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Abstract Members of the family Iridoviridae infect a diverse array of invertebrate
and cold-blooded vertebrate hosts and are currently viewed as emerging pathogens of
fish and amphibians. Iridovirid replication is unique and involves both nuclear and
cytoplasmic compartments, a circularly permuted, terminally redundant genome that,
in the case of vertebrate iridoviruses, is also highly methylated, and the efficient shutoff
of host macromolecular synthesis. Although initially neglected largely due to the per-
ceived lack of health, environmental, and economic concerns, members of the genus
Ranavirus, and the newly recognized genus Megalocytivirus, are rapidly attracting
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growing interest due to their involvement in amphibian population declines and their
adverse impacts on aquaculture. Herein we describe the molecular and genetic basis
of viral replication, pathogenesis, and immunity, and discuss viral ecology with refer-
ence to members from each of the invertebrate and vertebrate genera.

Introduction

Since their isolation nearly 50 years ago, iridovirids (i.e., members of the family
Iridoviridae) have been overshadowed by other DNA viruses of medical or veteri-
nary importance, specifically herpesviruses and poxviruses. Although one family
member, lymphocystis disease virus (LCDV), has been known for over a century
by the wart-like disease it causes in multiple species of salt- and fresh-water fish
(Weissenberg 1965), and study of a second family member, frog virus 3 (FV3), has
elucidated novel events in eukaryotic virus replication, the perceived absence of
commercial, agricultural, medical, or ecological damage resulting from iridovirid
infections limited interest in, and study of, this diverse virus family (Williams et al.
2005). Initially, iridovirids attracted interest because of their unusual biology and
widespread occurrence in amphibians, fish, and insects. However, within the last
20 years the increased recognition of vertebrate iridovirids as important patho-
gens infecting commercially and ecologically important fish and amphibian species
has attracted the interest of fish pathologists, wildlife biologists, ecologists and others
interested in the impact of infectious disease on ectothermic vertebrates (Hyatt et al.
2000; Chinchar 2002; Williams et al. 2005; Mendelson et al. 2006). For example,
members of the genus Ranavirus were identified as the causative agent in approxi-
mately half the documented cases of amphibian mortality reported in the United
States between 1996 and 2001 (Green et al. 2002). In addition, viruses in the genus
Megal ocytivirus have been responsible for numerous outbreaks of severe disease in
fish farming facilities throughout Asia (Nakajima et al. 1998). Given the growing
impact of iridovirus diseases worldwide and the increased use of contemporary
molecular approaches to elucidate the phylogeny and life cycle of iridoviruses, it
appears that this virus family is finally receiving the scientific recognition it
deserves. In this chapter, we provide a summary of iridovirid taxonomy, genetic
organization, and replication strategy, followed by a description of the biology and
ecology of specific genera and viral species. Additional information can be found
in several recent reviews (Williams 1996, 1998; Chinchar 2002; Williams et al.
2005).

Taxonomy

The family Iridoviridae is currently classified into five genera (Iridovirus,
Chloriridovirus, Ranavirus, Megalocytivirus, and Lymphocystivirus), each consisting of
one or more virus species, tentative species and strains (Table 1) (Chinchar et al. 2005).
In keeping with the recent suggestion of Vetten and Haenni (2006), members of the
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Tablel Taxonomy of the family Iridoviridae

Genus Viral species [strains]* Tentative species
Iridovirus Invertebrate iridescent virus 6 Anticarsia gemmatalis iridescent
(IIV-6), IIV-1 virus (AGIV), IIV-2, -9, -16,

-21,-22,-23, 24,29, -30, -31
Chloriridovirus  Invertebrate iridescent virus 3 (IIV-3)

Ranavirus Frog virus 3 (FV3), [tadpole edema Singapore grouper iridovirus (SGIV);
virus, TEV; tiger frog virus, TFV] Grouper iridovirus (GIV)
Ambystoma tigrinum virus (ATV), Rana catesbeiana virus-Z (RCV-Z)

[Regina ranavirus, RRV]
Bohle iridovirus (BIV)
Epizootic haematopoietic necrosis
virus (EHNV)

European catfish virus (ECV),
[European sheatfish virus, ESV]
Santee-Cooper ranavirus, [Largemouth

bass virus, LMBYV; doctor fish virus,
DFV; guppy virus 6, GV-6]

Megalocytivirus  Infectious spleen and kidney necrosis
virus (ISKNV) [Red sea bream
iridovirus, RSIV; African lampeye
iridovirus, ALIV; Orange spotted
grouper iridovirus, OSGIV; Rock
bream iridovirus, RBIV]

Lymphocystivirus Lymphocystis disease virus 1 LCDV-2, LCDV-C, LCDV-RF
(LCDV-1)
Unclassified White sturgeon iridovirus (WSIV)

*Viral species recognized by the ICTV are italicized, whereas strains or isolates are listed within
brackets (Chinchar et al. 2005). Common abbreviations are indicated

family Iridoviridae will be referred to collectively as iridovirids to distinguish them
from members of the genus Iridovirus. Morphologically, iridovirids are large,
icosahedral viruses (120-200 nm in diameter) that possess an internal lipid mem-
brane located between the viral core and outer capsid. In contrast to other virus
families, a viral envelope, present on virions that bud from the plasma membrane,
is not required for infectivity, and many virions remain cell-associated and are
released as naked particles following cell lysis.

Members of the family possess linear, double-stranded DNA genomes,
which vary in size from approximately 140 kbp (genus Ranavirus) to over
200 kbp (genus Iridovirus). Iridovirid genomes are unique among animal
viruses in that they are circularly permuted and terminally redundant (Goorha
and Murti 1982; Delius et al. 1984). For example, if the letters of the alphabet
represent the viral genome, analysis of linear genomes from individual virus
particles would yield sequences such as ABCDE..UVWXYZABCDE,
CDEFG..WXYZABCDEFG, FGHIJ...ZABCEDFGHIJ. Because the terminal
repeat region accounts for 5%—50% of the genome length, the total length of each
genome (e.g., 140 kbp for a typical ranavirus) is more than the length of the
unique region (e.g., ~105 kbp).
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The five iridovirid genera can be partitioned into two groups (that in the future
may be classified as subfamilies) based on the hosts they infect and the level of
genomic methylation (Chinchar et al. 2005). Members of the genera Iridovirus and
Chloriridovirus infect invertebrates (i.e., insects, crustaceans, etc.) and lack a highly
methylated genome. In contrast, members of the Ranavirus, Lymphocystivirus, and
Megalocytivirus genera infect cold-blooded vertebrates such as fish, amphibians,
and reptiles and possess genomes in which approximately 25% of the cytosine resi-
dues are methylated by a virus encoded DNA methyltransferase (Willis and Granoff
1980). However, there is at least one ranavirus, Singapore grouper iridovirus
(SGIV), that lacks the DNA methyltransferase gene and cannot methylate its DNA
(Song et al. 2004).

The division of the family into genera was initially based on biological properties
of the viruses (e.g., host range, GC content of the genome, serology, virion morphol-
ogy, particle size, histopathology, and clinical signs of disease). GC content varies
markedly and ranges from 27%-29% (irido- and lymphocystiviruses) to 48%—-55%
(chlorirido-, rana- and megalocytiviruses) and does not correspond to either the GC
content of the host or the methylation status of the virus. Not unexpectedly, codon
usage is influenced by the overall GC content, but the basis for the marked difference
in GC content among different viral genera is unknown (Schackelton et al. 2006; Eaton
et al. 2007; Tsai et al. 2007). Recent analyses of the amino acid sequences of the major
capsid protein (MCP) and other viral proteins confirmed these taxonomic divisions
and indicated that species within a genus generally shared high levels of identity/simi-
larity. Typically, members of the same viral genus show more than 70% similarity
within the major capsid protein (MCP) at the amino acid level, whereas species from
different genera show less than 50% similarity (Do et al. 2005a, 2005b).

Although identification of iridovirid genera has been relatively straightforward,
identification of individual viral species has proven to be more difficult because of
high levels of sequence identity/similarity within the MCP and other highly conserved
proteins among members of the same genus. For example, several ranavirus species
show greater than 90% amino acid identity within the highly conserved MCP. Thus,
differentiation of viral species is based on multiple criteria including viral protein
profiles, DNA restriction fragment length polymorphisms (RFLPs), host species
infected, clinical signs (i.e., histopathology and gross pathology), and differences in
nucleotide and amino acid sequences (Mao et al. 1997; Chinchar and Mao 2000;
Chinchar et al. 2005). Unfortunately, the lack of sequence information from many
vertebrate and invertebrate iridovirid isolates continues to hamper taxonomic clas-
sification and results in a significant number of tentatively assigned and unclassi-
fied isolates. Moreover, because of the aforementioned high level of amino acid
conservation within the MCP, differentiation of iridovirid species based on sero-
logical differences has not proven useful (Hedrick et al. 1992a; Chinchar et al.
2005). To further confound taxonomic classification, identical, or nearly identical,
viruses have been given different names reflecting the host species or the geographic
regions from which they were isolated.

As the number of iridovirid isolates increases, a change in the way that new viruses
are designated may be in order. In the past, multiple isolates of ostensibly the same
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viral species were made from different host species and given different names. While
some of these may represent novel viral species, others are likely strains or isolates of
the same virus. Although the International Committee for the Taxonomy of Viruses
(ICTV) does not recognize taxonomic distinctions below the species level, it may be
important for working virologists to unambiguously identify clinically or ecologically
important isolates in the same way that bacteriologists identify pathogenic strains of
Escherichia cali, or virologists identify strains of influenza A virus. Based on the latter
example, it may be appropriate to utilize a standard nomenclature to designate iridovirid
isolates. For example, a novel isolate of Ambystoma tigrinumvirus would be designated
as Ambystoma tigrinum virus (A. tigrinunvFort Collins/1/2005) where, following iden-
tification of the viral species, the four identifiers within the parentheses indicate the host
species from which the isolate was obtained, the location of the isolate, the isolate
number, and the year of isolation. As with influenza virus, once the virus has been
clearly identified, it could be referred to by a suitable abbreviation such as ATV/
FC/1/05. While far from perfect, use of this convention may help resolve the confusion
resulting when a given virus species displays a range of clinical symptoms, a broad host
range, and wide geographical distribution.

The Viral Genome

Genomic Organization

Because the viral genome is circularly permuted and terminally redundant, no
two iridovirid genes consistently occupy the ends of the viral genome. Moreover,
gene order within the family is not fixed, and even among members of the same
genus, gene order can be quite variable. For example, dot-plot analysis, involving
the systematic comparison of nucleotide positions in one genome with nucleotide
positions in another genome, revealed that although tiger frog virus (TFV) and ATV
displayed considerable co-linearity over large portions of their genomes, two inver-
sions were noted, the largest of which involved an approximately 40-kbp fragment
(He et al 2002; Jancovich et al. 2003). As expected, more closely related viruses
such as FV3 and TFV, which are considered to be strains of the same species, pos-
sess nearly co-linear genomes (Tan et al. 2004), whereas more distantly related
ranaviruses such as SGIV and FV3, or red sea bream iridovirus (RSIV) and FV3,
which are species from different genera, showed, respectively, little or no conserva-
tion of gene order (V.G. Chinchar, unpublished observation). These results suggest
that the relative positions of genes within iridovirid genomes are not important
determinants of gene expression or virion viability. The marked differences in gene
order among various viral species may be a consequence of the high rate of recom-
bination that has been noted previously (Chinchar and Granoff 1986). Furthermore,
these findings support earlier observations that iridovirid genes are not spatially
clustered by functional or temporal class (McMillan and Kalmakoff 1994; D’Costa
et al. 2004; Tan et al. 2004; Lua et al. 2005).
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Viral Genes. I dentity and Function

Although there is still some disagreement on the exact numbers, based on the
genome size, iridovirids contain between roughly 100 (ATV and FV3) and 200
(ITV-6) open reading frames (ORFs) (Tsai et al. 2007; Eaton et al. 2007; see
Table 2). Some reports suggest that more than 400 ORFs are encoded by I1V-6, but
these include ORFs that overlap each other on the same or different DNA strands
and thus likely overestimate the actual number of viral gene products. Consistent
with this lower estimate, D’Costa et al. (2004) detected 137 IIV-6 transcripts (38
immediate-early, 34 delayed-early, and 65 late) by Northern blotting. Among the
viruses sequenced to date, the functions or presumed functions of about 25%—-35%
of the putative viral proteins are known or have been inferred by homology to other
viral or cellular proteins. Most of the remaining ORFs match putative proteins
present in one or more iridovirids, suggesting that they play important roles in
iridovirid replication, biogenesis, and survival (Eaton et al. 2007). Viral genes
involved in DNA and RNA synthesis, dTTP synthesis, and the evasion of host
immune responses have been identified. For example, iridovirids encode their own
DNA polymerase, homologs of the two largest subunits of RNA polymerase II, a
RAD2-like repair enzyme, a DNA methyltransferase (vertebrate iridovirids only),
an RNAse IlI-like protein, helicases, NTPases, and various kinases (reviewed in
detail by Williams et al. 2005). Overall, iridovirids contain a common set of viral
genes that encode viral structural and catalytic proteins that permit replication in a
broad range of cell types (Eaton et al. 2007). However, individual species vary
considerably in their content of non-core genes, likely reflecting differences in their
respective hosts and survival strategies.

Table2 Coding potential of iridovirus genomes

GenBank
Genus Virus Kbp® No. genes®  %GC Acc. No.
Iridovirus 1v-6 212,482 193 29% AF303741
Chloriridovirus 1Iv-3 191,132 135 48% DQ643392
Lymphocystivirus ~ LCDV-1 102,653 107 29% L63545
LCDV-C 186,250 160 27% AY380826
Megal ocytivirus ISKNV 111,362 121 55% AF371960
OSGIV 112,636 126 54% Ay894343
RBIV 112,080 127 53% AY532606
Ranavirus FV3 105,903 97 55% AY548484
TFV 105,057 101 55% AF389451
ATV 106,332 93 54% AY150217
SGIV 140,131 142 49% AYS521625
GIV 139,793 142 49% AY666015

* The value shown represents the unique genome size in kilobase pairs minus the length of the ter-
minal repeat

® The value shown is an estimate of the total number of nonoverlapping genes encoded by a given
virus. It is generally lower than the total number of putative ORFs, which includes putative genes
encoded on opposing DNA strands and overlapping genes. The numbers shown are averages based
on the estimates of Eaton et al. (2007) and Tsai et al. (2007)
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Iridovirid Phylogeny

To date 12 complete genomic sequences, including representatives of each of
the five established genera, as well as partial sequences of numerous other
isolates, have been determined, and phylogenetic trees based on individual viral
protein-coding regions or concatenated sequence sets have been constructed
(Jancovich et al. 2003; Tan et al. 2004; Delhon et al. 2006; Kitamura et al. 2006).
Although the resulting phylogenies generally confirm the current taxonomy
(Fig. 1), representatives of the two genera from invertebrates form what is, essen-
tially, one cluster. Furthermore, while trees similar to those shown in Fig. 1 and
elsewhere (Delhon et al. 2006; Tang et al. 2007) indicate that IIV-6 (genus
Iridovirus) and I1V-3 (genus Chloriridovirus) are distantly related, several
tentative invertebrate virus species that were presumed to be members of the genus
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Fig. 1 Iridovirid phylogeny. The inferred amino acid sequences of the MCP of 16 iridovirids
representing all five currently recognized genera were aligned using the CLUSTAL W program.
Subsequently, a phylogenetic tree was constructed using the Neighbor-Joining algorithm and
Poisson correction within MEGA version 3.1 and validated by 1,000 bootstrap repetitions (Kumar
et al. 2004). Branch lengths are drawn to scale, and a scale bar is shown. The number at each node
indicates bootstrapped percentage values. The sequences used to construct the tree were obtained
from the following viruses: genus Megalocytivirus—ISKNV infectious skin and kidney necrosis
virus (AF370008), ALIV African lampeye iridovirus (AB109368), OFIV olive flounder iridovirus
(AY661546), RS Vred seabreamiridovirus (AY310918), RBIVrock bream iridovirus (AY533035);
genus Ranavirus—SGIV Singapore grouper iridovirus (AF364593), TFV tiger frog virus
(AY033630), BIV Bohle iridovirus (AY187046), FV3 Frog virus 3 (U36913); genus
Lymphocystivirus: LCDV-1 Lymphocystis disease virus (L63545), LCDV-C lymphocystis disease
virus—China (AAS47819.1); genus Iridovirus —IIV-6 Invertebrate iridescent virus 6
(AAKS82135.1), IIV-16 (AF025775), 1IV-1 (M33542), and 1IV-9 (AF025774); genus
Chloriridovirus—I1V-3 (DQ643392)
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Iridovirus cluster closer to IIV-3 than to IIV-6. Moreover, the tree shows that
iridovirids group into four well-resolved clusters corresponding to the Ranavirus,
Megalocytivirus, Lymphocystivirus, and Iridovirus/Chloriridovirus genera.
However, it is not possible to determine if one genus is descended from
another, or if all four genera are derived from a common ancestor. In addition to
studies focused solely on iridovirids, several investigators have examined the
phylogenetic relationships among ascoviruses, mimiviruses, and four families of
nuclear cytoplasmic large DNA-containing viruses (NCLDV), i.e., Iridoviridae,
Phycodnaviridae, Asfarviridae, and Poxviridae. These analyses suggest that the
six families share a common ancestry (Stasiak et al. 2000, 2003; Iyer et al. 2001;
Allen et al. 2006). One recent study postulates that iridovirids may be closer to
the recently discovered mimiviruses than to other virus families (Allen et al.
2006), but the branching order is far from certain and the authentic phylogeny
remains unresolved.

Replication Cycle

Although iridovirids other than FV3 have been examined by several groups, few
of these studies have focused on the mechanisms of replication. Consequently,
most of what we know about iridovirid biogenesis is derived from studies of
FV3, and the assumption, often unstated, is that other members of the family
utilize the same general replication strategy as FV3. While this assumption is
likely true among members of the genus Ranavirus, experience in other viral
families suggests that care must be taken when extending strategies utilized in
one genus to members of different genera. Nevertheless, this summary will
focus primarily on events in FV3-infected cells, but include findings from other
iridovirids where appropriate. The main events in iridovirid replication are
shown schematically in Fig. 2.

Attachment and Uncoating

Little is known about early events in iridovirid-infected cells. Both naked and
enveloped FV3 virions are infectious, although the latter have a higher specific
infectivity, likely owing to the presence of specific receptor proteins within the
viral envelope (Gendrault et al. 1981; Braunwald et al. 1979). The cellular
receptor(s) for FV3 is unknown but is thought to be a ubiquitous cellular mole-
cule since the in vitro host range of FV3 is very broad and encompasses
mammalian (e.g., HeLa, BHK, and CHO), piscine, amphibian, and reptilian
cells (Goorha and Granoff 1979). The in vivo host range is certainly far more
restricted than the in vitro range and likely reflects the inability of the virus to
replicate at temperatures above 32°C, and perhaps differences in the availability
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Fig. 2 Iridovirid replication cycle. The life cycle of frog virus 3 (FV3) is illustrated. See text for
details. (From Williams et al. 2005, with permission)

or expression of cellular receptors in whole animals, as well as differences in
cellular physiology, immune response, etc. Transmission electron micrographic
observations suggest that enveloped viruses enter cells via receptor-mediated
endocytosis and are uncoated in lysosomes, whereas naked virions uncoat at the
plasma membrane (Braunwald et al. 1985). In the latter case, viral DNA cores
are released into the cytoplasm following virus—cell membrane interaction and
are subsequently transported into the nucleus. Enveloped IIV particles may
uncoat singly or in groups within vesicles (Younghusband and Lee 19609;
Matheson and Lee 1981), whereas naked particles uncoat within the cytoplasm
(Leutenegger 1967; Kelly and Tinsley 1974).

Nuclear Events

Early Gene Transcription

As with other large DNA viruses, iridovirid genes are expressed in a well-regulated
temporal cascade involving the sequential expression of immediate-early (IE),
delayed-early (DE), and late viral messages (Willis and Granoff 1978; D’Costa
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et al. 2001, 2004). However, unlike herpesviruses and poxviruses, where transcription
is confined to nuclear or cytoplasmic sites, respectively, FV3 IE transcription takes
place in the nucleus, whereas late viral message synthesis likely occurs in the cytoplasm
(Goorha et al. 1978; Willis and Granoff 1978). Host RNA polymerase II (Pol II) is
thought to be responsible for the synthesis of IE messages using input viral
genomes as template (Goorha 1981). Support for the role of host Pol I is based on
the observation that viral transcription is blocked by treatment of infected cells with
a-amanitin, a potent inhibitor of Pol II, but is not blocked in o-amanitin-resistant
cells. In marked contrast to herpesviruses, where transfection of naked viral DNA
into permissive cells results in a productive infection, naked iridovirid DNA cannot
be transcribed and therefore is not infectious. However, introduction of FV3 DNA
into cells that were previously treated with UV-inactivated FV3 resulted in the
successful transcription of IE viral mRNA and a productive virus infection. The
simplest interpretation of this phenomenon is that IE transcription requires the pres-
ence of one or more virion-associated, transcriptional transactivators (VATT) in
addition to host Pol IT and that these are supplied by UV- (but not heat-) inactivated
FV3 (Willis and Granoff 1985; Willis et al. 1990a, 1990b). This phenomenon is not
unique to FV3 since nongenetic reactivation has also been observed with 1IV-6
(Cerutti et al. 1989). At this time, neither the identity nor the precise mode of action
of the VATT are known. It is not clear if VATT modifies the viral DNA template
or if it interacts with Pol II to initiate transcription. Following synthesis of viral IE
transcripts and their subsequent translation, one or more IE proteins (referred to as
virus-induced transcriptional transactivators, VITT) are required for expression of
DE and late viral transcripts. VITTs are thought to be required for transcription
of the highly methylated viral genome, and a factor present in cells productively
infected with FV3 has been shown to facilitate transcription of a methylated adeno-
virus promoter (Willis et al. 1989, 1990a). Collectively, IE and DE transcripts
prepare the way for virion formation since IE transcripts are thought to encode
regulatory proteins, whereas DE messages likely encode catalytic proteins, such as
the viral DNA polymerase (Lua et al. 2005). While this view is generally correct,
recent work involving an antisense morpholino oligonucleotide (asMO) targeted
against an FV3 18-kDa IE protein suggests that not all IE proteins are key viral
regulators. In this study, prior treatment of infected cells with the asMO reduced
synthesis of the 18kDa protein by roughly 80% without affecting the expression of
other viral proteins or reducing virus yields (Sample et al. 2007).

First-Stage Viral DNA Replication

Following synthesis of the viral DNA polymerase and its subsequent transloca-
tion into the nucleus, viral DNA replication commences within the nucleus and
results in the synthesis of genome-size to twice genome-size DNA molecules
(Goorha 1982). As with other large DNA viruses, viral DNA synthesis is sensitive
to inhibition by phosphonoacetic acid (PAA), an inhibitor of viral DNA polymerases,
and aphidicolin, an inhibitor of eukaryotic DNA polymerase o (Chinchar and
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Granoff 1984). Inhibition of viral DNA synthesis results in a marked inhibition of
late viral gene expression, suggesting that late gene expression is dependent upon
viral DNA synthesis (Chinchar and Granoff 1984, 1986). It is not clear whether the
need for viral DNA synthesis reflects the requirement for newly synthesized viral
templates or the requirement for late transcription to take place in the cytoplasm
using a viral-encoded RNA polymerase. Genetic evidence suggests that at least one
viral protein, probably the viral DNA polymerase, is required for first-stage viral
DNA replication (Goorha et al. 1981; Chinchar and Granoff 1986). Newly synthe-
sized viral DNA molecules are subsequently transported to the cytoplasm where
they serve as templates for the formation of concatameric DNA, i.e., second-stage
DNA synthesis.

Cytoplasmic Events

Viral DNA Methylation

Following transport of newly synthesized viral DNA to the cytoplasm, cytosine
residues within CpG motifs are methylated by a virus-encoded DNA methyltrans-
ferase (DMTase; Willis et al. 1984; Kaur et al. 1995). Ultimately, 20%—25% of the
cytosine residues are methylated, resulting in the highest level of genome methyla-
tion known among animal viruses. Inhibition of methylation by treatment of
infected cells with 5-azacytidine lowered virus yields by 100-fold but did not
reduce viral RNA or protein synthesis, suggesting that methylation is not necessary
for viral gene expression (Goorha et al. 1984). However, treatment with 5-azacytidine
reduced the size of replicating viral DNA (measured under denaturing conditions)
indicating that undermethylated viral DNA was susceptible to DNAse-mediated
degradation. These and other results suggest that the viral DMTase may be part of
a restriction modification system, and that methylation protects viral DNA from
endonucleolytic attack (Essani et al. 1987). While this interpretation is consistent
with the above data, it is also possible that methylation of the viral genome may
play a role in blocking the induction of pro-inflammatory cytokines following
interaction of unmethylated viral DNA with Toll-like receptor 9 (TLR 9). In mam-
malian systems, interaction of unmethylated bacterial or viral DNA with TLR 9
results in the activation of NF-kB and the induction of type I interferons and
inflammatory cytokines (Bauer et al. 2001; Boehme and Compton 2004). Whether
unmethylated FV3 also triggers an inflammatory response remains to be seen.

Second-Stage Viral DNA Replication: Concatamer Formation
In addition to methylation, viral DNA undergoes a second round of DNA

synthesis, which results in the formation of large, concatameric structures that are
more than ten times larger than genome-sized units (Goorha 1982). Genetic evidence
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suggests that a second viral protein, distinct from the viral DNA polymerase, is
required for concatamer formation (Goorha and Dixit 1984). It is not known
whether this protein plays a direct or indirect role in concatamer formation, e.g., by
facilitating the transport of viral DNA from nucleus to the cytoplasm or by actively
catalyzing the formation of concatamers. In addition, although concatameric viral
DNA is likely present in cytoplasmic viral assembly sites (AS), it is not clear
whether concatamers are constructed in preformed AS, or whether AS develop
around sites of concatamer synthesis (Chinchar et al. 1984).

Late Viral Gene Transcription

The identification of viral homologs of the two largest subunits of host Pol II
(designated vPol-Ila and -1IP) in all iridovirids sequenced to date strongly suggests
that late in infection viral transcription is catalyzed by a virus-modified, or virus-
encoded, DNA-dependent RNA polymerase (Williams et al. 2005; Eaton et al. 2007).
Our current working model postulates that IE transcription takes place in the nucleus
in reactions catalyzed by host Pol II, whereas late viral transcription occurs in the
cytoplasm, perhaps within viral AS, and is catalyzed by vPol II. It is also possible that
late in infection vPol II translocates to the nucleus and directs transcription of IE
mRNAs. Experimental support for the role of vPol II in late viral RNA synthesis has
recently been obtained. Inhibition of vPol II formation, using an asMO targeted to
vPol Ila, resulted in a marked reduction in the synthesis of late viral gene products
and viral titers, but did not affect early protein synthesis (Sample et al. 2007). These
results are consistent with the hypothesis that vPol Ila is an integral part of the RNA
polymerase and is responsible for late viral mRNA synthesis. However, it remains to
be determined if the viral RNA polymerase is entirely virus-encoded or if it is a
chimera composed of host and viral components.

Viral Protein Synthesis

Late viral proteins are thought to encode structural elements of the virion and
other virion-associated proteins. Aside from the MCP, which makes up the bulk of
the viral capsid, the identities of other virion-associated proteins are largely
unknown. Approximately 30 proteins are virion-associated, but whether they serve
structural roles and are true capsid proteins, or whether they are virion-associated
regulatory or catalytic proteins, is not known (Willis et al. 1985). Interestingly,
complementation analysis of FV3 temperature-sensitive (ts) mutants indicates that
at least 12 viral genes are involved in virion assembly (Chinchar and Granoff 1986).
Defects in any one of these 12 genes had no apparent effect on the synthesis of viral
protein, RNA or DNA, or assembly site formation, but reduced the yield of infec-
tious virions by approximately 1,000-fold. Unfortunately, it is not known whether
noninfectious virus particles are formed, or whether the specific ts defects block
formation of recognizable virion structures. Early work suggested that late viral
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protein synthesis is translationally regulated and requires a viral-encoded function,
perhaps analogous to a virus-encoded translational initiation factor (Raghow and
Granoff 1983). While the biochemical data supporting the existence of a transla-
tional transactivator appear solid, recent studies have revealed that in vitro synthe-
sized early and late viral transcripts were translated with roughly equal efficiency
in cell-free protein synthesizing systems, suggesting that a virus-induced factor was
not needed for the in vitro translation of late viral transcripts (Mao et al. 1996;
J. Mao and V.G. Chinchar, unpublished observations). This discrepancy has yet to
be resolved.

Viral Assembly Sites and Virion Formation

Virion morphogenesis takes place in morphologically distinct areas of the cytoplasm
termed viral assembly sites (AS). When visualized by electron microscopy (Fig. 3A),
AS appear as clear regions within the cytoplasm that are devoid of large cellular
organelles and are surrounded by mitochondria and intermediate filaments (Murti
et al. 1988; Murti and Goorha 1989, 1990; Huang et al. 2007). While the position of
the mitochondria may reflect their exclusion from the enlarging AS, intermediate fila-
ments are thought to play an active role by anchoring the AS within the cytoplasm
and excluding cellular elements that might interfere with virion morphogenesis
(Murti et al. 1988). Alternatively, as suggested for hepatitis B virus, and African
swine fever virus (ASFV), the clustering of mitochondria may reflect the need for

Fig. 3 Transmission electron micrographs of iridovirid-infected cells. a A FV3-infected fathead
minnow cell displaying a nucleus (N) showing chromatin condensation and margination, a well-
formed, electrolucent viral assembly site (*) containing a few viral particles, mitochondria (M),
and a paracrystalline array of newly assembled virions (PC) are shown. (From Sample et al. 2007,
with permission). b An enlargement of a viral assembly site (VAS) within an LCDV-infected cell
from the dermis of a Japanese flounder. Viroplasm (v), Golgi (G) are identified. The VAS contains
both full and empty particles as well as several incomplete particles
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high levels of ATP in virion assembly (Kim et al. 2007; Netherton et al., 2007).
Feulgen staining and immunofluorescent staining with polyclonal mouse anti-FV3
serum or monoclonal antibodies targeted to specific viral proteins confirmed that AS
contain DNA and viral proteins (Chinchar et al. 1984). Full and empty viral capsids,
along with variable numbers of intermediate forms, are readily observed in iridovirid-
infected cells (Fig. 3A,B). Elongated linear, bent, and circular structures (referred to
as atypical elements) are sometimes seen, but it is not known if these are intermedi-
ates in virion morphogenesis or aberrant products of virus assembly (Huang et al.
2005; Sample et al. 2007). Transmission electron microscopy suggests that virion
assembly occurs adjacent to electron dense follicular structures (Huang and Zhang
2007; Fig. 3B). Studies with African swine fever virus (ASFV), a large DNA virus
with structural similarity to FV3, may shed light on iridovirid virion morphogenesis.
Here virion formation is thought to begin by recruiting endoplasmic reticulum cister-
nae that give rise to viral membranes. These membranes develop into icosahedral
structures through the progressive assembly of capsid proteins. Concomitantly, the
core shell is formed under the inner envelope and viral DNA and nucleoproteins are
packaged (Epifano et al. 2006). Currently, it is unclear whether iridovirid capsid pro-
teins associate with cellular membranes, as is seen with ASFV, and serve as interme-
diates in iridovirid assembly. Furthermore, recent work with ASFV indicates that
viral assembly sites resemble cellular aggresomes. Aggresomes are perinuclear struc-
tures, enclosed within a vimentin cage, that recruit cellular chaperones and proteases
in response to high levels of misfolded or unassembled proteins (Heath et al. 2001).
It is possible that aggresome formation, a cellular response for dealing with poten-
tially toxic misfolded proteins, has been exploited by ASFV and iridovirids as a
means of generating a cytoskeletal scaffold for concentrating structural proteins at the
sites of virus assembly (Wileman 2006).

Virions are thought to package viral DNA by a “headful” mechanism in which
a unit length of DNA plus an additional 5%-50% of the genome, depending upon
the specific virus, is encapsidated. This method of packaging results in a DNA
molecule that is circularly permuted and terminally redundant (Goorha and Murti
1982). Following their formation, virions accumulate in paracrystalline arrays
within the cytoplasm or are transported to the plasma membrane where they acquire
an envelop by budding. However, in cells infected by FV3, more than 90% of
virions remain cell-associated.

Experiments using asMOs and short, interfering RNAs (siRNAs) targeted to the
MCP illustrate the important role that the MCP plays in virion morphogenesis. Xie
et al. (2005) showed that treatment of FHM cells with siRNAs targeted to the MCP
transcript of TFV, a strain of FV3, resulted in marked reductions in CPE, virus
yield, and the assembly of particles. We recently confirmed and extended these
findings using an asMO targeted against the FV3 MCP. FHM cells pretreated with
an anti-MCP asMO and infected 24 h later with FV3 showed an 80% reduction in
MCP synthesis and a 90% drop in virus titer. Moreover, transmission electron
microscopy showed that circular, bent, and tubular atypical elements were the
predominant products detected within the AS of cells treated with an asMO targeted
to the MCP (Sample et al. 2007). Interestingly, treatment of cells with an asMO
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targeted to the vPol-Ila transcript blocked the synthesis of the MCP protein and
other late proteins, but did not result in the appearance of atypical elements, sug-
gesting that their formation requires the presence of one or more yet to be identified
late proteins along with the absence of the MCP.

Viral Effects on Host Cell Function

Inhibition of Host Cell Macromolecular Synthesis

Iridovirid infection has a dramatic inhibitory effect on cellular protein, RNA,
and DNA synthesis (Raghow and Granoff 1979; Cerutti and Devauchelle 1980;
Chinchar and Dholakia 1989). Interestingly, host macromolecular synthesis is
blocked following productive infection, or treatment with heat-inactivated
or UV-inactivated virus, indicating that the inhibitory component(s) is possibly a
viral structural protein rather than a newly synthesized viral gene product.
Alternatively, the interaction of virions with one or more cellular receptors might
trigger shutoff through an unidentified signaling pathway. The molecular basis for
translational shutoff and the selective synthesis of viral proteins is not known but
likely reflects a combination of processes including the additive effects of (i) host
message degradation (Chinchar and Yu 1992), (ii) the synthesis of large amounts
of translationally efficient viral messages (Chinchar and Yu 1990), (iii) a global
block in translation triggered by the PKR (a protein kinase activated by dsRNA) -
mediated phosphorylation and subsequent inactivation of eukaryotic translational
initiation factor 20 (eIF-2a) (Chinchar and Dholakia 1987), and (iv) the presence
of a viral homolog of elF-2a (designated vIF-2a) that is thought to act as a pseudo-
substrate and prevent elF-2a phosphorylation by binding PKR (Essbauer et al.
2001; Jancovich et al. 2003). The block to host DNA synthesis is thought to be due
to the prior inhibition of cellular protein and RNA synthesis and not to a direct
effect on cellular DNA replication, whereas nothing is known about the molecular
basis for transcriptional inhibition.

By analogy to the vaccinia virus K3L protein, the ranavirus vIF-2a gene product
is thought to maintain protein synthesis in virus-infected cells by binding PKR and
blocking its interaction with eIF-2a (Beattie et al. 1991; Kawagishi-Kobayashi
et al. 1997). However, in contrast to other ranaviruses, some strains of FV3 contain
a truncated version of vIF-2a that likely resulted from an upstream deletion that
apparently fused the first 11 amino acids from a small upstream ORF to the C-terminal
65 amino acids of vIF-2a. Contrary to expectations, FV3 strains bearing the trun-
cated vIF-2a homolog efficiently synthesized their own proteins and rapidly shut
off host cell translation (Chinchar and Dholakia 1989; Tan et al. 2004). This was
not due to residual activity within the truncated protein since homology to K3L and
eukaryotic elF-2a resides in the N-terminal 100 amino acids that were lost. Since
other ranaviruses contain full-length copies of vIF-2a, it is not clear whether vIF-2a
was absent in the original FV3 isolate, or whether it has been lost following
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repeated passages in cultured cells over the last 40 years. Perhaps relevant to this
situation is the observation that serial, low multiplicity passages of Autographa
californica nucleopolyhedrovirus resulted in the selection of viable viruses with
deletions or insertions in the DNA (Miller 1996). While the absence of a full-length
version of vIF-2a in FV3 casts doubt on the role of this protein in maintaining viral
protein synthesis late in infection, it is possible that FV3 may contain a second
protein that acts upstream of vIF-2a. Such is the case in vaccinia virus, where the
E3L protein binds dsSRNA and blocks PKR activation (Langland and Jacobs 2002).

Apart from its role in protein synthesis, vIF-2a0 may also influence virulence.
FV3 replicates efficiently in vitro, but is markedly less virulent in vivo than Rana
catesbeiana virus Z (RCV-Z), a ranavirus that possesses a full-length vIF-2a. Thus,
infection of bullfrog (R. cateshbeiana) tadpoles with RCV-Z proved lethal, whereas
infection with FV3 containing a truncated vIF-2a gene resulted in little or no mor-
tality (Majji et al. 2006). Moreover, prior infection with FV3 protected tadpoles
from subsequent lethal challenge with RCV-Z (Majji et al. 2006). Whether vIF-2a
plays an additional role in viral biogenesis is not known. However, recent evidence
that PKR is involved in NF-«kB activation and the induction of pro-inflammatory
cytokines (Tan and Katze 1999; Williams 1999) suggests that if vIF-2a is able to
block this pathway by binding PKR, then the onset of an immune response might
be delayed and virus yields enhanced. While this immune evasion pathway is
unlikely to be important following high multiplicity, synchronous infection of
cultured cells, it could have important consequences for infections in vivo that may
be initiated with low levels of virus that require multiple rounds of replication prior
to the development of clinical disease.

Apoptosis

Aside from the marked inhibition of cellular synthetic functions, iridovirid
infection also results in the induction of apoptosis. As with CPE, apoptosis is
triggered following either productive infection or treatment with heat-inactivated or
UV-inactivated virus or a soluble virion extract (Essbauer and Ahne 2002; Chinchar
et al. 2003; Hu et al. 2004; Imajoh et al. 2004; Paul et al. 2007; Huang et al. 2007a).
In FV3-infected cells, apoptosis begins 68 h postinfection (p.i.) and is characterized
by DNA fragmentation, chromatin condensation, apoptotic body formation, and the
appearance of phosphotidylserine on the outer leaflet of the cellular membrane.
Iridovirus-induced apoptosis is likely mediated by cellular caspases since Z-VAD-FMK,
a pan-caspase inhibitor, blocks apoptosis (Chinchar et al. 2003; Paul et al. 2007).
In addition, Huang et al. (2007a) reported mitochondrial fragmentation, the
activation of caspases 3 and 9, and an increase in intracellular Ca** in RGV-infected
cells. Although it is not known whether apoptosis is a consequence of PKR activation,
translational shutoff, or occurs independently of those events, Paul et al. (2007)
demonstrated that the amount of soluble virion extract required to induce apoptosis
was 1,000-fold lower than the dose required to shutdown protein synthesis. This
result suggests that in the IIV-6 system translation shutoff may not be required to
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induce apoptosis. Furthermore, IIV-6 encodes a protein with homology to the
baculovirus inhibitor of apoptosis protein (IAP), and it is likely that other irido-
virids encode proteins that delay the onset of apoptosis. It may be advantageous for
iridovirids to seek a balance between inducing and inhibiting apoptosis. In this
view, if apoptosis occurs too soon, virus yields will be depressed, but if apoptosis
is unduly delayed, necrotic cells may trigger a much more robust pro-inflammatory
response than that induced by apoptotic cells.

Viral Immune Evasion, Host Range, and Virulence Proteins

Based on analogy to poxviruses and herpesviruses, it is likely that iridovirids
encode multiple proteins that modulate host immune responses (Alcami and
Koszinski 2000; Tortorella et al. 2000; Johnston and McFadden 2003). To date,
several proteins that potentially modulate cellular immune responses to infection
have been identified, including the aforementioned vIF-2a, a CARD (caspase
recruitment domain)-containing protein (designated vCARD), an hydroxysteroid
dehydrogenase (VHSD), a viral homolog of the tumor necrosis factor receptor
(VINFR), the aforementioned IAP, and several ORFs encoding putative proteins
containing immunoglobulin- or MHC-like domains (Jakob et al. 2001; Jancovich
et al. 2003; Essbauer et al. 2004; Song et al. 2004; Tan et al. 2004). Although vIF-
20 may play a role in maintaining viral protein synthesis in infected cells, recent
data suggest that it might also be involved in blocking induction of an inflammatory
response (Tan and Katze 1999; Williams 1999; Gil et al. 2004). Likewise, since
DEATH domains, DEATH effector domains, CARDs, and pyrin motifs are thought
to mediate inflammatory responses via protein—protein interactions, VCARD may
block activation of pro-inflammatory or apoptotic responses, or, conversely,
activate a pathway that is dependent on CARD-CARD interactions (Bouchier-
Hayes and Martin 2002; Johnson and Gale 2006; Werts et al. 2006; Holm et al.
2007). Although its mechanism of action is different, the viral homolog of the
TNFR may also block activation of proinflammatory genes by binding TNF and
preventing signaling through the authentic TNF receptor (Essbauer et al. 2004).
Similar to its vaccinia virus homolog, vHSD may play a role in modulating steroid
biosynthesis and thereby impair immunity following in vivo infections (Moore and
Smith 1992; Reading et al. 2003). Among ranaviruses, overexpression of the viral
homolog of HSD suppressed the cytopathic effect, suggesting that it may play a role
in vitro as well as in vivo (Sun et al. 2006). Inasmuch as the current catalog of
potential iridovirid immune evasion proteins is short, the relatively large number
of poxvirus proteins involved in immune evasion, virulence, and host range sug-
gests that additional iridovirus proteins that affect these functions await discovery.
Moreover, we anticipate that as more is revealed about the immune systems of
iridovirid hosts, additional immune evasion, virulence, and host range modifiers
will be identified by homology to their cellular counterparts.

In addition to putative immune evasion proteins, iridovirids and other large DNA
viruses such as ASFV, poxviruses, and herpesviruses encode a number of proteins
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(dUTPase, ribonucleotide reductase, thymidylate synthase) with marked homology
to cellular genes involved in dTTP synthesis (Oliveros et al. 1999; Langelier et al.
2002; Lembo et al. 2004; Glaser et al. 2006; Zhao et al. 2007; Zhang et al. 2007).
Inclusion of these enzymes within the viral proteome is thought to ensure sufficient
quantities of dNTPs for viral nucleic acid synthesis and to lessen the chances of
misincorporating uracil into viral DNA (Oliveros et al. 1999; Zhang et al. 2007).
Moreover, these enzymes likely play roles in determining host range. For example,
Oliveros et al. (1999) found that dUTPase was not required for replication in divid-
ing Vero cells, but was needed for ASFV replication in swine macrophages.
Among ranaviruses, overexpression of dUTPase did not enhance the replication
of RGV in dividing EPC cells, an established fish cell line (Zhao et al. 2007).

Host | mmune Response

Although there is little specific information about the host immune response to
iridovirid infection, both humoral and cell-mediated immunity likely play roles in
the prevention of, and recovery from, virus infection. For example, Xenopus
mount effective B cell and T cell responses against FV3 infection (Morales and
Robert 2007; Maniero et al. 2006), and antibodies targeted to other ranaviruses
can be detected in infected frogs (Zupanovic et al. 1998a). Moreover, vaccination
is effective in preventing disease due to RSIV infection (Caipang et al. 2006a,
2006b), and prior infection of bullfrog tadpoles with relatively avirulent FV3
protects against subsequent challenge with virulent RCV-Z (Majji et al. 2006). At
the molecular level, ISKNV infection has been shown to induce in mandarin
fish a variety of putative antiviral proteins, including homologs of a VHSV-induced
protein, Gig2, viperin, Mx, CC chemokines, the immunoglobulin heavy chain etc.
(He et al. 2006). As the immune systems of lower vertebrates become better
understood, it is likely that their role in protecting fish, amphibians, and reptiles
from iridovirid infections will become clearer and utilized to develop more effec-
tive vaccination strategies.

Biology and Ecology of Iridovirid I nfections

FV3 and Other Amphibian Ranaviruses

FV3 was serendipitously isolated more than 40 years ago in the course of an
attempt to develop cell lines that would support the growth of Lucke herpesvirus.
Granoff et al. (1966) observed that cell monolayers prepared from the kidneys of
normal and tumor-bearing frogs (R. pipiens) spontaneously underwent lysis.
Analysis of the resulting infectious agents (designated frog virus-1, -2, -3, etc.)
showed them to be large cytoplasmic DNA viruses with icosahedral symmetry.
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While these and other similar viruses were likely different isolates of the same virus
species, the isolate designated FV3 became the focus of further study because of its
putative association with renal adenocarcinoma (Clark et al 1968; Granoff et al.
1966). Subsequent analysis indicated that FV3 played no part in tumor formation,
but the virus continued to be studied and is now the best characterized iridovirid
and the type species of the genus Ranavirus (Goorha and Granoff 1979).

The isolation of FV3 from ostensibly healthy anurans suggested that it was a
pathogen of low virulence. This inference was confirmed early on by Tweedel and
Granoff (1968) who showed that embryos and tadpoles were killed by injection
with as little as 900 PFU of infectious virus, whereas adult frogs (R. pipiens)
survived injection of 10° PFU per animal~. These results were recently confirmed
in a Xenopus model by Robert and his co-workers, who showed that tadpoles are
relatively sensitive to infection by FV3, whereas adults mount an effective immune
response and successfully resist infection unless their immune defenses are com-
promised by sublethal doses of y-irradiation or depletion of CD8* T cells (Gantress
et al. 2003; Robert et al. 2005). Moreover, FV3 displays a strong tropism for the
proximal tubular epithelium of the kidney, but rarely disseminates beyond that
organ in immunocompetent animals. Recently, Maniero et al. (2006) showed
that Xenopus develop antibodies to FV3 that neutralize the virus in vitro and
provide partial protection to susceptible larvae, whereas Morales and Robert (2007)
found that protection also correlated with the expansion of CD8* cells. Collectively,
these results suggest that both B cell (humoral) and T cell (cell-mediated) responses
are critical for viral clearance and protection from disease.

Following the initial isolation of FV3 from North American frogs, numerous
other isolations of FV3-like viruses were made in North America (Mao et al. 1999;
Green et al. 2002; Greer et al. 2005; Miller et al. 2007), the United Kingdom
(Cunningham et al. 1996), China (Zhang et al. 2001, 2006), Thailand (Kanchanakhan
1998), and South America (Zupanovic et al 1998b; Galli et al. 2006; Fox et al.
2006). In some cases, e.g., tadpole edema virus (TEV), Rana United Kingdom
(RUK) virus, and Bufo United Kingdom (BUK) virus, viral protein profiles, RFLP
analysis, and sequence analysis of the MCP support the notion that these are
isolates of FV3 and not distinct viral species (Hyatt et al. 2000). However, in other
cases, e.g., BIV and seven recent isolates from South America, RFLP profiles
differed markedly from FV3 and are consistent with their classification as separate
species or tentative species. Furthermore, unlike the early frog virus isolates that
originated from ostensibly healthy adult animals, many of the recent isolates came
from tadpoles or frogs that were patently diseased. Although previously considered
relatively benign, it is now apparent that FV3-like viruses are capable of causing
fatal disease in amphibian larvae and adults. In some cases, disease occurred among
farmed frogs, suggesting that stress due to overcrowding may have triggered
immune suppression and contributed to clinical disease (Kanchanakhan 1998;
Zhang et al. 2001). These results are consistent with findings in the FV3/Xenopus
model described above wherein the outcome of infection depended upon the degree
of immunosuppression (Robert et al. 2005). Reports of ranavirus disease in other
species, including reptiles (Chen et al. 1999; Hyatt et al. 2002; De Voe et al. 2004;
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Marschang et al. 2005; Allender et al. 2006; Johnson et al. 2007) are becoming
increasingly common, but the causative agents have yet to be fully characterized.

While it is clear from experimental transmission studies that larvae and immu-
nocompromised adults are more susceptible to infection than healthy adult frogs,
the ways in which FV3 is transmitted and maintained in wild populations are less
clear. Recent studies by Pearman et al. (2004, 2005) and Harp and Petranka (2006)
examined various aspects of the ecology of FV3 and FV3-like viruses. Pearman et
al. (2004, 2005) found that FV3 was pathogenic for Rana latastei and that suscep-
tibility to FV3 infection varied among geographically separated populations that
differed in genetic diversity. In addition, they suggested that mortality depended
on contact between infected and uninfected individuals and was influenced by the
concentration of the virus, cannibalism, and necrophagy. Consistent with those
results, Harp and Petranka (2006) found that ranavirus was transmitted to healthy
R. sylvatica tadpoles by scavenging of infected carcasses and by exposure to water
containing infected animals or carcasses.

Ambystoma Tigrinum Virus

Whereas outbreaks of FV3-like disease have been detected worldwide, clinical
disease triggered by Ambystoma tigrinumvirus (ATV) has been seen, with only one
non-natural exception, in ambystoid salamanders in western North America. ATV
was initially isolated from salamanders (A. tigrinum stebbensi) in southern Arizona,
and related viral strains were subsequently isolated in Colorado, Utah, North Dakota,
Saskatchewan, and Manitoba (Jancovich et al 1997; Bollinger et al. 1999; Docherty
et al. 2003). Along its extensive north—south range, ATV isolates are similar,
although isolates can be differentiated by the presence of point mutations within the
MCP gene, RFLP profiles, and the presence or absence of one or more copies of a
16-bp repeat within the ORF 50R/51L intergenic region (Jancovich et al. 2005).
The only isolate east of the Mississippi River was made in the axolotl colony at
Indiana University following introduction of wild salamanders from Colorado and
is genetically similar to ATV isolates from that state (Davidson et al. 2003).

In contrast to FV3 infections, where mortality is more common in larvae than
adults, both larval and adult salamanders succumb to ATV infection, and mortality
in affected ponds often exceeds 90% (Jancovich et al 1997; Bollinger et al. 1999).
Temperature influences the extent of mortality and time to death as most salaman-
ders infected at 26°C survive, whereas those infected at 18°C succumb to infection
(Rojas et al. 2005). Clinical disease is accompanied by marked necrosis and hemor-
rhage within internal organs (spleen, liver, kidney, gastrointestinal tract), skin polyps,
skin sloughing, and extrusion of a thick discharge from the vent. Populations
rebound in affected ponds, but it is not clear whether this reflects the presence of a
few surviving immune animals, or recolonization by naive animals. Experimental
attempts to determine the host range of ATV demonstrated that various salamander
species (Ambystoma graciale, A. californiense, Notophthalmus viridescens) are
susceptible to infection, but bullfrogs (R. catesbeiana) and fish (Gambusia affinis,
Lepomis cyanellus, Oncorhynchus mykiss) are resistant to infection (Jancovich
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et al. 2001; Picco et al. 2007). Recently, ATV has been shown to infect wood frogs
(R. sylvatica) and leopard frogs (R pipiens) although with reduced efficiency and
lower virulence, suggesting that its host range may be larger than originally thought
(Schock et al. 2008). Despite this intriguing result, the role of anurans and possibly
fish in the ecology of ATV infections is unknown. It remains to be determined
whether sympatric fish and frog species serve as reservoirs for ATV following the
die-off of susceptible salamander populations, or whether sublethally infected meta-
morphs serve as an intraspecific reservoir and reintroduce the virus into uninfected
larval populations (Brunner et al. 2004). Brunner et al. (2007) showed that ATV is
effectively transmitted between animals directly by biting, cannibalism, necrophagy
or mere physical contact, and indirectly through water and fomites. Moreover, larval
salamanders are capable of transmitting virus to naive animals soon after infection
and their infectivity increases with time. Infection rates increase with viral dose and
were affected by clutch identity and life stages. Surprisingly, metamorphs were less
likely to be infected than larvae, but once infected were more likely to die (Brunner
et al. 2005). ATV remains viable in moist soil for several days, but loses infectivity
rapidly upon drying. The basis for the apparent sudden emergence of ATV in
western North America is not known, but phylogenetic analysis and the marked
virulence seen in infected larval and adult salamanders suggests that ATV recently
arose from a fish ranavirus that jumped species and now infects salamanders
(Jancovich et al. 2005). Moreover, human introduction of ATV through the bait
trade has likely contributed to disease emergence (Storfer et al. 2007).

EHNV and Other Australian Ranaviruses

The first report of a ranavirus infecting fish was from Australia. The virus,
epizootic hematopoietic necrosis virus (EHNV), was isolated from wild redfin
perch (Perca fluviatilis) (Langdon et al. 1986) and is unique to Australia. EHNV
was the cause of spectacular epizootic mortalities in redfin perch and recurrent
epizootics in farmed rainbow trout (Oncor hynchus mykiss) (Langdon and Humphrey
1987; Whittington et al. 1994). The host range of the virus now includes recrea-
tional fish (Whittington et al. 1996) and the associated clinical disease (epizootic
hematopoietic necrosis, EHN) is listed by the Office International Epizooties (OIE)
as the cause of significant finfish losses at the zonal/regional level. Furthermore,
EHNYV has the potential for international spread via live animals or fomites (Office
International des Epizooties 2006). Clinically similar systemic necrotizing syndromes
have been reported in farmed catfish (Ictalurus melas) in France (Pozet et al. 1992),
sheatfish (Slurus glanis) in Germany (Ahne et al. 1989), turbot (Scophthalmus
maximus) in Denmark (Bloch and Larson 1993) and other fish species in Europe
(Ariel et al. 1999; Tapiovaara et al. 1998), but they appear to be caused by viruses
distinct from EHNV (Ahne et al. 1998).

EHNYV causes marked mortality in redfin perch and may kill greater than 90%
of infected fish (Pierce et al. 1991). Typically fingerling and juvenile fish are
affected, but in areas in which EHNV has been newly introduced, adults are also
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susceptible (Langdon and Humphrey 1987; Langdon et al. 1986). Natural epizootics
are frequently reported in summer when large numbers of presumably nonimmune
young fish are present and school in warm shallow waters. EHN is also reported in
rainbow trout where the mortality rates are lower and the disease is generally diffi-
cult to identify. Outbreaks of the disease appear to be related to poor husbandry
(Whittington and Reddacliff 1995).

While numerous amphibian iridovirids have been described worldwide, only
two have been identified within Australia. The first was Bohle iridovirus (BIV),
which was isolated from a native Australian frog (Limnodynastes ornatus) in
Northern Queensland (Speare and Smith 1992) and was also shown to be highly
pathogenic for barramundi (Lates calcarifer), a commercially and recreationally
important fish species, following experimental infection (Moody and Owens 1994).
Surprisingly, BIV has not been isolated from natural epizootics involving either
frogs or fish and has only been isolated from tadpoles taken from the wild and
allowed to metamorphose in captivity. A PCR assay for diagnosis of BIV infection
has been developed (Pallister et al. 2007) and the putative promoter regions of three
genes, including the MCP gene, have been identified (Pallister et al. 2005). A sec-
ond ranavirus, Wamena virus (WV), was isolated from illegally imported juvenile
green pythons (Chondropython viridis) and may not be native to Australia (Hyatt
et al. 2002). Whereas EHNV and BIV are recognized by the ICTV as distinct viral
species within the genus Ranavirus (Chinchar et al. 2005), WV represents a tenta-
tive ranavirus species based on comparison of the MCP and thymidine kinase
sequences, dot blot analysis, antigen capture ELISA, and RFLP profiles (Hyatt et
al. 2002; Coupar et al. 2005; Hyatt and Whittington 2005).

Experimental infections of cane toad (Bufo marinus) tadpoles with BIV led to
mortality rates of up to 100% (Hyatt et al. 1998). Clinical signs following experi-
mental infection of tadpoles with BIV include wasting and behavioral changes, i.e.,
tadpoles frequently lay on the bottom of the tank, often on their sides with their tails
curved. Upon stimulation, they swam weakly and erratically in a forward whirling
movement. In general, deaths begin about day 5, and peak at 7-8 days p.i.
Following both EHNV and BIV infection, death is most likely due to the degenera-
tion of hematopoietic cells and damage to the vascular endothelium. Examination
of infected tadpoles revealed a systemic infection primarily affecting the major
hematopoietic organs, i.e., the kidney, liver, and spleen (Hyatt et al. 1998). In the
kidneys, acute hematopoietic necrosis is present, varying from individual infected
cells to extensive areas of necrosis (Fig. 4A,B). Infected cells contain characteristic

»

Fig. 4 Histopathological changes within BIV-infected cells. @ Light micrograph of a kidney from
a B. marinus tadpole infected with BIV showing extensive necrosis (N) particularly within inter-
stitial tissue. Glomerulus (Q); tubules (t); interstitial tissue (it), which is the site of hematopoietic
cells; melanin pigment (p); muscle of the base tail (m). Hematoxylin-eosin stain, x200. b A
comparable section has been labeled using the peroxidase-antiperoxidase (PAP) method with a
primary antibody to EHNV, AEC as the chromogen, and counterstained with hematoxylin. PAP
staining, white arrow. x250. ¢ Transmission electron micrograph from a section of the same
kidney. Kidney tubule (t); interstitial cells (iC); assembly sites (as). Viruses (V) are associated with
hematopoietic cells of the interstitial tissue. Bar represents 1 um
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basophilic intracytoplasmic inclusions, which, upon electron microscopic examina-
tion, were identified as virus assembly sites (Fig. 4C). Within the liver, multifocal
hepatocellular necrosis is apparent, whereas diffuse acute necrosis is seen in the
spleen. Focal destruction of the pancreas is frequently observed, as is the degenera-
tion of undifferentiated mesenchymal tissue in the developing limb buds. Another
consistent and conspicuous change in infected rainbow trout and redfin perch is the
presence of degenerate hematopoietic cells, basophilic debris, and fibrous material
within blood vessels (Reddacliff and Whittington 1996). Degeneration of the vas-
cular endothelium is observed in the liver, spleen, kidney, gill and heart, suggesting
that the virus is endotheliotropic. The clinical signs and histopathology described
above differ from that seen following infection with other ranaviruses (Cunningham
et al. 1996; Jancovich et al. 1997; Bollinger et al. 1999) in that the Australian
viruses do not cause major skin lesions or megalocytosis. Therefore, it appears that
ranavirus pathology varies depending upon the virus species and host animal
infected. Recently recombinant BIV has been constructed using homologous
recombination to replace the viral homolog of elF-2a with a cassette containing the
neomycin resistance gene and the globin gene from adult cane toads (Pallister et al.
2007). Not only does this illustrate the feasibility of constructing iridovirid knock
out mutants, but the expression of adult globin suggests that recombinant BIV may
be useful in the biological control of cane toads.

RSIV and Other Megalocytiviruses from Asia

Megalocytivirus is a newly established genus within the family Iridoviridae.
Numerous megalocytivirus isolates have been described, but it has not yet been deter-
mined whether these represent distinct viral species or merely strains or isolates of a
single species. Sequence analysis of the highly conserved MCP suggests that there
may be two clusters within the genus (Do et al. 2005b; Wang et al. 2007). Alternatively,
since the isolates come from different fish species, it is not clear if they represent
host-specific species or a single species with a broad host range. The complete
genomic DNA sequences of four megalocytiviruses has been determined: infectious
spleen and kidney necrosis virus (ISKNV, He et al. 2001), red sea bream irido-
virus (RSIV, Kurita et al. 2002), rock bream iridovirus (RBIV, Do et al. 2004), and
orange spotted grouper iridovirus (OSGIV, Lu et al. 2005). ISKNV was chosen as the
type species of the genus because it was the first megalocytivirus whose complete
sequence was published. However, extensive work has been carried out in Japan on
RSIV and provides much of what we know about the biology of this genus.

Host Range

Epizootics caused by megalocytiviruses first occurred among red sea bream in
1990 (Nakajima and Maeno 1998; Nakajima and Kunita 2005). Subsequently,
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outbreaks were noted in brown spotted groupers (Epinephelustauvina) in Singapore
in 1992 (Chua et al. 1994) and among Malabar groupers (E. malabaricus) and sea
bass (Lateolabrax spp.) in southern Thailand in 1993 (Danayadol et al. 1996).
Based on the presence of icosahedral particles within the cytoplasm and character-
istic enlarged cells (designated inclusion body-bearing cells), megalocytiviruses
have been found in ornamental tropical fishes such as dwarf gourami (Cosa lalia)
that were imported into Australia from Singapore in 1988 (Anderson et al. 1993)
and in orange chromide cichlids (Etroplus maculatus ) imported to Canada from
Singapore in 1989 (Armstrong et al. 1989). Moreover, a similar disease was also
observed in ornamental tropical fish such as angelfish (Pterophyllum scalare) in the
UK (Rodger et al. 1997), and gouramis and swordtails (Xiphophorus hellerii) in
Israel (Paperna et al. 2001), which were bred in those countries after being imported
from Singapore. A megalocytivirus was also isolated from diseased African lamp-
eyes (Aplocheilichthys normani) that were cultured in Indonesia and imported into
Japan (Sudthongkong et al. 2001). Sequence analysis showed that the isolates
designated GSDIV (grouper sleepy disease iridovirus), SBIV (sea bass iridovirus),
DGIV (dwarf gourami iridovirus), RSIV, TGIV (Taiwan grouper iridovirus), and
ALIV (African lampeye iridovirus) were essentially genetically identical and likely
represent strains or isolates of the same viral species (Sudthongkong et al. 2002).
Collectively, these reports suggest that megalocytiviruses originated in Southeast
Asia and are pathogenic to both marine and freshwater fishes. The appearance of
clinical disease in farmed and imported fish might reflect the effects of crowding,
or transport- and handling-induced stresses on the immune system that exacerbate
preexisting subclinical infections. Moreover, the age of the fish and water tempera-
ture appear to be important factors in determining the outcome of RSIV infection
(Choi et al. 2006). Because grouper species are of high economic value, fish farming
has likely resulted in virus dispersal and an increase in the prevalence of the disease
in Southeast Asian countries such as Singapore, Thailand, Indonesia, Malaysia, and
Taiwan. Mass mortalities of farmed grouper species and ornamental freshwater fish
have resulted in large economic losses in those countries. The recent identification
of markedly similar megalocytiviruses in Murray cod and dwarf gouramis, coupled
with the high prevalence of megalocytivirus infections in retail aquarium shops in
Sydney, Australia, suggests that the global trade in ornamental fish may also facili-
tate the spread of this virus to new host species in geographically distant regions
(Go et al. 2006; Go and Whittington 2006).

|solation and Char acterization of RSIV

In the summer of 1990, mass mortalities occurred among farmed red sea bream
in Japan when the water temperature rose above 25°C. An iridovirus-like agent was
detected in diseased fish and designated red sea bream iridovirus after the host
species from which it was isolated (Inouye et al. 1992). RSIV is the most exten-
sively studied of the megalocytiviruses and has been shown to infect more than
30 species of farmed marine fish including sea bass, amberjack, yellowtail
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(Seriola quinqueradiata), striped jack (Pseudocaranx dentex), and rock bream
(Oplegnathus fasciatus). It is likely that the importation of infected seedlings cap-
tured in the South China Sea was responsible for the introduction of RSIV into
Japan. In addition, epizootics of RSIV-induced disease occurred in farmed red sea
bream, rock bream, Japanese flounder (Paralichthys olivaceus), and turbot
(Scophthalmus maximus) in Korea (Jung et al. 2000, Do et al. 2005a, 2005b), and
in mandarin fish (Sniperca chuatsi) reared in offshore pens in the South China Sea
(He et al. 2000) as well as in stocks of amberjack seedlings from Hainan Island.
Although most studies to date have focused solely on identifying the viral agent
responsible for disease, and developing accurate diagnostic tools, the transcrip-
tional program of RSIV has recently been elucidated using DNA microarray tech-
nology (Lua et al. 2005, 2007). Given the economic importance of this viral agent,
additional molecular studies should be forthcoming.

Clinical Signs. Gross and Histopathological Findings

Clinically, diseased fish show a darkening of body color and become lethargic
immediately before dying. The latter symptom is so prominent that the common
name for the infection is sleepy disease. Splenomegaly is marked in diseased fish,
and cell enlargement is evident (Fig. 5SA). In some cases, necrosis of splenocytes
and hematopoietic cells is observed. It is thought that the enlarged cells observed
in the spleen, kidney, liver, gills, and heart of infected fish are cells of the macro-
phage/monocyte lineage (T. Miyazaki, unpublished observations). From a diagnos-
tic viewpoint, these enlarged cells, which are termed inclusion body-bearing cells,
are pathognomonic for megalocytivirus infections.

Fig. 5 Histopathological changes within megalocytivirus-infected cells. a Spleen cells from red
sea bream infected with RSIV were stained by Mayer’s hematoxylin and eosin and examined by
light microscopy. Characteristic of RSIV infection is the presence of large, inclusion body-bearing
cells (indicated by arrowheads) within the spleen. b A mature inclusion body-bearing cell with a
large, centrally located inclusion body containing masses of fine granules (fg) and coarse granules
(cg) and a well-developed viral assembly site (VAS) containing numerous viral particles. The
nucleus (N) and cytoplasm (cy) have been displaced to the periphery by the enlarging VAS. (b from
Mahardika et al. 2004, with permission)
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As with other iridovirids, inclusion bodies contain viral DNA and serve as the
sites of virion formation. However, in contrast to ranavirus-infected cells, a mem-
brane surrounds the inclusion body found within RSIV-infected spleen cells
(compare Figs. 3A and 5B). Moreover, the inclusion body occupies most of the
volume of the cell and displaces the cytoplasm and nucleus to the periphery. The
membrane-bound inclusion contains not only the viral assembly site, but also mito-
chondria, rough and smooth endoplasmic reticulum, and two types of electron-dense
matrices, one composed of fine granules and another composed of coarse or rough
granules (Mahardika et al. 2004). It has been suggested that fine granules contain
viral DNA and that virions form in close association with this structure. Rough
granules are thought to represent viral DNA that has recently been transported from
the nucleus to the cytoplasm (Mahardika et al. 2004). Although, membrane-bound
inclusions were initially seen only in cells from infected fish, recent studies examining
RSIV-infected grunt fin cells demonstrated the presence of inclusion bodies in vitro
(K. Mahardika and T. Miyazaki, unpublished observations). However, it remains to
be determined if assembly site formation among megalocytiviruses is a fundamen-
tally different process from that seen among other iridovirids or whether the generation
of inclusion body-bearing cells represents the engulfment of infected cells by
neighboring cells or macrophages (Overholtzer et al., 2007).

Vaccine Development

Given the commercial value of the fish species affected, vaccine development has
been a priority. An injectable vaccine using formalin-inactivated RSIV is effica-
cious in protecting red sea bream, yellowtail, amberjack, kelp grouper, and other
species from RSIV infection and has been commercialized (Nakajima et al. 1999,
2002; Caipang et al. 2006a). Moreover, a DNA vaccine and an oral vaccine using
liposome-entrapped RSIV antigens are also effective (Caipang et al. 2006b;
T. Miyazaki, unpublished observations). Because oral vaccination is more practical
for large-scale administration to susceptible fish, commercialization of an oral
RSIV vaccine will be a significant breakthrough in the protection of farmed fish
against RSIV infection.

I nvertebrate I ridescent Viruses

Invertebrate iridescent viruses (IIVs) infect mostly arthropods, particularly the
immature stages of insects inhabiting damp or aquatic environments. The 1IVs
are currently classified into two genera, Iridovirus and Chloriridovirus, based on
particle size and genetic characteristics. Members of the genus Iridovirus have a
particle diameter of approximately 120-130 nm in ultrathin section and have been
isolated from many orders of insects, terrestrial isopods, and shrimp (Williams
1998; Tang et al. 2007). There are also a number of reports of iridovirus infections
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of marine and freshwater invertebrates, including bivalve, gastropod and cephalo-
pod mollusks, a daphnid, and an annelid worm, although the relationship between
these viruses and those that infect insects and isopods is uncertain (for a recent
example, see Gregory et al. 2006). In contrast, members of the genus Chloriridovirus
are larger (~180 nm in ultrathin section) and infect the aquatic stages of mosquitoes
and midges. The first [TV was isolated from soil-dwelling cranefly larvae (Tipula
paludosa) in England in 1954, and subsequently IIV infections have been reported
from every continent except Antarctica.

11V Species Relationships

IIVs have received little attention over the past several decades and there is a
paucity of genomic sequence information and other comparative studies that form
the basis for defining species within these genera. Currently, the genus Iridovirus
comprises two species, Invertebrate iridescent virus 1 (ITV-1) and Invertebrate
iridescent virus 6 (IIV-6), and 11 tentative species whose status can only be
resolved as additional information becomes available. Sequence comparisons of
the MCP, DNA hybridization studies, and serological evidence indicate that
isolates in the genus Iridovirus can be divided into three groups, or complexes
(Williams and Cory 1994; Webby and Kalmakoff 1998). The largest group com-
prises IIV-1, -2, -9, -16, -22, -23, -24, -29, -30, Anticarsia gemmatalis IV, and an
undescribed isolate from a weevil. The second group comprises IIV-6 and related
strains of this virus (Gryllus IV, IIV-21, IIV-28). The third group comprises 1IV-31
from terrestrial isopods and Pj-IV from the Japanese beetle (Popillia japonica).
Recognition of these complexes should prove valuable for the future classification
of novel IIV isolates.

The taxonomic situation is even more unsatisfactory for the genus Chloriridovirus,
which, despite numerous records of infections in many species of mosquitoes and
midges of medical and veterinary importance, consists of a single species,
Invertebrate iridescent virus 3 (IIV-3) from the saltmarsh mosquito, Ochlerotatus
(Aedes) taeniorhynchus. DNA hybridization and sequence information based on the
MCP and DNA polymerase support the classification of this virus in a separate
genus (Williams and Cory 1994; Stasiak et al. 2000). However, recent analysis of
the complete genome of II'V-3 indicates that some invertebrate iridoviruses that had
previously been classified along with IIV-1 within the genus Iridovirus now cluster
closer to IIV-3 than to IIV-6 (Delhon et al. 2006).

Genomic Characteristics
Unlike virtually all vertebrate iridovirids, the IIV genome is not methylated,
or methylated at a very low level that likely reflects the activity of cellular DNA

methyltransferases. To date, only two IIV genomes have been sequenced com-
pletely: IIV-3 and IIV-6 (Jakob et al. 2001; Delhon et al. 2006). The genome of
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IIV-6 is 212 kbp (unique portion) with a G+C content of 28.6% (Jakob et al.
2001). Although the original description of the IIV-6 genome predicted 468
ORFs, this value is likely an overestimate since it includes both overlapping and
nonoverlapping ORFs. If only nonoverlapping reading frames are considered,
then IIV-6 likely encodes approximately 200 ORFs, a figure consistent with the
potential genetic content of vertebrate iridoviruses (Williams et al. 2005; Eaton
et al. 2007; Tsai et al. 2007). Clearly, the only way to resolve the authenticity of
potential overlapping reading frames is to identify viral transcripts by Northern
blotting or RT-PCR. Using that approach, D’Costa et al. (2004) identified 137
IIV-6 transcripts, a value that is likely an underestimate due to the presence of
low copy number transcripts. The genome of 1IV-3 (genus Chloriridovirus) is
191 kbp (unique portion) with a G+C content of 48% and encodes 126-143 puta-
tive nonoverlapping ORFs (Delhon et al. 2006; Eaton et al. 2007; Tsai et al.
2007). Despite the aforementioned clustering of II'V sequences, IIV-3 and IIV-6
are considered members of separate viral genera based on the lack of colinearity
between their genomes, the low sequence identity seen between homologous
genes, virion size, and host range.

In addition to the core iridovirid genes involved in replication and nucleotide
metabolism, other genes of interest in IIV-6 include an inhibitor of apoptosis (iap),
an NAD"*-dependent DNA ligase, and putative homologs of peptides with antibacte-
rial and antifungal properties (Jakob et al. 2001; Tanaka et al. 2003). Two adjacent
ORFs have been detected in IIV-6 with homology to eukaryotic poly(ADP-
ribosyl)transferase (pART), an enzyme that plays an important role in genome
repair and maintenance (Otto et al. 2005). Between one and three copies of
homologs to bro genes (baculovirus repeated ORFs) of lepidopteran ascoviruses
have been detected in IIV-6 and IIV-31 (Bideshi et al. 2003). Bro genes are a multi-
gene family of unknown function that may influence host DNA replication or tran-
scription by regulating host chromatin structure (Zemskov et al. 2000). They are
present in baculoviruses, entomopoxviruses, phycodnaviruses, and a number of
bacteriophages and bacterial transposons. Interestingly, the large subunit of the
II'V-6 ribonucleotide reductase contains an intein, a form of selfish genetic element
that removes itself from the protein by posttranslational autocatalytic splicing
(Pietrokovski 1998). Thirty-three genes are unique to IIV-3 and include a putative
S/T protein kinase, a mutT-like protein, and RNA Pol II subunits with similarities
to those of fungi (Delhon et al. 2006).

As with other iridovirids, IIV genomes contain extensive regions of repeti-
tive DNA that account for 20% (IIV-3) to over 25% (IIV-9) of the genome
(Fisher et al. 1988; McMillan et al. 1990; Delhon et al. 2006). The coding func-
tion of these regions is unknown, although late transcripts were detected in the
IIV-9 repeat region. The pattern of repetitive DNA in the genome of IIV-6 is
complex and involves boxes of tandem repeats and others with a number of
different interdigitated repeat sequences of variable size and homology.
Promoter regions for the MCP and DNA polymerase genes of IIV-6 have been
located 29-53 and 6-27 nucleotides upstream of their respective transcriptional
start sites (Nalcacioglu et al. 2003).
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Structural Characteristics

Structural studies of IIV are far more advanced than those of vertebrate iridoviruses
and have revealed much about virion architecture. Building on early electron
microscope studies (Wrigley 1969, 1970; Stoltz 1971, 1973), high-resolution cryo-
electron microscopy and three-dimensional image reconstructions revealed IIV-6
particles in quasi-crystalline hexagonal arrays with an interparticle distance of
40-60 nm (Yan et al. 2000). Particle diameter was calculated at 162 nm along the
two- and threefold axes of symmetry and 185 nm along the fivefold axis; consider-
ably larger than the diameter observed in ultrathin sections or by negative staining.
The outer capsid comprises a pseudohexagonal array of trimeric capsomers, 8 nm
in diameter and 7.5 nm high. A thin fiber projects radially from the surface of each
capsomer and likely regulates interparticle distance, a key characteristic for the
iridescence of infected hosts. Such fibers are also seen in some vertebrate iridovi-
ruses, such as LCDV-1 (Zwillenberg and Wolf 1968), but are not seen in enveloped
virions released by budding. The major capsid protein of 51.4 kDa represents
roughly 40% of the particle weight and forms hexavalent capsomers comprising an
external noncovalent trimer and an internal trimer linked by disulfide bonds.
The capsomers are arranged into trisymmetron and pentasymmetron facets. Each
particle comprises 1,460 capsomers and an additional 12 pentavalent capsomers
located singly at the center of each pentasymmetron. The triangulation number (T)
is 147. Large IIVs that infect mosquitoes and midges have larger facets, giving a
likely 1,560 subunits per particle (Stoltz 1971, 1973). A lipid bilayer, 4 nm thick,
surrounds a highly hydrated DNA core that is arranged in a long coiled filament
10 nm in diameter. The lipid component is intimately associated with an additional
inner shell beneath the fused layer of the capsid. Core and capsid polypeptides
appear to be connected by intermembrane proteins passing through the lipid layer.
Sensitivity to lipid solvents in IIVs varies with the assay system used (Martinez
et al. 2003). Most of the polypeptide diversity of IIVs appears to be associated with
the core and lipid membrane (Cerutti and Devauchelle 1990).

Host Range

The host range of IIVs depends on the route of infection. Most IIVs cause lethal
infections in a broad range of insects and other arthropod species following injection
of the virus. In contrast, host range following oral administration tends to be far more
restricted. The best studied example is IIV-6, which, in laboratory studies, infects
species from all major insect orders and a number of other arthropods, including iso-
pods and a centipede (Ohba 1975; Ohba and Aizawa 1979). Others, such as IIV-3,
IIV-16, or IIV-24, naturally infect just one or two closely related host species. IIVs
are clearly capable of replication in host species that do not develop signs of disease
(Ohba 1975; Ward and Kalmakoff 1991), but systematic studies are required to deter-
mine the range of species susceptible to such asymptomatic infections. Virus propa-
gation in vitro is readily achieved in dipteran and lepidopteran cell lines, and in
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recently developed cell lines from Homoptera and Coleoptera. Almost all II'Vs, with
the notable exceptions of IIV-3, IIV-16, and I1IV-24, can be grown in massive quanti-
ties in the standard laboratory host, Galleria mellonella (Lepidoptera: Pyralidae). The
in vivo host range of invertebrate iridoviruses does not extend to vertebrates (Kelly
and Robertson 1973; Ohba and Aizawa 1982). Although an IIV-6-like virus has been
reported from reptiles (Just et al. 2001), the need for caution regarding this report has
been emphasized previously (Williams et al. 2005). Resolution of this controversy
will require additional study since members of some viral families (e.g., Flaviviridae)
are able to replicate in both invertebrates and endothermic vertebrates.

I1Vs Cause Lethal and Sublethal Disease

IIVs replicate extensively in most host tissues, especially the epidermis, muscle,
fat body, nerves, hemocytes, and areas of the gut. Virus particles assemble into
paracrystalline arrays within the cell cytoplasm and cause the iridescence that is
characteristic of patent infections. Light reflected from the surface of close packed
particles causes interference with incident light, a phenomenon known as Bragg
diffraction. Purified pellets of IIV particles are also iridescent. Patently infected
holometabolous insects, i.e., species that undergo complete metamorphosis, often
die in the larval stage, but those that survive to pupate frequently show marked
deformities and usually die in the pupal stage. IIVs can also cause patent infection
in the adult stages of isopods, bees, and crickets. Some isolates have unusually long
external fibrils attached to the capsid that increase the interparticle distance; these
isolates do not display iridescence at visible wavelengths (Stoltz et al. 1968).

It is now apparent that iridescence is not a reliable indicator of IIV infection given
that many hosts can be infected sublethally and show no obvious signs of disease. The
density of ITV particles in sublethally infected insects is far lower than seen in the
cells of patently infected individuals (Tonka and Weiser 2000). Such covert infections
have been reported in natural populations of blackflies, Smulium variegatum
(Williams 1993), and mayflies, Ecdyonurus torrentis (Tonka and Weiser 2000), and
in laboratory populations of a mosquito, Aedes aegypti (Marina et al. 1999), and a
moth, Galleria mellonella (Constantino et al. 2001). Covert infections have been
detected by PCR amplification of the MCP gene, electron microscope observations,
and insect bioassay techniques. Covert infection of Ae. aegypti by IIV-6 results in an
increase in larval development time and reductions in adult body size and longevity.
The reproductive capacity of covertly infected mosquitoes is reduced by 22%—-50%
compared to healthy mosquitoes (Marina et al. 2003a, 2003b, 2003c).

Ecology
The incidence of patent disease in host populations is typically very low,

although occasional epizootics have been observed in lepidopteran species
(Sikorowski and Tyson 1984; Sieburth and Carner 1987), crickets (Fowler 1989),
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craneflies (Ricou 1975), mosquitoes (Fedorova 1986), and blackfly larvae
(Hernédndez et al. 2000). Studies on blackflies and Lepidoptera have indicated that
there exists considerable genotypic variation in IIV populations; individual insects
collected at the same place and time differed in their respective RFLP profiles and
in the size of the restriction fragments that hybridized to an MCP gene probe in
Southern blots (Williams and Cory 1994; Williams, unpublished data).

There is clear evidence of seasonality in the prevalence of IIV infections that
correlates with fluctuations in precipitation and soil humidity and/or host densities
(Ricou 1975; Grosholz 1993; Hernandez et al. 2000). The persistence of IIV-6 in
soil depends very much on moisture content (Reyes et al. 2004) and the presence
of clay and iron minerals (Christian et al. 2006). In contrast, IIV persistence in
water is markedly affected by solar ultraviolet radiation; a rapid loss of activity is
observed following exposure to direct sunlight (Hernandez et al. 2005).

The route of infection is uncertain for most IIV-host systems. Cannibalism or
predation of infected individuals appears to be the principal mechanism of trans-
mission in populations of mosquitoes (Linley and Nielsen 1968a, 1968b), isopods
(Federici 1980; Grosholz 1992), tipulids (Carter 1973a, 1973b), crickets (Fowler
1989), and cannibalistic Lepidoptera (Williams and Herndndez 2006). IIV particles
can be transmitted from infected to susceptible insects by hymenopteran parasitoids
and entomopathogenic nematodes (Mullens et al. 1999; Lopez et al. 2002). 1IV-3
survives in populations of O. taeniorhynchus by alternating cycles of horizontal
transmission among cannibalistic larvae and vertical transmission from adult
female mosquitoes that acquire a sublethal infection shortly before pupating
(Linley and Nielsen 1968a, 1968b). Horizontal transmission is more prevalent in
high-density populations of some species wherein the frequency of aggressive
interactions between conspecifics and the probability of wounding is greater than
at low densities (Grosholz 1993; Marina et al. 2005). Physical abrasion also results
in an increased probability of infection (Carter 1973b; Undeen and Fukuda 1994).

Economic Importance

Theoretical studies suggest that the impact of sublethal disease on the population
dynamics of certain species may be considerable and merits further investigation,
particularly in the case of medically important insect vectors such as mosquitoes
(Boots et al. 2003; Marina et al. 2003a). However, IIVs are not presently considered
to be useful agents for the biological control of insect pests because of the low preva-
lence of lethal disease, their potentially broad host range, and their poor ability to be
transmitted by ingestion. II'V infections are suspected to periodically devastate popula-
tions of the mopane worm, which is an economically important species of caterpil-
lar harvested for human consumption in southern African countries. Oyster populations
also suffer serious disease, although the causative agents have been poorly character-
ized (Elston 1997). Recently, the use of IIVs in industrial applications has aroused
some interest, specifically their role as bioscaffolds in the construction of metal nanos-
tructures with unique optical and dielectric properties for use in nanotechnological
applications (Juhl et al. 2004; Radloff et al. 2005a,b).
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LCDV and White Sturgeon Iridovirus

Although LCDV was not the first iridovirid to be isolated (that distinction goes to ITV-1),
the characteristic signs of LCDV infection meant that lymphocystis disease was the
first iridovirid disease to be described. Fish infected with what we now know to be
LCDV were identified more than a century ago based on the distinctive appearance of
diseased animals (reviewed in Weissenberg 1965; Wolf 1988; Bremont and Bernard
1995; Chinchar 2000). Infection with LCDV induces wart-like lesions generally on the
skin, but also on internal organs, in numerous species of freshwater and marine fish
(Dukes and Lawler 1975). Unlike papillomavirus-induced warts that result from an
increased number of infected cells (hyperplasia), LCDV-mediated warts represent the
enlargement of single infected cells. Lymphocystis cells are commonly 100 pum or more
in diameter and can coalesce to form large masses several millimeters in diameter.
Infected cells possess a thick hyaline capsule, a central enlarged nucleus, and prominent
basophilic DNA inclusions (Wolf 1988). Low numbers of LCDV-induced warts are not
in themselves life-threatening, but in high numbers they may impair respiration, feeding,
and movement, making infected fish more susceptible to predation (http://www.maine.
gov/ifw/fishing/fishlab/vol4issue10.htm). Moreover, external lesions reduce the
commercial value of both food fish and aquarium stock.

Despite its early identification, LCDV has not been as extensively studied at the
molecular level as other iridovirids because of its inability to be readily propagated
in cell culture. Recently, the complete genomic sequences of what are likely two
different viral species, one from plaice and flounder isolated from the Atlantic
Ocean (LCDV-1, Tidona and Darai 1997) and a second from olive flounder in
China (LCDV-C, Zhang et al. 2004) have been described. Additional putative
species/isolates from infected dabs (LCDV-2, Wolf 1988), rockfish (Kitamura et al.
2006; Kim et al. 2007), and largemouth bass (Hanson et al. 2006) have been identi-
fied but not completely sequenced. Aside from the standard array of replicative
genes (Eaton et al. 2007), LCDV contains as least two novel putative immune
evasion genes, a protein with homology to members of the tumor necrosis factor
receptor family (Essbauer et al. 2004) and another with similarity to a G protein-
coupled receptor (Huang et al. 2007b).

Although diagnosis of LCDV infections is often made based on clinical and
histological signs (i.e., wart-like external lesions), serological and molecular tech-
niques have been developed to enhance the rapidity and specificity of diagnosis
(Cano et al. 2006). No vaccines are currently available for preventing LCDV-
induced disease, and there is no specific treatment for an ongoing infection. A DNA
vaccine has been developed, but its efficacy is unknown (Zheng et al. 2006). Little
is known about immunity to LCDV, but there is the suggestion that by replicating
primarily in the skin, LCDV is shielded from an antiviral response until late in
infection. Although fish can be reinfected with LCDV, subsequent infections are
not as extensive, suggesting that immunity plays a role in ameliorating infection.
Transmission of LCDV is thought to occur by direct contact between infected and
uninfected fish and is likely increased by high population densities. In surviving
fish, LCDV lesions resolve spontaneously. The recent identification of a single
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major genetic locus controlling susceptibility to LCDV infection in Japanese flounder
opens the way to selective breeding programs designed to develop flounder popula-
tions that are highly resistant to lymphocystis disease (Fuji et al. 2006).

WSIV is currently an unclassified member of the family Iridoviridae and causes
lethal infections in farm-reared juvenile white sturgeon (Georgiadis et al. 2001;
Hedrick et al. 1992b; Watson et al. 1998). Several procedures commonly encoun-
tered in the culture of white sturgeon, such as rearing at high densities, contribute
to patent disease because of infection originating from asymptomatic individuals
(Georgiadis et al. 2001, 2002; Drennnan et al. 2005). WSIV has an affinity for
epithelial cells and infects the gills, skin, olfactory organ, barbells, and esophagus.
Electron microscopy identified large (~270 nm in diameter) icosahedral virions
within infected cells and tentatively classified this agent as an iridovirus (Hedrick
et al. 1990). Preliminary sequence analysis showed little similarity to other known
viruses with the exception of partial sequence similarity to the MCP of mimivirus
and members of the Iridoviridae and Phycodnaviridae families. A PCR assay has
been developed to detect the presence of the WSIV MCP gene (Kwak et al. 2006)
and has proved effective in the diagnosis of asymptomatically infected individuals
(Drennan et al. 2007).

Conclusions and Future Directions

The fundamentals of the iridovirid replication strategy were elucidated by
Granoff, Willis, Goorha, and their co-workers more than 20 years ago. However,
despite this commendable start, much remains to be done in terms of determining
the precise roles that specific viral proteins play in the virus life cycle. Moreover,
we now appreciate the fact that viral proteins not only control viral biogenesis, but
also likely regulate evasion of the immune system, host range, and virulence.
Recent studies indicate that gene silencing using siRNAs and targeted knockdown
techniques based on asMOs offer the opportunity to block expression of specific
viral genes and infer their function from the resulting changes in phenotype. In
addition, it may soon be possible to knock out specific viral genes via homologous
recombination and assess the role of these deletion mutants both in vitro and in
vivo. From the immunological point of view, the FV3/Xenopus model developed
by Robert and his colleagues offers an excellent approach for examining antiviral
responses in a well-characterized amphibian system. Moreover, the growing aware-
ness of the impact of iridovirid-mediated mortality in various fish and amphibian
species suggests that ecologists, ichthyologists, fish and frog farmers, virologists,
and immunologists need to pool their efforts to understand the biological and eco-
logical basis underlying the die-off phenomena. Efforts along these lines are
currently underway (Grant et al. 2005; Inendino et al. 2005; Pearman and Garner
2005; http://lifesciences.asu.edu/irceb/amphibians). With the growing global
dependence on aquaculture as a human food source and increasing concerns about
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the decline in natural amphibian populations, it is critical that we understand the
biology of one of the major families of viral pathogens infecting cold-blooded
vertebrates. In addition, it is time that the life cycle of invertebrate iridoviruses be
subjected to the same molecular dissection that has been applied to their vertebrate
counterparts. Specifically, molecular tools should be employed to elucidate the factors
that modulate the virulence of IV infections in insects, to determine the relationship
between covert and patent infections, and to elucidate strategies of vertical trans-
mission. Additional sequence information is also required to resolve the large
number of tentative IIV species in the Iridovirus genus, and to delineate the
diversity present in the Chloriridovirus genus that currently comprises just a single
member.
Key areas of research in the coming years:

e Identification of the molecular composition of the viral RNA polymerase and
determination of its precise role in viral transcription

o Identification of the cellular and molecular elements of antiviral immunity in
fish and amphibians infected with ranaviruses

o Identification of the temporal class and promoter elements of key viral genes

e Elucidation of the function of key viral genes controlling replication, immune
evasion, virulence, and host range through the use of asMO, siRNA, and gene
knockout experiments

e Development of effective vaccines to protect captive and commercially important
species from iridovirus-induced disease

e Clarification of the taxonomic relationships among these viruses, specifically
the quantification of intra- and interspecific genotypic variation and the designa-
tion of genetic, biological, and ecological species-defining criteria that can be
uniformly applied to the members of each genus

e Delineation of the factors that determine virulence and vertical transmission
among invertebrate iridoviruses
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