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Shrimp (Penaeus vannamei)
survive white spot syndrome virus
infection by behavioral fever

Mostafa Rakhshaninejad™, Liping Zheng & Hans Nauwynck

Both endotherms and ectotherms may raise their body temperature to limit pathogen infection.
Endotherms do this by increasing their basal metabolism; this is called ‘fever’. Ectotherms do this by
migrating to warmer places; this is called ‘behavioral fever’. White spot syndrome virus (WSSV) is the
most lethal pathogen of cultured shrimp. This study examined the existence of behavioral fever in
WSSV-infected Penaeus vannamei shrimp. Shrimp weighing 15+ 0.5 g were inoculated intramuscularly
with WSSV and kept in a four-compartment system (4-CS) with all the chambers at 27 °C or with

a thermal gradient (27-29-31-33 °C). During the first 4 days post-inoculation, 94% of the WSSV-
inoculated shrimp died in the 4-CS with a fixed temperature (27 °C), while only 28% died in the 4-CS
with a temperature gradient. The inoculated animals clearly demonstrated a movement towards the
warmer compartments, whereas this was not the case with the mock- and non-inoculated animals.
With primary lymphoid organ cell cultures, it was demonstrated that the increase of temperature from
27-29 °C to 31-33 °C inhibits virus replication. It is concluded that behavioral fever is used by shrimp
to elevate their temperature when infected with WSSV. Behavioral fever prevents WSSV infection and
mortality.

Endotherms and ectotherms may raise their body temperature when infected with pathogens to limit their
replication. In endotherms, this fundamental reaction to infection is known as fever'. It depends mostly on
thermogenesis, as well as physiological and behavioral alterations that limit heat loss from the body. Except for
a few rare exceptions, ectotherms lack endogenous thermogenesis and retain a body temperature that is very
similar to that of their surroundings®. When placed in a temperature gradient, non-infected ectotherms choose
a specific range of temperature that is preferred for their species®. However, if an ectotherm becomes infected or
is injected with exogenous pyrogens, they can elevate their body temperature beyond their preferred range by
moving towards warmer environments. This phenomenon is referred to as behavioral fever and describes the
occurrence of an abrupt increase in final thermal preferendum resulting from an infection®*. Vaughn et al. pro-
vided the first description of behavioral fever in ectotherms, showing that desert iguanas (Dipsosaurus dorsalis)
injected with the inactivated Aeromonas hydrophila exhibited a tendency to move towards warmer environments”.
This behavioral response led to an increase of approximately 2 °C in the body temperature of the iguana®.
There are examples of behavioral fever in a variety of ectotherms, including vertebrates (reptiles®”’, fishes®™',
amphibians!'~1) and invertebrates*!°.

The mechanisms behind the behavioral regulation of fever in ectotherms share evolutionary connections with
the fever in endotherms®”: (i) exogenous pyrogens act as inducers, (ii) The preoptic area of the hypothalamus has
a significant role as a site for integrating pyrogenic signals, and (iii) prostaglandins are effector mediators. Studies
have determined that this evolutionary link also encompasses endogenous pyrogens, such as the cytokines that
signal the brain when exogenous pyrogens are recognized by immune cells. Cytokines, in particular interleukin
1B (IL-1P), IL6, and interferons in endotherms, and tumor necrosis factor a (TNF-a) in both endotherms and
ectotherms have been found to serve as endogenous pyrogens>!®17.

For over a decade, white spot syndrome virus (WSSV) has inflicted disease and mortality on shrimp farms,
leading to substantial losses in production. WSSV is a double-stranded (ds) DNA virus that belongs to the family
Nimaviridae and is characterized as a bacilliform and enveloped virus'®-*. The mortality rate of shrimp infected
with WSSV is 100% within 3-10 days®!. An infection with WSSV is characterized by lethargy, anorexia, white
spots in the carapace, swelling of branchiostegites and reddish discoloration"?2,
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White spot syndrome (WSS) is the ultimate consequence of host-pathogen-environment interactions*?*.

Water temperature is regarded to be one of the key environmental elements as it affects shrimp growth, metabo-
lism, survival, oxygen consumption, molting, resistance to toxic compounds and feeding rate*>-*’. Depending
on the stage of life and species, shrimp require different temperatures for survival and growth. The optimal
temperature for small P. vannamei weighing less than 5 g is more than 30 °C, while the optimal temperature for
larger shrimp weighing 16 g is about 27 °C*>%. The temperature range of 20-30 °C has been found to result in
the highest survival of juvenile P. vannamei*. Juvenile penaeid shrimp exhibit a maximum temperature tolerance
of 34-36 °C, beyond which they cannot survive®.

The impact of temperature on the results of WSSV infection has previously been recorded. Warmer seasons
in tropical regions like Thailand and Ecuador have resulted in a decreased occurrence of WSS**3!. In addition,
WSSV-infected crustaceans maintained at low (12-15 °C) (crayfish Astacus astacus, penaeid prawn Penaeus
japonicus and/or crayfish Pacifastacus leniusculus) or high (> 32 °C) (Penaeus japonicus or Penaeus vanname:)
water temperatures exhibited decreased/deferred death?®#2=3, It has been shown that temperature has an impact
on the results of viral infection in some other ectothermic species, including insects and fish. Examples include
infections resulting from a Bombyx mori nucleopolyhedrovirus (NPV), a koi herpesvirus (KHV), and a large-
mouth bass virus (LMBV)*-,

The mechanism by which high water temperature leads to a decline in WSSV-infected P. vannamei mortality
is not well understood. It has been proposed that elevated temperatures may initiate a host defense reaction that
results in the apoptosis of infected cells. Alternatively, it could hamper replication of WSSV?***. A reduction in
WSSV DNA content was demonstrated in shrimp infected with WSSV at 32 °C*. In P, leniusculus hematopoietic
stem cells cultured in vitro at temperatures of 4 °C and 16 °C, WSSV replication and the quantity of WSSV DNA
significantly decreased®.

The objective of this study was to show the occurrence of behavioral fever in shrimp inoculated with WSSV
and to evaluate its potential impact on the animal survival. This was accomplished by using a four-compartment
system with a thermal gradient to observe the thermal behavior of infected shrimp after virus inoculation. The
movement and mortality of the infected shrimp were monitored over a period of time to validate the results.
Additionally, the study investigated the effect of elevated temperatures on WSSV replication within an in vitro
setting.

Results

Effect of incubation temperature on lymphoid organ primary cell viability

The viability of shrimp lymphoid organ primary cells during culturing at different temperatures was evaluated
using EMA staining. Shrimp lymphoid organ primary cells were co-stained with EMA and Hoechst for the
determination of the cell’s viability at 0, 2 and 4 days post-incubation at 27 °C, 29 °C, 31 °C and 33 °C (Fig. 1).
After 4 days of culture, there was no significant decrease (p-value >0.05) in cell viability incubated at non-optimal
temperatures (29 °C, 31 °C and 33 °C) compared to the optimal temperature (27 °C) for culturing shrimp pri-
mary cells.
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Figure 1. Effect of incubation temperature on lymphoid organ primary cell culture viability. (a) Shrimp
lymphoid organ primary cells co-stained with Hoechst (blue) and EMA (red) for viability at 0, 2 and 4 days of
cultivation (doc) at 33 °C. Positive control: cells killed by incubation at 56 °C for 30 min. Scale bar =200 pum.
(b) The percentage of viable shrimp primary lymphoid organ cells at 27 °C, 29 °C, 31 °C and 33 °C at 0, 2 and

4 days of culture. The results are presented as the mean of three independent experiments + standard deviation
(s.d.). One-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test was conducted to determine
the statistical significance (n=36). No significant decrease (F,, ,,=1.01, p-value>0.05) was observed in cell’s
viability incubated at non-optimal temperatures (29 °C, 31 °C and 33 °C) compared to the optimal temperature
(27 °C) for culturing shrimp primary cells, after 4 days of culture.
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Effect of incubation temperature on WSSV replication in lymphoid organ primary cells

The replication of WSSV was evaluated in shrimp lymphoid organ primary cell cultures at different tempera-
tures. The percentage of WSSV infected shrimp primary lymphoid organ cells incubated at 27 °C, 29 °C, 31 °C
and 33 °C was assessed at 0, 24, 48 and 72 h post-inoculation (Fig. 2). The percentage of WSSV-infected shrimp
primary lymphoid organ cells incubated at 31 °C and 33 °C dropped significantly (p-value <0.05) compared to
the percentage of WSSV-infected cells incubated at 27 °C and 29 °C at 72 h post-inoculation.

Time course of virus replication in lymphoid organ primary cells as assessed by qPCR

The time course of WSSV replication was evaluated by a quantitative PCR in shrimp lymphoid organ primary
cell cultures at different temperatures. The copy number of WSSV DNA in infected cells and supernatant of
shrimp primary lymphoid organ cultures incubated at 27 °C, 29 °C, 31 °C and 33 °C was assessed at 0, 24, 48
and 72 h post-inoculation (Fig. 3). The copy number of WSSV in both cells and supernatant decreased signifi-
cantly (p-value <0.05) at 29 °C, 31 °C and 33 °C compared to the copy number of WSSV at 27 °C at 72 h post-
inoculation. No WSSV was found in non-inoculated and mock-inoculated cells.

Thermal behavior monitoring of juvenile shrimp in response to WSSV infection

The distribution and mortality of shrimp into the four compartments, either at 27 °C in the four chambers or at a
thermal gradient (27-29-31-33 °C) was monitored over time (Fig. 4). A total of 48 healthy shrimp (Penaeus van-
namei) with an average weight of 15+ 0.5 g were equally divided into (i) a WSSV-inoculated group kept at 27 °C
in the four-compartment system (4-CS) (n=12) and (ii) a WSSV-inoculated group (n=12), (iii) a mock-infected
group (n=12), and (iv) a non-inoculated group (n=12) kept at the thermal gradient. Each trial was repeated three
times in order to check the reproducibility of the results. During the first 4 days post-inoculation, the WSSV-
inoculated animals spread equally over the compartments when all the compartments were kept at 27 °C. In the
case of WSSV-infected animals kept at a temperature gradient, a movement towards the warmer compartments
was observed, whereas this was not the case with the mock-inoculated and non-inoculated animals.

WSSV-infected shrimp kept in 4-CS with a thermal gradient showed a higher mean preferred temperature
from 28.6 to 30.9 °C when compared to the non- and mock-inoculated shrimp kept in the 4-CS with a thermal
gradient at 4 days post-inoculation. Twenty four hours-post inoculation with white spot syndrome virus was
recognized as the onset point of behavioral fever in shrimp. Comparing the means of preferred temperatures of
WSSV-infected shrimp kept in the 4-CS with a thermal gradient with the means of preferred temperatures of
non- and mock-inoculated shrimp kept in the 4-CS with a thermal gradient over time, demonstrated a continu-
ous significant increase in the preferred temperature of shrimp starting at 24 h-post inoculation.

The number of dead shrimp in the different groups (WSSV-infected, mock-infected and non-infected shrimp)
and different compartments was monitored by direct observation. During the first 4 days post-inoculation,
94% mortality was observed among the WSSV-infected shrimp reared in the 4-CS with a fixed temperature
(27 °C), while only 28% mortality was observed among shrimp reared in the 4-CS with a temperature gradient
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Figure 2. Effect of incubation temperature on WSSV replication in lymphoid organ primary cell culture. (a)
Indirect immunofluorescence (IIF) staining of WSSV VP28 in primary lymphoid organ cell cultures from P
vannamei at 0, 24, 48 and 72 h post inoculation at 27 °C. Blue: Hoechst—staining for nuclei; Green: 1D3 and
goat anti-mouse IgG FITC—staining for WSSV VP28. Scale bar =50 pm. (b) The percentage of WSSV-infected
shrimp primary lymphoid organ cells incubated at 27 °C, 29 °C, 31 °C and 33 °C at 0, 24, 48 and 72 h post-
inoculation. The results are presented as the mean of three independent experiments +s.d. of the percentage of
WSSV-infected shrimp primary lymphoid organ cells incubated at 27 °C, 29 °C, 31 °C and 33 °C over time. One-
way analysis of variance (ANOVA) followed by Tukey’s post-hoc test was performed to examine the statistical
significance. Asterisks indicate significant differences (*F,5 3, =65.5, p-value <0.05) between 27 °C and the other
temperatures at 72 hpi (n=48; n=12 at each time point).
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a: Intracellular WSSV DNA copies b: Extracellular WSSV DNA copies
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Figure 3. Time course of virus replication in lymphoid organ primary cells as assessed by qPCR. The WSSV
DNA copies in the WSSV-infected shrimp primary lymphoid organ cells (intracellular DNA copies (a)) and
supernatant (extracellular DNA copies (b)) incubated at 27 °C, 29 °C, 31 °C and 33 °C at 0, 24, 48 and 72 h post-
inoculation. The results are presented as the mean of three independent experiments + s.d. of the copy number
of WSSV genomes in the WSSV-infected shrimp primary lymphoid organ cell cultures incubated at 27 °C,

29 °C, 31 °C and 33 °C over time. Detection limit < 10" copies/ml. The statistical significance was determined
using one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test. (a) Asterisks indicate significant
difference (*F; 44 = 966.8, p-value < 0.05) between 27 °C and the other temperatures at 72 hpi (n=192; n=48 at
each time point). (b) Asterisks indicate significant difference (*F; 4, =211.2, p-value <0.05) between 27 °C and
the other temperatures at 72 hpi (n=192; n=48 at each time point).

where they could select the temperature of preference. WSSV-infection in dead animals was confirmed using
IIF staining of cephalothorax tissue against WSSV viral protein VP28. No mortality was observed among the
mock-inoculated and non-inoculated shrimp reared in the 4-CS with a temperature gradient during the first
4 days post-inoculation.

Discussion

This study reveals that Penaeus vannamei shrimp benefits from behavioral fever in response to white spot syn-
drome virus infection. Our findings show that behavioral fever increases the survival rate of shrimp by transient
movement of shrimp to warmer places. Moreover, the current research shows a direct inhibitory effect of high
temperature on WSSV replication under in vitro conditions. Our data highlight the importance of the pathogen-
host-environment interplay in aquaculture.

Depending on the environment, WSSV infection can generate extreme mortality up to 100% within
3-10 days*'. WSSV can replicate in susceptible hosts, such as shrimp, crayfish, and crabs, at temperatures between
16 and 32 °C?$333440 Tt was previously demonstrated in our lab that increasing water temperature from 27 to
33 °C can shut off virus replication and disease/mortality in WSSV infected shrimp in the acute stage of infec-
tion before clinical signs appear?®1#2. Here we extend these findings by showing the shrimp’s ability to employ
thermal preference by moving towards higher temperatures to reduce white spot syndrome virus lethal effects.

Preferred temperature of many animals including endotherms and ectotherms increases after an injection
of pyrogenic substances. Our results are in parallel with other studies that have been conducted on behavioral
fever in crustaceans. According to Casterlin and Reynolds®, injecting inactivated Aeromonas hydrophila bac-
teria into the abdomen or gill chambers of Cambarus bartoni crayfish led to a rise of 1.8 °C above the preferred
temperature of 22.1 °C. The addition of paracetamol (acetaminophen) to the water inhibited this preference, as
reported by Reynolds et al.*. Furthermore, when prostaglandin E1 as a fever-producing factor was injected into
the haemocoel of Homarus americanus, Cambarus bartoni, and Penaeus duorarum, the preferred temperature
increased by 4.7 °C, 3.4 °C, and 4.5 °C, respectively, over a 24-h period**°. It is in agreement with our study that
indicated an increase of 2.4 °C in the mean preferred temperature of WSSV-infected shrimp kept in the 4-CS
with a thermal gradient at 4 days post-inoculation.

Febrile temperatures can negatively affect the growth of invasive pathogens***¢. Our study clearly demon-
strates that high incubation temperature inhibited virus DNA replication and synthesis of the envelope protein
VP28 in vitro. Mutations in a putative RNA polymerase® or protein kinase-1*° have been shown to limit the
expression of late viral components, including envelope proteins, in temperature-sensitive mutant baculoviruses
at high temperatures. These results suggest that high temperatures may influence enzyme activity of dSsSDNA
viruses during the early replication phase. In the case of WSSV, it is unknown whether high water temperatures
impair enzymes. This should be investigated with biochemical tests. Our in vitro study using shrimp lymphoid
organ primary cells showed that high temperatures such as 31 °C and 33 °C do not negatively affect the host
cells’ viability for at least 4 days while the DNA replication of WSSV clearly decreased. This study confirmed the
detrimental influence of the high temperature on WSSV DNA replication.
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Figure 4. Thermal behavior monitoring in response to WSSV infection in multi-chamber tanks. The
distribution, cumulative mortality and preferred temperature of WSSV-inoculated shrimp in the 4-CS

kept at 27 °C and of healthy (non-inoculated), mock-inoculated and WSSV-inoculated shrimp in the four
compartments reared in the 4-CS with thermal gradient (27-29-31-33 °C). The results for shrimp distribution
and mortality are presented as the mean of three independent trials + s.d. of the number of living and dead
shrimp observed every 3 h in each compartment. No mortality was observed among the non-inoculated and
mock-inoculated shrimp reared in the 4-CS with a temperature gradient during the first 4 days post-inoculation.
94% mortality was observed among the WSSV-inoculated shrimp reared in the 4-CS with fixed temperature
(27 °C) during the first 4 days post-inoculation. 28% mortality was observed among the WSSV-inoculated
shrimp reared in the 4-CS with a temperature gradient during the first 4 days post-inoculation. The results for
preferred temperature are presented as the means of preferred temperature of the living shrimp at each time
point. To determine the statistical significance, a one-way analysis of variance (ANOVA) followed by Tukey’s
post-hoc test was performed. Asterisks indicate a significant difference (*Fgs,3, =21.9, p-value <0.05) in the
mean preferred temperature of WSSV-inoculated shrimp kept in the 4-CS with a thermal gradient compared to
the mean preferred temperature of non- and mock-inoculated shrimp kept in the 4-CS with a thermal gradient
over a period of 96 h post-inoculation (n=297).
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Earlier studies showed that high temperature has a detrimental effect on WSSV replication in vivo?®2. At
33 °C, clinical signs were absent, and mortalities dropped to a zero level***>*". Besides the direct effect on inhib-
iting microbial reproduction, the temperature elevation of the body during behavioral fever can also improve
the immune system performance by stimulating innate immunity. Apoptosis is considered as an innate immune
response that contributes to the invertebrate antiviral response®. Granja et al. reported a higher survival rate
resulting from a substantial rise in the percentage of apoptotic cells in Penaeus vannamei infected with white
spot syndrome virus maintained at 32 °C in contrast to infected shrimp maintained at 26 °C**%. It suggests
that high water temperature stimulates apoptosis and as a result may reduce viral replication. This would allow
the shrimp to survive and control the disease®**. These studies are in agreement with our findings that show
an inhibition of virus replication in vivo upon migration towards warmer water. However, considering our
in vitro studies on cell viability and WSSV replication, our results undermined the role of apoptosis in reduc-
ing WSSV replication. Our results showed that higher temperatures do not significantly affect cell viability for
at least 4 days, while higher temperatures significantly hampered the ability of WSSV to replicate. Our finding
demonstrated that other factors, beyond host cell death, are involved in the suppression of WSSV infection at
higher temperatures. More studies are required to investigate the exact mechanism of the shrimp innate immune
system during behavioral fever.

According to Rahman et al,, raising the temperature to 33 °C failed to decrease mortality, or at least was less
efficient in shrimp that had already been infected with WSSV for 24 h at 27 °C. This is due to the fact that the
virus had already become systemic at 24 h post-infection?>?**2, causing irreversible tissue damage. Our results
demonstrate an early and effective onset of behavioral fever before 24 hpi by active movements towards the higher
temperatures before the virus becomes systemic.

Our results show that the preferred temperature in shrimp can be temporarily increased, and that this increase
can effectively inhibit viral infection and help the animal to survive. In addition to the benefits of high water
temperature in preventing virus infection, high temperature has a negative effect on some environmental vari-
ables important for normal shrimp metabolism, such as toxic metabolite concentrations (for example, nitrites or
ammonia), dissolved oxygen levels, salinity, and rate of evaporation®->%. This study demonstrated that shrimp,
by increasing their mean preferred temperature from 29.3 to 30.9 °C, can increase their survival percentage by
66% over a period of 4 days. Our results are important for the design of a shrimp pond. It would be interesting to
have several temperature levels at the shore (Fig. 5). This will allow the animal to migrate to the top level with an
increased temperature and to stay there to heal from their viral infection. It is important to keep the temperature
at the top level between 31 and 33 °C.

Low water temperatures can also reduce the replication of the virus, but this reduction can also lead to an
increased susceptibility to other types of infections and diseases®*~**. Low water temperatures have been shown
to reduce the activity of the shrimp’s immune system, making them more susceptible to infections and vulnerable
to diseases®*. In the future, it would be intriguing to investigate if shrimp can exhibit a different response than
behavioral fever (i.e., seeking cooler water) when facing certain pathogens, and if this response can provide an
advantage to the infected individual.

In the current study, it is clearly demonstrated that behavioral fever is expressed by shrimp in order to increase
the survival capacity against a viral pathogen. However, in invertebrate ectotherms unlike the vertebrate ecto-
therms, the exact mechanism of behavioral fever onset is not clear. Fever of endotherms and behavioral fever of
ectothermic vertebrates share evolutionary conserved mechanisms®. The preoptic area (POA) of the vertebrate
brain contributes to thermoregulation and fever induction in endothermic vertebrates and behavioral fever of
ectothermic vertebrates®. In invertebrates, unlike vertebrates, a hypothalamus does not exist. Penaeid shrimp
possess a single ventral nerve cord that connects ganglions along their body segments®®. The peripheral nervous
system of crustaceans appears to possess the ability of sensing changes in temperature and adjusting to them
through thermal acclimation, without the involvement of the central nervous system’s participation in controlling
behavior®®. More research is required in order to investigate the exact mechanism controlling the temperature
sensation, thermoregulation and behavioral fever in crustaceans.

In summary, the present study aimed to show that shrimp express behavioral fever in the context of a physi-
ological process driven by behavioral changes that result in increased host survival, primarily through inhibition
of virus replication. These findings indicate that behavioral fever, as an innate immune response, can inhibit the
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Figure 5. Thermal stratification in a 1.5-2 m deep shrimp pond. (a) Conventional border of a shrimp pond. (b)
New design of a border in a shrimp pond.
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virulence of pathogens that infect shrimp. High water temperature at a certain area of the pond may be applied
in closed shrimp farming systems to control WSSV. Further research is needed to fully understand the relation-
ship between behavioral fever and different pathogens in shrimp in order to develop strategies for controlling
the diseases in the shrimp aquaculture industry.

In conclusion, this study demonstrates that the expression of a febrile response called behavioral fever is used
by shrimp to produce an elevated temperature when infected with WSSV by transient migration to warmer areas.
Behavioral fever protects them and increases their survival capacity.

Materials and methods

Shrimp

SPF Penaeus vannamei shrimp weighing 15+ 0.5 g were received from IMAQUA bv, Lochristi, Belgium. Shrimp
were reared for 2 weeks in a recirculation system at the Laboratory of Virology, Faculty of Veterinary Medicine,
Ghent University, Belgium. The water temperature was maintained at 27 °C. Sea water with a salinity of 3.2% was
made using artificial sea salt (Instant Ocean, Aquarium systems, France) and deionized water. Shrimp were fed
2% of average weight with a commercial shrimp diet every day. Water quality was tested every day by measuring
ionized ammonia (Aquamerck, Germany).

Virus

For this study, the WSSV Thai-1 strain was utilized. The virus was originally obtained from infected Penaeus
monodon in Thailand, and it was subsequently transmitted to Pacifastacus leniusculus crayfish. Gill suspension
of crayfish infected with WSSV Thai-1, was kindly provided by K. S6derhill (Uppsala University, Sweden). The
virus was thereafter propagated in specific pathogen-free (SPF) P. vannamei in the Laboratory of Virology at the
Faculty of Veterinary Medicine, Ghent University, Belgium. In summary, WSSV Thai-1 inoculum was prepared
by homogenizing 50 g of moribund WSSV-infected shrimp carcasses without stomach and hepatopancreas in
100 ml of crustacean PBS (371.9+ 25 mM NaCl, 2.7 mM KCl, 2 mM KH,PO,, 8 mM Na,HPO,, with pH: 7.2-7.4
and osmolality: 780 mmol/kg) on ice. The homogenate was diluted 1:10 in crustacean PBS and centrifuged at
3000g for 20 min at 4 °C. Then, the supernatant was collected and centrifuged at 13,000 for 20 min at 4 °C.
The supernatant passed through a 0.45 um membrane (Sarstedt, Germany) and was stored at —70 °C®. The
mock inoculum was prepared from healthy shrimp following the same procedure. Using the method described
by Escobedo-Bonilla et al.%, the infectivity titers of the viral stocks were investigated. When intramuscularly
inoculated into SPF P. vannamei, the median infectious titer of the stock was found to be 10°# SIDs, (shrimp
infectious dose with 50% endpoint) per ml.

Primary cell cultures from the lymphoid organ

In order to disinfect shrimp for lymphoid organ dissection, they were immersed in a 4.0% hypochlorite solution
and then 70% ethanol solution made in seawater (salinity of 3.2%). After 2 min immersion in disinfectants (each
for 1 min), the shrimp were rinsed five times with cold sterile seawater. The lymphoid organ, which consists of
two small, ovoid-shaped organs located between the stomach’s lateral edge and the anterior side of the hepato-
pancreas, were dissected and rinsed four times with HaNaMoRa medium (patent application number PCT/
EP2023/051493, filing date 23/01/2023) before being cut into 0.5 mm? explants. The explants were then placed
into wells of 24-well plates (containing a glass coverslip coated with 0.1% gelatin) with 1 ml of HaNaMoRa cell
culture medium per well. The cultures were kept in an incubator at 27 °C and observed daily using an inverted
microscope. Every 3 days, half of the culture medium was replaced. To detach and subculture the outgrowing
cells after 10 days post seeding, 1.5 mg/ml collagenase IV plus 3 mM CaCl, dissolved in crustacean PBS was
used. Following the removal of the explants, the cells were collected by centrifugation at 400g for 10 min. The
cellular pellet was resuspended in 1 ml of fresh culture medium. Cell counting was done using a Biirker-Tiirk
counting chamber. Finally, 1.1 x 10° cells were seeded in each well of 24-well plates containing a glass coverslip
coated with 0.1% gelatin. At 24 h post-seeding, the cell cultures were ready for evaluating the cell’s viability and
determining their susceptibility to WSSV infection.

Viability of cells in lymphoid organ primary cell cultures

The viability of the cells in shrimp lymphoid organ primary cell cultures at different temperatures was evalu-
ated using EMA (Ethidium Monoazide) staining with excitation/emission of approximately 504/600 nm. Sub-
cultured cells were incubated at 27 °C, 29 °C, 31 °C or 33 °C and the cell viability was evaluated at 0, 2 and 4 days
of cultivation (n=36; n=12 at each time point). Cell cultures were subjected to the following steps in order to
evaluate the percentage of viable cells using EMA staining: (i) incubation with 200 pul EMA solution (20 pg/ml in
medium, Invitrogen) on ice and in the dark for 30 min, (ii) exposure to bright light on ice for 10 min, (iii) fixa-
tion with 500 pl of 4% paraformaldehyde for 10 min, (iv) incubation with 200 pl of Hoechst solution (10 pg/ml
in PBS, Sigma Aldrich) for 10 min, and (v) rinsing once with PBS and once with ultra-pure water. Fluorescence
microscopy was utilized to examine samples (Leica Thunder, Germany).

Quantitation of cultured cells immunopositive for WSSV VP28 antigen

The WSSV infection in shrimp lymphoid organ primary cell cultures was evaluated at different temperatures
using indirect immunofluorescence (IIF) staining. Primary cells were sub-cultured after 10 days of incubation at
27 °C. Sub-cultured cells in 24-well plates (containing a glass coverslip coated with 0.1% gelatin) were inoculated
with 250 ul of 10> SID5, ml™ of WSSV Thai-1 or mock inoculum and were incubated at 27 °C for 1 h. After 1 h
of incubation, the inoculum was discarded, and wells were rinsed three times with fresh culture medium. One
milliliter of HaNaMoRa medium was added to each well of a 24-well plate and cells were further incubated at
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different temperatures: 27 °C, 29 °C, 31 °C and 33 °C. The percentage of WSSV infected shrimp primary lym-
phoid organ cells incubated at 27 °C, 29 °C, 31 °C and 33 °C was assessed at 0, 24, 48 and 72 h post-inoculation.
The shrimp lymphoid organ primary cell cultures of non-inoculated (n=48; n=12 at each time point), mock-
inoculated (n=48; n=12 at each time point) and WSSV-inoculated (n=48; n=12 at each time point) were fixed
using 100% methanol at — 20 °C for 20 min. Cells were rinsed three times for 5 min using PBS and incubated with
3.5 ug ml™ of the monoclonal antibody 1D3 (AbClon Inc., South Korea) targeted against viral antigen VP28%' of
WSSV for 1 h at 37 °C. Then, cells were rinsed with PBS and incubated with fluorescein isothiocyanate (FITC)-
labeled goat anti-mouse IgG (F-2761, Molecular Probes, The Netherlands) for 1 h at 37 °C. Cells were finally
rinsed with PBS, washed with ultra-pure water and analyzed by fluorescence microscopy.

WSSV quantitative PCR with primary cell cultures

The time course of WSSV replication was evaluated by quantitative PCR in shrimp lymphoid organ primary
cell cultures at different temperatures. Primary cells were sub-cultured after 10 days of incubation at 27 °C.
Sub-cultured cells in 24-well plates (containing a glass coverslip coated with 0.1% gelatin) were inoculated with
250 pl of 10># SID;, ml™! of WSSV Thai-1 or mock inoculum at 27 °C for 1 h. After three washes with cold culture
medium, 1 ml fresh culture medium was added to each well and cells were further incubated at 27 °C, 29 °C,
31 °C and 33 °C. The replication time course of WSSV in non-inoculated (n=192; n=48 at each time point),
mock-inoculated (n=192; n=48 at each time point) and WSSV-inoculated (n=192; n=48 at each time point)
shrimp primary lymphoid organ cells incubated at 27 °C, 29 °C, 31 °C and 33 °C was assessed at 0, 24, 48 and
72 h post-inoculation. The shrimp lymphoid organ primary cell cultures and supernatant culture medium were
used for DNA isolation. VP19 gene was used as target gene to quantitate the number of viral genomes by qPCR
at different temperatures and different time points after inoculation.

After centrifugation at 2000g for 10 min, the supernatant was retrieved and stored at — 70 °C. Cells were
scraped and mixed with those from the centrifuged supernatant at — 70 °C. A QIAamp DNA Mini kit (Qiagen)
was used to extract DNA from the cell fraction and supernatant. The Primer3Plus website was used to design
primers within a conserved region of the VP19 coding sequence. For each reaction, 20 pl of PCR mixture was
applied. Each PCR mixture consisted of 10 pl PrecisionPLUS 2 x qPCR MasterMix with SYBR Green and ROX
(PrimerDesign), 6.5 ul DNase/RNase-free H,0, 50 nM forward primer 5-ATTGGTATCCTCGTCCTGGC-3/,
200 nM reverse primer 5-GTTATCGTTGGCAGTGTCGTC-3' and 3 pl sample DNA or standard DNA. The
enzyme was activated at 95 °C for 2 min, followed by 40 cycles of 15 s at 95 °C and 60 s at 58 °C. In order to
obtain first-derivative melting curves, the mixture was heated to 95 °C for 15 s, cooled to 60 °C for 1 min, and
then heated back to 95 °C at 0.3 °C increments®*%. A StepOnePlus Real-Time PCR system (Applied Biosystems)
was used for amplification, monitoring, and melting curve analysis.

In order to prepare DNA standards for generating a standard curve for absolute quantitation, DNA was iso-
lated from the Thai-1 strain of WSSV stock using a QIAamp DNA Mini kit (Qiagen). The VP19 DNA fragment
was amplified using the aforementioned primers. A 50 ul PCR reaction including 32.75 ul DNase/RNase-free
H,O0, 10 pl OneTAQ Standard reaction buffer (New England Biolabs), 0.25 ul OneTAQ DNA Polymerase (New
England Biolabs), 1 ul of each aforementioned forward and reverse primers, 1 ul ANTPmix and 4 pul DNA was
prepared to amplify the VP19 DNA fragment. The PCR protocol was 94 °C for 30 s followed by 35 cycles of
20 s at 94 °C, 20 s at 55 °C and 60 s at 68 °C with a final elongation step for 5 min at 68 °C. Employing agarose
gel electrophoresis, fragments with correct length were isolated and cleaned using a Nucleospin Gel and PCR
Cleanup kit (Macherey-Nagel). The concentration of DNA was measured utilizing the NanoDrop 2000 system.
For generation of the standard curve, tenfold serial dilutions of the DNA were made over a range of 8 log units
(10°-10%) (efficiency: 98.23%; R%: 0.99).

Design of the multi-chamber temperature tank systems

A four-compartment system (4-CS) was used. The 4-CS consisted of four equal tanks of each 25 L (height x diam-
eter: 33 x 31 cm), connected with tubes (length x diameter: 18 x 8 cm) at the bottom of the tanks (Fig. 6). In the
4-CS, a heater was placed in each tank to keep the desired temperature (EHEIM Thermocontrol, Germany). A
thermal gradient (27 +0.2-29 +£0.2-31+0.2-33 + 0.2 °C) was established between the four chambers by putting
a heater in each chamber to ensure the correct temperature in each connected tank. The temperature in all four
compartments was controlled by measurements every 3 h. In the 4-CS, daily feeding was performed by equally
dividing the feed. Feeding was performed in all compartments at the same time independent of the number of
shrimp in each compartment.

WSSV inoculation in challenge

A total of 48 healthy shrimp (Penaeus vannamei) with an average weight of 15+ 0.5 g were equally divided into a
non-infected group, a mock-infected group, a WSSV-infected group kept in temperature gradient and a WSSV-
infected group kept at a fixed temperature. In each group, shrimp (n=12) were initially introduced into the 4-CS
with all four chambers at 27 °C. After an acclimatization period of 1 week, the heaters were adjusted in order
to produce a temperature gradient (27-29-31-33 °C) or a fixed temperature (27 °C). In the WSSV infection
groups, shrimp were intramuscularly injected at the junction between the third and fourth abdominal segments
with 50 pl of 108 SID, ml™" per shrimp of WSSV Thai-1 strain. In the mock-infected group, 12 shrimp were
intramuscularly injected with 50 ul per shrimp of mock inoculum (from healthy shrimp tissue suspension). Each
trial was repeated three times in order to check the reproducibility of the results.
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Figure 6. The Four-Compartment System (4-CS) with fixed temperature or with a temperature gradient.
4-CS consisted of four equal tanks of 25 L each (height x diameter: 33 x 31 cm), connected with tubes

(length x diameter: 18 x 8 cm) at the bottom of the tanks with all the compartments at 27 °C (a) or with a
thermal gradient (27 £0.2 °C-29+£0.2 °C-31+0.2 °C-33+0.2 °C) (b).

Monitoring of shrimp movements and mortality

Shrimp distribution and mortality of shrimp in the four compartments were monitored over 4 days. Shrimp
movements between compartments were monitored every 3 h by direct observation. The results are presented
as the mean of three independent trials +s.d. to determine the number of shrimp occupying each compartment
every 3 h.

Confirmation of WSSV infection (VP28) by histological IIF

In order to confirm WSSV infections in dead animals, an IIF staining against WSSV viral protein VP28 was
performed. Dead and moribund shrimp were removed from the compartments every 3 h and covered with ice
to slow down the post-mortem changes and to ensure the euthanasia of moribund shrimp. The cephalothoraxes
of dead and euthanized shrimp were obtained. The cephalothoraxes were (i) longitudinally dissected, (ii) in 2%
methylcellulose embedded and (iii) rapidly frozen at — 70 °C (dry ice and ethanol). 12 pm thick cryosections
were generated and fixed in 100% methanol at —20 °C for 20 min. Following washing sections in PBS (three
times for 5 min), sections were incubated with 3.5 pg ml™ of the monoclonal antibody 1D3 (AbClon Inc., South
Korea) specifically against the viral antigen VP28 of WSSV®! for 1 h at 37 °C. Sections were then rinsed with
PBS and treated with fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG for 1 h at 37 °C. Finally,
sections were rinsed with PBS, washed in ultra-pure water, left to dry, and mounted with a solution containing
glycerin and 1, 4-diaza-bicyclo [2,2,2]-octan (DABCO) (ACROS Organics, USA). Sections were examined using
fluorescence microscopy.

Data analysis

IBM SPSS Statistics for Windows, version 26 (Armonk, NY: IBM Corp), was utilized to conduct a one-way
analysis of variance (ANOVA) followed by Tukey’s post-hoc test to determine the statistical significance. For all
the analyses, a two-sided p-value < 0.05 was considered statistically significant. Normality of the data was verified
by the use of the Shapiro-Wilk test. F-ratio and degrees of freedom of each statistical analysis were expressed
as Fumerator-dt.denominator-df = F-value (numerator-df: between-groups degrees of freedom, denominator-df: within-
groups degrees of freedom and F-value: mean square between-groups divided by mean square within-groups).
Data were given as mean of three independent experiments + standard deviation (s.d.) at each time point.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
on request.

Received: 7 March 2023; Accepted: 18 October 2023
Published online: 21 October 2023

Scientific Reports |

(2023) 13:18034 |

https://doi.org/10.1038/s41598-023-45335-5 nature portfolio



www.nature.com/scientificreports/

References

1.

2.

11.
12.

13.

14.

15.

16.
17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.
30.
31.

32.

33.

34.

35.

36.

37.
38.

39.

Evans, S. S., Repasky, E. A. & Fisher, D. T. Fever and the thermal regulation of immunity: The immune system feels the heat. Nat.
Rev. Immunol. 15, 335-349. https://doi.org/10.1038/nri3843 (2015).

Crickenberger, S., Hui, T. Y., Landry Yuan, E, Bonebrake, T. C. & Williams, G. A. Preferred temperature of intertidal ectotherms:
Broad patterns and methodological approaches. J. Therm. Biol. 87, 102468. https://doi.org/10.1016/j.jtherbio.2019.102468 (2020).

. Rakus, K., Ronsmans, M. & Vanderplasschen, A. Behavioral fever in ectothermic vertebrates. Dev. Comp. Immunol. 66, 84-91.

https://doi.org/10.1016/j.dci.2016.06.027 (2017).

. Kluger, M. J., Kozak, W,, Conn, C. A,, Leon, L. R. & Soszynski, D. Role of fever in disease. Ann. N. Y. Acad. Sci. 856, 224-233.

https://doi.org/10.1111/j.1749-6632.1998.tb08329.x (1998).

. Vaughn, L. K., Bernheim, H. A. & Kluger, M. J. Fever in the lizard Dipsosaurus dorsalis. Nature 252, 473-474. https://doi.org/10.

1038/252473a0 (1974).

. Do Amaral, J. P. S., Marvin, G. A. & Hutchison, V. H. The influence of bacterial lipopolysaccharide on the thermoregulation of the

Box Turtle Terrapene carolina. Physiol. Biochem. Zool. 75, 273-282. https://doi.org/10.1086/341816 (2002).

. Merchant, M., Fleury, L., Rutherford, R. & Paulissen, M. Effects of bacterial lipopolysaccharide on thermoregulation in green anole

lizards (Anolis carolinensis). Vet. Immunol. Immunopathol. 125, 176-181. https://doi.org/10.1016/j.vetimm.2008.04.014 (2008).

. Reynolds, W. W, Casterlin, M. E. & Covert, J. B. Behavioural fever in teleost fishes. Nature 259, 41-42. https://doi.org/10.1038/

2590410 (1976).

. Covert, J. B. & Reynolds, W. W. Survival value of fever in fish. Nature 267, 43-45. https://doi.org/10.1038/267043a0 (1977).
. Grins, A., Rosengren, M., Niklasson, L. & Axelsson, M. Behavioural fever boosts the inflammatory response in rainbow trout

Oncorhynchus mykiss. J. Fish Biol. 81,1111-1117. https://doi.org/10.1111/j.1095-8649.2012.03333.x (2012).

Kluger, M. J. Fever in the frog Hyla cinerea. J. Therm. Biol. 2, 79-81. https://doi.org/10.1016/0306-4565(77)90042-0 (1977).
Casterlin, M. E. & Reynolds, W. W. Behavioral fever in anuran amphibian larvae. Life Sci. 20, 593-596. https://doi.org/10.1016/
0024-3205(77)90461-1 (1977).

Murphy, P, St-Hilaire, S. & Corn, P. Temperature, hydric environment, and prior pathogen exposure alter the experimental severity
of chytridiomycosis in boreal toads. Dis. Aquat. Organ. 95, 31-42. https://doi.org/10.3354/dao02336 (2011).

Elliot, S. L., Blanford, S. & Thomas, M. B. Host-pathogen interactions in a varying environment: temperature, behavioural fever
and fitness. Proc. R. Soc. Lond. Ser. B Biol. Sci. 269, 1599-1607. https://doi.org/10.1098/rspb.2002.2067 (2002).

Campbell, ., Kessler, B., Mayack, C. & Naug, D. Behavioural fever in infected honeybees: Parasitic manipulation or coincidental
benefit?. Parasitology 137, 1487-1491. https://doi.org/10.1017/S0031182010000235 (2010).

Dinarello, C. A. Cytokines as endogenous pyrogens. J. Infect. Dis. 179, S294-S304. https://doi.org/10.1086/513856 (1999).
Netea, M. G., Kullberg, B. J. & Van der Meer, ]. W. M. Circulating cytokines as mediators of fever. Clin. Infect. Dis. 31, S178-S184.
https://doi.org/10.1086/317513 (2000).

Van Hulten, M. C. W. et al. The white spot syndrome virus DNA genome sequence. Virology 286, 7-22. https://doi.org/10.1006/
viro.2001.1002 (2001).

Mayo, M. A. A summary of taxonomic changes recently approved by ICTV. Arch. Virol. 147, 1655-1656. https://doi.org/10.1007/
5007050200039 (2002).

Escobedo-Bonilla, C. et al. Standardized white spot syndrome virus (WSSV) inoculation procedures for intramuscular or oral
routes. Dis. Aquat. Organ. 68, 181-188. https://doi.org/10.3354/dao068181 (2006).

Lightner, D. V. A Handbook of Shrimp Pathology and Diagnostic Procedures for Diseases of Cultured Penaeid Shrimp (1996).
Escobedo-Bonilla, C. et al. Pathogenesis of a Thai strain of white spot syndrome virus (WSSV) in juvenile, specific pathogen-free
Litopenaeus vannamei. Dis. Aquat. Organ. 74, 85-94. https://doi.org/10.3354/dao074085 (2007).

Lightner, D. V. & Redman, R. M. Shrimp diseases and current diagnostic methods. Aquaculture 164, 201-220. https://doi.org/10.
1016/S0044-8486(98)00187-2 (1998).

De Gryse, G. M. A. et al. The shrimp nephrocomplex serves as a major portal of pathogen entry and is involved in the molting
process. Proc. Natl. Acad. Sci. 117, 28374-28383. https://doi.org/10.1073/pnas.2013518117 (2020).

Wyban, J., Walsh, W. A. & Godin, D. M. Temperature effects on growth, feeding rate and feed conversion of the Pacific white
shrimp (Penaeus vannamei). Aquaculture 138, 267-279. https://doi.org/10.1016/0044-8486(95)00032-1 (1995).

Ponce-Palafox, J., Martinez-Palacios, C. A. & Ross, L. G. The effects of salinity and temperature on the growth and survival rates
of juvenile white shrimp, Penaeus vannamei, Boone, 1931. Aquaculture 157, 107-115. https://doi.org/10.1016/50044-8486(97)
00148-8 (1997).

Spanopoulos-Herndndez, M., Martinez-Palacios, C. A., Vanegas-Pérez, R. C., Rosas, C. & Ross, L. G. The combined effects of
salinity and temperature on the oxygen consumption of juvenile shrimps Litopenaeus stylirostris (Stimpson, 1874). Aquaculture
244, 341-348. https://doi.org/10.1016/j.aquaculture.2004.11.023 (2005).

Rahman, M. M. et al. Effect of high water temperature (33 °C) on the clinical and virological outcome of experimental infections
with white spot syndrome virus (WSSV) in specific pathogen-free (SPF) Litopenaeus vannamei. Aquaculture 261, 842-849. https://
doi.org/10.1016/j.aquaculture.2006.09.007 (2006).

Dall, W, Hill, B., Rothlisberg, P. & Sharples, D. J. The biology of the Penaeidae. Adv. Mar. Biol. 27, 333-356 (1990).
Withyachumnarnkul, B. et al. Seasonal variation in white spot syndrome virus-positive samples in broodstock and post-larvae of
Penaeus monodon in Thailand. Dis. Aquat. Organ. 53, 167-171. https://doi.org/10.3354/da0053167 (2003).

Rodriguez, J. et al. White spot syndrome virus infection in cultured Penaeus vannamei (Boone) in Ecuador with emphasis on
histopathology and ultrastructure. J. Fish Dis. 26, 439-450. https://doi.org/10.1046/j.1365-2761.2003.00483.x (2003).

Vidal, O. M., Granja, C. B., Aranguren, E, Brock, J. A. & Salazar, M. A profound effect of hyperthermia on survival of Litopenaeus
vannamei juveniles infected with white spot syndrome virus. J. World Aquac. Soc. 32, 364-372. https://doi.org/10.1111/j.1749-7345.
2001.tb00462.x (2001).

Guan, Y., Yu, Z. & Li, C. The effects of temperature on white spot syndrome infections in Marsupenaeus japonicus. J. Invertebr.
Pathol. 83, 257-260. https://doi.org/10.1016/S0022-2011(03)00068-5 (2003).

Jiravanichpaisal, P, Soderhill, K. & Soderhall, I. Effect of water temperature on the immune response and infectivity pattern of
white spot syndrome virus (WSSV) in freshwater crayfish. Fish Shellfish Immunol. 17, 265-275. https://doi.org/10.1016/j.fsi.2004.
03.010 (2004).

Shikata, M., Hashimoto, Y., Matsumoto, T. & Sano, Y. Isolation and characterization of a temperature-sensitive mutant of Bombyx
mori nucleopolyhedrovirus for a putative RNA polymerase gene. J. Gen. Virol. 79, 2071-2078. https://doi.org/10.1099/0022-1317-
79-8-2071 (1998).

Grant, E. C,, Philipp, D. P, Inendino, K. R. & Goldberg, T. L. Effects of temperature on the susceptibility of largemouth bass to
largemouth bass virus. J. Aquat. Anim. Health 15, 215-220. https://doi.org/10.1577/H03-009 (2003).

lida, T. & Sano, M. Koi herpesvirus disease. Uirusu 55, 145-151. https://doi.org/10.2222/jsv.55.145 (2005).

Granja, C., Aranguren, L., Vidal, O., Aragén, L. & Salazar, M. Does hyperthermia increase apoptosis in white spot syndrome virus
(WSSV)-infected Litopenaeus vannamei?. Dis. Aquat. Organ. 54, 73-78. https://doi.org/10.3354/da0054073 (2003).

Granja, C,, Vidal, O., Parra, G. & Salazar, M. Hyperthermia reduces viral load of white spot syndrome virus in Penaeus vannamei.
Dis. Aquat. Organ. 68, 175-180. https://doi.org/10.3354/dao068175 (2006).

Scientific Reports |

(2023) 13:18034 | https://doi.org/10.1038/s41598-023-45335-5 nature portfolio


https://doi.org/10.1038/nri3843
https://doi.org/10.1016/j.jtherbio.2019.102468
https://doi.org/10.1016/j.dci.2016.06.027
https://doi.org/10.1111/j.1749-6632.1998.tb08329.x
https://doi.org/10.1038/252473a0
https://doi.org/10.1038/252473a0
https://doi.org/10.1086/341816
https://doi.org/10.1016/j.vetimm.2008.04.014
https://doi.org/10.1038/259041a0
https://doi.org/10.1038/259041a0
https://doi.org/10.1038/267043a0
https://doi.org/10.1111/j.1095-8649.2012.03333.x
https://doi.org/10.1016/0306-4565(77)90042-0
https://doi.org/10.1016/0024-3205(77)90461-1
https://doi.org/10.1016/0024-3205(77)90461-1
https://doi.org/10.3354/dao02336
https://doi.org/10.1098/rspb.2002.2067
https://doi.org/10.1017/S0031182010000235
https://doi.org/10.1086/513856
https://doi.org/10.1086/317513
https://doi.org/10.1006/viro.2001.1002
https://doi.org/10.1006/viro.2001.1002
https://doi.org/10.1007/s007050200039
https://doi.org/10.1007/s007050200039
https://doi.org/10.3354/dao068181
https://doi.org/10.3354/dao074085
https://doi.org/10.1016/S0044-8486(98)00187-2
https://doi.org/10.1016/S0044-8486(98)00187-2
https://doi.org/10.1073/pnas.2013518117
https://doi.org/10.1016/0044-8486(95)00032-1
https://doi.org/10.1016/S0044-8486(97)00148-8
https://doi.org/10.1016/S0044-8486(97)00148-8
https://doi.org/10.1016/j.aquaculture.2004.11.023
https://doi.org/10.1016/j.aquaculture.2006.09.007
https://doi.org/10.1016/j.aquaculture.2006.09.007
https://doi.org/10.3354/dao053167
https://doi.org/10.1046/j.1365-2761.2003.00483.x
https://doi.org/10.1111/j.1749-7345.2001.tb00462.x
https://doi.org/10.1111/j.1749-7345.2001.tb00462.x
https://doi.org/10.1016/S0022-2011(03)00068-5
https://doi.org/10.1016/j.fsi.2004.03.010
https://doi.org/10.1016/j.fsi.2004.03.010
https://doi.org/10.1099/0022-1317-79-8-2071
https://doi.org/10.1099/0022-1317-79-8-2071
https://doi.org/10.1577/H03-009
https://doi.org/10.2222/jsv.55.145
https://doi.org/10.3354/dao054073
https://doi.org/10.3354/dao068175

www.nature.com/scientificreports/

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Jiravanichpaisal, P, S6derhill, K. & S6derhill, I. Characterization of white spot syndrome virus replication in in vitro-cultured
haematopoietic stem cells of freshwater crayfish, Pacifastacus leniusculus. J. Gen. Virol. 87, 847-854. https://doi.org/10.1099/vir.0.
81758-0 (2006).

Rahman, M. M. et al. Impact of daily fluctuations of optimum (27 °C) and high water temperature (33 °C) on Penaeus vannamei
juveniles infected with white spot syndrome virus (WSSV). Aquaculture 269, 107-113. https://doi.org/10.1016/j.aquaculture.2007.
04.056 (2007).

Rahman, M. M. et al. The effect of raising water temperature to 33 °C in Penaeus vannamei juveniles at different stages of infection
with white spot syndrome virus (WSSV). Aquaculture 272, 240-245. https://doi.org/10.1016/j.aquaculture.2007.07.228 (2007).
Casterlin, M. E. & Reynolds, W. W. Bahavioral fever in crayfish. Hydrobiologia 56, 99-101. https://doi.org/10.1007/BF00023345
(1977).

Reynolds, W. W,, Casterlin, M. E. & Covert, J. B. Behaviorally mediated fever in aquatic ectotherms. In Fever 207-212 (Raven Press,
1980).

Casterlin, M. E. & Reynolds, W. W. Prostaglandin E1 fever in the crayfish Cambarus bartoni. Pharmacol. Biochem. Behav. 9,
593-595. https://doi.org/10.1016/0091-3057(78)90208-3 (1978).

Casterlin, M. E. & Reynolds, W. W. Fever induced in marine arthropods by prostaglandin E1. Life Sci. 25, 1601-1603. https://doi.
0rg/10.1016/0024-3205(79)90443-0 (1979).

Anderson, R. D., Blanford, S., Jenkins, N. E. & Thomas, M. B. Discriminating fever behavior in house flies. PLoS One 8, €62269.
https://doi.org/10.1371/journal.pone.0062269 (2013).

Foxman, E. F. et al. Temperature-dependent innate defense against the common cold virus limits viral replication at warm tem-
perature in mouse airway cells. Proc. Natl. Acad. Sci. 112, 827-832. https://doi.org/10.1073/pnas.1411030112 (2015).

Fan, X., Thirunavukkarasu, K. & Weaver, R. F. Temperature-Sensitive mutations in the protein kinase-1 (pk-1) gene of the
Autographa californica nuclear polyhedrosis virus that block very late gene expression. Virology 224, 1-9. https://doi.org/10.
1006/viro.1996.0500 (1996).

You, X. et al. Effect of high water temperature on mortality, immune response and viral replication of WSSV-infected Marsupenaeus
japonicus juveniles and adults. Aquaculture 305, 133-137. https://doi.org/10.1016/j.aquaculture.2010.04.024 (2010).

Everett, H. & McFadden, G. Apoptosis: An innate immune response to virus infection. Trends Microbiol. 7, 160-165. https://doi.
0rg/10.1016/50966-842x(99)01487-0 (1999).

Le Moullac, G. et al. Effect of hypoxic stress on the immune response and the resistance to vibriosis of the shrimp Penaeus styli-
rostris. Fish Shellfish Immunol. 8, 621-629. https://doi.org/10.1006/fsim.1998.0166 (1998).

Van Wyk, P. & Scarpa, ]. Water quality requirements and management. Farm. Mar. Shrimp Recirc. Freshw. Syst. 13, 128-138 (1999).
Lemaire, P, Bernard, E., Martinez-Paz, J. A. & Chim, L. Combined effect of temperature and salinity on osmoregulation of juvenile
and subadult Penaeus stylirostris. Aquaculture 209, 307-317. https://doi.org/10.1016/50044-8486(01)00756-6 (2002).

Cheng, W.,, Wang, L.-U. & Chen, J.-C. Effect of water temperature on the immune response of white shrimp Litopenaeus vannamei
to Vibrio alginolyticus. Aquaculture 250, 592-601. https://doi.org/10.1016/j.aquaculture.2005.04.060 (2005).

Pan, L. Q, Hu, E W, Jing, E. T. & Liu, H. J. The effect of different acclimation temperatures on the prophenoloxidase system and
other defence parameters in Litopenaeus vannamei. Fish Shellfish Immunol. 25, 137-142. https://doi.org/10.1016/j.fsi.2008.03.016
(2008).

Prosser, C. L. & Nelson, D. O. The role of nervous systems in temperature adaptation of poikilotherms. Annu. Rev. Physiol. 43,
281-300. https://doi.org/10.1146/annurev.ph.43.030181.001433 (1981).

Subramoniam, T. Crustacean ecdysteriods in reproduction and embryogenesis. Comp. Biochem. Physiol. C Pharmacol. Toxicol.
Endocrinol. 125, 135-156. https://doi.org/10.1016/S0742-8413(99)00098-5 (2000).

Lagerspetz, K. Y. H. & Vainio, L. A. Thermal behaviour of crustaceans. Biol. Rev. 81, 237. https://doi.org/10.1017/S14647931050069
98 (2006).

Escobedo-Bonilla, C. et al. In vivo titration of white spot syndrome virus (WSSV) in specific pathogen-free Litopenaeus vannamei
by intramuscular and oral routes. Dis. Aquat. Organ. 66, 163-170. https://doi.org/10.3354/dao066163 (2005).

Poulos, B., Pantoja, C., Bradley-Dunlop, D., Aguilar, J. & Lightner, D. Development and application of monoclonal antibodies for
the detection of white spot syndrome virus of penaeid shrimp. Dis. Aquat. Org. 47, 13-23. https://doi.org/10.3354/dao047013
(2001).

Li, W. et al. Virus replication cycle of white spot syndrome virus in secondary cell cultures from the lymphoid organ of Litopenaeus
vannamei. J. Gen. Virol. 96, 2844-2854. https://doi.org/10.1099/vir.0.000217 (2015).

Zheng, L., Byadgi, O., Rakhshaninejad, M. & Nauwynck, H. Upregulation of torso-like protein (perforin) and granzymes B and G
in non-adherent, lymphocyte-like haemocytes during a WSSV infection in shrimp. Fish Shellfish Immunol. 128, 676-683. https://
doi.org/10.1016/j.£51.2022.08.021 (2022).

Acknowledgements

The authors would like to express special appreciation and thanks to Prof. Dr. Patrick Sorgeloos and Mama Magda
Aquaculture Fund (MMAF) for supporting and funding this project (No. 01G01317). The second author was
supported by a scholarship from the Chinese Scholarship Council (No. 201906910042). The authors thankfully
acknowledge IMAQUA bv for providing SPF shrimp.

Author contributions

H.N. and M.R. conceived the original idea; M.R. and L.Z. conducted the experiments; M.R. analyzed the data;
H.N. and M.R. wrote the main manuscript text; H.N. supervised the methodology. All authors reviewed the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:18034 | https://doi.org/10.1038/s41598-023-45335-5 nature portfolio


https://doi.org/10.1099/vir.0.81758-0
https://doi.org/10.1099/vir.0.81758-0
https://doi.org/10.1016/j.aquaculture.2007.04.056
https://doi.org/10.1016/j.aquaculture.2007.04.056
https://doi.org/10.1016/j.aquaculture.2007.07.228
https://doi.org/10.1007/BF00023345
https://doi.org/10.1016/0091-3057(78)90208-3
https://doi.org/10.1016/0024-3205(79)90443-0
https://doi.org/10.1016/0024-3205(79)90443-0
https://doi.org/10.1371/journal.pone.0062269
https://doi.org/10.1073/pnas.1411030112
https://doi.org/10.1006/viro.1996.0500
https://doi.org/10.1006/viro.1996.0500
https://doi.org/10.1016/j.aquaculture.2010.04.024
https://doi.org/10.1016/s0966-842x(99)01487-0
https://doi.org/10.1016/s0966-842x(99)01487-0
https://doi.org/10.1006/fsim.1998.0166
https://doi.org/10.1016/S0044-8486(01)00756-6
https://doi.org/10.1016/j.aquaculture.2005.04.060
https://doi.org/10.1016/j.fsi.2008.03.016
https://doi.org/10.1146/annurev.ph.43.030181.001433
https://doi.org/10.1016/S0742-8413(99)00098-5
https://doi.org/10.1017/S1464793105006998
https://doi.org/10.1017/S1464793105006998
https://doi.org/10.3354/dao066163
https://doi.org/10.3354/dao047013
https://doi.org/10.1099/vir.0.000217
https://doi.org/10.1016/j.fsi.2022.08.021
https://doi.org/10.1016/j.fsi.2022.08.021
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |  (2023) 13:18034 | https://doi.org/10.1038/s41598-023-45335-5 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Shrimp (Penaeus vannamei) survive white spot syndrome virus infection by behavioral fever
	Results
	Effect of incubation temperature on lymphoid organ primary cell viability
	Effect of incubation temperature on WSSV replication in lymphoid organ primary cells
	Time course of virus replication in lymphoid organ primary cells as assessed by qPCR
	Thermal behavior monitoring of juvenile shrimp in response to WSSV infection

	Discussion
	Materials and methods
	Shrimp
	Virus
	Primary cell cultures from the lymphoid organ
	Viability of cells in lymphoid organ primary cell cultures
	Quantitation of cultured cells immunopositive for WSSV VP28 antigen
	WSSV quantitative PCR with primary cell cultures
	Design of the multi-chamber temperature tank systems
	WSSV inoculation in challenge
	Monitoring of shrimp movements and mortality
	Confirmation of WSSV infection (VP28) by histological IIF
	Data analysis

	References
	Acknowledgements


