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Abstract

In the present study, the pathogenic mechanism of white spot syndrome (WSSV)
in crayfish, Procambarus clarkii by investigating activities of immune cells related
to innate immune function during infection was explored. White spot disease
caused by WSSV leads to devastating losses in crayfish farming. Examination by
transmission electron microscopy revealed abundant WSSV particles and signifi-
cant changes in the different lymphoid organs of infected crayfish. WSSV infection
caused parts of the gill epithelium and microvilli to be reduced in number and size
or damaged, meanwhile, the mitochondria, morphology changed, with parts of the
cristae diminished leaving large vacuoles. Moreover, electron dense deposits ap-
peared and hetero-chromatinized nuclei could be seen in blood cells with ruptured
nuclear membranes and outflow of nucleoplasm. Also, evident were very densely
basophilic inclusions were found in interstitial hepato-pancreatic tissue, connective
tissue underlying the mid gut, cardiac tissue, gill tissue and hematopoietic tissue.
Transmission electron microscopy revealed the presence of previously undescribed
rod-shaped, enveloped versions in the cytoplasm adjacent to the nuclei of cells
from various tissues.
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Introduction lyphagia, fast growth and easy culture,

Freshwater crayfish, Procambarus — as well as being rich in protein and IPW
clarkii, is a crustacean belonging to  in cholesterol (Mu et al, 2007). During
order Decapoda, famlly Parastacidae. It the last two decades, the environmental
is one of the most important commer- and health problems n crayﬁsh culture
cially farmed crayfish in the world due ~ have resulted in the outbreak infectious
to its many advantages, including po-  diseases with the constancy expanding
scale of aquaculture and rapid develop-
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ment of intensive culture techniques of
P. clarkii in Egypt. The worldwide
shrimp/crayfish culture industry for
been beset with diseases mainly caused
by viruses, particularly with white spot
syndrome virus (WSSV), and has suf-
fered significant economic losses.

White spot syndrome virus (WSSV)
is currently the major viral pathogen of
aquaculture shrimps (Escolbedo—Boni-
lla et al, 2008; Liang et al, 2010) and
has a broad host range, including ma-
rine and freshwater crustaceans (Wang
et al, 2011). WSSV is an enveloped,
large circular double standard DNA
virus containing approximately 300
Kbp (Yang et al, 2001; Chen et al,
2002) and classified into genus Whi-
sprovirus of the new family Nimaviri-
dae virus Family (Marks et al, 2005;
Escobedo—Bonilla et al, 2008). Al-
though studies on the epidemiology
and prevention of WSSV as well as
virus detection have been performed
(Shi et al, 2000; Rachel et al, 2002;
Claydon et al, 2004, Unzueta-Busta-
mante et al, 2004; Hao et al, 2009),
detailed analysis of immunological
variables and the mechanism of resis-
tance to WSSV in P. clarkii have not
been reported.

Effects of primary physico-chemical
changes and environmental pollutants
in immuno-regulatory studies of deca-
pod crustaceans have been reported by
many scientists and reviewed by Le
Moullac and Haffner (2000) and Cheng
and Chen (2002). Intrinsic factors such
as sex, size, moult stages and nutrition-
al status have been reported to affect
the immune system in several species
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of penaeids including P. monodon
(Owens and O'Neill, 1997) Marsupe-
naeus japonicus (Tsing et al, 1989) and

blue shrimp Litopenaeus stylirostris
(Le Moullac et al, 1997). Also, the
number of hemocytes within a decapod
crustacean varies with the moult cycle.
The phenomenon has been documented
in M. japonicus (Tsing et al, 1989), L.
Stylirostris (Le Moullac et al, 1997)
and L. vannomei (Liu et al, 2004). Vir-
al structural proteins, especially the en-
velope proteins, are important, not only
because they are involved in virion
morphogenesis, but also because they
are the first molecules to interact with
the host. The envelope protein Vp28 is
the most abundant envelope protein
located on the surface of WSSV and is
likely to play a key role in the initial
steps of the systemic virus infection in
shrimp (Van Hulten et al/, 2001). An-
other study showed that recombinant
Vp28 protein (rVP28) can produce pro-
tective immunity against experimental
WSSV challenge in shrimp (Witter-
veldt et al, 2004).

Generally, crustaceans have an innate
immune system, which comprises cel-
lular and humoral response. The cellu-
lar immune response mainly include
apoptosis, phagocytosis and encapsula-
tion, whereas humoral responses pri-
marily include the prophenol-oxidase
(ProPh) system, reactive oxygen inter-
mediates (ROIs) and a wide array of
antimicrobial peptides. Other studies
indicated that apoptosis is proposed as
the main anti-viral non-specific defense
mechanism in crustaceans (Wu and
Moraga, 2004; Fu et al, 2010).



Materials and Methods

Experimental animals: Out of 200 red
swamp crayfish (Procambarus clarkii)
were brought form Mansouria Canal,
Giza Governorate during spring and
rose in 120 L glass tank. After 7 days
acclimatization to the new environ-
ment, ten crayfish were randomly se-
lected to detect whether they were in-
fected with WSSV using PCR via the
primer Vp28 F and Vp 25 R (Tab. 1)
which were designed from the Vp28
sequence.

Collection of tissues: After anaesthe-
tizing the crayfish by soaking them in
ice for 15 min, hemolymph was har-
vested using an ice-cold anticoagulant
buffer (0.14M Nacl, 0.1M glucose,
30mM trisodium citrate, 26mM citric
acid, and 10mM EDTA, pH 4.6) (So-
derhall and Smith, 1983). After centri-
fugation at 800xg for 10 min (4°C), the
hemocytes were isolated and the cell-
free hemolymph was obtained. Subse-
quent to the collection of hemolymph,
tissues including the heart, hepato-
pancreas, gills and stomach for further
studies.

Histopathological examination by
light microscopy: The collected cray-
fish were fixed with Davidson’s fixa-
tive for paraffin sectioning. Sections
were stained with hematoxylin and eo-
sin, as described in Bell and Lightner
(1985). All organs are examined at
100-1000x magnification by using the
Olympus Dp50 Microscope Digital
Camera System.

Transmission electron microscopy:
The LO of both WSSV-infected and
control animals was dissected and
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fixed for 24 h in 3% glutaraldehyde
and in 0.2 M sodium cacodylate buffer
(pH 7.4). The tissue was washed twice
in 0.1 M sodium cacodylate buffer,
post-fixed in 1% OsO, for an h, dehy-
drated and embedded in Epon 812. Af-
ter cutting, the ultrathin sections were
mounted on copper grids, counter-
stained in uranyl acetate and lead ci-
trate and examined using a Philips 208
TEM.

Multiple PCR was used for amplifi-
cation. PCR mixture (50 mL) contained
0.5 mL DNA polymerase (0.25 U)
(Promega, USA), 10 mL primer mix-
ture 5 mL 10x Tag buffer (including
Mg™), 2 mL dNTP, 5 mL DNA tem-
plates and 27.5 mL sterile water. Ac-
cording to the thermocycler (PTC-100;
Bio Rad, USA) manufacture's instruc-
tion, the amplification cycle protocol as
follow: 3 min at 94°C, then 35 cycles
of 1 min denaturation at 94°C, 1 min of
annealing at 55 on 59°C, and 1.5 min
extension at 72°C, followed by a final
extension step of 10 min on 72°C. PCR
products were analyzed by agarose gel
electrophoresis using 2% agarose gel in
presence of a standard molecular size
ladder, followed by UV visualization
after ethidium bromide staining. PCR
products were separated on agarose gel
and purified using an Easy Pure Quick
Gel Extraction kit (Cal Biochem, Not-
tingham, UK).

Construction of vector Plevp 28: A
146 bp fragment, including 23 bp criti-
cal fragment of the Lel promoter of
WSSV, with primers LelF and ielR
(with Bgl II and Sal I restriction en-
zyme sites) (Tab. 1) were obtained



from WSSV genome. The full length
of the Vp28 was also cloned with the
primers Vp28 dmF and Vp28 dmR
(with Sal 1 and Pst 1 restriction en-
zyme sites).

WSSV preparation: The WSSV viral
particles were obtained from tissues
(e.g. gill, stomach...etc.) of diseased
shrimp-with spot syndrome using the
method of Xie et al. (2005). The
WSSV viral particles were stable at -
70°C. Competitive PCR was developed
to measure the exact number of WSSV
genome. This method is based on com-
petitive co-amplification of a target
WSSV genome together with known
concentrations of an internal standard
in a one-tube reaction (Tang and
Lightner, 2000).

Total nucleic acid purification: The
abdominal muscles from P. clarkii
were collected from crayfish. Approx-
imately 1.0 g of abdominal muscle was
excised from each specimen, were cut
into small pieces and homogenized on
ice in a Potter-Elvehjem tissue grinder
at 8000 g with 600 ml chilled lysis buf-
fer (100 mmol™ Nacl, 10mmol” ED-
TA, 50 mmol™’ Tris base, 0.5% SDS,
pH 7.5), transferred to a new 1.5 ml
centrifuge tube and treated with 1.5 mL
proteinase K (Merck, Denmark) stock
solution (20 mg ml™). After incubation
at 65°C for 30 min, the samples were

immediately chilled on ice bath for
Smin, subsequently; 200 mmol™”
NH,OAC was added and mixed, then
centrifuged at 12000 g for 10 min at
4°C. 650 ml aliquot of the supernatant
was transferred to a new 1.5 ml tube,
and 700 mL chilled isoproparnol was
added to the tube. The mixture was
inverted several times and placed at
20°C for 30 min and then centrifuged at
12000 g for 10 min at 4°C. The result-
ing pellet was rinsed twice with 500
mL 75% chilled ethanol and then air
dried for 15 min. The total nucleic acid
pellet was resuspended in 100 ml of
sterilized water at 65°C for 10 min and
stored at 20°C until used.

Oligonucleotide primers: Two specif-
ic primers sets were used in the multip-
lex PCR, including the following:
94F2-WSSV/94R2-WSSV for WSSV
and ITS-crayfish/28S-crayfish for the
internal control in the P. Clarkii expe-
riment (Tab. 1). The primer set ITS
crayfish/28S—crayfish was designed
using primer Premier V5.0 (Premier
Bio-soft International, Palo AHO, CA,
USA) from the Internal Transcribed
Spacer 2 (ITS-2) and 28S RNA se-
quences of P. clarkii, based on pub-
lished sequences available in the Gene
Bank under Accession No. GQ369797
(http://www.ncbi.nlm.nih.gov/nuccore/
255964841).

Table 1: Sequence of the primer used in this study

Primer Sequence (5'-3") Direction
Le 1 promotor F TACTCAAGATCTACCACCCCT | Forward
Le 1 promotor R TACTCAGTCGACCTGAGGA Reverse
VP28 dmF TACTCAGTCGACACCAT Forward
VP28 dmR TACTCACTGCAGTTACT Reverse
18SRNA F TCTTCTTAGAGGGA Forward
I8SrRNA R AAGGGGATTGAA Reverse




Results

P. clarkii infected with WSSV: The
body surface of infected P. clarkii
showed apparent symptoms, no ob-
vious white dots could be seen on the
cephalothorax, abdominal crusta or
appendages but they stopped feeding
and displayed slow reaction and weak
chelicerae during the later stage. The
hemolymph of P. clarkii which were
close to dying could not be solidified
and was slightly red in color. In addi-
tion, the infection caused the cephalo-
thorax to be early separated and the
podities to break, the gills to slightly
puff up and coloring of the hepato-
pancreas to be yellowish. Meanwhile,
the control group was all alive with no
abnormal symptoms. However, the
WSSV infected crayfish all died gener-
ally within 3-5 days. Among the dead
crayfish in infected group, 10 randomly
sampled animals that were tested for
WSSV infection by PCR were 100%
WSSV positive.

The localization of Vp28: The Vp28
was detected using western blotting
with anti-Vp28 polyclonal antibodies.
The results show that Vp28 can be de-
tected in the hemolymph, hemocytes,
hepato-pancreas, gills, stomach and
intestine of the non-infected control
(Fig. 1A). In WSSV-infected crayfish,
a much stronger signal was observed
mainly in the hemolymph and hemo-
cytes (Fig. 1B). This means that the
Vp28 could be released and binds to
the membrane of hemocytes and pro-
tects crayfish from WSSV by blocking
the binding site of virus.

The histopathological examination
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showed the principal lesions of Vp28
in the crayfish were cell swelling, va-
cuolar degeneration, necrosis and hepa-
to-pancreatic epithelia and myocardial
cells were the major target cells caus-
ing mortality (Fig. 2). During WSSV
infection, brownish nuclei representing
fragmented DNA were often observed
in cells of stomach, gut and hepato-
pancreas, but there were few cells in
negative control (Fig. 3). The occur-
rence of apoptosis was further con-
firmed by TEM, and the signs of apop-
tosis (chromatin condensation and nuc-
lear fragmentation, as well as forma-
tion of apoptotic bodies) could be ob-
served (Fig. 4).

Effects of WSSV infection on gills of
P. clarkii: In healthy P. clarkii, the
gills appeared normal (Fig. 5A) except
for the presence of distinct partitioned
areas of vacuolated cells containing
hypertrophied nuclei (spheroid bodies).
WSSV-infected crayfish revealed ex-
tensive cellular necrosis, loss of de-
fined tubule structure and tubule lumen
occlusion (Fig. 5B) WSSV was de-
tected throughout the gills, both in
areas where tubule structure had been
lost (Figs. 5SA,B) and within intact tu-
bules (Fig. 5C). When spheroids
present, cells within their structures
was detected throughout the stromal
matrix (Fig. SA) or restricted to cells at
the periphery of the tubules and adja-
cent to the central lumen (Figs. 5B,C).
A cellular necrosis was observed in the
central axes and the epithelial pillar
cells of the primary and secondary fi-
laments of the gills (Fig. 5D), and in
some cases associated with the necrosis



and fusion of the filament tips.

At Ultrastructural level: The cuticle
of control P. clarkii gill leaves showed
dense outer and inner electron density
layers. The top of the tightly packed
border microvilli formed from the
apical membrane of epithelial cells
contacted the inner cutin membrane,
while the base of the microvilli was
fairly regular over the cutin space (Fig.
6A). Epithelial cells were filled with
round or sausage shaped mitochondrial
(Fig. 6B). The mitochondrial matrix
was dense and the mitochondrial cris-
tae packed tightly. In addition, the nuc-
lear membrane was complete and the
nuclear chromatin was evenly distri-
buted (Fig. 6B). However, WSSV-
infected group had significant change
in the fill ultrastructure. The electron
density of the cutin membrane was un-
even. The epithelial cell bodies were
incomplete, with the apical membrane
combined with the cuticle (Fig. 6C).
The cells were separated from the epi-
thelial layer, leaving a large space be-
tween the cutin and epithelium (Fig
6D).

Effects of WSSV infection on lym-
phoid organs: Chronically WSSV-
infected lymphoid organ was still cov-
ered by a complete capsule bearing the
antennal tubules. Within the tubules,
lymphoid tubules were disorganized
and had lost the normal appearance,
and parts of the tubules lymphoid sphe-
roids that lack a lumen (Fig. 7). When
compared to the normal lymphoid or-
gan could be classified into three type,
Spheroid type 1 (Fig. 7A) was a lightly
basophilic, homogenous mass, cells in
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the spheroid contained hypertrophic
nuclei with few or no cytoplasmic va-
cuoles. Spheroid type 2 (Fig. 7B) ap-
peared more basophilic in staining, and
was fully encapsulated with a fibrous
connective sheets and a layer of cells
with flat nuclei. There were increased
numbers of apoptotic cells that con-
tained intensely basophilic nuclei and a
moderate number of cytoplasmic va-
cuoles. Spheroid type 3 (Fig. 7C, D)
contained the most basophilic cells and
was encapsulated by thick fibrous con-
nective tissue.

At the ultrastructural level: Spheroid
type 1 contained degranulated small
granular hemocytes surrounding the
stromal cells (Fig. 8). Spheroid type 2
was paler blue when compared to sphe-
roid type 1 (Fig. 8). There were in-
creasing number of hypertrophic and
apoptotic cells in spheroid type 2 (Fig.
9). Spheroid type 3 was a degenerating
mass with mostly vacuolated apoptotic
cells (Fig. 10).

Discussion

Crayfish, like other crustaceans, do
not possess an adaptive immune re-
sponse, but rely primarily on innate
immune system including the hemo-
lymph coagulation system (Yeh et al,
1998, 1999), the production of anti-
bacterial peptides (Destoumieux et al,
1997), anti-lipopolysaccharide factor
(Somboonwiwat et al, 2005) and the
melanization reaction through the pro-
duction of prophenol oxidase system
(Perazzolo and Barracco, 1997: Soder-
hall et al, 1991; Sritunyalucksana et al,
2006) to respond to bacterial or fungal
infections. These mechanisms prevent



the spread of these pathogens to the
body and mediated by circulating he-
mocytes in the hemolymph. Other stu-
dies showed that the lymphoid organs
is a major organ which contains exocy-
tosed, granular cells that have phagocy-
tosed foreign materials, particularly the
viruses, suggesting that the lymphoid
organ constitute a major site for penae-
id antiviral defense (Hasson et al,
1999; Anggraeni and Owens, 2000).

Apoptosis is essential in both the de-
velopment and homeostasis of multi-
cellular organisms. It still might be the
main anti-viral mechanism in inverte-
brate (Clem and Miller, 1993). It has
been demonstrated that apoptosis is the
major symptoms induced in shrimp
infected by WSSV (Wongpraser et al,
2003). But, whether it is a factor lead-
ing to shrimp mortality or can help the
shrimp to survive the infection is still
controversial. For example, some stu-
dies suggested that apoptosis is part of
the anti-viral response to protect the
shrimp from WSSV in P. vannosmei
and P. japanicus (Granja et al, 2003;
Wang et al, 2008). Another research
thought that apoptosis did not play an
important role in survival of WSSV
challenged P. japanicus (Wa and Mo-
roga, 2004). In addition, the highly vi-
rulent WSSV isolate, infected mainly
the epithelium of the stomach, gut and
hepato-pancreas (Wei and Xu, 2009;
Wei and Tang, 2011).

In the present study, only WSSV in-
fected crayfish were selected for the
histopathological study in order to
make sure that any changes that oc-
curred would be in response to a single
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species of virus. This was ascertained
by the rigorous diagnosis of WSSV
infection with nested RT-PCR. Fur-
thermore, VP 28 envelop glycoprotein
was detected specifically in cells with-
in the wall of lymphoid tubules as well
as lymphoid spheroids. The most ob-
vious changes in the organization of
the lymphoid organ of the chronically
WSSV-infected crayfish were the pres-
ence of numerous lymphoid spheroids
(LS) that were found during the course
of infection. Vascular costs of the in-
fected lymphoid organs showed that
the terminal lymphoid tubules (LT)
were drastically shortened and brunch-
ing of LT was not as elaborate as nor-
mal LT. In many instances only the
relatively large stumps of the terminal
LT remained. Furthermore, observation
by light microscopy of a large area in-
dicated that the lumen in the distal end
of LT was obliterated and this end
might breakdown thus shortening the
original LT. The formation of LS in
penaeid shrimp has been previously
studied in P. vannamei (Hasson et al,
1999) and in P. monodon (Anggraeni
and Owen, 2000). These authors ob-
served the presence of three types of
spheroidal masses after infection and
proposed that they played roles in se-
questering and finally eliminating vi-
rus.

Conclusion

WSSV is one of the most virulent
disease agents so far reported for P.
clarkii, and that it poses a dire threat to
the aquaculture industry for this spe-
cies. It may also be a threat to other
species of the commercially cultivated



crustacean. Thus, there is an urgent
need to carry out further investigations
concerning its basic characterization,
infectivity, epizootiology, and viability
under various conditions. Only then
will be able to develop a rational pro-
gram to control the disease and limit its
spread.
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Fig. 2: Light micrographs of paraffin sections (A) normal and (B,C,D) WSSV-infected lymphoid
organs of P. clarkii stained with H&E showing general features of normal and WSSV-infected lym-
phoid organs surrounded by capsules containing antennal tubules embedded in connective tissue (ar-
rows). (2A: X40; 2B: X100; 2C, D: X400). Fig. 3: Light micrograph showing antennal tubules of
WSSV-infected crayfish investigated parts from antennal capsule, that project inwards and partitioned
lymphoid organ into lymphoid tubules, each showing patent lumen. LT: lymphoid tubules, HS:
haemal sinus. (A) Stomach, (B) Gut, (C) Hepato-pancreas. (3A, B: X100; 3C: X400).
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Fig. 4: Electron micrograph of P. clarkii hemocytes. (A) Large granule hemocyte showing
intensely stained granules (arrows). Note bundles of microtubules (B) running parallel just
beneath plasma membrane (arrows). Light micrograph of cuticle epidermis from WSSV-
infected crayfish P. clarkii. (C) Arrows indicate hypertrophied nuclei under cuticle. Arrow-
heads indicate normal nuclei (D). A,C: X 800; B,D: X1000
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Fig. 5: Light micrograph of gill tissue of (A) non-infected, (B,C,D) WSSV-infected cray-
fish P. clarkii showing densely basophilic inclusion distinct from the nuclei. (A: X40; B:
X100; C,D: X 400).
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Fig. 6: Ultrastructure of gill cells by electron microscopy (A) Gill of control crayfish. Cu-
tin, C; abundant mitochondria, M. X800 (B) Gill cell of control crayfish. Microvilli, M; Sp,
space of cutin & mitochondria. X900 (C) Gill cell of infected crayfish. Note deciduous mi-
crovilli and vacuole between cutin and epithelium (arrows). X900 (D) Gill cell of infected
crayfish. Note damaged cutin membrane (C) thin cytoplasm, reduced organelles and elec-
tron dense deposits (Ed). X1000
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Fig. 7: Light micrograph of lymphoid organ of WSSV-infected crayfish, P. clarkii. (A) Ear-
ly stage of infection showing normal tubule at top with lumen marked (L). Surrounding
tubules are occluded; nuclei hypertrophied and cells highly vacuolated (arrows). X40 (B)
Also, present (arrows) densely staining basophilic inclusions. X100 (C) Late stage of infec-
tion showing increased vacuolation and extensive necrosis (arrows). X400 (D) tubule at
bottom with lumen marked (L) shows considerable cellular necrosis (arrows). X400.
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Fig. 8: Light micrographs of WSSV-infected lymphoid organ showing a large number of small granu-
lar hematocytes (SGH) surrounding apoptotic (AP) cells, identified as stromal cell (St) (A). (B) Elec-
tron micrograph of lymphoid spheroid type 1, showing a group of degranulated small granular hemo-
cytes (SGH) surrounding a stromal cell (St). X1000 Fig. 9: Electron micrograph of lymphoid spheroid
type 2, showing increasing number of heterophilic (H) and apoptotic cells (AP) in spheroid. X1000
Fig. 10: (A,B) Electron micrograph of connective tissue from ventral part of crayfish cephalothorax
showing highly mature granular cells (G) with large electron dense granules. C, cuticle; Ct, connec-
tive tissue. (C, D) Electron micro-graph of lymphoid spheroid type 3, showing vacuolized apoptotic
(AP) in entire spheroid. X1000
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