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ABSTRACT: Betanodaviruses, the causative agents of viral nervous necrosis in marine fish, have
bipartite positive-sense RNA genomes. The viruses have been classified into 4 distinct types based on
nucleotide sequence similarities in the variable region (the so-called T4 region) of the smaller
genomic segment RNA2 (1.4 kb). Betanodaviruses have marked host specificity, although the primary structures of the viral RNAs and encoded proteins are similar among the viruses. We have previously demonstrated, using reassortants between striped jack nervous necrosis virus (SJNNV) and
redspotted grouper nervous necrosis virus (RGNNV), that RNA2, which encodes the coat protein,
strictly controls host specificity. However, because RNA2 is large, we were unable to propose a mechanism underlying this RNA2-based host specificity. To identify the RNA2 region that controls host
specificity, we constructed RNA2 chimeric viruses from SJNNV and RGNNV and tested their infectivity in the original host fish, striped jack Pseudocaranx dentex and sevenband grouper Epinephelus
septemfasciatus. Among these chimeric viruses, SJNNV mutants containing the variable region of
RGNNV RNA2 infected sevenband grouper larvae in a manner similar to RGNNV, while RGNNV
mutants containing the variable region of SJNNV RNA2 infected striped jack larvae in a manner similar to SJNNV. Immunofluorescence microscopic studies using anti-SJNNV polyclonal antibodies
revealed that these chimeric viruses multiplied in the brains, spinal cords and retinas of the infected
fish, as in infections by the parental viruses. These results indicate that the variable region of RNA2
is sufficient to control host specificity in SJNNV and RGNNV.
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Betanodaviruses, members of the family Nodaviridae, are the causative agents of a highly destructive
disease of hatchery-reared larvae and juveniles of several varieties of marine fish. The disease, designated viral nervous necrosis (VNN) when it was first described
in 1990 (Yoshikoshi & Inoue 1990), is also known as
viral encephalopathy and retinopathy (Office International des Epizooties 2006). VNN has spread to more
than 30 marine fish species from 14 families in the Indo-

Pacific and Mediterranean regions, Scandinavia and
North America. Adult fish have also been reported to
suffer from the disease in some species (Munday et al.
2002). The viruses localize in the brain, spinal cord and
retina of the affected fish. Affected fish exhibit erratic
swimming patterns and a range of neurological abnormalities, including vacuolization and cellular necrosis
in the central nervous system and retina.
Betanodaviruses are nonenveloped, spherical viruses
with a bipartite positive-sense RNA genome. The
larger genomic segment, RNA1 (3.1 kb), encodes an
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RNA-dependent RNA polymerase (protein A). The
smaller genomic segment, RNA2 (1.4 kb), encodes the
coat protein (CP). A subgenomic RNA (RNA3) transcribed from RNA1 encodes protein B2, which has a
suppressor function in posttranscriptional gene silencing (Iwamoto et al. 2005, Fenner et al. 2006). A genetic
engineering system of betanodaviruses has already
been established based on a cDNA-mediated infectious RNA transcription strategy (Iwamoto et al. 2001,
2004). Furthermore, qualitative and quantitative analysis of virus multiplication is possible with betanodaviruses, using the E-11 cell line (Iwamoto et al. 2000)
cloned from SSN-1 cells (Frerichs et al. 1996). Based on
nucleotide sequence similarities in the variable RNA2
region (the so-called T4 region; Nishizawa et al. 1995),
which encodes the C-terminal half of the CP, betanodaviruses have been classified into 4 distinct types:
striped jack nervous necrosis (SJNNV), redspotted
grouper nervous necrosis virus (RGNNV), barfin flounder nervous necrosis virus (BFNNV) and tiger puffer
nervous necrosis virus (TPNNV) (Nishizawa et al.
1997). The host ranges of SJNNV and TPNNV are limited to striped jack Pseudocaranx dentex and tiger
puffer Takifugu rubripes, respectively. However,
recently, SJNNV was found in European sea bass Dicentrarchus labrax, sea bream Sparus aurata and
Senegalese sole Solea senegalensis farmed in the Iberian Peninsula, though the samples used were not specified as diseased fish (Thiéry et al. 2004, Cutrín et al.
2007). BFNNV has been isolated from some coldwater
species, such as halibut Hippoglossus hippoglossus
and turbot Scophthalmus maximus. RGNNV has a
broad host range and causes disease among a variety
of warm-water fish, particularly groupers and sea bass
(Munday et al. 2002). Taken together, these data suggest that the variable region includes the host-specificity determinants of betanodaviruses.

Our experimental infections of sevenband grouper
Epinephelus septemfasciatus and striped jack larvae
with RGNNV and SJNNV revealed that the viruses
have strict host specificity (Iwamoto et al. 2004). Furthermore, similar infection experiments using reassortants constructed from SJNNV and RGNNV demonstrated that RNA2 and/or the encoded CP controls host
specificity in these viruses (Iwamoto et al. 2004). However, we did not identify the RNA2 regions that were
sufficient to determine host specificity in betanodaviruses. The necessary RNA2 regions may differ
among the 4 types of viruses because the viruses have
different host ranges. In this study, to identify the hostspecificity-determining region in RNA2, we constructed several chimeric viruses, the RNA2 segments
of which consisted of both SJNNV and RGNNV
sequences, and tested their infectivity in striped jack
and sevenband grouper larvae.

MATERIALS AND METHODS
Plasmids. The plasmids used or constructed in this
study are listed in Table 1. These plasmids contain
the cDNAs of SJNNV (SJNag93 strain), RGNNV
(SGWak97 strain) (Iwamoto et al. 1999) and the chimeric viruses constructed from SJNNV and RGNNV.
SJNag93 and SGWak97 were isolated from striped
jack and sevenband grouper, respectively. For the construction of pSG2TK13B, a nucleotide substitution of A
for T was made by replacing a portion of the original
cDNA with a mutated sequence produced using a
polymerase chain reaction (PCR)-based method. Similarly, a series of chimeric viral cDNAs (Table 1, Fig. 1)
was constructed by replacing the original cDNA
sequences with corresponding heterologous viral
cDNAs synthesized by PCR. All the recombinant DNA

Table 1. Plasmids used in this study
Plasmid

Characteristics

Source

Wild type viral cDNA
pSJ1TK19
Full-length cDNA of SJNNV RNA1
pSJ2TK30
Full-length cDNA of SJNNV RNA2
pSG1TK5
Full-length cDNA of RGNNV RNA1
pSG2TK13
Full-length cDNA of RGNNV RNA2

Iwamoto et al. (2001)
Iwamoto et al. (2001)
Iwamoto et al. (2004)
Iwamoto et al. (2004)

Mutated or chimeric viral cDNA
pSG2TK13B
1057th T in pSG2TK13 is replaced by A
pRGSJ2Afl
ca. 440 bp Afl III–BspEI fragment in pSG2TK13B is replaced by that from pSJ2TK30
pRGSJ2Bsp
ca. 360 bp Bsp HI–BspEI fragment in pSG2TK13B is replaced by that from pSJ2TK30
pRGSJ2Bam
ca. 300 bp Bam HI–BspEI fragment in pSG2TK13B is replaced by that from pSJ2TK30
pRGSJ2Pvu
ca. 260 bp Pvu II–BspEI fragment in pSG2TK13B is replaced by that from pSJ2TK30
pSJRG2Afl
ca. 440 bp Afl III–BspEI fragment in pSJ2TK30 is replaced by that from pSG2TK13B
pSJRG2Bsp
ca. 360 bp Bsp HI–BspEI fragment in pSJ2TK30 is replaced by that from pSG2TK13B
pSJRG2Bam
ca. 300 bp Bam HI–BspEI fragment in pSJ2TK30 is replaced by that from pSG2TK13B

This study
This study
This study
This study
This study
This study
This study
This study
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Virus
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Fig. 1. Genome structures of chimeric
viruses. Open boxes and white lines represent ORFs and noncoding RNAs of SJNNV,
respectively. Similarly, filled boxes and
black lines indicate ORFs and noncoding
RNAs of RGNNV, respectively. The line at
the bottom represents the physical map of
viral cDNAs. Nucleotide positions of start
codons, stop codons, 3’ ends, and chimeric
junctions are shown on the diagrams. The
nucleotide positions of Bsp EI restriction sites
are 1061 (SJ1/SJ2), 1054 (RG1/RG2), 1060
(RG1/RGSJ2Afl), 1060 (RG1/RGSJ2Bsp), 1054
(RG1/RGSJ2Bam), 1054 (RG1/RGSJ2Pvu),
1055 (SJ1/SJRG2Afl), 1055 (SJ1/SJRG2Bsp)
and 1061 (SJ1/SJRG2Bam). Two-headed arrow directs the variable region that has been
used for the classification of betanodaviruses
(Nishizawa et al. 1997)

techniques used in this study are described in Samviruses, as described previously (Iwamoto et al. 2004).
brook & Russell (2001). The nucleotide sequences of
Approximately 50 striped jack and 250 sevenband
the constructed cDNAs were verified by DNA
grouper larvae were immersed with 104.0 and 104.7
sequencing.
TCID50 ml–1 of viruses, respectively, in each treatment.
RNA transfection and virus inoculation of cultured
Throughout the experiments, the larvae were kept at
fish cells. The synthesis of infectious transcripts from
23°C in glass beakers containing 1 l of seawater supthe viral cDNAs (Table 1) and the transfection of E-11
plemented with 5 µg ml–1 kanamycin sulfate. Control
cells with these transcripts were performed to produce
fish were exposed under the same conditions to 100 µl
mature viruses (Table 2), as described previously
of cell culture supernatant obtained from uninoculated
(Iwamoto et al. 2001), with some exceptions. After in
E-11 cells. After exposure, dead or moribund fish were
vitro transcription, RNA was purified using the RNeasy
collected, fixed with 10% formalin and embedded
Mini Kit (Qiagen) and was transfected into E-11 cells
in paraffin. Sections were subjected to immunofluousing Lipofectamine 2000 (Invitrogen). Virus multiplirescence staining, as described previously (Iwamoto
cation was then confirmed by the appearance of cytoet al. 2004).
pathic effects. The culture supernatants were stored at –80°C before
Table 2. Viruses used in this study
use. For the virus multiplication assay,
E-11 cells were inoculated with each
Source
Virus
Viral cDNA clonea
of the viruses (Table 2) at a multiplicity
RNA1
RNA2
of infection of 1.0 and incubated at
23°C. The culture supernatants were
SJ1/SJ2
pSJ1TK19
pSJ2TK30
Iwamoto et al. (2001)
collected periodically and their viral
pSG1TK5
pSG2TK13
Iwamoto et al. (2004)
RG1/RG2b
titers were measured by determining
RG1/RGSJ2Afl
pSG1TK5
pRGSJ2Afl
This study
RG1/RGSJ2Bsp
pSG1TK5
pRGSJ2Bsp
This study
the 50% tissue culture infectious dose
RG1/RGSJ2Bam
pSG1TK5
pRGSJ2Bam
This study
(TCID50) ml–1 (Reed & Muench 1938).
RG1/RGSJ2Pvu
pSG1TK5
pRGSJ2Pvu
This study
Virulence assay in fish larvae. One
SJ1/SJRG2Afl
pSJ1TK19
pSJRG2Afl
This study
day old striped jack and sevenband
SJ1/SJRG2Bsp
pSJ1TK19
pSJRG2Bsp
This study
grouper larvae, reared at Kamiura
SJ1/SJRG2Bam
pSJ1TK19
pSJRG2Bam
This study
Station of National Research Institute
a
In vitro transcripts from the indicated viral cDNAs were co-transfected into
of Aquaculture, Fisheries Research
E-11 cells to obtain the viruses
b
Agency, were used for the virulence
RG1/RG2 is described as SG1/SG2 in Iwamoto et al. (2004)
assays of parental and chimeric
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Verification of progeny viruses. Total RNA was extracted from dead or moribund fish collected after
exposure to virus and used as the template for reverse transcription-PCR. For infections with SJ1/SJ2,
SJ1/SJRG2Afl, or SJ1/SJRG2Bsp, first-strand cDNA was
synthesized using the SJ2Rid primer (5’-ACAGGTT
CGGCGAGGTAAGC-3’), followed by PCR amplification
using the SJRGF1 (5’-GCAACTCGTGGTGCAGTC-3’)
and SJ2R6 (5’-CCTTGGGTGCTTTGTCGTT-3’) primers.
Similarly, for infections with RG1/RG2, RG1/RGSJ2Afl, or
RG1/RGSJ2Bsp, first-strand cDNA synthesis was performed using the RG2Rid primer (5’-CGCTTCCAGCCGTGTATAGG-3’) and PCR amplification was performed with SJRGF1 and RG2R3 (5’-TAGCGAGTGATT
CAATTTCGC-3’). The amplified DNA was sequenced
using the same PCR primers.

RESULTS
Construction of chimeric viral cDNAs
To test the hypothesis that the variable RNA2 region
may be involved in determining host specificity in betanodaviruses, we produced a series of chimeric viruses,
in which a part of the RNA2 sequence was replaced
with the corresponding sequence of another virus.
RG1/RGSJ2Afl, RG1/RGSJ2Bsp, RG1/RGSJ2Bam and
RG1/RGSJ2Puv are RGNNV mutants in which RNA2
was replaced, in part, with that of SJNNV (Fig. 1). Similarly, SJ1/SJRG2Afl, SJ1/SJRG2Bsp and SJ1/SJRG2Bam
are SJNNV mutants containing parts of the RGNNV
RNA2 sequence. As indicated by the names of the
chimeric RNA2 segments, RGSJ2Afl and SJRG2Afl,
RGSJ2Bsp and SJRG2Bsp, and RGSJ2Bam and
SJRG2Bam, were constructed symmetrically (Fig. 1).

Table 3. Multiplication of the parental and chimeric viruses
in E-11 cells. E-11 cells were inoculated with each of the
parental and chimeric viruses. Viral titers of the culture supernatants were measured at the given time points. Data are
means from 2 independent experiments

Virus

SJ1/SJ2
RG1/RG2
RG1/RGSJ2Afl
RG1/RGSJ2Bsp
RG1/RGSJ2Bam
RG1/RGSJ2Pvu
SJ1/SJRG2Afl
SJ1/SJRG2Bsp
SJ1/SJRG2Bam

Viral titer (log TCID50 ml–1)
Day 0
Day 4
Day 6
3.6
3.6
2.6
3.5
3.7
3.2
3.6
2.8
1.8

7.5
8.5
6.7
6.6
6.0
6.2
8.5
7.4
6.3

8.8
8.8
8.0
8.0
7.5
7.3
8.4
8.0
7.7

Multiplicative competence of the chimeric viruses
To evaluate multiplicative competence of the
chimeric viruses, they were inoculated into E-11 cells
and the viral titers of the culture supernatants were
measured periodically. The titers of the chimeric
viruses ranged from 106.0 to 108.5 TCID50 ml–1 4 d after
inoculation and from 107.3 to 108.4 TCID50 ml–1 6 d after
inoculation (Table 3). These titers were the same or
slightly lower than those of the parental viruses. These
experiments were carried out at 23°C, which was also
used for the immersion assay of fish larvae described
below.

Infectivity of the chimeric viruses in host fish
The infectivity of the chimeric viruses was examined by challenging striped jack or sevenband
grouper larvae with each of the viruses. All of the
striped jack larvae challenged with RG1/RGSJ2Afl,
RG1/RGSJ2Bsp, or SJ1/SJ2 died within 4 d of inoculation (Fig. 2). The viruses had multiplied in the brains,
spinal cords and retinas of the dead striped jack larvae
(Fig. 3). In contrast, the numbers of dead fish after
challenge with RG1/RGSJ2Bam, RG1/RGSJ2Pvu or
RG1/RG2 were similar to the numbers seen in the
controls (Fig. 2). There was no evidence of virus multiplication in these dead fish (Fig. 3). Challenge of
sevenband grouper larvae with SJ1/SJRG2Afl and
RG1/RG2 resulted in 100% mortality within 4 d
(Fig. 4). While challenge with SJ1/SJRG2Bsp produced
a mean cumulative mortality of 76% 5 d after inoculation. These 3 viruses had multiplied in the brains,
spinal cords and retinas of the dead sevenband
grouper larvae (Fig. 5). Conversely, challenge with
SJ1/SJRG2Bam, RG1/RGSJ2Bsp and SJ1/SJ2 resulted
in low levels of mortality similar to the levels seen in
the control groups. No multiplication of these viruses
was observed in any of the dead fish (Fig. 5). Collectively, these results demonstrate that RG1/RGSJ2Bsp
and SJ1/SJRG2Bsp retain the complete host-specificity
determinants for striped jack and sevenband grouper,
respectively. RG1/RGSJ2Bam and SJ1/SJRG2Bam
must lack some RNA2 sequences important for host
recognition because these 2 chimeric viruses did not
infect their corresponding host fish. This important
RNA2 region in SJNNV (nucleotides [nt] 695–765) and
RGNNV (nt 694–758) showed 60% homology at the
nucleotide level and 55% homology at the amino
acid level (data not shown). Verification of the viral
RNA purified from the dead or moribund fish showed
that all of the replaced RNA2 regions (Fig. 1) were
completely conserved in the progeny viruses (data
not shown).
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Sevenband grouper

Striped jack
100

100
SJ1/SJ2

SJ1/SJ2

RG1/RG2

RG1/RG2

80

RG1/RGSJ2Bsp

Cumulative mortality (%)

Cumulative mortality (%)

RG1/RGSJ2Afl
RG1/RGSJ2Bam
RG1/RGSJ2Pvu
60

Control

40

20

0

SJ1/SJRG2Afl

80

SJ1/SJRG2Bsp
SJ1/SJRG2Bam
RG1/RGSJ2Bsp
60

Control

40

20

0
0

1

2

3

4

5

Days after exposure

0

1

2

3

4

5

Days after exposure

Fig. 2. Pseudocaranx dentex. Cumulative mortality of striped
jack larvae exposed to parental or chimeric viruses. Striped
jack larvae were bath challenged with each of the viruses at
104.0 TCID50 ml–1. Control fish were exposed to tissue culture
supernatant from uninfected E-11 cells. Data are means ± SD
of 2 independent experiments

Fig. 4. Epinephelus septemfasciatus. Cumulative mortality of
sevenband grouper larvae exposed to parental or chimeric
viruses. Sevenband grouper larvae were bath challenged
with each of the viruses at 104.7 TCID50 ml–1. Control fish were
exposed to tissue culture supernatant from uninfected E-11
cells. Data are means ± SD of 2 independent experiments

Fig. 3. Pseudocaranx dentex. Immunofluorescence staining
of viral antigens in striped jack larvae inoculated with
parental or chimeric viruses. Dead or moribund fish were collected and sectioned for immunofluorescence staining. Scale
bars = 100 µm

Fig. 5. Epinephelus septemfasciatus. Immunofluorescence
staining of viral antigens in sevenband grouper larvae inoculated with parental or chimeric viruses. Dead or moribund
fish were collected and sectionedfor immunofluorescence
staining. Scale bars = 100 µm
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DISCUSSION
We constructed chimeric viruses from SJNNV and
RGNNV to test their infectivity in their original hosts.
We demonstrated that, of these chimeric viruses,
SJNNV mutants retaining the variable region of
RGNNV RNA2 (nucleotides [nt] 694–1054) infected
sevenband grouper larvae showing neurotropism, as
does RGNNV (Figs. 1, 4 & 5). In contrast, RGNNV
mutants containing the variable region of SJNNV
RNA2 (nt 695–1061) infected striped jack larvae, similar to infection by SJNNV (Figs. 1, 2 & 3). Interestingly,
these 2 regions are almost the same as the T4 sequence
(Fig. 1) (Nishizawa et al. 1997) and are located in the
same RNA2 position when the SJNNV and RGNNV
RNA2 sequences are aligned (authors’ unpubl. data).
These results indicate that SJNNV and RGNNV use
the same RNA2 and/or encoded CP regions to recognize their own hosts, although the 2 viruses have different host ranges. As mentioned earlier, betanodaviruses have been classified into the 4 types according
to similarities in the T4 nucleotide sequences: SJNNV,
RGNNV, BFNNV and TPNNV (Nishizawa et al. 1997).
These types of viruses seem to have different host
ranges according to their originated fish species,
though the borders among their host ranges are not
very clear. For example, both RGNNV and SJNNV are
isolated from Japanese flounder Paralichthys oliveatus
(Munday et al. 2002) and SJNNV was found in
European sea bass, sea bream and Senegalese sole
(Thiéry et al. 2004, Cutrín et al. 2007). Therefore,
the RNA2 and/or CP regions may function as one
of the major host-specificity determinants among all
the 4 types of viruses. Our data do not eliminate the
possibility that RNA1 as well as RNA2 control host
specificity of SJNNV and RGNNV at a high or low temperature because RNA1 controls predominantly the
temperature sensitivity of these viruses (authors’
unpubl. data).
Cryo-electron microscopy analysis and folding motif
analysis of an RGNNV isolate, malabaricus grouper
nervous necrosis virus, suggested that the C-terminal
region of CP is presented on the surfaces of virions, as
well as on CP monomers (Tang et al. 2002). The N-terminal region of the betanodavirus CP, which contains
many positively charged amino acid residues, may
play a role in neutralizing the negative charge of viral
RNA in virions and also could be involved in the
encapsidation process (Marshall & Schneemann 2001,
Tang et al. 2001). Furthermore, the pairwise surface
probability plot for SJNNV and RGNNV CPs showed
some significant differences in the values within the
host-specificity-determining region observed in this
study, which suggests structural differences between
SJNNV and RGNNV CPs (Iwamoto et al. 2004). There-

fore, those structurally unique sites are good candidates for host-specificity determinants, although there
is no evidence that the CP, rather than the viral RNA,
controls host specificity. In this study, we did not define
the structural differences that determine host specificity in SJNNV and RGNNV. Nevertheless, our inoculation experiments revealed that at least 1 determining
site was encoded by nt 694–758 in RGNNV RNA2 and
nt 695–765 in SJNNV RNA2 (Fig. 1) because the
chimeric viruses required these regions to infect their
appropriate hosts (Figs. 2 to 5).
In many viruses, host specificity and tissue tropism
are controlled by the interactions of viral surface proteins with related receptors that are displayed on the
surfaces of target cells (Baranowski et al. 2001, Smith &
Helenius 2004). Such a receptor binds to a specific
attachment site(s) on a virus particle and facilitates
viral entry into the cell. For example, the receptors of
nonenveloped poliovirus and coxsackievirus bind to
the clefts of the capsid surface (Rossmann et al. 2002).
Even a small number of amino acid substitutions in
their CPs dramatically change the host specificity and
tissue tropism of these viruses (Baranowski et al. 2001).
Similarly, in enveloped viruses, surface viral proteins
serve as interacting factors for related receptors and
control cell specificity (Baranowski et al. 2001).
Recently, SSN-1 fish cells (Frerichs et al. 1996) were
shown to have receptor-like molecules for RGNNV on
their surfaces (Lu et al. 2003). The sialic acid moiety on
the receptor-like molecule is required for the binding
of SSN-1 cells to virus particles (Liu et al. 2005).
Because SSN-1 cells are susceptible to all the 4 types of
betanodaviruses (Iwamoto et al. 1999), the putative
receptor should be able to bind the 4 kinds of virus particles and induce viral entry into the cells. Thus, betanodaviruses presumably infect SSN-1 cells through a
putative nonspecific sialic acid receptor on the cell surface. Therefore, the host specificity of SJNNV and
RGNNV observed in this study should be controlled by
different specific receptors, each of which occurs
exclusively in striped jack or sevenband grouper, if this
specificity is based on virion-receptor interactions. To
evaluate the plausibility of the virus-receptor interaction model in determining host specificity in betanodaviruses, in our next study we may prepare primary
cultured cells from striped jack and sevenband
grouper to test their bindings with parental and
chimeric virus particles. Alternatively, host specificity
may be directed by intracellular host factors that are
expressed only in the susceptible hosts and support
virus multiplication. Such specific factors might be
involved in many virus multiplication processes,
including uncoating, genome replication, viral protein
translation, viral protein processing, encapsidation and
viral diffusion.
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Generally, the attenuation of host defense mechanisms, including immune systems and posttranscriptional gene silencing, by viral factors is important for
virus multiplication in target host cells (Alcami &
Koszinowski 2000, Weber et al. 2004, Buchon & Vaury
2006). Thus far, nothing is known about the role of
betanodavirus CP in the inhibition of host defense systems, although CP molecules are translated in the cell
cytoplasm and transferred, in part, into the nuclei of
infected cultured cells (Guo et al. 2003). Nevertheless,
we cannot rule out the possibility that CP monomers or
virions interact with putative host-specific factors,
leading to the inhibition of the defense apparatus in
fish, thus determining host specificity.
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