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Abstract

Rock bream iridovirus (RBIV) causes huge losses,
especially in rock bream Oplegnathus fasciatus.
Rock bream injected with RBIV and held at 29,
26, 23 or 20 °C had 100% mortality. Conversely,
all infected fish held at 17 °C survived even after
the temperature was progressively increased to
26 °C at 100 dpi. Rock bream exposed to virus
and held for 2, 4 and 7 days at 23/26 °C before
the temperature was reduced to 17 °C had mor-
tality rates of 26.6/73.2%, 66.6/100% and 93.4/
100%, respectively, through 100 dpi. When sur-
viving fish had the water temperature increased
from 17 to 26 °C at 100 dpi, they did not exhibit
signs of disease and had low virus copy numbers
(below 103). To investigate the development of a
protective immune, rock bream were infected with
RBIV and held at 23 °C before shifting the water
temperature to 17 °C at 4 dpi. All injected fish
survived until 120 dpi. While 100% of the previ-
ously unexposed fish died, 80.2% of the previ-
ously infected fish survived. When the survivors
were rechallenged again at 160 dpi, no further
mortality occurred. The high survival rate of fish
following rechallenge with RBIV indicates that

protective immunity was established in the surviv-
ing rock bream.

Keywords: megalocytivirus, protective immunity, rock
bream iridovirus, water temperature shifting.

Introduction

Iridoviridae is a family of large double-stranded
DNA viruses (120-300 nm) with icosahedral mor-
phology (Williams 1996). The family includes five
genera: Iridovirus, Chloriridovirus, Ranavirus,
Lymphocystivirus and Megalocytivirus. Members of
the genusMegalocytivirus cause disease in more than
30 species of cultured marine fish belonging mainly
to the orders Perciformes and Pleuronectiformes (I-
nouye et al. 1992; Chua et al. 1994; Nakajima &
Sorimachi 1994; Matsuoka, Inouye & Nakajima
1996; Miyata et al. 1997; Chou, Hsu & Peng 1998;
Do et al. 2005; Kim et al. 2005).
Rock bream, Oplegnathus fasciatus (Temmminck

et Schlegel), are highly susceptible to rock bream
iridovirus (RBIV), which belongs to the genus
Megalocytivirus (Do et al. 2004; Kurita & Nakaj-
ima 2012). In Korea, iridovirus infection in rock
bream was first reported in the summer of 1998
from the southern coastal areas (Jung & Oh
2000). The initial signs of the disease are reduced
feed intake, lethargy and dark body coloration;
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atypical swimming behaviour at edge of the cages
occurs in the final stages of the disease (Inouye
et al. 1992; Jung & Oh 2000). High mortality
due to RBIV in rock bream occurs annually, and
fish farmers are hesitant to culture rock bream
because of the high risk of RBIV.
A formalin-inactivated vaccine is commercially

available, but the vaccine is not effective in fish of the
genus Oplegnathus because of their high susceptibil-
ity to RBIV (Kurita & Nakajima 2012). The devel-
opment of control and preventive measures against
RBIV is required to support rock bream aquaculture
industry. RBIV outbreaks have occurred only in the
summer season when water temperatures range
between 23 and 27 °C (Jung & Oh 2000). Studies
on fish viral diseases such as infectious haematopoi-
etic necrosis virus (IHNV), viral haemorrhagic septi-
caemia (VHSV), spring viraemia of carp (SVCV),
infectious spleen and kidney necrosis virus (ISKNV)
(Amend 1970; Hetrick, Fryer & Knittel 1979;
Jørgensen 1982; Kobayashi, Shiino & Miyazaki
1999; Ahne et al. 2002; He et al. 2002; Goodwin &
Merry 2011) and koi herpesvirus (Gilad et al. 2003)
have demonstrated a clear correlation between mor-
tality and the water temperature. Recent reports
show that fish that survive viral infections at non-sus-
ceptible water temperatures were protected from re-
challenge at the susceptible water temperatures,
suggesting the possibility of controlling viral diseases
such as IHNV, VHSV and nervous necrosis virus
(NNV) by regulating water temperatures (Amend
1970; Nishizawa et al. 2011, 2012). However,
100% of the rock bream that survived 30 days after
infection at a non-permissive water temperature
(13 °C) died when the water temperature was
increased to the susceptible water temperature of
25 °C (Jun et al. 2009), indicating that the preven-
tion of rock bream infection by water temperature
control might not work for RBIV.
This study investigated the influence of water

temperature on the mortality of RBIV-infected
rock bream by experimentally shifting the water
temperatures. The study indicated that the survi-
vors from water temperature shifting after RBIV
infection acquired immunity to RBIV.

Materials and methods

Experimental fish

Rock bream were obtained from a local farm and
reared at the Fisheries Science Institute at

Chonnam National University. Ten randomly
selected fish were confirmed to be free from
pathogens; the absence of parasites was confirmed
by microscopic observation, bacteria by isolation
on brain heart infusion agar (BHIA) (BD, USA)
and RBIV by virus gene copy numbers as
described later. Approximately 4000 fish were
maintained in large tanks (10 tons) with a contin-
uous seawater supply with aeration and were given
2% of their body weight in food every day. The
required numbers of fish for the experiments were
transferred to the experimental infection facility.

Source of rock bream iridovirus

The virus was obtained from the spleen and kidney
of RBIV-infected rock bream in September 2010
and prepared by homogenizing 1 volume of the kid-
ney and spleen pool with 9 volumes of Dulbecco’s
minimum essential medium (DMEM) (Gibco,
USA). The homogenate was centrifuged at 737 g for
20 min at 4 °C. The virus-containing supernatant
was filtered through a 0.45-lm syringe filter, and the
aliquots were stored at�80 °C until use.

Determination of viral copy number in the
spleen

For the analysis of the RBIV copy number, geno-
mic DNA was isolated from the entire spleen
(20–150 mg) of each fish using an Accu-
Prep�Genomic DNA extraction kit (Bioneer,
Korea) according to the manufacturer’s instruc-
tions. Using a specific primer set (F 50 tgcacaatc-
tagttgaggaggtg 30 and R 50 aggcgttccaaaagtcaagg
30) for the major capsid protein gene (MCP) of
RBIV, quantitative real-time polymerase chain
reaction (qRT-PCR) was performed using an Exi-
cycler 96 Real-Time Quantitative Thermal Block
(Bioneer, Korea) to determine the RBIV copy
number. A standard curve was generated to deter-
mine the RBIV MCP gene copy number by qRT-
PCR as described previously (Jung et al. 2014).
The virus copy number was determined from
1 lL of DNA from 100 lL of total DNA that
was extracted from a whole spleen.

Mortality at different virus concentrations
(Exp I)

Four different virus concentrations were used to
identify pathogenicity and to determine a suitable
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virus load for further artificial infection experi-
ments. Fish (4.5 � 2.0 cm, 5.0 � 2.4 g) were
injected intraperitoneally (i.p.) with RBIV
(100 lL/fish) containing 7.5 9 107 MCP gene
copies at the original concentration and at tenfold,
100-, and 1000-fold serially diluted virus solutions
containing 1.1 9 107, 1.2 9 106 and 6.7 9 105

MCP gene copies, respectively. PBS (100 lL/fish)
was i.p. injected into control fish. Each group of
20 fish was maintained at 26 °C for 15 days in
the aquaria containing 30 L of UV-treated sea
water.

Virus infection at 29, 26, 23, 20 and 17 °C
(Exp II)

Rock bream (10.8 � 1.5 cm, 25.1 � 3.1 g) were
used for the evaluation of mortality at five different
water temperatures (29, 26, 23, 20 and 17 °C). The
virus groups were injected with 100 lL/fish contain-
ing 1.1 9 107 MCP gene copies, and the control
group was i.p. injected with 100 lL/fish of PBS.
Each group of 15 fish was maintained at the respec-
tive water temperatures in aquaria containing 30 L
of UV-treated sea water.
Because none of the fish died at 17 °C through

100 dpi, 5 fish were randomly selected to deter-
mine the virus copy number in the surviving fish
at 100 dpi. The remaining survivors at 17 °C
were subjected to increasing water temperatures
(1 °C/day) up to 26 °C and maintained for an
additional 50 days to observe any onset of mortal-
ity at the highly permissive water temperature of
26 °C (group A).

Water temperature shifting from 23 and 26 to
17 °C (Exp III)

Because all the fish died at water temperatures of
20–29 °C with no mortality at 17 °C, shifts in
water temperature were conducted to determine
whether a protective immune response could be
produced in the surviving fish. In Exp III, 15 fish
in each group (11.0 � 1.5 cm, 26.0 � 3.5 g)
were i.p. injected with RBIV (100 lL/fish) con-
taining 1.1 9 107 MCP gene copies. The virus-
infected fish were maintained at either 23 or
26 °C for 2, 4 or 7 days, when the water temper-
ature was reduced to 17 °C. For the survivors at
100 dpi, the water temperature was increased
again to the highly permissive water temperature
of 26 °C (1 °C/day) to determine whether any

virus in the fish could be re-activated to cause
mortality or if the fish immune responses were
able to suppress virus replication. The fish were
observed for 50 more days (until 150 dpi from
the initial infection), and the MCP gene copy
number was determined for all the surviving fish
at the end of 150 dpi. Table 1 summarizes the
experimental conditions.

Virus rechallenge of survivors (Exp IV)

Thirty fish (11.2 � 1.3 cm, 27.0 � 3.1 g) were
injected with 100 lL of tenfold diluted iridovirus
(1.1 9 107 MCP gene copies). To obtain survivors,
with a potential immune response, the water tem-
perature was reduced from 23 to 17 °C at 4 dpi, and
the fish were maintained for 100 days in the aquaria
containing 250 L of UV-treated sea water.
To determine the re-occurrence of mortality at

highly permissive water temperatures, the surviv-
ing 30 fish were subjected to water temperature
increases (1 °C/day) up to 26 °C at 100 dpi,
where the fish were maintained for 20 days. All
the fish survived after reaching 120 dpi (from the
initial infection), and 15 randomly selected surviv-
ing fish were challenged a second time by an
injection of 100 lL/fish of iridovirus (1.1 9 107

MCP gene copies). The remaining 15 survivors
were challenged with 100 lL/fish of PBS. Fifteen
naive fish (not previously exposed to virus) were
injected with RBIV in the same manner as the
survivors. All the fish were kept at 26 °C for
40 days.
After reaching 160 dpi from the initial infection

(40 days after the 2nd challenge), the survivors (12
fish) from the 2nd infection were rechallenged by
injection with 100 lL/fish of RBIV (original tissue
homogenate containing 7.5 9 107 MCP gene cop-
ies), and another 12 survivors from the 2nd chal-
lenge were injected with 100 lL/fish of PBS. Twelve
naive fish were infected with iridovirus in same man-
ner as the survivors. The fish were maintained for an
additional 20 days and observed for the re-occur-
rence of mortality due to RBIV.

Results

Mortality at different virus concentrations
(Exp I)

All the fish groups injected with 7.5 9 107/
100 lL–6.7 9 105/100 lL of RBIV and held at
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26 °C showed 100% cumulative mortality by 12
dpi, with delayed mortality at the lower virus con-
centrations (Fig. 1). For further experimental
infections, a tenfold diluted tissue homogenate
containing 1.1 9 107 MCP gene copies was
selected from the results.

Mortality at 29, 26, 23, 20 and 17 °C (Exp II)

The virus-injected fish maintained at 29, 26, 23 and
20 °C showed 100% cumulative mortality by 25
dpi, with early mortality at higher water tempera-
tures (Fig. 2). At 17 °C, all the fish survived with no
clinical signs. The five sampled fish at 17 °C did not
have enlarged spleens and had low virus copy num-
bers (average 3.0 9 101) at 100 dpi (Table 2).
When the water temperature increased to 26 °C at
100 dpi, the fish did not show any mortality and had
low virus copy numbers (average 5.6 9 101) at 150
dpi (Fig. 2) (Table 2).

Water temperature shifting from 23 and 26 to
17 °C (Exp III)

The mortality of rock bream with RBIV infection
was highly dependent on the exposure time (days)
in the permissive water temperature. The virus-
infected fish kept for 2, 4 and 7 days at 23 °C
before the water temperature was reduced to
17 °C showed mortality rates of 26.6% (final
mortality at 82 day, B1), 66.6% (final mortality
at 42 day, B2) and 93.2% (final mortality at
26 day, B3), respectively (Fig. 3a). The fish
groups maintained for 2, 4 and 7 days at 26 °C
before the water temperature was reduced to
17 °C showed much higher mortality rates com-
pared with the groups initially held at 23 °C. The
fish maintained for 4 and 7 days at 26 °C (C2
and C3) eventually showed 100% cumulative
mortality, but the fish maintained for 2 days at
26 °C (C1) showed a mortality rate of 73.2%
(Fig. 3b) (Table 1). After 100 dpi, the three sam-
pled fish from the group maintained at 23 °C for
2 days (B1) had low virus copy numbers (average
2.7 9 102) and no clinical signs (Table 2).
The remaining survivors in groups B1, B2 and

B3 shifted to 26 °C at 100 dpi showed no clinical
signs or mortality through 150 dpi when they
were determined to have low virus copy numbers
(average 4.4 9 101). One death recorded at 118
dpi in the C1 group had a high MCP copy
number of 1.2 9 106 (Fig. 3b).T
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Iridovirus rechallenge of survivors (Exp IV)

All 30 fish survived until 100 days by shifting the
water temperature from 23 to 17 °C at 4 dpi.
When the water temperature was increased to
26 °C at 100 dpi, none of the fish died at this

more permissive water temperature. Following the
first re-infection at 120 dpi, the survival rate was
80.2% in the virus-injected group, and mortality
was observed after 11, 18 and 25 dpi (1 fish each
day). The dead fish did not show characteristic
clinical signs of the iridovirus disease and had low
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Figure 2 Cumulative mortality of rock

bream (10.8 � 1.5 cm, 25.1 � 3.1 g)

injection with 1.1 9 107 MCP gene

copies/fish of RBIV at different water

temperatures (29, 26, 23, 20 and 17 °C).

After reaching 100 dpi, the surviving fish

at 17 °C were subjected to water

temperature increases up to 26 °C (1 °C/

day), and the mortality was observed until

150 dpi.

Table 2 MCP (major capsid protein) copy number of all rock bream survivors obtained by water temperature shifting after rock

bream iridovirus infection (Exp II and III)

No. of

Fish

Sampling

point

Group A

(17 °C)
Group B1

(23 °C for 2 d?17 °C)
Group B2

(23 °C for 4 d? 17 °C)
Group B3

(23 °C for 7 d? 17 °C)
Group C1

(26 °C for 2 d? 17 °C)

1 100 dpi 4.9 9 101 4.7 9 101 Not sampled Not sampled Not sampled

2 2.2 9 101 3.7 9 101

3 1.7 9 101 7.4 9 102

4 4.0 9 102

5 2.3 9 101

1 150 dpi 7.9 9 102 1.6 9 100 1.0 9 101 2.8 9 101 3.6 9 100

2 2.7 9 102 2.4 9 100 1.8 9 100 3.0 9 101

3 4.1 9 100 3.8 9 101 6.3 9 101 4.3 9 100

4 2.3 9 101 4.1 9 101 2.5 9 101

5 2.7 9 101 7.6 9 100 5.6 9 101

6 2.3 9 101 5.5 9 100

7 7.9 9 100 1.8 9 102

8 1.1 9 102 3.8 9 101

9 6.9 9 100

10 1.2 9 101
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viral copy numbers of 1.2 9 102 (11 dpi),
1.2 9 101 (18 dpi) and 1.9 9 101 (25 dpi). Spe-
cific mortality was observed after 8 days in the
virus-infected control fish (naive fish, not previ-
ously exposed to virus), with characteristic clinical
signs of the iridovirus disease, and the mortality
reached 100% at 18 dpi. The dead fish demon-
strated high MCP gene copy numbers in the
spleen (greater than 8.3 9 107). None of the
PBS-injected survivors from the 1st virus infection
died throughout the experimental period until
40 days after the 2nd virus infection (Fig. 4a &
b) (Table 3).
At 160 dpi (from initial virus infection), the

surviving fish from the 2nd challenge were sub-
jected to a 3rd infection trial. During 160 to 180
dpi, all the rechallenged fish survived, with low
MCP gene copy numbers (average 1.1 9 101).
The virus-infected control fish exhibited 100%
mortality at 16 dpi (virus copy number greater
than 1.2 9 107). None of the unchallenged survi-
vors died throughout the experimental period
(Fig. 4a & c) (Table 3).

Discussion

Fish have upper and lower thermal tolerance lim-
its and optimum water temperatures for growth,
food consumption and resistance to specific dis-
eases. Growth, survival and immune responses in
fish are optimal within defined temperature

ranges (Gadowaski & Caddell 1991). The water
temperature affects the onset and severity of fish
virus infections directly by virus replication and
indirectly by enhancing the efficacy of the host
immune response (Bly & Clem 1992; Alcorn,
Murray & Pascho 2002). The best immune
responses are obtained at the optimum tempera-
ture of the specific species. Lower than optimal
water temperatures were proposed to be immu-
nosuppressive in fish (Bly & Clem 1992; Le
Morvan, Troutaud & Deschaux 1998), and
many diseases caused by rhabdoviruses, such as
IHNV (Amend 1970; Hetrick et al. 1979),
VHSV (Jørgensen 1982; Isshiki, Nagano & Mi-
yazaki 2002; Sano et al. 2009), hirame rhabdovi-
rus (HIRRV) (Oseko, Yoshimizu & Kimura
1988) and SVCV (Fijan 1976), occur at lower
environmental water temperatures (Ahne et al.
2002).
The optimum water temperature for rock bream

is 18 to 26 °C. The growth and survival rates for
the larval stage of rock bream reared at 25.3 °C
were significantly higher than for the fish reared at
20.5 °C (Hwang et al. 2005). The feed efficiency,
weight gain and feed intake were significantly
higher at 24.7 °C than at 15.1 °C in the growth
period (body weight range of 10 g to 140 g) (Kim
et al. 2008). The immune responses were proposed
to be high in the optimum water temperatures in
most species, but the rock bream died at its opti-
mum water temperatures due to RBIV infection. In
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Figure 3 Cumulative mortality of rock
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water temperature shifting after injection

with 1.1 9 107 MCP gene copies/fish of

RBIV. (a) The fish injected at 23 °C had

the water temperature reduced to 17 °C at
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the present study, comparisons of mortality at vari-
ous water temperatures (29, 26, 23 and 20 °C)
showed that the mortality reaches 100% at water
temperature of 29 to 20 °C, with delayed mortality
at lower water temperatures; there was no mortality
at 17 °C. A similar observation was reported by
Jun et al. 2009. They observed 100% mortality at

18, 21 and 25 °C in RBIV-infected rock bream
in vivo, but no mortality was observed at 13 °C.
In vitro studies on the effect of temperature in red
sea bream iridovirus (RSIV), also a member of the
genus Megalocytivirus, were reported in bluegill
fibroblast (BF-2) cells (Nakajima & Sorimachi
1994). That study reported similar high virus titres
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Figure 4 The experimental design (a) and survival rate of the 2nd and 3rd RBIV-infected survivors (b and c) obtained by water

temperature shifting from 23 to 17 °C at 4 dpi. (b) The surviving fish were infected a second time (period of 120 to 160 dpi with

1.1 9 107 MCP copies/fish). (c) The surviving fish from the 2nd infection were subjected to a 3rd infection (period of 160 to 180

dpi) using 7.1 9 107 MCP copies/fish (tenfold higher than the 2nd infection).

Table 3 RBIV MCP (major capsid protein) copy number of the fish used for re-infection from survivors obtained by water temper-

ature shifting (Exp IV)

No. of Fish

Virus-injected dead or survivor PBS-injected survivor

Sampling point Dead or survivor MCP copy number Sampling point Dead or survivor MCP copy number

1 131 dpi Deada 1.2 9 102 160 dpi Survivor 1.4 9 100

2 138 dpi 1.2 9 101 2.3 9 100

3 145 dpi 1.9 9 101 2.3 9 101

1 180 dpi Survivor 7.1 9 101 180 dpi Survivor 1.0 9 100

2 8.8 9 100 1.1 9 100

3 2.5 9 100 5.7 9 100

4 4.1 9 101 1.8 9 100

5 1.3 9 100 7.2 9 101

6 6.2 9 101 4.7 9 101

7 9.4 9 100 3.4 9 101

8 1.1 9 101 2.7 9 100

9 7.2 9 100 1.7 9 100

10 6.0 9 100 1.4 9 100

11 3.0 9 100 1.1 9 100

12 6.0 9 100 7.9 9 101

aLow virus copy number in dead fish indicates the mortality was not due to RBIV.
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at 15, 20, 25 and 30 °C, with optimum virus repli-
cation at 20 and 25 °C and slow replication at 15
and 30 °C. Considering the water temperature
effects on virus replication and host immune
responses, the virus replication speed is likely the
more critical factor for rock bream mortality
because the mortality was higher in the optimum
immune water temperature than in the immuno-
suppressive water temperatures.
Rock bream infected with RBIV and held at

17 °C showed no clinical signs of disease and did
not exhibit any weakness through 100 dpi at which
time the fish had a very low virus copy number of
3.0 9 101. When the surviving fish at 17 °C were
exposed to increasing water temperatures up to
26 °C at 100 dpi, all the fish survived, and the virus
copy number remained low (average 5.6 9 101).
However, others have reported no protective effect
(100% mortality) in RBIV-infected rock bream
when the water temperature was raised from 13 to
25 °C at 30 dpi (Jun et al. 2009). This difference
might be due to shorter period in which the fish
could clear infectious virus before increasing the
water temperature. In our study, at 17 °C, the MCP
gene copy number was high at 20, 25 and 30 dpi
(average 2.7 9 104, 1.9 9 104 and 1.7 9 103,
respectively), before falling to minimum numbers at
40 dpi (average 5.3 9 101) (data not shown). This
indicates that RBIV may replicate slowly in the host
at low water temperature (13 and 17 °C) before the
fish can begin to mount an immune response to clear
the infection, after which rock bream could survive
infection at highly permissive water temperature.
Similarly, koi herpesvirus-infected fish underwent
water temperature shifts from the non-permissive
water temperature of 13 to 23 °C at 30 dpi, and
100% of the fish died; however, no mortality
occurred when the water temperature was shifted at
64 dpi (Gilad et al. 2003). To obtain survivors, the
fish need time to clear the virus, and measuring the
virus copy number is necessary to verify virus clear-
ance before increasing the water to more permissive
temperatures. In field conditions, RBIV artificial
infections in autumn in water temperatures approxi-
mately 17 °C might protect fish from mortality in
the summer season in endemic areas. To confirm
this, more trials are needed, especially on the effects
of dose and duration of holding before water
temperature shifts on the strength and duration of
protection.
A long-term control and preventive strategy

against RBIV in rock bream has not been

established. The present study demonstrated the
potential for the development of protection
immunity in rock bream by dropping the water
temperature to a non-permissive water tempera-
ture after RBIV infection. While commercially
available vaccines are not yet available for rock
bream, our results showed the possibility of devel-
oping long-term preventive measures against
RBIV in endemic areas by manipulation of water
temperature. However, further studies are needed
to characterize the RBIV replication pattern and
immune responses of rock bream at various water
temperatures and patterns of shift to identify
important immune factor(s) that are responsible
for the survival of rock bream against RBIV
infection.
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