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ABSTRACT: The effect of hyperthermia on the development of white spot syndrome virus (WSSV) in
the crayfish Procambarus clarkii was studied by competitive PCR. Crayfish were exposed to different
temperatures (24 ± 1 and 32 ± 1°C) after WSSV injection. No mortality was observed when crayfish
were held at 32 ± 1°C, but mortality reached 100% when crayfish were transferred to 24 ± 1°C. Competitive PCR showed that viral levels at 32 ± 1°C remained at 105 copies mg–1 tissue, while at 24 ± 1°C
levels were significantly higher, rising from 104 to 1010 copies mg–1 tissue. These results suggest that
hyperthermia reduces viral replication, but does not eliminate viral particles from WSSV-infected
crayfish.
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INTRODUCTION
White spot syndrome virus (WSSV) is the aetiological
agent of white spot disease (WSD), which continues to
cause severe mortalities among cultured shrimp worldwide. The virus can also infect other decapod crustacean species (Lo et al. 1996). Therefore, WSSV is not
only a major threat to the shrimp industry, but also to
the marine environment.
Temperature is one of the most important environmental factors affecting outbreaks of WSD, because it
can influence shrimp metabolism, oxygen consumption, growth rate, molt cycle, and survival rate directly.
Both hyperthermia and hypothermia have been
reported to protect shrimp (Litopenaeus vannamei also
called Penaeus vannamei) from WSD after challenge
with WSSV (Vidal et al. 2001, Guan et al. 2003). Since
both hypothermic and hyperthermic shrimp infected
with WSSV can develop WSD with 100% mortality
*Corresponding author. Email: zrxu@zju.edu.cn

when transferred to ambient temperature, it has been
suggested that the protective effect is not attributable
to viral inactivation (Vidal et al. 2001, Jiravanichpaisal
et al. 2004). However, the way in which hyperthermia
affects the viral infection has not yet been determined.
The present study was carried out to examine the
effect of hyperthermia on viral replication and the
progress of WSD in the freshwater crayfish Procambarus clarkii.

MATERIALS AND METHODS
Crayfish culture. Procambarus clarkii crayfish,
approximately 20 to 25 g and 8 to 10 cm each, were
reared at 24 ± 1°C. They were kept in tanks with sandfiltered, ozone-treated, and flow-through freshwater
and fed with commercial pellet feed at 5% of body
weight per day. Gill tissues from randomly selected
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individuals were subjected to PCR assays using
WSSV334F/R primers, to ensure that the crayfish were
WSSV-free before experimental infection.
WSSV stock and dose for crayfish challenge. The
virus originated from WSSV-infected penaeid shrimp
(Penaeus chinensis, also called Fenneropenaeus chinensis) from Ningbo (Zhejiang, East China Sea),
China, in 2001. The WSSV stock was generated in
crayfish Procambarus clarkii and purified from gill tissues by sucrose gradient centrifugation as described
by Van Hulten et al. (2001b). It was stored at –80°C.
The WSSV stock was serially diluted to prepare
solutions containing various target copy numbers
determined by competitive PCR as described below.
Subsequently, the WSSV solutions with different copy
numbers (i.e. 104, 105, 106, 107, 108, and 109), as well
as the negative control (330 mM NaCl), were injected
intramuscularly into healthy crayfish in the lateral
area of the fourth abdominal segment at 0.1 ml
shrimp–1. For these tests, there were 10 crayfish in
each experimental group. During the experiment,
crayfish mortality was monitored twice daily, and
dead crayfish were examined by PCR to confirm
WSSV infection.
Effect of water temperatures on WSSV infectivity.
Prior to WSSV challenge, the crayfish were acclimated
to the desired temperatures (24 ± 1 and 32 ± 1°C) for
1 wk. For these experiments, there were 14 crayfish in
each group and each crayfish was injected intramuscularly with 0.1 ml of WSSV stock dilution containing 106
viral copies. At the same time, control crayfish were
injected with 0.1 ml of 330 mM NaCl. The number of
dead crayfish was recorded, and cumulative mortality
was calculated for each group. After 12 d, the group at
32 ± 1°C was transferred to 24 ± 1°C and survival rates
were monitored. Samples of freshly dead crayfish were
tested for WSSV by PCR.
To monitor WSSV replication, 2 additional groups of
crayfish at 24 ± 1 and 32 ± 1°C (15 crayfish each) were
challenged with WSSV as described above. At various
times after injection (12, 24, 48, 72, and 96 h), 3 crayfish were removed from each group and subjected to
PCR analysis.
Construction of a competitive internal standard for
WSSV. The WSSV primers (WSSV334F/R) used in this
study were chosen from sequence data of VP28 (Van
Hulten et al. 2001a). The primers amplified a 334 bp
amplicon from the WSSV genome. The sequence of
primer WSSV334F is 5' CTT TCA CTC TTT CGG TCG
TG 3' and that of primer WSSV334R is 5' TTC TGC
CCC ACA GTC ACT TC 3'. A WSSV DNA competitor
that was 54 bp shorter than the 334 bp amplicon was
prepared so that it could be amplified by the same
primers (Celi et al. 1993). This 280 bp DNA fragment
was cloned into pUcm-T easy vector (Promega) in

accordance with standard procedures. The recombinant plasmid was sequenced and shown to contain
only 1 copy of the insert with WSSV334F and
WSSV334R at each end. The recombinant plasmid was
purified, quantified spectrophotometrically, and serially diluted with double-distilled H2O for use as an
internal standard in the competitive PCR (Tang &
Lightner 2000).
WSSV detection and quantitative analysis by PCR.
Total DNA was extracted from gill tissues of crayfish
with an animal tissue genomic DNA mini-prep kit (Vgene). PCR was performed with the WSSV334F/R
primers using the following protocol: 5 min at 94°C followed by 35 cycles at 94°C for 40 s, 55°C for 50 s, and
72°C for 1 min. For competitive PCR, aliquots from a
10-fold serial dilution of the internal standard plasmid
(ISP) were added in equal volume with the DNA template to the PCR reaction solution for PCR amplification as described above. The PCR products were analyzed by electrophoresis on 2% agarose gels stained
with ethidium bromide and visualized by ultraviolet
transillumination.
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Fig. 1. Procambarus clarkii. In vivo white spot syndrome virus
(WSSV) titration in crayfish. Different copy numbers of WSSV
(f: 109; S: 108; N: 107; m: 106; : 105; I: 104) were injected

Fig. 2. Procambarus clarkii. Determination of WSSV DNA
copy number in gills collected from WSSV-infected crayfish
(Lane M: marker; Lane 1: un-infected crayfish [no DNA
template]; Lane 2: DNA template from WSSV-infected crayfish alone; Lanes 3 to 6: 2-fold serial dilutions [3.3 × 109 copies
in Lane 6 to 4.2 × 108 copies in Lane 3] of internal standard
for co-amplification with WSSV DNA)
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RESULTS AND DISCUSSION
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Fig. 3. Procambarus clarkii. Mortality of crayfish held at 2
different temperatures after intramuscular injection of WSSV

In vivo virus titration to determine the dilution
resulting in 100% mortality in Procambarus clarkii
crayfish indicated that WSSV stock containing 106
copies was sufficient, and this was used in subsequent
experiments (Fig. 1).
After preliminary estimation of target template numbers using 10-fold serial dilutions (103 to 1010 copies) of
ISP, we used 2-fold serial dilutions of ISP amplified
together with constant aliquots (1 µl) of genome DNA
to yield 2 bands (i.e. a larger amplicon of 334 bp from
the WSSV genome and a smaller amplicon of 280 bp
from the ISP) (Fig. 2). The WSSV amplicon concentration progressively increased as the concentration of the
ISP decreased, confirming that the ISP target competed with the WSSV genome DNA target.
At 24 ± 1°C crayfish showed 100% mortality by Day
6 post-injection of WSSV, whereas no mortality was

Fig. 4. Procambarus clarkii. Competitive PCR of WSSV in gills (Lane M: DNA marker). Numbers indicate WSSV copies.
Left column: crayfish held at 24°C; right column: crayfish held at 32°C. IS: Internal Standard
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observed at 32 ± 1°C. The crayfish that did not die from
WSD during the 12 d after WSSV injection were transferred to tanks at 24 ± 1°C. Mortality started immediately the next day and reached 100% within 7 d
(Fig. 3). Vidal et al. (2001) reported similar results for
WSSV infection in Litopenaeus vannamei. This mortality pattern indicated that, despite a healthy appearance, incubation at 32 ± 1°C did not result in elimination of WSSV from the crayfish.
To determine whether hyperthermia affected viral
replication, competitive PCR was carried out using the
gills of Procambarus clarkii taken at various times after
WSSV injection. At 24 ± 1°C, there were approximately 104 virions mg–1 gill tissue at 12 h post-injection
and >106 copies at 24 h post-injection. This reached
about 1010 copies at 48 h post-injection. However, at 32
± 1°C, there were approximately 105 copies mg–1 tissue
at 12 h post-injection, and this level remained almost
the same even up to 96 h post-injection (Fig. 4). This
result corresponded with that in the initial challenge
experiment (Fig. 3). Results suggested that hyperthermia could reduce viral replication, but the mechanisms
for this beneficial effect of hyperthermia were not
determined. Granja et al. (2003) suggested that hyperthermia might facilitate apoptosis in WSSV-infected
Litopenaeus vannamei and might be one of the mechanisms responsible for increased survival of infected
shrimp maintained at 32°C. On the other hand, water
temperature might have an effect on the immune
response of the host (Watson et al. 1998, Jiravanichpaisal et al. 2004). In addition, hyperthermia might
affect several steps in viral replication, including
absorption, synthesis of large molecules (e.g. proteins
and nucleic acids), enzyme activity, and uncoating
(Guan et al. 2003). Thus, further study is needed to
determine the mechanisms.
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