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Abstract

The ordeHerpesviralesencompasses viruses that share structural, gexretic
biological properties. However, members of thiseordfect hosts ranging from molluscs to
humans. It is currently divided into three phyloggcally related families. The
Alloherpesviridadamily contains viruses infecting fish and amphiis. There are 12
alloherpesviruses described to date, 10 of whitdctrfish. Over the last decade, Cyprinid
herpesvirus 3 (CyHV-3) infecting common and koipchas emerged as the archetype of fish
alloherpesviruses. Since its first descriptionhia late 1990s, this virus has induced important
economic losses in common and koi carp worldwitalsio has negative environmental
implications by affecting wild carp populations.ede negative impacts and the importance of
the host species have stimulated studies aimeelvalaping diagnostic and prophylactic
tools. Unexpectedly, the data generated by theskedpstudies have stimulated interest in
CyHV-3 as a model for fundamental research. Thegurereview intends to provide a

complete overview of the knowledge currently ava#dson CyHV-3.
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Cyprinid herpesvirus 3, CyHV-3, koi herpesvirus, ¥YXH common carp, fish

alloherpesvirused\lloherpesviridagHerpesvirales
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1. Introduction

The ordemHerpesviralexontains a large number of viruses that sharetsirai,
genetic and biological properties. It is dividetbithree phylogenetically related families
infecting a wide range of hosts (Pellett et al1R€). TheHerpesviridagfamily encompasses
viruses infecting mammals, birds or reptiles. bysfar the most important, in terms both of
the number of its members and the volume of stuti@shave been devoted to them. The
Malacoherpesviridagamily comprises viruses infecting molluscs. Figathe
Alloherpesviridadamily encompasses viruses infecting fish and aimahs. Twelve
alloherpesviruses have been described to datd, th@m infecting fish (Hanson, Dishon, &
Kotler, 2011; Waltzek et al., 2009).

Over the last decade, an increasing number ofesuthve been devoted to
alloherpesviruses that infect fish. Scientific net in a specific virus tends to originate from
its impact on wildlife, the economic losses it caato the aquaculture industry, or its
importance as a fundamental research object. @o@asions, all three of these reasons
apply. This is the case for cyprinid herpesvird€gHV-3), also known as koi herpesvirus
(KHV), which has emerged as the archetype of flsfharpesviruses (Adamek, Steinhagen,
et al., 2014; Rakus et al., 2013).

Since its emergence in the late 1990s, CyHV-3 hasex ecological impact and
induced severe economic losses in the common archkoindustries (Bondad-Reantaso et
al., 2005; Perelberg et al., 2003; Rakus et alL320rhe common carfCfprinus carpid is
one of the oldest cultivated freshwater fish spe@Balon, 1995), and is now one of the most
economically valuable species in aquaculture. Widely cultivated for human consumption,
with a worldwide production of 3.8 million tons 2012 representing US$5.2 hillion (FAO,
2012). Furthermore, its colorful ornamental vaest{koi carp), grown for personal pleasure
and competitive exhibitions, represent one the raggensive markets for individual

freshwater fish. The economic importance of CyHWa3 rapidly stimulated research efforts
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aimed at building essential knowledge for the dewedent of diagnostic and prophylactic
tools (llouze, Dishon, & Kotler, 2006; Rakus et a013). In addition, these studies have
stimulated interest in CyHV-3 as an object of fumeatal research. As a result, CyHV-3 can
today be considered as the archetype of fish alj@seiruses and is the subject of an
increasing number of studies. Most of the presewiew is devoted to this virus.

This review consists of two sections. In the fpatt, we describe an up-to-date
phylogenetic analysis of the famiMloherpesviridaeas a component of the order
HerpesviralesWe also summarize the main properties of herpes®s and the specific
properties of fish alloherpesviruses. In the secmdl main part, we provide a full overview

of the knowledge currently available on CyHV-3.
2. The ordemHerpesvirales
2.1. Phylogeny
2.1.1. Phylogeny of the orddferpesvirales

In historical terms, recognition of an agent aggphsvirus has rested on morphology: a linear,
double-stranded DNA genome packed into a T=16 leedial capsid, embedded in a complex protein
layer known as the tegument, wrapped in a glycejmatontaining lipid membrane, yielding a
spherical virion. However, extensive understandihthe genetic structure of herpesviruses,
especially in relation to conserved genes, nownallthese features to be inferred rather than
demonstrated directly. As a result, classificatban entity as a herpesvirus and determinatidts of

detailed taxonomy depend principally on the intet@tion of primary sequence data.

For many years, the International Committee on farwy of Viruses (ICTV) counted several
fish pathogens as being likely members of the faMérpesviridaegbased on morphology. In 1998,
the first species of fish herpesvirus was foundetthé family, namelyctalurid herpesvirus 1
(ictalurid herpesvirus 1 [IcHV-1], also known asadhel catfish virus). The genus in which this
species was placed adopted the n&tadurivirus. However, it had been clear for some years that th

virus was only very distantly related to mammalwnpesviruses (Davison, 1992). In 2008, this, as
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well as other considerations, led to the adopticth® ordeHerpesviralegDavison et al., 2009;

Pellett et al., 2011c). This order was establighatbntain three families: the already existing ifgam
Herpesviridag which now contains herpesviruses of mammalsskardl reptiles (Pellett et al.,
2011h), and the new familiddloherpesviridagencompassing herpesviruses of amphibians and fish
(Pellett et al., 2011a), addalacoherpesviridagcontaining herpesviruses of invertebrates (Redlet

al., 2011j). The assignment of herpesviruses dgaitehosts to these families is descriptive rathan

prescriptive.

The ICTV (http://www.ictvonline.org) currently list87 species in the familyerpesviridae
distributed among the three subfamiliaighaherpesvirinagBetaherpesvirinaand
Gammaherpesviringglus one unassigned species. The subfamiliesicointe, four and four genera,
respectively. Establishment of this taxonomicalature has been fostered by an extensively
researched phylogeny (McGeoch, Dolan, & Ralph, 20808Geoch & Gatherer, 2005; McGeoch,
Rixon, & Davison, 2006). A phylogenetic descriptiming5 viruses classified in this family, based on
the complete sequence of the highly conserved gegak encoding DNA polymerase, is shown in Fig.
la. The overall genetic coherence of the familgpparent from the fact that 43 genes are conserved
among members of the family. These genes are pegbtorhave been present in the last common

ancestor, which has been inferred to have exigi@dwillion years ago (McGeoch et al., 2006).

A description of the phylogeny of the famiyloherpesviridagto which CyHV-3 belongs, is
given below (see section 2.1.2.). The third fanialacoherpesviridagconsists of two genera,
Aurivirus, which contains the speciemliotid herpesvirus Ihaliotid herpesvirus 1 or abalone
herpesvirus), an@streavirus which includes the speci€streid herpesvirus (ostreid herpesvirus 1

or oyster herpesvirus).

Since herpesviruses continue to be identifiecednss likely that more members of the order
Herpesviralegemain to be discovered. Although the coherendbebrder is apparent from structural
conservation of the virion, particularly the capsichong the three families (Booy, Trus, Davison, &
Steven, 1996; Davison et al., 2005), detectabletierimilarities are very few. The most
convincingly conserved gene is that encoding DNékpging terminase subunit 1, a subunit of an

enzyme complex responsible for incorporating gersomi® pre-formed capsids. Conservation of the



195 predicted amino acid sequence of this protein mpéd®viruses and tailed bacteriophages (Davison,
196 1992), as well as the existence of conserved straiatlements in other proteins (Rixon & Schmid,

197 2014), point to an origin of all herpesviruses frantient precursors having existed in bacteria.
198 2.1.2. Phylogeny of the famil@lloherpesviridae

199 Shortly after the first formal reports of its diseoy (Ariav, Tinman, Paperna, & Bejerano,

200 1999; Bretzinger, Fischer-Scherl, Oumouma, Hoffmaniruyen, 1999), CyHV-3 was characterized
201 as a herpesvirus based on virion morphology (Hedrial., 2000). Although there was some

202 suggestion, based on early DNA sequence datathisassignment might not be correct (Hutoran et
203 al., 2005; Ronen et al., 2003), the initial chagezation was soon shown to be sound (Waltzek et al
204  2005). The subsequent accumulation of extensiveeseg data for a range of fish and amphibian
205 herpesviruses provided a solid understanding opkiygogeny and evolution of the family

206  Alloherpesviridae

207 The ICTV currently lists 12 species in the fanmiljyoherpesviridaedistributed among four

208 genera, of which three contain fish virus€grinivirus, Ictalurivirus andSalmonivirus with

209 CyHV-3in the genu€yprinivirus) and one contains amphibian virusBatfachoviru3 (Table 1).

210 Full genome sequences are available for severeséthiruses, representing all genera (Table 2).
211 Partial sequence data are available for the otheicfassified, and also several unclassified fish

212 herpesviruses. A phylogenetic tree of nine of fhssified viruses, based on the complete sequénce o
213 the viral DNA polymerase, is shown in Fig. 1b. Adrof all 12 viruses, plus three others not yet

214  classified (cyprinid herpesvirus 4 [CyHV-4, siclhelrpesvirus], acipenserid herpesvirus 1 [AciHV-1,
215 white sturgeon herpesvirus 1] and gadid herpes\if@&adHV-1, Atlantic cod herpesvirus]), based on
216 a short segment of the same gene, is shown inEigAs indicated by the bootstrap values, the

217 robustness of the former tree is greater thanahthte latter. Nonetheless, the trees are similar i

218 overall shape, and they support the arrangemethiedamily into the four genera. The phylogeny of
219 two of the unclassified viruses (AciHV-1 and GadHYis not clear from the limited data used in Fig.
220 1c. However, the positions of these viruses, ahdrstnot included in Fig. 1c, have been examined

221 with greater discrimination using sequences froneogenes (Doszpoly, Benko, Bovo, Lapatra, &
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Harrach, 2011; Doszpoly et al., 2008; Doszpolyle815; Doszpoly, Somogyi, LaPatra, & Benko,

2011; Kelley et al., 2005; Kurobe, Kelley, Waltz&kHedrick, 2008; Marcos-Lopez et al., 2012).

There has been some consideration of establishiofgmilies in the familyAlloherpesviridag
as has taken place in the famiterpesviridae These could number two (genDgprinivirusin one
subfamily and the other three genera in anothelt@®aet al., 2009)) or three (gen@gprinivirusin
one subfamily, genuBatrachovirusin another, and the other two genera in the tfidaszpoly,

Somogyi, et al., 2011)). For various reasons,whugld seem premature at present.

The overall genetic coherence of the fardilioherpesviridads evident from the presence of
12 convincingly conserved genes in fully sequemoedhbers (Davison et al., 2013). This modest
number suggests a last common ancestor that igdevabkly older than that of the family
Herpesviridae Patterns of coevolution between virus and hasaaparent only towards the tips of
phylogenetic trees, and therefore are relevantoi recent evolutionary period (Waltzek et al.,
2009). For example, in Fig. 1b-c, the cyprinid lesngruses 1 and 2 (CyHV-1 and CyHV-2) cluster
with CyHV-3, and salmonid herpesviruses 1, 2 aff§a8HV-1, SalHV-2 and SalHV-3) cluster
together. However, one of the sturgeon herpes\sr(seiHV-1) is deeply separated from the other
viruses, whereas the other (AciHV-2) is most clpselated to the ictalurid herpesviruses. Also, the
branchpoint of the frog viruses falls within theHiherpesviruses rather than outside. The appgrentl
smaller degree of coevolution of the familifoherpesviridaecompared with the family
Herpesviridaemay be due to several factors, not least thosgimglto the respective environments

and the lengths of time the two families have b®aiving.
2.2. Main biological properties

All members of the orddferpesviralesseem to share common biological properties
(Ackermann, 2004; Pellett et al., 2011¢):they produce virions with the structure describbdve
(Fig. 2a); {i) they encode their own DNA synthesis machineryhwiral replication as well as
nucleocapsid assembly taking place in the nucleigs 2b); {ii) production of progeny virions is
usually associated with lysis of the host cé¥l) they are able to establish lifelong latent ini@ct

which is characterized by the absence of regurtat trianscription and replication and the lack of



249  production of infectious virus particles, but prese of intact viral genomic DNA and the

250 transcription of latency-associated genes. Lateacyeventually be interrupted by reactivation that
251 leads to lytic replication and the excretion okictious particles by infected subjects despite the
252 adaptive immune response developed against the; and ¥) their ability to establish persistent
253 infection in immunocompetent hosts (Pellett et2011c) is the consequence of immune evasion

254  mechanisms targeting major components of the immsystem.

255 In addition to these properties which are considi¢gsebe common to all members of the order
256 Herpesviralesfish alloherpesviruses seem to share severaldial properties that differentiate them
257 from Herpesviridagherpesviruses infecting mammals, birds and re)tilrstly, while herpesviruses
258 generally show only modest pathogenicity in theitunal immunocompetent hosts, fish herpesviruses
259 can cause outbreaks associated with mortality rrgd®0%. The markedly higher virulence of fish
260 herpesviruses could reveal a lower adaptation-lef/ese viruses to their hosts (see section 2.1.2
261 However, it could also be explained by other facgich as the high-density rearing conditions and
262 inbreeding promoted by intensive aquaculture. Séigothe tropism of members of the family

263 Herpesviridads generally restricted to their natural host sgeor closely related species. In contrast,
264  whereasome alloherpesviruses induce severe diseaseyironalor few closely related members of
265 the same genus, others are able to establish sigatlinfections in a broader range of hosts. Thus,
266 although CyHV-3 causes a disease only in commorkandarp, its genome has been detected in a
267 wide range of fish species (see section 3.2.Ihijdly, an age-dependent pathogenesis has been
268 described for several fish herpesviruses, in th@iti¥-1, AciHV-2, CyHV-1, CyHV-2, SalHV-2,

269 SalHV-3 and ictalurid herpesvirus 2 (IcHV-2) aretgalarly pathogenic for young fry (Hanson et al.,
270 2011, van Beurden & Engelsma, 2012). Fourthly, &kethdifference in the outcome of herpesvirus
271 infection in poikilothermic hosts is related to ithemperature dependency, bathvitro andin vivo.

272  For example, anguillid herpesvirus 1 (AngHV-1) gciing Japanese edr{guilla japonica and

273 European eelAnguilla anguillg, only propagates in eel kidney 1 (EK-1) cellsAzn 15 and 30 °C,
274  with an optimum around 20-25 °C (M. Sano, Fukud&aio, 1990; van Beurden, Engelsma, et al.,
275 2012).In vivo, replication of ranid herpesvirus 1 (RaHV-1) ismoted by low temperature, whereas

276 induction of tumor metastasis is promoted by haghperature (McKinnell & Tarin, 1984). In general,
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fish herpesvirus-induced infection is less severeven asymptomatic if the ambient water
temperature is suboptimal for virus replicationjathexplains the seasonal occurrence of certain fis
herpesviruses, including CyHV-3 (Gilad et al., 2008 practice, these biological properties have
been utilized successfully to immunize naturallgpcagainst CyHV-3 (Ronen et al., 2003), and to
reduce the clinical signs and mortality rates o§N-1 infections in eel culture systems (Haenen et
al., 2002). In addition, temperature plays a roléhie induction of latency and reactivation of fish

herpesviruses (see sections 3.2.3.2. and 3.2.3.3.).
2.3. Herpesviruses infecting fish

The first description of lesions caused by a fistplsvirus dates from the™6entury, when
the Swiss naturalist Conrad Gessner described aipease of carp. Four hundred years later, the
pox-like lesions were found to be associated wittphsvirus-like particles (Schubert, 1966), later
designated as CyHV-1 (T. Sano, Fukuda, & Furuke\®85). However, the alloherpesviruses that
were first studied in detail originated from thertfioAmerican leopard frogRana pipieny Lucké
tumor herpesvirus or RaHV-1 was identified as t@agical agent of renal adenocarcinoma or
Lucké tumor (Fawcett, 1956), and frog virus 4 arideherpesvirus 2 (RaHV-2) was isolated

subsequently from the pooled urine of tumor-beafiogs (Gravell, Granoff, & Darlington, 1968).

Alloherpesviruses infect a wide range of fish speaevorldwide, including several of the most
important aquaculture species such as catfish,agloarp, sturgeon and eel. As a result of tight
host-specificity, the prevalence of specific figrgesviruses may be restricted to certain partseof
world. For example, pilchard herpesvirus 1 has likeseribed only in wild Australasian pilchards
(Sardinops sagax neopilchardua Australia and New Zealand (Whittington, Cramtd, Jordan, &
Jones, 2008), whereas CyHV-2 has a worldwide peexeal due to the international trade in goldfish

(Goodwin, Sadler, Merry, & Marecaux, 2009).

Currently, ten herpesviruses infecting fish arduded in the familyAlloherpesviridagTable
1). At least a dozen other fish herpesviruses haea described, but many of these viruses have not
been isolated yet, and the availability of limissjuence data hampers their official classification

(Hanson et al., 2011; Waltzek et al., 2009). Irgengly, all but one of these viruses occur in bony



304 fish, the exception having been found in a shadsegl on the number of different herpesvirus species
305 recognized in humans (i.e. nine) and domestic dsirtas probable that each of the numerous fish
306 species hosts multiple herpesviruses. It is likiblt the alloherpesvirus species currently knoven ar

307 biased towards commercially relevant hosts, andpeeies that cause significant disease.

308 Channel catfish virus (IcHV-1) has been the prgimtyish herpesvirus for decades (Hanson et
309 al,, 2011; Kucuktas & Brady, 1999). In the late @89&he extensive catfiskctalurus punctatus
310 industry in the United States experienced high atlitytrates among fry and fingerlings (Wolf, 1988).
311 The causative virus was isolated and shown byrelechicroscopy to possess the distinctive
312 morphological features of a herpesvirus (Wolf & yton, 1971). The genome sequence of IcHV-1
313 revealed that fish herpesviruses have evolved atghaifrom herpesviruses infecting mammals, birds

314 and reptiles (Davison, 1992) (see section 2.1.2.).

315 In the late 1990s, mass mortalities associated egitiermal lesions, gill necrosis and nephritis
316 occurred worldwide in koi and common carp aquacelftdaenen, Way, Bergmann, & Ariel, 2004).
317 This highly contagious and virulent disease wakedddoi herpesvirus disease (KHVD) and was

318 shown to be caused by a herpesvirus, which wasdaggnated CyHV-3 (Bretzinger et al., 1999;

319 Hedrick et al., 2000; Waltzek et al., 2005). Dués$economic impact on carp culture and its rapid
320 spread across the world, CyHV-3 was listed as éialge disease by the World Organization for

321 Animal Health OIE (Michel, Fournier, Lieffrig, Cast, & Vanderplasschen, 2010). Although IcHV-1
322 had been the model of fish herpesviruses for ntae three decades, the associated problems mainly
323 affected the catfish industry in the US and cowddilmited by management practices (Hanson et al.,
324  2011; Kucuktas & Brady, 1999). Meanwhile, the desir protect common and koi carp from the

325 negative impact of CyHV-3 infection prompted anreased interest to study this virus. In addition,
326 the natural host of CyHV-3, the common carp, hanlzetraditional species for fundamental research
327 on fish immunology, making it a perfect model todst host-virus interactions (Adamek, Steinhagen,
328 etal., 2014; Rakus et al., 2013). As a consequetb@ncement in our understanding of CyHV-3 now

329 far exceeds that of any other alloherpesvirus.

330 3. Cyprinid herpesvirus 3
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3.1. General description
3.1.1. Morphology and morphogenesis

Like all members of the ordéterpesviralesCyHV-3 virions are composed of an icosahedral
capsid containing a single copy of a large, lindayble-stranded DNA genome, a host-derived lipid
envelope bearing viral glycoproteins and an amauphgyoteinaceous layer termed the tegument,
which resides between the capsid and the envekigeda) (Mettenleiter, 2004; Mettenleiter, Klupp,
& Granzow, 2009). The diameter of CyHV-3 viriongiea somewhat according to the infected cell
type bothin vitro (180-230 nm in koi fin cells KF-1 (Hedrick et &000) and 170-200 nm in koi fin
derived cells (KF-1, NGF-2 and NGF-3) (Miwa, Ito,&ano, 2007)) anith vivo (167—200 nm in
various organs (Miyazaki, Kuzuya, Yasumoto, Yas@d&obayashi, 2008)). Despite the very limited
sequence conservation in proteins involved in mogehesis, members of the famillderpesviridae
AlloherpesviridaeandMalacoherpesvirida@xhibit a common structure, suggesting that the
mechanisms used are similar (Mettenleiter et @D92. Indeed, the structure of the CyHV-3 virion
and its morphogenesis are entirely typical of hevjpases (Fig. 2b and Fig. 3). Assembly of the
nucleocapsids (size 100 nm) takes place in theemagMiwa et al., 2007; Miyazaki et al., 2008),
where marginalization of chromatin occurs at theeimuclear membrane (Miwa et al., 2007;
Miyazaki et al., 2008). Mature nucleocapsids withetectron-dense core composed of the complete
viral genome bud at the inner nuclear membraneth@gerinuclear space and are then released into
the cytoplasm according to the envelopment/de-epveént model (Miwa et al., 2007; Miyazaki et
al., 2008). Viral nucleocapsids in the cytoplasmipio envelopment are surrounded by a layer of
electron-dense material composed of tegument piof€ig. 3). A similar feature is found in members
of the subfamilyBetaherpesvirinadut not in the subfamilie&lpha-andGammaherpesviringavhere
they appear to be naked (Mettenleiter et al., 206i8xlly, the lipid envelope bearing viral
glycoproteins is acquired by budding into vesiclermbranes derived from the Golgi apparatus

(Mettenleiter et al., 2009; Miwa et al., 2007; Magki et al., 2008).

3.1.2. Genome
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The complete DNA sequences of four CyHV-3 straimsvetd from different geographical
locations have been determined (Aoki et al., 209 71.ee, Weng, He, & Dong, 2015). CyHV-3 is
notable for having the largest known genome ambaderpesviruses, at 295 kbp. It is followed by
its two closest relatives, CyHV-1 (291 kbp) and GAR1 (290 kbp) (Aoki et al., 2007; Davison et al.,
2013). Like all other fully sequenced alloherpassigenomes, the CyHV-3 genome contains two
copies of a terminal direct repeat (TR), whichthie case of CyHV-3, are 22 kbp in size. The
arrangement of open reading frames (ORFs) in thd\C¥ genome that are predicted to encode
functional proteins was first described by Aoka&t(2007), and later refined on the basis of & ful
comparison with the genomes of other viruses irgrsCyprinivirus, as well as members of the
other genera (Davison et al., 2013). A map of tlegligted CyHV-3 genes is shown in Fig. 4; the
central part of the genome and the TR encode 1BRF930ORF156) and eight (ORF1-ORF8) ORFs,
respectively. The latter are therefore duplicatethe copies of TR. One of the unusual featureglsen
sequenced CyHV-3 genomes is the presence of fragoheand therefore probably non-functional,
ORFs. The precise set of such ORFs varies frorindtyastrain, and there is evidence that at least
some originateth vivorather than during viral isolation in cell cultuieis possible that loss of gene

functions may have contributed to emergence ofdisén carp populations.

Consistent with their close relationships, theeregprinid herpesviruses share 120 conserved
genes, of which up to 55 have counterparts in theerdistantly related AngHV-1, which is also a
member of the genuByprinivirus. However, as mentioned above, only 12 genes argeceed across
the familyAlloherpesviridagsee section 2.1.2.). The relevant ORFs are markedj. 4, and their
characteristics are listed in the upper part ofl@ & There are perhaps two additional genes in this
core class (ORF66 and ORF99; not listed in Tabl&®)the evidence for their conservation is
minimal. Comments may be made on the featuresnmtifins of a sizeable nhumber of the remaining
gene products, as shown in the lower part of Tablkhis list omits genes that are members of rdlate
families and lack other clearly identifiable chdeaistics, such as incorporation into virions or
similarity to other genes. It also excludes gemending proteins of which the only identifiable
features are those indicating that they might Ise@ated with membranes (e.g. the presence of

potential signal peptides or hydrophobic transmemémregions), which are numerous in CyHV-3.
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Also, the ancestors of CyHV-3 have evidently cagdseveral genes from the host cell (e.g. the
deoxyuridine triphosphatase and interleukin-10 ggpe other viruses (e.g. genes of which the ctoses

relatives are found in iridoviruses or poxvirus@g)uze, Dishon, Kahan, & Kotler, 2006).

The CyHV-3 genome also contains five gene famtlies have presumably arisen by gene
duplication, a mechanism for generating diversitthas been used commonly by herpesviruses in all
three families. They are shaded in distinguishiolgrs in Fig. 4. These are the ORF2 family (ORF2,
ORF3, ORF9, ORF129, ORF130 and ORF135), the TNRR\YfgORF4 and ORF12, encoding
proteins related to tumor necrosis factor receptbe) ORF22 family (ORF22, ORF24 and ORF137),
the ORF25 family (ORF25, ORF26, ORF27, ORF65, ORFdrd ORF149, encoding potential
membrane proteins containing an immunoglobulin dojrend the RING family (ORF41, ORF128,
ORF144 and ORF150). Some of the proteins encodélddsg genes are virion components (ORF137,
ORF25, ORF27, ORF65, ORF148 and ORF149). Membezadi of these gene families are also
present in CyHV-1 and CyHV-2, whereas AngHV-1 laakdut the TNFR family, having instead

several other families that are absent from theigigbherpesviruses (Davison et al., 2013).

Herpesvirus genomes are described as infectiowibedheir transfection into permissive cells
is sufficient to initiate replication and the pration of progeny virions. This property has been
exploited to produce recombinant viruses by usigdrial artificial chromosome (BAC) cloning of
the entire viral genome and prokaryotic recombaratechnologies. Such an approach has been used
extensively for members of thi¢erpesviridadfamily (Tischer & Kaufer, 2012) and has been

demonstrated to be also applicable to CyHV-3 (Gostal., 2008).

3.1.3. Genotypes

Early investigations on CyHV-3 genetic diversityngaaring partial DNA polymerase gene and
partial major envelope protein gene sequences BiVEY isolates from Japan, the United States and
Israel showed a high degree of nucleotide sequideadity (Ishioka et al., 2005). Similar sequence
identities were also found among isolates from RbkEnd Germany (Antychowicz, Reichert, Matras,
Bergmann, & Haenen, 2005; El-Matbouli, Saleh, &i®ah, 2007), suggesting that the virus causing

disease in carp worldwide represented a singles\aniity. Comparison of the complete genome



412 sequences of three isolates from Japan (CyHV+Bd)}Jnited States (CyHV-3 U) and Israel (CyHV-3

413 1) also revealed more than 99% identity (Aoki et 2007) which was consistent with this scenario.

414 Despite this close genetic relationship betweelaiss, the alignment of three complete

415 CyHV-3 sequences revealed numerous minor deleti@estions and single nucleotide substitutions.
416 These variations enabled a distinction betweerCiidV-3 J lineage and the lineage represented by
417 CyHV-3 U and | isolates (Aoki et al., 2007; Beraavet al., 2005). Recently, the full length

418 sequencing of a fourth strain, CyHV-3 GZ11 (isaafiem a mass mortality outbreak in adult koi in
419 China), revealed a closer relationship of thisatolith the CyHV-3 U/l lineage (Li et al., 201%he
420 existence of two lineages was confirmed on a lasgeof European and Asian isolates using a PCR-
421 based approach targeting two distinct regions @fgtnome (Bigarré et al., 2009). Marker I, located
422  between ORF29 and ORF31 of CyHV-3 (Aoki et al., 20®as 168 bp in length (designaté&d for
423 CyHV-3 J and only 130 bpTJ for the CyHV-3 U/l. Marker I, located upstrearh@RF133, was 352
424  bp in length in the CyHV-3 J sequencé)(tompared to 278 bp {Jlin the other two sequences. These
425 studies also provided the first evidence of othweptial genotypes; describing a unique genotype of
426  CyHV-3in koi carp from Poland that was identicatihe CyHV-3 U/l viruses in marker Il {JIbut

427  shared features of both the CyHV-3 J and CyHV-3géhotypes in marker I'() (Bigarré et al.,

428 2009). A similar profile was observed for a CyH\$tBain from Korea and the GZ11 strain from

429 China (Kim & Kwon, 2013; Li et al., 2015). The samarkers were used to identify another novel
430 “intermediate” genotype of CyHV-3 in Indonesia thresembled the CyHV-3 J genotype in marker |
431 (1) but was identical to the CyHV-3 U/I genotype ianker Il (II) (Sunarto et al., 2011). Sunarto et
432 al. (2011) speculated that genotypk has evolved through genetic intermediatéti; and "1l to
433 give rise to T'll", and that the first genotyp@ll (corresponding to E1 genotype based on the

434 thymidine kinase (TK) gene sequence, see below)beahe origin of CyHV-3. Alternatively, it is
435 suggested that an ancestral form diverged to geeto two lineages, CyHV-3 J and CyHV-3 U/l

436 (Aoki et al., 2007).

437 Analysis of the TK gene sequence (Bercovier eR05), particularly the region immediately

438 downstream of the stop codon, provided signifigantbre resolution (Table 4). In combination with
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sequence data for the Sph I-5 (coordinates 936898INCBI: DQ657948) and the 9-5 (coordinates
165399-165882, NCBI: DQ657948) regions (Gilad et2002; Gray, Mullis, LaPatra, Groff, &
Goodwin, 2002), nine different genotypes were itfiet (Kurita et al., 2009). The CyHV-3 from

Asia showed a high degree of sequence homolodyuah two variants were differentiated based on
a single nucleotide polymorphism in the TK gene @htl A2). In contrast, seven genotypes were

identified in CyHV-3 from outside of Asia (E1-E7).

Interestingly, a study by Han et al. (2013) ideetifa sequence insertion in a glycoprotein gene
(ORF125) of a Korean isolate (CyHV-3 K) comparethwihe viruses from Japan (CyHV-3 J), the
United States (CyHV-3 U) and Israel (CyHV-3 I). $hsiuggests that the CyHV-3 K is distinct from
the CyHV-3 Al and A2 genotypes. However, in theeslos of comparable data from the TK gene,
marker | or Il regions, it is not possible to confithis hypothesis (Han et al., 2013). In additeome
recent CyHV-3 isolates from Korea, Malaysia andn@hwere shown to belong to the E4 genotype
which suggests the emergence of European lineagksia (Chen et al., 2014; Dong, Li, Weng, Xie,

& He, 2013; Kim & Kwon, 2013; Li et al., 2015).

Besides the nucleotide mismatches, insertions letides, much of the sequence differences
between CyHV-3 isolates occurred at the level oialde number of tandem repeat (VNTR)
sequences (Avarre et al., 2011). In agreementatitar genetic studies (Bigarré et al., 2009; Kim &
Kwon, 2013), analyses using multiple VNTR loci itilBed two lineages which were equivalent to the
Asian and European viruses, but, with the increassztiminatory power of VNTR analysis, allowed
the identification of up to 87 haplotypes (Avarteak, 2011; Avarre et al., 2012). As expectedgesalv
of the isolates from the Netherlands showed a dlels¢ionship to CyHV-3 J and were assigned to the
same lineage, but the isolates from France anNétieerlands generally showed a closer relationship
to CyHV-3 U/l and were assigned to the Europeagalje (Bigarré et al., 2009). Surprisingly, the
Indonesian isolates witfi*ll haplotype (Sunarto et al., 2011) are closely rdleaeCyHV-3 J and

were assigned to the same lineage. No VNTR data axailable for CyHV-3 K and GZ11 strains.

VNTR polymorphism has shown great potential fofediéntiating isolates of large DNA

viruses such as human herpesvirus 1 (Deback &0&l9). However, since the mechanism of VNTR
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evolution in CyHV-3 is not fully understood, it rams possible for the different phylogeographic
types to share some VNTR features but have acqtlieed through separate evolutionary routes.
Therefore, future epidemiological studies on CyHYh&y consider undertaking an initial
phylogeographic analysis using the non-VNTR polyphisms (insertions, deletions and point
mutations) observed throughout the genome, andadtdy, exploit the power of the VNTR variability

to provide resolution to the isolate level.

3.1.4. Transcriptome

Herpesvirus gene expression follows a coordinaagporal pattern upon infection of
permissive cells as shown in Fig. 2b (Pellett gt2il11c). Immediate-early (IE) genes are first
transcribed in the absenced® novoprotein synthesis, and regulate the subsequenégsipn of
other genes. Expression of early (E) genes is dkgpgron IE-gene expression, and they encode
enzymes and proteins involved in the modificatibhast cell metabolism and the viral DNA
replication complex. The late (L) genes form thedtland last set to be expressed, dependent dn vira
DNA synthesis, and primarily encode the viral stuwal proteins. The first indication that fish
herpesvirus gene expression follows a similar tealgmattern came fronm vitro studies on IcHV-1

transcription (Hanson et al., 2011).

More recently, two extensive genome-wide gene esgioe analyses of CyHV-3 (llouze,
Dishon, & Kotler, 2012a) and AngHV-1 (van BeurdBegters, Rottier, Davison, & Engelsma, 2013)
explored the kinetic class of each annotated OR&Wng two approaches. First, gene expression
was studied by RT-PCR or RT-gPCR during the figirs post-infection (hpi). Second,
cycloheximide (CHX) and cytosingD-arabinofuranoside (Ara-C) or phosphonoacetid §eiAA)
were used to blocle novgprotein synthesis and viral DNA replication, redpeely. In the presence
of CHX, only IE genes are expressed whereas iptbsence of Ara-C or PAA, the IE and E genes
but not the L genes are expressed. For CyHV-3| RINA synthesis was evident as early as 1 hpi, and
viral DNA synthesis initiated between 4 and 8 hjouze et al., 2012a). Transcription of 59 ORFs was
detectable from 2 hpi, 63 ORFs from 4 hpi and 28&©Rom 8 hpi. Transcription of 6 ORFs was only

evident at 24 hpi (Table 5). Expression kinetiasrédated AngHV-1 genes were analyzed differently,
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thus hampering direct comparison, but in genetbdi@d the same pattern (van Beurden et al., 2013).
RNAs from all 156 predicted ORFs of CyHV-3 wereatded (including ORF58 which was initially
predicted based on a marginal prediction but régeamoved from the predicted genome map (Fig.

4) (Davison et al., 2013)), and based on the obsiervthat antisense transcription for related
AngHV-1 was very low, it is expected that all aratett ORFs indeed code for viral RNAs (Aoki et

al., 2007; llouze et al., 2012a; van Beurden, Gathet al., 2012).

By blocking protein synthesis or viral DNA repligat, 15 IE, 112 E and 22 L genes were
identified for CyHV-3, whereas for 7 ORFs no cléisation was possible (llouze et al., 2012a) (Table
5). In general, this classification followed thgeassion kinetics determined for each ORF, withtmos
IE genes being expressed at 1 or 2 hpi, most Esgegteveen 2 and 4 hpi and most late genes at 8 hpi.
For AngHV-1, 4 IE genes, 54 E or E-L genes and @f&hes were found (van Beurden et al., 2013).
As there is no clear boundary between the E-Lgaky-late) and L genes, these differences may be
explained by sensitivity of the method used to etee the onset of gene expression and data
analysis. Similar to mammalian herpesviruses, gemscripts known to be involved in DNA
replication were expressed early, while proteasdssazymes involved in virion assembly and
maturation were expressed late (llouze et al., @01&n Beurden et al., 2013). Inhibition of some
early genes involved in DNA replication (e.g. TKdaDNA polymerase) by specific SiRNA decreased

viral release from infected cells (Gotesman, Satinigesch, & El-Matbouli, 2014).

Interestingly, in IcHV-1, CyHV-3 and AngHV-1, th& Igenes show a clear clustering in or near
the terminal direct repeats, suggesting positionakervation of these regulatory genes (llouzé et a
2012a; Stingley & Gray, 2000; van Beurden et @13). The E and L genes are mainly located in the
unique long region of the genome, with almost bathe CyHV-3 E genes clustered and transcribed
simultaneously (llouze et al., 2012a). This obséowamay be biased, however, by 3’-coterminality of
transcripts, which was shown to be abundant irAtigHV-1 genome (van Beurden, Gatherer, et al.,

2012).

3.1.5.  Structural proteome and secretome
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Initial predictions of the structural proteome oftd/-3 were based on comparison with
experimental findings obtained for IcHV-1 and bfoimatically predicted properties of the putative
CyHV-3 encoded proteins (Aoki et al., 2007; DavigobDavison, 1995). More recently, two
independent studies explored the structural proteohone European and two Chinese CyHV-3
isolates by a combination of virus particle puation, gel electrophoresis and mass spectrometry-
based proteomic approaches (Michel, Leroy, eRallQ; Yi et al., 2014). A total of 34 structural
proteins were identified for all three CyHV-3 isi@gs, and another 12 proteins were found in only one
or two of the three studied isolates (Table 6 aigd%). The latter were generally of low abundance,
suggesting that these small differences in prateirstitution either indicate strain-specific vanat
or inter-study variation. Overall, the total numléstructural proteins of viral origin reported fo
CyHV-3 (46) corresponds with the number reportedcfosely related AngHV-1 (40) and is in line
with numbers reported for members of Hierpesviridaefamily, e.g. 44 for herpes simplex virus 1

(Loret, Guay, & Lippe, 2008).

Comparisons of homologous genes with similar stiftierelated alloherpesviruses IcHV-1
and AngHV-1, as well as bioinformatical predictiafgrotein properties enabled putative
localization of the proteins within the virion (TlatB). Based on these predictions, five capsideimet
were identified, including the highly conserved arajapsid protein, capsid triplex subunit 1 and 2,
and the capsid maturation protease. Indeed, treccapchitecture and protein composition of fish
herpesvirus capsids generally mirror that of mananaberpesviruses, with the exception of the small
protein which forms the hexon tips in mammaliarplesriruses (Booy et al., 1996; Davison &
Davison, 1995). Comparison with the closely reladedHV-1 resulted in the identification of 11
tegument or tegument-associated proteins, incluttiedgarge tegument protein ORF62 (Michel,
Leroy, et al., 2010; van Beurden, Leroy, et al1R0i et al., 2014). Bioinformatical predictionsrf
signal peptides, transmembrane domains and glyatisylallowed the identification of a total of 16

putative membrane proteins (Aoki et al., 2007; Micheroy, et al., 2010; Yi et al., 2014).

In addition, several studies dedicated to spevifion proteins have been carried out (Aoki et

al., 2011; Dong et al., 2011; Fuchs, Granzow, Dgukehtner, & Mettenleiter, 2014; Rosenkranz et
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al., 2008; Tu et al., 2014; Vrancken et al., 2043t al., 2014). Some of these proteins have been
studied in more detail, notably ORF81, which iget3 membrane protein and is thought to be one of
the most immunogenic (major) membrane proteinsybf\G3 (Rosenkranz et al., 2008). Based on
their high abundance and unique locations upon BRSE of purified proteins, Yi et al. (2014)
marked ORF43, ORF51, ORF62, ORF68, ORF72, ORF84é&tebD2 as the major structural proteins
of CyHV-3 (Yi et al., 2014). Two of these proteimgmely the large tegument protein encoded by
ORF62, and ORF68 had previously been identifieshai®r antigenic CyHV-3 proteins by
immunoscreening (Aoki et al., 2011). Moreover, devan infected carp reacted also against cells
transfected with plasmid encoding for ORF25, ORFBRF148, ORF149 (4 members of the ORF25
family; Envelope proteins), ORF99 (envelope proteimd ORF92 (major capsid protein) (Fuchs et al.,

2014).

The degree of conservation of the tegument and@pegroteins among fish herpesviruses is
limited, with only one large tegument protein amdgmtially two envelope proteins being conserved
between CyHV-3, AngHV-1 and IcHV-1 (van Beurdenrdy et al., 2011). For AngHV-1, the
distribution of the structural proteins acrossdiféerent viral compartments resembles that of bthe
herpesviruses, with decreasing numbers for therdifft proteins from tegument to envelope to capsid
(van Beurden, Leroy, et al., 2011). Although theal@ation of the CyHV-3 structural proteins
remains to be demonstrated experimentally, a simél#o may be expected, implying that most of the

yet unclassified proteins are located in the tegume

Both studies on the CyHV-3 structural proteome alsatified 18 to 27 cellular proteins
associated with extracellular CyHV-3 virions (MitHeeroy, et al., 2010; Yi et al., 2014). Similar t
mammalian herpesviruses, these include proteirgvas in stress response, signal transduction,
vesicular trafficking, metabolism, cytoskeletonamization, translational control, immunosuppression
and cell-signaling regulation. Except for the stethvirus-induced stress protein identified byeYi
al. (2014), host cellular proteins were generaily In abundance suggesting them as minor

components of the virions (Michel, Leroy, et aD1P; Yi et al., 2014).
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The viral secretome of CyHV-3 was examined by aziatyconcentrated supernatants of
infected cell cultures by mass spectrometry (Ouyetray., 2013). Five viral proteins were identified
of which the two most abundant were ORF12 encodiagluble TNF receptor homolog, and ORF134
encoding an IL-10 homolog. Three additional viradtpins (encoded by ORF52, ORF116 and
ORF119) had previously been predicted to be palemembrane proteins, but were not convincingly
identified as such. Overall, the identificationtleg viral and cellular protein composition of the
virions and viral secretome represent milestondsndamental CyHV-3 research, and may facilitate
the development of diagnostic and prophylactic iappbns (see for example Fuchs et al. (2014);

Vrancken et al. (2013)).
3.1.6.  Viral replication in cell culture
3.1.6.1. Celllines permissive to CyHV-3

CyHV-3 can be cultivated in cell lines derived freaammon carp brain (CCB) (Davidovich,
Dishon, llouze, & Kotler, 2007; Neukirch, Bottch& Bunnajrakul, 1999), gills (CCG) (Neukirch et
al., 1999) and fin (CaF-2, CCF-K104, MFC) (Imajalak, 2015; Neukirch & Kunz, 2001; Zhou et al.,
2013). Permissive cell lines have also been derfnaed koi fin: KF-1 (Hedrick et al., 2000), KFC
(Ronen et al., 2003), KCF-1 (Dong et al., 2011) AN&Gand NGF-3 (Miwa et al., 2007), KF-101 (Lin,
Cheng, Wen, & Chen, 2013) (Table 7). Other permgssell lines were developed from snout tissues
(MSC, KS) (Wang et al., 2015; Zhou et al., 2013)nkarp cell lines, such as silver carp fin (TolyFL
and goldfish fin (Au) were also described as pesimesto CyHV-3 (Davidovich et al., 2007). One
report showed cytopathic effect (CPE) in a cek ffrom fathead minnow (FHM) after inoculation
with CyHV-3 (Grimmett, Warg, Getchell, Johnson, &Wser, 2006), but this observation was not
confirmed by others (Davidovich et al., 2007; Hekret al., 2000; Neukirch et al., 1999). Similarly,
Neukirch et al. (1999) and Neukirch and Kunz (20@ported CPE in EP@pithelioma papulosum
cyprini) cells but this observation was also not confirr{igdvidovich et al., 2007; Hedrick et al.,
2000; Hutoran et al., 2005). This discrepancy cdagbartially explained by the controversial origin
of the EPC cell line. This cell line was initialtiescribed as originating from common carp but was
recently found to derive from fathead minnow (Wimt al., 2010). Other commonly used cell lines

such as CHSE-214 (chinook salmon embryo) (Neuldtad., 1999) and CCO (channel catfish ovary)
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(Davidovich et al., 2007) are not permissive to @y8linfection. Typical CPE induced by CyHV-3
includes vacuolization and increased cell volumédted cells form characteristic plaques that grow
according to time post-infection, frequently leaglto the formation of syncytia (llouze, Dishon, &
Kotler, 2006). Finally, infected cells become roaddefore they detach from the substrate. Infestiou
virions are mostly retrieved from the infected ceipernatant (cell-free fraction) (Gilad et al.02
Isolation and adaptability of CyHV{8 vitro seems to vary according to the field strain ardioe
used. However, well adapted laboratory strainsliysteach titres up to 0o 10 pfu/ml (llouze,

Dishon, & Kotler, 2006).

3.1.6.2. Temperature restriction

CyHV-3 replication is restricted by temperatimevitro andin vivo. In vitro, optimal viral
growth was observed in KF-1 cell line at tempereguretween 15 °C and 25 °C (Gilad et al., 2003);
however, within this range, temperature affectedtime at which viral production peaked (e.g. peak
of viral titer observed at 7 days post-infectiopijcand 13 dpi after incubation at 20-25 °C and@5

respectively) (Gilad et al., 2003).

Virus production, virus gene transcription and gaaaeplication are gradually turned off when
cells are moved from permissive temperature totdrepermissive temperature of 30 °C (Dishon,
Davidovich, llouze, & Kotler, 2007; llouze, Dishof,Kotler, 2012m; Imajoh et al., 2015). Although
most of the 110 ORFs, still transcribed 24 h aftertemperature shift, are gradually shut off (€abl
5), few ORFs such as ORF114 and 115 were stillessgad 18 days after temperature shift. However,
infected cells maintained for 30 days at 30 °C @mnessthe potential to reinitiate a productive iti@c
when returned to permissive temperatures (Dishah,e2007). This state of abortive infection with
the potential to reactivate resembles latency asriteed forHerpesviridae Putatively, the viral
membrane protein encoded by ORF115 may represdepstein-Barr virus-like membrane-bound

antigen associated with latency.
3.2. CyHV-3 disease

3.2.1. Epidemiology



626

627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647

648

649

650
651
652
653

3.2.1.1. Fish species susceptible to CyHV-3 infection

There is evidence that CyHV-3 can infect a widegeaaf species but that it only induces
disease in common and koi carp. Hybrids of koi Kfigh and koi x crucian carp can be infected by
CyHV-3, with mortality rates of 35% and 91%, redpesty (Bergmann, Sadowski, et al., 2010).
Common carp x goldfish hybrids have also been teddo show some susceptibility to CyHV-3
infection; however, the mortality rate observed waker limited (5%) (Hedrick, Waltzek, &
McDowell, 2006). PCR detection of CyHV-3 performad cyprinid and non-cyprinid fish species, but
also on freshwater mussels and crustaceans, saddbat these species could act as reservoir of the
virus (Table 8) (EI-Matbouli et al., 2007; EI-Matidd& Soliman, 2011; Fabian, Baumer, &
Steinhagen, 2013; Kempter & Bergmann, 2007; Kemgttet., 2012; Kempter et al., 2009; Kielpinski
et al., 2010; Radosavljevic et al., 2012). Cohdibiteexperiments suggest that some of these fish
species (goldfish, tench, vimba, common bream, comraach, European perch, ruffe, gudgeon,
rudd, northern pike, Prussian carp, silver carpgmds carp) can carry CyHV-3 asymptomatically and
transmit it to naive carp (Bergmann, Lutze, et2010; EI-Matbouli & Soliman, 2011; Fabian et al.,
2013; Kempter et al., 2012; Radosavljevic et &12). Recent studies provided increasing evidence
that CyHV-3 can infect goldfish asymptomaticallyefBmann, Lutze, et al., 2010; El-Matbouli &
Soliman, 2011; Sadler, Marecaux, & Goodwin, 20@8ough some discrepancies exist in the
literature (Yuasa, Sano, & Oseko, 2013). Consistdtfit this observatiorin vitro studies showed that
CyHV-3 can replicate and cause CPE in cell cultdexssed not only from common and koi carp but
also from silver carp and goldfish (Davidovich et 2007). Finally, the World Organization for
Animal Health (OIE) lists one KHVD susceptible sgacCyprinus carpioand its hybrids) and
several suspected fish carrier species (goldfisgssgycarp, ide, catfish, Russian sturgeon and titlan

sturgeon) (OIE, 2012).

3.2.1.2. Geographical distribution and prevalence

The geographical range of the disease caused by Qykhs become extensive since the first
outbreaks in Germany in 1997 and in the USA araklsn 1998 (Bretzinger et al., 1999; Hedrick et
al., 2000; Perelberg et al., 2003). Worldwide tradeommon and koi carp is generally held

responsible for the spread of the virus before ouglof detection were available and implemented



654
655

656
657
658
659
660
661
662
663
664
665
666
667

668
669
670
671
672
673
674
675
676
677
678
679
680

(OIE, 2012). The disease is now known to occuoirhas been reported in fish imported into, attleas

28 different countries (OIE, 2012).

In Europe, reports of widespread mass mortalityeh@@en notified in carp farms and fisheries
in Germany, Poland and the UK (Bergmann, Kemptado®/ski, & Fichtner, 2006; Gotesman,
Kattlun, Bergmann, & El-Matbouli, 2013; Taylor, iR, et al., 2010). The disease is also known to
occur in, or has been recorded in fish imported,iAustria, Belgium, Czech Republic, Denmark,
France, Hungary, Italy, Luxembourg, The Netherlafpublic of Ireland and Switzerland (Haenen
et al., 2004; McCleary et al., 2011; Pokorova et24)10; Pretto et al., 2013). Most recently, KHVD
outbreaks have been reported to the OIE from Ram&tovenia, Spain and Sweden (OIE, 2012).
Three novel CyHV-3-like viruses were also identftey PCR in The Netherlands, UK, Austria and
Italy, sharing only 95 to 98% nucleotide identititwthe CyHV-3 J, CyHV-3 | and CyHV-3 U strains
Carp carrying the CyHV-3 variants did not show iclh signs consistent with CyHV-3 infection and
originated from locations with no actual CyHV-3 brgaks. These strains might represent low- or

non-pathogenic variants of CyHV-3 (Engelsma et24l1,3).

In Asia, in the Middle East, the first disease ogtlixs with mass mortalities were seen in Israel
in 1998 and in the following 3 years, the virus kadead to 90% of all carp farms (Perelberg et al.,
2003). In south-eastern Asia, the first outbredkstdvD, with mass mortalities of cultured koi carp,
occurred in Indonesia in 2002 and were associatédamn importation of koi from Hong Kong
(Haenen et al., 2004; Sunarto et al., 2011). Liat@002, the first occurrence of CyHV-3 infection
was reported in koi carp in Taiwan (Tu, Weng, Sh&ilin, 2004). In 2003, detection of CyHV-3
was first reported in Japan following mass motitgiof cage-cultured common carp in the Ibaraki
prefecture (M. Sano et al., 2004). Since thenythes has been confirmed in 90% of the 109 class A
natural rivers and in 45 of 47 prefectures (Lio-B@]1; Minamoto, Honjo, Yamanaka, Uchii, &
Kawabata, 2012). Similarly, CyHV-3 spread rapidiyridonesia with disease outbreaks reported on
most of the major islands by 2006 (Lio-Po, 2013)HE-3 has also been detected in China (Dong et
al., 2011), South Korea (D. K. Gomez et al., 208Ingapore (Lio-Po, 2011), Malaysia (Musa,

Leong, & Sunarto, 2005) and Thailand (Lio-Po, 2(Rikulkaew, Meeyam, & Banlunara, 2009).
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In North America, the first reports of CyHV-3 infean were from disease outbreaks at koi
dealers (Gray et al., 2002; Hedrick et al., 2000gn, in 2004, CyHV-3 was confirmed from mass
mortalities of wild common carp in South CarolimaddNew York states (Grimmett et al., 2006;
Terhune et al., 2004). In Canada, CyHV-3 was fietected during disease outbreaks in wild common
carp in Ontario in 2007 and further outbreaks wepmrted in Ontario and Manitoba in 2008 (Garver
et al., 2010). More recently, mass mortalitiesahmon carp have been reported along the
US/Canada border in Michigan and Wisconsin (Gotesetal., 2013) (S. Marcquenski, personal

communication).

There are no reports of KHVD or CyHV-3 detectiorani South America or Australasia, and

the only reports from the African continent arenfr8outh Africa (OIE, 2012).

Horizontal transmission of the disease is veryddpee section 3.2.3.1.3.). Several hypotheses
were suggested to explain the swift spread of thesv() The practice of mixing koi carp in the same
tanks at koi shows has been held responsible feadmg the disease, particularly within a country
(Gilad et al., 2002).i( In Israel, piscivorous birds are suspected teeponsible for the rapid spread
of CyHV-3 from farm to farm (llouze, Davidovich, &nant, Kotler, & Dishon, 2010)iii() Disposal
of infected fish by selling them below the market@ was one suspected route of dissemination of
the virus in Indonesia (Sunarto, Rukyani, & 1ta@®05). (v) It was suggested that the outbreaks of
disease in public parks and ponds in Taiwan withecg¢nt introduction of fish were the result of
members of the public releasing infected fish thponds (Tu et al., 2004¥) (Additionally, the
virus has also been spread nationally and intermally before regulators were aware of the disease
and methods to detect CyHV-3 were available. Thisvidenced by the detection of CyHV-3 DNA in
archive histologicaspecimens collected during unexplained mass miegbf koi and common carp
in the UK in 1996 and in cultured common carp intBdorea in 1998 (Haenen et al., 2004; Lee,

Jung, Park, & Do, 2012).

There are limited published observations of virtesplence in wild or farmed populations of
carp. A PCR survey, performed two years after th/R outbreaks in Lake Biwa, Japan, found a
higher prevalence of CyHV-3 in larger common ca&3¢m, 54% of seropositive fish) compared to

smaller ones (< 3cm, 0% seropositive fish) (UdWiatsui, lida, & Kawabata, 2009). Again in Japan,
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CyHV-3 DNA was detected in 3.9% (3/76), 5.1% (4/7#0)d 16.7% (12/72) of brain samples in three
rivers of the Kochi prefecture (Fujioka et al., 3D1

In England, three sites experiencing clinical oeiélis of disease in 2006 and having no
introduction of fish since that time were revisiiad2007, and found to have detectable serum
anti-CyHV-3 antibodies in the surviving carp witlsero-prevalence of 85-93% (Taylor, Dixon, et al.,
2010).Similarly, studies to determine the prevalence wifi¢-3 in country’s carp farms or natural
water bodies have been few. In the UK, common pasgitive for CyHV-3 antibodies were found to
be widely distributed in fisheries (angling watdos} the majority of carp farms remained negative.
The main route of spread of CyHV-3 was determirmebe live fish movements but alternative routes,
including the stocking of imported ornamental figlere also suggested (Taylor, Norman, Way, &

Peeler, 2011; Taylor, Way, Jeffery, & Peeler, 2010)

Further evidence of widespread dissemination of \ZyHs provided by molecular
epidemiology studies using the approaches descmbgelction 3.1.3. Two major lineages, CyHV-3 J
and CyHV-3 U/I, have been identified with lineageepresenting the major lineage in eastern Asia
(Aoki et al., 2007; Kurita et al., 2009). Furthéudies have identified potential sub-genotypes iwith
the European (CyHV-3 U/l) and Asian (CyHV-3 J) lxges, with the European viruses showing the
most variation (Kurita et al., 2009). The CyHV-8nkage has been detected in samples of infected
koi and common carp from France and The NetherléBidgrré et al., 2009) and the same study also
identified a unique genotype of CyHV-3, intermedibetween J and U/, in koi carp from Poland. In
Austria, the sequence analysis that was undertakigcates that the CyHV-3 J was the only lineage
detected in infected tissues from 15 koi carp fdifferent locations in 2007 and suggests that the
presence of the CyHV-3 J lineage in Europe mayrtked to imports of Asian koi. In the UK, VNTR
analysis similar to that described by Avarre ef2011), identified 41 distinct virus VNTR profilégr
68 disease cases studied between 2000 and 2018inardhese were distributed throughout 3 main
clusters, CyHV-3 J, CyHV-3 | and CyHV-3 U, and atermediate lineage (D. Stone, personal

communication), it suggests multiple incursion€£gHV-3 into the UK during that period.

In eastern and south-eastern Asia, the U/l or Eranpineage has been detected but only at low

frequency. In Indonesia, analysis of infected &ssitom 10 disease outbreaks, from 2002 to 2007,
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identified 2 Asian genotypes and also another iméeliate genotype (Sunarto et al., 2011). A study in
S. Korea identified from disease outbreaks in 2008y an European genotype in samples of infected
common carp and the expected Asian genotype inda (Kim & Kwon, 2013). More recently, an
European genotype of CyHV-3 was detected from @adis outbreak in 2011 in China (Dong et al.,

2013), and in imported carp from Malaysia in Sirg@yChen et al., 2014).

3.2.1.3. Persistence of CyHV-3 in the natural environment

CyHV-3 remains infectious in water for at leastaurs, but not for 21 hours, at water
temperatures of 23-25 °C (Perelberg et al., 2008)er studies in Japan have displayed a significant
reduction in the infectious titer of CyHV-3 with#days in environmental water or sediment samples
at 15 °C, while the infectivity remained for mohah 7 days when CyHV-3 was exposed to sterilized
water samples, thus suggesting the roles of miggarasms in the inactivation of CyHV-3 (Shimizu,
Yoshida, Kasai, & Yoshimizu, 2006). Supporting thigoothesis, a recent report showed that bacteria
isolated from carp habitat waters and carp intestontents possessed some anti-CyHV-3 activity
(Yoshida, Sasaki, Kasai, & Yoshimizu, 2013). Therlies suggest that, in the absence of hosts,

CyHV-3 can be rapidly inactivated in environmemailter.

In Japan, the detection of CyHV-3 DNA in river wasamples at temperatures of 9-11 °C has
been reported 4 months before an outbreak of KHvBiiver (Haramoto, Kitajima, Katayama, &
Ohgaki, 2007). Japanese researchers have quar@yidd’-3 in environmental samples by cation-
coated filter concentration of virus linked to aaqtitative PCR (qPCR) (Haramoto, Kitajima,
Katayama, Ito, & Ohgaki, 2009; Honjo et al., 20103ing this technique, CyHV-3 was detected at
high levels in water samples collected at 8 sitesgathe Yura river system during, and 3 montheraft
an episode of mass mortality caused by KHVD andagér temperatures ranging from 28.4 down to
14.5 °C (Minamoto, Honjo, Uchii, et al., 2009). T$masonal distribution of CyHV-3 in Lake Biwa,
Japan was investigated using qPCR, which foundtithis to be distributed all over the lake 5 years
after the first KHVD outbreak in 2004. Mean concations of CyHV-3 in the lake water showed
annual variation, with a peak in the summer anmdagh in winter, and also indicated that the viaus

more prevalent in reductive environments such @sutbid, eutrophic water found in reed zones
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(Minamoto, Honjo, & Kawabata, 2009). These areadla main spawning sites of carp in Lake Biwa
and support the hypothesis of increased prevalehCgHV-3 during spawning (Uchii et al., 2011).
The researchers suggested that, in highly turbignveiruses may escape degradation by attaching to
organic or non-organic particles (Minamoto, Hor§d{awabata, 2009). Further studies of carp
spawning areas in Lake Biwa reported the detectid@yHV-3 DNA in plankton samples and in

particular theRotiferaspecies (Minamoto et al., 2011).

Finally, as explained earlier (see section 3.2 1ather vertebrate and invertebrate species
could play a significant role in CyHV-3 persistenmeeaquatic environments and should be considered

as an epidemiological risk for carp farms (Fabigaale 2013).

3.2.1.4.  Use of CyHV-3 for biological control of common carp

In Australia, common carp is considered as an itapbinvasive pest species. Its population
and geographical range drastically expanded aftacaidental escape from isolated farms in
south-eastern Australia due to flooding in the E970 the early 2000s, an integrated pest
management plan was developed to counteract coroarprinvasion. CyHV-3 was proposed as a
biological control agent to reduce common carp petpns (McColl, Cooke, & Sunarto, 2014). With
regard to this goal, CyHV-3 possesses some integestharacteristics such as inducing high
morbidity/mortality, high contagiosity, and a nasrbost range for induction of the disease (not for
asymptomatic carriers). These viral charactegstmupled with some epidemiological conditions
specific to Australia, such as the absence of Cy3nd other cyprinid fish species together with the
relatively low abundance of common and koi carpaagiture, suggest that CyHV-3 could be a
successful biocontrol agent. However, as statetthdoauthors, the use of exotic viruses as biocbntro
agents is not trivial and studies addressing tfetysand the efficacy of this measure are essential

before applying it to the field (McColl et al., 201
3.2.2. Clinical aspects

KHVD is seasonal, occurring mainly at water tempaes between 18 °C and 28 °C
(Gotesman et al., 2013; Rakus et al., 2013).dthghly contagious and extremely virulent disease

with mortality rates up to 80 to 100% (llouze, Dish & Kotler, 2006). The disease can be reproduced
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experimentally by immersion of fish in water coniap the virus, by ingestion of contaminated food,
by cohabitation with freshly infected fish and, martificially, by injection of infectious material
(Fournier et al., 2012; Perelberg et al., 2003hnfected with CyHV-3 using these various routes,
and kept at permissive temperature, die betweerd 22 dpi with a peak of mortality between 8 and
12 dpi (Fournier et al., 2012; Hedrick et al., 20B6érelberg et al., 2003; Rakus, Wiegertjes, Adamek
et al., 2009). Furthermore, CyHV-3 infected fish arore susceptible to secondary infections by
bacterial, parasitic or fungal pathogens, which @ytribute to the mortalities observed in the

infected population (McDermott & Palmeiro, 2013).

3.2.2.1. Clinical signs

The first clinical signs usually appear 2—3 dpijle/the first mortalities are frequently delayed
to 6-8 dpi (McDermott & Palmeiro, 2013). The caudd infection and the clinical signs observed are
variable between individual fish, even after sirman#ous and controlled experimental CyHV-3
inoculation. Fish can express the following clihisigns: folding of the dorsal fin; increased
respiratory frequency; gathering near well-aerate@s; skin changes including gradual hyperemia at
the base of fins, increased (sometimes decreasst)sisecretion, hemorrhages and ulcers on the
skin, sloughing of scales and fin erosion, sandphle texture of the skin, skin herpetic lesions;
gasping at the water surface; lethargy (lying atlibttom of the tank, hanging in head-down position
in the water column) associated with anorexia; sardyes; neurological symptoms with erratic
swimming and loss of equilibrium (Hedrick et al00®; McDermott & Palmeiro, 2013; Rakus et al.,

2013; Walster, 1999). None of these clinical sigrsathognomonic of KHVD.

3.2.2.2. Anatomopathology

The external post-mortem lesions that can be obdawm the skin include pale and irregular
patches, hemorrhages, fin erosions, ulcers anihgesavay of the epithelium. The main lesion in the
gills is a mild to severe necrosis with multifocaldiffuse discoloration, sometimes associated with
extensive erosions of the primary lamellae. Sonmthede anatomopathological lesions are illustrated
in Fig. 6a. Other inconsistent necropsy changdsdecenlarging, darkening and/or mottling of some

internal organs associated with petechial hemoa$iagccumulation of abdominal fluid and
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abdominal adhesions (Bretzinger et al., 1999; Hé&dt al., 2000; McDermott & Palmeiro, 2013;

Walster, 1999). None of the lesions listed aboymithognomonic of KHVD.
3.2.2.3. Histopathology

Histopathological alterations are observed in tlis, gkin, kidneys, heart, spleen, liver, gut and
brain of CyHV-3 infected fish (Hedrick et al., 200@iyazaki et al., 2008). In the skin, the lesiaas
appear as soon as 2 dpi and worsen with time @Big(Miwa, Kiryu, Yuasa, Ito, & Kaneko, 2014).
The cells exhibiting degeneration and necrosis skemous stages of nuclear degeneration (e.g. pale
coloration, karyorrhexis, pycnosis), frequentlyasated with characteristic intranuclear inclusion
bodies (Fig. 6b, panel D). These cells, shown tmfeeted by CyHV-3 using EM, are characterized
by a basophilic material within the nucleus asdedavith marginal hyperchromatosis (Miyazaki et
al., 2008). The number of goblet cells is reducg@®@ in infected fish and furthermore, they appear
mostly slim and slender, suggesting that mucuskeas released and not replenished (Adamek et al.,
2013). At later stages, erosion of skin epidersigaquently observed (Adamek et al., 2013; Miwa et
al., 2014). A recent report revealed that the damagused to the skin of the body and fins were the

most pronounced lesions (Miwa et al., 2014).

During the course of CyHV-3 infection, importanstaoipathological changes are observed in the
two compartments of the gills, the gill lamellaelaill rakers (Fig. 6¢) (Miyazaki et al., 2008;
Pikarsky et al., 2004). The lesions observed irgithdamellae involve infiltration of inflammatory
cells, hyperplasia, hypertrophy, degeneration awlasis of epithelial cells, congestion and edema
(Miyazaki et al., 2008; Ouyang et al., 2013; Piksrst al., 2004). As a consequence of the
pronounced hyperplasia, the secondary lamellae-spiece is progressively filled by cells. At later
stages, the gill lamellae architecture can be cetafyl lost by necrosis, erosion and fusion of the
primary lamellae (Pikarsky et al., 2004). Thes@les can be visualized macroscopically and are
frequently associated with secondary infectionkgfiky et al., 2004). In the gill rakers, the clemg
are even more recognizable (Pikarsky et al., 2004gse include subepithelial inflammation,
infiltration of inflammatory cells and congestionearly stages (Pikarsky et al., 2004), followed by
hyperplasia, degeneration and necrosis of cellsepiteng intranuclear inclusion bodies. At ulterior

stages, complete erosion of the epithelium carbiserwed. Based on these histopathological
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observations, a grading system (Fig. 6¢) has bempoped by Boutier et al. (2015). This grading
system classifies the lesions according to thrigerieri.e. () hyperplasia of epithelial cellsj)

presence and extent of degeneration and necrasi@idrpresence and abundance of intranuclear
inclusion bodies. As the number of presumed infiectdls does not always correlate with the severity
of the lesions, the combination of these critesingcessary to obtain a reliable histopathological

grading system (Boutier et al., 2015; Miwa et 2014).

In the kidney, a weak peritubular inflammatory liméite is evident as early as 2 dpi and
increases with time. It is accompanied by bloodsgksongestion and degeneration of the tubular
epithelium in many nephrons (Pikarsky et al., 200#tfanuclear inclusion bodies are mainly found in
hematopoietic cells (Miwa et al., 2014; Miyazakaét 2008). In the spleen, the main susceptibls ce
are the splenocytes. In extreme cases, the lesiolsle large numbers of necrotic splenocytes
accompanied by hemorrhages (Miyazaki et al., 2068he heart, many myocardial cells exhibit
nuclear degeneration and alteration of the mydfiamdles with disappearance of the cross-striation

(Miyazaki et al., 2008).

In the intestine and stomach, the lesions inducedrainly the consequence of the hyperplasia
of the epithelium, forming projections inside thieen. Cells of the epithelium expressing
intranuclear inclusion bodies and necrosis detemn the mucosa and locate in the lumen of the
organ (EI-Din, 2011). In the liver, hepatocytes tiie most affected cell type (Miyazaki et al., 2008

and mild inflammatory infiltrates can be observedhe parenchyma (Pikarsky et al., 2004).

In the brain, focal meningeal and parameninge&nmination is observed (Pikarsky et al.,
2004). Analysis of brains from fish that showedacleeurologic signs revealed congestion of
capillaries and small veins associated with edeunsadiissociation of nerve fibers in the valvula
cerebelli and medulla oblongata (Miyazaki et 8008). Infected cells were detected at 12 dpi in all
compartments of the brain. These cells were mapgndymal cells and, to a lesser extent, neurons
(Fig. 7) (Miwa et al., 2014). At 20 dpi, the lestoare accompanied by perivascular lymphocyte
infiltration and gliosis. The peak of nervous legaoincides in time with the peak of neurological

clinical signs (Miwa et al., 2014).
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3.2.3. Pathogenesis

All members of the familyHerpesviridaeexhibit 2 distinct phases in their infection cydigic
replication and latency. While lytic replicationassociated with production of viral particleselaty
entails the maintenance of the viral genome asamegrated episome and the expression of very
few viral genes and microRNAs. Upon reactivatigticlreplication ensues. Studies on a few
members of thélloherpesviridadamily also suggest the existence of these twostypiénfection.

Most of these studies are on CyHV-3 and suggesthiaemperature of the water could regulate the
switch between latency and lytic replication amzk versaallowing the virus to persist in the host
population throughout the seasons even when thgeeture is non-permissive (Uchii, Minamoto,
Honjo, & Kawabata, 2014). Below, we have summartheddata available for CyHV-3 for the two

types of infection.

3.2.3.1. Productive infection

3.2.3.1.1Portals of entry

In early reports, it has been suggested that CyHivag enter the host through infection of the
gills (Hedrick et al., 2000; llouze, Dishon, & Ket| 2006; Miyazaki et al., 2008; Miyazaki,
Yasumoto, Kuzuya, & Yoshimura, 2005; Pikarsky et2004; Pokorova, Vesely, Piackova,
Reschova, & Hulova, 2005) and the intestine (Diséioal., 2005; llouze, Dishon, & Kotler, 2006).
These hypotheses rely on several observationgig gills undergo histopathological lesions early
after inoculation by immersion in infectious wagkledrick et al., 2000; Pikarsky et al., 2004i), (
viral DNA can be detected in the gills and the ggiearly as 1 dpi (as in virtually all organs inithg
skin mucus) (Gilad et al., 2004), aniil)(the gills are an important portal of entry formgdish
pathogens. More recent studies usmgivo bioluminescent imaging system (IVIS) demonstraked
the skin is the major portal of entry of CyHV-3aftmmersion in virus-containing water (Fig. 8)
(Costes et al., 2009; Fournier et al., 2012). Tgidezmis of teleost fish is a living stratified sguous
epithelium that is capable of mitotic division &tlavels (even the outermost squamous layer). The
scales are dermal structures and, consequentlgpaezed by the epidermis (Costes et al., 2009). A

discrete luciferase signal was detected as early épi in most of the fish, while all fish weresally



900 positive at 24 hpi with the positive signal preferally localized on the fins (Costes et al., 200®)is
901 finding is supported by independent reports thatwsbarly CyHV-3 RNA expression in the skin as
902 early as 12 hpi (Adamek et al., 2013) and deteafoniral DNA in infected cells byn situ

903 hybridization in the fin epithelium as early asf# ¢the earliest positive organ) (Miwa et al., 214
904 Fish epidermis has also been shown to support edegtion of a Novirhabdovirus (IHNV; infectious
905 hematopoietic necrosis virus) in trout, suggestirag the skin is an important portal of entry of

906 viruses in fish (Harmache, LeBerre, Droineau, Giowai, & Bremont, 2006).

907 The data listed above demonstrated that the sktireisnajor portal of entry after inoculation of
908 carp by immersion in water containing CyHV-3. Whiités mode of infection mimics natural

909 conditions in which infection takes place, otheidemiological conditions could favor entry of virus
910 through the digestive tract. To test this hypothesarp were fed with material contaminated with a
911 CyHV-3 recombinant strain expressing luciferasea asporter gene, and bioluminescence imaging
912 analyses were performed at different times poseitnén (Fig. 8) (Fournier et al., 2012). These

913 experiments demonstrated that the pharyngeal pertadmucosa is the major portal of entry after
914  oral contamination. This mode of inoculation ledhe dissemination of the infection to the various
915 organs tested, inducing clinical signs and moytafites comparable to the infection by immersion
916 (Fournier et al., 2012). More recently, Monaghamofipson, Adams, Kempter, and Bergmann (2015)
917 claimed that the gills and gut represent additigatals of entry by using situ hybridization

918 analysis. In this report, several organs were destier infection by immersion and positive sigwals
919 detected as early as 1-2 hpi in gills, gut, andeessels of internal organs. Surprisingly, tlaidye

920 detection occurs far before viral DNA replicatidimat starts 4-8 hpn vitro (llouze et al., 2012a).

921 Moreover, this report is in contradiction with anet study that detected positive cells only after 2
922 days of infection in the fins by using the very sam@chnique (Miwa et al., 2014). Further evidence
923 that the skin, and not the gills, is the major @loof entry after inoculation by immersion in infiecs

924  water were recently provided by a study aimingeéwedop an attenuated recombinant vaccine (Boutier
925 etal., 2015). The study of the tropism of a recirabt strain deleted for ORF56 and 3566-57)

926 demonstrated that it also spreads from the skall tested organs. However, compared to the wild-

927 type strain, its systemic spread to the other argeas much slower, and its replication was redirced
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intensity and duration (Boutier et al., 2015). Biawer spread of th&56-57 vaccine strain within
infected fish allowed better discrimination of thertal(s) of entry from secondary sites of infetio
Though the skin of all fish was positive as eady2alpi, all of the other tested organs (includiils
and gut) were positive in the majority of fish affedpi. These data further demonstrate that threisk
the major portal of entry of CyHV-3 after infectibly immersion and suggest that the other organs

(including gills and gut) represent secondary sifa®plication.

3.2.3.1.2Secondary sites of infection

After infection at the portals of entry, CyHV-3 idly spreads in infected fish as demonstrated
by the detection of CyHV-3 DNA in almost all tissugs early as 1-2 dpi (Boutier et al., 2015; Géad
al., 2003; Ouyang et al., 2013; Pikarsky et alg4)0The tropism of CyHV-3 for white blood cells
most probably explains such a rapid spread of itlus within the body (Eide, Miller-Morgan, Heidel,
Bildfell, & Jin, 2011). CyHV-3 DNA can be isolatétbm blood as early as 1 dpi (Pikarsky et al.,
2004). During the first days post-infection, mokthe organs (including those that act as porthls o
entry) support increasing viral replication accagito time post-infection (Boutier et al., 2015heT
cause of death is more controversial. The sevek/¥infection observed in gills and kidneys,
together with the associated histopathologicalaiitens, could be responsible for acute death ¢(Gila
et al., 2004; Hedrick et al., 2000). It has alserbproposed that the severe skin alterations deattl

to hypo-osmotic shock (Miwa et al., 2014).
3.2.3.1.3Excretion and transmission

Horizontal transmission of CyHV-3 could occur eithg direct contact between fish or by
indirect transmission. Study of the CyHV-3 portai€ntry demonstrated that, according to specific
epidemiological conditions, CyHV-3 can enter cathe¥ through infection of the skin or infection of
the pharyngeal periodontal mucosa (Fig. 8). Theegfdirect transmission could result from skin to
skin contact between acutely infected or carrign fivith naive ones, or from cannibalistic and
necrophagous behaviors of carp (Fournier et al22Raj et al., 2011). Interestingly, horizontal
transmission in natural ponds seems accentuateat ispots of carp breeding behavior and mating

(Uchii et al., 2011), which could favor this skmmgkin mode of transmission (Raj et al., 2011).
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Several potential vectors could be involved inittdirect transmission of CyHV-3 including fish
droppings (Dishon et al., 2005), plankton (Minametal., 2011), sediments (Honjo, Minamoto, &
Kawabata, 2012), aquatic invertebrates feeding &gmfiltration (Kielpinski et al., 2010), and fiha
the water as the major abiotic vector (MinamotonjdoUchii, et al., 2009). Indeed, virus replicatio
in organs such as the gills, skin and gut probedglyesents a source of viral excretion into theewat
and the ability of CyHV-3 to remain infective in tgahas been extensively studied experimentally
(see section 3.2.1.3.) (Adamek et al., 2013; Castak, 2009; Dishon et al., 2005; Pikarsky et al.

2004).

The spread of CyHV-3 was recently studied usingawperimental settings designed to allow
transmission of the virus through infectious wdteater sharing) or through infectious water and
physical contact between infected and naive sdrtgie(tank sharing) (Boutier et al., 2015). The
difference in transmission kinetics observed betwee two systems demonstrated that direct contact
between subjects promotes transmission of CyHV{3oatulated. Nevertheless, transmission through
infectious water was still highly efficient (Boutiet al., 2015). To date, there is no evidence of

CyHV-3 vertical transmission.

3.2.3.2. Latent infection

Although latency has not been demonstrated comelysin members of thalloherpesviridae
family as it has been faterpesviridaeincreasing evidence supports the existence atieat phase.

The evidence related to CyHV-3 is discussed inghigion.

Low amounts of CyHV-3 DNA have been detected twaths post-infection in the gills,
kidneys and brain of fish that survived primaryeiction and no longer showed clinical signs (Gilad e
al., 2004). Independent studies confirmed the masef CyHV-3 DNA in the brain of fish as late asl
year post-infection (Miwa et al., 2014; Yuasa & 8a2009). In addition, CyHV-3 DNA, but no
infectious particles, has been detected in sewegains of fish after CyHV-3 infection (Eide, Miller
Morgan, Heidel, Bildfell, et al., 2011). FinallyyBV-3 DNA can be routinely detected in apparently

healthy fish (Cho et al., 2014).



981
982
983
984
985
986
987
988
989
990

991
992
993
994
995

996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008

CyHV-3 can persist in farmed (Baumer, Fabian, WikeSteinhagen, & Runge, 2013) or wild
carp populations (Uchii et al., 2009; Uchii et 2D,14). At least 2 years after an initial outbreak,
CyHV-3 DNA was detected in the brain of both lasieed seropositive fish and small-sized
seronegative fish from a wild population of comnmamp (Uchii et al., 2009). These data suggest that
transmission occurred between latently infectell tigt survived previous outbreaks and the new
naive generation (Uchii et al., 2009). In a mokere report, Uchii et al. (2014) suggests that thie
seasonal reactivation that enables CyHV-3 to pearse wild population. Indeed, they were able to
detect RNA expression of CyHV-3 replicative-relatgmhes in the brain of seropositive fish,
suggesting reactivation, while some fish expressdyg presumed latently-related genes (llouze et al.

2012a; Uchii et al., 2014).

St-Hilaire et al. (2005) described that fish capress symptoms and die from CyHV-3
infection following a temperature stress severahtins after the initial exposure to the virus.
Reactivation of infectious virions was demonstrdigaontamination of naive fish. In another report,
a netting stress induced viral reactivation witheyrhptoms 81 days after initial infection as detdct

by gPCR on gill samples (Bergmann & Kempter, 2011).

Recent studies suggested that white blood celldlsupport CyHV-3 latency (Eide, Miller-
Morgan, Heidel, Bildfell, et al., 2011; Eide, Mitidlorgan, Heidel, Kent, et al., 2011; Reed et al.,
2014; J. R. Xu et al., 2013). Firstly, koi carphwirevious exposure to the virus displayed CyHV-3
DNA in white blood cells in the absence of any iclith signs or detectable infectious viral particles
(Eide, Miller-Morgan, Heidel, Bildfell, et al., 2Q}. Similar results were found in wild carp colledt
from ponds in Oregon with no history of CyHV-3 orgbks (J. R. Xu et al., 2013). Interestingly, Eide,
Miller-Morgan, Heidel, Kent, et al. (2011) detected amounts of CyHV-3 DNA ranging from 2-60
copies per microgram of isolated DNA in white blamdls of previously infected koi. These numbers
are similar to those reported during the latenc@fpesviridae Notably, similar viral DNA copies
were found in all other tissues with no evidencebéther this widespread tissue distribution reflec
detection of latently infected circulating whiteobtl cells or latently infected resident cells (Eide
Miller-Morgan, Heidel, Kent, et al., 2011). Amongshite blood cells, it seems that the [§BI cells

are the main cell type supporting CyHV-3 latencg€R et al., 2014). Indeed, the amount of CyHV-3
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DNA copies was 20 times higher in IgMurified B cells compared to the remaining whileol

cells. However, it has to be noted that the lattidircontained 10% of IgMB cells due to lack of
selectivity of the IgM sorting method. Therefore, it is still not knowhether the low amount of
CyHV-3 DNA found in the remaining white blood cetlsuld be explained by the existence of another
cell type also supporting latent infection or bg tgM" B cells contamination. This study also
investigated the CyHV-3 transcriptome in latentlfected IgM B cells (Reed et al., 2014). It
demonstrated that CyHV-3 ORF6 transcription wasaagted with latent infection of IghB-cells
(ORF1-5 and 7-8 were not transcribed). Interesfinghe domain of ORF6 (aa 342-472) was found to
be similar to the consensus sequences of EBNA-8B/(RLiclear antigen) and the N-terminal
regulator domain of ICP4 (Infected-cell polypeptdje The EBNA-3B is one of the proteins
expressed by the gammaherpesvirus EBV during latend is potentially involved in regulation of
cellular gene expression, while ICP4 is found phaherpesviruses and acts also as a transcriptional

regulator (Reed et al., 2014).

A hallmark of herpesviruses is their capacity tmbksh a latent infection. Recent studies on
CyHV-3 highlighted potential latency in white bloodlls and more precisely, in the B cell fractien a
observed for some gammaherpesviruses. On the lednel;, CyHV-3 DNA was found in various
tissues of long-term infected fish and especiallthie brain. Whether the nervous system represents

an additional site of latency as observed in alphadsviruses requires further investigation.
3.2.3.3. Effect of water temperature

KHVD occurs naturally when water temperature isMaemn 18 °C and 28 °C (Gotesman et al.,
2013; Rakus et al., 2013). Experimentally, KHVD bagn reproduced in temperatures ranging from
16 °C to 28 °C (Gilad et al., 2003; Gilad et a002; Yuasa, Ito, & Sano, 2008) and the lowest
temperature associated with a CyHV-3 outbreak v#as IC in a field survey in Japan (Hara, Aikawa,
Usui, & Nakanishi, 2006). Interestingly, CyHV-2 imcks mortalities in goldfish at a slightly enlarged
temperature range from 15-30 °C (lto & Maeno, 2Gubgesting a similar but adaptable temperature
range in cyprinid herpesviruses. In CyHV-3 infenpthe onset of mortality was affected by the
water temperature; the first mortalities occurrethieen 5-8 and 14-21 dpi when the fish were kept

between 23-28 °C and 16-18 °C, respectively (Gétaal., 2003; Yuasa et al., 2008). Moreover, daily
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temperature fluctuations of +/- 3 °C induce impottstress in fish, which increases cortisol reléase
the water and also their susceptibility to CyHVR&her mortality rate and viral excretion) (Takaar

et al., 2014).

Several studies demonstrated that transfer of tigdafected fish (between 1 and 5 dpi) to
non-permissive low( 13 °C) (St-Hilaire, Beevers, Joiner, Hedrick, & YWa009; St-Hilaire et al.,
2005; Sunarto et al., 2014) or high temperatur@s (3 (Ronen et al., 2003) significantly reducess th
mortality. Some observations suggest that the asreplicate at low temperatures without inducing
mortalities. Indeed, relatively high amounts of G4 DNA, together with the detectable expression
of viral genes encoding structural proteins (ORF@@coprotein member of the ORF25 family),
ORF72 (Capsid triplex subunit 2)) and non-strudtprateins (ORF55 (TK), ORF134 (vIL-10)) were
detected in fish maintained at low temperature (Bewet al., 2013; Gilad et al., 2004; Sunarto et al
2012; Sunarto et al., 2014), while no infectioudipkes could be isolated (Sunarto et al., 2014). |
addition, CyHV-3 infected fish maintained at lowngerature< 13 °C) and then returned to
permissive temperature frequently expressed tleasdés(Eide, Miller-Morgan, Heidel, Kent, et al.,
2011; Gilad et al., 2003; St-Hilaire et al., 208%:Hilaire et al., 2005; Sunarto et al., 2014) wede
able to contaminate naive cohabitants (St-Hildird.e2005). Together, these observations suggest
that the temperature of the water could regulatesthitch between latency and lytic replication and
vice versathus allowing the virus to persist in the hogbylation throughout the seasons even when

the temperature is non-permissive for productivalveplication.

The studies described above suggest that the efféetmperature on the biological cycle of
CyHV-3in vivois twofold. Firstly, it could control the switchoim latency to Iytic infection andce
versa Secondly, it clearly regulates the amplitudeicdiveplication during lytic infection. Further
studies are required to clarify the relative impade of these two effects and their putative

interactions.

3.2.4. Host-pathogen interactions

3.2.4.1. Susceptibility of common carp according to the d@weental stage
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Carp of all ages are affected by CyHV-3, but yourfigh (1-3 months, 2.5-6 g) seem to be
more susceptible to infection than mature fishg€an~230 g) (Perelberg et al., 2003). Ito, Sano,
Kurita, Yuasa, and lida (2007) suggested that zaxae are not susceptible to CyHV-3 since larvae
(3 days post-hatching) infected with the virus shdwo mortality, whereas most of the carp juveniles
(>13 days post-hatching) died after infection. Téwaclusion was challenged recently. Using a
CyHV-3 recombinant strain expressing luciferasa asporter gene and IVIS, Ronsmans et al. (2014)
demonstrated that carp larvae are sensitive amdiggve to CyHV-3 infection immediately after
hatching and that their sensitivity increases whthdevelopmental stages (Ronsmans et al., 2014).
However, the sensitivity of the two early stagasligyo and larval stages, 1-21 days post-hatching)
was limited compared to the older stages (juveanilé fingerling stages; >21 days post-hatching)

(Ronsmans et al., 2014).
3.2.4.2. Susceptibility of common carp according to hostegerbackground

Common carp originated from the Eurasian contiaenlt consist of at least two subspecies
Cyprinus carpio carpiqEurope) ancC. c.haematopterugEast Asia) (Chistiakov & Voronova, 2009).
During the long history of domestication, commonpcaf multiple origins have been intensively
submitted to selective breeding which led to a higtiety of breeds, strains and hybrid fish
(Chistiakov & Voronova, 2009). In addition, domeatied common carp were spread worldwide by
human activities (Uchii, Okuda, Minamoto, & Kawada2013). Fish from genetically distant
populations may differ in their resistance to déssa Traditional selective breeding methods asasgell
marker-associated selection proved to be a relagmbach to reduce the economic losses induced

by infectious diseases (Midtlyng, Storset, Micl&ierendrecht, & Okamoto, 2002).

Differences in resistance to CyHV-3 have been desdramong different carp strains and
crossbreeds. Zak, Perelberg, Magen, Milstein, asdph (2007) reported that the cross-breeding of
some Hungarian strains (Dinnyes and Szarvas-22dird research Institute for Fisheries,
Aquaculture and Irrigation (HAKI) in Szarvas) wittie Dor-70 strain (bred in Israel) does not
improve the resistance to CyHV-3. On the other hardkependent research groups demonstrated that
resistance to CyHV-3 can be significantly increasgdross-breeding domesticated carp strains with

wild carp strains. Shapira et al. (2005) reported trossing the domesticated carp Dor-70 (bred in
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Israel) and NaSice (introduced in Israel from exg¥siavia in the 70s) with a wild carp strain Sassan
(originated from the Amur river) significantly ireases the resistance to CyHV-3 (Shapira et al.,
2005). Carp genetic resistance to CyHV-3 has la¢sm investigated using 96 carp families derived
from diallelic cross-breeding of two wild carp st (Amur and Duna, native of the Danube and
Amur rivers) and two domesticated Hungarian strélia, Szarvas 15) (Dixon et al., 2009; @degard
et al., 2010). These studies showed that overmlitbre resistant families derived from wild type
strains, even if important variations were obseraecbrding to the pair of genitors used (Dixonlgt a
2009). Similarly, Piackova et al. (2013) demonstilathat most of the Czech strains and crossbreeds
which are genetically related to wild Amur carp weignificantly more resistant to CyHV-3 infection

than strains with no relation to Amur carp.

In Japan, common carp of two different geneticinggnhabit the Lake Biwa: an ancient
Japanese indigenous type and an introduced domuestiEurasian type (Mabuchi, Senou, Suzuki, &
Nishida, 2005). During the CyHV-3 outbreak in thekk Biwa in 2004, mortalities were mainly
recorded in the Japanese indigenous type (ltot& Wi Yuasa, 2014; Uchii et al., 2013). This higher
susceptibility of the Japanese indigenous typeyid\G3 was later confirmed experimentally (Ito et
al., 2014), and is supposed to be one factor resiplerfor the important decline of this ancienelge

in the Lake Biwa (Uchii et al., 2013).

Recently, resistance to CyHV-3 among common caginst has also been linked to the
polymorphism of genes involved in the immune resgare. the MHC class B genes (Rakus,
Wiegertjes, Jurecka, et al., 2009) and carp IL-dfeg(Kongchum et al., 2011). All together, these
findings support the hypothesis that the outcomb@fdisease can be correlated to some extent to
genetic factors of the host, and consequently,gdlaiction of resistant carp breeds is one of the

potential ways to reduce the negative impact of @y@bn carp aquaculture.
3.2.4.3. Common carp innate immune response against CyHV-3

CyHV-3 enters fish through infection of the skird&r the pharyngeal periodontal mucosa
(Fig. 8) (Costes et al., 2009; Fournier et al.,20These mucosal epithelia are covered by muais th

acts as a physical, chemical and immunologicalidraagainst pathogenshe mucus layer contains
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numerous proteins, such as antimicrobial peptitesins, immunoglobulins, enzymes, and lytic
agents, capable of neutralizing microorganismdgE001; Shephard, 1994; van der Marel et al.,
2012). Interestingly, Raj et al. (2011) demonstidakat skin mucus acts as an innate immune barrier
and inhibits CyHV-3 binding to epidermal cells east partially by neutralization of viral infectiyi

as shown byn vitro assay. Recently, the low sensitivity of carp lart@ CyHV-3 infection was
circumvented by a mucus removal treatment sugggatiritical role of skin mucus in protecting
larvae against infectious diseases (Fig. 9). Sudhraate protection is likely to play a key roletive
immune protection of this developmental stage whiicls not yet benefit from a mature adaptive
immune system (Ronsmans et al., 2014). The antiMc8lmmune response has been studied in the
skin and the intestine of common carp (Adamek .efall 3; Syakuri et al., 2013). In the skin, CyHV-
3 infection leads to down-regulation of genes eimapdeveral important components of the skin
mucosal barrier, including antimicrobial peptidbsté defensin 1 and 2), mucin 5B, and tight jumctio
proteins (claudin 23 and 30). This probably conti@s to the disintegration of the skin (down-
regulation of claudins), the decreased amount afun@and the sandpaper-like surface of the skin
(down-regulation of mucins), as well as changaséncutaneous bacterial flora and subsequent
development of secondary bacterial infections (Aelaet al., 2013). These studies also revealed an
up-regulation of pro-inflammatory cytokine I3 1the inducible nitric oxide synthase (iNOS) and

activation of interferon class | pathways (Adamekle 2013; Syakuri et al., 2013).

Interferons (IFNs) are secreted mediators that @&sential roles in the innate immune response
against virusedn vitro studies demonstrated that CCB cells can secrdtéyife | in response to
spring viremia of carp virus (SVCV) but not CyHMr8ection, suggesting that CyHV-3 can inhibit
this critical antiviral pathwain vitro (Adamek et al., 2012). Poly I:C stimulation of CC&ls prior to
CyHV-3 infection activates the IFN type | respoasel reduces CyHV-3 spreading in the cell culture
(Adamek et al., 2012)ln vivo, CyHV-3 induces a systemic IFN type | responsesirp skin, intestine
and head kidney and the magnitude of IFN type fesgion is correlated with the virus load
(Adamek, Rakus, et al., 2014; Adamek et al., 2@&@kuri et al., 2013). However, no significant
difference in the IFN type | response could be olEkbetween two carp lines with different

susceptibility to CyHV-3 (i.e. R3 and K carp lind&Jdamek, Rakus, et al., 2014). Additiofalitro
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studies demonstrated that CyHV-3 does not induoetapis, unlike SVCV (Miest et al., 2015) and
that CyHV-3 inhibits activity of stimulated macragdes and proliferative response of lymphocytes, in
a temperature-dependent manner (Siwicki, kakazw, & Majewicz-Zbikowska, 2012). Finally,
stimulation of the apoptosis intrinsic pathway daling CyHV-3 infection as determined by the
expression of pro-apoptotic proteins (Apaf-1, p&i3] Caspase 9), was delayed to 14 dpi (Miest,et al.

2015).

Recently, a transcriptomic study uncovered the \aigay of immune-related genes involved in
the systemic anti-CyHV-3 immune response of carpdmipling the head kidney and the spleen
(Rakus et al., 2012). The response of two car hwi¢h different resistance to CyHV-3 (i.e. R3 atd
carp lines) was studied using DNA microarray arad-tiene PCR. Significantly higher expression of
several immune-related genes including a numbtrasfe that are involved in pathogen recognition,
complement activation, MHC class I-restricted agtigpresentation and development of adaptive
mucosal immunity, was noted in the more resistarp tine. In this same line, further real-time PCR-
based analyses provided evidence for higher aifivaf CD8 T cells. Thus, differences in resistance
to CyHV-3 can be correlated with differentially egpsed immune-related genes (Rakus et al., 2012).
Concerning the acute phase response following CgHivection, an up-regulation of complement-
associated proteins and C-reactive proteins wasdgected by 72 hpi, suggesting a strong and quick
innate immune response (Pionnier et al., 2014 urAmsary of immune responses of common carp

against CyHV-3 is shown in Table 9.
3.2.4.4. Common carp adaptive immune response against CyHV-3

The systemic immune response to CyHV-3 has bednated by measuring anti-CyHV-3
antibodies in the serum of infected carp (Adkigeilad, & Hedrick, 2005; Perelberg, llouze, Kotler,
& Steinitz, 2008; Ronen et al., 2003; St-Hilaireakt 2009). Some studies reported slight cross-
reaction by ELISA and WB of anti-CyHV-3 antibodiesCyHV-1, probably due to shared epitopes
between these two closely related viruses (Adketaal., 2005; Davison et al., 2013; St-Hilairelet a
2009). Detection of anti-CyHV-3 antibodies stam$ween 7-14 dpi, rises till 20-40 dpi and finally
progressively decreases with significant titers déitected at 150 dpi (Perelberg et al., 2008;dRost

al., 2003). During these periods, the anti-CyHWh8lzody response correlates with protection against
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CyHV-3 disease. On the other hand, at 280 dpititteof anti-CyHV-3 antibodies in previously
infected fish is only slightly higher or comparabdethat of naive fish. Nevertheless, immunized fis
even those in which antibodies are no longer daitdet are resistant to a lethal challenge, possibly
because of the subsequent rapid response of B amehTory cells to antigen re-stimulation (Perelberg

et al., 2008).

Temperature strongly influences the adaptive imnmesponse of fish (Bly & Clem, 1992). The
cut-off between permissive and non-permissive teatpee for effective cellular and humoral immune
response of carp is 14 °C (Bly & Clem, 1992). Thare, fish kept below this temperature are
supposed to be less immunocompetent than fishakdpgher temperature. This has been shown in
CyHV-3 infection with a temperature-dependent eggi@n of anti-CyHV-3 antibodies from 14 °C
(slow antibody response shown at 40 dpi) to 31di@ick antibody response at 10 dpi) (Perelberg et
al., 2008). In another study, only 40% of CyHV-3®esed fish were able to seroconvert when kept at
12 °C and experienced mortalities due to CyHV-2ak® when brought back to permissive
temperature, suggesting a reduced immunocompeteha® temperature conditions (St-Hilaire et al.,

2009).

Recently, the knowledge on mucosal immune respohtaeostfish increased with the
discovery of a new immunoglobulin isotype, IgT [@Z) (Hansen, Landis, & Phillips, 2005; Ryo et
al., 2010), specialized in mucosal immunity (Z. &wal., 2013; Zhang et al., 2010). This specific
mucosal adaptive immune response further supgwetsriportance of antigen presentation at the
pathogen’s portal of entry to induce topologicatiequate immune protection capable of blocking
pathogen entry into the host (D. Gomez, Sunyeralings, 2013; Rombout, Yang, & Kiron, 2014). In
a recent study, a CyHV-3 recombinant attenuatedinacandidate used by immersion was shown to
infect the skin mucosa and to induce a strong inemmasponse at this CyHV-3 portal of entry. Indeed,
the vaccine induced a protective mucosal immungorese capable of preventing the entry of wild
type CyHV-3 expressing luciferase as a reporteg. (F0) (Boutier et al., 2015). Whether this
protection is related to the stimulation of the kgtreting B cells associated with a higher
concentration of IgZ in the mucus represents arésting fundamental research question that could

be addressed in the future using this CyHV-3 mudazaunity model.



1202 3.2.4.5. CyHV-3 genes involved in immune evasion

1203 In silico analyses but alsa vitro andin vivo experiments suggest that CyHV-3 may express
1204 immune evasion mechanisms that could explain tbheeand dramatic clinical signs associated with
1205 KHVD. Members of theHerpesviridagfamily have developed sophisticated immune evasion

1206 mechanisms (Horst, Ressing, & Wiertz, 2011). Bioinfatics analysis of the CyHV-3 genome

1207 revealed several genes encoding putative homolidgssd or viral immune-related genes (Aoki et al.,
1208 2007). These genes are ORF4 and ORF12 encodingdd¢itor homologs, ORF16 encoding a G-
1209 protein coupled receptor homolog, ORF112 encodidglpha domain containing protein, ORF134
1210 encoding an IL-10 homolog, and ORF139 encodingxaipas B22R protein homolog (Aoki et al.,

1211 2007). The potential roles of some of these gem@arnune evasion mechanisms have been addressed

1212 in a few studies. Their main results are summarbetdw.

1213 Ouyang et al. (2013) characterized the secreton@ykil/-3 and demonstrated that ORF12
1214 was the most abundant secreted viral protein istipernatant of infected CCB cells. Recently, iswa
1215 established that infected carp produce antibodisged against the ORF12 protein (Kattlun,

1216 Menanteau-Ledouble, & El-Matbouli, 2014). Theseentations are consistent with the hypothesis

1217 that ORF12 could ad¢h vivoas a soluble TNéreceptor as suggested by bioinformatics analyses.

1218 When exploring the usefulness of a CyHV-3 BAC clem@roduce recombinant viruses, a
1219 CyHV-3 ORF16 deleted strain was produced (Costas,2008). No significant reduction of
1220 virulence was observed, suggesting a minor rothisfgene in the pathogenesis of the infection at

1221 least in the experimental conditions tested.

1222 CyHV-3 ORF112 is expressed as an immediate earg {éouze et al., 2012a) and its 278
1223 amino acid expression product is incorporated tinéovirion (structural protein; Fig. 5) (Michel,

1224  Leroy, et al., 2010). No homology has been detefttethe N-terminal part of the protein. In contras
1225 its C-terminal end encodes a functional Zalpha donZalpha are 66 amino acid-long domains which
1226 bind to left-handed dsDNA (Z-DNA) or left handedi¢A (Z-RNA) (Athanasiadis, 2012). Zalpha
1227 have been described in three cellular proteins (RDADAI and PKZ) belonging to the host innate

1228 immune system and in two viral proteins (E3L encblg mostChordopoxviridaeand ORF112
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encoded by CyHV-3), acting as immune evasion facfbinese data suggest that unusual
conformation of nucleic acids detected by Zalphaladbe interpreted by the innate immune system as
pathogen (PAMP) or host cell damage (DAMP). Ing;elDNA formation is induced by negative
supercoiling generated by moving RNA polymerase®s 6f the three cellular proteins containing
Zalpha domains is PKZ encoded by Cypriniforms aalin®niforms (Rothenburg et al., 2005). PKZ is
a paralog of the dsRNA-dependent protein kinaséR)R¥pressed by all vertebrates. PKR is an
interferon-induced protein that plays an importate in anti-viral innate immunity, mainly (but not
exclusively) by phosphorylation of the eukaryotigtiation factor 2 alpha (elFed and consequent
protein synthesis shut-down when detecting rigimdieal dsSRNA in the cell. PKZ induces the same
effects when detecting Z-DNA and/or Z-RNA in infedtcells. The demonstration that CyHV-3
encodes a Zalpha domain containing protein abder¢éo-compete the binding of PKZ to Z-DNA
(Tome et al., 2013) suggests that the latter prqikys a significant role in the innate immune
response of carp against CyHV-3 and that this imemaaction needs to be evaded by the virus.

However, the potential function of ORF112 in vipethogenesim vivo has not been studied yet.

CyHV-3 ORF134 encodes a viral homolog of celluladD (Aoki et al., 2007). Cellular IL-10
is a pleiotropic cytokine with both immunostimutagiand immunosuppressive properties (Ouyang et
al., 2014). Herpesviruses and poxviruses encodelods of cellular IL-10, called viral IL-10s, wiic
appear to have been acquired from their host otipteuindependent occasions during evolution
(Ouyang et al., 2014). Common carp IL-10 was rdgesttown topossess the prototypical activities
described in mammalian IL-10s such as anti-inflatomyaactivities on macrophages and neutrophils,
stimulation of CD8 memory T cells, stimulation of the differentiatiand antibodies secretion by
IgM™ B cells (Piazzon, Savelkoul, Pietretti, Wiegertigd-orlenza, 2015). Whether CyHV-3 ORF134
exhibits similar properties to carp IL-10 still mseto be investigated. The CyHV-3 ORF134
expression product is a 179 amino acid protein #8aret al., 2012) which exhibits 26.9% identity
(67.3% similarity) with the common carp IL-10 o356 amino acids (van Beurden, Forlenza, et al.,
2011). Transcriptomic analyses revealed that ORRF.8#pressed from a spliced transcript belonging
to the early (llouze et al., 2012a) or early-ldtess (Ouyang et al., 2013). Proteomic analyses of

CyHV-3 infected cell supernatant demonstrated f&lORF134 expression product is the second
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most abundant protein of the CyHV-3 secretome (Qgyt al., 2013). In CyHV-3 infected carp,
ORF134 is highly expressed during acute and reatativ phases, while it is expressed at a low level
during low-temperature induced persistent phasad@a et al., 2012)n vivo study using a zebrafish
embryo model suggested that CyHV-3 ORF134 encodi@sctional IL-10 homolog. Indeed, injection
of MRNA encoding CyHV-3 IL-10 into zebrafish embsymcreased the number of lysozyme-positive
cells to a similar degree as observed with zelirdfisl0. Moreover, this effect was abrogated when
down-regulation of the IL-10 receptor long chain-l0R1) was performed using a specific
morpholino (Sunarto et al., 2012). Recently, a CyBistrain deleted for ORF134 and a derived
revertant strain were produced using BAC clonirapt®logies (Ouyang et al., 2013). The
recombinant ORF134 deleted strain replicated coafghato the parental and the revertant strains
bothin vitro andin vivo, leading to a similar mortality rate. These resdiémonstrated that the IL-10
homolog encoded by CyHV-3 is essential neithewii@l replicationin vitro nor for virulencean vivo.

In addition, quantification of carp cytokine exp®sn by RT-qPCR at different times post-infection
did not reveal any significant difference betweam groups of fish infected with the three virus

genotypes (Ouyang et al., 2013).
3.2.5. Diagnosis

Diagnosis of KHVD in clinically affected fish carelachieved by numerous methods. The
manual of diagnostic tests for aquatic animals ligbss clinical signs, histopathological altenagio
and transmission electron microscopy as suitablprissumptive diagnosis of KHVD and descriptions
of these can be found earlier in this review ((2&12). However, final diagnosis must rely on direct
detection of viral DNA or virus isolation and iddittation (OIE, 2012). The manual details virus
detection methods that include single-round conigaat PCR assays, virus isolation in cell culture,
indirect fluorescent antibody tests on kidneys imgrand formalin-fixed paraffin wax sections
followed by confirmatory identification using PCRdanucleotide sequencing. However, none of the
tests is fully validated and the manual suggestsdiagnosis of KHVD should not rely on just one
test but rather a combination of two or three thelude clinical examination as well as virus

detection (OIE, 2012).

3.2.5.1. PCR-based methods
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A number of conventional PCR assays have beenghdalj which have been shown to detect
CyHV-3 DNA in cell culture supernatant or directtyfish tissues (Bercovier et al., 2005; Giladlet a
2002; Gray et al., 2002; Hutoran et al., 2005;dkaiet al., 2005). A PCR based on amplification of
the TK gene of CyHV-3 was reported to be more simasihan other published PCR assays (Gilad et
al., 2002; Gray et al., 2002) and could detectglOffCyHV-3 DNA (Bercovier et al., 2005) while the
PCR of Ishioka et al. (2005), based on the DNA pagase gene, detected 100 fg of CyHV-3 DNA.
The PCR developed by Gray et al. (2002) was imgtdyeYuasa, Sano, Kurita, Ito, and lida (2005)
and has been incorporated in the official Japageskelines for the diagnosis of KHVD. The Yuasa et
al. (2005) and Bercovier et al. (2005) assay puaitoare recommended by, and detailed in, the manual

of diagnostic tests for aquatic animals (OIE, 2012)

Alternatively, many diagnostic laboratories favioe use of quantitative PCR assays for
detection of CyHV-3. The most commonly used quatitie assay for detection of CyHV-3 is the
Gilad Tagman real-time PCR assay (Gilad et al.4208hich has been shown to detect and
guantitatively assess very low copy numbers ofdlangicleic acid sequences and is widely
acknowledged to be the most sensitive published P€Rod available (OIE, 2012). There are a
small number of studies that have compared thétsétysof the published PCR assays, and different
primer sets, for detection of CyHV-3 (Bergmann,dRigrdt, Fichtner, Lee, & Kempter, 2010;
Monaghan, Thompson, Adams, & Bergmann, 2015; Pakoed al., 2010). Conventional PCR assays
that include a second round with nested primerg ladso been shown to be comparable in sensitivity

to real-time assays (Bergmann, Riechardt, et @L0p

Loop-mediated isothermal amplification (LAMP) isapid single step assay which does not
require a thermal cycler, and is widely favoredgond-side diagnosis. LAMP of the TK gene has
been developed for detection of CyHV-3 and showmetanore or equally sensitive as conventional
PCR assays (Gunimaladevi, Kono, Venugopal, & S&akd4; Yoshino, Watari, Kojima, & lkedo,
2006; Yoshino, Watari, Kojima, lkedo, & Kurita, 280 An assay incorporating DNA hybridization
technology and antigen—antibody reactions in coatimn with LAMP has also been developed and

reported to have improved sensitivity and spetifiCboliman & El-Matbouli, 2010).

3.2.5.2. Virus isolation in cell culture
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Cell lines permissive to CyHV-3 replication haveebalescribed earlier in this review (see
section 3.1.6.1.). The CCB and KF-1 cell linesraemmmended for isolation of CyHV-3 but cell
culture isolation is not considered to be as seesits the published PCR-based methods for degectin
CyHV-3 DNA. Consequently, virus isolation in celllture is not a reliable diagnostic method for
KHVD (OIE, 2012). Furthermore, viruses isolatect@ll culture must be definitively identified, as a
number of different viruses have been isolated feanp exhibiting clinical signs resembling those of
KHVD (Haenen et al., 2004; Neukirch et al., 199@ukirch & Kunz, 2001). The most reliable
method for confirmatory identification of a CPEog PCR and nucleotide sequence analysis (OIE,
2012). A variety of tissues in different combinatichave been used for inoculation of cell cultures,
such as gill, kidney, spleen, liver, skin and emedqn (Gilad et al., 2003; Gilad et al., 2002; Hiekir
et al., 2000; Neukirch & Kunz, 2001; M. Sano et 2004; Yuasa, Sano, & Oseko, 2012). There is ho
definitive study that has demonstrated the advastadcertain tissues over others but in the early
stages of clinical infection, before clinical sigmre observed, virus levels are higher in gilluesghan

in kidney tissue (Yuasa, Sano, et al., 2012).

3.2.5.3.  Immunodiagnostic methods

Immunodiagnostic (antibody-based) assays have lidemsed for the diagnosis of KHVD.
Pikarsky et al. (2004) identified the virus in tbumprints of liver, kidney and brain of infectad
by fluorescent antibody test (FAT); positive immélnorescence was the highest in the kidney. The
same FAT method was subsequently used by Shapta(@005) who followed the course of KHVD
in different strains of fish and detected virusaokidney imprint 1 dpi. Pikarsky et al. (2004)als
detected virus antigen in infected tissues by anumoperoxidase staining method. The virus antigen
was detected at 2 dpi in the kidney, and also ebsen the gills and liver. However, the results of
antibody-based identification methods must be pred with care, as positive cells were seen in a
small number of control fish, which could have araged from a serologically related virus, or a
cross-reaction with non-viral proteins (Pikarskykt 2004). Enzyme-linked immunosorbent assay
(ELISA)-based methods have not been widely favimediagnostic laboratories. Currently, one
published ELISA method is available to detect CyBlif fish droppings (Dishon et al., 2005).

Recently, a CyHV-3-detection kit (The FASTest Ko IHit) adapted to field conditions has been
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developed and proved to detect 100% of animalswdlied from CyHV-3. This lateral flow device
relies on the detection of the ORF65 glycoprotdi@yHV-3. It is recommended to be performed on

gill swabs and takes 15 minutes (Vrancken et 6132
3.2.5.4. Other diagnostic assays

Assays developed for research applications inciugdiemer probe designed against an exonic
MRNA coding sequence that allows the detectioreplicating CyHV-3 (Yuasa, Kurita, et al., 2012).
Immunofluorescence (IF) and situ hybridization (ISH) methods, performed on separ &teh
leucocytes obtained by non-destructive (non-letteedhniques, have also been used in research
applications for detection or identification of Cyk8 (Bergmann, Lutze, et al., 2010; Bergmann et al.
2009). ISH has also been applied to successfutBctl€yHV-3 DNA in archive paraffin-embedded
tissue specimens collected during unexplained mastalities of koi and common carp in the UK in

1996 and in cultured common carp in South KoreE9i@8 (Haenen et al., 2004; Lee et al., 2012).
3.2.6. Vaccination

The economic losses induced by CyHV-3 stimulateddgvelopment of prophylactic measures.
Passive immunization by administration of poolec$eom immunized fish (Adkison et al., 2005)
and addition of anti-CyHV-3 IgY antibodies to figdod (Liu et al., 2014) showed partial effect or th
onset of clinical signs but did not significantBduce mortalities. In contrast, several vaccine

candidates conferring efficient protection werealeped. They are reviewed in this section.
3.2.6.1. Natural immunization

Soon after the identification of CyHV-3 as the aive agent of KHVD, an original protocol
was developed to induce a protective adaptive inemasponse in carp (Ronen et al., 2003). This
approach relied on the fact that CyHV-3 replicai®drastically altered at temperatures above 30 °C
(Dishon et al., 2007). According to this protodwalthy fingerlings are exposed to the virus by
cohabitation with sick fish for 3-5 days at perrviesemperature (22-23 °C). After that, the fish ar
transferred to ponds for 25-30 days at non-perw@ssater temperature30 °C). Despite its
ingenuity, this protocol has several disadvanta@eBEish that are infected with this protocol become

latently infected carriers of a fully virulent stiaand are therefore likely to represent a poténtia
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source of CyHV-3 outbreaks if they later cohabitrwiaive carp.ii) The increase of water
temperature to non-permissive is costly and caeslaith increasing susceptibility of the fish to
secondary infectionsiii() Finally, after this procedure, only 60% of infedtfish were sufficiently

immunized to be resistant to a CyHV-3 challengen@oet al., 2003).
3.2.6.2. Vaccine candidates

In addition to the safety/efficacy issues that gpplall vaccines independent of the target
species (humans or animals), vaccines for fishpaaduction animals in general are under additional
constraints (Boutier et al., 2015). First, the wiaeanust be compatible with mass vaccination and
administered via a single dose as early as pogsilife. Second, the cost-benefit ratio shouldabe
low as possible, implying the lowest cost for vaecproduction and administration (Sommerset,
Krossoy, Biering, & Frost, 2005). Ideally, costeaxffive mass vaccination of young fish is performed
by immersion vaccination, meaning that the fishizathed in water containing the vaccine. This
procedure allows vaccination of a large numbemubfects when their individual value is still lowdan
their susceptibility to the disease the highesti@@seth et al., 2013). Immersion vaccination is
particularly adapted to common carp culture that lew-cost and low industrial scale production
compared to other sectors (Brudeseth et al., 20I8¢ use of injectable vaccines for mass
vaccination of fish is restricted to limited circatances, i.e. when the value of individual subigct
relatively high and when vaccination can be delayetil an age when the size of the fish is

compatible with their manipulation (Plant & Lapat2®11).

Various anti-CyHV-3 vaccine candidates have beemldped. An inactivated vaccine
candidate was described which consists of formaktivated CyHV-3 trapped within a liposomal
compartment. This vaccine could be used for oratumization by addition to fish food. It reduced by
70% the mortality induced by a challenge (YasumKtwzuya, Yasuda, Yoshimura, & Miyazaki,
2006). Injectable DNA vaccines consisting of pladsreéncoding envelope glycoproteins ORF25 and
ORF81 were shown efficacious under experimentatlit@ms (Zhou, Wang, et al., 2014; Zhou, Xue,
et al., 2014) but are unfortunately incompatiblénvwmnost of the field constraints described above.

Nevertheless, they could represent a solutiomfdividual vaccination of koi carp.
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Attenuated vaccines could meet the constraintsassmraccination listed above. However, they
raise safety concerns, such as residual virulemgeysion to virulence, and spread from vaccinaied
naive subjects (Boutier et al., 2015). A converal@anti-CyHV-3 attenuated vaccine has been
developed by serial passages in cell culture andrtadiation (O'Connor et al., 2014; Perelberglet a
2008; Perelberg, Ronen, Hutoran, Smith, & Kotl®)2 Ronen et al., 2003; Weber et al., 2014). This
vaccine is commercialized in Israel for the vactioraof koi and common carp by immersion in water
containing the attenuated strain. Recently launahéige US market, it was withdrawn from sale after
just a year. This vaccine has two major disadva#akirst, the attenuated strain has residual
virulence for fish weighing less than 50 g (Webeale 2014; Zak et al., 2007), which restricts tise
of this vaccine. Second, the determinism of thenatation is unknown, and consequently, reversions
to a pathogenic phenotype cannot be excluded (Meedgalker, Peters, Pastoret, & Jungersen,

2007).

Due to scientific advances in molecular biology amalecular virology, the development of
attenuated vaccines is evolving from empiricalational design (Rueckert & Guzman, 2012). A viral
genome can be edited to delete genes encodingnaeifactors in such a way that reversion to
virulence can be excluded. This approach has lested for CyHV-3 by targeting different genes
thought to encode virulence factors, such as ORBRF;55, ORF123, and ORF134, which encode a
G protein-coupled receptor, TK, deoxyuridine trippbatase, and an IL-10 homolog, respectively.
Unfortunately, none of the recombinants expresseafety/efficacy profile compatible with its use as
an attenuated recombinant vaccine (Costes et0fl8; Zuchs, Fichtner, Bergmann, & Mettenleiter,

2011; Ouyang et al., 2014).

Recently, a vaccine candidate based on the doel#éiah of ORF56 and ORF57 was produced
using BAC cloning technology (Boutier et al., 201Bis strain exhibited properties compatible with
its use as an attenuated recombinant vaccine fes raccination of carp by immersion in water
containing the virus:i) it replicates efficientlyn vitro (essential for vaccine productionij;) ¢the
deletion performed makes reversion impossiliii;if expresses a safe attenuated phenotype as
demonstrated by the absence of residual virulemee ®r young subjects and by its limited spreading

from vaccinated to naive subjects) (t induces a protective mucosal immune respogaat a
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lethal challenge by blocking viral infection at thertal of entry (Fig. 10). Although the two ORFs
deleted in this vaccine candidate are of unknowetian, they are both conserved in cyprinid
herpesviruses (CyHV-1 and CyHV-2) and ORF57 is tmithlly conserved in AngHV-1 and
Crocodile poxvirus (Davison et al., 2013). Thesmblogs represent evident targets for further

development of attenuated recombinants for thedeganic viruses (Boutier et al., 2015).
4. Conclusions

It is generally accepted that fundamental reseprebedes and stimulates applied
research. Work on CyHV-3 has demonstrated thatteeam take place in the reverse order.
Since the first description of CyHV-3 in the lat@90s, this virus has been inducing important
economic losses in the common and koi carp indasstiorldwide. It is also producing
negative environmental implications by affectinddagarp populations. These negative
impacts and the importance of the host species $tavellated studies aimed directly or
indirectly at developing diagnostic and prophyla¢tiols to monitor and treat CyHV-3
disease. Unexpectedly, the data generated by #pgdied studies have created and
highlighted interest in CyHV-3 as a fundamentakezsh model. The CyHV-3/carp model
has the advantages that large amounts of informato reagents are available for both the
virus and its host, and that it permits the stufdghe entire biological cycle (including
transmission) of an alloherpesvirus during infettd its natural host (i.e. a virus/host
homologous model). As highlighted throughout tlegiew, there are many fascinating topics
that can be addressed by using the CyHV-3/carp hasdihe archetype for studying the
family AlloherpesviridaeThese include, for example, how viruses in thraify express key
biological properties that are shared with membéthe familyHerpesviridaewhile having
relatively few genes in common with them, and hbe/temperature of the poikiloterm host

affects and possibly regulates the switch betwggndnd latent infection.
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2289 Tables

2290 Table 1 - Classification of the famiBdloherpesviridae

2291
Genus name Species nhame Virus name and abbreviation Alternative virus name®
Batrachovirus Ranid herpesvirus 1 ranid herpesvirus 1 (RaHV-1) Lucké tumor herpesvirus
'Ranid herpesvirus 2 ranid herpesvirus 2 (RaHV-2) frogvius4
Cyprinivirus Anguillid herpesvirus 1 anguillid herpesvirus 1 (AngHV-1) European eel lesrprus
“Cyprinid herpesvirus 1 cyprinid herpesvirus 1 (CyHV-1) carp pox herpessiru
“Cyprinid herpesvirus 2 cyprinid herpesvirus 2 (CyHV-2) goldfish haematagiiui necrosis virus
“Cyprinid herpesvirus 3 cyprinid herpesvirus 3 (CyHV-3) koi herpesvius
Ictalurivirus Acipenserid herpesvirus acipenserid herpesvirus 2 (AciHV-2) white sturgdenpesvirus 2
2
“Ictalurid herpesvirus 1 ictalurid herpesvirus 1 (IcHV-1) channel catfishos
“Ictalurid herpesvirus 2 ictalurid herpesvirus 2 (IcHV-2) Ictalurus melaspesvirus
Salmonivirus Salmonid herpesvirus 1 salmonid herpesvirus 1 (SalHV-1) herpesvirus salmon
“Salmonid herpesvirus 2 salmonid herpesvirus 2 (SalHV-2) Oncorhynchus mamopesvirus
“Salmonid herpesvirus 3 salmonid herpesvirus 3 (SalHV-3) epizootic epithietipic disease virus
2292 & From Waltzek et al. (2009). In instances in whacbirus is known by several alternative namesnglsiexample is given.
2293

2294



2295 Table 2 - Data on complete genome sequences of arerabthe familyAlloherpesviridae

2296
2297
Genome Genome ORFs GenBank
Species hame Virus name and abbreviation  size (bp) G+C (%) (no.® accession Reference
Anguillid herpesvirus 1 anguillid herpesvirus 1 (AngHV- 248,526 53 134 FJ940765.3 van Beurden et al. (2010)
1) van Beurden, Gatherer, et
__________________________________________________________________________________________________________________________________________________ al.(2012)
_Cyprinid herpesvirus 1_cyprinid herpesvirus 1 (CyHV-1) 291,144 51 = 143  Je@A3.1 | Davison et al. (2013)
Cyprinid herpesvirus 2 cyprinid herpesvirus 2 (CyHV-2) 290,304 52 154 Jemasd. 1 Davison et al. (2013)
Cyprinid herpesvirus 3 cyprinid herpesvirus 3 (CyHV-3) 295,146 59 163 D®53.Y  Aoki et al. (2007)
Davison et al. (2013)
Ictalurid herpesvirus 1 ictalurid herpesvirus 1 (IcHV-1) 134,226 56 90 M35612 Davison (1992)
Ranid herpesvirus 1 ranid herpesvirus 1 (RaHV-1) 220,859 55 132 DQ665D1 Davison, Cunningham,
Sauerbier, and McKinnell
__________________________________________________________________________________________________________________________________________________ (2006)
Ranid herpesvirus 2  ranid herpesvirus 2 (RaHV-2) 231,801 53 147 DQ6@5b5 Davison et al. (2006)
2298 & Predicted to encode functional proteins. Includ&¥s duplicated in repeated sequences.
2299 P Additional genome sequences: DQ177346.1 (Aoki.e2807), AP008984.1 (Aoki et al., 2007) and KJ628.1 (Li et al., 2015).
2300

2301
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Table 3 - Information on selected CyHV-3 ORFs

ORF name

Function or features of encoded protein

Conserved among all sequenced members of the féihillgerpesviridae

ORF33
ORF46
ORF47
ORF61
ORF71
ORF72
ORF78
ORF79
ORF80
ORF90
ORF92
ORF107

DNA packaging terminase subunit 1
Putative helicase-primase primase subunit
Putative DNA packaging terminase subunit 2

Putative helicase-primase helicase subunit
Capsid triplex subunit 2; virion protein
Capsid maturation protease; virion protein
DNA polymerase catalytic subunit

Virion protein
Major capsid protein

Additional ORFs with recognizable features

ORF4
ORF11
ORF12
ORF16
ORF19
ORF23
ORF25
ORF27
ORF28
ORF31
ORF32
ORF34
ORF35
ORF36
ORF41
ORF42
ORF43
ORF44
ORF45
ORF48
ORF51
ORF54
ORF55
ORF57
ORF59
ORF60
ORF62
ORF64
ORF65
ORF66
ORF68
ORF69
ORF70
ORF81
ORF83
ORF84
ORF89
ORF91
ORF94
ORF95
ORF97
ORF98
ORF99
ORF104
ORF106
ORF108
ORF112
ORF114
ORF115
ORF116
ORF123
ORF128

Tumor necrosis factor receptor; member of TNERedamily
Virion protein

Tumor necrosis factor receptor; member of THERe family

Predicted membrane protein; similar to G jmeteupled receptors

Deoxyguanosine kinase

Ribonucleotide reductase subunit 2

Predicted membrane protein; contains an imglahalin domain; virion protein; member of ORF25 gdamily
Predicted membrane protein; contains an imglahalin domainyirion protein member of ORF25 gene family
Contains an NAD(P)-binding Rossmann-fold domgimilar to bacterial NAD-dependent epimerase/dediypde
Similar to eukaryotic PLACS8 proteins; viriorot&in

Similar to a family of Singapore grouper isittas proteins; predicted membrane protein; vifootein
Virion protein
Virion protein
Virion protein

Contains a RING-type C3HC4 zinc finger domain; bamof RING gene family

Virion protein

Virion protein
Virion protein

Virion protein

Similar to protein kinases

Virion protein

Contains a putative zinc-binding domain

Thymidine kinase

Similar to Crocodile poxvirus protein CRV155jos protein

Predicted membrane protein; virion protein

Virion protein

Contains an OTU-like cysteine protease dom&ion protein

Predicted membrane protein; similar to equaitilee nucleoside transporter ENT1

Predicted membrane protein; contains an imglahalin domain; virion protein; member of ORF25 gdamily
Capsid triplex subunit 1; virion protein

Similar to myosin and related proteins; vigwatein

Virion protein

Virion protein

Multiple transmembrane protein; virion protein

Predicted membrane protsiition protein

Virion protein

Virion protein
Virion protein

Predicted membrane protein; similar to trylige serine proteases

Virion protein

Virion protein

Uracil-DNA glycosylase

Predicted membrane protein; virion protein

Similar to protein kinases
Virion protein

Predicted membrane protein; virion protein

Contains a double-stranded nucleic acid-bindamain (helix-turn-helix); virion protein

Predicted membrane protein; similab&mio rerio LOC569866

Predicted membrane protein; virion protein

Predicted membrane proteiimion protein

Deoxyuridine triphosphatas@jon protein

Contains a RING-type C3HC4 zinc finger domaimilar to SPRY and TRIM proteins; member of RING gene
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2304
2305
2306
2307
2308

family

ORF131 Predicted membrane protein; virion protein

ORF132 Predicted membrane protein; virion protein

ORF134 Interleukin-10

ORF136 Predicted membrane protein; virion protein

ORF137 Virion protein member of ORF22 gene family

ORF139 Predicted membrane protein; similar to pas/B22R proteins

ORF140 Thymidylate kinase

ORF141 Ribonucleotide reductase subunit 1

ORF144 Contains a RING-type C3HC4 zinc finger domaimmber of RING gene family

ORF148 Predicted membrane protein; contains an irogiohulin domain; virion protein; member of ORF2hgdamily
ORF149 Predicted membrane protein; contains an irogiohulin domain; virion protein; member of ORF2hgdamily

ORF150 Contains a RING-type C3HC4 zinc finger domaimber of RING gene family

& Data derived from Aoki et al. (2007), Michel, Lgr@t al. (2010), Yi et al. (2014) and Davisonlet a
(2013))

Italic type indicates virion proteins detected imyosome of the strains tested (Michel, Leroy,let a
2010; Yietal., 2014)
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Table 4 - Genotyping scheme for CyHV-3 based oedluistinct regions of the genome; the 9/5 regitafl et al., 2002), the Sphl-5 region (Gray
et al., 2002) and the TK gene (Bercovier et alQ®{adapted from Kurita et al. (2009)).

Genotype| CoUNY of 9/5 region ?epg% X TK gene
9 184-187] 212-218 | 209 |586-588| 94 | 778 | 813-814 [ 849-850]  877-885 | 945-956 |957-958]  961-967
Al Japaff, TTTT AAAAAA c - cC A - AA TTTTTTT CTTTAAAAAAAA - AGATATT
Indonesi,
Taiwarf,
Philippines,
S. Kored,
Malaysid,
Chind
A2 Indonesid TTTT AAAAAA C - CcC A - TTTTTTTT CTTTAAAAAAAA - AGATATT
Taiwarf
El us’, TTTT AAAAAAA C AAC C G AT [TTTTTTTT CTTTAAAAAAAA CA AGATATT
Netherland®
E2 Netherlandd TTTT AAAAAAA T AAC C G AT ITTTTTTTT CTTTAAAAAAAA CA AGATATT
E3 Netherland® - AAAAAAA C AAC C G AT ITTTTTTTT CTTTAAAAAAAA CA AGATATT
E4 Netherland§ TTTT AAAAAAA C AAC C G AT [TTTTTTTT CTTTAAAAAAAA CA AGATATT
S. Kored,
Malaysid,
China (TKY'
ES Netherlands TTTT AAAAAAA C AAC C G AT TTTTTTTTT - - -
E6 Israef TTTT AAAAAAA C AAC T G AT ITTTTTTTT CTTTAAAAAAAA CA AGATATT
E7 UK® TTTT AAAAAAA C AAC C G AT [TTTTTTT CTTTAAAAAAAA CA AGATATT

&from Kurita et al. (2009)? from Kim and Kwon (2013); from Chen et al. (2014§n‘rom Dong et al. (2013).




2314 Table 5 - Transcriptomic classification of CyHV-R6s.

ORF Putative function® Iﬂ:;esné,c Z(ﬁ‘;? ’ 3(?1;5
1L/R IE 2 1-8
2L/R 2 1
3L/R 2 1
4L/R| Immune regulation 2 1-8
5L/R 4 1
6L/R IE 2 -
7LIR IE 2 1-8
8L/R IE 2 1
9 IE 2 1
10 IE 2 1-8
11 Virion protein 2 1
12 Immune regulation 8 1
13 2 1
14 2 1
15 2 1
16 | Intracellular signaling 2 1
17 2 1
18 2 1
19 | Nucleotide metabolis 4 1
20 4 1
21 4 1
22 4 -
23 | Nucleotide metabolis 2 1
24 2 1
25 Virion protein 4 1
26 2 1
27 Virion protein 2 1
28 4 -
29 2 1
30 4 1-8
31 Virion protein 4 1
32 Virion protein 2 1-8
33 DNA encapsidation 4 1
34 Virion protein 24 -
35 Virion protein 4 1
36 Virion protein 4 1
37 2 1-8
38 2 1-8
39 2 1-8
40 2 1
41 2 1
42 Virion protein 4 1-8
43 Virion protein 4 1
44 Virion protein 8 -
45 Virion protein 4 1
46 DNA replication 4 1
47 DNA encapsidation 8 1
48 | Protein phosphorylatio| 2 1
49 24 -
50 2 1
51 Virion protein 4 1
52 4 1
53 2 1
54 2 1
55 | Nucleotide metabolis| 2 1
56 2 1-8
57 Virion protein 8 1
58 4 -
59 Virion protein 4 1
60 Virion protein 4 1
61 4 1
62 Virion protein 8 -
63 4 -
64 2 -
65 Virion protein 8 -
Virion protein /
66 Capsid mgrphogenesi 4 1
67 4 -
68 Virion protein 8 1
69 Virion protein 24
70 Virion protein 24 1-8
71 DNA replication 4
72 Ca;;gir::lorr:]srrsailgénesi 4 )
73 8 1
74 8 -




ORF Putative function® Iﬂ:;esné,c Z(ﬁ‘;? ’ 3(?1;5
75 8 1
76 8 1
77 4 -
8 Caggirtlzlorr:]grrsaigénesi 8 )
79 DNA replication 4 -
80 4 1
81 Virion protein 4 1
82 4 -
83 Virion protein 8 1-8
84 Virion protein 4 1
85 8 1
86 8 1
87 4 1
88 4 -
89 Virion protein 8 -
90 Virion protein 8 -
91 Virion protein 4 -

Virion protein /
92 Major cagsid protein 4 1
93 4 1
94 4 -
95 Virion protein 8 1
96 4 1
97 Virion protein 8 1
98 DNA repair 4 1
99 Virion protein 8 -

100 4 1
101 4
102 4 -
103 4 -
104 Protein phosphorylatio 4 1
105 24 -
106 Virion protein 8 -
107 4 B
108 Virion protein 4 -
109 4 -
110 8 -
111 2 1

Virion protein /

112 Immunepregulation 2 B
113 8 -
114 8 1-18
115 Virion protein 8 1-18
116 Virion protein 4 1
117 2 1
118 2 1
119 24 -
120 2 1
121 2 1
122 4 1

Virion protein /

123 Nucleotid:’ metabolis 4 1
124 4 1-8
125 8 1
126 8 -
127 2 1
128 4 1
129 4 1
130 2 1
131 Virion protein 4 1
132 Virion protein 2 1
133 4 1
134| Immune regulation 2 1
135 4 -
136 Virion protein 4 1
137 Virion protein 2 1
138 2 1
139 Immune regulation 2 1-8
140| Nucleotide metabolis 4 -
141| Nucleotide metabolis 8 -
142 2 1
143 2 1-8
144 4 -
145 4 -
146 2 1
147 2 -
148 Virion protein 4 1
149 Virion protein 2 -




2315
2316
2317
2318
2319
2320
2321
2322

ORF Putative function® Kcllr;esﬂgc z(f";?r 3(?1;?
150 E 2 -
151 E 2 1
152 E 2 1
153 E 2 1
154 E 2 1
155 IE 2 1-8
156 = 2 1

IE: immediate-early; E: early; L: late; UN: unknowdpi: days post-infection; hpi: hours post-infeati

& Putative gene functions were adapted from Davigai. (2013).

® Kinetic class as determined by transcription asialin the presence of CHX or Ara-C (adapted from
llouze et al. (2012a)).

¢ Initiation of viral mMRNA transcription at permissi temperature (adapted from llouze et al. (2012a))

4 Presence of CyHV-3 transcripts at restrictive terafure (adapted from llouze et al. (2012m)).
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Table 6 - Structural proteome of CyHV-3.

Predicted Predicted No. of peptide$§

ORF NCBIID MM (kDa) localization Protein descriptiorf FL  GzZ11 GZ10
11 131840041 131 Unknown p 1 2.
25 131840055 67.1 Envelop? Predicted membrane protein; 7 6 8
________________________________________________________ ORF25gene family
27 380708459 47.9 Envelopd Predicted membrane protein; - 1 1
________________________________________________________ ORF25gene family
31 131840058 13.9 Unknown Similar to eukaryotic PLAC8 proteins 2 3 [
32 131840059 22.3  Envelop® Predicted membrane protein; 3 2 3

similar to a family of Singapore grouper
________________________________________________________ indovirus proteins .
34 131840061 17 _ Unknown o - 3 ..
35 131840062 36.3  Unknown SRR SRR 1.
36 131840063 30.3  Unknown SRR SN
42 131840068 535 _Tegumerdt | Related to AngHV-1ORF18 1318 24
43 131840069 159.4 \Unknown S, 48 .51 59
44 131840070 97.5 Unknown pE A
45 131840045 975 Tegumerdt | Related to AngHV-10RF20 S A 6
51 131840077 1659 Tegument-associateBelated to AngHV-10RF34 41 38 .48
57 131840083 54 Tegument-associate@imilar to Crocodile poxvirus CRV155; 17 11 20
________________________________________________________ related to AngHV-1ORF35
59 131840085 14.6 _ Envelopt | Predicted membrane protein 2 .. 1. .2
60 131840086 59.9  Tegument-associateBelated to AngHV-10RF81 10 .4 12
62 131840088 442.2 Tegument- Contains an OTU-like cysteine protease 76 83 92

(associated) domain;

related to AngHV-1 ORF83 and IcHV-1
________________________________________________________ OREOS
65 131840091 63.5 Envelop? Predicted membrane protein; 10 6 10
________________________________________________________ member of ORF25 gene family
66 131840092 45.4  Capsid Capsid triplex subunit 1; 13 10 21
________________________________________________________ related to AngHV-1ORF42
68 131840094 253 Unknown Similar to myosin related proteins; 59 77 75

related to IcHV-1 ORF22, RaHV-1 ORF56
________________________________________________________ and ORF89, and RaHV-2ORF126
69 131840095 589 _Tegumefit | Related to AngHV-10RF39 1 1. 3
70 131840096 511 _ Tegumerit | Related to AngHV-1ORF38 2 A 3
72 131840098 40.7 Capsili" Capsid triplex subunit 2; 10 11 13

related to AngHV-1 ORF36, IcHV-1

ORF27, RaHV-1 ORF95 and RaHV-2
________________________________________________________ ORFI3Y
78 131840104 76.9  Capsili" Capsid maturation protease; 5 2 5

related to AngHV-1 ORF57, IcHV-1

ORF28, RaHV-1 ORF63 and RaHV-2
________________________________________________________ OREB8
81 131840107 28.6  Envelop&™ Multiple transmembrane protein; 3 5 3

related to AngHV-1 ORF51, positionally

similar to IcHV-1 ORF59, RaHV-1 ORF83
________________________________________________________ andRaHV-2 ORFAL7 .
83 131840109 26.9  Envelop® Predicted multiple transmembrane protein; - 2 3
________________________________________________________ related to AngHV-1ORF49 .
84 131840110 856 Unknown S 25 .21 32
89 131840115 535 Unknown oL A 5 .10,
90 131840116 86.1 Capsid Related to AngHV-1 ORF100, IcHV-1 9 11 14



2324
2325
2326
2327
2328
2329
2330
2331
2332
2333
2334

Predicted Predicted No. of peptide$§

ORF NCBIID MM (kDa) localization Protein descriptiorf FL  GzZ11 GZ10
ORF37, RaHV-1 ORF52 and RaHV-2
________________________________________________________ ORE 8 e
91 131840117 264 _Tegumefit | Related to AngHV-1ORF103 T S 1
92 131840118 140.4 Capsitf Major capsid protein; 45 32 45

related to AngHV-1 ORF104, IcHV-1
ORF39, RaHV-1 ORF54 and RaHV-2

________________________________________________________ OR8]
95 131840121 242 Unknown pA .- 1 2
97 131840123 117.5 Tegument-associateBelated to AngHV-1 ORF30 19 20 22
99 131840125 170.7 Envelop¥ | Predicted membrane protein; 34 14 16

related to AngHV-1 ORF67, IcHV-1
ORF46, RaHV-1 ORF46, RaHV-2 ORF72

106 131840132 7.5  Unknown T 1o
108 131840134 21 Envelopeé | Predicted membrane protein 2 1.3
112 131840138 31 Unknown Contains a double-stranded nucleic acid- 1 1 1
________________________________________________________ binding domain (helix—turn-hel)
115 131840141 86.2 Envelopt | Predicted membrane protein 14 12 17
116 131840142 304  Envelopt | Predicted membrane protein T T 1
123 131840149 29.5 Tegumefit Deoxyuridine triphosphatase; 2 - 4

related to AngHV-1 ORF5, IcH\I-ORF4¢
and RaHV-2 ORF142; also encoded by
some iridoviruses and poxviruses

131 131840157 30.6 _ Envelope | Predicted membrane protein ] >3 4
132 131840158 19  Envelopt | Predicted membrane protein .
136 131840162 17 _ Envelopt | Predicted membrane protein 2 ...8.....3
137 131840163 69.7 _ Unknown Member of ORF22 gene family 4 -
148 131840174 64.8 Envelop® Predicted membrane protein; 7 4 6

________________________________________________________ member of ORF25 gene family
149 131840175 72.8 Envelopd Predicted membrane protein; 7 9 9

member of ORF25 gene family

MM: Molecular mass

& Predicted based on bioinformatical predictionspaeld from Aoki et al. (2007).

® Predicted based on sequence homology with Angt¢-determined by van Beurden, Leroy, et
al. (2011).

¢ Predicted based on sequence homology with IcHg-dedermined by Davison and Davison
(1995).

4Protein descriptions adapted from Michel, Leroyale{2010).

¢ Number of peptides detected as determined by Nitleeoy, et al. (2010) (FL strain) and Yi et
al. (2014) (GZ11 and GZ10 strains).



2335 Table 7 - Cell lines susceptible to CyHV-3 infeatio

Cytopathic effect

Origin Name Yes No
Cyprinus carpio
Brain
Common carp brain CCB Davidovich et al. (2007)
Neukirch et al. (1999)
Gills
Common carp gill CCG Neukirch et al. (1999)
Fins/Skin
Common carp fin CaF-2 Neukirch and Kunz (2001)
CCF-K104 Imajoh et al. (2015)
MFC Zhou et al. (2013)
Common carp skin tumor EPC Neukirch et al. (1999) Hutoran et al. (2005)
Hedrick et al. (2006) Davidovich et al. (2007)
Neukirch and Kunz (2001)
Koi carp fin KF-1 Hedrick et al. (2000)
Hutoran et al. (2005)
KCF-1 Dong et al. (2011)
NGF-2(-3) Miwa et al. (2007)
KF-101 Lin et al. (2013)
Common carp snout MSC Zhou et al. (2013)
Koi carp snout KS Wang et al. (2015)
Others species
Silver carp fin Hypophthalmichthys molitr)x Tol/FL Davidovich et al. (2007)
Goldfish fin Carassius auratys Au Davidovich et al. (2007)

Fathead minnow connective tissue and muscle FHM
(Pimephales promelas

Grimmett et al. (2006) Neukirch et al. (1999)
Hedrick et al. (2000)
Davidovich et al. (2007)

Chinook salmon embry®fcorhynchus CHSE-214 Neukirch et al. (1999)
tshawytschp
Channel catfish ovarygtalurus punctatus CCO Davidovich et al. (2007)
2336 2only transient CPE

2337
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Table 8 - Organisms tested for CyHV-3 infectiadapted with permission from Rakus et al.
(2013); Original publisher BioMed Central).

Detection of CyHV-3

Detection of CyHV-3
genome in carp after

Common name (species) DNA Transcript Antigen cohabitation
Vertebrates
Cyprinidae
 Goldfish Carassius auratys ~~ Yes'9h Nd  Yed Yed  YedMiNo
Ide (euciscus idus Yed© nt nt nt
Grass carpGtenopharyngodon idel)a Yed® nt nt Ye§'
Silver carp Hypophthalmichthys molitr)x Yeg! nt nt Ye§'
Prussian carpdarassius gibelip Yeds/ N nt nt Ye$/No®
Crucian carpQarassius carassi)is Yes nt nt nt
Tench Tinca tinca Yesd nt nt Ye§?
Vimba (Vimba vimb3 Yeds nt nt Yes
Common breamAbramis brama Yes*® nt nt Ye$
Common roachRutilus rutilug Yes®© nt nt Ye$ INo®
Common daceleuciscus leucisciis YesPet nt nt Nd
Gudgeon Gobio gobig Yes®© nt nt Ye§
Rudd Gcardinius erythrophthalmjis Yed nt nt Yed
European chulSgualius cephalys Yes$/No nt nt nt
Common barbelBarbus barbuk Yes nt nt nt
Belica Leucaspius delineatys Yes nt nt nt
Common nasedhondrostoma nasyis Yes nt nt nt
Acipenseridae
~Russian sturgeoi(ipenser gueldenstaedti Yes nt ot
Atlantic sturgeonAcipenser oxyrinchys Yes nt nt nt
Cobitidae
~ Spined loachQobitis taenia =~ e nt  onat ot
Cottidae
~ European bullheadpttus gobip e nt  onat ot
Esocidae
~Northern pikeEsox luciuy Yestt nt  nt yed
Gasterosteidae
~ Three-spined sticklebacgsterosteus aculeatus ~ Yes nt ot N&
Ictaluridae
~ Brown bullhead4meiurus nebulosys ved nt ot N
Loricariidae
~ Ornamental catfishApcistrus sp. Yes nt ot ot
Percidae
~ European perctPerca fluviatiiy Yest nt ot Ye§/NoT
Ruffe Gymnocephalus cernjia Yes /No* nt nt Yes$*
Invertebrates
Swan mussel#Ahodonta cygnea Yed nt nt nt
Scud Gammarus puléx Yeg nt nt nt

nt - not tested

2 Bergmann et al. (2009);Kempter and Bergmann (2007)Kempter et al. (2012} Fabian et al. (2013)% Kempter et al. (2009); El-
Matbouli et al. (2007)¢ El-Matbouli and Soliman (2011}; Bergmann, Lutze, et al. (2010)Radosavljevic et al. (2012):Yuasa et al.
(2013);* Kielpinski et al. (2010).
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Table 9 - Immune responses@yprinus carpiato Cyprinid herpesvirus 3 infectigadapted
with permission from Adamek, Steinhagen, et al1@0Copyright © Elsevier).

2347

Organ/
Immune response Antiviral action cell type Phenotype References
Antimicrobial peptides Destroying virus Skin Down-regulated/ Adamek et al. (2013)
_________________________ particles . ___________noresponse __ . __________..__...._..
Mucins Physical protection Skino Down-regulated ____| Ak etal. (2013) .
_________________________________________________ Gut __________Noresponse ______ Syakurietal (2013) _____.
Claudins Physical protection, ~ _Skin___________ Down-regulated _____. Adamek etal. (2013)
_________________________ tissue permeability ~_ Gut __ Upregulated  Syakurietal (2013)
Type I IFNs and IFN-  Limiting virus __Fibroblasts ____ Noresponse __ ____ Adamek et al. (2012)
stimulated genes replication, induces Head kidney  Up-regulated Adamek et al. (2012)
antiviral state of the cell leukocytes
Head kidney Up-regulated Adamek, Rakus, et al.4201
... Rakusetal (2012)
Skin Up-regulated Adamek et al. (2013)
___________________________________ Adamek, Rakus, et al. (2014)
_________________________________________________ Gut ___________Upregulated _____Syakurietal (2013) _____
Apoptosis Death of infected cell Gills Up-regulated Miest et al. (2015)
Head kidney (delay)
_________________________________________________ Spleen ...
Proinflammatory Activating the immune ~ Skin Up-regulated | Adamek et al. (2013)
cytokines/ response, Gut Up-regulated Syakurietal. (2013)
chemokines proinflammatory action  Spleen Up-regulated Rakus et al. (2012)
________________________________________________________________ /down-regulated ___Ouyang etal. (2013) ______
Anti-inflammatory Regulation of Spleen Up-regulated Rakus et al. (2012)
_Cytokines inflammatory response Ouyangetal. (2013)
Acute phase response  Neutralizing viral Serum Up-regulated/ Rakus et al. (2012)
(CRP and complement) particles, lysisof | noresponse
infected cells Serum Up-regulated Pionnier et al. (2014)
Liver
Head kidney
Spleen
_________________________________________________ Gills .
_MHCclass| ___ ___ ___. Antigen presentation _____| Head kidney ___Uputetpd Rakusetal (2012)
_ Cytotoxic CD8 T cells ___Killing infected cells ______Spleen Up-regulated ___Rakusetal (2012) ~_______
Antibody response Coating, neutralizing of Serum Up-regulated Perelberg et al. (2008)

virus particles

Ronen et al. (2003)
Adkison et al. (2005)

Genetic markers associated with resistance

Cyprinus carpiolL-10a

Kongchum et al. (2011)

Cyprinus carpioMHC class IIB

Rakus, Wiegertjes, Adamek, et
al. (2009)
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Figure legends

Figure 1 - Phylogenetic analysis of thelerpesviridae and Alloherpesviridae families.

Unrooted phylogenetic tree based on (a) the fulide DNA polymerases of members of the family
Herpesviridae (b) the full-length DNA polymerases of memberdha familyAlloherpesviridae

and (c) partial DNA polymerases of members or paemembers of the familjlloherpesviridae

For (a), the sequences (996-1357 amino acid residuength) were derived from relevant
GenBank accessions. Virus names are aligned &rémeh tips in the style that mirrors the species
names (e.g. chelonid herpesvirus 5 (Chelonid H¥%) the specieShelonid herpesvirus)5The
names of subfamilies and genera are marked orefihand right, respectively. The branching order
in the genufKRhadinovirugs typically difficult to determine (McGeoch et a006). For (b), the
sequences (1507-1720 residues in length) wereatkefioam the GenBank accessions listed in Table
1, and also from FJ815289.2 (Doszpoly, Somogya).e2011) for AciHV-2 and AAC59316.1
(Davison, 1998) and unpublished data (A.J. DavisonyalHV-1. Abbreviated virus names are
shown at the branch tips (see Table 1), and thesadgenera are marked on the right. For (c),
partial sequences (134-158 residues in length; snmeated from longer sequences) located
between the highly conserved DF(A/T/S)(S/A)(L/IM)dRd GDTDS(V/T/I)M motifs were derived
from EF685904.1 (Kelley et al., 2005) for AciHVHQ857783.1 (Marcos-Lopez et al., 2012) for
GadHV-1, KM357278.1 (Doszpoly et al., 2015) for G¥#4, FI641907.1 (Doszpoly et al., 2008;
Waltzek et al., 2009) for IcHV-2, FJ641908.1 (Wakzt al., 2009) for SalHV-2, and EU349277.1
(Waltzek et al., 2009) for SalHV-3. Abbreviatedugmames are shown at the branch tips (see Table
1), and the names of genera are marked on the Rgh{(a), (b) and (c), the sequences were aligned
by using Clustal Omega (Sievers & Higgins, 2014} the tree was calculated by using MEGAG6
(Tamura, Stecher, Peterson, Filipski, & Kumar, 20&r&ler a LG+G+I model with 100 bootstraps

(values shown at the branch nodes). The scalecimganel shows the number of changes per site.

Figure 2 - Virion structure and replication cycle d herpesviruses.
(a) Schematic representation (left) and electracroscopy examination (right) of CyHV-3 virion.

Bar represents 100 nm. Adapted with permission fkbettenleiter (2004) and Mettenleiter et al.
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(2009). Copyright © Elsevier. (b) Replication cyoieCyHV-3. Diagrammatic representation of the
herpesvirus replication cycle, including virus grand dissociation of the tegument, transport of
incoming capsids to the nuclear pore, and reletgigad DNA into the nucleus where transcription
occurs in a cascade-like fashion and DNA replicaginsues. Capsid assembly, DNA packaging,
primary and secondary envelopment are also illtestr&Reproduced with permission from

Mettenleiter (2004). Copyright © Elsevier.

Figure 3 - Primary and secondary envelopment of soenherpesviruses.

(A) Primary enveloped virions in the perinucleaasp. In comparison with Fig. 2, the electron-
dense sharply bordered layer of tegument underlyiagnvelope and the conspicuous absence of
envelope glycoprotein spikes is noteworthy. (B)eAfranslocation into the cytosol, capsids of
HuHV-1, SuHV-1 and BoHV-4 appear ‘naked’, whergasse of HUHV-5 and CyHV-3 are covered
with a visible layer of ‘inner’ tegument. (C) Sedamy envelopment and (D) presence of enveloped
virions within a cellular vesicle during transptotthe plasma membrane. The same stages can be
observed for the members of tHerpesviridaeandAlloherpesviridadamilies. Bars represent 100
nm. HUHV-1: Human herpesvirus 1 (Herpesvirus SimdleHSV-1); SuHV-1: Suid herpesvirus 1
(Pseudorabies virus, PrV); HUHV-5: Human herpesviifHuman Cytomegalovirus, HCMV);
BoHV-4: Bovine herpesvirus 4; CyHV-3: Cyprinid hegvirus 3. Adapted with permission from

Mettenleiter et al. (2009). Copyright © Elsevier.

Figure 4 - Map of the CyHV-3 genome.

The terminal direct repeat (TR) is shown in a thickormat than the rest of the genome. ORFs
predicted to encode functional proteins are indiddity arrows (see the key at the foot), with
nomenclature lacking the ORF prefix given belovirtdns are shown as narrow white bars. The
colors of protein-coding regions indicate core ORf& are convincingly conserved among
members of the famillloherpesviridagfamilies of related ORFs, and other ORFs. Tel@ntike
repeats at the ends of TR are shown by grey-shaldelis. Predicted poly(A) sites are indicated by

vertical arrows above and below the genome fotwighd- and leftward-oriented ORFs,
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respectively. Reproduced with permission from Dawist al. (2013)Copyright © American
Society for Microbiology, Journal of Virology (20187:2908-2922. doi:

10.1128/3V1.03206-12.

Figure 5 - Structural proteome of CyHV-3.

Schematic representation of virion-associated preteom two CyHV-3 Chinese isolates (GZ10
and GZ11) (Yi et al., 2014) and one European isdlaL) (Michel, Leroy, et al., 2010). Numbers
indicate CyHV-3 ORFs. A total of 46 viral proteiwgre identified from which 34 were consistently
identified in the three CyHV-3 isolates. Asterigkdicate viral proteins in which only one matched

peptide was detected. Adapted with permission fromt al. (2014). Copyright © Elsevier.

Figure 6 - lllustration of anatomopathological andhistopathological lesions induced by

CyHV-3

(a) Anatomopathological lesions. (A) Severe gitmsis. (B) Hyperemia at the base of the caudal
fin. (C) Extensive necrosis of the skin covering body (arrows indicate circular herpetic lesion)
and fin erosion (arrowheads). Adapted with perrois$iom Michel, Fournier, et al. (2010). (b)
Histopathological lesions in the skiBections of the skin of carp stained with haemdioxand

eosin. S, scale; E, epidermis. (A) The skin of &krofected fish. (B) The skin of a moribund
specimen sampled 6 dpi. Most of the cells exhibgaherescence and necrosis as well as
marginalization of the chromatin. (C) The skin aharibund fish sampled 5 dpi. The epidermis has
detached from the underlying dermis probably asrsequence of extensive necrosis. (D) High
magnification of the skin of an infected fish 2 .dgbte the characteristic chromatin marginalization
observed in some epithelial cells (arrowheads) ptethfrom with permission from Miwa et al.
(2014). Copyright © Wiley & Sons, Inc. (c) Histopatogical lesions in the gill$:ive micrometer
sections were stained with hematoxylin and eadSigrading system was developed to characterize
the lesions observed in gill rakers and gill lamellThe grading system evaluates the degree of
epithelial hyperplasia, the presence of intra-rarcléral inclusions, and cell degeneration. Brigfly

grade 0 = physiological state; grade 1 = mild hglzeia without evidence of degenerated cells and
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viral inclusions; grade 2 = severe hyperplasia@medence of few degenerated cells and viral
inclusions; and grade 3 = presence of abundamraggted cells and viral inclusions (gill lamellae
and gill rakers), massive epithelial hyperpladianfi the entire secondary lamellae interspace (gil
lamellae), and ulcerative erosion of the epitheliigitt rakers). Scale bars = 1@@n. Adapted with

permission from Boutier et al. (2015).

Figure 7 - lllustration of histopathological lesiors induced in the central nervous system of carp
by CyHV-3.

(a), (d) and (e) show sections of telencephalorsemesphalon and spinal cord hybridized for the
viral genome, respectively. Fish were sampled 12Tdpe hybridization signals (arrowheads) are
observed along the ependyma as well as in somem&ur the neuropil and around the central
canal. The rectangles in panel (a) are shown egdargpanels (b) and (c). Arrows indicate melanin.
(f) A section of the spinal cord stained with hatmglin and eosin. Arrowheads indicate nuclei of
cells presumably infected with CyHV-3. V, ventricleCH, tela choroidea; VC, valvula cerebelli;
OT, optic tectum; LR, lateral recess; C, centralataReproduced with permission from Miwa et al.

(2014). Copyright © Wiley & Sons, Inc.

Figure 8 - The portals of entry of CyHV-3 in carp analyzed byin vivo bioluminescent imaging.
Two groups of fish (mean weight 10 g) were infeatétth a recombinant CyHV-3 strain expressing
luciferase as a reporter gene either by bathing ihewvater containing the virus (Immersion, left
column) or by feeding them with food pellets conitzated with the virus (Oral, right column). At

the indicated times post-infection, six fish pevgy were analyzed by IVIS. Each fish was analyzed
lying on its right and left side. The internal sivas analyzed after euthanasia and dissection.
Dissected fish and isolated organs were analyzeeikf@ivobioluminescence using IVIS. One
representative fish is shown for each time poimnt iaoculation mode. Images collected over the
course of the experimentere normalized using an identical pseudo-cololes@nging from violet
(least intense) to red (most intense) using Livmgge 3.2 software. rba, right branchial arches; Ib

left branchial arches; ro, right operculum; lot legberculum; p, pharynx; aw, abdominal wall; i,
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intestine. Reproduced with permission from Foureteal. (2012). Original publisher BioMed

Central.

Figure 9 - Sensitivity of common carp to CyHV-3 duing the early stages of development.

At different times post-hatching, carp were inotedbwith a recombinant CyHV-3 strain expressing
luciferase as a reporter gene according to thregemof inoculation: by immersion in infectious
water (B), by immersion in infectious water justeafremoving the epidermal mucus (M), and by IP
injection of the virus (IP). At 24 hpi, 30 carp weanalyzed individually by IVIS. Mock-infected fish
(panels a to e) and representative positive infefish (panels f to t) are shown for each time poin
of analysis. Images are presented with a relatnqm flux scale automatically adapted to each
image in order to use the full dynamic range offikeudo-color scale. Scale bars = 2 mm.

Reproduced with permission from Ronsmans et all4P00riginal publisher BioMed Central.

Figure 10 - Immune protection conferred by theA56-57 attenuated CyHV-3 vaccine revealed
by in vivo bioluminescent imaging.

Common carp (mean = SD weight 13.82 + 5.00 g, 9thmoald) were infected for 2 h by immersion
in water containing 40 or 400 pfu/ml of th&6-57 attenuated CyHV-3 strain or mock-infected.
None of the fish died from primary infection. Fottyo days post-primary infection, fish were
challenged by immersion for 2 h in water contair@®§ pfu/ml of the WT Luc strain. At the
indicated times post-challenge, fish (n=6) werdyaeal using the IVIS. (A) Representative images.
Images within the blue frame were normalized usimgsame scale. (B) Average radiance
(individual values, mean + SD) measured on theebbdy surface of the fish (individual values
represent the mean of the left and right sidesimédafor each fish). The discontinuous line
represents the cut-off for positivity, which is tmean + 3 SD (p < 0.00135) of the values obtained
(not presented) for mock-infected and mock-chakehigsh (negative control). Positive fish are
represented by red filled dots. Significant diffezes in the mean of the average radiance were
identified by post-hoc t-test after two-way ANOVAalysis taking the treatment and the time

post-challenge as variables. Reproduced with psromigrom Boutier et al. (2015).



