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ABSTRACT: Betanodaviruses, the causative agents of viral nervous necrosis in marine fish, have
bipartite positive-sense RNA genomes. Because the genomes are the smallest and simplest among
viruses, betanodaviruses have been well studied using a reversed genetics system as model viruses.
However, studies of virus—host interactions have progressed slowly because permissive hosts for
betanodaviruses (basically larvae and juveniles of marine fish) are only available for limited periods
of the year and are not suitable for the construction of a genetic engineering system. To obtain a
model fish species that are not subject to these problems, 21 freshwater fish species were injected
intramuscularly with a betanodavirus (redspotted grouper nervous necrosis virus) and tested for their
susceptibility to the virus. Based on their responses, the tested fish were classified into 3 groups:
4 susceptible fish, 10 less susceptible fish, and 7 resistant fish. The susceptible fish, celebes rainbow-
fish Telmatherina ladigesi, threadfin rainbowfish Iriatherina werneri, dwarf rainbowfish Melanotae-
nia praecox, and medaka Oryzias latipes, exhibited erratic swimming and eventually died within 10 d
post-inoculation. The virus was specifically localized in the brains, spinal cords, and retinas of the
infected fish, similar to the pattern of infection in naturally infected marine fish. We believe that these
susceptible freshwater fish species could act as good host models for betanodavirus—fish interaction
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studies.
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INTRODUCTION

Betanodaviruses, members of the family Nodaviri-
dae, are the causative agents of a highly destructive
disease of hatchery-reared larvae and juveniles of a
variety of marine fish. In some species, adult and
mature fish have also been reported to suffer from the
disease. 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
2003). VNN disease has spread to >30 marine fish spe-
cies from 14 families in the Indo-Pacific and Mediter-
ranean regions, Scandinavia, and North America. The
virus localizes in the brain, spinal cord, and retina of
the affected fish. Affected fish exhibit erratic swim-
ming patterns and a range of neurological abnormali-
ties, including vacuolization and cellular necrosis in
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the central nervous system and retina (Munday et al.
2002).

Betanodaviruses are nonenveloped, spherical
viruses with a bipartite positive-sense RNA genome
RNA1 (3.1 kb) and RNA2 (1.4 kb), which encode an
RNA-dependent RNA polymerase (protein A) and the
coat protein (CP), respectively (Schneemann et al.
2005). Recently, we characterized a subgenomic RNA3
(0.4 kb) which encodes protein B2, a suppressor for
post-transcriptional gene silencing (Iwamoto et al.
2005). The viruses can be classified into 4 types, desig-
nated striped jack nervous necrosis virus (SJNNV),
barfin flounder nervous necrosis virus (BFNNV), tiger
puffer nervous necrosis virus (TPNNV), and redspot-
ted grouper nervous necrosis virus (RGNNYV), based
on similarities in the partial RNA2 sequences
(Nishizawa et al. 1997). The host ranges of SINNV and
TPNNYV are limited to striped jack Pseudocaranx den-
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tex and tiger puffer Takifugu rubripes, respectively,
whereas BENNV has been isolated from some coldwa-
ter species, such as barfin flounder Verasper moseri,
Pacific cod Gadus macrocephalus, and Atlantic halibut
Hippoglossus hippoglossus. RGNNV has a broad host
range and causes disease among a variety of warm
water fish species, particularly groupers and sea bass
(Munday et al. 2002).

Betanodaviruses have key features as model viruses,
as is also the case with the insect alphanodaviruses
(Ball & Johnson 1998), the other genus of the family
Nodaviridae. Betanodaviruses have one of the smallest
genomes (4.5 kb in total) among the known viruses,
which encode only 3 viral proteins (protein A, CP, and
protein B2). Furthermore, a genetic engineering sys-
tem has already been established based on a cDNA-
mediated infectious RNA transcription strategy (Iwa-
moto et al. 2001, 2004). Qualitative and quantitative
analysis of virus multiplication is possible with betano-
daviruses, using cultured cells (Frerichs et al. 1996, Chi
et al. 1999, Iwamoto et al. 1999, 2000). However, stud-
ies of virus—host interactions have progressed slowly
because of the limited availability of host fish. Betano-
daviruses basically infect marine fish larvae and juve-
niles, which are only available for a few months of the
year. Other experimental problems with marine fish
species are their long life cycles, large bodies, and the
difficult rearing conditions required, which preclude
easy experimentation, and especially the use of
genetic engineering strategies. In the present study, to
overcome these problems, we have tested several
small ornamental freshwater fish as model hosts for
their susceptibility to RGNNV, which has the broadest
host ranges among the 4 types of viruses (Nishizawa et
al. 1997).

MATERIALS AND METHODS

Virus and cells. RGNNV (SGWak97 strain, Iwamoto
et al. 1999) was used in this study. The E-11 cell line
(Iwamoto et al. 2000) was grown at 25°C in Leibovitz's
L-15 medium (Invitrogen) supplemented with 5 % fetal
bovine serum.

Preparation of RGNNYV virions. The virus was inoc-
ulated into E-11 cells, and the cells were incubated at
25°C for 3 to 5 d. The culture supernatants of the
infected cells were harvested and mixed with 3 vol of
40% (w/v) polyethylene glycol (PEG 8000; Nacalai
Tesque). The mixtures were incubated on ice for 1 h
and centrifuged at 12000 x g for 15 min at 4°C to sedi-
ment the progeny viruses. The sedimented viruses
were suspended in extraction buffer (0.1 M Tris-HCI,
1 mM EDTA, pH 7.2) and stored at —80°C until use.
Viral titers were quantified by determining the 50 %

tissue culture infective dose (TCIDso) ml~! as described
in Reed & Muench (1938).

Intramuscular injection of freshwater fish. Twenty-
one freshwater fish species were purchased from local
ornamental fish markets (Table 1). Fish were main-
tained at 25°C throughout the experimental period,
and fed daily with powdered dry flakes (TetraMin,
TetraWelke). For intramuscular inoculation, the fish
were injected with 5 pl of RGNNV (107° TCID;, ml™?)
suspensions using a microsyringe (Hamilton). As a
positive control, sevenband grouper Epinephelus
septemfasciatus, which is one of the most susceptible
fish to RGNNV (Tanaka et al. 1998), were similarly
injected with the virus. Inoculated fish were monitored
daily for 10 d for the appearances of erratic swimming
(morbidity) and death (mortality).

Titration of viruses in fish brains. Brains were
recovered from the dead or moribund fish. If fish were
apparently healthy throughout the experimental peri-
ods, their brains were collected at 10 d post-inocula-
tion. The brain samples were thoroughly homogenized
with 500 pl of Hanks' balanced salt solution (Nissui),
and the homogenates were passed through a 0.45 pm
membrane filter (Advantec). Viral titers of the homo-
genates were quantified as described above.

Histopathology. Fish were immersed in Bouin's
solution for 1 wk at 4°C and then soaked in 15%
trichloroacetic acid for 1 wk at 4°C for decalcification.
The fish samples were then embedded in paraffin
and sectioned sagittaly to 8 pm. One of 2 consecutive
sections was stained with hematoxylin and eosin
(H&E), and the other was subjected to immuno-
fluorescence staining with anti-SJNNV rabbit poly-
clonal antibody and fluorescein isothiocyanate-con-
jugated swine immunoglobulin raised against rabbit
immunoglobulin (Dako), as described previously
(Nguyen et al. 1996). This anti-SJINNV polyclonal
antibody has been shown to detect RGNNV (Iwamoto
et al. 2004).

RESULTS
Susceptibility of freshwater fish to RGNNV

The 21 freshwater fish species (Table 1) were intra-
muscularly injected with RGNNV and monitored for
the appearance of erratic swimming as the clinical sign
of VNN. Among the species tested, celebes rainbow-
fish, dwarf rainbowfish, threadfin rainbowfish, and
medaka exhibited erratic swimming within 10 d after
inoculation (Table 1). Cumulative morbidity in celebes
rainbowfish, dwarf rainbowfish, threadfin rainbowfish,
and medaka was 90, 86, 40, and 76 %, respectively. All
the fish exhibiting erratic swimming after virus inocu-
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Table 1. Characteristics of several freshwater fish species with respect to susceptibility to redspotted grouper nervous necrosis
virus (RGNNYV). Size: averaged body length. ES/Total: number of fish showing erratic swimming (ES)/total number of fish exam-
ined. Vacuolation: Samples were sectioned and used for H&E staining. All (+), 1 (+/-) or none (-) of the samples tested showed
vacuolation in the central nervous systems and retinas. ND: not examined. FAT (immunofluorescence staining): Samples were
sectioned and used for FAT. In celebes rainbowfish, threadfin rainbowfish, dwarf rainbowfish, and medaka, only fish exhibiting
ES were used. Observed fluorescent signals covered approximately 80 to 90 % (+++), 50 to 79 % (++), 1 t0 49 % (+), or 0% (-) of the
brain areas of the samples on average. Virus isolation: brain samples were collected from fish exhibiting ES. Numbers in paren-
theses are data obtained from fish not showing ES during experimental periods. Virus+/Total: number of fish from which the virus
was isolated using cultured cells/total number of fish examined. Viral titer: data are means. —: viral titers below detection limits,
which varied depending on experiment as well as fish species. TCID3,. 50 % tissue culture infective dose

Species Size ES/Total Vacuolation FAT Virus isolation
(cm) Virus*/Total Viral titer (TCIDs, g 1)

Celebes rainbowfish 2.7 9/10 - +++ 6/6 10.2
Telmatherina ladigesi

Dwarf rainbowfish 2.8 4/10 - ++ 2/2 (3/5) 8.8 (7.7)
Melanotaenia praecox

Threadfin rainbowfish 2.3 6/7 +/— +++ 4/4 (1/1) 10.1 (9.7)
Iriatherina werneri

Medaka 1.9 13/17 - +++ 9/9 (4/5) 9.4 (9.4)
Oryzias latipes

Guppy 2.7 0/11 - + (4/5) (7.6)
Poecilia reticulata

Angelfish 1.7 0/10 ND ND (575) (6.8)
Pterophyllum scalare

Blue streak hap 2.7 0/10 - + (5/5) (7.5)
Labidochromis caeruleus

Climbing perch 4.9 0/4 - + (1/72) (6.1)
Anabas testudineus

Golden mbuna 2.1 0/6 - + (1/2) (6.6)
Melanochromis auratus

Honey gourami 3.0 0/9 ND ND (575) (7.4)
Trichogaster chuna

Kenyi cichlid 2.1 0/3 ND ND (2/2) (7.9)
Pseudotropheus lombardoi

Pygmy gourami 2.0 0/6 ND ND (4/6) (8.6)
Trichopsis pumila

Siamese fighting fish 2.5 0/10 - + (4/5) (7.5)
Betta splendens

Three-spot gourami 4.2 0/9 ND ND (3/5) (7.7)
Trichogaster trichopterus

Dwarf gourami 3.1 0/5 ND ND (0/2) -
Colisa lalia

Goldfinned barb 1.9 0/10 - - (0/5) -
Puntius sachsii

Goldfish 2.6 0/10 - - (0/5) -
Carassius auratus

Zebrafish 2.6 0/10 - - (0/4) -
Danio rerio

Bronze corydoras 2.7 0/10 - - (0/5) -
Corydoras aeneus

Sailfin catfish 4.4 0/10 - - (0/5) -
Liposarcus multiradiatus

Neon tetra 2.1 0/10 - - (0/5) -
Paracheirodon innesi

Sevenband grouper 5.3 12/12 + +++ (575) 9.1)
Epinephelus septemfasciatus




122 Dis Aquat Org 77: 119-125, 2007

Fig. 1. Immunofluorescence staining and histopathology of the freshwater fish  fjgp
brains inoculated with redspotted grouper nervous necrosis virus (RGNNV).
(A,B) Celebes rainbowfish, (C,D) dwarf rainbowfish, (E,F) threadfin rainbow-
fish, and (G,H) medaka were injected intramuscularly with RGNNV and
sacrificed after showing erratic swimming. In the case of (I,J) zebrafish, nor-
mally swimming fish were collected 10 d after virus inoculation. The fish were
sectioned through the median lines of the brains and subjected to immuno-
fluorescence staining with (A,C,E,G,I) anti-striped jack nervous necrosis virus
(STNNYV) antibody or (B,D,F,H,J) H&E staining. Scale bars = 1 pm. Represen-

tative data for each species are shown

lations eventually died within 3 to 5 d (data not shown).
No apparent clinical sign or mortality was observed in
the other 17 species, though blue streak hap showed
slow movements for a few days, but finally recovered
from erratic swimming during the experimental
period. All of the sevenband groupers inoculated with
RGNNYV showed apparent clinical signs, and some of
these fish died within 10 d.

To know whether the virus multiplied
in these erratically swimming fish and
did not propagate in the others, inocu-
lated fish were examined by immunoflu-
orescence staining (FAT). In the 4 sus-
ceptible species (celebes rainbowfish,
dwarf rainbowfish, threadfin rainbow-
fish, and medaka), strong fluorescence
signals, indicative of the presence of the
virus, were obtained in the brains, spinal
cords, and retinas (Table 1, Fig. 1).
Although similar neurotropism of the
virus was observed in golden mbuna,
Siamese fighting fish, climbing perch,
blue streak hap, and guppy, the signal
intensity was much lower than that in
the 4 susceptible species. No evidence of
virus multiplication was obtained in
bronze corydoras, goldfinned barb, gold-
fish, sailfin catfish, neon tetra, or zebra-
fish (Table 1). Histopathologically, the
affected sevenband grouper showed the
typical vacuolation in the central ner-
vous tissues and retinas. However, such
vacuolation was not observed in any fish
species tested except 1 positive threadfin
rainbowfish sample (Table 1, Fig. 1).
Angelfish, honey gourami, kenyi cichlid,
pygmy gourami, three-spot gourami,
and dwarf gourami were not tested
histopathologically.

Virus multiplication in the brains

Virus multiplication was evaluated by
the viral titers in the brains of freshwater
injected intramuscularly with
RGNNV (Table 1). Viral titers ranged
from 1088 to 10192 TCIDs, g~! brain tissue
in the dead or moribund fish of the 4
susceptible species: celebes rainbowfish,
dwarf rainbowfish, threadfin rainbow-
fish, and medaka (Table 1). The titers in
celebes rainbowfish, threadfin rainbow-
fish, and medaka exceeded that in sev-
enband grouper, the originated host for
RGNNV. Similar or slightly low viral titers were
obtained in the surviving fish of these 4 susceptible
species (Table 1). The species that showed no clinical
signs during the experimental period (angelfish,
golden mbuna, siamese fighting fish, climbing perch,
blue streak hap, guppy, honey gourami, kenyi cichlid,
three-spot gourami, and pygmy gourami) gave titers
from 10°! to 10%% TCID;, g~! brain tissue. In contrast,
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viral titers were below the detection limits in bronze
corydoras, dwarf gourami, goldfinned barb, goldfish,
sailfin catfish, neon tetra, and zebrafish (Table 1).

DISCUSSION

In the present study we tested 21 ornamental fresh-
water fish for susceptibility to RGNNV and demon-
strated that 4 of these, i.e. inoculated celebes rainbow-
fish, dwarf rainbowfish, threadfin rainbowfish, and
medaka, showed erratic swimming followed by death
as was originally observed in marine fish species. In
these freshwater fish, the virus was localized in the
brains, spinal cords, and retinas. Another 10 species
tested in our study had low levels of virus multiplica-
tion in the neural tissues without showing clinical signs
of infection. Although betanodavirus infection has
recently been reported in cultured freshwater fish,
including guppy and sturgeon Acipenser guelde-
staedi, the infected fish in these studies survived for a
long time despite the fact that they exhibited clinical
signs (Hegde et al. 2003, Athanassopoulou et al. 2004).
Furthermore, in the former study, the healthy guppy
inoculated experimentally with the RGNNYV type virus,
isolated from diseased guppy, did not show any clinical
signs (Hegde et al. 2003). These data support our
observation that guppy was less susceptible to
RGNNV.

According to the phylogenetic tree of the freshwater
fish used in this study, the fish are classified into 3
series: Otophysi, Smegmamorpha, and Perciforpha
(Fig. 2). Interestingly, the Smegmamorpha series is
comprised of all the susceptible fish and 1 less suscep-

<Class> <Superorder> <Series>

Actinopterygii 7 Ostariophysi

Acanthopterygii——Smegmamorpha-- Atheriniformes
‘|; Beloniformes

<Order>

Otophysi Cypriniformes
_E Siluriformes

Characiformes

tible species (guppy). The Perciforpha includes all the
less susceptible fish, except guppy and 1 resistant spe-
cies (dwarf gourami). Finally, the Otophysi is com-
prised exclusively of the resistant species. These data
indicate that, basically, freshwater fish species in the
same series have similar susceptibilities to betano-
daviruses since most of the tested species which
belonged to the Smegmamorpha were susceptible.
Thus, there seem to be other susceptible freshwater
fish species in the Smegmamorpha. This information
should be useful to prevent or control future VNN out-
breaks in freshwater fish. The marine fish, recognized
as permissive hosts for betanodaviruses, belong mainly
to the Perciforpha (Munday et al. 2002), in which no
susceptible freshwater species were found in this
study. This discrepancy in betanodavirus susceptibility
observed between freshwater fish and marine fish
remains to be addressed. However, one possible expla-
nation is that the freshwater fish with a low level of
susceptibility to RGNNYV at their adult stages are sus-
ceptible to it at their larval or juvenile stages similar to
marine fish hosts. Viral inoculations of larvae or juve-
niles in these less susceptible species as well as the
susceptible species using an immersion method may
give insight into the discrepancy.

Generally, histopathological features, characterized
by vacuolation of the central nervous system and
retina, have been observed in VNN-affected marine
fish (Munday et al. 2002). However, in virus-infected
freshwater fish, no obvious lesions were observed in
the central nervous system or retina, except in 1
threadfin rainbowfish sample, even though high levels
of viral accumulation were observed in these tissues
(Table 1, Fig. 1). Therefore, we conclude that the

<Commmon name>

Goldfinned barb  Goldfish Zebrafish

Bronze corydoras  Sailfin catfish

Neon tetra

Celebes rainbowfish | Dwarf rainbowfish
Threadfin rainbowfish

Cyprinodontiformes— |Guppy

Perciforpha

Percomorpha

[Angelfish][Blue streak hap][Climbing perch]

Dwarf gourami [Golden mbuna|[Honey gourami|

[Kenyi cichlid|[Pygmy gourami|[Siamese fighting fish|

[Three-spotgourami|

Fig. 2. Taxonomical relationships among the freshwater fish used in the present study. Susceptible and less susceptible fish
against redspotted grouper nervous necrosis virus (RGNNV) are indicated by black boxes and white boxes, respectively
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occurrence of erratic swimming in freshwater fish
does not necessarily require obvious lesion formation
such as vacuolation. Instead, some invisible histo-
pathological abnormalities may have occurred in the
target tissues of infected freshwater fish. Namely, the
histopathology in the virus-infected freshwater fish
may differ from that observed in affected marine fish.
Alternatively, infected freshwater fish may die before
showing vacuolation in the target tissues. VNN-
affected larval striped jack Pseudocaranx dentex sel-
dom showed vacuolation in the central nervous system
or retina, although those tissues accumulated signifi-
cant levels of virus (authors' unpubl. data).

In dwarf rainbowfish, threadfin rainbowfish, and
medaka, the levels of virus multiplication in the brain
were similar in the normal and erratically swimming
fish (Table 1). These results suggest that the appear-
ance of erratic swimming is not controlled simply by
the amount of virus in the brain, even though viral
accumulation is a prerequisite for development of clin-
ical signs. This apparent discrepancy may arise from
the nonuniform viral accumulation in the brain. This
hypothesis is supported by the fact that the patterns of
viral antigens localized within the brain varied among
the infected fish.

In the present study, celebes rainbowfish, dwarf
rainbowfish, threadfin rainbowfish, and medaka were
susceptible to RGNNV. Celebes rainbowfish, threadfin
rainbowfish, and medaka, in particular, showed con-
siderable morbidity rates and viral titers in the brains
of affected fish. Therefore, these 3 species would
appear to be good model fish candidates for betano-
davirus infection experiments. Medaka has been used
as a vertebrate model for various studies involving
embryology, neuroembryology, pharmacology, toxicol-
ogy, genomics, etc. (Ishikawa 2000, Wittbrodt et al.
2002). Furthermore, fundamental experimental tech-
niques, reversed genetics, classical genetics, and
breeding systems are already available for medaka.
Such information and techniques would greatly facili-
tate the study of host factors for betanodaviruses. Rain-
bowfish are popular ornamental fish and were origi-
nally found in Australia, New Guinea, and Indonesia.
They are easy to rear in small aquariums and have
been used in ecotoxicology studies (Humphrey &
Klumpp 2003, Harford et al. 2006). Although rainbow-
fish have not yet been recognized as vertebrate mod-
els, these fish seem to be good experimental hosts for
betanodavirus studies because of their strong suscepti-
bility to RGNNV (Table 1). It remains to be seen
whether rainbowfish are suitable for the construction
of genetic engineering systems. Collectively, medaka
and rainbowfish, which are not subject to many of the
problems in marine fish hosts, appear suitable for
extensive studies of betanodavirus—fish interactions.

We will further investigate the susceptibility of these
fish species to the other 3 types of betanodaviruses,
SINNV, TPNNV, and BFNNYV, to evaluate the suit-
ability of these fish for host-specificity studies.
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