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Résumé

Le Cyprinid herpesvirus 2 (CyHV-2) est un virus & ADN double brin linéaire appartenant au
genre Cyprinivirus, de la famille des Alloherpesviridae. Cet agent pathogéne cause une maladie asso-
ciée a des mortalités élevées chez le poisson rouge (Carassius auratus) et d'autres espéces apparentées
d'importance économique. Au début de cette thése, la compréhension de la pathogénie du CyHV-2
souffrait d’'un manque d’information sur plusieurs aspects. Aucune étude n’avait été publiée sur la sus-
ceptibilité et la permissivité de I'hdte du CyHV-2 aux différents stades de son développement. De méme
la porte d’entrée du virus n’était pas connue. Contrairement a des virus apparentés, le potentiel d utili-
sation du modele de laboratoire le poisson-zebre (Danio rerio) pour I’étude de la pathogénie du CyHV-
2 n’avait pas été investigué¢. Enfin, malgré 1'isolement et le s€équencage complet de plusieurs souches de
CyHV-2, aucune souche capable d’induire une infection mimant I’infection naturelle n’était disponible
au début de cette these (infection par immersion dans de 1’eau contenant le virus et induction d’une
maladie se propageant de sujet a sujet).

Pour combler ces lacunes, nous avons mené trois études interconnectées, correspondant aux
trois sections expérimentales de cette these. Dans la premiére étude, nous avons démontré que le pois-
sons rouge présente différents niveaux de sensibilité et de permissivité au virus CyHV-2 aux différents
stades de son développement. Nous avons également identifié la porte d’entrée principale du CyHV-2
chez son hoéte naturel. Cela a été réalisé en produisant une souche recombinante de CyHV-2 exprimant
des génes rapporteurs. Malheureusement, la souche parentale utilisée n’étant pas pleinement virulente,
la souche recombinante produite n’exprimait qu’une faible virulence peu représentative des souches de
terrain. Deux actions ont été menées en parallele pour tenter de développer des modéles d’infection plus
représentatifs de la virulence observée sur le terrain. Premiérement, dans la deuxiéme étude expérimen-
tale, nous avons exploré la possibilité d’utiliser le poisson-zébre sauvage ou modifié génétiquement
comme modeéle d’infection par le CyHV-2. A cette fin trois lignées génétiquement modifiées de pois-
son-zebre ont été produites et testées quant a leur sensibilité et permissivité au CyHV-2. Deuxiémement,
dans la troisieme étude expérimentale, nous avons tenté d’identifier de nouvelles souches de CyHV-2
hautement virulentes au sein d’isolats de terrain. De courts résumés de ces trois études sont présentés
ci-dessous.

Section Expérimentale 1 : étude par imagerie in vivo de la sensibilité et de la permissivité
du poisson rouge a I’infection par le CyHV-2 aux différents stades de son développement. Afin de
pouvoir étudier la pathogénie du CyHV-2 par imagerie in vivo, nous avons produit une souche recom-
binante exprimant un géne rapporteur codant pour une protéine bioluminescente et une protéine fluo-
rescente. L'infection par immersion de poissons rouges avec cette souche recombinante et 1’utilisation
de diverses techniques d'imagerie in vivo, nous ont permis d’étudier des aspects spatio-temporels de la
réplication du CyHV-2 aux stades larvaire, juvénile et adulte. Bien que les larves étaient moins sensibles

a l’infection par rapport aux stades ultérieurs de développement, elles présentaient la plus grande
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permissivité a la réplication du CyHV.2, entrainant une infection systémique rapide et une mortalité
¢levée. Une décroissance de la sensibilité et de la permissivité a I’infection a été observée avec le dé-
veloppement de I’hdte. Point trés important, a tous les stades de développement, la peau a été identifiée
comme le tissu le plus sensible et le plus permissif a I'infection, suggérant qu'elle sert de porte d'entrée
principale au virus. Les résultats de cette étude représentent des informations fondamentales précieuses
pour comprendre la pathogénie et I'épidémiologie du CyHV-2 chez son héte naturel ainsi que pour
comparer I’évolution de virus apparentés des poissons.

Section Expérimentale 2 : sensibilité et permissivité des larves de poisson-zébre aux infec-
tions par trois cyprinivirus. Le poisson-zebre est un organisme modele de laboratoire utilisé dans de
multiples domaines de la recherche scientifique dont la virologie. De maniére étonnante, ce modéle
s’est révélé utile pour 1’étude de virus variés dont certains infectant ’homme. Un grand avantage du
modele poisson-zebre est qu’il est relativement facile de produire des sujets transgéniques trés utiles
pour I’étude des interactions virus-héte. Dans le second chapitre de cette these, un modele de poisson-
zébre a été testé pour déterminer sa sensibilité et sa permissivité au CyHV-2 mais également a deux
autres virus appartenant également au genre Cyprinivirus. Notre étude a révélé que les larves de pois-
son-zébre n'étaient pas sensibles a ces virus lorsqu'elles étaient inoculées par immersion. Néanmoins,
des infections par le CyHV-2 et le CyHV-3 ont pu étre établies en culture de cellules et méme in vivo a
la suite d’inoculation des larves par micro-injection intrapéritonéale. Cependant, ces infections étaient
transitoires, avec une élimination rapide du virus corrélée a une mort cellulaire de type apoptotique des
cellules infectées.

Section Expérimentale 3 : caractérisation in vitro et in vivo de nouvelles souches de CyHV-
2 isolés aux Pays-Bas. Malgré I'isolement et le séquencage complet de plusieurs souches de CyHV-2,
aucune souche disponible au début de cette thése n’exprimait une virulence comparable a celle observée
sur le terrain. L’acces a ce type de souche virulente est essentiel pour étudier la pathogénie du CyHV-
2 et pour tester les propriétés des candidats vaccins produits. Dans la troisiéme et derniére étude de cette
thése, nous avons analyse in vitro et in vivo les propriétés d’isolats de terrain du CyHV-2 issus des Pays-
Bas. Dans cette étude, nous avons testé trois nouvelles souches de CyHV-2. Ces isolats appelés NL-1,
NL-2 et NL-3 ont également été séquences. Les analyses phylogénétiques réalisées ont révélé que ces
nouvelles souches sont distinctes des souches connues antérieurement. Les trois souches ont également
montré des différences significatives en termes de cinétique de croissance in vitro, la souche NL-2
présentant un passage stable et une meilleure multiplication en culture de cellule. Il est important de
noter que I’inoculation de la souche NL-2 a des poissons rouges Shubunkin adultes par immersion (2000
PFU/mL) a induit une mortalité moyenne d'environ 40%, alors que les expériences réalisées en paralléle
avec la souche de référence CyHV-2 ST-J1 n'ont induit aucune mortalité. En résumé, cette étude a
révélé que la souche NL-2 est compatible avec une multiplication en culture de cellule, et qu’elle ex-

prime une grande virulence capable d'induire une mortalité chez les poissons rouges Shubunkin adultes
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inoculés par immersion. Cela a abouti a la description d'un nouveau modele d'infection pour le CyHV-

2 représentatif des conditions de I’infection naturelle sur le terrain.
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Summary

Cyprinid Herpesvirus 2* (CyHV-2), is a linear double-stranded DNA virus that belongs to the
genus Cyprinivirus® within the family Alloherpesviridae. This pathogenic agent is responsible for caus-
ing high mortality infectious disease in goldfish (Carassius auratus), and other economically important
Carassius spp. Despite its prevalence, a comprehensive investigation into host susceptibility and per-
missivity at various developmental stages remains elusive, and the primary portal of viral entry into the
host organism remains unclear. Also, unlike related viruses, the potential exploitation of zebrafish in-
fection models, has not been explored. Furthermore, despite several CyHV-2 strains being isolated and
fully sequenced, there is a lack of detailed characterization and consistent information on strains that
exhibit high virulence in adult goldfish through viral challenge by immersion, particularly in the context
of European host populations. This last point limits the study of CyHV-2 pathogenesis in the useful
biological contexts most relevant to disease mitigation and control.

In order to address these knowledge gaps, we conducted a series of three interconnected studies,
corresponding to Experimental Sections 1, 2 and 3 in this thesis. In the first study, we demonstrated that
goldfish exhibit different levels of susceptibility and permissivity to the CyHV-2 virus at various devel-
opmental stages and identified the primary portal for CyHV-2 entry into the host. This was achieved
using a recombinant CyHV-2 strain expressing reporter genes. However, due to the parental strain for
which the recombinant was derived from, it did not cause clinical disease in adult hosts when challenged
by immersion, and thus it was not representative of highly pathogenic CyHV-2 strains responsible for
high mortality outbreaks in the same host populations in the field. Therefore, in order to potentially
establish alternative CyHV-2 in vivo infection models, we explored two avenues in parallel. Firstly
(Experimental Section 2) we explored the possibility of establishing, through genetic engineering, new
zebrafish strains, with increased susceptibility and permissively to CyHV-2. Secondly (Experimental
Section 3) we sought to identify novel CyHV-2 strains that were highly virulent and capable of inducing
CyHV-2 related mortality in European sourced adult goldfish when challenged via immersion. These
three studies are summarized as follows in the format of short abstracts:

Experimental Section 1: In Vivo Imaging Sheds Light on the Susceptibility and Permis-
sivity of Carassius auratus to CyHV-2 According to Developmental Stage. There has been a lack of
comprehensive studies regarding CyHV-2 host susceptibility and permissivity across different develop-
mental stages, and the primary portal of viral entry into the host remains unclear. To address these
knowledge gaps, we engineered the first recombinant strain of CyHV-2 expressing bioluminescent and
fluorescent reporter genes. Infection of goldfish hosts with this recombinant strain through immersion
enabled us to utilize various in vivo imaging techniques to elucidate the spatiotemporal aspects of
CyHV-2 replication during larval, juvenile, and adult developmental stages. Although larvae were less
susceptible compared to later developmental stages, they exhibited the highest permissivity to CyHV-2

replication, resulting in rapid systemic infection and high mortality. Permissivity to CyHV-2 decreased
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as development progressed, with adults being the least permissive and consequently experiencing the
lowest mortality rates. Throughout all developmental stages, the skin was identified as the most suscep-
tible and permissive organ to infection during the early stages post-infection, suggesting that it serves
as the primary portal of entry into these hosts. These findings collectively offer valuable fundamental
insights into CyHV-2 pathogenesis and epidemiology in Carassius auratus, with significant relevance
to other economically important virus-host models within the same genus.

Experimental section 2: Susceptibility and Permissivity of Zebrafish (Danio rerio) Larvae
to Cypriniviruses. The zebrafish (Danio rerio) has emerged as a useful model organism in virology,
facilitating the study of various viruses. Notably, it has proven to be valuable in studying a wide variety
of viruses. Furthermore, it can easily be genetically manipulated, making it a valuable tool in studying
virus-host interaction. In this study, a zebrafish model was tested to determine its susceptibility and
permissivity to CyHV-2 relative to other viruses in the genus Cyprinivirus. Our investigation revealed
that zebrafish larvae were not susceptible to these viruses when challenged by immersion. Nevertheless,
infections with CyHV-2 and CyHV-3 could be established using artificial infection models both in vitro
(utilizing zebrafish cell lines) and i vivo (via microinjection of larvae). However, these infections were
transient, with rapid viral clearance correlated with apoptosis-like death of infected cells.

Experimental Section 3: In vitro and In vivo Characterization of novel CyHV-2 Strains
from The Netherlands. Despite several CyHV-2 strains being isolated and fully sequenced, there is a
lack of detailed characterization and consistent information on strains that exhibit high virulence in
adult goldfish via challenge by immersion, particularly in the context of European host populations.
These kinds of strains are much more compatible with experimental designs that are representative of
natural infection. In this study, we isolated three novel strains of CyHV-2 originating from high mortal-
ity outbreaks in The Netherlands, which we refer to as NL-1, NL-2, and NL-3. Genome sequencing and
phylogenetic analyses revealed that these newly isolated strains are distinct from known strains and
from each other. The three strains also exhibited significant differences in terms of in vitro growth ki-
netics, with NL-2 exhibiting stable passaging and superior fitness in vitro. Importantly, the challenge of
adult Shubunkin goldfish with the NL-2 strain via immersion (2000 PFU/mL) induced an average mor-
tality of ~40%, while parallel experiments with the CyHV-2 reference strain ST-J1 resulted in no mor-
tality. In summary, this study revealed that the NL-2 strain is (i) compatible with stable passaging in
vitro, with acceptable replication kinetics in this environment, and (ii) highly virulent and capable of
inducing CyHV-2 related mortality in adult Shubunkin goldfish when challenged via immersion. This
resulted in the description of a new CyHV-2 in vivo infection model, much more compatible with ex-

perimental designs that are required to be representative of natural infection.

! Recently Cyprinid Herpesvirus 2 was renamed Cyvirus cyprinidallo 2 and the genus Cyprinivirus was renamed Cyvirus by
the International Committee on Taxonomy of viruses (ICTV). This occurred before this present Ph.D. project was completed.
Consequently, for consistency with the nomenclature used in publications arising from this study (which were published before

these nomenclature changes), in this thesis, we retain the use the previous nomenclature.
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Preamble

Cyprinid Herpesvirus 2 (CyHV-2) is a linear double-stranded DNA virus belonging to the genus
Cyprinivirus in the family Alloherpesviridae. Since it was initially reported as the causative agent of
epizootics in goldfish (Carassius auratus) in Japan, this virus has become globally prevalent. Despite
its global distribution and economic importance, there are significant knowledge gaps regarding the
pathogenesis of CyHV-2, which we address throughout this study.

The thesis begins with an introduction section which was divided into three subsections. The
first subsection section focuses on goldfish, the main host species for CyHV-2, which was also utilized
in this study. The second subsection focuses on viruses belonging to the order Herpesvirales, and with
a specific focus on viruses in the family Alloherpesviridae, which infect fish and amphibian hosts. This
subsection is mainly adapted from the review published by the host lab in fish and amphibian Allo-
herpesviruses in the 4" edition of the Encyclopedia of Virology. Finally, the last subsection of the intro-
duction consists of an up-to-date literature review of CyHV-2, the main subject of this thesis. The ob-
jectives of the thesis are then described, followed by the experimental sections. The experimental sec-
tion consists of three subsections: The first describes a study on the susceptibility and permissivity of
goldfish to CyHV-2 at different developmental stages, and identification of the major portal of entry of
CyHV-2. This study has been published in the journal Viruses. The second chapter describes a study
comparing the ability of different cypriniviruses (including CyHV-2) to infect zebrafish cell lines and
zebrafish larvae. My contribution to this study consisted of the CyHV-2 infection work. This study has
also been published in the journal Viruses. The third chapter describes a study on the genomic and
biological characterization and comparison of three newly isolated CyHV-2 strains, leading to the iden-
tification of a strain capable of inducing CyHV-2 related mortality in adult Shubunkin goldfish through
inoculation by immersion, thus representing a very valuable new CyHV-2 infection model.

There is a clear, coherent and logical connection between the three experimental sections. While
the first study successfully addressed critical questions related to the pathogenesis of CyHV-2, as the
CyHV-2 in vivo infection model did not result in severe disease or mortality in adult subjects when
challenged by immersion, it was not entirely representative of highly pathogenic CyHV-2 strains re-
sponsible for high mortality outbreaks in the field. As this may limit future studies into different aspects
of CyHV-2 pathogenesis and other aspects relevant to disease mitigation and control with this recom-
binant, we investigated the potential establishment of alternative CyHV-2 in vivo infection models.
Firstly (Experimental Section 2) we explored the possibility of establishing, through genetic engineer-
ing, new zebrafish strains, with increased susceptibility and permissively to CyHV-2. Secondly (Exper-
imental Section 3) we sought to identify novel CyHV-2 strains that were highly virulent and capable of
inducing CyHV-2 related mortality in adult goldfish when challenged via immersion. Finally, in the last
section of this thesis, the main findings are discussed collectively, with the added benefit of hindsight

and retrospective insights with additional future perspectives arising from this Ph.D. study.
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Chapter 1 Introduction

1. The goldfish

Fish, constituting the oldest, largest, and most diverse class of vertebrates, encompass approx-
imately 48% of identified species within the subphylum Vertebrata. Exhibiting adaptability to a broad
spectrum of habitats ranging from freshwater to saltwater, cold polar seas to warm tropical reefs, and
shallow surface waters to the profound pressures of ocean depths, fishes serve as an invaluable subject
for investigating both physiological and molecular evolution, owing to their evolutionary standing
among vertebrates (Helfman et al., 2009). Among the myriad varieties of fish, goldfish stand out for
their wide array of forms, and it has become one of the most popular ornamental animals in the world.
Furthermore, owing to their distinctive evolutionary processes and physiological structures, goldfish
have garnered significance in biological research fields, emerging as a useful complement to mamma-
lian disease models (Blanco and Unniappan, 2022). In this chapter, we will succinctly explore various
facets of goldfish, including their origin, historical background, taxonomy, evolutionary trajectory, de-
velopmental processes, anatomical characteristics, applications in scientific research scenarios, and

prevalent threats they face.
1.1 Origin and brief history

The goldfish (Carassius auratus), native to South China, is a domesticated cyprinid teleost fish
derived from crucian carp (Carassius carassius), belonging to the family Cyprinidae within the order
Cypriniformes. Known for being one of the most popular domesticated animal species, goldfish are
commonly housed as a companion animal in indoor aquariums (Chen et al., 2020; Omori and Kon,
2019). The origin of ornamental goldfish dates back almost 2000 years. Historically, various species of
fish have been bred and reared for human consumption for thousands of years in East Asia. Some of
the normally gray or silver crucian carp species were observed to produce red, orange, or yellow color
varieties, with this phenomenon being first recorded during the Chinese Jin Dynasty (AD 265 to 420)
(Hervey, 1950). During the Tang Dynasty (AD 618-907), the practice of cultivating fish in ornamental
ponds and water gardens gained popularity. Selective breeding of goldfish with preferred phenotypes
in ponds or other water bodies began during this period (Chen, 1956). In the Song Dynasty (AD 960 to
1279), the selective domestication of goldfish was gradually improved. Because the golden color of
goldfish is very special and is a symbol of royalty, people outside the imperial family were forbidden
to keep goldfish of the gold (yellow) variety. During the Ming dynasty (AD 1368-1644), goldfish also
began to be raised indoors, which allowed mutants that could not survive in outdoor environments to
be retained. In fact, much of the variation in goldfish occurred in these internal environments in the
second half of this dynasty. It was also during this period, that several prototypic phenotypes, including
the twin-tail, long fin and short bodied variety, were established. Artificial selection through breeding
began at the beginning of the Qing dynasty (AD 1644-1912), with the varieties exhibiting traits such
as including the telescope-eye, transparent scales and dorsal fin loss, were likely established during this
period (Chen, 1956; Smartt, 2001).
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The international export of goldfish originated in East Asia, with the first known import to
Japan from China in the early 17th century. Japanese enthusiasts further developed numerous varieties
during the Edo period, providing a foundation for subsequent cross-breeding (Matsui, 1935). Concur-
rently, the evolving international transportation networks facilitated the spread of goldfish to Europe,
where they gained widespread popularity (Blanco and Unniappan, 2022; Komiyama et al., 2009;
Smartt, 2001; Wang et al., 2013). Subsequently goldfish were first introduced to North America around
1850, rapidly becoming a highly sought-after pet in this region (Brunner, 2005; Mulertt, 1883).

1.2 Taxonomy and variety of goldfish

The genus Carassius, encompassing the goldfish, exhibits a wide distribution across the Eura-
sian continent, with a notable prevalence in East Asia (Takada et al., 2010). Historically, there has been
considerable debate over the taxonomy of goldfish. In earlier studies, it was thought that goldfish were
morphologically closer to the common carp. However, later, goldfish became regarded as being closer
to Crucian carp than the common carp. With the advent of modern research tools, specifically the anal-
ysis of mitochondrial DNA, the genetic relationship between carp, crucian carp and goldfish has been
clarified. The results indicated that the common carp and Crucian carp were clearly different from each
other, and that goldfish originated from specific sub-populations of Crucian carp (Komiyama et al.,
2009; Podlesnykh et al., 2015; Wang et al., 2013). The designation of goldfish as C. auratus dates back
to 1758 when the Swedish botanist, zoologist, and physician Carl Linnaeus documented it in his book
Systema Naturae, 10" Edition (Blanco and Unniappan, 2022). Within the same genus, five other species
are recognized: Carassius carassius (Crucian carp), Carassius cuvieri (Japanese white crucian carp),
Carassius gibelio (Gibel carp or Prussian carp), Carassius langsdorfii (Ginbuna) and Carassius prae-
cipuus (Knytl et al., 2022; Rylkova et al., 2013). The current comprehensive taxonomic classification

of the goldfish is presented in Table 1.

Table 1 - Taxonomic classification of the goldfish (Carassius auratus).

Kingdom Metazoa (Animalia)
Superphylum Deuterostomia
Phylum Chordata
Subphylum Vertebrata (Craniata)
Infraphylum Gnathostomata
Superclass Osteichthyes (Euteleostomi)
Class Actinopterygii
Subclass Neopterygii
Infraclass Teleostei
Supercohort Clupeocephala
Cohort Otomorpha
Subcohort Ostariophysi
Superorder Cypriniphysae

Order Cypriniformes
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Suborder Cyprinoidei
Family Cyprinidae
Subfamily Cyprininae
Genus Carassius
Species auratus

From Blanco et al. (Blanco and Unniappan, 2022)

On the other hand, the evolution of goldfish species represents a highly intricate and temporally
extensive process. Historically, in response to diverse human preferences and aesthetic inclinations,
enthusiasts persistently engage in artificial hybridization to introduce novel species, fostering a dynamic
co-evolution of goldfish alongside human culture. Currently, goldfish represent one of the most mor-
phologically diverse fish species, with a spectrum of over 300 distinct varieties, each characterized by
unique external morphological features (Smartt, 2001). However, broadly speaking, goldfish breeds can
be assigned to one of three groups, referred to as Grass-goldfish, Egg-goldfish, and Wen-goldfish
(three-breed taxonomy system) (Wang et al., 2013). Notably, considering the common goldfish as a
wild type and comparing it to other various strains reveals that the majority of phenotypic variety occurs
in eyes, hoods, nasal septa, operculum, skeletal features, fins, body coloration, and scales (Omori and
Kon, 2019). Surveys show that the main types of goldfish are Common goldfish, Fantail goldfish,
Comet goldfish, Ranchu goldfish, Oranda goldfish, Shubunkin goldfish, Celestial eye goldfish, Tele-
scope goldfish and Bubble-eye goldfish (Komiyama et al., 2009). The appearance and evolutionary

relationships of partial divergent strains are shown in Fig. 1.
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Figure 1 - Variation of goldfish strains. (a—i) Dorsal views of nine different goldfish strains: (a) the single fin Wakin; (b)
duplicated caudal fin Wakin; (c) Ryukin; (d) Oranda; (¢) Redcap Oranda; (f) Telescope (the ‘black moutan’ strain); (g)

Telescope (butterfly tail); (h) red-color-telescope; and (i) Ranchu. (j) Illustration of Matsui's genealogical diagram. From
(Ota and Abe, 2016).

1.3 Development and anatomy of goldfish

The evolution of ornamental goldfish captivated early researchers, precipitating the publication
of numerous initial reports elucidating the embryonic and post-embryonic developmental processes
specific to this species (Kajishima, 1960; Otani et al., 2002; Sharma and Ungar, 1980; Yamaha et al.,

1999). The large amount of information on embryonic and post-embryonic development of goldfish has
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culminated in the development of reliable staging tables for normal goldfish development, such as those
described by Tsai et al. (Tsai et al., 2013) and Li et al. (I.-J. Li et al., 2015) which comprehensively
describe the developmental process of single-tail common goldfish. In short, the embryonic stage has
been categorized into seven periods, including zygote, cleavage, blastula, gastrula, segmentation,
pharyngula, and hatching periods. The post-embryonic stage consists of three periods, including larval,
juvenile, and adult periods. Given that the research in this Ph.D. project was only concerned with the
postembryonic developmental stages of goldfish, we will confine our descriptions to these stages in
Table 2.

Table 2 - Description of various developmental stages of goldfish.

Stage name (Abbreviation) Descriptions (SL and dpf onset)

Extended mouth, yolk, all fin folds remain; straight notochord at the caudal

Protruding mouth (Prot)
fin level (5 mm and 3 dpf)

Inflation of the posterior swim bladder; lower jaw extension (5.6-5.7 mm

Posterior swim bladder (Psb)
and 5.7 - 5.8 dpf)

More than four visible caudal fin rays, snout length longer than Psb, slightly
Caudal fin ray (Cr) bended caudal fin; this stage can be divided into sub-stages based on the
number of fin rays (6.1-6.3 mm and 7.5-7.8 dpf)

Appearance of a largely concaved point in the caudal fin, evident anal and
Forked caudal fin (Fcf) dorsal fin condensation; slightly reduced dorsal and post-anal fin rays (6.8-
7.0 mm and 13.6-13.8 dpf)

Inflation of anterior swim bladder; enlarged anal and dorsal fin condensa-

Anterior swim bladder (Asb) )
tion (7.0-7.3 mm and 12.8-14.8 dpf)

Dorsal fin ray appearance; larger anterior swim bladder lobe than Asb stage

Dorsal fin ray (Dr)
(7.5-7.8 mm and 18.0-20.0 dpf)
Anal fin ray appearance; lack of the dorsal fin fold at the anal fin level, an-
Anal fin ray (Ar) terior swim bladder is larger than posterior swim bladder; curved triangle
shape-like dorsal fin (8.2-8.4 mm and 22.3-24.0 dpf)
Pelvic fin bud being visible from lateral side and equipping AER
Pelvic fin bud (Pb)
(8.7-9.0 mm and 26.0-27.0 dpf)
Pelvic fin ray appearance; elongated most posterior dorsal and anal fin rays;
Pelvic fin ray (Pr) )
trapezium shape dorsal and anal fins (11.0-11.2 mm and 31.0-31.1 dpf)
Complete loss of the fin fold; incomplete squamation; posterior serrations at
Juvenile the anterior dorsal and anal fin ray; this stage can be divided into two sub-
stages based on squamation patterns (17.0-17.6 mm and 45.2-49.2 dpf)
Adult Produce matured eggs and sperms; SL onset, 5 cm

Adapted from (Li et al., 2015).

The anatomy of goldfish has been extensively characterized, taking the common goldfish as an

example, its body exhibits a relatively concise and compact shape, characterized by five sets of fins
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conforming to the typical arrangement observed in most members of the family Cyprinidae. These fins
include the dorsal fin along the back, the caudal (tail) fin, the anal fin, the ventral or pelvic fins, and the
pectoral fins (Fig. 2A-B). Notably, the scales are large, maintaining a consistent size and shape, ar-
ranged in an orderly pattern of overlap. The positioning of the eyes on both sides of the head limits their
mobility, rendering goldfish short-sighted; they heavily rely on alternative senses for locating food and
detecting potential threats. Each side of the head features a rigid bony flap known as the operculum,
which is open at the back for water release, serving to shield and safeguard the gills. Goldfish exhibit a
continuous lateral line canal system comprising supraorbital, infraorbital, operculomandibular, and su-
pratemporal commissural canals on the head, complemented by a trunk canal extending the length of
the trunk. The goldfish lateral line exhibits remarkable sensitivity, proficient in detecting motion, cur-
rent, pressure, temperature, and sound (Blanco et al., 2018; Puzdrowski, 2008; Smartt, 2001).

The internal anatomy of the goldfish encompasses homologs of all the essential organs found
in vertebrates, as illustrated in Fig. 2B—C. The intricately organized brain is a pivotal component, fea-
turing distinct regions dedicated to regulating various physiological and behavioral functions (Rupp et
al., 1996). Situated below the brain is the pituitary gland, or hypophysis, which morphologically con-
sists of two principal regions-the adenohypophysis and the neurohypophysis. The teleost adenohypoph-
ysis is further divided into three conserved lobes: the proximal pars distalis, the rostral pars distalis,
and the neurointermediate lobe (Blanco et al., 2018). The goldfish heart adheres to the typical vertebrate
structure, comprising four chambers—sinus venosus, atrium, ventricle, and bulbus arteriosus. Addition-
ally, it includes an atrio-ventricular region and a muscularized conus arteriosus supporting the conus
valves (Garofalo et al., 2012). Within the abdominal cavity of the goldfish, the predominant occupant
is the gastrointestinal tract an elongated, relatively undifferentiated tube. A distinctive feature is the
absence of a stomach, replaced instead by an enlarged section of the intestine known as the intestinal
bulb. The digestive tract can be partitioned into mouth, buccal cavity, pharynx, esophagus, intestinal
bulb, intestine, and rectum (Sarbahi, 1951). Goldfish liver is diffused and formed by narrow right and
left hepatic lobes, extending on each side of the intestinal bulb (Blanco et al., 2018). The spleen, pri-
marily composed of red pulp, elongates along the serosal lining of the intestine (Katakura et al., 2015).
The goldfish kidney, resembling that of many other fish, is a bilobed organ comprising a cranial and a
caudal kidney. The cranial or head kidney serves as an immune and endocrine organ, containing hem-
atopoietic and endocrine tissue, positioned around the posterior cardinal vein (Reimschuessel, 2001;
Sampour, 2008). Lastly, the gonads of goldfish, akin to those of other teleosts, lack medullary tissue,
corresponding solely to the cortex observed in other vertebrates. Morphologically, male gonads (testes)
manifest as elongated paired organs affixed to the dorsal body wall. In females, the ovary comprises
oogonia, oocytes, surrounding follicle cells, supporting tissue or stroma, and vascular and nervous tissue
(Blanco et al., 2018; Nagahama, 1983).
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labelled. Female and male fish are shown separately to mark ovary and testis. From (Blanco et al., 2018).

1.4 Goldfish applications in scientific research

Figure 2 - (A) An artist’s rendering of the external anatomy of goldfish. B shows an artist’s rendering of the internal organs

in goldfish. C shows photographs of the external and internal anatomy of goldfish. Individual organs and brain regions are

Goldfish, selected as experimental subjects in various biological domains, offer practical ad-

vantages in handling and breeding due to their physiological and developmental characteristics (Blanco
and Unniappan, 2022). Dating back to 1901, WL Underwood's pioneering description in scientific lit-
erature highlighted their role in consuming mosquito larvae (Underwood, 1901). Over a century of

ongoing exploration has solidified goldfish's significant role in biological research, particularly in fields
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such as endocrinology (Blanco et al., 2018; Chang et al., 2009; Popesku et al., 2008), developmental
biology (Omori and Kon, 2019; Ota and Abe, 2016), pharmacology (Kaneko et al., 1991; Mora-Ferrer
and Neumeyer, 2009; Nightingale and Gibaldi, 1971), and more, which will be described in this section.

Research on endocrinology using goldfish has predominantly centered on discerning the central
or peripheral impacts of hormones and neuropeptides on food intake and metabolic processes. Simulta-
neously, considerable attention has been devoted to investigating the synthesis and secretion of hor-
mones that regulate physiological processes. For instance, Marchant et al. (Marchant et al., 1989) de-
monstrated the dual role of Gonadotropin-Releasing Hormone as a Growth Hormone-Releasing Factor
in goldfish. Further, Peng et al. (Peng et al., 1993) identified multiple neuropeptide-Y (NPY) receptors
in the goldfish pituitary, with NPY exerting effects on both pituitary cells and nerve terminals. In addi-
tion, it was indicated that goldfish exhibit olfactory sensitivity to dopamine and epinephrine, along with
their 3-O-methoxy derivatives, metadrenaline, and 3-O-methoxytyramine. This discovery raises the in-
triguing possibility that catecholamines and/or their metabolites may play a role in external chemical
communication (Hubbard et al., 2003). These instances underscore that the highly conserved structure
and functions of many hormones, receptors, and bioactive peptides make goldfish a valuable model
organism in hormone research. The insights gained from studying this organism hold potential applica-
tions across diverse vertebrates.

Similarly, biological investigations related to vertebrate development and disease development
often use goldfish as a model. For example, Dawson et al. (Dawson and Meyer, 2008) utilized in vivo
imaging techniques to analyze the dynamic behavior and morphology of regenerating axons in the gold-
fish optic tectum. This exploration of axon dynamics in systems with inherent regenerative abilities
holds promise for uncovering insights applicable to promoting regeneration in humans. In addition,
researchers have successfully developed methods for isolating and culturing specific brain cell types,
such as astrocytes and microglia-like cells (Houalla and Levine, 2003; Sivron et al., 1993). These ap-
proaches contribute valuable knowledge to the understanding of brain homeostasis maintenance, neu-
ronal protection, and control of neuronal proliferation. Notably, Xing et al. (Xing et al., 2017) using the
goldfish model found that aromatase, and by implication endogenous estrogens, have important roles
in glial reaction in response to the neurotoxin 1-methyl-1,2,3,6-tetrahydropyridine (MPTP). Goldfish
are also frequently used as models in research on neurodegenerative diseases. It has been shown that
the advanced metabolomics approach could be used in goldfish models of Parkinson's disease (Lu et
al., 2014, Pollard et al., 1993). Collectively, the aforementioned examples strongly endorse the use of
goldfish as a model organism for advancing our understanding of developmental biology and human
disease.

Furthermore, goldfish have proven to be valuable models in research aimed at understanding
the adverse pharmacological and toxic effects of various medicines and compounds. For example, gold-
fish have been used to gain insights into the functional organization of the retina in terms of color vision,

motion detection, and temporal resolution both before and after intra-ocular injection of various
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neuropharmaca with known effects on retinal neurons. The conclusions drawn from this study highlight
the distinct and parallel processing of L-cone contribution to different visual functions. Additionally,
goldfish have been used to several neurotransmitters, including dopamine, acetylcholine, glycine, and
GABA, on motion vision, color vision, and temporal resolution (Mora-Ferrer and Neumeyer, 2009).
Zhang et al. (2020) used goldfish to establish that exposure to benzophenone-3 (BP3) affects the activity
of multiple proteases in goldfish, leading to accumulation in the liver, intestine, and brain. The same
team also demonstrated that this accumulation results in inhibited growth performance, histopatholog-
ical damage in the liver and intestine, and alterations in microbial community abundance. In a separate
study, Wang et al. (Wang et al., 2019b, 2019a) used goldfish as models to reveal that Bisphenol A
(BPA) disrupts testis maturation by inducing apoptosis in germ cells and Leydig cells, consequently
reducing 11-KT levels and disrupting spermatogenesis. Additionally, the researchers also demonstrated
that BPA induces neurotoxicity, disrupts dopaminergic processes, and damages cerebral blood vessels.
Given the well-characterized physiological systems of goldfish, this species represents an extremely
useful model in pharmacology and toxicology research.

Overall, goldfish will continue to be a useful model organism for research across many fields
globally. Its notable features, including a relatively large body size, the capacity for collecting substan-
tial blood samples, and well-characterized body systems, render this species highly accessible for sci-
entific investigation. However, it is essential to acknowledge that the presence of genome duplication
and the resulting duplicated genes imposes limitations in certain studies, for example those that involve

gene knockout.
1.5 Disease in goldfish

Healthy goldfish exhibit physical features vibrant, even coloration, glossy and pristine scales
with a reflective sheen, clear eyes, upright fins, and an absence of cracks or tears. They also swim
gracefully, consume food regularly and eagerly, and exhibit rapid responsiveness to vibrations and
changes in light. Deviations from these indicators may signal potential health issues, allowing for
prompt diagnosis and appropriate treatment. Notably, inadequate water quality is a common source of
fish ailments, underscoring the essential role of maintaining a healthy aquatic environment for disease
prevention. Moreover, in diverse breeding scenarios, various pathogens, including parasites, bacteria,

fungi and viruses, also pose significant threats to goldfish health.
1.5.1 Parasitic infections

Common parasitic diseases that occur in goldfish farming can be categorized as follows: (i)
Ichthyophthirius multifiliis, commonly known as "Ich™ is a parasitic ciliate responsible for causing Ich
spot disease, the most prevalent ailment affecting goldfish in freshwater aquaria (Sharma et al., 2012;
Thilakaratne et al., 2003). This disease typically arises due to factors such as poor water quality, over-
crowded aquarium conditions, or sudden temperature fluctuations. Manifestations include fish clamp-

ing their fins, the presence of small white spots on the body, fins, and gills, as well as observable
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irritation and inflammation, prompting affected goldfish to itch against the sides of the tank. A recent
study demonstrated that cMOS significantly enhances the mucosal immune response in the skin and
gills of goldfish, thereby improving their resistance to Ichthyophthirius multifiliis infection (Huang et
al., 2022) (Fig. 3). (ii) Anchor worms (Lernaea spp.) are external copepod parasites that affix them-
selves under the scales of fish (Thilakaratne et al., 2003). The introduction of infected fish or plants
carrying larvae is a common cause of this disease. Infected goldfish typically exhibit signs of discom-
fort, such as itching and flashing, followed by the visible presence of parasites attached to their bodies.
(iii) Flukes are monogenean parasites that commonly affect freshwater fish, including goldfish (Mayer
and Donnelly, 2013). The genera Dactylogyrus and Gyrodactylus are frequently implicated in infesta-
tions. Dactylogyrus primarily affects the gills, while Gyrodactylus is more commonly found on the skin.
Symptoms of fluke infestation in goldfish include flashing, the presence of tiny red spots or yellow
dusting, excessive mucus production, shedding of the slime coat, and clumped fins. When infestations
impact the gills, respiratory signs such as increased opercular rate, piping, and respiratory distress may
also be observed. (iv) Fish lice, belonging to the genus Argulus, are branchiuran crustaceans that para-
sitize both marine and freshwater fishes (Wafer et al., 2015). Similar to anchor worms and flukes, the
typical causes of fish lice infestation are the introduction of new, unquarantined fish or plants into the
aquarium. Infected fish commonly exhibit itching, and visible parasites can be observed moving around
the fish, often in protected areas such as behind the fins, near the eyes, or gills. (v) Goldfish velvet
disease, also known as "Rust Dust" or "Gold Dust" disease, is caused by tiny parasites of the genera
Oodinium that give the fish a dusty, slimy look (Sin et al., 1992). Introduced to tanks by unquarantined
infected new goldfish, this disease is highly contagious and can be easily spread via contaminated tanks,
fish, or tools. Symptoms include a fine rusty yellowish film on the skin, slime shedding, clamped fins,
and scratching. Understanding these classifications is crucial for effective disease management and pre-

vention.
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Figure. 3 - Clinical signs and symptoms of goldfish after Ichthyophthirius multifiliis challenge in control-inf group
and cMOS-inf group. (A) Visible white spots (black arrows) and abundant mucus (red arrows) appeared on the surface of
the goldfish; (B) The control-inf goldfish had some visible white spots (black arrows) on the gill; (C) The surface of goldfish
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in cMOS-inf group secreted mucus (red arrows, red dotted box); (D) Local amplification of gill in control-inf group,
trophont occurred (white dotted circle, black arrows); (E) Local amplification of gill in in cMOS-inf group, almost no
trophont. From (Huang et al., 2022).

1.5.2 Bacterial infections

Bacterial infections pose a formidable threat to the aquaculture industry, resulting in significant
economic repercussions annually. The pathogenicity of bacteria is particularly pronounced during the
growth phase of fish, especially when they are physiologically compromised, nutritionally deficient, or
experiencing stressors such as water contamination and overstocking (Vanamala et al., 2022). In the
context of goldfish farming, prevalent bacterial infections encompass Fin rot, Mouth rot, Dropsy, and
Pop eye. Fin rot, acommonly encountered ailment, is primarily attributed to Aeromonas, Pseudomonas,
Flovobacterium, or Vibrio, with sporadic instances caused by specific fungal strains (Sharma et al.,
2012). The principal catalyst for fin rot is suboptimal water quality, although factors like overcrowding,
rough handling, aggression, or low temperatures can also precipitate the disease. Manifesting as split
and frayed fins with red streaks and a white periphery, fin rot is emblematic of compromised fish health.
Mouth rot, typically induced by Flavobacterium in conditions of tank overcrowding and poor water
guality, manifests as initial redness in the mouth, followed by lip separation and potential collapse,
resulting in a distinctive oral aperture (Loch and Faisal, 2015). Dropsy, characterized by an abnormal
accumulation of fluid in the body cavity or tissues, serves as a symptomatic indicator rather than an
autonomous disease (Conroy, 1961). However, systemic infections by Aeromonas bacteria are a pre-
vailing cause of dropsy, presenting with a swollen body, raised scales resembling a pinecone configu-
ration, and often culminating in fatality. Pop eye, or exophthalmia, denotes the abnormal swelling and
protrusion of one or both eyes in fish. Analogous to dropsy, pop eye is symptomatic of an underlying
problem, frequently associated with bacterial infections, predominantly by Aeromonas or Pseudomonas
spp. Afflicted individuals exhibit visible eye swelling, potential cloudiness, and, in severe instances,

eye rupture (Brenden and Huizinga, 1986; Hossain et al., 2018).
1.5.3 Fungal infections

Fungal infections in fish are typically considered secondary issues arising from underlying fac-
tors such as water quality problems, poor environmental conditions, trauma (from rough handling or
attacks), bacterial diseases, or parasitic infestations. The term "cotton wool" is commonly used to de-
scribe fungal infections in aquarium settings. While several fungal species can cause infections in fish,
Saprolegnia and Achyla spp. are among the most prevalent (Yanong, 2003). In healthy fish, fungal
infections are uncommon, as they naturally protect themselves by producing mucous layers. Fungi tend
to appear on fish that are weakened by stress, illness, or injury. When goldfish are infected by fungi,
characteristic symptoms include the development of white, cottony growth on the body and fins (Igbal
et al., 2012; Shaheena et al., 2015). Monitoring and addressing the underlying stressors or health issues

are essential for the effective prevention and treatment of fungal infections in fish.
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1.5.4 Viral infections

Currently there is an incomplete understanding of what viruses can naturally or primarily infect
goldfish. There is some evidence that goldfish can be naturally infected with viruses in the genus Lym-
phocystivirus, leading to a disease referred to as lymphocystis (Joardar, 2018), which a common viral
ailment affecting both freshwater and saltwater fish (MacLachlan and Dubovi, 2011). This virus infects
fish, transforming fibroblasts of the skin and gills, as well as internal connective tissue, resulting in
significant hypertrophy of affected cells known as lymphocysts. Clinical symptoms include the pres-
ence of white, pearl-like lesions on the edges of fins or on the body. There is only a single virus that is
known to primarily infect goldfish and other species with in the genus Carassius, this is Cyprinid her-
pesvirus 2 (Thangaraj et al., 2021), which is a member of the family Alloherpesviridae in the family
Herpesvirales. This virus affects the skin and hematopoietic organs and results in high mortality rates
within aquaculture facilities (Fig. 4). Furthermore, as this is a herpesvirus, it is likely that it in hosts that
survive infection, the virus undergoes long periods of dormancy (referred to as latency) and followed
by periodic reactivation throughout their lifetime. This virus is the focus of this thesis, and a compre-
hensive introduction to the order Herpesvirales, the family Alloherpesviridae and Cyprinid herpesvirus

2 will be provided in the subsequent sections of this introduction.

Figure 4 - Cyprinid herpesvirus 2 (CyHV-2) infection in goldfish (Carassius auratus). (a) Mass mortality of goldfish in
a polyculture pond in a farm in India during 2014; (b) External clinical signs of CyHV-2 affected goldfish (Carassius
auratus) including haemorraghes on the body, ascites and protrusion of scales on the body surface; (c) CyHV-2 affected
goldfish showing enophthalmia (sunken eyes); (d) Inflamed and swollen gills in CyHV-2 affected goldfish; (e) swollen and
enlarged kidney in CyHV-2 affected goldfish; (f) enlarged liver with white necrotic foci in CyHV-2 affected goldfish. From
(Thangaraj et al., 2021).
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2. The order Herpesvirales

2.1 General description

The order Herpesvirales consists of a large group of viruses, that share similar structural, ge-
netic, and biological characteristics. Phylogenetically, the order Herpesvirales is split into three related
families that infect a wide variety of host species (Pellett et al., 2011). Recently, the International Com-
ity for Taxonomy of Viruses (ICTV) has updated the nomenclature of herpesviruses to present a more
rational structure (ICTV, 2023; Lefkowitz et al., 2018) In this thesis, we use the former nomenclature
to maintain the consistency with earlier publications from this thesis. The family Herpesviridae, (re-
cently renamed Orthoherpesviridae by the ICTV), encompasses herpesviruses that infect mammals,
birds, and reptiles. This family is the most significant in terms of both the number of identified members,
our understanding of their biology and virus-host interactions (King et al., 2012a). Conversely, the fam-
ily Malacoherpesviridae is much smaller, currently comprising only two species of herpesviruses that
infect molluscs (Davison et al., 2009; Renault, 2016). Finally, the family Alloherpesviridae includes
herpesviruses infecting fish and amphibians. Notably, species within the latter two families are much
more divergent than species within the family Herpesviridae (Davison, 2002; Hanson et al., 2011; King
etal., 2012b).

This section of the introduction is structured as follows: it begins with a general phylogenetic
overview of the order Herpesvirales and a review of the main and specific properties of herpesviruses
serving as a general introduction to herpesviruses, followed by a more detailed focus on the key char-
acteristics of the family Alloherpesviridae, comprising of herpesviruses that infect fish and amphibians

serving as a prelude to the a detailed introduction of Cyprinid herpesvirus 2 in the third section.
2.1.1 Phylogeny of the order Herpesvirales

Historically, the classification of viruses has primarily relied on their distinct virion morphology
and genome structure (described later). Before the order Herpesvirales was created, the family Herpes-
viridae consisted of all known herpesviruses and the classification of herpesviruses into subfamilies
relied on these general biological criteria. In more recent times, with advancements in sequencing tech-
nology and bioinformatics, the classification of a virus as a herpesvirus now predominantly relies on
sequence data.

The family Herpesviridae occupies the largest clade in the order Herpesvirales and comprises
115 species listed by ICTV. This family is further divided into three subfamilies: Alphaherpesvirinae,
Betaherpesvirinae, and Gammaherpesvirinae, which encompass five, five, and seven genera, respec-
tively with the establishment of this taxonomical structure supported by numerous phylogenetic anal-
yses (ICTV, 2023; McGeoch et al., 2006, 2000; McGeoch and Gatherer, 2005). Fig. 5 presents a phy-
logenetic description of 65 viruses classified in this family, based on the complete sequences of the
highly conserved viral DNA polymerase gene. The overall relatedness of this family is evident, with 43

genes are conserved among its members, referred to as core herpesvirus genes (Davison, 2007), strongly
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supporting a monophyletic origin for these viruses from a common ancestor, which is estimated to have

lived approximately 400 million years ago (McGeoch et al., 2006).
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Figure 5 - Phylogenetic analysis of the family Herpesviridae. Unrooted phylogenetic tree based on the full-length DNA
polymerase amino acid sequences of members of the family Herpesviridae. The sequences (996-1357 amino acid residues
in length) were derived from relevant GenBank accessions. Virus names are aligned at the branch tips in the style that
mirrors the species names (e.g. chelonid herpesvirus 5 (Chelonid HV5) is in the species Chelonid herpesvirus 5). The names
of subfamilies and genera are marked on the left and right, respectively (McGeoch et al., 2006).

Malacoherpesviridae, the second family in the order Herpesvirales, consists of two genera:
Aurivirus, which includes Haliotid herpesvirus 1 (Abalone herpesvirus) (Corbeil, 2020; Savin et al.,
2010), and Ostreavirus, which includes Ostreid herpesvirus 1 (Oyster herpesvirus) (Davison et al.,
2005; Steward et al., 2013). Finally, a third family, Alloherpesviridae, consists of viruses that infect fish
and amphibians (Boutier et al., 2021; King et al., 2012b; Waltzek et al., 2009a), and a more compre-
hensive description of these viral species and their phylogeny will be provided later. Viral species in
the families Malacoherpesviridae and Alloherpesviridae all exhibit common characteristics of herpes-
viruses, as evident from the morphological conservation of the virion, particularly the capsid. However,
the genetic similarities between these viruses and those within the family Herpesviridae are minimal
(Davison et al., 2005; Hanson et al., 2024; Savin et al., 2010). The most convincingly conserved protein
between viral species within these families is that of the DNA packaging terminase subunit 1, a
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component of the enzyme complex responsible for incorporating genome DNA into preformed capsids
(Davison et al., 2005; Hanson et al., 2024; Savin et al., 2010; Waltzek et al., 2009a) Interestingly, the
conservation of this gene among distantly related herpesviruses and tailed bacteriophages (Davison,
1992), along with conserved structural elements in other proteins (Rixon and Schmid, 2014), suggests
that all herpesviruses originated from ancient precursors that existed in bacteria.

2.1.2 Genome structure

Despite their distant evolutionary relationships, herpesviruses still share common genome
structures. The genomes of herpesviruses consist of a single long double-stranded DNA (dsDNA) mol-
ecule, ranging from 124 to 295 kilobase pairs (kbp) in length, with a GC content varying from 31% to
77% (Aoki et al., 2007). Most members of the family Herpesviridae have complex genomes composed
of one long or sometimes two short unique regions flanked by internal and terminal repeats containing
conserved signals essential for DNA packaging into capsids and cleavage of concatemeric genomes to
unit length (Pellett et al., 2011). The number of internal and terminal repeat sequences can vary between
species, and these sequences can be lost or duplicated during cell culture passage (Pellett and Bernard,
2013). These observations have led to the classification of six genome types, labelled A to F (Fig. 6)
(Pellett et al., 2011). However, In recent years, sequencing of Testudinid herpesvirus 3 (TeHV 3) re-
vealed a seventh class of genome consisting of a long unique region (U.), extended at its right end by a
short unique region (Us) flanked by an inverted repeat (IRs and TRs) and at its left end by a third unique
region (Ur) also flanked by an inverted repeat (TRt and IRy), yielding the overall configuration TR+-
Ut-IRT-UL-IRs-Us-TRs (Fig. 6) (Gandar et al., 2015).
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Figure 6 - Classes of herpesvirus genome structures. Classes of herpesvirus genome structures. Unique and repeat re-
gions are shown as horizontal lines and rectangles, respectively. The orientations of repeats are shown by arrows. The
nomenclature of unique and repeat regions are indicated for classes E and G. (A) The genome consists of a unique sequence
flanked by a direct repeat. (B) The genome has direct repeats at the termini, themselves consisting of variable copy numbers
of a tandemly repeated sequence of 0.8-2.3 kb. (C) This structure derives from the class B structure, in which an internal
set of direct repeats is present but is unrelated to the terminal set. (D) The genome contains two unique regions (long and
short unique regions UL and Us), each flanked by inverted repeats (TRL/IRL and TRs/IRs). Us can be inverted compared to
the UL giving two different isomers. (E) This class is similar to class D, except that TRL/IRL is much larger and segment
inversion gives rise to four equimolar genome isomers. Also, class E genomes are terminally redundant, containing a se-
quence of a few hundred bp that is repeated directly at the genome termini (a) and inversely at the IRL-IRs junction (a’).
(F) Terminal repeats are not described for the F class. (G) New genome structure recently described for Testudinid herpes-
virus 3 (TeHV-3) with a third unique region (Ut) (Gandar et al., 2015). Human herpesvirus 1 (HHV-1), 4 (HHV-4) and 6
(HHV-6), Alcelaphine herpesvirus 1 (AIHV-1), Bovine herpesvirus 1 (BoHV-1) and 4 (BoHV-4), Murine herpesvirus 1
(MuHV-1), Cyprinid herpesvirus 3 (CyHV-3) and Testudinid herpesvirus 3 (TeHV-3) were chosen as examples, adapted
from (Gandar et al., 2015; King et al., 2012a).

2.1.3 Virion structure

Viruses belonging to the order Herpesvirales have historically been defined based on virion
structure. From the centre outwards, the structure is as follows: (a) a densely packed core consisting of
a single copy of linear double-stranded DNA (dsDNA) genome, encapsulated in an icosahedral nucle-

ocapsid (T=16) with a diameter of 100-130 nm; (b) an amorphous proteinaceous tegument layer; and
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(c) alipid bilayer envelope acquired from the host and bearing various viral glycoproteins (Fig. 7). This
architecture is remarkably conserved throughout the order Herpesvirales (Davison et al., 2009). It was
demonstrated, for example, that the nucleocapsid of Ictalurid herpesvirus 1 (IcHV-1, family Allo-
herpesviridae) is strikingly similar to that of Human herpesvirus 1 (HHV-1, also known as herpesvirus
simplex 1, family Herpesviridae).

Figure 7 - Herpesvirus morphology. The diagram at left depicts the four major structural components of the Herpes

simplex virus type I (HSV-1) virion: (i) the outer envelope studded with various glycoproteins, (ii) the proteinaceous tegu-
ment layer, and (iii) the icosahedral nucleocapsid that houses (iv) the dsSDNA core. Corresponding features in a cryo-electron

micrograph of a virion are indicated at right. Bar = 500 A, adapted from (Heming et al., 2017).

2.1.4 Main biological properties and lifecycle

In addition to shared morphological traits, in all members of the order Herpesvirales exhibit
several common biological properties (Ackermann, 2004; Pellett et al., 2011): (i) they encode their own
DNA synthesis machinery, including a wide variety of genes involved in the metabolism and synthesis
of nucleic acid, such as thymidine kinase, thymidylate synthase, dUTPase, ribonucleotide reductase,
DNA polymerase, primase and helicase; (ii) viral DNA replication and nucleocapsid assembly takes
place in the nucleus while additional processing to give rise to mature virions occurs in the cytoplasm;
(iii) the production of new infective viral progeny usually results in lysis of the host cells; (iv) they can
establish lifelong latent infection, which has been described as an absence of regular viral transcription
and replication, and a lack of production of infectious virus particles, but presence of intact viral ge-
nomic DNA and transcription of latency-associated genes; (v) their ability to undergo long-term latency
in immunocompetent hosts is the result of immune evasion mechanisms targeting major elements of
the immune system; and (vi) the general herpesvirus replication cycle consists of seven main steps,
attachment, penetration, DNA replication, capsid assembly, envelopment, and release (Pellett et al.,
2011).

Herpesviruses initiate infection by attaching to host cellular surface receptors via viral surface
glycoproteins (Fig. 8). Viruses enter the cell through fusion with the plasma membrane or by endocy-

tosis (fusion of the viral envelope with the endosome membrane) and release the nucleocapsid, coated
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by tegument proteins, into the cytoplasm (Lussignol and Esclatine, 2017; Madavaraju et al., 2021).
Because of the macromolecular density and highly structured nature of cytoplasm, viral particles are
unable to migrate from the cell surface to the nucleus by diffusion alone. For this reason, retrograde
transport of the nucleocapsid surrounded by the tegument proceeds along microtubules to the nuclear
pores, where the viral linear genome is delivered into the nucleus (Pellett and Bernard, 2013). After
forming extrachromosomal episome, the viral genome circularizes and it undergoes methylation, his-
tone modification and chromatinization. This is part of a process that determines whether the virus
adopts enters lytic replication or remains in a dormant/inactive state to as part of a latent infection
(Cheng et al., 2021) and relies mainly on the nature of chromatinization and the availability and state
of particular viral and cellular transcription regulators (Nevels et al., 2011).

During lytic infection, the virus replicates in a host cell and leading to cell lysis and the release
of new viral progeny. These new infectious virions go on to infect other cells and/or hosts (Brown,
2017). This lytic replication process exploits cellular transcription machinery for expression of viral
genes as a cascade, starting with immediate early (IE), followed by early (E) and late (L) categories.
The gene categories include immediate early (a), early (B), leaky-late (y1), and true late (y2) genes
(Heath and Dembowski, 2022). IE gene expression starts in the absence of de novo viral protein syn-
thesis. It is initiated by tegument proteins which interact with cellular transcriptional proteins, such as
RNA polymerase Il, to activate transcription. IE gene products mainly perform regulatory functions,
including inhibition of IE gene expression and activation of E gene transcription (Pellett and Bernard,
2013).

As a result of E gene expression, replication of the viral genome is mediated by viral DNA
polymerase, leading to the synthesis of long continuous DNA molecules containing multiple copies of
the same DNA sequence linked in tandem (concatemers). Finally, late gene expression results in the
generation of structural proteins for assembly of mature virions. Once capsids are assembled in the
nucleus, viral genomes are loaded into them, with concatemers cleaved before entry to ensure that a
single copy of the viral genome is packaged into each capsid.

Nuclear egress begins with primary envelopment whereby budding at the inner nuclear mem-
brane occurs, with release into the perinuclear space. From there, nucleocapsids exit the nucleus by
fusion of the primary envelope with the outer nuclear membrane (de-envelopment). The next assembly
steps occur in the cytoplasm and consist of the addition of tegument proteins to the nucleocapsid. Cap-
sids then bud into vesicles belonging to the trans-Golgi network, where tegument addition and second-
ary envelopment with acquisition of the glycoprotein-studded envelope arise. The progeny virion is
finally released from the cell by exocytosis or cell lysis. In alternative models, viral capsids bud into
endocytic organelles, that originate from endocytosis of cell membranes containing viral glycoprotein
(Ahmad and Wilson, 2020)
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Figure 8 - The HSV-1 infectious cycle. Virions enter the cell via fusion with the host-cell membrane or endocytosis. The
capsid docks at the nuclear pore and viral DNA enters the nucleus through the portal in the capsid (drawn in teal above).
The HSV-1 genome is then expressed: (1) o genes are expressed upon entry; (2) o gene products drive § transcription; (3)
after B protein expression, VDNA replication occurs; (4) y1 gene expression is amplified, and y2 gene expression is enabled
by DNA replication; (5) capsid proteins, which are y gene products, assemble; and then (6) replicated genomes are packaged
into capsids through the portal. Packaged capsids leave the nucleus through nuclear egress and move through the secretory
pathway, obtain an envelope with embedded viral glycoproteins, and nascent virions are released from the cell by exocyto-
sis. Transcript and protein timing pictured above are approximated based on previous studies (Harkness et al., 2014; Honess
and Roizman, 1974). Note that the viral genome forms concatemers during replication as indicated above, and unit length
genomes (flanked by green) are packaged into capsids. Also note that some models indicate that the viral genome circular-
izes after entry into the nucleus. Tegument proteins were omitted for simplicity. Figure created using www.biorender.com.

hpi, hours post infection; HSV-1, herpes simplex virus type-1, adapted from (Heath and Dembowski, 2022).

2.2 The family Alloherpesviridae

As previously noted, the family Alloherpesviridae includes herpesviruses of fish and amphibi-
ans. This group of herpesviruses is phylogenetically distant from the better-characterized herpesviruses
that mammals, birds and reptiles (members of the family Herpesviridae). However, many biological
and structural properties are conserved in the order Herpesvirales, including genome structure, virus
structure, and latency. Furthermore, all known alloherpesviruses typically exhibit a high degree of host
specificity which is a biological feature shared by nearly all herpesviruses. However, one big difference
is that, unlike members of the family Herpesviridae, disease outbreaks associated with members of the
family Alloherpesviridae are heavily temperature-dependent (Hanson et al., 2024). These, and other
features of viruses in the family Alloherpesviridae will be described in more detail in the following

subsections.
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2.2.1 Phylogeny of the family Alloherpesviridae

Currently, the family Alloherpesviridae is represented by 13 virus species, distributed among

four genera: Cyprinivirus (recently renamed Cyvirus), Ictalurivirus (recently renamed Ictavirus), Salm-

onivirus (recently renamed Salmovirus) which all comprise of viruses that infect fish, and Batrachovi-

rus (recently renamed Batravirus), which comprises of viruses that infect amphibians. For consistency

with nomenclature used in papers published as part of this Ph.D. thesis, (occurring before the name

changes), we will apply the previous nomenclature in this introduction. Table 3 includes classified and

unclassified fish and amphibian alloherpesviruses according to the ICTV (Lefkowitz et al., 2018).

Table 3 — A list of classified and unclassified fish and amphibian alloherpesviruses

Genus

Viral species (acronym)

Alternative viral name (s)

Susceptible host (s)

Batrachovirus

Ranid herpesvirus 1 (RaHV-1)

Luckeé tumor herpesvirus

Northern leopard frog
(Lithobates pipiens)

Ranid herpesvirus 2 (RaHV-2)

Frog virus 4

Northern leopard frog
(Lithobates pipiens)

Ranid herpesvirus 3 (RaHV-3)

Common frog (Rana
temporaria)

Anguillid herpesvirus 1
(AngHV-1)

European eel herpesvirus
(HVA)

Japanese and European
eel (Anguilla japonica
and A. anguilla)

Cyprinid herpesvirus 1 (CyHV-1)

Carp pox herpesvirus

Common carp (Cyprinus
carpio)

Goldfish (Carassius au-

cypriniires oldfish haematopoietic ne- ratus), Gibel carp
Cyprinid herpesvirus 2 (CyHV-2) 9 matop (Carassius gibelio) and
Crosis virus . X
various other Carassius
spp. _
Cyprinid herpesvirus 3 (CyHV-3) Koi herpesvirus Commoncg?Fr)pi)o()Cyprmus
Acipenserid herpesvirus 2 White sturgeon herpesvirus Sturgeon (Acipenser
(AciHV-2) 2 spp.)
Ictalurivirus Ictalurid herpesvirus 1 (IcHV-1) Channel catfish virus Channel catfish (Ictalu-
rus punctatus)
Ictaluried herpesvirus 2 (IcHV-2) | Ictalurus melas herpesvirus Black bullhead (Amei-
urus melas)
Salmonid herpesvirus 1 (SaHV-1) Herpesvirus salmonis Rainbow trout (Qn-
corhynchus mykiss)
Salmonivirus | Salmonid herpesvirus 2 (SaHV-2) Oncorhynchus masou her- Salmon and trout (On-
pesvirus corhynchus spp.)
Salmonid herpesvirus 3 (SaHV-3) Epizootic eplthe_llotroplc dis- Lake trout (Salvelinus
ease virus namaycush)
Acipenserid herpesvirus 1 White sturgeon herpesvirus .Wh'te sturgeon
. (Acipenser transmonta-
(AciHV-1) 1 nus)
. - . . . Sichel (Pelecus cultra-
Unclassified | Cyprinid herpesvirus 4 (CyHV-4) Sichel herpesvirus 1ws)
by ICTV Northern pike (Esox lu-
Esocid herpesvirus 1 (EsHV-1) Blue spot disease virus fius)
Gadid herpesvirus 1 (GaHV-1) Atlantic cod herpesvirus Atlantr:::o(;ﬁﬂa(f adus
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Genus

Viral species (acronym)

Alternative viral name (s)

Susceptible host (s)

Percid herpesvirus 2 (PeHV-2)

European perch herpesvirus

European perch (Perca

fluviatilis)
Salmonid herpesvirus 4 (SalHV-4) Atlantic salmor_1 papilloma- Atlantic salmon (Salmo
tosis virus salar)
Salmonid herpesvirus 5 (SalHV-5) | Namaycush herpesvirus Lake trout (Salvelinus
namaycush)

Silurid herpesvirus 1 (SiHV-1)

Glass catfish (Kryp-
topterus bicirrhis)

Bufonid herpesvirus 1 (BfHV-1)

Common toad (Bufo
bufo)

The genus Cyprinivirus comprises the alloherpesviruses of cyprinids (CyHV-1; 2 and 3) and

that of eel (AngHV-1). The genus Ictalurivirus includes viruses isolated from catfish (Ictalurid her

pesvirus 1 and 2 [IcHV]) and sturgeon species (Acipenserid herpesvirus 2 [AciHV]), while the genus

Salmonivirus consists of herpesviruses of salmonids (Salmonid herpesvirus 1; 2 and 3 [SalHV]) (Fig.

9A) and Table 3. Official taxonomical classification of nine more viruses is still pending as only partial

sequence data are available for these species. However, according to initial phylogenetic analyses based

on partial genome sequence data, these viruses undoubtedly belong to the family Alloherpesviridae.

Furthermore, some of these unclassified species clearly cluster into already existing genera e.g.,

SalHV-4 and SalHV-5 will likely be added to the genus Salmonivirus, and for the same reason, CyHV-

4 will likely be added to the genus Cyprinivirus (Fig. 9B). On the other hand, other viruses (e.g.,

AciHV-1; EsHV-1) cannot be grouped with viruses in any of the existing genera within the family

Alloherpesviridae.
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Figure 9 - Phylogenetic tree of the family Alloherpesviridae. The analyses were based on the Bayesian analysis (WAG
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amino acid model) of the deduced amino acid sequences of DNA polymerase genes (134 and 113 amino acid residues,
respectively for panel A and B). High statistical values confirm the topology of the trees. The four main genera within the
family Alloherpesviridae are designated by different colored lines on the trees. Panel A: phylogenetic tree of the classified
viral species in the family Alloherpesviridae. Panel B: phylogenetic tree of the classified and unclassified potential members
of the family Alloherpesviridae. AciHV: Acipenserid herpesvirus; AngHV: Anguillid herpesvirus; BfHV: Bufonid herpes-
virus; CyHV: Cyprinid herpesvirus; EsHV: Esocid herpesvirus; GaHV: Gadid herpesvirus; IcHV: Ictalurid herpesvirus;
PeHV: Percid herpesvirus; RaHV: Ranid herpesvirus; SalHV: Salmonid herpesvirus; SiHV: Silurid herpesvirus. GenBank
and RefSeq accession numbers: AciHV-1: EF685903; AciHV-2: FJ815289; AngHV-1: NC_013668; BfHV-1: MF143550;
CyHV-1: NC_019491; CyHV-2: NC_019495; CyHV-3: NC_009127; CyHV-4: KM357278; EsHV-1: KX198667;
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GaHV-1: HQ857783; IcHV-1: NC_001493; IcHV-2: NC_036579; PeHV-2: MG570129; RaHV-1: NC_008211; RaHV-2:
NC_008210; RaHV-3: NC_034618; SalHV-1: EU349273; SalHV-2: FJ641908; SalHV-3: EU349277; SalHV-4:
JX886029; SalHV-5: KP686090; SiHV-1: MH048901. From (Boutier et al., 2021).

Interestingly, with the exception of one herpesvirus identified in shark species (Hanson et al.,
2011), all currently known fish herpesviruses occur in bony fish. Further genomic data will be needed
from this virus species in order to establish its relationship to other fish herpesviruses and ultimate
taxonomic classification. Interestingly, in addition these viruses, it has become apparent that many fish
species have experienced integration of alloherpesvirus sequences into their genomes through fusion
with Piggyback-like transposons (Aswad and Katzourakis, 2017; Inoue et al., 2018, 2017). Interest-
ingly, these may represent additional lineages within the family Alloherpesviridae, but it is unclear if
they are derived from older, extinct species, or if they are closely related to novel extant species, that
are yet to be described.

The common ancestry within the family is well supported by the identification of 12 core genes
present in all members (Davison et al., 2013). This lower number of conserved genes, compared to the
family Herpesviridae (43 core genes), suggests that the last common ancestor of alloherpesviruses is
considerably older (van Beurden et al., 2010). Interestingly, species within the genera Cyprinivirus and
Ictalurivirus are able to infect hosts from two different superorders (Elopomorpha and Ostariophysi) or
subclasses (Chondrostei and Neopterygii), respectively. This observation supports a more recent viral
species divergence within the family Alloherpesviridae, that is somewhat less connected to co-specia-
tion with their hosts, compared to species within the family Herpesviridae. Furthermore, even within
viral genera, the phylogenetic relationship between AngHV-1 and other cypriniviruses is much closer
than the relationship between their hosts, again suggesting that one of these lineages emerged via a host

jump rather than co-speciation with their hosts (Donohoe et al., 2021; Waltzek et al., 2009a).
2.2.2 Genomes of alloherpesviruses

The genome size of alloherpesviruses ranges from 134 to 295kb containing 90-186 Open Read-
ing Frames (ORFs). Within the family Alloherpesviridae there are significant differences in the genome
size of viruses belonging to different genera. Species within the genus Ictaluriviruses have the smallest
genomes ranging from 134 to 149 kb, while the estimated genome size of Salmoniviruses is around 170
kb. The genomes of the genus Batrachoviruses range 200-232 kb, and the largest genomes are presented
by Cypriniviruses ranging from 245 to 295 kb. Among the herpesviruses, the Cyprinid herpesvirus 3
(CyHV-3) has the largest genome size of 295 kb. As described earlier, species within the family Allo-
herpesviridae have 12 core genes with notable levels of amino acid sequence conservation. These genes
play roles in DNA replication, including the catalytic subunit of DNA polymerase, the helicase-primase
helicase subunit, and the helicase-primase primase subunit. Additionally, they contribute to DNA pack-

aging (DNA packaging terminase subunit 1) and are involved in capsid morphogenesis, encompassing

37



Chapter 1 Introduction

the major capsid protein, capsid triplex subunit 2, and capsid maturation protease (Davison et al., 2013;
Donohoe et al., 2021; Walker et al., 2022).

The structure of alloherpesvirus genomes is less diverse than species within the family Herpes-
viridae. Most of the alloherpesvirus genomes contain only one unique region, which is flanked by direct
terminal repeats (TR) (Boutier et al., 2021), consistent with herpesvirus structure A, in Fig. 6 . However,
although not fully sequenced yet, hybridization experiments have revealed that the genome structure of
SalHV-1 is slightly different, consisting of a short unique region (US) flanked by an inverted repeats
(RS) and a longer unique region (UL) which is not flanked by a detectable repeat (Davison, 1998).
Interestingly, this arrangement is similar to mammalian alphaherpesviruses in the Varicellovirus genus,
such as pseudorabies virus, equine herpesvirus 1, bovine herpesvirus 1, and varicella-zoster virus (con-
sistent with herpesvirus structure D, Fig. 6). Furthermore, within the family Alloherpesviridae the ge-
nomes of viral species that infect amphibian hosts appear to lack any repeat regions (consistent with
herpesvirus structure F, Fig. 6). Full genome sequences are available for eleven viruses within the fam-

ily Alloherpesviridae including some non-classified viruses (Table 4).

Table 4 - Data on complete genome sequences of fish and amphibian alloherpesviruses

Viral species Genome size sct;reunc(i?ri Strl;iczt: res GC% %\IT('):)S (ralgrr;iéglécfi
sion

Anguillid Rerpes- | 545 53 kop | TR-U-TR | 5,228 tgg 53.0 134 | NC_013668.3
c:y|0ri/|ri]ir ﬂ Shirpes- 20114kbp | TR-U-TR ?Rzg‘; tgg 51.3 143 | NC_019491.1
Cyprinid herpes- | 500310p | TRUTR | U290 igg 51.7 154 | NC_019495.1
Cyprinid herpes- | pe5.15k0p | TRU-TR | 220 igg 59.2 163 | NC_009127.1
lctalurid Nerpes- | 134 231p | TR-U-TR TUFézgfsklf’tf’p 56.2 90 | NC_001493.2
lotaluid herpes- | 1ap90k0p | TRUTR | Y2100 igg 53.8 o1 | NC_036579.1
S”““‘:uhseipes"i' 14934kbp | TR-U-TR ?Rj:gg Egg 53.7 94 MH048901.1
Ranid helr PesVrUs | o086 kbp | TR-U-TR TUF:e:Zé.% 'f(%‘; 54.6 132 NC_008211.1
Ranid hezr PESVITUS | o3 gkbp | TR-U-TR L#Rz:gflﬁ? 52.8 147 NC_008210.1
Ranid hegr PESVITUS | 07,91 kbp U U:207kbp | 418 186 | NC_034618.1
B”fonifugirpeSVi' 158.25 kbp U U: 158 40.6 152 MF143550.1

2.2.3 Biological features of alloherpesvirus

Members of the family Alloherpesviridae which infect animals that live in aquatic environments
share several biological traits that distinguish them from members of the family Herpesviridae infecting

mammals, birds, and reptiles which live in terrestrial environments (Herpesviridae).
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Firstly, while members of the family Herpesviridae generally cause only mild pathogenicity in
their natural immunocompetent hosts, members of the family Alloherpesviridae infecting fish generally
cause highly contagious and pathogenic disease outbreaks among their main host populations with high
mortality rates, even up to 100% mortality. This substantially higher virulence may be due to either a
lower degree of adaptation to their hosts, or to factors linked to intensive fish farming practices, such
as low genetic diversity and high-density rearing conditions. Furthermore, age-dependent sensitivity
and permissivity have been reported for several alloherpesviruses that infect fish. For example, AciHV-
1, AciHV-2, CyHV-1, CyHV-2, SalHV-2, SalHV-3 and IcHV-2 are especially pathogenic for hosts at
earlier developmental stages (S. van Beurden et al., 2012; Hanson et al., 2011), with CyHV-3 being a
notable exception to this pattern (Ronsmans et al., 2014).

Secondly, the tropism most members of the family Herpesviridae is known to be restricted to
their natural host species or closely related species. In contrast, for members of the family Alloherpes-
viridae that infect fish, several fish species have been thought to play a role in their epidemiology. For
example, AngHV-1 (Nguyen Thuc et al., 2016) and CyHV-3 (Kempter et al., 2012; Kielpinski et al.,
2010) genomes can be detected in a large number of sympatric fish species (i.e. fish also present in their
environment). However, given the absence of any clinical disease or pathogenies, the extent to which
these viruses to replicate in these sympatric species, and hence whether they may serve as vectors in
viral transmission, remains to be investigated.

Thirdly, as opposed to mammalian and avian hosts, the hosts of alloherpesviruses are poikilo-
thermic, implying that their body temperature cannot be naturally maintained constant at constant tem-
peratures, that are independent of environmental temperatures. Thus, the environmental temperature
heavily influences the outcome of infection, both in vitro and in vivo. For example, the replication of
AngHV-1 in eel kidney 1 (EK-1) cells occurs at temperatures between 15-30 °C, with an optimum
around 20-25 °C (Beurden S. J. et al., 2012; Sano et al., 1990). In contrast, low temperatures facilitates
RaHV-1 replication in vivo, whereas induction of tumor metastasis is promoted by high temperatures
(McKinnell and Tarin, 1984). Furthermore, CyHV-3 outbreaks typically occur in warm environmental
water temperature (18-28 °C) (llouze et al., 2012) while SalHV-3 outbreaks occur at much lower tem-
peratures (6-15 °C) (S. van Beurden et al., 2012). If the ambient water temperature is suboptimal for
these events to occur, infection caused by fish alloherpesviruses is generally less severe or even asymp-
tomatic, providing an explanation for the seasonal occurrence of disease caused by some alloherpesvi-
ruses of fish (Gilad et al., 2003). In practice, these biological traits have been exploited successfully as
a means of disease mitigation, by subjecting host species to water temperatures outside of the optimum
ranges which these viruses can cause disease. Striking examples include the successful reduction of
disease caused by CyHV-3 when hosts are subjected to increased water temperatures (Ronen et al.,
2003), and similar outcome during AngHV-1 infections, when hosts are subjected to decreased water

temperature (Haenen et al., 2002).
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And lastly, mounting data suggests that alloherpesviruses can establish latent infections. Evi-
dence supporting this hypothesis has been provided for CyHV-1, CyHV-2, CyHV-3, SalHV-2, IcHV-1
and AngHV-1 (Chai et al., 2020; Hanson et al., 2016, 2011). Given that a latent state may be interrupted
by transient virus reactivation, the balance between productive lytic infection and latency is likely to be
intricately associated to host biology with water temperature playing a critical role in the transition from

productive to latent infections (Hanson et al., 2024).
2.2.4 Herpesviruses affecting economically important fish species

Members of the family Alloherpesviridae cause severe diseases in fish species that are im-
portant for aquaculture, including carp, salmon, catfish, sturgeon (Table 3). Even though these viruses
can also infect sympatric species beyond their primary host, pathogenic disease caused by viruses is
highly host-specific, with disease mainly occurring in specific fish species or closely related fish species
within the same genus (Dharan et al., 2022).

The very first herpesvirus that was identified as a threat to the aquaculture industry was IcCHV-1,
which generated mass mortalities among catfish in the US, mainly impacting fish early developmental
stages. Historically, this virus has been regarded as the prototypic fish herpesvirus However, IcHV-1
has predominantly only affected the catfish industry in the US, and the control of this disease was
achieved through modification of aquaculture facility management practices (Hanson et al., 2011;
Kucuktas and Brady, 1999). In the late 1990s, mass mortalities in cultured carp caused by CyHV-3
urged the scientific community to investigate this emerging disease (Bretzinger et al., 1999; Hedrick et
al., 2000; Pearson, 2004; Waltzek et al., 2005). Due to its economic impact on carp culture and its rapid
spread across the world, CyHV-3 was listed as a notifiable disease by the World Organization for Ani-
mal Health OIE (Michel et al., 2010). Since then, an increased interest in understanding CyHV-3
emerged with the aim of protecting common and koi carp from this devastating virus. Incidentally, the
common carp (Cyprinus carpio) had been already selected for fundamental research on fish immunol-
ogy, making it a perfect model for applied research to study host-virus interactions (Adamek et al.,
2018; Rakus et al., 2013). Consequently, advancement in the understanding of CyHV-3 including ge-
nomics (Aoki et al., 2007; Gao et al., 2018), biological properties between strains (Gao et al., 2023),
evolution (Donohoe et al., 2021; Gao et al., 2023) pathogenesis (Costes et al., 2009, 2008; Raj et al.,
2011; Ronsmans et al., 2014), epidemiology (Gilad et al., 2004; St-Hilaire et al., 2005) host interaction
(Diallo et al., 2022; Ouyang et al., 2013; Rakus et al., 2017; Sunarto et al., 2012) and disease mitigation
(Boutier et al., 2015a; Ronen et al., 2003) knowledge on CyHV-3 now far exceeds that of any other of
the alloherpesviruses leading to now be considered the archetypal fish herpesvirus (Boutier et al.,
2015b).

Around the same time, Cyprinid herpesvirus 2 (CyHV-2), closely related to the well-studied
CyHV-3, began to attract the attention of researchers (Jung and Miyazaki, 1995; Groff et al., 1998).

CyHV-2 primarily causes significant mortality in ornamental goldfish (Goodwin et al., 2006a) and
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prussian carp (Luo et al., 2013), - both of which are from the genus Carassius, leading to substantial
economic losses worldwide. Consequently, an urgent need to develop strategies to control the spread
of CyHV-2 and mitigate these economic impacts emerged (Zhang et al., 2016). However, compared to
CyHV-3, research on CyHV-2 is less comprehensive. Specifically, the host range and the stages of host
susceptibility to infection remain unclear, the mode of transmission and pathogenic mechanisms require
further investigation, and the development of vaccines and specific disease management strategies is
still needed (Thangaraj et al., 2021). In short, despite various approaches being adopted, CyHV-2 con-
tinues to pose a significant epidemic threat, causing ongoing losses and impacts on the aquaculture
industry. It is with this in mind, this Ph.D research project was developed, with the aim address some
of these major knowledge gaps using the CyHV-3 experience as a useful template to propel CyHV-2
knowledge beyond the current state of the art. This virus, which is be the main focus of this Ph.D. thesis,

will be introduced in more detail in the next section.
3. The Cyprinid herpesvirus 2

3.1 General description
3.1.1 Structure and morphogenesis

Like all members of the order Herpesvirales, CyHV-2 possesses an icosahedral capsid housing
double-stranded DNA, enveloped by a lipid bilayer containing viral glycoproteins. The virus replicates
most efficiently within the hematopoietic cells of the spleen and kidney, as well as within the gills of
infected fish (Hedrick et al., 2000; Xu et al., 2013). CyHV-2 morphogenesis is a complex process sim-
ilar to that described for mammalian herpesviruses. The morphology of CyHV-2 viral particles was
initially delineated in the first Japanese reports (Jung and Miyazaki, 1995). Within infected cells, virions
within the nucleus adopt a distinctive spherical or hexagonal shape, with the nucleocapsid exhibiting a
diameter ranging from 115 to 117 nm. Concurrently, rounded enveloped virus particles, measuring 170
to 220 nm in diameter, accumulate within the cytoplasm. Similar descriptions have been echoed in the
electron microscopy findings of several research teams (Jeffery et al., 2007; Luo et al., 2013; Stephens
et al., 2004). Wu et al. employed high-magnification TEM to observe virus particles at various stages
of assembly within kidney cells and further described the morphological characteristics of the virus
particles (Wu et al., 2013). As observed previously, within the nucleus, naked herpetiform virus nucle-
ocapsids with a diameter of approximately 95-110 nm were evident, while in the cytoplasm, enveloped
virus particles measuring approximately 170-200 nm in diameter accumulated (Fig. 10). Notably, their
results suggested that the Golgi apparatus plays an important role in the maturation of CyHV-2, with
final maturation occurring by the budding immature CyHV-2 viral particles into trans-Golgi network
vesicles containing viral glycoproteins. In 2014, Lovy et al. used electron microscopy to describe his-
tological samples (preserved with 10% formalin) in detail (Lovy and Friend, 2014). Similarly, three
types of virions can be observed in the nucleus of infected cells: capsids with a central dense core,

empty capsids and capsids with a concentric linear density. In the cytoplasm, aggregates of capsids with
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a dense core were apparent, and capsids within host membrane-bound vesicles or capsids within a mem-
brane-derived envelope were observed. Similar findings were provided by Xu et al and Jiang et al (Jiang
etal., 2015; Xu et al., 2013).

Figure 10 - Ultrathin sections of gill (A), kidney (B, D) and spleen (C) from diseased C. gibelio infected with CyHV-
2 showing ultrastructural characters of infected cells and tissues. Many virus particles of CyHV-2 occur in infected
leukocytes in gill (A) and hematopoietic cells in kidney (B, D) or spleen (C). (1) Karyopyknosis was observed in the
infected leukocyte (black arrow) of gill tissue (A). Nucleus (N). (2) In kidney (B), hematopoietic cells evidenced marginal
chromatin and karyorrhexis and many CyHV-2 particles being assembled in both nucleus (black arrows) and cytoplasm
(white arrows). (3) In splenic pulps (C), many splenocytes were necrotized showing nuclear degeneration evidenced by

pyknosis and karyorrhexis. Cytoplasmic vacuolation (%) was obvious in CyHV-2-infected cells of the spleen (C). (4)
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Detailed images of viruses multiplying and assembling in hematopoietic cells of kidney (D) can be seen at higher magnifi-
cation. There is some evidence of Golgi apparatus (Go) associated with virus assemblage, and occurrence of some mature
virus, whose finished packaging (black arrows) were observed in an enveloped virion within a cellular vesicle (white ar-
row). Adapted from (Wu et al., 2013).

3.1.2 Genome

The first comprehensively characterized strain of CyHV-2 is ST-J1 (Sat-1), which was isolated
in 1992 from an ornamental goldfish afflicted with herpesviral hematopoietic necrosis in Japan (Da-
vison et al., 2013; Jung and Miyazaki, 1995). Since its isolation, ST-J1 has been regarded as the well-
studied standard strain for subsequent genome comparisons (Liu et al., 2018; Yang et al., 2022). The
ST-J1 strain was the first CyHV-2 strain to be sequenced, and consequently it has been designated as
the CyHV-2 genome reference sequence on GeneBank (Accession: NC_019495.1). The sequencing of
the ST-J1 strain genome revealed that the full length of the CyHV-2 genome is approximately 290 kb
and contains approximately 150 protein-coding genes (including 12 core ORFs) (Davison et al., 2013).
This also revealed that this virus has the same genome structure as CyHV-1 and CyHV-3, consisting of
a unique region flanked at each terminus by a sizeable direct repeat. The CyHV-2 terminal repeats
contain four protein coding genes (ORF5, ORF6, ORF7 and ORF8) (Fig. 11). In addition, it has 6
paralogous gene families, and the GC content of the genome is approximately 51.7%. Subsequent se-
quencing of additional strains revealed various mutations relative to the ST-J1 sequence, including sin-
gle-nucleotide mutations, insertions, deletions, and rearrangements, but overall sequence identity re-
mains high (>95%). For example. in 2015, a newly isolated CyHV-2 variant (SY-C1) was found to
share a high sequence identity of 98.8% with the full-length genome of ST-J1 (L. Li et al., 2015), and
similar identity with other strains such as SY (Liu et al., 2018) and SH-01 (Yang et al., 2022) (although
the later has not been made publicly available on GeneBank). In total, in addition to the CyHV-2 refer-
ence strain, there are now five fully sequenced genomes classified as CyHV-2 strains on NCBI Viral
Genome Browser (available here). Notably, these genomes, obtained from various geographical origins
exhibit highly similar structures, with the majority of genes remaining unchanged. An additional virus
isolated from Crucian Carp, which is referred to as Crucian carp herpesvirus (CaHV), is almost cer-
tainly another strain of CyHV-2, rather than another separate viral species. Although compared to other
CyHV-2 strains, it does exhibit notable changes, including insertions and the apparent loss of terminal
repeats, it still exhibits high sequence identity with the CyHV-2 (Zeng et al., 2016). Furthermore, com-
paring DNA polymerase, Terminase and Helicase, protein sequences between CaHV and other CyHV-
2 strains revealed almost no difference in these highly conserved core genes. (Donohoe et al., 2021).
However, as of the preparation of this thesis, the CaHV genome sequence is not currently listed among

the fully sequenced CyHV-2 genome strains in the NCBI Viral Genome Browser.
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Figure 11 — CyHV-2 genome map. The terminal direct repeat (TR) is shown in a thicker format than the unique region
(U). ORFs predicted to encode functional proteins are indicated by colored arrows (see the key at the foot), with nomen-
clature lacking the ORF prefix given below. Introns are shown as narrow white bars. Colors of protein-coding regions
indicate core ORFSs that are convincingly conserved among alloherpesviruses, families of related ORFs, and other ORFs.
Telomere-like repeats at the ends of TR are shown by gray-shaded blocks. Predicted poly(A) sites are indicated by vertical
arrows above and below the genome for rightward- and leftward-oriented ORFs, respectively. Inverted repeats at approxi-
mately 36 and 75 kbp are indicated by light-gray-shaded blocks. Names of fragmented ORFs are given in square brackets,
with the ORFs depicted as intact. Pale yellow ORFs downstream from ORF25B and ORF25C represent remnants of addi-
tional ORFs in the ORF25 family. From (Davison et al., 2013).
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3.1.3 Genotypes

To date, six complete genomes of CyHV-2 isolates have been sequenced, and listed on the
NCBI Viral Genome Browser, these include ST-J1 (JQ815364.1 or NC_019495.1, which are identical),
SY-C1 (KM200722.1), SY (KT387800.1), CNDF-TB2015 (MN201961.1), YZ-01 (MK260012.1),
YC-01 (MN593216.1). Among these, ST-J1 originates from goldfish, while CNDF-TB2015 and YZ-
01 are sourced from crucian carp, and SY-C1, SY, and YC-01 are derived from gibel carp. Based on
genetic differences, Li et al. proposed the division of CyHV-2 into two distinct genotypes: the China
genotype (C genotype) and the Japan genotype (J genotype), based on the locations where they were
isolated [13]. However, these two genotypes exhibit a high sequence identity. Moreover, molecular
epidemiological surveys have suggested that the predominant CyHV-2 genotypes circulating in main-
land China resembles the C genotype more closely than the J genotype. Alternative CyHV-2 genotype
groupings have also been proposed by Ito et al. based on a genomic region, referred to as marker A
(mA) (Ito et al., 2017), which they used to categorize CyHV-2 isolates into four distinct genotypes.
However, as additional strains of CyHV-2 are sequenced, based on the extent of genetic diversity among

CyHV-2 strains, genotype classification systems may need to be modified further.
3.1.4 Transcriptome

As mentioned previously, Herpesvirus gene transcription and expression follow a coordinated
temporal pattern upon infection of permissive cells. Immediate-early (1E) genes are first transcribed and
regulate the subsequent expression of the following genes. Early (E) genes encode enzymes and proteins
involved in the interaction with host cell metabolism and the viral DNA replication complex. Finally,
the late (L) genes are mainly dependent (true L genes) on viral DNA synthesis, and primarily encode
the viral structural proteins (Mettenleiter, 2004; Mettenleiter et al., 2009). In 2009, Tombacz et al. de-
veloped and applied a quantitative reverse transcriptase-based real-time PCR technique to profile tran-
scription from the whole-genome of pseudorabies virus (PRV; a mammalian herpesvirus classified in
subfamily Alphaherpesvirinae, family Herpesviridae) after lytic infection in porcine kidney cells
(Tombécz et al., 2009). Firstly, gene transcription was studied by RT-PCR or RT-gPCR during the early
hours post-infection (hpi). Secondly, protein synthesis inhibitor cycloheximide (CHX) and viral DNA
polymerase inhibitor cytosine-f-arabinofuranoside (Ara-C) or phosphonoacetic acid (PAA) can be used
to block de novo protein synthesis and viral DNA replication, respectively. In the presence of CHX,
only IE genes are transcribed whereas in the presence of Ara-C or PAA, only IE and E genes are tran-
scribed, but not the true L genes. Tang et al. utilized this approach to analyse the genome-wide gene
transcription of CyHV-2 (Tang et al., 2020). By inhibiting protein synthesis or viral DNA replication
during CyHV-2 infections, five CyHV-2 IE genes, thirty-four CyHV-2 E genes, and thirty-nine CyHV-
2 L genes were identified. In general, all IE genes were transcribed at 0.5 hpi, most E genes between 1
and 2 hpi, and most L genes at 6 hpi. Additionally, among the five CyHV-2 IE genes, two (ORF54 and

ORF155) are homologs of IE genes identified in CyHV-3, which is the closest known related virus to
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CyHV-2 (llouze et al., 2012), indicating that these two viruses may employ similar processes in the
early stages of infection.

3.1.5 Proteome

Comparisons of orthologous ORFs between alloherpesviruses, as well as bioinformatic predic-
tions of protein properties, enable putative insight into the functions of some proteins (Davison et al.,
2013; Liu et al., 2018). However, as of now, only a limited number of CyHV-2 proteins have been
identified and characterized using specific polyclonal antibodies or monoclonal antibodies (mAbs). For
instance, several proteins including pORF25 (Zhou et al., 2015), pORF146 (Cao et al., 2019), pORF72,
pORF66, pORF81, and pORF82 (Li et al., 2019) have been identified as promising vaccine candidates
against CyHV-2. Moreover, proteins such as pPORF72 (Kong et al., 2017), pORF92 (Shen et al., 2018),
pORF66 (Guo et al., 2022), and pORF121 (Gao et al., 2022) have been demonstrated to be useful in
immunological detection of CyHV-2. In 2020, Gao et al. successfully identified the structural proteins
of CyHV-2 by purifying virions using a sucrose density gradient in conjunction with ultracentrifugation
(Gao et al., 2020). Subsequently, the viral proteins were separated via SDS-PAGE and characterized
through mass spectrometry analysis. Their findings revealed that the mature CyHV-2 virion comprises
a total of 74 proteins, encompassing 3 capsid proteins, 18 membrane proteins, and 53 additional pro-
teins. Furthermore, eight immunogenic proteins were identified, namely pORF92, pORF115, pORF25,
pORF57, pORF66, pORF72, pORF131 and pORF132. In addition to this, further investigations into
the functions of several pivotal CyHV-2 proteins have been conducted. Du et al. discovered that CyHV-
2 ORF104 is capable of activating the p38 signalling pathway, facilitating viral invasion into host cells
(Du et al., 2015). Additionally, Zhu et al. revealed that CyHV-2 ORF98 encodes uracil DNA glycosyl-
ase (UDG), which generates circular RNAs and contributes to gene transcription and splicing regulation
(Zhu et al., 2022). Moreover, it has also been revealed that Actin-binding Rho-activating protein
(ABRA) interacts with the ORF55 protein, thereby modulating its biological function (Qian et al.,
2023). Recent investigations have identified ORF23 and ORF141 as potential viral ribonucleotide re-
ductase homologs in CyHV-2, involved in catalyzing the conversion of ribonucleotides into deoxyribo-
nucleotides and thus playing an important role in virus replication (Cheng et al., 2023). Further under-
standing of the CyHV-2 proteome and the functions of individual proteins will be vital in terms of
understanding the mechanisms that this virus uses to successfully infect and replicate in host cells, and

may also facilitate the development of effective protein-based rapid diagnostic methods for CyHV-2.
3.2 Disease caused by CyHV-2
3.2.1 Epidemiological history

The initial descriptions of a fatal disease induced by CyHV-2 dates back to a paper by Jung et
al. in 1995 (Jung and Miyazaki, 1995). In this, they reported that during the spring of 1992 and 1993, a
novel disease leading to substantial mortality among cultivated goldfish emerged across various loca-

tions in Japan. Subsequent investigations led to the isolation of a herpes virus from moribund goldfish,
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and transmission experiments confirmed that it was the causative agent of this disease among goldfish.
Further scrutiny revealed that afflicted goldfish predominantly exhibited lesions concentrated in the
hematopoietic organs, specifically the kidney and spleen. Consequently, the disease was designated as
herpesviral haematopoietic necrosis (HVHN). A few years later, a comparable scenario unfolded on a
fish farm in the United States, also during the spring season (Groff et al., 1998). The affected goldfish,
which were in the juvenile stage (2 months old), experienced a remarkably high mortality rate ranging
between 50-100%. Findings from autopsies revealed a similar pattern of internal lesions predominantly
localized in the kidneys and spleen. Notably, it was observed that not all infected fish consistently dis-
played lesions in both the kidneys and gills. Using a transmission electron microscope, viruses with
morphological characteristics similar to herpesviruses were again observed. The following year, histo-
pathological and ultrastructural analysis of diseased fish in northeast Taiwan revealed the presence of a
herpes-like virus associated with a similar disease in goldfish fry of a breeding facility (Chang et al.,
1999). Further examination of import records indicated that goldfish from Japan were likely to be the
origin of the virus. In the following years, outbreaks of CyHV-2 were also reported in Australia (Ste-
phens et al., 2004), UK (Jeffery et al., 2007), China (Wang et al., 2012), Italy (Fichi et al., 2013), India
(Sahoo et al., 2016), Switzerland (Giovannini et al., 2016), Germany (Adamek et al., 2018), France
(Boitard et al., 2016), The Netherlands (lto et al., 2017), Turkey (Kalayci et al., 2018),Poland (Panicz
et al., 2019), Hungary (Doszpoly et al., 2011), Serbia (Radosavljevic et al., 2018), South Korea (Jung
etal., 2022), and Thailand (Piewbang et al., 2024). In 2009, the ICTV officially designated the pathogen
as Cyprinid herpesvirus 2 (CyHV-2) and assigned it to the Cyprinivirus genus (ICTV, 2011).

In addition to goldfish, as more CyHV-2 outbreaks were reported, it became apparent that other
related cyprinid fish species could also be impacted. The first reports of CyHV-2 infection in Gibel carp
occurred in 2011 in Hungary (Doszpoly et al., 2011). Additional reports of the disease in this fish spe-
cies demonstrated that the virus was able to efficiently spread in both cultured and wild fish (Danék et
al., 2012; Fichi et al., 2013; Wang et al., 2012). CyHV-2 was also found to infect other fish species such
as Crucian carp and hybrids resulting for the crossing of gibel carp (female) and common carp (male)
(Fichi et al., 2013; Wu et al., 2013). Collectively these observations indicate that CyHV-2 may have a
host range broader than observed for related viruses of the genus Cyprinivirus.

In summary, this disease has been reported around the world in diverse environments including
in Asia, North America, Oceania and Europe. This growing geographic distribution and transcontinental
prevalence of CyHV-2, underscores the need the need for international collaboration in terms of moni-

toring and reporting order to understand and better mitigate against the continued spread of this virus.
3.2.2 Host range

Herpesviruses are host-specific pathogens widely distributed among vertebrates. Characterized
by their expansive genomes and intricate mechanisms, these viruses employ sophisticated strategies to

ensure prolonged persistence within their hosts. This intricate interplay results in a remarkable degree
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of host specificity (Hanson et al., 2011; King et al., 2012c; Payne, 2017). Initially, the historical host
range of CyHV-2 was confined to goldfish (Jung and Miyazaki, 1995; Groff et al., 1998). And, in ad-
dition to common goldfish, some varieties such as Wakin, Demekin, Ryukin, Edonishiki and Ranchu
also display heightened susceptibility to the virus (Wei et al., 2019; Ito and Maeno, 2014a). As broader
reports surfaced, additional species such as gibel carp, Crucian carp, gynogenetic gibel carp and golden
crucian carp were included in the host range (Doszpoly et al., 2011; Fichi et al., 2013; Wu et al., 2013;
Xiao et al., 2022). Intriguingly, three Japanese indigenous sub-species (C. auratus langsdorfii; ginbuna,
C. auratus buergeri; nagabuna, C. auratus grandoculis; nigorobuna), belonging to the Carassius genus,
demonstrated lower sensitivity than goldfish (Ito and Maeno, 2014a). Notably CyHV-2 was demon-
strated not to be pathogenic towards other cyprinid and related host species such as koi carp (Cyprinus
rubrofuscus var. “koi”’) and common carp (Cyprinus carpio), Grass carp (Ctenopharyngodon idella),
Silver carp (Hypophthalmichthys molitrix), Wuchang fish (Megalobrama amblycephala), Snakehead
(Channa argus), Bighead carp (Hypophthalmichthys nobilis), and Tilapia (Oreochromis mossambicus)
(Hedrick et al., 2006; Liang et al., 2015). In addition to direct inoculation of potential addional hosts,
reports relating to CyHV-2 outbreaks noted that other fish species present in mixed-breeding waters did
not exhibit the same clinical symptoms. For example, Wu et al. noted the lack of any symptoms in
Silver carp (Hypophthalmichthys molitrix), big-head carp (Aristichthys nobilis), bluntnose black bream
(Carnis megalobramae), and grass carp (Ctenopharyngodon idella) cultured alongside C. gibelio in the
same pond (Wu et al., 2013). Another report from Jeffery et al. mentioned that the koi carp, orfe, tench
and even some larger goldfish were unaffected within the same holding system (Jeffery et al., 2007).
However, with advancements in detection technology, perspectives have evolved. In 2015, Zhu et al.
documented diseased Aristichthys nobilis, Erythroculter ilishaeformis, Culter alburnus, Hypophthal-
michthys molitrix, and Mylopharyngodon piceus in China's Jiangsu province, exhibiting clinical fea-
tures akin to C. auratus with gill haemorrhagic disease. Subsequent diagnosis through LAMP assay and
electron microscopy confirmed CyHV-2 positivity in these species, suggesting the virus's capacity for
cross-infection among different fish species beyond its initial association with goldfish (Zhu et al.,
2019).

In fact, crucian carp and gibel carp exhibit a broader geographical distribution and sustain larger
wild populations than goldfish (Hanfling et al., 2005). Both species, as members of the same genus as
goldfish, face a significant threat from CyHV-2. Despite their close relation, the introduction of crucian
carp into aquaculture for food purposes occurred relatively late, with its status in the industry only rising
in the 1980s. This shift was largely driven by the development and widespread application of polyploid,
all-female allogynogenetic gibel carp, which utilize gynogenetic reproduction with heterologous sperm
to initiate embryonic development. As a result, gibel carp was rapidly adopted across nearly all regions
of China, leading to a marked increase in aquaculture production (Li et al., 2018). By leveraging various
local strains and several high-yield varieties of allogynogenetic gibel carp, annual production surged
from 48,000 tons in 1983 to 2,912,258 tons by 2015 (China Fishery Statistical Yearbook 2016).
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Currently, most crucian carp cultivated in managed aquaculture systems are improved strains of al-
logynogenetic gibel carp, particularly the "CAS I11" variety (Gui, 2024). The primary breeding centers
are located in Jiangsu and Hubei provinces, with Jiangsu notably experiencing multiple disease out-
breaks (Jiang et al., 2015; Wang et al., 2012; Xu et al., 2013). As goldfish serve primarily as a model
organism in this study, they will not be discussed further.

3.2.3 Transmission

Horizontal transmission of CyHV-2 between infected fish has been confirmed through direct
contact with infected fish including asymptomatic carriers (Goodwin et al., 2009; Wei et al., 2019).
Histological analysis suggests that CyHV-2 may undergo replication in the gills, leading to mucosal
detachment and necrosis. This process can result in the release of viral particles into the water, serving
as a mechanism for effective transmission of the virus (Ding et al., 2014). While the possibility of
CyHV-2 transmission through other vectors is possible, and indeed, a closely related virus, CyHV-3,
can be transmitted through vectors such as faeces and birds (Dishon et al., 2005; Hanson et al., 2011),
currently there is a lack of data on vector mediated transmission of CyHV-2.

Another effective mode of viral transmission is vertical transmission (from parent to offspring),
and evidence would indicate that CyHV-2 can spread through this mechanism. In 2009, Goodwin et al.
confirmed that seemingly healthy broodfish can harbor exceptionally high virus loads, while surviving
for many years as carriers. Moreover, quantitative PCR revealed the presence of viral DNA in disin-
fected fish eggs, providing clear evidence of vertical transmission of CyHV-2 (Goodwin et al., 2009).
Expanding on this, Zhu et al. successfully employed LAMP, PCR, and RT-PCR techniques to amplify
viral DNA fragments from diseased fish eggs, and demonstrated the transcription of the CyHV-2 hel-
icase gene within infected fish eggs. Furthermore, virus particles were also observed in fish eggs
through electron microscopy (Zhu et al., 2015, 2019). Taken together, these findings provide strong
evidence for CyHV-2 vertical transmission from parents to offspring. In summary, as a highly conta-
gious virus, CyHV-2 exhibits the transmission capacity both horizontally, through direct contact, and
vertically, through reproductive behaviour. This situation where past outbreaks can still impact succes-
sive generations, emphasizes the devastating impact that this virus can have in aquaculture facilities,

underscores the need for effective disease mitigation and prophylactic approaches.
3.2.4 Clinical signs

While there are some slight differences, the clinical symptom descriptions in reports of CyHV-
2 disease generally exhibit many similarities. In an initial report from Japan, researchers observed a
listless state and a tendency for affected fish to remain at the bottom of ponds (Jung and Miyazaki,
1995). Subsequently, Groff et al. noted that infected juvenile goldfish displayed lethargy, anorexia,
difficulty breathing, and gill pallor. Autopsies revealed varying degrees of paleness and swelling in the
kidneys and spleen (Groff et al., 1998). Concerning goldfish fry, reports included anorexia, lethargy,
and discoloration (Chang et al., 1999). Further descriptions from Australia highlighted the presence of
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white lesions on the skin in diseased fish (Stephens et al., 2004). As far as appearance is concerned,
affected goldfish have protruding scales (Giovannini et al., 2016; Piewbang et al., 2024). Comprehen-
sive symptoms were documented in UK case reports, where mortality extended over several days, with
smaller fish experiencing higher mortality rates (Jeffery et al., 2007). Affected fish exhibited pale skin,
mucus-like blister-like pustules in fin tissue, severe gill necrosis, abdominal distension, and bilateral
exophthalmos. Internally, kidneys and liver were pale, intestines lacked food, and splenomegaly was
universal, with some fish showing large white nodules. Importantly, researchers attribute the clinical
symptoms of diseased fish to the synergy of bacterial pathogens and CyHV-2 virus, a perspective also
supported by Korean case reports (Jung et al., 2022). In summary, classical characteristic signs of
CyHV-2-infected fish include lethargic behavior, dorsal fin folding, gasping difficulty with erratic
swimming, lying down at the tank bottom before death, discoloration, pale gills, abdominal distension,
bilateral exophthalmos, patches of necrosis on gills, and mortality across various fish sizes (Adamek et
al., 2018; Sahoo et al., 2016). Diseased gibel carp exhibit clinical symptoms similar to those of goldfish,
including anorexia, lethargy, and gill necrosis, etc. However, some differences exist, with gibel carp
displaying a more acute onset, higher mortality rates, and skin by distinctive hemorrhage or stasis.
Moreover, the bleeding points are distributed around the gills, mandible, abdomen, and fin base. In
severe cases, the end of the tail fin may turn white, and spotting may occur in the swim bladder (Danék
etal.,, 2012; Ma et al., 2015; Wang et al., 2012; Wu et al., 2013; Xu et al., 2013; Zhu et al., 2019). The
symptoms of affected Crucian carp are close to those of gibel carp (Fig. 12) (Fichi et al., 2013; Wen et
al., 2021).

Goldfish Crucian carp
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Figure 12 — Gross symptoms of CyHV-2 in infected goldfish and crucian carp. Goldfish infected by intraperitoneal
injection: dorsal and caudal fins bleeding from the base, and liver and spleen enlargement. Crucian carp infected by intra-
peritoneal injection: gill bleeding, massive abdominal hemorrhage, abdominal swelling and congestion, eyeball protrusion.

Red arrows show the representative symptoms of CyHV-2 infection in experimental fish. Adapted from (Wen et al., 2021).

3.2.5 Histopathology

During CyHV-2 infection, the organs displaying clinical symptoms, the gills, kidney, and
spleen, undergo significant histopathological changes (Fig. 13). In the gills, particularly in the lamellae,

researchers have observed infiltration of hemocytes, diffuse hypertrophy, and hyperplasia of the
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branchial secondary lamellar epithelium leading to extensive fusion with severe necrosis. Additionally,
sloughing of the epithelial cells is commonly observed (Ding et al., 2014; Fichi et al., 2013; Jeffery et
al., 2007; Piewbang et al., 2024; Wen et al., 2021). In the kidney, a key target organ during CyHV-2
infection, pathological changes include diffuse necrosis, dilatation of glomerulus capillaries, infiltration
of hemocytes and lymphoid cells, hypertrophied nuclei (or ring-like shaped nuclei) exhibiting pyknosis
and karyorrhexis, and serious vacuolization (Adamek et al., 2018; Ding et al., 2014; Jiang et al., 2020,
2015; Wu et al., 2013). Researchers have focused on understanding these complex pathological changes
as they unfold within the kidney, providing insights into the impact of CyHV-2 on this vital organ. The
pathology of the spleen in infected individuals is associated with the severity of the disease, displaying
distinctions between mild and severe cases (Adamek et al., 2018; Groff et al., 1998). Typically, spleen
tissue shows necrosis, splenocytes exhibit serious vacuolization, marginal chromatin and karyorrhexis,
and cytoplasmic hypertrophy. Additionally, hemosiderin deposits may be observed in some spleno-
cytes, along with the deposition of a high number of melanomacrophages (Adamek et al., 2018; Ding
et al., 2014; Jeffery et al., 2007; Jung and Miyazaki, 1995; Sahoo et al., 2016; Wu et al., 2013). In
addition, histopathological examination of the liver, intestine, brain and heart is also commonly re-
ported. Ding et al. observed in diseased gibel carp that hepatocytes exhibited enlarged nuclei with in-
tranuclear inclusion bodies, hypertrophied nuclei with pyknosis, and significant vacuolization (Ding et
al., 2014). Jiang et al. reported widespread necrosis in the liver, intestine, heart, and brain of CyHV-2-
affected gibel carp. Comparing affected cells (hepatocytes, intestine submucosa cells, intestine mucosa
cells, neurons, and cardiac muscle cells) with healthy cells in the same organs, they noted consistent
margination or fragmentation of nuclei. Additionally, hepatic sinusoids and cardiac muscle cells dis-
played serious infiltrates of granulocytes (Jiang et al., 2015). In organs from CyHV-2-infected goldfish
analyzed by Jiang et al., mild changes were observed in the heart, brain, and intestines. Histological
alterations in the heart were inconsistent, showing mild to marked necrotizing myocarditis with associ-
ated mononuclear leukocyte infiltration. The intestinal epithelium remained intact, with leukocyte in-
filtration in the lamina propria and submucosa. The brain exhibited matrix disorganization and low-
frequency perivascular gliosis (Jiang et al., 2020). In summary, regarding the significance and the de-
gree of tissue changes during CyHV-2 infection, the most prominent and extensively affected organs
are the kidney, spleen, and fish gills. On the other hand, the heart, liver, intestine, and brain may not
exhibit obvious histopathological changes, suggesting a lower impact or fewer alterations in these or-
gans during CyHV-2 infection (Groff et al., 1998; Jung and Miyazaki, 1995; Wu et al., 2013).
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Panel 1

Figure 13 — CyHV-2 infection caused severe Histopathological changes in the gibel carp organs. CyHV-2 infection
caused severe Histopathological changes in the gibel carp organs. Panel 1: Histopathological findings of the gill (H&E
stain). (A) No pathological changes could be observed in gill from healthy gibel carp. (B) Infiltration of hemocytes (thin
arrow), fusion of the secondary lamellae with necrosis (thick arrow) and sloughing of the epithelial cells (star). (C) Ag-
glomerated phagocytic cells with cytoplasmic vacuoles of variable size appeared to be faintly basophilic (frame). Panel 2:
Histopathological findings of the kidney (H&E stain). (A) No pathological changes could be observed in kidney from
healthy gibel carp. (B) Infected kidney had focal necrotic lesions (star), dilatation of glomerulus capillaries (thick arrows).
(C) Hypertrophied nuclei with pyknosis and karyorrhexis (thin arrows), and serious vacuolization (asterisk). Panel 3: His-
topathological findings of the spleen (H&E stain). (A) No pathological changes could be observed in spleen from healthy
gibel carp. (B) Infiltration of hemocytes and lymphoid cells (star) and serious vacuolization (thick arrow). (C) Many sple-
nocytes had marginal chromatin and karyorrhexis (thin arrows). All scale bars A and B =50 pm; C = 10 um. Adapted from
(Ding et al., 2014).

3.2.6 Pathogenesis

The pathogenesis of infections relates to how and why disease develops and progresses. Like
most members of the family Alloherpesviridae infecting fish hosts, water temperature plays a huge role
in the occurrence of high mortality CyHV-2 outbreaks. Such outbreaks predominantly occur in spring
and autumn where water temperatures are more likely to range from 15-25°C. Outside of these temper-
atures, the occurrence of clinical disease is reduced (Goodwin et al., 2009). However, the exact reasons
why outbreaks occur at this temperature is not fully understood, but it has been speculated that it may
be due to changes in the host's innate immune defence with respect to temperature (Thangaraj et al.,
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2021). However, the absence of disease at non-permissive temperature does not mean that the viral
infection has been cleared, as it may persist as a latent infection, which will be discussed in more detail
in the next section.

In addition to temperature, host developmental stage also appears to be a factor in the occur-
rence of highly pathogenic CyHV-2 outbreaks, with such outbreaks mainly occurring among host pop-
ulations that are at earlier developmental stages. Indeed, CyHV-2 was initially identified as being
mainly a cause of disease in juvenile goldfish (Chang et al., 1999; Groff et al., 1998; Jung and Miyazaki,
1995). While this may indicate that earlier goldfish developmental stages are more susceptible (Thanga-
raj et al., 2021), to date, there has been no in-depth and systematic comparisons between a range of
different host developmental stages in this regard. Another important aspect of pathogenesis is the
portal of entry into the host, as it can provide insights into the series of events that occur after infection,
in terms of host response and how progression of clinical disease begins. In fish, mucosal surfaces,
including the skin, gills and gastrointestinal mucosa are in constant contact with the surrounding envi-
ronment, and can thus serve as the primary entry routes for pathogens. However, as with CyHV-2 sus-
ceptibility between developmental stages, there have been no systematic comparisons between different
tissue groups at early time points post infection, thus the CyHV-2 portal of entry has not been defini-
tively established. Of course, these knowledge gaps may be partially due to the lack of appropriate tools,
that would facilitate such studies. Such tools include the development of recombinant CyHV-2 strains
expressing reporter genes to facilitate in vivo imaging of viral infections, allowing viral load and disease

progression to be monitored with much greater ease.
3.2.7 Latency

A key biological property of all herpesviruses is their ability to establish a lifelong latent infec-
tion, a biological trait considered a hallmark of all herpesviruses (King et al., 2012c). Numerous reports
have demonstrated the ability of members of the family Alloherpesviridae, including CyHV-2, to es-
tablish long-term latent infections (Nieuwstadt et al., 2001; Reed et al., 2014; Thompson et al., 2005;
Wei et al., 2019). According to Goodwin et al., in some cases of latent infection, CyHV-2 viral load in
apparently healthy juveniles/young adults fish reached the range of 10°-107 copies of the viral genome
per ug of DNA (/ug), and were kept at water temperatures of 18-23 °C when sampled. Furthermore a
subset of broodfish were also found to have survived for several years despite exhibiting viral loads of
10%ug and were kept at water temperatures of 21-30 °C when sampled. (Goodwin et al., 2009). This
indicated that CyHV-2 could be present at significant levels in hosts, in the absence of any apparent
viral replication or clinical disease, in a similar manner to latent infections established by other herpes-
viruses.

Furthermore, in a goldfish challenge experiment conducted by Ito and Maeno, it was observed
that goldfish infected with CyHV-2 in a lower water temperature (15°C), had better survival rates than

those infected at higher temperatures (25°C), but later exhibited high mortality when introduced to

53



Chapter 1 Introduction

permissive temperatures (25°C). This suggested that lower water temperatures promoted the establish-
ment of latent CyHV-2 infections, and that the re-activation could coincide with a return to the optimum
temperature range for CyHV-2 lytic replication (Ito and Maeno, 2014b). This conclusion was further
supported by the research of Chai et al., who observed that CyHV-2 remains latent for the entire lifespan
of gibel carp, even those survive CyHV-2 infection at 23-25 °C, which is permissive for CyHV-2 clin-
ical disease. The they demonstrated that in fish that were transferred to a low non-permissive tempera-
ture of 14 °C, CyHV-2 infection could be reactivated upon return to 25 °C (Chai et al., 2020). Addi-
tionally, they established a latently infected cell line (GCBLat1) derived from the brain of latently in-
fected gibel carp, and were able to demonstrate greater reactivation of virus after treatment of cells with
trichostatin A (TSA) or phorbol 12-myristate 13-acetate (TPA), which may serve as a useful in vitro
model for studying the latency and reactivation mechanisms of CyHV-2. Similarly, another group
demonstrated that CyHV-2 DNA could be detected in apparently healthy gibel carp maintained at 15
°C in several commercial aquaculture facilities across Jiangsu Province of China, despite the absence
of any recorded CyHV-2 outbreaks on these sites. Notably, some fish also tested positive for CyHV-2
gene transcription in various organs indicating that an infection, of some kind, was still ongoing. Inter-
estingly, viral DNA and RNA transcription levels increased after in vivo organ culture of tissue explants
from these fish, and homogenates of the tissue explants could be used to infect naive fish with CyHV-
2 (Wei et al., 2023). Other studies demonstrated that transferring CyHV-2 infected goldfish to higher
non-permissive temperatures >25°C also results in increased host survival, and that viral DNA could
still be detected in various tissues in survivors (predominantly spleen and kidney) after fish are returned
to a permissive temperature of 25°C. It was also observed that in some survivors, viral DNA could not
be detected in freshly dissected tissue explants, however, viral DNA could later be detected in media
after in vitro organ culture (at 25°C) using the same explants, and that virus harvested from these in
vitro cultures could be used to infect more hosts (Wei et al., 2019). Taken together, these studies reveal
that (i) low or high non-permissive temperatures result in the establishment of persistent or latent infec-
tions and (ii) reactivation can often (but not always) be achieved by exposing fish or organ explants to
optimum temperature ranges for CyHV-2 disease.

At lower non-permissive temperatures, it is highly unlikely that CyHV-2 infected fish survive
better due to increased suppression of the virus. This is because there is lots of evidence to indicate that
the immune response in teleosts may be less effective at these lower temperatures (Abram et al., 2017).
Furthermore, from an evolutionary perspective, the establishment of latency during lower temperatures
may represent a common advantageous adaptation of viruses to poikilothermic hosts, which are subject
to declines in immune response when they encounter low environmental temperatures. In the case of
CyHV-2, the establishment of a latent infection at low temperatures would act to prevent the virus from
killing its immuno-suppressed hosts, allowing the host to survive the periods of lower water tempera-
ture, for example during winter. In this scenario, the host can act as reservoir for new infectious viral

progeny in spring when water temperatures increase, and hosts start to interact in high numbers during
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spawning. Confining CyHV-2 reactivation to these periods, may be much more advantageous in terms
of viral transmission. Furthermore, as latently infected hosts often become resistant to disease caused
by CyHV-2, and thus surviving CyHV-2 reactivation events, they can continue to act as long-term
reservoirs of virus over successive spawning seasons.

Furthermore, in cyprinid fish species, increased immune response is much more likely to hap-
pen at higher temperatures (Le Morvan et al., 1998, 1996; Scharsack and Franke, 2022). Notably, during
infections with CyHV-3, a virus closely related to CyHV-2, hosts seek out warmer water during infec-
tion in order to increase survival, exhibiting what is referred to as behavioural fever. It is unclear if this
happens in goldfish during CyHV-2 infections also. However there is evidence that goldfish exhibit
behavioural fever in response to challenge with bacterial pathogens (Torrealba et al., 2018), indicating
that higher temperatures may help goldfish counteract infection, thus explaining why clinical disease
caused by CyHV-2 decreases at higher temperatures. In this scenario, it would also be an evolutionary
advantage for CyHV-2 to establish latent infections. Deactivating genes involved in lytic replication,
would act as a way of evading detection by the host immune system while it is at its peak.

The exact mechanisms underlying the establishment of CyHV-2 latency and re-activation re-
main unclear. Notably, temporary immunosuppressive stress can also occur as a consequence of tem-
perature shifts (Abram et al., 2017). This may provide some insight into the underlying reasons for
reactivation of CyHV-2 after a shift to CyHV-2 permissive temperatures. Interestingly, in addition to
temperature-based reactivation of CyHV-2, it has been demonstrated that reactivation can also be in-
duced through the administration of immunosuppressive agents, specifically dexamethasone (Dex) and
cyclosporine A (CsA) (C. Wei et al., 2020). Taken together, this indicates that immunosuppressive
events may be an important prelude to CyHV-2 reactivation.

However, the underlying mechanisms may be more nuanced than this, especially when consid-
ering that potential temporary immune suppression resulting from a shift to low non-permissive tem-
peratures, would appear to have the opposite effect, resulting in the inhibition of CyHV-2 replication.
Furthermore, although the immune response may be greater at higher non-permissive temperatures, any
initial immune suppression at early stages post temperature increases, would also still appear to result
in the inhibition of lytic replication. In order to understand this, it may be important to consider that
physiological changes occurring when fish are moved to or from CyHV-2 permissive temperatures may
coincide with (or even be caused by) many epigenetic changes. Indeed, different epigenetic profiles
may be initiated when hosts are moved to low or high non-permissive temperatures, compared when
hosts are moved to permissive temperatures, and this may have an impact on CyHV-2 infection. Nota-
bly, treatment with TSA (which inhibits cellular factors that are important for epigenetic remodelling
of host and viral genomes) can cause reactivation of CyHV-2 in vitro in latently infected cells (Chai et
al., 2020). This key observation indicates that epigenetic changes in the host or viral genome may play
a key role in establishment of CyHV-2 latency, and that the reversal or inhibition of these changes

promotes reactivation. Epigenetic remodelling often occurs in cells due to Histone Deacetylases
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(HDACSs) and can be inhibited by anti-HDAC drugs such as TSA. Indeed, HDAC activity leading to
epigenetic remodelling of viral genomes is a strategy that is exploited by other herpesviruses to prevent
the expression of IE genes, inhibiting lytic replication cycles, thus resulting in the establishment and
long-term maintenance of latent infections. For example, HHV-1 latency heavily relies on HDAC-me-
diated epigenetic repression of important HHV-1 IE gene promoters, which can also be counteracted
by TSA (Nicoll et al., 2012).

Switching form latent to lytic infection, involves substantial changes to viral gene transcription,
and evidence may indicate that CyHV-2 has evolved to exploit epigenetic remodelling that occurs in
host cells in response to temperature change, to modulate its own transcriptome. Indeed, this would
represent an elegant viral adaptation to seasonal changes in host behaviour and physiology that would
reduce disruption of viral transmission chains. This this mechanistic hypothesis on CyHV-2 latency,
may better explain why temperature shifts, outside of the CyHV-2 permissive temperature range, in-
crease the survival of infected fish as latent carriers. It may also explain why viral reactivation may
occur upon re-introduction to permissive temperatures, despite the fact that all temperature changes
may, at least temporarily, negatively impact the immune response.

However, this hypothesis would require that CyHV-2 establishes latent infections in cells that
are sufficiently responsive to these temperature changes. On this note, recent evidence indicates that
CyHV-2 primarily establishes latent infections in monocytes/macrophages in long-term survivors of
CyHV-2 infection (C. Wei et al., 2020). Interestingly, in carp (a cyprinid fish species related to goldfish)
and other fish species, these types of cells exhibit major temperature dependent changes, in terms of
respiratory burst response and phagocytic index (Abram et al., 2017). Taken together with the observa-
tion that TSA can stimulate reactivation of latent CyHV-2 (Chai et al., 2020), it raises an interesting
hypothesis that CyHV-2 latent infections in monocytes/macrophages may occur due to epigenetic re-
modelling of the CyHV-2 genome or host genomes in response to temperature change. Therefore, it
may be interesting to compare viral and host transcriptomes between monocytes/macrophages under-
going latent and lytic CyHV-2 infection, under different temperature and TSA treatment regimes, in

order to gain a further understanding of the underlying mechanisms associated with this process.
3.2.8 Co-infections

Co-infections involving viruses and bacteria are frequently documented in cases related to
CyHV-2, with certain bacteria identified as primary agents of fish disease. Case reports from Italy high-
light mixed infections of Aeromonas sobria and CyHV-2 as the predominant cause of mass mortality
observed among crucian carp in natural water habitats (Fichi et al., 2013). Subsequently, in a study
focusing on gibel carp, She et al. elucidated alterations in the intestinal microbiota between healthy
specimens and those infected with CyHV-2 (She et al., 2017). Notably, Plesiomonas exhibited elevated
levels in infected samples, suggesting its potential utility as a microbial biomarker for CyHV-2 infec-

tion. In 2021, Ren et al. conducted a gibel carp study to investigate the pathogenicity and mechanisms
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underlying co-infections involving CyHV-2 virus and bacteria (Ren et al., 2021). Their findings re-
vealed that CyHV-2 infection disrupts the integrity of the intestinal mucosal barrier, leading to subse-
quent bacterial infections. Importantly, they noted that the temporal relationship between viral and bac-
terial interactions predominantly influenced the outcome, either synergistic or antagonistic, of co-infec-
tions. Furthermore, mortality resulting from co-infection with CyHV-2 and A. hydrophila was found to
be contingent upon the pathogen load. Recently, Chen et al. corroborated these findings by utilizing
high-throughput sequencing and gas chromatography/mass spectrometry (Chen et al., 2023). Once
more, their study emphasized that manipulation of the gut microbiota presents therapeutic avenues for
controlling CyHV-2 infection in gibel carp. The abundance of pathogens and the composition of bacte-
rial communities in the external environment play crucial roles in CyHV-2 disease dynamics. Gao et
al. conducted an analysis of spatiotemporal dynamic changes in environmental parameters and micro-
bial communities within aquaculture settings during disease outbreaks (Gao et al., 2019). Indeed, this

research direction warrants further exploration and investigation.
3.2.9 Diagnosis

Viral isolation. Monitoring and detection of CyHV-2 is important element of disease cintrol in
the aquaculture industry and in the wild. The isolation of viruses in cell culture has always been con-
sidered a highly valued method for the diagnosis of viral diseases and is the basis for in vitro character-
ization of viruses (George et al., 2015). As early as 1995, Jung et al. carried out an attempt to culture
the CyHV-2 in vitro. They used a range of cell lines to attempt to isolate CyHV-2, including fathead
minnow (FHM), papule epithelioma carp (EPC), eel kidney (EK-1), Chinook salmon embryos (CHSE-
214), Rainbow trout gonad (RTG-2) and tilapia ovary (TO-2). However, CPE (cytopathic effect) was
consistently observed only in FHM, but this cell line did not support its continuous propagation beyond
passage 4 (Jung and Miyazaki, 1995)., The subsequent development of sensitive cell lines also was also
problematic, as it involved the use of some non-goldfish-derived cell lines, which like FHMs leading
to unsatisfactory results (Groff et al., 1998; Jeffery et al., 2007; Fichi et al., 2013; Goodwin et al., 2006a;
Lovy and Friend, 2014). This led to CyHV-2 being mainly isolated employing koi fin (KF-1) cells, but
the virus was not able to be sustainably propagated (Jeffery et al., 2007; Xu et al., 2013). Afterward,
two cell lines, GFF and RyuF-2, obtained from the fins of two goldfish species, were developed for the
propagation of CyHV-2. GFF cells exhibited a very low virus yield, reaching a maximum titer of 10%°
TCIDso/mL. The RyuF-2 demonstrated a significantly higher virus yield, reaching levels of 10>°
TCIDso/mL when supplemented with kidney extract (Li and Fukuda, 2003; Ito et al., 2013; Shibata et
al., 2015). Observing the capability of CyHV-2 to infect and damage neural tissues such as the brain
and retina in susceptible fish, Ma et al. opted to use the brain tissue of gibel carp as the source to
establish a new cell line, named GiCB. The results show that the virus cultured using GiCB demon-
strated a high virus titer of 107°£%3" TCIDso/mL and could be successfully passaged more than 50 times.

In experimental infections (intraperitoneal injection), gibel carp subjected to CyHV-2 achieved a 100%
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mortality rate within two weeks. This outcome is crucial for providing essential support for the estab-
lishment of both in vitro and in vivo models of CyHV-2 infection, facilitating further research into the
virus's pathogenicity (Ma et al., 2015). Based on the natural ability of the caudal fin to regenerate, Lu
et al. achieved the successful isolation of a new cell line, named GiCF, derived from the caudal fin of
Carassius auratus gibelio (Akimenko et al., 2003; Lu et al., 2018). Additionally, their research demon-
strated that CyHV-2 can induce apoptosis in GiCF cells. This finding establishes a foundation for sub-
sequent investigations into the molecular mechanisms underlying the pathogenicity of CyHV-2 (Lu et
al., 2019, 2018). Subsequently, two cell lines, CrCB (derived from the brain tissues of silver crucian
carp) and GFB (derived from the brain tissues of goldfish), were established (Xu et al., 2019). These
two cell lines have demonstrated susceptibility to infection with CyHV-2, manifesting CPE as early as
3 dpi. Chai et al. established a new cell line (GCBLat1) derived from the brain of gibel carp, which was
proven to support CyHV-2 latent infection and act as an important tool for studying CyHV-2 latent
infection and reactivation (Chai et al., 2020). In addition, another cell line, FtGF (fantail goldfish fin)
was established and characterized. Derived from goldfish tail fin samples, these cells exhibited remark-
able stability in passaging, reaching up to 56 passages. Significantly, the FtGF cell line was utilized to
continuously propagate CyHV-2 for over 20 generations, resulting in a high virus titer of 1078 * 026
TCIDso/mL. The harvested virus demonstrated high lethality to high-quality goldfish, underscoring the
general utility of the developed cell line for virus propagation and subsequent research on CyHV-2
(Dharmaratnam et al., 2020). Another cell line derived from the spinal cord of gibel carp referred to as
CSC, was found to produce high virus titer of CyHV-2 (Y.-J. Wei et al., 2020). In addition, a new
continuous fish cell line, CCG, from the gill tissues of Crucian carp has been established and passaged
up to 90 times and exhibiting high transfection efficiency (Wu et al., 2022). However, the sensitivity
of cell lines derived from goldfish organs to CyHV-2 can vary. As reported by Jing et al., not all cell
lines isolated from goldfish organs exhibit sensitivity to CyHV-2. Specifically, two cell lines derived
from the goldfish snout (GFSe) and kidney (GFKf) could not support CyHV-2 passagng beyond the 4
passages (Jing et al., 2016). In summary, various cell lines derived from different organs of goldfish
have been successfully developed, and they exhibit high permissiveness for CyHV-2 replication. These
cell lines prove valuable for tasks such as virus isolation, propagation, and further characterization. Like
the previously developed goldfish cell lines, these newly developed cell lines will play a vital role in
future research on CyHV-2, including studying the molecular pathogenesis of HVHN disease and de-
veloping prevention and control strategies for the disease (Rougée et al., 2007; Yan et al., 2011).
Polymerase chain reaction. To assist in the accurate taxonomy of Cyprinid herpesvirus 3
(CyHV-3), Waltzek et al. designed amplification primers specific to three CyHV-2 core key genes:
helicase, DNA polymerase, and intra capsomeric triplex protein. (Waltzek et al., 2005). Subsequently,
in the report of CyHV-2 infection in goldfish in the UK, Jeffery et al. designed new PCR primers that
targeted the conserved polymerase gene sequence shared among fish herpesviruses CyHV-1, CyHV-2,

and CyHV-3. The developed PCR reaction reliably amplified a 362 bp product, providing a specific
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molecular tool for detecting CyHV-2 (Jeffery et al., 2007). Afterward, Waltzek et al. developed another
conventional PCR reaction based on the CyHV-2 helicase gene (Waltzek et al., 2009b). With its inher-
ent high efficiency and universality, this solution was welcomed by subsequent researchers and widely
adopted (Jeong et al., 2023; Saito et al., 2024a; Wei et al., 2023; Wu et al., 2022). Between 2009 and
2012, an outbreak of CyHV-2 disease occurred in all gibel carp breeding areas in Jiangsu Province,
China, resulting in substantial economic losses. To facilitate rapid diagnosis during this period, Xu et
al. designed new PCR primers based on the helicase gene of CyHV-2, and this design successfully
amplified a 357 bp product (Xu et al., 2013). In the initial report of the CyHV-2 outbreak in France,
Boitard et al. employed improved primers targeting DNA Polymerase, along with primers previously
developed by Waltzek, for PCR detection (Boitard et al., 2016). Additionally, two pairs of primers were
developed for genotyping: mA, located in the intergenic region between CDS2 and CDS3 within the
terminal direct repeat, and mB, situated at the 3' end of ORF117. Notably, mB was found to be suitable
for PCR diagnosis, while mA facilitated rapid genotyping.

Herpesvirus latency is characterized by the presence of low amounts of dormant viral genome
and limited gene expression (Minarovits et al., 2007). Therefore, screening apparently healthy fish pop-
ulations for latent infections, involves the use of quantitative polymerase chain reaction (QPCR) as it
offers higher sensitivity and specificity, In 2006, Goodwin et al. developed a highly specific real-time
5'-nuclease PCR method (TagMan) targeting the CyHV-2 DNA polymerase gene, demonstrating a lin-
ear response exceeding 8 logs of the target concentration (Goodwin et al., 2006b). The reported sensi-
tivity of this method is 1 target molecule per reaction. Importantly, the test does not exhibit cross-
reactivity with other similar fish herpesviruses, including CyHV-1 and CyHV-3. Indeed, several con-
ventional and real-time polymerase chain reaction (RT-PCR) protocols have been developed for the
molecular detection of CyHV-2 from various sources, including natural infections, experimental infec-

tions, and cell cultures (Table 5).
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Table 5 - List of primer used for detection of CyHV-2 infection in natural disease outbreak and experimental challenge

studies.
Product
No. Gene Sequence Size References

1 Helicase F: CTGATCATCGACGAGTACGG 867 (Waltzek et al.,
R: CACACGCGTGCACACNACRTA 2005)

2 Intracapsomeric F: CACTCTGGCGACGCNTTYATG 259

triplex protein R: CATCACAGAGTTCTTGACNGC

3 DNA Polymerase  F: CGGAATTCTAGAYTTYGCNWSNYTNTAYCC 497
R: CCCGAATTCAGATCTCNGTRTCNCCRTA

4 DNA polymerase ~ F: TCGGTTGGACTCGGTTTGTG 170 (Goodwin et
R: CTCGGTCTTGATGCGTTTCTTG al., 2006a)
P: FAM-CCGCTTCCAGTCTGGGCCACTACC-BHQI1

5 DNA Polymerase  F: CCAGCAACATGTGCGACGG 362 (Jeffery et al.,
R: CCGTARTGAGAGTTGGCGCA 2007)
F: CGACGGVGGYATCAGCCC 339
R: GAGTTGGCGCAYACYTTCATC

6 Helicase F: GGACTTGCGAAGAGTTTGATTTCTAC 366 (Waltzek et al.,
R: CCATAGTCACCATCGTCTCATC 2009b)

7 Helicase F: GAACACCGCTGCTCATCATC 357 (Xuetal.,
R: ACTCTTCGCAAGTCCTCACC 2013)

8 DNA Polymerase ~ F: CCCAGCAACATGTGCGACGS 362 (Boitard et al.,
R: CCGTARTGMGAGTTGGCGCA 2016)

9 Marker A (mA) F: CCACTTAGAGTAACCACTTAGAG 432
R: GCGTTGACTCATTTGCGGTTTG

10 Marker B (mB) F: ATCATGGAAGATGTTCTGGCCAG 475

=

: CAGCAGCAACTGAGCGTCATG

From Thangaraj (Thangaraj et al., 2021).

Loop-mediated isothermal amplification. To overcome the need for a thermal cycler and reduce
the use of expensive consumables associated with traditional PCR methods, some laboratories have
developed the loop-mediated isothermal amplification (LAMP) technique. This method involves am-
plifying DNA with high specificity and sensitivity under isothermal conditions. He et al. pioneered the
use of LAMP for detecting CyHV-2 (He et al., 2013). Their comparative results demonstrated that the
detection limit of LAMP was 1.09 x 10 ug/uL, surpassing conventional PCR and real-time PCR in
terms of sensitivity. LAMP proved to be more suitable for rapid detection under field conditions. Sim-
ilarly, Zhang et al. developed a LAMP detection method based on the DNA helicase gene, allowing
visual detection through color changes induced by the addition of SYBR Green | stain (Zhang et al.,
2014). In comparison to the approach employed by Zhang et al., Zhu et al. introduced an enhancement
to the LAMP method for CyHV-2 detection, by incorporating a pair of loop primers, CyHV-LF and
CyHV-LB, resulting in a reduced reaction time of 30 minutes (Zhu et al., 2015). Notably, in this exper-

imental setup, template DNA preparation was simplified by boiling in a water bath for just 5 minutes,
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significantly enhancing the convenience of the procedure. In another LAMP assay developed by Liang
et al., the detection limit reached 10 copies/ul per reaction, while PCR was 100 times less sensitive, at
1000 copies/ul (Liang et al., 2014). Similarly, according to Yang et al.'s description, their design has a
detection limit of about 15 copies of the cloned viral genome fragment, with good specificity (Yang et
al., 2014). In contrast to these two cases, Xie et al. reported a lower sensitivity, achieving only 3.5x10?
copies/ul (Xie et al., 2019). Overall, LAMP technology has demonstrated high convenience, rapidity,
sensitivity, and specificity in detecting CyHV-2 at relatively low concentrations. It surpasses traditional
PCR methods in sensitivity and is particularly suitable for detection scenarios outside the laboratory.
Immunoassays. Immunological methods have been used for viral diagnosis for more than 100
years. Identification of viral antigens in clinical samples can be accomplished quickly by using more
traditional immunofluorescence and enzyme immunoassays in the virology laboratory (Atmar and Ra-
mani, 2020; Cassedy et al., 2021). Ding et al. pioneered the development of highly specific and stable
fluorescence in situ hybridization (FISH) probes labelled with 6-Carboxyfluorescein (6-FAM) (Ding et
al., 2014). These probes were designed for the detection of CyHV-2 polymerase gene sequences in
tissue samples. In practical applications, in situ hybridization (ISH) technology has been demonstrated
to effectively detect the presence of CyHV-2 virus in both kidneys and peripheral blood cells of gibel
carp, thus establishing its efficacy as a reliable detection method (Wang et al., 2016; Xu et al., 2014).
Moreover, staining with mouse monoclonal antibody (MAb) 3D3 directed against CyHV-2 nucleocap-
sid protein and FITC-conjugated anti-mouse 1gG goat antibody has been demonstrated to be useful in
terms of visualizing viral proteins in tissue. In subsequent studies, monoclonal antibodies targeting var-
ious proteins encoded by CyHV-2, including ORF72 (Kong et al., 2017), ORF92 (Shen et al., 2018),
ORF25 (Wu et al., 2020b), ORF121 (Gao et al., 2022), ORF66 (Guo et al., 2022), ORF88, ORF55R,
ORF115, and ORF151R (Zhao et al., 2022), were sequentially developed. When coupled with tech-
niques such as indirect immunofluorescent assay or immunohistochemistry (IHC), these monoclonal
antibodies have emerged as crucial tools for the studying CyHV-2 infection in vivo or in vitro. Further-
more, Wu et al. developed and characterized a monoclonal antibody targeting gibel carp serum immu-
noglobulin, enabling the non-lethal serological diagnosis of CyHV-2 infection (Wu et al., 2020a). Based
on this, they devised an immunochromatography test strip (ICS) employing two monoclonal antibodies
targeting the ORF25 protein: MADb 2C3-1E6 as the capture antibody and 3H2-1G5 as the detection
antibody (Wu et al., 2021). This rapid test can be conducted within 10 minutes and demonstrates a

consistent sensitivity of 1 pg/mL.
3.2.10 Immune response

The mechanism of teleost response to external pathogens has not been fully explored, but like
all vertebrates, it broadly operates through two interconnected mechanisms: innate (non-specific) im-
munity and adaptive (specific) immunity (Bo et al., 2012; Xu et al., 2014). However, detailed immuno-

logical analysis of goldfish, gibel car or crician carp immune responses during CyHV-2 infections is
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limited by the lack of antibodies specific to goldfish cytokines and immune cell markers etc. However
important elements of the innate immune response to CyHV-2 infection have been described. Xia et al.
identified crucian carp IFNc (cclFNc) from the analysis of differentially expressed genes of challenged
with CyHV-2. This gene belongs to the type | interferon family, and as such plays an important role in
protecting the host from CyHV-2 infection. This was demonstrated by intramuscular injection of a eu-
karyotic expression plasmid encoding cclFNc¢ (pEGFP-cIFNc), which resulted in significantly reduced
mortality after challenge with CyHV-2 (Xia et al., 2018). The complement C3 gene in gibel carp
(CagC3) was also identified as a major element of the innate immune response to CyHV-2, with ex-
pression differing between tissue groups, and highest expression in the liver. CagC3 transcription was
significantly upregulated in liver, spleen and kidney with the peaks at 24 hr, 2 d, and 2 d, respectively.
Further analysis, CagC3 expression in the Gibel carp brain cell line showed that both CyHV-2 and
polyinosinic-polycytidylic acid (poly I:C) induced the same CagC3 expression in vitro experiments.
The poly I:C stimulates the same cellular innate immune receptors that often detect viral nucleic acid,
causing the cells to enter an antiviral state. It can often provide insights into what responses are im-
portant for antiviral defence in vitro and in vivo. Zhang et al. utilized this characteristic of poly I:C to
perform transcriptome analysis on poly I:C-stimulated gibel carp. They found that in the spleen, 1006
genes were upregulated, and 280 genes were downregulated. These differentially expressed genes
(DEGS) were primarily associated with immune pathways such as the "TNF signaling pathway," "p53
signaling pathway," and "JAK-STAT signaling pathway." Additionally, the expression of miRNAS in
the head kidney also exhibited differences, with 7 miRNAs upregulated and 17 miRNAs downregu-
lated. These differences were mainly enriched in the metabolism, endoplasmic reticulum protein pro-
cessing, and oxidative phosphorylation signalling pathways (J. Zhang et al., 2020; Zhang et al., 2023).
Das et al. analysed the expression of immune genes in peripheral blood leukocytes (PBL) of goldfish
sensitized to CyHV-2 by co-culturing them with CyHV-2 infected FtGF cells. The results indicated
significant increase CD8a, IFNy, b2m, MHC I, LMP 7, IL-10, IL-12 and GATAS3 expression and the
authors concluded that goldfish showed both Th1l- and Th2-mediated immune responses to CyHV-2
(Das et al., 2021). Immune responses in vitro are also of significant interest. These studies help to elu-
cidate the mechanisms by which immune cells respond to CyHV-2 infection, providing valuable in-
sights into potential therapeutic strategies and the development of effective vaccines. Elsewhere other
teams have focused on microRNA (miRNA) expression in response to CyHV-2 infection. In early work
in this field focused on miRNA expression in the kidney, which was selected because it acts as the main
replication site for CyHV-2. In these studies, high-throughput sequencing was initially used to analyze
host miRNA and mRNA expression profiles in gibel carp after CyHV-2 infection, but was also later
used to identify 17 CyHV-2-encoded miRNAs (Lu et al., 2017). Analysis of miRNAs-mRNA pairs
revealed the regulation of diverse signalling pathways, including the RIG-I-like receptor and JAK-
STAT pathways in response to CyHV-2 infection. They also presented evidence that the virally encoded

miRNA miR-C4 was involved in negatively regulating three genes involved in RIG-I-like pathways,
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including IRF3, RBMX and PIN1, providing an insight into virus host interaction. Apoptosis is another
important part of the innate immune response in cells, and can be a very effective antiviral response,
thus many viruses have evolved to interfere with this process. Interestingly, it has been revealed that a
CyHV-2-encoded miRNA miR-C12 inhibits virus-induced apoptosis and promotes viral replication by
targeting caspase 8, which is a key component of the apoptosis pathway (Lu et al., 2019). Furthermore,
on similar note, it was also shown that host cell miRNA miR-124 may also act to block apoptosis during
CyHV-2 infection in vitro, however the mechanisms by CyHV-2 may induce this response is this is still
unclear (Fu et al., 2023). By comparison there has not been as much investigation into the host adaptive
immune response to CyHV-2 infections outside of vaccinology which will be discussed in more detail
later. However, the limited work that has been done in this field includes a serological study on surviv-
ing goldfish, where it was demonstrated that neutralizing antibodies from survivors could promote ac-

quired immunity in survivors (Nanjo et al., 2017b).
3.2.11 Prophylaxis and control

Presently, CyHV-2 has attained widespread prevalence in certain regions, precipitating sub-
stantial economic repercussions within the aquaculture sector (Goodwin et al., 2009; Jiang et al., 2020;
Wang et al., 2012). Moreover, facilitated by global trade dynamics, instances of CyHV-2 outbreaks
have emerged in additional countries (Ito et al., 2017; Jung et al., 2022; Piewbang et al., 2024; Zhao et
al., 2019). Regrettably, the absence of efficacious countermeasures leads to lagging reactions in the
majority of cases, underscoring the imperative for expeditious and comprehensive CyHV-2 prevention
protocols.

Physical. Water temperature is crucial to fish survival, and different fish species have their
preferred temperature ranges (Charnov and Gillooly, 2004). Generally, outbreaks of HVHN typically
manifest between spring and summer, or during temperature declines in summer and autumn. Clearly,
temperature stands out as one of the crucial factors influencing fish disease dynamics (Groff et al., 1998;
Jung and Miyazaki, 1995; Piewbang et al., 2024; Sahoo et al., 2016). It has been proven in practice that
regulating water temperature can control CyHV-2 outbreaks. In the United States, dealers quickly con-
trol the death of goldfish by raising the water temperature to above 27°C (Goodwin et al., 2009). Ac-
cording to the findings of Ito and Maeno, the optimal temperature range for CyHV-2 infection in gold-
fish falls between 20-25°C. And, if the water temperature ranges between 13-15°C at the time of infec-
tion, the infected individuals may develop resistance to the virus and subsequently become carriers (Ito
and Maeno, 2014b). However, the effectiveness of this approach is host dependent. In contrast to gold-
fish, CyHV-2 replication in gibel carp necessitates lower water temperatures. Danek et al. reported that
within gibel carp, the virus exhibits replication within the temperature range of 15 to 23°C (Dan¢k et
al., 2012). This finding was also supported by Liang et al (Liang et al., 2015). Even water temperatures
as low as 10°C can still cause illness (Ouyang et al., 2020). Notably this also indicates that there is

nothing inherent with CyHV-2 that prevents it from replicating at low temperatures, and reinforces the
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idea that it is changes in the host at low temperatures that prevent clinical disease, leading to the estab-
lishment of latent infection. Nanjo et al. further demonstrated that manipulating the rearing water tem-
perature to either 32-35°C or 13-15°C effectively mitigated mortality associated with CyHV-2 infec-
tion (Nanjo et al., 2017a). Similarly, virus replication in vitro exhibited a consistent trend, with negli-
gible growth observed at temperatures of 34°C or higher. Cultures maintained at 30°C and 32°C yielded
lower virus titers compared to those cultured at 15°C, 20°C, and 25°C (Shibata et al., 2015). Interest-
ingly, Panicz et al., have concluded that the stress effect of water temperature fluctuations leading to a
significant reduction in fish immunity is more important than the absolute value of temperature (Panicz
et al., 2019). In brief, altering the rearing water temperature has emerged as a promising strategy in
combating CyHV-2 infection. However, the underlying mechanisms driving increased survival at non-
permissive temperatures (briefly discussed earlier) necessitate further exploration.

Chemicals. In the initial report from Japan, the authors discovered that 5-iodo-2-deoxyuridine
(IUdR, 10 M) and an acidic environment (pH=3) was able to diminish CyHV-2 virus infectivity. Con-
versely, exposure to Ether and an alkaline environment (pH=11) had less of an impact on reducing
CyHV-2 infectivity (Jung and Miyazaki, 1995). In subsequent investigations into the pathogenicity and
biological attributes of CyHV-2, Liang et al. observed that pH and salinity exerted only limited inhibi-
tory effects on viral replication. Moreover, following treatment with ether or chloroform, the virus lost
its pathogenicity, rendering inoculation into gibel carp nonlethal (Liang et al., 2015). In 2021, Su et al.
documented the inhibitory effects of berberine hydrochloride (BBH) on CyHV-2 replication, along with
its capacity to prevent CyHV-2 induced disease in gibel carp in a dosage-dependent manner (Su et al.,
2021). Subsequently, in further investigations, epigallocatechin-3-gallate (EGCG), an antioxidant, ex-
hibited similar inhibitory effects in vitro. From the perspective of mechanism, both compounds aug-
mented the expression of genes pertinent to the Keapl-Nrf2 pathway and mitigated the induction of
intracellular reactive oxygen species (ROS) within infected cells, thereby effectively suppressing
CyHV-2 virus amplification (Lu et al., 2022; Su et al., 2021).

Vaccination. Disease prevention is an important research topic for the continued development
of world aquaculture, among which vaccination has become a promising and sustainable means of
aquatic disease management (Jose Priya and Kappalli, 2022). So far, a several CyHV-2 vaccination
strategies have been tested in goldfish or gibel carp.

In 2013, Ito and Ototake developed an inactivated vaccine for CyHV-2 using formalin (0.1%
v/v) (Ito and Ototake, 2013). Their study revealed promising results, indicating that goldfish inoculated
with two doses of formalin-inactivated SaT-1-infected GFF cell supernatant inferred some protection
against disease. The relative percentage survival (RPS) reached 57%. Notably, this was the first vaccine
development for CyHV-2, and the immersion method was employed during the challenge process.
Upon further investigation, it was revealed that the protective efficacy of this vaccine persisted for at
least 8 weeks post-vaccination. Moreover, adjustments to the booster vaccination interval, extending it

to 4 weeks, resulted in an enhanced protective effect (Ito and Maeno, 2014a). Subsequently, in a study
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conducted by Zhang et al., the feasibility of developing an inactivated CyHV-2 vaccine using gibel carp
was explored, utilizing B-propiolactone (BPL) as the inactivating agent (Zhang et al., 2016). Through
comprehensive assessments including blood cell count, white blood cell differential count, phagocytic
activity, serum biochemical indicators, neutralizing antibody titration, immune gene expression analy-
sis, and challenge tests, it was demonstrated that BPL-inactivated CyHV-2 serves as an effective can-
didate vaccine.This vaccine was shown to elicit both non-specific and specific immune responses in
gibel carp, ultimately providing significant protection against HVHN disease with an RPS of 71.4%. In
subsequent study, Yan et al. found that f-glucan and anisodamine could improve the immunostimula-
tory (or adjuvant) effect of a B-propiolactone-inactivated vaccine on gibel carp. Pairing with admin-
istration by immersion, this had the effect of improving the survival rate compared to other im-
munostimulants or in the absence of immunostimulants (Yan et al., 2020). Recently, Dharmaratnam et
al. from India characterized two inactivated vaccines targeting CyHV-2 (Dharmaratnam et al., 2023,
2022). They cultured viruses in FtGF cells (10”8 TCIDso/ml) and then inactivated them using either
formalin (0.1%) or heat (80°C). Under identical vaccination conditions, both trials resulted in signifi-
cant up-regulation of immune genes, while the protective efficiency of the heat-inactivated vaccine was
slightly higher.

In addition to inactivated vaccines, researchers have explored the use of recombinant subunit
CyHV-2 vaccines as an alternative approach. Zhou et al. took an approach by utilizing the yeast ex-
pression system (Pichia pastoris) to produce three recombinant truncated proteins of CyHV-2, namely
tORF25, tORF25C, and tORF25D (Zhou et al., 2015). Following intramuscular vaccination with 20 pg
of these proteins, specific antibodies were detectable in all three groups, accompanied by an increase in
the expression of immune-related genes. Challenge studies demonstrated that the RPS of the three im-
munized groups was 75%, 63%, and 54%, respectively. These findings suggest that these recombinant
truncated proteins hold promise as potential vaccine candidates against CyHV-2 infection in Gibel carp.

Oral vaccines for CyHV-2 have also been explored. Dong et al. devised an oral vaccine target-
ing CyHV-2 utilizing yeast cell surface display technology (Dong et al., 2022). Consistent with previous
studies by Zhou et al., ORF25 was chosen as the antigen, with S. cerevisiae selected as the yeast strain
to facilitate oral administration (Dong et al., 2022; Zhou et al., 2015). Experimental findings demon-
strate that the vaccine effectively elicits innate and adaptive immune responses, bolstering mucosal and
systemic immunity in gibel carp. In a separate investigation, the oral administration of egg yolk immu-
noglobulin (Anti-D4ORFs 1gY), as part of a passive immunization approach, demonstrated an enhance-
ment in the survival rates of CyHV-2-infected gibel carp (B.-Y. Sun et al., 2023).

Indeed, with the advantages of delivering a single immunogen and minimizing interference
from impurities, DNA vaccines have started to make inroads into the aquatic industry (Corbeil et al.,
2000). In 2020, Yuan et al. conducted epitope analysis on the membrane proteins of CyHV-2, identify-
ing 8 antigen-rich peptide fragments (Yuan et al., 2020). Upon comparison, it was discovered that the

titer of antibodies induced by the tORF25 protein was the highest. Leveraging this finding, the first

65



Chapter 1 Introduction

DNA vaccine candidate, pPEGFP-N1-ORF25, for CyHV-2 disease was constructed, exhibiting an RPS
of 70%. Similarly, Huo et al. employed a comparable approach (Huo et al., 2020). In essence, when the
DNA vaccine (pcORF25) and adjuvant (pcCCL35.2) are administered concurrently, they synergisti-
cally stimulate the immune system in fish, resulting in increased protection than administering the vac-
cine alone. Another study conducted by the same research team revealed that inactivated vaccines, when
combined with the adjuvants B-glucan or astragalus polysaccharide (APS), demonstrated efficacy
against CyHV-2 infection (Huo et al., 2023). Moreover, a novel vaccine utilizing protein microcrystals
(polyhedra) for antigen delivery was developed, based on the codon-optimized sequence D4ORF (L. et
al., 2019; Zhang et al., 2021). While demonstrating impressive effectiveness and stability, this approach
entails complex manufacturing, possibly making it less feasible or more expensive.

Reports on live attenuated CyHV-2 vaccines are limited, however, Saito et al. have made strides
in this area (Saito et al., 2022). Their approach involves utilizing low-sensitivity CFS and KF-1 cells
for continuous passages to develop an attenuated vaccine. Results indicate that the SaT-1 P7-P8 candi-
date strain, passaged 7 times in CFS and then 8 times in KF-1, exhibited the most promising outcomes,
with an RPS as high as 90%. Importantly, virulence recovery experiments revealed no signs of virulence
resurgence following the passage of the vaccine strain in vivo and in vitro. Sun et al. used a similar
method to obtain the attenuated strain G-RP7 of CyHV-2 (Y. Sun et al., 2023). The results showed that
G-RP7 has good safety and stability as a candidate vaccine. The protection rates of G-RP7 in gibel carp
were 92% by immersion and 100% by intraperitoneal injection. In 2019, both Li et al. and Cao et al.
published papers consecutively, demonstrating the possibility of developing CyHV-2 live vector vac-
cines using baculovirus surface display systems (Cao et al., 2019; Li et al., 2019). The distinction lies
in the approach taken by each team: Li's team fused four partial ORF regions into a single antigen gene,
whereas Cao's team directly expressed nine truncated CyHV-2 membrane glycoproteins. Gibel carp
injected with the former achieved a RPS of up to 80.01%, while the latter reached as high as 87.5%
with immersion vaccination. These two designs collectively illustrate that baculovirus serves as an ef-
ficient protein delivery tool and holds promise as a potential vaccine candidate for preventing CyHV-2
infection.

In summary, various vaccines have been developed and utilized to prevent and manage CyHV-
2 infection, including inactivated vaccines, live vaccines, vector vaccines, DNA vaccines, subunit vac-
cines and oral vaccines. However, these strategies remain incomplete, and both the manufacturing pro-
cess and application methods require optimization. Among the candidates described, the live attenuated
vaccine developed by Saito et al. stands out as having the most potential for commercial development.
This vaccine is potent, capable of eliciting a long-lasting immune response, and as it can be administered
via immersion, it closely mimics the natural pathogen infection route, maximizing mucosal surface
immunity and is potentially compatible with mass vaccination of subjects at earlier developmental
stages. This last point also offers, advantages in terms of application in the field including reduced

labour and lower cost (Saito et al., 2024a, 2022). Further, research focusing on the development of
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effective vaccines and immunostimulants is urgently needed for the comprehensive containment of the

disease. Details about the CyHV-2 vaccines are documented in Table 6.
3.2.12 Research status and future perspective

Currently, CyHV-2 is widely spread across different countries, causing significant reductions
in the production of goldfish and crucian carp, profoundly impacting aquaculture (Jung et al., 2022;
Kurobe et al., 2024; Ouyang et al., 2020; Wang et al., 2012). Reports of CyHV-2 emergence in markets
of some emerging countries, like Thailand, suggest that the virus might already be prevalent in areas
where has not been previously officially reported (Piewbang et al., 2024). Therefore, a comprehensive
understanding of the virus's pathogenesis and the development of effective prevention measures are
crucial research priorities. Given the many gaps in CyHV-2 research, we now list the major research
gaps related to the present study.

The susceptibility and permissivity of the host at different developmental stages has not yet
been fully characterized. Drawing from the available literature, it is evident that CyHV-2 can affect all
life stages of the host, spanning from the egg and fry to the juvenile and adult phases (Groff et al., 1998;
Chang et al., 1999; Liang et al., 2015; Zhu et al., 2019; Goodwin et al., 2009). Indeed, it is observed
that distinct sensitivities to CyHV-2 exist among different developmental stages, with the juvenile stage
displaying heightened susceptibility (Adamek et al., 2018; Chang et al., 1999; Goodwin et al., 2009;
Groffetal., 1998; Panicz et al., 2019; Sahoo et al., 2016). Notably, within the same environments, adult
fish exhibit a notable resistance compared to their younger counterparts (Jeffery et al., 2007). However,
these observations are based on natural reports, where environmental conditions vary, the host lacks
consistency and cannot be compared horizontally (using the same batch of fish from early to late devel-
opmental stages). Therefore, setting uniform infection conditions in the laboratory to study the suscep-
tibility and permissivity of different developmental stages to CyHV-2 is of great significance. This
approach helps establish a reliable infection model and aids in the reasonable development of vaccines.
In summary, the ability of CyHV-2 to affect multiple developmental stages demonstrates its pervasive
impact on the host species throughout their life cycle. However, the infection characteristics at different
stages of development need further elucidation, and this information may be important for future deci-
sions related to vaccination strategies.

The pathogenesis of CyHV-2 has not been fully characterized, and there are divergences in the
mechanisms by which the virus invades hosts. From the above-detailed description of clinical symp-
toms in diseased fish, it becomes evident that the gills are prominently affected, which often exhibit a
pale colour or severe necrosis. The universality and typical nature of these gill-related symptoms have
led some researchers to name this epizootic as a haemorrhagic disease of the gill (Zhu et al., 2019).
Accordingly, several researchers have postulated that the gills might be the portal of entry for CyHV-2
(Ding et al., 2014; Giovannini et al., 2016; Jiang et al., 2020). However, there have been reports of

infected fish having no gill lesions, or the gills and kidneys of infected fish are not always impacted at
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the same time (Groff et al., 1998). Not only that, because infection with CyHV-2 virus can lead to the
destruction of the intestinal mucosal barrier, which in turn triggers bacterial translocation, the intestine
is also suspected to be a key portal for viral invasion (Ren et al., 2021). However, there is a lack of
evidence to support this speculation, and intestinal involvement does not appear in all reports (Groff et
al., 1998; Stephens et al., 2004). In addition to the gills and intestines, the skin is also prime candidate
as the CyHV-2 portal of entry. Previous research with CyHV-3, a closely related virus to CyHV-2,
involving the use of bioluminescent imaging and an original system to perform 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). Given the similarities to CyHV-3, and host similarities,
it is plausible that the skin is also the primary portal of entry for CyHV-2. Indeed, viral DNA detected
in the skin and mucus may support this, (Chai et al., 2020; Piewbang et al., 2024) however, detection
of DNA does not indicate the presence of ongoing active infection in the skin. In short, the mechanisms
of host invasion by CyHV-2, especially remain a significant question we aim to address in this study,
as it will have important implications for vaccine design.

Epidemiological research on CyHV-2 still needs more support. Multiple strains of CyHV-2
have been successfully isolated, often originating from different host species and primarily from Asian
geographical areas, using various cell lines for isolation (Davison et al., 2013; L. Li et al., 2015; Liu et
al., 2018; Yang et al., 2024, 2022). Despite the known widespread presence of CyHV-2 in European
aquaculture farms and natural waters, the lack of permissive cell lines has restricted the isolation and
comprehensive understanding of these strains (Thangaraj et al., 2021). Therefore, conducting a detailed
survey in Europe will help analyse the current severity of CyHV-2 and provide essential guidance for
subsequent control and prevention measures. Further, the connections and differences between these
existing strains, as well as the unique characteristics of each strain, such as prevalence and virulence
have yet to be thoroughly compared and understood. Thes may also be very important in terms of iden-
tifying the most relevant and virulent strains to use in vaccine challenge trials.

Aguatic animals are often experimentally challenged to study disease pathogenesis, pathogen-
host interactions in different environments, and to compare the performance of various existing and
novel diagnostic tests, treatments, and vaccine efficacy (Thangaraj et al., 2021). An effective laboratory
challenge model is essential for these studies. Currently, CyHV-2 laboratory challenges are primarily
performed by intraperitoneal (ip) injection of infected tissue homogenates or cell culture medium con-
taining the virus, which can rapidly induce clinical signs and high mortality (Chai et al., 2020; Liang et
al., 2015; Ouyang et al., 2020; Wen et al., 2021; Xiao et al., 2022). For example, Xu et al. experimen-
tally infected healthy silver carp (C. auratus gibelio) by intraperitoneal injection of filtered tissue ho-
mogenates of diseased fish, resulting in fish mortality beginning at 6 dpi and reaching 100% by 12 dpi
(Xu et al., 2013). However, to better understand the invasion process of CyHV-2, as well as the clinical
symptoms and immune responses exhibited by the host after infection, the natural infection route (im-

mersion) remains a necessary challenge method, especially with adult hosts with intact immune
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systems. Presently, only the SY strain caused 100% mortality in juvenile silver crucian carp and finger-
lings, while IP injection was required to achieve the same mortality rate in adult fish (Liang et al., 2015).
Only Sat-1 (ST-J1) could stably induce high mortality in goldfish (Wakin) when immersed in low con-
centrations, but the subject species were very limited (Saito et al., 2024a, 2024b, 2022; Wei et al., 2019).
Moreover, we have observed that with many other goldfish populations, the ST-J1 strain induces no
mortality when administered by immersion. This may be because CyHV-2 strains commonly used in
research are either too old and not representative of current circulating strains, and/or may exhibit some
degree of in vitro adaptation, possibly leading to some degree of in vivo attenuation. This indicates that
it will be very important to identify new robust and reproducible CyHV-2 in vivo infection models in
order to facilitate highly relevant vaccine challenge trials in the future.

In summary, we have identified several critical knowledge gaps and scientific challenges that
currently exist in the field of CyHV-2 research. The main purpose of this study, which will be elaborated
on in the objectives section, is to address the identified knowledge gaps as a first steps towards vaccine
development including the establishment of a more suitable in vivo infection model for use in future

vaccine trials.
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Table 6 - Current status of CyHV-2 vaccine development.

No. Name Type Fish species Vaccination strategy Challenge strategy Protective effect References

o Intraperitoneal injection
Formalin-inactivated

(Ito and
Inactivated Goldfish (Each inoculation is 0.1 mL, and the in- Immersed for 1 h in 10TCID50 1! vi-
1 cell culture supernatant ) o S ) RPS*=57% Ototake,
vaccine (Edonishiki)  terval between the first injection and the rus culture supernatant (SaT-1 strain)
(SaT-1 strain) 2013)
booster injection is 9 days)
Truncated proteins
) o 400 pL of live CyHV-2 (1.0 x 107 OFR25 RPS = 75%;
(ORF25, ORF25C, and ~ Subunit vac- ] Intramuscular injection o ] ) (Zhou et
) Gibel carp ] ) TCIDso mL™') was injected intraperi-  ORF25C RPS = 63%;
ORF25D) expressed by cines (0.1 ml that contained 20 pg proteins) al., 2015)
toneally ORF 25D RPS =54%
Pichia pastoris
) o ) ) L 0.5 ml of CyHV-2 was injected intra-
B-propiolactone inacti- Inactivated ) Intraperitoneal injection ) (Zhang et
3 ) Gibel carp o ) peritoneally (1.0 x 107 TCIDso mL ™! RPS =71.4%
vated CyHV-2 vaccine (0.5 ml of inactivated vaccine) fish) al., 2016)
per fis

Injection immunization: intraperitoneal o )
Injection immuniza-

Recombinant baculovi- ) injection (100 pL of BacCarassius- Injection with diseased fish kidney ) )
) Live vector ) tion RPS = 80.01%; (Lietal,
4 rus BacCarassius- ) Gibel carp D4ORFs (2.2 x 10! Tu/ml) per fish) homogenate (100 pL per fish) at the ) o
vaccine ) o ) Oral immunization 2019)
D40ORFs Oral immunization: fed with the fodder base of the pectoral fin
o ) RPS =59.3%
containing BacCarassius-D4ORFs
rAcMNPV-ORF25

Immersion immunization: 30 mL of re-
RPS =83.3%; rAc-

Recombinant baculovi- ) combinant baculoviruses (at a dose of At 47 days post-immunization, 50 pL
) ) Live vector ) ) ) ) ) MNPV-ORF25C RPS  (Caoetal.,,
5 ruses displaying CyHV- ) Gibel carp 6 x 10° TCIDso/mL) were diluted into 5L diseased fish kidney homogenate was
) vaccine ) ) ) ) o = 87.5%; rAcCMNPV- 2019)
2 membrane proteins freshwater, and gibel carp were immersed intraperitoneally injected
ORF146 RPS =
in the tanks for 2 h.
70.8%
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No. Name Type Fish species Vaccination strategy Challenge strategy Protective effect References
At the third week after immunization,
Intramuscular injection: 10 pg (100 pl)
DNA vac- Hybridized ) ) intraperitoneally injected 0.1 ml tis- (Yuan et
6 pEGFP-N1-ORF25 ) ] liposome-encapsulated eukaryotic recom- ) ) RPS =70%
cine gibel carp sue solution of CyHV-2 virus (10° al., 2020)
binant plasmid .
copies/ml)
The recombinant plasmid (10 pg
14-day post injection, CyHV-2 (50
DNA vac- ) pcORF25/10 pug pcCCL35.2) was solved ) (Huo etal.,
7 pcORF25/pcCCL35.2 ) Gibel carp ) o ) uL, 1 x 107 TCIDsomL ') was intra- RPS =70%
cine in 100 pL PBS and injected in dorsal ) o 2020)
peritoneally injected
muscle.
H1-D40ORF/D40ORF- Fish (31 days post-vaccination) were
Intraperitoneal injection: 200 pL of HI1-D4ORF RPS =
VP3 Subunit vac- ) challenged by injection at the base of (Zhang et
8 ) ) Gibel carp BmNPV-H1-D40ORF-polh polyhedral/ ) 64.7%; DAORF-VP3
(co-expressing BmCPV cines the pectoral fin with CyHV-2 stock al., 2021)
) BmNPV-D40ORF-VP3-polh polyhedra . . RPS = 58.82%
polyhedrin) (107 copies of virus per fish)
At 29 days after vaccination, fish
) Immersion immunization: fish were kept o .
Live attenu- Goldfish ) ) ) . were challenged with virulent CyHV- (Saito et
9 P7-P8 ) ) in 1 L water and the vaccine candidate vi- RPS =90%
ated vaccine (Wakin) 2 SaT-1 at 10! TCIDso/mL for 2 h by al., 2022)
rus was added at a 1/1000 volume ) )
immersion.
Immersion immunization: immersion Immersion RPS =
) ) After 21 days of immunization, the
Live attenu- ) with G-RP7 (10 >3 TCIDso/mL) for 2 h at ] 92%. (Y. Sun et
10 G-RP7 ) Gibel carp ) S fish were challenged with 100 pL of o
ated vaccine 25 °C. Intraperitoneal injection: 100 pL IP injection RPS = al., 2023)
YC-1 (1073 copies viral DNA/ml).
of G-RP7 (10 33 TCIDso/mL). 100%
R bi The yeast vaccine (6x10 2 CFUg ") and  At4] days post vaccination, injection
ecombi-
) ) feed were mixed at a mass ratio of 1:100.  with diseased fish organ homogenate (Dong et
11 EBY100/pYD1-ORF25 nantsubunit  Gibel carp RPS =66.7%
Feed 1.3mg/fish for three days. On the (100 pL per fish) at the base of the al., 2022)

vaccine

18-day, booster feeding,

pectoral fin
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No. Name Type Fish species Vaccination strategy Challenge strategy Protective effect References
o (Dhar-
At 30 days post vaccination, 100ul of
Formalin-inactivated Inactivated Intraperitoneal injection: 300 pL of For- maratnam
12 Goldfish CyHV-2 was injected intraperitone- RPS =74.03%
CyHV-2 vaccine vaccine malin-inactivated CyHV-2 vaccine (0.1%) etal.,
ally (1078 TCIDso mL ™! per fish)
2022)
o (Dhar-
o ) ) o At 30 days post vaccination, 100ul of
Heat-inactivated CyHV-  Inactivated Intraperitoneal injection: 300 pL of Heat- maratnam
13 . ) Goldfish o . CyHV-2 was injected intraperitone- RPS =83.34%
2 vaccine vaccine inactivated CyHV-2 vaccine (80°C) etal.,
ally (1074 TCIDso mL™" per fish) 2023)
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Carassius spp. is one of the major finfish groups in global freshwater aquaculture, including
Goldfish (Carassius auratus), gibel carp (Carassius gibelio), and Crucian carp (Carassius carassius),
among others (Rylkova et al., 2013). Goldfish hold significant value as the most important pet fish
worldwide due to their high ornamental value (Chen et al., 2020). In contrast, gibel carp, and Crucian
carp are produced in large quantities for consumption and represent an important source of protein in
many regions. According to FAO statistics data, 2,748.6 thousand tons (live weight) of Carassius spp.
were produced in 2020, accounting for 5.6% of total finfish production and ranking seventh globally
(Lietal., 2018; FAO, 2022). However, in the spring of 1992 and 1993, a new disease occurred causing
severe mortality among cultured goldfish in Japan, and a herpesvirus, Cyprinid herpesvirus 2 (CyHV-
2), was later isolated from these moribund fish (Jung and Miyazaki, 1995). Since its initial detection,
CyHV-2 has been found in more geographical areas and has spread globally through the aquatic trade
(Chang et al., 1999; Groff et al., 1998). In addition to goldfish, the host range of CyHV-2 has expanded
to include gibel carp, Crucian carp, and some hybrid strains, causing significant economic losses
(Doszpoly et al., 2011; Dangk et al., 2012; Wang et al., 2012; Xiao et al., 2022). Therefore, increasing
fundamental knowledge on this virus has become crucial for ensuring the long-term sustainability of

aquaculture involving Carassius spp.

During the past two decades, the huge economic impact of CyHV-2 on aquaculture has subse-
quently stimulated more and more basic and applied research. Substantial progress has been made in
understanding the etiology, diagnosis, impact of infection on fish, prophylaxis, and control of CyHV-2
(Thangaraj et al., 2021). However, knowledge gaps persist regarding the host range, mode of transmis-
sion, pathogenesis, and host responses. Given these gaps and the expertise of the host lab, the broad
objective of this thesis was to address these knowledge gaps related to pathogenesis and to establish a
more optimum in vivo experimental infection model for future research. Accordingly, this Ph.D. project

had the following three main objectives:

Objective 1: To investigate the Susceptibility and Permissivity of Carassius auratus to Cy-
prinid herpesvirus 2 According to the Developmental Stage using multiple types of in vivo imaging
technologies. Prior to this study, essential knowledge on CyHV-2 pathogenesis, such as the suscepti-
bility and permissivity of CyHV-2 at different developmental stages of the host, has not been fully
characterized. Additionally, the identification of its portal of entry into the host is still unclear. Conse-
quently, we aimed to investigate the pathogenesis of CyHV-2 in its natural host, the goldfish, using a
bioluminescent in vivo imaging system. To achieve this, we aimed (i) to produce a recombinant strain
of CyHV-2 encoding a luciferase expression cassette, (i) to compare various aspects of this recombinant
strain to the parental wild-type strain to ensure its compatibility with our goal, (7ij) to use the same
immersion inoculation route to infect goldfish to explore the relative susceptibility (ability to support
CyHV-2 entry) and permissivity (ability to support CyHV-2 replication) of different developmental

stages, and (iv) to confirm the major route(s) of viral entry into the host.
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Objective 2: To investigate the potential ability of zebrafish models to support cyprini-
virus infection both in vitro and in vivo by testing the susceptibility and permissivity of the ZF4
cell line and zebrafish larvae to three cypriniviruses. Prior to this study it was known that CyHV-3,
a closely related virus to CyHV-2, can infect zebrafish cell lines, and adult zebrafish. However, no
studies have investigated the extent to which CyHV-2 can infect zebrafish cell lines or zebrafish larvae,
or directly compared this to other viral species in the genus Cyprinivirus. The objective of this second
study was to investigate these questions, utilizing several recombinant viral strains expressing green

fluorescent proteins (GFP) and Firefly Luciferase (Luc) as reporters.

Objective 3: To characterize newly isolated CyHV-2 strains through in vitro and in vivo
comparisons and identify a sufficiently virulent strain to use in adult goldfish infection models.
The Shubunkin goldfish is highly relevant as an economically important goldfish model. It is also rela-
tively easy to breed, which is extremely useful in terms of sustaining a supply of hosts for experimental
infection trials. However, the lack of a broadly virulent CyHV-2 strain that can be used with this model
and others (for example those commonly traded globally, or intensively cultured breeds), limits the
study of CyHV-2 pathogenesis in the most useful biological contexts most relevant to disease mitigation
and control. More specifically, despite several CyHV-2 strains being isolated and fully sequenced, there
is a lack of detailed characterization and consistent information on strains that exhibit high virulence in
adult goldfish though viral challenge by immersion. These kinds of strains are much more compatible
with experimental designs that are representative of natural infection, but such strains have not been
formally described in any great detail. Consequently, we sought to identify novel CyHV-2 strains that
1) could be efficiently and stably passaged in vitro and 2) exhibit sufficient virulence in Shubunkin
goldfish via challenge by immersion. To achieve this, we aimed to isolate new CyHV-2 strains origi-
nating from high mortality CyHV-2 outbreaks in various goldfish breeds including Shbunkin goldfish,
and characterize them further in terms of genome sequence, in vitro growth kinetics and virulence in

adult goldfish via challenge by immersion.
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Preamble

Cyprinid herpesvirus 2 (CyHV-2), belonging to the family Alloherpesviridae, is causative agent
of herpesviral hematopoietic necrosis (HVHN) in various freshwater fish species including goldfish
(Carassius auratus), crucian carp (Carassius carassius), and gibel carp (Carassius gibelio), which are
economically important cultivated fish species. The highly transmissible and lethal nature of CyHV-2
has led to significant economic losses in the aquaculture industry, and high mortality outbreaks in wild
habitats, such as lakes and rivers. Despite an expanding scientific literature on CyHV-2 focusing on
etiology, diagnosis, transmission, and prevention, critical aspects of its pathogenesis remain poorly un-
derstood. These include the portal of viral entry into the host and differences in susceptibility and per-
missiveness across various developmental stages of goldfish. In order to resolve these knowledge gaps,
this first study associated with this Ph.D. thesis aimed to utilize a recombinant version of CyHV-2 to (i)
compare the susceptibility and permissivity of goldfish to CyHV-2 at different developmental stages,
and (ii) confirm of the major portal of entry for CyHV-2, thereby offering a more comprehensive mech-

anistic insight into CyHV-2 infection.
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In Vivo Imaging Sheds Light on the Susceptibility and Permis-

sivity of Carassius auratus to Cyprinid Herpesvirus 2 Accord-

ing to Developmental Stage

Viruses 2023, 15(8), 1746

He, B.; Sridhar, A.; Streiff, C.; Deketelaere, C.; Zhang, H.; Gao, Y.; Hu, Y.; Pirotte, S.;
Delrez, N.; Davison, A.J.; Donohoe, O.; Vanderplasschen, A.

My contribution to this study consisted of the recruitment of experimental materials, viral recom-
binant production, verification of recombinant representativeness, goldfish reproduction, infection
at all developmental stages, imaging at all developmental stages, and data collection and analysis.

The paper was published in the Journal Viruses in August of 2023.
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Abstract: Cyprinid herpesvirus 2 (CyHV-2) is a virus that causes mass mortality in economically
important Carassius spp. However, there have been no comprehensive studies into host susceptibility
or permissivity with respect to developmental stage, and the major portal of viral entry into the host
is still unclear. To help bridge these knowledge gaps, we developed the first ever recombinant strain
of CyHV-2 expressing bioluminescent and fluorescent reporter genes. Infection of Carassius auratus
hosts with this recombinant by immersion facilitated the exploitation of various in vivo imaging
techniques to establish the spatiotemporal aspects of CyHV-2 replication at larval, juvenile, and adult
developmental stages. While less susceptible than later developmental stages, larvae were most
permissive to CyHV-2 replication, leading to rapid systemic infection and high mortality. Permissivity
to CyHV-2 decreased with advancing development, with adults being the least permissive and, thus,
also exhibiting the least mortality. Across all developmental stages, the skin was the most susceptible
and permissive organ to infection at the earliest sampling points post-infection, indicating that it
represents the major portal of entry into these hosts. Collectively these findings provide important
fundamental insights into CyHV-2 pathogenesis and epidemiology in Carassius auratus with high
relevance to other related economically important virus-host models.

Keywords: virology; Cyprinid Herpesvirus 2; Alloherpesviridae; Cyprinivirus; Carassius auratus;
aquaculture; pathogenesis; portal of entry; recombinant viruses; in vivo imaging

1. Introduction

The goldfish (Carassius auratus) is a freshwater teleost species belonging to the Caras-
sius genus within the Cyprinidae family. It has a rich history of domestication in China,
spanning approximately 1000 years, and has emerged as a highly popular ornamental
fish species. Goldfish were introduced to Japan and Europe during the early 17th century
and subsequently reached North America around 1850 CE, where they gained signifi-
cant popularity. Breeders and enthusiasts worldwide have successfully produced over
180 variants of goldfish, which continue to be highly sought after due to their remarkable
morphological diversity and colour variations [1,2]. Beyond their ornamental value, the
varied morphologies of goldfish strains have captured the interest of biologists and has
been utilized as an experimental organism in the study of developmental biology and even
as models for diseases including cardiac and retinal conditions [1,3,4].

In addition, goldfish have also been utilized as models to study infectious diseases,
in particular prokaryotic pathogens [5-7]. Like other cultured fish species, goldfish have
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highly distinct, well studied developmental stages, which may make them ideal models
for assessing the impact of the developmental stage on susceptibility to infectious disease.
Briefly, after egg fertilization, goldfish embryo development typically lasts three days,
after which larvae hatch and exhibit vigorous swimming and feeding behaviors [6,7]. By
45 to 49 days post-fertilization (dpf), larvae acquire an adult shape, lose their fin fold,
and transition into the juvenile stage. Finally, possibly up to one-year post-fertilization,
goldfish reach a body length exceeding 5 cm and begin to develop external reproductive
characteristics, coinciding with the commencement of the adult stage [8,9]. Studying the
impact of developmental stage on susceptibility and permissivity to infectious disease
may be of particular importance to the goldfish aquaculture industry, in terms of better
understanding and assessment of risk at various stages of the rearing process. Findings
gained from goldfish models may be of relevance to other closely related economically
important Carassius spp., which may be susceptible to many of the same pathogens, and
account for much larger portions of global aquaculture output [10].

In addition to bacterial, fungal, and parasitic pathogens, diseases caused by viral
infection represent a major cause of economic loss within the aquaculture industry [11-13].
Indeed, viral disease is also a serious problem in the goldfish aquaculture sector. The most
problematic and frequently isolated virus of goldfish is cyprinid herpesvirus 2 (CyHV-2),
which causes mass mortality among goldfish populations. CyHV-2 is a member of the
genus Cyprinivirus, in the family Alloherpesviridae. Two closely related viruses within the
Cyprinivirus genus, cyprinid herpesvirus 1 (CyHV-1) and cyprinid herpesvirus 3 (CyHV-3)
also infect cyprinid fish species, such as common carp (Cyprinus carpio).

The first known CyHV-2 outbreaks occurred in goldfish in Japan in 1992 and 1993
and were described in 1995 [14]. Further major outbreaks in goldfish were reported in
1998 in the western United states [15] and a year later in Taiwan [16]. In the following
years, disease caused by CyHV-2 also reported among goldfish in many other regions
including Australia [17], UK [18], India [19], Switzerland [20], Germany [21], France [22],
Netherlands [23], Turkey [24] and Poland [25]. While initial reports were restricted to
goldfish, outbreaks were also observed among populations of closely related fish species,
Crucian carp (Carassius carassius) and Gibel carp (Carassius gibelio) [26-30], which both
represent much larger aquaculture production sectors relative to goldfish [10,31].

However, like many related fish viruses, systemic replication of CyHV-2 in hosts is
dependent on water temperature. Indeed, outbreaks of CyHV-2 that cause mass mor-
tality are largely restricted to periods when water temperatures are within a 15-25 °C
range [18,30,32]. During infections, the main external clinical signs associated with CyHV-2
infection are lethargy, anorexia, pale skin accompanied by hemorrhaging and blisters on
the fins, pale gills, and elevated respiratory efforts. Infected fish also exhibit internal lesions
and pale and swollen kidney and spleen (extensively reviewed elsewhere [30]). CyHV-2
may also establish persistent infections [33], which may re-emerge in response to stress,
for example changes in water temperature or transportation processes [30], and during
periods of immunosuppression [34]. While horizontal transmission may be the dominant
mode of CyHV-2 between fish, evidence indicates that vertical transmission (from parents
to offspring) may also occur [35,36].

There is a large and growing body of scientific literature describing investigations into
the aetiology, diagnosis, transmission, and prevention of CyHV-2 [14,15,30]. However, to
date, there is only limited knowledge of key aspects of CyHV-2 pathogenesis (such as the
portal of entry of the virus into its host), and no systematic comparison of the differences in
susceptibility and permissivity between goldfish developmental stages. On the later point,
given that CyHV-2 was initially identified as being mainly a cause of disease in juvenile
goldfish [14-16], this may indicate that earlier goldfish developmental stages are more
susceptible [30].

In the present study, we generated and characterized the first ever recombinant strain
of CyHV-2 expressing both luciferase 2 (Luc) and copepod GFP (copGFP) reporter genes,
which we refer to in this study as the LucGFP strain. Using this recombinant strain, we

86



Chapter 3

Experimental Section 1

Viruses 2023, 15, 1746

3 of 30

focused on elucidating two key fundamental aspects of CyHV-2 pathogenesis in goldfish:
(1) the relative susceptibility (the ability to support CyHV-2 entry) and permissivity (the
ability to support CyHV-2 replication) across different developmental stages and (2) the
route of viral entry into the host. Closing these knowledge gaps provides important insights
into CyHV-2 pathogenesis.

2. Materials and Methods
2.1. Cells and Viruses

The RyuF-2 cell line, derived from the caudal fin of Ryukin goldfish, was used
to propagate the virus in this study [37]. Cells were cultured at 25 °C using Medium
199 (HEPES buffered; Sigma, Kawasaki, Japan) supplemented with 10% fetal bovine serum
(FBS; Gibco, Life Technologies, Carlsbad, CA, USA), penicillin (100 U/mL), and strepto-
mycin (100 pg/mL). The CyHV-2 YC-01 strain (GenBank: MN593216.1) was isolated from
diseased gibel carp [38] and kindly provided by Prof. Lu (Shanghai Ocean University,
Pudong, Shanghai, China). CyHV-2 was cultured in RyuF-2 cells at 25 °C using the same
cell culture media described above. After the widespread CPE was observed, viral culture
media were collected and centrifuged at 2000 x ¢ for 20 min (min) (Allegra X-15R Cen-
trifuge, Beckman, Brea, CA, USA) to remove cell debris. The resulting viral supernatant
was stored at —80 °C. Titers of infectious CyHV-2 particles were determined by triplicate
plaque assays conducted in 6-well plates. Briefly, a series of 10-fold dilutions were made
from viral supernatant, using serum free cell culture medium as diluent. A total of 1 mL
of each dilution was applied to each well containing fresh RyuF-2 cells, 18-24 h (hour)
post-seeding (80-100% confluent), and incubated for 2 h at 25 °C. Subsequently, the initial
inoculum was removed from each well and replaced with 3 mL complete cell culture media
with carboxymethylcellulose (CMC) (final concentration 2% w/v) and incubated for 4 days
at 25 °C. Plaques were visualized using an epifluorescence microscope (Leica DM2000),
either indirectly using fluorescent immunostaining or directly using a virally expressed
fluorescent reporter. Dilutions exhibiting 20-200 plaques were used to estimate titers.

2.2. Production of the LucGFP Recombinant Strain of CyHV-2 by Recombination in
Eukaryotic Cells

The CyHV-2 LucGFP strain was produced by homologous recombination in RyuF-2
cells (Figure 1). The LucGFP cassette consisted of an EF1a promoter driving the transcrip-
tion of a bicistronic mMRNA encoding Luc and copGFP proteins linked by a T2A peptide.
The LucGFP cassette was inserted in the intergenic region between ORF64 and ORF66 of
CyHV-2 genome to produce the LucGFP recombinant strain. This targeted insertion was
achieved by initially ligating the LucGFP cassette into a pGEMT vector, flanked by 500-bp
sequences corresponding to the end and the beginning of CyHV-2 ORF64 and ORF66, re-
spectively, to create the pGEMT LucGFP vector. To create the pPGEMT LucGFP vector, target
fragments were first amplified using the Phusion High-Fidelity PCR Kit (New England
Biolabs, Ipswich, MA, USA), with overlaps for assembly incorporated into the primers. All
corresponding templates and primers are listed in Table 1. The amplified fragments and an
empty pGEMT vector were assembled together using the NEBuilder HiFi DNA Assembly
Kit (New England Biolabs), with the ligation product transformed into competent bacterial
strains. The pGEMT LucGFP vector was purified using the NucleoSpin Plasmid Mini Kit
(Macherey Nage, Diiren, Germany). One day after transfection with the pPGEMT LucGFP
vector, RyuF-2 cells were infected with the CyHV-2 YC-01 strain (WT parental strain) at
the multiplicity of infection (MOI) of 0.1 plaque forming units (pfu)/cell. After 4 days,
the supernatant was collected and used to make a series of 10-fold dilutions in serum free
cell culture media, which were then used to infect fresh RyuF-2 cells. Cells were infected
in the same way as described for viral titration above. Isolated viral plaques expressing
copGFP were picked and subcultured until 100% of plaques in subsequent sub-cultures
were observed to express the reporter gene. Plaques were viewed using an epifluorescence
microscope (Leica DM2000).
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Figure 1. Production of the CyHV-2 LucGFP recombinant strain. (A) Schematic representation
of the genome structure of the recombinant produced. The genome of the CyHV-2 YC-01 strain,
flanked by two terminal repeats (LTR and RTR), is shown at the top. A bicistronic reporter expression
cassette was inserted into the non-coding ORF64-ORF66 intergenic region. Sacl restriction sites
and genome coordinates are marked. (B) Genomic analysis of CyHV-2 strains. The genomes of the
WT and LucGFP strains were analyzed by Sacl RFLP analysis. The white arrowhead indicates the
fragment (7.66 kb) of the WT strain genome containing the insertion site. The black arrowheads
indicate two new fragments (5.1 and 6.7 kb) that were generated due to the insertion of the LucGFP
cassette. The ladder indicates the approximate sizes of each fragment. (C) Transcriptional analysis
of genes flanking the insertion site of the transgene. Using reverse transcriptase polymerase chain
reaction (RT-PCR), transcription of ORF64 and ORF66 was compared between the LucGFP strain
and WT strain during viral replication in vitro. Both ORF64 (546 bp) and ORF66 (610 bp) transcripts
were detected in RNA from WT and LucGFP infected cells, indicating that flanking genes were not
impacted by the reporter gene insertion. Importantly, the absence of a detectable product in the
RT-negative controls (RNA, bottom row) indicated that results were not the result of residual genomic
DNA contaminants. Marker sizes (MS) are indicated on the left. ORF79 (CyHV-2, DNA polymerase
gene) was used as a loading control, as it is located in a distant part of the CyHV-2 genome and, thus,
should not be impacted by the reporter gene insertion between ORF64 and ORF66.
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Table 1. Primers and templates used in this study.

Description Primer Name Sequence (5'-3') Coordinates on Target Template !
For synthesis of LucGFP recombination cassette 2
Fisfe ORF64 HR Fw GGCGG%%%%????CT gggéﬁCACT 102946-102964
HOSIERRSRO ORF64 HR Rev GCAGATC(;T%?_&T%(&?ECGTGTGTC 103421-103445
LucGFP Fw ACGATGTAATAAGGATCTGCGATC .
LR caseatis GCTC N/A: Template ggnerated via ligation
— TAATATGAACCCAGACATGATAAG of several synthetic dsSDNA fragments
ATACATTGATG
| o el e
homologous region
ORF66 HR Rev GCCGCg:é;ggﬁiléﬁgg Ccﬁg CA et 103926-103945
For transcriptional analysis
ORF64 Fw CTGCATTGACAACAAGAAACGC 102098-102119
ORF64 ORF64 Rev AAGAAGGGTTGGAGTCTCGAGC 102622-102643
ORF66 Fw CGTACTCTACCATGGGATGC 103739-103758
OhEs ORF66 Rev GTGGACATCATCACACAGGC 104329-104348
ORF79 Fw TTTGTGCTCTCTGAATCGGAGC 123777-123798
SR ORF79 Rev GCTGGTGACTTCTTTGTAGC 124177-124196

! Coordinates relate to CyHV-2 YC-01 strain, GenBank accession number: MN593216.1. 2 Underlined, bases
corresponding to CyHV-2 genome sequence; italic, bases corresponding to the pGEMT vector sequence; non-italic
and no underlining, bases corresponding to the LucGFP expression cassette sequence.

2.3. Genetic Characterization of the CyHV-2 LucGFP Recombinant

The genotype of the recombinant strain was confirmed by Sacl restriction fragment
length polymorphism (RFLP) analysis. Briefly, 3 ug of genomic DNA was digested using
Sacl (New England Biolabs). Digested DNA was run in 0.8% agarose gel at 60 V for 18 h.
Full-length genome sequencing was performed as described previously [39].

2.4. Transcription Analysis

RyuF-2 cells were mock-infected with cell culture media or infected with CyHV-2 at
an MOI of 0.1 pfu/cell. RNA was isolated 24 h post-infection (hpi) using the NucleoSpin
RNA Mini Kit (Macherey-Nagel), and residual DNA was removed using the TURBO
DNA-free Kit (Invitrogen, Waltham, MA, USA). Reverse transcription reactions were
performed on 5 pg of RNA using Superscript III Reverse Transcriptase with oligo (dT)
primers (Invitrogen). Finally, ORF64, ORF66 and ORF79 (CyHV-2 DNA polymerase) were
amplified using the Phusion High-Fidelity DNA polymerase kit (New England Biolabs)
with the pairs of primers described in Table 1.

2.5. Polyclonal Antibody Production

CyHV-2-specific rabbit polyclonal antibodies (pAbs) were produced following a
70-day rabbit immunization protocol. Viral supernatant was prepared from infected RyuF-2
cells as described above. Virions were then pelleted by centrifugation of 100,000 x g for
2 h using an ultracentrifuge (Optima LE-80K Ultracentrifuge, Beckman). The supernatant
was removed, and the virion pellet was resuspended in 1 mL PBS to create a CyHV-2
antigen suspension. The total protein concentration of the CyHV-2 antigen suspension was
measured using a Pierce BCA assay kit (Thermo Fisher, Waltham, MA, USA), after which
it was diluted accordingly in PBS. Diluted CyHV-2 antigen was mixed thoroughly with
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adjuvant (50:50 v/v) using a TissueLyser (QIAGEN) in order to obtain an antigen-adjuvant
emulsion solution. This emulsion was administered to specific pathogen-free rabbits via
a series of subcutaneous injections (100 ng of total protein per injection). The primary
immunization consisted of 500 uL of antigen and 500 puL of Freund’s complete adjuvant
administered at 5 different injection sites. All boosters consisted of 500 uL antigen and
500 pL incomplete Freund’s adjuvant emulsion and were also administered at 5 different
injection sites. Boosters were administered at two, four, and six weeks after the primary
immunization. Blood was collected two weeks after the final booster and incubated at
37 °C for 1-2 h before being transferred to 4 °C overnight. The samples were subsequently
centrifuged at 900x g for 20 min, and serum was collected and stored at —80 °C.

2.6. Indirect Immunofluorescence Staining

RyuF-2 cells in 6-well plates (mock-infected with cell culture media or infected with
CyHV-2) were fixed with PBS containing 4% (w/v) paraformaldehyde at 4 °C for 15 min
and then 20 °C for 15 min. After washing with PBS, samples were permeabilized in PBS
containing 0.1% (v/v) NP-40 at 37 °C for 15 min. Immunofluorescent staining (incubation
and washes) was performed in PBS containing 10% FCS (v/v). The primary antibody,
consisting of rabbit anti-CyHV-2 pAbs, was diluted 1:2000 in FCS-PBS and incubated
on fixed and permeabilized cells at 37 °C for 2 h. The secondary antibody, Alexa Fluor
568 goat anti-rabbit immunoglobulin G (H + L) (2 pg/mL; Molecular Probes, Invitrogen),
was diluted 1:1000 in 10% (v/v) FCS-PBS and incubated at 37 °C for 30 min. After washing,
stained cells were treated using Prolong Gold Antifade Reagent (Invitrogen). Cells were
viewed using an epifluorescence (Leica DM2000) or confocal (Nikon A1R) microscope.

2.7. Viral Growth Assay

CyHV-2 was diluted in serum-free media to give a MOI of 0.01 pfu/cell in each well.
Triplicate cultures of RyuF-2 cells grown in 6-well plates were infected with 1 mL viral
supernatant. After an incubation period of 2 h, the cells were washed with PBS and overlaid
with complete cell culture medium. At 2-, 4-, and 6-days post-infection (dpi), both viral
supernatant and infected cells were collected from each well, combined, and stored at
—80 °C for one week. These samples were thawed and analyzed by viral titration using
triplicate plaque assays in RyuF-2 cells, as described above.

2.8. Viral Plaque Assay

RyuF-2 cells were cultured in six-well plates and inoculated with 100 pfu/well of
CyHV-2 for 2 h, and then overlaid with culture medium supplemented with CMC (2% w/v).
At 3, 4,5, and 6 dpi, viral plaques were visualized by indirect immunofluorescent staining.
After the final wash with PBS, 20 randomly selected individual plaques were then imaged
using a Nikon A1R confocal microscope, and areas were measured using Image] software
(Version 1.53) [40].

2.9. Fish

Three different development stages of Shubunkin goldfish (Carassius auratus) were
used in the present study. (i) Mature shubunkin goldfish were obtained from an accredited
commercial company (Ruinemans Aquarium, Montfoort, The Netherlands). Microbiologi-
cal, parasitic, and clinical examinations were conducted immediately after arrival in the
animal facility and then monthly to monitor fish health. Adult goldfish from the colony
were determined to be free of CyHV-2 based on polymerase chain reaction (PCR) analy-
sis of kidney homogenate. Fish were maintained in 60 L freshwater recirculation tanks
at 25 °C until used for breeding or transferred to L2 facilities for infection experiments.
(ii) Shubunkin goldfish larvae (4 dpf) were produced using standard artificial reproduction
methods applied previously [41]. The larvae were hatched in Zoug bottles, then transferred
to 60 L freshwater recirculation tanks maintained at 25 °C after hatching until being trans-
ferred to a L2 laboratory setting for infection experiments at 4 dpf. (iii) Juvenile shubunkin
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goldfish (75 dpf) were generated through rearing of the larvae mentioned above, and were
maintained in 60 L freshwater recirculation tanks at 25 °C.

2.10. Inoculation of Fish with CyHV-2

Different modes of inoculation were used depending on the developmental stage. In
all cases, viral inoculum was thawed and used immediately. (i) Inoculation of adult goldfish
by intraperitoneal (IP) injection: Shubunkin adult goldfish (average weight 3.5 +0.4 g,
8 months old) were first anesthetized by immersion in water containing benzocaine
(25 mg/L) and weighed. The virus was diluted in serum free cell culture medium (fi-
nal concentration =5 x 10° pfu/mL) and injected intraperitoneally using a 300 uL insulin
syringe (BD Micro-Fine), with each fish receiving a dose of 10* pfu/g (total body weight).
After injection, the fish were placed in an aerated recovery bath for 10 min and returned to
the tank. (ii) Inoculation of larvae by immersion in infectious water: Goldfish larvae (4 dpf,
average length = 5.2 4 0.1 mm) were infected by immersion in E3 medium containing
virus. Briefly, larvae were transferred to a single petri dish (1 larvae per mL of E3 media)
and CyHV-2 was added (final concentration = 1 x 10° pfu/mL) followed by gentle mixing.
The larvae were incubated at 25 °C for 2 h, and subsequently transferred to new petri
dishes containing 50 mL of E3 medium. (iii) Inoculation of juvenile fish by immersion
in infectious water: Juvenile shubunkin goldfish (75 dpf, average length = 2.3 4- 0.3 cm)
were immersed in water containing CyHV-2 (final concentration = 1 x 10° pfu/mL) for
2 h under constant aeration (20 fish/L), and then moved to a separate virus free tank.
(iv) Inoculation of adult fish by immersion in infectious water: Adult shubunkin goldfish
(1.5 years old, average weight =12 £ 3.7 g) were immersed in water containing CyHV-2
(final concentration =1 x 10° pfu/mL) for 2 h under constant aeration (10 fish/L), and
then moved to a 60 L tank. In all experiments, mock-infected fish were also prepared by
the substitution of viral inoculum with serum-free cell culture medium.

2.11. Scoring of Morbidity and Mortality

The percentage of fish expressing clinical signs was determined by daily examination
of each tank. The percentage of morbid fish was defined as the proportion of fish in each
tank expressing one or several of the following clinical signs: hyperemia of cephalic skin,
hyperemia of the gills, hyperemia of the skin covering the body or the fins, multifocal skin
lesions, or abnormal swimming. Mortality was recorded daily, and the survival rate was
calculated at the end of the experiment.

2.12. Bioluminescent Imaging

Luminescent emission from firefly (Photinus pyralis) luciferase was imaged using an
in vivo imaging system (IVIS) (Spectrum, Perkin Elmer, Rowville, Australia) as described
previously [42]. For in vivo analysis, adult and juvenile fish were anesthetized with benzo-
caine (25 mg/L), in aerated water. Once anesthetized, D-luciferin (Caliper LifeSciences)
was administered by IP injection (150 mg/kg of body weight). Fish were kept for 15 min
in aerated water before bioluminescence was measured. Larvae were anesthetized by
transferring to a new petri dish with 0.2 mg/mL tricaine (MS222, Sigma-Aldrich, St. Louis,
MI, USA) in E3 medium (1 fish/mL). This E3 also contained methylcellulose (2%) in order
to reduce drifting of the larvae during subsequent procedures. D-luciferin (150 ug/mL)
was administered to larvae by pericardial microinjection (3 nL/fish). After 5 min incuba-
tion, larvae were imaged by IVIS. For all developmental stages, the bioluminescent signal
originating from the skin was imaged first. Each fish was analyzed lying on its left and right
side, except larvae, which were acquired for a single position. After euthanasia of fish with
benzocaine (250 mg/L), organs (adult: gill, gut, heart, spleen, and kidney; juvenile: gill and
gut; larvae: not applicable) were dissected and bioluminescence signals were measured by
IVIS separately from the body. Adult images presented in this study were acquired using
a field view of C while juvenile and larvae were acquired using the field view B. Other
settings, including binning factor = 8, f/stop = 1, and maximum auto-exposure time of
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1 min, were constant for all developmental stages. Data were analyzed using the Living
Image software (v3.2) (Perkin Elmer). Each region of interest (ROI) was drawn manually by
tracing the organs or body outlines, and the average radiance (p/sec/cm?/sr) was taken
as the final measure of the bioluminescence emitted over the ROI Images were annotated
to show the average radiance signal according to location in the subject, using a colour
scale ranging from violet (lowest signal) to red (highest signal). For the skin, the average
radiance (individual values, mean + standard deviation or SD) was measured on both
sides of the body (except for larvae), and the results for individual fish were expressed as
the mean of both sides. For each fish, corresponding average radiance values from gills
(mean of left and right gills) and internal organs (gut, heart, spleen, and kidney), were
measured and presented separately. The cut-off for positivity (dotted line in all related
figures) consisted of the mean +3 SD of the values obtained for mock-infected fish (negative
control). For measurement of bioluminescence in vitro, cell culture media was replaced
with a fresh serum-free media containing D-luciferin (150 pg/mL). After a 10 min incu-
bation at room temperature, bioluminescence signals were acquired using the same IVIS
settings as used for adult fish, and the entire well was used as the ROI when establishing
the average radiance.

2.13. In Vivo Epifluorescence Microscopy

For epifluorescence microscopy analysis of adults (skin and caudal fin), juveniles (eye,
gill, skin, and caudal fin), and larvae (whole body), fish were anesthetized as described
for IVIS analysis above. Images were captured with a Leica DM2000 epifluorescence
microscope using the GFP filter set at 5x or 10x magnification.

2.14. Light Sheet Microscopy Imaging

This experimental procedure was adapted from previous methodology used with
zebrafish larvae [43-45]. Briefly, larvae were infected or mock-infected with the CyHV-2
LucGFP strain by immersion as described previously. After 24 h of incubation, infection
was confirmed using epifluorescence microscopy to identify the GFP signal. To stain the nu-
clei of living cells of skin epidermis, infected larvae were incubated in E3 media containing
DRAQS5 (1:1000 dilution) for 30 min. In parallel, immobilizing agarose was prepared by dis-
solving low-melting agarose (Bio-Rad, Hercules, CA, USA) (final concentration 0.1% w/v).
Once the agarose was dissolved, tricaine was added to the immobilizing agarose solution
(0.1% w/v final concentration). An additional agarose solution consisting of standard high
melting point agarose (final concentration 1% w/v) in E3 was also prepared for sealing the
sample chambers. After the DRAQS staining was complete, larvae were anesthetized as de-
scribed above, and transferred to the immobilizing agarose solution containing 0.1% (w/v)
tricaine. Fluorinated ethylene—propylene (FEP) tubing (Bola, S1815-07, refractive index
1.338, inner diameter 2 mm, outer diameter 3 mm) was used as the sample chamber and
attached to the end of a capillary. By placing a plunger in the capillary, a single larvae
suspended in immobilizing agarose solution was drawn up into FEP tubing (headfirst).
The end of the FEP tubing was sealed by drawing up standard high melting point agarose
(1% w/v) which solidified quickly after entry to the FEP tubing. A three-dimensional image
was acquired using a Zeiss Light-sheet Z1 10 x objective along the y axis, pairing 488 nm
and 638 nm laser to excite GFP and DRAQS5, respectively. The subsequent data was used to
generate a maximum-intensity projection video with Image].

2.15. Confocal Microscopy Imaging

DRAQS5-stained larvae were prepared as described for light-sheet microscopy. They
were anesthetized in E3 medium containing 0.2 mg/mL of tricaine and transferred to a
glass slide with a small droplet of E3 medium. A cover slip with spacers was placed over
larvae, providing enough space to accommodate the subject under the coverslip. The slides
were analyzed by confocal microscopy (Nikon A1R) using 488 nm and 633 nm lasers to
excite GFP and DRAQS5, respectively. A series of Z-stack confocal images were acquired to
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generate a 3D representation of the area of interest. The acquired images were rendered
using Imaris viewer software (v10.0) (Oxford Instruments, Oxfordshire, UK).

2.16. Immunohistochemistry

For immunohistochemistry (IHC), tissues were fixed in 4% PAF for 18 h at 4 °C then
dipped in 70% (v/v) ethanol and embedded in paraffin. Immunoperoxidase staining was
performed on tissue sections (5 um) after dewaxing and epitope unmasking in citrate
buffer (0.01 M, pH 6.0). Endogenous peroxidases were blocked by incubation in 3% H,0,
for 15 min at room temperature (RT). After blocking of non-specific binding sites, tissues
were incubated for 1 h at 22 °C in the primary antibody (mouse monoclonal turboGFP
antibody, OriGene Technologies) diluted 1:500. Sections were then incubated for 1 h at
room temperature (RT) with the secondary antibody (Envision anti-mouse + System-HRP,
Agilent). Peroxidase was detected with Liquid DAB + Substrate Chromogen System
(Agilent). After rinsing with demineralized water, sections were counterstained with
Carazzi’s hematoxylin (EMD Millipore, Burlington, MA, USA). Sections of mock-infected
fish served as negative controls. Specimens were scanned using a Nanozoomer Digital
Pathology 2.0 HT scanner (Hamamatsu Photonics, Shizuoka, Japan) and were analyzed
using NDP.view2 Viewer software (Hamamatsu Photonics).

2.17. Statistical Analysis

Residuals for each dataset were first tested for normality using the Shapiro-Wilk
test (GraphPad Prism v8.0.1) to determine if parametric and non-parametric tests were
required. Two-way omnibus tests on data from the viral growth curve and plaque size
experiments were conducted using two-way analysis of variance (ANOVA) with multiple
comparisons between groups of interest made using the Benjamini-Hochberg (BH) post
hoc test. One-way tests on data generated from the in vivo experiments were conducted
using the one-way ANOVA test with BH post hoc test for data sets exhibiting normal
distribution, or the Kruskal-Wallis Test with Dunn’s post hoc test for data not exhibiting
normal distribution. Survival curves were compared using the log-rank test. All tests were
implemented in GraphPad prism 8.0. Only significant p-values (<0.05) are reported in the
results section. Similarly, for the purposes of visual clarity, only significant results from post
hoc multiple comparisons are indicated in each corresponding figure, and are represented
using the following symbols: * = p < 0.05; ** = p < 0.01; ** = p < 0.001.

2.18. Ethics Statement

The experiments, maintenance, and care of fish complied with the guidelines of the
European Convention for the Protection of Vertebrate Animals used for Experimental
and other Scientific Purposes (CETS No. 123). The animal studies were approved by
the local ethics committee of the University of Liége, Belgium (Laboratory accreditation
No. 1610008). All efforts were made to minimize suffering.

3. Results

The primary aim of this study was to conduct a systematic investigation into the
spatiotemporal aspects of CyHV-2 replication using in vivo imaging in goldfish across
larvae, juvenile, and adult developmental stages. To maximize the consistency and homo-
geneity between experimental subject populations at different developmental stages, all
the fish used in this study were derived from a single batch, thus maximizing the overall
scientific validity of our findings. Specifically, goldfish were selectively bred and raised to
reach adulthood, attaining an age of 1.5 years, before being segregated into two distinct
schools. One group of fish was subjected to direct infection with CyHV-2, serving as the
experimental host population. Simultaneously, another group of fish was utilized solely
for breeding purposes, facilitating the generation of offspring. The resulting progeny were
further divided into two subgroups: a portion was utilized in experimental infections at the
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larvae stage, while the remaining individuals were allowed to grow to the juvenile stage
for subsequent experimentation.

3.1. Generation of the CyHV-2 LucGFP Recombinant Strain

We have previously demonstrated that in vivo imaging is a highly effective method-
ology for the comprehensive investigation into pathogenesis associated with
CyHV-3 [39,41,42,46-49] which is closely related to CyHV-2 [50,51]. To facilitate in vivo
imaging during CyHV-2 experiments, the YC-01 CyHV-2 strain (WT) was selected as the
parental strain for generation of a recombinant expressing Luc and copGFP as reporter pro-
teins, which we refer to as the LucGFP strain. The reporter cassette was inserted between
ORF64 and ORF66 of the WT CyHV-2 genome, as depicted in Figure 1A. This insertion of
the construct resulted in the introduction of a new Sacl restriction site at position 107281
of the LucGFP genome, resulting in the expected loss of the 7.66 kb Sacl restriction frag-
ment in the parental WT strain and an appearance of two smaller 5.1 KB and 6.7 kb Sacl
restriction fragments in the LucGFP strain (Figure 1A). The expected pattern was observed
in subsequent Sacl RFLP analysis (Figure 1B), thus, confirming the correct integration of
the reporter cassette, which was also confirmed by whole genome sequencing (data not
shown). Furthermore, transcriptomic analysis of ORF64 and ORF66 genes during LucGFP
replication in vitro confirmed that the reporter cassette did not prevent the expression of
genes adjacent to the insert in the LucGFP strain (Figure 1C).

3.2. Comparison of LucGFP Recombinant and WT Strains In Vitro and In Vivo

The ability of the LucGFP recombinant to express Luc and copGFP was confirmed
in vitro. Briefly, RyuF-2 cells were infected with a 103 dilution of the original LucGFP
and WT stock, and then cultured under the conditions described for plaque assays. At
4 dpi, bioluminescence imaging was performed by IVIS, confirming the expression of Luc
in the LucGFP-infected monolayer, with no signal observed in WT and mock-infected cells
(Figure 2A, left panel). Replicate plates were examined through indirect immunofluorescent
staining and epifluorescence microscopy, confirming both the expression and colocalization
of copGFP and viral plaque signals (Figure 2A, right panel). Taken together, these results
confirmed the correct expression of both reporter genes by the LucGFP recombinant.

To verify that the insertion of the construct in the LucGFP strain did not have any
impact on viral growth in vitro relative to the WT, the two strains were compared using
a multistep growth curve. This revealed that both strains exhibited remarkably similar
growth kinetics in vitro (Figure 2B, top panel). Multiple comparisons tests conducted at
each individual time point revealed no statistically significant differences between the
WT and LucGFP strains, with similar observations made in a comparison of viral plaque
areas (Figure 2B, lower panel). Collectively these findings indicate that the presence and
expression of the reporter genes in the LucGFP recombinant had no discernible impact on
replication kinetics, with the LucGFP recombinant strain maintaining comparable fitness to
its parental strain in cell culture.

Next, the pathogenicity exhibited by the LucGFP recombinant in vivo was compared
to that of its parental WT strain. WT and LucGFP recombinant strains inoculated by IP
injection to adult fish showed comparable virulence as revealed by quantification of mor-
bidity and mortality (Figure 2C). The clinical signs associated with CyHV-2 disease were
inducted by both strains, and the intensities of the clinical signs were comparable in the
two infection groups. Specifically, at 4 dpi, fish populations began to show recognizable
clinical symptoms, including apathy, redness on the cephalic part, congestion, and hy-
peremia on the gills. One-week post-infection, the incidence rate reached 100%. In both
groups, morbidity lasted for approximately one week, after which the survivors recovered
and returned to a healthy state. The onset of mortality coincided closely with the onset of
morbidity. This began at 5 dpi, with the number of deaths subsequently increasing rapidly.
Mortality rate ceased approximately two weeks after infection. No significant difference in
survival curves was detected between the WT and LucGFP groups. PCR assays targeting
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the LucGFP insert (Table 1) were performed on dead fish from the LucGFP group in order
to exclude the possibility of contamination with the WT strain, and these confirmed the
absence of contamination. These results indicated that the LucGFP recombinant exhibits
comparable pathogenicity to that of its parental WT strain in vivo upon challenge by IP in-
jection. Consequently, the LucGFP recombinant was deemed suitable to use in subsequent
experiments to systematically investigate the spatiotemporal aspects of CyHV-2 replication
in goldfish across larvae, juvenile, and adult developmental stages, using various in vivo
imaging techniques.
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Figure 2. Phenotypic characterization of CyHV-2 strains. (A) Expression of reporter genes. RyuF-2 cells
grown in 6-well plates were infected with the indicated strains and then overlaid with medium containing
CMC. At 4 dpi, infected cells were analyzed for bioluminescent and fluorescent signal from reporter
genes. The Luc signal was detected using an IVIS system (left column, scale bar = 1 cm). The copGFP
signal was detected by epifluorescence microscopy (right panels, scale bar = 500 um). Viral plaques were
revealed by indirect immunofluorescent staining. (B) Comparisons of viral growth in vitro. Viral growth
assay (top panel). RyuF-2 cells were infected with the indicated strains and the log value of the titer
(pfu/mL) in the supernatant was determined at the indicated dpi. Data represent the mean 4 SEM of
triplicate measurements. Viral plaque assay (lower panel). RyuF-2 cells were infected with the indicated
strains, and plaque areas were measured over time. Data represent the mean + SEM of 20 individual
plaques. No significant differences were detected between WT and LucGFP strains. (C) Comparison of
virulence in vivo. The virulence of the indicated strains was tested in adult Shubunkin goldfish (triplicate
groups each consisting of 20 subjects, average weight 3.5 + 0.4 g, 8 months old). Fish were mock-infected
or infected by IP injection with the indicated strains (10* pfu/g). The fish were examined daily for clinical
signs of CyHV-2 disease, and fish reaching the endpoints were euthanized. No significant differences
were detected between WT and LucGFP strains in the experiments described in (B,C).
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3.3. Goldfish Larvae Are Susceptible and Hié;hly Permissive to CyHV-2 Infection after Inoculation
by Immersion in Infectious Water with the Skin of the Larvae Acting as the Portal of Entry of
the Virus

The LucGFP strain was used to establish the susceptibility and permissivity of goldfish
larvae to CyHV-2. Larvae were challenged by immersion in infectious water, with survival
and spatiotemporal aspects of infection subsequently examined using various methods.
The experiment and designs are illustrated in Figure 3A. CyHV-2 challenge of larvae (4 dpf)
by immersion resulted in 100% mortality in both WT and LucGFP infected groups by
5 dpi (Figure 3B). Most mortality occurred between 3-5 dpi and, consistent with Figure 2C
(adult subjects, challenged by IP injection), there was no significant difference between
WT and LucGFP survival curves (Figure 3B). In contrast, there was much less mortality in
mock-infected groups, with 80% of subjects surviving up to 7 dpi.

Notably, the exceptionally high mortality observed (Figure 3B) suggested that gold-
fish larvae are highly susceptible to CyHV-2 infection, and possibly highly permissive to
CyHV-2 replication once infections are established. The replication in larvae over time
was subsequently investigated by using an IVIS to detect Luc expression after infection
with the LucGFP strain, thus, facilitating relative quantitative analysis of viral load. This
experiment also permitted the estimation of susceptibility, revealing that 60% of the popu-
lation were positive for CyHV-2 (i.e., Luc expression) at 1 dpi, the earliest sampling point,
with prevalence increasing to 100% by 3 dpi. The evolution of Luc expression over time
(representing viral load) revealed that time post-infection had a significant impact on viral
load (p < 0.0001). Viral load increased dramatically from 1-4 dpi, particularly after 3 dpi,
with a significant increase in viral load observed between 2-3 dpi (Figure 3C, top panel),
and was consistent with earlier observations indicating the onset of mortality peak at 3 dpi
(Figure 3B). This indicated that goldfish larvae are highly permissive to CyHV-2 replication.
This pattern was also reflected in a series of representative images from this analysis, show-
ing that localized Luc signals, representing viral replication foci, were initially small and
dispersed on larvae (1-3 dpi), but subsequently grew and coalesced into larger patches of
infected tissue after 3 dpi (Figure 3C, lower panel).

Identical infection experiments were conducted in parallel where CyHV-2 replica-
tion was monitored by epifluorescence microscopy, exploiting copGFP expression by the
LucGFP strain. Consistent with the IVIS analysis (Figure 3C, top panel), this revealed
an increase in copGFP signal with respect to time post-infection, in particular, after 3 dpi
(Figure 4). Interestingly, careful microscopic examination of some subjects in different
orientations suggested that the GFP signal may be entirely localized in the skin at 1 dpi
(Figure 4, left panel), meaning that the skin may be the primary portal of entry of the virus
into its host.

To investigate this further, in a more conclusive manner, we sought to selectively stain
the epidermal skin cells in infected larvae and test for co-localization of epidermal and viral
signal in 3D renderings of infected tissue. To achieve this, we first identified infected larvae
via epifluorescence microscopy (Figure 5, first row), and exposed them to the DRAQ5
nuclear stain via addition to E3 media. The short DRAQS5 exposure and limited penetration
during this period resulted in the selective staining of living epidermal skin cells in larval
outer body. After this, fish were anesthetized and subjected to confocal microscopy to
acquire Z-stacks from infected regions, which were subsequently used to generate 3D
renderings (Figure 5, second row). In order to determine if the viral signals were localized
in the skin only, and not originating from deeper tissue within the infected larvae, three
optical sections intersecting with infected zones were generated from the 3D renderings
(Figure 5, third row), which were examined further individually. These optical sections
revealed co-localization of the copGFP and DRAQS5 signals in infected larvae (Figure 5, last
three rows, optical sections d, e, and f,), thus, confirming that virally infected cells were
restricted to the skin at 1 dpi. No viral signals were detected in a corresponding analysis of
mock-infected fish (Figure 5, left panel).
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Figure 3. Susceptibility and permissivity of goldfish larvae to CyHV-2. (A) Flowchart of the
experiments performed to investigate the susceptibility and permissivity of goldfish larvae (4 dpf
or 1 d post-hatching, average length = 5.2 4 0.1 mm) to CyHV-2 after infection by immersion in
water containing the virus. (B) Survival curves of larvae following infection with the indicated strain.
On day zero, 3 independent replicates of larvae, each group consisting of 60 subjects, were infected
by immersion in E3 media containing the virus. Fish were examined daily, and those reaching the
endpoints were euthanized. The percentage survival is expressed according to dpi. The three left
panels show the survival curves observed for replicates. The right panel shows the mean survival
curves based on the three replicates. (C) Top panel: Quantitative measurements of CyHV-2 replication
in goldfish larvae obtained by IVIS. On day zero, three independent replicates of larvae, each group
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consisting of 50 subjects, were infected by immersion in E3 media containing the virus (5 x 10° pfu/mL).
At the indicated dpi, larvae (n = 30, i.e., 10 per replicate) were analyzed by IVIS. The average radiance
(p/sec/cm? /sr) emitted by individual infected larvae corrected for the background of each image is
represented by dots. For each time point, a group of mock-infected larvae was analyzed to define
the threshold of positivity (dotted line), defined as the mean +3 SD. The number of positive larvae
among 30 analyzed infected larvae is presented by grey bars. Lower panel: Representative images of
analyzed larvae are presented in the lower part of the figure. Images are presented with a relative
photon flux scale manually adapted to use the full dynamic range of the pseudo-color scale. Scale
bar =3 mm.
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Cranial part
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Fish 2 Fish 1 Mock
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Figure 4. Visualization of CyHV-2 infection in goldfish larvae using epifluorescence microscopy.
The timeline of this experiment has been described in Figure 3A. Epifluorescence microscopy images
representative of larvae mock-infected and infected with the LucGFP strain according to time post-
infection. Scale bar = 1 mm.
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Figure 5. Visualization of CyHV-2 infection in goldfish larvae using confocal microscopy. The
timeline of this experiment has been described in Figure 3A. The larvae were infected (LucGFP strain)
or mock-infected by immersion in water containing the virus. At 1 dpi, fish were first observed by
epifluorescence microscopy, and infected fish were identified based on the copGFP reporter signal
(first row of panels, scale bar = 1 mm). Living skin epidermal cells on the outer body were then stained
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with DRAQS5. A series of Z-stacks were acquired using a confocal microscope in order to generate
a 3D representation of the region of interest, with skin cells (DRAQ5-stained) in white and virally
infected cells (copGFP expression) in green (second row of panel, scale bar = 300 um). These data
were used to generate three 2D optical sections in each sample (third row on panel), separated by a
distance of 30 um. These sections were denoted as a, b, and ¢ for the mock-infected group, and d,
e, and f for the LucGFP-infected group (each 0.662 um in thickness). These optical sections are also
displayed individually (three last rows, scale bar = 300 um). Within the optical sections d, e, and
f, it can be seen that the virally infected cells (copGFP green) only co-localize with skin epidermal
cells (DRAQS5, white) and are indicated by red arrows. Conversely, no viral signal is detected in the
mock-infected samples.

In order to provide further support for these observations, rather than just focusing
on specific regions of interest using confocal microscopy, 3D rendering was extended to
entire larvae using light-sheet microscopy. In a similar experimental set-up, skin and
virally infected cells in larvae (1 dpi) were again visualized using DRAQS5 live cell staining
and copGFP expression, respectively. The findings from this experiment were consistent
with the confocal analysis, indicating colocalization of viral signal in the skin only. A
representative larval subject from this analysis is presented in Video S1, in which viral
signal detected in the dorsal region is seen to be entirely localized in the skin.

In parallel to these experiments, epifluorescence was used to select additional infected
and mock-infected larvae (1 dpi), which were processed for analysis by IHC. This indicated
that at 1 dpi, virus-infected cells were located primarily in the superficial layer of the skin at
both cranial and caudal sites (Figure 6, left panel). Conversely, at the same time-point, the
pericardial region exhibited a staining pattern that was comparable to the control group,
with both being devoid of any viral staining, indicating the absence of systemic infection
at this initial time point. Earlier IVIS analysis indicated that in infected larvae, a dramatic
increase in viral load typically occurs after 3 dpi (Figure 3C). Consistent with this, IHC
analysis of larvae sampled at 3 dpi revealed dramatic changes in viral distribution relative
to observations at 1 dpi. By this timepoint, we observed that infection had breached the skin
barrier and infiltrated other areas of the subject body, leading to the detection of CyHV-2
infected cells within the subcutaneous myotome and cardiac regions (Figure 6, right panel).
These observations are likely to represent the onset of systemic infection and coincide with
the expected onset of mortality peak at 3-5 dpi (Figure 3B).

Collectively, these findings provide compelling evidence that the portal of entry of
CyHV-2 in goldfish larvae is the skin, and, from here, CyHV-2 spreads to other regions in
larvae, leading to a systemic infection and ultimately to mortality.

3.4. Juvenile Goldfish Are Susceptible but Less Permissive than Goldfish Larvae to CyHV-2
Infection, with Initial Infection Predominantly Occurring in the Skin

The same LucGFP strain was also used to investigate the spatiotemporal aspects of
CyHV-2 replication in juvenile goldfish. The experiment and designs are illustrated in
Figure 7A. When subjected to challenge by immersion at the same dose used earlier with
larvae, juvenile goldfish exhibited a survival rate of ~40% which was much higher than
observed with larvae. Furthermore, mortality commenced at 5 dpi, which is later than
in larvae, and continued until approximately 12 dpi, representing a much more gradual
rate of mortality compared to larvae (Figure 7B). As per larvae, mortality rates were
comparable between the WT and LucGFP infected groups, with no statistically significant
difference observed.

Despite the lower mortality, in contrast to the larvae, the IVIS analysis in juvenile
subjects revealed that all subjects were positive at 1 dpi and the viral load in the skin was
much higher than in larvae at 1-2 dpi (Figure 7C, top panel). However, unlike in larvae,
the viral load in the skin did not increase, with time post-infection having no significant
impact on Luc signal. This developmental stage also facilitated ex vivo analysis of the
gastrointestinal tract (gut) and gills. However, viral loads were extremely low in the gut,
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with no virus detected at 1 dpi, and virus detected in a single fish at 2 and 3 dpi. Notably,
viral levels in the gut increased at 4 dpi (Figure 7C, top panel), which was immediately
prior to the onset of mortality at 5 dpi (Figure 7B), but overall time post-infection had no
impact on viral load in the gut. The prevalence and evolution of viral load in the gills was
similar to the skin, with time having no significant impact on Luc signal; however, viral
load in the gills was approximately 10-fold lower than in the skin (Figure 7C, top panel).
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Figure 6. Viral tropism of CyHV-2 in goldfish larvae. The timeline of this experiment has been
described in Figure 3A. Mock-infected and infected larvae (LucGFP strain) were first observed by
epifluorescence microscopy (Epifluorescence, scale bar = 1 mm) at the indicated dpi, then processed
for IHC detection of copGFP. The white boxes with dotted outlines in epifluorescence images indicate
the regions analyzed by IHC. The virus was detected by staining for copGFP, with positive staining
indicated by brown coloration filling entire cells (red arrows). Scale bars in IHC images represent
100 pm for anterior and caudal regions, and 200 um for the pericardial region.

These patterns are also reflected in a series of representative images from IVIS analysis
(Figure 7C, bottom panel). Notably the Luc signals from the skin are broadly distributed
over a wide area. This pattern may have formed through coalescence of many initial
infection foci. However, for this to be the case at 1 dpi, such coalescence would either
have had to have occurred very rapidly, or there would need to have been a remarkably
high initial number of infection foci. Both of these scenarios are consistent with the skin
being more susceptible and permissive to CyHV-2 replication in juveniles, relative to other
potential portals of entry. Conversely, signals from the gills tended to be more localized,
originating from a singular source, with a similar distribution of viral signals in the gut,
suggesting lower susceptibility or permissivity to CyHV-2 infection in these organs relative
to the skin.
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Figure 7. Susceptibility and permissivity of juvenile goldfish to CyHV-2 infection. (A) Flowchart
of the experiments performed to investigate the susceptibility and permissivity of juvenile goldfish
(75 days post fertilization, average length = 2.3 + 0.3 cm) to CyHV-2 after infection by immersion
in water containing the virus. (B) Survival rates of juveniles following infection with the indicated
strain. On day zero, 10 subjects were infected by immersion in water containing the virus. Fish
were examined daily and fish reaching the endpoints were euthanized. The percentage of survival is
expressed according to dpi. The three left panels show the survival curves observed, respectively, for
Mock, WT, and LucGFP groups. The right panel shows the overlay of the three groups. No statistically
significant difference was observed between the WT and LucGFP strains. (C) Top panel: Quantitative
measurements of CyHV-2 replication in juvenile goldfish by IVIS. Juveniles (1 = 30) were infected
(LucGFP strain) or mock-infected by immersion in infectious water. At the indicated dpi, juveniles
(n = 6 per group) were analyzed by IVIS in vivo (skin) and ex vivo (gut and gills). The average
radiance (p/sec/cm?/sr) emitted by individual infected juvenile corrected for the background of
each image is represented by dots. For each time point, a group of mock-infected juvenile fish was
analyzed to define the threshold of positivity (dotted line), defined as the mean +3 SD. The number

102



Chapter 3 Experimental Section 1

Viruses 2023, 15, 1746 19 of 30

of positive subjects among six analyzed infected juveniles is presented by grey bars. Lower panel:
Representative images of analyzed juveniles are presented in the lower part of the figure. Images are
presented with a relative photon flux scale manually adapted to use the full dynamic range of the
pseudo-color scale. Scale bar = 5 mm.

As per earlier larvae experiments, the expression of copGFP by the LucGFP strain
facilitated further analysis of infected juveniles by epifluorescence microscopy (Figure 8).
Four distinct areas exhibiting overt signs of infection were selected for further analysis,
namely the eye, gill, skin, and caudal fin, with representative images displayed in Figure 8.
Curiously, the edge of the cornea seemed to be particularly susceptible to infection. As
indicated by the distribution of the Luc signal (Figure 7C, lower panel) viral infection foci
on the skin and particularly in the caudal fin tended to be larger and proliferated slightly
better over time, relative to other infection foci in the gills (Figure 8).

The three organs that were investigated in juveniles, namely skin, gills, and gut,
represent the main mucosal surfaces in contact with the external environment, and, thus,
should have equal contact with CyHV-2 during challenge by immersion. However, these
results indicate that relative to other mucosal surfaces, the skin, being more susceptible
and permissive, may play a much greater role in the entry of the virus into the host. Thus,
the skin may represent the major portal of entry at this developmental stage, which is
consistent with earlier observations in larvae.

The results from the juvenile stage provide an insight into changes in susceptibility
and permissivity at an intermediate point in goldfish development after the larval stage
but prior to the adult stage. On this note, given that CyHV-2 was detected in more juvenile
subjects and at higher levels at 1 dpi, relative to what was observed in larvae, this may
indicate that juveniles are in fact more susceptible than larvae. However, the lack of increase
in viral load over time, coupled with the lower mortality, indicates that, overall, relative
to larvae, the goldfish juvenile developmental stage may ultimately be less permissive to
CyHV-2 replication.

3.5. Adult Goldfish Are Susceptible to CyHV-2 Infection, but Exhibit Lower Permissivity than
Earlier Developmental Stages, with Initial Infection also Predominantly Occurring in the Skin

The spatiotemporal aspects of CyHV-2 infection in adults were also investigated, with
experiments and designs illustrated in Figure 9A. In contrast to earlier developmental
stages, adult goldfish demonstrated remarkably low mortality following challenge with
CyHV-2 LucGFP and WT strains by immersion, with an almost 100% survival rate at
30 dpi (Figure 9B). This indicated that this goldfish developmental stage exhibits reduced
permissivity to CyHV-2 replication, relative to earlier developmental stages. However, like
the juvenile stage, all subjects were found to be infected at 1 dpi (Figure 9C). Viral load
was also highest in the skin at 1 dpi compared to other organs, which was also consistent
with the observations in juvenile goldfish. While the viral load was lower than the levels
observed in the skin of juveniles at 1 dpi, it was higher than the levels observed in larvae
at the same time point, indicating that adult goldfish are still relatively susceptible to
CyHV-2 infection.

Being at a more advanced developmental stage, adult subjects also facilitated the ex
vivo analysis of more internal organs, with heart, spleen, and kidney being added to the
panel for this experiment. However, there was little viral signal detected in any internal
organs across all timepoints (Figure 9C), indicating the absence of a low level of systemic
infection. While skin and, to a lesser extent, gills, were more susceptible to infection than
internal organs, a general decrease in viral load occurred in both of these organs after
1 dpi, with time post-infection having a significant negative impact on viral load (skin:
p =0.0002, gills: p = 0.0025), leading to virus replication being undetectable in most subjects
by 4 dpi. This indicates that, while susceptible, adult goldfish were much less permissive
to CyHV-2 infections relative to earlier developmental stages, and this is consistent with
the extremely low mortality rate that was observed.
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Figure 8. Visualization of CyHV-2 infection in juvenile goldfish using epifluorescence mi-
croscopy. The timeline of this experiment has been described in Figure 7A. Epifluorescence mi-
croscopy images representative of juvenile fish mock-infected and infected with the LucGFP strain
according to time post-infection. Typical infection foci observed in the eye and skin regions are
indicated with red arrows. Scale bars related to pictures of eye, skin, and caudal fin represent 1 mm.
Scale bars related to pictures of gills represent 400 pm.
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Figure 9. Susceptibility and permissivity of adult goldfish to CyHV-2 infection. (A) Flowchart
of the experiments performed to investigate the susceptibility and permissivity of adult goldfish
(1.5 years old, average weight = 12 4 3.7 g) to CyHV-2 after infection by immersion in water containing
the virus. (B) Survival rates of adults following infection with the indicated strain. On day zero, three
independent replicates of adult fish (n = 30) were infected by immersion in water containing the virus.
Fish were observed for 30 days and fish reaching the endpoints were euthanized. The percentage of
survival is expressed according to dpi. The three left panels show the survival curves observed for
replicates. The right panel shows the mean survival curves based on three replicates. (C) Quantitative
measurements of CyHV-2 replication in adult goldfish by IVIS. Fish were infected or mock-infected
with the LucGFP strain by immersion in infectious water. At the indicated dpi, fish (1 = 12 per group)
were analyzed by IVIS in vivo (skin) and ex vivo (gut, gills, heart, spleen, and kidney). The average
radiance (p/sec/ cm?2/ sr) emitted by individual infected fish corrected for the background of each
image is represented by dots. For each time point, a group of mock-infected fish was analyzed to
define the threshold of positivity (dotted line), defined as the mean +3 SD. The number of positive
fish among 12 analyzed infected fish is presented by grey bars.
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Interestingly, examination of the Luc signal distribution in skin and gills revealed
that the caudal fin was particularly susceptible or possibly more permissive to infection at
1 dpi (Figure 10). A similar pattern was observed in further analysis by epifluorescence
microscopy, with more signals again observed in the caudal fin relative to elsewhere on
the skin (Figure 11). This is consistent with observations in juvenile subjects, where the
caudal fin also exhibited a higher viral load (Figure 7C, lower panel and Figure 8). Taken
together these results indicate that adult goldfish are much less permissive to CyHV-2
replication, compared to earlier developmental stages. However, consistent with other
developmental stages, relative to other organs tested, the skin exhibited higher viral loads
at earlier timepoints, indicating that it may naturally act as the major portal for CyHV-2
entry in populations of goldfish adults.
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Figure 10. Illustration of CyHV-2 tropism detected by IVIS in adult fish. This figure is related to
the experiment described in Figure 9C. Representative images of IVIS analysis are presented for skin
and gills. Images are presented with a relative photon flux scale manually adapted in order to use the
full dynamic range of the pseudo-color scale. Scale bars in panels related to skin and gills represent
2 and 1 cm, respectively.
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Figure 11. Visualization of CyHV-2 infection in adult goldfish using epifluorescence microscopy.
This figure is related to the experiment described in Figure 9C. Epifluorescence microscopy images
representative of adult fish mock-infected and infected with LucGFP strain according to time post-
infection. Scale bar = 1 mm.

4, Discussion

In the present study, we developed a novel CyHV-2 recombinant strain expressing
luciferase and GFP reporters. We subsequently successfully exploited this recombinant
in the first investigation of the spatiotemporal aspects of CyHV-2 replication in goldfish
across three key developmental stages. This facilitated the comparison of susceptibility and
permissivity between different developmental stages and the identification of the CyHV-2
portal of entry in its natural host.

A crucial starting point for this study was the development of the CyHV-2 recombinant
strain. Our initial systematic comparison of this new recombinant strain to the parental
YC-01 strain revealed no difference in terms of expected genome structure (Figure 1B),
expression of genes flanking the insertion site (Figure 1C), replication in cell culture
(Figure 2B), and virulence by IP challenge (Figure 2C). Taken together, these results indi-
cate that the LucGFP recombinant produced exhibits adequate properties for the study of
CyHV-2 pathogenesis. This new recombinant is the first of its kind in the field of CyHV-2
research. We have previously developed a comparable recombinant to utilize in the study
of CyHV-3, which is closely related to CyHV-2 and infects common carp, a species related
to goldfish. The use of these earlier CyHV-3 recombinants had a profound impact on
our ability to gain an increased fundamental understanding of this related virus and the
development of adequate mitigation strategies [39,41,42,46—49]. In a similar manner, this
novel CyHV-2 recombinant also represents a potentially valuable research tool for our
future investigations with CyHV-2 and may also be of interest to the wider research com-
munity. Furthermore, in parallel to this present study, this novel CyHV-2 recombinant was
also successfully utilized in zebrafish infectivity studies [45], demonstrating its immediate
utility in other CyHV-2 related research.

One of the primary aims of this present study was to compare the susceptibility
and permissivity of goldfish to CyHV-2 across the three distinct developmental stages:
larvae, juvenile, and adults. This revealed that all stages were susceptible to infection
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(Figures 3C, 7C and 9C). Notably, infection was not as prevalent among larval subjects at
the early time points post-infection by immersion and they also exhibited lower average
radiance (representing viral load) at these time points, indicating reduced susceptibility.
Despite this, larvae were still much more permissive to CyHV-2 replication, exhibiting the
greatest increase in viral load over time, ultimately exceeding that of other developmental
stages by 4 dpi, leading to much greater mortality (Figure 3B,C). In contrast, while the virus
was detected in all juvenile hosts (indicating greater susceptibility) and the viral load was
initially higher than in larvae, these levels remained stable over time (Figure 7C), resulting
in reduced mortality in juveniles relative to the larval stage (Figure 7B). Finally, despite
similarly high susceptibility, the adult stage was observed to be the least permissive to
CyHV-2 replication with a decrease in viral load with respect to time (Figure 9C), and lower
mortality relative to other developmental stages (Figure 9B).

The low mortality observed in this population of adult Shubunkin goldfish after CyHV-
2 challenge by immersion (Figure 9B) relative to higher mortality by IP challenge (Figure 2C),
is similar to previous findings involving comparisons between other breeds of goldfish [52].
However, given that Shubunkin goldfish are known to exhibit high mortality via natural
infection routes [23], our observations may be specific to the population of Shubunkin
goldfish that we used. It is highly likely that these contrasting phenotypes between different
populations of Shubunkin goldfish may be due to genetic or epigenetic factors, which can
have a significant impact on disease resistance in teleost fish hosts [53-55], including
impacts on innate immune response to viral infection in cyprinid hosts [56]. Despite the
lower mortality, challenge by immersion is much more representative of natural infection
and had no impact on susceptibility to CyHV-2 among adults or juveniles in this study,
which remained at 100%.

Interestingly, while viral prevalence was initially lower among larvae, it also increased
with respect to time (Figure 3C). However, it is unclear if this was due to active viral
transmission or simply due to the general increase in viral load, which may have been
below the threshold for detection at earlier time points, leading to underestimation of initial
infection prevalence. Notably, both of these scenarios are consistent with lower suscepti-
bility to CyHV-2 at the larval stage in goldfish. Furthermore, this is consistent with our
previous findings regarding susceptibility with CyHV-3 infection in carp [41], which repre-
sents the most closely related virus-host model to the CyHV-2-goldfish model [50,51]. The
CyHV-3-carp model revealed that earlier carp developmental stages were less susceptible
to CyHV-3 replication [41]. This reduced susceptibility was primarily due to the epidermal
mucus being more inhibitory to CyHV-3 entry into hosts during earlier developmental
stages. In addition to acting as a physical barrier, teleost epidermal mucus contains a
multitude of antimicrobial proteins including proteases, immunoglobulins, complement
components and innate immune cells that collectively inhibit viral infection at all devel-
opmental stages [57-59]. However, it is possible that the profiles of antimicrobial agents
or physical uniformity of this protective barrier may change during development, as we
discussed previously [41]. As observed in carp, it is possible that the epidermal mucus
barrier in goldfish also plays a much greater inhibitory role at earlier developmental stages,
resulting in lower CyHV-2 viral loads in larvae at earlier time points post CyHV-2 challenge
by immersion. Currently, it is unclear which CyHV-2 factors may be responsible for provid-
ing some kind of resistance to this innate barrier in goldfish, leading to greater susceptibility
at later developmental stages. However, we have recently demonstrated that in CyHV-3,
mutations in ORF131 (which we previously determined to be a viral transmembrane pro-
tein [60]) have a significant impact on CyHV-3 resistance to innate immune components of
carp epidermal mucus [48], although the implications at different developmental stages
have yet to be determined. Notably, CyHV-2 and CyHV-3 share 19 homologous transmem-
brane proteins, including ORF131 [61]. It is plausible that this ORF131 homolog in CyHV-2
also plays a role in helping the virus overcome goldfish mucosal defenses, with potentially
more efficacy at later developmental stages, thus, contributing to an initial greater viral
load and prevalence among subjects at these later developmental stages. A combined
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investigation into the contribution of both the goldfish mucosal barrier and specific CyHV-2
membrane proteins at different developmental stages represents an interesting avenue for
further investigation in the future, and may reveal factors impacting susceptibility, that are,
evidently, independent from permissivity.

Despite potential differences in susceptibility, our observations indicate that the main
factors dictating CyHV-2 related mortality at each developmental stage are differences in
permissivity to CyHV-2 replication. Earlier goldfish developmental stages were much more
permissive, leading to more mortality, despite being less susceptible to infection. This is
in stark contrast to what we observed previously using the related CyHV-3-carp model,
where in addition to being less susceptible, earlier carp developmental stages were also
less permissive to CyHV-3 replication relative to later stages, which was accompanied by
reduced mortality at earlier developmental stages [41]. This difference between CyHV-2
and CyHV-3 is surprising given how closely related they are [51,52]; however, this may be a
consequence of differing adaptation to their respective hosts, or host-habitat. For example,
unlike CyHV-3, CyHV-2 exhibits vertical transmission (i.e., from parent to offspring), and
we hypothesize that this may be directly connected to differences between these two
models in terms of permissivity at early developmental stages. Initial evidence for vertical
transmission of CyHV-2 emerged in 2009 with the detection of CyHV-2 in disinfected eggs
from infected goldfish [35]. Further investigation into this elsewhere led to the observation
of viral particles in eggs of infected fish via electron microscopy and even the detection
of active CyHV-2 gene transcription in eggs via RT-PCR [62]. Increased social contact
between individuals during spawning potentially represents major mechanism for viral
transmission among some fish species [50]. Given that (i) spawning is replaced by artificial
reproduction practices in aquaculture settings and (ii) larger brood-stock may be subject
to much lower stocking densities, and separated from the rest of the population, this may
create selective pressure favoring viral strains capable of vertical transmission. However, it
remains unclear if vertical transmission by CyHV-2 represents an adaptation to goldfish
rearing practices, or if it emerged independently. Moreover, faced with potentially similar
selective pressure associated with carp domestication, it is unclear why CyHV-3 does
not also exhibit vertical transmission. However, recent phylogenetic dating studies that
we conducted using different node calibration hypotheses consistently indicated that the
CyHV-2 species clade emerged much more recently than CyHV-3, and also cast doubt
on the plausibility that CyHV-3 emerged after the commencement of human aquaculture
activities [50], which may explain these differences. However, such dating estimates need
be supported by further investigation including collaborative efforts towards generating
short-term evolutionary rate estimates for these viral species.

Regardless of the reasons why CyHV-2 evolved to exhibit vertical transmission, at
a fundamental level, for it to occur, it is essential that extremely early developmental
stages (—1 to 3 dpf) are permissive to CyHV-2 replication. More specifically, CyHV-2
must be capable of replicating in the populations of omnipotent, pluripotent, and rapidly
dividing cells and undifferentiated tissue, which are in abundance at these stages. Such
conditions may largely persist through the larval and, to some extent, during the juvenile
stages investigated in this study (4 dpf and 75 dpf, respectively), and ultimately to a
lesser extent as development continues, accompanied by further development of innate
immune responses. While no other members of the genus Cyprinivirus are known to
exhibit vertical transmission [50], in other more distantly related members of the family
Alloherpesviridae that do, similar patterns can be observed across developmental stages.
For example, Ictalurid herpesvirus 1 (IcHV-1, or Channel catfish virus) can also spread
via vertical transmission, and, similarly to CyHV-2, disease caused by IcHV-1 is also
primarily associated with earlier developmental stages [12,63,64]. Thus, it stands to reason
that the ability of these alloherpesviruses to undergo vertical transmission may, as a
natural consequence, also result in greater host permissivity at earlier developmental
stages. However, this hypothesis needs to be further explored through more in-depth
comparative virology across a wider range of relevant teleost virus-host models.
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Another important aspect of the present study was to identify the portal of entry of
the virus into the host. Previously it has been hypothesized that either the skin or gill
could represent the portal of CyHV-2 entry in goldfish [20]. Others have speculated that
in gibel carp, the gut represents a CyHV-2 portal of entry, supporting potential future
oral vaccination strategies. Here, we compared the CyHV-2 viral loads during infection
in different tissues in larval, juvenile, and adult developmental stages at 1, 2, and 3 dpi
(and 4 dpi for the latter two). Unlike previous investigations, the experimental approach
in this present study involved using a recombinant CyHV-2 strain expressing a reporter.
The levels of this recombinant could be measured by IVIS and compared between different
organs. As viral load can vary greatly between different regions of the skin, conducting
such comparisons using other viral quantification approaches (e.g., PCR, ELISA, etc.) was
not practical due to the inherent difficulty in identifying exactly which areas of the skin
should be sampled prior to measurement. The use of the novel recombinant in this study
was a key factor in facilitating non-biased measurements of viral load across the entire skin
surface, thus, allowing valid comparisons to other organs.

In all developmental stages, we observed higher viral load in the skin at 1 dpi, the ear-
liest sampling point post-infection, indicating that the skin represents a highly susceptible
and the most permissive organ at early stages of infection after challenge by immersion. For
example, in juvenile and adult subjects, viral load was higher in the skin than other organs,
remaining so throughout the monitoring period (Figures 7C and 9C). Furthermore, in
adults and juveniles, the main source of signal in the skin was on the caudal fin, indicating
that this region may be more susceptible to infection, and, hence, may act as the main portal
of entry at these developmental stages. However, further comparison will be required to
establish if this may in fact be related to the specific physiology of the Shubunkin goldfish
caudal fin, rather than being the case for all goldfish breeds. While IVIS analysis was
suitable for monitoring viral load over time at the larval stage allowing us to establish
susceptibility and permissivity, given the constraints due to subject size, unlike the juvenile
and adult stages, comparison between the skin and other organs in larvae, was not possible
using this method. However, by selectively staining epidermal cells in the skin of larval
subjects, we were able to confirm exclusive viral localization in this tissue at the earliest time
point post-infection using 3D renderings generated from confocal (Figure 5) and light-sheet
microscopy (Video S1). Furthermore, we established through histopathology that, in larvae,
this initial infection on the skin was followed by spread to internal organs (Figure 6). Taken
together, this indicates unequivocally that the skin represents the major portal of entry
for the establishment of CyHV-2 infection in goldfish hosts. Furthermore, these findings
across earlier and later developmental stages in CyHV-2-goldfish are entirely consistent
with our previous findings in the CyHV-3-carp model [41,42], indicating a common host
entry strategy in these two closely related models.

5. Conclusions

The present work represents the first systematic study of CyHV-2 pathogenesis and
comparison between three major host developmental stages. It revealed that in goldfish
(i) earlier developmental stages are less susceptible but more permissive to CyHV-2 infection
relative to later developmental stages, ultimately leading to higher mortality in the former,
and (ii) the skin represents the major portal of viral entry into the host. Collectively these
findings provide important fundamental insights in CyHV-2 pathogenesis in goldfish,
with high relevance to CyHV-2 infection in closely related economically important fish
species and other related virus-host models. Furthermore, this work has resulted in the
generation of the first recombinant CyHV-2 strain, and we have demonstrated that it
represents a powerful new research tool that may be of interest to the wider CyHV-2
research community.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15081746/s1, Video S1: Visualization of CyHV-2 virus infection
in larvae using light-sheet fluorescence microscopy. Shubunkin goldfish larvae were infected by
immersion with CyHV-2 LucGFP-contaminated water as described in Section 2. At 24 h pi, infected
larvae were examined using light-sheet fluorescence microscopy. Nuclei of live skin epidermal cells
in the larvae were stained with DRAQS5 (white contour around the body) while cells infected with
LucGFP strain express GFP (green). In this 3D representation, virally infected cells were detected in
the dorsal region of the larvae, and were entirely localized in the skin, with no virus detected in the
internal tissue, thus, consistent with the observations in Figure 5.
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Preamble

The zebrafish (Danio rerio) represents an increasingly important model organism in virology.
For instance, it has acted as a useful model to study a diverse range of viruses, including mammalian
viruses such as Human Herpesvirus 1 (HHV-1), and viruses infecting reared fish such as the Spring
Viraemia of Carp virus (SVCV). The ease at which zebrafish can be genetically manipulated is a key
factor in its value as a vertebrate model organism, and unlike the natural host species of many viruses,
this may greatly facilitate studies into viral host interaction. As a means of exploring the possibility of
using this model to study economically important viruses from the genus Cyprinivirus, we investigated
the susceptibility and permissivity of zebrafish cell lines and larvae to Cyprinid herpesvirus 2 (CyHV-
2, affecting goldfish, gibel carp and crucian carp), CyHV-3 (affecting common and koi carp) and An-
guillid herpesvirus 1 (AngHV-1, affecting eel species). Notably, in the context of this Ph.D. project,
this was conducted on the basis that it may have led to the establishment of an interesting CyHV-2 in
vivo model, which could complement the existing infection models utilizing natural CyHV-2 hosts.
However, this revealed that zebrafish larvae were not susceptible to these viruses after immersion in
virally contaminated water, but that infections with CyHV-2 and CyHV-3 could be established using
artificial infection models in vitro (zebrafish cell lines) and in vivo (microinjection of larvae). Ultimately,
these infections were transient, with rapid viral clearance associated with apoptosis-like death of in-
fected cells, leading to the conclusion that the utility of this model with these viruses was limited. How-

ever, it may serve as a useful model to study viral clearance.
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Abstract: The zebrafish (Danio rerio) represents an increasingly important model organism in virology.
We evaluated its utility in the study of economically important viruses from the genus Cyprinivirus
(anguillid herpesvirus 1, cyprinid herpesvirus 2 and cyprinid herpesvirus 3 (CyHV-3)). This revealed
that zebrafish larvae were not susceptible to these viruses after immersion in contaminated water,
but that infections could be established using artificial infection models in vitro (zebrafish cell lines)
and in vivo (microinjection of larvae). However, infections were transient, with rapid viral clearance
associated with apoptosis-like death of infected cells. Transcriptomic analysis of CyHV-3-infected
larvae revealed upregulation of interferon-stimulated genes, in particular those encoding nucleic acid
sensors, mediators of programmed cell death and related genes. It was notable that uncharacterized
non-coding RNA genes and retrotransposons were also among those most upregulated. CRISPR/Cas9
knockout of the zebrafish gene encoding protein kinase R (PKR) and a related gene encoding a protein
kinase containing Z-DNA binding domains (PKZ) had no impact on CyHV-3 clearance in larvae. Our
study strongly supports the importance of innate immunity-virus interactions in the adaptation of
cypriniviruses to their natural hosts. It also highlights the potential of the CyHV-3-zebrafish model,
versus the CyHV-3-carp model, for study of these interactions.

Keywords: anguillid herpesvirus 1; cyprinid herpesvirus 2; cyprinid herpesvirus 3; alloherpesvirus;
cyprinivirus; zebrafish; PKR; PKZ; CRISPR/Cas9; innate immunity

1. Introduction

The zebrafish (Danio rerio) is a member of the family Cyprinidae. It is an extremely use-
ful experimental subject due to its high fecundity and short generation time and is currently
one of the most widely used laboratory animal model organisms. Also, its transparent lar-
val stage is highly suited to in vivo imaging, making it particularly well suited to studying
host-pathogen interaction, including during viral infection [1]. Furthermore, the availability
of a well-annotated zebrafish reference genome [2] and large range of recombinant and
mutant zebrafish lines [3] greatly facilitates investigations into gene function in various
biological contexts. The zebrafish is known to possess a well-developed immune system,
composed of both innate and adaptive immune responses [4,5]. Despite some notable
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differences and although sites of maturation differ [6], many mammalian immune system
cell types have zebrafish counterparts [7,8]. Also, zebrafish orthologs of many (but not all)
mammalian pathogen recognition receptors (PRRs), cytokines, adaptor proteins for signal
transduction and other important components have been identified [6,9,10], indicating that
zebrafish represent a relatively useful model for studying the mechanisms that vertebrates
use to detect and respond to pathogen-associated molecular patterns (PAMPs).

Although juvenile and adult zebrafish utilize both the innate and the adaptive branches
of the immune system, the embryonic and larval stages rely solely on innate immunity,
which is detectable and active on the first day of zebrafish embryogenesis, whereas the
adaptive system is fully matured by 4-6 weeks post-fertilization [11,12]. During these
early life stages, cellular immunity is mediated by myeloid cells only, with macrophages
and neutrophils acting as the main effector cells [13,14]. As in mammals, the zebrafish
antiviral response is orchestrated by type I pathogen induced interferons (IFNs). These are
named IFN¢1, IEN$2, IEFN¢3, and IFN$4 [15] (referred to hereafter by the respective gene
symbols ifnphil, ifnphi2, ifnphi3, and ifnphi4) and are structurally similar to mammalian
type I (x and ) and type III (A) IFNs. As in all vertebrates, type I IFNs in zebrafish induce
the expression of antiviral genes broadly referred to as interferon stimulated genes (ISGs).
However, the IFN response in zebrafish larvae is mediated solely by ifnphil and ifnphi3,
with ifnphi2 being expressed only in adults and with ifnphi4 having little activity [16,17].
The zebrafish type I IFN family consists of two members, IENy1 and IFNy2 which are also
responsible for the induction of ISGs induced by type I IFNs [18].

Taken together, this indicates that the zebrafish represents a relevant and useful model
for studying viral pathogenicity, vertebrate host immune response, and viral host-interactions.
Strikingly, very few viruses are known to infect zebrafish naturally [19-22]. Moreover, de-
spite the lower host temperature, several mammalian viruses can infect zebrafish under
experimental conditions, with these hosts exhibiting varying degrees of susceptibility and
permissivity to infection. This property has also been exploited to study human viruses such
as influenza A virus, Chikungunya virus (CHIKV), herpes simplex virus type 1 (HSV-1) and
human norovirus [23-26]. Moreover, infection of zebrafish has been explored in studying
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [27,28].

Zebrafish can also be infected with several important fish viruses [29-35]. One of
these, the spring viraemia of carp virus (SVCV), which is a rhabdovirus responsible for a
highly contagious disease of the common carp (Cyprinus carpio carpio), has become one of
the viruses most frequently used in infection models for studying the antiviral immune
response in zebrafish larvae and adults [16,17,35-37]. Recent work by Rakus et al. [38]
demonstrated that cyprinid herpesvirus 3 (CyHV-3) induces an abortive infection after
intraperitoneal inoculation of adult zebrafish. CyHV-3 causes mass mortality in common
carp and koi carp (Cyprinus carpio koi), resulting in massive economic losses [39]. CyHV-3
is a member of the genus Cyprinivirus in the family Alloherpesviridae, which consists of
herpesviruses that infect fish and amphibians.

In addition to CyHV-3, the genus Cyprinivirus contains two other economically impor-
tant viruses: anguillid herpesvirus 1 (AngHV-1) and cyprinid herpesvirus 2 (CyHV-2) [40].
AngHV-1 infects the European eel (Anguilla anguilla), Japanese eel (Anguilla japonica), and
American eel (Anguilla rostrata) [41]; CyHV-2 also infects goldfish (Carassius auratus) and
the closely related Prussian carp (Carassius gibelio) and crucian carp (Carassius carassius) [42].
Like zebrafish, the natural hosts of CyHV-2 and CyHV-3 are also members of the family
Cyprinidae. Cypriniviruses cause diseases only in their natural host species, which suggests
the existence of restrictions related to host cell susceptibility (i.e., the ability to support virus
entry) and host cell permissivity (i.e., the ability to support viral replication and the trans-
mission of viable viral progeny to new cells, although the former may occur without the
latter). Notably, experiments relying on infection of cell lines have demonstrated the ability
of cypriniviruses to infect, even if inefficiently, cells originating from non-natural host
species. Indeed, both CyHV-2 and CyHV-3 are capable of infecting cell lines derived from
species within the family Cyprinidae that are not their natural hosts [39,42], with CyHV-3
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already known to infect zebrafish cell lines [38]. Similarly, despite not naturally infecting
species outside of the family Anguillidae, it has been demonstrated that AngHV-1 can infect
at least one cell line derived from a member of the family Cyprinidae [43]. These data suggest
that the ability of cypriniviruses to induce diseases only in their natural host species may
be related to complex host-virus interactions downstream of host cell susceptibility.

In the present study, we conducted an in-depth evaluation and comparison of AngHV-
1, CyHV-2, and CyHV-3 in terms of their ability to infect zebrafish models both in vitro and
in vivo. These experiments involved the exploitation of recombinant viruses expressing
reporters, timelapse epifluorescence microscopy in vitro, live imaging and transcriptomics
in vivo; and finally, the generation of CRISPR/Cas9 mutant hosts to investigate the poten-
tial modulation of zebrafish permissivity to infection. Our study strongly supports the
importance of the innate immune response alone in clearing viral infection and emphasizes
the high degree of adaptation that cypriniviruses have undergone to facilitate successful
circulation within their respective natural hosts. It also highlights the potential value of the
CyHV-3-zebrafish model versus CyHV-3-carp models to study the fundamental features of
virus-host interactions.

2. Materials and Methods
2.1. Cells and Viruses

The zebrafish embryonic fibroblast cells line (ZF4) [44] was kindly provided by Dr
K. Rakus (Department of Evolutionary Immunology, Jagiellonian University, Poland) and
cultured in advanced Dulbecco’s modified Eagle’s Medium/Ham’s F-12 (Gibco, New York,
NY, USA), supplemented with 10% foetal calf serum (FCS), 2% penicillin-streptomycin
(Sigma-Aldrich, St. Louis, MO, USA) and 1% L-glutamine (Lonza, Basel, Switzerland).
Cells were cultured at 25 °C in a humid atmosphere containing 5% CO;. Eel kidney (EK-
1) [45], Ryukin goldfish fin (RyuF-2) [46], and common carp brain (CCB) [47] cell lines were
used to produce stocks of AngHV-1, CyHV-2, and CyHV-3, respectively. These cells were
cultured as described previously [46,48,49].

Three previously described recombinant viral strains were utilized. The CyHV-3
FL BAC revertant ORF136 Luc strain (referred to as CyHV-3 Luc; GenBank accession
KP343683.1) was derived from the CyHV-3 FL BAC plasmid and encodes a firefly (Photinus
pyralis) luciferase (Luc2) reporter cassette driven by a human cytomegalovirus (CMV)
promoter inserted between ORF136 and ORF137 [50]. The AngHV-1 Luc-copGFP and the
CyHV-2 Luc-copGFP recombinant strains both encode the same reporter genes consisting
of the Luc2 cassette and a copepod (Pontellina plumata) GFP (copGFP) cassette linked
by a T2A sequence, driven by a eukaryotic translation elongation factor 1 alpha (EF-1«)
promoter. To generate these recombinants, the dual Luc2/copGFP cassette was inserted
in the region between ORF32 and ORF33 in the AngHV-1 UK parental strain genome
(GenBank accession MW580855.1) [40] (Delrez et al., unpublished data) and in the intergenic
region between ORF64 and ORF66 in CyHV-2 YC-01 parental strain genome (GenBank
accession no. MN593216.1) (He et al., unpublished data) using homologous recombination
in eucaryotic cells, as described previously [50].

In addition to the three recombinant strains described above, a fourth strain, expressing
enhanced (EGFP), referred to as the CyHV-3 EGFP strain, was derived from the CyHV-3
Luc strain and constructed specifically for this study. Details relating to the generation and
verification of this strain are provided in Methods S1.
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2.2. In Vitro Experiments
2.2.1. Virus Infections

ZF4 cells cultured in 24-well plates were mock-infected or infected at 24 hours (h)
after seeding. Virus was diluted in 0.5 mL serum-free cell culture medium to provide a
multiplicity of infection (MOI) of 3 plaque forming units (PFU)/cell. After incubating for
2 h, 1 mL fresh cell culture medium was added without removing the inoculum, and the
cells were incubated at 25 °C with 5% CO»,

2.2.2. Timelapse Imaging of Infected Cells

At 24 h post infection (hpi), virus-infected ZF4 cells in 24-well plates were placed in
an IncuCyte Zoom HD/2CLR microscopy system (Sartorius), which was maintained at
25 °C with 5% CO;. Each well was imaged at 9 different fields of view every 2 h from
1-11 days post infection (dpi). Images were collected in phase contrast and in the green
(GFP) channels. Each infection was done in triplicate wells.

2.2.3. Image Analysis

Data from timelapse imaging of infected cells was analysed using the Fiji plugin Track-
Mate (v7.7.2) [51] to track fluorescent reporter expression from individual ZF4 cells infected
with CyHV-2 or CyHV-3, and by extension, to identify cell infection and cell death events
with respect to time. Image sequences containing 123 frames/field of view /well were
generated using a series of images acquired from 1 to 11 dpi. Analysis was performed using
the default settings with LoG Detector and Simple LAP Tracker. Additional parameters
were adjusted empirically in order adequately to detect and monitor fluorescence from
infected cells within frames (estimated object diameter: 28.6 pixels; quality threshold: 1).
Data were exported in .csv format and imported into GraphPad Prism (v8.0.1) for further
analysis and visualization.

2.3. Experiments Using Zebrafish
2.3.1. Zebrafish Larvae Maintenance

Wild-type (WT, +/+) AB strain adult zebrafish (Danio rerio) were obtained by natural
spawning and maintained at 27 °C, on a 14/10 h light/dark cycle. They were housed in
the GIGA Zebrafish facility in Liege (Belgium) according to animal research guidelines and
with the approval of the local ethical commission for animal care and use. Larvae were
obtained by pairwise mating of adults in mating cages and maintained in petri dishes with
standard embryo medium (E3) and incubated at 25 °C prior to use in experiments.

2.3.2. Inoculation of Larvae by Immersion

Zebrafish larvae (3 days post-fertilization (dpf)) were placed in 24-well plates contain-
ing 1 mL E3 medium and either mock-infected or infected by immersion. For infection, virus
suspensions were added to each well and mixed gently (final concentration: 4000 PFU/mL),
and plates were incubated at 25 °C.

2.3.3. Inoculation of Larvae by Microinjection

Borosilicate glass capillaries were loaded with 10 uL of medium containing virus sus-
pensions (1.2 x 10° PFU/mL) and then connected to a FemtoJet microinjector (Eppendorf,
Framingham, MA, USA) as described elsewhere [52]. After breaking the capillary tip, the
pressure was adjusted to obtain droplets with a diameter of ~0.13 mm. Larvae (3 dpf) were
anesthetized in a bath containing tricaine (0.2 mg/mL). The fish were positioned on a petri
dish, and the surface of the dish was dried entirely in order to avoid drifting of the larvae
during viral injections. In order to visualize the hearts of the larvae, the petri dish was
placed under a binocular magnifier (LEICA MZ6) at 4x magnification and illuminated by
an external light source (LEICA CLS 50X). The capillary was then manually inserted into
the pericardial cavity and three pulses were performed to inject approximately 3 nL of
virus suspension (infected fish) or 3 nL of PBS (mock-infected fish). After microinjection,
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the larvae were transferred into individual wells in a 24-well plate containing 1 mL E3
medium and incubated at 25 °C.

2.3.4. Epifluorescence Microscopy

The progression of infection with recombinant viruses expressing fluorescent reporters
was monitored using epifluorescence microscopy. This facilitated longitudinal observation
of the same larvae at multiple timepoints. Prior to observation, larvae were anesthetized
in a bath of E3 medium containing tricaine (0.2 mg/mL) and methylcellulose (2% w/?v) in
order to avoid drifting of larvae. Imaging of larvae was performed using a Leica DM2000
epifluorescence microscope at 5x and 10x magnification. After imaging, larvae were
immediately transferred back to their individual wells and returned to the incubator. After
the final observation timepoint, larvae were euthanized using an overdose of tricaine in E3
media (400 mg/L).

2.3.5. In Vivo Bioluminescent Imaging

An in vivo imaging (IVIS) system (IVIS Spectrum, PerkinElmer) was used to detect
bioluminescence in larvae infected with Luc2-expressing recombinant viruses, thus facilitat-
ing the monitoring and quantification of viral levels in vivo. At the time of imaging, larvae
were anesthetized (as described for epifluorescence microscopy analysis), injected with ~3
nL of D-luciferin (15 mg/mL), and imaged 5 minutes (min) after injection. Images were
acquired using the following settings: field of view A, small binning, automatic exposure
time with a maximum of 1 min and a subject height of 0.30 cm. Unlike epifluorescence
analysis, longitudinal monitoring of individual larvae was not possible due to the harmful
effects of repeated D-luciferin injections in the same larvae. Relative bioluminescence
intensities were analysed using Living Image software (v4.7.3). Regions of interest (ROIs)
were drawn by manually outlining the larval body, and bioluminescence within the ROI
was recorded in terms of mean radiance (photons/s/ cm?/sr).

2.3.6. In Vivo Timelapse Imaging

For time-lapse imaging, live larvae infected with CyHV-3 EGFP were imaged using a
Zeiss Z1 light sheet microscope according to the protocol described elsewhere [53]. Briefly,
larvae were embedded inside FEP tubes containing 0.1% low melting point agarose and
tricaine (55 ug/mL) and maintained at 27 °C. Z-stacks encompassing the entire head and
heart regions were acquired every 10 min from 2 to 3 dpi and were used to generate a
maximum-intensity projection video with Image].

2.3.7. Ethics Statement

The experiments performed in the present study did not require a bioethical permit as
they involved the use of larvae before implementation of feeding. However, all experiments
were designed and conducted in accord with the 3R rules and other bioethics standards.

2.4. RNA-Seq Analysis
2.4.1. Zebrafish Larvae Infection, Sampling and Lysis

WT AB zebrafish larvae were inoculated with CyHV-3 EGFP (1.2 x 10° PFU/mL) or
mock-infected with PBS via pericardial microinjection. The larvae were placed in 24-well
plates with 1 mL E3 medium per well and incubated at 25 °C. Infected and mock-infected
larvae were sampled at 1, 2 and 4 dpi (triplicates at each timepoint with 5 larvae pooled
per replicate). Prior to sampling, larvae were euthanized using an overdose of buffered
tricaine in E3 media (400 mg/L). Each replicate group of euthanized larvae was transferred
immediately to 1.5 mL tubes, excess E3 medium was removed, and 700 uL QIAzol lysis
reagent (Qiagen, Hilden, Germany) was added. Whole larvae were then completely
homogenized in lysis reagent by passing the lysate through a 21 G needle 20 times using a
2 mL syringe. After homogenization, lysates were stored at —80 °C until RNA isolation.
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2.4.2. RNA Isolation, Library Construction and RNA Sequencing

Larvae lysates were thawed and incubated at room temperature for at least 5 min
and 140 pL chloroform was added to each sample. Lysates were then vortexed for 15 s,
incubated at room temperature for 3 min and centrifuged for 15 min at 12,000x g at4 °C.
After centrifugation, 240 uL of the aqueous layer was removed and 360 pL of 100% ethanol
was added with immediate mixing by pipetting. Samples were then added to RNeasy spin
columns, and RNA was isolated using an RNeasy Mini Kit (Qiagen, Hilden, Germany)
with on-column DNase treatment. RNA was eluted in 100 pL RNase-free water using two
50 uL elution steps, and split into smaller aliquots for storage at —80 °C. For each sample, a
single aliquot was used to check the quality of RNA using an Agilent Bioanalyzer, ensuring
that RNA integrity (RIN) values were at least 9.5 before proceeding. Samples were used
as input for barcoded RNA-Seq library preparation using the TruSeq Stranded mRNA kit
(IMlumina), and libraries were sequenced using the Illumina NextSeq 500 System.

2.4.3. Bioinformatics Analysis

Sequence reads were aligned to the zebrafish reference genome GRCz11 (Ref Seq:
GCF_000002035.6) in order to generate gene expression data. The data were used to identify
differentially expressed genes (DEGs) in infected samples relative to non-infected samples
(defined as those with false discovery rate (FDR) adjusted p-values < 0.05). DEGs were
analysed further to identify functional relationships, and expression data were analysed
to identify gene-sets that were significantly enriched in infected samples relative to non-
infected samples. A non-abbreviated summary of the bioinformatic analysis conducted in
this study is provided in Methods S2.

2.5. Mutant Zebrafish Experiments
2.5.1. Generation of Mutant Zebrafish Strains Using CRISPR/Cas9

The mut eif2ak2 (pkr)*89%, mut pkz"'8927, and mut eif2ak2 (pkr) L15-1 knockout (KO)
zebrafish lines, hereafter referred to as the PKR-KO, PKZ-KO and PKR-PKZ-KO mutant
strains, were generated by CRISPR/Cas9 technology as described previously [54-56]. The
nls-zCas9-nls mRNA was synthesized by transcription of the plasmid pT3TS-nCas9n (Ad-
dgene #46757). First, WT strain AB zebrafish were used to generate the mutant strains
PKR-KO and PKZ-KO (Figure 1a). To generate the PKR-KO and the PKR-PKZ-KO mutant
strains, CHOPCHOP [57] software was used to design two single-guide RNAs (sgRNA)
GAGCACTCACAGTGATGAACCGG and CCACCGTGAACAGGCATCT (PAM motifs
are underlined) to target exon 2 of the WT eif2ak2 (or pkr) gene (NCBI/Entrez/GenBank
Gene ID: 100001092) and exon 1 of the WT pkz gene (NCBI/Entrez/GenBank Gene ID:
503703), respectively (Figure 1a). sgRNAs were generated by in vitro transcription from
oligonucleotide templates using the MEGAscript T7 transcription kit (Ambion) as described
previously [58]. The DNA templates were prepared by annealing and filling two oligonu-
cleotides containing the T7 promoter sequence and the target sequences as previously
described [56]. One-cell stage zebrafish embryos were injected with approximately 1 nL
of a solution containing 50 ng sgRNA and 300 ng nls-zCas9-nls mRNA. The efficiency
of mutagenesis was checked by genotyping using heteroduplex migration assays after
amplification of targeted genomic sequences. Founder embryos (FO generation) carrying
a germline mutation in eif2ak2 or pkz were raised to adulthood and outcrossed with WT
fish to generate heterozygous F1 fish. Fish harbouring frameshift mutations were kept
and used to raise F2 homozygous stable knockout lines. Subsequently, PKZ-KO mutant
strain zebrafish were then used to generate the double KO PKR-PKZ-KO mutant strain
by repeating the process used to generate the PKR-KO mutant strain (Figure 1a). These
mutations all resulted in genes producing truncated proteins and were verified by PCR
(Figure 1b).
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Figure 1. Generation and verification of CRISPR-Cas9 eif2ak2 (pkr) and pkz mutations in zebrafish
(a) Structure of zebrafish eif2ak2 (pkr) and pkz genes and proteins. The protein domains including
double stranded RNA-binding domains (dsRB), Z-DNA /RNA binding domains (z«) and kinase
domains are aligned to the corresponding exons. The CRISPR/Cas9 gene editing targets were
exon 2 in zebrafish eif2ak2 gene and exon 1 in zebrafish pkz gene; sgRNA target sequences are
also displayed (orange, PAM lower case). The CRISPR/Cas9-induced changes in the WT eif2ak2
gene (34-base insertion) to generate PKR-KO, and WT pkz gene (14-base deletion) to generate the
PKZ-KO mutant strains are displayed. After the generation of the PKZ-KO mutant strain, the WT
eif2ak2 gene in this strain was also mutated, resulting in the PKR-PKZ-KO mutant strain (displayed
below). The mutated eif2ak2 gene in the PKR-PKZ-KO strain exhibits a different mutation (7-base
deletion with 1-base insertion) relative to the mutated eif2ak2 gene in PKR-KO mutant. Inserted and
deleted sequences are highlighted in green (deleted sequences are represented by “-“). (b) Results
from genotyping of homozygous WT, PKR-KO, PKZ-KO and PKR-PKZ-KO zebrafish groups. This
involved PCR amplification of eif2ak2 (pkr) and pkz genes, in each mutant group (left and right gel
images, respectively, with expected sizes of WT alleles indicated). Each gel consists of the same
layout: Lane 1: 1kb Molecular Marker, Lanes 2-9 each represent a DNA extracted from single whole
larva, Lanes 2-3: WT Larvae, Lanes 4-5: PKR-KO mutants, Lanes 6-7 PKZ-KO mutants, Lanes 8-9
PKR-PKZ-KO mutants. Mutant eif2ak2 (pkr) alleles were detected in PKR-KO and PKR-PKZ-KO
larvae exhibiting 188-bp and 148-bp amplicons, respectively (left gel). The mutant pkz allele was
detected in in PKZ-KO and PKR-PKZ-KO larvae, both exhibiting 151-bp amplicons (right gel). Higher
quality figures for the whole manuscript are available in the PDF version.
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2.5.2. Genotyping of Zebrafish Mutant Lines

The genotyping of WT, PKR-KO, PKZ-KO, and PKR-PKZ-KO zebrafish was performed
by polymerase chain reaction (PCR). In order to extract the DNA, two randomly selected
zebrafish larvae (4 dpf) were euthanized per mutant line. Each larva was transferred
to an Eppendorf tube containing 25 uL. 50 mM NaOH, heated at 95 °C for 25 min, and
cooled on ice for 10 min. Finally, 2.5 uL 1M Tris-HCl pH8.0 was added, and cellular debris
was pelleted by brief centrifugation for 15 sec. DNA concentration was determined by
measuring A260 (NanoDrop 2000, Thermo Scientific, Waltham, NJ, USA), and ~2.5 uL of
the resulting lysate was used per standard PCR reaction with gene-specific primers (Table
S1). PCR reactions consisted of 1x Thermopol buffer (New England Biolabs, Ipswich, MA,
USA), 0.025 U/ uL Taq Polymerase (New England Biolabs), 300 nM forward and reverse
primers, and 60 nM dNTPs (total volume 25 puL). The cycling conditions were as follows:
95 °C for 2 min, 40 cycles of 45 s at 95 °C, 45 s at 60 °C, 20 s at 72 °C, and ending with 72 °C
for 10 min.

2.5.3. Quantification of Viral Genome by TagMan PCR

Larvae were euthanized using an overdose of tricaine, transferred into RNAlater
(Thermo Fisher, Waltham, NJ, USA) and stored at —20 °C. DNA was extracted from whole
larvae with a DNeasy Tissue Kit (Qiagen, Hilden, Germany), and approximately 1 ng
genomic DNA was used for each TagMan PCR reaction. TagMan qPCR reactions consisted
of 1x IQ Supermix (Bio-Rad, Hercules, CA, USA), 200 nM forward and reverse primers,
and 400 nM TagMan probe (total volume of 25 uL). The primers and probes used are
provided in Table S1. The PCRs were performed using a CFX96 Touch real-time PCR
detection system (Bio-Rad, Hercules, CA, USA) with detection in the FAM channel. The
cycling conditions were as follows: 95 °C for 15 min, 40 cycles of 15 s at 94 °C, and 60 s at
60 °C. Each sample was analysed in triplicate. Viral genome copies were normalized to
zebrafish genome copies (internal control) by also amplifying zebrafish genomic DNA as
described previously [59]. Viral and zebrafish (internal control) PCRs were performed in
separate wells, but always on the same plates. Negative template controls and positive
controls were included on each plate. Data were exported to Excel using CEX Manager
v3.0 software (Bio-Rad, Hercules, CA, USA). Relative levels of viral genome copies were
calculated using the 2~24CT method as described previously [60].

2.6. Statistical Analysis

Each dataset was first tested for normality using the Shapiro-Wilk test, which was
conducted as a stand-alone test or as part of a two-way ANOVA analysis of residuals
implemented in GraphPad Prism (v8.0.1). The omnibus tests used were dependent on the
outcome of the Shapiro-Wilk tests. For datasets exhibiting normal distribution, One-way
ANOVA, Two-way ANOVA, or Two-way repeated measures (RM) ANOVA were used
and implemented in GraphPad Prism. For datasets not exhibiting normal distribution, the
Durbin test was used (PMCMR package v4.4 [61]), implemented in R (v4.2.0) [62]. The
variables of interest relating to each of these tests and their significance are described in the
text. Survival curves were compared using Logrank tests implemented in GraphPad Prism

Post-hoc multiple comparisons between groups of interest were made using either the
Sidak test (two groups) or the Tukey test (more than two groups) implemented in Graph-
pad Prism (in conjunction with ANOVA tests), for data exhibiting normal distribution.
Multiple comparisons were made using Dunn’s pairwise test (FSA package v0.9.3 [63])
with Benjamini-Hochberg p-value adjustment done using the p.adjust function in R (in
conjunction with the Durbin Test), for datasets not exhibiting normal distribution. For
the purposes of visual clarity, only significant results from post-hoc multiple comparisons
are indicated in each corresponding figure. The results of multiple comparisons tests are
represented using the following symbols, * p < 0.05; ** p < 0.01; ** p < 0.001; **** p < 0.0001.
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3. Results and Discussion
3.1. ZF4 Cells Express Low Susceptibility and Reduced or Even No Permissivity to Cyprinivirus
Infection Leading to Abortive Infection of Cell Monolayers

In this experiment we tested the susceptibility and permissivity of the ZF4 cell line
to infection with AngHV-1, CyHV-2 and CyHV-3, using recombinant strains expressing
green fluorescent proteins as reporters. Cells were monitored from 1 dpi onwards using
epifluorescence microscopy. At 1 dpi, infected cells were observed, with much less AngHV-1
infected cells relative to CyHV-2 and CyHV-3. The amount of CyHV-2 and CyHV-3-infected
cells increased from 14 dpi, while the amount of AngHV-1-infected cells decreased after
2 dpi (Figure 2).

Days posllnlecllon

copGFP

CyHV-2 Luc-copGFP
CopGFP

AngHV-1 Luc-copGFP

copGFP +
Phase

copGFP +
Phase

CyHV-3 EGFP
EGFP

EGFP +
Phase

Figure 2. Infection of ZF4 cells by cypriniviruses. ZF4 cells were infected with the AngHV-1 Luc-
copGFP, CyHV-2 Luc-copGFP and CyHV-3 EGFP recombinant strains. Infection progression was
imaged by epifluorescence microscopy. Infected cells were identified based on green fluorescence
expression at the indicated timepoints of infection. Scale bars = 100 um.

Syncytia formation, lysis plaques, or other cytopathic effects (CPE), were not observed
in monolayers infected with CyHV-2 or CyHV-3. Together, these data revealed that ZF4
cells expressed some level of susceptibility to the cypriniviruses tested, no permissivity
to AngHV-1 infection, and greatly reduced permissivity to CyHV-2 and CyHV-3 infection
relative to typical observations in cells derived from their respective natural hosts that are
routinely used for culture of these viruses.

To further characterise the infection of ZF4 cells by the three cypriniviruses in a more
quantitative manner, we utilized timelapse microscopy (Figure 3). ZF4 cells were infected,
and the numbers of infected cells present with respect to time were tracked from 1-11 dpi
as illustrated in Figure S2. Again, the number of AngHV-1 infected cells were low relative
to CyHV-2 and CyHV-3 infections and did not increase over time. Consequently, AngHV-1
was excluded from further quantification analysis in vitro. None of the infections led to
the formation of detectible CPE. We observed a steady increase in CyHV-2- and CyHV-3-
infected cells from ~24-144 hpi, followed by a rapid clearance of both viruses from ZF4
monolayers (Figure 3). As evident in Figure 2, during the most rapid period of virus
propagation within the monolayer (from ~24-144 hpi) the rate of CyHV-2 and CyHV-3
spread was not exponential (Figure 3), indicating poor replication efficiency within infected
cells and/or reduced transmission of progeny virus to additional cells.
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Figure 3. Quantification of CyHV-2 and CyHV-3-infected cells in ZF4 monolayer over time. This data
was acquired via time-lapse fluorescent microscopy (IncuCyte). Cells were cultured in a 24-well plate
and infected with CyHV-2 Luc-copGFP or CyHV-3 EGEP recombinants (1.2 x 10° PFU/mL for each
recombinant). At24 hpi, cells were imaged every 2 h for 11 days. Data represent the mean + standard
errors from three replicates/wells. Data from each replicate at each timepoint represent the sum of
fluorescent cells observed in nine separate locations of each well.

In the CyHV-2-infected monolayers, the peak of infected cells occurred at 146 =+ 4 hpi
with a mean of 58 + 7 infected cells observed per well (sum of nine different fields of view in
each well, sums from three replicate wells used to derive mean). This peak occurred earlier
in CyHV-3-infected monolayers at 124 + 11 hpi with a mean of 59 =+ 13 infected cells at this
point. Overall, time postinfection was shown to have a significant effect on the number
of CyHV-2 and CyHV-3-infected cells observed (Two-way RM ANOVA, p value < 0.0001),
but there was no significant difference between the two viruses in this respect (Two-way
RM ANOVA, p value = 0.3164) (Figure 3).

However, from ~24-144 hpi, the mean number of infected cells tended to be higher
in the CyHV-3-infected monolayer. For example, at 48 hpi there was a mean of 21 & 6
CyHV-3-infected cells observed per well compared to a mean of 12 + 3 CyHV-2-infected
cells. From ~144-264 hpi, the number of infected cells evolved similarly for both viruses,
with infected cell numbers decreasing steadily until the end of the experiment, representing
the gradual clearance of infected cells from the monolayer (Figure 3). Notably this clearance
was largely characterized by apoptosis-like morphological changes.

These two time-ranges, i.e., ~24-144 hpi and ~144-264 hpi, corresponded to periods
approximately before and after the peak of infected cells, respectively. Thus, we further
scrutinized these two distinct periods separately in order to determine the extent of any
differences between CyHV-2 and CyHV-3. After defining the timepoints corresponding to
the latest infection peak in each replicate, we examined the two distinct periods of infection,
comprised of viral propagation (pre-peak) and clearance (post-peak), by quantifying the ap-
pearance (beginning of infection) and disappearance (cell death) of infected cells (Figure 4).
This revealed that infected cells appeared at a mean rate of 0.64 £ 0.05 cells per hour for
CyHV-2 and 0.78 + 0.13 cells per hour for CyHV-3 before the peak, with no significant
differences between the two viruses in this respect (Two-way ANOVA, p value = 0.1704).
It also revealed that a mean of 75 & 4.16% and 72 =+ 8.89% of newly infected CyHV-2 and
CyHV-3 cells appeared before the peak of infection, respectively, in what appears to have
been several waves of infection (Figure 4). For both viruses, in all replicates, an initial peak
of infected cell appearance occurred at ~36 hpi, followed by a period of particularly low
appearance of newly infected cells until after ~48 hpi. This may represent the transmission
of the first generation of viral progeny to the second generation of infected cells (from
~24-36 hpi), and subsequent progeny to the next generation of infected cells (occurring after
~48 hpi). However, the low numbers of newly infected cells yielded from this transmission
provides more evidence to support the possible inefficient replication and/or transmission
of CyHV-2 and CyHV-3 between ZF4 cells (as observed in Figure 2).
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Figure 4. Kinetics of appearance and death of CyHV-2 and CyHV-3-infected cells before and after
infection peak. The bars relate to the temporal pattern of appearance and disappearance of CyHV-2-
infected or CyHV-3-infected cells (based on fluorescent reporter expression). The quantities are based
on the total amount of observations made in 9 different locations in each well/replicate. The green
and red curves show the total amount of infected cells up until the peak of infection (represented by
the black vertical line) and after the peak, respectively. The values on top of the curves represent the
average rate of appearance of infected cells per hour (green) and the average rate of death per hour
(red). Analysing the rate of appearance/hour before the peak for CyHV-2 and CyHV-3 revealed no
differences between the viruses.

For both CyHV-2 and CyHV-3, a substantial amount of newly infected cells (25-30%)
appeared after the peak, even beyond 10 dpi, indicating that transmission of viral progeny
was sustained into the later stages of the experiment. We have recently demonstrated
that CyHV-3 virions lose infectivity rapidly in cell culture media (>95% by 24 h) [64],
thus excluding the possibility that newly infected cells, particularly beyond 10 dpi, could
have originated from the initial inoculum due to delayed viral entry into cells. It is also
unlikely that we are observing delayed expression of viral genes, as all fluorescent reporters
used in this experiment were driven by highly active constitutive promoters (CMV and
EF-1x). Also, we reasoned that because cells expressing fluorescent reporters are actively
cleared at increased rates and appear at decreased rates as the experiment continued, the
outcome is distinct from that of spurious reporter expression (i.e., without expression of
other viral genes, owing to integration of the expression cassette into the host cell genome),
which should persist for longer without triggering cell death. Together, these observations
indicated the occurrence of at least some viral progeny transmission to non-infected cells
after an initial round of viral replication. However, as increase in the numbers of newly
infected cells was not exponential, but linear, it indicated that efficient replication and/or
transmission of CyHV-2 and CyHV-3 was very rare in ZF4 cells. Nonetheless, it provided
evidence that ZF4 cells are transiently permissive to CyHV-2 and CyHV-3 infection. The
observation of isolated infected cells without plaque formation indicated the absence of
transmission via cell-cell contact. This may indicate a high degree of heterogeneity within
ZF4 monolayers regarding susceptibility to these viruses, or very strong or fast innate
responses in neighbouring cells. Within at least one permissive cell line, CyHV-3 cell-cell
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transmission may be greatly enhanced by syncytia formation (in particular with CyHV-3 FL
strain derived recombinants, which we recently described [64]). However, we observed a
notable lack of syncytia formation among CyHV-3-infected ZF4s, which may also contribute
to reduced transmission via cell-cell contact.

It is important to note that for all viruses used in this study, the use of a high MOI
of 3 (although calculated in the context of permissive cell lines used for viral production),
did not result in many initial infected ZF4 cells, indicating a general lack of cyprinivirus
susceptibility among ZF4 populations. This may happen for many reasons, for example,
a lack of optimum cell surface receptors, resulting in inefficient viral entry. Conversely,
entry may occur, but the viral replication may not commence due to a lack of crucial
cellular factors. The exact reasons for this remain speculative and are beyond the scope of
this present study, but it provides an opportunity for further investigation via single cell
sequencing analysis in the future.

Notably, cell death before the infection peak was low with 74 & 0.03% and 74 4 0.07%
of CyHV-2 and CyHV-3-infected cells dying after the peak, respectively. Therefore, the
higher transmission, prior to the peak, was not reliant on the release of virions via infected
cell lysis/death but rather on the normal mechanism of herpesvirus egress [65,66]. Pro-
grammed cell death prior to completion of the viral replication cycle in particular acts as an
innate defence mechanism which infected cells can employ to reduce virus replication [67].
Indeed, this is what was observed post infection peak, with an increase in cell death cor-
relating with a reduction in newly infected cells (Figure 4). We propose that relative to
cells at the earlier stages of the experiment, both infected and uninfected cells present at
later stages would have been subject to cytokine stimulation as part of the innate immune
response. Even if such stimulation was transient, these cells (many of which may exhibit
limited susceptibility to begin with) may have adopted a stronger antiviral-state at later
stages of the experiment.

In order to compare the virulence of CyHV-2 and CyHV-3 in ZF4 cells, we returned
to the data Figure 3 and monitored all positive cells present at 120 hpi until their death,
using this information to generate survival curves (Figure 5). This 120 hpi timepoint was
selected, as it represented the earliest peak of infection out of the six that were defined
in Figure 4, thus maximizing infected cell sample size while using a common timepoint
for all groups. The median survival time for infected cells was 61 + 3 h and 53 & 12 for
CyHV-2 and CyHV-3-infected groups, respectively. Although CyHV-2-infected cells tended
to survive longer, there was no significant difference survival between the two groups
(Log-rank Mantel-Cox test, p value = 0.0822).

1009 -

- — CyHV-2 Luc-copGFP Replicate 1 (N=63)

==+ CyHV-2 Luc-copGFP Replicate 2 (N=64)

== CyHV-2 Luc-copGFP Replicate 3 (N=50)
~— CyHV-3 EGFP Replicate 1 (N=73)
-+ CyHV-3 EGFP Replicate 2 (N=58)
CyHV-3 EGFP Replicate 3 (N=51)

80
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404

Cell survival (%)

204

120 132 144 156 168 180 192 204 216 228 240 252 264

Hours postinfection
Figure 5. Survival kinetics for CyHV-2 and CyHV-3-infected cells displayed as Kaplan-Meier plots.
CyHV-2 and CyHV-3-infected cells observed at 120 hpi were monitored until the end of the experi-

ment. Cell death events and times were identified based on the disappearance of fluorescent signals
(Figure S2). N = Number of cells followed.

In the majority of cases, death events were morphologically consistent with apoptosis,
i.e., cell shrinkage, membrane blebbing leading to the appearance of cell debris resembling
apoptotic bodies [68-70]) (Figure 6a, top panel). However, the occurrence of apoptosis
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was not definitively confirmed by staining. We also observed another distinct type of cell
death that was not morphologically consistent with apoptosis. In these cases, morpho-
logical features mostly included initial cell swelling, followed by cell shrinkage and an
absence of cell debris resembling apoptotic bodies prior to disappearance of fluorescent
signal (Figure 6a, bottom panel). This is somewhat morphologically consistent with necro-
sis, where cell-death is associated with membrane rupture and leaking of cytoplasmic
contents [68-70].
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Figure 6. Cell death characteristics observed in CyHV-2 and CyHV-3 infections (a) Representative
morphological observations among populations of infected cells (those exhibiting fluorescence) in
the periods leading up to cell death (disappearance of fluorescence). Top panel: Morphological
features consistent with apoptosis (cell shrinkage, membrane blebbing followed by the appearance
of cell debris resembling apoptotic bodies, and progressive decrease of fluorescent signal). Bottom
panel: Morphological features not consistent with apoptosis (cell swelling, followed by cell shrinkage,
and absence of cell debris resembling apoptotic bodies prior to disappearance of fluorescent signal).
Key examples of individual cells undergoing apoptosis-like and non-apoptosis-like death in each
panel are highlighted by red circle and yellow arrows, respectively, which track the progression of
morphology in a single cell with respect to time. Time postinfection (in days and hours) is indicated
in images. Scale bars = 100 um. (b) Percentage of infected cells exhibiting features of apoptosis-like or
non-apoptosis-like cell death among those that died during the observation period (¢) Mean survival
time of infected cells undergoing cell death during the observation period according to the type of
death observed. Data represents mean =+ standard error from 3 replicates. **** p < 0.0001; *** p < 0.001;
*p <0.05.
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Notably, necrosis can also be initiated in a highly regulated manner known as necrop-
tosis, which acts as a back-up for apoptosis [71,72]. However, it was not possible to
differentiate between necrosis and necroptosis based on our morphological observations
alone, and as with apoptosis, neither were definitively confirmed via staining. In any case,
the apoptosis-like form of cell death was observed to be the dominant form of death among
infected cells (Figure 6b). However, there were differences between the two viruses in this
respect (Two-way ANOVA, p-value = <0.0001), with the proportion of CyHV-3-infected
cells undergoing apoptosis-like cell death being significantly lower (Figure 6b), possibly
indicating that CyHV-3 may be more efficient at blocking this apoptosis-like death in ZF4
cells. There was no significant difference between the two viruses in terms of survival
times (Two-way ANOVA, p-value = 0.1112). However, among CyHV-3-infected cells, those
undergoing non-apoptosis-like death exhibited significantly longer survival times than
those undergoing apoptosis-like death (Figure 6¢).

Previously, a separate study demonstrated that CyHV-3 could indeed infect ZF4 cells,
with increasing viral RNA levels observed from 14 dpi, and an absence of CPE was also
noted [38]. However, the viral dosages used were not directly comparable with this present
study, and the possibility of viral clearance after 4 dpi was not investigated. In this present
study, we monitored the progression of CyHV-3 infections for much longer (up to 11 dpi).
Crucially, through the exploitation of reporter genes, in addition to demonstrating viral
gene expression, we were also able to identify and quantify new cell infection events. This
revealed continuous CyHV-3 transmission right up until the clearance of infection, albeit
with increasingly reduced rates of newly infected cells. While we demonstrated that ZF4s
are certainly susceptible to CyHV-3 infection, any initial productive infections leading
to transmission of viable progeny were not sustained. Thus, ZF4 cells are transiently
permissive to CyHV-3 with inefficient viral replication/transmission unable to overcome
the innate immune response among infected and non-infected cells. This may be similar to
previous observations with snakehead fish vesiculovirus (SHVV) infections in ZF4 cells
where initial increases in virus levels were followed by a decrease, corresponding to ISG
upregulation [73].

Unlike CyHV-3, prior to this study, the susceptibility ZF4 cells to AngHV-1 and
CyHV-2 had not been investigated. Our results indicate that while ZF4 cells are also
susceptible to both AngHV-1 and CyHV-2 infection, they are only permissive to the latter.
However, as with CyHV-3, permissiveness to CyHV-2 infection was moderate and transient.
These similarities between CyHV-2 and CyHV-3, and their differences to AngHV-1 in this
context may reflect the fact that CyHV-2 and CyHV-3 are phylogenetically closer to each
other, than each are to AngHV-1 [40,74-76]. Furthermore, given their natural host species,
it stands to reason that CyHV-2 and CyHV-3 may also be inherently better adapted to
growing in ZF4 cells relative to AngHV-1. Despite the lack of sustained permissivity to
cypriniviruses, these in vitro experiments with ZF4 cells did provide some indication that
the same recombinant viruses may be used to study transient cyprinivirus infection and
clearance in zebrafish larvae, which, for many reasons (outlined earlier), may represent a
valuable virus-host model.

3.2. Zebrafish Larvae Are Susceptible to CyHV-2 and CyHV-3 but Not to AngHV-1 Infection.
Inoculation by the Two Cyprinid Herpesviruses Leads to an Abortive Infection

We next investigated the susceptibility and permissivity of zebrafish larvae to the
same three cypriniviruses. To investigate this, we used WT AB zebrafish larvae at 3 dpf.
In the first experiment, larvae were infected with the same recombinants previously used
(Figures 2-6). Larvae were inoculated by pericardial microinjection with 1.2 x 10° PFU/mL
of each recombinant or PBS. In parallel, larvae were also infected by immersion with a final
concentration of 4000 PFU/mL of each recombinant or PBS. The susceptibility of larvae to
these viruses was assessed using epifluorescence microscopy to detect reporter expression
from each recombinant. Independently of the mode of inoculation used or the virus, no
morbidity or mortality was observed among larvae. Epifluorescence microscopy indicated
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no infection in larvae inoculated by immersion. Conversely, viral infection was detected
from 1 dpi in larvae inoculated with CyHV-2 and CyHV-3 by microinjection (Figure 7a)
with no fluorescence detected in the AngHV-1 inoculated group. Fluorescence intensity
in CyHV-2 and CyHV-3-infected larvae increased from 1-2 dpi. However, as per earlier
in vitro observations, these infections were transient, with fluorescence intensity (Figure 7a)
and the numbers of infected larvae (Figure 7b) decreasing by 4 dpi. While the pattern
was similar for both viruses, the CyHV-3 group exhibited greater fluorescence intensity
and significantly higher rates of infected larvae (Two-way RM ANOVA p-value = 0.0214).
Infection clearance was most pronounced in the CyHV-2-infected group, with a significantly
higher proportion of larvae infected at earlier timepoints exhibiting viral clearance by 4 dpi
relative to CyHV-3 (Figure 7b). The differences between these three cypriniviruses were
investigated further by measuring Luc2 expression from recombinants, representing a
more quantitative comparison of viral levels in vivo. This involved the same AngHV-1
and CyHV-2 recombinants used in Figure 7a, with CyHV-3 EGFP replaced with CyHV-3
Luc. Larvae were inoculated or mock-inoculated as per Figure 7a. Again, no mortality was
observed in any groups and no infection was detected in the AngHV-1 group. The CyHV-
3-infected group exhibited significantly higher viral levels relative to CyHV-2 (Durbin
Test, p-value = 0.0008), indicating that CyHV-3 replicates better in this model. Also, for
both CyHV-2 and CyVH-3, a reduction in virus levels occurred at 3 dpi, coinciding with
a reduction in the numbers of infected fish, indicating the initiation of viral clearance.
However, as per Figure 7b, clearance was significantly greater within the CyHV-2-infected
group by 4 dpi (Figure 7c).

These experiments revealed that zebrafish larvae are not susceptible to any of these
viruses via immersion, which may be considered a more natural route. This is similar to
previous findings with CyHV-3 in Tiibingen zebrafish larvae [38]. Conversely, larvae were
susceptible to CyHV-2 and CyHV-3 when inoculated via pericardial microinjection, but
not to AngHV-1 via the same route. In line with earlier observations in vitro, CyHV-2 and
CyHV-3, which naturally infect members of the family Cyprinidae, are much more fit in this
zebrafish model relative to AngHV-1. For CyHV-2 and CyHV-3, a peak of infection was
reached at 2 dpi, with viral clearance initiating from 2-3 dpi. Notably, this is the first report
of cyprinivirus infection in zebrafish larvae. Our observations are largely consistent with
previous description of CyHV-3 infections in adult zebrafish (inoculation by intraperitoneal
injection) [38]. There was also a notable lack of mortality in previous studies involving
the challenge of zebrafish with other viruses of cyprinid fish [38]. One explanation is
that zebrafish may naturally possess robust defences against other viruses that are closely
related to CyHV-2 and CyHV-3 which may have circulated in their natural habitat during
their evolution. However, few viruses are known to naturally infect zebrafish [1,19], thus
it would be useful to determine if any extant uncharacterized members of the family
Alloherpesviridae naturally infect zebrafish as a primary host, as it would open up new
avenues of investigation with a valuable homologous herpesvirus-host model in zebrafish.
Itis also possible that this lack of mortality is related to the viral dose or even inoculation site,
both of which can impact the severity of viral infections in zebrafish larvae, as exemplified
elsewhere [77,78].

Our observations indicated that CyHV-3 exhibits greater fitness in these zebrafish
models relative to CyHV-2. Thus, in addition to CyHV-3 being the most studied and the
archetype fish alloherpesvirus [39], it also represented a more valuable model to utilize
in the further study of alloherpesvirus infections in zebrafish larvae. Thus, CyHV-3 was
selected for all further in vivo investigations in this study.
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Figure 7. Susceptibility and permissivity of zebrafish larvae to infection with cypriniviruses after
inoculation by microinjection (a) Epifluorescence microscopy images representative of larvae inoc-
ulated with CyHV-2 and CyHV-3 according to time postinfection (longitudinal observation of the
same larvae over all timepoints) Scale bars = 200 um. (b) Numbers of CyHV-2 and CyHV-3-infected
larvae among groups inoculated by microinjection (n = 15). Data represents mean =+ standard errors
from 3 independent experiments (longitudinal observation of the same larvae over all timepoints).
(c) Levels of AngHV-1, CyHV-2 and CyHV-3 detected in infected larvae according to time postin-
fection based on Luc2 signal expressed by viral recombinants. The data points represent the mean
radiance per larvae according to time postinfection with mean =+ standard error represented for
each group at each timepoint (n = 30). The discontinuous line represents the cut-off for positivity
and represents the mean + 3 x SD of the values obtained for mock-infected larvae. The number of
positive larvae at each timepoint is represented by bars. * p < 0.05; ** p < 0.01.

3.3. Pericardial Inoculation of Zebrafish Larvae with CyHV-3 Leads to Infection of Resident and
Motile Cells around the Inoculation Site Followed by Their Apoptosis-like Death and
Viral Clearance

Earlier experiments revealed that the levels of CyHV-3 signal increased from 1-2 dpi
with clearance commencing from 2-3 dpi (Figure 7a,c). However, it remained unclear if
increases in viral signal were merely due to increasing levels of viral gene expression or
the numbers of infected cells. We chose to investigate this using light sheet microscopy
to capture epifluorescence and brightfield images at regular intervals in live CyHV-3-
infected larvae from 2-3 dpi and subsequently generated a timelapse video with this data
(Video S1). This timepoint was selected as it overlapped with the highest viral signals and
the beginning of the viral clearance process (Figure 7), and because no viable virus from
the original inoculum should have persisted to this timepoint [64].

As per Figure 7a, the infection was mainly localized around the heart area, reflect-
ing the inoculation route. In line with earlier observations, a reduction in viral levels
commenced between 2.5-3 dpi (Figure 8a and Video S1). Notably, the data revealed
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a substantial upsurge in apoptosis-like cell death immediately prior to clearance, indi-
cating that programmed cell death may also play a major role in this process in vivo
(Figure 8b and Video S1). Although the occurrence of apoptosis in response to CyHV-3
infection in vivo was not confirmed by staining in this present study, our observations
are similar to previous studies involving timelapse analysis of CHIKV-infected zebrafish
larvae [23]. Throughout the monitoring period, highly motile cells, possibly macrophages
or neutrophils, were also observed to be infected. These did not remain localized around
the inoculation site. However, they were not observed to establish secondary infection sites
elsewhere (Figure 8c and Video S1). Furthermore, some of these motile cells appeared also
to undergo apoptosis-like and non-apoptosis-like cell death consistent with necroptosis
(Video S1). Unlike earlier in vitro observations, this data did not provide unambiguous
evidence of newly infected cells appearing before clearance commenced. Indeed, the induc-
tion of a programmed cell death response among infected cells in vivo, thus interrupting
the CyHV-3 replication cycle, would lead to a reduction in successful CyHV-3 transmission
to new cells. Consequently, CyHV-3 propagation in vivo may be sufficiently restricted to
facilitate its clearance via the innate immune response alone. This hypothesis still implies
that zebrafish cells are inherently permissive to CyHV-3 replication. However, this would,
at the very least, require expression of all essential CyHV-3 protein coding genes in vivo.
Thus, we subsequently investigated this and the nature of the innate immune response via
transcriptomic analysis of infected larvae.

Yolk sac

2d 6h 16m 2d 6h 27m 2d 6h 37m 2d 6h 48m 2d6h59m 2d 7h 10m

Figure 8. Frames from timelapse video of CyHV-3 EGFP infection in zebrafish larvae from 2-3 dpi
(Video S1). The video represents overlay of brightfield /transmission and EGFP fluorescence (green).
Time postinfection (in days, hours, and minutes) is indicated under each frame. (a) Entire field of view
from light-sheet microscopy. For the purposes of visual orientation, identifiable anatomical features
and corresponding locations within larvae body (inset image) are indicated in the first panel. Images
show that the infection is primarily localized around the inoculation site (red square), and a decrease
in viral levels from 2.5-3 dpi. Scale bars = 100 pm. (b) Enlarged images of the area within red square
in (a), representing key examples of apoptosis-like death occurring among large numbers of infected
cells (red circles) around the inoculation site, with such events primarily characterized by blebbing
followed by the appearance of cell debris resembling apoptotic bodies (c) Key example of highly
motile infected cell (highlighted with yellow circle), migrating away from the site of inoculation.
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3.4. Transcriptomic Analysis of Infected Zebrafish Indicate Upregulation of ISGs, in Particular
Those Involved in Programmed Cell Death, Innate Immune Response and PRR
Signalling Pathways

In order to further characterise the response to CyHV-3 infection in this zebrafish
larvae model in terms of the ISG upregulation, the potential involvement of programmed
cell death (as indicated in Figure 8 and Video S1), and to establish the extent of CyHV-3
gene transcription in this model, we conducted transcriptomic analysis of infected zebrafish
larvae. CyHV-3-infected and mock-infected larvae were sampled at 1, 2, and 4 dpi for RNA
extraction and sequencing. RNA-Seq, yielded ~15-20 million reads per sample with data
publicly available under BioProject Accession number PRINA929940. Gene expression was
compared between infected and mock-infected samples at each timepoint to identify DEGs.
In line with viral levels observed in earlier experiments, viral RNA levels reached a peak
at 2 dpi (0.34% of total transcriptome), falling considerably by 4 dpi (Table S2). Notably,
transcription from all 155 CyHV-3 ORFs was detected by 2 dpi (Figure S3 and Table S3),
indicating that indeed, in this model, cells may be permissive to CyHV-3 replication. Host
differential gene expression in response to infection also peaked at 2 dpi, with 7.4% of
expressed genes classified as DEGs (Table S2 and Figure S4).

Prior to this study, it was unknown how zebrafish larvae respond to CyHV-3 challenge
in terms of type I IFN gene expression. Consistent with other reports [16], we found that
ifnphi2 was not expressed at this developmental stage. The IFN response in zebrafish larvae
relies on expression of ifnphil and/or ifnphi3 genes [16]. However, we did not observe
convincing expression from either gene at any timepoint. Our sampling points range
from at 1-4 dpi, which equate to 96-168 hpf, with previous studies indicating that WT
AB zebrafish larvae are capable of expressing infphil and infphi3 by this developmental
stage [16,23]. Notably, these previous studies, involving SVCV and CHIKV challenge,
utilized RT-qPCR to detect IFN gene transcription, which may be more sensitive than
RNA-Seq in some situations.

While CyHV-3 is known to inhibit the IFN-response in vitro [79,80], our observations
do not necessarily indicate inhibition of the IFN-response in zebrafish. It is possible that
the upregulation of IFN genes occurs very early after infection, returning to basal levels
rapidly, prior to the first sampling point. The effects of this rapid and short-lived IFN
response should be still observed in the form of subsequent ISG induction. Indeed, in this
present study, the list of the 250 most significant DEGs at 2 dpi is dominated by typical ISGs
(Table S4). This ISG induction in the absence of IFN detection is similar to previous studies
with WT zebrafish larvae infected with nervous necrosis virus (NNV) [78]. In both studies,
it is likely that IFN upregulation occurred prior to the earliest sampling point. However, the
kinetics of Type I IFN induction in WT AB zebrafish may depend on the nature of the viral
challenge (virus, dosage and inoculation site/route). For example, in previous studies in
which WT AB larvae were inoculated with HSV-I and CHIKYV (72 hpf), ifnphil upregulation
peaked at 36 hpi [77] and 24hpi [23], respectively, with further differences in sustained
upregulation after these timepoints. Furthermore, the expression of infphil and ifnphi3 may
be model-specific. For example, Tiibingen strain zebrafish larvae inoculated with Tilapia
Lake Virus (TiLV) (48-60 hpf) were only observed to exhibit significant ifitphil upregulation
but not insignificant infphi3 upregulation by 48 hpi [81]. It remains unclear if only one or
both IFN genes are responsible for this ISG induction (Table S4) in our infection model, and
this will be the subject of future studies, involving sampling at earlier timepoints.

We also conducted further characterisation of the main types of genes that were
differentially expressed in response to CyHV-3 infection in zebrafish larvae. Using STRING,
we generated a network (Figure 9) representing the functional relationships between the top
250 most significant DEGs at 2 dpi (Table S4). As expected, functional enrichment analysis of
this network revealed that these DEGs were mainly associated with the immune and stress
responses (Table S6). Three main clusters formed within this network. The largest cluster
(Figure 9a) mainly represented genes involved in viral infection and cytokine responses.
These include genes encoding the antiviral GTPase proteins such as mxa, mxb, mxc, and
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mxe, as well as rsad2 (or vig-1, viperin). This is consistent with previous observations in
zebrafish larvae infected with NNV [78], Zebrafish Picornavirus (Zfpv) [19], and CyHV-
3-infected adult zebrafish [38]. In terms of the cytokine response, genes encoding IFN
regulatory factors irf7 and irf9 were also part of this main cluster. Notably, zebrafish
irf3 was also among the top 250 most significant DEGs (Table S4), however as STRING
returned no results for this gene, it was not included in the network in Figure 9. In addition,
genes encoding other important elements of the IFN response, statla, stat1b, stat2, and
augmentation and regulation of this response such as isg15 [30] were also featured in this
cluster, consistent with zebrafish larvae responses to HHV-1 [77] and NNV [78].

I Necroptosis
I complement System

Antigen Processing & Presentation

Phagosome
I Interferon Signalling

I rroteasome

CytoHubba Score

e\@ B |

1.00 E+0 1.50 E+9

Figure 9. Network representing the functional associations between some of the top 250 most
significant DEGs at 2 dpi. Using STRING protein query function in Cytoscape, 208 of the top
250 most significant DEGs were identified and scored based on functional association with each
other. These data were used to generate a network in Cytoscape, which was then arranged based
on GeneMania force directed layout. Each DEG is represented by a node, with edges (connecting
lines) representing functional association. The largest contiguous network resulting from this analysis
(136 nodes and 696 edges) is displayed. For visualization purposes, nodes in the peripheral regions
of the network (representing DEGs LOC100006895, rnasel3, ndrg1b, pde6ha, and serpinb1l1) were
omitted. This resulted in one large cluster (a), and two smaller clusters (b) and (c). STRING functional
enrichment analysis indicated that most DEGs in this network were related to the immune response
to infection (Table S6), and genes were labelled based on the main types of gene-set categories
enriched in each of their respective clusters. This revealed distinct functions associated with each
gene cluster, for example (a) interferon and PRR signalling, (b) antigen processing and presentation,
and (c) complement response. The network was also analysed by CytoHubba, which was used
to identify the potentially most important hub nodes within the network, with each node scored
and coloured based on maximal clique centrality within the network, according to the CytoHubba
score colour scale provided; however, this is better represented in Figure S5, with corresponding
CytoHubba scores in Table S7.

The detection of “non-self” material in cells via PRRs is an important part of the
innate immune response. Viral nucleic acids represent major PAMPs during infections, and
genes encoding PRRs to detect these PAMPs were among the most significant DEGs in our
experimental model. For example, genes encoding important zebrafish RIG-I-like receptor
(RLR) orthologs, such as ifihl (encoding MDA-5 ortholog) [82], and dhx58 (encoding LGP2
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ortholog) [83] were centrally located within this large cluster (Figure 9a). An additional
gene, rigi, encoding the zebrafish ortholog of RIG-I, the most-studied RLR [84], was also sig-
nificantly upregulated in response to infection, but not among the top 250 most significant
DEGs used to generate this network (274th most significant DEG, Table S5). Genes encoding
other important components of the RLR viral RNA sensing apparatus such as trim25 [85,86]
were also centrally located in this large cluster (Figure 9a). In addition to RLRs, other
genes encoding RNA binding proteins are important actors in the innate immune response
such as adar [87], eif2ak2 (encoding PKR ortholog) [88], pkz [88-91], and ifit10 (human IFIT5
ortholog) [92-94] also co-locate within the same large cluster. Interestingly, we noted that
two additional genes, helz2a and helz2b, encoding proteins that may act as evolutionarily
conserved RNA sensors [95], can be observed at the peripheral regions of this main cluster.
Many known vertebrate dsDNA sensing PRRs are absent in teleost fish [95,96]. Of the few
known genes encoding dsDNA sensing PRRs in zebrafish, which include ddx41 [77,97],
cgasa [98], dhx9 [77], and dhx36 (the latter of which, may act as a conserved RNA and DNA
PRR [99]), only cgasa was significantly upregulated, but not featured in the top 250 DEGs
(623rd most significant DEG, Table S5). This may indicate that RNA sensing as opposed
to DNA sensing PRRs represent an important part of the response to CyHV-3 infection in
zebrafish larvae, even though it is a dSDNA virus. This is consistent with growing evidence
for the role of RLRs in the detection of dsDNA viruses, such as members of the family
Herpesviridae or Adenoviridae [100-104].

Within the largest cluster, in addition to genes being generally involved in antiviral
responses, functional enrichment analysis identified a subset of clusters representing genes
belonging to IFN signalling and necroptosis gene-sets (Figure 9a). The same functional
enrichment analysis indicated that genes in the smaller central cluster were mainly involved
in antigen processing and phagosome responses (Figure 9b), with genes in the smaller
cluster on the right mainly related to the complement system (Figure 9c). Furthermore, the
identification of the potentially most important hub nodes within the network in Figure 9
(based on maximal clique centrality) revealed that nodes representing RNA PRRs ifih1
(MDAS5 ortholog) and dhx58 (LGP2 ortholog) were ranked highest, along with rsad2 (or
vig-1, viperin ortholog), statla, irf7, isg15 and stat1b (Figure S5 and Table S7). Notably, all the
top ten ranked hub nodes (twenty in total) represent genes located in the largest cluster
(Figure 9a), most of which are described above.

Interestingly, in addition to many commonly studied ISGs, we also observed up-
regulation of genes encoding NACHT-domain and leucine-rich-repeat-containing (NLR)
proteins, for example, loc100535428 (Table S4). These represent a protein-class that is now
increasingly recognised as representing important elements of the innate immune response
in teleost fish [19,105]. We also note the upregulation of many genes encoding uncharac-
terized products in response to CyHV-3 infection, some of which were >1000-5000-fold
upregulated (Table S4). Focusing on those within the top 250 significant DEGs that were
>100 fold upregulated, we noted that four of these were not previously described as being
upregulated in response to infection or immune stimulation (Table S4). We also noted
the upregulation of five non-coding RNA genes in response to CyHV-3 infection, one of
which was >3000 fold upregulated (Table S4), representing the 6th most upregulated gene
in the dataset. All other uncharacterized genes occurring within the group of top 250 most
significant DEGs were further cross-referenced with existing GenBank entry information
on predicted protein domains (Table S4). This revealed that three of these genes poten-
tially encode additional NLR proteins, three encode RNA binding domains, and three
encode proteins containing retrotransposon derived reverse transcriptase-like (RT-like)
domains (Table S4). In the case of the latter, the three genes encoding RT-like domains
are all paralogs of each other (KEGG Database) and similarly upregulated (>29-35-fold,
Table S4). Further inspection of corresponding entries for these gene products in UniProt
and InterPro revealed predicted retrotransposon gag, aspartic proteinase, RT, RNase H,
and integrase domains, indicating they may indeed encode retrotransposon polyproteins.
The domain organization and motifs are consistent with retrotransposons within the family

140



Chapter 3

Experimental Section 2

Viruses 2023, 15, 768

21 of 36

Belpaoviridae [106] (also referred to as Bel /Pao, Class I retrotransposons based on previous
classification systems [107]). It should be noted that the upregulation of retrotransposons
and other transposable elements in response to infection has been observed in other or-
ganisms [108-110], and to the best of our knowledge this is the first description of this in a
zebrafish model. Interestingly, upregulation of class I retrotransposons in zebrafish has also
been observed in response to genome demethylation, leading to the induction of antiviral
responses [111].

In further analysis, we expanded our investigation to all genes included in differential
expression analysis at 2 dpi (Table S5), exploring the response to infection at a “gene-
set level”. Using GSEA, we identified GO and KEGG pathway gene-sets that were to
a significant extent positively or negatively enriched in CyHV-3-infected larvae at 2 dpi
(Tables S8 and S9, Figure S6). Cytoscape was used to generate a network of these signifi-
cantly enriched gene-sets based on the functional relationships between them (Figure 10),
providing a greater insight into what biological processes are implicated in the response
to CyHV-3 infection in zebrafish larvae, and how they are related. Notably, only one
gene-set, “Ribosome” (DRE03010), was found to be significantly negatively enriched, with
all other significant gene-set responses involving positive enrichment. During the process
of generating the network presented in Figure 10, nodes (i.e., gene-sets) were clustered
together based on their similarity coefficient (related to gene-set/functional overlap). This
process resulted in the formation of several large clusters, which we numbered. Cluster-1
is the largest of these and exhibits the highest quantity of functional connections with
surrounding clusters, and as such, it represents a major aspect of the response to CyHV-3
infection. Within Cluster-1, there are two main sub-clusters. One of these is dominated
by gene-sets related to programmed cell death, the other is dominated by PRR signalling,
pathogen and inflammatory response gene-sets. Notably, enrichment of the RIG-I-like
signalling pathway, the Toll-like receptor signalling pathway, and the Herpes simplex
virus 1 gene-sets are consistent with zebrafish larvae response to NNV infection [78]. In
Cluster-1, the KEGG Necroptosis pathway (DRE04217) is the most significant positively
enriched gene-set, and joint most significantly enriched gene-set overall (Tables S8 and S9).
Notably, this pathway gene-set is functionally related to other gene-sets in the apoptosis
and PRR/inflammatory/pathogen response sub-clusters (manually isolated from these two
sub-clusters in Cluster-1, Figure 10), exhibiting gene overlap with 15/19 of these gene-sets,
with eight of these resulting in similarity coefficients >0.02 and thus displayed in Figure 10.
This reflects the substantial crosstalk that exists between programmed cell death and PRR
signalling in response to infection [67,112].

The prominence of positively enriched necroptosis and apoptosis related gene-sets in
Cluster-1 supports the hypotheses derived from earlier observations in vitro and in vivo
(Figures 6 and 8 and Video S1), that apoptosis-like and non-apoptosis-like programmed cell
death feature heavily in the zebrafish response to CyHV-3 infection. One of the important
genes in the necroptosis pathway is eif2ak2 (or pkr). It was identified as one of the main
genes contributing to the enrichment signal for the necroptosis gene-set (Figure S7). It
represents an important link between the innate immune response and the initiation of
necroptosis [113]. This gene encodes a protein referred to as “interferon-induced, double-
stranded RNA-activated protein kinase”, or more commonly, “Protein Kinase R” (referred
to as PKR hereafter). PKR functions as both a general cellular stress sensor and PRR.
Thus, it plays a diverse role in the innate immune response to viral infections and many
fundamental cellular processes including programmed cell death [114].

PKR-mediated programmed cell death is important for the clearance of viral infec-
tions [113,115,116]; however, the antiviral roles of PKR are diverse. It also contributes to
the antiviral actions of other enriched gene-sets within Cluster-1 (Figure 10). For example,
in the “Herpes simplex virus 1” response gene-set (DRE05168), PKR is activated by dsRNA
formed during infection, and subsequently phosphorylates elF2« (its main substrate),
resulting in the stalling of mRNA translation [114,115,117] (Figure 11a). However, some
mRNA species are less affected by this [118-120]. This translational stalling also leads
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to the formation of stress granules (SGs) [121-123], which in some cases are important
for detection of viral RNA via PRRs as in the “RIG-I-like receptor signalling pathway”
(DRE04622) [124,125]. Furthermore, PKR also facilitates/promotes the NF-kB pathway,
indirectly [114,118]. While this induces a pro-inflammatory response which may be useful
in terms of counteracting infection, the accompanying pro-survival response (although
helpful to some aspects of immune-response [126]), is counter to the pro-apoptotic function
of PKR, but may act to only temporarily delay cell death [127]. Notably, expression from
the zebrafish nfkb1 gene, which encodes the zebrafish NF-kB ortholog, was not significantly
upregulated at 2 dpi in our model (Table S5 and Figure 11b).

KEGG Gene-set

Normalized Enrichment Score (NES)
| .
-1.72 Negative 00 Positive 219

Figure 10. Summary of GSEA output indicating gene-set enrichment based on gene expression in CyHV-
3-infected relative to mock-infected zebrafish larvae at 2 dpi. Cytoscape Network representing functional
relationships between all significantly enriched gene-sets (positive or negative) identified in GSEA output
(FDR adjusted p-value < 0.25). Nodes in the network represent GO (blue border) and KEGG Pathway
(gold border) gene-sets. Edges (connecting lines) between nodes represent the similarity coefficient
(measuring the functional/gene overlap between pairs of gene-sets). Edge thickness corresponds to
magnitude of similarity coefficient (only edges with coefficient >2 are displayed). Each gene set exhibits
either a positive or negative normalized enrichment score (NES), indicating predominant upregulation
or downregulation of constituent genes, respectively. Accordingly, node colour and size both represent
NES magnitude (exponentially transformed scale), with positive and negative enrichment represented
by red and green, respectively, according to the colour scale provided. The node border thickness
indicates the significance of enrichment (inverse of FDR adjusted p-values, thus the lower the FDR
adjusted p-value, the greater the thickness). Using the MCL cluster algorithm, GO and KEGG gene-
sets were clustered together based on their functional similarity as indicated by similarity coefficients
(beige ovals), and numbers were assigned to each cluster. For the purposes of visual clarity, clusters
were manually repositioned, and within some clusters, sub-clusters were manually grouped based
on functional similarity. Clusters that are overlapping or touching in the absence of any visible edges
between their respective nodes have shared edges below the 0.2 coefficient cut-off for display. Clusters
that do not exhibit edges between their respective nodes and are also not touching or overlapping either
have no common edges or have common edges with similarity coefficient >0.1. Higher quality figures
for the whole manuscript are available in the PDF version.
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Figure 11. Visualization of differential gene expression in CyHV-3-infected zebrafish larvae (2 dpi)
within KEGG pathway maps. Using the R package Pathview, gene expression data from our experi-
ment was mapped to corresponding nodes in KEGG pathways (a) Herpes simplex virus 1 infection
(b) Apoptosis and (c) Necroptosis pathways. Nodes represent zebrafish homologs of genes known to
be involved in each pathway, with colour representing the log,-fold-change in gene expression in
CyHV-3-infected relative to mock infected zebrafish larvae. Upregulated and downregulated genes
are represented by red and green shades respectively, according to scale in the top right of each
pathway. For visual clarity (due to large differences in fold change between genes) the maximum
and minimum values in the colour scale is set at -1 and 1 log,-fold-change (corresponding to a
two-fold change). It should be noted that many nodes represent combined differential expression
from several zebrafish paralogs, thus the generic KEGG gene symbols are used as node names,
which relate to the common names used to refer to protein products at each node. Not all the
paralogs represented by each node are significantly differentially regulated. The list of zebrafish
orthologs/paralogs corresponding to each node in these pathways can be accessed in the KEGG
database using the corresponding gene-set references (Herpes simplex virus 1 infection (DRE05168),
Apoptosis (DRE04210) and Necroptosis (DRE04217)), which can then be cross-referenced with data
in Table S5 (using NCBI/Entrez/GenBank Gene IDs or Gene Symbols). Key genes involved in
IEN-stimulated PKR-mediated programmed cell death, i.e., translational inhibition [114,116,128]
leading to apoptosis [112] (blue), IFN-stimulated PKR-mediated apoptosis [129,130] (pink), and IFN-
stimulated PKR-mediated necroptosis [113] (yellow) are highlighted. Genes with dashed line borders
indicate instances where downregulation, translational inhibition or post-translational inactivation of
protein products promote the processes in question (see main text and references provided within
this caption for details). White nodes represent instances where zebrafish homologs have not been
assigned thus far, or where gene expression from zebrafish homologs have not been detected. Higher
quality figures for the whole manuscript are available in the PDF version.

PKR-mediated apoptosis can occur via the “extrinsic” FADD-caspase-8 mediated
pathway [131]. The circumstances under which this occurs are quite diverse. For example,
PKR-mediated translational inhibition leads to apoptosis [115,116] via depletion of cFLIP
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protein [112] which acts as an important inhibitor of caspase-8 (Figure 11b) [132,133]. PKR
phosphorylation by PACT (in response to stress) can also lead to translational inhibition
leading to caspase-8 dependent apoptosis [134], as can overexpression of PKR [135-137]. In
addition to IFN stimulation leading to upregulation of PKR, IFN-stimulated PKR-mediated
apoptosis can also occur via JAK/TYK-mediated phosphorylation of PKR [129]. Notably,
along with eif2ak2 (encoding PKR), many other zebrafish genes encoding orthologs of ISGs
involved in IFN-stimulated PKR-dependent apoptosis are also upregulated at 2 dpi in our
model (Figure 11b,c). In parallel, PKR may also promote caspase-9 mediated apoptosis
via the “intrinsic” apoptosis pathway. However, unlike caspase-8, caspase-9 was not
upregulated at 2 dpi in our experiment (Figure 11b), indicating, as with other viral-host
models [118,130,131], that caspase-8 mediated apoptosis also plays a more dominant role
in response to infection in the CyHV-3-zebrafish larvae model.

Many viruses have evolved ways to interfere with apoptosis by disrupting elements of the
FADD-caspase-8 pathway [72,114,138,139]. To counteract this, necroptosis may have evolved
as a back-up mechanism of programmed cell death [72], which can occur via compromising
of the cell membrane though action of MLKL [140] and/or production of reactive oxygen
species [141]. This relies on the interaction of RIPK1 and RIPK3 for necrosome formation,
a process that is inhibited by the FADD-caspase-8 complex [72,141,142]. Like apoptosis,
PKR-mediated necroptosis can occur in response to IFNs, possibly requiring PKR interaction
with RIPK1 [113]. While other groups have also observed a physical association between
PKR and RIPK1 [143], the exact role that PKR plays in initiating necroptosis in response to
IFN stimulation remains unclear [144]. Notably it has been proposed that IFN-stimulated
PKR-mediated necroptosis is restricted to the G2M stage of the cell cycle, when FADD is
disabled, preventing capase-8 inhibition of necrosome formation [113]. Given that in zebrafish
larvae, and to lesser extent, in ZF4 monolayers, we expect widespread, frequent occurrence of
mitosis, our models may be particularly predisposed to this type of PKR-mediated necroptosis.
Notably, in addition to PKR itself, genes encoding zebrafish orthologs of ISGs involved in
PKR-mediated necroptosis are also upregulated at 2 dpi (Figure 11c).

The eif2ak2 gene encoding PKR was also among the top 250 most significant DEGs
in this study (Table S4) and identified as an important hub gene in functional network
in Figure 9, being ranked 3rd overall (Table S7). Given the importance of this ISG in
terms of antiviral defence [112,115,145], particularly regarding programmed cell death, we
hypothesized that the knock-out (KO) of the eif2ak2 gene may impact CyHV-3 clearance in
zebrafish larvae.

Unlike other vertebrates, members of the teleost fish families Salmonidae and Cyprinidae
also encode an additional PKR-like protein referred to as “protein kinase containing Z-DNA
binding domains” (or PKZ) [88,89,91]. PKZ genes may have evolved through duplication of
the PKR encoding genes in these teleost fish families, after divergence from tetrapods [88].
Consequently, PKZ exhibits a high degree of sequence similarity to PKR proteins encoded
in the same genomes, predominantly to the C-terminal kinase domain, which is responsible
for eIF2cc phosphorylation by PKR [89,146].

However, unlike PKR, PKZ contains Zalpha (Zx) domains instead of dsRNA bind-
ing domains in the N-terminal [146] (Figure 1). These domains are capable of binding
to Z-DNA/RNA, which exist in the left-handed double helix conformation as opposed
to the more common right-handed conformation of dsDNA/RNA (referred to as A and
B-DNA/RNA) [90].These two features indicate that: (1) Like PKR, PKZ acts as an elF2x
kinase and mediates translational stalling, and induction of apoptosis via eIF2a phospho-
rylation [88,89,147,148], and (2) Like PKR, PKZ acts as a cytosolic PRR, but is activated
by a greater diversity of nucleic acids than PKR. PKZ nucleic acid binding, B-to-Z conver-
sion, and PKZ-mediated translational stalling have been best demonstrated using B and
Z-DNA [89,149-152], indicating co-operative antiviral roles for PKZ and PKR. However,
given that the Za domains of PKZ do bind to RNA analogues [153] and that some Z«
domains exhibit A-to-Z RNA conversion (as we recently demonstrated [90]), like PKR,
PKZ may also detect and be activated by dsRNA. Thus, PKZ may provide at least some
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degree of back-up for PKR, leading to some redundancy among zebrafish IFN induced
elF2a kinases.

Notably, the pkz gene (encoding PKZ) was the 23rd most significantly upregulated
gene at 2 dpi in our model, upregulated more than the eif2ak2 gene (encoding PKR, ranked
250th, Table S4), and the pkz expression levels were >3 fold higher. In addition, pkz was
ranked 9th in hub gene analysis in Figure 9 (see also Table S7). Given their potentially
overlapping functions, in addition to the PKR-KO mutant (lacking eif2ak2), we generated
a separate mutant, PKZ-KO (lacking pkz, Figure 1), to investigate the importance of both
these multifunctional elF2« kinases in the clearance of CyHV-3 in zebrafish larvae.

3.5. The Absence of PKR and/or PKZ Does Not Impair the Clearance of CyHV-3 Infections in
Zebrafish Larvae

In vitro and in vivo experiments performed in this study indicated that CyHV-3 in-
fection was rapidly cleared in zebrafish models via programmed cell death. This was
supported by the transcriptomic analysis from infected larvae, which also supported a
potentially important role for the e[F2« kinases PKR and PKZ in this process. Based on
this evidence, we tested the impact of these elF2« kinases on CyHV-3 clearance using
CRISPR/Cas9 generated PKR-KO and PKZ-KO zebrafish mutants (Figure 1). Mutant and
WT zebrafish larvae were first infected with CyHV-3 EGFP by microinjection as per earlier
experiments. As we hypothesized that the onset of infection clearance may take longer
to occur in elF2x kinase KO mutants, we also extended the monitoring period from 4 dpi
(in earlier experiments) to 5 dpi. Epifluorescence microscopy suggested that PKR-KO and
PKZ-KO mutants cleared viral infection as efficiently as WT larvae (Figure 12a). There was
also no difference between the zebrafish strains in terms of the numbers of infected larvae
at each timepoint (Two-way RM ANOVA, p-value = 0.6440), with all groups exhibiting a
dramatic decrease in the number of positive fish at 5 dpi (Figure 12b).

Next, WT, PKR-KO, and PKZ-KO zebrafish strains were infected with CyHV-3 Luc
as before, allowing viral replication to be compared between strains (Figure 12c). This
revealed no significant difference in viral signal between the three zebrafish strains (Durbin
Test, p-value = 0.6500). Relative differences in signals between the WT and PKR-KO strains
were inconsistent over the monitoring period, with no clear trends to indicate a difference
between the two strains. In contrast, virus levels in the PKZ-KO strain were consistently
higher than both WT and PKR-KO strains from 1-4 dpi, with significant differences at
3 dpi. However, viral levels in PKZ-KO larvae were significantly lower than other strains
by 5 dpi (Figure 12c), indicating greater clearance, despite higher viral levels from 1-4 dpi.

Cognisant of the possible redundancy in elF2« kinase function (described earlier),
which may have allowed PKZ to compensate for the absence of PKR in the PKR-KO
mutant, and vice versa, we generated a third mutant, PKR-PKZ-KO, lacking both pkz and
eif2ak2 genes (Figure 1). This strain was included in an additional experiment, like the one
presented in Figure 12. (Figure S8). However, surprisingly, the viral loads observed in the
PKR-PKZ-KO mutants were not significantly different from the WT strain. Taken together,
the results from these two experiments indicate that (1) PKR and PKZ are not essential for
clearance of CyHV-3 infection in zebrafish larvae, and (2) even at this early developmental
stage, the zebrafish immune system exhibits sufficient redundancy to enable clearance of
CyHV-3 infection in the absence of PKZ and/or PKR.

If programmed cell death also features heavily in the response to CyHV-3 infec-
tion in these mutant zebrafish strains, as earlier observations in the WT strain suggested
(Figures 8, 11 and Video S1), these processes would need to be mediated via other mech-
anisms. Notably, in addition to IFN-stimulated PKR/PKZ-mediated programmed cell
death [112,113,129], these processes can be stimulated by other cytokines such as FAS,
TNF«, and TRAIL [154-157] (the zebrafish orthologs for these proteins are encoded by the
faslg, tnfa, and tnfsfl10 genes, respectively). Like IFN, these cytokines also operate by binding
to their respective cell membrane receptors and downstream interactions between these
and various other proteins are required to initiate apoptosis and /or necroptosis. Notably,
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genes encoding zebrafish orthologs of most of the proteins involved in these processes are
also upregulated in response to infection at 2 dpi (Figure 11), indicating some potential
redundancy in terms of the programmed cell death response. However, no expression
from the faslg and tnfa genes was observed in our model. While we did observe expression
for tnfsfl10, it was not upregulated in response to infection. Therefore, similar to what we
have hypothesized regarding IFN expression kinetics, it is possible that with this model,
the upregulation of these three cytokines is also extremely brief, occurring very early after
infection with a rapid return to basal levels after. As with IFN, further investigation will
be needed to establish the expression kinetics of these cytokines in response to CyHV-3
infection in this host model, and to what extent, if any, they contribute to programmed cell
death and clearance of CyHV-3 infection.
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Figure 12. Replication of CyHV-3 in different zebrafish strains. (a) Epifluorescence microscopy
images representative of larvae inoculated by microinjection with either CyHV-3 EGFP or mock-
inoculated with PBS according to time postinfection (longitudinal observation of the same larvae
over all timepoints). For all strains infection clearance commenced from 4-5 dpi. Scale bars = 500 um.
(b) Numbers of infected larvae among zebrafish strains inoculated with CyHV-3 EGFP (n = 15). Data
represents mean + standard errors from 3 independent experiments (longitudinal observation of the
same larvae over all timepoints). (c) IVIS analysis measuring Luc2 expression in different zebrafish
strains microinjected with CyHV-3 Luc (n = 30). The data points represent the mean radiance per
larvae according to time postinfection with mean + standard error represented for each group at
each timepoint. The discontinuous line represents the cut-off for positivity and the mean + 3 x SD
of the values obtained for mock-infected larvae. The number of positive larvae at each timepoint is
represented by bars. * p < 0.05; *** p < 0.001; **** p < 0.0001.

In both experiments (Figures 12 and S8), the PKZ-KO mutant exhibited a higher viral
load than other strains at the earlier stages of infection. The higher levels of CyHV-3 in
the absence of PKZ may indicate the importance of host Za domain-containing PRRs such
as PKZ, in restricting CyHV-3 in the early stages of infection. This is consistent with our
recent study where we provide strong evidence that the CyHV-3 ORF112 protein, which
also contains a Za domain, acts as an essential antagonist of RNA PRRs during CyHV-3
infection [90]. However, the absence of PKZ still leads to more dramatic viral clearance
at 5 dpi relative to PKZ-competent strains (Figure 12c). We hypothesize that higher viral
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replication, from 1-4 dpi, may have ultimately led to an increased innate immune response,
priming a more dramatic clearance at 5 dpi. Even if the absence of PKZ does not prevent
viral clearance, the higher levels of viral replication in earlier stages, may lead to increased
tissue damage via potential inflammatory response, which may ultimately be harmful
to the host. Therefore, having the complete repertoire of PRRs necessary for effective
restriction of CyHV-3 replication prior to clearance may still be important. Surprisingly, we
do not observe higher viral loads at earlier stages of infection in the PKR-PKZ-KO mutant
(also lacking PKZ), which instead exhibited a similar phenotype to WT and PKR-KO strains
in response to CyHV-3 (Figure S8). These observations open up several interesting avenues
for further investigation, in particular the characterization of the innate immune response
in zebrafish mutants lacking these important PRRs and the possible impact of reduced
elF2« phosphorylation on programmed cell death, if any, in response to CyHV-3 infection
in this model.

4. Conclusions

The aim of this present study was to investigate the potential of the zebrafish model to
study AngHV-1, CyHV-2, and CyHV-3, which are three economically important viruses in
the family Alloherpesviridae. We conclude that while the zebrafish ZF4 cell line is moderately
susceptible to these three viruses, it is less susceptible and not permissive to AngHV-1
(Figure 2). ZF4 cells do exhibit transient permissiveness to CyHV-2 and CyHV-3 infection.
These cells are more permissive to CyHV-3, but both viruses exhibit inefficient cell to cell
viral transmission in this in vitro model (Figures 3 and 4). These viruses are ultimately
cleared from ZF4 monolayers, in a process which is preceded by what resembles widespread
programmed cell death among infected cell populations (Figures 3, 4 and 6). As zebrafish
larvae were not susceptible to these viruses via inoculation by immersion, we conclude that
these viruses may not be capable of entering zebrafish larvae through natural routes in vivo
(Figure 7). However, zebrafish larvae are susceptible to infections with CyHV-2 and CyHV-
3 via microinjection, an artificial inoculation route (Figure 7). Conversely, we conclude that
zebrafish larvae are not susceptible to AngHV-1 via both inoculation methods used in this
study (Figure 7). This lower susceptibility to AngHV-1 in vitro and in vivo, may reflect
the fact that, unlike CyHV-2 and CyHV-3, AngHV-1 does not naturally infect host species
from the family Cyprinidae. Even though larvae exhibit greater susceptibility to CyHV-
2 and CyHV-3, we conclude that these infections are rapidly cleared (Figures 7 and 12).
We also conclude that zebrafish larvae exhibit more susceptibility (and possibly more
permissivity) to CyHV-3, given higher viral levels and slower clearance, indicating the
superior utility of this virus-host model in future studies. Interestingly, given that strains
within each cyprinivirus species clad exhibit natural heterogeneity regarding replication
in vitro and/or in vivo (at least with AngHV-1 and CyHV-3 [40,74]), it remains possible
that the use of alternative cyprinivirus strains with the same zebrafish models may result
in different outcomes, and is something which remains to be explored in the future.

As we observed transcription of all 155 known CyHV-3 protein coding genes in
infected zebrafish larvae (Figure S3, Table S3), we conclude that zebrafish cells may be
permissive to CyHV-3 replication in vivo. However, unlike infections in vitro, we observed
no clear evidence of CyHV-3 transmission to new cells prior to clearance in vivo (Figure 8,
Video S1). Thus, the extent to which this permissiveness leads to successful CyHV-3
transmission between cells in vivo remains unclear.

As per observations in vitro, CyHV-3 clearance in zebrafish larvae is also preceded by
apoptosis-like death among infected cells (Figure 8, Video S1). These infections stimulate
the upregulation of many ISGs (Figure 9, Tables S4 and S5). The upregulation of genes
involved in programmed cell death and nucleic acid sensing PRR pathways represent
a core part of this response (Figures 10 and 11). PKR and PKZ are also upregulated in
response to infection (Figure 9, Table S4) and may contribute to both programmed cell
death and nucleic acid sensing PRR pathways (Figures 10 and 11). However, their absence
in mutant zebrafish strains does not impact CyHV-3 clearance (Figure 12). This may be due
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to sufficient levels of redundancy within the zebrafish innate immune response processes,
even at this early developmental stage (Figure 11). Interestingly, CyHV-3 may represent
an ideal model to utilize in the study of viral clearance by the innate immune system in
this important and widely studied host. This opens many interesting avenues for future
investigation to determine what elements of the immune response are essential for this
process. As part of this, the generation of new KO mutants, guided by the transcriptomic
data generated in this study, may lead to the development of zebrafish strains that are more
permissive to these economically important viruses, which may themselves be utilized as
valuable research tools in the future.

This is the first report of the generation and use of PKR and/or PKZ KO zebrafish
mutants (Figures 1 and 12), and they will represent useful subjects for further characteri-
zation and the study of other viruses in zebrafish models. Given the importance of PKR,
and potentially PKZ, in the innate immune responses and in many more cellular processes,
and the widespread use of zebrafish as a model organism, the KO mutants generated in
this study will be of interest to many more researchers in the wider field. Thus, sperm
corresponding to these mutants will be deposited in the European Zebrafish Resource
Centre (EZRC) for ease of distribution elsewhere.

Furthermore, we note that many of the most significantly upregulated genes in re-
sponse to CyHV-3 infection in zebrafish larvae were uncharacterized, and some were
previously unreported as being involved in the immune response (Table 54). These include
five non-coding transcripts (one of which was >3000-fold upregulated and the 6th most
upregulated gene at 2 dpi). We propose to provisionally refer to these five transcripts as
“Zebrafish Non-coding Infection Response Element” 1-5 (or ZNIRE 1-5, complete details
in Table S4). This observation was particularly intriguing, and we propose that further
research into their importance during the immune response will be necessary. We also
observed the upregulation of three retrotransposons (all ~30-fold upregulated, Table S4). It
is possible that this retrotransposon re-activation/upregulation in response to infection may
be beneficial. Their cytoplasmic RNA and/or DNA genome intermediates may potentially
act as ligands for PRRs [111], thus enhancing the innate immune response to viral infection
and presenting an interesting hypothesis for further study with our model.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15030768/s1, Figure S1. Production and characterization of the
CyHV-3 EGFP recombinant strain as described in Methods S1; Figure S2. Evolution of fluorescence
intensity in infected ZF4 cells; Figure S3. Box Plots of read counts mapping to each known CyHV-3
open reading frame (ORF) at 2 dpi; Figure S4. Volcano plots of summarizing DEGs at each timepoint;
Figure S5. CytoHubba Analysis of STRING protein query network; Figure S6. Summary of the top
40 positively enriched GO gene-sets; Figure S7. Leading edge analysis of the necroptosis pathway;
Figure S8. Comparison of CyHV-3 replication and clearance between PKR-PKZ-KO and other zebrafish
strains; Table S1. Primers used in this study; Table S2. Summary of DEGs from each timepoint; Table
S3. Read Counts mapping to each known CyHV-3 Open Reading frame (ORF) at 2 dpi; Table S4.
Top 250 significant DEGs in zebrafish larvae infected with CyHV-3 at 2 dpi; Table S5. Raw output of
DESeq_2 in zebrafish larvae infected with CyHV-3 at 2 dpi; Table S6. Summary of STRING enrichment
analysis; Table S7. STRING CytoHubba Ranking; Table S8. Summary of Gene Ontology (GO) enrichment
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Preamble

Cyprinid herpesvirus 2 (CyHV-2) is a pathogen responsible for significant losses in the global
aquaculture industry, particularly in goldfish (Carassius auratus) gibel carp (Carassius gibelio) and
Crucian carp (Carassius carassius) sectors. Despite the progress that has been made in the isolation and
characterization of CyHV-2 strains in East Asia, there is a lack of information on strains isolated in
Europe. Moreover, while there are CyHV-2 strains that are highly virulent when administered to hosts
via immersion (an approach that best represents natural infection), notably, in previous challenge trials,
we did not observe the same virulent phenotype in the context of any European host populations tested.
This is despite the continuous highly virulent CyHV-2 outbreaks that occur in the field within European
regions. To address this, our third study focused on isolating highly virulent CyHV-2 strains from out-
breaks among European goldfish populations, with the aim of establishing a robust and highly virulent
in vivo infection model based on inoculation via immersion. Ultimately, one of the CyHV-2 strains that
we isolated from an outbreak among goldfish populations in The Netherlands, referred to as NL-2,
exhibited high fitness in vitro and much more virulence than the CyHV-2 reference strain (ST-J1) dur-
ing in vivo challenge trials involving inoculation by immersion. Thus, the NL-2 CyHV-2 strain repre-
sents a promising candidate for future experimental studies and will act as a crucial foundation for future

research on virus-host interactions and vaccine development.
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This research is one of my major topics. My contribution to this study consisted of the recruitment
of experimental materials, experimental imaging, virus isolation, in vitro growth kinetics compar-
ison, in vivo virulence characterization and data analysis. This manuscript is prepared for submis-

sion to an appropriate journal.
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Abstract

Cyprinid herpesvirus 2 (CyHV-2) is the causative agent of herpesviral hematopoietic necrosis in gold-
fish (Carassius auratus) across many regions. It also infects gibel carp (Carassius gibelio) and Crucian
carp (Carassius carassius) populations. Despite several CyHV-2 strains being isolated and fully se-
guenced, there is a lack of detailed characterization and consistent information on strains that exhibit
high virulence in adult goldfish through the viral challenge by immersion, in particular in the context
of European host populations. Strains that can cause highly virulent disease via this inoculation route
are much more compatible with experimental designs that are representative of natural infection, thus
their utilization provides greater biological relevance. Consequently, in this study, we isolated three
novel strains of CyHV-2 which we refer to as NL-1, NL-2, and NL-3, originating from high mortality
outbreaks in The Netherlands. Initial in vivo experiments in adult Shubunkin goldfish demonstrated that
all three isolates exhibited inherent pathogenicity after inoculation via intraperitoneal (IP) injection and
all were capable of transmission from infected fish to naive fish. Genome sequencing and phylogenetic
analyses revealed that these newly isolated strains are distinct from known strains and from each other.
Significant differences were observed between the strains, in terms of in vitro growth kinetics, with NL-
2 exhibiting stable passaging and superior fitness in vitro. Importantly, challenge of adult Shubunkin
goldfish with the NL-2 strain via immersion (2000 PFU/mL) induced an average mortality of ~40%,
while parallel experiments with the CyHV-2 reference strain ST-J1 resulted in no mortality. In sum-
mary, this study revealed that the NL-2 strain is (i) compatible with stable passaging in vitro, and ex-
hibiting acceptable replication kinetics in this environment, and (ii) highly virulent and capable of in-
ducing CyHV-2 related mortality in adult Shubunkin goldfish when challenged via immersion. This
resulted in the description of a new CyHV-2 in vivo infection model, much more compatible with ex-
perimental designs that are required to be representative of natural infection which will be extremely

useful in many aspects of CyHV-2 research in the future.

Keywords: Cyprinid herpesvirus 2; Alloherpesviridae; Goldfish; Viral isolation; virus-host model
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Introduction

Goldfish (Carassius auratus) are a species of freshwater cyprinid fish that are commonly kept
as ornamental pets and are popular in many regions across the world. Through selective breeding, many
different varieties have been created to meet the diverse aesthetic preferences that exist within the global
market. Through this process, many distinct morphological and colour variations have emerged, result-
ing in the existence of over 180 unique goldfish varieties [1]. The practice of goldfish domestication
and selective breeding extends back 1000 years to ancient China [2].

However, relative to their wild and cultured crucian carp (Carassius carassius) counterparts,
the continuous artificial selection of goldfish based on aesthetic traits, has resulted in the introduction
of many disadvantageous phenotypic alterations, prominently affecting attributes such as mobility and
infectious disease resistance, [1,3] which presents a significant problem in this sector. Furthermore, in
addition to goldfish aquaculture, in general, due to high stocking density and increased global move-
ment of stock, modern intensive aquaculture environments are particularly prone to outbreaks of infec-
tious disease caused by pathogenic bacteria, fungi, parasites, and viruses [4]. The prevalence of some
types of viral disease in aguaculture settings may be due to the high susceptibility of teleost hosts during
early developmental stages. This is likely to be compounded by the absence of effective therapeutics,
the incomplete understanding of the pathogenesis of viral infections, and the limited understanding of
the natural resistance mechanisms inherent in many teleost fish [5].

Among the viruses affecting widely cultivated freshwater fish such as goldfish, viral species
from the genus Cyprinivirus (referred to as cyprinviruses), are among the most pathogenic, resulting in
high mortality outbreaks. Cypriniviuses are part of the family Alloherpesviridae, in the order Herpes-
virales, which consist of herpesviruses infecting fish and amphibians. Some cyprinivius species are
relatively well studied, including Anguillid herpesvirus 1 (AngHV-1) with infect freshwater eels species
of the genus Anguilla, Cyprinid herpesvirus 1 (CyHV-1) and Cyprinid herpesvirus 3 (CyHV-3), which
both infect common carp (Cyprinus carpio) and related species [6]. However, within this genus, Cypri-
nid herpesvirus 2 (CyHV-2), which infects goldfish, related species such as crucian carp and gibel carp
(Carassius gibelio) as well as other Carassius spp. [7], remains less well understood. CyHV-2 is the
causative agent of a disease referred to as herpesviral hematopoietic necrosis disease which is associated
with elevated mortality rates. This represents a substantial threat to the sustainability of goldfish aqua-
culture and the culture of other economically important species such as gibel carp and crucian carp
species, which are farmed for consumption, and thus also important in the context of food security [8].
This disease caused by CyHV-2 was initially documented in 1995, and since then, its global prevalence
has increased substantially [8,9]. Documented instances CyHV-2 outbreaks goldfish span diverse geo-
graphic locations, encompassing Japan [9], the United States [10,11], Taiwan [12], Australia [13], New
Zealand [14], the United Kingdom [15], India [16], Switzerland [17], France [18], Germany [19], Tur-
key [20], Poland [21], China [22], Korea [23], and Thailand [24]. Furthermore, susceptibility to the
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CyHV-2 virus has been confirmed across all life stages of goldfish, including eggs, juveniles, and adults,
with virulence reducing as development advances [11,25].

As with other emerging viruses, since the earliest reports, the isolation of CyHV-2 strains from
infected hosts during clinical outbreaks, and subsequent in vitro culture has been a crucial first step
towards gaining a better understanding of this virus. This is important, as many CyHV-2 isolates exhibit
a finite capacity for stable propagation in vivo under experimental conditions, extending no more than
4-5 passages [9-11]. Some cell lines, such as KF-1, which is derived from koi (Cyprinus carpio koi, a
relative of goldfish) has limited permissivity to CyHV-2, have been used for in vitro propagation of
CyHV-2, but with limited success over multiple passages [7,15]. The first sustained and reproducible
culture of CyHV-2 in vitro was achieved using a suitably permissive cell line derived from the fin of
goldfish [26,27].

Among other advances, in vitro culture of CyHV-2 isolates has facilitated more in-depth char-
acterization of CyHV-2, including full-length genome sequencing. According to NCBI Viral Genome
Browser (https://www.ncbi.nIm.nih.gov/genome/viruses/), there are currently six full-length genome
sequences of CyHV-2 publicly available, representing strains from various geographic regions. These
are referred to as ST-J1 (JQ815364.1 or NC019495.1), SY-C1 (KM200722.1), SY (KT387800.1),
CNDF-TB2015 (MN201961.1), YZ-01 (MK260012.1), YC-01 (MN593216.1). Among these, ST-J1
(which has been defined as the reference strain) is isolated from goldfish, while CNDF-TB2015 and
YZ-01 are isolated from crucian carp and SY-C1, SY, and YC-01 are isolated from gibel carp. Early
genetic comparisons between strains revealed that CyHV-2 isolates formed two main clades, which
were designated the Japanese genotype (J Genotype) and the Chinese genotype (C Genotype) [28,29].

Notably, despite being isolated from goldfish undergoing clinical disease [7], we observed that
the CyHV-2 ST-J1 reference strain exhibits very little virulence in populations of goldfish breeds that
we sourced from European suppliers, including the popular Shubunkin goldfish breed. This lack of
virulence was specifically observed when challanging adult subjects by immersion. We also observed
a similar outcome using the YC-01 strain [25]. The Shubunkin goldfish is highly relevant as an eco-
nomically important goldfish model. It is also relatively easy to breed, which is extremely useful in
terms of sustaining a supply of hosts for experimental infection trials. However, the lack of a broadly
virulent CyHV-2 strain that can be used with this model and others (for example those commonly traded
globally, or intensively cultured), as part of immersion infection experiments, limits the study of CyHV-
2 pathogenesis in the most useful biological contexts most relevant to disease mitigation and control.
For example, this creates difficulties in designing suitable in vivo challenge trials with CyHV-2 vaccine
prototypes. Despite the resistance that has emerged among some goldfish breeds (or at least some pop-
ulations thereof) to certain CyHV-2 strains, newly emerged strains of CyHV-2 remain a problem for
both domesticated and wild Carassius spp. [30,31]. Consequently, in the present study we sought to

identify novel CyHV-2 strains that exhibited sufficient and consistent virulence in Shubunkin goldfish,
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which would result in the establishment a more optimum CyHV-2 in vivo infection model to use in
advancing our understanding of this virus.

As part of this process, we successfully prepared three novel CyHV-2 isolates from different
internal organ samples originating from a high mortality CyHV-2 outbreak among goldfish and gibel
carp in the Netherlands, which we designated NL-1, NL-2, and NL-3. We then compared their genetic
characteristics to other sequenced strains, and in order to identify the optimum strain to use as part of a
future CyHV-2 in vivo infection model, we compared their biological properties in vitro and in vivo.
Through this process we selected the most suitable isolate for further comparison to the CyHV-2 ST-J1
reference strain. This revealed that NL-2 isolate was (i) much virulent in our CyHV-2 Shubunkin gold-
fish model compared to the reference strain, while (ii) also being highly compatible with long-term
stable culture in vitro. These properties make the NL-2 isolate much more valuable for incorporation
into our CyHV-2 -Shubunkin goldfish model. Importantly, the establishment of this new CyHV-2 in
vivo infection model now greatly facilitates further avenues for research into CyHV-2 pathogenesis and

disease mitigation.
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Material and Methods

2.1 Sample Collection and Handling

Three independent pools of internal organs were collected from The Netherlands from diseased
fish, including goldfish and gibel carp. Samples were designated the names NL-1 (unknown Goldfish
breed; WBVR 16009271), NL-2 (Shubunkin Goldfish; WUR-NL-18015159-3), and NL-3 (Gibel carp;
WUR-NL-16010689), respectively, according to the order in which samples were transferred to our
laboratory. Each sample was processed separately. Samples were first homogenized with pestle and
mortar and resuspended in 2 mL M199 medium (HEPES buffered; Sigma, Kawasaki, Japan), the sus-
pension was clarified by centrifugation at 3000 xg, 4 °C for 15 min (Allegra X-15R, Beckman, Brea,
CA, USA). After centrifugation, the supernatant was separated from the tissue pellet. The supernatant
was filtered twice using a cell strainer with a diameter of 100 um, then filtered with a disposable needle
filter with a pore size of 0.22 um. Purified supernatant was then aliquoted and stored at —80 °C (desig-
nated as passage #0). DNA extraction was performed with the remaining tissue pellet using a commer-
cial nucleic acid extraction kit (QlIAamp DNA Mini Kit, QIAGEN, Germany). DNA samples were
stored at -20 °C for further analysis.
2.2 In vitro methods
2.2.1 CyHV-2 PCR Detection

To confirm the presence of CyHV-2 in the samples, the DNA extracted from the tissue pellets
was analyzed by PCR. Briefly, this was done using the High-Fidelity PCR Mix Buffer (New England
Biolabs, USA) as per manufactures instructions, with a total reaction volume of 25 pl and 2 pl template.
The forward and revers primers were 5-GGACTTGCGAAGAGTTTGATTTCTAC-3', and 5-CCA-
TAGTCACCATCGTCTCATC-3', respectively (based on as described by [32]). The PCR cycling con-
ditions included an initial denaturation at 98 °C for 2 min, followed by 35 cycles at 98 °C for 30 s, 60
°C for 45s, 72 °C for 45 s, and a final extension at 72 °C for 10 min. The PCR products were loaded
into electrophoresis gels and imaged by ImageQuan 800 CCD imagers (Cytiva, USA).
2.2.2 Cells and virus

The RyuF-2 cell line was used to propagate all viral isolates used in this study and was kindly
provided by Prof. Sano (Tokyo University of Marine Science and Technology, Tokyo, Japan). Cells
were cultured at 25 °C with no CO, using Medium 199 (HEPES buffered; Sigma, Kawasaki, Japan),
supplemented with 10% fetal bovine serum (FBS; Gibco, Life Technologies, Carlsbad, CA, USA), pen-
icillin (100 U/mL), streptomycin (100 pg/mL) and Amphotericin B (0.25 pg/mL). The CyHV-2 ST-J1
strain (GenBank: JQ815364.1 or NC019495.1) was used as the reference in this study. All isolates were
cultured in RyuF-2 cells at 25 °C with no CO; using the cell culture media described above, supple-
mented with goldfish kidney extract (final concentration 0.2%, prepared as Shibata et al. described
utilizing Shubunkin goldfish kidney) [33].

2.2.3 Initial in vitro culture and characterization of the isolates
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Serial dilutions (10-fold) of the purified organ supernatant (NL-1 #0; NL-2 #0, and NL-3 #0),
were prepared. Briefly, 100 ul supernatant was mixed with 900 ul serum-free medium, and repeated to
create a dilution series ranging from 10 to 103, Six-well plates with RyuF-2 fresh cells (100% conflu-
ent, approximately 24 hours post-seeding) were inoculated with 800 ul of diluted supernatant per well,
and the cells were incubated for 2 hours at 25 °C. After this initial incubation, the initial inoculum was
removed from each well and replaced with 2 mL complete cell culture medium (0.2% kidney extract
added) containing 2% wi/v carboxymethylcellulose (CMC) [33]. These plates were then incubated for
10 days at 25 °C. Viral plaques and CPE were visually inspected and imaged using an optical micro-
scope (Olympus CKX41, Japan), followed by indirect immunofluorescence staining as we described
previously (He et al., 2023). The stained samples were imaged using an epifluorescence microscope
(Leica DM2000).

2.2.4 Plaque purification and Amplification

The earlier experimental procedure describing the initial in vitro culture and characterization of
the isolates was replicated. At 10 dpi (days post inoculation), using an optical microscope, isolated viral
plaques were identified in inoculated wells. Infectious material was collected by submerging a sterile
pipette tip in the 2% CMC complete media,and allowing it to come into physical contact with the centre
of the plaque and aspirating 10 uL of the serum-free culture medium and immediately collecting it again
in the pipette tip. This 10 uL media was then transferred 90 uL of serum-free culture medium, as a
means of collecting plaque-purified infectious material for later use. These 100 uL samples of plaque
purified isolates were immediately stored at -80°C. Three independent viral plaques were purified for
each isolate and designated as the first passage (#1). In order to amplify these plaque-purified sub-
cultures, they were serially passaged in cell culture flasks. As part of this process, the 100 uL if each
isolate was thawed, diluted in 900 uL complete media and used to inoculate 100% confluent cell culture
flasks (175 cm?). After two hours, add kidney extract to the culture medium to a final concentration of
0.2%. Once CPE became widespread (~10dpi; gentle shaking twice per day during the culture period
to help the virus spread), viral culture media was collected, centrifuged at 300 x g for 5 minutes at 4°C
and the viral supernatant was split into 1 mL aliquots. These aliquots were either immediately stored at
-80°C or used to inoculate new cell culture flasks as part of serial viral passaging, with viral culture
proceeding as described above.

2.2.5 Viral DNA Extraction and Restriction Fragment Length Polymorphism (RFLP) Analysis

Plaque purified sub-cultures were diluted in 1 mL complete culture medium, (NL-1 #1, NL-2
#1 and NL-3 #1) and used to inoculate 100% confluent cell culture flasks (175 cm?), as described earlier.
At 10 dpi viral culture media was collected and centrifuged at 3000 xg, 4°C for 15 min (Allegra X-15R
Centrifuge, Beckman, Brea, CA, USA) to remove cell debris. Viral supernatant (35 mL from each 175
cm? flask) was transferred to ultracentrifuge tubes and centrifuged at 100,000 xg for 1 hour at 4°C. The
supernatant was discarded after centrifugation and residual liquid drops on the tube borders were re-

moved with a swab. The viral pellet was suspended in 1 mL TE buffer (0.1% NP40) and incubated in a
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37°C water bath for 20 minutes, gently mixing every 5 minutes. It was then incubated at 56°C for an
additional 10 minutes to accelerate pellet dissolution. 30 mL of cold TE buffer (4°C) was added to the
tube after complete pellet dissolution. 5 mL of cold 30% sucrose was added to the the bottom of the
tube using a glass Pasteur pipette. The tube was centrifuged at 100,000 xg for 2 hours at 4°C. After this,
the supernatant was discarded, and the pellet was resuspended in 450 uL of TE buffer. 50 uL of filtered
10% SDS and 20 pL of proteinase K (25 mg/mL) was added and mixed thoroughly. The tube was
covered with a lid and incubated at 56°C water bath for 2 hours, shaking occasionally. After this, the
sample was transferred to a 2 mL tube and mixed with 510 pL Phenol Chloroform (4°C). The mixture
was agitated gently inverting the tube several times, and then centrifuged at 18,000 xg for 15 minutes
at 20°C. After centrifugation, the aqueous phase was carefully removed and transferred to a new 2 mL
tube and the volume was topped up to 500 uL with ddH.O. 1 mL of absolute ethanol and 50 pL of 3M
AcNa (sodium acetate) was then added to the mixture. The sample was submerged in liquid nitrogen
until frozen, then thawed by warming in a 37°C water bath until it formed a jelly-like consistency. At
this point it was then centrifuged at 18,000 xg for 15 minutes at 4°C. The supernatant was discarded
and 600 uL of 70% ethanol was added followed by centrifugation again at 18,000 xg for 15 minutes at
4°C. The pellet was air-dried at room temperature (RT) until transparent and then resuspended in 50 puL
ddH,0 by incubating overnight at 4°C. After this the extracted and purified viral DNA was aliquoted
and stored at -20°C for future use. The genomic diversity of the isolated strains was then investigated
by Sacl restriction RFLP analysis. Briefly, 3 g of genomic DNA was digested using Sacl (New Eng-
land Biolabs). After 6 hours of digestion, fully digested DNA productions were separated in 0.8% elec-
trophoresis agarose gel at 60 V for 18 h and imaged.

2.2.6 Genome Sequencing and Phylogenetic analysis

DNA was extracted from 3 independent plaque purified subcultures from NL-1, NL-2 and NL-
3 (9 samples in total) as described earlier and full-length genome sequencing was performed. DNA
samples were submitted for lllumina paired end sequencing (MiSeq Kit v3 600 cycles). Raw reads (in
fastq format) were processed using BBduk (v38.26) [34] facilitating adaptor sequence removal and
quality trimming. This was followed by an assessment of processed fastq files using FastQC (v0.11.8).
Processed reads were used as input for reference guided assembly using an in house modified version
of the popular de Bruijn graph based assembly tool “spades” v3.15.2 [35].

The modifications to the publicly available version of spades specifically involved increasing
the maximum kmer size from a default of 127 to 251, thus utilizing larger portions of individual reads
during assembly process, with the aim of improving the performance of spades, specifically the assem-
bly of low-complexity regions, where ambiguous assembly (regarding the number of repeat units), re-
duced assembly scaffold contiguity. To achieve this, the following modifications were made to the
publicly available source code: i) Line 224 in the spades_compile.sh script was replaced with “cmake -
G "Unix Makefiles" -DCMAKE_INSTALL_PREFIX="$PREFIX" -DSPADES_MAX_K=251 $*
"$BASEDIR/src”, ii) CMake (v3.15.3) was loaded in local Linux environment, and the modified
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compilation script was run per standard installation instructions, iii) after compilation and the creation
of the python script “options storage.py” in /share/spades/spades_pipeline/, this new script was edited
at line 59 to “MAX K = 251" to ensure longer kmers would be tolerated when running spades, and line
74 was changed to “K_MERS 250 = [21, 33, 55, 77, 99, 127, 249]” to ensure that longer kmers were
automatically included when spades generated combined assembly from different kmer sizes (note: for
memory reasons, a value of 249 is used here as it is just under the new maximum limit of 251), and iv)
as these modifications to utilize longer kmers caused run failure in initial testing due to memory issues,
lines 69 and 70 of the python script “options_storage.py” were also changed to “THREADS = 32 and
“MEMORY = 800 respectively, thus allowing assembly processes to successfully run to completion.

The assembly quality was assessed via QUAST [36] (v5.2.0), which revealed improved N50
metrics (measurement of contiguity of assembles) using the in-house version of the spades tool com-
pared to the publicly available version. This also resulted in the assembly of low complexity regions
(which were previously skipped, causing breaks in scaffolds when using the publicly version of spades).
Elsewhere, the accuracy of low complexity region assembly using this in-house version of spades (i.e.
regarding true number of repeat units present in these regions) was confirmed using PCR after de novo
assembly of recombinant viral genomes generated in our lab. This in-house modified version of the
spades tool is available to all Wallonia-based researchers via the Consortium des Equipements de Calcul
Intensif (CECI).

Assembly graphs generated with the in-house version of spades with scaffold(s) in .gfa format
were opened up using Bandage (v0.8.1) [37] for inspection, and alignment to local BLAST database
representing the CyHV-2 reference strain, ST-J1 (NC019495.1). Individual scaffolds mapping to refer-
ence sequences, and thus collectively representing full-length assembled genome, were identified from
inspection of the BLAST output in Bandage. Where multiple scaffolds matched the reference genome,
full-length recombinant genomes were derived from concatenating these scaffolds based on overlaps at
their terminals, this was done using SnapGene (v6.2.1) [38]. For isolates, NL-1, NL2 and NL-3, there
were three reassembled genomes (each representing an independent plaque purified subculture). Taking
each isolate separately, genome reassemblies of the three plaque purified subcultures were aligned to
each other using MAFFT (v7) [39], and the output alignment was exported as a fasta file. This revealed
little or no difference between plaque purified subcultures derived from the same isolates. The align-
ments of genomes from these subcultures were imported into SnapGene to generate consensus se-
guences for each isolate (>50% agreement).

Once the consensus sequences for NL-1 NL-2 and NL-3 were established as described earlier,
we aligned these three sequences to other complete CyHV-2 genome sequences using MAFFT. Com-
plete CyHV-2 genome sequences were compiled based on the accession numbers of fully sequenced
CyHV-2 genomes listed in the NCBI Viral Genome Browser [40,41]. The alignment was exported in
fasta format, imported in the MEGA (v11) [42] as an alignment and saved as MEGA format data file

(.meg). This .meg format file was opened up in MEGA again, and used to generate a phylogenetic tree
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using the UPGMA method, with topology confidence evaluated using bootstrapping (1000 iterations).
The other complete genome sequences also used in analysis included an additional isolate that was
sequenced in-house (YC-01) and the six available in full length CyHV-2 sequences in GenBank, which
were CNDF-TB2015 (MN201961.1), YZ-01 (MK260012.1), SY (KT387800.1), SY-C1
(KM200722.1), ST-J1 (NC019495.1) and YC-01 Unverified (MN593216.1).

In order to understand the consequences of the differences between the newly assembled ge-
nomes of the isolates and the CyHV-2 ST-J1 reference genome, a list of differences relative to the
reference genome were compiled and followed by inspection of their genomic context (i.e. cod-
ing/noncoding region etc.) and consequences (synonymous, non-synonymous amino acid change,
frameshifts, ORFs impacted etc.). To achieve this, the consensus sequence for each fully assembled
isolate was aligned to the CyHV-2 ST-J1 strain using MAFFT, and the resulting alignment was exported
as a fasta file. All differences in the consensus relative to ST-J1 were summarized in variant call format
(VCF) by converting the fasta alignment to a VCF file using the msa2vcf.jar tool [43,44]. The VCF file
was opened in Excel, and each variant co-ordinate, which was in the context of the alignment only, was
transformed to the corresponding coordinates in the ST-J1 reference strain. This was done by using an
Excel formula to take into account the cumulative gaps in the ST-J1 and consensus sequence that had
occurred prior to each variant call. The updated co-ordinates of these variants were verified by manually
inspecting the raw read mapping data. This was done by building an index of the ST-J1 reference se-
guence and mapping processed reads to from each new isolate to the index using HISAT2 (v2.1.0)
[45,46]. The mapping output was then converted from SAM to compressed BAM format using
SAMTools (v1.9) [47], and finally raw mapping data (BAM format) was inspected using Integrative
Genomics Viewer (IGV) (v2.8.0) [48]. Inspection involved sampling random variants described in the
updated VCF file (co-ordinates and expected differences relative to ST-J1 reference) and using IGV to
locate and verify the presence of these differences in reads from new isolates that were mapped to the
ST-J1 reference by HISAT2.

The updated VCF files (with variant locations corresponding to the ST-J1 reference) were uti-
lized to identify the consequence of each mutation in the consensus sequence relative to the ST-J1
reference strain using VEP (v107.0) [49]. To do this, the updated VCF, the ST-J1 sequence (fasta for-
mat) and ST-J1 feature co-ordinates (GFF format) were then used as input for VEP. Using a combina-
tion of grep, sort and bgzip tools in Linux, the first line of the GFF file was removed, contents were
sorted by coordinates, and finally it was compressed in .gz format before being used as input for VEP.

Maps of each fully assembled genome were generated using Geneious Prime (v11.0.4+11) [50].
First, using SnapGene, the sequence of each assembled genome was annotated with the location of

CyHV-2 ORFs and terminal repeats by importing features ( = 99% similarity) from a separate

SnapGene file of the ST-J1 genome (initially downloaded as .gb file from GeneBank, opened in

SnapGene and saved as SnapGene format .dna file). Using SnapGene, the annotated versions of each
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newly assembled genome were saved as .gb files and imported into Geneious Prime. These maps were
converted into GFF files and exported from Geneious Prime in GFF format, which were opened in
Excel and modified to remove excess annotation. The fasta files for each assembly were then imported
into Geneious Prime, along with the modified GFF files defining ORF annotations, and together they
were used to generate a map of each fully assembled genome with ORFs. The locations or all mutations
relative to the ST-J1 reference strain were also added these maps, by importing another GFF file defin-
ing the locations of each variant. This GFF file was generated by converting the same VCF file (with
co-ordinates for each variant, and also used earlier as input for VEP) into GFF format using the python
script vef_gff.py [51,52]. After this, the GFF was opened in Excel and the locations of each variant,
initially provided as ST-J1 co-ordinates, were converted to their corresponding co-coordinates for each
newly assembled isolate using an Excel formula (described earlier). By calculating the lengths of each
corresponding variant sequence which was stored in the “attributes” field (as a consequence of conver-
sion from a VVCF file) for each variant in the GFF, Excel formulas were used to classify each variant as
an SNP or multiple-base-change / indel, and this information was added to the “type” field (column 3)
for later utilization by Geneious Prime when generating a map. Feature names were also deleted from
the attribute field of the GFF using Excel. This modified GFF was then imported Geneious Prime and
used to update the maps with the location of each variant relative to the ST-J1 strain. Maps were then
converted to PNG images.

All Linux based work on this project was conducted by our team via the NIC5 computing cluster
which is part of the CECI and administered by ULiege.
2.2.7 Viral Growth Assay

Viral growth assays were conducted using the same inoculation method. CyHV-2 supernatant
was diluted in serum-free media to achieve a specific multiplicity of infection (MOI) in each well.
Triplicate cultures of RyuF-2 cells grown in 6-well plates were infected with 1 mL viral supernatant.
After a 2-hour incubation period, the cells were washed with serum-free media and overlaid with com-
plete cell culture medium supplemented with 0.2% kidney extract. At selected timepoints post infection,
both viral supernatant and infected cells were collected from each well, the mixture was separated by
centrifugation, and stored at —80°C. These samples were later thawed and analysed by viral titration
using triplicate plaque assays in RyuF-2 cells. Different inoculum doses and sampling time points were
used across various experiments (i) An MOI = 0.0001 was used for the comparison between NL-1 #10,
NL-2 #10 and NL-2 #2, with time points at 8, 12, and 16 dpi. (ii) An MOI = 0.01 was used for the
comparison between ST-J1 #10 and NL-2 #10, with time points at 4, 6, 8, and 10 dpi.
2.2.8 Viral Plague Size Assay

RyuF-2 cells were cultured in six-well plates and inoculated with 100 PFU/well of virus, fol-
lowed by a 2-hour incubation period. After incubation, the cells were washed with serum-free medium
and then overlaid with culture medium supplemented with 1% (w/v) CMC and 0.2% kidney extract. At

different time points, viral plaques were visualized by indirect immunofluorescent staining as described
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in the CPE Imaging section. After a final wash with PBS, 20 randomly selected individual plaques were
imaged using the Incucyte live cell analysis system (Sartorius, Germany), and their areas were measured
manually using ImageJ software (Version 2.14).
2.3 Invivo
2.3.1 Fish

Two different sizes of Shubunkin goldfish (Carassius auratus) were utilized in this study, both
at the adult developmental stage. The larger subjects had an average weight of 12 g (12 = 1.4 g), while
the smaller group averaged 6 g (5.84 + 0.6 g). Mature Shubunkin goldfish were obtained from an ac-
credited commercial company (Ruinemans Aquarium, Montfoort, The Netherlands). Microbiological,
parasitic, and clinical examinations were conducted immediately upon arrival at the animal facility and
then monthly to monitor fish health. PCR analysis of kidney homogenate confirmed that the adult gold-
fish from the colony were free of CyHV-2. Fish were maintained in 60 L freshwater recirculation tanks
at 25°C until they were transferred to L2 facilities for infection experiments.
2.3.2 Infection of Fish with CyHV-2

Different modes of inoculation were used depending on the different test subjects and viral
strains. (i) Basic evaluation of the inherent pathogenicity of NL-1, NL-2, and NL-3: The original super-
natant of the three new isolates (NL-1 #0, NL-2 #0, and NL-3 #0) was diluted 10-fold using serum-free
medium and kept on ice. Shubunkin goldfish (Big: average weight 12 + 1.4 g; Small: 5.84 + 0.6 g)

were anesthetized by immersion in water containing benzocaine (25 mg/L). Once the fish were sluggish,
the virus was injected intraperitoneally using a 300 pL syringe (BD Micro-Fine), with each fish receiv-
ing a dose of 100 pL (big) or 50 pL (small). After injection, the fish were placed in an aerated recovery
bath for 10 minutes and then returned to the tank. Similarly, a mock group was injected with the same
dose of culture medium. The experiment included 10 fish per group. Survival status and clinical mani-
festations were recorded daily, and the survival rate was calculated at the end of the experiment. On the
5th day post-injection (dpi), 10 sentinel goldfish were added to each tank as cohabitation fish. (if) Com-
parison of in vivo pathogenicity of NL-2 strain and ST-J1 reference strain after 10 in vitro passages:
The concentrations of NL-2 #10 and ST-J1 #10 were adjusted using culture medium to a final 2 x 10*
PFU/mL. After administration of anesthesia as described above, inoculation was performed by intra-
peritoneal injection. Smaller Shubunkin goldfish (5.84 + 0.6 g) were used, with three replicates of 10
fish for each virus strain. Each fish received a dose of 1000 PFU in 50 pL. The mock group underwent
the same operation using the complete culture medium. Survival status and clinical manifestations were
recorded daily, and the survival rate was calculated after 30 days post-injection. At 5dpi, two replicate
groups for each virus strain were selected and placed with the same number of sentinel goldfish, and
fish status was monitored as describe earlier for 30 days (i) Comparison of virus pathogenicity under

immersion infection: The subjects (5.84 + 0.6 g) were inoculated by immersion in water containing the

virus, thus simulating the natural infection route. ST-J1 #10 and NL-2 #10 were diluted ten-fold using
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water at approximately 25°C to reach a final concentration of 2000 PFU/mL. After a 2-hour immersion
(10 fish/L), the fish were returned to the 60 L tank. The mock group underwent the same process using
the complete viral culture medium. Three replicates were included for each virus strain, with 10 fish in
each replicate. Survival status and clinical symptoms were recorded daily, and the survival rate was
calculated after 30 days post-injection.
2.3.3 Electron Microscopy

The kidney for the Electron microscopy exam was collected from moribund goldfish which was
inoculated by IP injection 100 pL of NL-2 (p#0, 10-fold dilution). It was fixed for 2 h at room temper-
ature in 2.5 % glutaraldehyde in 0.1 M Sorensen’s buffer pH 7.4. After several washes in the same
buffer, the samples were post-fixed for 60 min with 2 % osmium tetroxide in Sorensen’s buffer, washed
in deionized water, dehydrated at room temperature through a graded ethanol series (70, 96 and 100 %)
and embedded in Epon for 48 h at 60 °C. Ultrathin sections (70 nm thick) were obtained utilizing an
ultramicrotome (Reichert Ultracut E) equipped with a diamond knife (Diatome), were mounted on cop-
per grids coated with collodion and were contrasted with uranyl acetate and lead citrate for 15 min each,
and viewed by transmission electron microscopy (TEM) (Hitachi H-600 electron microscope operated
at 75 kV).
2.4 Statistical Analysis

Two-way omnibus tests on data from the viral growth curve and plague size experiments were
conducted using two-way tests. First a two-way ANOVA model was generated using the anova function
in R (v4.2.2) (part of the R core package) [53]. The residuals of this model were checked for normality
using the Shapiro-Wilk test implemented using the shapiro.test function in R (part of the R core pack-
age). If normal distribution was observed, the significance of each variable on outcome was taken from
the two-way ANOVA model, and multiple comparisons were conducted using a Tukey post hoc test
implemented using the TukeyHSD function in R (part of the R core package). In the cases where normal
distribution was not observed, analysis was performed using a generalized linear model (GLM) imple-
mented using the glm function in R (part of the R core package), with Family option: “gamma”, and
Link option: “log”. To determine the significance of each variable on outcome, the model was analysed
using type 11 sum of squares test, implemented using the Anova tool from the R “car” package (v3.0—
6) in R [54], with the default contrast coding in R adjusted appropriately prior to the use of the glm
function to facilitate the use of type 111 sum of squares test. In such cases post hoc multiple comparisons
tests were conducted on the same model using a least squares means test implemented using Ismeans
tool from the “Ismeans” package (v2.3.0) in R [55], with BH correction. Survival curves were compared
using the log-rank test implemented in GraphPad prism 8.0. All graphs were also generated using
GraphPad 8.0. Only significant p-values (<0.05) are reported in the results section. For the purposes of
visual clarity, only results from post hoc multiple comparisons are indicated in each corresponding
figure and are represented using the following symbols: ns = not significant, * = p < 0.05; ** = p <
0.01; *** = p < 0.001.
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2.5 Ethics Statement

The experiments, maintenance, and care of fish complied with the guidelines of the European
Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Pur-
poses (CETS No. 123). The animal studies were approved by the local ethics committee of the Univer-
sity of Liege, Belgium (Laboratory accreditation No. 1610008). All efforts were made to minimize

suffering.
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Results

3.1 Confirmation of CyHV-2 presence in pooled organ samples.

Three pooled organ samples from fish initially suspected of being infected with CyHV-2 were
generously provided by Wageningen University in The Netherlands. We assigned them the names NL-
1, NL-2 and NL-3 (see Materials and Methods section for details). Upon arrival in our lab, these samples
were screened for the presence of CyHV-2 using a PCR assay targeting the CyHV-2 helicase gene.
Through this process, we confirmed the presence of the virus, with the expected 366 bp PCR product

forming in all three samples (Fig. 1 A).

M PC NC NL-1 NL-2 NL-3

M ST-J1 NL-1 NL-2 NL-3 M

kb

Phase Contrast Epifluorescence

Mock

NL-1

NL-2

NL-3

Figure 1. (A) PCR screening for CyHV-2 in three samples from The Netherlands. M: molecular weight marker (bp: base
pair); PC: positive control (from ST-J1); NC: negative control; NL-1: NL-1 tissue DNA; NL-2: NL-2 tissue DNA; NL-3:
NL-3 tissue DNA. (B) CPE imaging via microscopy at 10 dpi. The left and right panels represent the brightfield and epiflu-
orescence channels respectively, with different representative plaques shown in each channel. CPE was only observed in
RyuF-2 cells inoculated with purified the tissue supernatant from NL-1 #0, NL-2 #0, and NL-3 #0, and was entirely absent
from the mock control. Black scale bar = 600 pm, white scale bar = 500 pm. (C) Genomic analysis of CyHV-2 strains.
Viral DNA from plaque purified sub-cultures from ST-J1, NL-1, NL-2 and NL-3 (one from each) were compared by RFLP
analysis after digestion using the Sacl restriction enzyme. The white arrowhead indicates the most notable differences

relative to the ST-J1 reference strain. M: molecular weight maker (kb: kilobase).
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In parallel, RyuF-2 fresh cells were inoculated with dilutions of purified supernatant prepared
from the NL-1, NL-2 and NL-3 pooled tissue samples (passage #0 or p#0, see Materials and Methods
section) and incubated at 25°C. At 10 days post inoculation (dpi), the characteristic morphology of
CyHV-2 associated CPE became visible via brightfield phase contrast microscopy and eventually
formed plaques. The observed characteristics included focal areas of granulation, cell vacuolization,
and the emergence of rounded phase-bright cells (Fig. 1 B left panel). By approximately 14 dpi, infected
cells in these plaques began to detach, with this process starting from the central regions and radiating
outwards as time progressed. The same CPE-like and plague morphology was not observed in the mock
group. Notably, no syncytial plague formation was observed in cells infected with any of the three
isolates.

These regions exhibiting signs of CyHV-2 induced CPE and plaque formation via brightfield
phase contrast microscopy also stained positive for CyHV-2 via indirect immunofluorescent staining
and epifluorescence microscopy (Fig. 1B right panel). This indicated i) that the p#0 supernatant samples
prepared from the CyHV-2 PCR-positive samples contained viable CyHV-2 virus particles and ii) that
these three CyHV-2 isolates, NL-1, NL-2 and NL-3 could be cultured in vitro.

3.2 Virus Isolation and Amplification

While the initial in vitro culture of the p#0 supernatant led to the formation of CPE and plaques,
for any of these new isolates to be useful as part of future CyHV-2 in vivo infection models, it was
crucial that they could be stably passaged in cell culture. Subsequent in vitro passaging of these three
isolates revealed significant differences in the in vitro propagation of NL-1, NL-2, and NL-3 in RyuF-
2 cells. Only NL-1 and NL-2 isolates could be consistently passaged successfully, reaching up to ten
passages (#10). Conversely, the NL-3 isolate could not be passaged beyond p#3 in RyuF-2 cells, with
cytopathic effects disappearing in the subsequent passages.

3.3 Genomic and Phylogenetic Analysis

At p#l, three independent plaques were sub-cultured from each isolate, amplified for one pas-
sage in cell culture flasks, generating p#2. At 10 dpi, viral culture media was used to prepare viral
supernatant for subsequent virion purification and for extraction of pure viral DNA (i.e. free of host cell
DNA), which would be suitable for genomic analysis. In addition, the CyHV-2 reference strain ST-J1
was used as a reference for comparative analysis.

Since the samples originated from distinct geographic regions and hosts, we hypothesized that
the NL-1, NL-2, and NL-3 CyHV-2 isolates may represent genetically distinct CyHV-2 lineages. To
investigate this further, used RFLP to conduct a quick preliminary analysis on one plaque purified sub-
culture from each isolate. The results, are presented in Fig. 1 C. This indicated that the NL-1, NL2 and
NL-3 exhibited major genetic differences relative to the ST-J1 strain. While some of these differences
were common to two or more of these isolates, indicating that they were more closely related to each
other than to the ST-J1 reference, the results also indicated notable differences between the three isolates,

indicating that they were also somewhat genetically distinct from each other.
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To determine the exact nature of the differences, viral DNA prepared from purified virions of
each NL-1, NL-2 and NL-3 were also subject to genomic sequencing. As part of this process, three
independent plaque purified sub-cultures (or replicates) were sequenced from each isolate. Genome
assembly revealed little or no differences between the plaque purified sub-cultures of individual isolates.
For each isolate, the sequences of the three purified sub-cultures were used to generate a single repre-
hensive consensus genome sequence, which was used in further analysis. The results of genome se-
guencing were in agreement with the RFLP analysis, indicating that each isolate exhibited many differ-
ences (each exhibiting >600 differences) relative to the ST-J-1 reference strain. These are presented in
Fig. 2, described in detail in Tables S1-S6, and summarized in Table 1. Some of these included major
changes such as frameshifts in several ORFs of unknown function, however, as expected, the majority
of the changes consisted of single nucleotide polymorphisms (SNPs) (Fig. 3A Left) and Table 1) and
either occurred outside of protein coding regions or were synonymous mutations with no impact on the

amino acid sequence (Fig. 3 A Right).

Table 1. Genomic Variants Classification and Calculate Consequences. Variant classes are as defined as per
https://www.ensembl.org/info/genome/variation/prediction/classification.html. Consequence types are as defined by the Se-
quence Ontology (SO) project and summarized here: https://www.ensembl.org/info/genome/variation/prediction/pre-
dicted data.html.

NL-1 NL-2 NL-3
Number  Proportion  Number  Proportion  Number Proportion
Indel 13 2.2% 27 3.7% 23 3.1%
Substitution 40 6.6% 45 6.1% 31 4.2%
Variants Class Insertion 117 19.4% 130 17.7% 153 20.5%
Deletion 138 22.9% 179 24.4% 165 22.1%
SNV 295 48.9% 353 48.1% 374 50.1%
Stop gained 0 0% 0 0% 1 0.1%
Frameshift* 5 0.8% 7 1% 8 1.1%
I“ia:t?srlln 29 4.8% 33 4.5% 41 5.5%
foframe dele-— 4g 8% 61 8.3% 55 7.4%
P“’tei‘:ga“er' 2 0.3% 5 0.7% 5 0.7%
Missenses 93 15.4% 118 16.1% 102 13.7
Consequences  Start retained 1 0.2% 0 0% 2 0.3%
Stop retained 0 0% 1 0.1% 1 0.1%
Synonymous 106 17.6% 125 17% 124 16.6%
C‘;i?ﬂi 5 1 0.2% I 0.1% 2 0.3%
Upgséfjm 306 50.7% 358 48.8% 390 52.3%
Do“glsrfam 9 1.5% 2 3% 11 1.5%
Intergenic 3 0.5% 3 0.4% 4 0.5%

*This includes multiple frameshifts in the same ORF(s)
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Figure 2. Schematic of (A) NL-1, (B) NL-2 and (C) NL-3 assembled genomes. Direct Terminal repeats are indicated in
orange. ORFs with 99% sequence match to ORFs in CyHV-2 ST-J1 reference genome (NC_019495.1) are indicated in

yellow and labelled by their corresponding ORF number in the reference genome. Single nucleotide polymorphisms (SNPs)
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are indicated in purple. Substitutions involving more than one nucleotide, insertions or deletions are highlighted in tur-
quoise. The locations of all variants are based on their starting point in each of their respective genomes, with feature lengths
enlarged to ensure visualization on the map (co-ordinates correspond to the data in Tables S1, S2 and S3).

The high number of differences to the ST-J1 reference indicated that these newly sequenced
isolates may not be as closely to the ST-J1 strain, while the commonalities observed in the RFLP anal-
ysis, indicated that they may be more related to each other than to the ST-J1 strain. To examine this
further, a phylogenetic tree was constructed based on sequences of all known currently available CyHV-
2 genomes and these newly sequenced isolates (Fig. 3B). This analysis indicated that, indeed, the new
NL-1, NL-2 and NL-3 isolates were more closely related to each other than to the ST-J1 reference strain
which represents the J Genotype (Fig. 3B). Notably the three new isolates are more related to the C
Genotype strains (Fig. 3B). Within this large C Genotype clade, NL-1, NL-2 and NL-3 occupy separate
sub-clades, indicating that they are indeed genetically distinct from each other. As a positive control for
our genome assembly workflow, we also assembled the YC-01 genome. Our YC-01 assembly was
almost identical to the publicly available YC-01 genome sequence, with notable genomic rearrange-
ments and inversions relative to other strains [56], which is currently described as “Unverified” in
GeneBank. Indeed, the YC-01 strain is more distantly related to all other fully sequenced strains (~96.7%
vs >97% identity across the entire alignment length) and may represent a new distinct CyHV-2 genotype,

which we provisionally propose to refer to as “Undefined” (Fig. 3B).

180



Chapter 3

Experimental Section 3

A Variant Classes

2.2% 6,6%

' ! L 19.4%

Genomic Context and
Consequences of variants

0%

489% NL-1 - o
/
o
22.9% i
15%
3.7% 6.1% LS LY I
) 177%
NL-2 e
24.4%
3.1% 4.2% & )
', . 20.5%
. \
50.1% — NL-3 = e
221%
1% ;
B Indel B Substitution * Insertion Upstream gene @ Downstream gene Synonymous
W Deletion M Single Nucleotide Variant Frameshift % Inframeinsertion ¥ Inframe deletion
Protein altering Missense W Intergenic
W Startretained W Coding sequence
~— CNODF.TB2015 »
5
o
100 r— YZ-01 (MK260012 1)
=
99 Dol s
=
= SY (KT387800 1)
o 19 C Genotype
o008 o
00003 N3
2
00003 — NL-1
.00% r— SY-Ct 1)
pr~mr ST-J1 (NC019495.1) J Genotype
~— YC-01 Unverified (MN593216 1)
100 Undefined
Genotype
—— YC-01 Verified In-House

Figure 3. (A) (left) Pie charts indicating the breakdown of different variant classes that were identified in each of the newly

sequenced isolates relative to the CyHV-2 ST-J1 reference strain. Variant classes are as defined as per here
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https://www.ensembl.org/info/genome/variation/prediction/classification.html (Right) Pie charts indicating the breakdown

of corresponding genomic context and consequences all variants identified. Mutation consequence are as defined by the

Sequence Ontology (SO) project and summarized here: https://www.ensembl.org/info/genome/variation/prediction/pre-

dicted data.html. (B) Phylogenetic tree based on complete genome sequences of CyHV-2 strains. Bootstrap values are
shown at the nodes and the values below the branches represent number of substitutions per site.
3.4 The inherent pathogenicity of the three isolates

In order for any of the newly sequenced genotype isolates to useful in terms of utilization in a
more virulent or robust CyHV-2 in vivo infection model, it was important to first determine if the p#0
inoculums we prepared were actually capable of causing clinical disease and mass mortality in com-
mercially and economically relevant goldfish breeds. As part of this preliminary assessment of the vir-
ulence of these new isolates, we conducted in vivo challenge experiments using an in-house batch of
adult Shubunkin goldfish, which previous to this, had exhibited substantial tolerance to the YC-01 and
ST-J1 strains. In this trial, two sizes of adult Shubunkin goldfish were used. These were referred to as
“small” and “big”. Fish in the “big” group were twice the mean weight of the small group, and thus
received a twice the volume of the non-tired p#0 inoculum relative to the small group. Subjects were
inoculated either by intraperitoneal (IP) injection or by cohabitation with IP injected fish.

Mortality rates among the NL-1 and NL-2 group were similar, with both the IP and cohabitation
groups showing high mortality, particularly in small fish. IP injected fish exhibited a more rapid onset
of illness and clinical symptoms, with small fish mortality primarily occurring between 5 and 12 dpi
(60% for NL-1, 70% for NL-2). Big fish had a longer disease course, higher survival rates and delayed
death times, relative to small fish (Fig. 4A, C). Sentinel fish co-habituating with IP-injected fish exhib-
ited lower mortality rates of 50% for NL-1 and 60% for NL-2 in small fish, both higher than the 40%
seen in big fish, with NL-1 deaths concentrated between 9 and 16 dpi, and NL-2 between 11 and 20 dpi
(Fig. 4B, D).
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Figure 4. Primary comparison of inherent pathogenicity in vivo of the three isolates. The pathogenicity of the indicated
strains was tested using the old adult Shubunkin goldfish (big, average weight 12 + 1.4 g) and the young adult Shubunkin
goldfish (small, average weight 5.84 + 0.6 g). Each group consists of 10 subjects. Fish were either mock-infected or infected
via IP injection with the respective strains (100 pL in big fish, 50 pL in small fish). For the cohabitation trial, 5 days post-

injection, the same amount of fish was distributed into each tank. The fish were monitored daily for clinical signs of CyHV-
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2 disease, and fish reaching the endpoints were euthanized. The mock-infected group is represented in gray, NL-1 in black,
NL-2 in red, and NL-3 in blue.

The patterns observed in the NL-3 group were different to the NL-1 and NL-2 group. In big
fish, the NL-3 inoculum induced slightly more mortality than the NL-1 and NL-2 inoculums. However,
it induced similar mortality in small fish (Fig. 4 E). Furthermore, in contrast to NL-1 and NL-2, in co-
habitation experiments with NL-3, limited mortality of 20% was observed among both small and big
sentinel fish (Fig. 4 F). Moreover, even though one early mortality was recorded among the big sentinel
fish, this mortality was not found to be attributed to CyHV-2 infection.

Overall, the results with NL-1 and NL-2 were consistent with our previous observations with
the CyHV-2-Shubunkin goldfish model [25], which indicated that earlier developmental stages more
permissive to CyHV-2 replication and exhibit higher mortality rates. However, again NL-3 was slightly
different in this regard, while mortality certainly occurred earlier and faster in smaller fish in this group,
it ceased very early. However, regardless of the isolate used, all IP infected groups fish exhibited clas-
sical clinical symptoms, including diminished appetite, lethargic swimming velocity, protruding eye-
balls, distended abdomen, drooping dorsal fins, and loss of balance, with some instances of skin bleed-
ing. Post-mortem examinations on subjects undergoing mortality during the experiment revealed severe
ascites, enlarged spleen and kidneys, and white dot-like nodules within the kidneys, while the intestines
were swollen with no food matter remaining, and no abnormalities were found in the gills (Supplemen-
tary Fig. 1). Sentinel fish from the co-habitation experiment exhibited similar but less severe clinical
symptoms. No clinical symptoms. deaths or CyHV-2 PCR positive results were observed in the mock
group.

Kidneys from subjects that underwent mortality were promptly sampled and stored at -80°C,
whereas kidneys from survivors were collected at the end of the experiment. DNA was extracted from
all kidneys, and subsequent PCR testing confirmed the presence of CyHV-2 in all infected subjects
(data not shown). Separately, some kidney samples from fish infected with the NL-2 isolate by IP in-
jection were immediately fixed after sampling for later analysis using high-magnification transmission
electron microscopy. This provided clear evidence of CyHV-2 replication and assembly in kidney tissue
(Fig. 5). Infected kidney cells exhibited nuclear changes characterized by central nucleoplasmic trans-
parency and marginal chromatin aggregation. The nucleus contained aggregates of characteristic naked
herpes-like virus nucleocapsids (90-100 nm), including incomplete particles with empty or partially
complete cores, and capsids with a central electron-dense core. Potential organelle enveloped virus par-
ticles were also observed. These ultrastructural characteristics of the virus particles are consistent with
those of CyHV-2 virions described in other reports [13,15,57]. Furthermore, the virus was successfully

re-isolated from the kidneys in cohabitating goldfish.
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Figure 5. Ultrastructure of CyHV-2-infected cells in kidney viewed with high magnification. Marginal chromatin ag-
gregation donated in white arrowheads. Virus particles at different stages of assembly include incomplete particles with
empty or partially complete cores (white arrows), capsids with a central electron-dense core (black arrows), and some
potential organelle enveloped virions (larger than nuclear viral particles), prior to egress from the cell (red arrows).
Taken together these experiments demonstrated that the p#0 inoculums prepared from NL-1,
NL-2 and NL-3 tissue homogenates contained viable CyHV-2, capable of causing clinical disease and
mass mortality in our Shubunkin goldfish model, and therefore we concluded that they may represent
ideal candidates to replace CyHV-2 ST-J1 or YC-01 strains, which cause relatively little disease with
this host model.
3.5 In Vitro Growth Kinetics comparison
All of the p#0 samples were shown to contain viable CyHV-2 capable of causing clinical dis-
ease in our Shubunkin goldfish model. However, to be useful in future studies, it was important that
these isolates could also be easily cultured in vitro in order to be easily titred and to facilitate the suffi-
cient expansion of viral stock for future in vivo studies. In general, the ability of a viral isolate to repli-
cate in vivo, is not indicative of its ability replicate in vitro, or adapt quickly to this specific biological
niche, and there are many factors that influence this. For example, while causing clinical disease in vivo,
as described earlier, the passaging of the NL-3 isolate could not be sustained beyond p#3 in vitro, indi-
cating that NL-3 was not practical for future use in a more robust CyHV-2 in vivo infection model.
Therefore, we proceeded with further characterization of NL-1 and NL-2 only, which in contrast to NL-

3, grew well in vitro, with viral titers increasing over several passages, thus providing sufficient viral
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stock for further characterization. Notably, the NL-2 reached higher titers faster, indicating that it might

be better adapted to in vitro culture. To investigate this further, we compared the in vitro growth kinetics

of NL1 and NL-2. Importantly, to maximise the validity of the comparison, in addition to using the

same dose of each isolate (MOI = 0.0001) for viral growth curves, we also compared them at the same

passage number, in this case p#10, (referred to as NL-1 #10 and NL-2 #10, respectively). The results

indicated that viral titers remained low initially from 8-12 dpi. However, from 12 dpi to 16 dpi, the titers

of both isolates increased rapidly. At the end of the experiment, at 16 dpi, NL-2 reached titers close to

300 PFU/mL, nearly twice that of NL-1 #10, and we observed a significant difference in the growth

kinetics of these two isolates at p#10, indicating that indeed NL-2 is better suited to in vitro culture
compared NL-1 (Fig. 6A).
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Figure 6. Comparison of in vitro growth kinetic and plaque sizes. (A) Viral growth curve comparison between NL-1

#10, NL-2 #10 and NL-2 #2. RyuF-2 cells were infected with the indicated strains (MOI=0.0001) and the logio value of the

titer (pfu/mL) in the supernatant was determined at the 8,12 and 16 dpi. Data represent the mean + SEM of triplicate

measurements. (B) Viral plaque size comparison between NL-1 #10, NL-2 #10 and NL-2 #2. RyuF-2 cells were infected

with the respective strains, and plaque areas were measured at 4, 5, and 6 dpi. Data represent the mean + SEM of 20

individual plaques. (C) Viral growth curve comparison between ST-J1 and NL-2. RyuF-2 cells were infected with the
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indicated strains (MOI=0.01) and the logio value of the titer (pfu/mL) in the supernatant was determined at the 4,6,8 and 10
dpi. Data represent the mean + SEM of triplicate measurements. (D) Viral plaque size comparison in ST-J1 and NL-2. RyuF-
2 cells were infected with the respective strains, and plaque areas were measured at 3, 4, and 5 dpi. Data represent the mean
+ SEM of 20 individual plaques.

To explore the possibility that the superior growth kinetics of NL-2 may have been simply due
to incremental adaptation to in vitro culture during the previous 10 passages, in parallel, we included a
growth curve for NL-2 at passage #2. This indicated that there was no significant change growth kinetics
of NL-2 between NL-2 between early (p#2) and later (p#10) passages (Fig. 6A). Similar patterns were
also observed when comparing plaque size between the same isolates, with plaques from NL-2 #10
being slightly but significantly larger than NL-1 #10, with no difference between NL-2 #2 and NL-2
#10 in terms of plaque size. (Fig 6. B). Taken together, these experiments indicated that out of the three
new isolates, the biological properties of NL-2 made it intrinsically better suited to stable and efficient
culture in vitro and therefore potentially represented a more useful candidate for utilization in a more
robust CyHV-2 in vivo infection model.

Next, we compared the in vitro growth kinetics NL-2 #10 with the CyHV-2 reference strain
ST-J1, also at p#10, using an MOI of 0.01 for both. At this MOI, the progression of the viral growth
curve over time was similar for both strains with viral titers increasing over the first three timepoints,
peaking at 8 dpi, and decreasing by 10 dpi (Fig. 6 C). However, the viral titre of ST-J1 was higher than
NL-2 at each timepoint, resulting in a significant difference between the two strains overall, demon-
strating that relative to NL-2, the ST-J1 strain exhibits superior replication kinetics in vitro. Despite this,
the comparison of viral plaque size at early timepoints in the infection (3, 4, and 5 dpi) revealed no
consistent difference between the two strains, with no statistically significant difference overall (Fig. 6
D).

Taken together, these experiments indicated that NL-2 was better suited to in vitro culture com-
pared to NL-1 and NL-3, and furthermore, its properties remained stable over multiple passages. While
the ST-J1 reference strain exhibited superior in vitro replication properties, the replication kinetics of
the NL-2 isolate was sufficient to build up enough virla stocks to facilitate its use in subsequent in vivo
experiments.

3.6 Comparison of in vivo pathogenicity of NL-2 strain and reference strain ST-J1

After examining the in vitro growth kinetics, we compared the virulence of the NL-2 strain to
the CyHV-2 reference strain ST-J1 in vivo. In this experiment, young adult subjects inoculated with the
same dose of each strain via IP injection allowing a valid comparison between both strains. Infected
fish exhibited a wide range of mortality rates, which was dependent on the strain used (Fig. 7 A). NL-
2 induced more intense and faster-developing clinical symptoms associated with CyHV-2 disease com-
pared to ST-J1. Symptoms in the NL-2 group began at 4 dpi, with mortality starting at 5 dpi, rapidly
increasing after and finally ceasing approximately two weeks post-infection, with an average mortality

rate of 76.6%. In contrast, the ST-J1 group exhibited only mild symptoms and a short recovery period,
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with mortality events limited to between 6 and 9 dpi and a significantly lower average mortality rate of
20%. No mortality was observed in the mock infected groups.
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Figure 7. (A) Comparison of pathogenicity in vivo of the ST-J1 and isolated NL-2 strains by IP. The pathogenicity of the
two strains (both were in ten passages, #10) was tested in the young adult Shubunkin goldfish (triplicate groups each con-
sisting of 10 subjects, average weight 5.84 + 0.6 g). Fish were mock-infected or infected by IP injection with the indicated
strains, and each subject received a 50 pL injection volume (1000 PFU/fish). The fish were monitored daily for clinical
signs of CyHV-2 disease, and fish reaching the endpoints were euthanized. In the overlay graph, the mean survival results

were compared. (B) Monitoring the mortality of cohabitation fish in ST-J1 and NL-2 injection. The same number of goldfish
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were placed as sentinel fish in the first two replicates after injection infection. (C) Survival curves of young adult Shubunkin
goldfish following infection by immersion with the indicated strain were monitored. Three independent replicates of young
adult Shubunkin goldfish, each group consisting of 10 subjects, were infected by immersion in water containing the virus
at a final concentration of 2000 PFU/mL, with 10 fish sharing 1L of infectious water. Fish were examined daily, and those
reaching the endpoints were euthanized. The overlay graph shows the mean survival curves based on the three replicates.

The cohabitation experiment also revealed a striking contrast between the two CyHV-2 strains,
with only sentinel fish in the NL-2 group exhibiting mortality after co-habitation with IP injected fish.
Mortality among sentinel fish occurred mainly between 2- and 3-weeks post-cohabitation, (Fig. 7 B),
leading to an overall mortality rate of approximately 35% which was lower than the IP inoculated group.
Notably, this this pattern, including mortality window, was consistent with the earlier NL-2 co-habita-
tion experiment (Fig. 4 D), but the mortality rates were slightly lower in this later co-habitation exper-
iment. In stark contrast to this, no mortality or clinical disease was observed in the ST-J1 co-habitation
group, or the mock group (Fig. 7 B).

We observed a similar contrast between the two strains in an additional experiment which in-
volved inoculation by immersion in water containing virus. This involved the immersion 10 subjects in
1L of water counting 2000 PFU/mL of each strain, for a period of 2 hours, before being returned to 60L
tanks. Unlike IP injection, it is more representative of the natural waterborne infection route. Using this
inoculation strategy, NL-2 exhibited a mortality average rate approximately 40%, which occurred dur-
ing one to two weeks post-infection (Fig. 7 C). As per earlier experiments, the typical clinical symptoms
such as abdominal swelling, severe skin lesions were observed in the NL-2 infection group. Moribund
subjects exhibited multiple skin hemorrhages and enlarged kidneys (Supplementary Fig. 2 A). In con-
trast to the earlier experiments, a white necrosis appeared on the tail fins of all goldfish three days after
infection, with some fish experiencing tail fin structure destruction and impaired swimming posture in
the later stages of infection (Supplementary Fig. 2 B). In contrast, no mortality or clinical disease was
observed within the ST-J1 group.

Collectively, these results demonstrate that the NL-2 strain is much more virulent and patho-
genic with our adult Shubunkin goldfish model, which, despite being relatively easy to breed, had also
up to this point, been quite resistant to CyHV-2 in experiments with the ST-J1 CyHV-2 reference strain
and previous experiments with the CyHV-2 YC-01 strain [25].
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Supplementary Figure 1. Comparison of autopsy conditions. External examination: No obvious hemorrhagic areas were
found on the skin of the whole body. However, abdominal swelling. Internal examination: Abdomen: The attacked fish
exhibited a large amount of fluid in the abdominal cavity, indicating severe ascites. There was notable enlargement of
internal organs. Intestines were severely swollen. Kidneys: The kidneys were congested and swollen, with white nodules,
which could indicate a localized necrosis. Gills: No obvious lesions were observed in the gills upon naked-eye examination.
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Clinical symptoms

Moribund

3 dpi

10 dpi

Supplementary Figure 2. (A) Clinical symptoms of moribund goldfish were observed. The left panel displays severe
abdominal swelling (black arrow), severe skin lesions with hemorrhagic spots (white arrow), and significant damage to the
tail fin structure (red arrow). The right panel highlights hemorrhagic lesions on the abdominal skin (white arrow). Upon
dissection, a comparison of kidneys from the mock group and the NL-2 infected group reveals that the kidneys of NL-2
infected fish are significantly enlarged. (B) Clinical symptoms at the early stage (3 dpi) and late stage (10 dpi) of immersion
infection were distinct. In the upper panel, white lesions (red arrows) can be observed at 3 dpi, scattered on the caudal fin
and occasionally on other fins such as the dorsal fin and pelvic fin. At the peak period of mortality (10 dpi), about two
weeks after infection, the lesion area increased (red arrows), and the structure of the caudal fin was destroyed. Obvious

hemorrhagic areas appeared, usually at the junction of the body and the caudal fin (white arrows).
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Table S1. Summary of NL-1 Variants. In this table, the location of each variant in NL-1 relative to
the CyHV-2 ST-J1 reference genome (NC_019495.1) is listed along with the sequence of the variant.
In addition, the corresponding location in the CyHV-2 reference genome is listed along with the refer-
ence sequence at this location.

Table S2. Summary of NL-2 Variants. In this table, the location of each variant in NL-2 relative to
the CyHV-2 ST-J1 reference genome (NC_019495.1) is listed along with the sequence of the variant.
In addition, the corresponding location in the CyHV-2 reference genome is listed along with the refer-
ence sequence at this location.

Table S3. Summary of NL-3 Variants. In this table, the location of each variant in NL-3 relative to
the CyHV-2 ST-J1 reference genome (NC 019495.1) is listed along with the sequence of the variant.
In addition, the corresponding location in the CyHV-2 reference genome is listed along with the refer-
ence sequence at this location.

Table S4. Summary of NL-1 Variant Effects. Based on annotations in CyHV-2 ST-J1 reference ge-
nome (NC _019495.1)

Table SS. Summary of NL-2 Variant Effects. Based on annotations in CyHV-2 ST-J1 reference ge-
nome (NC_019495.1)

Table S6. Summary of NL-3 Variant Effects. Based on annotations in CyHV-2 ST-J1 reference ge-
nome (NC_019495.1)
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Discussion

A crucial element in the study of any virus is the identification of a suitable virus-host model
for in vivo experimental infection. Being able to study a virus in its natural host allows us to make more
biologically relevant insights into many aspects of virus-host interaction. Like all known members of
the genus Cyprinivirus, CyHV-2 can be easily studied in its natural host, the goldfish, making them
interesting models to use in the study of herpesvirus infection, with strong relevance to other vertebrate
species. Indeed, this process is greatly facilitated by the availability of a host that can be easily main-
tained under controlled conditions, and easily bred to allow a consistent and sufficient supply of subjects
for experiments.

With regard to CyHV-2, there are many breeds of goldfish that meet this criteria, including
Shubunkin goldfish. In addition to being susceptible to CyHV-2, Shubunkin goldfish are heavily asso-
ciated with international trade [30], which is likely to be a key epidemiological factor in the global
spread of CyHV-2, making them very relevant host models in the context of research into disease con-
trol, and mitigation. While the ST-J1, (also referred to in the literature as the Saitama-1, or SaT-1 or
Saitama Japan-1 [7,58]) can induce mortality in some goldfish strains by immersion, as outlined earlier,
adult European sourced Shubunkin goldfish populations exhibit no virulence when challenged with ST-
J1 CyHV-2 reference strain (Fig. 7), and the YC-01 strain in challenge by immersion [25]. However, it
also remains possible that ORF disruptions in these CyHV-2 strains - that may or may not have emerged
during passaging [7,56], may also be responsible for this lack of virulence, which we will discuss later.
Regardless of whether this is due to host or viral factors, this renders these CyHV-2 strains sub-optimum
to use with these a wide range of economically and epidemiologically relevant cohorts. At the same
time, outbreaks of CyHV-2 among European populations of Shubunkin goldfish, indicate that they re-
main susceptible to new and uncharacterized CyHV-2 variants [30]. We therefore sought to identify
and characterize some of these new CyHV-2 isolates, in order to assess their usefulness in future CyHV-
2 studies utilizing the Shubunkin goldfish infection model.

In Europe, where CyHV-2 has a wide geographical distribution, CyHV-2 outbreaks are fre-
quently described in goldfish and gibel carp populations in both aquaculture facilities and in the wild
[15,17-19,59,60]. Within these regions, The Netherlands, has experienced outbreaks as early as 2011,
with repeated occurrences since then [61], as is the case elsewhere, these represent a mixture of cases
in domesticated and wild fish [30,31,62]. It was from one of these outbreaks in The Netherlands that
we were able to obtain high quality tissue samples from diseased fish for further investigation, leading
to the isolation of three new isolates NL-1, NL-2 and NL-3. Further in vitro and in vivo characterisation
established that the NL-2 isolate (i) could be stably cultured cells, leading to the generation high titer
viral stock, and (ii) exhibits much greater virulence in adult Shubunkin goldfish relative to the CyHV-

2 reference strain ST-J1. Given their properties, the use of this CyHV-2 NL-2 isolate in combination
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with Shubunkin goldfish, represents a much more optimum in vivo infection model to use in future
research into CyHV-2 disease mitigation, control and viral host interaction.

Whole genome sequencing of the NL-1, NL-2 and NL-3 isolates and genetic comparison of
these strains to existing strains, indicated that they were distantly related to the CyHV-2 ST-J1 reference
strain and the CyHV-2 YC-01 strain, both of which cause limited or no mortality in adult Shubunkin
goldfish when exposed to virus by co-habitation and/or immersion (see [25] and Fig. 7). Instead, these
new isolates are more related to other CyHV-2 strains that occupy the C Genotype clade (Fig. 3B).
Notably, all of the isolates were different to each other. Occupying separate sub-clades of the C Geno-
type clade, and these genetic differences between and new isolates and the ST-J1 reference strain, may
provide some interesting insights into phenotypic differences observed in further characterization.

The initial in vivo characterization of these new CyHV-2 isolates revealed that they could all
cause clinical disease associated with CyHV-2 in adult Shubunkin goldfish using IP inoculation. In all
cases, this also led to subsequent transmission of virus to co-habiting fish (Fig. 4). While this experiment
was conducted using unknown titers of each isolate, making it difficult to make a valid comparison of
virulence between the strains, importantly, it did indicate that they were capable of inducing mass mor-
tality in adult Shubunkin goldfish.

However, in addition to causing virulence in vivo, for these new viral isolates to be useful it
was equally important that they could be stably and efficiently passaged in vitro. The initial in vitro
culture of the three CyHV-2 isolates revealed slow lesion development in cells post-inoculation (#0 to
#1), with virus plaques identified after approximately 10 days (Fig. 1B). This was similar across the
three isolates and consistent with the previous isolation of other CyHV-2 strains [15,26,63,64]. How-
ever, differences between the isolates emerged during continuous passage. Most notably, we observed
that CPE caused by NL-3 could not be observed beyond the third passage. Similar instances of insta-
bility of CyHV-2 isolates in vitro have been observed using KF-1 cell lines [15,64] and goldfish-derived
cell lines GFSe and GFKTf [65]. This suggests that the NL-3 isolate is intrinsically less fit in vitro com-
pared to the other isolates. Alternatively, while could not be passaged continuously in RyuF-2 cells, it
may be fit in other cells that are permissive to CyHV-2 replication. For example, some CyHV-2 isolates
were observed to causing CPE in EPC cells, while others have not [8], however it is also important to
consider experimental differences between these studies that may also cause this. In contrast to NL-3,
the NL-1 and NL-2 isolates could be passaged more stably in RyuF-2 cells, with NL-2 exhibiting supe-
rior replication kinetics relative to NL-1 in this cell line. However, the CyHV-2 ST-J1 reference strain,
exhibited much higher replication kinetics, compared to NL-2. Taken together, these observations allow
us to infer a simple ranking system in terms of replication Kinetics or fitness in RyuF-2 cells, i.e. “ST-
J1 > NL-2 > NL-1> NL-3".

The genetic determinants of these different phenotypes are unclear as each isolate exhibits hun-
dreds of differences to the reference strain (Fig. 2, Table S1 S2 and S3). Many of these are SNPs, that

occur either outside of ORFs or result in synonymous changes with in ORFs, with no impact on protein
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sequences (Fig. 3). However, other mutations, such as insertions and deletions, can cause frameshifts
within ORFs leading to much more substantial changes in protein sequences, and hence these are much
more likely to result in phenotypic impacts (Tables S4, S5 and S6). Notably, all of the new isolates have
frameshifts in ORF138, ORF151A, ORF25B and ORF156, relative to ST-J1. The frameshifts in
ORF138 and ORF25B are identical in all of the new isolates, and are also present in other CyHV-2
strains. The frameshifts in ORF156 is identical in NL-1 and NL-3, and a similar frameshift is present
in NL-2 ORF156, leading to a similar ORF156 truncation. Indeed, these common mutations point to-
wards a common monophyletic origin of these tree new isolates separate to the J Genotype. Conversely,
the frameshifts in the NL-1, NL-2 and NL-3 encoded ORF151A relative to the ST-J1 reference are all
different, and only the ORF151A frameshift in NL-2 is found in other CyHV-2 strains. Nonetheless,
the ORF151A proteins encoded by the three isolates are all different from the ST-J1 ORF151A. It is
possible that the ST-J1 proteome is more optimum for CyHV-2 fitness in vitro. Outside of these four
major differences that are common to all three isolates, additional changes relative to this “optimum
proteome”, may further reduce fitness in vitro. Consistent with this, it is notable that NL-3, which ex-
hibited the least fitness in vitro, has more frameshifts (a total of eight, including frameshifts in ORF28A,
ORF30, ORF89 and ORF90) relative to ST-J1 than that other two isolates. Thus, the NL-3 proteome,
which is predicted to be more divergent from that of ST-J1 than the other two isolates, may be less
optimum for CyHV-2 fitness in vitro. It also raises the possibility that the ORFs disrupted in NL-3 may
be important for facilitating stable passaging of CyHV-2 in vitro, and it may be interesting to investigate
this further in future studies. However, it is important to note, that outside of highly disruptive changes
such as frameshifts, it remains possible that the smaller protein changes such as single nucleotide
changes leading to non-synonymous amino acid substitutions may also impact fitness in vitro, as we
described recently in a closely related virus Cyprinid herpesvirus 3 (CyHV-3) [66].

The direct comparisons between the NL-2 isolate and the CyHV-2 reference strain ST-J1 in
vitro and in vivo, also yielded some intriguing results. Despite the ST-J1 being more fit in vitro, it was
less fit in vivo, and vice versa for NL-2. This is similar to our previous observations with different
CyHV-3 strains [66,67]. This may occur as a consequence of continuous passaging in vitro, which
introduces a selective pressure that favours variants that are adapted to in vitro conditions. In the ab-
sence of any selective pressure to retain in vivo fitness, these in vitro adapted strains may develop an
attenuated phenotype in vivo, as we described previously with CyHV-3 variants [66]. It is unclear if the
same has occurred with ST-J1, leading to an attenuated phenotype in some goldfish breeds (or popula-
tions thereof) or if it has facilitated the emergence of CyHV-2 resistance. Notably, in comparisons be-
tween ST-J1 and NL-2, both strains were at the 10" passage. However, as we demonstrated with CyHV-
3, selective pressure in vitro may cause in vitro adapted strains to dominate viral cultures in as few as
five passages [66].

Interestingly, a total of six frameshifted ORFs exist in NL-2 relative to the ST-J1 strain (ORF16,
ORF25B, ORF52 ORF138, ORF151A, ORF156 - Table S5). Given that these represent the biggest
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differences in their respective proteomes, it may be interesting to determine if ST-J1 virulence in vivo
may be improved through replacement of one or more of these with the equivalent NL-2 allele(s). With
the exception of ORF156, the functions of the proteins encoded by these CyHV-2 ORFs have been
predicted based on homology with other proteins in related viruses such as CyHV-3 [7], which may
allow us to hypothesize which of these changes are more likely to be responsible for these differences
in phenotype between ST-J1 and NL-2 in vivo.

Some of these frameshifts result in truncation of predicted proteins in NL-2, relative to ST-J1
and other CyHV-2 strains, some of which may be responsible for reduced fitness of NL-2 relative to
ST-J1 in vitro. For example, ORF52 is predicted to encode a signal peptide, which truncated in NL-2
relative to ST-J1 and most other fully sequenced strains, however the potential impact of this on NL-2
fitness relative to ST-J1 in vitro is unclear. In the case of other frameshift mutations causing truncated
predicted protein products in NL-2, the potential impact in vitro may be more apparent. For example,
in NL-2 ORF16 and ORF138 are both predicted to encode truncated proteins relative to ST-J1 and other
fully sequenced CyHV-2 strains. ORF16 and ORF138 are predicted to encode Class 111 and Class | viral
membrane proteins respectively, both of which are important for herpesvirus viral entry and egress
[68,69]. Although potentially important for viral entry and egress, these viral membrane protein trun-
cations in the NL-2 isolate do not prevent host cell entry or egress in vitro, but it remains possible that
they may reduce fitness relative to ST-J1 in this environment (Fig 6C). However, the same truncated
membrane proteins did not prevent NL-2 from exhibiting much higher virulence and transmission in
vivo relative to ST-J1 (Fig 7).

Conversely, other frameshifts in NL-2 relative to ST-J1, such as those in ORF25B and
ORF151A, actually represent truncations of these protein products in ST-J1 relative to other fully se-
guenced CyHV-2 strains. As per ORF138, ORF25B is also a Class | viral membrane protein, and may
therefore be important for viral entry and egress. Notably, this ORF25B truncation in ST-J1 does not
reduce its fitness in vitro relative to NL-2 (Fig 6C). While we observe a lack of virulence and transmis-
sion when ST-J1 is delivered by immersion in vivo (Fig 7), it is unclear if this is directly connected to
this ORF25B truncation. However, in CyHV-3, we previously provided evidence that mutations in class
I membrane proteins, can impact virion viability in extracellular environments such as mucosal surfaces
[66], and it would be interesting to investigate this possibility in the future in a similar manner. In
contrast to other major gene disruptions between NL-2 and ST-J1, the in vivo impact of the truncation
of ORF151A in ST-J1 may be more readily apparent. ORF151A encodes a protein that is predicted to
be a viral receptor for Tumour Necrosis factor (TNF) and is a member of a Tumour Necrosis Factor
receptor (TNFR) family of proteins that are encoded by CyHV-1, CyHV-2 and CyHV-3 [67]. TNF is
an important element of the innate immune response, and is produced in the early stages of viral infec-
tion in response to the nuclear factor-xB (NF-xB) inflammatory pathway. Through interaction with its
natural cellular receptors (cellular TNFRs), TNF stimulates signalling that leads to an inflammatory

response in order to help recruitment of immune cells to the site of infection, stimulate their activation,
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and also cause fever [70-73], all of which are important for rapid clearance of viral infections. However,
virally encoded TNFRs can act as “decoy” TNFR receptors, preventing interaction with the cellular
TNFR and thus reducing the antiviral effects of cellular TNF [70,73]. Indeed, we previously demon-
strated that a soluble decoy TNFR expressed by CyHV-3, can interfere with behavioural fever response
during infection [74]. However, ST-J1 encodes a truncated from of ORF151A (129AA) in which the
TNFR domain is missing. Conversely, unlike ST-J1, NL-2 and other CyHV-2 strains encode a full-
length protein that includes the TNFR domain (324 AA) (InterProScan analysis, data not shown). There-
fore, it is possible that the ability of the ST-J1 strain to counteract host cell TNF during infection is
compromised due to the lack of this decoy TNF receptor encoded by the full-length ORF151A. Given
the roles that TNF plays during viral infection, this deficiency may have a greater impact in vivo than
in vitro, leading to ST-J1 to exhibit an attenuated phenotype in vivo, relative to NL-2. This may partially
account for the opposite patterns we observed between ST-J1 and NL-2 in terms of in vitro and in vivo
fitness. Notably, ST-J1 is the only fully sequenced CyHV-2 strain that has been observed to encode
truncations in both ORF25B and ORF151A, and it is possible that the attenuation in vitro bay be caused
by the combined impact of both of these frameshifts. Taken together, the genomic and biological com-
parisons of CyHV-2 from this study have allowed us to build some interesting hypotheses on some
potential determinants of CyHV-2 virulence in vivo and provides plenty of scope for further investiga-
tion in future studies.

According to the literature, laboratory challenges with CyHV-2 are primarily conducted via
intraperitoneal (IP) injection of infected tissue homogenates or cell culture fluid containing the virus,
which can rapidly induce clinical symptoms and high mortality [63,75-78]. However, this highly arti-
ficial challenge method has significant drawbacks. It amplifies the pathogenicity and virulence of the
virus, fails to represent the series of events that occur during a natural infection, and it does not reflect
the natural immune response of the host during a CyHV-2 infection. In fish, mucosal surfaces, including
the skin, gills and gastrointestinal mucosa, serve as the primary entry routes for viruses [79] and previ-
ously we identified that the skin is a major entry portal for CyHV-2 [25]. Therefore, identifying an in
vivo infection model that will allow us to simulate this natural infection process via the mucosal surfaces
is crucial in order to have biologically relevant experiment designs. In this study, inoculation of adult
goldfish with NL-2 by immersion using final concentration of 2000 PFU/mL led to 40% mortality in
goldfish (Fig. 7). Notably this dose is 50 times lower than the dose we used in equivalent experiments
previously with the YC-01 strain (1x10° PFU/mL) [25], which, despite the higher dose, led to little or
no mortality in adult Shubinkin goldfish. This would indicate that the NL-2-Shubunkin goldfish model
is ideal for the future study of CyHV-2, maximizing the biological relevance of observations, and thus

it also represents a useful tool to the wider CyHV-2 research community.

Conclusion:
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Three isolates of CyHV-2 NL-1, NL-2, and NL-3 that were characterized in this study. They
were found to be genetically distinct from the ST-J1 reference strain and from each other. They were
all found to cause disease associated with CyHV-2 in experiments that involved infection by of adult
Shubunkin goldfish by IP injection and co-habitation. Among these, NL-2 could be stably passaged in
vitro and also exhibited the most efficient replication in vitro. NL-2 was also capable of inducing CyHV-
2 related mortality in adult Shubunkin goldfish through inoculation by immersion. These two properties
make the NL-2 -Shubunkin model an optimum in vivo infection model to use in future studies, as it
facilitates both stable maintenance and generation of viral stock in vitro, and the infection of hosts in a
way that is more representative of natural infection, which will be of interest to the wider field. Due to
their distinct genetic characteristics and biological properties, we formally refer to these isolates as the
NL-1, NL-2 and NL-3 strains respectively.
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Chapter 4 Discussion and Perspectives

Viral infections pose significant threats to animal welfare and sustainable development within
the aquaculture industry. Among these, some herpesviruses have been identified as representing signif-
icant threats to global aquaculture (Pearson, 2004). Indeed, currently, several herpesviruses have been
identified as causative agents of disease during high mortality outbreaks, yet numerous others remain
to be characterized (Bergmann et al., 2024; Hanson et al., 2011; Kennedy et al., 2016). Cyprinid her-
pesvirus 2 (CyHV-2) is the causative agent of frequent high mortality outbreaks in the aquaculture sector
and is now the most frequently detected virus in goldfish (Ito et al., 2017). Besides its impact on orna-
mental goldfish, CyHV-2 also infects other economically important species in the genus Carassius,
including gibel carp and crucian carp, both of which are significant in the food sector, with production
reaching as high as 2,748.6 thousand tonnes in 2020, accounting for 5.6% of the world's total production

of major finfish (FAO, 2022).

Prior to this present study, scientific knowledge regarding this disease was fragmentary, and the
pathogenesis remained inadequately understood. The primary aim of this thesis was to bridge these
knowledge gaps and provide some insights into CyHV-2 pathogenesis. In the first study, CyHV-2 path-
ogenesis was explored in its natural host utilizing an In Vivo Bioluminescent Imaging System (IVIS)
in conjunction with a recombinant viral strain expressing the luciferase (Luc) and copepod GFP (cop-
GFP) reporter genes. This recombinant construct enabled the investigation of relative susceptibility (the
ability to support CyHV-2 entry) and permissivity (the ability to support CyHV-2 replication) across
different developmental stages, as well as the route of viral entry into the host. The experiments yielded
the following findings: (i) In goldfish, earlier developmental stages exhibit lower susceptibility but
higher permissivity to CyHV-2 infection compared to later developmental stages, resulting in increased
mortality in the former. (ii) Across all developmental stages, the skin exhibits a higher viral load than
other organs during the early stages of infection by immersion, suggesting that the skin is the primary
portal of viral entry into the host, as opposed to other mucosal surfaces in constant contact with envi-
ronmental water such as gills and gastrointestinal tract. Although notably, the CyHV-2 strain that was

used did not cause much mortality in adult hosts when challenged by immersion.

In the second study, a zebrafish model was tested to determine its susceptibility and permissiv-
ity to CyHV-2. This was done in order to explore the possibility of establishing, through genetic engi-
neering, new zebrafish strains, with increased susceptibility and permissivity to CyHV-2 and other Cy-
prinivirus species. In theory, with the correct modifications, mutant zebrafish strains may have facili-
tated the study of these viruses in the zebrafish model. Importantly, given that this host can be easily
genetically modified further, this may have facilitated studies on the importance of various evolution-
arily conserved host factors during CyHV-2 infection. Therefore, the generation of a CyHV-2-zebrafish
infection model may have been useful for exploratory studies before further investigation in the natural
hosts of CyHV-2. Initial in vitro investigations revealed that zebrafish embryonic fibroblast cells (ZF4)

were susceptible and transiently permissive to CyHV-2 replication, but that this was followed by rapid
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clearance of infection. Similarly, in vivo experiments employing microinjections demonstrated that
while zebrafish larvae displayed susceptibility to CyHV-2, these infections were also rapidly cleared. A
related Cyprinivirus, CyHV-3, exhibited slightly more fitness in these in vitro and in vivo zebrafish
model, and was thus used to test genetically engineered immunodeficient zebrafish strains. Considering
the strong host specificity exhibited by Cypriniviruses, and the results with both CyHV-2 and CyHV-3,
we concluded that the zebrafish model offered only limited applicability in terms of the study of Cy-

priniviruses.

Given the lack of mortality observed with the YC-01 and ST-J1 strains when adult fish were
challenged by immersion, in the third study we aimed to identify novel strains of CyHV-2 that were (i)
compatible with stable culture in vitro, and (ii) capable of causing disease and mortality in adult hosts
after vial challenge by immersion. As a result, we isolated and characterized three new CyHV-2 strains
originating from high mortality CyHV-2 outbreaks in the field. These were isolated from CyHV-2 out-
breaks in the Netherlands, thus we denoted these NL-1, NL-2, and NL-3. Genome sequencing revealed
many differences relative to the ST-J1 CyHV-2 reference strain. Additionally, distinct in vitro growth
kinetics were observed among these strains. NL-2 exhibited the highest fitness in vitro and, unlike the
ST-J1 CyHV-2 reference strain, it was demonstrated to induce high mortality in adult Shubunkin gold-
fish after viral challenge by immersion. Overall, this NL-2 Shubunkin-goldfish model was found to
represent a much more appropriate model for future investigations into CyHV-2 pathogenesis and
CyHV-2 challenge trials as part of vaccine development. Furthermore, the identification of gene dis-
ruptions in the ST-J1 reference strain relative to the NL-2 strain, provided insights into what viral genes

may be important for CyHV-2 fitness in vivo.

This section provides further discussion of the results from these three earlier studies described
in the experimental sections of this thesis, together with future perspectives. Rather than repeating
points from these earlier discussions, in this final discussion section the results from the three studies
are discussed collectively with the added benefit of additional retrospective insights gained after their
completion. Furthermore, additional data and context that were outside the scope of the three experi-

mental sections of this thesis are also provided in this final discussion section.

Design and rationale behind the first CyHV-2 recombinant and future perspectives

One of the earliest contributions to the field of CyHV-2 research that was made as part of this
Ph.D. project was the development of the first recombinant CyHV-2 strain, expressing both biolumi-
nescent (Firefly luciferase) and fluorescent (copGFP) reporter genes (Experimental Section 1) (He et
al., 2023). The Luc and copGFP proteins represent widely employed molecular reporters that can be
noninvasively detected in living cells. (Li et al., 2021; Gould and Subramani, 1988; Wilmann et al.,
2006; Shokrollahi et al., 2016). Firefly luciferase (Luc) is a member of the acyl-adenylate/thioester-

forming superfamily of enzymes and catalyzes the oxidation of firefly luciferin with molecular oxygen
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to emit light (Inouye, 2010). As the detection of signal from Luc does not require any excitation light
source, non-specific background signal is eliminated. CopGFP, also known as ppluGFP2, is a basic
(constitutively fluorescent) green fluorescent protein described in 2004, derived from Pontellina plu-
mate (Shagin et al., 2004). Unlike bioluminescent reporters, fluorescent reporters like CopGFP do re-
quire an excitation light source. As many biomolecules may absorb and emit light in the same part of
the spectrum as CopGFP, this may result in a lot of background signals in some circumstances. However,
fluorescent reporters such as CopGFP are much more suited to microscopic imaging processes. There-
fore having both bioluminescent and fluorescent reporters in a single recombinant allowed us to exploit
both of these useful properties (Day et al., 1998; Molina et al., 2002). Furthermore, in the construct used
in this project we linked the Luc and copGFP ORFs using an in-frame T2A self-cleaving peptide signal,
therefore both reporter proteins could be expressed from a single constitutively active EF1a promotor,
generating a single mRNA encoding a single large ORF, thus requiring less space in the CyHV-2 re-
combinant genome. Briefly, the presence of the T2A signal between the two genes results in the gener-
ation of two independent peptides, one representing the coding sequence prior to the T2A signal and
one representing the coding sequence after the T2A signal. More specifically, after the first gene is
translated, due to the absence of a stop codon, the ribosome proceeds with translation of the downstream
T2A sequence, but fails form a peptide link between the upstream and downstream proteins due to the
specific properties of the T2A signal. This results in the generation of two separate proteins rather than
a single fused protein after translation, despite the fact that they are essentially encoded in a single ORF
(Szymczak-Workman et al., 2012). In the context of the reporter construct employed in this project, this
design resulted in a CyHV-2 recombinant capable of simultaneous constitutive expression of fully func-
tional Luc and CopGFP reporter proteins, while requiring minimum space in the CyHV-2 genome, thus
minimizing any phenotypic impact of the construct insertion. It was also important to choose an inser-
tion site that would minimize disruption to adjacent genes. In order to achieve this, after a survey of the
CyHV-2 genome, it was decided to place the reporter construct in a region downstream of the polyad-
enylation signal for CyHV-2 ORF64 and upstream of the polyadenylation signal for CyHV-2 ORF66
(which is transcribed on the opposite orientation to ORF64, thus avoiding disruption of promoters for
genes downstream of ORF64). Furthermore, this location was also chosen as it should represent a region
where transcription from both of these ORFs should cease given that it is flanked by polyadenylation
signals in opposite “head-to-head” orientations. We verified this using publicly available CyHV-2 tran-
scriptome data (Discussion Fig. S1). This rational approach to insertion site selection resulted in the
generation a recombinant that retained the transcriptional, in vitro and in vivo phenotype of the parental
strain (Experimental Section 1 Fig. 1C, and Fig. 2), allowing us to use it to make valid biological infer-

ences about the parental strain.
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Discussion Figure S1 - Transcriptomic data from CyHV-2 ORF64 (forward strand) and ORF66 (reverse strand) confirming
that for both ORF64 and ORF66 mRNAs, the per-base transcription reduces after the polyadenylation signals. This indicates
that the insertion of the reporter cassette at the indicated site (which is flanked by polyadenylation signals) should have
minimum impact on ORF64 and ORF66 mRNA sequences during CyHV-2 infection.

Regarding the choice of parental strain for the recombinant, it was important to select a strain
that exhibited high fitness in vitro. This was not only important to facilitate the continuous generation
of any resulting recombinant viral stock in vitro in the future, but also important in order to maximise
the chances of success in generating a recombinant CyHV-2 strain to begin with. This was because the
process we used to generate the recombinant relied on homologous recombination between the parental
strain and the reporter construct on a donor plasmid (see Experimental Section 1). These recombination
events are rare in cells. Furthermore, this requires cells to be simultaneously transfected with plasmid
and infected with actively replicating virus. Given the low plasmid transfection efficiency in goldfish
cells in general, cells that are both infected with CyHV-2 and transfected with a donor plasmid are also
rare. Furthermore, cells transfected with donor plasmids were much more likely to enter an antiviral
state due to stimulation of innate immune receptors by incoming plasmid with non-methylated CpG
motifs (Reyes-Sandoval and Ertl, 2004). Therefore, it was important to maximise the number of infected
cells, and this necessitated the use of a CyHV-2 strain that exhibited high fitness in vitro. While the ST-
J1 CyHV-2 reference strain exhibits a high degree of fitness in vitro compared to other strains (Experi-
mental Section 3 Fig. 6), earlier experiments revealed that the YC-01 exhibits an even higher fitness in
vitro than that of the ST-J1 strain (Discussion Fig. S2). Therefore, in order to maximise the chances of

success, the YC-01 strain was chosen as the parental strain for the CyHV-2 recombinant.
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Discussion Figure S2 - Viral growth curve comparison between YC-01 and ST-J1. RyuF-2 cells were infected with the
indicated strains (MOI=0.01) and the log10 value of the titer (pfu/mL) in the supernatant was determined at the 2, 4 and 6
dpi. Data represents the mean of the triplicate measurements.

The generation of this CyHV-2 recombinant expressing these two reporter genes represented
an important advance beyond the current state of the art in the field of CyHV-2 research. Prior to this,
in the absence of any virally expressed bioluminescent reporters, there was no way to easily follow the
progression of CyHV-2 infections in vivo and quantify the extent of viral replication over time. Although,
in theory, this can be achieved by qPCR or immunostaining, these approaches require several sample
processing and analysis steps in order to measure viral load. Furthermore, at adult developmental stages,
results obtained from such methods will be greatly impacted by the random nature of tissue sampling,
especially for large organs, particularly in the case of the skin, where subsamples of tissue need to be
taken rather than the entire organ. Conversely, given that in the case of bioluminescence, subsampling
of organs is not required, this eliminates any such experimental sampling artifacts and facilitates a non-
biased measurement of viral load in entire organs, or across the entire external surface of subjects, in
the case of the skin. Also, viral loads can be directly measured in samples without the need for any
additional tissue processing or molecular or immunostaining analysis (He et al., 2023) thus reducing

experimental error.

In Experimental Section 1, the combined use of the Luc and CopGFP reporters to follow and
measure CyHV-2 replication in vivo was a crucial factor in allowing us to establish that at all develop-
mental stages, the virus initially enters hosts via the skin, and this recombinant will continue to be very
valuable research tool in this field. However, as with the CyHV-2 ST-J1 reference strain (Experimental
Section 3 Fig. 7 B), the YC-01 recombinant strain exhibited an attenuated phenotype in adult subjects
when challenged by immersion, causing little or no mortality (Experimental Section 1, Fig. 9 B). This
is in stark contrast to the newly described NL-2 strain (Experimental Section 3 Fig. 7 B). Notably, the
NL-2 strain also exhibits reasonably good fitness in vitro and is compatible with stable passaging in this
environment (Experimental Section 3 Fig. 6). Thus, as part of future CyHV-2 research projects, it may
be valuable to generate a similar CyHV-2 recombinant using NL-2 as the parental strain, which may
facilitate the study of disease caused by highly pathogenic strains in adults after viral challenge by
immersion, which may be more representative of natural infection routes. Although the generation of a
recombinant using NL-2 may be more cumbersome than YC-01 given the formers lower fitness in vitro
(Compare Experimental Section 3 Fig. 6 with Discussion Fig. S2, with ST-J1 as common reference),
this process will benefit greatly from the knowledge gained and output from the generation of the YC-
01 recombinant in terms of reporter protein selection, recombination protocols, pre-existing donor plas-
mids, and pre-existing optimum insertion sites. Furthermore, the generation of an NL-2 recombinant
may be extremely useful in future fundamental research into CyHV-2 and vaccine challenge trials (dis-

cussed in more detail later), in the same way that similar CyHV-3 recombinants have facilitated major
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advances in the fundamental understanding and vaccine development with this closely related virus

(Boutier et al., 2015a; Costes et al., 2009; Fournier et al., 2012; Ronsmans et al., 2014).

It is acknowledged that this tracing method carries the risk of producing false negatives, where
the virus may be actively replicating in an organ but remains undetected. Several factors could account
for this. During viral replication, mutations in the viral genome could alter the reporter gene sequence,
potentially preventing its proper expression. Additionally, the timing of detection is crucial. Certain
tissues inherently produce bioluminescent or fluorescent signals, which can increase background noise,
thereby complicating the detection of weak luciferase signals. Thus, detection must be timed to occur
when viral replication is sufficiently advanced and reporter gene expression exceeds the detection
threshold. Moreover, the signal may not be detected if there is insufficient contact between the substrate
and the enzyme. This is a common issue, as the intensity of the bioluminescent signal depends on the
quantity of luciferase produced by the virus in infected cells. For instance, an inaccurate microinjection
site failure to deliver the substrate into the heart can prevent it from reaching the infected tissue, conse-
guently diminishing signal intensity. Despite these potential challenges, the strategy we have employed
remains highly feasible and offers distinct advantages.

The “fine-tuning” of the CyHV-2 in vivo infection model throughout this Ph.D. project and future
perspectives

One of the overarching themes, particularly in Experimental Sections 2 and 3, was the identifi-
cation of a suitable in vivo experimental infection model for CyHV-2. Ideally, experimental infection
conditions, including viral and host strain selection, should be adequate to facilitate robust and repro-
ducible high mortality disease among subjects after viral challenge by immersion, as this infection route
is more representative of natural infections. Whether or not this can be achieved may depend on (i) the
viral strains used, as changes in key virulence factors may determine the phenotype in vivo, and (ii) host
factors, given that various genetic or epigenetic circumstances may impact resistance to viral challenge.
Given that it was best to produce the CyHV-2 recombinant using YC-01 as a parental strain, (for reasons
described earlier) we sought to determine which goldfish breed may be the most susceptible to the YC-
01 WT strain before proceeding further. As part of this process, we conducted initial challenge trials
using different goldfish breeds. We selected goldfish breeds that were reported to be susceptible to
CyHV-2 including Common goldfish (Hedrick et al., 2006), Ryukin goldfish (Ito et al., 2017), Wakin
goldfish (Panicz et al., 2019), Shubunkin goldfish (Ito et al., 2017), and two additional breeds that had
not been tested yet in terms of CyHV-2 susceptibility namely, Comet goldfish and Sarasa goldfish. In
all cases, subjects were at the adult stage of development or approaching adulthood. Mortality was
observed after viral challenge by IP injection with a high viral load, but there were differences between
goldfish breeds. However, even after IP injection, mortality caused by the YC-01 strain was still absent
or low in all goldfish breeds, with the exception of Shubunkin goldfish which exhibited almost 80%
mortality, indicating that it was the most susceptible to mortality induced by the CyHV-2 YC-01 strain
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(Discussion Fig. S3). Thus, we chose to use Shubunkin goldfish as part of the YC-01 recombinant in
vivo infection model in further experiments. Even though this goldfish breed was very resistant to YC-
01 induced mortality via challenge by immersion at the adult stage, these subjects were still extremely
susceptible to infection (Experimental Section 1, Fig. 9 C), allowing us to identify the skin as the pri-
mary portal of entry in this development stage, which was consistent with other developmental stages.
These comparisons between developmental stages also indicated that the YC-01 strain was indeed ca-
pable of inducing mortality in Shubinkin goldfish via challenge by immersion, but this decreased as

development progressed, ultimately leading to little or no mortality at the adult stage.
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Discussion Figure S3 - Primary comparison of various goldfish breeds. Each group consists of 10 subjects challenged
by IP and the same number of fish as Mock. Common goldfish (average weight 7.3g), Ryukin goldfish (average weight
7.07g), Wakin goldfish (average weight 4.25g), Shubunkin goldfish (average weight 3.44g), Comet goldfish (average

weight 8.6g) and Sarasa goldfish (average weight 4.02g).

The YC-01 recombinant strain was extremely useful in determining these differences in CyHV-
2 susceptibility and permissively across different developmental stages, and allowing us to identify the
portal of entry in Experimental Section 1. Although this recombinant strain was an extremely valuable
tool, given that it exhibited an attenuated phenotype in adults when challenged by immersion, it was
clearly not representative of highly pathogenic CyHV-2 strains responsible for high mortality outbreaks
in the field, including strains responsible for outbreaks within adult Shubinkin goldfish populations (Ito
et al., 2017). Consequently, we reasoned that the YC-01 recombinant may not be suitable for future
studies on viral host interaction during acute high mortality outbreaks in adults involving viral challenge
by immersion. Furthermore, we also reasoned that this YC-01 recombinant may not be optimum for
incorporation into challenge trials to determine vaccine efficacy. This is because it cannot reliably cause
mortality in naive adult subjects after challenge by immersion. Therefore, if using the YC-01 recombi-
nant as a challenge strain in future vaccine trials, it will only be possible to demonstrate differences in
viral load or clearance times in vaccinated adults. This may not necessarily be indicative of the extent

of protection against highly virulent strains responsible for mass mortality in the field.
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Therefore, in order to improve our CyHV-2 in vivo infection model, rather than focusing on
identifying less resistant goldfish breeds, we chose to change our approach and instead worked towards
isolating and characterizing novel highly pathogenic CyHV-2 strains from outbreaks in the field, in
order to replace the YC-01 strain and ST-J1 reference strains that we predominantly used in our CyHV-
2 in vivo infection models. We also reasoned that it would be useful to retain the use of Shubunkin
goldfish breed as a host, as they were the most sensitive to the CyHV-2 strains that we had used up to
that point and were sensitive to highly pathogenic field strains (Ito et al., 2017). Furthermore, we could
easily breed Shubunkin goldfish in our facility. This change of approach ultimately led to the isolation
and characterization of the NL-2 CyHV-2 strain. In contrast to the ST-J1 and YC-01 strain, this strain
was much more virulent in Shubunkin adult goldfish in experiments involving viral challenge by im-

mersion causing high mortality among subjects.

This process of “fine tuning” the CyHV-2 in vivo infection model over the course of this Ph.D.
project by testing different combinations of CyHV-2 strains and goldfish breeds revealed differences in
CyHV-2 resistance between these breeds, as observed elsewhere (Ito et al., 2013). However, it also
revealed that the biggest factor in establishing a high virulence CyHV-2 in vivo infection model was
possibly the choice of viral strain. This ultimately led to the establishment of the much more virulent
NL-2-Shubunkin CyHV-2 in vivo infection model. As mentioned earlier, it may also represent an ideal
parental strain for the generation of a new CyHV-2 recombinant expressing the same reporter genes,
which would be an ideal recombinant for challenge trials in future projects aimed at developing CyH V-
2 vaccines. Furthermore, it is also possible an NL-2 recombinant may be more virulent than the YC-01
strain in the WT or immunodeficient mutant zebrafish model that was described in Experimental Sec-
tion 2, which may be very interesting to test. If the NL-2 strain could be found to be more virulent in
these zebrafish models, or if it can facilitate the establishment of infection by immersion, it would allow
us to revisit the possibility of using genetically modified zebrafish to identify important evolutionary
conserved innate immune factors that are important for CyHV-2 clearance in survivors. This would be
extremely valuable for building hypotheses and providing new insights into key viral host interaction

processes that may also take place during CyHV-2 infections in its natural host species.

It is important to note that in this context, although zebrafish and goldfish belong to the same
family (Cyprinidae) and that closely related cyprinviruses can establish infections in both species, it is
essential to recognize that zebrafish is a highly specialized laboratory species. As a tropical freshwater
organism, zebrafish exhibits significant differences from commercially valuable aquaculture species in
terms of size, physiology, reproductive strategy, and environmental tolerance (Sofyantoro et al., 2024;
Tsang et al., 2017). Commercial aquaculture primarily targets larger, temperate species such as carp,
goldfish, catfish, and salmon, which have distinct growth requirements, stress responses, and disease
profiles that zebrafish cannot adequately model. For instance, zebrafish have markedly different meta-

bolic rates, growth efficiencies, and feed conversion ratios compared to species cultivated on a
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commercial scale for human consumption (Gonzales and Law, 2013). Furthermore, zebrafish thrive in
controlled laboratory environments, which differ significantly from the complex, pathogen-rich condi-
tions found in aquaculture systems, such as ponds or recirculating aquaculture systems (RAS). For in-
stance, Aeromonas hydrophila is commonly present in aquaculture environments, where it typically
does not cause severe outbreaks or high mortality. Research has also demonstrated that CyHV-2 can
interact with A. hydrophila in antagonistic or synergistic ways, depending on the timing of infection
(Renetal., 2021). However, in zebrafish, A. hydrophila often leads to high mortality rates, highlighting
the species’ susceptibility to this pathogen under experimental conditions (Rodriguez et al., 2008).
While zebrafish serve as a valuable model for basic biological research, their direct application to en-
hancing aquaculture production remains limited. Therefore, for any insights that may be gained from
zebrafish, a follow-up with species-specific research will always remain essential if such insights are to

be exploited in addressing the challenges faced by commercially important fish species in aquaculture.

Future prospectives regarding CyHV-2 vaccine development arising from this Ph.D. Project.
Over the course of this Ph.D., we encountered challenges in terms of establishing a highly vir-
ulent in vivo infection model compatible challenge by immersion. However, these challenges have given
us a greater appreciation for the huge phenotypic differences that exist between different CyHV-2 strains.
A key example of this is the differences between the two attenuated CyHV-2 strains, YC-01 and ST-J1
and our newly characterized NL-2 strain. Adaptation to in vitro culture conditions can often lead to the
development of an attenuated phenotype in vivo, and we have shown this to be the case with strains of
CyHV-3 (Gao et al., 2023, 2018), which is the closest known relative to CyHV-2 (Donohoe et al., 2021).
In the case of one of these CyHV-2 attenuated strains, ST-J1, it is worth noting that it has been passaged
in vivo and in vitro since 1992. It is unclear if the ORF disruptions that it exhibits have occurred during
adaptation in vitro passaging or not [3] or if additional changes have emerged during its use in this Ph.D.
project. Notably, we have demonstrated that, with CyHV-3 at least, that in vitro adaptation, leading to
in vivo attenuation can occur over very few passages in vitro. In the case of the other attenuated strain,
YC-01, while it was isolated much more recently than ST-J1, it exhibits many genomic differences to
all other CyHV-2 strains (Experimental Section 3, Fig. 3B), particularly genomic inversions (Yang et
al., 2024). However, again, it is unclear if such changes were also present in the field or if they emerged
during passaging in vitro. Interestingly, attenuation through serial passaging in vitro has been used as a
method of generating live attenuated CyHV-2 vaccine candidates (Saito et al., 2022; Y. Sun et al., 2023)
and given the attenuated phenotype exhibited by the ST-J1 or YC-01 strains passaged in our laboratory,
it may be interesting to see if subjects challenged with these strains by immersion (which cause little or
no disease or mortality), exhibit resistance to the more virulent NL-2 strain. Interestingly in the case of
the YC-01 recombinant, the Luc reporter would be very useful to robustly determine how long it takes
for the attenuated YC-01 infection to be completely cleared after vaccination. Once this is established,

the same fish could then be challenged with a NL-2 recombinant after this initial vaccination with the
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YC-01 recombinant. Interestingly, in such a study, it may be useful if the NL-2 recombinant was de-
signed to express a different bioluminescent reporter than the YC-01 recombinant, and ideally one that
relies on a different substrate. This would facilitate specific detection of the NL-2 challenge strain rep-
lication in subjects already vaccinated with the YC-01 (Luc-expressing) recombinant. A bioluminescent
reporter that may be compatible with this is nano-luciferase (NLuc). This is a very sensitive biolumi-
nescent reporter that relies on a different substrate than Luc (England et al., 2016). However, as emission
from NLuc is at a lower wavelength than Luc, it may not penetrate tissue as easily. Interestingly, this
problem may be overcome using modified versions of NLuc that are fused to fluorescent proteins. In
these cases, NLuc emission is immediately absorbed by the fused fluorescent protein, through a process
known as bioluminescence resonance energy transfer (BRET). This allows NLuc emission to act as a
highly efficient excitation source for the fluorescent protein. This leads to highly intense emission from
the fluorescent protein at higher wavelengths that can penetrate tissue much more easily than the initial
light emitted from NLuc (Schaub et al., 2015; Suzuki et al., 2016). This multiplex in vivo imaging
approach (using Luc and NLuc-BRET reporters) to vaccine challenge trials would allow us to further
exploit and build on the CyHV-2 genetic engineering, in vivo infection and in vivo imaging platforms
that we have established and refined throughout the course of this Ph.D project, allowing us to continue
progress towards CyHV-2 vaccine development and continue to push CyHV-2 research beyond the cur-

rent state of the art in the future.
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