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Abstract

Iridoviruses have emerged over 20 years to cause epizootics in finfish and amphibians in many countries. They may have originated in tropical

Asia and spread through trade in farmed food fish or ornamental fish, but this has been difficult to prove. Consequently, MCP, ATPase and other

viral genes were sequenced from archival formalin-fixed, paraffin-embedded tissues from farmed Murray cod (Maccullochella peelii peelii) that

died during an epizootic in 2003 and from diseased gouramis that had been imported from Asia. There was almost complete homology (99.95%)

over 4527 bp between Murray cod iridovirus (MCIV) and an iridovirus (DGIV) present in dwarf gourami (Colisa lalia) that had died in aquarium

shops in Australia in 2004, and very high homology with infectious spleen and kidney necrosis virus (ISKNV) (99.9%). These viruses are most

likely to be a single species within the genusMegalocytivirus and probably have a common geographic origin. Primers for genus-specific PCR and

for rapid discrimination of MCIV/DGIV/ISKNV and red sea bream iridovirus (RSIV), a notifiable pathogen, were developed. These were used in

a survey to determine that the prevalence of DGIV infection in diseased gourami in retail aquarium shops in Sydney was 22% (95% confidence

limits 15–31%). The global trade in ornamental fish may facilitate the spread of Megalocytivirus and enable emergence of disease in new host

species in distant biogeographic regions.
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1. Introduction

Aquaculture industries worldwide are predicted to grow

rapidly to meet increasing demand for fish protein for human

consumption in the face of declining yields from capture

fisheries. Viral diseases impose serious constraints on finfish

aquaculture, and viruses in the family Iridoviridae have

emerged over the last two decades to become important

pathogens in intensively raised finfish. Epizootics have

occurred on fish farms in many countries, and wild fishes and

amphibians have also been affected [1–3]. The sources of
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infection for index cases in new host species have not been

identified.

The family Iridoviridae consists of large double stranded

DNA viruses approximately 120–350 nm in size which possess

icosahedral symmetry, a 140–303 kb genome and replicate in

both the nucleus and cytoplasm [4]. Five genera are recognized

by the International Committee on Taxonomy of Viruses

(Iridovirus, Chloridovirus, Ranavirus, Lymphocystivirus and

Megalocytivirus); the latter three genera contain taxa that

infect finfish [4]. Members of Megalocytivirus produce

characteristic basophilic inclusions in hypertrophied cells in

many organs and have been responsible for mass mortality

events in a range of wild and cultured finfish species [5,6]. The

best-studied species, red sea bream iridovirus (RSIV), was first

detected in 1990 in Japan [7]. Subsequently, it affected more

than 30 species of finfish and recently was detected in Taiwan

[3,8,9]. The same clinical signs and pathology occur in
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infections due to infectious spleen and kidney necrosis virus

(ISKNV) [10], rock bream iridovirus (RBIV) [11] and grouper

sleepy disease virus (GSIV) [12,13], all of which affect species

farmed for food, and African lampeye iridovirus (ALIV) and

dwarf gourami iridovirus (DGIV) [14] which affect farmed

ornamental fish. All of these viruses are difficult to cultivate

in vitro and require specialised cell lines for successful virus

isolation. Sequence homologies between a number of these

viruses led to their designation as ‘tropical iridoviruses’ or

‘tropiviruses’ in recognition of their discovery in the tropics

[6,14] or ‘cell hypertrophy iridoviruses’ on the basis of the

characteristic cellular pathology that is detectable by light

microscopy [15] and a new genus, Tropivirus, was proposed

[6,14]. Most recently, the genus Megalocytivirus has been

accepted by the International Committee on Taxonomy of

Viruses to accommodate this group within the family

Iridoviridae [4].

In Australia, there are three endemic iridoviruses in finfish,

epizootic haematopoietic necrosis virus (EHNV), a Ranavirus

known from wild redfin perch (Perca fluviatilis) [16] and

farmed rainbow trout (Oncorhynchus mykiss) [17], Bohle

iridovirus (Ranavirus) known naturally only from amphibians

[18] and lymphocystis virus (Lymphocystivirus), which is

present in freshwater and marine finfish species [19,20].

In February 2003, a mass mortality event occurred in

intensively farmed Murray cod (Macculochella peelii peelii) in

Victoria, Australia. Over a period of several weeks 90% of

10,000 4–6 cm long fingerlings died. Transmission electron

microscopy of fish tissues revealed icosahedral particles 132–

165 nm in diameter consistent with iridovirus. Immunoperox-

idase staining confirmed that the iridovirus was not a ranavirus

and it could not be cultured [21]. The source of the virus was

not determined. Retrospective examination of the histopatho-

logical lesions, which included hypertrophied cells containing

large basophilic inclusions in many organs, suggested the

involvement of a megalocytivirus (unpublished observations).

Previously, the only occurrence in Australia of a viral infection

in finfish with such pathology involved dwarf gourami (Colisa

lalia) that had been imported from Singapore and suffered high

mortalities [22].

Molecular genetic analyses are useful in epidemiological

investigations to identify possible sources of infection and have

been employed to determine the phylogenetic relationship

between iridoviruses. The major capsid protein (MCP) gene

[23,24] and the adenosine triphosphatase (ATPase) gene have

been used most often [6,25–28]. The entire genome sequences

of three megalocytiviruses, ISKNV, RBIV and orange spotted

grouper iridovirus (OSGIV) have been determined recently

[11,15,29].

Both EHNV and RSIV are listed pathogens notifiable to the

Office International des Epizooties (OIE) [30]. The notification

of listed pathogens may impact international trade access and

so accurate discriminatory tests are in demand.

The aim of this study was to clarify the relationship between

the iridovirus in Murray cod and other iridoviruses in order to

ascertain possible sources of infection. A second aim was to

develop a rapid DNA-based test for detection of the iridovirus
in Murray cod and to enable its rapid differentiation from RSIV

and EHNV. We show that the new iridovirus from Murray cod

(MCIV) is a member of the megalocytivirus group most closely

related to ISKNV and DGIV. A near-identical virus was

detected in gouramis contemporaneously imported from Asia,

suggesting a link between trade in ornamental fish and disease

in Murray cod, a species farmed for human consumption but

threatened where it still exists in the wild.
2. Materials and methods

2.1. Iridovirus samples
2.1.1. Murray cod

Formalin-fixed paraffin-embedded Murray cod tissues

collected at the time of the epizootic in Victoria in February

2003 and confirmed to contain iridovirus by histopathology and

electron microscopy were used in this study. The duration of

tissue fixation in formalin prior to embedding in paraffin was

less than 1 week, a period thought to result in levels of cross-

linkage and fragmentation of DNA which would not preclude

amplification by polymerase chain reaction (PCR) [31].
2.1.2. Red sea bream iridovirus

A sample of inactivated RSIV was obtained from the

National Research Institute of Aquaculture, Fisheries Research

Agency, Mie, Japan. DNA was extracted from 200 mL of cell

culture supernatant using a commercial kit (High Pure Viral

Nucleic Acid Kit, Roche) according to the manufacturer’s

protocol; aliquots of 50 mL DNA eluate were stored atK20 8C

until required for analysis.
2.1.3. Dwarf gourami iridovirus

Four aquarium shop proprietors in Sydney agreed to collect

moribund or dead gouramis in an opportunistic survey and

were supplied with plastic zip lock bags and asked to freeze

any such specimens. Other finfish species (nZ11 per species)

that might be potential sources of DGIV were obtained from

aquarium shops, grocery stores or fish mongers; this sample

size was sufficient to detect one positive individual with 95%

confidence assuming 25% prevalence [32]. Upon receipt

samples were stored at K80 8C. Prevalence of infection was

determined using PCR (see below) and exact 95% binomial

confidence limits were calculated using XBIN software (http://

www.Brixtonhealth.com).

Fish were thawed, and using a separate set of sterile

instruments for each fish, abdominal viscera and/or eye and

brain were removed and placed in sterile tubes atK80 8C until

required for analysis. Later, tissue samples, each approxi-

mately 0.1 g, were thawed and clarified tissue homogenates

were prepared by grinding in tissue culture media in a tube with

a fitted pestle, vortexing with glass beads and centrifuging as

described previously [33]. These were stored at K80 8C.

Clarified tissue homogenates were inoculated on BF-2 cell

monolayers, incubated at 22 8C and examined for the presence

of cytopathic effect as described [33].

http://www.Brixtonhealth.com
http://www.Brixtonhealth.com
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DGIV-PCR positive (see below) tissue homogenates

(300 mL) from four dwarf gourami from source A in the

above survey were pooled, diluted to a final volume of 2 mL

with tissue culture medium, passed through a 0.22 mm filter and

stored at K80 8C. This viral material is referred to as isolate

DGIV-2004.

Paraffin blocks from diseased dwarf gourami with histo-

pathological evidence of megalocytivirus infection submitted

to diagnostic laboratories in Victoria in 1996 were also

examined. The duration of fixation of tissues in formalin was

unknown. This viral material is referred to as isolate DGIV-

1996.
2.1.4. Epizootic haematopoietic necrosis virus

Purified EHNV DNA was obtained from the OIE Reference

Laboratory for EHN Virus, Faculty of Veterinary Science,

University of Sydney.

The sources of samples or nucleic acid sequences for the

megalocytiviruses referred to in this study are provided in

Table 1.
2.2. DNA extraction from paraffin blocks

Paraffin blocks were prepared for DNA extraction and PCR

as previously described [31]. Briefly, the work area was
Table 1

Megalocytivirus samples and sequences used in this study

Virus Abbreviation Source

Dwarf gourami

iridovirus

DGIV AY285744 (MCP); AB043

Dwarf gourami

iridovirus

DGIV-1996 Viral nucleic acid extracte

paraffin-embedded gouram

laboratory submission in 1

Dwarf gourami

iridovirus

DGIV-2004 Viral nucleic acid extracte

diseased gourami from aqu

Sydney

Murray cod iridovirus MCIV Viral nucleic acid extracte

paraffin-embedded Murray

laboratory submission in 2

Infectious spleen and

kidney necrosis virus

ISKNV AF371960 (whole genome

Red sea bream

iridovirus

RSIV Tissue culture supernatant

(MCP); AB007367 (ATPa

Rock bream iridovirus RBIV AY532606 (whole genom

Sea bass iridovirus SBIV AY310917 (MCP); AB043

Grouper sleepy

iridovirus

GSIV AY285746 (MCP); AB043

Orange spotted grouper

iridovirus

OSGIV AY894343 (whole genom

Taiwan grouper sleepy

iridovirus

TGSIV AF462343 (ATPase)

African lampeye

iridovirus

ALIV AY285745 (MCP); AB043

Turbot reddish body

iridovirus

TRBIV AY590687 (MCP); AY608

Olive flounder

iridovirus

OFIV AY661546 (MCP)

Sciaenops ocellatus

virus

SOV AY158658 (ATPase)
cleaned and non-essential equipment removed. The surface of

the microtome and each individual paraffin block was wiped

with 100% ethanol before and after cutting each block. Each

block was then inserted into the microtome carriage and

trimmed using a new blade, and the waste discarded. The

microtome blade and gloves were then changed and two 5 mm
sections were cut and transferred to a sterile 1.5 mL screw-

capped polypropylene centrifuge tube, using a disposable

applicator stick which subsequently was discarded. This

process was repeated for each block, and three negative control

blocks (unrelated species) were also included as process

controls. Paraffin sections were pelleted at 16,000g for 1 min

and 200 mL sterile distilled water containing 0.5% v/v Tween

20 was added. The tube was then heated at 100 8C for 10 min in

a heating block and snap-frozen in liquid nitrogen. This

heating/freezing cycle was repeated once, the tube was heated

to 100 8C for 10 min then centrifuged at 3000g for 20 min. The

supernatant was transferred to a fresh tube and stored at

K20 8C until required for analysis.
2.3. DNA extraction from clarified tissue homogenates

of frozen fish tissues

DNA was extracted from 200 mL clarified tissue homogen-

ate using a commercial kit (High Pure Viral Nucleic Acid Kit,
Country of origin Reference

979 (ATPase) Japan, imported from

Malaysia via Singapore

[6,14]

d from formalin-fixed

i tissues, from a

996, Melbourne

Australia, imported

from Asia

This paper

d from fresh tissues of

arium shops in 2004,

Australia, imported

from Asia

This paper

d from formalin-fixed

cod tissues, from a

003, Melbourne

Australia This paper

) China [15]

, Japan: AB080362

se)

Japan [49]

e) Korea [11]

977 (ATPase) South China Sea [6]

978 (ATPase) Thailand [6]

e) China [29]

Taiwan [28]

979 (ATPase) Japan, imported from

Indonesia via Singapore

[6,14]

684 (ATPase) China [27]

South Korea Direct submission to

GenBank

China [50]
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Roche) according to the manufacturer’s protocol; aliquots of

50 mL DNA eluate were stored at K20 8C until required for

analysis.
2.4. Primer design

Primers were designed for the MCP, ATPase, RNA

polymerase, CY15 and IRB6 genes (Table 2). Sequences for

known megalocytiviruses in GenBank were obtained via the

National Center for Biotechnology Information website

(http://www.ncbi.nih.gov/) (NCBI) [34]. Sequences from

different iridoviruses were aligned using PILEUP through

the Australian National Genomic Information Service

(http://www.angis.org.au/html/bioinformatic/webangis.html)
Table 2

Primers used in this study

Primer name Gene Primer number

MCPprelim MCP C18

MCPprelim MCP C19

MCP818f MCP C36

MCP818r MCP C37

MCP310RSIVf MCP C46

MCP310RSIVr MCP C47

MCP515f MCP C50

MCP515r MCP C51

MCP129DGf MCP C80

MCP129DGr MCP C81

MCP175ISKNVf MCP C498

MCP175ISKNVr MCP C499

MCP88ISKNVf MCP C500

MCP88ISKNVr MCP C501

ATP130RSIVf ATPase C38

ATP130RSIVr ATPase C39

ATP148f ATPase C54

ATP148r ATPase C55

ATP182f ATPase C56

ATP182r ATPase C57

ATP952f ATPase C58

ATP952r ATPase C59

ATP1076DGIVlatef ATPase C60

ATP1076DGIVlater ATPase C61

ATP2DGf ATPase C82

ATP2DGr ATPase C83

ATP606DGf ATPase C84

ATP606DGr ATPase C85

ATP992DGf ATPase C86

ATP992DGr ATPase C87

CY1234ISKNVf CY15 C68

CY1234ISKNVr CY15 C69

CY1583RSIVf CY15 C70

CY1583RSIVr CY15 C71

RPOL 773fr RNA polymerase C76

RPOL 773r RNA polymerase C77

DPOL 480SBIVearlyf DNA polymerase C72

DPOL 480SBIVearlyr DNA polymerase C73

ORF211ISKNVearlyf IRB6 C62

ORF211ISKNVearlyr IRB6 C63

ORF87f IRB6 C64

ORF87r IRB6 C65

ORF905f IRB6 C66

ORF905r IRB6 C67
[35]. Primers were designed using PRIME with default

parameters modified to include primers between 18 and

25 bp, with output increased to a maximum of 2500. Primer

pairs were chosen where they fell within the conserved

regions of the genes and were separated by approximately

400–500 bp, as preliminary work using primers designed

from the MCP gene (C18, C19, Table 2) confirmed integrity

of DNA as it was possible to amplify a 430 bp product

from the archival Murray cod samples. Additional primers

were designed for the MCP and ATPase genes based on

actual sequence data. As the MCP and ATPase genes are

accepted for use in phylogenetic analyses of iridoviruses

[6,15,23], primers were designed for PCR assays to cover

the complete coding region of each gene.
Nucleotide sequence (5 0–3 0) Expected product size (bp)

TAAAGAAGAGGGGAATGGG

TGACCTACTTTGCCCGTGAGAC 430

CCAGTCCCGTGTATGTCAACAAC

TTCACAGGATAGGGAAGCCTGC 420

TGCGTGTTAAGATCCCCTCC

TGCTACATTGCCAATGTTAGCC 452

GTTTGATGCGATGGAGACCC

ATGCCAATCATCTTGTTGTAGCC 399

TCATCAGCCAGAGCAACCAG

TATTGCCCATGTCCAACGTATAG 528

GAGTAGACTACTTCACATCTGTCG

ATTCCAGCATGGTACGTAAC 480

TTGCTGAGTGCAGGTTTCC

AAATGACACCGACACCTCC 414

TACGCAGCAGTTGTACCAGG

TACATTGGCAGTAAGGGGG 340

ATGTTTGCCCCCTTACTGCC

TCGTCAAAGATCAACATGAGCC 445

TTGACGACTGCATGGATAAC

TAATCCTTAAAGCCAAAGCC 379

TTTACAGAAACAAGCCAGAC

GATGATCAAACTGATTACGG 395

GCCACCGTAATCAGTTTGATCATC

ATGAACCCGCTGCACTATGC 535

CACCACCTGTGTGTATTTGTC

CTTCATCCCACCCATTTC 237

GGATCACACATGCTTATACATTGAC

GGCCCGGAACAATAAAGAC 530

GACGCCGACATTATCACAC

TATGTTGCCCCCAAACTG 303

TCATCTGCACGTACACCCTG

AACTTCCTCTCCAGCCTCATC 310

TGATGAGGCTGGAGAGGAAG

CGCCCACATCCAAATCTATC 221

TGCCATACTTCCTTGCTAC

CTGCATAGTCAATGTGTATGTC 440

CAAGGCTGTTGGATTTTGAG

AGTCCTGTCCAAGTGCAACC 418

AAGTAGTGAGGGCAGAAG

ACTGTGCTTGAGATAGGAG 302

CGCAATGTCTCATAATCC

CAATCTTCACATCAGTCTCTC 372

CCACCACCTTCTATAACCTG

ATCGTAGTCGTCCATTCC 386

http://www.ncbi.nih.gov/
http://www.angis.org.au/html/bioinformatic/webangis.html
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To confirm that the primer pairs would be unlikely to

amplify non-target DNA, a nucleotide BLAST search was

performed [34] through NCBI. An E-value of 1.0 was

arbitrarily chosen as a limit. If both primers in the pair had

E-values of less than 1.0 for the same non-target DNA, they

were excluded. Candidate primers for discriminatory

assays, C50/C51 and C82/C83, were tested against DNA

from MCIV, DGIV-2004, RSIV and EHNV. Primers (M68/

M69 and M151/M152) known to amplify EHNV DNA [36]

were also used. ISKNV and DGIV were not available for

testing in Australia.

2.5. PCR amplification

Each PCR reaction was performed in a final reaction volume

of approximately 50 mL containing 45.0 mL of PCR mix and up

to 5.0 mL of the appropriate DNA sample. Each PCR mix

consisted of PCR-grade water to a final reaction volume of

45 mL, 25 mM of each deoxynucleotide triphosphate (dATP,

dTTP, dGTP, dCTP), 2 mM of each oligonucleotide primer,

10! PCR buffer (50 mM KCl, 10 mM Tris–HCl pH 8.6,

2.5 mM MgCl2 with addition of 10 mM beta-mercaptoethanol

at time of preparation of the PCR mixture) and 2 units of Taq

DNA polymerase [36]. Temporal and spatial separation was

used to minimise the possibility of cross-contamination. The

PCR mixture was prepared and dispensed into reaction tubes in

a room specifically designated for this purpose and only

entered once each day prior to direct contact with any source of

template DNA or amplicon. DNA template was added to each

PCR reaction mixture in a second separate area. Reactions

were undertaken in a third designated area using a 96 place

thermal cycler (Corbett Research, Sydney), with the following

profile: one cycle of denaturation at 94 8C for 3 min, followed

by 30 cycles of denaturation at 94 8C for 30 s, annealing at

55 8C for 30 s, and extension at 72 8C for 1 min. The reactions

were then cooled to 4 8C. A modified hot start procedure was

used whereby samples were not loaded onto the thermal cycler

until the block had reached 94 8C during the initial denaturation

cycle [36]. PCR products were separated by gel electrophoresis

on a 2% agarose gel containing 0.003% ethidium bromide, and

compared against molecular size marker number VIII (Roche).

Where DNA could not be visualised after a single amplifi-

cation, re-amplification of the initial PCR product was

undertaken, whereby 1.0 mL of the PCR product was used as

template DNA. To prevent cross-contamination, transfer of

PCR product occurred in a fourth designated area which was

decontaminated using UV light.

Negative controls for the PCR mix and a negative control

(water) for DNA template were included with each batch of

samples. DNA derived from RSIV was used as a positive

control in some assays.

2.6. DNA sequencing

PCR products (2.5 ml) were examined on a 2% agarose

gel containing 0.003% ethidium bromide. For Murray cod

samples, products from up to six PCR reactions were
pooled, concentrated and purified using a commercial silica

binding column (SV Gel and PCR Clean-Up Kit, Promega

Corporation), following the manufacturer’s instructions, then

further purified using shrimp alkaline phosphatase/exonu-

clease (ExoSap-IT, Amersham Biosciences) with 1 mL of

ExoSap-IT added to 5 mL of amplicon, and the mixture

incubated at 37 8C for 20 min, followed by 80 8C for 15 min

to denature the enzyme. Both incubation and denaturation

were carried out in 0.2 mL PCR reaction tubes in a thermal

cycler. Two aliquots of 3 mL of the resultant mix were

transferred to fresh 0.2 mL tubes, and 10 pmol of either the

forward or reverse PCR primer was added with sterile

purified water to make up a final reaction volume of 12 mL.
The samples were frozen and transported on ice for

sequencing, usually within 24 h of PCR product purification.

All reactions were performed by a commercial supplier

(Westmead DNA, NSW Australia) using ‘BigDye’ Termin-

ator version 3.1 chemistry (Applied Biosystems) and

analysed in a ABI Prism 3100 capillary Genetic Analyser

(Applied Biosystems). High quality sequence data consistent

with single species template was obtained.

Sequence obtained with the reverse primer was reversed

and complemented using REVERSE, and aligned against

sequence obtained with the forward primer, using PILEUP.

Areas that did not align were discarded and chromatograms

were checked manually to resolve errors. Aligned sequences

were arranged according to expected order and overlapping

regions were identified by eye and joined to create a

consensus sequence. In the case of the MCP genes and

ATPase genes from the Murray cod samples, a second PCR

product was sequenced to verify the data from each primer

pair. As a control on sequencing accuracy, the complete

coding sequences for the MCP and ATPase genes of RSIV

were determined from control DNA.

2.7. Taxonomy

For genus-level classification of the Murray cod virus,

sequence data from the coding region of the MCP was aligned

with MCP sequences for the type species of each recognised

genus in the family Iridoviridae, with the exception of

Chloriridovirus for which molecular data do not exist in

GenBank, as well as with MCP sequences from several

unclassified fish iridoviruses. Sequences used were chiloiri-

descent virus (CIV—GenBank AF303741), Frog virus 3

(FV3—AY548484), lymphocystis disease virus (LCDV—

AY823414), EHNV (AY187045), RSIV (AB080362), large

mouth bass iridovirus (LMBV—AF080250) and Singapore

grouper iridovirus (SGIV—AY521625).

Alignments were then undertaken against megalocytivirus

sequences including RSIV (AB080362, AB007367,

AB018418, AY154777 and AF462342), ISKNV (AF371960,

complete genome sequence) and DGIV (AB109369 and

AY319288).

Predicted amino acid sequences were derived from the

coding sequences with the reading frame determined by

alignment with known coding regions of homologous genes
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in GenBank, using ETRANSLATE, and alignments were made

between these sequences and others available in GenBank.

Homologies were calculated using HOMOLOGIES, with

sequence gaps excluded from calculations, using only those

regions common to all viruses in the alignment. Unrooted

consensus phylograms based on MCP and ATPase sequences

were constructed using the neighbour joining distance method

in MEGA3, with 1000 bootstrap replicates [37].

3. Results

3.1. Primer specificity and PCR assays for detection

and differentiation of megalocytivirus

To obtain viral genome data from archival material, PCR

assays were developed based on known Megalocytivirus

genome sequence and a genus-specific assay was developed

for use in a survey. Primers were tested using a BLAST

search and none of the pairs selected contained primers with

an E-value less than 1.0 for the same non-target DNA,

minimising the possibility of non-specific amplification.

Primer pair C50/C51 amplified a 399 bp product from the

MCP gene of the virus from Murray cod, DGIV-2004 and

RSIV, but did not amplify EHNV DNA (Fig. 1). It was one

of several primer pairs that produced a strong product easily

visualised by agarose gel electrophoresis with ethidium

bromide staining, whereas some other MCP primer pairs

produced far weaker products. The C50/51 pair was selected

based on the small product size (Table 2). This primer pair

was predicted to amplify DNA from other megalocytiviruses

including sea bass iridovirus, DGIV, GSIV, ALIV, RBIV

and ISKNV. Other megalocytiviruses such as large yellow

croaker iridovirus and Sciaenops ocellatus virus for which

only ATPase sequence data were currently available in

GenBank, might also be detectable using this primer pair,

although this would need to be verified. Primer pair C50/51

was included in a routine diagnostic PCR assay to detect

megalocytiviruses in surveys (see below).
Fig. 1. PCR for detection ofMegalocytivirus and discrimination of red sea bream iri

gourami (DGIV-2004), red sea bream iridovirus (RSIV) and epizootic haematopo

specific MCP primers C50/C51, MCP primers for the DGIV-group withinMegalocy

marker (bp); in each panel: lane 1, RSIV; lane 2, MCIV; lane 3, DGIV-2004; lane
A second MCP primer pair was developed to differentiate

DGIV and related viruses from RSIV. Primer pair C82/C83

generated a strong 237 bp product from the Murray cod

iridovirus (MCIV) DNA but no product from RSIV or EHNV

and is predicted to be specific for the virus from Murray cod,

ISKNV and DGIV (henceforth referred to as the DGIV-group).

Representative results for the DGIV group, RSIV and EHNV

are shown in Fig. 1.
3.2. Survey for Megalocytivirus in ornamental fish

To determine the likelihood of introduction of mega-

locytivirus through importation of ornamental fish into

Australia and to obtain sequence data from megalocyti-

viruses that had entered Australia recently, a survey was

conducted of imported ornamental fish that died in aquarium

shops after release from a 14-day compulsory quarantine

period. There were four aquarium shop sources. Samples

positive in PCR with primers C50/51 were found among

four of six species of gouramis (dead), all from one shop

(source A) (Table 3). The numbers of Indian banded

gourami (nZ2) and moonlight gourami (nZ3) tested were

too low to exclude the possibility of infection in these

species (Table 3). Source A contributed 86% of the dead

gouramis making it more likely that infection would be

detected there than elsewhere. The overall prevalence of

infection among dead gouramis from the four sources was

22% (95% confidence interval 15–31%) (Table 3). None of

the other finfish species tested were positive for mega-

locytivirus (Table 4). There was no visible cytopathic effect

when gourami clarified tissue homogenates were subjected

to three passages in BF-2 cell cultures. Consequently, PCR

positive tissue homogenates from four dwarf gourami from

source A were pooled, passed through a 0.22 mm filter and

this viral material was designated as isolate DGIV-2004.

Megalocytivirus DNA for sequencing was also obtained

from paraffin blocks from diseased dwarf gourami collected
dovirus and epizootic haematopoietic necrosis virus. The iridovirus from dwarf

ietic necrosis virus (EHNV) were tested in PCR with Megalocytivirus genus-

tivirus C82/C83 and MCP primers for EHNVM151/M152. LM, molecular size

4, EHNV; lane 5, water control; lane 6, PCR mix control.



Table 3

Prevalence of Megalocytivirus infection in diseased gouramis from aquarium shops in Sydney

Species Source N No. positive % positive 95% confidence limits

Dwarf gourami (Colisa lalia) A 18 10 55.6 30.8–78.5

B 1 0 0

C 3 0 0

Total 22 10 45.5 24.4–67.8

Thick-lipped gourami (Colisa labiosa) A 5 2 40.0 5.3–85.3

D 1 0 0

Total 6 2 33.3 4.3–77.7

Indian banded gourami (Colisa fasciata) D 2 0 0 0

Total

Three-spot gourami (Trichogaster trichopterus) A 35 10 28.6 14.6–46.3

B 5 0 0

C 1 0 0

Total 41 10 24.4 12.4–40.3

Pearl gourami (Trichogaster leeri) A 39 3 7.7 1.6–20.9

Total 39 3 7.7 1.6–20.9

Moonlight gourami (Trichogaster microlepis) C 3 0 0

Total 3 0 0

Total A 97 25 25.8 17.4–35.7

B 9 0 0

C 3 0 0

D 4 0 0

Total 113 25 22.1 14.9–30.9

Fish were tested for Megalocytivirus MCP nucleic acid using PCR with primers C50/C51.
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in Victoria in 1996. This viral material is referred to as

isolate DGIV-1996.

3.3. Sequencing and taxonomy

The nucleotide sequence of the MCP gene (complete coding

sequence) of the iridovirus in archival formalin-fixed paraffin-

embedded tissue samples from Murray cod had moderate

similarity to RSIV (94.1% homology), but little resemblance to

the other characterized genera or unclassified viruses (!56%

homology) in the family Iridoviridae (Table 5). The virus from

Murray cod therefore is a member of the genus Megalocyti-

virus and was named MCIV.

MCIV sequences for MCP, ATPase, RNA polymerase,

IRB6 and CY15 genes were deposited in GenBank as
Table 4

Other finfish tested for Megalocytivirus MCP nucleic acid by PCR analysis

with primers C50/C51

Species Number

tested

Source Country of

origin

Eastern freshwater cod

(Maccullochella ikei)a
11 Fishmonger Australia

Gourami (Colisa sp.)a 11 Grocery market Bangladesh

Angelfish

(Pterophyllum scalare)b
11 Retail aquarium

(source A)

Singapore

Mandarin fish

(Siniperca chuatsi)a
11 Fishmonger China

a Fish for human consumption.
b Ornamental fish.
accessions AY936203, AY936204, AY936205, AY936206

and AY936207, respectively. DGIV-2004 sequences for MCP,

ATPase, RNA polymerase, DNA polymerase, IRB6 and CY15

genes were deposited in GenBank as accessions AY989901,

AY989902, AY989903, AY989900, AY989904 and

AY989905, respectively. Limited sequence data were obtained

for DGIV-1996 as only two primer pairs yielded PCR products.

DGIV-1996 sequences for MCP and ATPase genes were

deposited in GenBank as accessions AY989906 and

AY989907, respectively.

There were very strong homologies (O99%) between

MCIV, DGIV, DGIV-1996, DGIV-2004 and ISKNV. No

nucleotide differences were detected in the MCP and ATPase

genes over the 404 bp region of available sequence common to

these viruses but some differences were observed over longer
Table 5

Homology between the MCP nucleotide sequence of MCIV and viruses in

recognized iridoviral genera and an unclassified iridovirus

Virus Genus Homology

with MCIV

(AY936203) (%)

RSIV (AB080362) Unclassified Megalocytivirus 94.1

EHNV (AY187045) Ranavirus 55.6

FV3 (AY548484) Ranavirus 55.3

LMBV (AF080250) Unclassified 53.5

SGIV (AY521625) Ranavirus 51.8

LCDV (AY823414) Lymphocystivirus 51.0

CIV (AF303741) Iridovirus 47.9



Table 6

Percent homology of MCP nucleotide and amino acid sequences

Nucleotide homology Amino acid homology

ISKNV MCIV DGIV-2004 DGIV-1996 DGIV RSIV-S RSIV-G

ISKNV (AF371960) * 99.8c 100c 100c 99.8c 98.2c 98.2c

MCIV (AY936203) 99.9a * 99.8c 100d 99.6c 98.0c 98.0c

DGIV-2004 (AY98901) 100a 99.9a * 100d 99.8c 98.2c 98.2c

DGIV-1996 (AY989906) 100b 100b 100b * 100d 100d 100d

DGIV (AY285744) 99.4a 99.3a 99.4a 100b * 98.0c 98.0c

RSIV-S 94.2a 94.1a 94.2a 94.2b 94.3a * 100c

RSIV (AB080362) 94.2a 94.1a 94.2a 94.2b 94.3a 100 *

Nucleotide homology is provided to the left of the asterisks while amino acid homology is provided to the right. RSIV-S is sequenced included as a control,

Nucleotide homologies were determined over a1362 bp and b259 bp while amino acid sequence homologies were determined over c454 residues and d85 residues.

Table 7

Percent homology of ATPase nucleotide and amino acid sequences

Nucleotide homology Amino acid homology

ISKNV MCIV DGIV-2004 DGIV-1996 DGIV RSIV-S RSIV

ISKNV (AF371960) * 100j 100j 100k 100j 98.7j 98.7j

MCIV (AY936204) 99.9b * 100j 100k 100j 98.7j 98.7j

DGIV-2004 (AY989902) 99.9c 100c * 100k 100j 98.0j 98.1j

DGIV-1996 (AY989907) 100c 100d 100d * 100k 80.0k 80.0k

DGIV (AY319288) 99.4a 99.8b 99.8c 100d * 98.7j 98.7j

RSIV-S 93.4e 93.5e 93.5h 87.6d 93.1e * 100j

RSIV (AB007367) 93.8f 94.0f 94.0g 87.6d 93.6i 100f *

Nucleotide homology is provided to the left of the asterisks while amino acid homology is provided to the right. RSIV-S is sequenced included as a control,

Nucleotide homologies were determined over a1871 bp, b1766 bp, c1705 bp, d145 bp, e1714 bp, f1557 bp, g1488 bp, h1696 bp and i1668 bp while amino acid

homologies were determined over j239 residues and k5 residues.
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regions in pairwise comparisons (Tables 6–11). The simi-

larities between MCIV, DGIV-2004 and ISKNV were

particularly striking.

MCIV and DGIV-2004 had homology of 99.96% over

4527 bp. Only two nucleotide differences were detected in the
Table 8

Percent homology of RNA polymerase nucleotide and amino acid sequences

Nucleotide homology Amino acid homology

ISKNV MCIV DGIV-2004 RSIV

ISKNV (AF371960) * 100e 100f 99.0d

MCIV (AY936205) 99.9b * 100f 98.4e

DGIV-2004 (AY989903) 100c 99.8c * 98.2f

RSIV (AB018418) 94.6a 94.3b 94.4c *

Nucleotide homology is provided to the left of the asterisks while amino acid

homology is provided to the right. Nucleotide homologies were determined

over a789 bp, b675 bp and c654 bp while amino acid homologies were

determined over d100 residues, e62 residues and f55 residues.

Table 9

Percent homology of DNA polymerase nucleotide and amino acid sequences

Nucleotide homology Amino acid homology

ISKNV DGIV-2004 RSIV

ISKNV (AF371960) * 100d 94.9c

DGIV-2004 (AY989900) 100b * 91.8d

RSIV (AB018418) 91.5a 90.0b *

Nucleotide homology is provided to the left of the asterisks while amino acid

homology is provided to the right. Nucleotide homologies were determined

over a378 bp, b290 bp while amino acid homologies were determined over c98

residues and d49residues.
MCP and RNA polymerase genes, but only that in the MCP was

predicted to produce an amino acid shift, from glycine (acidic

polar) in DGIV-2004 to aspartic acid (hydrophobic) in MCIV.

MCIV had higher homology to DGIV-2004 than to DGIV,

the sequence for which was derived from virus isolated from

1998 to 2000 [6]. There was 99.6% homology between MCIV

and DGIV for both MCP and ATPase. There were nine base

differences over 1362 bp in MCP and four differences over

1880 bp in ATPase. Two amino acid differences were

predicted in the MCP gene, glycine (acidic polar) in DGIV to

aspartic acid (hydrophobic) in MCIV, and cysteine in DGIV to
Table 10

Percent homology of IRB6 nucleotide sequences

ISKNV (AF371960) MCIV DGIV-2004

MCIV (AY936206) 100b * *

DGIV-2004

(AY989904)

100c 100d *

RSIV (AY154777) 93.7a 93.8b 93.3c

Homologies were determined over a823 bp, b706 bp, c713 bp and d678.

Table 11

Percent homology of CY15 nucleotide sequences

ISKNV (AF371960) MCIV DGIV-2004

MCIV (AY936207) 100b * *

DGIV-2004

(AY989905)

100c 100d *

RSIV (AF462342) 89.4a 88.2b 91.5c

Homologies were determined over a500 bp, b405 bp, c129 bp and d128 bp.



Fig. 2. Unrooted consensus bootstrap phylograms of megalocytiviruses for (A)

MCP gene over 1362 bp and (B) ATPase gene over 563 bp prepared using the

neighbour joining distance method. Bootstrap percentage values are shown

adjacent to lines; the scale bar indicates distance as a proportion of nucleic acid

substitutions. The viruses and sources are described in Table 1.
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leucine in MCIV. No amino acid changes were predicted in the

ATPase gene. Sequences for the DNA polymerase gene and the

CY15 and IRB6 amplicons were not available in GenBank for

DGIV.

MCIV differed from ISKNV by only three nucleotide bases

in a total of 4967 bases (99.94% homology). There was one

base difference in each of the MCP, ATPase and RNA

polymerase genes, and no differences in the IRB6 or CY15

amplicons. Only the base change in the MCP gene occurred

within a coding region and was predicted to produce an amino

acid shift from glycine (acidic polar) in ISKNV to aspartic acid

(hydrophobic) in MCIV.

There was only one nucleotide difference over a total of

4563 bases between DGIV-2004 and ISKNV (99.98%

homology). The nucleotide difference occurred in a non-

coding sequence associated with the ATPase gene.

MCIV had less than 95% homology with RSIV at the

nucleotide level for MCP, ATPase, RNA polymerase and IRB6

and less than 90% homology for CY15. There were nine

predicted amino acid differences between MCIV and RSIV in

the MCP gene, three in the ATPase gene and one in the RNA

polymerase gene.

RSIV was sequenced as a control. The complete coding

sequences for the MCP and ATPase genes from RSIV were

identical to the sequences in GenBank, AB080362 and

AB007367, respectively.

Phylogenetic trees constructed using sequence from MCP

and ATPase genes were similar in topology. DGIV-2004,

ISKNV and MCIV formed a distinct clade separate from a

second which included RSIV (Fig. 2). In both cases the original

GenBank sequences for DGIV were from a virus that differed

slightly from contemporary megalocytiviruses that affected

gourami and Murray cod.

4. Discussion

This is the first report of primers and PCR assays to detect

and differentiate viruses within the Megalocytivirus genus of

the family Iridoviridae. Although there are several published

reports of PCR assays for megalocytiviruses, most relate to

detection of RSIV, and analytical specificity evaluations were

not conducted or included representative viruses from

unrelated viral genera and families [14,38–43]. MCIV and

RSIV produce similar lesions in fish tissues and could be

confused if histopathology is used as the only diagnostic

criterion. This is an important consideration because RSIV,

which is a significant pathogen of commercially farmed marine

species in the northern hemisphere, is a listed pathogen

requiring notification to the OIE by competent authorities, has

not been detected in the southern hemisphere and therefore can

affect trade access. Australia is considered free of RSIV and

maintaining this status requires accurate diagnostic tests

capable of differentiating this virus from related entities. A

PCR assay based on primer pair C50/C51 detected MCIV,

RSIV and DGIV, and is predicted also to detect SBIV, GSIV,

ALIV, RBIV and ISKNV; thus, it can be used as a screening

test to identify megalocytiviruses. A PCR assay with primer
pair C82/C83, which was designed specifically from MCIV

sequence, provides increased specificity for the DGIV-group

and does not detect RSIV. Neither assay recognized DNA from

EHNV. This is important because EHNV is also notifiable to

the OIE. Therefore, the primer pairs C50/C1 and C82/C83 can

be applied in rapid diagnostic PCR tests for the presence of

megalocytiviruses, differentiation of the DGIV-group from

RSIV and exclusion of EHNV.

The sequencing data from this study confirm that MCIV has

low levels of sequence homology with all recognized genera in

the family Iridoviridae except Megalocytivirus. MCIV is very

closely related at the nucleotide level to ISKNV and DGIV and

should be considered to be a minor variant or strain of the same

species rather than a distinct species within the genus, but there

were sufficient differences with RSIV to infer a separate origin.

Other authors have suggested a common origin for mega-

locytiviruses with ATPase and DNA polymerase sequence

homologies as low as 95% [6,14], but a more conservative

approach is appropriate for epidemiological tracing. This places

RSIV in a different epidemiological subgroup with a different

reservoir host, a view supported by other researchers [44] and

facilitates more accurate tracing of the source of recently
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discovered viruses such as ISKNV, DGIV and MCIV.

The similarity between MCIV and DGIV-2004 was greater

than that between DGIV-2004 and DGIV, strongly suggesting a

more recent common origin for MCIV and DGIV-2004.

Therefore, MCIV is likely to have originated from an

ornamental fish host with a similar source to DGIV-2004.

It has been proposed that megalocytiviruses such as RSIV

originated in south-east Asia and that large scale transportation

of juvenile fish for aquaculture purposes has been responsible

for their spread to Japan [6]. Ornamental fish may also act as

carriers of infectious agents including iridoviruses. Although

this is well recognised, their role as vectors of viruses

responsible for emerging diseases in aquaculture species has

been difficult to prove [45]. The data in the present study

suggest a link between trade in ornamental fish and epizootic

disease in an economically significant farmed finfish.

Given the absence of megalocytivirus disease in finfish in

Australian waters prior to 2003 it is likely that MCIV has been

introduced to Australia. It may have entered Australia via

infected Mandarin fish (Siniperca chuatsi) or dwarf gouramis

(C. lalia), the known hosts of the near-identical viruses ISKNV

and DGIV, respectively. As there is no legal importation of live

Mandarin fish into Australia, it is more likely that MCIV

entered Australia as a consequence of the movement of

gouramis from Asia to Australia for the ornamental fish trade.

This is a feasible route of entry given that over 9 million

ornamental fish are imported annually into Australia [46].

There is an active trade between Asia and Australia in

gouramis, which represent 6% of all freshwater fish imported

into Australia [47], and there have been other examples

(unpublished) of diseased gouramis with iridovirus infection

entering the country since the initial report [22]. A pathway

exists for spread of infectious agents from ornamental fish to

free-living native finfish as 22 species of ornamental fish,

including one species of gourami, have escaped domestic

environments and established breeding populations in the wild

in Australia [48]. DGIV and variants of DGIV are likely to

have entered Australia through this trade on many occasions;

two examples in 1996 and 2004 are provided here. The

hypothesis that DGIV has crossed a species barrier to infect

Australian native fish such as Murray cod will be tested by

examining the susceptibility of Murray cod to this virus under

controlled experimental conditions.
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