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INTRODUCTION

Infectious diseases continue to represent one of the
greatest constraints to the expansion and realization of
aquaculture’s full potential (Sinderman 1986, Plumb
1999). Viruses such as Taura syndrome virus (TSV) and
white spot syndrome virus (WSSV) are highly patho-
genic to shrimp and are widespread throughout the

world in wild and cultured stocks (Lightner & Redman
1991, Fulks & Main 1992, Lightner 1996, 1999, Over-
street 1997). Shrimp cell culture is still in its develop-
mental phase (Chen & Kou 1989, Lu et al. 1995b,
Kasornchandra & Boonyaratpalin 1998, Loh et al.
1998). Therefore, in vivo bioassay remains an im-
portant tool for evaluating infectivity of material with
unknown infective status and for detection of
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ABSTRACT: In vivo bioassay is the predominant method for evaluating the infectivity of materials
potentially harboring viable shrimp pathogens and determining the relative susceptibility of shrimp
species to viral infections. A controlled bioassay system for white spot syndrome virus (WSSV) and
Taura syndrome virus (TSV) was developed utilizing 260 ml tissue culture flasks modified with an air
exchange vent. Individual shrimp (1.00 ± 0.25 g) were placed in separate flasks containing artificial
seawater (100 to 150 ml) and held in an incubator at 27°C. After a 48 h acclimation period, shrimp
were either injected intramuscularly with viral inoculum or exposed to virus-laden water. Water was
exchanged and shrimp were fed a commercial food pellet daily except 24 h post-infection (p.i.).
Bioassays were performed with serial dilutions of stock viral preparations and shrimp mortality was
recorded for 7 d p.i. Mortality rates of test animals permitted the estimation of the lethal infective
doses, LD50 and LD90. The LD50 of the TSV injection preparation was estimated at viral dilutions of
1:7.692 × 107 (Trial 1) and 1:6.667 × 107 (Trial 2). The LD50s of 2 different WSSV injection preparations
were estimated at 1:4.444 × 106 and 1:4.505 × 106. The LD50 for the TSV waterborne challenge was
1:9916 (Trial 1) and 1:15 710 (Trial 2) at 20°C and 1:1272 at 27°C. A second waterborne TSV inoculum
challenge at 27°C produced an LD50 of 1:2857. WSSV doses used in the waterborne challenge only
reached 39% mortality, which did not allow for the estimation of effective lethal doses. Bioassay by
injection proved to be a more reliable method of estimating viral infectivity compared to waterborne
method. The dose-response curves developed can serve as a basis for controlled comparisons of rel-
ative levels of viral infectivity of specific tissue preparations and for controlled comparisons of rela-
tive susceptibility of shrimp species or stocks to viral pathogens.

KEY WORDS:  TSV · WSSV · Bioassay · Shrimp · Litopenaeus vannamei

Resale or republication not permitted without written consent of the publisher



Dis Aquat Org 54: 89–96, 2003

subclinical or carrier state infections (Brock 1992,
Lightner 1996, Lightner & Redman 1998, Durand et al.
2000, Lightner et al. 2001, Poulos et al. 2001). Diagnos-
tic bioassays have been reported for a number of
penaeid viruses including infectious hypodermal and
hematopoetic necrosis virus (IHHNV) (Lightner et al.
1985), Baculovirus penaei (BP) (Overstreet et al. 1988),
baculoviral midgut gland necrosis virus (BMNV)
(Momoyama & Sano 1988), TSV (Brock et al. 1995),
and WSSV (Lightner 1999). Induction of experimental
infections has been demonstrated to be an important
tool for identifying and studying the pathogenicity of
yellow head virus (YHV) (Lu et al. 1995a,b) and WSSV
(Chou et al. 1995, Wang et al. 1999).

Current shrimp bioassay protocols are based on the
administration of unquantified doses of infective mate-
rial to a group of susceptible individuals (Brock & Main
1994). WSSV DNA has been quantified using competi-
tive polymerase chain reaction (PCR) and this method
has been applied in risk assessment studies for the
determination of relative viral load (Tang & Lightner
2000, Lightner et al. 2001). Although the presence of
viral DNA may correlate with infectivity, a system for
quantitative comparison of viral infectivity is needed
for true assessment of disease risk associated with var-
ious materials and carrier animals. The goals of this
study were (1) to develop a controlled bioassay system
for the estimation of lethal infective doses (LD50 and
LD90) (doses that kill 50% and 90% of the test animals,
respectively) of TSV and WSSV in the Pacific white
shrimp Litopenaeus vannamei, the cultured shrimp
species in the southeastern United States, and (2) to
evaluate 2 methods of exposure, namely, by injection
of viral inoculum directly to the test animals and by
incorporating the inoculum into the water (water-
borne). The test procedures are intended to provide a
convenient, rapid standard test method yielding a rea-
sonably sensitive assay of viral infectivity and shrimp
susceptibility.

MATERIALS AND METHODS

Bioassay requirements. Experimental shrimp: Spe-
cific Pathogen Free (SPF) Litopenaeus vannamei post-
larvae were obtained from the Oceanic Institute’s (OI)
Kona facility in Hawaii. This SPF sentinel stock, which
originated from Mexico in 1989 (Wyban et al. 1992), is
maintained under biosecure conditions at OI, and
serves as a reference stock for shrimp bioassays. Prior
to challenge, shrimp were maintained on a commercial
shrimp diet in 12 t tanks in a greenhouse at the Wad-
dell Mariculture Center, Bluffton, South Carolina.
Shrimp selected for experiments were approximately
uniform in size (1.00 ± 0.25 g). For all assays con-

ducted, negative controls (uninfected shrimp) origi-
nated from the same cohort.

Inoculum: Viral amplification: The original WSSV
inoculum used for viral amplification was collected
from cephalothoraxes of infected shrimp during a con-
firmed pond outbreak of WSSV in South Carolina in
1997. The Gulf Coast Research Laboratory (Ocean
Springs, MS) supplied a TSV inoculum to the bioassay
laboratory in 1997, which was used to produce TSV
infected tissue by experimentally infecting SPF shrimp
by injection. Viral amplifications were conducted in
38 l polyethylene bins containing artificial salt water
(Marine Environment®) at 30 ppt. A polyester filter
inoculated with nitrifying bacteria was placed directly
above the air stone in each aquarium for biofiltration.
The water was maintained between 25 and 29°C, and
a 10% water exchange was performed daily to remove
molts, excess food and fecal materials. Twenty to thirty
Litopenaeus vannamei juveniles were stocked into
each aquarium and allowed to acclimate for 48 h. The
shrimp were fed to satiation with commercial pelleted
shrimp feed during acclimation and after inoculation.

Shrimp were exposed to either WSSV or TSV by
injection of inocula derived from the infected tissues.
The head tissue was homogenized in TN buffer
(20 mM Tris-HCL, 0.4 M NaCl, pH 7.4) (1:10 w/v), and
the supernatant was filtered with a 0.45 µm filter after
centrifugation as described below. The filtrate was
injected intramuscularly between the second and third
tail segment at 0.02 ml g–1 of shrimp immediately after
preparation. Moribund individuals were collected and
frozen at –80°C.

Inoculum preparation for injection assays: A large
volume of stock inoculum was prepared from the
frozen tissues prepared above. Infected head tissues
were thawed and homogenized in chilled TN buffer
using a blender. Dilution ratio was 10 ml of TN g–1 of
tissue. The homogenate was then centrifuged at 1800 ×
g for 20 min and the supernatant filtered through a
0.45 µm polyethersulfone (PES) filter (Whatman Pura-
disc®). The stock inoculum was divided into 1.5 ml
aliquots, stored in liquid nitrogen, and served as the
viral source for the LD50 assays.

Small inoculum preparations were necessary for
viral amplification and negative control preparation. A
similar protocol was used except the tissues were
finely minced and homogenized using a 15 ml tissue
grinder (Wheaton) instead of a blender. The cuticle
was also removed to prevent immobilization of the pes-
tle in the tissue grinder. Negative control inocula were
prepared in this manner utilizing cephalothorax tis-
sues from uninfected shrimp derived from the same
cohort as those used in the respective LD50 assay. All
dilution dosages were expressed in grams of tissue
ml–1 of TN buffer.

90



Prior et al.: Controlled shrimp virus bioassay system

Inoculum preparation for waterborne assays: Cepha-
lothorax tissues of infected shrimp were diluted with
chilled sterile 2% saline to a final concentration of 0.3 g
tissue ml–1 saline. The mixture was homogenized for
three 30 s intervals in a blender, with the homogenate
placed on ice between intervals. The homogenate was
filtered through 4 layers of sterile cheesecloth to
remove large tissue particles, and centrifuged for
30 min at 3000 × g at 4°C to further remove small
debris. The supernatant was passed through an 18 µm
nylon filter and frozen in 1.5 ml aliquots at –80°C. Neg-
ative control inocula were prepared for each assay as
described above from uninfected shrimp derived from
the same cohort as the LD50 assay. All dilution dosages
were expressed as grams of initial tissue used per vol-
ume (ml) of 2% saline.

Controlled bioassay system. The system utilizes
260 ml tissue culture flasks (Nunclon™) containing 100
to 150 ml of artificial seawater (Marine Environment®).
A 2 mm hole was drilled into the top upper right corner
of the flask to permit air exchange. Individual shrimp
were placed in the flasks and allowed to acclimate for
48 h, then exposed to virus either by injection or by
addition of virus-infected water. For injection assays,
each individual was injected at a rate of 0.02 ml of
diluted inoculum g–1 of body weight, intramuscularly
between the second and third tail segment. For water-
borne assays, shrimp were exposed to challenge water
for 24 or 48 h, after which the challenge water was
exchanged for standard artificial seawater. Aseptic
techniques were used to prevent contamination be-
tween treatments. Water exchange (100%) was per-
formed daily throughout the trial. Screens were placed
at the opening of the flasks to prevent the loss of chal-
lenged shrimp when exchanging water. A small piece
of commercial shrimp diet pellet was placed in each
flask following water exchange for the duration of the
experiment. However, individuals were not fed 24 h
p.i. Shrimp were observed and mortality recorded for
7 d. The LD50 was estimated using the US Environ-
mental Protection Agency (EPA) Probit Analysis Pro-
gram, Version 1.5. Student’s t-test was used to evaluate
differences between trials. Alpha level was set to 0.05
for all statistical tests. The probit lines were plotted as
log dose + 10 against mortality probability. Ten (10)
was added to all log dose values to place the probit line
in the positive quadrant.

Confirmation of viral infection: Infected shrimp
were placed in Davidson’s fixative (330 ml absolute
ethanol, 220 ml 100% formalin, 115 ml glacial acetic
acid and 335 ml distilled water) overnight and kept in
70% alcohol for H&E histological examination and in
situ hybridization (Lightner 1996). Gills and pleopods
were also collected and placed in 90 to 95% ethanol for
PCR detection.

Injection assays: TSV injection assay: A stock inocu-
lum (TSV-A) for use in the TSV LD50 injection assays
was prepared and stored at a concentration of 1:10
expressed in grams of tissue ml–1 TN. The standard
injection rate was 0.02 ml g–1 of shrimp body weight.
Preliminary injection assays using exponential serial
dilutions were performed to determine the range of
inoculum dilutions for the LD50 determination. For
TSV, dilutions from 1:10 through 1:1 × 109 were tested
to determine the range of concentration that would
span 10 to 90% mortality. Based on the results of these
assays, viral inoculum dilutions were set at 1:10 × 106,
1:40 × 106, 1:70 × 106 and 1:100 × 106.

WSSV injection assay: Preliminary assays using
exponential dilutions between 1:500 000 and 1:8 × 107

were conducted. Two stock inocula were prepared at
1:500 000 dilution (WSSV-A) and 1:10 (WSSV-B); 2 tri-
als (Trials 1 and 2) were run for each inoculum using a
dilution series of 1:1 × 106, 1:4 × 106, 1:7 × 106 and 1:10
× 106. WSSV-B was prepared from an amplification
using WSSV-A inoculum.

Negative controls for both WSSV and TSV were run
at a concentration of 1:10. All treatment groups for
WSSV and TSV injection assays consisted of at least
20 shrimp.

Waterborne assays: Preliminary assays were per-
formed using tissue homogenates from uninfected
shrimp to determine the tolerance limits of test animals to
organic matter in the water (n = 10). Concentrations of
1:2.5 × 103, 1:1.25 × 103 and 1:0.833 × 103 were tested.

TSV waterborne assay: A large amount of stock TSV
inoculum was required for each waterborne trial. Sev-
eral aliquots of stock inoculum were thawed, com-
bined, mixed thoroughly to ensure uniform concentra-
tion of viral material, and held at 4°C. The final
dilutions of challenge water were prepared by combin-
ing appropriate proportions of positive or negative
inoculum with artificial seawater (30 ppt, 20 or 27°C) in
9 l carboys. The challenge water was thoroughly mixed
and 100 ml was placed in each test flask. The exposure
periods to challenge water were set at 24 h, after which
water was exchanged using clean artificial seawater.

Two stock inocula (TSV-B and TSV-C) were pre-
pared for TSV waterborne assays. Two trials (Trials 1
and 2) were conducted using the TSV-B stock prepara-
tion. Dilutions between 1:10 × 103 and 1:3.333 × 103

were used in Trial 1 and dilutions between 1:20 × 103

and 1:2.353 × 103 were used in the second trial (see
Table 3). The negative control doses for Trials 1 and 2
were 1:3.333 × 103 and 1:2.353 × 103, respectively. Both
trials were conducted at 20°C. An additional test (Trial
3) was conducted wherein TSV-B and TSV-C were
diluted and a bioassay was conducted at 27°C (see
Table 4). The negative control dose for Trial 3 was
1:2.222 × 103.
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WSSV waterborne assay: Concentrations of 1:2.857 ×
103, 1:1.428 × 103 and 1:0.952 × 103 were assayed at
both 24 and 48 h exposure at 27°C using 1 g individu-
als. Negative controls were run at the same concentra-
tions for all trials using uninfected shrimp.

All treatment groups for WSSV and TSV waterborne
assays consisted of at least 38 shrimp.

RESULTS

Injection assays

TSV injection assay

Trials 1 and 2 using TSV-A inoculum were con-
ducted and a comparison between the 2 trials was
made to determine the repeatability of the injection
assay. Mortalities are reported in Table 1. No mortality
was observed in the negative control group of either
trial. Daily water exchange is critical for maintaining
water quality in the flasks. Attempts to reduce water
exchange to every 2 d resulted in increased mortality
of the control group especially among molting or
stressed individuals. A summary of the probit values is
recorded in Table 2 and the probit lines are plotted in
Fig. 1a. The chi-squared (χ2) values for Trial 1 (p > 0.05)
and Trial 2 (p > 0.90) indicated a good fit with the Pro-
bit analysis model. The LD50 was 1:76.9 × 106 for Trial 1
and 1:66.7 × 106 for Trial 2. There was no significant
difference between the LD50s of Trials 1 and 2 (TSV-A)
as indicated by Student’s t-test (p = 0.59).

WSSV injection assay

Two WSSV inocula (WSSV-A and WSSV-B) were
prepared in a similar manner to compare if there was a

92

Fig. 1. Probit lines comparing bioassay response of Litope-
naeus vannamei: (a) 2 challenge trials with TSV-A inoculum
via injection, (b) challenge with 2 inocula (TSV-B and TSV-C)
via the waterborne technique at 20°C (Trials 1 and 2) and
27°C (Trial 3), and (c) challenge with 2 WSSV inocula 

(WSSV-A and WSSV-B) via injection

TSV Trial 1 Trial 2 
Mortality (%) Mortality (%)

1:100 × 106 31 33
1:70 × 106 61 57
1:40 × 106 68 62
1:10 × 106 85 90

WSSV WSSV-A WSSV-B
Mortality (%) Mortality (%)

1:10 × 106 34 30
1:7 × 106 33 41
1:4 × 106 55 50
1:1 × 106 83 84

Table 1. Percent mortality of Litopenaeus vannamei chal-
lenged with TSV and WSSV using injection bioassay methods
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significant difference between the 2 preparations.
Mortalities are reported in Table 1. No mortality was
observed in the negative control group for both trials.
The LD50 was 1:4.44 × 106 for WSSV-A and 1:4.51 × 106

WSSV-B (Table 2).
The Probit lines for both trials were parallel to one

another (Fig. 1c). The chi-squared (χ2) values indicated
a good fit with the Probit analysis model for WSSV-A
(p > 0.30) and WSSV-B (p > 0.70). There was no signif-
icant difference between the 2 inocula under the test
conditions (Student’s t-test, p = 1.00).

Waterborne assays

Preliminary waterborne assay

In the preliminary exposure trials using negative
control tissue homogenates, shrimp tolerated concen-
trations of 1:2.5 × 103 and 1:1.25 × 103 with no mortality
observed. At 1:0.833 × 103, 100% mortality was ob-
served.

TSV waterborne assay

Two inocula (TSV-B and TSV-C) were prepared for
TSV waterborne assays. For TSV-B, 3 trials (Trials 1, 2
and 3) were conducted.

The mortalities for Trial 1 and Trial 2 using the TSV-
B inoculum are reported in Table 3. The Probit lines
are plotted in Fig. 1b and a summary of the Probit val-
ues are listed in Table 2. Mortality of 4% was observed
in the negative control of Trial 1 and 3% in Trial 2. The
χ2 values for Trial 1 (p > 0.30) and Trial 2 (p > 0.70) indi-
cated a good fit with the Probit analysis model. The
LD50s were 1:9.92 × 103 and 1:15.7 × 103, respectively
(Table 2). There was a significant difference between
the LD50s of Trials 1 and 2 (Student’s t-test, p = 0.001).

In Trial 3, TSV-B and TSV-C were run concurrently.
The mortalities produced by the 2 inocula are reported
in Table 4. The mortality rate of the control dose
(1:2.222 × 103) was zero. In Trials 1 and 2, the inoculum
was added to seawater at room temperature (20°C),
whereas in Trial 3 the water was at 27°C. The LD50 of
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Inoculum Trial LD50 LD90 Slope Sample size per treatment

Injection
TSV (at 20°C) TSV-A 1 1:76.9 × 106 1:6.33 × 106 1.18 6–16

2 1:66.7 × 106 1:10.8 × 106 1.61 21

WSSV (at 20°C) WSSV-A 1 1:4.44 × 106 1:6.18 × 105 1.49 58–72
WSSV-B 2 1:4.51 × 106 1:6.21 × 105 1.49 40–57

Waterborne
TSV (at 20°C) TSV-B 1 1:9.92 × 103 1:1.87 × 103 1.78 40

2 1:15.7 × 103 1:3.45 × 103 1.95 40

TSV (at 27°C) TSV-B 3 1:1.27 × 103 1:36.0 0.83 44–49
TSV-C 3 1:2.86 × 103 1:31.6 0.67 46–50

Table 2. Probit analysis summary for Litopenaeus vannamei challenged with TSV and WSSV using injection and waterborne
bioassay methods. LD: lethal dose

Trial 1 (TSV-B) Trial 2 (TSV-B)
Dilution Mortality (%) Dilution Mortality (%)

1:10 × 103 45 1:20 × 103 43
1:6.667 × 103 65 1:6.667 × 103 80

1:5 × 103 80 1:4 × 103 88
1:4 × 103 70 1:3.333 × 103 88

1:3.333 × 103 78 1:2.667 × 103 95
1:2.353 × 103 93

Table 3. Percent mortality of Litopenaeus vannamei chal-
lenged with TSV using waterborne bioassay methods at 20°C

Dilution TSV-B TSV-C 
Mortality (%) Mortality (%)

1:20 × 103 21 23
1:6.667 × 103 17 50

1:4 × 103 37 42
1:2.857 × 103 32 43
1:2.222 × 103 51 52

Table 4. Percent mortality of Litopenaeus vannamei chal-
lenged with TSV using waterborne bioassay methods at 27°C

Dilution 24 h exposure 48 h exposure
Mortality (%) Mortality (%)

1:2.857 × 103 18 20
1:1.428 × 103 20 39
1:0.952 × 103 36 36

Table 5. Percent mortality of Litopenaeus vannamei challenged
with WSSV using waterborne bioassay methods at 27°C
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TSV-B changed from 1:9.92 × 103 and 1:15.7 × 103 in
Trials 1 and 2, respectively, to 1:127 × 103 in Trial 3
(Table 2). The LD50 of the TSV-C was 1:2.86 × 103. The
probit lines are shown in Fig. 1b and χ2 values showed
a good fit to the Probit model (p > 0.10). There was a
significant difference between the LD50s of the TSV-B
and TSV-C inocula in Trial 3 (Student’s t-test, p = 0.02).

WSSV waterborne assay

No mortality was observed in the negative control
groups at any concentration or incubation period. A
summary of the results is given in Table 5. The mortal-
ity rates were too low to determine the LD50.

Confirmation of viral infection

Fresh dead animals collected during the assays dis-
played pathognomonic lesions typical of WSSV or TSV
infections. No viral infections were detected in the
negative control. Histological examination of mori-
bund and dead individuals from TSV-infected groups
demonstrated multifocal to diffuse necrosis of cuticular
epithelium, with no definitive viral inclusions ob-
served. Histological sections of fresh dead individuals
from WSSV-infected groups confirmed the presence of
large basophilic granular viral inclusions in nuclei of
epithelial cells of the gastric, antennal gland epithe-
lium, and cuticle. Inclusions were also noted in
hematopoietic cells. No significant histological lesions
were observed in tissues or organs from any specimen
in the negative control groups.

DISCUSSION

The controlled bioassay systems for TSV and WSSV
presented in this paper offer important advantages
compared to conventional shrimp bioassay methods.
Isolating test individuals in separate flasks, rather than
holding shrimp in 1 tank, eliminates the possibility of
viral dose magnification via cannibalism and the shed-
ding of infective virions through the culture medium.
Although the tissue flask system is laborious and cost-
intensive, the ability to challenge shrimp with a uni-
form viral dose under relatively uniform environmen-
tal regimes provides an important experimental tool.

Due to the inherent variability of this type of in vivo
challenge system, standardization of treatment condi-
tions and use of similar size experimental shrimp are
essential to achieve reproducible results. These trials
led to the standardization of shrimp size (1.00 ±
0.25 g), challenge volume (100 ml) and sample size

(40 test animals). In the injection experiments, results
showed no significant difference between trials and
inoculum regardless of the source of the infected
material, or the concentration at which the amplified
material is stored. The 2 WSSV injection inocula pro-
duced similar mortality in relation to dose even
though the inocula originated from different amplifi-
cations and stock inocula, and were frozen at different
concentrations. However, results are based on only 2
trials, and further tests will have to be made before
conclusions can be drawn.

In general, environmental factors such as tempera-
ture can have a profound effect on the infective lethal
doses of viral pathogens. Temperature has been shown
to affect susceptibility of Penaeidae to TSV (Jimenez et
al. 2000), WSSV (Chou et al. 1995) and other viral dis-
eases (Goarant et al. 2000). Although the present study
was not designed to provide a concurrent controlled
comparison of temperature effects, clear trends could
be discerned. The first TSV waterborne inoculum ini-
tially produced LD50s of 1:9.92 × 103 and 1:15.7 × 103 at
20°C (Trials 1 and 2, respectively). In the third trial, the
LD50 of the same inoculum changed dramatically
(1:1.27 × 103) when the temperature of the challenge
water increased to 27°C. It is possible that the differ-
ences in LD50 and LD90 values calculated for the TSV-B
inoculum at 20 and 27°C are due to the effect of tem-
perature. This is consistent with the analysis of TSV
epizootics in Ecuador, where there was a negative
correlation between TSV prevalence and temperature
(Jimenez et al. 2000). However, more data are required
to confirm the possible relationship between dose and
temperature.

Environmental factors such as temperature must be
controlled in comparative bioassay studies to assure
repeatability of results. Challenge temperature has
been indicated as an important variable affecting the
relative virulence of WSSV (Vidal et al. 2001). The dra-
matic change in the LD50 of the TSV inoculum relative
to changes in temperature reiterates the importance of
standardization of challenge conditions and protocols.
Comparative trials should be conducted utilizing a
standardized inoculum to minimize potential for varia-
tion between trials.

The slopes in all of the trials were low producing a
relatively flat line indicating low response homogene-
ity among test subjects. This is characteristic of viral
dose response curves (Knight 1965). However, low
slope characteristics allow a margin of error with
regard to dose, because a large change in dose is
required to change the response. The dose used in a
trial must only reach within the range of the 50% mark
to provide data for treatment comparisons.

The response of shrimp to alternative modes of viral
introduction under controlled bioassay conditions can
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provide important information relevant to controlling
disease in culture environments. More controlled com-
parisons may improve current understanding of factors
governing infectivity of free virions in water and sus-
ceptibility to waterborne versus per os or carrier-medi-
ated infection. The present study was not designed to
provide a carefully controlled concurrent challenge of
a single cohort of shrimp to compare waterborne and
injection assays. Different methods were used for fil-
tration of waterborne and injection inocula. Neverthe-
less, clear differences in the response of the shrimp
were observed. For example, the results of the water-
borne challenge showed more variability than the
injection trials. This may be due to the lack of control of
viral uptake by the test animals. In injection trials, a
known volume of prepared inoculum is injected into
the shrimp, whereas using the waterborne challenge
method, an unknown quantity of virus is absorbed.

Low mortality levels observed in the WSSV water-
borne trials did not allow for LD50 and LD90 de-
termination. With the current system configuration,
260 ml flasks and 1.0 g shrimp, homogenate doses are
limited to less than 1:833 according to negative
control trials. Although the potency of the WSSV
waterborne inoculum was verified in a subsequent
injection assay (Prior et al. unpubl. results), the high-
est mortality seen in the waterborne challenge was
39%. Itami et al. (1998) reported on the effects of
waterborne challenge of Marsupenaeus japonicus
held in containers downstream from WSSV-infected
shrimp. The results varied between trials in that
severe mortality began 3 or 25 d following exposure,
ultimately reaching 80 or 75% mortality after 30 or
40 d, respectively. Chou et al. (1995, 1998) reported
100% mortality for Penaeus monodon, M. japonicus
and P. penicillatus postlarvae within 6 d of exposure
to 0.45 µm filtered homogenates of epidermal tissue
from naturally WSSV-infected P. monodon and M.
japonicus. For M. japonicus a clear effect of size was
demonstrated with mortality rates decreasing from
35% in 0.16 g shrimp after 7 d to 10% mortality in
0.26 g juveniles after 2 wk (Chou et al. 1995). Shrimp
in these studies were held in tanks together, which
possibly amplifies the dose by viral shedding of co-
habitants. These authors also reported increased
mortality rates in immersion assays following temper-
ature or capture stress. The relative resistance of 1 g
juveniles to waterborne challenge to a set dose of
WSSV could have important ramifications in a culture
environment. For example, field observations sug-
gested that a strategy based on the maintenance of
susceptible postlarve in a WSSV-free environment to
a larger size before stocking into ponds in affected
areas could improve production success (Samocha et
al. 2000). Further research will be necessary to

explore the modes of infection and pathogenesis of
these viruses to help explain these differences.

One aspect which must be explored in future studies
is the disease status of assay survivors, particularly
when tissue homogenates are heavily diluted prior to
inoculation. More detailed studies will be needed to
determine if survivors were exposed to viable infective
virus and if so how infection was controlled. RT-PCR
analysis of pleopods from 24 TSV LD50 injection sur-
vivors yielded 4 positives, while only 1 pleopod of 29
was positive for WSSV LD50 injection survivors (Prior et
al. unpubl. results). The 7 d duration of these trials was
sufficient to demonstrate high levels of mortality with
increasing initial dose in the injection assays and con-
tinuation of the trials over several additional days
resulted in little if any additional mortality. For the
waterborne assay, however, extending the observation
time may yield different results. These bioassay
methods provide a model to begin the search for new
innovative approaches to environmental assessment,
husbandry and selective breeding of farmed species,
disease control, and reliable robust diagnostics for
aquatic diseases.
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