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Abstract

We examined the histopathological and hematological response of the Caribbean spiny lobster to experimentally induced infections with Panulirus
argus Virus 1 (PaV1). The fixed phagocytes in the hepatopancreas were the primary sites of PaV1 infection in spiny lobsters. Fixed phagocytes
were activated in early infections. However, as the disease progressed, the fixed phagocytes became infected and eventually lysed. Infected cells
were subsequently observed in the hepatopancreas, gill, heart, hindgut, glial cells around the ventral nerves, and in the cuticular epidermis and
foregut. In advanced infections, spongy connective tissues were heavily infected, as were glial cells around the optic nerves. The structure of the
hepatopancreas was significantly altered as the disease progressed. The hemal sinuses among the hepatopancreatic tubules filled with massive
amounts of cellular aggregates, including infected circulating hemocytes and spongy connective tissues. Atrophy of the hepatopancreatic tubules
occurred in the late stage of viral infection. The virus caused significant decreases in total hemocyte counts and significantly altered several
constituents in the hemolymph lysates of diseased lobsters, including: glucose, phosphorus, and triglycerides.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Caribbean spiny lobster Panulirus argus occurs through-
out the Caribbean basin and Western Atlantic from Brazil to
Bermuda (Holthuis, 1991) and supports valuable commercial
and recreational fisheries throughout its range (Harper, 1995;
FAO, 2001, 2004). In Florida, for example, the commercial land-
ings of Caribbean spiny lobster have varied between 4.3 million
pounds and 7.9 million pounds per year from 1970 to 1999. In
1999, the total landings of the spiny lobster decreased and by
2001 they had dropped to 3.4 million pounds, the lowest reported
landings since 1982, approximately 45% less than the historical
average landings (Muller et al., 1997; FMRI, 2005). The recently
identified pathogenic virus, Panulirus argus Virus 1 (PaV1), may
have contributed to the decline (Shields and Behringer, 2004).

PaV1 primarily infects benthic juvenile lobsters (20–55 mm
carapace length, CL), with prevalence decreasing rapidly in rela-
tion to increasing size (Shields and Behringer, 2004). The virus
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occurs throughout the Florida Keys, with the prevalences of vis-
ibly infected juveniles ranging from 6% to 8%, and reaching
37% in some areas (Shields and Behringer, 2004). The virus is
transmitted by contact, through food, and over short distances
(<1 m) through the water (Behringer, 2003; Butler et al., unpubl.
data). However, healthy lobsters can sense and avoid diseased
lobsters and this may limit the spread of the virus in the lobster
population (Behringer et al., 2006). PaV1 infects certain hemo-
cytes and spongy connective tissues in several tissues and organs
(Shields and Behringer, 2004). However, the sites of early infec-
tion, the progression of PaV1 infection in the spiny lobster and
the hematological response of the host to viral infection have not
been examined. Herein, we report the pathology and hematol-
ogy of spiny lobster over a time course of experimental infection
by PaV1.

2. Materials and methods

2.1. Caribbean spiny lobster P. argus

Juvenile spiny lobsters, 25–50 mm carapace length (CL),
were collected from the Florida Keys by hand using SCUBA.

0168-1702/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
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Lobsters with apparent signs of disease (Shields and Behringer,
2004) were held separately in 38 L glass aquaria with
flow-through ambient seawater (salinity = 35 ± 1 ppt, temper-
ature = 24 ± 1 ◦C) equipped with biological filters (Whisper)
filled with pre-conditioned crushed coral, and used as donors
for inoculation trials. All other lobsters were randomly divided
into groups (four to five animals) and housed separately in 76 L
glass aquaria. Lobsters were acclimated for at least 2 weeks prior
to inoculation trials. During experiments, lobsters were fed squid
three times per week, and water changes were made as needed to
ensure that water quality parameters remained within acceptable
limits: ammonia (0–0.3 ppm), nitrite (0–0.6 ppm), pH (7.4–8.4),
salinity (35 ± 1 ppt) and temperature (23 ± 1 ◦C).

2.2. Viral inocula

Viral inocula were extracted from hemolymph of heavily
diseased lobsters, which were histologically confirmed to have
heavy infections (Shields and Behringer, 2004). The infectious
titer of the inocula was quantified later on frozen pooled sera
using a 50% tissue culture infectious dose assay (TCID50)
from Li and Shields (2007). Briefly, diseased hemolymph was
mixed with an equal volume of citrate/EDTA anticoagulant
(0.45 M NaCl, 0.1 M glucose, 30 mM sodium citrate, 26 mM
citric acid, 10 mM EDTA; pH 5.4; Söderhäll and Smith, 1983)
and homogenized with a glass homogenizer (Pyrex®, Corning
Inc.) at 4 ◦C for 5 min. The homogenate was then centrifuged at
3000 × g for 10 min at 4 ◦C, and the supernatant filtered through
a 0.45 �m filter. The viral filtrates were serially diluted with
modified Leibovitz L-15 medium (ML-15) to 1:1, 1:10, 1:100
and 1:1000 and used as inocula. Aliquots of 100 �l of inoc-
ula were inoculated separately into 1-day-old hemocyte cultures
(semigranulocytes and hyalinocytes) in 48-well tissue culture
plates (Costar®, Costar Corp.). The plates were incubated at
22–24 ◦C for 96 h, and supplemented with fresh medium at 2-
days intervals. The inoculated primary cultures were examined
daily with an inverted microscope, and images were taken for
assessment of cytopathic effects (CPE). TCID50 was calculated
at 96 h based on the end-point dilution assay of Reed and Muench
(1938) as described in Li and Shields (2007).

2.3. Experimental infection

Lobsters were inoculated through the arthrodial membrane
at the juncture of the basis and ischium of the fifth walking leg.
Two separate inoculation trials were conducted to examine the
pathological response of the hosts over different time scales and
viral dosages. Trial I was a short-term infection study, where
lobsters were dosed with the virus, then necropsied over the
time course of 15 days. Trial II was a long-term infection study,
where lobsters were dosed with the virus, then necropsied at 10-
day intervals over almost 80 days. Trials I and II were undertaken
at different times with different viral doses (see below).

In Trial I, hemolymph samples from heavily infected donors
were pooled, diluted with citrate-EDTA anticoagulant (1:9) and
used as inoculum (virus titer = 5.8 × 102 TCID50/ml). Aliquots
of 100 �l of inocula were injected separately into 30 healthy

lobsters using sterile 27-gauge needles. Inoculated animals were
held together in groups of three to four animals per 76 L aquar-
ium. Controls consisted of 18 animals injected with an equivalent
volume of the mixture of the anticoagulant and hemolymph col-
lected from healthy lobsters. Animals serving as controls were
held together in groups of three to four animals per 76 L aquar-
ium. At days 1, 3, 5, 7, 10, and 15 post-inoculation (p.i.) five
animals from the virus inoculated group and three animals from
control group were randomly selected and processed for disease
assessment.

In Trial II, hemolymph from heavily infected donors (dif-
ferent donors than in Trial I) was pooled, then diluted with
citrate-EDTA anticoagulant (1:2) and used as inocula (virus
titer = 1.2 × 103 TCID50/ml). Aliquots of 100 �l of inocula were
injected separately into 50 healthy lobsters using sterile 27-
gauge needles. Controls consisted of 30 lobsters injected with
an equivalent volume of the anticoagulant. Inoculated and con-
trol animals were held separately in groups as detailed above.
At ∼10-days intervals until 80-days p.i., five lobsters from
the experimental group and three lobsters from the control
group were randomly selected, dissected and processed for
histopathological assessment of PaV1 infection and blood chem-
istry analysis. Hemolymph and other tissues were collected from
each lobster and processed for histological and hematological
analysis as described below.

2.4. Diagnosis of PaV1 infection

Several tissues were collected for histology from each dis-
sected lobster, including hepatopancreas, hindgut, gill, heart,
cuticle epidermis, nerve tissue, and in some cases, compound
eyes and antennal gland. Tissues were fixed in Bouin’s solution
(Fisher) or Z-fix (Anatech Ltd.) for approximately 24 h, rinsed
with tap water for 45 min, then held in 70% EtOH, processed
through paraffin and stained with Harris hematoxylin and eosin
Y (H&E) (Humason, 1979). Eyes were decalcified overnight in
citrate-EDTA, cut in two and processed as above. All tissues
were examined using an Olympus BX51 microscope and pho-
tographs were taken using a Nikon DXM1200 digital camera.
When infections were ambiguous via normal histopathology,
tissue samples were processed for diagnosis of viral infection
using fluorescence in situ hybridization (FISH) (Li et al., 2006).

2.5. Biochemical and hematological analyses

Hemolymph was drawn with a 27 ga. syringe from the junc-
ture between the basis and ischium of the fifth walking leg.
Aliquots of 1 ml hemolymph of each animal were stored in
ultracold freezer (−80 ◦C) for biochemical analysis. Frozen
hemolymph samples were thawed on ice, the lysate serum was
collected using a pipette, and then centrifuged at 3000 × g for
10 min at 4 ◦C (IEC Thermo Centra) to remove cell debris.
Sera were then processed through an Olympus AU400 clinical
chemistry analyzer (Olympus Americas, Inc.) for blood chem-
istry analysis. Glucose, total protein, phosphorus, triglycerides,
lipase, creatinine, alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALKP), gamma-
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glutamyl transpeptidase (GGT), calcium, sodium, potassium,
and chloride were measured according to the manufacturer’s
manual. Hemolymph collected from Trial II was immediately
processed for total hemocyte counts (THC) and differential
hemocyte counts (DHC). Briefly, THC and DHC were pro-
cessed with a Neubauer hemacytometer using an Olympus BX51
microscope equipped with a Nomarski Differential Interference
Contrast Filter. Hemocytes were categorized as hyalinocytes,
semigranulocytes or granulocytes based on cell size, cell shape,
and granularity (Li and Shields, 2007). Differences in bio-
chemical and hematological constituents between control and
experimental groups were examined statistically with SYSTAT
(SYSTAT Software Inc.). Multivariate ANOVA was used to
examine differences in biochemical and hematological con-
stituents in lobsters with different disease categories (healthy,
light-medium infection, and heavily infected) as determined by
histological examination. The data were examined for para-
metric assumptions and were tested in both the raw and
log-transformed state.

3. Results

3.1. Disease status of experimental lobsters

The severity of viral disease in lobsters was rated as Cat-
egory 0, 1, 2 or 3 based on pathological changes in all
tissues examined (Table 1). Infected cells were characterized
by hypertrophied nuclei, peripheral chromatin and eosinophilic
Cowdry-like inclusions. For each tissue, the level of infection
was rated as 0, 1, 2, or 3 based on the number of infected cells
per section examined microscopically at 400×: 0, no cells with
observable pathology; (1) <10 infected cells/section; (2) 10–100
infected cells/section; (3) >100 infected cells/section.

In Trial I, only one lobster was lightly infected and another
moderately infected by 15 days p.i. There was no observable
pathology in any of the lobsters before that time.

In Trial II, the virus was highly infectious, presumably
because of the higher dose. The pathological changes in the
tissues of lobsters with light or moderate infections were similar
in both trials, but more animals were confirmed to be infected

in Trial II. By day 10 p.i., 80% of the lobsters were infected,
including one with a moderate infection. By day 20 p.i., all
lobsters inoculated with virus were infected; most (80%) were
moderately infected, and one was heavily infected. By day 30
p.i., 60% of the inoculated lobsters were heavily infected and
40% moderately infected. After 40 days p.i., all lobsters that
were inoculated were heavily infected. In both trials, all but one
of the control lobsters were healthy, the single infected control
was consistent with the background level of the virus present in
wild.

3.2. Progression of disease in experimental inoculated
animals from Trial I

In Trial I, infected cells were initially observed in the hep-
atopancreas of the two infected lobsters at day 15 p.i. Fixed
phagocytes in the hepatopancreas were the primary cells associ-
ated with PaV1 infection in spiny lobsters. Significant alterations
of the fixed phagocytes were observed in the hepatopancreas
in relation to the progression of the infection (Fig. 1). Acti-
vated fixed phagocytes were significantly enlarged, with highly
vacuolated cytoplasm and sparse granules (Fig. 1B). As infec-
tion progressed, fixed phagocytes were obviously infected by
the virus (Fig. 1C). In the hepatopancreas of the lobster mod-
erately infected by PaV1, the typical rosette structure of the
fixed phagocytes around the arterioles was no longer discernible
(Fig. 1D). There were no overt pathological changes in other tis-
sues during this early period of infection, except that granulomas
were present in the antennal gland of the lightly infected lob-
ster (Fig. 1E). However, no infected cells were observed in the
antennal gland.

Total hemocyte counts (THCs) varied over time and between
treatments (Fig. 2). Infected lobsters had significantly lower
hemocyte counts than uninfected lobsters (2-way ANOVA,
df = 1, 29, p < 0.0005). However, there was a highly significant
downward trend in the total hemocyte counts in both treatments
over time that probably resulted from the stress of handling
and the inoculation (2-way ANOVA, df = 5, 29, p < 0.002). Fur-
ther, there was a nearly significant statistical interaction between
treatment and sample day, partly because the infected ani-

Table 1
Categorization of the severity PaV1 disease in the Caribbean spiny lobster Panulirus argus

Category 0 •No aberrant cells with hypertrophied nuclei, no peripheral chromatin or eosinphilic inclusions
Healthy •Hepatopancreas and other tissues appear normal

•Fixed phagocytes appear normal, not activated

Category 1 •A few infected cells (<10 per section) present in hepatopancreas or other organs
Lightly infected •Hepatopancreas and other tissues appear normal

•Fixed phagocytes in hepatopancreas activated or a few infected

Category 2 •More infected cells (10–100 per section) present in hepatopancreas or other organs
Moderately infected •Infected cells present in spongy connective tissue around midgut, heart or gills

•Most fixed phagocytes activated or infected

Category 3 •Interstitial spaces in hepatopancreas filled with numerous infected cells (>100 per section)
Heavily infected •Hepatopancreatic tubules atrophied

•Many infected cells present in heart, and spongy connective tissue around midgut and other organs
•Focal necrosis in heart
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Fig. 1. Pathological changes in the tissues of PaV1-infected lobsters from Trial I (low-dose, short-term). (A): resting fixed phagocytes surrounding an arteriole in the
hepatopancreas of a healthy lobster, (B): activated fixed phagocytes in a lightly infected lobster, (C): infected fixed phagocytes (arrows) in the lightly infected lobster,
(D): infected fixed phagocytes (arrows) in a moderately infected lobster, (E): granulomas in the antennal gland of the lightly infected lobster, (F): accumulation of
granulocytes in hemal sinuses of the hepatopancreas of the lightly infected lobster. Notice the alteration of fixed phagocytes in hemal sinuses of the hepatopancreas
over a time course of PaV1 infection, and the change in cell densities surrounding the arterioles. FP: fixed phagocyte, A: arteriole, L: lumen of tubule, Gr: granuloma,
G: granulocyte.

mals had significantly lower hemocyte counts over time than
did the uninfected animals, and partly because of the fluctu-
ation in hemocyte counts on days 1 and 3 (2-way ANOVA,
df = 5, 29, p < 0.051). Nonetheless, infected animals had sig-
nificantly lower hemocyte counts after day 7 when compared
to the controls. Relative changes among types of hemocytes
were not significantly different between treatments (data not
shown). Therefore, the absolute changes in THC were consis-
tent among cell types with treatments. However, granulocytes
appeared to accumulate in the enlarged hemal spaces of the
hepatopancreas of a lobster inoculated with PaV1 by day 15 p.i.
(Fig. 1F).

3.3. Progression of disease in tissues of experimental
infected animals from Trial II

Day 10 p.i.: Infected cells were observed in hepatopan-
creas, gill, heart, central nerve tissue and hindgut; they were
not observed in the cuticular epidermis and compound eyes
(Table 2). The hepatopancreas of lightly infected animals main-
tained its normal architecture (Fig. 3B). Many fixed phagocytes
were infected, although the architecture of the supporting spongy
connective tissue was unchanged (Fig. 1C). Reserve inclusion
(RI) cells were abundant in lobsters in the intermolt stage. No
overt pathological changes were observed in other tissues in the
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Fig. 2. Total hemocyte counts (THC) of lobsters from control and inoculation
group over early time course of infection with PaV1 (Trial I). The number of
cells was log transformed. Sample size was three lobsters in control and five in
experimental groups, bars = standard deviation.

initial stage of exposure, except that a few infected circulated
hemocytes (<10/section) were occasionally present.

Day 20 p.i.: The hepatopancreas, gill, heart and central nerve
tissues were moderately infected by PaV1, with many infected
cells (10 ∼ 100/section) present in these tissues (Table 2). A few
infected cells were observed in the cuticular epidermis around
the foregut, but no infected cells were observed in the tissues of
the compound eye. Infected cells were easily identified in tis-
sue sections stained with H&E. As infection progressed, hemal
sinuses within the hepatopancreas became filled with infected
cells, including fixed phagocytes, hyalinocytes and semigranu-
locytes (Fig. 3C). Most fixed phagocytes were infected by the
virus, and the rosette-like structure of the fixed phagocytes was
apparently altered, with cross-sections showing few normal cells
in the rosette. There was no clear separation of the connective
tissue cells supporting the arterioles and there was an apparent
increase in spongy connective tissue cells (Fig. 1D).

Day 30 p.i.: The hepatopancreas, gill and central nerve tissue
of diseased lobsters were heavily infected. The spongy connec-
tive tissue in the myocardium of heart, hindgut and cuticular
epidermis tissues were moderately infected. Spongy connective
tissues had begun to aggregate around the tubules of the hep-
atopancreas in one heavily diseased lobster (Fig. 3D). There
were no obvious changes in the tissues of diseased animals
by day 40 p.i. compared with those of day 30 p.i., except that

infected cells occurred in the hemal sinuses of the optic nerve
region in the eyes of diseased animals.

Day 50 p.i. and thereafter: Abnormal cellular aggregates of
spongy connective tissues were observed within the hepatopan-
creas and hindgut (Fig. 3E, Fig. 4A). However, the fibrous
connective tissues showed no histological signs of viral infection
(Fig. 4B). The spongy connective tissues around the nerves were
heavily infected (Fig. 4C). In the hearts of heavily diseased ani-
mals, cellular aggregates of the spongy connective tissues were
observed around the supportive, outer portion of the arterioles
(Fig. 4D). In lobsters chronically (>60 days) infected by PaV1,
the hemal spaces among the tubules of the hepatopancreas were
markedly dilated; the tubules of the hepatopancreas were greatly
atrophied and filled with large numbers of infected connective
tissue cells (Fig. 3E,F). As the disease progressed, RI cells were
gradually depleted in the hepatopancreas of chronically infected
lobsters.

3.4. Hemolymph serum chemistry of experimental animals

Values of the specific serum constituents were analyzed by
MANOVA. As dependent variables, the hemolymph param-
eters showed a nearly significant trend with infection status
(MANOVA, Wilks’ lambda = 0.323, F28,60 = 1.629, p = 0.057).
However, three hemolymph parameters varied with infection
status when analyzed separately. These were glucose (uni-
variate F2,43 = 7.911, p = 0.001) and triglycerides (univariate
F2,43 = 3.409, p = 0.042), with a nearly significant trend in
phosphorus (univariate F2,43 = 3.061, p = 0.057). Two canonical
variables were produced in the canonical discriminant analysis
of infection status and hemolymph parameters; the first variable
had a higher correlation with infection status (r = 0.743) than
did the second variable (r = 0.529). Four hemolymph variables
(glucose, phosphorus, AST and triglycerides) were significantly
correlated with the two canonical variables. Glucose (0.546)
had a large positive loading with the first canonical variable,
whereas the other variables were small and negative (<−0.108),
indicating that changes in glucose contributed most to the
overall effect, and that the other variables had weak nega-
tive correlations with the first canonical variable. Triglycerides
(0.609), phosphorus (0.499) and AST (0.371) had large posi-
tive loadings with the second canonical variable, but glucose
(0.052) contributed little to it, indicating that their changes
were in the same direction with respect to the second canonical
variable.

Table 2
Sequential progression of PaV1 in the tissues of the spiny lobsters over the time course of experimental infection in Trial II

Days P.I Hepatopancreas Gill Heart Central nerve tissue Hindgut Cuticular epidermis Compound eyes

Day 10 1.4 ± 0.6 1.4 ± 0.9 1.2 ± 0.5 1.0 ± 0.7 0.4 ± 0.5 0.0 ± 0.0 0.0 ± 0.0
Day 20 2.0 ± 0.7 1.8 ± 0.4 1.6 ± 0.5 1.6 ± 0.5 1.0 ± 0.0 0.6 ± 0.5 0.0 ± 0.0
Day 30 2.6 ± 0.5 2.4 ± 0.9 2.0 ± 0.0 2.2 ± 0.8 1.8 ± 0.4 1.8 ± 0.8 0.0 ± 0.0
Day 40 2.8 ± 0.4 2.6 ± 0.5 3.0 ± 0.0 2.6 ± 0.5 2.0 ± 0.0 1.8 ± 0.5 1.0 ± 1.0
Day 50 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0 2.4 ± 0.9 1.2 ± 1.3
Day 60 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0 2.6 ± 0.5 1.6 ± 0.5
Day 77 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0 2.0 ± 0.7

(Category of infection in each tissue = mean ± std., n = 5 per time period).
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Fig. 3. Pathological changes in the hepatopancreas of P. argus from Trial II (high-dose, long-term). (A): healthy, (B): light infection, (C): moderate infection, (D):
heavy infection, (E): chronic heavy infection, (F): hemal space among the tubules of the hepatopancreas of a chronically infected lobster. Note the proliferation of
cells in the hemal sinus (HS) among the tubules of the hepatopancreas in moderately and heavily diseased animals. L: lumen of tubule, RI: reserve inclusion cell, A:
arteriole, SCT: spongy connective tissues.

There were no significant alterations in the constituents in
Trial I because of the short span of time for the disease to develop
(data not shown). Separate controls were used in each trial.

The changes in tissue constituents showed two patterns: (1)
Absolute decreases in relation to severity: i.e., glucose levels
in the hemolymph of infected lobsters decreased significantly
in relation to severity, with healthy animals having the highest
glucose levels, and infected animals having depleted glucose lev-
els. (2) Fluctuations in relation to severity: i.e., phosphorus and
triglyceride levels were significantly lower in lobsters with light
or moderate infection, and were significantly higher in lobsters
with heavy infections when compared to uninfected animals.
AST, ALKP, and serum protein had similar trends as phospho-

rus with severity; however, no significant changes were observed
due to the high variances, even when log transformed. No sig-
nificant differences were observed among other biochemical
constituents (Table 3).

4. Discussion

PaV1 has an apparent early predilection for fixed phagocytes
in the hepatopancreas of spiny lobsters. Along with circulating
hemocytes, the fixed phagocytes in the hepatopancreas of deca-
pod crustaceans play an important role in the cellular defenses
by removing foreign materials from the hemolymph (Johnson,
1980, 1987; Factor, 1995; Factor et al., 2005). Fixed phago-
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Fig. 4. Pathological changes in the hindgut (A), gill (B), spongy connective tissues around nerve tissues (C) and heart (D, E). Uninfected heart (F). Infected cells
(arrows) were present in the hemal sinuses of the heart, arteriole in the gill, and spongy connective tissues. Notice the significant changes in hemal sinuses (HS) in
the heart tissues of heavily infected lobster. FCT: fibrous connective tissue, RI: reserve inclusion cell, M: myocardium, HS: hemal sinus.

cytes are the only cell type other than circulating hemocytes
that phagocytize foreign particles in the hemolymph (Johnson,
1987). For example, fixed phagocytes apparently play a role
in the phagocytosis and infection of bi-facies virus (BFV) in
the blue crab Callinectes sapidus (Johnson, 1980), where viri-
ons aggregate around the degenerated cytoplasm of infected
fixed phagocytes, and are enclosed by the interrupted layer, a
basal lamina surrounding fixed phagocytes (Johnson, 1980).
Larger viruses are apparently recognized by fixed phagocytes
and removed from the hemolymph, sometimes accumulating
within the interrupted layer. PaV1 is a relatively large virus
at 187 nm in diameter (Shields and Behringer, 2004). Perhaps
its large size facilitates its uptake by fixed phagocytes, which
then become infected. Podocytes in the gills are also involved in

the removal of small foreign particles from the hemolymph of
decapod crustaceans (Johnson, 1980; Hejkal and Gerba, 1981).
However, there was no obvious infection of the podocytes by
PaV1 (unpublished data).

Pathology in the hepatopancreas was associated with the
progression of the disease. In light infections, the fixed phago-
cytes in the hepatopancreas were initially infected, followed by
adjacent spongy connective tissue cells and hemocytes. As infec-
tion progressed, the hemal sinuses within the hepatopancreas
became filled with massive amount of cellular aggregates includ-
ing infected circulating hemocytes and spongy connective tissue
cells. In heavy infections, the hepatopancreatic tubules were sig-
nificantly altered, atrophying, and the hemal sinuses became
filled with cellular aggregates. Atrophy of the hepatopancreas
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Table 3
Biochemical analysis of lobster serum compared with disease category infected with PaV1 (Each value is a mean ± S.E.)

Variable Healthy (n = 13) Light and moderate (n = 11) Heavily infected (n = 24) F p

Glucose (mg/dL) 30.0 ± 6.3a*** 15.2 ± 2.5b 13.0 ± 1.9b 7.91 0.001
Creatinine (mg/dL) 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.27 0.762
Phosphorus (mg/dL) 1.7 ± 0.2a 1.6 ± 0.2a 2.2 ± 0.2b* 3.06 0.057
Calcium (mg/dL) 46.8 ± 1.3 47.3 ± 1.8 48.1 ± 1.0 0.09 0.911
ALT (U/L) 1.5 ± 0.4 1.1 ± 0.4 1.5 ± 0.2 0.88 0.422
AST (U/L) 26.8 ± 4.7 25.0 ± 6.2 38.0 ± 5.0 1.46 0.244
ALKP (U/L) 383.2 ± 36.7 434.6 ± 66.1 479.1 ± 49.2 0.62 0.541
GGT (U/L) 0.3 ± 0.2 0.4 ± 0.2 0.8 ± 0.3 0.64 0.534
Triglycerides (mg/dL) 2.9 ± 0.6a** 1.5 ± 0.6b** 4.5 ± 0.8c** 3.41 0.042
Sodium (mEg/L) 474.6 ± 10.3 479.1 ± 8.4 473.1 ± 6.6 0.12 0.885
Potassium (mEg/L) 12.1 ± 0.6 10.8 ± 0.6 11.6 ± 0.4 1.89 0.163
Chloride (mEg/L) 459.2 ± 9.7 471.8 ± 8.4 463.3 ± 7.5 0.41 0.668
Lipase (U/L) 25.7 ± 16.5 7.8 ± 0.8 27.6 ± 7.8 0.99 0.380
Refractometer (g/dL) 6.1 ± 0.6 5.2 ± 0.6 6.0 ± 0.4 0.83 0.445
Protein (g/dL) 4.0 ± 0.5 3.4 ± 0.5 4.0 ± 0.3 ND ND

Data were analysed using MANOVA with significance limits of univariate ANOVAs at 0.01 (***), 0.05 (**) or 0.10 (*). Values followed by different letter (a, b or
c) were significantly different. ND: not determined.
F = the F statistic for the univariate ANOVA of health status on each variable, p = probability for the univariate ANOVA.

was apparent at both the gross and microscopic levels of obser-
vation. The spongy connective tissues and hemocytes in the other
organs also became infected with PaV1, but the organs did not
show gross alterations. These cellular aggregates appear to be
comprised of spongy connective tissues and not infiltrates of
hemocytes. Farley et al. (1972) and Farley (1978) reported the
first invertebrate herpes-like virus from the oyster Crassostrea
virginica and found massive cellular aggregates derived from
hemocytes in the hemal sinuses and vascular tissues in advanced
cases of infection. They speculated that the herpes-type viruses
might have a proliferative component manifesting as cellular
aggregates in diseased oysters. Similarly, lymphoproliferative
disease is associated with herpes viruses in mammals, such as
Epstein-Barr virus (EBV), which plays a primary role in the
development of several types of B-cell malignancies in humans
(Theate et al., 2002; Snow and Martinez, 2007). The cellular
aggregates observed in PaV1 infections may be proliferative in
nature, but that was not determined in this study.

PaV1 infects spongy connective tissue cells, fixed phago-
cytes, and circulating hyalinocytes and semigranulocytes, but
not granulocytes (Shields and Behringer, 2004), or fibrous con-
nective tissue. These tissues are all developmentally derived
from mesoderm, and it is not unusual for viruses to have specific
tropisms to particular developmental germ layers. At least six
viruses primarily infect the hemocytes of crustaceans and other
viruses can infect hemocytes and other tissues (Johnson, 1983;
Brock and Lightner, 1990). For example, White spot syndrome
virus (WSSV) infects hemocytes and other tissues originating
from both mesodermal and ectodermal germ layers (Chang et
al., 1996; Wongteerasupaya et al., 1996; Lo et al., 1997). Specifi-
cally, WSSV infects semigranulocytes and granulocytes, but not
hyalinocytes (Wang et al., 2002). The BFV from the blue crab
C. sapidus (Johnson, 1976, 1988) causes similar pathological
changes as PaV1. However, no aggregation of spongy connective
tissues occurs in BFV infections.

In the later stages of exposure to PaV1, total hemocyte den-
sity decreased; however, the proportion of each type of cell in

the hemolymph did not change. This is surprising because the
granulocytes showed no histological signs of infection. Thus,
one would expect to see a relative increase in granulocyte num-
ber relative to other cell types. We speculate that this is caused
by a commensurate decline in granulocytes due to the pres-
ence of cellular aggregates interacting with the granulocytes
in the tissues, which was observed in only one infected ani-
mal. The circulating hemocytes of crustaceans play a key role
in the host defense system against invasion of non-self particles
(Söderhäll and Smith, 1983; Ratcliffe et al., 1985; Söderhäll et
al., 1986; Söderhäll and Cerenius, 1992; Bachère et al., 1995;
Roch, 1999; Jiravanichpaisal et al., 2006). However, the densi-
ties of circulating hemocytes vary upon challenge by different
microorganisms. Taura syndrome virus (TSV) causes significant
decrease in THCs, with relative decreases in the hyalinocytes
and granulocytes of infected Pacific white shrimp Penaeus
vannamei1 (Song et al., 2003). WSSV infects the semigranulo-
cytes and granulocytes of Penaeus indicus and causes significant
decreases in THCs (Yoganandhan et al., 2003). However, WSSV
does not cause a decline in THCs in infected freshwater cray-
fish Pacifastacus leniusculus, even though the semigranulocytes
and granulocytes are susceptible to the virus (Jiravanichpaisal
et al., 2001, 2006). The oomycete Aphanomyces astaci causes a
decrease in THCs in the crayfish P. leniusculus; and the decline in
hemocytes could lower resistance of the crayfish to the pathogen
(Persson et al., 1987). Interestingly, we have found no correlation
between PaV1 and other diseases in the field or the laboratory
(Shields and Behringer, 2004; Shields unpublished data). There-
fore, it is not clear whether the loss of hemocytes negatively
affects the innate defenses of the lobster host.

The analysis of biochemical constituents in hemolymph is an
important assessment of tissue injury, overall health status, and
immune function in crustaceans (Wu et al., 2002; Song et al.,
2003; Yoganandhan et al., 2003; Battison, 2006; Mohankumar

1 Here we follow the revision of Penaeus proposed by Flegel (2007).
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and Ramasamy, 2006a,b). Glucose and total carbonhydrates in
the hemolymph of penaeid shrimp Penaeus indicus increased
significantly in WSSV infections (Yoganandhan et al., 2003).
Similarly, activities of transaminases (ALT and AST) increased
in the hemolymph, hepatopancreas, gills and muscles of P.
indicus infected with WSSV (Mohankumar and Ramasamy,
2006a). In lobsters infected with PaV1, concentrations of glu-
cose and triglycerides in the hemolymph differed from that of
control lobsters, and phosphorus showed a potential change
with infection. These constituents are involved in the short-
and intermediate-term energy reserves of the lobster and their
decline indicates the depletion of reserve inclusions (RIs) in RI
cells. RI cells contain polysaccharides such as glycogen and pro-
teins such as hemocyanin (Johnson, 1980). The depletion of this
cell type is often associated with disease agents (Shields and
Behringer, 2004; Stentiford and Shields, 2005), and is indica-
tive of metabolic wasting or exhaustion (Shields and Behringer,
2004). However, serum proteins and other constituents (e.g.,
AST, or ALKP) did not increase in response to infection, albeit
AST showed some correlation to infection. These enzymes are
important markers of liver function in vertebrates, and they
may have similar function in invertebrates. The changes in glu-
cose, phosphorus, triglycerides and lipase likely reflect tissue
degradation and catabolism of the hepatopancreas in relation
to severity of viral infection and support the hypothesis that
metabolic exhaustion is the primary cause of death for infected
lobsters.

We have presented the first study of the histopathological
and hematological response of the spiny lobster to PaV1 over
the time course of experimental viral infection. The results of
this study facilitate our understanding of the pathogenesis of
the PaV1 in the lobster host. PaV1 is widespread and highly
pathogenic to spiny lobsters (Shields and Behringer, 2004). Con-
sidering the catastrophic impact of viral diseases in penaeid
shrimp (Inouye et al., 1994; Cai et al., 1995; Lo et al., 1996;
Wongteerasupaya et al., 1996; Wang et al., 1998; Lightner,
1999), future emphasis should be placed on development of effi-
cient diagnostic tools, effective control methods for applications
in aquaculture, and understanding the transmission of PaV1 in
nature.
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