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Simple Summary: Viruses are pervasive components of aquatic ecosystems, and most of them are
harmless to humans and animals; however, several aquatic viruses can infect animals, leading to
diseases, especially when fish are confined, such as in aquaculture facilities. Traditional methods
used to detect and study viruses have been widely applied to aquatic animals’ viruses, leading to
the successful isolation, identification and understanding of several of them. However, they have
limits, which can be overcome by molecular methods, such as polymerase chain reaction (PCR)-based
assays, sequencing and in situ hybridisation. A standard PCR, followed by the sequencing of purified
amplicons, is an effective method for both identifying well-known viruses and discovering new
ones. In situ hybridisation, in which a labelled probe binds to a nucleic acid sequence in tissue, is
able to correlate the presence of viruses to lesions. Novel molecular isothermal methods, such as
loop-mediated isothermal amplification (LAMP), were also developed and applied to viral aquatic
animal diseases, bringing molecular diagnosis into the field. This review considers the scientific
literature dealing with the molecular methods employed hitherto to study the most relevant finfish
and shellfish viral pathogens, stressing their advantages and disadvantages.

Abstract: Aquaculture is the fastest-growing food-producing sector, with a global production of
122.6 million tonnes in 2020. Nonetheless, aquatic animal production can be hampered by the oc-
currence of viral diseases. Furthermore, intensive farming conditions and an increasing number of
reared fish species have boosted the number of aquatic animals” pathogens that researchers have
to deal with, requiring the quick development of new detection and study methods for novel un-
known pathogens. In this respect, the molecular tools have significantly contributed to investigating
thoroughly the structural constituents of fish viruses and providing efficient detection methods.
For instance, next-generation sequencing has been crucial in reassignment to the correct taxonomic
family, the sturgeon nucleo-cytoplasmic large DNA viruses, a group of viruses historically known,
but mistakenly considered as iridoviruses. Further methods such as in situ hybridisation allowed
objectifying the role played by the pathogen in the determinism of disease, as the cyprinid herpesvirus
2, ostreid herpesvirus 1 and betanodaviruses. Often, a combination of molecular techniques is crucial
to understanding the viral role, especially when the virus is detected in a new aquatic animal species.
With this paper, the authors would critically revise the scientific literature, dealing with the molecular
techniques employed hitherto to study the most relevant finfish and shellfish viral pathogens.

Keywords: Herpesvirales; Iridoviridae; sturgeon NCLDVs; molecular methods; next generation
sequencing; Nodaviridae; PCR-based methods; isothermal amplification techniques; sequencing;
in situ hybridisation

1. Introduction

The advent of molecular methods has benefited all sectors of biology, expanding
and deepening knowledge on the structures and operating mechanisms of all organisms.
Molecular methods are powerful tools in the study of infectious diseases. They can provide
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valuable epidemiological insights, demonstrating, for example, relatedness between strains;
furthermore, they have contributed to our understanding of pathogenesis and they are
invaluable tools in the diagnosis of infectious diseases, expediting and improving pathogen
detection and identifying the agents of diseases whose causes are unknown [1].

Polymerase chain reaction (PCR) is the most well-developed molecular technique and,
since its invention by Kary Mullis in 1985, it has been used to create many microorganism
detection methods and has been applied to all scientific sectors [2]. In PCR, a small
amount of DNA can be copied in large quantities over a short period of time, achieving
impressive sensitivity. PCR-based methods may overcome the limitations of traditional
testing procedures. As a matter of fact, the virology sector profited handsomely from the
molecular approach, especially for those viruses with no or few in vitro replication activities.
Furthermore, the extensive use of molecular methods has now produced techniques that
are also cost-effective when compared to traditional methods. All these features make the
molecular approach ideal for the detection of viral aquatic animal diseases. The aquaculture
sector is fast expanding and deals with multiple fish species, ranging across the animal
kingdom and including freshwater and marine finfish, crustaceans and molluscs. In oceanic
marine habitats, viruses can be found in concentrations of up to 108 viruses mL~! [3] and
some of them are well-known causes of fish diseases. However, the intensification of fish
production and the movement of aquatic animals led to an increase in infectious diseases,
requiring a continuous expansion of knowledge asset on fish viral diseases and a constant
adjustment of diagnostic methods. In this respect, molecular methods provide the ideal
tool to gain crucial knowledge about viral aquatic animal diseases.

The PCR approach has been expanded to detect multiple targets at the same time using
multiplexing assays, which has found widespread application in the study and detection
of viral aquatic animal diseases. Differential diagnosis, including clinical methods and
gross pathology, is a milestone in the diagnosis process for infectious diseases; however,
for fish, no pathognomonic signs are described and more than one aetiology needs to be
investigated simultaneously to provide a correct and fast pathogen identification. In this
respect, multiplex PCR can provide an efficient method to discriminate quickly among fish
pathogens or genetic variants associated with similar clinical signs [4,5].

Real-time PCR is another widely applied PCR-based method able not only to detect
the target DNA but also to quantify the number of DNA molecules initially present in the
sample. For this reason, the method is also known as quantitative PCR (qPCR) [6]. In real-
time PCR, the amplified product is monitored through the fluorescence of dyes or probes
introduced into the reaction, eliminating post-PCR manipulations. For this reason, real-time
PCR allows for processing a large number of samples with a lower level of contamination,
making it more suitable for routine diagnostics compared to conventional PCR. On the
other hand, a conventional PCR can be used to produce amplicons for sequencing and
phylogenetic analyses [1]. In addition to diagnostics, real-time PCR can be very useful for
virus detection and quantification in pathogenesis studies, especially for viruses with low
or no cultivability [7].

More recently, digital PCR is taking hold thanks to the recent development of new
instruments and chemistry, which have made it a much simpler and more practical tech-
nique [8]. This innovative approach has been recently applied for the diagnosis of carp
edema virus (CEV), a pathogen that may lead to high mortality in both koi and common
carp populations and for which no effective control methods have been developed. In this
case, a prompt and efficient detection of the virus is the only approach for the prevention
of further spread of the disease. In this regard, the developed digital PCR assay provides a
robust diagnostic tool for the sensitive detection of CEV [9].

Despite their unparalleled contribution, PCR-based techniques also have some limits.
In particular, they require expensive reagents and equipment. Isothermal amplification
methods overcome this shortcoming as they are performed at one reaction temperature
under simple conditions and thus do not rely on specialised equipment [10]. Among the
several isothermal amplification techniques described so far, loop-mediated isothermal
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amplification (LAMP) is one of the most popular, with assays developed for the detection
of several fish and shellfish viruses. More advanced and complex methods, such as the
systematic evolution of ligands by exponential enrichment (SELEX), have been applied so
far to a more limited number of fish viruses. This method was used to generate aptamers
with high specificity and affinity for Singapore grouper iridovirus (SGIV)-infected cells.
These aptamers can find several applications in both disease diagnosis and control; indeed,
they can be used as molecular probes to set up rapid diagnostic assays and study the
mechanism of virus infection as well as to develop antiviral treatments against SGIV
infection in aquaculture [11]. In situ hybridisation (ISH) is another molecular method used
for diagnostic purposes but above all to study the pathogenetic mechanisms of infectious
diseases. ISH consists of a family of sensitive methods able to target specific nucleic acid
sequences at the cellular level and potentially it can be used to correlate the presence of
viruses to lesions [12,13]. The first in situ detection methods were characterised by the use of
very sensitive radio labelled probes, but also by disadvantages as the difficulty in obtaining
a precise localisation of the signals and the handling of radioisotopes. Hence, in the last
few decades, several adjustments have been made in order to achieve greater sensitivity,
practicability and safety. At present, non-radioactive methods such as chromogenic (CISH)
and fluorescent (FISH) in situ hybridisation are used [13]. Moreover, if designed properly,
these methods are also able to discriminate between the replicative and non-replicative
status of a pathogen, by using specific sense or antisense probes [12,14]. Several ISH assays
have successfully been developed in order to localise the presence of viruses in the tissues
of aquatic animals. For instance, this approach is essential to distinguish true ostreid
herpesvirus 1 (OsHV-1) active infection from passive contamination of the host, especially
when the virus is detected in new host species and their role needs to be investigated [15,16].

The analysis of sequences has significantly contributed to gaining fundamental epi-
demiological information on viral diseases. The combination of the epidemiological ap-
proach and molecular methods has resulted in molecular epidemiology studies that help to
understand disease distribution in populations and the relationship between viral strains
and disease outbreaks. Sequence analysis has furthered the capacity to investigate viral
evolutionary history through phylogenetic studies [17]. The genetic characterisation of
novel North American marine viral haemorrhagic septicaemia virus (VHSV) strains and
their comparison with traditional European freshwater strains have provided a remarkable
insight into the origins of viral haemorrhagic septicaemia (VHS) in aquaculture. VHS
was traditionally thought to be a disease exclusive to freshwater rainbow trout farming.
North American and European strains belong to different genotypes that were indicated to
have become separated a long time before fish farming was established on both continents.
This finding has led to several new studies, which in the end proved the existence of
long-standing natural marine reservoirs of the VHS virus [17].

At last, the advent of next generation sequencing (NGS) has greatly contributed to the
discovery of emerging pathogens in the fish farming industry. The reduction of sequencing
costs and the availability of efficient computational resources have led to a wider use
of large-scale DNA/RNA sequencing. In particular, the research on unculturable and
emerging viruses benefited above all by metagenomics and other methods that are not
dependent on laboratory propagation [18]. The NGS approach unveils novel and often
surprising findings for all viruses investigated, including the reassignment to the correct
taxonomic family of an entire group of viruses such as the sturgeon nucleocytoplasmic large
DNA viruses (NCLDVs), a group of viruses historically known, but mistakenly considered,
as iridoviruses [19].

This review aims to illustrate how molecular methods contribute to gaining crucial
knowledge about viral aquatic animal diseases reporting typical applications to some of
the most challenging fish viruses. In particular, two groups of large dsDNA viruses, such
as the nucleocytoplasmic large DNA viruses and the herpesvirales group, were chosen.
Molecular methods have constituted a powerful tool to gain crucial knowledge on the large
and complex genomes that characterise these viruses, overcoming limitations due to poor
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in vitro cultivability, strict species-specificity and different evolution dynamics. On the
other hand, an example of a group of small RNA viruses is also reported: the nodaviruses.
The research on this fast-evolving group of viruses greatly benefited from the application
of molecular methods as well, providing successful diagnostic methods and allowing the
exploration of the relationship between genes and biological characteristics.

2. Nucleocytoplasmic Large DNA Virus

The nucleocytoplasmic large DNA viruses (NCLDVs) are double-stranded DNA
viruses of eukaryotes with a monophyletic origin [20]. This group includes several virus
families, such as Poxviridae, Asfarviridae, Iridoviridae, Phycodnaviridae, Marseilleviridae,
Ascoviridae and Mimiviridae. The sequencing of several viral genomes in the last two
decades has substantially advanced knowledge of the evolutionary history of these viruses,
and now all these families are officially joined in the phylum Nucleocytoviricota within the
virus kingdom Bamfordvirae of the realm Varidnaviria by the International Committee on
Taxonomy of Viruses (ICTV) (https://ictv.global/taxonomy accessed on 2 February 2023).

2.1. Iridoviridae

The family Iridoviridae comprises several viruses infecting fish, included in the sub-
family Alphairidovirinae and grouped in three genera: Lymphocystivirus, Megalocytivirus and
Ranavirus [21]. Lymphocystivirus is a group of viruses historically known and associated
to a cutaneous proliferative benign disease of demersal fish since its first isolation in cell
culture in 1962 [22]. Megalocytiviruses and ranaviruses have been reported long after in
the 1990s and are responsible for systemic infections leading to high mortality outbreaks in
cold-blooded vertebrates [23,24].

Iridoviruses possess large, linear, double-stranded DNA genomes that are circularly
permuted and terminally redundant [25]. Virions have an icosahedral symmetry and
infectious particles may be either “naked” or enveloped depending on their release by cell
lysis or by budding from the plasma membrane, respectively [24].

PCR-based methods and phylogenetic analysis have been applied to the study of
all vertebrate iridoviruses implementing diagnostic capacity, epidemiology knowledge
including geographical distribution, host range and their taxonomy. Moreover, whole
genome sequencing has permitted further exploration of their genome characteristics,
bringing to attention interesting data on their genomic organisation and differences.

2.1.1. Lymphocystivirus

Lymphocystiviruses are responsible for lymphocystis, a self-limiting disease of teleosts
known since the 19th century. Lymphocystis typically presents with cutaneous nodular
masses consisting of hypertrophied fibroblasts.

On the basis of typical nodular masses on the skin and fins, lymphocystis has been
described in more than 140 wild freshwater and marine water fish across the globe [26];
however, the actual identification of the virus has been conducted in a more limited number
of cases. Electron microscopy can confirm the presence of icosahedral iridovirus-like virions
inside hypertrophied fibroblasts, and this method has been used for a long time to identify
the virus in pathological tissue [26]. However, this approach limited the identification,
at most, to the family level, resulting in a considerable degree of uncertainty. When
partial /complete genetic characterisation was conducted, considerable differences were
reported among lymphocystiviruses, despite the consistent clinical presentation described
across the affected species.

Thanks to whole genome sequencing and phylogenetic analysis, four species of LCDV
were recognised and named LCDV1-4. LCDV1 is reported in flatfishes (family Pleuronec-
tidae), LCDV2 is isolated from olive flounder (Paralichthys olivaceus), LCDV3 is found in
gilthead sea bream (Sparus aurata), and LCDV4 is detected in the whitemouth croaker
(Micropogonias furnieri) [21,27]. Significant discrepancies have been pointed out in the
genome size, whole genomic structure and organisation of different LCDV species [28].
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In particular, LCDV1 differs significantly from other LCDVs with a genome of about half
the size (1000 Kbp) compared to other LCDV species (180-203 Kbp). Comparison between
the genomes of different LCDV showed a low percentage of nucleotide identities, indicat-
ing the almost complete genomic dissimilarities and non-relatedness. In particular, only
some LCDV1 genomic regions were found in LCDV2-4, but the spatial arrangement of
these regions was different [28]. On the other hand, viruses within a species showed a
similar genome size and similar conserved genomic regions as demonstrated for viruses
belonging to LCDV1 [28], at least in the case where more than one virus per species was
fully sequenced.

The family Iridoviridae belongs to the NCLDVs, whose genome is characterised by a
small number of widely shared genes and unique or species-specific operating reading
frames (ORFs). These distinctive genes are possibly acquired by gene duplications, dele-
tions, lateral gene transfers from their hosts and the de novo creation of protein-coding
genes; more strikingly, it is increasingly understood that these mechanisms are driven by
environmental factors [29]. Even if not fully demonstrated, differences in LCDV genomes
may be due to these mechanisms of rearrangement induced by the environment in which
they evolved; in fact, all LCDV have a common lifestyle, having been detected all from
demersal fish [28].

The use of the major capsid protein (MCP) gene, a more limited area of the genome,
allowed us to include in the analysis a broader number of LCDV detected in a wide range
of fish host species. The MCP gene, which is characterised by extensive conservation, is
employed in iridovirus comparative phylogenetic research. Sequence comparison of the
MCP genes of several lymphocystiviruses clusters LCDVs into nine genotypes [26]. LCDV4
was recently added to them [27]. Full genome sequencing clearly distinguishes LCDV4 as a
separate viral species; accordingly, analysis of the MCP gene segregates it separately from
all other known genotypes, despite this being supported by a quite low bootstrap value
(Figure 1). The size of the sequence and the genes used in the phylogenetic analysis can
have a significant impact on the output and its robustness.
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Figure 1. Maximum likelihood phylogenetic tree (MEGA 6 software) constructed with the major
capsid protein (MCP) gene of LCDVs detected in several fish species. Strains are reported with
the isolate name and GenBank accession number. Bootstrap values (1000 replicates) above 65% are
shown. Substitutions per site are reflected by branch lengths (scale at bottom right).

A phylogenetic analysis of a number of MCP gene nucleotide sequences showed that
most of the LCDV were grouped by similar hosts [28].
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Through experimental trials, species-specificity has been confirmed for some geno-
types. Indeed, olive flounder and rockfish (Sebastes schlegeli) isolates were experimentally
infected by their respective homologous isolates but not by the heterologous isolates [30].
However, MCP gene sequencing revealed that the majority of the genotypes are species-
specific or have a limited range of host while some exceptions were identified. Gilthead sea
bream and Senegalese sole (Solea senegalensis) isolates showed very high MCP nucleotide
similarity and clustered in the same genogroup by phylogenetic analysis [31].

Benkaroun and colleagues [28] suggest that the virus speciation could be possibly due
to different geographic locations. The observation that the LCDV sequences characterised
from three different wild fish species, with similar behaviours and habitats, and that are
commonly found in the North Sea, grouped together support this.

Nevertheless, even in this case, some exceptions have been described. High similarity
has been observed among sequences of LCDV found in different geographical areas. In
some cases, it can be easily explained due to the commercial movement of fish, whereas in
other circumstances it is more difficult to explain, such as in the case of an LCDV isolate
from a grey gurnard (Eutrigla gurnardus) from the North Sea that clustered with an LCDV
isolate from a tropical ornamental fish species from South Korea [28].

Moreover, the sequencing and phylogenetic analysis of a 306-bp fragment of the MCP
gene of an isolate detected in juvenile gilthead seabream, imported from a Mediterranean
hatchery to a farm in Egypt, demonstrated the presence of LCDV1, originally associated
with lymphocystis disease in Northern European countries, expanding de facto both the
host and the geographical range of this virus species [32].

Molecular methods also contribute to advancing the knowledge on lymphocystis
pathogenesis. The LCDVs show tropism for the dermal tissues infecting fibroblast cells
that typically appear enlarged with inclusions and a central nucleus. PCR-based investi-
gations also showed the presence of the virus in many other tissues, including internal
organs such as the brain and spleen, pointing out a systemic infection in several species
affected by lymphocystis [7,33-35]. A further study, applying the ISH technique along
with immunohistochemistry (ISH) to experimentally infected gilthead seabream, showed
the involvement of hepatocytes and macrophages as target cells for virus replication in
addition to the fibroblasts [36]. The implementation of real-time PCR methods, specific for
a fragment of the LCDV MCP gene, further improved the diagnostic and study abilities.
These methods, in fact, showed a high level of sensitivity and were successfully applied
to detect LCDV directly from asymptomatic fish tissues. For this reason, this method can
be applied to screen carrier fish [7,37]. The ability of this method not only to detect but
also to quantify LCDV in both diseases and asymptomatic fish showed its suitability for
pathogenesis studies [7].

To further make the LCDV diagnosis faster and easier, LAMP assays were developed
to detect two different lymphocystiviruses. LAMP requires a set of several specific primers
that recognise different sequences on the target DNA, achieving highly selective nucleic
acid amplification. Due to its high specificity, two different assays were developed, one
for the LCDV2, infecting the olive flounder [38] and one for the LCDV3 (also known
as genotype VII), which is widespread in gilthead seabream populations [39]. Both the
assays provide a fast, reliable, sensitive and specific diagnostic method that can be used for
routine diagnosis and surveillance programs in well-equipped laboratories as well as under
field conditions.

2.1.2. Megalocytivirus

The implication of iridoviruses other than lymphocystivirus in fish pathology has
further stressed the importance of using reliable and detailed (in-depth) identification
methods able to distinguish different viruses that can show a similar morphology (irido-
like) and cause similar effects on tissues, such as cell enlargement.

Viruses within the genus Megalocytivirus are causative agents of severe disease ac-
companied by high mortality in multiple species of marine and freshwater fish. Hitherto,
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megalocytivirus infection has been reported in more than 50 species of fish, resulting in
epidemics in ornamental fish, fish farmed for food and also wild fish [1,23].

Sequence analysis clearly segregates megalocytivirus as a separate cluster of viruses
with respect to other fish iridoviruses [23]. Adenosine triphosphatase (ATPase) and MCP
are key viral genes for megalocytivirus phylogenetic analysis. In fact, most megalocy-
tiviruses show >94% sequence identity within these genes, whereas sequence identity with
ranaviruses and lymphocystiviruses is <50% [21]. Furthermore, phylogenetic analyses
of these genes cluster megalocytiviruses into three groups: the red seabream iridovirus
(RSIV), the infectious spleen and kidney necrosis (ISKNV) and the turbot reddish body
iridovirus (TRBIV).

The red seabream iridovirus (RSIV) subgroup comprises megalocytivirus typically
isolated from red seabream (Pagrus major) and other marine fish species; the infectious
spleen and kidney necrosis (ISKNV) subgroup includes most of the megalocytivirus de-
tected in ornamental fish species, primarily from freshwater fish and the turbot reddish
body iridovirus (TRBIV) has been detected mainly from flatfishes, such as flounder and
turbot, although some isolates have also been reported from barred knifejaw (Oplegnathus
fasciatus) and from ornamental fish species [23,40].

Moreover, further viruses clustering with Megalocytivirus but forming separate branches
within this genus have been reported. The threespine stickleback iridovirus (TSIV) is the
first megalocytivirus isolated from a wild temperate North American fish, the threespine
stickleback (Gasterosteus aculeatus) [41]. The scale drop disease virus (SDDV) was isolated
from Asian seabass (Lates calcarifer) affected by the scale drop syndrome, a severe illness
with, until then, an unknown aetiology causing significant economic losses in Asian seabass
since its first description in 1992 [42]. The European chub iridovirus (ECI) was another
divergent megalocytivirus isolated from moribund European chub (Squalius cephalus) [43].
Sequences obtained from traditional Sanger sequencing as well as from next-generation
sequencing have been fundamental in the characterisation of these viruses and in their
correct taxonomic placement. Particularly, the application of the virus discovery cDNA-
AFLP (VIDISCA) approach played a fundamental role in the discovery of the scale drop
disease virus [42]. This method consists of a library preparation method that has been
successfully used to identify several novel viruses [44-46]. The next generation sequencing
of the VIDISCA library of sera from fish affected by scale drop syndrome pointed out the
sequences of an unknown virus, which was named scale drop disease virus. Starting from
the sequences obtained by the VIDISCA approach, a real time qPCR was developed and
the near complete genome sequence of the novel virus was obtained via genome walking.
The correct identification of the aetiological agent was the starting point to develop efficient
diagnostic and control methods [42].

The application of PCR-based methods, genetic and phylogenetic analyses was also
very useful to investigate the distribution of already-known megalocytiviruses.

The first outbreak associated with a megalocytivirus was recorded in cultured red
sea bream in Japan in 1990 and the virus was designated red sea bream iridovirus dis-
ease (RSIVD) [47]. A genetic investigation on archival ornamental fish samples, on the
other hand, dated the megalocytivirus index case back to 1986 [40]. Furthermore, this
study shows how the application of molecular techniques to archival formalin-fixed and
paraffin-embedded (FFPE) materials can provide valuable taxonomic information relat-
ing to historical accounts of megalocytivirus-like infections in ornamental fish [40]. The
sequence analysis of megalocytivirus cases in ornamental fish observed over an extended
period of time showed an interesting distribution of different megalocytivirus species
in this group of fish. The TRBIV genotype prevailed among megalocytiviruses affecting
ornamental fish since the late 1980s and until the early 1990s, whereas after this date the
ISKNV subgroup became the megalocytiviruses most frequently detected in ornamental
fish [40].

Megalocytivirus infections are associated with severe systemic diseases. Histologically,
enlarged, basophilic, inclusion body-bearing cells (IBC) can be observed within infected
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organs. IBC are made up of hypertrophied cells with large foamy or granular basophilic
inclusions that enlarge the cytoplasm and displace the nucleus (Figure 2).

Figure 2. Histopathology of intestine from a megalocytivirus-infected prickly leather-jacket (Chaetoder-
mis penicilligerus) showing multiple hypertrophic cells containing granular basophilic viral inclusions.
Haematoxylin and eosin (H&E) stain. (Courtesy Prof. Gian Enrico Magi University of Camerino, Italy).

IBC cells are considered pathognomonic for infection with megalocytiviruses; however,
histology is not conclusive. IBC has been misinterpreted as amoebae, and other non-
iridoviral viruses have been associated with some cases [40,48]. Furthermore, the presence
of more than one viral species and several genotypes requires diagnostic methods able to
distinguish among them. Being the RSIVD listed by the World Organisation for Animal
Health (WOAH), it is critical to identify the correct megalocytivirus species to monitor
and report it correctly [49]. For this purpose, the WOAH describes diagnostic PCRs that
enable the differentiation of RSIV from ISKNV by sequencing or by an RSIV-specific
PCR [50]. Moreover, universal and subgroup-specific PCR assays have been set up to
amplify all megalocityviruses or only those belonging to a subgroup (RSIV, ISKNV and
TRBIV), respectively [23]. In addition to a conventional PCR, a real-time PCR approach
has also been applied to megalocytivirus to set up a rapid, specific and sensitive detection
method to facilitate surveys of apparently healthy ornamental fish, especially for those
subjected to movement, representing a risk of virus spreading across countries [51].

In addition to several PCR assays, the isothermal amplification approach has also
been used to develop efficient diagnostic methods for megalocytivirus. A LAMP assay
has been developed for each megalocytivirus subgroup: RSIV, ISKN and TRBIV. All three
assays showed a sensitivity greater than a conventional PCR and the ability to detect the
virus without the use of gel electrophoresis, making these assays suitable for rapid field
diagnosis [52-54]. A similar approach has been used to set up a rapid field diagnostic
method to detect the SDDV. This assay combined the clustered regularly interspaced short
palindromic repeats-associated protein 12a (CRISPR-Cas12a)-based nucleic acid detection
technology with recombinase polymerase amplification (RPA), reaching high sensitivity
and accuracy and the ability to rapidly detect the virus in asymptomatic fish [55].
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On the whole, the contribution of the molecular methods has been and continues
to be invaluable in the diagnosis and study of megalocytiviruses and throughout the
Iridoviridae. However, proper data handling and interpretation are required to avoid
misunderstandings.

As above mentioned, MCP and ATPase are key genes in megalocytivirus phylogenesis
and their analysis generally provides comparable results. However, genetic analysis also
showed potential exceptions to this concordance, such as the megalocytivirus detected
in African lampeyes (Lacustricola centralis). African lampeye iridovirus (ALIV) clusters
with the red seabream-like megalocytivirus on the basis of the sequence of the ATPase
gene, whereas phylogenetic analysis of the MCP gene sequence places this virus firmly as a
member of the ISKNV subgroup. This result could be due to the presence of both ISKNV
and RSIV-like viruses in African lampeye samples; alternatively, ALIV could be a chimeric
virus displaying the MCP of ISKNV and the ATPase of RSIV, so further research is required
to resolve this question [23,56].

2.2. Sturgeon NCLDVs

NCLDVs have also been detected in sturgeons; however, so far, sturgeon NCLDVs
have not been officially classified as belonging to any of the virus families in this group.
Sturgeon NCLDVs are increasingly widespread in sturgeon farming in North America
and Europe, causing severe losses to the sector and therefore eliciting more and more
interest. However, they have never been isolated in cell culture and this has significantly
limited their study and detection. The identification of this viral infection in sturgeons
has been historically made through histology and electron microscopy to visualise typical
microscopic changes, consisting in prominent enlargement of the infected cells containing
an abundant, homogeneous, amphophilic to basophilic cytoplasm and viral particles,
respectively [57]. On the basis of the morphology of the virions, these viruses have long
been reported as irido-like; however, sequence analyses unveiled a different scenario.

Due to their uncultivability, molecular methods have been the only essential but
challenging tool to study these viruses. NCLDVs have been reported in nine sturgeon
species of genera Acipenser, Scaphirhynchus and Huso, with significant sequence differences
among the viral strains detected in different host species leading to the failure of PCR
protocols developed on a different strain [58]. However, the design of degenerate primers
on a vast alignment of MCP sequences, including several different strains, led to a PCR
protocol able to detect several different sturgeon NCLDVs, including both European and
American strains [59].

The phylogenesis of the NCLDVs is particularly difficult due to the fact that their
genome evolution involved the lineage-specific expansion of some genes but also the
acquisition of numerous genes via horizontal gene transfer from the eukaryotic hosts, other
viruses and bacteria [20]. Therefore, the choice of the correct gene/genes for phylogenetic
study is crucial. A reliable method for the taxonomic classification of NCLDVs to the
species, genus and family levels is the phylogenetic analysis of MCP gene sequences [25].

Phylogenetic analyses of NCLDVs, including North American sturgeon viruses and
members of the families Mimiviridae, Phycodnaviridae, Iridoviridae, Marseilleviridae, Ascoviri-
dae and Asfarviridae, using the MCP gene, showed that sturgeon NCLDVs form a cohesive
taxonomic group with a distinct evolutionary lineage within the class Megaviricetes to which
all these viruses belong. Furthermore, this study shows that, on the basis of phylogenetic
analyses using the MCP gene, the sturgeon NCLDVs could be identified to the species or
possibly sub-species level. Sturgeon NCLDVs collected from different river basins in North
America form distinct taxonomic units located at the tips of the MCP-based phylogenetic
tree, defining different North American genotypes. Regarding host specificity, the virus
MCP genotypes were not exclusively associated with host species, but MCP analysis sug-
gests that they may be host family- or genus-specific [60]. Analysis of European NCLDVs
based on the same gene showed that they form a homogeneous cluster that is closely but
distinctively related to North American NCLDVs [59,61].
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More recently, a phylogenetic study was conducted using nucleocytoplasmic virus
orthologous genes (NCVOGs). NCVOGs are a set of genes that can be mapped onto the
genomes of extant NCLDVs, with five NCVOGs shared by all NCLDVs. Going down to
the family level, the number of common genes increases, with some genes proposed as
hallmark features for a specific family that, in the case of Mimiviridae, have been named
MimiCOGs. The application of next-generation sequencing to tissues collected from lake
sturgeons associated with Namo virus (NV) mortality outbreaks led to the determination
of a novel 306,448 bp long genome sequence, including orthologous genes. Nine ortholo-
gous protein sequences were specifically found by analysing this larger portion of the NV
genome, one of the North American sturgeon NCLDVs, which enabled the expansion of the
phylogenetic investigation of NV beyond the MCP. These nine proteins are regarded as ap-
propriate phylogenetic markers since they are present in all or almost all of the seven virus
families of the NCLDV. Despite not being conclusive, this study suggests that NCLDVs
represent a new virus lineage in the family Mimiviridae [19]. The Mimiviridae family gathers
together several peculiarities, most of which were discovered owing to the use of molecular
methods. Mimiviridae includes some of the largest known DNA viruses, both in terms of
particle size and genome complexity [62]. The Tupanvirus deep ocean genome consists of
1.51 Mbp, encoding 1425 predicted proteins, surpassing the number of genes encoded by
many bacteria and by the smallest parasitic eukaryotic microorganisms [63,64]. However,
Mimiviridae is a very large and diverse family of eukaryotic viruses, with the majority is
isolated from aquatic environments, including fresh, brackish, and seawater environments.
This family is known to have a vastly variable host range, infecting eukaryotic unicellular
organisms from at least five major phyla, including Amoebozoa, Haptophyta, Chlorophyta,
Excavata and Heterokonta. If NV is confirmed to be a member of the Mimiviridae, this
family will have the broadest host range of any known aquatic virus, ranging from algae to
fish [64].

3. Herpesvirales

The order Herpesvirales includes numerous viruses with a similar structure, genome
and biological properties. This order comprises three phylogenetically related families
that infect a wide range of hosts. Among these, the Herpesviridae family, which includes
viruses able to infect mammals, birds or reptiles, is, by far, the most important, in terms
of both the number of the viral members and the studies that have been carried out on
it. The Malacoherpesviridae family encompasses viruses that infect molluscs. Finally, the
Alloherpesviridae family, to which an increasing number of studies have been devoted over
the last decades, includes viruses that infect fish and amphibians [65].

Aside some differences related to host specificity, tissue tropism, replication kinetics
and pathogenic potential, all herpesviruses (HVs) have a common morphology and the
ability to establish a persistent infection.

The HVs’ virion structures are remarkable conserved. The genome, consisting of
double-stranded DNA, is densely packed as a core surrounded by an icosahedral cap-
sid [66]. The nucleocapsid, is embedded in the tegument, an irregular layer of globular
material externally surrounded by the envelope, a lipid bilayer membrane where several
glycoproteins are anchored [66,67].

The analysis of viral genomes suggests that herpesviruses have diverged from a
common ancestor through co-speciation with their host species via species-specific latent
infections [68]. Mostly, these viruses are well-adapted to a single host species as a result of
long-term coevolution [67]. As a matter of fact, the presence of viral genes originated from
the host genome confirms the strict co-evolution of these viruses and the reservoir species
to the extent that some genome traits seem to be more similar to the host genome than to
the genome of viruses belonging to the same family [67].

Indeed, herpesviruses are common host-specific pathogens that can cause a variety
of diseases, ranging from asymptomatic infections to mild, moderate or severe disease,
depending on the intrinsic traits of the host and biological features of the virus. Under
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specific conditions, including co-infection, a weak immune system, an abnormal or naive
host, environmental circumstances, and/or distinct pathogenic virus strains, HVs can
be highly pathogenic [69]. They have proven to be difficult to isolate in cell culture due
to their species-specific nature. The ability to detect these viruses using transmission
electron microscopy (TEM) has been demonstrated to be effective and this method has been
used to investigate a number of suspected disease-causing herpesviruses in fish without
propagating the virus in cell culture [70]. These viruses are often detected by ultrastructural
investigations and are morphologically described, whereas they are, so far, less genetically
characterised, except in some cases [71-73].

The implementation of new powerful molecular methods in recent years has allowed
for better study of herpesvirus whole genome sequences and detailed phylogenetic analy-
ses [66]. Within the Alloherpesviridae family, for example, the discovery of several conserved
genes has allowed the establishment of degenerate primers, used in PCR-based methods to
identify the phylogenetic relationship among the viruses of this family, also allowing the
characterisation of unculturable herpesviruses such as the SalHV3 [66,74].

Furthermore, by the application of molecular tools, it was possible to establish the
genetic diversity of viral strains that are spread in different geographical areas, as demon-
strated for CyHV-3 in Europe [66].

The study of viral genomes is also important to develop adequate instruments to
control the diseases. In fact, the scientific advances in molecular biology and molecular
virology paved the way for the development of an attenuated recombinant vaccine against
CyHV-3. Particularly, using new rational design approaches, the risk of reversion to
virulence of a live attenuated viral vaccine can be avoided by editing the viral genome and
deleting the genes that encode for virulence factors [65].

3.1. Alloherpesviridae

The family Alloherpesviridae contains four genera: Batrachovirus, which comprises
viruses responsible of amphibian diseases, and three genera, that cause diseases in fish,
named Cyprinivirus, Ictalurivirus and Salmonivirus [75]. To date, all the characterised
alloherpesviruses appear to cause disease in only one species of fish or in closely related
members of the same genus [66].

3.1.1. Cyprinivirus

In the genus Cyprinivirus, there are three Cyprinid herpesviruses: the cyprinid
herpesvirus-1 (CyHV-1) that was isolated in Japan from a papillomatous skin growth
on an infected koi carp (Cyprinus carpio), the cyprinid herpesvirus-2 (CyHV-2) that primar-
ily affects goldfish (Carassius auratus), causing severe hematopoietic necrosis and CyHV-3,
identified as the causative agent for mass mortality outbreaks in koi carp [76].

It has been demonstrated that CyHV-1 is the aetiological agent of carp pox, a disease
affecting carp and other cyprinids and characterised by the presence of flat epidermal
papillomas. Normally, these lesions are seasonal and tend to disappear naturally when
the water temperature rises above 20 °C. Ultrastructural investigations of carp pox have
documented the presence of viral particles morphologically similar to herpesviruses [77,78].
Isolation of the virus from the papillomatous tissue in cell culture using cell lines such as
Fathead Minnow (FMH-1) or Koi Fin (KF-1) cell lines is difficult because the appearance of
the infectious virus depends on the developmental stage of the papillomas. An ISH assay
using a DNA probe has also been developed for research purposes [79-81]. Apart from
the development of these methods in the 1990s, relatively few advancements in research
were made. Infections associated with CyHV-1 have been known for decades and are easily
recognised by the presence of recurrent benign epidermal proliferations. However, it has
been a neglected disease for a long time due to the limited tools suitable for its aetiology
identification and study. In this respect, the application of molecular methods has fostered
the research allowing to investigate some pathogenetic aspects of the disease. Particularly,
with the advent of molecular techniques and the possibility to employ at the same time
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several primers, multiplex and broad-range PCR assays have been developed and used
together with DNA array hybridisation to detect and concurrently identify all the cyprinid
herpesviruses (CyHV-1, CyHV-2 and CyHV-3), as well as some of the most important fish
pathogenic Flavobacterium species [82]. However, apart from these research papers, the
understanding of the pathogenesis of this disease is far from being known, and currently
there are no reports concerning the detection of CyHV-1 within the proliferated epidermal
cells by using in situ hybridisation techniques. Recently, the presence of CyHV-1 has also
been reported in association with the malignant counterpart of the epidermal neoplasm, the
squamous cell carcinoma. However, the presence of a viral active replication in pathological
tissue was ruled out by RT-PCR analysis targeting the viral mRNA [83]. The use of RT-PCR
for the research of transcripts is useful to study the DNA virus and determining whether
or not they replicate; this approach has also been used to investigate the presence of viral
replication in other fish DNA viruses [39,84].

CyHV-2 is an emerging viral pathogen that infects several fish from the genus Caras-
sius (i.e., Carassius auratus, Carassus gibelio and Carassius carassius) [85-87]. Its genome
is composed of a large double-stranded DNA. The virus is responsible for herpesviral
hematopoietic necrosis (HVHN), a disease characterised by acute gill haemorrhage that
can lead to high mortality rates [88]. Surviving individuals can become chronic carriers
and spread the pathogen without displaying clinical signs [89].

Due to the tendency of the virus to spread globally, disease control has become a
worldwide priority and the understanding of the infection mechanisms coupled with the
development of an efficient diagnosis plays a key role [90].

The in vitro isolation of CyHV-2 has been very challenging due to the difficulty of
growing the virus on permissive cell lines [66]. The available cell lines, such as Epitelioma
papulosum cyprinid cells (EPC), FHM and KF-1 are able to successfully subculture the
virus only five times [91]. However, recently, the gold fish cell line (GFF), gibel carp cells
(GiCB) and the gibel carp caudal fin cell line (GiCF) have proven to be highly permissive
for the isolation and propagation of CyHV-2 [91-93].

Electron microscopy (EM) has also been used to detect the presence of herpes-like viri-
ons in tissues of CyHV-2-suspected fish. Nevertheless, EM is not conclusive in identifying
CyHV-2 and furthermore, it is highly technical and time-consuming, making it unable to
be used in routinary diagnosis [90].

Therefore, the diagnostic confirmation of the presence of CyHV-2 is still strongly based
on the application of molecular methods. PCR protocols able to detect conserved regions
of DNA polymerase and the major capsid protein (MCP) genes of CyHV-1, CyHV-2 and
CyHV-3 have been developed [94].

Furthermore, specific PCR diagnostic methods for CyHV-2 detection were also estab-
lished. For example, Goodwin and colleagues [95] developed a real time 5'nuclease PCR
method (Tagman) to quantitatively detect CyHV-2. The method resulted specifically for the
detection of this virus in clinical cases of HVHN as well as in apparently healthy fish and
did not show cross-reactivity with the other CyHVs.

To simplify and expedite the diagnostic process, an isothermal amplification approach
has also been used to develop rapid methods suitable under field conditions.

The LAMP may be considered as a useful alternative to the conventional PCR-based
technique for the rapid detection of CyHV-2. The method developed by He and col-
leagues [96] and targeting the conservative terminase gene, resulted to be an effective,
rapid and highly sensitive method for the detection of CyHV-2 without cross-reacting with
other fish bacteria and viruses.

Furthermore, an RPA assay developed in combination with a lateral flow dipstick
(LFD) represents a quantum leap if compared to the traditional PCR assays, due to its high
sensitivity, specificity and applicability [97]. In fact, this method has proven to be useful for
the rapid detection of several fish viruses, including CyHV-2, using simple equipment and
showing its suitability for the in-field application [97,98].
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Moreover, it is worthwhile to note that molecular methods, such as complete genome
sequencing, comparative genomics and molecular characterisation have gained recent inter-
est in further exploring the genome structure and the potential molecular and pathogenic
mechanisms of CyHV-2 [99]. In fact, even if the genome of CyHV-2 has been completely se-
quenced, the molecular pathogenesis of the virus remains poorly understood. As with other
DNA viruses, the genes of CyHV-2 are expressed in three temporal phases: immediate-early
(IE), early (E) and late (L) genes. The setup of specific molecular methods could be able
to detect these gene specifically and acquire important information for viral molecular
characterisation [88].

However, PCR-based methods as well as viral in vitro isolation are not able to deter-
mine if a pathogen is unequivocally responsible for clinical signs or pathogenic lesions.
Conversely, in situ hybridisation techniques combining the precision of molecular genetic
information with microscope visualisation are potentially able to correlate viral pathogens
to tissue alterations. Ding and colleagues [90] developed an oligonucleotide probe-based
fluorescent in situ hybridisation technique, able to detect the presence of CyHV-2 in the
tissues of infected animals. The designed probes used in the study did not hybridise with
the tissue of the uninfected fish host and did not cross react with other tested viruses
(i.e., channel fish virus-CCV; grass carp haemorrhagic virus-GCHYV; infectious spleen and
kidney necrosis virus-ISKNV), demonstrating that they are a specific and powerful tool for
the detection of CyHV-2 in host tissues [90].

CyHV-3 is also known as koi herpesvirus (KHV), and over the last years there has
been an enormous increase in the knowledge of KHYV, koi herpesvirus disease (KHVD), its
pathogenesis and virus variants thanks to the application of several molecular methods.
Isolation on cell cultures is considered the gold standard for the diagnosis of several
viruses including those infecting fish. However, this approach has a limited application in
KHYV diagnosis. The KF-1 cell line was developed to isolate KHV; however, cell culture is
time-consuming and overall it is less sensitive than PCR for KHV detection [100]. On the
whole, KHYV can be isolated in only a limited number of cell lines, which can be difficult
to handle. On the other hand, molecular methods are considered the best approach for
KHYV diagnosis. Notably, it is recommended that a presumptive diagnosis of KHV disease
should be made on the basis of clinical signs and pathology, with confirmation gained
using CyHV-3 PCR [101]. Considering that viral isolation has shown its critical issues,
identifying a molecular method that is as specific as possible has taken a long time; CyHV-3
has also entailed an intensive interlaboratory comparison, mainly related to the need to
identify surveillance methods. At present, PCR-based assays are the primary method used
to detect KHV-infected fish. Several PCR methods using the thymidine kinase [102] and
sphl genes [103,104] are currently recommended in the WOAH’s Manual of Diagnostic Tests
for Aquatic Animals as well as in Japanese guidelines for KHV diagnosis [105]. Furthermore,
PCR, followed by sequence analysis of the PCR products is also considered the most reliable
method for confirmatory identification of a virus that has caused a cytopathic effect in cell
cultures [106]. In order to operate viral surveillance, Yuasa and colleagues [107] developed
highly effective intra vitam assays to detect KHV in targeted fish; particularly, in this study,
the efficiency of four intra vitam assays in detecting KHYV in koi carp was compared on
each day after the experimental exposure to the virus. The obtained results showed that
PCR assays conducted on the gills and scales are able to detect KHV for apparently longer
periods than the other assays. Furthermore, the study also suggests the application of the
PCR method to environmental samples as a convenient intra vitam assay.

Concerning the use of more complex methods, the scientists had increasingly felt the
need to develop a multiplex PCR, to obtain a rapid result about the presence of multiple
pathogens. Multiplex PCR assays have grown in popularity in recent years due to their low
cost and time requirements, as well as their ability to detect multiple pathogens at the same
time. Notably, both conventional and real-time PCRs have effectively been multiplexed to
differentiate the genetic variants of fish pathogens. Generally, real-time PCR assays is not
only more sensitive than conventional PCRs and able to provide quantitative information
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but, eliminating post-amplification steps, it is also able to reduce cross-contamination.
However, if compared to a conventional PCR, a real-time PCR requires a higher investment
in terms of cost and expertise. By contrast, a conventional PCR, despite being less perform-
ing, can be applied on a large scale to diagnostic laboratories including small laboratories
supporting the aquaculture industry [4,5].

Concerning CyHV-3, a multiplex PCR was developed to make a differential diagnosis
with carp oedema virus (CEV) infection, as clinical signs produced by KHV and CEV
infections are overlapping. CEV and KHV are two pathogens causing concern for common
carp breeders and koi fanciers worldwide. They are responsible for diseases with similar
external signs, making it difficult to differentiate them clinically. In order to detect and
discriminate between these two viruses, Soliman and colleagues [108] have developed
and optimised rapid and accurate single- and multiplex isothermal diagnostic tools based
on the RPA technology. In this study, the targeted viruses were specifically identified
by the CEV- and KHV-RPA tests. The assays’ lower detection limits were comparable to
those of the already established diagnostic PCR assays for the detection of CEV and KHV.
Furthermore, being these assays based on an isothermal approach, they can be performed
in field situations, improving the screening of fish and reducing the spread of these viruses,
thereby enhancing the common carp and koi industries [108]. Using the same approach,
several LAMP assays have been developed to detect quickly the CyHV-3 TK viral gene,
without using a thermal cycler and with a sensitivity comparable to conventional PCR
methods [76,109]. Among LAMP assays, a new fluorescence real-time LAMP method
has recently been developed to simultaneously detect CyHV-3 and CEV DNA in clinical
samples. The method resulted to be effective in detecting a viral presence in non-lethal
mucus swabs of common carp in less than 20 min. Furthermore, it was also able to confirm
a coinfection of CyHV-3 and CEV. This method presents advantageous characteristics such
as good performance, cost-effectiveness and ease of use that make it suitable for in-field
applications [110].

It would be extremely advantageous to use non-lethal sampling to drive decisions
regarding the movement of freshwater, often associated with conservation issues also
considering the practical and ethical advantages of this approach [111]. In this study, the
sensitivity of seven different PCR assays able to detect KHV using lethal and nonlethal
sampling methods was compared. The results obtained showed the limitations of these
assays in detecting a virus during the first 4 days post infection (dpi). In particular, the
time after KHV infection and the tissue sampled were linked to false-negative results.
Regarding non-lethal sampling, the method appears to be effective for KHV screening,
with efficient detection in mucus samples obtained from external swabs collected during
the early infection period (<5 dpi), whereas gills and kidney biopsies were negative using
the same PCR assays. Therefore, the reliability of KHV detection in subclinical, acutely
infected carp may be increased by the use of a non-lethal sampling approach [112].

3.1.2. Sturgeon Herpesviruses

Sturgeon herpesviruses are unusual in that they do not cluster by host species [75]. In
particular, based on the analysis of the DNA polymerase gene, it was demonstrated that
acipenserid herpesvirus 1 (AciHV-1) and acipenserid herpesvirus 2 (AciHV-2) did not clus-
ter in the same genus. AciHV-1 is tentatively classified among the Alloherpesviridae family,
while AciHV-2 is part of the genus Ictalurivirus and is akin to catfish herpesviruses [113,114].
Indeed, sequencing of approximately one half of the genome of AciHV-2 revealed that the
gene organisation is very similar to that of ictalurid herpesvirus 1 (IcHV-1) [71]. Episodes
of AciHV-1 disorders in white sturgeons (Acipenser transmontanus) have been reported since
1989. The virus is generally associated with infections of the integument and oropharyngeal
mucosa and it may cause elevated losses in juveniles [115]. The AciHV-2, which was
isolated a few years later after AciHV-1 had the greatest geographical and host spectrum
expansion since it was reported in Europe as well as in the United States and Canada [116].
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The virus has been considered a major cause of mortality among farmed juvenile white
sturgeon [114].

Currently, the detection and identification of both AciHV-1 and AciHV-2 is primarily
based on the use of a generic-herpesvirus PCR followed by sequencing analysis. However,
the application of molecular detection to sturgeon herpesviruses is challenging. The strict
virus-host co-evolution has led to the presence of similar genes in both the virus and the
host. Furthermore, it is worthwhile to note that the genomes of herpesviruses are consti-
tuted by a core group of genes that control several steps in the virus cycle (e.g., viral entry
into cells, DNA replication) and that these genes are often used to phylogenetically classify
viruses. However, several errors have occurred in a previous study that reported the wrong
designation of seven sturgeon herpesviruses in three clades [117]. Nonetheless, Kurobe and
colleagues [118] revised the phylogenetic relationship among the herpesviruses isolated
from sturgeons, supporting their results with the new data from the DNA polymerase
and terminase gene sequences. This molecular result also agreed with the phenotypic
characteristics of the cytopathic effect detected in cell cultures.

Molecular methods have also been used to study the epidemiological dynamics of
sturgeon herpesviruses isolated from different geographical areas. AciHV-2 was discovered
in North America in the mid-1990s and a decade later, a closely related virus was found
in Europe (Russia), suggesting that the Russian isolates may have originated from North
America. Moreover, Doszpoly and colleagues [116] showed that the Russian types of
Siberian sturgeon herpesvirus (SbSHV 1 and 2) detected in their study have a close genetic
relationship with a North American AciHV-2 strain, assuming two possible direct or indirect
introductions of the virus to Russia. However, since no official direct trade between North
America and Russia has occurred within the previous 15 years, they have also hypothesised
a Eurasian origin of the virus and its subsequent introduction to North America.

Finally, in a paper about multifactorial causes of chronic mortality in juvenile sturgeon
(Huso huso), NGS allowed the identification of a trace of the herpesvirus DNA polymerase
(DNA pol) gene. Specific sequences were obtained and used to set up a PCR assay to
analyse a larger number of samples. Unexpectedly, traces of the herpesvirus DNA pol
gene were detected in both diseased and non-diseased animals, concluding that it was
not related to specific mortality [119]. So, it can be reiterated that molecular methods are
powerful tools but they must be well used and interpreted to avoid incorrect conclusions.

3.1.3. Ictalurivirus

Regarding the genus Ictalurivirus (IcHV), two viruses responsible for substantial losses
in catfish aquaculture have been so far described, the ictalurid herpesvirus 1 (IcHV-1)
responsible for a severe haemorrhagic disease in channel catfish (Ictalurus punctatus) and
the ictalurid herpesvirus 2 (IcHV-2) that causes a haemorrhagic condition in the black
bullhead (Ameiurus melas). However, through an experimental infection, IcHV-2 was
demonstrated to also be able to cause high losses in I. punctatus fry and juveniles [120].

The two viral species are phylogenetically close and are classified within the genus
Ictalurivirus, with IcHV-1 being the type species [101]. Recently, the analysis of the complete
IcHV-2 genome using NGS confirmed that this virus represents a distinct member of
the genus Ictalurivirus, as already hypothesised in previous studies on the basis of the
sequencing of an IcHV’s partial genome [71,113]. IcHV-1 has been the prototypic fish
herpesvirus for decades. This virus was associated with high mortality rates among fry and
fingerlings in the United States’ extensive catfish industry in the late 1960s. The causative
agent was a virus, which showed ultrastructural features consistent with a herpesvirus.
The IcHV-1 genome sequence revealed that fish herpesviruses evolved separately from
mammals, birds and reptiles herpesviruses [109], establishing the basis for the current
taxonomy arrangement of the order Herpesvirales.

Ictalurid herpesvirus 2 was first identified in reared adult black bullheads (Ameiu-
rus melas) in Italy in 1994 [121]. Despite originally suspected to be an IcHV-1 outbreak
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associated to a long-range transmission, through sequence analysis, it was revealed to be
associated to a different ictalurivirus [120].

As with other herpesviruses, IcHV-1 has been associated with latent infection, chal-
lenging the diagnosis of this condition [122]. During the latent infection, in fact, the absence
of assembled viral particles can undermine the success of traditional methods such as
isolation in cell cultures or antigen detection assays. On the other hand, molecular methods
targeting the viral genome are effective in detecting latent viruses [123]. So, molecular
methods are suggested for a confirmatory diagnosis as well as for detecting fish carriers.
Several traditional PCR assays are available to detect IcHV-1. These methods are highly
sensitive, so they can be applied to detect latent viruses. They have also been tested for
specificity against several alloherpesviruses, but not IcHV-2. However, differentiating be-
tween the two viruses is crucial from the diagnostic point of view, since IcHV-2 has not been
found in North America [120]. Since there is a similarity in the pathogenetic appearance of
both IcHV-1 and IcHV-2, it is important to employ molecular tools for diagnostic purposes
in order to distinguish between these two viruses.

In addition to conventional PCR, a validated IcHV-2 TagMan qPCR based on the use
of a specific hydrolysis probe has also been developed and tested against multiple isolates
of IcHV-1 showing no false positive results [124].

Furthermore, the LAMP technique is an optimal method operating on a highly con-
served viral IcHV genome. Hao and colleagues [125] developed a straightforward, quick
and accurate IcHV-1 detection method that is crucial for early diagnosis and prompt disease
control on site. The target gene ORF77, which codes for the phosphokinase protein of IcHV-
1, was selected as the target region for the real-time fluorescence loop mediated isothermal
amplification (Real Amp) technique developing a set of six specific primers. The reaction
was highly specific as no cross-reactions to other DNA pathogens from aquatic animals,
including White spot syndrome virus (WSSV), infectious hypodermal and hematopoietic
necrosis virus (IHHNV), KHYV, RSIV, ISKNV and SGIV were shown. The amplification
curves of the parallel samples were essentially coincident, as shown by the intra- and
inter-assay tests, demonstrating good reliability. These findings collectively imply that the
Real Amp approach for IcHV-1 detection is a successful, inexpensive method with high
specificity and sensitivity which can find wide applications for the rapid detection and
identification of this virus.

3.2. Malacoherpesviridae

The herpesvirus known as ostreid herpesvirus-1 (OsHV-1) is frequently linked to huge
mortalities in juvenile Pacific oysters (Crassostrea gigas). Several bivalve mollusc species
have been linked to herpes-like viral infections worldwide. High mortality rates among
juveniles and hatchery-reared larvae of several bivalve species have frequently been linked
to such infections.

Traditionally, herpes-like virus infections” diagnosis is performed by light microscopy
to detect cytological abnormalities, followed by transmission electron microscopy, to vi-
sualise the virus. Due to molluscs’ inability to make antibodies, traditional serological
techniques cannot be used to detect viruses in mollusc bivalves. Moreover, the absence of
mollusc cell lines makes the viral isolation on cell cultures not possible. Due to these limita-
tions, essential molecular diagnostic techniques such as PCR and other nucleic acid-based
assays have been developed [126,127].

Both these methods possess advantages: the PCR is extremely sensitive and specific.
On the other hand, in situ techniques are able to detect viral targets directly in the tissues,
providing important information on the pathogen’s localisation at the cellular level.

Bivalve molluscs are filter-feeding animals, and throughout this activity, they can
accumulate several pathogens, including viruses [128-130]. As a result, the association
of viruses with bivalve molluscs can be due to both passive contamination and active
infection, so to have suitable methods to distinguish between these different circumstances
is crucial.
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ISH techniques are able to stain specifically the OsHV-1 genomic sequence localising
the virus in Pacific oyster tissues. Both digoxigenin (DIG)-labelled DNA and RNA probes
have been applied to FFPE tissue sections. This method successfully localises the viral DNA
in the gills, mantle, labial palps, digestive gland and gonads connective tissues. OsHV-1
was also detected within haemocytes in connective tissues surrounding the ova, within
the ova and in myocytes in the heart and adductor muscle. However, this method cannot
distinguish the reference and microvariant genotypes [131].

OsHV-1's genome sequencing has made it possible to develop DNA-based diagnostic
methods. In bivalve molluscs at different developmental stages, a PCR technique was
employed to detect the OsHV-1 DNA. The PCR employed to detect OsHV-1 allowed to
amplify DNA from an OsHV-1 variant [127]. Moreover, ostreid herpesvirus-1 microvariants
were found in healthy C. gigas, and their potential role as reservoirs of infection was
considered [132]. There are numerous assays, including conventional and qPCR tests with
amplification targets in different regions of the OsHV-1 genome. Conventional PCR assays
can target different regions of the genome and amplify both the reference and the OsHV-1
uVar genotype [127]. Quantitative PCR assays were developed using either SYBR Green or
TagMan probe chemistry targeting the same regions. The tests show high sensitivity and
can find high throughput diagnostic applications, including surveillance, although exact
diagnostic sensitivity and specificity have not yet been estimated [131].

A real-time PCR assay was used to investigate the presence of the OsHV-1 microvariant
associated with mortality outbreaks in New Zealand Pacific oysters in 2010—2011, pointing
out a discrepancy between OsHV-1 nucleic acid detection and the onset of mortality.
Sections of Pacific oysters obtained from the same longitudinal investigation were also
analysed by ISH. Interestingly, only a fair agreement was shown between ISH and real-time
PCR results. Several reasons can explain this disparity: the type of material used for testing
differed between the two tests, i.e., fresh vs. FFPE tissues, degradation of nucleic acid due
to formalin fixation and the cross-linking of proteins around the remaining segments of
nucleic acids may render them unavailable for detection. The ISH technique’s sensitivity
could be also diminished by missing target sequences as well as inadequate DNA exposure
during tissue pre-treatment processes such as proteinase K digestion. Finally, ISH only
permits modest and linear signal amplification based on the number of DIG labels per
strand and has restrictions imposed by antibody-enzyme binding and chromogen build-up,
whereas PCR techniques are based on the exponential amplification of low copy numbers
to a point where detection is possible. However, it should be underlined that real-time
positive results, particularly those with high quantification cycle (Cq) values, must be
interpreted cautiously when ascertaining true OsHV-1 infections in oysters. However,
because of the high sensitivity of this molecular method, a real-time PCR may produce
false-positive results due to the amplification of viral nucleic acids present in the water
surrounding the oyster, outside the mantle and gills or within the gut lumen [133].

The development of quick, user-friendly and inexpensive detection methods is critical
for the early diagnosis of OsHV-1 infection and ultimately reduce the impacts of the
disease. Recent years have seen the emergence of isothermal DNA amplification techniques
as a quick and effective tool for molecular diagnostics. These methods enable DNA
amplification at one temperature, making it possible to combine them with miniaturised
analytical devices to perform in situ tests. A simple, low-cost and miniaturised biosensor
that combines recombinant polymerase amplification with an electrochemical read-out for
the detection of OsHV-1 was constructed; this innovative biosensor configuration offers
several advantages and makes this bioanalytical tool highly interesting for screening and
quantification purposes [134].

To study the dynamics of viral pathogen transmission, their evolution and the emer-
gence of new variants, whole-genome sequencing is frequently used providing crucial data
to stakeholders for disease management. Unfortunately, because several aquatic viruses
hardly replicate in vitro, their genomes are challenging to be characterised. So, due to the
ongoing threat of disease emergence, it is essential to develop methodologies for the routine
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genome sequencing of aquatic viruses. This is especially true for pathogenic viruses that
infect species of commercial interest that are frequently traded between production basins
or countries [135].

With the above-described molecular procedures, some viruses, such as OsHV-1, can
be difficult to be detected and identified when present in low amounts [127]. To enhance
the recovery of OsHV-1 infectious particles from infected host tissues, a tangential flow
filtration (TFF) technique was devised [135]. This method permitted a high molecular
weight and high-quality viral DNA to be obtained for Illumina short-read and Nanopore
long-read sequencing. Complete OsHV-1 genomes were assembled combining reads from
both sequencing technologies. The developed TFF-based purification method, coupled
with nanopore sequencing was revealed to be a promising approach to enabling in-field
sequencing of unculturable aquatic DNA viruses.

Molecular techniques can also be adopted for molecular epidemiology. Mass mortality
events associated with ostreid herpesvirus 1 have occurred in C. gigas in Australia. The
genetic diversity of OsHV-1 in archival samples collected during mortality events in Aus-
tralia was analysed, comparing the Australian viruses with international isolates previously
published to investigate the source and transmission of the virus, finalised to improve the
disease prevention and control procedures. OsHV-1 associated with Australian mortality
outbreaks were distinct from the OsHV-1 reference genotype, uVar and other microvariants
from other countries. The results show that OsHV-1 variants other than microvariants
can also cause mass mortality events in C. gigas. Moreover, it was observed that a spatial
clustering associated to different estuaries and a potential link between genotype/amino
acid sequence and the prevalence and severity of mortality outbreaks that was different be-
tween these estuaries. This investigation suggests the presence of environmental reservoirs
of OsHV-1 responsible for C. gigas mortality outbreaks in Australia [136].

4. Nodaviridae

The family Nodaviridae belongs to the order Nodamuuvirales and it is currently divided
into two genera: Alphanodavirus and Betanodavirus. Nodaviruses are small (29-32 nm in
diameter), non-enveloped, icosahedral viruses whose genome is composed of two segments
of positive strand single-stranded RNA named RNA1 and RNA2. The RNA1 encodes the
viral RNA-dependent RNA polymerase (RdRp), whereas the RNA2 encodes the capsid
protein. Alphanodaviruses primarily infect insects. They include Nodamura virus (NoV),
Flock house virus (FHV), Black beetle virus (BBV), Boolarra virus (BoV) and Pariacoto virus
(PaV) [137]. Betanodaviruses can infect over 50 fish species worldwide and they are the
causative agents of viral nervous necrosis (VNN), also known as viral encephalopathy and
retinopathy (VER). VNN outbreaks are characterised by clinical signs such as abnormal
swimming such as erratic, frenzied or whirling swimming, loss of appetite, hyperinflation
of the swim bladder and lightening or darkening of the coloration [138]. Histologically,
the brain of the infected animals typically presents multiple intracytoplasmic vacuolations
in the grey matter. Moreover, pyknosis, karyorrhexis, neuronal degeneration, inflamma-
tory infiltration, congestion of the blood vessels and sometimes haemorrhages were also
described in the nervous tissues of infected fish [139].

Before the 1990s, all known nodaviruses infected insects and were intensely studied
because, due to their simple structure, they were considered a paradigm for understanding
chemical biology [140]. However, the interest in developing efficient methods to study
and detect these viruses further increased after the worldwide occurrence of several fish
mortality outbreaks were associated with nodaviruses. Sequence analysis showed clearly
that insect and fish viruses clustered separately according to significant differences in their
genomes. In particular, a first study focused on the RNA2 segment showed the presence of
aregion conserved in all fish nodaviruses but absent in insect nodaviruses and the presence
of a region more variable within the group of fish nodaviruses [141].

Betanodaviruses were, at first, identified by the name of the host species followed
by “nervous necrosis virus” (NNV); however, the analysis of the viral genome showed
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that betanodaviruses infecting different species clustered together, forming a few geno-
types. Phylogenetic analysis of the variable region within the RNA2 segment clusters
betanodaviruses into four main genotypes [142]. Later research using the other viral
genome fragment, the RNA1, confirmed the clustering of Betanodavirus into four main
genotypes [143]. Currently, ICTV recognised the following official species: Striped jack
nervous necrosis virus (SINNV), Tiger puffer nervous necrosis virus (TPNNV), Barfin floun-
der nervous necrosis virus (BFENNV) and Redspotted grouper nervous necrosis virus (RGNNV)
(https:/ /ictv.global /taxonomy accessed on 2 February 2023).

More recently, further nodaviruses from invertebrate hosts other than insects have
been detected and associated mainly with crustacean diseases and mortality, leading to
a reconsideration of the taxonomy of the family Nodaviridae and the proposal of a new
genus: Gammanodavirus. Indeed, the analysis of the genomes of these viruses shows they
are clearly distinct from both alpha- and betanodaviruses. In particular, arthropod-infecting
viruses have been included in this new proposed genus, such as Macrobrachium rosenbergii
nodavirus (MrNV), Penaeus vannamei nodavirus (PvNV), Covert mortality nodavirus
(CMNYV) and Farfantepenaeus duorarum nodavirus (FANV) [144-146].

Betanodavirus

Betanodavirus was described for the first time from infected larval stripped jack
(Pseudocaranx dentex). The name ‘striped jack nervous necrosis virus’ (SJNNV) was conse-
quently adopted [147]. Subsequently, other agents of VNN were isolated from diseased fish
species [148]. The present classification of the four species (SJ]NNV, RGNNV, TPNNV and
BFNNV) was proposed for the first time by Nishizawa and colleagues in 1997 [142]. The
first studies on host-specificity determinants in betanodaviruses discovered that SINNV
and TPNNYV cause diseases in striped jack and tiger puffer (Takifugu rubripes), respectively;
BFNNYV infects cold-water species, including barfin flounder (Verasper moseri), turbot (Scoph-
thalmus maximus) and Atlantic halibut (Hippoglossus hippoglossus). Conversely, RGNNYV has
a broad host range and has been isolated from a wide variety of warm-water fish species,
especially groupers and sea bass. In order to determine the mechanisms underlying the host
specificity, Iwamoto and colleagues [149] developed in vitro reassortants of the RGNNV
and SJNNV species. Interestingly, they have found out that the host specificity of SINNV
and RGNNYV is determined by the RNA2 segment coding the capsid protein. Moreover,
host shifts of betanodaviruses have been attributed to RNA reassortments. In fact, Toffolo
and colleagues in 2007 [143] discovered for the first time natural evidence of reassortant
strains harbouring the RNA1-SJNNV and RNA2-RGNNV types.

Since betanodavirus classification has been accepted by the scientific community
and the ICTV, several betanodavirus strains have been reported. Most of them cluster
within one of the well-known genotypes, whereas a few diverge. Turbot nodavirus (TNV)
was detected in turbot larvae showing classical signs of VER with abnormal swimming
behaviour and high mortality levels. Despite the fact that the virus could not be isolated in
cell culture and it resulted negative for an RT-PCR using primers designed to detect the
Atlantic halibut nodavirus, a viral genome fragment could be amplified and sequenced with
primers complementary to a more conserved region of RNA2. RNA2 analysis demonstrated
that TNV differs from previously described fish nodaviruses and that it was not included
in any of the four already known betanodavirus genotypes, so it was proposed as a fifth
genotype within this genus [150]. On the other hand, betanodaviruses isolated from
Atlantic cod (Gadus morrhua), haddock (Melanogrammus aeglefinus) and winter flounder
(Pseudopleuronectes americanus) from eastern North America form a monophyletic group,
named “Atlantic cod nervous necrosis virus’ (ACNNYV), within the BENNV genotype [151].
RNA2 analysis showed that all eastern North American betanodaviruses formed a distinct
cluster from the European isolates. Furthermore, these betanodavirus isolates clustered
more according to their geographical origin than their host species [151]. More recently, a
new genotype has been proposed. A new type of betanodavirus was identified in shellfish
and called Korean shellfish nervous necrosis virus (KSNNV) [152]. Phylogenetic analysis
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shows that KSNNVs form a distinct group only distantly related to other betanodavirus
clusters, suggesting that KSNNV is an ancient member of the Betanodavirus genus [152].

The establishment of the striped snakehead cell line (SSN-1), derived from whole fry
tissue of the striped snakehead (Ophicephalus striatus), allowed for the first effective isolation
of a betanodavirus [153]. Even though NNV isolation in cell culture was a significant
breakthrough and was considered the gold standard for detecting NNV infection for two
decades, the procedure is time-consuming and labour-intensive, making it unsuitable for
routine diagnosis, especially when processing large amounts of samples. For these reasons,
molecular techniques have become increasingly relevant over the past few years. Indeed,
several PCR-based techniques (RT-PCR, nested PCR and RT-qPCR), targeting RNA1, RNA2
or both genomic segments, have been reported [154]. Nowadays, the WOAH reference
centre for viral encephalopathy and retinopathy suggests an RT-qPCR method for NNV
diagnosis and surveillance [155] targeting the RNA1 genome segment, able to detect at
least 50-100 copies of the target.

For a betanodavirus diagnosis, the isothermal amplification approach has also been
explored. In particular, LAMP assays targeting the RNA2 segment of the RGNNYV genotype
have been developed in order to provide time- and cost-saving diagnostic tools. LAMP
methods have the ability to amplify a target in one hour and do not require highly spe-
cialised laboratories. For these reasons, diagnostic methods using LAMP are also suitable
for a company’s self-control procedures. However, the detection limit of the developed
RT-LAMP applied for NNV detection was lower compared to qPCR assays [156-158].

Recently, evidence of natural reassortants between the RGNNV and SJNNV genotypes
in southern Europe emerged from the sequencing of both genomic segments. In partic-
ular, both combinations of genomic segments, SYINNV/RGNNV and RGNNV/SJNNV
(RNA1/RNAZ2), have been observed in viral isolates obtained from fish, although the
second type has been detected more often [139,159-161]. The emergence of the reassor-
tant strains and the large number of betanodavirus strains circulating at the same time in
several geographical areas have promoted the application of molecular methods able to
distinguish and identify the nature of the detected viruses. In this prospect, a multiplex
RT-PCR assay able to distinguish among RGNNYV, SJNNV and their reassortants has been
developed, providing an easy, rapid and affordable molecular method to gain information
about circulating NNV genotypes [5].

Moreover, the recent application of whole genome sequencing (WGS) to the study
of aquatic viruses is gaining importance due to the large amount of information that
it could generate. Accordingly, the WGS has permitted the identification of variable
amino-acid residues probably correlated to the NNV virulence and pathogenicity thanks to
the analysis of the NNV reassortant strains’ RARp and capsid protein physico-chemical
characteristics [162]. In particular, the amino acids (aa) 247 and 270 of capsid protein have
been identified as putative viral receptor binding sites; accordingly, substitutions at these
positions could affect the virus—host interaction. In addition, Biasini and colleagues [162]
speculated on the potential existence of additional interesting residues that are all exposed
on the outside of the structure of the trimeric P-domains. In particular, seven variable amino
acids were identified and it was possible to speculate using protein-structure prediction
that changes in these positions alter the hydrophobicity and the steric hindrance of the
exposed surface region, changing the physiochemical properties of the capsid protein.

Molecular methods have also been successfully applied to identify specific areas of
the central nervous system involved in NNV infection, providing a crucial understanding
of the pathogenesis of this virus. Wang and colleagues [9], with a combined application
of molecular-based methods such as real-time quantitative chain reaction (RT-qPCR) and
FISH, were able to measure RGNNYV content in different brain regions of an experimentally
infected orange spotted grouper (Epinephelus coioides). The probe used in the FISH assay,
targeting the capsid protein of RGNNYV, revealed the presence of specific signals in the
midbrain region. Furthermore, using quantitative (RT-qPCR) and qualitative (ISH) molecu-
lar methods, it is possible to detect the presence of the NNV genome as well as infectious
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particles in both nervous and non-nervous tissues and to study the viral uptake during
the infection process. The application of ISH to an experimentally infected seven-band
grouper (Hyporthodus septemfasciatus) was able to localise the RNA2 segment of the virus
in the gill district during the first stages of NNV infection and in the blood-brain barrier,
followed by the brain in the final stage of infection [163]. Lastly, the ISH has also been
applied to investigate the NNV histopathology in other aquatic animal species, such as
the big-belly seahorse (Hippocampus abdominalis). In particular, the application of different
molecular methods (i.e., PCR detection, RT-qPCR and FISH) to the tissues of this aquatic
vertebrate allowed the identification and localisation of a new NNV strain, closely related
to the RGNNYV genotype [164].

5. Discussion and Conclusions

With an average of 107 virus-like particles per mL ™!, an abundance typically rang-
ing from 10* to 108 mL™! and an order of magnitude greater than bacteria, viruses are
widespread elements of aquatic ecosystems [3]. The majority of them are harmless to
humans and animals and are essential for global and small-scale biogeochemical cycles,
community structure, gene transfer and the evolution of aquatic organisms. Furthermore,
some of them are even beneficial to animals and ecosystems infecting and then control-
ling aquatic pathogenic bacteria or harmful algae [3]. However, several aquatic viruses
can infect animals, leading to diseases, especially when they are confined, such as in
aquaculture facilities.

Traditional methods, such as viral isolation in cell cultures and antigen/antibody
detection assays, have been widely applied to detect and study aquatic animals’ viruses,
leading to the successful isolation, identification and understanding of several of them.
These methods offer several advantages and are still indispensable many times. However,
they also present several limitations, especially in their application to aquatic animals’
virology. As seen from the many reported examples, several fish viruses are not cultivable
in cell cultures; in fact, some of them can only hardly or very slowly replicate in vitro;
furthermore, the use of virus isolation in cell cultures is barred from the study of shellfish
diseases due to the lack of suitable cell cultures. As a matter of fact, despite decades of
attempts, not even a single cell line of marine molluscs or crustaceans is available [165,166].
Cell cultures are systems with a sensitive balance that are often subjected to toxic samples.
Nevertheless, isolation in cell culture is often time-consuming, making it not ideal for
routine processing, especially for surveillance when a number of samples need to be tested.

Serology is another traditional approach used to detect and study viral infections,
with a limited application to aquatic animals” viral diseases. Obviously, it is not acces-
sible for animals that do not produce antibodies; however, it is often considered an in-
appropriate or unreliable method for viral diagnosis in finfish too [167,168]. In fact, fish
antibody production following infection is slow, especially at low water temperatures,
resulting in the absence of antibodies or a lack of homogeneity in antibody production in
infected populations.

Molecular methods have significantly contributed to overcoming the limitations of
traditional ones. Furthermore, intensive farming conditions and an increasing number of
farmed fish species across the animal kingdom, including different phyla, have boosted the
number of pathogens that humans and animal production have to deal with, requiring the
quick development of new detection and study methods for novel unknown pathogens.

Molecular methods provide undoubtedly a powerful tool to detect, identify and
characterise both known and unknown pathogens. A standard PCR protocol followed by
the sequencing of purified amplicons is an effective method for both identifying well-known
viruses and discovering new ones. PCR-based methods are taking place in surveillance
programmes, either alongside or, in some cases, replacing the traditional methods. The
PCR method is quick, allows the simultaneous examination of numerous samples, and is
highly sensitive, with some PCR assays even claiming to be able to detect just a single copy
of the target DNA.
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On the other hand, sequencing techniques, especially next generation sequencing have
recently become irreplaceable tools in emerging infectious disease research. Moreover, the
increasing availability of sequences in databases makes it easier to compare and ascribe
new sequences to specific taxa. A wide range of sequences is the starting point of all
epidemiological studies and the identification of viruses at the species or even sub-species
level can further refine epidemiological studies.

However, molecular methods also have limitations that are good to know. PCR assays
are able to detect nucleic acids regardless of virus integrity; obviously the persistence
of nucleic acids outside virions, especially RNA, is limited; however, their occasional
findings, especially in new host species or uncommon substrates, needs to be ascertained.
Furthermore, PCR positivity cannot be univocally associated with active viral replication or
active infection and needs to be confirmed with the additional analysis. This constraint has
to be kept in mind, especially with animals able to passively accumulate viruses in their
flesh, such as bivalve molluscs. In this regard, in addition to traditional methods, which
are not always applicable, other molecular methods can be helpful. Transcript detection,
for example, can be pointed out through an RT-PCR for DNA viruses or by ISH using
complementary RNA probes, demonstrating an active replication status.

Another critical point is the optimisation and validation of protocols. PCR assays are
developed through the design of primers, which need to be as specific as possible but, at
the same time, have to match a conserved sequence to avoid mismatches in the case of
sequence variations. As a result, not all PCR protocols can provide adequate specificity
and sensitivity fit for purpose, so especially for surveillance, it is fundamental to use
validated protocols.

Despite these constraints, in the last few years the study of viral pathogens has
relied on the invaluable contribution of molecular techniques primarily based on PCR,
sequencing and in situ hybridisation gaining crucial knowledge about viral aquatic animal
diseases. Finally, the study of viral aquatic animal diseases should not be separated from
the development of new innovative techniques or the application of already available
molecular methods in order to further increase their in-depth understanding.
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