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A B S T R A C T

Carboxypeptidase plays an important physiological role in the tissues and organs of animals. In this study, we
cloned an entire 2316 bp carboxypeptidase B-like (CPB) sequence with a 1302 bp open reading frame encoding a
434 amino acid peptide from Scylla paramamosain. The CPB gene was expressed highly in hepatopancreas and
decreased in crab hemocytes after challenges with white spot syndrome virus (WSSV) or Vibrio alginolyticus.
After CPB gene knockdown using double-stranded RNA (CPB-dsRNA), the expression of JAK, STAT, C-type lectin,
crustin antimicrobial peptide, Toll-like receptors, prophenoloxidase, and myosin II essential light chain-like protein were
down-regulated in hemocytes at 24 h post dsRNA treatment. CPB knockdown decreases total hemocyte count in
crabs indicated that CPB may negatively regulate crab hemocyte proliferation in crabs. CPB showed an in-
hibitory effect on hemocyte apoptosis in crabs infected with WSSV or V. alginolyticus. The phagocytosis rate of
WSSV by hemocytes was increased after CPB-dsRNA treatment. After WSSV challenge, the mortality and WSSV
copy number were both decreased but the rate of hemocyte apoptosis was increased in CPB-dsRNA-treated crabs.
The results indicate that the antiviral activity of the crabs was enhanced when CPB was knocked down, in-
dicating WSSV may take advantage of CPB to benefit its replication. In contrast, the absence of CPB in crabs
increased mortality following the V. alginolyticus challenge. The phagocytosis rate of V. alginolyticus by hemo-
cytes was increased after CPB-dsRNA treatment. It was revealed that CPB may play a positive role in the immune
response to V. alginolyticus through increasing the phagocytosis rate of V. alginolyticus. This research further adds
to our understanding of the CPB and identifies its potential role in the innate immunity of crabs.

1. Introduction

Scylla paramamosain is mainly distributed in southern China and
other Asian countries. It is an important species commercially and
widely cultured in China [1,3]. Because of its fast growth, large size,
delicious taste, high nutritional value, and adaptability, S. para-
mamosain is one of the most important aquaculture crabs [4]. In recent
decades, the rapid development of large-scale mud crab cultivation has
been accompanied by the emergence of various diseases caused by
bacteria, viruses, and rickettsia-like organisms, resulting in huge eco-
nomic losses in the mud crab farming industry [5]. Vibriosis and white
spot syndrome virus (WSSV) are two of the most serious diseases in
crabs and have caused irreversible damage to the crab culture industry
worldwide [6]. During WSSV infection, the virus relies on the metabolic
mechanism of living cells to complete its life cycle and disrupt the
normal metabolism of the host cells [7]. When the virions mature, the

damage to host cell metabolism will lead to cell death, which in turn
releases new virions [8–11]. Vibrio is a Gram-negative bacterium and
one of the main pathogens of brackish water crabs in southeastern
China. After vibrio infection, the S. paramamosain shows symptoms of
lethargy, loss of appetite, decreased intake, and discoloration of the
carapace. The appendage of the diseased crab turns pink, the legs move,
and the sputum becomes edematous. At the same time, bacterial pa-
thogens can be observed in tissues such as blood, intestines, and sto-
mach [12–14]. It is well known that the immune response of host to
virus depends on the virus-host interaction [15]. The regulation of gene
expression plays an important role in viral–host interaction. In the
study of human diseases, it has been found that the expression level of
the carboxypeptidase B (CPB) gene is related to several human diseases
[16]. In addition to traditional C-terminal sequencing, protein or pep-
tide modification and food processing, carboxypeptidase activity has
been gradually recognized and applied in the diagnosis and treatment
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of diseases [17]. However, CPB genes in invertebrates, such as S.
paramamosain, have not been studied. In this study, we have identified
a CPB in the S. paramamosain and studied its role in the immune process
of S. paramamosain.

Carboxypeptidase is a specific class of peptide exonuclease that
degrades and releases free amino acids one by one from the C-terminus
of the peptide chain. Carboxypeptidase plays many important functions
in different tissues and organs. In the digestion of food to the synthesis
of neuroendocrine peptides, the function of carboxypeptidase is indis-
pensable [18]. Carboxypeptidases are divided into two sub-categories
according to substrate preference: carboxypeptidase A (cleaving ali-
phatic residues) and CPB (cleaving basic amino residues). In this study
we have focused on CPB, it is a digestive enzyme that hydrolysates C-
terminal Arginine and Lysine and was first found in the pancreas of
cattle and pigs [19]. Since Arg and Lys are basic amino acids, CPB was
originally named alkaline carboxypeptidase. CPB hydrolyzes the Arg of
the C-terminus of protamine, and CPB can be further distinguished as
plasma CPB or tissue CPB [20]. Plasma CPB is produced by the liver and
circulates in plasma as an inactive precursor. The glycosylation of the
plasma CPB pro-peptide distinguish it from other carboxypeptidases
and stabilizes and prolongs the half-life of CPB in plasma [21]. Car-
boxypeptidase is inextricably linked to the development of various
diseases. The expression and distribution of CPB in the brains of pa-
tients with Alzheimer's disease and healthy subjects were compared,
and it was found that CPB can eliminate the accumulation and toxicity
of β-starch in brain cells and protect neurons [22]. Plasma CPB can be
used for tumor antibody-directed enzyme prodrug therapy and is as-
sociated with chronic liver disease, its concentrations can be used to
diagnose and assess the extent of acute pancreatitis [23,24]. Since the
discovery of carboxypeptidase proteins, the main functions of this
conserved family have been thoroughly studied to determine their role
in disease diagnosis and treatment. However, few studies have in-
vestigated the link between this essential protein and disease infections
(WSSV or Vibriosis) in invertebrates.

In this project, we identified a novel CPB in S. paramamosain and
investigated its role in virus or vibrio infection.

2. Methods and materials

2.1. Crabs and tissue preparation

The healthy adult S. paramamosain (approximately 100 g) were
obtained from a seafood market of Hangzhou. All animal experiments
were reviewed and approved by the Institutional Animal Care and Use
Committee of Zhejiang A & F University (Hangzhou, China). The
muscles, hepatopancreas, gills, intestines, heart and hemocytes were
collected from health or challenged crabs. The samples were used im-
mediately for RNA extraction, in order to prevent total RNA degrada-
tion. WSSV (GenBank accession no. AF332093.1) was purified and used
in challenge experiments, as described previously [25]. V. alginolyticus
was cultured and used to challenge the crabs according to the previous
report [26].

2.2. Rapid amplification of cDNA ends (RACE)

Total RNA was extracted from hepatopancreas of the S. para-
mamosain using RNApure Tissue & Cell Kit (CWBIO, China), following
the protocol of the manufacturer. The concentration and quality of total
RNA were determined by the Nanodrop Trac Spectrophotometer and
1% agarose gel electrophoresis detection, respectively. The RACE
technique was utilized to clone the full-length cDNA sequence of the
gene, based on the known middle fragment using SMARTer® RACE 5′/
3′Kit, following the protocol of the manufacturer. The synthesized
cDNA were kept at −20 °C, used for the 3′/5′ -RACE PCR with 3′ gene-
specific primer (3GSP, 3NGSP) or 5′ GSP (5GSP, 5NGSP), designed on
the basis of middle sequence (the primer's sequences are shown in

Table 1). The PCR products were purified using MiniBEST Agarose Gel
DNA Extraction Kit Ver. 4.0 (Takara, Japan), following the manufac-
turer's instruction. Amplified cDNA fragments were transferred into the
pMD19-T vector (Takara, Japan). Recombinant bacteria were identified
by blue/white screening and confirmed by PCR and sent to sequencing
company (SunYa, China). Nucleotide sequences of the cloned cDNA
were sequenced by double pass. All primers used in this experiment
were designed using Primer Premier 5.0.

2.3. Nucleotide sequence and bioinformatics analyses

The nucleotide sequence similarities were examined by BLAST
software (http://www.ncbi.nlm.nih.gov/BLAST/). The 5′and 3′se-
quences from RACEs were assembled with the partial cDNA sequences
corresponding to each fragmental sequence by DNAMAN 5.0. The
protein prediction was performed using the open reading frame (ORF)
Finder tool. Multiple sequence alignment was created by using the
Clustal 1.81. And the phylogenetic trees based on the amino acid se-
quences were performed by the neighborjoining method using
Molecular Evolutionary Genetics Analysis, MEGA 7.1.

2.4. The quantitative real-time PCR

Relative CPB mRNA expression levels in various adult tissues were
measured by qRT-PCR using a SYBR II® Premix Ex Taq (Tli Rnase Plus)

Table 1
Universal and specific primers used in this study.

Name Nucleotide Sequence (5′–3′) purpose

F AGGCCGGGTTAGACCATAG for the conservative
fragment

R AGTAGCCAGAATGACGCAAT for the conservative
fragment

3'race GSP CCACAGACGACTGGGCTTACGGAG for 3′RACE
3'race NGSP GCGAACTATCGTGGCGGGTGTGTT for 3′RACE
5'race GSP AAGTGGTGACAGCGGGTGAGAT for 5′RACE
5'race NGSP TCCAGTCCATCGGGAAGTTAGT for 5′RACE
CPB-dsRNA-F AAGCTTAGGCCGGGTTAGACCATAG for CPB RNAi
CPB-dsRNA-R GAATTCCGTTGACTCGTCGGTTCTT for CPB RNAi
CPB-real

time-F
GACATTTCGTAGACCATCACC for CPB expression

CPB-real
time-R

GAACTTGCCACTATACAGCGT for CPB expression

GAPDH-real
time-F

ACCTCACCAACTCCAACAC for GAPDH expression

GAPDH-real
time-R

CATTCACAGCCACAACCT for GAPDH expression

C-type-lectin-
F

ACTGAGGGGAAAGTAGCC for C-type-lectin
expression

C-type-lectin-
R

TGCCCGTGTTTATTCATC for C-type-lectin
expression

crustin-F TCAGAGCACCCTGGTAAATGT for crustin antimicrobial
crustin-R GGCAGAACTGCGAAAGAAAG for crustin antimicrobial
JAK-F ATTGCTGAGGGGATGGATT for JAK expression
JAK-R GCCCATCACATTCCCAAA for JAK expression
proPO-F ATGAAAGAGGAGTGGAGATG for prophenoloxidase

expression
proPO-R GTGATGGATGAGGAGGTG for prophenoloxidase

expression
TLR-F TGTTGCCAGAGCAGAAGGT for toll-like receptor

expression
TLR-R TTCCGTGAATGAACGAAGG for toll-like receptor

expression
myosin-F GCCGAGATAAGTGTAGAGGAA for myosin II essential-

light-chain-like-protein
expression

myosin-R AGTGGGGTTCTGTCCAAG for myosin II essential-
light-chain-like-protein
expression

STAT-F GACTTCACTAACTTCAGCCTCG for STAT expression
STAT-R GAGCTGAGTCTGTCTTAATGTTATCC for STAT expression
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Fig. 1. Nucleotide and deduced amino acid sequence of carboxypeptidase B-like. The nucleotide sequence is displayed in the 5′-3'directions and numbered at the left.
The deduced amino acid sequence is shown in a single capital letter amino acid code. 3′UTR and 5′UTR are shown with lowercase letters. Codons are numbered at the
left with the methionine (ATG) initiation codon, an asterisk denotes the termination codon (TAG). Cloning the conservative fragment (F & R), RACE, qRT-PCR, and
dsRNA primers are marked with arrows.
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Fig. 2. Multiple alignments of amino acid sequence of Scylla paramamosain carboxypeptidase B-like with other carboxypeptidase B-like sequences of common animals.
Scylla paramamosain (in this study), Hyalella Azteca (XP_018024120.1), Mizuhopecten yessoensis (XP_021372078.1), Drosophila willistoni (XP_023034853.1). Seventy-
four conserved amino acids are shaded and boxed.
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(Takara, Japan). Total RNA was isolated from various tissues of healthy
adult crabs and hemocytes of crabs challenged by intramuscular in-
jection of 0.1 mL of viral or bacterial suspension including WSSV (105

copies/mL) or V. alginolyticus (105 colony-forming units [CFU]/mL),
respectively, for different times, using the RNApure Tissue & Cell Kit
(CWBIO, China) according to the manufacturer's instructions.
Experiments were performed in triplicate and at least three crabs were
analyzed for each tissue type. The cDNA synthesis was carried out using
200 μg of total RNA with the ReverTra Ace qPCR RT Master Mix with
gDNA Remover (Code: FSQ-301; Toyobo, Japan). The qRT-PCR was
performed in a total volume of 10 μl containing 5 μl of SYBR® Premix Ex
Taq, 0.2 μl of 10 μM forward and reverse primers, and 100 ng of cDNA
template. The qRT-PCR was carried out in Bio-Rad Two Color Real-
Time PCR Detection System and the data were calculated according to

the 2 −ΔΔCT comparative CT method by Office Excel, with the glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) amplification as the
internal control [27]. The design and synthesis of the qRT-PCR primers
were entrusted to Shanghai Generay Bio. Co., Ltd (China), based on the
open reading frame (ORF). The primer sequences are shown in Table 1.
The PCR conditions were 95 °C for 1min, followed by 40 cycles at 95 °C
for 15 s and 60 °C for 45 s.

2.5. Prokaryotic expression and purification of CPB-dsRNA

The primers (shown in Table 1) with specific restriction sites (Hind
III in the forward primer and EcoR I in the reverse primer) were de-
signed from the cloned nucleotide sequence. PCR product digested with
Hind III/EcoR I was subcloned into LITMUS 38i Vector (NEB, MA, USA)
digested with the same enzymes to gain plasmid L38i-CPB. The con-
structed L38i-CPB was verified by restriction enzyme digestion and
DNA sequencing. The recombinant plasmid L38i-CPB was transformed
into HT115 (DE3) cells. Single colonies of the above engineering bac-
teria were separately inoculated to 5ml of LB medium containing Amp
(100mg/mL), cultured at 37 °C with shaking at 200 rpm for 12–16 h,
and then inoculated to LB medium containing Amp by proportion of
1%, cultured at 37 °C with shaking at 200 rpm for 2–3 h (OD600≈ 0.6),
and added with IPTG (with a final concentration of 0.8 mmol/L) to
induce the expression for 4 h. After purifying with mirVana miRNA™
Isolation Kit (Ambion, USA), the xx-dsRNAs were annealed and pre-
cipitated with 5M sodium acetate and anhydrous alcohol.

2.6. Knock down of carboxypeptidase B-like by RNAi and challenge
experiments

Total RNA was purified using the RNApure Tissue & Cell Kit
(CWBIO, China), following the manufacturer's instructions. CPB-
dsRNAs (75 μg/crab) was immediately injected intramuscularly into
crabs, and carboxypeptidase B-like mRNA expression levels were de-
tected by qRT-PCR following WSSV and V. alginolyticus challenge. Crabs
were divided into four groups: intramuscular injection with 100 μL PBS

Fig. 3. The phylogenetic tree of carboxypeptidase B-like from different organisms based on amino acid sequence comparisons.

Fig. 4. Expression characterization of carboxypeptidase B-like in various tissues
from healthy crabs revealed by qRT-PCR. The amount of carboxypeptidase B-like
mRNA was normalized to the GAPDH transcript level. Data are shown as
means ± standard deviation of the tissues of three separate individuals.
Capital letters indicate expression of carboxypeptidase B-like in different adult
tissues.
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alone; intramuscular injection with CPB-dsRNA, 75 μg/crab alone; in-
jection with CPB-dsRNA for 24 h, followed by 100 μL WSSV (105/mL)
challenge; and injection with CPB-dsRNA for 24 h, followed by
100 μL V. alginolyticus (105 CFU/mL) challenge. Crabs mortality was
monitored every 12 h after the last injection.

2.7. Quantitative analysis of WSSV

TaqMan real-time PCR was performed by using a Perfect Real Time
premix (Takara, Japan) containing a high-performance Taq antibody,
Takara Ex Taq HS, for hot start real-time PCR. Primers were designed
using Primer 5.0 software and the TaqMan probe with the WSSV whole
sequence. WSSV specific primers (5′-TTGGTTTCATGCCCGAGATT-3′)
and (5′- CCTTGGTCAGCCCCTTGA-3′) produced a fragment of 57 bp
after amplification. The TaqMan probe was synthesized and labeled
with the fluorescent dyes 5-carboxyfluorescein (FAM) (5′-FAM-TGCTG
CCGTCTCCAA-TAMRA-3′). The PCR mixture (10 μl) consisted of 5 μl
Perfect Real Time premix, 200 ng DNA template, 0.2 μl of 10 μM pri-
mers, and 0.2 μl of 10 μM TaqMan fluorogenic probe at a final con-
centration of 0.2 μM. The DNA template was extracted from the crab
hemocytes using a cell/tissue genomic DNA extraction kit (Generay,
Shanghai, China) according to the manufacturer's instructions.
Standard curve was made based on previous experiment [28]. PCR
amplification was performed for 4min at 50 °C, followed by 45 cycles of
45 s at 95 °C, 45 s at 52 °C and 45 s at 72 °C. Thermal cycling was

performed on an iCycle IQ5 real-time PCR detection system (Bio-RAD,
USA).

2.8. Kaplan-Meier survival analysis

For the pathogen challenge, healthy crabs were randomly dis-
tributed into eight groups (n = 10 per group, three repeat). The control
group received injections of PBS alone, the CPB-dsRNA group received
injections of CPB-dsRNA alone, the WSSV group received injections of

Fig. 5. qRT-PCR analysis of carboxypeptidase B-like expression challenged with
WSSV or V. alginolyticus. (A) qRT-PCR analysis of carboxypeptidase B-like ex-
pression in the hemocytes of S. paramamosain challenged with WSSV. (B) qRT-
PCR analysis of carboxypeptidase B-like expression in the hemocytes of S.
paramamosain challenged with V. alginolyticus. The amount of carboxypeptidase
B-like mRNA was normalized to the GAPDH transcript level. Data are shown as
means ± SD (standard deviation) of three separate individuals in the tissues.
Double asterisks indicate a significant difference (**p < 0.01) between two
samples.

Fig. 6. qRT-PCR analysis of carboxypeptidase B-like and immune gene expres-
sion. (Fig. 7A) qRT-PCR analysis of carboxypeptidase B-like expression in the
hemocytes of S. paramamosain treated with carboxypeptidase B-like dsRNA (CPB-
dsRNA) at 24 h post-treatment. The amount of carboxypeptidase B-like mRNA
was normalized to the GAPDH transcript level. (Fig. 7B) qRT-PCR analysis of
carboxypeptidase B-like expression of hemocytes of S. paramamosain treated with
CPB-dsRNA at different times post-treatment. (Fig. 7C) qRT-PCR analysis of
seven immune genes [crustin antimicrobial peptide (CAP), C-type-lectin (CTL),
JAK, prophenoloxidase (proPO), toll-like receptor (TLR), myosin II essential-light-
chain-like protein (myosin) and STAT] expression in the hemocytes of S. para-
mamosain treated with CPB-dsRNA. The amount of carboxypeptidase B-like
mRNA was normalized to the GAPDH transcript level. Data are shown as
means ± standard deviation of tissues in three separate individuals. Double
asterisks indicate a significant difference between two samples (**p < 0.01).
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WSSV in PBS, and the CPB-dsRNA +WSSV group received injections of
CPB-dsRNA and WSSV, the V. alginolyticus group received injections of
V. alginolyticus in PBS, and the CPB-dsRNA + V. alginolyticus group
received injections CPB-dsRNA and V. alginolyticus. Each group of crabs
was cultivated under the same condition. After every 12 h, the number
of alive and dead crab was counted. The survival data were arranged
and analyzed in Microsoft GraphPad 7.0.

2.9. Phagocyte rate counting by flow cytometry

Experimental and control groups were injected with dsRNA and
PBS, respectively. In brief, 2.5 mL syringe was used to collect the he-
molymph from the last walking legs of crabs which sterilized with 70%
alcohol. The hemolymph was mix with the precooled anticoagulant
solution (ACD-B solution: 4.8 g/L Citric Acid, 13.2 g/L sodium citrate,
14.7 g/L glucose, 1.2 g/L NaCl, pH 4.6) at ratio of 1:1, and the mixture
was centrifuged at 2000 rpm at 4 °C for 10min to collect hemolymph
cells. The subsequent experiment was performed as described

previously [29].

2.10. Apoptosis of crab hemocytes

The hemolymph was mixed with the precooled anticoagulant solu-
tion, ACD-B solution, at ratio of 1:1, and the mixture was centrifuged at
2000 rpm at 4 °C for 10min to collect hemolymph cells. The hemo-
lymph cells were then suspended in highly alkaline PBS, counted and
adjusted to a density of 3–5×106 cells/mL with PBS. The cells were
stained using a BD Phrmingen™ FITC Annexin V Apoptosis Kit, and
assessed by flow cytometry. The cell numbers on quadrant 4, with low
PI and high annexin V staining, were considered as apoptotic. The data
were presented as means ± standard deviation (SD) derived from at
least three independent experiments.

2.11. Determination of immune parameters after RNAi

The immune parameters determined included THC, PO and SOD
activities. THC was determined as described previously. To determine
total hemocyte count, hemolymph (100 μL) was withdrawn from the
ventral sinus of individual crab into a 1ml syringe containing 100 μL of
10% Methanal in 0.45M NaCl and transferred to a microfuge tube. The
hemocyte count was performed using a hemocytometer and defined as
number of cells ml−1, and the data presented as the total hemocyte
count [30]. To determine PO and SOD activities, 500 μL hemolymph
was withdrawn into a 1mL syringe containing 500 μL ACD-B solution
from each individual crab. PO activity was quantified in the hemo-
lymph mixture based on the formation of dopa chrome from the sub-
strate L-3, 4-dihydroxyphenylalanine (L-DOPA), as described previously
[31]. SOD activity was quantified in hemocytes isolated from 300 μL of
the hemolymph mixture, according to the improved method described
by Beauchamp and Fridovich [32]. Data were presented as measure-
ments.

2.12. Statistical analysis

Quantitative data were expressed as mean ± standard deviation
(SD). Data from three independent experiments were analyzed by one-
way analysis of variance to calculate the means and standard deviations
of the triplicate assays. Statistical differences were estimated using one-
way ANOVA followed by least-significant differences (LSD) and
Duncan's multiple range. The differences between the different treat-
ments were analyzed by multiple t-test method. All statistics were
measured using SPSS software version 19 (IBM, USA). A probability
level of 0.01 was used to indicate statistical significance (p < 0.01).

3. Results

3.1. Characterization of carboxypeptidase B-like cDNA

The full-length CPB cDNA sequence was 2316 base pairs (bp)
(Fig. 1) and included a 1302 bp open reading frame (ORF) encoding a
434 amino acid protein. The 5′and 3′ untranslated regions (UTRs)
comprised 161 bp and 853 bp, respectively. The clone also included a
poly (A) tail. The CPB had an estimated molecular mass of 48.514 kDa
and a theoretical PI of 8.494. The nucleotide and deduced amino acid
sequences of the full-length cDNA are shown in Fig. 1.

3.2. Sequence homology and phylogenetic analysis

We compared the current deduced amino acid sequence with pre-
viously reported CPB sequences. The ORF of the CPB displayed 50%
identity with that of Hyalella Azteca (XP_018024120.1), 32.43% iden-
tity with a CPB in Mizuhopecten yessoensis (XP_021372078.1), and
29.05% identity with an enolase in Drosophila willistoni
(XP_023034853.1) (Fig. 2). A condensed phylogenetic tree based on the

Fig. 7. PO and SOD activity of the crab treated with CPB-dsRNA. (A) PO ac-
tivity of the crab treated with carboxypeptidase B-like dsRNA (CPB-dsRNA). (B)
SOD activity of the crab treated with CPB-dsRNA. Data are expressed as per-
centage of control. Double asterisks indicate a significant difference
(**p < 0.01) between the sample and the control.

Fig. 8. Detection of WSSV copies in gills at different time (0 h, 24 h, 48 h and
72 h) post WSSV infection. The significant differences between treatments are
indicated with asterisks (*p < 0.05; **p < 0.01).

X. Qian, et al. Fish and Shellfish Immunology 94 (2019) 434–446

440



deduced amino acid sequences was constructed by the neighbor-joining
method using MEGA7.1 (Fig. 3). Phylogenetic analysis showed that the
CPB sequence was conserved among different species. The amino acid
sequence revealed that conserved domains contained several highly
conserved amino acid sites. Among the known species, the S. para-
mamosain CPB showed the closest relationship with that of Hyalella
Azteca.

3.3. Tissue distribution of carboxypeptidase B-like mRNA

Expression profiling of the CPB gene in different tissues of S. para-
mamosain was examined by quantitative real-time polymerase chain
reaction (qRT-PCR) (Fig. 4). It was significantly more highly expressed
in hepatopancreas compared with other tissues and showed the lowest
expression in muscle tissue. Expression levels of CPB in hepatopancreas
were 2.17-, 1.51-, 138.43-, 5.00- and 4.25-fold greater than that in the
hemocytes, gills, muscles, intestines, and heart, respectively. The ex-
pression of CPB in hepatopancreas was significantly higher (p < 0.01)
than in any of the other tissues tested.

3.4. Time course of carboxypeptidase B-like expression after WSSV or V.
alginolyticus challenge

We investigated the changes of CPB expression in crabs after chal-
lenges with WSSV or V. alginolyticus. CPB expression was significantly
down-regulated (p < 0.05) at 12 and 24 h post-infection with WSSV,
but significantly higher than the control levels at 72 h post-challenge
(Fig. 5A). CPB expression was also significantly down-regulated
(p < 0.01) from 12 to 48 h post-challenge with V. alginolyticus, with
the lowest expression levels at 48 h (Fig. 5B). These results suggested
that CPB may play an important role in crab innate immunity following
infection with WSSV or V. alginolyticus.

3.5. Effects of carboxypeptidase B-like double-stranded RNA on expression
of immune genes

We tested the effect of CPB double-stranded RNA (CPB-dsRNA) on
mRNA expression using qRT-PCR. CPB mRNA expression in crab he-
mocytes was significantly knocked down by CPB-dsRNA (p < 0.01)
(Fig. 6A). We also detected the effect of CPB-dsRNA on CPB gene ex-
pression in hemocytes of S. paramamosain at different time post-treat-
ment using qRT-PCR. CPB-dsRNA inhibited the expression of CPB
mRNA in hemocytes from 12 to 72 h post-treatment (Fig. 6B). We also
examined the relationship between CPB expression and the expression
of other immunity-related genes by analyzing the effects of CPB-dsRNA
on the expression levels of important immune genes in the hemocytes of
crabs. Among the seven immune genes tested, JAK, STAT, C-type-lectin,
crustin antimicrobial peptide (CAP), Toll-like receptors (TLRs), propheno-
loxidase (proPO) and myosin II essential light chain-like protein (myosin)
were significantly down-regulated (p < 0.01) following treatment with
CPB-dsRNA (Fig. 6C).

3.6. Determination of immune parameters

Phenoloxidase (PO) activity was significantly decreased (p < 0.01)
in crabs treated with CPB-dsRNA at 24 h (0.6498 U), compared with the
control group (1.047 U), but there was no significant difference in PO
activity at 48 h (Fig. 7A). Superoxide dismutase (SOD) activity was
significantly increased (p < 0.01) in crabs treated with CPB-dsRNA for
24 (0.0654 U) and 48 h (0.0783), compared with the controls (0.058 U
and 0.061 U of control at 24 h and 48 h, respectively) (Fig. 7B). These
results indicated that CPB had a stimulatory effect on the immune
system in crabs.

3.7. Effects of CPB-dsRNA on WSSV copies and survival of challenged crab

Copies of WSSV increased with the duration of infection in all

Fig. 9. The survival analysis of challenged
crabs treated with CPB-dsRNA. (A) The
survival analysis up from Kaplan-Meier of
WSSV challenged crab treated with carbox-
ypeptidase B-like dsRNA (CPB-dsRNA). (B)
The survival analysis up from Kaplan-Meier
of V. alginolyticus challenged crabs treated
with CPB-dsRNA. The solutions used for
injection were shown on the left. Every
group has 20 individuals, respectively.
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groups, and the copy number was always lower in the CPB-dsRNA-
treated group compared with the respective control (Fig. 8). Copy
numbers increased to 105 and 106, respectively, at 72 h post-infection.
Compared with the control groups, crabs in the experimental groups
had lower copy numbers of virions, suggesting that the RNAi of CPB led
to a remarkable suppression of WSSV replication, indicating that CPB
may promote the replication of WSSV.

We evaluated the effects of the CPB gene on the mortality of pa-
thogen-challenged crabs by injecting them with CPB-dsRNA and then
challenging them with WSSV or V. alginolyticus. WSSV infected crabs
treated with CPB-dsRNA had significantly higher survival at 12, 24, 36,
60, and 72 h post-challenge, compared with crabs challenged with
WSSV alone (Fig. 9A). The negative control showed a cumulative
mortality of zero (Fig. 9A), indicating that CPB-dsRNA itself was non-
toxic in crabs. However, CPB-dsRNA had a different effect on mortality
in V. alginolyticus-infected crabs. The cumulative mortality following
CPB-dsRNA + V. alginolyticus treatment was significantly higher than
that following V. alginolyticus alone (p < 0.01), starting from 12 h post-
challenge (Fig. 9B). Overall, these results indicated that CPB was vital
for WSSV infection, while, in contrast, the absence of CPB increased
crab mortality following V. alginolyticus infection.

3.8. Influence of carboxypeptidase B-like knockdown on total hemocyte
count

Treatment with CPB-dsRNA significantly increased (p < 0.01) the
total hemocyte counts (THC) compared with phosphate-buffered saline
(PBS)-treated controls at 24 and 48 h post-treatment (Fig. 10A). The
THC was significantly reduced at (p < 0.01) 24 and 48 h after WSSV
treatment, compared with PBS controls. The THC of CPB-
dsRNA + WSSV was significantly decreased compared with the PBS
group at 24 and 48 h. However, the THC of CPB-dsRNA + WSSV was
significantly higher than in the WSSV alone group (Fig. 10B). Similarly,
the THC was significantly decreased at 24 and 48 h after V. alginolyticus
and CPB-dsRNA + V. alginolyticus treatment, compared with the PBS
control. However, the THC of CPB-dsRNA + V. alginolyticus was sig-
nificantly higher than in the V. alginolyticus alone group (Fig. 10C).
These results suggest that CPB may negatively regulate hemocyte pro-
liferation in crabs.

3.9. Effect of carboxypeptidase B-like on phagocytosis

To characterize the role of CPB in phagocytosis, the expression of

Fig. 10. Influence of carboxypeptidase B-like knockdown on total hemocyte count. (A) THC of the crabs treated with carboxypeptidase B-like dsRNA (CPB-dsRNA). (B)
THC of WSSV challenged crabs treated with CPB-dsRNA. (C) THC of V. alginolyticus challenged crabs treated with CPB-dsRNA. Data are expressed as percentage of
control. Indicates values significantly different (**p < 0.01) from the control.
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CPB was knocked down and then the phagocytic activity of crab he-
mocytes was assessed. When CPB was silenced, the crab phagocytic
activity against WSSV was dramatically strengthened compared with
controls (Fig. 11C). Similarly, when CPB was silenced, the crab pha-
gocytic activity against V. alginolyticus was dramatically strengthened
compared with controls (Fig. 11F). The number of WSSV copies in-
dicates that CPB may exert negative effects on antiviral phagocytosis in
crabs.

3.10. Effect of carboxypeptidase B-like on apoptosis

We investigated the role of CPB in the apoptosis of crab hemocytes
using an Annexin V-FITC Apoptosis Detection Kit I (BD Biosciences,
USA). The apoptosis rate was lower in the WSSV group compared with
the CPB-dsRNA-treated group (41.7% vs. 65.3%) (Fig. 12). Similarly,
the apoptosis rate was significantly increased in the group of crabs first
treated with CPB-dsRNA, then infected with V. alginolyticus, compared
to crabs infected with V. alginolyticus (Fig. 12). These results suggested
that the CPB had an inhibitory effect on hemocyte apoptosis in crabs
infected with WSSV or V. alginolyticus.

4. Discussion

CPB was first isolated from the porcine pancreas and was later found
to be expressed in different tissues of several animals with different
potential functions [33,34]. In the human brain, CPB is expressed and
secreted by endoplasmic reticulum cells of brain neurons [35]. Plasma

CPB is produced by the liver and circulates in the blood. It is activated
by thrombin and functions in the inhibition of fibrinolysis, and its ex-
pression level is associated with a range of diseases [21,36]. An increase
in the concentration of plasma CPB in the blood increases the con-
centration of cholesterol and fibrinogen and is one of the causative
factors of coronary heart disease. The CPB precursor is very stable and
does not bind to other substances in urine. The determination of CPB
precursor concentration in urine is an effective method for accurately
predicting the severity of acute pancreatitis [37]. The concentration of
bradykinin is inversely related to the activity of plasma CPB. Therefore,
it is considered that the decrease in plasma CPB activity leads to an
increase in the concentration of bradykinin, which causes a decrease in
blood pressure and shock [38]. CPB has also been shown to cleave and
inactivate several inflammatory proteins, namely C5a, C3a, bradykinin,
and thrombin-cut osteopontin [39]. Its ability to modulate in-
flammatory substrates suggests that CPB may also act to inhibit in-
flammation. Consistent with this concept, we previously found that CPB
prevents rheumatoid arthritis by inhibiting C5a-mediated inflammation
in the synovial joint [40]. Previous studies have demonstrated that CPB
is closely related to human diseases, and in recent years, the acquisition
of invertebrate CPB gene clones, such as Hyalella Azteca, Mizuhopecten
yessoensis, and Drosophila willistoni, form the basis of studying CPB gene
sequences in invertebrates [41,42].

The whole coding sequence, denoted as CPB, comprises 2316 nu-
cleotides and 434 amino acid residues. Neighbor-joining tree analysis
revealed a close evolutionary relationship with the CPB protein in
Hyalella Azteca. Furthermore, the protein was expressed at varying

Fig. 11. Flow cytometry assay of phagocytosis by crab hemocyte. Inactivated WSSV and V. alginolyticus particles were labeled with FITC. (A) PBS; (B) CPB-dsRNA; (C)
bar graph of phagocytosis of WSSV; (D) PBS; (E) CPB-dsRNA; (F) bar graph of phagocytosis of V. alginolyticus. The significant differences between treatments are
indicated with asterisks (**p < 0.01).
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Fig. 12. Flow cytometry assay of hemocyte apoptosis. (A) PBS; (B) CPB-dsRNA; (C) V. alginolyticus; (D) V. alginolyticus + CPB-dsRNA; (E) WSSV; (F) WSSV + CPB-
dsRNA; (G) Bar graph of phagocytosis of V. alginolyticus; (H) Bar graph of phagocytosis of WSSV. Double asterisks indicate a significant difference (P < 0.01)
between the sample and the challenge only.
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levels in all the examined tissues from S. paramamosain, with the
highest levels in hepatopancreas and relatively low levels in the he-
molymph, gills, intestines, heart, and muscles. In contrast, previous
reports have detected the highest expression levels in the intestines of
insects [43,44]. The expression of CPB was high in the hepatopancreas,
which is an important immune organ in crustaceans, but CPB expres-
sion was significantly decreased by challenge with WSSV or V. algino-
lyticus. However, compared with the low expression levels of CPB in V.
alginolyticus-challenged crabs from 12 to 48 h post-infection, expression
levels returned to those of the control at 48 h post-infection with WSSV.
The decrease of CPB expression following WSSV or V. alginolyticus in-
fection indicates CPB may anticipate the innate immune response of
crabs. Combining with the high phagocytosis rate of V. alginolyticus by
hemocytes when CPB wan knocked down, indicating that CPB may
regulate hemocyte phagocytosis when V. alginolyticus infection in crabs.

RNAi is a phenomenon of post-transcriptional gene silencing spe-
cifically mediated by dsRNA sequences in vivo [45]. RNAi has pre-
viously been used to reveal the functions of some proteins in shrimp
immunity [46] and has been widely applied in studies of the immune
response in many invertebrate models to investigate the antibacterial
and antiviral mechanisms of certain target proteins [47]. In this study,
we examined the role of S. paramamosain CPB in innate immunity by
inhibiting its expression using CPB-dsRNA. We also determined the
effects of CPB-dsRNA on the expression levels of several typical innate
immune molecules and signal transduction factors. The knockdown of
CPB mRNA led to significant down-regulation of the innate immune
factors JAK, STAT, C-type-lectin, CAP, TLRs, proPO, and myosin. TLRs are
a class of proteins that play a key role in the innate immune system. The
Toll pathway in invertebrates, such as Drosophila melanogaster, is acti-
vated by different stimuli, including Gram-positive bacteria, fungi and
virulence factors [48,49]. Members of the signal transducer and acti-
vator of transcription (STAT) protein family are intracellular tran-
scription factors that mediate many aspects of cellular immunity, pro-
liferation, apoptosis, and differentiation. Gene knockout studies have
provided evidence that STAT proteins are involved in the development
and function of the immune system and play a role in maintaining
immune tolerance and tumor surveillance [50]. Proteins containing a C-
type lectin domain have multiple functions including cell–cell adhesion,
the immune response to pathogens, and apoptosis [51,52]. The results
suggest that the CPB impacts on the processes of apoptosis and pha-
gocytosis. Apoptosis is a highly regulated programmed cell death pro-
cess and plays a critical role in virus infection. The host may promote
apoptosis so as to enhance resistance to virus infection [53]. Osteo-
pontin (OPN) is known to be a pro-inflammatory cytokine that plays an
important role in the pathogenesis of rheumatoid arthritis. OPN has
anti-apoptotic effects on different cell types [54–56]. Consistent with
this, OPN inhibits neutrophil apoptosis, and CPB could indirectly reg-
ulate the process of apoptosis [57]. It was reported that thrombin-ac-
tivated CPB plays a central homeostasis role in rheumatoid arthritis by
regulating neutrophil viability and reducing synovial cell adhesion
[57]. In our study, apoptosis was increased in CPB-dsRNA-treated crabs
challenged with WSSV or V. alginolyticus, indicating that the CPB may
regulate apoptosis of host hemocytes and suppress apoptosis during
WSSV or V. alginolyticus infection. Studies have shown that phagocy-
tosis is required for host antiviral immunity through the direct rapid
engulfment of virions and apoptotic cells [58–60]. Our phagocytosis
results indicated that the CPB may regulate phagocytosis and exert
negative effects on phagocytosis in crabs.

However, the lower number of WSSV copies and mortality in the
CPB knockdown group suggested that WSSV could utilize CPB to pro-
mote its own replication. According to our observation in this study,
fewer hemocytes were obtained from virus-infected crabs compared
with healthy crabs, and the same was seen in bacteria-infected in-
dividuals. Hemocyte is very important in the innate immunity of
crustaceans and it is involved in cellular immunity and humoral im-
munity, and it can directly recognize and engulf foreign pathogens

[61]. Compared to the group infected only with the virus or vibrio, the
total hemocytes were increased in WSSV or V. alginolyticus infection
crabs when pretreated with CPB-dsRNA. Furthermore, immune para-
meters such as SOD activity, as well as THC, were promoted by the
absence of CPB in crabs. SOD activity is important indicator for iden-
tifying the immunological activity of crustaceans [62–65].

The results suggested that crab CPB may play a positive role in the
immune response to V. alginolyticus through increasing the phagocytosis
rate of V. alginolyticus. The CPB showed important immune function in
crabs, whereas WSSV could take advantage of the CPB to promote viral
replication through inhibiting the host cell apoptosis. These new find-
ings provide an important basis for further exploration of the innate
immune mechanism of marine crabs.
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