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ABSTRACT: Although infections caused by megalocytiviruses have been reported from a wide
range of finfish species for several decades, molecular characterisation of the viruses involved
has been undertaken only on more recent cases. Sequence analysis of the major capsid protein
and adenosine triphosphatase genes is reported here from formalin-fixed, paraffin-embedded
material from 2 archival ornamental fish cases from 1986 and 1988 in conjunction with data for
a range of genes from fresh frozen tissues from 5 cases obtained from 1991 through to 2010.
Turbot reddish body iridovirus (TRBIV) genotype megalocytiviruses, previously not documented
in ornamental fish, were detected in samples from 1986, 1988 and 1991. In contrast, megalocy-
tiviruses from 1996 onwards, including those characterised from 2002, 2006 and 2010 in this
study, were almost indistinguishable from infectious spleen and kidney necrosis virus (ISKNV).
Three of the species infected with TRBIV-like megalocytiviruses from 1986 to 1991, viz. dwarf
gourami Trichogaster lalius (formerly Colisa lalia), freshwater angelfish Pterophyllum scalare
and oscar Astronotus ocellatus, were infected with ISKNV genotype megalocytiviruses from
2002 to 2010. The detection of a TRBIV genotype isolate in ornamental fish from 1986 repre-
sents the index case, confirmed by molecular sequence data, for the genus Megalocytivirus.
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INTRODUCTION

Confirmed and unconfirmed cases of infections by
megalocytiviruses have been reported for several
decades from a wide range of ornamental and food
fish including freshwater and marine species. Typical
pathological changes include the presence of en-
larged, often basophilic, inclusion body-bearing cells
(IBC; Miyazaki 2007) and polygonal virions within
these affected cells. However, while such features
have been considered to be pathognomonic for mega-
locytivirus infections (Mahardika et al. 2009, Chinchar
2011, Sano et al. 2011), histopathology does not pro-
vide information on the genotype of megalocytivirus
that may be involved. Further, the IBC can be mis-
taken for amoebae (Anderson et al. 1993, Stephens et
al. 2009), and some authors have questioned whether
some cases could be attributed to non-iridoviral
viruses (Armstrong & Ferguson 1989, McGrogan et al.
1998), all of which suggest that such lesions may not
be pathognomonic. Many megalocytiviruses are diffi-
cult to isolate using cell culture, and the status of
megalocytiviral taxonomy is complex and uncertain.
Therefore, in the context of the following, the term
‘isolate’ is defined as any megalocytivirus sampled
from a fish with megalocytiviral infection, rather than
in the strict sense of being isolated in pure culture.

Many of the ‘megalocytivirus-like’ cases documen-
ted in the literature pre-date the first confirmed detec-
tion of megalocytiviruses, with the most commonly
accepted index case being that described by Inouye et
al. (1992) from epizootics in cultured red sea bream off
Shikoku Island, Japan, during 1990 (Chinchar 2011,
Kurita & Nakajima 2012). Furthermore, all megalo-
cytivirus isolates derived from ornamental fish spec-
ies that have been subjected to phylogenetic analyses
of the major capsid protein (MCP) gene have been
shown to be members of the infectious spleen and
kidney necrosis (ISKNV) subgroup (Sudthongkong et
al. 2002b, Go et al. 2006, Jeong et al. 2008, Song et al.
2008, Weber et al. 2009, Kurita & Nakajima 2012, Sri-
wanayos et al. 2013, Nolan et al. 2015). A potential ex-
ception has been recorded in African lampeyes, in
which the sequence of the adenosine triphosphatase
(ATPase) gene of African lampeye iridovirus (ALIV)
appears to cluster with red seabream-like megalocy-
tivirus isolates even though phylogenetic analysis of
the MCP gene sequence places this isolate firmly as a
member of the ISKNV subgroup (Sudthongkong et al.
2002b, Kurita & Nakajima 2012). The third major
megalocytiviral genotype comprising turbot reddish
body iridovirus (TRBIV)-like isolates are believed to
mainly affect flatfishes, such as flounder and turbot

(Shuang et al. 2013), although some isolates have also
been reported from barred knifejaw (Kurita & Naka-
jima 2012), but have not yet been described from or-
namental fish.

Many reports of megalocytivirus infection involve
ornamental fish, and a large proportion of these
viruses have not been characterised at a molecular
level (Yanong & Waltzek 2010). It is therefore un-
known whether they belong to the ISKNV or red
seabream iridovirus (RSIV) subgroup, or are phylo-
genetically distinct. Molecular information would be
useful for source attribution, to verify index cases,
and to confirm whether viruses other than megalo-
cytiviruses are capable of producing '‘megalocyti-
virus-like' lesions.

The aim of the study was to undertake molecular epi-
demiological characterisation of the megalocytivirus(es)
involved in ornamental fish cases identified through a
literature review using archival tissues.

MATERIALS AND METHODS
Case selection

A literature review of documented cases of orna-
mental fish showing 'megalocytivirus-like’ lesions
was undertaken, focussing on those that have not
previously been characterised by molecular genetic
analysis. Initially, the search term ‘fish*' and ‘iri-
dovir*' (the term 'megalocytivirus' is relatively re-
cent in origin, and hence was not used in searches for
archival references) were used in the Web of Science
and Aquatic Sciences and Fisheries Abstracts data-
bases, and all references to non-food fish species
involving iridoviral infection other than ranavirus or
lymphocystivirus infection were further screened for
pathological descriptions. References to additional
cases with megalocytivirus-like lesions that were
cited within those studies were also subsequently
obtained. Cases known to have used acidic fixatives
such as Bouin's or acidic decalcification agents such
as formic acid, both of which are likely to signifi-
cantly damage nucleic acids in fixed materials (Alers
et al. 1999, Jones et al. 2003), were excluded.

Fresh frozen materials with preliminary evidence to
suggest iridoviral infection and/or megalocytivirus-
like lesions were also available from 3 previously un-
published cases, and were included in this analysis.
The first 2 of these cases (Cases 3 and 4 of this study)
involved juvenile oscars Astronotus ocellatus and
keyhole cichlids Cleithacara maronii with a fork
length of 3-4 cm. These were obtained from a com-
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mercial retail supplier and were originally purchased
from an importer/wholesale distributor. The 2 popula-
tions of each species were separately held in quaran-
tine for at least 2 wk prior to transfer to 40 1 display
tanks. The fish subsequently exhibited lethargy, list-
lessness and pallor within 2 wk following transfer.
The third unpublished case (Case 5 of this study) in-
volved juvenile freshwater angelfish Pterophyllum
scalare from a recirculating indoor ornamental fish
production facility that experienced a mortality event
soon after the introduction of various gourami (Tri-
chogaster spp. and Trichopodus spp.) broodstock.
Two additional cases, involving oscars (Case 6) and
dwarf gourami Trichogaster lalius (Case 7) were also
included in which the histopathological findings
and/or preliminary polymerase chain reaction (PCR)
results suggested megalocytiviral presence, although
further characterisation had not been undertaken
(Whittington et al. 2009, Rimmer et al. 2012).

Tissue preparation
Formalin-fixed paraffin-embedded (FFPE) tissues

Sections used for DNA extraction were cut with a
new microtome blade using methods designed to
minimise contamination (Whittington et al. 1999). To
reduce the likelihood of contamination between
paraffin blocks through handling of material from
different cases at the same time, sectioning and DNA
extraction from blocks and PCR amplification from
different cases were temporally separated.

Extraction of crude DNA from FFPE tissues was
undertaken following incubation in a lysis buffer so-
lution. A 500 pl aliquot of lysis solution (50 mM Tris-
HCI, pH 8, 20 mM EDTA, pH 8, 2% w/v sodium
dodecyl sulphate and Proteinase K at a final concen-
tration of 175 mg m1™'; Bello et al. 2001) was added to
tubes containing two 5 pm thick paraffin sections.
Tubes were incubated at a temperature of 37°C for 48 h
(Gilbert et al. 2007), then heated to 95°C for 10 min,
centrifuged at 866 x g (10 min) and then gradually
cooled. The supernatant solution was transferred to a
new 1.5 ml Eppendorf tube. Negative controls con-
sisting of lysis buffer and Proteinase K solution only
were also included in each extraction attempt.

Fresh frozen tissues

Tissue homogenates from megalocytivirus-like
cases reported from Australia were prepared by

grinding approximately 0.1 g pooled visceral organs
in 9 volumes of minimum essential medium (MEM),
which was subsequently clarified by centrifugation
at 866 x g (10 min).

Virus isolation from oscar and keyhole cichlids

Visceral tissues (kidney, liver and spleen) were col-
lected from moribund or dead fish and diluted 1:25 in
MEM supplemented with 2 mM L-glutamine, 2%
foetal bovine serum, 50 IU penicillin-50 pg strepto-
mycin ml™!, and 15 mM HEPES buffer (MEM-
2+HEPES). Tissues were homogenised using a
Stomacher 80 Lab Blender for 1 min and centrifuged
at 1300 x g (15 min). Supernatant was collected and
diluted 1:1 with MEM supplemented with ampho-
tericin-B and gentamicin. Tissue extracts were
stored at 10°C overnight and centrifuged at 1500 x g
(10 min); 0.2 ml of supernatant were then inoculated
onto the following fish cell lines: epithelioma papulo-
sum cyprini (EPC) from fathead minnow Pimephales
promelas, fathead minnow (FHM) and bluegill fry
Lepomis macrochirus (BF-2) in replicate wells of a
12-well tissue culture dish. Plates were incubated at
20°C and observed for evidence of cytopathic effect
(CPE) for 21 d. All samples were subcultured and
observed for an additional 30 d.

Transmission electron microscopy

Formalin-fixed visceral tissues from a moribund
oscar were postfixed in 1% aqueous OsO,4 dehy-
drated through a graded ethanol series, infiltrated
and embedded in epoxy resin. Ultrathin sections
(60 to 90 nm) were stained with 2% uranyl acetate
and lead citrate prior to examination with a Phillips
EM 400 electron microscope at 80 kV.

Purification of DNA

A 200 pl aliquot of crude DNA extract (for FFPE tis-
sues) or tissue homogenate was purified using a High
Pure Viral Nucleic Acid Kit (Roche) following the
manufacturer's instructions to produce a final DNA
solution of 50 pl. The concentration and purity of
double stranded DNA was assessed by spectropho-
tometry (Nanodrop, Thermo Scientific). For cases
reported from the USA, viral DNA was extracted
from tissue culture fluid from BF-2 cell culture super-
natant that had been stored at —80°C for 21 yr, using
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a DNeasy Blood and Tissue Kit (QIAGEN) following
the protocol for viruses in suspension. DNA concen-
tration and purity were quantified as described
above and stored at 4°C until used for PCR.

Real-time PCR
Screening assays

General PCR primers used in this study are sum-
marised in Table S1 in the Supplement, available at
www.int-res.com/articles/suppl/d122p105_supp.pdt.
PCR screening to detect megalocytiviral DNA was
undertaken using qPCR with primers C1403/C1331
targeting a 102 nt section of the MCP gene to enable
amplification to be detected in real time and mini-
mise risks associated with cross contamination be-
tween samples. Cycling conditions for PCR were as
described by Rimmer et al. (2012), with the exception
that annealing temperature was decreased from 62 to
55°C. All real-time PCR reactions were undertaken
using an Mx3000P Multiplex Quantitative PCR Sys-
tem (Stratagene). To further minimise the likelihood
of contamination, no positive controls or plasmid
standards were included during PCR amplification of
archival DNA samples. However, an internal control
consisting of primers targeting teleost mitochondrial
16S rDNA sequence was included. These primers
were designed against an alignment of representa-
tive 16S rDNA sequences from ornamental fish spe-
cies of the family Cichlidae (Astronotus ocellatus,
GenBank acc. no. AP009127; Etroplus maculatus,
DQ119192; Pterophyllum scalare, AY662732), Osphro-
nemidae (Trichogaster lalius, AY763701) and Poe-
cilidae (Xiphophorus helleri, NC_013089), and were
previously found to be successful when tested
against a wide range of teleost DNA samples (data
not shown). Water and no-template controls were
included as negative process controls in all assays.
Undiluted DNA extracts and extracts diluted 1:9 in
nuclease-free water were used as templates for PCR.

The success of each reaction was based on genera-
tion of a cycle threshold (Ct) value using the SYBR
Green assay combined with analysis of the melting
temperature (7T,) determined by the dissociation
curve to ensure approximate consistency with the
predicted T,, of the amplicon as determined by the
neighbour-joining method using Oligocalc (www.
basic.northwestern.edu/biotools/oligocalc.html) (Kibbe
2007) with the respective sequence template used for
initial primer design as the input. The PCR product
was retained and a 2 pl sample was subjected to

agarose gel electrophoresis; the resulting band was
compared with a known molecular size marker (Lane
Marker VIII, Roche) to verify that products of the ex-
pected size had been generated.

Sequence-directed assays

For subsequent PCR reactions using primer sets
specifically designed based on sequence from the
material extracted from FFPE archival samples in this
study, thermal cycling was undertaken as above,
although the number of cycles was increased from
40 to 55 following the observation that some primer
pairs produced positive reactions with a Ct close to
40 in preliminary reactions.

Primer design

All amplicons from screening PCRs were se-
quenced. A megalocytiviral sequence was defined as
having a sequence identity greater than 90% com-
pared with known megalocytivirus sequences (Walt-
zek et al. 2012). Specific primers were designed to
span the coding regions of the MCP and ATPase
genes. Wherever possible, primers were designed to
produce amplicons that, after primer sequences were
excluded, acted as contigs to span the coding regions
of the MCP gene and ATPase. However, for the MCP
gene, some of the contigs located from approxi-
mately nucleotide position 1100 onwards included
the primer sequences (see '‘Results’). Default param-
eters for Primer 3 were used with minor modifications
regarding product size, primer length and output
number. Suitable primer pairs were then manually
selected to enable overlapping contigs to be gener-
ated to span the coding region of the MCP gene. A
general target amplicon length of 100 to 120 nucleo-
tides (nt) was chosen on the basis of preliminary re-
sults that indicated that larger amplicons could not
be successfully amplified from the DNA extracted
from the FFPE material

For DNA derived from recent (2002 onwards) fresh
frozen tissue samples, we used previously published
primers (Go et al. 2006) in pairs that enabled larger
amplicons to be generated, using conventional PCR
as described by Go et al. (2006) (Table S1). For DNA
derived from the cell culture supernatant from the US
cases, a primer pair was designed that was capable of
amplifying the full-length MCP gene for novel mega-
locytiviruses (Table S1). The primers were developed
by aligning published full genomic sequences avail-
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able for ISKNV (GenBank acc. no. NC_003494),
RSIV (AB104413), large yellow croaker iridovirus
(LYCIV; AY779031), orange spotted grouper irido-
virus (OSGIV; AY894343) and TRIBV (GQ273492).
Primer binding sites flanking the MCP gene were
identified in Primer 3 using default parameters, and
conventional PCR was performed as described by
Waltzek et al. (2012).

Post-extraction, pre-amplification/repair
treatments for DNA

A modified 'assembly PCR' protocol without pri-
mers (Stemmer et al. 1995) was applied to diluted
DNA samples obtained from FFPE tissues that pro-
duced poor results on initial PCR amplification. Each
reaction consisted of 200 pM of each of the nucleo-
tides dATP, dTTP, dGTP, and dCTP, PCR buffer
(66.8 mM Tris-HC], 16.6 mM (NH,),SO,4, 2.5 mM
MgCl,), 1.65 mg of bovine serum albumin perml, 2 U
of Taq polymerase and 5 pl of undiluted template
DNA made up to a total volume of 50 pl with nucle-
ase-free water. Cycling conditions were as described
above with the modification that 55 cycles were used
(Stemmer et al. 1995). To generate sufficient treated
DNA for subsequent PCR reactions, 5 replicate reac-
tions were undertaken and the resultant DNA solu-
tions were pooled.

Sequencing

Each primary PCR product was sequenced in both
the forward and reverse direction using the same
primers as for PCR at least once. All reactions were
performed by a commercial supplier (AGRF, West-
mead, NSW, Australia) using 'BigDye’' Terminator
version 3.1 chemistry (Applied Biosystems) and ana-
lysed in an ABI Prism 3730 or 3730xI capillary Ge-
netic Analyser (Applied Biosystems). Sequence and
ambiguous bases were assessed and resolved, res-
pectively, by visualisation of chromatograms using
MEGA 5 (Tamura et al. 2011). Alignment and editing
was performed using MEGA 5, which was also used
to generate the final consensus sequence.

Phylogenetic analysis
Contigs were assembled manually in MEGA 5

(Tamura et al. 2011) by sequential alignment
against megalocytivirus gene sequences in Gen-

Bank, identified by a preliminary BLAST search.
Gene sequences for the MCP and ATPase genes
annotated in GenBank as megalocytiviruses were
used to generate initial alignments. Additionally, a
partial fragment of the MCP gene sequence
obtained by Gias et al. (2011) from cell culture
material that originated from threespot gourami
showing microscopic megalocytivirus-like lesions
(Fraser et al. 1993) was manually transcribed from
Fig. 1 in Gias et al. (2011), since it was not
available in GenBank, and included in the align-
ment (after editing to remove primer sequences) of
megalocytiviral MCP gene sequences. The align-
ment of homologous gene sequences was under-
taken in MEGA 5 using the ClustalW algorithm.
Duplicate sequences were removed with Elimdupes
(www.hiv.lanl.gov/cgi-bin/ELIMDUPES/elimdupes.
cgi) using default parameters. GenBank acces-
sions for sequences used in the phylogenetic ana-
lysis and corresponding duplicates are listed in
Tables S2 & S3 in the Supplement.

Percentage sequence identity for individual genes
or genomic regions was calculated with the assis-
tance of Sequence Identity and Similarity (SIAS:
http://imed.med.ucm.es/Tools/sias.html) using de-
fault parameters, with the exception that PID1 was
selected, whereby sequence identity was calculated
based on the length of the shortest sequence of a pair
using a pairwise alignment.

Phylogenetic trees were constructed in MEGA 5
using the maximum likelihood method with se-
quence data from the MCP and the ATPase genes.
Default parameters were used, with the exception
that bootstrapping with 1000 bootstrap replicates
was used as a test of phylogeny. Gaps and truncated
sequences were manually edited from the sequence
alignments. For the MCP gene, the near complete
coding sequence was available for the recently
described threespine stickleback iridovirus (TSIV), a
more divergent megalocytivirus (Waltzek et al.
2012), so all sequences were trimmed to a final
length of 1342 nucleotides to enable the MCP gene
tree to include TSIV. The tree was then rooted
against scale drop disease virus (SDDV), a divergent
iridovirid that has affinity with the genus Megalo-
cytivirus (de Groof et al. 2015). However, since the
GenBank entry for the ATPase gene of TSIV was
missing approximately the first 15% of the coding
sequence, valuable information would be lost by
trimming all sequences to accommodate the TSIV
sequence. Consequently, the tree generated for the
ATPase gene sequence was rooted only against
SDDYV as an outgroup.
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In situ hybridisation

To verify that the microscopic lesions observed in
FFPE samples were correlated to the presence of
megalocytiviral DNA, in situ hybridisation (ISH) was
performed using a polynucleotide probe generated
using a commercial DIG Probe Synthesis Kit (Roche
Applied Sciences) with the primer pair C1330/C1331
amplified from Case 7 (DGIV10) template prepared
in accordance with the manufacturer's instructions.
This primer pair was predicted to be capable of
amplifying a 228 nucleotide probe from a wide range
of megalocytivirus templates and had been success-
fully used in ISH to detect ISKNV megalocytiviruses
using probes amplified from either an ISKNV or RSIV
template (J. Go unpubl.). Protocols for ISH were
adapted from published ISH protocols (Stokes & Bur-
reson 1995, Lee et al. 2009). Serial sections of FFPE
tissues on sialinised slides were dried at 55°C for 1 h,
dewaxed in xylene for 5 min and rehydrated in a
graded ethanol series with a final rinse in Milli-Q
water. A 100 pl solution of Proteinase K (10 pg ml™)
was added to each slide which was covered with
parafilm and incubated at 37°C for 30 min in a
humidified chamber. After Proteinase K digestion,
sections were washed in Tris buffer (TB; 0.1 M,
pH 8.0) for 3 min. Excess TB was removed and 100 pl
of pre-hybridisation buffer (50% formamide, 10%
dextran sulfate, 4x standard saline sodium citrate,
250 mg ml~! yeast tRNA, 1x Denhart's solution) were
added to each section. Sections were covered with
parafilm and incubated in a humidified chamber
for 60 min, blotted to remove excess pre-hybridisa-
tion buffer, which was replaced with 100 pl of
hybridisation buffer containing 20 ng of poly-
nucleotide probe. Slides were covered and heated to
95°C for 5 min and then rapidly cooled by transfer-
ring slides onto ice for 5 min. Slides were then trans-
ferred to a humidified chamber and incubated at
42°C overnight.

The following morning, excess hybridisation buffer
was removed and the sections were washed for
10 min at 40°C in wash buffer (DIG Wash and Block
Buffer Set™; Roche). Sections were drained and then
overlaid with 500 pl blocking solution, prepared
fresh according to the manufacturer's instructions
(DIG Wash and Block Buffer Set™; Roche) and incu-
bated for 30 min at room temperature (RT). After
incubation, blocking solution was replaced with
100 pl anti-DIG antibody solution consisting of sheep
anti-digoxigenin antibody conjugated with alkaline
phosphatase (Roche) diluted 1:200 in blocking solu-
tion. Sections were covered and incubated in a

humidified chamber in the dark for 60 min at RT,
rinsed in wash buffer for 30 min at RT and equili-
brated with 500 pl detection buffer (DIG Wash and
Block Buffer Set™; Roche) for 5 min. Detection buffer
was drained and replaced with 500 pl BCIP/NBT
substrate (200 pl NBT/BCIP stock solution [Roche] in
10 ml detection buffer) and the sections placed in a
humidified chamber in the dark and incubated for
4 to 5 h before rinsing in Milli-Q water. Slides were
air dried before examination. For long-term storage,
slides were mounted with aqueous mounting media
(Faramount, Dako).

Positive controls included sections of tissues from
Murray cod that had been experimentally infected
with dwarf gourami iridovirus (DGIV) followed by
confirmation of presence of megalocytiviral DNA by
qPCR (Rimmer et al. 2012); negative controls in-
cluded sections from the same ornamental fish tis-
sues that were being tested and hybridised with pre-
hybridisation buffer without labelled probe, and
Murray cod tissues that did not test positive using a
qPCR assay for megalocytiviruses (Rimmer et al.
2012).

RESULTS
Case material

We identified 14 unique studies in which 13 species
of finfish were reported with megalocytivirus-like
infection or lesions between 1864 and 2010 (the time
period spanned by the Web of Science database
search). However, a range of ornamental species in
Singapore (Gibson-Kueh et al. 2003), as well as chro-
mide cichlids imported into Canada (Armstrong &
Ferguson 1989) were not considered suitable due to
the use of acid-fixation and/or acidic decalcification.
Of the remaining cases, all of those reported by
Paperna et al. (2001) were no longer available due to
the disposal and destruction of the entire archived
collection following the death of Professor Paperna
(A. Diamant pers. comm.). Moreove, the tissues from
the ram cichlid case reported by Leibovitz & Riis
(1980) could not be located following the death of Dr.
Leibovitz and the retirement of Professor Riis, despite
intense efforts by a graduate student and histology
technician who had worked directly with Professor
Riis at Cornell University where the study was origi-
nally undertaken (E. Cornwell & M. L. Norman pers.
comm.). Materials from various ornamental fish cases
reported from Florida (Fraser et al. 1993, Klinger et
al. 1996, Petty & Fraser 2005, Weber et al. 2009,
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Yanong & Waltzek 2010) were not available due to
ongoing collaborative projects between the custodi-
ans of those samples with other megalocytivirus
researchers (R. Francis-Floyd & R. Yanong pers.
comm.). Material from a megalocytivirus-like out-
break in freshwater angelfish in the UK (Rodger et al.
1997) could not be retrieved due to off-site storage
in a long-term archival facility (D. Faichney pers
comm.). The results from the literature review for
cases with megalocytivirus-like lesions are sum-
marised in Table 1. Cases and materials used in this
study are summarised in Table 2. FFPE tissues were
obtained from 2 published ‘megalocytivirus-like’
cases. For Case 1 there appeared to be very little tis-
sue in the paraffin block, other than a portion of the
eye and some residual skin. Case 2 comprised a sin-
gle block containing tissues from a single FFPE
gourami (Anderson et al. 1993). Cases 3 through to 7
comprised fresh frozen materials.

Preliminary PCR and sequencing results

Extraction of DNA from FFPE tissues produced
quantifiable amounts of DNA, and PCR amplification
using internal control primers verified the presence
of host fish DNA. Samples from Cases 1 and 2 (undi-
luted and 1 in 10 dilution) tested positive by qPCR
using the primer pair C1403/C1331, and all controls,
including process controls for the DNA extraction
process and Milli-Q water no-template controls,
were negative.

The sequence of the C1403/C1331 amplicon from
Cases 1 and 2 was consistent with megalocytiviral
MCP gene. A BLASTn search revealed complete
identity across the 62 nucleotides of the amplicon se-
quence (trimmed of primer sequence), with GenBank
accession JF264352 RBIV/Tp/45/08. This accession
was obtained from barred knifejaw (rock bream) fin-
gerlings from a disease outbreak in Taiwan during
2008 that had been recently imported as larvae from
Korea. The barred knifejaw isolate exhibited the
greatest similarity to the TRBIV megalocytivirus iso-
lates, in contrast to all other isolates characterised
during the same study (Huang et al. 2011).

The corresponding 62-nucleotide regions spanned
by C1403/C1331 for Cases 3 and 4 (the 2 cichlid
cases sampled at the same time from the same facility
in the USA) were identical to each other and to the
sequence obtained for Cases 1 and 2 as well as
JF264352 RBIV/Tp/45/08. The sequence from Cases
3 and 4 will henceforth collectively be referred to as
‘South American cichlid iridovirus' (SACIV).

In contrast, sequence analysis of the C1403/C1331
amplicon from Cases 5 to 7 revealed complete iden-
tity with ISKNV.

Primer design based on preliminary results

As a result of analysis of the preliminary sequence
data from the C1403/C1331 amplicon, JF264352
RBIV/Tp/45/08 was used to design primers for ampli-
fying DNA from Cases 1 and 2. We designed 21 pairs
of primers using Primer 3 with the RBIV/Tp/45/08
MCP gene sequence (GenBank accession JF264352)
as an input sequence. Some amplicons could only
form contigs when the primer sequence was also
included. These amplicons, and the extent of primer
overlap in the resultant contigs, are outlined in
Table S4 in the Supplement. For the ATPase gene,
11 primer pairs were designed to span the coding
sequence using RBIV/Tp/45/08 (GenBank accession
JF264212) as a template (Table S5).

PCR using DNA extracted from FFPE tissues

All 21 MCP gene primer pairs designed against the
RBIV/Tp/45/08 MCP gene, as well as the 11 ATPase
gene primer pairs, successfully amplified DNA
extracted from Case 2. For Case 1 material, 16 of 21
MCP gene primer pairs and 8 of 11 ATPase gene
primer pairs produced an amplicon when tested
against untreated DNA. No improvement in amplifi-
cation was observed when diluted DNA extracts
were used as PCR template. All 21 MCP gene primer
pairs and 11 ATPase gene primer pairs produced a
detectable and sequenceable PCR product using
DNA that was pre-treated with the ‘assembly PCR'
protocol, and generated Ct values <35.

PCR using DNA extracted from fresh
frozen tissues

The primer designed to amplify the full-length MCP
gene for the SACIV amplified target DNA to produce
the correct sized band from Cases 3 and 4. All 10
primer pairs adapted from Go et al. (2006) and Go
(2004) amplified target DNA to produce correctly
sized amplicons from Cases 5, 6 and 7. All amplicons
for all target genes produced from Cases 6 and 7 were
sequenced in both the forward and reverse directions
using the PCR primers and produced high-quality se-
quence data consistent with single isolate template.
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Schuh & Shirley

(1990)
Anderson et al.

Reference
(1993)
Unpublished

Cell lines used
for attempted
virus isolation
BF-2, EPC,

FHM

Gene/gene
region sequences
generated

MCP, ATPase
MCP, ATPase
MCP, ATPase

storage
(yr)
27
24
21
21

Time in

Tissue
type used
FFPE
FFPE
Fresh frozen
(-80°C)
Fresh frozen

cyprinid; FHM: fathead minnow; BF-2: bluegill fry
Origin
SE Asia
Singapore
Not known
Not known

Location
Canada
Australia
USA
USA

Date
1986
1988
1991
1991

Species

Freshwater angelfish
Pterophyllum scalare
Dwarf gourami
Trichogaster lalius
Keyhole cichlid
Cleithacara maronii
Oscar

number

Table 2. Case material used in this study. Date: year in which the mortality event/sampling occurred; Location: country in which the mortality event/sampling occurred;
Case

Origin: country/region from which the fish originated, where known to be recently imported prior to the mortality/sampling event; FFPE: formalin-fixed paraffin-
embedded. ‘Time in storage' indicates the time from fixation/sampling until the time of nucleic acid extraction. MCP: major capsid protein; EPC: epithelioma papulosum

Unpublished

BF-2, EPC,

MCP, ATPase

\ Although all amplicons from Case 5 were
= § sequenced, this sample was potentially
- ) = = degraded and produced lower-quality se-
ot ] © Q . .
< S < 9 quence data with shorter interpretable re-
3 _SA 8 _ K gions of sequence for 5 reactions (MCP,
é = § é g % ATPase and DNA polymerase genes).
=) =29 &g it However, sequence consistent with sin-
§ gle-strain template was obtained for the
= RNA polymerase and IRB6 genomic re-
g gions, as well as fragments from the MCP
< gene, ATPase gene and the region associ-
% g ated with the DNA polymerase.
[Eh 5
a)
8 B B S Virus isolation results
B R2% <89 g
2; 2 EES E%S 2 Rounding and enlargement of occa-
g3 R g g/ g kS sional cells was noted at 10 d post inocu-
§ a g § % & § % & § lation with material from Cases 3 and 4 in
<g8< E’ g < g g o all 3 cell lines, with BF-2 exhibiting the
{'j <ZE<ZE ?j %*E 8 %*E g most severe CPE. Subculture on BF-2
2EO2aE=2aE g cells produced CPE 6 d after inoculation,
g and continued incubation resulted in the
- _ 3 detachment of some cells from the mono-
- v g layer.
3 Transmission electron microscopy re-
g g g B vealed numerous naked polygonal viral
O § O § ) § ) 2 particles consistent with an iridovirus
% < % <= % < % E within the cytoplasm of enlarged intes-
B B tinal submucosal cells (Fig. 1). The mean
.é (xSD) diameter of the complete virions
5 was 152 (+10.8) nm (n = 20) for opposite
z = 7 Eﬂ vertices and 137 (+10.2) nm (n = 20) from
: : E § opposite faces.
n n n 3
2
g ko g = )
'S '© ' 'g Sequence alignments and
@ @ @ g phylogenetic analysis
< < < ©
~ © s :q'é The percentage identity between the
§ § § % 3 assembled nucleotide sequences and in-
‘i 'QEJ ferred amino acid sequences from this
o S O - = _% study were compared with representative
*5 % 3 ‘5 “ig :g"g megalocytivirus sequences (Figs. S1-S6 in
§ 2 8 % E E N the Supplement). The MCP gene nucleo-
° © § S £3 § g tide sequence derived from Case 2, re-
= 2 B = é ‘é oS ferred to here as Trichogaster lalius me-
§ E & = § = 2 2 galocytivirus 1988 (TLMV1988), showed
588 23 =8 8 g greatest affinity to RBIV/Tp/45/08, and
<EAR O Ak
'g o . . . .
= g was identical in sequence with Case 1, re-
é,g ferred to here as Pterophyllum scalare
ﬁ % megalocytivirus 1986 (PSMV1986), and
© © " N with Cases 3 and 4 (SACIV). The ATPase
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Fig. 1. (A) Transmission electron photomicrograph of the
intestinal submucosa of an oscar Astronotus ocellatus
(Case 4) infected with South American cichlid iridovirus
(SACIV). An enlarged cell contains numerous polygonal
viral particles within the cytoplasm. Scale bar = 1 pm. (B)
Higher magnification of naked icosahedral virions with elec-
tron-dense nucleic acid core surrounded by a translucent
zone and outer nucleocapsid layer. Scale bar = 500 nm

gene sequences similarly showed a high level of iden-
tity between RBIV/Tp/45/08 and the megalocy-
tiviruses in Cases 1 to 4.

The phylogenetic analysis of the complete coding
sequences for the MCP and ATPase genes from the
megalocytivirus isolates from Case 2 (TLMV1988),
the isolate from Case 1 (PSMV1986), and Cases 3
and 4 (SACIV) revealed that all 3 isolates clustered
in a distinct clade of megalocytiviruses along with
RBIV/Tp/45/08 (GenBank accessions JF264352 and
JF264212) which was reported from rock bream in
Taiwan. This clade shows greatest affinity to the
TRBIV megalocytiviruses, as demonstrated in phylo-
genetic trees derived from MCP and ATPase gene
sequences, and likely constitutes either a subgroup

of this genotype, or a closely related clade (Figs. 2
& 3). Given that RBIV/Tp/45/08 was considered by
Huang et al. (2011) to be TRBIV-like, this convention
will also be followed here and this clade will be
regarded as a subgroup of the TRBIV genotype, and
designated as Clade 2 (Figs. 2 & 3). Partial MCP gene
sequence obtained from an outbreak of megalo-
cytivirus disease involving threespot gouramis in
Florida in 1991 and 1992 (Fraser et al. 1993, Gias et
al. 2011) was identical with the sequence of all 3
newly characterised megalocytiviruses as well as
RBIV/Tp/45/08 and suggests that this isolate also
belongs to this TRBIV Clade 2.

Phylogenetic analysis of sequence derived from the
MCP gene, the ATPase gene, the CY15 region, the
IRB6 region, the DNA polymerase and the RNA poly-
merase gene associated regions from Case 5 (Ptero-
phyllum scalare megalocytivirus 2002, PSMV02),
Case 6 (Astronotus ocellatus megalocytivirus 2006,
AOMVO06) and Case 7 (DGIV10) indicated that these
3 isolates clustered strongly with the ISKNV megalo-
cytivirus isolates. Analysis of the percentage of iden-
tity between these isolates indicated that the
sequence obtained from Case 6 (AOMVO06) was
indistinguishable from DGIV-2004 across all geno-
mic regions analysed that totalled 4790 nucleotides,
and possessed only 1 nucleic acid substitution in a
non-coding region immediately downstream from
the ATPase gene compared to Case 7 (DGIV10)
(99.98% identity between AOMV06 and DGIV10).
The sequence of DGIV10 in turn differed from that of
ISKNV by only 2 nucleotides, including the same
nucleotide substitution downstream from the ATPase
gene, as well as another non-coding nucleotide
associated with the ATPase gene across a total of
6370 nucleotides (99.97 % identity between DGIV10
and ISKNV). Sequence data obtained for Case 5
(PSMV02) were also indistinguishable from DGIV-
2004 across a total of 3344 nucleotides.

A timeline indicating the dates of the reported out-
breaks of megalocytivirus-like infections in orna-
mental fish is shown in Fig. 4. For confirmed megalo-
cytivirus infections, the genotype involved is shown
based on data summarised in Table 1 in conjunction
with additional molecular studies of megalocyti-
viruses in ornamental fish including those charac-
terised during the course of this study.

In situ hybridisation

Intense blue-black staining, consistent with posi-
tive reactions, was observed in both Cases 1 and 2
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Fig. 2. Bootstrap phylogram of unique
megalocytivirus major capsid protein (MCP)
gene sequences over 1341 nucleotides
(excluding gaps) generated by maximum
likelihood analysis rooted against three-
spine stickleback iridovirus (TSIV) as an
outgroup. Bootstrap percentage values cal-
culated using 1000 bootstrap replicates are
shown at branch nodes; the scale bar indi-
cates distance as a proportion of nucleic acid
substitutions. Gene sequences generated in
this study are shown underlined in bold:
PSMV1986: Pterophyllum scalare megalo-
cytivirus 1986 (Case 1, GenBank acc. no.
KX354223); TLMV1988: Trichogaster lalius
megalocytivirus 1988 (Case 2, KX354222);
SACIV: South American cichlid iridovirus
(Cases 3 and 4, KX354221); PSMVO02: Ptero-
phyllum scalare megalocytivirus 2002 (Case
5, KX354220); AOMVO06: Astronotus ocella-
tus megalocytivirus 2006 (Case 6, KX35-
4219); DGIV10: dwarf gourami iridovirus
2010 (Case 7, KX354218). Refer to Table S2
in the Supplement for full descriptions of
virus sequences used in this analysis

99

67

97

 EU315313 GSIV-K1 MCP Wen
AY894343 OSGIV MCP Lu
EU847417 BPIV-07 MCP Wang
EU847418 BPIV-08 MCP Wang
AY532608 RBIV RBIV-KOR-TY4 MCP Do
HQ263620 SFIV 724/China MCP Zhao
KC775381 ISKNV LJ2012 Dong
|’AY533035 RBIV-KOR-TY2 MCP Do
AY532613 RBIV SBIV-KOR-TY MCP Do
HQ317464 ISKNV HT MCP Fu
HQ317463 ISKNV HZhj MCP Fu
_{AY849393 RBIV CNU-1 MCP Kim
DQ198145 OFIV MCP Kim
EU847414 KGIV-05 MCP Wang
JF264347 KGIV Pt 36 06 MCP Huang
JF264346 GSPIV Pt 327 08 MCP Huang
AB109371 RSIV MCP Sudthongkong
[[|AB461856 RSIV U-6 MCP Shinmoto
AY849394 RBIV-CNU-2 MCP Kim
JF264355 KGIV Pt 96 06 MCP Huang
AY532614 RBIV RFIV-KOR-TY MCP Do
AY532612 RBIV RSIV-KOR-TY MCP Do
85| AY532610 RBIV RBIV-KOR-YS MCP Do
AY532609 RBIV RBIV-KOR-GJ MCP Do
EU847420 CPIV-05 MCP Wang
[ AY532606 RBIV KOR-TY1 MCP Do
AY532607 RBIV RBIV-KOR-TY3 MCP Do
AY310917 SBIV MCP Sudthongkong
AY285746 GSDIV MCP Sudthongkong
AB080362 RSIV-Ehime MCP Kurita
AY779031 LYCIV MCP Ao
HQ317457 ISKNV XT MCP Fu
HQ317458 ISKNV XQ MCP Fu
HM067835 MSGIV MCP Wang
AB669096 PKIV Kurita
 AB109369 DGIV MCP Sudthongkong
AB109368 ALIV MCP Sudthongkong
94| |AY285745 ALIV MCP Sudthongkong
JF264354 GSIV Pt 843 05 MCP Huang
JF264350 GSIV Pt 836 05 MCP Huang
 JF264353 GSIV Pt 113 06 MCP Huang

@
<3

JF264356 SSBIV Pt 703 05 MCP Huang
JQ253366 GGIV4 Sabah/RAA/2012 Asrazitah
AB666344 ISKNV DGA4/6K Cola MCP Kurita
HQ317460 ISKNV QY MCP Fu

AY936203 MCIV MCP Go

JF264352 RBIV Tp 45 08 MCP Huang
_PSMV1986 / TLMV1988 / SACIV
Fvess%s KFIV FLIV-WD2 MCP Do

AY633986 KFIV FLIV-WD1 MCP Do
EU276417 OFLIV-1 MCP Jeong
AY532611 RBIV RBIV-KOR-CS MCP Do
HM596017 TIV R-603 MCP Zhao
HMO067603 SPIV CH-1 MCP Jeong
AY590687 TRBIV MCP Shi
GQ273492 TRBIV MCP Shi
AY633987 KFIV FLIV-EJ MCP Do
- AY633982 KFIV FLIV-MI MCP Do
AY661546 OFIV MCP Kim
AY633984 KFIV FLIV-YG MCP Do
AY633981 KFIV FLIV-DS2 MCP Do
AY633980 KFIV FLIV-DS1 MCP Do
AY633992 KFLIV-PH MCP Do
AY633988 KFIV FLIV-JJ MCP Do
AY633989 KFIV FLIV-JSY MCP Do
AY633991 KFIV FLIV-JHJ MCP Do
- AY633983 KFIV FLIV-SS MCP Do

HQ857785 TSIV MCP Waltzek

/!

0.05

NC_027778 SDDV (genome) deGroof

JQ253371 HGIV73 Sabah/RAA/2012 Asrazitah
JQ253365 GGIV3 Sabah/RAA/2012 Asrazitah

AF371960 ISKNV MCP He/ PSMV02 / AOMV06 / DGIV10
JQ253367 HGIV65 Sabah/RAA/2012 Asrazitah
JQ253374 BMGIV48Sabah/RAA/2012 Asrazitah
JQ253369 HGIV67 Sabah/RAA/2012 Asrazitah
JQ253370 HGIV73 Sabah/RAA/2012 Asrazitah

Clade 2
RSIV

Clade 1

}Clade 2
ISKNV

Clade 1

}Clade 2
TRBIV

Clade 1

} TSIV

Species 1

Species 2

Megalo-
cytivirus
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AY532606 RBIV-KOR-TY1 (genome) Do
AB043979 ALIV ATPase Sudthongkong
AY894343 OSGIV (genome) Lu
8| JF264206 GSIV Pt 327 08 ATPase Huang
JF264215 KGIV Pt 96 06 ATPase Huang
%8| | HQ105006 RBIV-C1 ATPase Zhang

3 AY779031 LYCIV genomic extract

AB666351 RSIV TGA12 ATPase Kurita
— EU753256 BCIV ATPase Weber

JF264208 MGIV Nt 546 09 ATPase Huang

AY319288 DGIV ATPase Sudthongkong

Clade 2

RSIV

Clade 1

Megalocytivirus
} Clade 2

ISKNV

GQ273492 TRBIV

JF264212 RBIV Tp 45 08 ATPase Huang
TLMV1988/ SACIV
PSMV86

0.02

79
T|;AF371 960 ISKNV ATPase He /PSMV02 / AOMV06 / DGIV10 Clade 1
KF669914 ISKNV IRVATP1 ATPase Razak

// NC_027778 SDDV (genome) deGroof

} Clade 1

Clade 2 TRBIV

Fig. 3. Bootstrap phylogram of unique megalocytivirus ATPase gene sequences over the full-length coding region of

720 nucleotides generated by maximum likelihood analysis, rooted against scale drop disease virus (SDDV) as an outgroup.

Bootstrap percentage values calculated using 1000 bootstrap replicates are shown at branch nodes; the scale bar indicates dis-

tance as a proportion of nucleic acid substitutions. Gene sequences generated in this study are shown underlined in bold

(abbreviations are as defined in Fig. 2): PSMV1986 (GenBank acc. no. KX354229); TLMV1988 (KX354228); SACIV

(KX354227); PSMVO02 (KX354226); AOMV06 (KX354225); DGIV10 (KX354224). Refer to Table S3 in the Supplement for full
descriptions of virus sequences used in this analysis

following hybridisation with the probe generated by
C1330/C1331 derived from the DGIV10 template.
For Case 2 (dwarf gourami), positively stained cells
were abundant in many tissue types, including the
renal haematopoietic tissue, intestinal lamina pro-
pria, gonadal connective tissues and heart (Fig. 5).
For Case 1 (angelfish), only gill, eye and the cranial
musculature was consistently present in the sections
that were examined. However, low numbers of IBC
were observed in the gills, which were positively
stained by ISH with this probe (Fig. 6). In the serial
sections stained by H&E and hybridisation with this
probe, IBC were also observed in the anterior kidney
in these 2 sections. In all cases, blue-black staining
was not evident in any of the control sections that
were included, although brown-black endogenous
melanin was sometimes present.

DISCUSSION

The results of this study enable a reassessment of
index cases for megalocytivirus infection and provide

the first evidence of TRBIV-like megalocytiviruses in
ornamental fish species, as all previous molecular
phylogenetic studies of megalocytiviruses from orna-
mental fish showed affinities with ISKNV (Song et al.
2008, Weber et al. 2009, Kurita & Nakajima 2012,
Sriwanayos et al. 2013, Subramaniam et al. 2014,
Mohr et al. 2015, Nolan et al. 2015). To the extent that
the samples analysed in this investigation are repre-
sentative, the lack of detection of ISKNV megalo-
cytiviruses in ornamental fish prior to the mid-1990s
(Fig. 4) suggests that the TRBIV genotype may have
been the major genotype affecting ornamental fish
from the time when megalocytiviruses appeared to
emerge in ornamental fish in the late 1980s until the
early 1990s. This assessment is based on Case 1
(angelfish), Case 2 (dwarf gourami) and Cases 3 and
4 (oscars and keyhole cichlids) that were submitted
in 1986, 1988 and 1991, respectively, and partial
sequence data from the MCP gene of an isolate orig-
inally obtained from threespot gouramis suffering
mortalities during 1991 and 1992 that were reported
by Gias et al. (2011) (Fig. 4). There appear to be no
records of ISKNV megalocytiviruses in the literature
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1986-1991

TRBIV-like

Pterophyllum scalare megalocytivirus
1986 (PSMV-1986)
(Schuh & Shirley 1990; This study)

1986

>

1996+

ISKNV-like

Dwarf gourami iridovirus (DGIV)
(Sudthongkong et al. 2002a)
2000

DGIV (Kurita et al. 2012)

Trichogaster lalius megalocytivirus 2000

1988 (Anderson et al. 1993; This study) PSMV-2002 (This study)

1988 2002
Pearl gourami iridovirus (Jeong et al. 2008)
2004
South American cichlid iridovirus Banggai cardinalfish (Weber et al. 2009)
(This study) 2004
1991 %%2/-2004 (Go et al. 2006)

Pterapogon kaudneri iridovirus (Kurita & Nakajima 2012)
Trichopodus trichopterus iridovirus

€ 2006
(Fraser et al. 1953; Gias ¢t al. 2011) Astronotus ocellatus megalocytivirus-2006 (This study)
1991-1992 2006
Dwarf ggurami jridovirus- Paradise fish iridovirus (PFIV) (Kim et al. 2010)
1996 (G et al. [2006) 2006 Red tuxedo swordtail iridovirus (Nolan et al. 2015);
199 Infectious spleen and kidney necrosis virus (Mohr et al. 2015)
African lampeye iridovirus 2012
(Sddthongkong kt al. 2002) PFIV (Kim et al. 2010)
1988 2008, | GIV-2010 (This study)

Infectious spleen and kidney necrosis virus
(Subramaniam et al. 2014)
2011
Orbiculate batfish iridovirus
(Sriwayanos et al. 2013)
2010

Ram cichlid virus
(Leibovitz & Riis 1980)

=1980

Oscar iridovirus
(Yanong & Terrell 2003)

=2003

DGIV. PGIV, AFIV, SSFIV
(Gibson-Kueh et al. 2003)
1992-2000
Pearl gourami iridovirus
(Paperna et al. 2001)
1998
Swordtail iridovirus
(Paperna et al. 2001)
1998
Angelfish iridovirus (AFIV)
(Rodger et al. 1997)
=1997
Pearl gourami iridovirus (PGIV)
(Paperna et al. 2001)
1995
DGIV, PGIV, AFIV, Siamese fighting fish iridovirus
(Gibson-Kueh et al. 2003)
1992

Fig. 4. Timeline of reported megalo-
cytivirus-like infections in ornamental
fish. Reports where the megalocytivirus
genotype has been determined are
shown above the line; uncharacterised
cases are shown below the line. Megalo-
cytiviruses characterised in this study
are shown in coloured font

Threespot gourami iridovirus
(Paperna et al. 2001)

1992

Orange chromide iridovirus
(Armstrong & Ferguson 1989)
=1989

prior to references of mandarin fish Siniperca chuatsi
mortalities between 1994 and 1997. The first molecu-
lar sequence data for ISKNV were not obtained until
2001 when the entire genome for ISKNV was
sequenced from mandarin fish samples collected in
1998 (He et al. 2001). However, the early literature
relating to the identification of the causative agent(s)
of mass mortality events in mandarin fish that were
later attributed to ISKNV do not confirm that an irido-
virid was involved. Some of these reports suggest
involvement of a virus other than a megalocytivirus

(Zhang & Li 1999a,b), and implicate a spherical virus,
a rhabdovirus and a baculovirus (Zhang & Li 1999b).
An approximately contemporaneous outbreak oc-
curred in dwarf gouramis imported into Melbourne,
Australia, from Asia during 1996; the isolate from this
case (DGIV-1996) was ISKNV (Go et al. 2006). From
1996, the ISKNV megalocytiviruses have been the
only group reported from ornamental fish: DGIV and
DGIV-like megalocytiviruses in dwarf gouramis and
other gouramis, ALIV in African lampeye killifish
(Sudthongkong et al. 2002b,a), Banggai cardinalfish
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Fig. 5. Serial histological sections from archival dwarf gou-
rami Trichogaster lalius kidney tissue (Case 2; Qld DAFF
Laboratory reference 88-157132B). (A) stained with H&E,
(B) showing positive staining by digoxigenin in situ hy-
bridisation using polynucleotide probe generated from
primer pair C1330/C1331, and (C) with no probe as a control

iridovirus (BCIV)/Pterapogon kauderni iridovirus
(PKIV) in Banggai cardinalfish and orbiculate batfish
iridovirus (OBIV) in orbiculate batfish (Weber et al.
2009, Kurita & Nakajima 2012, Sriwanayos et al.
2013). Parenthetically, there has been speculation as

to whether ALIV from African lampeye killifish could
constitute a member of the RSIV subgroup based on
the inconsistency of phylogeny placement depend-
ent on whether the MCP or ATPase gene sequences
were used (Kurita & Nakajima 2012). The characteri-
sation of the megalocytiviral isolates from Cases 5, 6
and 7 (angelfish, oscar, dwarf gourami) as ISKNV
isolates is also consistent with the view that this
subgroup is currently the most commonly detected
subgroup of megalocytiviruses in ornamental fish
(Fig. 4).

Epizootiologically, the only record of a megalo-
cytivirus from this specific TRBIV subtype after 1992
was from an epizootic mortality in rock bream finger-
lings imported into Taiwan as larvae from Korea in
2008. This case was separated temporally (>15 yr),
environmentally (marine versus freshwater) and geo-
graphically (eastern Asia versus Southeast Asia) from
all other cases in which this TRBIV subtype has been
detected. The origin of this TRBIV subtype is there-
fore unclear, given that other TRBIV isolates have
generally been associated with disease outbreaks in
marine flatfishes, but this subtype, prior to this detec-
tion in rock bream, was only found in freshwater
ornamental fish. It is also not clear if the apparent
lack of detection of this subtype of megalocytivirus in
freshwater fish after 1992 is due to a lack of surveil-
lance, true scarcity, inadequate diagnostic methods
or examination of non-representative samples. If
there is a true scarcity of this TRBIV subtype in cur-
rent populations of ornamental fish, the reasons are
also not known, but could potentially represent an
evolutionary advantage for ISKNV compared with
TRBIV in megalocytivirus infections of ornamental
fish and would warrant further investigation.

A reassessment of the index cases for pathogenic
megalocytiviruses is warranted. Regarding the occur-
rences of ISKNV-like megalocytivirus cases before
1996, Chao et al. (2004) mentioned that the first case
of Taiwan grouper iridovirus occurred in 1980, which
would make this the first recorded megalocytivirus
case. However, all 3 forms of ‘grouper iridovirus' (i.e.
ISKNV megalocytivirus, RSIV megalocytivirus and
ranavirus) have been documented from Taiwan
(Huang et al. 2011), and no details were provided by
Chao et al. (2004) to establish how megalocytiviral
infection was confirmed, or which genotype was
responsible, or whether a megalocytivirus was invol-
ved at all. Consequently, the situation in 1980 is
ambiguous and cannot be confirmed as the megalo-
cytivirus index case.

The first case of megalocytivirus infection con-
firmed by molecular genetic analysis is the TRBIV-
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Fig. 6. Serial histological sections of archival angelfish Pterophyllum scalare gill tissue (Case 1; University of Saskatchewan

Laboratory reference 86-6538) (A) stained with H&E, and (B-E) showing positive digoxigenin in situ hybridisation using

polynucleotide probes generated from primer pairs (B) C1330/C1331, (C)1324/C1325, compared with (F) no probe control sec-
tion. Panels (D) and (E) are detailed insets of panels (B) and (C), respectively. Red arrows indicate positively stained cells

like angelfish Pterophyllum scalare megalocytivirus
(PSMV1986) characterised in this study (Case 1), and
the first confirmed case of an ISKNV megalocytivirus
is that recorded from dwarf gouramis imported to
Victoria, Australia, from Asia during 1996 (Go &
Whittington 2006). Both cases involved ornamental
fish, as opposed to food fish, raising the question as to

whether this group of viruses may have been spread
into food fish aquaculture systems through the trade
in live ornamental fish. Although this mode of spread
has been implicated for recent outbreaks of megalo-
cytivirus in freshwater ornamental and food fish spe-
cies (Go et al. 2006, Go & Whittington 2006), it is
not clear whether transmission of megalocytiviruses
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between freshwater ornamental species and marine
food fish species is possible. Despite a study showing
that a megalocytivirus from pearl gouramis (fresh-
water) can be pathogenic to rock bream (marine),
these 2 species live in different environments and
would not normally come into direct or indirect con-
tact. There is also potential for viral transfer between
freshwater and marine ornamental fish species
housed in close proximity, such as in wholesale orna-
mental fish facilities. However, further research is
required to determine whether such a transmission
pathway is possible. Nonetheless, 1 subgroup, the
RSIV megalocytiviruses, has not been reported in
ornamental fish species, with the possible exception
of ALIV in which sequence data from the ATPase
gene has been shown to cluster with RSIV isolates,
whereas MCP gene sequence data suggest that ALIV
is an ISKNV megalocytivirus (Sudthongkong et al.
2002a,b, Kurita & Nakajima 2012) This suggests that,
even if transfer of megalocytivirus strains between
ornamental and food fish can occur, it is not the only
route for viral dispersal and in the case of TRBIV-like
megalocytiviruses in rock bream, may have origi-
nated from other food fish species infected with
TRBIV, such as olive flounder, cultured in close prox-
imity to the rock bream. Regarding the index case for
RSIV megalocytiviruses, the detection of RSIV in red
sea bream in 1992 (Inouye et al. 1992) remains the
index case, but the results of the current study indi-
cate that this is not the index case for the genus
Megalocytivirus as a whole.

A recurring theme in the literature is the involve-
ment of the Asian region in megalocytivirus out-
breaks of ornamental fish. In 3 of the 4 archival cases
characterised in the current study, there was a recent
direct link with fish imported from Southeast Asia.
Specifically, megalocytiviruses were detected in
dwarf gouramis in 1988 (Case 2) and oscars in 2006
(Case 6) that were held in quarantine immediately
after importation from Singapore. Similarly, the
angelfish in 1986 (Case 1) had also been imported
from Southeast Asia. Further, the outbreak involving
angelfish (Case 5) occurred after gourami brood-
stock, presumed to have been recently imported
from Southeast Asia, were introduced into the orna-
mental fish culture facility. Finally, while no informa-
tion was available about the origin of Cases 3 or 4,
the supply of oscars into the North American orna-
mental fish market was dominated by fish imported
from Asia, particularly Singapore and Hong Kong
(Ramsey 1985, Birdsill 1988), suggesting that a link
with Asia was also involved. Therefore, the results of
this study provide further support for the dispersal of

megalocytivirus throughout the world in association
with the ornamental fish trade from Asia.

Given the apparent temporal transition between
dominant genotypes of megalocytivirus in ornamen-
tal fish, it would be useful to examine more megalo-
cytivirus-like cases, especially in the period between
the early and mid-1990s, when ISKNV megalocyti-
viruses became the most commonly detected geno-
type. It is regrettable that the tissues from cases of
megalocytivirus-like infection in ornamental fish
from Israel during the early 1990s (Paperna et al.
2001) no longer exist. Other uncharacterised megalo-
cytivirus-like cases (Gibson-Kueh et al. 2003) were
unsuitable for examination due to the use of acid
decalcification.

The only report that may pre-date the 1986 TRBIV-
like megalocytivirus case in angelfish involved sev-
eral consignments of ram cichlids which suffered
mass mortality after importation into the USA (Lei-
bovitz & Riis 1980). However, the circumstances of
this case are vague. Armstrong & Ferguson (1989)
and McGrogan et al. (1998) suggested it was not an
iridoviral infection because the virions were not
specified as polyhedral, but other authors concluded
that a megalocytivirus was involved based on the
presence of IBC in tissue sections (Bloch & Larsen
1993, Chua et al. 1994, Rimmer et al. 2012, Subrama-
niam et al. 2012, Waltzek et al. 2012). Furthermore,
the uncertain provenance of the fish makes a link
with Asia difficult to confirm. The ram cichlids were
submitted for diagnosis by a tropical fish retailer who
had obtained the fish 1 to 3 d prior directly from a
South American tropical fish exporter. Based on
incubation periods observed experimentally (Go &
Whittington 2006) and the very short duration at the
retail premises, it is likely that these fish were
infected at the time of export. The majority of ram
cichlids at that time were imported from Colombia,
which was known to be involved in ornamental fish
culture by the mid-1980s (Ramsey 1985), so it is pos-
sible that these fish may have been exposed to other
fish including some of Asian origin. Without further
analysis of samples, it remains unclear whether a
megalocytivirus was involved. Similarly, a recent
study detected ISKNV in association with altum
angelfish P. altum recently imported from Colombia,
although it is unclear in that instance whether the
megalocytivirus originated from Colombia, or was
introduced there from Asia (Jung-Schroers et al.
2016).

The current study is also in agreement with exist-
ing studies on megalocytivirus taxonomy and the
division of the isolates, which are classified as mem-
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bers of the species Infectious spleen and kidney
necrosis virus, into 3 broad genotypes with the possi-
ble exception of the clade including RBIV/Tp/45/08
and the TRBIV-like megalocytiviruses of ornamental
fish characterised in this study, which could poten-
tially form a fourth distinct genotype within the spe-
cies ISKNV. However, the very recently described
TSIV appears further removed from all other megalo-
cytivirus genotypes and likely warrants classification
as a novel species (Waltzek et al. 2012). Further,
given the considerable scope for confusion using the
term ‘Infectious spleen and kidney necrosis virus' to
designate either the Megalocytivirus species, the
genotype or the specific isolate first described by He
et al. (2000), we propose that this species be renamed
‘Tropimegalocytivirus'in recognition of the alternate
name of 'Tropivirus’ that had previously been sug-
gested as the genus name for megalocytiviruses cur-
rently classified as the species Infectious spleen and
kidney necrosis virus (Sudthongkong et al. 2002b). In
this case, 'Temperomegalocytivirus’ could be a suit-
able name for the species currently represented by
TSIV given the temperate origins of the host species
of the latter virus. The recently described SDDV from
cultured Lates calcarifer (Gibson-Kueh et al. 2012, de
Groof et al. 2015) also demonstrates molecularly phy-
logenetic affinities with the genus Megalocytivirus,
being basal to this group. However, although IBC are
present in fish affected with SDDV, they are not as
prevalent as in fish typically infected with viruses in
the genus Megalocytivirus (Gibson-Kueh et al. 2012),
and therefore this could represent a transitional form
between megalocytiviruses and other iridovirids.
Our study has demonstrated that valuable taxo-
nomic information relating to historical accounts of
megalocytivirus-like infections in ornamental fish
can be obtained from archival FFPE materials, some-
thing that has been recognised in various other fields
(Rogers et al. 1990, Ben-Ezra et al. 1991, Greer et al.
1991, Whittington et al. 1999, Jones et al. 2003). Fix-
ation in formalin results in fragmentation of DNA
(Jones et al. 2003). Furthermore, the small size of
specimens frequently necessitates the fixation of the
whole fish for histological examination. This often
leads to artefactual damage of the DNA because
some form of decalcification of the bony tissues is
often used to allow sectioning on a microtome (Noga
2000, Roberts 2012). Most commonly, acidic decalci-
fying agents are employed due to their rapidity and
low cost but are detrimental for molecular genetic
analysis (Arber et al. 1997, Alers et al. 1999, Jones et
al. 2003). Therefore, to maximise utility of FFPE sam-
ples for potential molecular genetic analysis, consid-

eration should be given to the use of other forms of
decalcification that are less damaging to nucleic
acids, such as the use of EDTA decalcification (Alers
et al. 1999).

The material, particularly from Case 1 (angelfish),
also highlights the potential for important molecular
genetic information to be obtained from quite de-
graded sample material. Although superficially, very
little tissue appeared to be present in the block,
there was sufficient material to allow megalocyti-
viral DNA to be extracted with subsequent amplifi-
cation of the complete gene sequences for the cod-
ing regions of both MCP and ATPase genes. Thus,
by ensuring that primers were designed against
short target regions of the megalocytiviral genome,
it was possible to obtain phylogenetically meaning-
ful sequence data. Similarly, it was interesting that
the novel pre-treatment of attempted ‘assembly
PCR' was apparently successful in facilitating PCR
amplification from samples that otherwise failed to
amplify. While the intention had been to use the
principle of ‘overlap extension PCR' to allow small
fragmented sequences to re-anneal and extend to
form a longer stretch of DNA target suitable for the
assays that were developed in this study, it is not
possible to conclude that this is the mechanism by
which this apparent 'DNA repair' was achieved.
Other factors associated with this pre-treatment,
such as repeat cycles of heating and cooling, may
have assisted in the breakdown of cross-linkages or
heat-labile PCR inhibitors.

This study also demonstrates that the same species
of ornamental fish can be susceptible to infection
with different strains of megalocytivirus, with TRBIV-
like megalocytiviruses detected in freshwater angel-
fish, dwarf gouramis and oscars in 1986, 1988 and
1991, respectively, and ISKNV megalocytiviruses in
the same species in 2002, 2010 and 2008, respec-
tively, suggesting that these species may have a gen-
eral susceptibility to megalocytiviruses.
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