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This study examined the functional temperature range of a ranavirus outside host cells over increasing
temperatures and exposure times and subsequently tested infectivity in cell culture. Initially, cell suscep-
tibility was determined by incubating Bohle iridovirus (BIV) at 30 °C, 40 °C, 50 °C and 60 °C for 5, 30 and
60 min and subsequently titrating samples in one epithelioma papulosum cyprinid (EPC) and two Bluegill
fry 2 (BF2) lineages at 28 °C. Titres obtained in the three cell lines were similar and EPC cells were sub-
sequently used to further investigate ranavirus infectivity with two degree increments in temperature be-
tween 40 °C and 60 °C for 5, 30 and 60 min. The rate of inactivation was found to be dependent on
temperature and time of exposure. Bohle iridovirus could replicate in EPC cells following exposure to
most temperatures and prolonged time, but titers were reduced as temperature and time of exposure in-
creased. Viral titres were greatest (108 TCID50/ml) after exposure to 30 °C and declined with increasing
time of exposure and increasing temperature. Declines in BIV infectivity were largely between 40 °C
(108 TCID50/ml) and 44 °C (105 TCID50/ml at 5 and 30 min and 103.5 TCID50/ml at 60 min) and secondly
at temperatures greater than 52 °C (from 103.5 TCID50/ml and approaching zero with increasing tempera-
ture and time). Treatment at 58 °C for 60 min and 60 °C for 30 and 60 min resulted in complete loss of BIV
infectivity. The results from this study show that ranavirus can withstand much higher temperatures than
previously thought, which is fundamental for understanding ranavirus epidemiology, indirect transmission
dynamics and for biosecurity purposes.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Ranaviruses have a broad host range including fish, reptiles and
amphibians (Ariel et al., 2009a, 2010; De Voe et al., 2004; Johnson
et al., 2008; Langdon et al., 1988; OIE, 2008), with temperatures
appearing to play an important role in their virulence (Ariel and
Jensen, 2009; Rojas et al., 2005; Whittington and Reddacliff, 1995).
In vitro trials tested the replication of a panel of ranaviruses in a selec-
tion of fish cell lines at different temperatures and found that individ-
ual isolates have distinct preference for both cell line and incubation
temperature (Crane et al., 2005; Ariel et al., 2009b). Speare and
Smith (1992) reported that the ranavirus, Bohle iridovirus (BIV)
grew to high titers in several fish cell lines at temperatures between
20 °C and 30 °C, but did not detect replication above 34 °C, which
supports the findings for other ranaviruses (Granoff et al., 1965;
Gravell and Granoff, 1970). However, exposure to 37 °C for six
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hours did not decrease the titre of the virus, which indicates that
even if it does not replicate at this temperature, it is still viable
(Speare and Smith, 1992). In fact, there is a paradigm in the literature
that iridoviruses do not replicate above 32 °C (Chinchar et al., 2009;
for a minireview see Moody, 1992). The issue with all of these sys-
tems is that they are multi-factorial and it is difficult to separate the
ability of the virus to replicate from the ability of the propagation sys-
tem (here cell lines) to support the viral replication at temperatures
outside the cells preferred range. The activity level of the immune
system in the live poikilothermic host is also temperature dependent
and may further confound the picture (Bly and Clem, 1992; Carey et
al., 1999; Le Morvan et al., 1998; Wright and Cooper, 1981). While
the interactions between the virus and the host cells or host animal
are important from the point of view of virulence, pathogenicity, lab-
oratory diagnosis and transmission trials it is also important to
separate the two systems in order to understand aspects of the epide-
miology of the virus outside a host system and thereby enable sound
biosecurity, control, containment and eradication decisions to be
made. This study defines the functional temperature range that a
ranavirus can tolerate outside the host by testing its ability to repli-
cate in cell culture at normal culture conditions after exposure to var-
ious temperatures and exposure times.

http://dx.doi.org/10.1016/j.aquaculture.2012.04.006
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Table 1
Titre (TCID50/ml) of BIV in BF-2 (lineages a and b) and EPC cells after exposure of the
virus to 30 °C, 40 °C, 50 °C and 60 °C for 5, 30 or 60 min. TCID50 titres in bold represent
observed differences between cell lineages.

Cell
type

Time Temperature

30 °C 40 °C 50 °C 60 °C

BF2-a 5 min 105 108 103 101.5

30 min 107.33 108 102.5 N/A
60 min 105.66 107 102.5 N/A

BF2-b 5 min 108 108 102 101.5

30 min 108 108 103 N/A
60 min 108 108 102.5 N/A

EPC 5 min 108 108 102.5 101.5

30 min 108 108 102.5 N/A
60 min 108 108 102.5 N/A

Fig. 1. TCID50 of Bohle iridivirus (BIV) in epithelioma papilloma cyprini (EPC) cells fol-
lowing exposure to temperatures between 40 °C and 60 °C for 5, 30 and 60 min.
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2. Material and methods

2.1. Cell cultures

Three fish cell lineages: two lineages of Bluegill fry (BF2a and
BF2b) cells (Wolf et al., 1966) and one lineage of epithelioma papulo-
sum cyprini (EPC) cells (Fijan et al., 1983) in use in the virology lab-
oratory at the School of Veterinary and Biomedical Sciences, James
Cook University were initially tested for suitability. The cells were
cultured in Dulbecco's Modified Eagles's Medium (DMEM) supple-
mented with 5% foetal bovine serum (FBS) in either 25 cm2 sterile,
non-vented tissue culture flasks (Sarstedt) for viral propagation or
in 96-well flat bottom tissue culture plates (Sarstedt) for the viral ti-
trations and incubated at 28 °C in a CO2 rich environment.

2.2. Viral stock preparation

Bohle iridovirus (BIV) was originally isolated from ornate borrow-
ing frogs (Limnodynastes ornatus) in the local suburb of Bohle (Speare
and Smith, 1992) and was propagated in BF2 cells at 28 °C and stored
at−80 °C. Stocks of BIV, defrosted at room-temperature, were inocu-
lated onto cell cultures at a volume of 20 μl per flask of the three re-
spective cell lineages. Fresh growth medium was then added to
each flask. Cells were incubated at 28 °C and observed daily for cyto-
pathic effect (CPE). When CPE was observed throughout the entire
monolayer (rounding and lifting of cells from the bottom of the
flask), flasks were freeze-thawed three times to release BIV from
the cells. The cell culture medium including cell debris, was then
transferred to sterile 10 ml, screw cap centrifuge tubes and centri-
fuged at 4500 g for 5 min using Eppendorf Centrifuge 5804 to pellet
cell debris. Supernatant containing BIV was aliquoted into cryovials
and stored at −80 °C until required.

2.3. Testing effect of temperature and exposure times on viral titre

Initially, the effect of temperature and exposure time on infectivity
of BIV was tested in all three lineages at 10 °C intervals to compare
cell lineage susceptibility. Subsequently, one lineage was selected to
be tested at 2 °C increments.

Confluent monolayers of each lineage were prepared in 96-well
flat bottom tissue culture plates with 100 μl medium (DMEM, 5%
FBS) per well. Fifty μl aliquots of BIV were exposed to 30 °C, 40 °C,
50 °C and 60 °C for 5, 30 or 60 minutes in an Eppendorf Mastercycler
Gradient Thermocycler (Eppendorf, Germany).

2.4. Titrations

Serial 10-fold dilutions (101 to 108) of each aliquot were prepared in
growth medium. Fifty microliters of each BIV dilution were added to
four wells of the 96-well tissue culture plates, starting from the highest
dilution to the lowest. Fifty μl of growth medium was added to control
wells. Cells were incubated at 28 °C in a CO2 rich incubator, and ob-
served daily for cytopathic effect (CPE) for seven days. The viral titre
in each of the aliquots was determined using the Reed and Muench
method (Reed and Muench, 1938) for calculation of 50% tissue culture
infectious dose (TCID50) on day seven following inoculation.

Additional BIV aliquots (Section 2.2) were then exposed to two
degree increments between 40 °C and 60 °C for 5, 30 or 60 minutes
and the titre determined in EPC cells as described above.

3. Results

3.1. Cell line susceptibility

Viral replication, detected as CPE, was observed in all cell lineages
at most temperatures and exposure times (Table 1). Viral replication,
reaching a maximum 108 TCID50/ml was observed in BF2b and EPC
cell lineages with BIV incubated at 30 °C and 40 °C for 5, 30 and 60
minutes. Inconsistencies were observed within the BF2a cell lineage
where maximum titres were only observed in cells inoculated with
BIV incubated at 40 °C for 5 and 30 minutes (Table 1).

Virus titres ranged between 102 TCID50/ml and 103 TCID50 /ml
(Table 1), following incubation with BIV exposed to 50 °C for 5, 30
and 60 min. Cytopathic effect was observed in all cell lineages inocu-
lated with BIV incubated at 60 °C for 5 min. However, CPE was not ob-
served in any cell lineage inoculated with BIV incubated at 60 °C for
30 or 60 min. Control cells did not exhibit signs of CPE. Overall, results
were similar for all three lineages.
3.2. Propagation of ranavirus in cell culture following BIV exposure to
temperature ranges between 40 °C and 60 °C in 2 °C increments

Epithelioma papulosum cyprini cells were chosen for this exper-
iment due to mixed results obtained from the BF2 cell lineages, the
relative ease of determining CPE in EPC cells and a recommenda-
tion arising from previous studies (Ariel et al., 2009b). Viral titre
was of a maximum TCID50 of 108/ml in EPC cells inoculated with
BIV incubated at 40 °C for 5, 30 and 60 min. Viral titres were gener-
ally greatest at the 5 minute BIV incubation, followed by 30 min
and 60 min for each two degree increase in temperature (Fig. 1).
Viral titres declined rapidly between 40 °C and 44 °C for all incuba-
tion times. Viral titres appeared to plateau between 46 °C and 52 °C
for 30 and 60 min incubation time and decreased slightly when BIV
was incubated at the same temperatures for only 5 min. Viral titres
decreased substantially for all incubation periods for temperatures
above 52 °C (Fig. 1). Ranavirus infectivity was inhibited when ex-
posed to 60 °C for 30 and 60 minutes (Fig. 1). CPE was not ob-
served within control cells.
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4. Discussion

Effects of temperature on ranaviral growth in cell culture has
been described in detail (Ariel et al., 2009b), but the effect of tem-
perature on pathogen infectivity outside the host is poorly under-
stood. In this study, we explored the effects of temperature and
time of exposure on the functional temperature range of a rana-
virus outside host cells. Increasing temperature and time of expo-
sure influenced ranavirus infectivity in all three cell lineages
tested. Aliquots of the same viral sample showed considerable dif-
ferences in titers depending on the incubation time and tempera-
ture. EPC and BF2b cell lineages performed well and the titres
obtained in the two cell lines were similar. However, the BF2a
cells consistently produced lower titres than the other cell lineages
at 30 °C and 40 °C. The passage of cell cultures may adversely influ-
ence cell susceptibility to viral infection due to increased chances
for mutations and subsequently changes in cell characteristics and
susceptibility to virus over time (Ariel et al., 2009b; Chang-Liu
and Woloschak, 1997; Wenger et al., 2004; Yu et al., 1997). The in-
consistency in results between the BF2 cell lineages may be due to
such mutations. The decline in ranavirus infectivity observed be-
tween 40 °C and 60 °C in the first experiment concerning cell sus-
ceptibility spurred investigations into exposure effect at two
degree increments in this temperature range. As time of exposure
and temperature increased, there was a decline in ranavirus infec-
tivity resulting in total loss at 60 °C for 30 min and longer. The de-
cline was observed to occur in two step-like phases, the first
occurring between 40 and 44 °C and the second above 52 °C
which may correspond to the loss of the viral envelope at the
lower temperature around 40–44 °C and complete disruption of
the envelope if not the whole virion above 52 °C. Previous studies
have shown that there is a 103 drop of infectivity of the virus to
cell cultures when the viral envelope is disrupted by solvents
(Ariel et al., 1995). Also the envelope is needed for infectivity in
cell culture but not in vivo (Aubertin, 1991). We speculate that
the envelope is becoming disrupted but perhaps not fully disinte-
grating between 40 and 42 °C and is fully non-functional above
52 °C.

These results are very important in clarifying the paradigm that
32 °C is a critical temperature in ranavirus infection dynamics. It is
clear that outside the animal, the virus is not even partially inactivated
until temperatures are reached that are much higher (>40 °C ) than
32 °C. Thus many of the higher temperature knockout effects
reported in the literature (see Moody, 1992) could have been due
to the cell's inability to replicate the virus at 32 °C as much as the
virus itself being compromised. Careful assessment of previously
published work needs to be undertaken. Therefore, the paradigm
that the virus does not replicate above 32 °C could still be true, but
this statement must not be understood to mean the virus is inacti-
vated at 32 °C.

Although the immune system of ectothermic vertebrates is differ-
ent to endothermic vertebrates, their ability to produce antibodies
against pathogens is affected by environmental temperatures and
many components of the non-specific and specific host response to
infection are enhanced by small elevations in temperature (Bly and
Clem, 1992; Coe, 1972; Zimmerman et al., 2010). Fever is part of the
inflammatory response of vertebrates and although it is a physiolog-
ical response (interaction between cytokines and the central nervous
system) in endotherms (Conti et al., 2004), ectotherms such as rep-
tiles must raise their body temperature behaviourally by basking or
relocating to warmer areas of the environment. The upper limits of
internal body temperatures of ranavirus hosts in the natural environ-
ment are unknown, though upper lethal body temperatures for many
terrestrial reptiles are between 37 and 45 °C (Maness, 1979;
Spellerberg, 1972). Although higher temperatures may result in re-
covery from infection, the results from this study suggest that if
animals bask in warmer areas of their environment and increase
their internal body temperatures; this ‘behavioural fever’ could re-
duce virus replication in infected hosts. Basking has previously been
associated with diseased musk turtles (Sternotherus depressus), bog
turtles (Glyptemys muhlenbergii), the common box turtle (Terrapene
carolina) and the painted turtle (Chyrsemys picta) (Carter et al.,
2005; Dodd, 1988; Monagas and Gatten, 1983). More importantly,
studies of bacterial and viral-infected animals have suggested moder-
ate fevers can decrease morbidity and increase survival rates. Howev-
er, a host's susceptibility to infection is dependent on the interaction
between the physiological activities of the pathogen and the defense
responses of the host (Carey et al., 1999; Le Morvan et al., 1998). Con-
sequently, this could affect host-pathogen interaction where there is
a spatial or temporal variation in the thermal environment. The ther-
mal environment may therefore be an important factor determining
the distribution of ranaviruses in the environment.

This study defines the functional temperature range (b40 °C for
little change in titre) that a ranavirus can tolerate outside the host
by testing its’ titer in cell culture under normal culture conditions
after exposure to various temperatures and exposure times. The
temperature tolerance of the virus in the environment is impor-
tant when considering the transmission dynamics of the pathogen
and disease. Indirect transmission is dependent on virion persis-
tence in the environment and therefore the extended temperature
tolerance of a BIV ranavirus as shown here impacts on the under-
standing of the epidemiology of the disease and has ramifications
for biosecurity measures such as eradication, containments and
control.
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