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A B S T R A C T

White spot disease (WSD) is a highly virulent viral disease in shrimps. Clinical signs and high mortality of WSD is
generally observed after a few days of infection by White Spot Syndrome virus (WSSV). Mud crabs are the major
carrier and persistent host for the WSSV. However, an elucidation of viral interaction and persistent mode of
WSSV infection in mud crab is still limited. We investigated the defensive role of mud crab (Scylla olivacea)
hemocytes against WSSV infection by using comparative proteomic analysis coupled with electrospray ioniza-
tion liquid chromatography tandem mass spectrometry (ESI-LC/MS/MS). The proteomic maps of expressed
proteins obtained from WSSV infected hemocytes revealed differential proteins related to various biological
functions, including immune response, anti-apoptosis, endocytosis, phosphorylation signaling, stress response,
oxygen transport, molting, metabolism, and biosynthesis. Four distinctive cell types of crab hemocytes: hyaline
cells (HC), small granular cells (SGC), large granular cells (LGC) and mixed granular cells (MGC) were found
susceptible to WSSV. However, immunohistochemistry analysis demonstrated a complete replication of WSSV
only in SGC and LGC. WSSV induced apoptosis was also observed in HC, SGC and MGC except for LGC. These
results suggested that HC and MGC may undergo apoptosis prior to a complete assembly of virion, while SGC is
more susceptible showing higher amplification and releasing of virion. In contrast, WSSV may inhibit apoptosis
in infected LGC to stay in latency. This present finding provides an insight for the responsive roles of crustacean
hemocyte cells involved in molecular interaction and defense mechanism against WSSV.

1. Introduction

White spot syndrome virus (WSSV) is the causative agent of white
spot disease (WSD), causing up to 100% mortality rate of shrimp in a
few days [42]. WSSV outbreaks became the most serious problem for
shrimp culture farming and leading to enormous economic loss in
Thailand since 1996. The infected shrimps showed many clear white
spots on exoskeleton and epidermis of the carapaces. WSSV is the rod-
shaped close circular double stranded DNA virus classified in the genus
Whispovirus, and Nimaviridae family [24]. To date, at least 40 structural
proteins were identified [7,49,50]. Two major envelope proteins, VP26
and VP28, play a critical role in the systematic infection process and act
as the attachment protein for shrimp cell binding and cytoplasm entry
[63]. Recent study revealed that the interaction between VP26 and
WSSV-binding protein inhibits an invasion of WSSV into host cells [64].

WSSV has a broad host range. Several host species such as penaeid
shrimps, crabs and lobsters were found susceptible to WSSV infection

[15,35]. The susceptible hosts can be classified into symptomatic, re-
sistant and carrier hosts [8,12,35]. Mud crabs of Scylla spp. has been
reported as the carrier host for WSSV. The clinical sign of WSD was not
observed in an infected crab despite WSSV was detected by PCR and
histological examination for a long survival period [43]. In contrast the
symptomatic host such as penaeid shrimps usually die within a short
time at the same dose of WSSV infection [35].

The defensive mechanism of crustacean depends on innate im-
munity [39]. Hemocytes, the responsive factor, demonstrated different
defensive patterns depending on host types and infection methods.
Many crustaceans’ hemocytes were involved in phagocytosis, melani-
zation, cytotoxicity and cell to cell communication during bacteria and
fungi invasion [18]. Based on specific morphology and granularity,
hemocytes of Scylla olivacea mud crab have been characterized recently
as hyaline cell (HC), small granular cell (SGC), large granular cell (LGC)
and mixed granular cell (MGC) [30]. Other classification by an abun-
dance of granules was also reported as granulocyte, semi-granulocyte
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and hyalinocyte [66]. A significant decrease of total hemocyte count
were observed at 48 hpi in WSSV infected Scylla Olivacea mud crab and
Penaeus monodon shrimp [30,51]. However, only the WSSV-infected P.
monodon proceeded to moribund state. An interaction between WSSV
and different cell types of hemocytes was studied in other crustaceans
such as crayfish and banana shrimp [17,55]. The semi-granular cells
showed greater viral interaction than that of granular cells. In contrast,
hyaline cells showed very little interaction with the virus. However the
molecular mechanism of mud crab hemocyte cell in response to WSSV
infection remains uncharacterized.

Proteomic analysis has been applied to identify differential protein
expression in WSSV-infected shrimp cells such as lymphoid organ of P.
vannamei, epithelial cell of P. monodon and hepatopancreas of P. chi-
nensis shrimps [5,53,59]. Recently, differential proteins in S. para-
mamosain crab have been investigated during Vibrio alginolyticus and
WSSV infection [47]. Since the crustacean defense mechanism is re-
stricted mainly to the hemocyte cells, this present study aims to uncover
the functional and responsive roles of S. olivacea hemocytes during the
persistent infection with WSSV. The results from identified differential
proteins along with characterization of WSSV and hemocyte interaction
may provide an insight for the detail mechanism of crab defense system.
The acquired knowledge could be beneficial to the control and pre-
vention of viral diseases for a sustainable aquaculture industry.

2. Materials and methods

2.1. WSSV infection of mud crab and hemocyte isolation

WSSV was obtained from the Center of Excellence in Shrimp
Molecular Biology and Biotechnology (Centex Shrimp), Mahidol
University. WSSV stock in serum was quantified by real time PCR as
previously described [45]. Healthy male mud crab (S. olivacea) with
12–15 cm in length and average weight of 350 g were obtained from
local market in Nakhon Pathom, Thailand. Each individual crabs were
acclimatized in a plastic cage submerged in artificial sea water with
30 ppt salinity. They were fed with sea bass and the artificial sea water
was changed daily. The crabs sample were divided into control
(n= 12) and WSSV-infected group (n= 12). For an infected group,
each crab was injected with WSSV at 105copy/g. The control group was
injected with normal saline (0.9% NaCl). After one day post infection
(dpi), crab hemolymph was collected from the hemocoel using 21G
needle, and mixed with an equal volume of anticoagulant AC-1 solution
(containing 30mM citric acid, 10mM EDTA, 0.45M NaCl, 0.1M glu-
cose and 26mM sodium citrate; pH 4.6) and then immediately kept on
ice to prevent clotting. Hemocytes were harvested by centrifugation at
800g for 10min at 4 °C. After discarding of plasma, the packed hemo-
cytes were washed twice with AC-1 solution and stored at −20 °C until
used.

2.2. Fractionation and extraction of hemocytic proteins

To reduce the complexity of 2-D PAGE analysis, protein samples
were extracted from crab hemocyte and fractionated before applied to
the two dimensional (2-D) gel electrophoresis. The collected hemocytes
were initially lysed by cold buffer [3]. The mixture was centrifuged at
600g for 5min. The supernatant were collected and transferred to the
new tubes before centrifugation at 6,000g and subsequently at 20,200g
for 20min. The three fractionated pellets and one supernatant fraction
were collected and re-suspended in RIPA buffer (0.1% SDS, 0.5% so-
dium deoxycholate, 1% triton X-100, 50mM tris-HCl, pH 7.4, 150mM
NaCl, 1X protease inhibitor cocktail). The proteins from each fraction
were precipitated by chloroform-methanol method. Briefly, 150 μl of
protein solubilized in RIPA buffer was incubated with 600 μl methanol,
150 μl chloroform and 450 μl deionized water. The mixture was cen-
trifuged at 14,000g for 10min at 4 °C. The protein pellet was rinsed
with 1ml methanol and then air dried. The protein pellets was

rehydrated in lysis solution containing 8M urea, 2M thiourea, 4%
CHAPS, 0.1% triton X-100, 50mM dithiothreitol, 1X protease inhibitor
cocktails [Roche]. The mixture was incubated on ice for 10min and in
ultrasonic bath for 30min and centrifuged at 14,000g, 4 °C for 5min.
The supernatant was kept at −20 °C until used. Protein concentration
was determined by Bradford assay using bovine serum albumin (BSA)
as a standard.

2.3. 2-D PAGE and protein identification by LC/MS/MS

Two dimensional polyacrylamide gel electrophoresis of the hemo-
cytic protein fraction was conducted by pooling an equal protein
samples from four individual crabs on each gel. A triplicated 2-D gels
(12 individual crabs) were performed for control and WSSV-infected
groups. Pooled protein sample of 400 μl from each fraction was sepa-
rated on immobilized pH gradient strip [GE Healthcare] with 13 cm in
length, nonlinear pH 3–10. First dimensional separation was conducted
on Ettan IPGphor II electrode platform [GE Healthcare] using an opti-
mized focusing profile of an increasing voltage (up to 8000 V) to reach
20,000 V-hrs. The focused gel strips were incubated in equilibration
buffer (75mM Tris–Cl, pH 8.8, 6M urea, 2% SDS, 30% glycerol,
0.002% bromophenol blue) containing 25mg/ml DTT for 15min, fol-
lowed by equilibration buffer containing 60mg/ml iodoacetamide for
15min with agitation at room temperature. The equilibrated strips
were placed onto the top of a 12.5% SDS-PAGE gel on mini VE vertical
electrophoresis system [GE Healthcare] with a constant voltage of
120 V until the front dye reached to the bottom of the gels. The 2-DE
gels were fixed in fixative solution for 30min and then visualized by
CGB staining solution containing 20% methanol, 10% ammonium sul-
fate, 2% phosphoric acid, and 0.001% colloidal coomassie blue G250
for overnight. Gel images were scanned using ImageScanner II
[GEHealthcare] as. mel file for image analysis. The differential protein
spots from each fraction were analyzed using Image Master 2-D
Platinum software version 5.0 [GE Healthcare]. For matching and
quantitative analysis, the reference gel was used for matching the
corresponding protein spots among 2-D gels. The matched protein spots
from automatic software matching were then confirmed and edited
manually. Matching of protein spots across different gels must be
consistently found in all triplicate gels. Background subtraction was
performed, and the intensity of each spot was normalized with total
intensity. Student T test of p < 0.05 was used to analyze the percent
intensity volume of all protein spots. Protein spots with a statistical
change and at least a 1.5-fold change in expression level were selected.

The candidate protein spots were excised and then subjected to in-
gel digestion and mass spectrometry. Protein spots were in-gel digested
with trypsin (10 ng/μl trypsin containing 50% acetonitrile in 25mM
ammonium bicarbonate) for 18 h at 37 °C. Digested peptides were ex-
tracted with 0.1% formic acid in 50% acetonitrile and lyophilized. The
digested peptides were dissolved in 0.1% formic acid and then sub-
jected to nano-liquid chromatography coupled with electrospray ioni-
zation tandem mass spectrometry (nanoLC-ESI-MS/MS) for protein
identification. Database searches for protein identification were per-
formed using the Mascot search engine (www.matrixscience.com).
Protein hits with a significant ion score were listed and reported.

2.4. SDS-PAGE and Western blot analysis

For SDS-PAGE, 20 μg of total protein was resolved in 12.5% SDS-
PAGE gel. The gels were then visualized by CGB-staining for overnight.
For Western blot analysis, the proteins from the 12.5% SDS-PAGE were
transferred to PVDF membrane using a Mini Trans-Blot electrophoresis
transfer cell [Bio-Rad]. The membranes were equilibrated in Tris-gly-
cine transfer buffer containing 39mM glycine, 0.04% SDS, 10% me-
thanol, and 48mM Tris-HCl; pH 8.3. Unstained membranes were pre-
pared for hybridization by incubation with blocking solution [5%
skimmed milk in TBS buffer (20mM Tris-HCl, and 150mM NaCl; pH
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7.4) containing 0.1% Tween 20] at 4 °C overnight to prevent non-
specific binding. The membranes were incubated in one of the fol-
lowing primary antibodies, including polyclonal rabbit anti-beta-tu-
bulin, anti-VP28, and anti-PmRab7 (provided by Centex shrimp), anti-
14-3-3, and anti-mitogen activated protein kinase 1 (MAPK1) with
different dilution in 5% skimmed milk/0.5% TTBS for overnight at 4 °C
with agitation. After three washes with 0.5% TTBS, the membranes was
incubated at RT for 1 h with respective secondary antibody conjugated
with horseradish peroxidase with 1:10,000 in 5% skimmed milk/0.5%
TTBS. Immuno-reactive protein bands were visualized with SuperSignal
West Pico Chemiluminescent substrate [Pierce]. Blots were scanned by
using an Image Scanner II and the relative expression ratio was calcu-
lated.

2.5. DNA extraction

Hemocytes were mixed with DNA extraction buffer (100mM, NaCl,
10 mM Tris-Cl, pH 8.0, 2.5 mM EDTA, 0.5% N-lauroylsarcosine). The
reaction were incubated with 0.5 mg/ml RNase A for 30min at 37 °C
followed by 0.5mg/ml proteinase K for 1 h 56min at 37 °C. The reac-
tions were mixed with 1% cetyltrimethyl ammonium bromide (CTAB)
and incubated for 10min at 65 °C. Phenol: chloroform (1:1) extraction
was performed twice with centrifugation at 15,000g for 5min. DNA was
precipitated from aqueous phase by equal volume of isopropanol with
−20 °C incubation for 30min followed by centrifugation at 15,000g for
20min at 4 °C. After air dry, the DNA pellet was rinsed with 70%
ethanol and centrifuged at 15,000g for 5min at 4 °C. DNA was dissolved
in TE buffer and kept at −20 °C until used.

2.6. PCR and semi quantitative RT-PCR

For PCR detection of WSSV, the total DNA from control and WSSV
challenged crabs were mixed with PCR premixed solution (1x PCR
buffer, 3 mM MgCl2, 0.2mM dNTP, 0.5 μM forward and reverse pri-
mers, 0.125 U Taq DNA polymerase, 100 ng DNA template) with pri-
mers specific to wssv419-like protein gene (Table 1). The PCR process
were denaturing at 95 °C for 5min; 25 cycles of 95 °C for 30 s, 55 °C for
30 s, 72 °C for 45 s; final extension at 72 °C for 5min. The internal
control gene was mitochondrial DNA 16S ribosomal RNA gene
(Table 1). The PCR products were resolved by 2% agarose gel electro-
phoresis.

For Reverse transcription PCR (RT-PCR), total RNA was extracted
from a pool of hemocyte pellets followed by Trizol® reagent method
[Invitrogen]. The first-strand cDNA was prepared from total RNA with
Oligo dT15 primer. Briefly, the total RNA (1–5 μg) was mixed with
10 μM Oligo dT15 primers. The RNA mixture was heated at 65 °C for
5min. The annealing of primer to RNA template was performed at 25 °C
for 10min and then cooled immediately on ice. Thereafter, the

reactions were mixed with 1x reaction buffer containing 2 μl of 10mM
dNTP, 1 U of RevertAid Reverse Transcriptase [Thermo scientific], and
RNase-free water. The first-strand cDNA was then used as the template
for PCR amplification with the appropriate primers (Table 1). Semi-
quantitative RT-PCR analysis was performed on total RNA isolated from
control and WSSV infected crab hemocytes. RT-PCR of triose phosphate
isomerase (TPI) was performed and used as internal control and for
normalization of total RNA variation. RNA expression level was quan-
titatively analyzed using Image Master 2D Platinum software [GE
healthcare].

2.7. Apoptotic assay

An investigation of apoptotic activity was performed in WSSV in-
fected hemocytes using DNA fragmentation and nuclear condensation
approaches. For DNA fragmentation method, mud crabs were injected
with WSSV (105 copies/g) and their hemolymph were obtained at 0, 6,
12, 18, 24, 36, 48, 60, and 72 h post infection (hpi). The hemocytes
were isolated by Percoll™ [GE Healthcare] gradient centrifugation.
Percoll™ density gradient centrifugation was performed for an isolation
of crab hemocyte cell types [16]. The hemolymph was loaded onto the
top of 60% Percoll™ gradient (60% Percoll, 0.45M NaCl) and separated
by centrifugation at 2900g for 30min at 4 °C. After centrifugation, se-
parated bands of each hemocyte was observed and aspirated into the
new tube. Each hemocyte cell types were collected by centrifugation at
1,900g for 2min at 4 °C. The cells were rinsed about 2–3 times with AC-
1 solution and then centrifuged to collect the washed hemocyte pellet.
DNAs were extracted from the isolated hemocyte cell types at each
time-point. Equal amount of 2 μg DNA was analyzed by 1% agarose gel
electrophoresis. The gels were stained by ethidium bromide. The DNA
bands were observed under UV transilluminator. Another study to ob-
serve nuclear fragmentation of WSSV infected hemocytes was con-
ducted by fluorescent microscopy. Each hemocyte cell types were cul-
tured in L-15 media [Gibco] with 20% fetal bovine serum (FBS) for 1 h
and fixed in 4% formaldehyde for 10min. The hemocytes were
mounted on top of Prolong®Gold antifade reagent [Invitrogen] con-
taining DAPI fluorescent dye. DAPI dye will penetrate into nucleus and
stained the DNA. The fragmented nucleus revealed the dense frag-
mented staining of blue DAPI under fluorescent microscope.

2.8. Immunocytochemistry analysis of WSSV-hemocytes interaction

The crabs were injected with WSSV at a fixed dose of 105copies/g.
After 3 dpi, each hemocyte cell types were isolated and collected by
Percoll™ gradient centrifugation as previously mentioned. The fixed
hemocytes were permeabilized by 0.1% triton X-100 in PBS buffer, pH
7.4 for 5min. The hemocytes were rinsed with PBS three times for
5min each and blocked with 10% FBS in PBS at room temperature for

Table 1
Primers used in PCR and semi-quantitative RT-PCR analysis.

Genes NCBI Acc. No. Primer Name Sequences (5′-3′) Tm (°C)

wssv419-like protein gene AY850066 WSSV419_F atgagaatgaactccaactttaa 48.1
WSSV419_R cagagcctagtctatcaatcat 51.1

Mitochondrial DNA 16S ribosomal RNA gene AF109318
AF109319
AF109320
AF109321

16sar_L cgcctgtttatcaaaaacat 45.6
16sar_R ggtctgaactcagatcacgt 51.8

Triose phosphate isomerase (TPI) FJ774782 TPI_F ggacaacgctatggacagggc 58.3
TPI_R gccctctccaagtcagcctcaac 60.6

Translationally-controlled tumor suppressor protein (TCTP) ACY66461 TCTP_F cgggatccatgaaggtcttcaag 57.1
TCTP_R gcgtcgacttatagcttctcctcg 59.1

C-type lectin (CLEC) AEI88107 CLEC_F ttgaatcacaggatgccaga 49.7
CLEC_R ctccattaagcggccataac 51.8

Anti-lipopolysaccharide factor 2 (ALPS2) ADT71676 ALPS2_F ggacagaagaaacattgaggacgacgca 61.4
ALPS2_R ggaaatcaaaaacatccattacaggtca 55.5
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1 h. They were incubated with 1:500 rabbit anti-VP28 in 1% FBS/PBS
for 1 h at 37 °C. The reactions were rinsed with PBST (PBS, pH7.4
containing 0.001% tween 20) three times for 5min each. The hemo-
cytes were incubated with 1:500 goat anti-rabbit IgG conjugated with
Alexaflor546 in 1%FBS/PBS at room temperature for 1 h. The hemo-
cytes were mounted on top of Prolong®Gold antifade reagent
[Invitrogen] containing DAPI fluorescent dye. The signal of WSSV and
nucleus was presented in red and blue signal of Alexaflor546 and DAPI
fluorescent dye, respectively under confocal fluorescent microscope.

3. Results

3.1. WSSV infection in S. olivacea mud crab

All obtained crabs in the experiment were initially screened for
WSSV infection by PCR amplification. The PCR reactions used specific
primers encoding for WSSV419-like protein with an internal control
primer for mitochondrial 16s rRNA gene. The screening result con-
firmed that all mud crabs are free fromWSSV. These WSSV-free samples
gave no positive band corresponding to WSSV gene at 446 bps (Fig. 1).
The crabs were then separated into two groups of 12 individual crabs
for control and for WSSV infected groups. After an artificial infection of
WSSV at the persistent dose of 105copies/g, the total hemocyte col-
lected from both groups at 1 day post infection (dpi) were examined by
RT-PCR. The results showed the expected 446-bps mRNA bands cor-
responding to WSSV419-like protein only in the infected group.

3.2. Analysis of differential proteins expression in WSSV-infected
hemocytes

The extracted hemocytic proteins obtained from the pooled samples
of four individual crabs were fractionated into four fractions by dif-
ferential centrifugation. Distinctive purity of protein fractions was
verified by Western blot analysis using anti-Rab7 antibody. Previous
study of Rab7 by ultra-high speed centrifugation showed the presence
of Rab7 in hemocyte membrane [46]. Our western blot data showed an
immuno-reactive band for Rab7 only in the 20,200g fraction (Fig. 2).
The result suggested a discriminated purity among these fractions. Each
protein fraction from both control and WSSV infected crabs were pre-
cipitated and then subjected to 2-D PAGE analysis.

An analysis of each protein fraction was performed on three re-
plicated gels of four crabs each. This experiment therefore represented
twelve crabs for control and twelve crabs for WSSV infected groups.
That is a total of 24 crabs were used for each 2-D PAGE analysis.
Separation of hemocytic protein fractions revealed the 2-D protein spots
patterns for control and infected groups in Fig. 3. These 2-D gels cor-
responding to various fractions gave different protein patterns. Com-
parative analysis of protein spots between the control and infected
groups displayed a numbers of differential proteins.

Image analysis revealed a total of 36 differential proteins between
the control and WSSV infected proteomes. Differential proteins (˃1.5-
fold or< 0.67-fold difference) were selected, excised from gels and
identified by LC/MS/MS. Database search on MASCOT server success-
fully identified 36 forms of 31 proteins as summarized in Table 2.
Bioinformatics search for molecular function and subcellular localiza-
tion of these proteins on UniProtKB database and Euk-mPloc protein
localization search engine was then conducted. The majority of these
proteins (13 out of 31) were suggested for ATP binding activity, while 4
out of 31 proteins were predicted for GTP binding activity. Many other
unique and specific molecular functions of identified proteins are listed
in Table 2. Subcellular localization for most of the differential proteins
(14 out of 31) was in cytoplasm while other protein (7 out of 31) was in
the nucleus. Some other proteins such as guanine nucleotide-binding
protein G (spot ID 230), Rab-protein 14 (spot ID 708) and vacuolar
protein sorting 4B (spot ID 2449) were localized in many cellular
compartments. The biological processes related to these 31 proteins
were classified into seven groups as shown in Table 2. The altered
proteins were also submitted to STRING server (Protein-Protein Inter-
action Networks) to predict functional associations with other proteins.
The result suggested 10 of the total 31 proteins are involved in protein-
protein interaction network of four biological processes: (i) anti-apop-
tosis, (ii) positive regulation of phosphorylation, (iii) regulation of actin
cytoskeleton and (iv) actin dependent endocytosis.

3.3. Validation of proteomic data by Western blot analysis and RT-PCR

Three differential proteins [mitogen-activated protein kinase 1
(MAPK1; spot ID 662), crustin (spot ID 1563)], and 14-3-3 zeta proteins
(spot ID 505, 1366) were selected for data validation by Western blot

Fig. 1. WSSV screening by PCR. (A) Before WSSV
infection, crabs were screened for WSSV infection.
The positive band of WSSV419-like protein gene at
446 bps was not observed in all crabs. The mi-
tochondrial 16s rRNA was used as an internal control
at 556 bps. (B) After 1 dpi, the control and infected
crabs were monitored again by PCR. The expected
positive bands of WSSV gene at 446 bps were found
only in WSSV-infected group.

Fig. 2. Validation of purity of fractionated proteins by Western blot ana-
lysis for Rab7 Protein. The proteins fractions were resolved by SDS-PAGE and
transferred onto PVDF membrane. The immuno-reactive band of Rab7 protein
was detected only in the fraction of 20,200g centrifugation.
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analysis. According to the data from 2-D PAGE, an observed % volume
of protein spots were increased for MAPK1 and crustin while the spot
was decreased for 14-3-3 protein. Western blot analysis was performed
by using beta-tubulin as an internal control for normalization. The re-
sults clearly confirmed the increased protein abundance of MAPK1 and
crustin at approximately 3.0 and 1.6 folds, respectively (Fig. 4). A de-
crease protein abundance of 14-3-3 zeta in WSSV infected hemocyte

was also confirmed at approximately 0.45 fold.
Apart from Western blot analysis, the proteomic data from 2-D gel

was also validated at the mRNA level by RT-PCR. Total RNA from the
hemocytes of control and 1 dpi WSSV infected crabs were analyzed
using triose phosphate isomerase (TPI) as an internal control. The se-
lected target gene included immune responsive genes: translationally
control tumor protein (TCTP: spot ID 653), c-type lectin (CLEC: spot ID
1311), and anti-apoptosis gene: anti-lipopolysaccharide factor 2 (ALPS:
spot ID 1724). RT-PCR results confirmed a marked increase of mRNA
abundance for CLEC at 2.2-folds. However the mRNA abundance of
TCTP and ALPS in infected crab did not showed a significant alteration
when compared to control (Fig. 5).

3.4. Interaction of WSSV and S. olivacea hemocytes

The WSSV-infected hemocytes at 3 dpi was isolated and character-
ized for an interaction with WSSV. Microscopic analysis of the isolated
hemocytes showed four distinctive cell types. These cell types were
classified according to their granulation size into Hyaline (HC), Small
Granular (SGC), mixed granular (MGC) and large granular (LGC) cells
[30]. Immunofluorescent analysis of these hemocytes, using antibody
against WSSV envelope protein (VP28) revealed specific interaction of
WSSV particles with small granular (SGC) and large granular cells
(LGC) (Fig. 6A). The signal for viral particle (red color) in SGC was
observed much higher than that in the LGC. In contrast WSSV signal
was not found in mixed granular (MGC) and hyaline cells (HC).

DAPI fluorescent dye staining (blue color) was then applied to
elucidate WSSV VP28 localization within the hemocyte cells. WSSV was
found co-localized in the cytoplasm and nucleus of the infected SGC,
and found only in the nucleus of the infected LGC. Analysis of WSSV-
hemocyte interaction was confirmed by Western blot analysis using
anti-VP28 antibody. The results also showed an abundance of WSSV in
SGC much more than LGC and demonstrated non-detectable level in HC
and MGC (Fig. 6B).

3.5. Analysis of WSSV induced apoptosis in S. olivacea hemocytes

The extracted DNA samples from WSSV-infected hemocytes were
investigated for apoptotic activity at 0, 6, 12, 18, 24, 36, 48, 60 and 72
hpi. The apoptotic DNA ladders were observed after 60 hpi in HC, SGC
MGC and total hemocytes (Fig. 7A). In contrast the ladders were not
detected in the LGC and non-infected control group. These hemocyte
cells were confirmed for WSSV infectivity by PCR. All WSSV-infected
cell types showed the positive band of WSSV419-like protein genes at
446 bps (Fig. 7B). In addition, DAPI fluorescent dye staining was per-
formed to detect nuclear fragmentation. The nuclei were found highly
condensed and fragmented in HC, SGC and MGC, except in LGC (Fig. 8).
This nuclear condensation result showed good agreement with the data
from DNA ladder assay.

4. Discussion

The defense mechanism of mud crab relies on its innate immunity
due to a lacking of adaptive immunity. The systemic immune me-
chanism depends on cellular and humoral immune function of circu-
lating hemocyte and hemolymph, respectively [28]. Previously, four
hemocyte cell types of S. olivacea were successfully isolated by 60%
Percoll™ density gradient centrifugation and characterized [30]. Ana-
lysis of LGC indicated the presence of phenoloxidase activity. However,
responsive proteins and functional role of other hemocyte cells during
WSSV infection remain unknown. In this study, a comparative pro-
teomic analysis and investigation of viral-host interaction of S. olivacea
hemocytes were implemented aiming to gain an insight for the mole-
cular mechanism WSSV infection in mud crabs.

Proteomic profiles of hemocytes between control and WSSV infected
S. Olivacea were successfully constructed to reveal differential proteins

Fig. 3. The representative 2-D gel image of mud crab hemocytes at 1 dpi.
The 2-D protein profiles were constructed using 13 cm in-length with 3–10 non-
linear IPG strips and 12.5% SDS-PAGE. Each gel contained the pooled protein
from three individual crabs. The comparative proteomic was analyzed between
control and WSSV-infected. (A) 600g, (B) 6,000g, (C) 20,200g and (D) 20,200g
supernatant.
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upon infection. PCR amplification was initially performed to screen for
WSSV-free sample and to confirm a success in WSSV infectivity. Prior to
proteomic analysis on 2-D PAGE, the complexity of hemocytic proteins
were systematically reduced by differential centrifugation. Analyses of
all four separated protein fractions gave us a simplified pattern of
protein spots, and help increase a coverage of differential proteins. The
purity of proteins in each fraction was assessed by Western blot using
anti-Rab7. This protein was previously characterized by ultra-
centrifugation and found only in the membrane fraction of P. monodon
[46]. The immuno-reactive band detection of Rab7 revealed good
purity of protein fractionation. Image analysis on the 2-D gels of all four
fractions revealed a total of 2048 protein spots, with 36 differential
protein spots. After a success in protein identification by LC/MS/MS
these 36 differential proteins were classified according to biological
function into seven groups in (i) immune mechanism, (ii) apoptosis
regulation, (iii) endocytosis, (iv) signaling pathway, (v) stress response,
(vi) oxygen transport and molting, and (vii) metabolism and bio-
synthesis. Validation of our 2-D PAGE data demonstrated good agree-
ment between Western blot analysis results and the observed % volume

changes of protein spots on the 2-D gels. All three selected proteins
(MAPK1, crustin and 14-3-3) showed similar trends of alteration on
both 2-D gels and Western blot membrane. Anti-lipopolysaccharide
factor (ALPS) and c-type lectin (CLEC) are immune responsive proteins.
They were observed on 2-D gels with the most increased in their protein
abundance after WSSV infection. These two proteins were investigated
further on their mRNA levels. It is interesting that an increased abun-
dance of CLEC protein was correlated well with the transcription of

Fig. 4. Western blot analysis of differential proteins response to WSSV
infection. Western blot analysis of mitogen-activated protein kinase (MAPK1),
14-3-3 protein and crustin compared between control (C) and 1 dpi of WSSV in
crab hemocyte (I). Beta-tubulin was used as an internal control for quantitative
normalization. The abundance of MAPK1 and crustin protein was increased and
that of 14-3-3 was decreased when compared to the control group.

Fig. 5. Semi-quantitative RT-PCR of immune re-
sponse genes. (A) RT-PCR product of immune re-
sponse genes: translationally control tumor protein
(TCTP), c-type lectin (CLEC), antilipopolysaccharide
factor 2 (ALPS), using triose phosphate isomerase
(TPI) as internal control to quantitative normal-
ization. (B) TCTP and (D) ALPS transcripts showed
no difference between control and WSSV-infected
crabs at 1 dpi (p value > 0.05). (C) WSSV-infected
CLEC transcripts showed significant difference from
the control (p value < 0.05).

Fig. 6. Immunofluorescence detection of VP28. (A) The interaction of WSSV
particles with each hemocyte cell type at 3 dpi were investigated by immuno-
fluorescent staining. WSSV particles were detected in cytoplasmic and nuclear
region of SGC and in the nuclear region of LGC. VP28 of WSSV particle was
stained in red signal whereas the cell nuclei of was blue signal. Scale bar was
10 μm. (B) Western blot analysis using antibody against VP28 confirmed the
immunofluorescence data. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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CLEC gene. In contrast the transcription of ALPS did not change sig-
nificantly when compared to its increase in protein production. This
result confers the transcriptional control regulation of CLEC at the
mRNA production, and translational control regulation of ALPS at the

protein production after an infection by WSSV.
Among these differential proteins, ALPS and crustin-III were re-

ported to involve with anti-white spot syndrome virus peptides. They
were found to be up-regulated in the hemocytes of WSSV-infected P.
monodon [1]. Moreover, crustinPm1 was also found as a responsive
protein involving in shrimp defense mechanism against yellow head
virus (YHV) [13]. ALPS has a strong antimicrobial activity. WSSV-
challenged freshwater crayfish P. leniusculus and prawn M. rosenbergii
showed up-regulation of the ALPS gene. A knock down pf ALPS by RNAi
can lead to a higher level of WSSV propagation, suggesting a crucial
role of ALPS as a regulator of WSSV replication [38]. Proteomic study of
WSSV-infected S. paramamosain hemocyte showed a down-regulation of
ALF isoform 5. However this gene showed a trend of up-regulation at 24
hpi. The knockdown of ALPS gene also led to an increase in mortality
rate and a decrease in infection time in WSSV-infected crabs [47]. C-
type lectin mediated the immune mechanism by recognizing the pa-
thogen and involving in cell-cell interaction [57]. Two c-type lectins
were up-regulated in WSSV infected M. japonicas and identified as
LdlrLec1 and LdlrLec2. These two genes may bind to VP28 and inhibit
viral replication in shrimps [61]. An increase of these immune re-
sponsive proteins revealed the major role of hemocytes as a defensive
tissue for WSSV infection. The study also found an alteration of many
proteins relating crucial for an endocytic pathway. The interaction
between VP26 and actin may aid endocytosis and promote the inter-
nalization of nucleocapsid into the nucleus after the envelop shading
[27,60]. Chain A structures of actin-bound Wh2 domains of spire and
the implication for filament nucleation protein or Wiskott-Aldrich
syndrome effector protein (WAS) was up-regulated upon WSSV infec-
tion in this study. During an infection, WAS protein with the role in the
nucleation of G-actin to form the filamentous-actin may be important
for the actin polymerization [10]. The finding of proteins involved in
WSSV entry, especially in endocytosis pathway, may link to membrane
protrusion of phagocytosis or micropinocytosis [32]. Vacuolar ATP
synthase and vacuolar protein sorting were reported in viral entry via
endocytosis of successive infection [37]. Previous study found the
binding of VP28 and Rab7, late endosome marker, and suggested the
virus entry by endocytosis [46]. Herein, our finding of Rab 14 protein
could support the hypothesis of WSSV entry by endocytosis.

Another group of the altered proteins was phosphorylation regula-
tion and signaling pathway proteins. Arginine kinase (AK), a phos-
phagen enzyme family, was found up-regulated in IHHNV-infected M.
rosenbergii and WSSV-infected F. chinensis in the transcriptional level
[2,52]. In this study, the alteration of AK protein also responded to
WSSV infection. The previous analysis of WSSV-infected hemolymph of
S. serrata [29], V. harveyi-infected hemocyte of P. monodon [44] and
YHV-infected gill of P. vannamei [36] revealed the increase of AK ex-
pression level. Mitogen activated protein kinase 1 (MAPK1) involved in
cascading pathway regulates cellular processes such as proliferation,
differentiation and cell cycle progression [31]. Our study showed the
decreased of MAPK1 substrate, cortactin. This implies that cortactin
was phosphorylated by MAPK1 to enhance actin branching and poly-
merization activity [9]. The up-regulation of MAPK1 may be important
for the activation of WSSV entry and viral gene expression in mud crab
hemocytes. In signaling pathway, 14-3-3 protein has an ability to pre-
vent the phosphorylation of targeted proteins resulting in both signal
amplification and sensitization [19]. Many proteomic analyses of WSSV
infection in various crustacean tissues showed an up-regulation of 14-3-
3 protein in stomachs of L. vannamei [53] and the hepatopancrease of F.
chinensis [6]. However, 14-3-3 protein was found down-regulated in
this experiment. Moreover G-protein complexes, the signal transducers
between ligand molecules and cellular processes [33] was increased for
subunit α1 upon WSSV infection. It was suggested that the virus in-
fection turn on the signal transduction pathway and downstream cel-
lular processes. Cryptocyanine and hemocyanin subunit 1 were in-
creased in WSSV-infected hemocytes. These two proteins were almost
identical. However the phenoloxidase activity was detected only in

Fig. 7. DNA fragmentation analysis of WSSV infected hemocytes at 60 hpi.
(A) Apoptotic ladders of isolated hemocyte cell types from control and WSSV-
infected crabs were analyzed by 1% agarose gel electrophoresis. The ladder was
appeared in hyaline cells (H), small granular cells (S), mixed granular cells (M),
and total hemocytes (T) in WSSV-infected crabs. Meanwhile, large granular
cells (L) and control group did not show apoptotic ladder. (B) WSSV infectivity
was showed by PCR. The expected positive band of wssv419-like proteins genes
at 446 bps was appeared in all infected cell type. The mitochondrial 16s ribo-
somal RNA gene was used as internal control at l 556 bps.

Fig. 8. Nuclear fragmentation analysis of WSSV infected hemocytes. The
nuclei of WSSV infected hemocytes were stained by DAPI fluorescent dye
(showed as blue signal). The fragmented nuclei were appeared as small dense
grain of blue signal (as showed by white arrow) in HC, SGC and MGC whereas
no observation of the fragmented nucleus in LGC. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)
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hemocyanin [21]. The known function of hemocyanin is also for ag-
glutination activity for bacterial infection [62], antiviral activity
[22,65] and antibacterial activity [20]. Other identified proteins were
general metabolic and physiological responsive proteins.

Our study on the interaction between various hemocyte cells of S.
olivacea and WSSV showed different level of viral susceptibility
(Fig. 8B). The results from immunofluorescent detection revealed that
SGC is more susceptible to WSSV than LGC while HC and MGC showed
much lower infection. The virus replication was observed in all types of
hemocyte cells. However the assembly of WSSV proteins into virion was
detected only in SGC and LGC. The difference in susceptible level of
crustacean hemocyte cell types to viral infection was commonly re-
ported. In crayfish and Penaeus merguiensis, Semi-granular cells were
found more susceptible to WSSV than granular cells [17,55]. Our recent
data also demonstrated interaction and replication of yellow head virus
mainly with the granule-containing hemocytes (SGC and GC) and little
to none in HC [13]. In this study WSSV induced apoptosis of crab he-
mocytes was clearly detected at 60 hpi in HC, SGC and MGC but not in
LGC. It is common to observe WSSV induced apoptosis in the hemocytes
of Penaeus monodon, Penaeus indicus [41] and Penaeus liniusculus
shrimps [17]. The induction of hemocyte apoptosis by WSSV infection
was also found on specific cell types. Our findings suggest that mud
crab may encounter WSSV infection and replication by inducing of
apoptosis. An escape or delay of apoptosis could be used by viruses as
the mechanism for their success in replication. Some viruses take an
advantage of apoptosis as a tool for cell killing and spreading of virions
[40].

The molecular mechanism of WSSV-induced apoptosis in host cell
and WSSV regulation were investigated [25]. When the WSSV infection
initiates, cellular sensors detect and activate the signaling pathway to
induce the expression of apoptosis regulating proteins. The proteins
such as PmCasp (an effecter caspase), MjCaspase (an initiator caspase)
and voltage-dependent anion channel (VDAC) [26,54,58] were found
together with an increased oxidative stress to initiate the apoptosis
program. Meanwhile, to prevent apoptosis and replication, WSSV starts
to express anti-apoptosis proteins such as AAP-1 (WSSV449) and
WSSV222. AAP-1, a direct caspase inhibitor, functions at the apoptotic
regulating point by blocking the activity of caspase 3 protein [23,56].
WSSV222 blocks apoptosis through the ubiquitin-mediated proteolysis
of shrimp tumor suppressor-like protein (an apoptosis inducer) to ac-
complish successful replication in Penaeus vannamei [14]. WSSV was
reported to induces shrimp anti-apoptosis proteins such as transla-
tionally control tumor protein, inhibitor of apoptosis protein (IAP) and
Pm-fortilin in P. monodon [18,24]. When replication and virion as-
sembly were achieved at a favorable level, WSSV may release apoptosis
inducing proteins or induce an expression of host apoptosis proteins.
The infected cells then undergo apoptosis and release the complete
virion [25]. This phenomenon leads to cell death in the infected host
cells. In this work, we found an increase of TCTP protein abundance
(TCTP; spot ID 653) while the mRNA level was not changed sig-
nificantly. The result confers a translational control regulation of this
TCTP during WSSV infection. TCTP or fortilin has biological functions
in anti-apoptosis, response to virus and stem cell maintenance. In P.
monodon shrimp, TCTP was up-regulated at an early phase of WSSV
infection, the expression level was reduced at moribund stage [4,11].
The shrimp TCTP transfected into human osteosarcoma cell line (U2OS
cell) was also reported for anti-apoptosis assay. The results showed the
ability of TCTP to protect the human cell line from death under toxic
condition [11]. Moreover, the overexpression of shrimp TCTP in sf9 cell
can inhibit the expression of early gene (WSSV-DNA polymerase) and
late gene (VP15 and VP28) of WSSV but not immediate early gene (ie1)
( [34]. Moreover a recombinant TCTP was found capable to inhibit
WSSV infection leading to 80–100% survival for infected shrimp [48].

The difference in WSSV susceptibility and apoptosis of each mud
crab hemocyte cells may imply a specific activity and participation in
viral infection. Our PCR study showed WSSV susceptibility in all cell

types. However HC and MGC undergo apoptosis to prevent complete
assembly of the WSSV virion. In SGC the complete virion was detected
together with apoptosis. It is possible that apoptosis was delayed by
WSSV to boost viral propagation and maturation to a favorable level
before releasing out via apoptosis. It was supported by our previous
report that the number of mud crab SGC decreased significantly at late
infection period of 4 dpi [30]. In contrast LGC showing WSSV sus-
ceptibility and virion formation did not proceed to apoptosis. An in-
hibition of apoptosis was supported by a slight decrease of LGC ob-
served in infected crab [30]. However, the detailed mechanism of
apoptosis inhibition and a possible latent habitat for WSSV in LGC is
still unclear and therefore attractive for further investigated.

In conclusion, we have identified differential proteins in S. olivacea
hemocytes upon WSSV infection. The regulation of some altered pro-
teins was confirmed and investigated in infected cells in both tran-
scription and translation levels. The functional roles of these altered
proteins could be related to several host response processes including
immune responsive and anti-apoptotic proteins. Moreover all of he-
mocyte cell types were demonstrated to be infected with different levels
of WSSV susceptibility and apoptotic responses. The induced apoptosis
by WSSV revealed in HC and MGC, was suggested to be delayed and
inhibited in SGC and LGC respectively. The results provide an essential
insight for a better understanding of molecular interaction between
WSSV and distinctive types of hemocytes. This study could lead to
further research and development for control and management of the
viral diseases in aquaculture production.
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