PCR
β-actin qF GCATCCACGAGACCACTTACA
β-actin qR CTCCTGCTTGCTGATCCACATC
EsGPCR89 qF TGATGCTGATGAGGATGAA
EsGPCR89 qR AGAGGTGTTGACTTGCTT
EsDWD1 qF ACGGGTCGTCAACGAAACTG
EsDWD1 qR GGTCACTGGGTTACCATAGCG
EsALF1 qF GACGCAGGAGGATGCTAAC
EsALF1 qR TGATGGCAGATGAAGGACAC
EsALF2 qF GACCCTTTGCTGAATGCTTGA
EsALF2 qR CTGCTCTACAATGTCGCCTGA
EsALF3 qF ACGAGGAGCAAGGAAAGAAAG
EsALF3 qR TTGTGCCATAGACCAGAGACTT
EsCrus1 qF GCTCTATGGCGGAGGATGTCA
EsCrus1 qR CGGGCTTCAGACCCACTTTAC
EsCrus2 qF GCCCACCTCCCAAACCTAT
EsCrus2 qR GCAAGCGTCACAGCAGCACT
EsLys qF CTGGGATGATGTGGAGAAGTGC
EsLys qR TTATTCGGTGTGTTATGAGGGGT
RNA interference
T7EsGPCR89-F TAATACGACTCACTATAGGGTGGCACAACGAGAAAGGGTC
T7EsGPCR89-R TAATACGACTCACTATAGGGACGGTGGTAGAAATGGAACTGC
T7GFP-F TAATACGACTCACTATAGGGCACCTTGATGCCGTTCTTCTG
T7GFP-R TAATACGACTCACTATAGGGGCCACAAGTTCAGCGTGTCC

Fig. 1. Nucleotide and deduced amino acid sequences of EsGPCR89. Amino acid sequences are shown under the corresponding cDNA sequence. Transmembrane
regions are shaded yellow, the GPHR_N domain is shaded grey, and the ABA_GPCR is shaded blue. The low-complexity region is underlined, and letters representing
the initiation codon (ATG), terminal codon (TGA) is in bold. For interpretation of references to colour in this figure legend, the reader is referred to the online version
of this article. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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calculated using the comparative CT (2−ΔΔCt) method [37] based on Ct
values for EsGPCR89 and β-actin. Experiments were repeated three
times for each sample, and data were analysed by one-way analysis of
variance (ANOVA) and post-hoc Duncan's multiple range tests.

2.6.2. Expression levels of EsGPCR89 in brain
Relative expression levels of EsGPCR89 in crab brain after infection

with S. aureus were analysed by qRT-PCR. Total RNA (4 μg) was used to
prepare cDNA, and gene-specific primers were synthesised based on the
cDNA sequence. Three independent replicates were included, and ex-
pression was normalised against β-actin. The reaction conditions and
analytical method are described in 2.6.1.

2.7. EsGPCR89 RNA interference (RNAi) in vivo

2.7.1. Preparation of double-stranded RNA (dsRNA)
Gene interference of GPCR89 was performed using dsRNA as de-

scribed previously [38] with simple modification. Briefly, dsRNA was
produced using a TranscriptAid T7 High Yield Transcription Kit
(Thermo Scientific) with a T7 promoter-linked PCR product as template.
For preparing templates, T7 promoter-linked primers (T7EsGPCR89-F
and T7EsGPCR89-R; Table 1) were synthesised and used to amplify an
EsGPCR89 fragment from cDNA. PCR products were collected and
purified using an Agarose Gel DNA Extraction Kit Ver.4.0 (TaKaRa).
Transcription reagents consisting of 4 μl of 5×TranscriptAid Reaction
Buffer, 8 μl of NTP mix, 1 μg of template DNA, 2 μl of TranscriptAid

Enzyme Mix, and DEPC-treated water to 20 μl were mixed and in-
cubated at 37 °C for 2 h. Residual template DNA was removed by adding
2 μl of DNase I (RNase-free) and incubating at 37 °C for 15min. Next,
2 μl of 0.5M EDTA (pH 8.0) and placed at 65 °C for 10min. For RNA
transcript purification, 115 μl of DEPC-treated water and 15 μl of 3M
sodium acetate solution (pH 5.2) were added and RNA was extracted by
chloroform and precipitated by ethanol. After rinsing the RNA pellet
with 70% ethanol, RNA was resuspended in DEPC-treated water and
subjected to electrophoresis for RNA integrity confirmation. The con-
centration of dsRNA was measured by NanoDrop 2000 spectro-
photometer (Thermo Fisher Scientific) and adjusted to a final con-
centration of 2 μg/μl in PBS. The double-stranded green fluorescent
protein (GFP) gene was generated using a similar procedure and em-
ployed as a control to exclude the effect of dsRNA.

2.7.2. In vivo RNAi
Chinese mitten crabs were divided into three groups (A, B and C)

each containing five crabs. Group A was used as the experimental group
for RNAi analysis. The amount of dsRNA infected into each crab was
proportional to its body weight. Crabs in Group B were injected with an
equal volume of dsGFP as negative controls, and Group C were un-
treated (UT). DsRNA injections were repeated 24 h after the first dsRNA
injection, and bacterial stimulation (S. aureus) was performed 12 h after
the second injection. EsGPCR89 transcripts were measured by qRT-PCR
at 12 h post-bacterial injection. β-actin was used as an internal control.

Fig. 2. Schematic diagram of the structure of the EsGPCR89 protein. (A) Domain structure analysis of the putative EsGPCR89 protein by SMART, indicating four
transmembrane regions, a GPHR_N domain, a low-complexity region and an ABA_GPCR domain. (B) Prediction of transmembrane regions by the TMHMM server.
Nine transmembrane domains are depicted as red lines. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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2.8. Expression of antimicrobial peptide (AMP) genes

After bacterial infection as described in 2.2 and silencing of
EsGPCR89 as described in 2.7.2, total RNA was extracted and reverse
transcription was performed. Expressions of AMPs in brain after

pathogen infection and expression after RNA interference were the
measured by qRT-PCR. AMPs were selected according to previous
publications, and their specific primers are listed in Table 1. The se-
lected AMPs were anti-lipopolysaccharide factor (EsALF1) [39], anti-
lipopolysaccharide factor 2 (EsALF2) [40], anti-lipopolysaccharide 3

Fig. 3. Multiple alignment of EsGPCR89 with GPCR89 sequences from other species. Sequences and accession numbers of proteins used for alignment are as
follows: Athalia rosae XP_012253771.1, Orussus abietinus XP_012277244.1, Melipona quadrifasciata KOX74220.1, Copidosoma floridanum XP_014206094.1, Rattus
norvegicus NP_001132958.1, Mus musculus AAH10729.1, Bos taurus AAX46453.1, Scylla paramamosain ADG60269.1, Litopenaeus vannamei XP_027237721.1. Single
letter amino acid codes for conserved (identity= 100%), semi-conserved (≥75%) and variable (≥50%) residues are shaded black, grey and white, respectively.
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(EsALF3) [41], crustin (EsCrus1) [42], EsCrus2 [43], a double WAP
domain-containing protein (EsDWD1) [44] and lysozyme (EsLys) [45].
All experiments were performed three times.

2.9. Immunisation assay

Immunisation assays were based on RNAi. Three groups of healthy

Chinese mitten crabs were selected, and two groups (B and C) were
respectively injected with dsGPF or dsEsGPCR89, while Group A re-
mained untreated as controls. RNAi assays were performed according to
2.7.2. Crabs treated with dsGPF or dsEsGPCR89 were then infected with
S. aureus, hemolymph was extracted from the three groups and cen-
trifuged to separate serum, hemocytes were used to test the efficiency of
interference, and serum was filtered with a microporous filter mem-
brane and injected into other healthy crabs. Brains were collected 12 h

Fig. 4. Neighbour-joining (NJ) phyloge-
netic analysis of EsGPCR89 proteins. The
NJ phylogenetic tree of GPCRs from various
species was constructed using the MEGA 7.0
sequence analysis tool. The red triangle ( )
indicates EsGPCR89, while sequences and ac-
cession numbers from other organisms are as
follows: Scylla paramamosain ADG60269.1,
Rattus norvegicus NP_001132958.1, Mus mus-
culus NP_080505.1, Bos taurus AAI20026.1,
Litopenaeus vannamei XP_027231525.1, Homo
sapiens NP_001091081.1, Athalia rosae
XP_012253771.1, Melipona quadrifasciata
KOX74220.1, Penaeus monodon ALO17553.1,
Orussus abietinus XP_012277244.1, Solenopsis
invicta XP_011163208.1, Temnothorax curvis-
pinosus XP_024887817.1, Atta colombica
KYM88290.1, Zootermopsis nevadensis
XP_021931516.1, Spodoptera litura
XP_022828644.1, Bicyclus anynana XP_02394-
3600.1, Salmo salar NP_001133391.1,
Carassius auratus XP_026074607.1, Anabas
testudineus XP_026232407.1, Castor canadensis
JAV43377.1, Copidosoma floridanum
XP_014206094.1. For interpretation of the
references to colour in this figure legend, the
reader is referred to the online version of this
article. . (For interpretation of the references
to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 5. Tissue-specific expression patterns of EsGPCR89. Real-time PCR
analysis of EsGPCR89 transcription in different tissues of unchallenged E. si-
nensis. β-actin was used as an internal control. Data are presented as
means ± SD from triplicate experiments. The same letters above bars indicate
that expression levels are not significantly different, while different letters in-
dicate significant differences (p < 0.05).

Fig. 6. Expression pattern of EsGPCR89 in brain. Expression profile of
EsGPCR89 mRNA after S. aureus injection in brain. PBS was used as a negative
control, and qRT-PCR was performed to examine the expression of EsGPCR89 in
each sample, with β-actin as an internal reference gene. The x-axis represents
the time post-injection, and the y-axis represents the corresponding relative
expression level. All assays were performed three times and data were analysed
by multiple t-tests (*p < 0.05, **p < 0.01 compared with controls).
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later, total RNA was extracted, and transcription levels of AMP genes
were calculated by qRT-PCR.

2.10. Polyacrylamide gel electrophoresis (SDS-PAGE)

Crabs were divided into three groups, Groups A and B were

subjected to interference assays with dsGFP and dsEsGPCR89 according
to 2.7.2 followed by S. aureus infection, and Group C was only injected
with S. aureus. Serum from the three groups was collected 12 h later,
mixed with SDS-PAGE loading buffer, heated at 100 °C for 8min, and
separated by 12% SDS-PAGE. Proteins were stained with Coomassie
Brilliant Blue (CW Biotech, China) at 37 °C for 2 h, and destained
overnight with destaining solution (CW Biotech).

2.11. Statistical analysis

Statistical analysis was executed using SPSS software (ver. 11.0) and
GraphPad Prism 5. Results are expressed as mean ± standard devia-
tion (SD; n=3), and data were subjected to one-way ANOVA and post-
hoc Duncan's multiple range tests. Significance was set at p < 0.05.

3. Results

3.1. Identification and bioinformatics analysis of EsGPCR89

The full-length of EsGPCR89 sequence (GenBank accession number
MN057664) is 2277 bp and contains a 1398 bp ORF encoding a 465
amino acid (aa) polypeptide, a 114 bp 5′ untranslated region (UTR),
and a 765 bp 3’ UTR (Fig. 1). EsGPCR89 appears to include four
transmembrane regions residues 4–26, 38–60, 75–97 and 109–128), a
Golgi pH regulator domain (GPHR_N domain, aa 141–208), a low-
complexity region (aa 221–229) and an abscisic acid (ABA) GPCR do-
main (aa 279–449) according to SMART software prediction (Fig. 2A).
Transmembrane regions were also predicted using the TMHMM Server
(Fig. 2B). Multiple sequence alignment revealed relatively high

Fig. 7. Expression of AMPs in brain. qRT-PCR Analysis of the relative expression of (A) EsALF1, (B) EsALF2, (C) EsALF3, (D) EsDWD1, (E) EsCrus-1, (F) EsCrus-2
and (G) EsLys in brain after S. aureus challenge for 0, 2, 6, 12, 24 and 48 h. Expression was normalised using PBS-injected crabs as negative controls, and the β-actin as
an internal reference gene. The x-axis indicates the time post-injection, and the y-axis represents the relative expression levels of different AMPs. Three technical
replicates were performed with at least three crabs for each sample, and results are presented as the mean ± SD. Statistical significance is indicated by asterisks
(**p < 0.01, *p < 0.05).

Fig. 8. Expression of AMPs in brain following
RNAi silencing of EsGPCR89. The efficiency of
RNAi silencing of EsGPCR89 in (A) hemocytes,
(B) brain and (C) hepatopancreas was de-
termined. The expression level of EsGPCR89 in
the dsGFP group served as a control. (D) AMP
mRNA expression levels in the brains of
EsGPCR89-silenced crabs following S. aureus
infection. AMP expression levels in the brains of
the dsGFP group served as controls. Bars re-
present mean values from three repeats
(**p < 0.01).

Fig. 9. Expression of EsGPCR89 in hemocytes after bacterial infection in
vivo. Temporal EsGPCR89 mRNA expression in hemocytes following S. aureus
infection in vivo. β-actin was used as an internal control for all experiments.
Values were normalised using the Livak (2−ΔΔCt method), and data are dis-
played as means ± SD from three independent replicates. Statistical sig-
nificance between control and treated groups is indicated by asterisks
(**p < 0.01, *p < 0.05).
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sequence conservation with homologs in other species (Fig. 3) and
evolutionary relationships were investigated by phylogenetic analysis
of GPCR89 aa sequences from insects, crustaceans, mammals and other
organisms obtained from GenBank. EsGPCR89 proteins are separated
into three groups (Vertebrata, Crustacea and Insecta), and the NJ tree
therefore corresponds to traditional taxonomic classification, with
closer relatedness to crustaceans than vertebrates (Fig. 4).

3.2. Expression profiles of EsGPCR89 in different tissues

We used qRT-PCR to analyse the relative expression levels of
EsGPCR89 in selected tissues. The results showed that EsGPCR89 was
widely distributed in various tissues in crabs, and abundant in the he-
patopancreas, followed by immune organs such as gill and intestine, as
well as brain and muscle. However, expression levels in heart, stomach
and hemocytes were relatively low (Fig. 5).

3.3. Expression profiles of EsGPCR89 in brain following S. aureus infection

Relative expression levels of EsGPCR89 in brain after injection with
S. aureus were measured by qRT-PCR. At 2 h after bacterial infection,
expression of EsGPCR89 was up-regulated 6.5-fold (p < 0.01), and
remained elevated at 48 h, but there were no significant changes in
EsGPCR89 expression in the control group (Fig. 6). This result revealed
a potential immune function for EsGPCR89 in brain.

3.4. Regulation of AMP gene expression in crab brain

In order to explore the immune response in brain, we examined
expression of AMP genes following bacterial infection. qRT-PCR was
used to measure mRNA levels of immune-related genes EsALF1,
EsALF2, EsALF3, EsLys, EsCrus1, EsCrus2 and EsDWD1 (Fig. 7). Ex-
pression levels of EsALF1, EsALF2, EsALF3, EsCrus-1, EsCrus2 and
EsDWD1 were markedly up-regulated after S. aureus infection
(Fig. 7A−F), and up-regulation of EsALF1 and EsALF2 (Fig. 7A and B)

lasted from 2 to 48 h, indicating higher sensitivity to S. aureus. By
contrast, expression of EsLys (Fig. 7G) was significantly down-regulated
following infection. The above results indicate that the brain may be
protected against bacterial threat by up-regulating AMPs.

3.5. EsGPCR89 RNAi in vivo

To investigate the effects of EsGPCR89 on regulating the expression
of immune-related genes in brain immunity, an in vivo EsGPCR89 RNAi
assay was performed. The interference efficiency was detected at 12 h
after secondary injection of dsRNA. EsGPCR89 expression was sig-
nificantly (p < 0.01) silenced in experimental but not control (un-
treated and dsGFP) group hemocytes (Fig. 8A), especially in hepato-
pancreas (silencing rate up to 80%; Fig. 8C). However, there were no
significant changes in EsGPCR89 expression in brain after silencing
(Fig. 8B).

We also examined mRNA levels of immune-related genes in
EsGPCR89-interference crab brains after S. aureus challenge. The results
showed that EsALF1, EsALF2, EsCrus1, EsCrus2 and EsDWD1 were
significantly down-regulated following S. aureus challenge (Fig. 8D).

3.6. Expression profiles of EsGPCR89 in hemocytes following S. aureus
infection

We next focused on whether the EsGPCR89 gene in hemocytes, vital
to immunity in crustaceans, could respond to bacterial infection.
Transcription of EsGPCR89 in hemocytes after infection by S. aureus
was measured at different time points by qRT-PCR. The results showed
that expression of EsGPCR89 was increased at 2 h (~3-fold, p < 0.01)
then decreased to ~1.5-fold thereafter (Fig. 9).

3.7. Regulation of brain AMPs in hemocytes by EsGPCR89

The possible roles of EsGPCR89 in regulating brain AMPs in he-
mocytes were investigated using RNAi-based gene silencing technology

Fig. 10. Expression of AMPs in brain
analysed by immunisation assays. (A)
Flow chart of the immunisation assay. The
effect of dsRNA silencing on transcription of
EsGPCR89 in (B) hemocytes and (C) brain
was measured by qRT-PCR. (D) At 12 h after
infecting treated crabs with S. aureus, im-
munised serum was collected from the three
groups (healthy, dsGFP and dsEsGPCR89),
and injected into other healthy crabs. Brains
were collected 12 h later and transcription
of AMPs was quantified. The dsGFP group
was used as a control, and data were ana-
lysed by t-tests (**p < 0.01).
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and followed by bacterial challenge. EsGPCR89 silencing was per-
formed by injecting with EsGPCR89-dsRNA twice over a 24 h interval.
EsGPCR89 silencing resulted in decreased EsGPCR89 expression in he-
mocytes (Fig. 10A), but no remarkable changes in brain tissue
(Fig. 10B). In immunisation assays, mRNA levels of AMP genes in crabs
injected with untreated serum showed no significant differences from
control crabs. However, distinct differences were apparent between
dsGFP-treated and dsEsGPCR89-silenced serum groups for gene ex-
pression levels of cerebral EsALF1, EsALF2, EsALF3, EsCrus2 and
EsDWD1 (p < 0.01; Fig. 10C). This result indicates that EsGPCR89 in
hemocytes is likely associated with the expression of cerebral AMPs in
response to S. aureus infection.

Furthermore, differences in serum components between different
treatment groups were revealed by SDS-PAGE. Compared with serum
from dsEsGPCR89-silenced hemocytes that exhibited an interference
efficiency of ~50% (Fig. 11A), serum from dsEsGPCR89-slienced crabs
followed by S. aureus infection (lane 4) was clearly different from crabs
pre-injected with dsGFP (lane 3), specifically in terms of proteins with a
molecular weight of ~10 and 20 kDa (Fig. 11B). Meanwhile, serum
from the S. aureus-challenged negative control group (lane2) did not
show any detectable differences compared with the dsGFP-treated
group.

4. Discussion

In the present study, GPCR gene was cloned from E. Sinensis, and
characterisation revealed an immune function. The identified gene was
previously recorded as GPCR89 (GenBank ADG60269.1 for Scylla
paramamosain) and shares homology with vertebrate GPCR89, hence
we named it EsGPCR89. We first obtained the ORF encoding a 465 aa
protein with a predicted molecular weight of 53.94 kDa, and two
functional domains (GPHR_N domain and ABA_GPCR domain) were
predicted by SMART analysis. GPHR_N shares homology with the N-
terminal 5TM regions of Golgi pH regulator proteins found in eu-
karyotes involved in transport of newly synthesised proteins from the
Golgi to the plasma membrane [46], and these proteins are targeted to
the Golgi [47]. Members of the ABA_GPCR domain family are present in
eukaryotes, and they have also been studied in plants [48], but their
functions in crustaceans are poorly understood. Multiple sequence
alignment revealed high sequence conservation for the GPHR domain in
EsGPCR89 [46], and evolutionary relationships were in accordance
with traditional taxonomic classification.

Tissue-specific expression pattern analysis revealed a broad dis-
tribution for the EsGPCR89 gene in Chinese mitten crab, with high
expression in hepatopancreas, intestine and gill, indicating an immune
function [18]. EsGPCR89 was also relatively highly expressed in brain.
According to previous publications, members of the GPCR superfamily
are widely distributed cell membrane receptors found in metazoans
[17], and signal transduction is the main physiological function in
vertebrates [49]. The nervous system is reported to respond to various
types of nonspecific stimulation, and it works in close conjunction with
the immune system to regulate host defences [50–52]. In Caenorhabditis
elegans, a GPCR named NPR-1 (Neuropeptide Receptor) involved in
neural circuit function suppresses innate immune responses [53]. In
addition, some mammal GPCRs such as chemokine receptors are in-
volved in immune responses [54], and chemokines may be the primary
signal transmitter system in brain tissue [55]. Inspired by our results
and previous research, we decided to explore the immune function of
EsGPCR89 in brain, and the relationship between neural and immune
systems. We also examined expression patterns of EsGPCR89 in brain at
different times after S. aureus infection in vivo. The results showed that
EsGPCR89 was up-regulated in brain, indicating a potential role in
cerebral immunity.

Invertebrates have evolved physiological mechanisms to defend
against invading pathogens, including activating the expression of in-
nate immune-related genes such as AMPs [56]. The brain also has its
own immune responses, and we explored AMP gene expression fol-
lowing S. aureus infection. The results showed that all immune response
genes detected were up-regulated except EsLys, indicating production of
AMPs upon triggering of immune responses.

Thus, we investigated whether up-regulation of EsGPCR89 after
pathogen infection was related to the regulation of AMPs in the brain
using in vivo EsGPCR89 interference assays. The results confirmed that
the EsGPCR89 gene was successfully silenced in hepatopancreas and
hemocytes, but unexpectedly, interference failed in brain, possibly due
to the blood-brain barrier formed by glial cells in avascular in-
vertebrates that protects against direct exposure to hazardous sub-
stances [57,58]. Next, we examined the transcriptional levels of cere-
bral AMPs after various treatments. We found that mRNA levels of
EsALF1, EsALF2, EsCrus1, EsCrus2 and EsDWD1 were significantly
down-regulated compared with controls. This suggests that the ob-
served decrease in the expression of AMPs in brain might be due to
EsGPCR89 silencing in other tissues in crab. We subsequently measured
EsGPCR89 expression in hemocytes following S. aureus injection by

Fig. 11. Expression of proteins in serum fol-
lowing RNAi silencing of EsGPCR89. The ef-
ficiency of EsGPCR89 silencing by RNAi in (A)
hemocytes was determined by qRT-PCR. Assays
were performed three times and analysed by t-
tests (**p < 0.01). (B) Expression of proteins in
serum after RNAi analysed by 12% SDS-PAGE.
Lane M, protein markers from 10.5 to 175 kDa.
Lane 1, proteins in healthy crab serum; lane 2,
proteins in serum after S. aureus infection; lane
3, proteins in serum after dsGFP injection at 12 h
following S aureus infection; lane 4, proteins in
serum from EsGPCR89-silenced crabs at 12 h
after infection with S. aureus.
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qRT-PCR, and observed up-regulation at 2 h, which supports this hy-
pothesis.

Hemocytes are important in various cellular and humoral immune
reactions processes including phagocytosis, encapsulation, and re-
leasing antibiotic substances [59]. The invertebrate cardiovascular
system is an open vascular system in which hemolymph bathes tissues
and substances exchange directly between cells and hemolymph [60].
Based on the results described above, we could infer that increasing the
expression of EsGPCR89 in hemocytes after bacterial infection might be
associated with activation of cerebral AMP gene transcription. In order
to investigate the connection between the brain and hemocytes, we
performed immunisation experiments. Compared with the experi-
mental group, increased expression of some AMP genes in the dsGFP
group indicates that some effectors are generated by signalling path-
ways involving EsGPCR89 in hemocytes, and they may then trigger
expression of various AMP genes to protect brain tissue. Expression of
EsCrus1 and EsLys was not significantly altered, suggesting they may be
activated in other ways.

GPCRs transmit special signals to the cell through G proteins to
regulate diverse cellular and physiological events and accumulating
evidence demonstrate that GPCRs play an active role in transcriptional
regulation [61]. Studies have shown that GPCR-mediated transcrip-
tional regulation focuses on the activation of nuclear factor (NF) -
kappa B, a transcription factor that profoundly affected leukocyte
function and inflammatory processes [62,63]. In addition, GPCRs has
also been shown to regulate insulin secretion [64] and one of the ad-
hesion GPCR called brain-specific angiogenesis inhibitor 1 (BAL1) could
mediate macrophage reactive oxygen species (ROS) production and
microbicidal activity against Gram-negative bacteria [65]. Therefore, to
confirm our hypothesis that EsGPCR89 expression in hemocytes might
stimulate transcription of effector molecules that affect cerebral im-
mune responses, SDS-PAGE was performed. The results demonstrated
the generation of effect factors, consistent with our hypothesis. How-
ever, the exact effectors and the specific pathways stimulated require
further investigation.

In summary, we isolated the full-length EsGPCR89 gene in Chinese
mitten crab, and tissue expression patterns revealed broad tissue ex-
pression. The results of bacterial infection assays indicate a putative
immune function in brain, and this was further corroborated by RNAi
silencing. In addition, immunisation experiments and SDS-PAGE fur-
ther verified the linkage between hemocytes and the brain. Thus, in-
fection by S. aureus appears to up-regulate EsGPCR89 in hemocytes, and
this stimulates the transcription and release of undetermined effectors
that activate cerebral AMP gene expression to protect the brain. GPCRs
are an important class of cell membrane surface receptors. This large
number of GPCRs enable cells to respond to a variety of sensory inputs
such as odorants, light, lipids, ions, amines and nucleotides, as well as
signal peptides and proteins such as hormones, morphogens and neu-
rotransmitters [66]. Hence, GPCRs are well-established targets for
many drugs. For example, past results of serotonin (5-HT) in the brain
provide new targets for drug development in major depression [32].
Therefore, we speculated that the effectors from hemocytes after pa-
thogen stimulation were to regulate the expression of antimicrobial
peptides in the brain by binding to a GPCR receptor on the surface of
the brain. Based on the results of our research and the existing litera-
ture, we will focus on exploring the mechanism by which GPCRs reg-
ulate the production of secreted proteins by hemocytes and the im-
mune-related signal transduction mechanisms in the brain. Our results
provide a basis for future studies on the linkage between immune and
nervous systems in invertebrates.
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