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ABSTRACT: White spot syndrome virus (WSSV) has been a
major cause of shrimp mortality in aquaculture in the past
decade. In contrast to extensive studies on the morphology
and genome structure of the virus, little work has been done
on the defence reaction of the host after WSSV infection.
Therefore, we examined the haemocyte response to experi-
mental WSSV infection in the black tiger shrimp Penaeus
monodon. Haemolymph sampling and histology showed a
significant decline in free, circulating haemocytes after WSSV
infection. A combination of in situ hybridisation with a spe-
cific DNA probe for WSSV and immuno-histochemistry with a
specific antibody against haemocyte granules in tissue sec-
tions indicated that haemocytes left the circulation and
migrated to tissues where many virus-infected cells were pre-
sent. However, no subsequent haemocyte response to the
virus-infected cells was detected. The number of granular
cells decreased in the haematopoietic tissue of infected
shrimp. In addition, a fibrous-like immuno-reactive layer
appears in the outer stromal matrix of tubule walls in the lym-
phoid organ of infected shrimp. The role of haemocytes in
shrimp defence after viral infection is discussed.
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Aquaculture of penaeid crustaceans is an economi-
cally important activity in different parts of the world,
but it is severely affected by endemic and epizootic
infectious diseases. Since 1992, white spot syndrome
virus (WSSV), with its extremely wide host range (Lo et
al. 1996a, Rajendran et al. 1999), has caused major
economic losses in world shrimp culture and it is cur-
rently the most important disease agent.

Besides clinical signs of infection including charac-
teristic white spots in the cuticle (Chou et al. 1995,
Wang et al. 1999), histopathological signs revealed by
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light and electron microscopy have also been exten-
sively described for WSSV-infected animals (Chou et
al. 1995, Wongteerasupaya et al. 1995, Lightner 1996,
Durand et al. 1997, Wang et al. 1999). In addition to
antisera for immuno-detection (Zhan et al. 1999, Van
Hulten et al. 2001a), DNA hybridisation probes have
been developed in several laboratories (Chang et al.
1996, Durand et al. 1996, Wongteerasupaya et al. 1996,
Lo et al. 1997) to detect virus-infected cells. Molecular
primers based on these probes have been developed
for WSSV detection by polymerase chain reaction
(PCR) (Chang et al. 1996, Lo et al. 1996b, Van Hulten
2000). These molecular techniques are highly specific
and have a high degree of sensitivity. Recently, a com-
petitive PCR assay has been developed for quantifica-
tion of WSSV (Tang & Lightner 2000). In addition, the
major WSSV structural proteins have been charac-
terised and the complete genome sequence has been
determined (Tsai et al. 2000, Van Hulten et al. 2000,
2001b, 2002). In contrast to extensive research on the
virus itself, little work has been done on the host
response, particularly that of haemocytes, which are
generally responsible for host defence (Soderhall &
Cerenius 1992).

To develop effective infection controls, more infor-
mation about the mode of infection and interaction
between the virus and its host is needed. Therefore,
we examined the haemocyte response to severe exper-
imental WSSV infection in shrimp by sampling
haemolymph and by using a combination of in situ
hybridisation and immuno-histochemistry with tissue
sections. Viral-infected cells were detected using a
WSSV-specific DNA probe, and haemocyte granules
were stained with the monoclonal antibody (mAb)
WSH 8 (Van de Braak et al. 2000). In non-activated
haemocytes, this mAb reacted with the large granules
in hyaline cells, but the immuno-staining rapidly
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increased when the cells were non-specifically acti-
vated, which might also be followed by degranulation
(Van de Braak et al. 2002b). The present study shows
for the first time, haemocyte reactions after severe
WSSV infection, and provides new insights into com-
mon haemocyte responses.

Materials and methods. Shrimp and experimental
infection: Penaeus monodon shrimp, originating from
Thailand, were kept as described by Van de Braak et
al. (2000). WSSV was isolated from infected P. mon-
odon from Thailand and injected into healthy crayfish
Procambarus clarkii to propagate the virus as
described by Van Hulten et al. (2001a). Moribund
crayfish were stored at —20°C until use for oral infec-
tion of shrimp. A group of 12 shrimp (15 to 20 g) was
acclimatised in an experimental recirculation system
for 2 d and starved for 1 d. The crayfish abdomen was
removed and the hepatopancreas, which does not
become WSSV infected, was separated from the
cephalothorax. The infected tissue was fed to 9
shrimp, while 3 control shrimp were fed similarly
treated uninfected crayfish tissue. After 3 h, uneaten
tissue was removed. In order to insure successful
infection, 3 shrimp were sampled at 48 h and 3 at 72 h
after the start of feeding. The remaining shrimp that
received infected tissue died within 5 d. The 3 unin-
fected shrimp were sampled at 48 h after the start of
feeding.

Sampling and haemocyte counting: Haemolymph
was sampled and total haemocyte counts were deter-
mined using a Biirker counting chamber as described
by Van de Braak et al. (2002a). The haemocytes were
washed and cell monolayers were prepared for stain-
ing with haematoxylin and eosin (H&E). Immediately
after haemolymph sampling, the shrimp were fixed for
24 to 48 h in Davidson's fixative (Bell & Lightner 1988).
Tissue of the whole shrimp was prepared for histology
as described by Van de Braak et al. (2000). After
deparaffination in xylene and rehydratation in an
ethanol series, sections of the 9 shrimp were H&E
stained and observed at 100 to 1000x magnification.
The number of free circulating haemocytes in sinuses
was determined by counting the number of cells dis-
tributed in 10 different areas in the H&E-stained sec-
tions of each shrimp at 400x magnification. We tested if
the differences in total haemocyte count and number
of circulating haemocytes in sinuses between the non-
infected and the WSSV-infected groups were signifi-
cantly different using a Student'’s ¢-test (p < 0.05).

In situ hybridisation and immuno-histochemisiry:
H&E-stained tissue sections were observed and found
to be highly infected with WSSV after challenge, as
determined by the presence of many enlarged nuclei
containing basophilic inclusions. Tissue sections of the
infected and control shrimp that contained haemato-

poietic tissue and lymphoid organ tissue were selected
for double labelling. The corresponding sections and
sampled haemocytes on monolayers were used for a
combination of in situ hybridisation and immuno-histo-
chemistry. After deparaffination of tissue sections and
washing, the sections and cells were incubated with
Proteinase K, fixed in 0.4 % paraformaldehyde and
washed again. A 6 kbp WSSV BamHI genomic frag-
ment was digoxigenin (DIG)-labelled using a DIG-
DNA labelling mix (Roche) and added to the hybridis-
ation Dbuffer (Lightner 1996). After overnight
hybridisation in this buffer, the tissue sections and
monolayers were washed again and blocked. DNA
hybridisation was detected using alkaline phosphatase
conjugated anti-DIG, which was visualised with a
standard solution of BCIP (5-bromo-4-chloro-3-indolyl
phosphate) in conjunction with NBT (nitroblue tetra-
zolium) to yield a dark blue colour.

Immediately afterwards, an immuno-peroxidase
reaction, with the mAb WSH 8 (1:100) was carried out
as described by Van de Braak et al. (2000) and this
resulted in a brown staining. The sections and cells
were counter-stained with methylene green and
examined at 100 to 1000x magnification. Micrographs
were made using an Olympus DP50 Microscope Digi-
tal camera. Standard controls such as omission of the
probe or replacement of WSH 8 by WCI 12 (a mAb
against carp immunoglobulin) were carried out and
were negative. In addition, in situ hybridisation and
immuno-histochemistry were carried out separately
and these showed the same reactions as in the com-
bined staining. The small rod-shaped structures near
the WSSV-infected cells that gave a blue colour similar
to that for positive hybridisation with the DNA probe
were artefacts of precipitated NBT.

The percentage WSH 8-positive haemocytes was
determined in duplicate by counting 100 cells ind.™* at
400x magnification. It was tested if these differences
between the non-infected and the WSSV-infected
groups were significantly different by using a Stu-
dent's t-test (p < 0.05).

Results. Compared to uninfected shrimp, the amount
of haemolymph that could be sampled from the
infected shrimp was consistently reduced by more than
40%. The total haemocyte counts and the number of
free, circulating haemocytes in the H&E-stained tissue
sections were both significantly reduced after WSSV
infection. However, no differences were observed
between 48 and 72 h after start of feeding of the
infected material (Table 1). The H&E-stained haemo-
cytes in monolayers and in circulation in the tissue sec-
tions never showed enlarged nuclei. After the combi-
nation of in situ hybridisation and immuno-staining of
the haemocyte monolayers, the cells were negative for
WSSV for both infected and uninfected shrimp and
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Table 1. Total haemocyte counts (THC) with standard devia-
tion, mean number of haemocytes counted circulating in
fields in tissue sections (No. circ. cells) and % WSH 8-positive
() haemocytes in monolayers with standard error of non-
infected (control 48 h) and severely WSSV-infected (WSSV 48
h and WSSV 72 h) shrimp. Standard deviation and standard
errors sharing different superscripts differ significantly from
each other (p < 0.05)

Shrimp THC No. circ. cells %WSH 8 *
Control 48 h 31.8 (x12.0)* 57.8(x6.9)* 5.6 (x2.9)°
WSSV 48 h 13.3 (x4.3)° 13.0 (£5.5)" 3.5 (£2.5)°
WSSV 72 h 10.4 (+1.0)° 15.4 (+1.6)° 2.6 (£1.9)*

there was no significant difference in WSH 8 reactivity
between the infected and uninfected shrimp (Table 1).

The tissue sections of the 3 uninfected shrimp were
negative for WSSV and showed a small subpopulation
of WSH 8-positive haemocytes distributed in different
organs (e.g. main sinuses, heart, connective tissue, and
walls of the lymphoid organ tubules). In tissue sections
of shrimp that were highly infected with WSSV, virus-
infected cells were found in most organs, but not in the
hepatopancreatic tubules, hepatopancreatic epithe-
lium and midgut epithelium. The number of haemo-
cytes that reacted with WSH 8 and the intensity of the
WSH 8 staining in the haemolymph plasma increased
after viral infection.

Many WSH 8-positive haemocytes were observed in
tissues where large numbers of WSSV-infected cells
were present, but they were absent in the same tissue
in uninfected shrimp (e.g. in the epithelium of the
stomach in Fig. 1a,b). The majority of cells in the
haematopoietic tissue in uninfected shrimp were WSH
8 positive, but this number was greatly reduced in
infected shrimp (Fig. 1c,d). Furthermore, the remain-
ing cells in the haematopoietic tissue in infected
shrimp were consistently enlarged, compared to those
cells in uninfected shrimp.

In the lymphoid organ of uninfected shrimp, the
number of WSH 8-positive haemocytes was low and
they were generally located in the lumen of the
lymphoid organ tubules (Fig. 1e). By contrast, WSH 8-
positive cells, together with many released granules,
were present in high numbers in the lymphoid organ of
WSSV-infected shrimp. These cells and granules were
predominantly located in the outer portion of the
tubule stromal matrix (Fig. 1f). At high magnification of
lymphoid organ tubules of infected shrimp, granule
staining changed into staining of extracellular fibrous
material (Fig. 2). Lymphoid organ spheroids present
remained WSH 8 negative in both infected and unin-
fected shrimp, and only sporadically showed virus-
infected cells by in situ hybridisation (not shown).
Some of the WSH 8-positive haemocytes that infil-

trated tissues were also WSSV positive by in situ
hybridisation (Fig. 3).

Discussion. Strong labelling of many nuclei in
WSSV-challenged shrimp by in situ hybridisation with
a WSSV-specific DNA probe confirmed that shrimp
from both challenged groups were heavily infected
with WSSV. Combined staining with WSH 8 confirmed
viral replication in nuclei of non-circulating haemo-
cytes, but circulating haemocytes positive for WSSV by
in situ hybridisation were never observed. Both circu-
lating and settled haemocytes have been suggested to
be infected by WSSV in previous studies (Durand et al.
1996, 1997, Wang et al. 1999). In those studies, the
WSSV-infected cells were designated as haemocytes
based on cell morphology and location, and we
observed that they were often morphologically altered.
Thus, they may have included only non-circulating
haemocytes. On the other hand, positive WSSV in situ
hybridisation results with haemolymph smears of crabs
and shrimp have been reported (Kanchanaphum et al.
1998). By contrast, our tissue sections clearly showed
that free, circulating haemocytes never gave positive
in situ hybridisation results for WSSV infection. We
cannot explain the discrepancy in these results. It is
possible that the difference was caused by poor attach-
ment of infected cells on the glass slides (Wang et al.
2000) or by our method of processing the smears. It is
also possible that the virus may penetrate settled cells
more easily or that virus-infected haemocytes become
activated and rapidly settle.

We found a strong decline in free, circulating
haemocytes in WSSV-infected shrimp and this has also
been reported by others following WSSV infection
(Hennig et al. 1998, Kim et al. 1999). By contrast, this
effect was not observed in WSSV-infected crayfish
(Jiravanichpaisal et al. 2001). A decrease in total hae-
mocyte count has often been described in crustaceans
as a reaction after fungal and bacterial infection or
after injection of foreign materials (Smith & S6derhall
1983, Persson et al. 1987, Lorenzon et al. 1999). A
decline in circulating haemocytes after WSSV infection
could result either from a haemocyte response or from
infection, since haemocytes constitute a WSSV target.
Distinguishing between these 2 alternatives is an
important issue in terms of host viral interactions.

Although the number of haemocytes that could be
sampled from the infected shrimp was small, those ob-
served showed a lower WSH 8 reactivity than haemo-
cytes from uninfected shrimp. Conversely, haemocytes
in tissue sections increased in WSH 8 reactivity after
virus infection. Whether the haemocytes first increase
in WSH 8 reactivity and then settle, or the other way
around, could not be deduced from the present study.
Increased WSH 8 reactivity in the granular haemocytes
has been related to haemocyte activation in vitro in a
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rich cell-culture medium (Van de Braak et al. 2000)
and in vivo after bacterial injection (Van de Braak et al.
2002b). Therefore, our observations here showing in-
creased WSH 8 activity in tissue sections suggests that
haemocytes also become activated after viral infection.
However, we saw no haemocyte reactions, like phago-
cytosis, aggregation or melanisation as commonly ob-
served after non-viral infections.

Non-specific antiviral activities have been demon-
strated in tissue extracts of a number of crustaceans
(Pan et al. 2000), but haemocyte reactions have not
been reported in chronic or acute viral infections in
shrimp (Lightner 1996). The shrimp response to viral
pathogens has been reviewed by Flegel (2001), who
stated that haemocyte aggregation at sites of viral
presence was not typical, even in the presence of
considerable tissue damage. However, in addition to
establishing that haemocytes are activated by WSSV
infection, we have shown by WSH 8 reaction that
granular haemocytes are present in higher numbers
at tissue sites with many WSSV-infected cells. In our
opinion, the results suggest that haemocytes leave the
circulation and migrate to tissues where many virus-
infected cells are present. Such haemocyte aggrega-
tion at the site of viral infection has never been previ-
ously reported in shrimp. Although the accumulation
was not as massive as that usually associated with
bacterial infections, it was certainly highly significant
and justifies further study. Whether the haemocytes
are attracted to WSSV-infected tissue specifically to
remove virus-infected cells or non-specifically to
remove degrading cells is not known and needs fur-
ther investigation. This knowledge is extremely
important when investigating the host response to
viral infection.

The accumulation of granular haemocytes at sites of
viral infection was accompanied by a decline in the
number of granular cells in the haematopoietic tissue.
This suggested that they had migrated from the
haematopoietic tissue to infection sites. In addition, the
remaining cells in the haematopoietic tissue of viral
infected shrimp displayed a blast-like appearance,
characterised by an increase in volume of nucleus and
cytoplasm and a low intensity of WSH 8 reaction.
These findings suggest that haemocytes stored in the
haematopoietic tissue were released in reaction to the
viral infection and that the activity of the remaining
cells increased. Similar results have been described in
haematopoietic tissue of shrimp repeatedly sampled
for haemolymph and in lipopolysaccharide (LPS)-
injected shrimp (Van de Braak et al. 2002a).

The cells in the tubules of the lymphoid organ
showed WSSV infection after challenge. Many viruses
(Bonami et al. 1992, Hasson et al. 1999a,b, Anggraeni
& Owens 2000), but also bacteria (Van de Braak et al.
2002b), have been detected in the shrimp lymphoid
organ. In non-infected shrimp, WSH 8 labelling
showed clear granule staining in haemocytes in the
central lumen of the lymphoid organ tubules. This
WSH 8 staining changed to dispersed staining of the
outer stromal matrix of the lymphoid organ tubules
after WSSV infection. This has also been observed
after injection of Vibrio bacteria by Van de Braak et al.
(2002b), but to a much lesser extent. In that study,
the phenomenon was attributed to degranulation of
haemocytes in response to bacterial injection. The pre-
sent results indicate that such a haemocyte response
also occurs after viral infection. This degranulation
might amplify the haemolymph filtering capacity of the
lymphoid organ. The fact that the lymphoid organ

-
-

Figs. 1 to 3. Penaeus monodon. Light micrographs of histological sections of shrimp that were fixed 48 h after feeding of unin-
fected or white spot syndrome virus (WSSV)-infected crayfish tissue. Haemocyte granules were immuno-stained with the mon-
oclonal antibody WSH 8 (goat antimouse-horseradish peroxidase, brown) and infected cells were labelled by in situ hybridisa-
tion, using the digoxigenin (DIG)-labelled DNA probe for WSSV (dark blue). WSSV-infected cells and WSH 8 reactive
haemocytes are not observed in the epithelium of the stomach in non-infected shrimp (a), while many virus-infected cells and
WSH 8-positive haemocytes are observed in the stomach epithelium in heavily infected individuals (b). WSH 8-positive haemo-
cytes are densely packed in the haematopoietic tissue of non-infected shrimp (c). In the haematopoietic tissue of WSSV-infected
shrimp, virus-infected cells are present, the cell density (as observed by a reduced number of nuclei), the number of WSH 8-pos-
itive cells and the staining intensity decreased (d). Note the differences in sizes of haematopoietic tissue nuclei between the unin-
fected and infected shrimp. WSH 8-positive haemocytes are abundant in the central haemal lumen of the lymphoid organ (LO)
in non-infected shrimp (e), while many WSSV-infected cells are present in the LO tubule stromal matrix next to an outlying WSH
8 reaction in heavily infected shrimp (f). Counter-stained with methylene green. Scale bars = 20 pm. Fig. 2. Light micrograph of
combined in situ hybridisation and immuno-staining of haemocytes of a LO tubule of shrimp 48 h after the start of oral adminis-
tration of WSSV. Haemocyte granules are stained with the monoclonal antibody WSH 8 (GAM-HRP; brown) and WSSV-infected
cells are stained by in situ hybridisation (dark blue). Haemocyte granules are mainly present in haemocytes in the sinuses, while
the outer tubule matrix shows dispersed WSH 8 labelling. Arrowheads point to WSH 8-positive haemocyte granules. Counter-
stained with methylene green. Scale bar = 10 pm. Fig. 3. Light micrograph of in situ hybridisation combined with immuno-
stained haemocytes in the connective tissue of the hindgut, 48 h after start of oral WSSV infection. Haemocyte granules are
stained with the monoclonal antibody WSH 8 (GAM-HRP; brown) and WSSV-infected cells are stained by in situ hybridisation
(dark blue). The dark blue colour of the WSH 8-positive cell indicates that viral replication occurs in the haemocyte nuclei.
Arrowheads point to haemocytes with dual staining for WSSV and WSH 8; the cell on the right is in a more advanced infection
state. Counter-stained with methylene green. Scale bar = 10 pm. CT: connective tissue; E: epithelium; Hc: haemocyte; Lum: LO
tubule lumen; Sin: haemolymph sinus; S Lum: stomach lumen; W: LO tubule wall.
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spheroids became only sporadically infected in the
present study might be explained by the limited time
of observation. Spheroid development has been
described in Taura syndrome virus infections (Hasson
et al. 1999a,b) and is often associated with other viral
infections (Anggraeni & Owens 2000).

In conclusion, heavy WSSV infection resulted in
haemocyte activation and migration to infected tissues.
However, in contrast to bacterial infection, massive
haemocytic aggregation and melanisation were not
observed. Our results showed consistent differences in
haemocyte numbers and activity for haematopoietic
tissue and lymphoid organ tissue between WSSV-
infected and uninfected shrimp. Similar less extensive
haemocyte reactions in these organs have also been
found after non-viral stimuli. Therefore, the haemocyte
reactions described here are probably general defence
responses rather than specific antiviral responses. Fur-
ther research should include the identification of the
molecules recognised by WSH 8. For a better under-
standing of the shrimp response to viral infection, mol-
ecular studies on viral pathogens, haemocytes, and the
haemocyte defence system should be integrated and
include the early events following viral infection.
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