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a b s t r a c t

The olive flounder (Paralichthys olivaceus) shows a high rate of mortality to viral haemorrhagic septi-
caemia virus (VHSV) in the winter and spring but has zero mortality over 20 �C. In this experiment, we
studied the effect of rearing temperature on viral replication, viral transcription and antiviral apoptotic
immune response in VHSV-infected olive flounder by real-time polymerase chain reaction. Olive
flounder were given intra-peritoneal injections of VHSV (107.8 TCID50/ml) and were reared at 15 �C or
20 �C. Five fish were randomly sampled for head kidney at 3, 6 and 12 h post-infection (hpi) and 1, 2, 4
and 7 days post-infection (dpi). Total RNA extracted from the tissue was reverse transcribed and used as
template for real-time PCR. In the 15 �C group, the number of viral gRNA copies peaked after 2 dpi and
remained high through 7 dpi, while in the 20 �C group, the copy number was at the highest at 1 dpi but
drastically declined at later stages. Viral mRNA levels in the 15 �C group gradually increased starting at
3 hpi to reach their maximum value at 12 hpi and remained high until 2 dpi, whereas the other group
showed much lower copy numbers that were undetectably low at 4 and 7 dpi. Type II IFN expression
increased as the viral copies increased and the 20 �C group showed quicker and stronger expression than
the 15 �C group. The MHC class I and CD8 expression was high in both the groups at early stage of
infection (3e6 hpi) but at later stages (2e7 dpi) in 15 �C group expression reduced below control levels,
while they expressed higher to control in 20 �C group. The expression of granzyme in 15 �C fish showed
a single peak at 2 dpi, but was consistently expressing in 20 �C fish. Individuals expressed very high levels
of perforin expressed very high levels of caspase 3. In 15 �C fish, TNFa, FasL and p53 expressed signifi-
cantly higher than 20 �C only at initial stages of infection (3e6 hpi). Caspase 3 expression found to be low
in 15 �C fish whereas it was significantly elevated in 20 �C group. Interestingly individual fish with high
caspase 3 expression contained very low viral RNA. Thus, from our experiment, we can conclude that an
effective apoptotic immune response in VHSV-infected olive flounder plays a crucial role in the survival
of the host at higher temperatures.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The olive flounder (Paralichthys olivaceus), a temperate marine
fish that is distributed along the Western Pacific coast, is a major
aquaculture species for the Korea and Japan [1,2]. However, since
2001 Korean olive flounder aquaculture industry has been experi-
encing wide-spread mortality due to viral haemorrhagic septicae-
mia virus (VHSV) infection during the winter and spring, but shows
no mortality in the summer season [3,4], indicating a relationship
: þ82 61 659 7170.
.
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between antiviral immunity and rearing temperature. Sano et al.
[5] demonstrated the effect of water temperature on the mortality
of VHSV-infected olive flounder. They found that the fish do not die
at 20 �C, but the same group succumbs to the virus at 15 �C. This
phenomenon of temperature-dependent pathogenicity has been
reported for infectious haematopoietic necrosis virus (IHNV) or
VHSV-infected salmonids [6e8], VHSV-infected Japanese eel
(Anguilla japonica) [9], VHSV-infected bluegills (Lepomis macro-
chirus) [10] and spring viraemia of carp virus (SVCV)-infected
common carp (Cyprinus carpio) [11].

Upon viral infection, the host induces expression of interferon
(IFN) to stimulate antiviral immune responses. Both type I and type
II IFNs are effective activators of major histocompatibility complex

mailto:sungju@chonnam.ac.kr
www.sciencedirect.com/science/journal/10504648
http://www.elsevier.com/locate/fsi
http://dx.doi.org/10.1016/j.fsi.2012.03.025
http://dx.doi.org/10.1016/j.fsi.2012.03.025
http://dx.doi.org/10.1016/j.fsi.2012.03.025


S. Avunje et al. / Fish & Shellfish Immunology 32 (2012) 1162e1170 1163
(MHC) class I, which presents processed antigen to CD8þ T cells
(cytotoxic T lymphocyte e CTL) [12,13]. Activated CTLs kill the
infected cell by releasing cytolytic granules (such as granzyme and
perforin) or activating death receptors to initiate apoptosis of the
target cell [14,15].

An immediate apoptotic effect upon viral infection should limit
viral replication and stop or reduce viral spreading. However, some
viruses have developed mechanisms to block or delay early
apoptosis so that they can achieve maximum replication [14,16].
Though the recombinant Mx protein was very efficient in control-
ling the VHSV in in vitro condition [17], VHSV-infected olive
flounder containing high viral copies at 15 �C expressed high level
of Mx transcript but toll-like receptor 7 (TLR-7) and TLR-2 were
under-expressed [18]. The non-virion (NV) protein of VHSV is
reported to inhibit apoptosis at an early infectious stage to allow
effective viral recruitment [19]. A VHSV NV knockout mutant failed
to cause disease in olive flounder at 15 �C [20,21] confirming that
VHSV has an inhibitory mechanism on the host immune system.

Based on our previous results [18] and the importance of an
apoptotic immune defence mechanism, we designed this study to
investigate the expression kinetics of apoptosis-associated genes in
VHSV-infected olive flounder maintained at two different temper-
atures. We developed VHSV infection in olive flounder at 15 �C and
20 �C to study the apoptotic immune response and the viral
replication at early infectious as well as later recovery period.
2. Materials and methods

2.1. Experimental infection

VHSV (F1Wa05 strain) cultured in fathead minnow (FHM) cells
was stored at �80 �C. Olive flounder (18e22 g) collected from
a local farm were divided into two groups and were maintained at
15 � 0.5 �C and 20 � 0.5 �C in a controlled indoor rearing facility.
The fish were acclimatised to their respective rearing condition for
7 days prior to infection. A nested polymerase chain reaction (PCR)
of 10 randomly selected individuals using VG1-VD3 and VD5-VD3
primers (VG1: 50-atggaatggaacacttttttc-30 VD5: 50-tcccgctatcagt-
caccag-30and VD3: 50-tgtgatcatgggtcctggtg-30) [22] confirmed that
the fish were initially free of VHSV. Sixty fish per group were intra-
peritoneally injected with 100 ml of viral suspension (107.8 TCID50/
fish). A similar mock injectionwas given to control fish for both the
15 �C and 20 �C groups. We randomly selected five fish/sample at 3,
6 and 12 h post-infection (hpi), and 1, 2, 4 and 7 day post-infection
(dpi) from both the 15 �C and 20 �C groups. The head kidneys of fish
were aseptically dissected, flash frozen and stored at �80 �C until
they were used for total RNA extraction.
Table 1
Detailed information on the primers used for real-time PCR.

Target gene GenBank acc. no Product length Sense prime

b actin HQ386788 131 cctcttccagcc
VHSV N RNA EF079895 138 atctggaggcaa
Type II IFN AB435093 126 ctacaagcggc
MHC Class I AB126921 148 tctccctcctctc
CD8 AB082957 108 taagggcaaca
TNFa AB040449 113 aaacacctcacg
Perforin AB084905 100 aacaacaacaa
Granzyme AB191196 121 attccaggcagc
FasL AB206381 128 gagcaaatcga
p53 EF564441 159 cgaggaaagca
Caspase 3 JQ394697b 115 acatcatgacac

a Ta: annealing temperature.
b Sequenced in this study.
2.2. Total RNA extraction and reverse transcription

Total RNA was extracted using RNAiso Plus (Takara Bio Inc,
Japan), following standard protocols. The dried RNA pellet was
dissolved in RNase-DNase free water (SigmaeAldrich, USA) and
was aliquoted and stored at �20 �C until further use. The RNA was
checked for quality by 1% agarose gel electrophoresis and was
quantified using a NanoDrop� 1000 spectrophotometer (Thermo
Scientific, USA). One microgram of total RNA treated with DNase I
(Amplification grade; Invitrogen Life Technologies, USA) was
reverse transcribed using moloney murine leukaemia virus (M-
MLV) reverse transcriptase (Bioneer, Korea) using an oligo dT
primer (Invitrogen Life Technologies, USA) as recommended by the
manufacturer. The resulting cDNA was stored at �20 �C.

The cDNA of VHSV genomic RNA (gRNA) was synthesised by
reverse transcribing 1 mg of total RNAwith specific sense primer for
the VHSV N gene (50-gtatcataaaagatgatgagttatgttacagggg-30). This
cDNA was used for absolute quantification of mature virus (nega-
tive strand genome). To quantify the viral N gene transcript (posi-
tive sense mRNA), cDNA was synthesised using oligo dT primers
(the same mentioned above).

2.3. Primers

Primers for partial sequencing of caspase 3 (sense primer- 50-
gtcccacagcttcagatacagc-30, antisense primer 50-gacgtggagacga-
catcag-30; product size: 712 bp) were designed from our cDNA
library following earlier described methods [18]. The deduced
amino acid sequence showed close homology with the caspase 3
from the fire clownfish (Amphiprion melanopus) (92%), mandarin
fish (Siniperca chuatsi) (91%), Atlantic salmon (Salmo salar) (73%),
chicken (Gallus gallus) (66%) and human (Homo sapiens) (65%),
confirming that the obtained sequence is caspase 3 of the olive
flounder. Primers for real-time PCR were designed using Primer3-
Plus. The primer efficiency was determined as previously described
[18]. The details of the primers used for real-time PCR expression
study are given in Table 1.

2.4. Quantitative expression of immune genes and viral RNA

Real-time PCR was carried out in an Exicycler� 96 Real-Time
Quantitative Thermal Block (Bioneer, Korea) using SYBR Green
AccuPower� PCR PreMix (Bioneer, Korea). Onemicrolitre of five-fold
diluted cDNA was used as the PCR template (performed in dupli-
cate). The reaction program was set according to the supplied
manual. The relative expression level was calculated based on
Pfaffl’s normalization method [23] using the equation
r Antisense primer Taa PCR efficiency

ttcattc tggttcctccagatagcac 56 2.0979
agtgcaag ccatgaggttgtcgttgttg 62 2.0221
gatatgatg ggaggttctggatggttttg 64 2.0807
cagtcagc gctcatctggaaggtcccgtcat 58 1.9694
ctaacacagg atgaggaggaggagaaggag 56 2.0980
tccatca gcgtcctcctgactcttct 56 1.9888
caacccacac Tgtccctgtcccacactt 56 1.9325
tcataaa gtcttggtttccttcacaga 58 1.9217
gggacgaga ttcctttctccagcgtgacc 64 1.9674
gcaccaaga ccccgaccgacaataggaag 58 1.9558
gggtgaac tccttcgtcagcattgacac 58 1.9146
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Expression ratio ¼ EDCt ðcontrol�experimentÞ
t = EDCt ðcontrol�experimentÞ

c

where, Et is the real-time PCR efficiency of the target gene tran-
script and Ec is the real-time PCR efficiency of the internal control
(b-actin) gene transcript.

We targeted the VHSV N gene to determine the absolute copy
number of the viral genome and to assess its transcription rate. The
method for developing a standard curve was described earlier [18].

2.5. Statistical analysis

The statistical analysis was performed by using SAS version 9.2
(SAS Institute Inc. USA). The gene expression at different time
points was compared by one-way analysis of variance (ANOVA),
using Duncan’s multiple range test. An unpaired t-test was used to
ascertain statistical significance for differences in gene expression
between the 15 �C and 20 �C fish groups. Pearson’s correlation was
performed to understand the relation between the expression
levels of different gene transcripts. A value of p < 0.05 was
considered to indicate the statistical significance. The mean
expression values and the standard error at each time point were
determined.

3. Results

3.1. Experimental infection

Olive flounder reared at 15 �C were observed for visible dropsy
starting at 4 dpi. The fish mortality between 14 and 20 dpi resulted
in a final mortality of 24%. Neither dropsy nor mortality was
observed in the 20 �C group or the control groups. The dead fish
exhibited ascites and severe haemorrhage in their internal organs
and muscles.

3.2. Time-dependent replication of VHSV

Viral gRNA and mRNA copies were quantified by an absolute
quantification method. Neither pre-challenged nor mock-injected
fish tested positive for VHSV. We analysed gRNA and mRNA
copies of VHSV at the above-mentioned sampling times in both the
15 �C and 20 �C fish groups.

The virus-infected olive flounder maintained at 15 �C tested
positive for viral gRNA and mRNA as early as 3 hpi. The viral tran-
scription gradually increased and reached its peak value by 12 hpi
and remained at that level until 2 dpi, while the gRNA copy number
increased from 2 dpi (Table 2A). Although the gRNA levels at 4 dpi
were still high, surprisingly, the mRNA copy number was much
lower; two out of five fish studied had no detectable viral tran-
scripts. One fish had ascites at this time (not included in the relative
expression study), exhibited a large amount of viral gRNA (15392)
and mRNA (2364). On 7 dpi, we observed a high degree of variation
in gRNA copy number among the infected fish of the group. At the
same time, the viral transcription was much lower or undetectable
in all fish except one fish with ascites, which had high gRNA and
mRNA.

Fish reared at 20 �C contained similar levels of gRNA but had
higher levels of mRNA at 3 hpi compared to the 15 �C group
(Table 2B). The gRNA copies were at the highest level at 1 dpi in
20 �C, whereas it was at the highest level at 2 dpi in 15 �C (Fig. 1A).
However, the level of viral mRNA at 20 �C remained constant from
3 hpi to 2 dpi andwas 10-fold lower than that seen in 15 �C (Fig.1B).
A drastic difference in the viral copy between the two temperature
groups was noted at 2 dpi, due to a sharp decline in the gRNA copies
in the 20 �C fish group. By 4 dpi, the levels of gRNA and mRNA in
most of the 20 �C group declined further; one out of five fish still
contained extremely high gRNA but had no detectable mRNA. The
decline in viral copies in the later recovery phase was much
stronger and quicker in the 20 �C group than in the 15 �C group. By
7 dpi, all fish at 20 �C had much fewer viral genomes, while the
15 �C fish had higher copies of viral genome.

3.3. Relative gene expression kinetics

The study included relative expression of type II IFN, MHC class
I, CD8 and apoptotic genes in fish reared at 15 �C and 20 �C
(Tables 2A and 2B). Type II IFN expression increased with the viral
transcription level. When viral transcription was at its peak, type II
IFN expression was at its maximum; type II IFN expression was
lower at early and late stages when the viral copy numbers were
low. At 12 hpi, the 15 �C fish group had a high Pearson’s correlation
coefficient (p < 0.05) of 0.94 between type II IFN and viral gRNA.
The 20 �C fish group expressed quicker and more robust type II IFN
from 6 hpi to 1 dpi, which gradually returned to normal levels by
7 dpi (Fig. 2A). The type II IFN expressed by fish at 20 �C positively
correlated (p < 0.05) with viral copy number at 6 hpi (r ¼ 0.88) and
12 hpi (r ¼ 0.99). Expression of MHC class I and CD8 were elevated
in the 15 �C fish group until 1 dpi, reaching their maximum
expression at 6 hpi. However, expression levels were reduced to
under control levels at 4 and 7 dpi. Fish in the 20 �C group
expressed two-fold higher levels of MHC class I than the control,
which remained at similar levels throughout the experiment and
expressed significantly higher (p < 0.05) than 15 �C group at 7 dpi
(Fig. 2B). In 20 �C, CD8 was highly expressed at 3 and 6 hpi, and
showed reduced but still elevated expression at later stages,
expressing considerably higher to 15 �C at 4 dpi (Fig. 2C).

The apoptotic genes studied included granzyme, perforin,
tumour necrosis factor a (TNFa), Fas ligand (FasL), p53 and caspase
3 (Tables 2A and 2B). In the 15 �C fish, granzyme and perforin
showed elevated expression at early stages (3e6 hpi), but expres-
sion declined at 12 hpi and 1 dpi at the same time the viral tran-
scription reached maximum. The 15 �C group expressed higher
levels of granzyme compared to the 20 �C fish at 2 dpi, before
reducing the expression at 4 and 7 dpi (Fig. 2D). Perforinwas highly
expressed at 4 and 7 dpi in 15 �C when the fish showed a drastic
reduction in viral copies (Fig. 2E). The 20 �C group expressed
granzyme at two- to five-fold higher levels than control throughout
the experimental period while, perforin exhibited enhanced
expression at 6 hpi and 2 to 4 dpi. In both the groups, fish with high
perforin expression had higher caspase 3 expression (in the 15 �C
group, fish nos. 3, 26 and 31; in the 20 �C group, fish nos. 6, 23 and
30) (Tables 2A and 2B).

The 15 �C group expressed the apoptosis inducers FasL and p53
at elevated levels only for 3e6 hpi, while elevated TNFa expression
extended until 12 hpi. Transcription levels of most of these genes
were reduced to near-control levels in most of the 15 �C fish ana-
lysed from 1 to 7 dpi; p53 was the exception; it recovered high
expression levels at 7 dpi (Table 2A). The expression of granzyme,
perforin, FasL, p53, and caspase 3 showed high correlation at 3 hpi.
An increase in expression (6e12 hpi) of TNFa and FasL was noted in
the 20 �C fish group, while p53 had higher expression at 3 hpi and
again at 1e4 dpi (Table 2B). TNFa expression was significantly
higher in 15 �C group compared to 20 �C at 3 hpi but found similar
in later part of the experiment (Fig. 2F). The difference in the
expression levels of FasL and p53 between the 15 �C and 20 �C
groups was statistically significant (p < 0.05) at 6 hpi, where the
expression levels in the former group were higher than in the latter
group. However, at later stages, expression of FasL was reduced to
near-control levels in both groups (Fig. 2G) while p53 showed
expression peak at 2 dpi in 20 �C and 7 dpi in 15 �C (Fig. 2H).



Table 2A
Absolute copy numbers of viral mRNA and gRNA, relative expression of apoptotic transcripts in the head kidney of VHSV-infected olive flounder in the 15 �C group at different times after infection. Five fish were analysed per time
point. The values are also depicted as the mean � standard error (m � se).

Time Fish no gRNAx mRNA*,x Type II IFN MHC class I CD8 Granzyme Perforin TNFa FasL p53 Caspase 3

3 h 1 292.9 68.9 1.7 4.4 3.1 1.6 2.1 4.5 2.2 1.2 2.1
2 194.7 60.8 5.3 6.9 5.7 7.0 4.0 12.7 1.8 6.4 3.1
3 787.2 4.5 1.9 1.1 2.0 3.5 3.8 2.2 3.6 1.1 1.2
4 466.6 e 27.1 1.3 1.7 43.7 82.9 5.0 18.1 43.9 61.6
5 244.9 e e 1.2 1.6 1.6 3.4 3.4 0.9 1.5 12.9

m � se 397.2 � 107.7 27.2 � 34.5 7.2 � 11.3 3.0 � 2.6b 2.8 � 1.7bc 11.5 � 8.1ab 19.2 � 15.9 5.6 � 1.9a 5.3 � 3.2 ab 10.8 � 8.3 16.2 � 11.5
6 h 6 186.5 1313.8 e 14.1 10.4 5.3 8.2 4.7 7.3 14.7 1.7

7 37.7 160.5 11.5 3.2 20.6 16.3 2.4 5.4 7.5 15.1 2.1
8 208.4 78.4 1.5 14.2 22.6 4.0 13.0 2.9 6.3 8.8 2.0
9 92.8 18.2 5.5 2.1 6.2 3.1 9.0 4.4 7.8 6.4 0.9

10 13.4 6.0 5.9 5.5 22.8 6.7 10.9 7.9 13.2 3.7 1.9
m � se 107.8 � 39.0 315.4 � 561.5 4.9 � 4.5 7.8 � 5.9a 16.5 � 7.7a 7.1 � 2.4ab 8.7 � 1.8 5.1 � 0.8ab 8.4 � 1.2a 9.7 � 2.2 1.7 � 0.2
12 h 11 166.9 5427.5 70.0 1.8 0.5 1.5 0.5 10.6 0.8 0.8 2.3

12 69.4 504.9 31.1 2.7 2.4 1.5 4.2 5.2 3.0 1.2 1.8
13 37.6 53.0 11.1 2.6 1.1 0.7 1.0 2.0 0.2 1.0 2.9
14 12.0 30.7 1.1 1.3 4.0 3.5 3.8 3.0 4.2 0.4 1.1
15 7.9 3.2 0.2 0.5 2.1 3.1 0.5 4.0 1.1 0.4 3.7

m � se 58.8 � 29.2 1203.8 � 2370.1 22.7 � 29.2 1.8 � 0.9b 2.0 � 1.3bc 2.1 � 0.5b 2.0 � 0.8 4.9 � 1.5 ab 1.9 � 0.7b 0.8 � 0.2 2.4 � 0.4
1 d 16 105.5 4441.0 120.3 11.3 2.3 1.6 e 1.3 0.1 0.9 1.2

17 217.6 601.7 94.8 5.3 7.7 1.4 1.7 0.6 0.5 1.9 0.8
18 1245.1 813.0 5.2 2.4 3.0 3.5 1.8 1.4 0.1 1.6 1.0
19 49.4 55.6 10.1 1.9 1.7 1.6 0.6 1.8 0.1 0.6 0.7
20 11.2 19.3 15.3 0.7 21.3 6.2 8.2 0.3 10.7 0.3 0.6

m � se 325.8 � 232.5 1186.1 � 1851.7 49.1 � 54.2 4.3 � 4.2ab 7.2 � 8.2b 2.9 � 0.9b 2.5 � 1.5 1.1 � 0.3c 2.3 � 2.1b 1.1 � 0.3 0.8 � 0.1
2 d 21 1337.6 3092.8 246.5 2.7 0.5 11.6 2.4 2.9 6.3 2.2 1.7

22 4505.1 2468.0 24.4 0.9 0.9 13.6 4.1 0.6 1.7 0.7 1.0
23 75.9 104.0 0.0 2.1 0.8 20.9 1.1 0.4 0.2 1.5 3.4
24 169.9 100.0 16.5 0.8 0.4 20.4 4.2 1.0 0.1 1.1 2.2
25 250.2 83.9 1.3 0.8 0.8 11.5 1.7 0.6 0.2 1.2 2.0

m � se 1267.7 � 841.0 1169.7 � 1486.8 57.7 � 106.0 1.5 � 0.9b 0.7 � 0.2c 15.6 � 2.1a 2.7 � 0.6 1.1 � 0.5c 1.7 � 1.2 b 1.4 � 0.2 2.1 � 0.4
4 d 26 4669.4 9.9 1.1 0.4 0.4 8.6 52.4 3.6 0.6 0.3 40.1

27 308.0 4.6 3.8 0.2 0.3 4.5 35.0 2.1 8.1 0.2 3.8
28 181.2 e 1.5 0.2 0.0 1.0 5.1 2.9 0.2 0.2 3.8
29 22.1 e 4.4 0.7 0.2 0.9 3.7 2.5 1.4 0.2 1.7
30 670.0 38.2 0.5 0.6 0.1 2.0 3.0 0.1 0.0 1.0 5.1

m � se 1170.1 � 881.3 10.9 � 15.6 2.2 � 1.7 0.4 � 0.2b 0.2 � 0.2c 3.4 � 1.4b 19.8 � 10.1 2.3 � 0.6 bc 2.1 � 1.5b 0.4 � 0.2 10.9 � 7.3
7 d 31 2.2 e 1.7 0.0 0.1 3.1 72.9 0.3 2.0 35.0 68.3

32 560.1 e 1.6 0.1 1.5 2.0 20.7 3.7 0.4 2.6 9.3
33 152.6 2.0 1.7 0.6 0.3 1.0 3.8 1.1 2.4 12.5 0.5
34 8.4 2.3 0.7 0.2 0.3 0.9 2.1 1.2 0.2 7.7 2.9
35** 3917.7 512.1 0.6 0.2 0.0 0.6 0.9 0.6 0.5 7.3 0.3

m � se 926.2 � 754.2 103.7 � 228.3 1.3 � 0.6 0.3 � 0.2b 0.4 � 0.6c 1.5 � 0.4b 20.1 � 13.7 1.4 � 0.6c 1.1 � 0.5b 13.0 � 5.7 16.3 � 13.1

e: Not detected.
Superscript lower case letters denote significant differences among groups according to the Duncan’s multiple range test (a ¼ 0.05).

* Data of mRNA copies is reported from our published article [18].
x Absolute copy number is per 50 ng total RNA.

** Fish with ascites.
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Table 2B
Absolute copy numbers of viral mRNA and gRNA, relative expression of apoptotic transcripts in the head kidney of VHSV-infected olive flounder in the 20 �C group at different
times after infection. Five fish were analysed per sample. The values are also depicted as the mean � standard error (m � se).

Time Fish No gRNAx mRNAx Type II IFN MHC class I CD8 Granzyme Perforin TNFa FasL p53 Caspase 3

3 h 1 185.2 244.9 0.7 1.4 e 3.0 1.7 1.7 2.0 3.6 2.3
2 196.1 129.4 0.3 2.7 2.4 2.1 2.1 0.9 1.3 4.0 1.0
3 475.0 24.6 0.3 1.6 4.4 2.7 0.7 0.7 1.3 5.5 0.7
4 175.5 14.9 0.4 2.0 8.1 1.3 1.4 0.8 1.9 2.7 0.2
5 648.7 e 0.8 2.5 5.0 3.6 0.3 1.0 0.6 7.5 1.4

m � se 336.1 � 96.2 83.0 � 103.8 0.5 � 0.2 2.0 � 0.6 4.0 � 3.0b 2.5 � 0.4 1.2 � 0.3 1.0 � 0.2b 1.4 � 0.2 4.7 � 0.9ab 1.1 � 0.4
6 h 6 16.9 358.0 62.4 3.7 6.0 2.1 62.6 6.5 e e 126.2

7 776.0 59.1 32.3 2.0 8.6 1.6 0.9 15.8 3.1 2.7 1.2
8 56.2 59.5 36.1 3.2 9.5 4.6 4.3 2.6 4.9 0.6 5.3
9 672.4 e 7.9 0.7 8.6 2.9 3.5 1.5 6.2 1.9 0.9

10 519.5 e e 1.0 10.8 2.4 1.8 4.6 2.3 2.2 1.6
m � se 408.2 � 157.2 95.7 � 149.5 27.7 � 24.8 2.1 � 1.3 8.7 � 1.7a 2.7 � 0.5 14.6 � 12.0 6.2 � 2.5a 4.1 � 0.8 1.9 � 0.4b 27.0 � 24.8
12 h 11 302.5 152.1 699.8 3.3 2.5 4.4 0.1 13.1 0.1 0.5 9.4

12 79.2 13.8 52.9 2.6 1.0 2.2 1.9 3.8 1.8 1.5 1.7
13 72.2 23.0 8.1 0.9 0.6 2.9 0.9 1.6 0.3 0.4 1.7
14 1082.8 5.2 7.9 1.0 1.0 3.5 2.7 3.0 14.8 0.6 3.8
15 9.3 4.9 2.4 0.5 1.5 2.8 8.6 2.7 0.3 1.4 14.5

m � se 309.2 � 199.7 39.8 � 63.2 154.2 � 305.7 1.7 � 1.2 1.3 � 0.7c 3.1 � 0.4 2.9 � 1.5 4.9 � 2.1ab 3.4 � 2.8 0.9 � 0.2b 6.2 � 2.5
1 d 16 68.9 231.2 22.1 1.7 5.0 0.3 1.5 0.9 0.1 1.8 11.5

17 993.6 83.9 58.4 3.2 4.6 4.5 2.9 0.4 3.0 5.1 2.2
18 568.2 66.7 12.8 0.8 3.3 4.7 2.3 0.2 0.1 1.3 6.7
19 132.2 29.4 0.9 0.0 2.2 4.0 2.9 0.2 0.0 0.1 12.5
20 4521.2 4.2 20.1 0.4 1.6 3.5 5.1 0.2 3.9 1.7 1.1

m � se 1256.8 � 832.9 83.1 � 88.5 20.1 � 22.8 1.2 � 1.3 3.3 � 1.5bc 3.4 � 0.8 2.9 � 0.6 0.4 � 0.1b 1.4 � 0.8 2.0 � 0.8ab 6.8 � 2.3
2 d 21 198.2 301.4 5.1 1.6 0.9 2.3 4.4 0.8 1.2 0.7 1.1

22 367.0 275.6 32.2 1.1 1.6 3.2 10.8 0.5 1.1 5.3 0.9
23 15.2 11.3 6.2 0.0 0.6 1.3 447.8 2.2 0.2 e 411.1
24 16.0 5.9 3.2 0.8 4.6 0.4 3.4 0.8 e 1.6 49.6
25 53.4 e 1.2 0.3 0.8 21.4 1.0 0.5 0.3 17.9 48.1

m � se 130.0 � 68.1 119.0 � 155.0 9.6 � 12.8 0.8 � 0.6 1.7 � 1.7bc 5.7 � 3.9 93.5 � 88.6 1.0 � 0.3b 0.7 � 0.2 6.4 � 3.5a 102.2 � 78.0
4 d 26 8.3 18.9 8.3 3.7 4.3 2.5 1.5 2.6 0.1 0.3 23.6

27 33.1 2.2 14.0 3.4 3.4 4.4 6.2 3.8 6.3 4.3 1.9
28 4753.8 e 7.9 1.4 1.1 8.9 1.6 0.4 0.3 3.3 20.6
29 e e 2.3 0.1 0.7 1.4 3.2 0.8 1.6 3.0 1.1
30 29.7 e e 1.2 4.6 3.7 143.2 8.5 0.6 e 614.6

m � se 965.0 � 947.2 4.8 � 7.9 6.5 � 5.5 1.9 � 1.5 2.8 � 1.8bc 4.2 � 1.3 31.1 � 28.0 3.2 � 1.4ab 1.8 � 1.2 2.7 � 0.8ab 132.4 � 120.7
7 d 31 84.5 3.3 2.0 3.7 2.2 2.3 3.8 0.6 1.6 2.2 0.8

32 1.9 e 2.9 1.8 1.5 4.3 2.3 0.5 0.0 0.7 19.5
33 20.5 e 0.7 2.2 1.5 2.1 2.5 0.9 0.7 2.7 1.0
34 10.8 e 0.9 0.9 0.8 7.2 0.1 0.3 0.0 1.2 20.6
35 e e 1.7 0.2 0.6 2.6 1.7 0.6 0.0 1.7 11.2

m � se 23.5 � 15.7 1.5 � 1.0 1.6 � 0.9 1.8 � 1.3 1.3 � 0.6c 3.7 � 1.0 2.1 � 0.6 0.6 � 0.1b 0.5 � 0.3 1.7 � 0.4b 10.6 � 1.3

x: absolute copy number is per 50 ng total RNA.
e: Not detected Superscript lower case letters denote significant differences among groups according to the Duncan’s multiple range test (a ¼ 0.05).
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Among the apoptotic genes, caspase 3 showed the most drastic
differences in expression. In the 15 �C group, caspase 3 expression
was significantly higher in two fish at 3 hpi, one fish at 4 dpi and
two fish at 7 dpi; apart from these fish, the rest of the cohort
Fig. 1. Absolute viral copy number of gRNA (A) and mRNA (B) of VHSV in 50 ng total RNA o
standard error bar plotted against time after viral infection. (y: The average value of gRNA of
mean with high standard error). Details of individual experimental fish are given in Tables
expressed very low or near-control caspase 3 levels. Interestingly
the 15 �C group, fish, which expressed high levels of caspase 3,
contained very low or undetectable viral transcripts (Table 2A).
Conversely, in the 20 �C fish group, the gene expression was near-
f virus-infected olive flounder maintained at 15 �C and 20 �C. Mean copy number with
20 �C group at 4 dpi was high in one out of five individuals sampled, resulting in higher
2A and 2B.



Fig. 2. Relative immune-related gene expression in kidney tissue of VHSV (107.8 TCID50/fish)-infected olive flounder reared at 15 �C and 20 �C. Expression levels were normalized
against the internal control, b actin. Expression levels between the two groups were compared by real-time PCR, and the mean relative expression of type II IFN (A), MHC class I (B),
CD8 (C), granzyme (D), perforin (E) TNFa (F), FasL (G), p53 (H) and caspase 3 (I) were plotted with standard error against the time after infection. An unpaired t-test (p < 0.05
indicated by asterisks * and p < 0.01 by **) was used to determine statistical significance between the two groups at each time point. Details of individual experimental fish are given
in Tables 2A and 2B.
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control levels at 3 hpi, but showed elevated expression starting at
6 hpi and remaining high until 7 dpi (Table 2B). An unpaired t-test
(p < 0.05) showed a significant difference in the expression of
caspase 3 between the two groups at 1 dpi. At this time point,
caspase 3 expression in the 20 �C group was 6e7 times higher than
controls, while it was below control levels in the 15 �C group
(Fig. 2I). More interestingly, at 2 dpi the VHSV copy numbers
drastically declined in the 20 �C fishwhen caspase 3 expressionwas
at peak, while the 15 �C group showed a rapid increase in viral copy
numbers with low caspase 3 expression. In 15 �C fish, the expres-
sion of caspase 3 increased at 4e7 dpi during which viral copies
showed a decline.

4. Discussion

VHSV infection of the olive flounder is temperature-dependent,
resulting in a maximum mortality rate at temperatures approxi-
mately 8e15 �C [4]. Although the virus does not develop clinical
sign in olive flounder at 20 �C, the viral growth at this temperature
was higher when tested in a cell line [4]. Furthermore, the
susceptibility of VHSV-infected olive flounder depends on the
rearing temperature; no mortality occurs at 20 �C but large-scale
mortality of the fish was observed at or below 15 �C [5,24,25].
Sano et al. [5] showed that VHSV-infected fish reduced their
mortality to 20% when the temperature was shifted from 14 �C to
20 �C at 2 dpi, whereas fish kept at 14 �C had an 80% mortality rate.
However, shifting the culture temperature of VHSV-infected olive
flounder from 20 �C to 15 �C at 2 dpi caused a cumulative mortality
of 13% compared to amortality of 93%when theywere immediately
transferred after intra-peritoneal injection. Although these obser-
vations confirmed that VHSV infection in olive flounder is strictly
temperature-dependent, the host immune factors responsible for
host survival at higher temperatures or susceptibility at lower
temperatures are not known. In previous experiments, we analysed
the relative expression of TLR- and IFN-related genes in VHSV-
infected olive flounder maintained at 15 �C at different time
intervals from 3 hpi to 7 dpi [18]. In the study, we found that TLR-2
and TLR-7 were downregulated in olive flounder, but the host was
not deficient in pro-inflammatory cytokines or antiviral proteins.
These findings led us to investigate other possible reasons that
could account for the varied immune response at the two
temperatures in VHSV-infected olive flounder.



S. Avunje et al. / Fish & Shellfish Immunology 32 (2012) 1162e11701168
The first step of replication cycle of rhabdovirus, a negative
sense ssRNA virus, inside the host cell is transcription of viral
genome. The RNA polymerase of rhabdovirus exhibits a gradient of
transcription of the viral genes [26]. Hence, inside the host cell the
transcript for N gene is the prevailing mRNA of VHSV. When
abundant newly produced nucleoprotein is available, the viral
transcription is shut off and replication is initiated [26,27]. Thus,
nuclear protein of the virus plays important role in switch over
between viral mRNA synthesis and gRNA synthesis. For these
reasons, we targeted quantification of mRNA as well as gRNA of
viral N gene. Use of oligo dT as a primer for reverse transcription
resulted in synthesis of cDNA of viral transcript (positive sense
RNA) which has poly A tail while, specific sense primer against viral
N gene reverse transcribed viral negative sense gRNA. Respective
cDNA were used as template for absolute quantification of viral
mRNA and gRNA. A similar methodology was followed by Vester
et al. [28] to quantify viral transcript (positive sense mRNA),
negative sense RNA (gRNA) and complementary gRNA (positive
sense) in influenza A virus, a negative sense ssRNA virus.

At 3 hpi, the copy number of VHSV gRNA was similar in both
groups, which could be due to the injected viral copies, while viral
transcription was much higher in the 20 �C group than in the 15 �C
fish. In vitro, the VHSV in oliveflounder can grow faster at 20 �C than
at 15 �C [4,24]. In our experiment, the VHSV cultured in FHM cells
grew much faster at 20 �C than at 15 �C but both conditions had
similar final titre values of 108.8 TCID50/ml (data not shown). The
gRNA in fish from the 20 �C group greatly increased at 1 dpi but
drastically declined at 2 dpi (discussed more in later part), whereas
the gRNA infish from the 15 �Cgroup significantly increased at 2 dpi.
This indicates that the virus can produce a significant amount of
progeny by 2 dpi in the host at 15 �C, while at 20 �C, the host either
kills or controls the viral replication in the same infectious period.
This replication difference could explain low level of mortality of
VHSV-infected olive flounder when they were shifted from 20 �C to
15 �C 2 days after infection rather than being transferred immedi-
ately (93%) [5]. The groupof 20 �Cfish contained lowtoundetectable
levels of viral gRNA ormRNA by 7 dpi, explaining why Sano et al. [5]
didnotobserve anymortality in the group shifted from20 �C to15 �C
at 9 dpi. Our experiment aimed at a less lethal viral infection (24%
cumulative mortality in 15 �C group) in the olive flounder, which
explains the reduced viral copies in the 15 �C fish at later recovery
stages (4 and 7 dpi), indicating the host immune response can
control the virus. We found that the olive flounder at 15 �C could
express interferon-stimulated genes, such as ISG 15 andMx at 1 and
2 dpi [18] that could have reduced the viral copy numbers at later
recovery stages. The hosts, which had high gRNA and mRNA copies
at 4e7 dpi, may succumb to the viral infection at a later stage of
experiment. Fish fromthe15 �CgroupwithhighgRNAcopynumbers
also contained high viral mRNA, but interestingly, a few showed
considerably lower viral transcription, despite high viral gRNA
content. One of the possible causes for this differencemaybe related
to caspase 3 expression, which is discussed later.

Entry of virus results in the secretion of type II IFN by antigen-
presenting cells, Natural killer (NK) cells and T lymphocytes to
up-regulate antigen presentation, attract leukocytes to the site of
action, enhance NK cell activity and regulate B cell functions
[12,29]. The type II IFN response in both groups increased when
viral copy numbers peaked, but its expression was much quicker
and stronger in the 20 �C fish than in the 15 �C group. Similar result
was reported on VHSV-infected olive flounder though the experi-
mental conditions were different [30,31]. In addition, type I IFN
expression at 15 �C after VHSV infectionwas highest when the viral
copies were high in our previous study [18]. Both type I and type II
IFNs evolved to complement each other, showing redundancies
that create a more robust host defence system [29].
VHSV infection in olive flounder resulted in elevated expression
of MHC class I and CD8 in the 15 �C fish group at early stages of
infection but surprisingly, as the virus number increased, the
expression of these two genes was reduced; furthermore, these
genes were expressed below control levels during the later stages
of the experiment. Transcription of MHC class I remained
unchanged, two-fold higher than control levels, in the 20 �C fish
because of viral infection, while the CD8 expression was highest at
early stage, and remained higher than control level in the recovery
phase. Atlantic salmon infected by infectious salmon anaemia virus
(ISAV) and IHNV showed only slightly elevated expression of MHC
class I [32e34]. Although the olive flounder MHC class I and CD8
are sequenced, their responses to VHSV infection at the two
temperatures are not well understood. Microarray experiments in
vaccinated olive flounder showed slightly increased expression of
MHC class I and CD8 [35,36]. Thus, from the experiment, we could
notice a low level but early enhancement in expression of MHC
class I and CD8 transcripts in VHSV-infected olive flounder in both
the groups, but a reduction in expression at later stages in 15 �C fish.
Viral peptides that are presented by MHC class I are recognised by
naive CD8 T cells, which then proliferate to become effector CTLs.
CTLs that recognise the virus-infected cells secrete a set of target
cell death inducers, such as granzyme, perforin and FasL, to initiate
apoptosis [15,16].

Apoptosis is a process caused by the activation of cellular death
pathways that activate the proteolytic digestion of regulatory
proteins leading to metabolic instability, breakdown of the cellular
infrastructure and disintegration of the cytoskeleton and genomic
fragmentation [14,16]. Cytotoxic T lymphocytes and natural killer
cells secrete granzyme and perforin to initiate granule-mediated
apoptosis. Granzyme enters the target cell with the help of per-
forin to activate caspases [37,38]. Granzyme and perforin have been
sequenced in different fishes, including the olive flounder;
revealing closer homology with their mammalian counterparts
[39e45]. Granzyme expressed at consistent levels in the 20 �C
group; whereas in the 15 �C fish, it expressed at higher levels at
very early and late stages of viral infection, but showed reduced
expression at the peak of viral replication. Perforin expression
found to be highly elevated in few individuals in both the groups
(higher in number in 20 �C group than in 15 �C group), and inter-
estingly the individuals with high perforin level expressed very
high caspase 3. Viruses reportedly manipulate the host’s apoptosis
system to regulate cell death and allow the propagation of viral
progeny [46], which may be the reason for an inadequate or
delayed apoptotic response in the virus-susceptible group.

Fas ligand and TNFa belong to the TNF superfamily. The two
death inducers bind to their respective receptors, Fas receptor and
TNF receptor, to activate death domains in the infected/targeted
host cell [14e16]. The sequence and functional properties in olive
flounder and other fishes were analysed because of the importance
of these two death initiators [47e53]. The olive flounder in the
15 �C group expressed TNFa at an early stage but downregulated it
to control levels in most of the later sampled fish, while the 20 �C
fish expressed TNFa at elevated levels for a much shorter period of
time. Turbot infected with VHSV showed elevated TNFa expression
within 1 dpi that was later reduced to normal levels [53]. Although
there has been some work on fishes’ response to recombinant
TNFa, their response during apoptosis induction is not well char-
acterized. Kurobe et al. [47] sequenced and verified the cell
destructive properties of FasL in olive flounder. Our 15 �C experi-
mental fish group expressed FasL during the initial stage of infec-
tion but did not maintain the expression level once the viral copies
increased in the host. The 20 �C fish group showed increased levels
at early stages but the levels later returned to normal. The short
transcription and translation times for FasL could be a reason for
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controlled apoptosis. Further experiments on this protein could
reveal some promising applications.

p53, an anti-tumour protein, induces apoptosis when the host
cell is under stress [54]. Although this gene has been sequenced and
studied in several fishes as an apoptosis inducer during toxin stress
[55e62], to our knowledge, there have not been any studies on the
possible role of p53 in apoptosis induction during viral infection in
fishes. Our efforts were focused on finding the gene expression
changes due to VHSV infection at the two rearing temperatures.
Transcription of p53 was up-regulated for a shorter period at the
initial as well as at later recovery stage of infection in both fish
groups. From our experiment, we found a possible apoptotic role of
p53 in VHSV infection; however, detailed in vitro studies may
provide more in-depth knowledge on its role in the cell death
mechanism.

Apoptosis inducers activate zymogen caspases, and the subse-
quent signalling cascade leads to the activation of caspase 3, which
performs the final steps in causing host cell death [63,64]. An early
and effective apoptotic response, with caspase 3 as an important
effector, can shut down viral replication and disease development
in the host [14,16]. The transcript of caspase 3 has been sequenced
and showed closer homology with the mammalian caspase 3
[65e69]. Considering the importance of caspase 3 in execution of
apoptosis, olive flounder caspase 3 was partially sequenced. This
sequence showed close homology with other fishes and
mammalian counterparts. From the experiment, we found
a possible role of caspase 3 in effectively controlling viral repli-
cation. In the 20 �C fish, viral copies were higher than in the 15 �C
fish at the early stage of infection. However, 20 �C fish expressed
very high levels of caspase 3, which could be a major cause for the
fishes’ effective control over viral transcription on 2e4 dpi. This
expression difference could be the reason why one fish sampled
from the 20 �C group at 4 dpi showed very high viral gRNA but
had undetectable viral transcription. Caspase 3 expression in the
15 �C group was significantly lower except in a few fish sampled
and the fish with high caspase 3 levels contained very low or
undetectable levels of viral mRNA. One fish from this group
sampled at 4 dpi showed high gRNA levels but very low mRNA
levels. The same fish expressed 40-fold higher caspase 3, while
another fish with ascites sampled on 7 dpi carried significantly
higher numbers of viral gRNA and mRNA but caspase 3 was
expressed below control. Thus, the expression pattern of caspase 3
and its direct relation with viral transcription allows us to predict
a significant role for this apoptotic gene in effectively controlling
VHSV replication.

Apoptosis, predominantly mediated by caspases, is known to
effectively control viral replication. A number of viruses have
shown different strategies for successfully evading host apoptosis
[12,70]. As mentioned earlier, caspase 3 was downregulated in
a VHSV-infected cell line [19]. Furthermore, the inability of VHSV to
induce disease in olive flounder upon removal of the NV gene
[20,21] indicating the NV gene has a key role in causing the VHSV
pathogenicity, while apoptosis plays a major role in host survival.
Thus, the viral anti-apoptotic response could be strong enough to
override the host defence mechanism in olive flounder reared at
15 �C water temperature and could replicate effectively for a longer
time to produce large numbers of progeny. This observation could
explainwhy olive flounder at 15 �C contained high numbers of viral
copies even though they expressed high levels of Mx [18].
Conversely, at a 20 �C culture temperature, the host apoptotic
response might be quick enough to suppress viral replication and
dominate the virus’ inhibitory action.

In conclusion, our in vivo data on VHSV-infected olive flounder
support the importance of the apoptotic host immune system in
antiviral defence mechanisms. The experiment clearly showed the
influence of temperature on the differential expression pattern of
apoptotic immune genes and its effect on viral replication in the
same batch of olive flounder. The viral replication rate was faster in
fish reared at 20 �C compared to fish reared at 15 �C during the
initial infection stage. Though the apoptosis inducers were imme-
diately elevated after initiating viral infection in the 15 �C fish
group, they under-expressed these genes when viral copies were
high; conversely, the 20 �C group expressed the same genes at
a higher level. Substantial expression of caspase 3 in the 20 �C fish
group controlled viral replication more efficiently than the 15 �C
fish that had very low levels of caspase 3. Interestingly, fish that
expressed high levels of caspase 3 had low or undetectable viral
transcription. From this experiment, we can conclude that the
apoptotic immune system is one of the most important host
survival mechanisms in defending the olive flounder against VHSV
infection. Hence, apoptosis could play a critical role in survival of
VHSV-infected olive flounder in the summer but susceptibility in
the winter and spring.
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