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CYPRINID HERPESVIRUS 3: AN INTERESTING VIRUS FOR APPLIED AND
FUNDAMENTAL RESEARCH

L'HERPESVIRUS CYPRIN 3: UN VIRUS INTERESSANT TANT POUR
LA RECHERCHE APPLIQUEE QUE LA RECHERCHE
FONDAMENTALE

Par Guillaume FOURNIER! and Alain VANDERPLASSCHEN'"

(Communication présentée le 3 novembre 2011)

— SUMMARY

The koi herpesvirus recently designated cyprinid herpesvirus 3 (CyHV-3) is an emerging agent that
causes fatal disease in common and koi carp. Since its emergence in the late 1990s, this highly con-
tagious pathogen has caused severe financial losses in koi and common carp culture industries world-
wide. In addition to its economical importance, recent studies demonstrate that CyHV-3 is an inter-
esting topic for fundamental research: for example CyHV-3 encodes the largest genome amongst the
order Herpesvirales, and serves as an extreme model for mutagenesis of large DNA viruses. Studies
of the CyHV-3 portal of entry in carp suggest that the skin of teleost fish represents an efficient portal
of entry for viruses. They also highlight the role of fish epidermal mucus as an innate immune bar-
rier against pathogen entry. In this manuscript, we summarize these advances in CyHV-3 fundamental
research.
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— RESUME
L'herpésvirus de la carpe koi, récemment renommé herpésvirus cyprin 3 (CyHV-3), est I’agent causal
d'une maladie émergente et fatale chez la carpe commune et la carpe koi. Depuis son émergence
fin des années 1990, ce pathogéne trés contagieux a induit des pertes économiques trés importantes
dans |'élevage industriel des carpes koi et commune. En plus de son intérét économique, des études
récentes démontrent I'intérét du CyHV-3 comme sujet de recherche fondamentale : par exemple, de
par la taille de son génome (le plus grand au sein de I'ordre des Herpesvirales), le CyHV-3 procure
un modeéle extréme pour |I'étude de la mutagenése des grands virus a ADN. Par ailleurs, |I'étude de
la porte d’entrée de ce virus chez la carpe suggére que la peau des poissons téléostéens pourrait repré-
senter une porte d’entrée efficace pour certains virus. Le modele « CyHV-3 - carpe » a également permis
de démontrer de maniére directe le réle du mucus épidermique comme composant de I'immunité
innée. Dans ce manuscrit, nous résumons les études fondamentales relatives a ces aspects de la recherche
sur le CyHV-3.
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INTRODUCTION

Common carp (Cyprinus carpio carpio) is a freshwater fish and
one of the most important species in aquaculture, with a world
production of 3.2 million metric tons per year (2009
www.fao.org). In addition to common carp, which is cultiva-
ted for human consumption, koi (Cyprinus carpio koi), an
often-colourful subspecies, is grown for personal pleasure and
competitive exhibitions. In the late 1990s, a highly contagious
and virulent disease began to cause severe economic losses in
these two carp industries worldwide (Michel et al. 2010). The
observed rapid worldwide spread of the disease has been attri-
buted to the international fish trade and koi shows that occur
all around the world (Hedrick et al. 2000). The causative agent
of the disease was initially called koi herpesvirus (KHV) accor-
ding to its morphological resemblance to viruses belonging to
the order Herpesvirales (Hedrick et al. 2000). Recently, the virus
was renamed cyprinid herpesvirus 3 (CyHV-3; species Cyprinid
herpesvirus 3, genus Cyprinivirus, family Alloherpesviridae, order
Herpesvirales) based on the homology of its genome with pre-
viously described cyprinid herpesviruses (Davison et al. 2009).
The newly designated family Alloherpesviridae comprises viruses
that infect fish and amphibians. The common ancestor of this
family is thought to have diverged from the common ancestor
of the Herpesviridae family (herpesviruses infecting reptiles, birds
and mammals) (figure 1) (Waltzek et al. 2009).

Because of its economical importance, once isolated, CyHV-
3 rapidly became an important subject for applied research.
However, recent studies have demonstrated that CyHV-3 is also
an interesting fundamental research topic. In the present
manuscript, we summarize recent advances made in CyHV-3
fundamental researches on the mutagenesis of its large genome
and on the identification of its portal of entry in carp.

MUTAGENESIS OF CYHV-3 USING BAC
CLONING AND RECOMBINATION
TECHNOLOGIES

The genome of CyHV-3 is a 295 kb linear dsDNA molecule
consisting of a large central portion flanked by two 22 kb repeat
regions called the left repeat (LR) and the right repeat (RR)
(Aoki et al. 2007). The genome size is similar to that of
CyHV-1 infecting catfish, but is much larger than that of other
members of the order Herpesvirales, which generally range from
125 to 240 kb. The sequence of CyHV-3 genome revealed a
significant number of original DNA sequences with no homo-
logy to any other known viral sequences. Moreover, it contains
highly divergent DNA sequences encoding polypeptides,
which resemble those of several dsSDNA viruses, like herpesvirus,
poxvirus, iridovirus and other large DNA viruses (Aoki et al.

2007).

Since its first isolation, an increasing number of studies have
been devoted to CyHV 3. They reported data related to viral
gene content, to viral pathogenesis, to the epidemiology of the

infection, to the diagnostic of the infection and to control
methods (Michel et al. 2010). However, until very recently, no
information has been published on the role of individual
CyHV-3 genes in the biology of the infection or in the patho-
genesis. Two reasons can explain this lacuna. Firstly, the
CyHV-3 genome sequence has been published only very
recently (Aoki et al. 2007). Secondly, prolonged CyHV-3 cul-
tivation in vitro leads to spontaneous attenuation of the virus
making the production of CyHV-3 recombinants difficult
using classical homologous recombination in eukaryotic cells
(Ronen et al. 2003).

Manipulation of large herpesvirus genomes has been facilita-
ted by the use of bacterial artificial chromosome (BAC) vec-
tors (Wagner et al. 2002). These vectors allow the stable main-
tenance and efficient mutagenesis of the viral genome in
Escherichia coli (E. coli) followed by the reconstitution of pro-
geny virions by transfection of the BAC plasmid into permis-
sive eukaryotic cells. Several herpesviruses have been success-
fully propagated as infectious BAC clones. The 235 kb genome
of Human Cytomegalovirus (HCMV) was before the BAC clo-
ning of CyHV-3 the largest herpesvirus genome which has been
BAC cloned (Borst et al. 1999).

BAC cloning represents an obvious approach to avoid the pro-
blems described above in production of CyHV-3 recombinants.
However, the large size of its genome and its abundant repeti-
tive sequence content (Aoki et al. 2007) represent two intrin-
sic features of CyHV-3 that could render its BAC cloning dif-
ficult or even impossible. Recently, we described for the first time
the cloning of the CyHV-3 genome as a stable and infectious
BAC clone (Costes et al. 2008). Several recombinant strains
were derived from the BAC clone using homologous recom-
bination in eukaryotic cells and prokaryotic recombination tech-
nology. The availability of a CyHV-3 BAC is an important
advance that will allow the study of viral genes involved in
CyHV-3 pathogenesis, as well as the production of attenuated
recombinant candidate vaccines.

THE MAJOR PORTAL OF ENTRY OF CYHV-3
IN CARP IS THE SKIN

Several authors postulated that the gills might be the portal of
entry of CyHV-3 in carp (Gilad et al. 2004; Miyazaki et al.
2008).Recently, we challenged this hypothesis using in vivo bio-
luminescent imaging. Taking profit of the BAC cloning of
CyHV-3, a recombinant strain expressing luciferase (LUC) as
a reporter protein was produced (Costes et al. 2009).Using this
strain, bioluminescent imaging and an original system to per-
form percutaneous infection restricted to the posterior part of
the fish, the skin covering the fin and body was shown to
mediate the entry of CyHV-3 into carp (Costes et al. 2009)
(figure 2). This study, together with an earlier report addres-
sing the portal of entry of a rhabdovirus (infectious hemato-
poietic necrosis virus) in salmonids (Harmache et al. 2006), sug-
gests that the skin of teleost fish represents an efficient portal
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Figure 1: (A) Cladogram depicting relationships among viruses in the order Herpesvirales, based on the conserved regions of the terminase gene. The Bayesian
maximum likelihood tree was rooted using bacteriophages T4 and RB69. Numbers at each node represent the posterior probabilities (values > 90 shown) of the
Bayesian analysis. (B) Phylogenetic tree depicting the evolution of fish and amphibian herpesviruses, based on sequences of the DNA polymerase and terminase
genes. The maximum likelihood tree was rooted with two mammalian herpesviruses (HHV-1 and HHV-8) . Maximum likelihood values (>80 are shown) and Bayesian
values (>90 are shown) are indicated above and below each node, respectively. Branch lengths are based on the number of inferred substitutions, as indicated by
the scale bar. AIHV-1: alcelaphine herpesvirus 1; AtHV-3: ateline herpesvirus 3; BoHV-1, -4, -5: bovine herpesvirus 1, 4, 5; CeHV-2, -9: cercopithecine her-
pesvirus 2, 9; CYHV-1, -2: cyprinid herpesvirus 1, 2; EHV-1, -4: equid herpesvirus 1, 4; GaHV-1, -2, -3: gallid herpesvirus 1, 2, 3; HHV-1, -2, -3, -4, -5,
-0, -7, -8: human herpesvirus 1, 2, 3,4, 5, 6, 7, 8; IcHV-1: ictalurid herpesvirus 1; McHV-1, -4, -8: macacine herpesvirus 1, 4, 8; MeHV-1: meleagrid her-
pesvirus 1; MuHV-2, -4: murid herpesvirus 2, 4; OsHV-1: ostreid herpesvirus 1; OvHV-2: ovine herpesvirus 2; PaHV-1: panine herpesvirus 1; PsHV-1: psit-
tacid herpesvirus 1; RaHV-1, -2: ranid herpesvirus 1, 2; SaHV-2: saimiriine herpesvirus 2; SuHV-1: suid herpesvirus 1; TuHV-1: tupaiid herpesvirus 1. Reproduced
with permission from Waltzek et al. (2009) (Waltzek et al. 2009).
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Figure 2: The skin of carp is acting as a portal of entry for CyHV-3. A schematic representation of the system used to restrict viral inoculation to the fish skin is
shown on the left. The lower drawing presents the conditions under which fish (n = 6) were inoculated by restricted contact of the virus with the skin located pos-
terior to the anterior part of the dorsal fin. The upper drawing presents control conditions under which fish (n = 6) were inoculated in the system but without the
latex diaphragm dividing the fish body into two isolated parts, allowing the virus to reach the entire fish body. The fish were infected by bathing them for 24 hours
in water containing a recombinant CyHV-3 strain able to emit bioluminescence. All fish were analyzed 24 hours post-infection (hpi) by bioluminescence imaging.
After an additional incubation period of 24 hours in individual tanks containing fresh water, they were reanalyzed by bioluminescence imaging (48 hpi). Three repre-
sentative fish are shown. The images are presented with standardized minimum and maximum threshold values for photon flux. Reproduced with permission from

Costes et al. (2009)(Costes et al. 2009).

of entry for viruses. It is important to note that the epidermis
of the skin of teleost fish is a stratified squamous epithelium.
Unlike its mammalian counterpart, it is living and capable of
mitotic division at all levels, even at the outermost squamous
layer. The scales are dermis structures covered by the epider-
mis.

EPIDERMAL MUCUS INHIBITS CYHV-3
BINDING TO EPIDERMAL CELLS

Fish skin is a complex limiting structure providing mechanical,
chemical and immune protection against injury and pathoge-
nic microorganisms (Fontenot & Neiffer, 2004). Its mucus layer

confers an innate immune protection against pathogen entry.
Two types of mechanisms explain the protection conferred by
mucus. Firstly, the mucus forms an efficient mechanical barrier
that is constantly moving downstream along the fish and off of
trailing edges. Like the muco-ciliary escalator of the respiratory
tract of pulmonate animals, fish mucus reduces pathogen
access to epithelial cells. Secondly, the mucus contains nume-
rous proteins such as for example immunoglobulins, enzymes
and lytic agents able to neutralise microorganisms (Palaksha et
al. 2008; Subramanian et al. 2008). It is generally accepted that
chemical and physical (for example, ectoparasite infestations,
rude handling or injuries) stresses that affect skin mucus
increase fish susceptibility to infection by pathogens (Roberts
& Ellis, 2001). However, despite the abundance of studies on
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Figure 3: Epidermal mucus removal and epi-
dermis erosion enhance CyHV-3 entry in carp as
revealed by bioluminescence imaging. (a)
Schematic diagram representing the area (in grey)
of the fish skin to wish the indicated physical

treatments (rubbing with a soft tissue paper or with
a cotton swab) were applied just before viral ino-
culation. Each panel represents the same fish
lying on its left and right side. (b) Each physical
treatment was applied to a group of 7 fish.
Immediately after skin treatment, fish were ino-

culated by immersion in water containing a

recombinant CyHV-3 strain expressing luciferase.
The fish were analyzed by bioluminescence ima-
ging at the indicated time post-inoculation. Each
fish was analyzed lying on its right and its left side.
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fish skin immunity and skin bacterial infection, there are few
direct in vivo evidence on the role of skin mucus as a first line
of innate immune protection against bacterial infection, and
none against viral infection (Fouz et al. 1990; Kanno et al. 1989;
Takahashi et al. 1986). Recently, we took advantage of the
“CyHV-3 carp” model of infection to investigate by using bio-
luminescence imaging the effect of mucus removal and pro-
gressive epidermal lesions on CyHV-3 entry in carp. Physical
treatments inducing removal of the mucus up to complete ero-
sion of the epidermis were applied on a defined area of carp skin
just before inoculation by immersion in infectious water (figure
3). CyHV-3 entry in carp was drastically enhanced on the area
of the skin where the mucus was removed with or without asso-
ciated epidermal lesion. To investigate whether skin mucus inhi-
bits CyHV-3 binding to epidermal cells, tail fins with an
intact mucus layer or without mucus were inoculated ex vivo.
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Two representative fish are shown per group. The
images collected over the course of the experiment
are presented with standardized minimum and
maximum threshold values for photon flux.
Reproduced with permission from Raj et al.
(2011) (Stalin Raj et al. 2011).

While electron microscopy examination revealed numerous
viral particles bound on the fins inoculated after mucus remo-
val, no particle could be detected after infection of mucus-cove-
red fins. Finally, anti-CyHV-3 neutralising activity of mucus
extract was tested in vitro. Incubation of CyHV-3 with mucus
extract reduced its infectivity in a dose dependent manner. All
together, these data highlights the role of fish skin mucus as an
innate immune protection against viral epidermal entry.

CONCLUSION

Because CyHV-3 causes several financial and economical
losses in both koi and common carp culture industries world-
wide, it is an important topic for applied science. However, seve-
ral aspects of CyHV-3 make it an interesting and original fun-
damental science subject.
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