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ABSTRACT- Since 1994, white spot syndrome virus [WSSV) has been detected in cultured shrimp 
Penaeus monodon in Peninsular Malaysia. The gross signs, target organs and histo-cytopathology for 
the viral infection were studied and it was found to infect most organs and tissues including oocytes, 
but not hepatopancreatocytes and epithelia1 cells of the midgut, which were regarded as refractory 
tissues. Based on a time-sequence of ultrastructural cytopathology, 4 cytopathic profiles and 6 phases 
of viral morphogenesis were described. The virions were elliptical to short rods with trilamilar enve- 
lopes that measured 305 T 30 X 127 k l1  nm. Viral nucleosomes were often present singly in infected 
nuclei and were associated with the early stages of viral replication. The structure of WSSV pathogno- 
monic white, cuticular lesions was examined at the microscopic and ultrastructural levels and the 
mechanism of their formation appeared to be related to the disruption of exudate transfer from epi- 
thelial cells to the cuticle via cuticular pore canals. 
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INTRODUCTION 

Since 1992, a syndrome commonly referred as 'white 
spot disease' (WSD) or 'white spot syndrome' (WSS) 
has overshadowed all other diseases ca.using major 
losses of cultured shrimp in Asia (Takahashi et al. 
1994, Wang et al. 1995, Flegel et al. 1996). The disease 
is characterised by distinct white spots in the cuticle, 
lethargy with cumulative mortalities often reaching 
100% within 2 to 7 d (Chou et al. 1995, Huang et al. 
1995, Wongteerasupaya et  al. 1995). Although, the 
causative agents of WSD (enveloped, non-occluded, 
rod-shaped DNA viruses) have been reported from 
different geographic locations under different names, 
they appear to be very similar in terms of gross signs of 
disease, histopathology, morphology and genome struc- 
ture (Flegel 1997). Indeed, they have been reported to 

give posi.tive cross reactions by both in s i tu  hybridiza- 
tion (Wongteerasupaya et  al. 1996) and polymerase 
chain reaction (PCR) (Kasornchandra & Boonyarat- 
palin 1996). Therefore, they are increasingly consid- 
ered to be the same virus or different strains of it and 
they are grouped as white spot syndrome baculovirus 
(WSSV) (Lightner 1996, Durand et al. 1997). Recently, 
the abbreviation WSSV has been widely used to stand 
for white spot syndrome virus (i.e. the 'baculo' prefix 
has been dropped) since the relationship of the virus to 
baculoviruses is now questioned (Kasornchandra & 
Boonyaratpalin 1998). 

Over the past several years, the Malaysian shrimp 
industry has experienced massive losses in both hatch- 
eries and grow-out ponds. With the intensification of 
culture, diseases began to appear more frequently from 
the early 1990s onward and they have become one of 
the major deterrents to achieving maximum produc- 
tion in shrimp farming. In 1994, shrimp farmers in the 

O Inter-Research 1999 
Resale of full article not permitted 



2 Dis Aquat Org 39: 1-1 1. 1999 

State of Kedah in North Malaysia lost 4 to 8 million US$ 
due to disease problems (Shariff 1995). Recently, WSD 
has spread rapidly to shrimp farms across several 
states along the coast of Peninsular Malaysia. We first 
reported WSD m Malaysia in 1994 with a prevalence 
of 23% in Penaeus monodon grow-out farms. It was 
regarded as an exotic introduction from Thailand 
through importation of postlarvae (Wang et al. 1996). 
By 1995, 40 to 50% of farms were affected and by the 
end of 1996, the disease was found in 80% of farms 
(Wang et al. in press). This paper presents results from 
our investigations on the histo-cytopathology of WSD 
in Malaysia with emphasis on its pathogenesis and 
mechanism of white spot formation. 

MATERIALS AND METHODS 

About 50 live specimens of apparently healthy and 
diseased Penaeus monodon were examined from each 
of 12 grow-out farms along the coast of Peninsular 
Malaysia from 1994 to 1996. These specimens could be 
categorized into 2 groups. One group comprised spec- 
imens pooled from several of our field investigations, 
while the other group consisted of pooled specimens 

submitted by farmers to our laboratory for the diagno- 
sis of WSS. Gross signs recorded, were based on case 
histories from the field and general inspections in- 
cluding wet mount microscopy in the laboratory. For 
histopathology, 20 to 30 shrimp from each collection 
were preserved in Davidson's fixative for 48 to 72 h 
(large shrimp were first injected with the fixative) and 
then processed routinely. Sections of paraffin embed- 
ded tissue were cut at 5 pm and stained with modified 
Mayer's hematoxylin and eosin/phloxine (H&E/phlox- 
ine) stains (Bell & Lightner 1988, Lightner 1996). 

For time-lapse study of WSSV pathogenesis, a group 
of grossly healthy shrimp (not showing gross signs of 
WSS and negative by Dot Blot Hybridization [Diag- 
Xotics, Inc. USA] for WSSV, but positive for WSSV by 
nested PCR) were obtained from 2 farms. These shrimp 
were maintained in laboratory aquaria, and monitored 
closely. Five shrimp were sampled daily for histopatho- 
logy and another 5 for ultrastructural cytopathology 
during the 5 to 6 d course of worsening WSSV disease. 
Sequential changes in gross signs were recorded by 
noting the daily progression of lesions and abnormal 
behavior. 

To prepare ultrathin sections for tra.nsrnission electron 
microscopy (TEM), diced tissues from the shrimp were 
fixed overnight with 4 0,'0 glutaraldehyde in 0.2 M caco- 
dylate phosphate buffer (pH 7.4) at 4OC, and postfixed 
with 1 % osmium tetroxide for 2 h. The tissues were then 
dehydrated in a graded acetone series and embedded in 
resin mixture. Ultrathin sections at 70 to 90 nm were cut 

and stained with uranyl acetate and lead citrate (Hayat 
1986). White spot foci (including the cuticle and associ- 
ated cuticular epidermis) were decalcified before being 
fived in 1 % osrmurn tetroxide. For decalcification, the tis- 
sues were immersed in a mixture of formic acid (25 ml), 
25 % glutaraldehyde (2 ml) and distilled water (100 ml) 
for 12 h, followed by transfer to 70% alcohol for 12 h and 
finally to 0.1 M cacodylate buffer twice (4 h each). 

RESULTS 

Gross pathology 

White spots first appeared on the carapace and on 
the fifth-sixth abdominal segments, and later on the 
shell of the whole body. Sizes of the spots varied from 
barely visible dots to spots of 3 mm in diameter (Fig. l a  
bottom). The initial microscopic spots mainly appeared 
as separate tiny dots but they were sometimes also 
arranged in bead-like order (Fig. lb ) .  Grossly visible 
white spots were usually rounded and consisted of a 
peripheral whitish-brown ring enclosing a brownish 
central area demarcated by small cavities assembled in 
bead-like rows. Numerous scattered melanized spots 
and cavities were found in the central area (Fig. lc) .  
The spots appeared yellowish-brown and opaque 
under the microscope rather than white as seen by the 
naked eye. They were mainly embedded in the cuticle 
but some portions extended to its inner surface. Large, 
whitish patches visible to the naked eye also occurred 
when the spots enlarged and coalesced, resulting in an 
overall whitish discoloration of the shell (Fig l a  top). 

Other signs of the disease included the following: 
(1) the cuticle could be easily separated from the under- 
lying epidermis; (2) the hepatopancreas (HP) became 
yellowish-white and was enlarged and fragile; (3) the 
hemolymph was thin and delayed or failed to coagulate; 
(4) the shrimp reduced feed intake or stopped feeding, 
follotved by reduction in preening activity and loco- 
motion, which were manifested by gill fouling and a 
weak response to stimulation, respectively; (5) moribund 
shrimp usually showed reddish coloration of the body. 
and they stayed at the pond edge or swam slowly at the 
water surface before finally sinking to the pond bottom; 
(6) high mortality rates of 70 to l00 % usually occurred 
within a week after the emergence of gross signs. 

Histopathology by light microscopy 

Tissue sections of affected shrimps stained with 
H&E/phloxine showed that the virus infected the gills, 
lymphoid organs, hematopoietic tissue, foregut (in- 
cluding the stomach), cuticular epidermis (Fig. 2a), 
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Fig. 1. Gross and microscopic views of white cuticular inclusions characterisbc of WSSV infection. (a) WSSV-infected Penaeus 
monodon. Top: An intact carapace with large whitish patches (arrowhead) embedded in the shell. Bottom A separated carapace 
to demonstrate white spots (arrows) embedded in the cuticle. (b) The initial spots appear mainly as small, separate dots (arrows), 
sometimes arranged in bead-like fashion (open arrow). Wet mount. Scale bar = 215 pm. (c) Wet mount of cuticle with a white spot 
under the light microscope, demonstrating a round white inclusion consisting of a peripheral whitish-brown ring (R)  and a 
brownish central area (C) demarcated by small cavities assembled in bead-like rows (arrowheads). The central area contalns 
many scattered melanized dots (arrows) and cavities. Note the openings of tegumental gland ducts (0) present in the normal area 

of the cutlcle. Scale bar = 215 pm 
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Fig. 2. Histopathology of H&E/phloxine-stained 
tlssues from moribund Penaeus monodon infected 
with WSSV. (a) Necrotic cuticular epidermal cells 
collapsed from the epithelial lining [arrows). Cuti- 
cle (C). Scale bar = 4 3  pm. (b) Section of ovary 
showing infected oocytes, follicle cells (Fo) and 
haemocytes (He). Mildly affected oocytes (0) show 
deteriorated nuclei with reduced yolk, while dense 
inclusions (arrows) are formed in heavy infections. 
Scale bar = 17 pm. (c) Hepatopancreatic epithelial 
cells (HECs, arrowheads) show no viral infection, 
but haemocytes (asterisks) in the hepatopancreas 
(HP) are heavily infected. HECs are highly vacuo- 
lated, resulting in diminution of the tubule lumens 
(arrows). B-cells (B) are rarely seen. Scale bar = 
85 pm. Id) Both circular and longitudinal muscles 
(M) of the midgut are infected (arrows), but not 

epithelial cells (Ep). Scale bar = 43 pm 

connective tissue, striated muscle, heart, 
haemocytes, antenna1 gland, nervous tissue 
and the ovary (Fig. 2b). However, in no case 
did the virus infect the hepatopancreatic 
epithelial cells (HEC) or the midgut epithelial 
cells (MEC), even in moribund specimens 
(Figs. 2c.d). The HEC showed marked cellu- 
lar vacuolization that resulted in diminution 
of the tubular lumens. Meanwhile, it was 
difficult to find B-cells that normally contain 
a single large vacuole. Although there were 
no viral inclusions in HEC, haemocytes in the 
enlarged hemal sinuses and interstitial spaces 
of the HP were highly infected (Fig. 2c). The 
infection of haemocytes was evidenced by 
the cellular changes such as nuclear hyper- 
trophy, chromatin margination and homoge- 
neous eosinophilic to dense basophilic intra- 
nuclear inclusions. 

Fig. 3. H&E/Phloxine staining of the stomach 
wall of Penaeus monodon infected with WSSV. 
Early infection is characterised by nuclear hy- 
pertrophy, nucleolus dissolution, chromatin 
margination and rarefaction of the central area 
that appears homogeneous and eosinophilic 
(arrowheads). Note an eosinophilic Cowdry A- 
type inclusion (arrow) and the chromatin mar- 
ginated into a ring-zone (RZ). Scale bar = 9 pm 

Fig. 4. A multifocally infected stomach wall of 
Penaeus rnonodon showing a loose and dis- 
organised appearance. The infected cells have 
lightly basophilic intranuclear inclusions (ar- 
rows), while the nuclear membranes are dis- 
rupted [arrowheads) at later stages of infection. 
Note the transparent zone (TZ) and lucent cy- 
toplasm (LC). H&E/PNoxine, Scale bar = 17 pm 
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Histopathological observations re- 
vealed that cellular changes upon 
viral infection were similar in all 
target tissues. In the early stages of 
infection, susceptible cells showed 
nuclear hypertrophy, nucleolar dis- 
solution, chromatin margination and 
transformation of the central area 
into a homogeneous eosinophilic re- 
gion (Fig. 3). The infected cells then 
progressed to an intranuclear eosino- 
philic Cowdry A-type inclusion, and 
this later developed to a light baso- 
philic, denser inclusion separated 
by a transparent zone from the mar- 
ginated chromatin. Meanwhile the 
cytoplasm became less dense and 
lucent. The intranuclear transparent 
zone fused with the lucent cytoplasm 
at late stages of infection when the 
nuclear membrane was disrupted 
(Fig. 4).  At the end of cellular deteri- 
oration, the nuclei or whole cells dis- 
integrated, resulting in empty spaces 
in the sections. In moribund shrimp, 
most tissues and organs were heavily 
infected by the virus, showing severe 
multifocal necrosis leading to loss of 
cellular architecture. 

~ltrasiructural cytopathology and 
virus morphology 

TEM observations confirmed the 
correspondence of intranuclear in- 
clusions with the presence of a bacil- 
liform virus. Based on the ultrastruc- 
tural cellular changes in affected 
cuticular epidermal and stomach epl- 
thelial cells that were derived from 
time-sequenced specimens, 4 dis- 
tinct profiles of infected cells were 
distinguished in the pathogenesis of 
viral infection. 

For Profile 1, the nuclei of infected 
cells were slightly hypertrophied, 
and most of the chromatin was mar- 
ginated along the nuclear membrane 
in an interrupted layer (Fig. 5). The 
nucleolus and the chromatin were 
fused, causing the central area of the 
nucleus to become thin and homoge- 
neous. No virions were noted, but 
viral envelope material was seen as 

Flg. 5. Profile 1 of WSSV-infected cut~cular epidermal cells. The nucleus (N) is 
slightly hypertrophied and most of the chromatin is marginated along the nuclear 
border wlth a dense and interrupted appearance (arrowheads). Viral envelope 
material (EM) in fibrillar fragments 1s present in the rarefied central area. Note the 

remaining nucleolus (NO) and chromatin. Scale bar = 1.5 pm 

Fig. 6. Profile 2 of WSSV-infected cuticular epidermal cells. The marginated chro- 
matln is transformed into a dense ring-zone (blank arrows). The central virogenic 
stroma is less dense, vesicular in form, and shows many viral particles (VP) under- 
going assembly Note a viral nucleosome (arrow) in the nucleus. Scale bar = 1.4 pm. 
Inset: Hlgher magmficat~on of the v~ral  particle (*) indicating 2 portlons of a capsid 

separated at  the ends (arrows) Scale bar = 340 nm 
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Fig. 7. Cytoplasmic changes in an WSSV-infected cuticular epidermal cell. Labyrinth (L) 
formed by a vacuolated network are present, and they extend over most areas of the 
cytoplasm resulting in an abnormal profile. Note the degraded mitochondria (M). Scale 

bar = 2.3 pm 

Fig. 8. Profile 2 of WSSV-infected cuticular epidermal cell. In the nucleus (N) ,  a viral nu- 
cleosome (arrow) is accompanied by Immature viral particles whose envelopes are still 
open at one end (arrowheads). The viral nucleosome is composed of numerous repeating 
subunits in a stacked series. It shows 8 longitudinal electron-dense stripes and 4 lighter 
bands. An unenveloped nucleocapsid is obovate and electron-dense (bold arrow). One 
nucleocapsid is in the process of being enveloped (blank arrow). Note the transparent 

zone (asterisks) and nng-zone (RZ).  Scale bar = 450 nm 

fibrillar fragments. In the cytoplasm, 
the endoplasmic reticulum (ER) was 
enlarged with abundant free ribo- 
somes. 

For Profile 2, the nuclei were 
rounded due to gross hypertrophy. 
The very electron-dense marginated 
chromatin was embedded in a less 
electron-dense zone of granular mate- 
rial that formed a continuous dark 
layer (ring-zone or RZ) adjacent to 
the nuclear membrane (Fig. 6). The 
more electron-lucent central virogenic 
stroma contained distinct viral enve- 
lope material in membranous or vesic- 
ular form. In some cells, the central 
virogenic stroma was denser, with the 
appearance of numerous viral parti- 
cles. A transparent zone was present 
between this dense virogenic stroma 
and the RZ (see Fig. 8), and this prob- 
ably gave rise to the Cowdry A-type 
inclusions seen by light microscopy 
(LM). In this profile, a few mature and 
many immature vinons were present 
in the central virogenic stroma. The 
deterioration of mitochondria was in- 
dicated by the transformation of the 
normal cristae into granules. In addi- 
tion, membranous labyrinths com- 
monly appeared. These were vacuo- 
lated networks covering large areas 
and they resulted in an abnormal cyto- 
plasmic profile (Fig. 7) .  

A long, rod-shaped structure (LRS, 
= 1900 X 217 nm) with numerous 
stacked, repeating subunits (293) re- 
ferred to as the viral nucleosome was 
often present singly in infected nuclei. 
Longitudinally, the entire LRS had a 
striped appearance with 8 electron- 
dense and 4 electron-light bands 
(Fig. 8). It was notable that these viral 
nucleosomes were present in Profile 2, 
but absent in Profile 3. 

For Profile 3, the RZ was absent, the 
nuclear membrane was disrupted, and 
the intranuclear transparent zone was 
fused with the electron-lucent cyto- 
plasm. Hence, the central inclusion 
without an RZ appeared smaller than 
that in cells of Profile 2, and it was 
more electron-dense due to the pres- 
ence of abundant, evenly distributed 
viral particles (Fig. 9).  By contrast, the 
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cytoplasm appeared electron-lucent. 
Most cellular organelles were ab- 
normal, disintegrated into granules 
or reformed into membranous mye- 
lin-like structures. Both the nuclear 
and plasma membranes were par- 
tially disrupted. 

For Profile 4 ,  infected cells were 
completely damaged. The shedding 
of viral inclusions and cellular com- 
ponents resulted in many voids in 
the lesions (Fig. 10). These serial cy- 
topathic effects illustrated that the 
virus was able to kill individual tar- 
get cells. Tissue sections from mori- 
bund shrimp showed severe multl- 
focal necrosis with the presence of 
many Profile 4 cells. This suggested 
that massive death of individual 
cells induced multifocal necrosis 
leading to the dysfunction of target 
organs and therefore death. 

TEM observations showed that 
the bacilliform virus replicated, 
assembled and distributed with~n 
nuclei without occluding protein. 
The enveloped virions were ellipti- 
cal to short rod shaped in the longl- 
tudinal section and round in the 
transverse section. The envelope 
was clearly trilamilar, consisting of 
2 electron-opaque layers separated 
by 1 electron-lucent layer. Com- 
plete virions measured 305 + 30 X 

127 + 11 nm, while capsids mea- 
sured 271 + 25 X 84 + 9 nm and the 
envelope 8 rt 1 nm (Fig. 11). TEM 
examination confirmed the absence 
of viral particles in hepatopancre- 
atocytes and epithelia1 cells of the 
midgut and the presence of viral 
particles in the target tissues identi- 
fied by normal histology. They were 
also found in haemocytes. 

Based on cytopathological changes 
and viral particle development 
(from the appearance of partial ele- 
ments, assembly, and particle matu- 
ration) seen in the virogenic stroma, 
6 significant phases were noted 
in viral morphogenesis. In Phase I, 
viral nucleosomes appeared in af- 
fected nuclei prior to the appear- 
ance of viral particles, but coinciden- 
tally with the first appearance of 

Fig. 9. Profile 3 of WSSV-infected cuticular epidermal cells There is no ring-zone and the 
nuclear membrane is disrupted. The electron-dense inclusion 11) contains abundant viral 
particles (VP) The cellular organelles in the cytoplasm are disintegrated and appear as elec- 
tron-lucent, cellular debris and membranous myelin-like structures (ML) Scale bar = 2.3 pm 

Fig 10. Profile 4 of WSSV-~nfected stomach epithelia1 cells Sloughed nuclear elements and 
lntranuclear viral ~nclusions have resulted in a void (Vo) wlth the cytoplasm still present (C) 
Note detenorated mitochondna (M) and cellular granules (CG) in the cytoplasm Scale 

bar = l pm 
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Fig. 11. Ultrathm section showing WSSV virions with a dense nucleoprotein core (NC) and a 
t r i l a d a r  envelope ( E ) .  They appear round in th.e transverse section and elliptical to short 

rod-shaped longitudinally. Scale bar = 200 nm 

Fig. 12. A WSSV-infected nucleus [N) of an epidermal cell showing some obovate viral parti- 
cles with a long tail-like appendage (arrowheads) at  one end enclosed by the viral envelope. 
The appendage's inner material (arrows) is separated from the viral nucleoprotein core. The 
nucleocapsid is composed of 12 to 14 rings of protein subunits in a stacked series (blank 
arrow). Note the unenveloped capsids assembled outside the viral envelopes (bold arrow). 

Scale bar = 230 nm 

fibrillar, viral envelope material. 
In Phase 11, the fibrillar material 
formed into circular membranes 
that were soon filled with viral core 
material at the start of viral assem- 
bly (Fig. 6). In Phase 111, less dense 
capsids appeared and gradually 
grew from one end towards the 
other, still open, extremity (Fig. 8). 
Occasionally, 2 half-capsids ap- 
peared within a single envelope 
(Fig. 6 inset). In Phase IV, the enve- 
lope enclosed the entire cylindrical 
capsid (Fig. 12), while the capsid 
resolved into 12 to 14 rings of pro- 
tein subunits in a stacked series, 
and each capsid had 1 rounded 
and 1 squared extremity. The aver- 
age size of the capsids for the 
immature viral particles was 313 
by 50 nm, and this was sig~llficantly 
longer and narrower than the cap- 
sids (271 by 84 nm) of the mature 
virions. In Phase V, at the late stage 
of the viral morphogenesis, the 
viral particle was obovate in shape 
with a long tail-like appendage 
enclosed by the viral envelope. 
The inner material of the ap- 
pendage was separated from the 
viral nucleoprotein core (Fig. 12). 
Thereafter, the nucleocapsids be- 
came shorter, thicker and more 
electron-dense. In Phase VI, the 
final phase, the appearance of 
mature virions ranged between an 
elliptical shape and short rods, 
with complete and smooth enve- 
lopes, and electron-dense nucleo- 
capsids (Fig. 11). 

An alternative viral assembly 
mode was also observed in which 
unenveloped capsids assembled 
outside viral envelopes (Fig. 12). 
These free capsids became elec- 
tron-dense and obovate in shape, 
and were subsequently wrapped 
with an envelope (Fig. 8). This sug- 
gests that the processes for viral 
nucleocapsid assembly, shortening 
and thickening, need not necessar- 
ily occur within a viral envelope. 

Ultrastructural observations of 
cuticle and associated cuticular epi- 
dermis removed from the cephalo- 
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thorax of shrimp, with and without 
white spot lesions, revealed that 
the epidermal cells were normally 
connected to the cuticle through 
cytoplasmic filaments, pore canals 
and ducts of tegumental glands. 
Cytoplasmic filaments were nor- 
mal cellular organelles in cuticu- 
lar epidermal cells. They tra- 
versed the cells and extended into 
the pore canals of the cuticle. Un- 
der TEM, these pore canals con- 
tained electron-dense substances 
(Fig. 13). However, infected epi- 
dermal cells, in addition to the 
pathological changes in the nuclei 
mentioned above, also showed the 
followina cellular deaeneration. - - -- - . . - a - - - - -  

-~ - a -  - - - - -  

First, the cytoplasmic filaments 
and pore canals were destroyed 
and electron-dense mass (EDM) 
appeared at the cell-cuticle inter- . . . * * 

face. Second, there were many 
large vacuoles and much lysed 
cellular debris under the cuticle 
(Fig. 14). Measurements revealed 
that these vacuoles were identical 
in size (1 to 1.5 pm) and shape to 
the cavities seen by LM in wet- 
mounts of white spot lesions (see 
Fig. lc). This might indicate the 
association of vacuoles and cellu- 
lar degeneration with the forma- 
tion of white spots. 

DISCUSSION 

In terms of gross signs, histo- 
cytopathological effects and viral 
morphology, the virus described 
here from Malaysia is very similar 
to white spot syndrome virus pre- 
viously reported from other coun- 
tries (Chou et al. 1995, Huang et 
al. 1995, Wongteerasupaya et al. 
1995, Durand et al. 1997). As such, 
the virus in this paper is desig- 
nated as white spot syndrome Fig. 13. Micrograph of a normal cuticular epidermal cells (EC) under the cuhcle (Cu) Cyto- 

plasmic filaments (CF) extend from the epidermal cells to the pore canals (PC) in the cuticle. 
virus (WSSV1' and its presence Transported cuticular material appears as electron-dense substances wlthin the PC. Scale 
is confirmed in the Malaysian bar = 1.4 pm 
shrimp farming system. 

Fig. 14. Micrograph of cuticular epidermal cells (EC) infected w t h  WSSV. The cytoplasmic fil- In all cases' the virus did not aments and pore canals (PC) are dsrupted. Lysed cellular debris and cutlcular exudate are 
infect the HEC and MEC of mori- present as an accumulated, electron-dense mass (blank arrows) at the cell-cuticle mterface, 
bund shrimps, indicating that while many vacuoles (VC) also appear underneath the cuticle (Cu). Scale bar = 900 nm 
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these tissues were refractory to the virus. Similar results 
were reported by Lo et al. (1997), who carried out a tis- 
sue distribution study of WSBV (now known as WSSV) 
in brooders of Penaeus monodon using in situ hy- 
bridization. However, our findings slightly differ with 
those of Lo et al, as they did not report the presence of 
infection in the musculature of the midgut as seen in 
the present study. This might be due to the higher sus- 
ceptibility of cultured shrimp to infection compared to 
the wild-captured brooders which Lo and his col- 
leagues studied. The high level of infection in haemo- 
cytes indicated that the viral infection was likely sys- 
temic. Thus, the surprising lack of HEC and MEC 
infection may have been due to the lack of appropriate 
viral receptors or to a disturbance of electrostatic inter- 
action between the virus and the host cell surface 
(Voyles 1993). The shrimp hepatopancreas secretes a 
wide range of digestive enzymes and digestive juices in 
low pH (Van-Wormhoudt & Bellon-Humbert 1994). 
This could have affected the electrostatic interaction of 
HEC and MEC, leading to a failure of infection. In the 
ovary, histopathological examination clearly revealed 
evidence of oocyte infection by WSSV, i.e. the presence 
of dense basophilic intranuclear inclusions. This result 
is consistent with recent reports that oocytes of WSSV- 
infected shrimp give a positive reaction for WSSV by in 
situ hybridization (Lo et al. 1997), and that intranuclear 
inclusion-like bodies can be seen in oocytes of WSSV 
infected shrimp (Mohan et al. 1997). These results sug- 
gest that vertical transmission of WSSV may occur from 
broodstock larvae via latently infected eggs. Histo- 
pathology showed that severely infected oocytes were 
probably unable to develop further and would probably 
die before maturation (see Fig. 2b). However, the 
hatchability of oocytes with light to very light (latent) 
infections still needs to be further investigated. 

TEM observations showed that the entire LRS was 
several times larger than WSSV virions. LRS gradually 
decreased in length in Profile 2 as their subunits dis- 
persed to the virogenic stroma, and they were absent 
in Profile 3. In other words, LRS were always accompa- 
nied by a small number of developing virions during 
the early stages of viral replication and assembly. 
Studies on other animals have reported that infections 
of several viruses show nucleosomal-like structures 
within infected host cells. According to these reports, 
viral DNA in early stages of infection is comprised of a 
DNA-protein complex rather than free DNA. These 
viral DNA-protein structures are based on repeating 
subunits containing DNA associated with histone pro- 
teins. These repeating structures, for example, those 
in bead form, are referred to as nucleosomes or mini- 
chromosomes (Tate & Philipson 1979, Ben-Asher kt al. 
1982, Jeor et al. 1982). The organisation of intracellular 
viral DNA into a nucleosomes is an essential step in 

viral DNA synthesis (Ben-Asher et al. 1982, Bilimoria 
1991). Based on this information, the LRS may com- 
prise WSSV nucleosomes that are associated with early 
viral replication. Whatever their composition, they will 
be important structures in indicating the relationships 
amongst WSSV isolates and WSSV relationship to 
other viruses. Durand et al. (1997) reported a similar 
structure in WSSV infection, but they considered it to 
be an assembly of nucleocapsid precursors. 

The molecular constituents of crustacean cuticles,are 
mainly chitin, calcium carbonate and protein. These 
cuticular substances are provided by the underlying 
epidermal cells and transported to the cuticle via 
cytoplasmic filaments and pore canals (Dennell 1960). 
Based on this knowledge, the electron-dense mass 
(EDM) seen in the cell-cuticle interface in WSSV 
infected shrimp could constitute accumulated cuticular 
substances such as calcium carbonate, proteins and 
chitin priming substances that have arisen due to 
blockage of cytoplasmic filaments and pore canals. 
TEM observations revealed that EDM also contained 
lysed cellular debris. EDM is assumed to be part of the 
white spots on the inner surface of the cuticle. The 
ultrastructure suggests that areas of affected cuticle 
would deteriorate due to transport blockage of mainte- 
nance substances. This might be why affected cuticle 
shows embedded, discolored spots under the light 
microscope, even after separation of the cuticle from 
the underlying epidermis and adhered EDM. In addi- 
tion, wet-mount microscopy showed the presence of 
many scattered brownish dots within the white spots. 
The size and distribution pattern of the brownish dots 
were the same as those of normal tegumental gland 
pores (Fig. lc).  This suggested that necrosis and 
melanization of tegumental glands might also occur 
with viral infection and change the color of white spots. 
From the results, it can be concluded that the white 
spots are compound structures composed of melanized 
material from tegumental glands, deteriorated opaque 
cuticular lesions embedded in the cuticle, underlying 
lysed cellular debris and blocked cuticular exudates 
deposited at the cell-cuticle interface. However, in 
spite of this, the white spots are mainly embedded in 
the shell, since they are still visible after the underlying 
tissues have been scraped off from the inner surface of 
the shell. Under the microscope, the resulting spots 
were yellowish-brown and opaque, although they 
appeared to be chalky white to the naked eye. 
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