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ABSTRACT Lesion development was documented in Penaeus vanndmej luveniles with experimentally 
induced chronic phase Taura syndrome virus (TSV) infections by both routine histology and In situ 
hybridization durlng a 48 wk time course study H~stologically the defining charactenstics of TSV 
chronicity in P vannan~ej  include the absence of acute phase histological leslons a low prevalence of 
ectoplc spheroid development and rapid successive lymphold organ spheroid (LOS) fornlation and 
morphogenesis Three dist~nct LOS morphotypes (Types A B and C) were identified by light 
nlicroscopy The earliest detectable LOS Type A appeared to evolve from activated L 0  tubule phago- 
cytes that had sequestered TSV The succeeding LOS Type B, contained necrotic cells that were con- 
s~stently TSV-positive by In s ~ t u  hybr~dizat~on for up to 32 wk following an acute phase lnfect~on These 
persistent long-term lnfectlons suggested that TSV replication occurred within Type B LOS, and this 
satisfied the def~nition of a chronic Infection The termlndl Type C LOS wele cons~stently found to be 
TSV-negative and characterized by cells with condensed basophilic nuclei a reduction in overall cell 
size and progressive atrophy leading to degradation without an  inflammatory response These cellular 
changes are characteristic of apoptotic cells, suggesting that TSV-lnfected LOS cells self-destruct, 
resulting in TSV elimination TSV mfections appeal to have 3 potential outcomes (1) the v ~ r u s  may con- 
tinue to replicate within LOS cells unchecked, (2 )  ~t may be ehminated b\ LOS cells, or (3) viral repli- 
cation and elimination may occur concurrently resulting in persistent ~nfections Ectopic spheroids 
were TSV-induced and observed in sltes normally occupled by tegmental glands wlthln appendages,  
suggesting that they developed trom either hemolynlph-borne phagocytes or futed phagocytes assocl- 
ated with the gland We suggest that these cellular masses arise from migrating and/or resident phago- 
cytes transfo~med In response to chronic viral infections or non-self substances too small for hemocyte 
encapsulation The possibility that spheroid development represents dn unexplored and significant 
branch of the cell-mediated Immune response of penaeid s h r ~ m p  is discussed 
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INTRODUCTION 

Taura syndrome virus (TSV), a deadly infectious dis- 
ease of the Pacific white shrimp Penaeus vannamei 
(Perez-Farfante & Kensley [l9971 recommend the 
genus be changed to Litopenaeus), was first identified 

in 1994 (Hasson et al. 1995, 1999a,b, Brock et  al. 1995, 
1997, Lightner et al. 1995a) and is currently classified 
as a possible member of the Picornaviridae (Bonami et 
al. 1997). The TSV disease cycle was recently rede- 
fined through histological and gene probe analysis of 
experimentally infected, specific-pathogen-free (SPF) 
P. vannamei that were sampled at  timed intervals. It 
consists of 3 overlapping, clinically and histologically 
distinct phases: a -7 d peracute to acute phase, a -5 d 
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transition phase, and a definitive chronic phase (Has- 
son et  al. 1999b). Following a lethal acute phase in- 
fection, surviving P. vannamei enter a brief transition 
phase during which acute phase cuticular epithelial 
lesions resolve, resulting in the formation of grossly 
visible melanized lesions on the head and tail of the 
affected shrimp. In situ hybridization analysis during 
the transition phase shows that the virus is detectable 
within a few remaining cuticular epithelial lesions, 
within sheath cell walls of morphologically normal 
lymphoid organ (LO) tubules and/or within newly 
developed masses called L 0  spheroids (LOS). Termi- 
nation of the TSV transition phase and entry into the 
chronic phase is marked by ecdysis and a return to 
normal feeding and swimming behavior. The rapid 
development of LOS with intense, focal TSV-positive 
probe signals by in situ hybridization was deemed the 
principal hallmark of chronic phase TSV infections 
(Hasson et al. 1999b). 

There are few published morphological and physio- 
logical studies on the L 0  and LOS, and they are briefly 
reviewed here. The L 0  is a bi-lobed network of 
arterioles usually referred to as tubules. It receives 
hemolymph from the heart via paired afferent vessels 
branching from the subgastnc artery (Oka 1969, Bell 
& Lightner 1988). Hemocyte passage through tubule 
walls into intertubular hemal sinuses has been docu- 
mented (Martin et al. 1987). The L 0  is considered an 
integral part of the penaeid shrimp circulatory system 
and thought to function as a hemolymph filter (Oka 
1969, Bell & Lightner 1988). 

Bonami et al. (1992) found that LOS were common- 
place and had been observed within at least ? different 
penaeid shrimp species (Penaeus vannamei, P. mon- 
odon, P penicillatus, P. esculentus, P. stylirostns, P. 
chinensis, P. merguiensis). In the first anatomical de- 
scription of shrimp LO, Oka (1969) described 'reticular- 
like' and 'lymph-like' cells (hemocytes) as principal L 0  
tubule components. Kondo et al. (1994) described the 
L 0  as possessing 2 primary components, 'arteriolar 
tubules' or 'sheathed arterioles' (L0  tubules) and 
'nodular structures with many vacuolated cells' (LOS) 
tha't they considered to be 'senile or degenerating 
phase' L 0  tubules. In contrast, analysis of LOS enzy- 
matic activity by Anggraeni (1999) and Anggraeni & 
Owens (1998) indicated that LOS are comprised of 
spent hemocytes that have aggregated within L 0  
hemal sinuses. They also stated that LOS cells display 
a high apoptotic index. 

Ultrastructural analysis (Kondo et al. 1994) indicated 
that a major L 0  constituent was a unique cell type 
morphologically similar to highly phagocytic, dendntic 
reticulum cells found in mammalian lymphoid follicles. 
To analyze phagocytic capability, Kondo et al. (1994) 
and Takahashi et al. (1995) injected colloidal carbon, 

horseradish peroxidase and FITC-latex beads into 
Penaeus japonicus and found that these substances 
were first detectable within L 0  tubule walls with con- 
current onset of LOS development. After injection (1 to 
3 mo), the foreign substances were localized within 
LOS. L 0  phagocytic ability was corroborated in ridge- 
back prawns Sicyonia ingentis by injection of radio- 
labeled Bacillus subtilus (Martin et al. 1996). Within 
15 min post-injection, and by both light and electron 
rnicroscopy, the majority of the bacteria were phago- 
cytosed and localized within L 0  tubule cells. These 
findings showed that L 0  tubules and LOS removed 
biotic and abiotic substances from the shirmp circula- 
tory system by phagocytosis. 

LOS development has also been associated with 
at least 6 different penaeid shrimp viral infections: 
(1) lymphoid organ vacuolization virus (LOW, Bonami 
et al. 1992), (2) lymphoidal parvo-like virus (LPV, 
Owens et al. 1991), (3) lymphoid organ virus (LOV, 
Spann et al. 1995), (4) rhabdovirus of penaeid shrimp 
(RPS, Nadala et al. 1992), (5) yellow head virus (YHV, 
Flegel et al. 1992), and (6) TSV (Hasson et al. 1995, 
199913, Hasson 1998). By light and electron microscopy, 
Owens et al. (1991) found that LOS of LPV-infected 
Penaeus monodon contained multinucleate giant cells, 
hypertrophied nuclei, marginated chromatin, and in- 
creased cytoplasm to nuclear volumetric ratios. This 
cellular transformation was considered anaplastic, but 
occurred in the near absence of detectable mitotic 
figures. As these cells became more vacuolated, in- 
creased cellular debris was observed. The description 
of LOS in experimentally RPS-infected P. stylirostn-S 
(Nadala et al. 1992) was very similar, but the LOS were 
referred to as proliferative centers of hyperplastic cells. 
Indeed, the morphology of LOS induced by all 6 
viruses mentioned above is virtually identical, suggest- 
ing that LOS development is a general penaeid shrimp 
response to viral agents. 

The primary objective of the present study was to 
utilize both routine histological techniques and in situ 
hybridization analysis to document chronic phase TSV 
lesion development in experimentally infected Penaeus 
vannamei juveniles. The specific aims of the study 
were to determine what tissues of the chronically 
infected shrimp contained detectable TSV, to docu- 
ment TSV-induced LOS development, and to deter- 
mine the duration of a chronic phase TSV infection. 

MATERIALS AND METHODS 

Experimental design. A total of 183. SPF Penaeus 
vannamei juveniles (4.5 g avg wt), originating from the 
Oceanic Institute, Hawaii, and reared according to the 
methods of Wyban et al. (1992) and Pruder et al. (1995), 
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were utilized. Prior to initiating the study, 5 shrimp 
were randomly selected from the test population and 
preserved for histological analysis to verify their SPF 
status. Following the methods of Hasson et al. (1995), 
each test shrimp was administered a single injection, 
in the third tail segment, of a crude TSV-positive tissue 
hoinogenate (-10 p1 g-' or 45 p1) that was prepared 
from frozen TSV-infected P. vannamei (Courtesy of Mr 
Albert Bennett, Aqualarvas, Sonora, Mexico). The 
shrimp were then returned to a 1500 1 fiberglass tank 
containing recirculating, biofiltered artificial seawater 
(32 ppt, 28 to 30°C) (Forty Fathoms Biocrystals Marine- 
mix, Marine Enterprises International Inc., Baltimore, 
MD). One week post-injection (PI), 88 surviving 
shrimp (47%) remained in the tank. Sampling of the 
TSV survivors at timed intervals started on Day 4 PI for 
samples in the transition and early chronic phases of a 
TSV infection and continued over a 48 wk period as 
follows: 3 shrimp wk-' during Weeks 1 to 12; 2 shrimp 
wk-' during Weeks 13 to 16; 2 shrimp wk-' in Weeks 
20, 24, 28, and 32; and 1 shrimp wk-' in Weeks 40 and 
48. The number of shrimp sampled per time period was 
gradually reduced to extend the study to 48 wk. The 
test shrimp were maintained on a pelleted ration 
(Rangen 35%), fed ad lib once per day for the duration 
of the study. 

Histopathology and in situ hybridization analyses. 
Following the methods of Bell & Lightner (1988), the 
samples were preserved with Davidson's AFA (acetic 
acid, formalin, alcohol) solution, the cephalothorax of 
each shrimp was midsagitally bisected, and the half 
displaying the most prominent portion of the lymphoid 
organ was embedded in paraffin. Cephalothoraxic 
appendages were not removed so that ectopic spher- 
oids could be observed. From the paraffin blocks, 4 to 
5 pm consecutive sections of each sample were pre- 
pared. One section per sample was collected on a poly- 
L-lysine coated slide (Sigma, St. Louis, MO) for routine 
histological analysis and the corresponding parallel 
section on a silane-coated slide (Silane-Prep, Sigma) 
for i n  situ hybridization analysis (Hasson et al. 1997, 
1999a,b). Sections for routine histology were stained 
with Mayer-Bennett hematoxylin-eosin phloxine fol- 
lowing standard methods (Bell & Lightner 1988, 
Lightner 1996). In situ hybridization analyses were 
performed using a 1 : l  mixture of 2 TSV-specific, di- 
goxigenin (DIG) labeled cDNA genomic probes (Has- 
son et al. 1997, 1999a,b, Man et al. 1998). The gene 
probed shrimp sections were counter-stained with Bis- 
marck brown, coverslipped, and exanlined by bright- 
field microscopy (Lightner 1996). In situ hybridization 
analysis of the shrimp samples demonstrated that the 
only tissue types that were TSV-infected were the L 0  
tubules, LOS and/or ectopic. The observed gene probe 
signals were qualitatively graded from 0 to 4 according 

to a modified grading system of Bell & Lightner (1987) 
and Hasson et al. (1995). Briefly, absence of a TSV 
gene probe signal was graded as 0; mild, focal signals 
were graded as 1; moderate, locally extensive to multi- 
focal probe signals were assigned a grade of 2 to 3; and 
numerous multifocal to diffuse signals were assigned a 
grade of 4. Overall infection severity per shrimp was 
assigned based on the single tissue or region that dis- 
played the most extensive gene probe signals. 

RESULTS 

Peak mortality among the 181 shrimp occurred on 
Day 2 PI. Shrimp with grossly visible melanized lesions 
(transition-phase infections) were first observed on 
Day 3 PI and were detected up through Day 9. By 
Day 7, severe acute phase mortalities had ceased, the 
majority of the shrimp had molted, and 88 shrimp 
remained in the tank. Fifty-six of the 88 TSV survivors 
were sampled over a 48 wk period and a steady, low- 
grade die-off during the study resulted in a loss of 
32 shrimp (-2 to 3 shrimp mo-l). 

Lymphoid organ histopathology 

Routine histological analysis of 5 shrimp from Day 0 
showed that they contained no detectable infections or 
LOS. Fifty-five of the 56 TSV-challenged shrimp dis- 
played spheroids within their LO, which appeared 
hypertrophied upon gross examination at the time of 
dissection. With the exception of 6 shrimp (10%), 
which displayed ectopic spheroids within the maxil- 
lipeds, paragnath and/or the tips of the penopods, no 
other histological abnormalities were observed in 
these samples. The LOS appeared as well delineated, 
spherical to irregularly-shaped masses of hypertro- 
phied cells, which were interspersed among morpho- 
logically normal L 0  tubules and displayed varying 
degrees of vacuolization and varying numbers of 
necrotic cells. 

The size of the LOS masses was highly variable, 
ranging between 50 and 150 pm in diameter. Micro- 
scopic review of all 56 samples from TSV-challenged 
shrimp showed that the LOS underwent progressive 
morphological changes over the course of the study. 
Three distinct histological LOS morphotypes were 
identified, which are hereafter referred to as Types A,  
B, and C (Table 1). The earliest, Type A (Fig. lA,B), 
was characterized by a lightly basophilic, homoge- 
neous cell mass containing few or no necrotic cells or 
cell debris. The cytoplasm to nuclear volumetric ratio 
ranged from -2:l to 3 : l .  Type B spheroids (Fig. 1C to F) 
appeared to evolve from Type A, but differed by dis- 
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Table 1. Penaeus vannamei. Prevalence and severity of lymploid organ 
spheroid (LOS) morphotypes and total numbers of LOS-positive test shrimp 
by routine hematoxylin and eosin (H&E) histology during 3 intervals over the 
total observation period of 48 wk. Explanations for the morphotypes (Types A 
to C) and seventy grades (GO to G4) are given in the 'Materials and methods' 

Sample Interval 1 Interval 2 Interval 3 Total 
(Weeks 1-5) (Weeks 6-16) (Weeks 20-48) 

No of shrimp 19 2 7 10 56 

Type A 
No. positive 18 22 6 46 
% positive 95 81 60 
Seventy grade G1-G3 G1 -G2 G 1 

Type B 
No. positive 15 27 9 5 1 
% positive 79 100 90 
Severity grade G1-G2 G1-G3 G1-G2 

Type C 
No, positive 4 25 10 39 
% positive 21 93 100 
Severity grade G1 G1-G2 G1-G2 

Overall LOS 
No, shrimp with LOS 18 27 10 55* 
% shnmp with LOS 95 100 100 
Severity grade G1-G4 G1-G3 G1-G3 

dThis total is less than the sum of the 3 morphotypes because some L 0  
contained more than 1 LOS morphotype 

Histological examination of 56 TSV- 
challenged shrimp over a period of 48 wk 
revealed that 2 to 3 morphotypes could be 
seen together in the L 0  throughout the 
period of observation (Table 1). However, 
based on the relative prevalence of the 3 
LOS morphotypes (Table l), observations 
could be divided into 3 general intervals: 
1 to 5 wk post challenge (Interval 1);  6 to 
16 wk post challenge (Interval 2); and 
20 to 48 wk post challenge (Interval 3). 
During Interval 1, Type A LOS dominated 
(95 %) while Types B (79 %) and C (21 %) 
were less prevalent. During Interval 2, the 
prevalence of all 3 LOS types was high 
and roughly equal (81 to 100%). During 
Interval 3, Type C (100%) had the highest 
prevalence while Types B (90%) and A 
(60%) were lower. There was also a gen- 
eral change in the severity of the LOS 
types from Intervals 1 to 3. The severity of 
Type A was highest during Interval 1 and 
lowest during Interval 3, while the reverse 
was true for Type C. Type B gave maxi- 
mum severity during Interval 2. The 
trends for change in morphotype severity 

playing increased numbers of necrotic cells/debris and were matched by changes in positive hybridization 
few to moderate numbers of cytoplasmic vacuoles. The with a TSV probe (Table 2), so that the number of 
final LOS morphotype, Type C, displayed an overalI probe-positive Type A LOS was 63Y0 at Interval 1 and 
increase in basophilia, contained highly basophilic 0 O/o at Interval 3, while the number of probe-positive 
nuclei -33 to 50% smaller than those observed in the Type C LOS was 0% at Interval 1 and 10% at Inter- 
Type A and B forms, a reduced cytoplasm 
to nuclear volumetric ratio (ranging from Table 2 Penaeus vannamei. Prevalence and severity of TSV-probe-positive 
-0,5:1 to 1:1) and few to numerous cyto- LOS morphotypes by in situ hybnd~zation analysis during 3 intervals over 

the total observation period of 48 wk. Explanat~ons for the morphotypes 
plasmic vacuoles (Fig. lG,H).  (Types A to C) and severity grades (GO to G4) are given in the 'Materials and 

The progression from LOS morphotype methods' 
Type A to Type C was determined based 
on their sequential appearance in the time 
course sampled shrimp (Table 1) and by 
the observation of intermediate or transi- 
tional LOS forms, which were defined as 
LOS containing the charactenstics of 2 
distinct morphotypes (Fig. 2). In order to 
quantify the 3 LOS morphotypes and 
establish a time frame during which each 
type was observed, the prevalence of LOS 
per section was qualitatively graded on a 
scale from 0 to 4; (GO) no detectable LOS, 
(Gl )  LOS comprising <25 % of the organ, 
(G2) LOS comprising -25 to 50% of the 
organ, (G31 LOS in -50 to 75% of the 
organ, and (G4) LOS in >75 % of the organ 
(Table 1). Utilizing this same grading sys- 
tem, an overall LOS severity grade was 
determined for each shrimp sample. 

Sample Interval 1 Interval 2 Interval 3 Total 
(Weeks 1-5) (Weeks 6-16) (Weeks 20-48) 

No. of shrimp 19 27 10 56 

Type A 
No. TSV-probe + 12 2 0 14 
'% TSV probe + 63 7 0 

Type B 
No. TSV probe + 14 24 7 4 5 
% TSV probe + 74 89 70 

Type C 
No. TSV probe + 0 0 1 1 
% TSV probe + 0 0 10 
Severity grade 
Overall pooled 
No. TSV probe + l 8  24 7 49" 
YO TSV probe + 95 8 9 7 0 
Severity grade G1-G4 G1-G3 G1-G2 

"This total is less than the sum of the 3 morphotypes because some L 0  
contained more than 1 probe-positive LOS morphotype 



Hasson et al.. TSV lesion development in Penaeus vannamei 97 

Fig. 1. Penaeus vanname]. Photomicrographs of consecutive H&E-stained (left column) and gene probed (right column) lymphoid 
organ (LO) tissue sections illustrating 3 L 0  spheroid (LOS) morphotypes (Types A to C) from chronic phase TSV infections: (A,B) 
Type A LOS in a specimen collected 5 wk post-injection (PI). Note the homogeneous appearance of each cell mass, which are 
gene probe negative. (C,D) Early Type B LOS from a specimen 7 bvk PI showing vacuolization (white circles) and the presence of 
necrotic cells with pyknotic nuclei (arrowheads). A portion of a normal tubule is located to the immediate right of the LOS. Note 
the strong TSV-probe-positive signal (black precipitate). (E,F) Late Type B LOS from a specimen 32 wk PI displaying increased 
vacuolization, necrotic cell remnants and increased nuclear basophilia as a result of chromatin margination. A portion of a nor- 
mal L 0  tubule is located to the immediate right. Note the focal TSV-probe-positive signal. (G,H) Type C LOS from a specimen 
9 wk PI showing condensed, basophilic nuclei and a high degree of cytoplasmic vacuohzation. A portion of a normal L 0  tubule 

is located immediately below the LOS. Scale bars = 20 pm 
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Fig. 2. Penaeus vannamei. Photomicrographs illustrating intermediate forms of LOS. (A) H&E-stained section from a shrimp 9 wk 
PI illustrating 2 early Type B LOS (tB), 2 Type C LOS (tC), and an intermediate-form LOS (I) displaying characteristics of both 
Types B and C. Two normal L 0  tubules can be seen in the lower right corner. (B) High magnification of the intermediate LOS 
seen in ( A ) .  The upper half of the LOS resembles an early Type B LOS, and the lower half a Type C LOS. Arrows in (B) and (C) 
~ndicate the line of division between the Type B and Type C portions of the intermediate LOS forms (C) H&E-stained and 
(D) gene probed parallel sections showing another intermediate-form LOS with the top half resembling a late Type B spheroid. 
and the bottom half a Type C LOS. A gene probe-positive signal is detectable within the Type B portion. (E) H&E-stained and 
(F) gene probed parallel sections illustrating an intermediate LOS (arrow) together with 1 Type C LOS (tC) and 2 Type B LOS (tB). 
The intermediate form shows early Type B morphology at the top and Type C morphology at the bottom. The larger Type B LOS 

is TSV-probe-positive. Scale bars = 30 pm 
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val 3. The number of probe-positive Type B LOS was 
high (70 to 89 %) throughout the period of observation. 

During Interval 3, Type C LOS appeared atrophied 
and in a state of degeneration, and normal tubules 
predominated in the L 0  (Fig. 3). When Type C LOS 
degeneration occurred in the absence of Type A and 
Type B LOS, it was interpreted as the terminal stage of 
a chronic phase TSV infection. 

Lymphoid organ in situ hybridization 

Forty-nine of the 56 samples assayed demonstrated 
the presence of TSV within the L 0  (Table 2). Forty-five 
of the 49 TSV-positive samples (92%) demonstrated 
focal TSV-positive probe signals within Type B LOS 
(Fig. lD,F), while 14 (29%) contained focal signals in 
the Type A morphotype (not shown), and 1 sample 
(2%) contained a single, probe-positive Type C LOS 
(not shown). Nine samples displayed a diffuse probe 
signal within morphologically normal L 0  tubules. 
TSV-probe-positive signals were detected within LOS 
in representative samples from each collection period 
up through Week 32, but they were not observed in the 
2 samples collected during Weeks 40 and 48. 

In contrast to the large numbers of LOS observed, 
the overall probe signal severity was relatively low in 
the majority of the samples (G1 to G2, Table 2). Probe 
signals were most numerous (G2 to G4) in samples 
collected within the first 3 wk PI and least numerous 
in samples collected during Weeks 24 through 48. In 
the majority of the TSV-positive LOS, probe signals 
were confined to LOS sites that contained necrotic 
cells (e.g. pyknotic nuclei and cytoplasmic eosino- 
philia) and they were both intense and focal. Some of 
the necrotic cells appeared to be inside vacuoles, pos- 
sibly as the result of phagocytosis by adjacent LOS 
cells. 

Comparison of parallel histological and gene probe 
sections demonstrated the presence of 3 distinct TSV 
probe signal patterns within the L 0  of 13 shrimp col- 
lected between Weeks 1 to 3 PI (Fig. 4). The L 0  of 1 
shnmp (Day 4) contained no detectable LOS, but dis- 
played a strong diffuse TSV gene probe signal within 
morphologically normal L 0  tubules (Fig. 4A,B). Eight 
other samples produced weak diffuse signals within 
histologically normal L 0  tubules together with strong 
focal signals within some of the LOS that were observ- 
able in each shnmp L 0  (Fig. 4C,D). The 5 remaining 
samples collected between Weeks 1 and 3 demon- 

Fig. 3. Penaeus vannamei. Photomicrographs of L 0  tissue sections illustrating the possible terminal stage of LOS development. 
(A) H&E-stained and (B) gene probed L 0  tissue from a shrimp 40 wk PI showing a few atrophied Type C LOS (arrowheads), 
-50 to 75% smaller than those normally seen. Normal L 0  tubules (NT) surround the Type C LOS. The section is TSV-probe- 

negative. Scale bars = 50 pm 
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Fig. 4 .  Penaeus vannamei. Photom~crographs of consecutive H&E-stained (left column) and gene probed (right column) L 0  t~ssue 
sections dustrating 3 patterns of TSV gene probe signals from chronically infected P. vannamei juveniles. (A,B] Pattern from an 
early transition phase TSV infection where L 0  tubules appear normal but give a strong positive TSV gene probe signal within 
the peripheral sheath cells as indicated by the heavy black precipitate. (C,D) Pattern observed in shrimp collected 1 to 3 wk 
following an acute phase TSV infection showing a late Type A LOS (tA), an early Type B LOS (tB) and 2 transversely cut, 
morphologically normal L 0  tubules (NT). Two strong focal TSV probe signals can be seen within the Type A spheroid and weak, 
dispersed signals within the walls of both L 0  tubules. (E,F) Pattern from an intermediate- to late-stage chronic phase TSV mfec- 
tion showing a normal L 0  tubule (NT) bordered on each side by 3 Type B LOS (arrowheads). Focal TSV gene probe signals can 

be seen within the LOS, but there is no signal within the normal L 0  tubules. Scale bars = 40 pm 
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strated probe-positive signals within LOS only. Siini- 
larly, of the remaining 43  samples collected after this 
period, 36 displayed probe-positive signals within LOS 
only (Fig. 4E,F) .  A single sample, collected during 
Week 5, displayed the mixed (dispersed plus focal 
probe signal) pattern similar to that observed in the 8 
samples from Weeks 1 through 3. 

Six of the 56 shrimp analyzed displayed ectopic 
spheroids (-10% prevalence), which were observed in 
the paragnath, maxillipeds or periopod tips. In each 
case, the spheroids were located in sites that are nor- 
mally occupied by tegmental glands (Fig. 5A,C) and 
no evidence of spheroid metastases (i.e. LOS migration 
into other tissues) was observed. Two of the 6 sam- 
ples displayed strong focal TSV-positive probe signals 
within Type B ectopic spheroids (Fig. 5D). Each of the 
6 samples originated from different sampling intervals 
(1, 2 ,  and 3) so no correlation was found between infec- 
tion interval and ectopic spheroid development. 

DISCUSSION 

Based on the results of the current study and previ- 
ous findings of Hasson (1998) and Hasson et al. (1995, 
1999b). the histological characteristics of chronic phase 
TSV infection in experimentally infected Penaeus van- 
namei can be defined. They include the complete 
absence of acute phase histological lesions of the cutic- 
ular epithelium, a low prevalence of ectopic spheroid 
development, L 0  hypertrophy directly resulting from 
the rapid proliferation of numerous LOS, and suc- 
cessive LOS morphogenesis. Clinical features of a 
chronic-phase TSV infection include a resumption of 
normal behavioral patterns, absence of disease signs, 
and an apparent cessation of TSV-ind.uced mortality 
(Hasson et al. 1999b). 

Shrimp in the late transition phase of TSV infection 
and in the first 2 to 3 wk of a chronic phase TSV in- 
fection show diffuse TSV-positive probe signals within 
morphologically normal L 0  tubules together with some 
TSV-positive LOS (Fig. 4 ) .  Since L 0  tubules appear to 
be unaffected by TSV during the acute infection 
phase, this suggests that TSV probe signals within 
morphologically normal L 0  tubule walls indicate 
active sequestering of the virus. During this phase, 
there is an observable increase in the number of Type 
A LOS and a decrease in the number of TSV-probe- 
positive L 0  tubules, which might suggest that L 0  
tubules transform into Type A LOS. However, based on 
findings that LOS consist of aggregated hemocytes 
(Anggraeni & Owens 1998, Anggraeni 1999), it may be 
that resident L 0  tubule phagocytes sequester TSV 
and then migrate into the intertubular hemal sinuses, 
where they aggregate to form LOS. If so, the decrease 

in number of normal L 0  tubules may only be a percep- 
tion resulting from the dispersion of tubules within a 
hypertrophied L 0  that contains numerous LOS. Obser- 
vations of numerous LOS surrounding the subgastric 
artery in Penaeus vannamei and P. stjdirostris, with 
either naturally occurring or experimentally induced 
chronic TSV infections, support this later hypothe- 
sis (Hasson unpubl. data). However, further work is 
needed to determine which of these 2 hypotheses, or a 
combination thereof, is valid. 

The 3 distinct lymphoid organ morphotypes identi- 
fied (Types A, B and C) appeared to represent a devel- 
opmental series. The series began with Type A (homo- 
geneous cell masses) which were found to be probe- 
positive 29% of the time (14 of 49, Table 2) ,  suggesting 
that TSV was either undetectable in the remaining 
71 % or was eliminated by an unknown mechanism 
during spheroid development. The probe-positive 
Type A LOS then appeared to undergo focal TSV- 
induced necrosis and nuclear pyknosis with concur- 
rent vacuole formation to produce Type B LOS. 
Increased vacuolization and nuclear condensation of 
Type B LOS resulted in Type C LOS, which were 
devoid of necrotic cell debris. Histologically, the Type 
B LOS was the most abundant morphotype and also 
displayed the highest prevalence of TSV-positive 
probe signals by in situ hybridization, suggesting 
ongoing viral replication that resulted in LOS cell 
destruction. The final morphotype, Type C LOS, domi- 
nated during the last 20 wk of the study (Table 1) and, 
typically, gave negative TSV probe results (Table 2). 

In brief, LOS numbers appear to increase and trans- 
form from Type A to Type C along with a concurrent, 
but gradual decrease of detectable TSV within the LO. 
This supports the hypothesis that the L 0  and LOS play 
some role in the elimination of invading pathogens, 
including viruses, by phagocytosis (pinocytosis). LOS 
morphologically resemble foreign-body-type giant 
cells formed in mammals by activated resident or 
migrating macrophages (epitheloid cells) during a 
chronic inflammatory response (Cotran et al. 1989). 
The lack of cytoplasmic membranes observed within 
LOS and the suggestion of giant-cell formation by 
Owens et al. (1991) further support this possibility. Fur- 
thermore, as with other chronic inflammatory infec- 
tions, the present findings indicate that the response 
may or may not be successful in eliminating a TSV 
infection. 

Two possible competing processes may occur within 
the L 0  during a chronic TSV infection (Fig. 6). In one 
of these, sequestered TSV may continue to replicate 
within Type B LOS, successfully escape the LOS, enter 
the circulatory system and eventually return to the LO, 
where it would be removed by normal L 0  tubules. 
Thus the cycle of LOS morphogenesis could begin 
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Fig. 5 Penaeus vannamei. Photomicrographs of ectopic spheroids within the third maxilliped of P. vannameijuveniles chronically 
infected with TSV. (A) An HhE-stained section showing morphologically normal tegmental glands (arrowheads) and a single 
ectopic spheroid (arrow). (B) High magnification showing 2 normal tegmental glands (Tg), a single ectopic spheroid (arrowhead) 
and an intermediate form (arrow) which is normal on the right side but contains an early Type B spheroid on the left side. 
(C) Numerous ectopic spheroids (arrowheads) in foci that previously contained tegmental glands (small arrow). A single inter- 
mediate form, similar to that seen in (B), is also apparent (large arrow). (D) Gene probe analysis of a parallel section of (C) shows 

that one of the spheroids in this maxilliped is TSV-positive, as indicated by the black precipitate. Scale bars = 50 pm 
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anew and a chronic phase infection could persist in a 
cyclic fashion. This process could explain the consis- 
tent presence of TSV-probe-positive Type B LOS to- 
gether with l or 2 other LOS morphotypes within the 
L 0  of most test shrimp, and the reported presence of 
infectious TSV in hemolymph of chronically infected 
Penaeus vannamei for up to 1 yr PI (Dr Jeff Lotz & 
Bonnie Poulos pers. comm.). 

The second possible process is that LOS morphogen- 
esis may progress to Type C, and the virus may either 
be eliminated or its numbers sufficiently reduced to be 
undetectable by gene probe analysis. The fact that 
Type C LOS were TSV-probe-negative supports this 
contention. However, the mechanism of viral elimina- 
tion is unclear. Since cells of Type C LOS are reduced 
in size, TSV-probe-negative and elicit no inflammatory 
response during degradation, they resemble apoptotic 
cells (Thompson 1995) and it is possible that their self- 
destruction results in the elimination of TSV. Examples 
of viral-induced apoptosis in vertebrate lymphocytes 
are not uncommon (e.g. rabies, human immunodefi- 
ciency virus, feline leukemia virus, avian influenza 
virus, chicken anemia virus [Thoulouze et al. 19971 and 
human influenza virus [Mori et al. 19951). I t  has not 
been previously reported for a penaeid shrimp virus, 
although Anggraeni & Owens (1998) have reported a 
high prevalence of apoptotic cells within LOS. By 
whatever mechanism, this process suggests that de- 

ACU-rE PHASE INFECTION 

TS\' 
Type A 

Fig. 6. Hypothesized chronic phase TSV cycle in experimen- 
tally infected Penaeus vannamei juveniles. During the acute 
phase of infection, TSV is released into the host circulatory 
system and sequestered by phagocytic cells within normal 
L 0  tubules (transition phase). These cells may either trans- 
form in situ andlor migrate and aggregate within L 0  hemal 
sinuses, initiating LOS development, beginning with the 
Type A form. Viral replication within the Type A LOS results 
in the formation of the Type B morphotype. Release of TSV 
into the circulatory system from Type B LOS re-initiates the 
LOS cycle and results in a steady-state chronic infection. In a 
concurrent, competing process, the virus is eliminated by 
Type C LOS as they degenerate, and this promotes a return to 
L 0  normalcy. Viral persistence or elimination will depend 

upon the balance between these competing processes 

generation of Type C LOS would return the L 0  and 
shrimp host to normalcy. Ultrastructural and genomic 
DNA analyses of late-stage chronically infected Penaeus 
vannamei would be needed to confirm or refute this 
hypothesis. 

The final outcome of chronic phase TSV infections 
would depend upon competition between the above 2 
processes, in which viral replication and elimination 
would occur concurrently (Flg. 6 ) .  Which process dom- 
inates in chronically infected shrimp would probably 
depend upon the host's overall nutritional and health 
status. This may explain why the prevalence of Type C 
LOS was high while detectable TSV was low (Tables 1 
& 2) during Interval 3. By that time, the shrimp popula- 
tion density had been greatly reduced by mortality and 
sampling so that any stress from crowding and feed 
competition would have been alleviated. 

Ectopic spheroids were detected in 6 of 56 (-10%) 
test shrimp and 2 were found to be TSV-positive by 
gene probe analysis. They were observed as foci in 
appendages that normally contained tegmental glands 
(Fig. 5) and were morphologically indistinguishable 
from the Type A and B LOS. Ectopic spheroids have 
been reported in Penaeus monodon and P. pennicil- 
latus from Taiwan (Lightner et al. 1987), P. monodon 
from Australia (Owens et al. 1991), P. stylirostns from 
Tahiti (Owens et al. 1991) and P. monodon from 
Indonesia (Christofilogiannis 1993, Turnbull et al. 1994). 
They have been documented from gills, heart, nerve 
cord, gonads, muscle, antenna1 gland, hepatopancreas 
and tegmental glands. Lightner et al. (1987) noted a 
correlation between the presence of both ectopic and 
LOS in shrimp with chronic inflammatory infections. 
The general hypothesis advanced was that they were 
hyperplastic cellular masses that had disassociated 
from the L 0  and metastasized to other sites. Although 
individual spheroids were observed in close proximity 
to the L 0  in a few of our chronically infected test 
shrimp, no histological evidence was found to indicate 
that TSV-induced LOS migrated to other locations. 
Rather, they appeared to develop de novo at sites 
that previously contained tegmental glands. Although 
ectopic spheroids have been reported in several spe- 
cies of penaeid shrimp, the present investigation is the 
first in which both LOS and ectopic spheroids were 
experimentally induced by viral exposure and moni- 
tored over time by gene probe analysis. Little informa- 
tion has been published concerning the physiology of 
the penaeid shrimp tegmental gland, and the reason 
why TSV-induced ectopic spheroids appear to develop 
in their location or directly from them is unknown. 

To summarize our findings and our review of the 
literature, we speculate that both LOS and ectopic 
spheroids are composed of the same unique phago- 
cytic cell type, which becomes activated and either 
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forms aggrega tes  in situ and/or  migrates  to infected 
s i tes  a s  a defensive response to  chronic viral infections 
or to o ther  non-self substances that  a r e  too small to 
elicit hemocytic nodule formation (encapsulat ion) .  Thls 
hypothesis  allows for a reasonable explanat ion of the  
~norpholog ica l  changes  a n d  gradua l  reduction in viral 
load  observed  within t h e  LOS of our  test shrimp. It c a n  
also explain t h e  a p p e a r a n c e  of ectopic spheroids i n  
multiple tissue types for shr imp diseases  described by 
o ther  investigators. This  e x p a n d s  u p o n  t h e  hypothesis 
tha t  t h e  penae id  L 0  plays an important  immunodefen-  
sive role (Kondo e t  al.  1994) by shedding  some light 
o n  t h e  role of L 0  tubules  a n d  LOS a n d  by including 
ectopic spheroids.  Clearly these  s t ructures  play a rela- 
tively unexplored bu t  significant role in  t h e  cell- 
media ted  i m m u n e  response  of penae id  shrimp, a n d  
they  w a r r a n t  fur ther  investigation. 

A s  LOS a n d  ectopic spheroids deve lop  with a variety 
of viral infections, a definitive diagnosis of their 
etiology cannot  b e  m a d e  by routine histology; virus- 
specific g e n e  probes  a r e  required.  Here ,  a p robe  
s h o w e d  tha t  TSV could b e  detected in  grossly normal  
Penaeus vannamei for a t  least  32 w k  following a n  
a c u t e  p h a s e  infection (Table 2, Figs. 1 & 4). Together  
with t h e  reports  o n  infectious TSV in hemolymph for a t  
least  1 yr  after a c u t e  infection (Dr Jeff Lotz & Bonnie 
Poulos pers. comm.) ,  these  collective findings satisfy 
t h e  definition of a chronic infection. This  is significant 
from a shrimp m a n a g e m e n t  s tandpoint ,  because TSV 
survivors left in  ponds  or presen t  i n  shr imp fa rm water-  
w a y s  a r e  a potential source  of r e n e w e d  TSV out- 
breaks.  
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