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Farmed fish provide an increasing fraction of the human food supply, and are of major economic impor-
tance in many countries. As in the case of terrestrial agriculture, bringing together large numbers of ani-
mals of a single species (i.e., monoculture) increases the risk of infectious disease outbreaks, including
viral infections. Aquaculture, in which farmed fish are kept at high population densities in close proximity
with wild fish reservoirs, is ideal for the emergence of wild-type pathogens that exist benignly in local
wild fish and/or the spreading of aquatic pathogens to wild fish that enter into or come into close prox-
imity with net cages and with fish escaping from them. This paper provides a general review for the non-
specialist of viral diseases of farmed fish and how they could be prevented or treated. It has five principal
objectives: (1) to provide an update on the most important and emerging viral diseases of salmonid aqua-
culture; (2) to review general aspects of innate antiviral defense against virus infections in fish, including
recent advances in antiviral signaling; (3) to discuss current principles and practices of vaccinating fish;
(4) to review antiviral drugs that have activity against viruses of farmed fish, and current barriers to
employing them in aquaculture; and (5) to discuss the growing use of ‘‘functional feeds’’ in salmonid
aquaculture to mitigate viral diseases. In conclusion, despite the challenging aquatic environment, it is
expected that well thought-out combinations of vaccination and immunostimulants and/or antiviral
drugs could provide solid protection against viral diseases of farmed fish.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The intensive rearing of fish, shellfish and algae, the fastest
growing food-producing industry in the world (Hall et al., 2011),
is highly vulnerable to infectious diseases, similarly to captive live-
stock agriculture (for example the poultry and swine industries).
However, in contrast to terrestrial farmed animals, the strains used
in aquaculture usually have been very recently derived from wild
strains (DFO Science, 2011; Duarte et al., 2007; Gunnarsson,
2007; Rosenlund and Skretting, 2006; Svasand et al., 2004) and
may not have had enough time to adapt to high-density confine-
ment in the aquaculture environment (Rodroguez-Ramilo et al.,
2011). This chronic stress (Snieszko, 1974; Wedemeyer, 1996;
Weyts et al., 1999; Yada and Nakanishi, 2002) provides opportuni-
ties for the emergence of diseases caused by pathogens that may
be harmless under natural conditions.

The techniques and systems used in farming fish are as diverse
as the species currently being raised, and also vary by geographic
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region, but normally encompass three stages: incubation/hatchery
seed production, early rearing and on-growing (briefly reviewed by
Roberts and Shepherd, 1974). For example, aquaculture can be car-
ried out in still water ponds, raceway systems, fresh-water gravity
tanks and recirculation systems (in large tanks) on land or in net
cages in a lake, river or offshore. In the latter cases, farmed fish
are reared at high population densities in floating, open-net cages
near shore (for marine aquaculture), or in a lake or river (for inland
aquaculture), in the same water column as the wild fish reservoir,
which are often at a relatively low population density (Hill, 2005).
The cages are either square/hexagonal steel platform construction
linked together or circular polyethylene rings 10–50 m deep with
netting to hold in farmed fish (Fig. 1). Such a cozy aquatic environ-
mental interaction is inevitably ideal for selecting and propagating
more virulent variants of wild-type pathogens that exist benignly
in local wild fish. This so-called ‘‘local effect’’ is an inherent and
highly costly risk of aquaculture around the world (Hill, 2005),
although for several viral diseases of economic importance to
aquaculture, there is no clear evidence of transmission of virus be-
tween wild and farmed fish (Johansen et al., 2011).

The most common causative agents of infectious diseases in aqua-
culture are bacteria (54.9%), followed by viruses (22.6%), parasites
(19.4%) and fungi (3.1%) (McLoughlin, 2006). Viral diseases have been
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Fig. 1. Floating open-net cage aquaculture in New Brunswick, Canada. A fish farm
near shore, with several hexagonal cages 10–50 m deep with netting to hold in
farmed fish. Each cage is covered with a net to keep fish in and birds out. (Source:
Dr. Tillmann Benfrey). See also McAlaster (2011).
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more difficult to control, due to the high susceptibility of aquatic
animals at an early age, the lack of therapeutics, insufficient knowl-
edge of the pathogenesis of viral infections and limited knowledge
of natural resistance mechanisms in aquatic animals. Viruses are
therefore the principal pathogens that are negatively impacting
aquaculture.

Several strategies that are used to successfully rear terrestrial
farm animals in intensive production systems are also employed
to prevent and control viral diseases in aquaculture, including
selective breeding for increased resistance (Gjedrem, 2010) and
vaccination (Rimstad, 2011). Despite the traditional use of antibi-
otics, there is no field experience of applying antiviral drug treat-
ment to farmed fish. Resistance to infectious salmon anaemia
(ISA) has been included in breeding programs for Atlantic salmon
in Norway since 1993 (Moen et al., 2007), and since 1997 for resis-
tance to infectious pancreatic necrosis (IPN) (Kjøglum et al., 2008).
Atlantic salmon and rainbow trout can be selected for resistance to
IPN (Storset et al., 2007; Okamoto et al., 1993). Vaccines are now in
widespread use against viral diseases in cattle, sheep, etc., but it is
not clear what role antiviral drugs might play against an infection
such as foot-and-mouth disease (Goris et al., 2008). In farmed fish,
prophylactic antiviral compounds would be best used in brood-
stock and valuable genetic stocks which are not used for human
consumption.

2. Recent viral disease outbreaks in farmed fish

2.1. Virus spread

The spread of diseases is the most feared threat to aquaculture.
It is a matter of global concern especially with increased trade and
movement of live aquatic animals and their products across na-
tional borders. The Food and Agricultural Organization (FAO) cal-
culated the value of the world exports of fish and fishery
products in 2008 to be US$102.0 billion, doubling the US$51.5 bil-
lion corresponding value in 1998 (FAO, 2010), which illustrates the
large volume of international trade. Virus spread can occur through
translocation of successfully farmed live aquatic animals to new
destinations (e.g., transfer of live non-indigenous fish for farming),
particularly animals with low prevalence of clinical disease, sub-
clinical infections or asymptomatic carrier hosts (Gaughan, 2002;
Rodgers et al., 2011) or by the shipment of infected/contaminated
fish eggs (McAllister and Reyes, 1984; Baudin-Laurencin, 1987;
Bovo et al., 1987; Yoshimizu, 1996; Nishizawa et al., 2006; Vike
et al., 2009; Mutoloki and Evensen, 2011).
Increased risk for new diseases occurs with the expanding range
of emerging farmed fish species such as Atlantic halibut ‘‘Hippog-
lossus hippoglossus’’, Arctic char ‘‘Salvelinus alpinus’’, Sablefish
‘‘Anoplopoma fimbria’’, and Atlantic cod ‘‘Gadus morhua’’, and with
new production approaches such as integrated multitrophic aqua-
culture (McAlaster, 2011). Migratory wild fish (Tucker et al., 1999)
can also spread viral pathogens over long distances (Dopazo and
Bandín, 2006), similarly to migratory wild birds (Webster et al.,
1992). Scavenging wild birds can also act as disease vectors (Peeler
et al., 2004). Moreover, improved diagnostic and surveillance ef-
forts, which have accompanied the burgeoning aquaculture indus-
try, have also been accompanied by the discovery of new and
emerging viral diseases that are naturally enzootic in wild fish pop-
ulations (Batts et al., 2011, 2012; Haugland et al., 2011; Lorincz
et al., 2011; Murray and Peeler, 2005; Palacios et al., 2010; Walker
and Winton, 2010).

Below, outbreaks of 4 of 7 viral diseases on the Organization
Internationale des Epizooties (OIE) list of reportable finfish viral
diseases (Table 1; OIE, 2012a) are reviewed: viral haemorrhagic
septicaemia (VHS) and infectious haematopoietic necrosis (IHN)
outbreaks originating from the wild fish reservoirs; spring vira-
emia of carp (SVC) linked to koi carp imports in USA; and infectious
salmon anaemia (ISA) outbreaks linked to importation of fertilized
salmon eggs in Chile, illustrating how viral infections spread
among farmed fish, and how they are recognized and controlled.

2.2. Viral haemorrhagic septicaemia (VHS)

Viral haemorrhagic septicaemia (VHS) is an economically
important viral disease of farmed rainbow trout ‘‘Oncorhynchus my-
kiss’’ (Smail, 1999) and turbot ‘‘Scopthalmus maximus’’ (Schlotfeldt
et al., 1991; Ross et al., 1994) primarily in Europe; Japanese floun-
der ‘‘Paralichthys olivaceus’’ in Japan (Isshiki et al., 2001) and olive
flounder ‘‘Paralichthys olivaceus’’ in Korea. VHS is caused by VHS
virus (VHSV), also known as Egtved virus, a member of the genus
Novirhabdovirus, family Rhabdoviridae. Members of the genus have
five major structural proteins (designated L [150–225 kDa], G [63–
80 kDa], N [38–47 kDa], P [22–26 kDa], and M [17–22 kDa] and a
small unique non-virion protein (NV) [12–14 kDa], hence the name
Novirhabdovirus (Tordo et al., 2005). Genotyping based on VHSV G-
and N-genes reveals four groups correlated with geographic
location of the isolates (Einer-Jensen et al., 2004; Snow et al.,
2004; Elsayed et al., 2006; Inton et al., 2008) (Fig. 2).

VHSV infection is characterized by high mortality rates (up to
100% in fry) with affected fish having abnormal swimming behav-
iour, distended abdomen (due to ascites), widespread hemorrhag-
ing externally and in internal organs accompanied by necrotic
changes in various visceral organs. The severity varies with the
species of fish (being most severe in rainbow trout) and VHSV
strain. VHSV infection in farmed rainbow trout is considered to
be of marine origin (Dixon, 1999; Skall et al., 2005), possibly intro-
duced through the use of unpasteurized marine fish as feed in the
past 50 years (Einer-Jensen et al., 2004).

Outbreaks of VHS emerged for the first time in marine aquacul-
ture in sea-farmed rainbow trout in France and Denmark (Castric
and De Kinkelin, 1980; Horlyck et al., 1984) and in sea-farmed tur-
bot ‘‘Scopthalmus maximus’’ in Germany and Scotland (Schlotfeldt
et al., 1991; Ross et al., 1994), and are believed to have been caused
by virus from a local wild fish reservoir (Hill, 2005). Turbot is
farmed in land-based tanks with seawater (Gunnarsson, 2007).
Mortality rates of up 90% have been observed in experimentally
infected turbot (Castric and De Kinkelin, 1984). The outbreak in
Germany, which began suddenly, was associated with significant
mortality (Schlotfeldt et al., 1991). Virus was most likely intro-
duced to the turbot production facility by contaminated seawater.
Virus was isolated from fish tissue samples in fathead minnow



Table 1
OIE list of reportable finfish viral diseases.

OIEa listed disease Virus nameb Geographical distribution References

Epizootic haematopoietic
necrosis (EHN)

EHN virus, genus Ranavirus, family Iridoviridae Australia Langdon et al. (1986),
OIE (2011)

Infectious haematopoietic
necrosis (IHN)

IHN virus, genus Novirhabdovirus, family
Rhabdoviridae

USA, Canada, Asia, Europe Bootland and Leong (1999),
OIE (2011)

Infectious salmon anaemia
(ISA)

ISA virus, genus Isavirus, family Orthomyxoviridae Norway, Canada, UK, USA, Faroes Islands,
Ireland, Chile

Kibenge et al. (2004),
OIE (2011)

Koi herpesvirus disease KHV (Cyprinid herpesvirus 3), genus Cyprinivirus,
family Alloherpesviridae

World wide Haenen et al. (2004),
OIE (2011)

Red sea bream iridoviral
disease

RSB iridovirus, family Iridoviridae Asia Matsuoka et al. (1996),
OIE (2011)

Spring viraemia of carp (SVC) SVC virus, genus Vesiculovirus, family Rhabdoviridae China, Europe, former Soviet Union states,
Brazil, USA, Canada

Ahne et al. (2002),
OIE (2011)

Viral haemorrhagic
septicaemia (VHS)

VHS virus (Egtved virus), genus Novirhabdovirus,
family Rhabdoviridae

Europe, USA, Canada, Japan, Korea Skall et al. (2005),
OIE (2011)

a The OIE is recognized by the World Trade Organization as the reference and standard-setting body in all issues involving animal health. The OIE develops and establishes
health standards for safe trade of animals and animal products. Without this oversight, countries can set laws that result in unfair trade in animals and animal products.
OIE Member countries report OIE Listed diseases (OIE, 2012a) to OIE, which disseminates the information to other countries. This transparency allows neighboring
countries to take actions to minimize disease entering into their country.

b Virus name includes current species, genus and family classification.

Fig. 2. Phylogeography of viral hemorrhagic septicaemia virus (VHSV), with types of fish from which the VHSV genotypes and subgroups are most commonly isolated
(Elsayed et al., 2006; Winton et al., 2008; Johansen et al., 2011). Genotypes I to III are found in Europe. The original genotype IV (now subgroup IVa) occurs in on the Pacific
Northwest coast of North America and in Japan and Korea. The new subgroup IVb is found on the Northeast Atlantic coast of North America and in the Great Lakes Basin.
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(FHM) and chinook salmon embryo (CHSE-214) cell lines, which
showed viral cytopathic effect (CPE) 24 h postinoculation (p.i.)
and complete destruction of the cell monolayers by 76 h p.i.
(Schlotfeldt et al., 1991). Electron microscopy revealed rhabdovi-
rus-like particles in the infected CHSE-214 cells, and VHSV was
confirmed using rabbit antiserum and monoclonal antibodies to
VHSV (Lorenzen et al., 1988). Outbreaks in 2007–2009 in rainbow
trout in Norway were caused by group III marine VHSV (Fig. 2) pre-
viously not considered to be pathogenic to rainbow trout (Johansen
et al., 2011).

In Japan, VHSV originating from local wild Japanese flounder
‘‘Paralichthys olivaceus’’ (Watanabe et al., 2002) was responsible
for the emergence of the disease in farmed flounder (Isshiki et al.,
2001). This outbreak had cumulative mortality of 50–70% in mar-
ket-size fish in 2 farming areas; the isolated virus caused cumulative
mortality of 100% in experimental infections of 14–124 gm fish and
60% in larger (1059 gm) fish. The disease was initially thought to be
due to a new type of hirame rhabdovirus (HIRRV); which is widely
distributed in fish in Japan (Nishizawa et al., 1991), and causes
lesions very similar to those observed in VHSV infections. However,
it was differentiated from HIRRV by lack of cross-neutralization with
antisera against HIRRV and VHSV, and by western blot analyses and
RT-PCR (Isshiki et al., 2001).

VHSV has an extremely wide host range, having been isolated
from 82 different freshwater and marine fish species in the Northern
Hemisphere waters of Europe, North America, and Asia (Hedrick
et al., 2003; Skall et al., 2005; OIE, 2011). Marine VHSV isolates have
periodically caused large-scale die-offs of wild fish species, but show
no to low pathogenicity for rainbow trout and Atlantic salmon ‘‘Sal-
mo salar’’ (Skall et al., 2005).

Recently, very large die-offs of at least 28 species of freshwater
fish occurred in the Great Lakes Basin of North America, beginning
in the Bay of Quinte, Lake Ontario, Canada, in the spring of 2005
(Lumsden et al., 2007). Within 4 days, more than 200 dead or dying
drum ‘‘Apoldinotus grunniens’’ were found at several locations along
some of the shorelines. The number of dead fish declined by the third
week, but modeling results indicated that between 20–30,000 fresh-
water drum died within a 35–40 day period (Lumsden et al., 2007).
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Virus was detected by transmission electron microscopy in affected
heart tissue and virus isolation from pooled tissues on FHM cells;
VHSV was confirmed by enzyme immunoassay, RT-PCR and se-
quence analysis. Additional mortality events in several species of
fish, including muskellunge ‘‘Esox masquinongy’’ in Lake St. Clair (El-
sayed et al., 2006) occurred in this large outbreak (Bowser, 2009). It
is not known with certainty how the virus arrived in the Great Lakes
basin, although it is known to have been present as early as 2003 (El-
sayed et al., 2006). The strain is a subtype IVb marine VHSV (Fisher
and Garner, 2007), similar to isolates from stickleback ‘‘Gasterosteus
aculeatus aculeatus’’, mummichog ‘‘Fundulus heteroclitus’’ (Olivier,
2002), striped bass ‘‘Morone saxatilis’’ and wild brown trout ‘‘Salmo
trutta’’ on the Atlantic coast of North America (Gagné et al., 2007).
It is speculated that VHSV was introduced to the Great Lakes via
the natural movement of fish up the Saint Lawrence River from
near-shore areas of the Atlantic coast of Canada (Groocock et al.,
2007; Walker and Winton, 2010). Subtype IVb is the only VHSV
strain outside of Europe that has been associated with significant
mortality in freshwater species (Fig. 2). The recently discovered
broad host range of VHS and significant differences in its pathoge-
nicity in different host species will continue to cause problems for
control programs, which are currently based mainly on protection
of the significant European rainbow trout industry (OIE, 2011). Con-
trol methods include fish health surveillance programs, quarantine
and eradication, followed by fallowing.

2.3. Infectious haematopoietic necrosis (IHN)

Infectious haematopoietic necrosis (IHN) is a very severe viral
disease of farmed salmonids (Bootland and Leong, 1999; Wolf,
1988b). The disease is caused by IHN virus (IHNV), the type species
of the genus Novirhabdovirus, family Rhabdoviridae. IHNV is enzootic
throughout the Pacific Northwest of North America, with a contigu-
ous range extending from Alaska to California and inland to Idaho
(Kurath et al., 2003). The virus causes asymptomatic infections in
adult salmonids (Pacific salmon including Chinook salmon
‘‘Oncorhynchus tshawytscha’’, Sockeye/Kokanee salmon ‘‘O. nerka’’,
Chum salmon ‘‘O. keta’’, Pink salmon ‘‘O. gorbuscha’’, masou ‘‘O. ma-
sou’’, Coho salmon ‘‘O. kisutch’’, and Atlantic salmon), rainbow/steel-
head trout ‘‘O. mykiss’’ (Bootland and Leong, 1999; Traxler et al.,
1998; Wolf, 1988b) and Pacific herring ‘‘Clupea harengus’’, but can
cause mortalities of up to 100% in young salmonids (fry and juve-
niles) in both fresh and sea water, depending on virus strain and
environmental conditions (OIE, 2011; Traxler et al., 1993, 1998;
Wolf, 1988b). Smolts can develop clinical disease within 7 days of
being introduced to sea water (Saksida, 2004). In British Columbia,
sockeye fry migrating from spawning channels have suffered high
mortality due to IHNV (Traxler and Rankin, 1989). Clinically affected
fish are lethargic or may have whirling behaviour, and have cranial
swelling (cephalic bumps), abdominal distension, exophthalmia,
darkened skin and pale gills with hemorrhages at the base of the fins.
Internal lesions include severe petechial and ecchymotic hemor-
rhage in the viscera, bloody ascites, and pale livers (Traxler et al.,
1998). Surviving fish develop strong protective immunity (LaPatra
et al., 1993); they often have scoliosis (Amend et al., 1969). Nor-
mally, all infected lots of fish are destroyed. The natural disease must
be differentiated from VHS and IPN.

Three different viral genogroups have been identified, each local-
ized to a specific geographic region and a particular salmonid spe-
cies: the Northwest Coast genogroup (Oregon to Alaska) in
Sockeye salmon, the Idaho genogroup in rainbow trout and the Cal-
ifornia genogroup in Chinook salmon (Hsu et al., 1986; Nichol et al.,
1995; Emmenegger et al., 2000; Troyer et al., 2000; Emmenegger
and Kurath, 2002). Kurath et al. (2003) confirmed this grouping
using phylogenetic analysis based on a 303-nucleotide variable re-
gion (‘‘mid-G’’) in the glycoprotein gene, and designated the three
genogroups as U (upper), M (middle), and L (lower), respectively,
to correlate with geographic areas in the Pacific Northwest of North
America (Fig. 3). Sequences of the Russian IHNV isolates were re-
ported to be indistinguishable from those of the U genogroup, sug-
gesting virus transmission or exposure to a common viral
reservoir in the North Pacific Ocean (Rudakova et al., 2007).

The virus is considered to have spread from North America to
Europe (initially to France and Italy and later to Germany) (Bau-
din-Laurencin, 1987; Bovo et al., 1987) and to Japan (Yoshimizu,
1996; Nishizawa et al., 2006) via shipments of IHNV-contaminated
rainbow trout eggs or fry. The European and Japanese IHNV iso-
lates cluster with U and M genogroups (Enzmann et al., 2005;
Kim et al., 2007). In Europe, rainbow trout is the most affected fish
species (Kuzmin et al., 2009). Nishizawa et al. (2006), using phylo-
genetic analysis of the full-length glycoprotein gene, identified a
fourth genogroup consisting of Japanese rainbow trout isolates
from 1980 to 1996 and designated it ‘‘JRt’’ (Fig. 3) It shares a com-
mon source with the U genogroup. The JRt genogroup was later
introduced to Korea (Kim et al., 2007) and possibly Taiwan (Wang
et al., 1996). The virus in Japan has caused losses among wild fish
stocks (Traxler et al., 1998). An IHNV database is available contain-
ing records for more than 1000 individual field isolates, which is
updated annually (Kurath, 2012).

The first reported outbreak of IHN occurred in sockeye salmon
fry at fish hatcheries in Oregon and Washington in 1953 (Kurath
et al., 2003). In 1973–1974, it was responsible for a 90% loss in a
population of 20,000 sockeye salmon fingerings at a hatchery in
Alaska; in 1974, 99% of 600,000 sockeye salmon alevins and finger-
ings of broodstock that spawned in 1973 died (Grischkowsky and
Amend, 1976). The natural disease first occurred in farmed Atlantic
salmon in British Columbia in 1992, representing the first time the
virus affected salmon at sea (Armstrong et al., 1993; Traxler et al.,
1993). Since then, it has occurred at epizootic levels on Atlantic sal-
mon farms in 1992–1996 (St-Hilaire, 2000) and 2001–2002 with
cumulative mortality rates as high as 77% in smolts (<700 g) and
53% in harvest-sized fish (Saksida, 2004). It was hypothesized that
the source of these outbreaks is a stock of wild salmon, most likely
sockeye, carrying a virulent strain of IHNV. Because of the cyclical
nature of the sockeye life history (Groot, 1996), the virulent strain
would only appear every 4–5 years with the return of this particu-
lar stock to the rivers to spawn (Saksida, 2004). However, cultured
salmonid fish such as Chinook salmon (St-Hilaire et al., 2001) and
the non-salmonid fish that occur around sea net-pens such as shi-
ner perch ‘‘Cymatogaster aggregate’’ and tubesnout ‘‘Aulorhynchus
flavidus’’ could also serve as carriers of the virus, as they can have
high virus titers without showing any clinical signs (Traxler and
Richard, 1996).

In May, 2012, IHNV was diagnosed on at least 3 farm sites on
the west coast of Vancouver Island, the first such diagnosis in Brit-
ish Columbia since 2003. The virus was initially detected in Atlan-
tic salmon samples collected during routine health screening of a
fish farm belonging to one company. Subsequently, the virus was
detected on a second farm of the same company, and as a ‘‘low po-
sitive’’ in coho salmon samples on a third farm belonging to an-
other company; all companies then started testing their farms for
IHNV (Anonymous 4). The first detection triggered a quarantine
of the farm site and depopulation of its entire stock of 560,000
one-kilo-sized salmon (Anonymous 5). The affected farm site will
be left to fallow, without restocking, for at least 3–4 months. The
virus has also been detected in Atlantic salmon on a farm in
Washington State, prompting its depopulation. These control mea-
sures are intended to limit the spread of the disease, and are con-
sistent with IHN being an OIE-listed disease (Table 1; OIE, 2012a).

Laboratory diagnosis of IHNV infection can be by virus isolation
on fish cell lines including EPC (Epithelioma papulosum cyprini), BF-
2 (bluegill fry), FHM and CHSE-214, followed by immunological or



Fig. 3. Differentiation of infectious hematopoietic necrosis virus (IHNV), based on genotypic analysis of the ‘‘mid-G’’ (glycoprotein) gene (303 nts), and its geographic
distribution worldwide (Nishizawa et al., 2006; Kim et al., 2007; Rudakova et al., 2007; Grilc Fajfar et al., 2011).
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molecular identification of the virus. Viral nucleic acids can also be
detected directly in tissue samples by RT-PCR (OIE, 2011). Using
polyclonal rabbit antisera, only a single serotype of IHNV has been
identified (Engelking et al., 1991).
2.4. Spring viraemia of carp (SVC)

Spring viraemia of carp (SVC) is an economically important viral
disease of farmed common carp ‘‘Cyprinus carpio carpio’’, but out-
breaks can also occur in wild common carp and in several other
freshwater species. Common carp have also been selectively bred
for the ornamental fish industry, where they are known as koi
(Hartman, 2004). The disease is widespread in European carp pond
culture, where it causes significant morbidity and mortality (Ahne
et al., 2002), but is considered an exotic disease in the USA. SVC is
caused by SVC virus (SVCV), also in the family Rhabdoviridae, but it
is distinct from VHSV and IHNV, and is in the genus Vesiculovirus.
Moreover, SVCV is unique among fish viruses in that it also repli-
cates in cell cultures of avian and mammalian origins at tempera-
tures of 20–22 �C (Ahne et al., 2002). Outbreaks of disease,
particularly in young carp, are associated with mortality up to
70%. Affected fish typically show a distended abdomen (due to
ascites), exophthalmia, and petechial hemorrhages of the skin
(Fijan et al., 1971). Internally, hemorrhages in the swim bladder,
edematous organs and catarrhal enteritis are usually seen (Ahne
et al., 2002); Severity varies with the age of the fish and the water
temperature. Older fish are more resistant, and warm tempera-
tures (>10 �C but <25 �C) are more lethal, but no mortality occurs
above 25 �C. Recovered fish are resistant to reinfection (Ahne
et al., 2002).

The first cases of spring viraemia of carp (SVC) in the USA in
2002, as in Switzerland in 2001 (Bernet and Wahli, 2002) and in
Denmark in 2002 (OIE, 2011) were linked to koi carp imports with-
out a requirement for health certification of freedom from disease
(Hill, 2005). The US outbreak started in April 2002, and involved
one of the largest koi farms operating in the states of North Caro-
lina and Virginia (Goodwin, 2002). Virus was isolated on the EPC
cell line and confirmed as SVCV by immunohistochemistry. Depop-
ulation, cleaning and disinfection of the affected farm required an
international effort, which began in July and ended in October,
2003, when the quarantine was lifted. There were also mass mor-
talities of wild common carp at Cedar Lake, Wisconsin in 2002
(Dikkeboom et al., 2004) and in farmed koi in the states of Wash-
ington and Missouri in 2004 (Shivappa et al., 2008). SVCV was also
isolated from apparently healthy wild common carp in the Calu-
met Sag Channel in Illinois in 2003.

The US SVCV isolates of 2002 (Dikkeboom et al., 2004), 2003
and 2004 (Warg et al., 2007) belonged to SVCV genogroup 1a,
which consists of strains from Asia (Stone et al., 2003). The US
Department of Agriculture Animal and Plant Health Inspection
Service (USDA APHIS) controls SVCV outbreaks like other foreign
animal diseases, through quarantine, depopulation and disinfec-
tion of premises, followed by enhanced surveillance. In 2006, SVCV
was also isolated for the first time from apparently healthy wild
common carp from Lake Ontario, Canada, that were destined for
export to France (Garver et al., 2007). The Canadian SVCV isolate
grouped with genogroup 1a, together with isolates from Asia and
the USA, and was most similar to the 2003 Illinois isolate (Garver
et al., 2007).

2.5. Infectious salmon anaemia (ISA)

Infectious salmon anaemia (ISA) is a serious viral disease of mar-
ine-farmed Atlantic salmon caused by ISA virus (ISAV), which be-
longs to the genus Isavirus, family Orthomyxoviridae. ISA is
arguably the most important viral disease of marine-farmed Atlan-
tic salmon, and continues to cause severe economic losses in an
increasing number of countries (reviewed in Kibenge et al., 2004).
Mortality in a fish cage rises slowly and can vary from 0% to 90%
(OIE, 2011). The virus may be present in a cage up to 6 months be-
fore significant mortality is noted. The three main gross lesions are
exophthalmos (bulging, blood-shot eyes), petechial hemorrhages
on the abdomen, and congestion and enlargement of the liver.
Histopathologic lesions include intestinal mucosal ulceration and
hemorrhage, liver hemorrhage and hepatocyte necrosis, and eryth-
rophagocytosis (Godoy et al., 2008). Diagnostic confirmation re-
quires virus isolation on permissive fish cell lines and virus
identification, for example by RT-PCR (OIE, 2011).

The virus occurs in two basic genotypes, North American and
European (Kibenge et al., 2001). The European genotype shows
more genetic variation than the North American genotype
(Kibenge et al., 2007; Nylund et al., 2007) (Fig. 4). The non-patho-
genic variant ISAVs called ‘‘highly polymorphic region’’ (HPR0)
viruses detected to date are all of European genotype. HPR0 viruses
deserve special consideration because their evolutionary status is
not clearly understood. The term HPR0 is used to indicate that they
have a ‘‘full-length’’ highly polymorphic region (HPR) of their sur-
face envelope glycoprotein haemagglutinin-esterase or HE (Fig. 5).
All ISAV isolated to date from clinical disease have amino acid



Fig. 4. Infectious salmon anaemia virus (ISAV) strain identification. ISAV occurs in
two basic genotypes, North American and European; the European genotype shows
more genetic variation (Kibenge et al., 2001; Nylund et al., 2007).
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deletions in HPR relative to HPR0, suggesting that HPR is important
to ISAV virulence (Kibenge et al., 2007). HPR0 viruses have not yet
been cultured; their presence in fish can only be demonstrated
using purely nucleic acid-based assays thereby causing diagnostic
confusion, which results potentially in the expensive culling of
apparently healthy fish. It is evident that ISAV is now enzootic in
fish populations in Norway, New Brunswick-Canada, Scotland,
the Faroe Islands, Maine-USA, and Chile (Godoy et al., 2008;
Kibenge et al., 2009; Debes et al., 2011). Virulent strains of the
virus have been replaced by HPR0 viruses (Fig. 4), but the dynamics
of this evolution are not known. Only Norway and Canada reported
ISA outbreaks in 2012 (OIE, 2012b). The 2012 outbreak in Canada
occurred in Nova Scotia and involved ISAV of the North American
genotype. There have been reports of ISAV in farmed and wild fish
on the west coast of Canada, however, the precise status is un-
known (Casselman, 2011). Because there have been no virus isola-
tions to date, the Department of Fisheries and Oceans concluded
that there have been no confirmed findings of ISAV in British
Columbia (DFO, 2011).

In the Southern hemisphere, ISAV was first detected in Chile in
1999 in marine-farmed Coho salmon, and it was shown to be of the
North American genotype (Kibenge et al., 2001). During the winter
of 2007, unexplained mortalities following recovery from an out-
break of Pisciricketsiosis were registered in Atlantic salmon of
Fig. 5. Infectious salmon anaemia virus (ISAV) strain identification, based on amino
acid deletions in the highly polymorphic region (HPR) of the haemagglutinin-
esterase (HE) protein (Nylund et al., 2007). The line diagram of the HE protein open
reading frame (ORF) shows the location of the HPR (Rimstad et al., 2001; Kibenge
et al., 2001; Plarre et al., 2005). ISAV without any amino acid deletion in HPR is
designated HPR0 (Cunningham et al., 2002).
3.9 kg average weight at a grow-out site located in central Chiloé
in Region X of Chile. The disease was confirmed as ISA, for the first
time in its classical presentation and affecting farmed Atlantic sal-
mon in Chile (Godoy et al., 2008). Chile had experienced almost
exponential growth of the Atlantic salmon industry from 1987 to
2004, but by 2004, several production indicators started to show
a gradual decline and increasing mortality designated as being
due to ‘‘non-identified’’ causes. However, the general reaction in
the industry was to stock more fish to compensate for losses. Phy-
logenetic analysis of the ISAV isolates from this outbreak indicates
that the virus was introduced from Norway in about 1996 (Kibenge
et al., 2009), probably through fertilized salmon eggs (Vike et al.,
2009; Cottet et al., 2010). The ISAV responsible for the outbreak
(mostly HPR7b) was most similar to isolates from Norway, but
had acquired a mutation consisting of a 33 base-pair insert in gen-
ome segment 5, which encodes the surface envelope fusion protein
(Kibenge et al., 2009).

The last clinical ISA outbreak in Chile was recorded in Septem-
ber 2010; since then, most of all ISAV diagnoses have involved the
non-virulent HPR0 virus (Fig. 6). Economic losses due to the out-
break in 2007 were estimated to amount to a 9% reduction in the
US$2.24 billion Chilean aquaculture industry (i.e., $20 million)
and an approximately 3.0% reduction in the workforce. In 2009,
the outbreak accounted for a 60% drop in Atlantic salmon produc-
tion, from a peak of about 400,000 tons prior to 2007. Projected
losses for 2007–2011 will be approximately $1 billion (i.e., 50%
of the economic value of the Chilean industry). Full recovery is
not expected before 2013.The most important disease control mea-
sures introduced in 2009 by the industry and Chilean Government,
and responsible for the recovery are (1) all-in, all-out farming, fal-
lowing, and zone management; (2) restriction of fish movements;
(3) coordination of sea lice control; (4) ISAV vaccination; (5) use of
good quality smolts; (6) reduction of farm stocking numbers; and
(6) better surveillance and diagnostic capacities.

2.5.1. ISA virus (ISAV) HPR0
ISAV HPR0 can be found in apparently healthy wild and farmed

fish. Three theories have been put forward to explain its relation-
ship to virulent strains of ISAV (reviewed in Kibenge et al., 2009).
The first and original theory, also referred to as the ‘‘deletion
hypothesis,’’ is that HPR0 in wild fish is the ancestor of novel
strains that adapt to the new host, possibly through HE gene dele-
tions during intensive aquacultural practices (Mjaaland et al.,
2005). This hypothesis has resulted in the culling of apparently
healthy fish, considering them at high risk for development of
ISA. However, there has been no authentic report linking an initial
presence of HPR0 virus to a subsequent clinical outbreak (MacBe-
ath et al., 2009; Murray et al., 2010). Indeed, the risk of emergence
of pathogenic ISAV variants from a reservoir of HPR0 is considered
to be low (Debes et al., 2011). Moreover, HPR0 viruses are detected
late during ISA outbreaks, and persist long after the disease has
been contained or eradicated (MacBeath et al., 2009; Kibenge
et al., 2009; Debes et al., 2011) (Fig. 6).

The second theory, also referred to as the ‘‘insertion hypothe-
sis,’’ is that virulent ISAV undergoes mutations involving insertions
into the HPR, resulting in HPR0 and attenuation; the virus adapts
and stops killing its host (Kibenge et al., 2007). Support for this
hypothesis is found in a recent report indicating that sequence var-
iation in the HPR is most likely due to homologous recombination
(copy-choice recombination), presumably because of strand
switching by the viral RNA polymerase (Castro-Nallar et al.,
2011) during negative-RNA strand synthesis from the nucleic acid
template of one virus to another (which has been shown to occur
in picorna-, corona-, alpha-, rota- and orbiviruses and influenza
viruses). However, no outbreaks caused by a HPR type of ISAV have
been observed among wild Atlantic salmon. On the other hand,



Fig. 6. Prevalence of infectious salmon anaemia virus (ISAV) (virulent or HPR-D and non-virulent or HPR0) positive cases in Chile, July, 2007 to September, 2011. The first case
was detected in June, 2007; the peak was in November 2008. Since 2010, ISAV HPR0 has been found in different production stages of Atlantic salmon (fry, pre-smolt, growout
in marine farms, & brood stock) without associated clinical signs of ISA. Inset: Proportion of cases with virulent or HPR-D and non-virulent or HPR0 ISAV; 2007–2009: 100%
virulent or HPR-D; 2010: 28% virulent or HPR-D and 72% non-virulent or HPR0; 2011: 100% non-virulent or HPR0 ISAV. (Data from National Fisheries Service (Sernapesca),
Chile).
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HPR0 viruses in the Faroe Islands have been termed low-pathoge-
nicity/low-virulent ISAV (Debes et al., 2011), a term that is consis-
tent with influenza A viruses in wild birds.

The third (and most plausible) theory, also referred to as the
‘‘quasispecies’’ or ‘‘mutational cloud’’ hypothesis, is that HPR0 is
the ‘‘original’’ consensus sequence of all HPR-deleted sequences
during virus replication in a cell (Kibenge et al., 2009). As predicted
by the quasispecies concept (Holland et al., 1992), new HPRs then
appear at the periphery of the quasispecies distribution, where
they are produced by the erroneous copying of mutants already
present; the dominant (well-adapted and advantageous) mutants
are easily detected as the cause of disease. This theory would also
accommodate the ‘‘insertion hypothesis,’’ since it suggests that
various HPRs, including HPR0, are present at any one time. In the
case of Chile, HPR7b was the principal mutant associated with
disease outbreaks (Kibenge et al., 2009).
3. Other emerging viral diseases of farmed fish

3.1. Diseases of economic importance

Most major bacterial diseases of salmonids have been success-
fully controlled through antibiotics and vaccination (Bowden
et al., 2003), whereas vaccines against viral diseases have not per-
formed well to date. Viruses are currently the principal pathogens
that are negatively impacting finfish aquaculture. Because of the
global nature of aquaculture, the OIE, which provides international
standards and guidelines for safe trade in animals and their prod-
ucts (Brückner et al., 2007; Mohan, 2009), essentially defines the
economic importance of farmed fish viral diseases by placing them
on the OIE list (Table 1; OIE, 2012a). Any diseases listed are notifi-
able (or reportable) to the OIE because of the risk of spread through
commercial trade in fish and their products.

OIE Member Countries report listed diseases to the OIE, which
disseminates the information to other countries. This transparency
allows neighboring countries to take actions to minimize the dis-
ease entering into their country (Hill, 2005). Non-OIE-listed finfish
viral diseases are either too new or have been de-listed in recent
years because they are enzootic in all regions with susceptible fish
hosts. Consequently, the major viral diseases fit the definition of
emerging aquatic animal viral diseases (Murray and Peeler, 2005;
Walker and Winton 2010; Rimstad, 2011). In addition to the
OIE-reportable diseases VHS, IHN, SVC, and ISA, which are re-
viewed in Section 2 above, some non-OIE listed viral diseases are
discussed below.
3.2. Infectious pancreatic necrosis (IPN)

Infectious pancreatic necrosis (IPN) is a highly contagious viral
disease of salmonids, which occurs in all major salmon farming
countries. It is caused by IPN virus (IPNV), a member of the genus
Aquabirnavirus, family Birnaviridae. Serological classification
showed that the IPNV strains are divided into two serogroups (A
and B). Within serogroup A, nine distinct serotypes were identified
(Hill and Way, 1995), whose classification on the basis of deduced
amino acid similarities of VP2 demonstrated that the strains clus-
tered into 6 genogroups (Blake et al., 2001).
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Different IPNV strains vary in virulence (Santi et al., 2004).
Susceptibility to IPN generally decreases with age (Wolf, 1988a),
except for Atlantic salmon smolts which are often affected also
after transfer from freshwater to seawater (Jarp et al., 1995; Smail
et al., 1992; Roberts and Pearson, 2005). Thus at the freshwater
stage affected fish will have abnormal swimming behaviour,
exophthalmos, distended abdomen, darkened pigmentation, focal
necrotic lesions in the exocrine pancreatic tissue and severe liver
necrosis. Similar clinical signs with reduced liver involvement
but with petechial hemorrhages of pancreas are seen in larger fish
in seawater. The disease has to be differentiated from pancreas dis-
ease (PD) caused by salmon alphavirus, which also affects skeletal
and heart muscle. Confirmatory diagnosis of IPN can easily be done
by virus isolation and RT-PCR. IPN was removed from the OIE list of
notifiable aquatic animal diseases in 2005 (Table 1), but it contin-
ues to cause significant losses to the aquaculture industry in some
European countries (Brun, 2003) and in Chile, and most farmed
salmon are vaccinated against it. In the European Union, IPN is still
regulated under national control programs within each Member
State (in the UK, rainbow trout farms have been exempt since
1995).

IPNV is a very tough virus, able to withstand desiccation, and it
can survive in both fresh and sea water for considerable periods. It
is resistant to high temperature (for example, while ISAV is inacti-
vated at 55 �C for 5 min, IPNV requires heating to 80 �C for 2 h to
achieve significant inactivation) and to low pH, enabling it to sur-
vive in ensiled waste (McAllister and Bebak, 1997) and in the gut of
piscivorous (fish-eating) birds (McAllister and Owens, 1992). It is
about 100 times more resistant to ultraviolet radiation than some
other viruses (e.g., IHNV) making it very difficult and costly to ster-
ilize hatchery water supplies by this method. In Sweden, IPNV is
controlled by culling, and the virus is officially absent from that
country in spite of very high levels in neighboring Norway (Ariel
and Olesen, 2002). In 1999–2000 in Scotland, marine IPNV preva-
lence declined following fallowing and widespread culling to con-
trol the 1998–99 ISA outbreak (Stagg, 2001; Murray et al., 2002).
However, because IPNV has a wide variety of host species (Hill,
1982) and persistent carriers among recovered hosts (Smail and
Munro, 1985), it is difficult to eradicate, once established.

Because fish develop a lifelong persistent infection, farmed fish
may be the most important reservoir of IPNV in the aquatic envi-
ronment (Johansen et al., 2011). However, the worldwide distribu-
tion of IPNV is not only a consequence of aquaculture and
commercial movements of cultured fish, particularly when wild
fish populations are considered (Dopazo and Bandín, 2006). For
example, the genetic variation of IPNV isolates in Chile cannot be
explained entirely by trade in fish eggs (McAllister and Reyes,
1984; Mutoloki and Evensen, 2011). Analysis of more recent
Chilean IPNV isolates has identified a cluster of genogroup 1 isolates
(Fig. 7) that are most similar to those made in 1999 by Romero-Brey
et al. (2009) from 12 different species of wild fish from the Flemish
Cap fishery located in international waters near Newfoundland, on
the northeastern coast of Canada (Callejas et al., 2012).

3.3. Pancreas disease (PD) and sleeping disease (SD)

Pancreas disease (PD) and sleeping disease (SD) are serious ill-
nesses of farmed salmonids in Europe (Raynard and Houghton
1993; Graham et al., 2011). Affected fish show inappetence, leth-
argy, increased faecal casts in cages, runting in juveniles, and in-
creased mortality (1–48%) (McLoughlin and Graham, 2007). The
disease was first recorded in 1976 in Scotland (Munro et al.,
1984). It has re-emerged in the last 8–9 years as a significant threat
to sustainable salmon production in Norway (Fig. 8), with site mor-
talities of up to 60% and 10% of survivors failing to grow after infec-
tion (runts) (Anonymous 1). It is caused by salmonid alphavirus
(SAV), a new member of the genus Alphavirus in the family Togavir-
idae (Weaver et al., 2005). It is referred to as pancreas disease (PD)
in marine-farmed Atlantic salmon and rainbow trout, but the same
pathogenesis is referred to as sleeping disease (SD) in freshwater-
farmed rainbow trout. Affected fish show sleeping behaviour (lying
on their side), exophthalmos, and swollen abdomens (McLoughlin
and Graham, 2007). Virus isolates from these conditions in Europe
in 1991–2007 can be differentiated into 6 different subtypes by
genotypic analysis of partial sequences from nsP3 and E2, the two
most variable regions of the genome (Fringuelli et al., 2008)
(Fig. 9). PD has been described only once outside western Europe,
in Canada, but no virus was detected (Kent and Elston, 1987). How-
ever, this was years before culture techniques for SAV were devel-
oped, and at the time PD was considered to be a nutritional disease
(Bell et al., 1991; McVicar, 1987).

Pancreas disease is one of the most economically damaging dis-
eases in Norwegian aquaculture. Interestingly, its emergence in
Norway coincided with a significant reduction in ISA outbreaks
(Fig. 8). Vertical transmission, while reported (Karlsen et al.,
2005), has not been confirmed by molecular epidemiologic studies
(Fringuelli et al., 2008). The virus is enzootic, and the disease tends
to recur in each successive generation of fish introduced onto in-
fected sites (McLoughlin and Graham, 2007), suggesting a substan-
tial reservoir of infection. Although alphaviruses are transmitted
by mosquitoes, the vector for SAV has yet to be incriminated
(Forrester et al., 2012). It has been suggested that sea lice may be
a vector in Ireland (Roger and Mitchell, 2007).

Sub-clinical SAV infection in marine-farmed Atlantic salmon
has been reported in Scotland (Graham et al., 2006), suggesting
that other factors related to the environment, host and/or patho-
gen may have the potential to influence the severity of a PD out-
break in a given population. Moreover, in clinical disease, the
lesions can be confused with vitamin E-selenium deficiency
(McLoughlin et al., 1992), IPN (Roberts and Pearson, 2005), cardio-
myopathy syndrome (CMS) (Ferguson et al., 1990; Hodneland
et al., 2005), and heart and skeletal muscle inflammation (HSMI).

3.4. Cardiomyopathy syndrome (CMS)

Cardiomyopathy syndrome (CMS) of farmed Atlantic salmon
was first described as a disease entity in Norway in 1985. CMS
has been recorded along the entire Norwegian coast, with clinical
manifestations throughout the year, peaking in the late fall and
late winter/early spring. CMS, also referred to as ‘‘heart rupture
disease’’, has also been recorded in Scotland (Rodger and Turnbull,
2000) and the Faroe Islands (Poppe and Sande, 1994), and sus-
pected cases have been reported in Canada (Brocklebank and
Raverty, 2002). Affected fish may die suddenly, without clinical
signs of disease, or signs may be nonspecific, such as abnormal
swimming, lethargy and anorexia (Haugland et al., 2011). The most
characteristic necropsy findings are a ruptured atrium (thin wall),
enlarged atrium and a pericardial sac filled with blood or blood
clots (Ferguson et al., 1990). Economic losses are high, because
CMS affects adult farmed Atlantic salmon 14–18 months after sea
transfer and close to harvest (Ferguson et al., 1990). The mortality
rate is about 6%. Cardiac lesions similar to those of CMS have also
been reported in wild Atlantic salmon (Poppe and Seierstad, 2003).

The cause of CMS was recently reported to be a newly discovered
dsRNA virus in the family Totiviridae, genus Giardiavirus (Haugland
et al., 2011), the first time such a virus has been found to infect a
vertebrate host. It was identified through genome sequencing by
random priming methods, using virus isolated on the GF-1 cell line
derived from the orange-spotted grouper‘‘Epinephelus coincides’’
(Haugland et al., 2011). Because it causes a necrotizing myocarditis
in salmon, the name piscine myocarditis virus (PMCV) was
proposed (Haugland et al., 2011). A related virus was previously



Fig. 7. Phylogenetic tree showing the relationship between recent infectious pancreatic necrosis virus (IPNV) isolates in Chile. The genogroup 5 IPNV isolates were linked to
transmission through trade in salmon eyed eggs from Europe in 1999 (Mutoloki and Evensen, 2011). Because there have been no imports of fish or eggs from the eastern
Canadian coast, the presence of the different IPNV isolates in Chile cannot be explained entirely by trade. (Kibenge, F.S.B., Wang, Y., Godoy, M.G., and Kibenge, M.J.T.,
unpublished data).

Fig. 8. Incidence of infectious salmon anaemia (ISA) and pancreas disease (PD), 1986–2011 (Norwegian Veterinary Institute reports, http://www.vetinst.no/nor/Temasider/
Fiskesykdommer). The emergence of PD in Norway coincided with a significant reduction in ISA outbreaks.
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identified as the cause of infectious myonecrosis (IMN) of white Pa-
cific shrimp (Poulos et al., 2006). The disease has been reproduced
experimentally, using tissue homogenates from CMS-diseased fish
(Ferguson et al., 1990; Fritsvold et al., 2009) and cell culture-grown
virus 6 weeks postinoculation (Haugland et al., 2011).

3.5. Heart and skeletal muscle inflammation (HSMI)

Heart and skeletal muscle inflammation (HSMI) is a disease of
farmed Atlantic salmon, first recognized in 1999 in Norway
(Kongtorp et al., 2004) and subsequently in Scotland (Ferguson
et al., 2005). HSMI appears 5–9 months after fish are transferred
from fresh water to marine pens. Affected fish show reduced appe-
tite, aberrant swimming and up to 20% mortality, but there are usu-
ally no external signs of illness. Internal lesions consist of
myocarditis and necrosis of red skeletal muscle.

HSMI has recently been associated with infection by a novel
reovirus, termed piscine reovirus (PRV), which was identified
through high-throughput pyrosequencing of clinical samples from
fish experimentally injected with tissue homogenates from HSMI-

http://www.vetinst.no/nor/Temasider/Fiskesykdommer
http://www.vetinst.no/nor/Temasider/Fiskesykdommer


Fig. 9. Differentiation of salmonid alphavirus (SAV), based on genotypic analysis of partial sequences from nsP3 and E2, their geographic distribution within Western Europe
and pathogenesis, with the species of fish from which they have been isolated (Fringuelli et al., 2008; Castric et al., 1997; Graham et al., 2007, 2003; Nelson et al., 1995;
Rowley et al., 1998).
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diseased fish (Palacios et al., 2010). Although it has not yet been
reproduced in naïve fish by inoculation with an isolate of PRV, viral
RNA was unequivocally detected in HSMI lesions, using in situ
hybridization. Nonetheless, formal implication of PRV in HSMI re-
quires further investigation. Løvoll et al. (2011), using high-
throughput sequencing of heart samples from natural outbreaks
and from fish experimentally challenged with material from fish
diagnosed with CMS, concluded that PRV behaves as an opportun-
ist, whereas the totivirus might be more directly linked with the
development of CMS (Haugland et al., 2011).

Reoviruses are nonenveloped, icosahedral viruses with 10–12
segments of dsRNA that are found in a variety of hosts, including
humans (Chappell et al., 2005). PRV is widespread in Norwegian
aquaculture, and is also found in wild fish populations. Specifically,
it has been detected by RT-qPCR at a low prevalence in certain
marine species (Atlantic herring, Capelin ‘‘Mallotus villosus’’,
Atlantic horse mackerel ‘‘Trachurus trachurus’’, and great silver
smelt ‘‘Argentina silus’’) along the coast of Norway (Wiik-Nielsen
et al., 2012). Because none of the positive samples were from fish
caught close to fish farms that had registered outbreaks of HSMI,
the authors speculated that there is probably a more complex rela-
tionship, involving several carriers and virus reservoirs (Wiik-Niel-
sen et al., 2012). PRV has also been detected in Atlantic salmon in
Chile (National Fisheries Service of Chile, Sernapesca), and most re-
cently, in farmed Atlantic salmon and in wild Pacific salmon in
British Columbia, Canada.

3.6. Cutthroat trout virus (CTV)

Cutthroat trout virus (CTV) is a newly described salmonid virus
in the family Hepeviridae, which is widespread in cutthroat trout
‘‘Oncorhynchus clarkia’’ in the western USA (Batts et al., 2011).
CTV is not associated with disease, and readily forms persistently
infected cultures of the CHSE-214 cell line (Batts et al., 2011). It
was originally considered to be a picornavirus. CTV has about 40%
nucleotide (13–26% amino acid sequence) identity in pairwise
alignments of the various regions of the genome with human hep-
atitis E virus, which is sufficiently low to warrant the creation of a
novel genus, Cutrovirus (Batts et al., 2011). CTV is 93% identical to
HKS virus, which is named after the original clinical presentation
of ISA in New Brunswick, Canada, ‘‘hemorrhagic kidney syndrome,’’
and was initially identified as a ‘‘toga-like’’ virus (Kibenge et al.,
2000; Batts et al., 2011). The virus was discovered as a dual infec-
tion with ISAV; on its own, it was shown experimentally to be non-
pathogenic to Atlantic salmon (Kibenge et al., 2000).

4. Ontogeny of the salmonid immune system

Bony fish (Osteichthyes) such as salmonids possess most compo-
nents of the immune system we associate with higher vertebrates.
While a complete review of ontogenic development is beyond the
scope of this paper, the authors refer those interested to a more
complete review of teleost immune ontogeny, especially with re-
spect to zebrafish, by Zapata et al. (2006).

The two primary lymphoid organs in teleosts are the thymus
and head kidney, or pronephros (Fig. 10). The head kidney is con-
sidered to have an analogous function to the bone marrow in high-
er vertebrates, and it also functions as a secondary lymphoid organ,
along with the spleen. Developing B-cell populations in the head
kidney have been described as remarkably similar to mouse bone
marrow, showing three distinct B-cell stages, from early through
late-developing B cells and IgM-secreting cells (Zwollo et al.,
2010). In salmonids there is no distinct element separating the
head- from the mid-kidney, the latter being glomeruli-rich, with
some scattered T and B cells. Furthermore, the presence of a sec-
ondary site of lymphopoesis (K4) in the posterior kidney, recently
identified by Zwollo et al. (2010), suggests that not only the ante-
rior/head portion of the kidney is important in B-cell generation
and development in salmonids. Aside from the lack of true bone
marrow, teleosts also lack lymph nodes, germinal centres or a mu-
cosa-associated lymphoid tissue (MALT), as in mammals (summa-
rized in Table 2) (Tort et al., 2003). Recently, however,
interbranchial lymphoid tissue (ILT) has been identified in salmo-
nids, and suggested to be ‘‘dissimilar to all previously described
lymphoid tissue’’ (Koppang et al., 2010). Morphological differences
between the ILT and the thymus suggest different roles in salmonid
immunity. Being purely intraepithelial in structure, the ILT differs
from mammalian MALTs, and its location suggests that represents
an evolutionary forerunner (Koppang et al., 2010). The ILT there-
fore represents a newly discovered secondary lymphoid organ in
teleosts.

Finally, gut-associated lymphoid tissue (GALT) in teleosts is
well developed, containing intraepithelial lymphocytes (consid-
ered to be T cells) and B lymphocytes within the gut lamina propria
(Zapata et al., 2006). Until recently, teleost B cells were thought to
produce only two isotypes, IgD and IgM, and IgM was thought to be



Fig. 10. Teleost anatomy in salmonids, highlighting lymphoid tissues. Kidney regions are approximations based on Zwollo et al. (2005). The figure was adapted from the
original Aquatic Animal Health, Product Integrity Animal and Plant Health, AGDAFF.

Table 2
Comparative immune system of teleosts and mammals.

Comparative
developmental
vertebrate immunology

Teleostsa Mammals

Physical barriers and
interfaces

Skin mucus; scales; gills Skin; respiratory epithelium of the lungs

Immune effector cell
types

Neutrophil/heterophil; Eosinophil; Monocyte/Macrophage; Dendritic cell
(only identified in trout gill structures so far); NK cell; T lymphocytes (helper,
cytotoxic); B lymphocytes (plasma cells)

Neutrophil; Eosinophil; Basophil; Mast cell Monocyte/
Macrophage; Dendritic cell; NK cell; T lymphocytes
(helper, cytotoxic);
B lymphocytes (plasma cells)

Major antigen
presentation cells

Monocyte/macrophage Dendritic cell, macrophage/monocyte

Lymphoid tissues Head kidney; Thymus; Spleen; Gut-associated lymphoid tissue (not well
organized); Interbranchial lymphoid tissue

Bone marrow; Thymus; Spleen; Lymph nodes; Gut-
associated lymphoid tissue; Germinal centres

Antibody
Ig Diversity IgM; IgD; IgT IgM; IgD; IgA; IgE; IgG
Response to challenge/

rechallenge
Slow and weak memory response (temperature dependent) Fast and strong memory

Affinity maturation
(AM)

Low affinity, and low AM High affinity and high AM

a In particular, salmonids (information restricted to development in environments within physiological optima: 10–15 �C).
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the only isotype responsive to pathogens in both systemic and
mucosal compartments. A third isotype, IgT, appears to be special-
ized in gut mucosal immunity, suggesting that differentiation of
immunoglobulin isotypes occurred prior to tetrapod evolution
(Zhang et al., 2011). In contrast to mammals, B cells in fish can
apparently mature systemically and migrate to tissues, where they
produce antibodies locally. Furthermore, mucosal antibody pro-
duction has been shown to originate from tissue-specific B cells
(Swan et al., 2008). However, it is not known whether IgT-secreting
cells are localized in mucosal sites or are transported there
systemically.

As in all vertebrates, blood cells of fish are formed from the
ventral mesoderm, and hematopoetic tissues give rise to adult
lymphoid cells and to all other definitive hematopoetic cell lin-
eages (Zapata et al., 2006). In salmonids, there is a systematic
combination of the two hematopoetic derivations observed in
other teleosts: (1) exemplified by angel fish, in which initial
hematopoesis occurs in the yolk sac, and (2), occurring later in
salmonids and exemplified by zebrafish, in which early hemato-
poesis occurs in the intraembryonic intermediate cell mass (Za-
pata et al., 2006). In teleosts, the first leucocytes to populate
these tissues are generally macrophages, in some cases within
the yolk sac before hatch (Danio rerio), to the head kidney and
spleen (Cyprinus carpio), and generally the thymus post-hatch
(Mulero et al., 2007). Granulocytes such as heterophils/neutro-
phils and eosinophils have been observed shortly afterwards,
but basophils are absent. Teleosts exhibit both B- and T-cell lin-
eages. While T-helper and cytotoxic T cells are not well de-
scribed, markers for these cells are beginning to become
available for some species, and suggest the presence of similar
T-cell subsets (Th-0, -1, -2, -17, T-regs, etc.) in salmonids and
other teleosts. Functional polarization of alternative and classical
macrophage activation also occurs in teleosts. These multiple
activation states are important for the generation of effective ini-
tial microbial killing and for downstream memory responses
(Fast et al., 2009; Joerink et al., 2006a,b).

Recombination activating gene (RAG) expression in whole rain-
bow trout has been identified 10 days post-fertilization (dpf), be-
fore the appearance of the thymus or kidney, and within the
pronephros at hatching; Ig expression occurs from 14 dpf to 4–8
d pre-hatch (Zapata et al., 2006). In comparison, this occurs much
faster in zebrafish (3 dpf for RAG; 63 weeks pf for Ig). However, it
should be noted that these differing developmental rates are con-
founded by speciation, life history and poikilothermic physiology.
While cold water (14 �C) species, such as rainbow trout, and warm
water (P22 �C) species such as zebrafish, each have their own opti-
mal temperature ranges, it is important to contextualize develop-
ment at different temperatures, since rates would be expected to
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decrease with increasing temperature and increase at lower tem-
peratures within the optimal ranges for each species.

The presence of lymphocytes in lymphoid organs also follows
this timeline, whereby the thymus is populated from about a week
before to shortly after hatch, followed by the kidney at 4–5 days
(including Ig + cells) and the spleen 1–2 weeks post-hatch.
Although lymphocytes may populate these tissues, there is still a
delay before the onset of functional humoral responses and immu-
nocompetence. Ig + cells are not observed in the spleen of rainbow
trout until a month after hatch, and humoral responses are not
measured before at least 8 weeks (Manning and Grace, 1982;
Zapata et al., 2006). However, salmonids such as rainbow trout
do show earlier cell-mediated immunity, exhibiting allograft rejec-
tion by 2 weeks. Furthermore, antibody production to T-indepen-
dent antigens occurs more quickly than to T-dependent antigens
in fry (Manning and Grace, 1982; Zapata et al., 2006). Such late
maturation of antibody and memory responses is further illus-
trated by the ineffective nature of immersion vaccines in salmo-
nids under 1 g (Johnson et al., 1982). Whereas RAG and Ig
expression appear to occur later in salmonids than in common carp
and zebrafish, the population of lymphoid organs such as the kid-
ney and spleen and the onset of functional humoral responses ap-
pear to occur within the same timeframe in these groups (Zapata
et al., 2006).
5. Immunity of farmed fish to viral diseases

5.1. Innate antiviral responses

Virus entry requires initial binding to cellular receptors and
penetration of the plasma membrane, with transfer of the genome
and accessory proteins into the cytosol through membrane fusion
in the case of enveloped viruses and pore formation or membrane
lysis in the case of non-enveloped viruses (Flint et al., 2004). Gen-
ome transcription and replication produce viral nucleic acids such
as dsRNA, single stranded (ss)RNA, and dsDNA in a left-handed
Z-conformation, generated through negative supercoiling by RNA
polymerases (Rich and Zhang, 2003). Thus ssRNA, dsRNA, and viral
glycoproteins constitute the basic ‘‘Viral Associated Molecular Pat-
terns’’ (VAMP) by which pathogen recognition receptors (PRR) de-
tect an invading virus. The production and presentation of VAMPs
may occur at multiple stages of the viral life cycle, with cellular
compartmentalization determining VAMP-PRR interactions
(Thompson and Locarnini, 2007). Several PRRs, including Toll-like
receptors (TLRs) and RIG-I-like helicases (RLH) play significant
roles in the initial stages of signaling pathways (Kawai and Akira,
2006; Randall and Goodbourn, 2008). Downstream signaling leads
to the activation or synthesis of antiviral proteins such as Mx, ISG-
15, ISG-56, PKR and OAS (see Workenhe et al., 2010). The stimula-
tion of type I IFN-stimulated genes through this signaling pathway
culminates in the production of inflammatory cytokines, chemo-
kines and increased surface expression of co-stimulatory mole-
cules. Teleost fish have been shown to respond to a number of
TLR and RLH agonists, resulting in type I IFN-related protein
expression similar to that seen in mammals (Purcell et al., 2006;
Workenhe et al., 2010; Robertsen, 2008).

Recent research has identified a number of pathways that feed
into this canonical response. In particular, studies over the past few
years have unveiled previously unappreciated roles for mitochon-
dria in innate immune responses, and it is becoming increasingly
apparent that mitochondria participate in RLH signaling, antibacte-
rial immunity and sterile inflammation. Recognition of the role of
mitochondria in innate antiviral signaling began with the identifi-
cation of an adaptor protein, mitochondrial antiviral signaling pro-
tein (MAVS), in RLH signaling. One of the most fascinating
properties of MAVS is its association with the outer mitochondrial
membrane (OMM), a location that is required for proper antiviral
signaling (Seth et al., 2005). Follow-up research has yielded addi-
tional insights into signaling by MAVS downstream of RLHs, dem-
onstrating that mitochondria are centrally positioned in innate
antiviral responses. On another note, oxidative phosphorylation
in mitochondria generates the majority of reactive oxygen species
(ROS) in any given cell. Although ROS can damage cellular proteins,
lipids and nucleic acids via oxidation, they also serve as crucial sec-
ond messengers in various redox-sensitive signaling pathways.
Interestingly, ROS have been implicated as both positive and neg-
ative modulators of RLH signaling (Jin et al., 2010; Soucy-Faulkner
et al., 2010; Tal et al., 2009). Although the MAVS gene has been
cloned and functionally characterized, the details of mitochondrial
involvement in innate antiviral immunity of fish is not clearly
established; further research should address these gaps.

5.2. Immune enhancement through feed additives

Fish feeds with additives that enhance growth and overall health
beyond basic nutrition, often referred to as ‘‘functional feeds,’’ are
becoming more common as preventative and intervention strate-
gies against aquatic pathogens. These include broad-based groups
such as pro- and pre-biotics, immunostimulants and nucleotides
(Burrells et al., 2001; Carrington and Secombes, 2006; Tacchi
et al. 2011). In particular, the absence of chemotherapeutic inter-
vention options, and the opportunities for synergism with acquired
immune stimulation (i.e., vaccination), have driven research and
application of feed additives for protection of fish against viral
infection. There are examples of pre- (manno/fructo-oligosaccha-
rides; MOS/FOS) and probiotics (lactobacillus/lactococcus and bifi-
dobacterium) associated with enhanced innate responses such as
inflammatory cytokine signaling, mucus production, increased
phagocytic capacity, respiratory burst and complement activity
(Tacchi et al., 2011). However, their application with respect to viral
diseases is sparse. Harikrishnan et al. (2010) describe the use of Lac-
tobacil� and Sporolac� (Inter Care Ltd.) in the olive flounder and its
positive effects on complement, phagocytosis and oxidative burst.
In this case, flounder were previously infected (30 days) with an iri-
dovirus, lymphocystis diseases virus, and the enhanced innate re-
sponses were credited with a 45% reduction in mortality
(Harikrishnan et al., 2010). At the time of this writing, the only pro-
biotic feed additive available for use in salmonids in the EU is Bac-
tocell�. However, it was initially released for its ability to reduce
vertebral compression syndrome in salmonids, and there has been
no published work on its use in the prevention of treatment of viral
diseases.

5.2.1. Classical immunostimulants
In comparison to pro- and pre-biotics, which are often crude ex-

tracts used to enhance gut health, digestion and overall nutrition,
immunostimulants are often purified products that aim to enhance
innate immunity through pathogen-associated molecular patterns
(PAMPs). The most common immunostimulant used in fish has
been b-glucan, either through injection or in particular in feed, as
in the 1–3, 1–6 b-glucan, Macrogard�. via i.p. injection, b-glucans
have induced higher survival (40% at 10 mg/kg b-glucan mycelia
of Poria coccos 85), more rapid and greater duration of Mx expres-
sion in grass carp ‘‘Ctenopharyngodon idella’’ experimentally ex-
posed to grass carp hemorrhage virus (GCHV) (Kim et al., 2009),
as well as protection against IHNV in salmonids (LaPatra et al.,
1998). While Macrogard� has been used for years as a feed inclu-
sion to combat bacterial disease and improve gut health, through
enhancement of macrophage activity (Burrells et al., 2001), except
for IHNV, there is only anecdotal evidence of its use against ISAV
and other important viruses of salmonids.
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Another group of immunostimulants are unmethylated cyto-
sine-guanine oligodinucleotides (CpGs). CpGs have been shown
to produce antiviral responses in salmonids (Jorgensen et al.,
2003); type A and B CpGs show synergistic induction of type I
and II interferons (Strandskog et al., 2008). CpGs have only recently
been incorporated into feeds and administered to determine their
effects on ectoparasitic infection in salmon (Covello et al., 2011a).
In these studies, CpGs fed at 20 mg/kg were shown to transiently
induce inflammatory signals such as IL-1b, IL-8 and TLR-9 signaling
in head kidney and spleen tissues. This feed additive also showed
protective responses against ectoparasitic infection (>40% reduc-
tions in infection load), both from initial exposure and enhanced
responses after re-infection (>20% reductions in infection load
above re-exposed controls), providing further evidence of the
enhancement of innate and adaptive immune pathways (Covello
et al., 2011a,b). The signaling pathways in these and i.p. studies
with CpG, recruitment through GALT and interaction with other
hematopoetic tissues (head kidney and spleen) are still not under-
stood. Although evidence of anti-viral responses to injection has
been observed, as previously mentioned, protection against viral
exposure through CpG in feed has not been investigated, but will
provide an interesting area of future research, especially in con-
junction with oral vaccination and CpGs’ proven efficacy as a vac-
cine adjuvant (Hartmann et al., 2000; Weeratna et al., 2000).

5.2.2. Commercial combination feeds
Feed additives have also been combined in various formulations

by the world’s leading salmon feed companies, EWOS and Skrett-
ing, to exploit synergisms. In 2008, Skretting released React
PD2�, including glucans, probiotics and anti-oxidants to combat
pancreas disease (PD); it has been suggested to reduce necrosis,
inflammation and damage to pancreas and skeletal muscle, respec-
tively, and mortality due to PD and HSMI. When combined with a
‘proactive diet’ and vaccination, React PD2� has also been shown to
reduce mortality by 85% (McGurk et al., 2011). EWOS Opal PD� is
another marketed feed additive targeting these pathologies, which
also contains a mixture of immunostimulants and other compo-
nents. Despite their use in commercial production and application,
most feed additives are still largely untested in the public realm for
their effects on antiviral responses and immunity to viral infection.

5.3. Vaccination of fish

Vaccination is a very effective way of protecting animals against
infectious disease. Where properly applied in aquaculture, it has
significantly reduced the need for antibiotic use as a compensation
method for the immunosuppression associated with the intensifi-
cation of farming fish (Fig. 11). However, fish respond differently
from avians and mammals to vaccination. Major differences be-
tween fish and other vertebrates are that their metabolism and im-
mune response are temperature-dependent (Rijkers et al., 1980;
Harrahy et al., 2001). Moreover, fish produce antibodies with lower
affinity for antigens (Pilstrøm, 2005). Affinity maturation does not
occur to the same degree as in mammals (sub-populations of high-
affinity lymphocytes emerge >15 weeks post-immunization, and
affinity increases only 2–3 x); the nature of long-term immunolog-
ical memory is still poorly understood (Kaatari et al., 2002; Ye
et al., 2011). One extreme example is the Atlantic cod, which does
not produce specific antibodies to natural infection or vaccination,
contains no major histocompatability complex (MHC) II or CD 4
genes. While having greatly expanded MHC I and Toll-like-recep-
tors (TLR) genes, it can be specifically protected against disease
by vaccination (Pilstrøm, 2005; Barr et al., 2011). These unique fea-
tures of the piscine immune system have meant that, in contrast to
poultry and swine, vaccinated fish are not normally monitored for
antibody responses in standard serological tests (Kibenge et al.,
2002). However, specific antibody responses in Atlantic salmon
were strongly correlated with vaccine protection against a virulent
Aeromonas salmonicida infection (Bricknell et al., 1999; O’Dowd
et al., 1999), and one would expect this to be true also for highly
efficacious vaccines against fish viral diseases.

It is generally accepted that successful fish farming depends on
the use of vaccination (Evensen, 2009; Plant and LaPatra, 2011;
Sommerset et al., 2005; Thorarinsson and Powell, 2006), particu-
larly when pathogen eradication is unlikely to be successful. With
the expansive development of aquaculture in the 1990s, much ef-
fort was dedicated to vaccine development and the use of vaccines
in fish farming became popular (Ellis, 1997; Gudding et al., 1999;
Lillehaug, 1991; Newman, 1993; Håstein et al., 2005). However,
in contrast to bacterial vaccines (Håstein et al., 2005), vaccines
against viral diseases have not performed well to date, and antivi-
ral drugs have not yet found their way into aquaculture. As a con-
sequence, opportunities for synergism with vaccination have
driven research and use of feed additives as immunostimulants
to enhance innate immunity for protection of fish against viral
infection. Today, farmed Atlantic salmon are routinely vaccinated
against a number of bacterial (furunculosis, vibriosis, cold water
vibriosis, winter ulcer) and viral (IPN, ISA, PD, red sea bream irid-
oviral disease) diseases before sea transfer (Fig. 12) (McLoughlin
and Graham, 2007; OIE, 2011). Thus, there are relatively few effec-
tive and officially licensed virus vaccines (Biering et al., 2005), and
fish vaccinology is still a young and maturing science (Evensen,
2009).
5.3.1. Vaccine types
In the marine-farmed Atlantic salmon production cycle, fish are

vaccinated when they are 30–40 g in weight, at the fingerlings
stage,while in freshwater in hatcheries before smoltification and
before being moved to the high-risk environment in sea cage
grow-out sites (Sommerset et al., 2005) (Fig. 12). Of the five catego-
ries of vaccines (attenuated/modified live, inactivated, subunit, re-
combinant, and nucleic acid/naked DNA), the two main types
currently in use are inactivated (killed) virus and sub-unit vaccines.
These are either monovalent or polyvalent/multivalent (combina-
tion), and typically contain mineral-based adjuvants (e.g., alumin-
ium hydroxide), oil-based adjuvants (e.g., mineral oil or vegetable
oil) (Kuroda et al., 2004) or lipo-adjuvants such as liposomes to en-
hance immunogenicity (Audibert and Lise, 1993; Evensen et al.,
2005). In Europe, the salmonid industry relies on a single injection
of a multivalent (6–7 antigen) vaccine. Commercially available sub-
unit fish vaccines include those against IPNV and ISAV.

Despite the numerous advantages of DNA vaccines (Heppell and
Davis, 2000) and a number of technological improvements, includ-
ing getting plasmids into cells, increasing protein production once
they are inside, and modifications of the vaccine proteins that in-
crease their recognition and response by the immune system
(Mikalsen et al., 2004), to date there is only one commercially li-
censed DNA vaccine (against IHNV) for fish (Lorenzen and LaPatra,
2005; Kurath et al., 2007; Kurath, 2008).

A modified live vaccine consisting of attenuated koi herpesvirus
(KHV), further mutated by UV irradiation (Perelberg et al., 2005), is
currently licensed for use in Israel, and has been widely used in
carp farms across the country (OIE, 2011). However, because of
ecosafety concerns for the aquatic environment, requiring that an
attenuated virus be proven non-pathogenic to wild fish, this is an
isolated example, as there are no attenuated/modified live vaccines
(Benmansour and De Kinkelin, 1997) widely licensed for use in fish
(Sommerset et al., 2005). In addition, concern has been expressed
that use of live modified vaccines without suitable markers may
cause diagnostic confusion during cell culture-based certification
examinations (Wolf, 1988b).



Fig. 11. Antibiotic use in fish (grey bars) in relation to Norwegian salmon production (black line joining square dots), 1981–2004. Note the dramatic drop in antibiotic use
following the introduction of oil-based vaccines in 1992. These vaccines offered high protection against vibriosis caused by Listonella (Vibrio) anguillarum and furunculosis
caused by Aeromonas salmonicida (Håstein et al., 2005).

Fig. 12. Farmed Atlantic salmon production cycle (McLoughlin 2006). Because Atlantic salmon are anadromous (Anonymous 3), they have 2 phases. In the freshwater phase,
adult salmon spawn and the eggs hatch into alevins and develop into fry, then fingerlings, or ‘‘parr’’, in freshwater rivers (or in the hatchery, in case of farmed fish). In the
seawater phase, after the fingerlings undergo a parr-smolt transformation, the smolts migrate to the sea, or are moved to grow-out cages in the sea in case of farmed fish.
Farmed fish are routinely vaccinated before sea transfer. Wild adult salmon stay in the ocean for 1–4 years before returning to their native rivers to spawn. Those returning
after 1 year are called ‘‘grilse’’ (Anonymous 3; McCormick et al., 1998).

Table 3
Comparison of fish vaccination methods.

Injection vaccination Immersion vaccination Oral vaccination

Target Systemic Skin and gills Digestive system
Ease of

administration
+(labour intensive) ++ +++ (mass vaccination of fish

any size)
Fish weight >15 g 1–5 g 1–5 g
Stress Severe (requires anaesthetization & handling); Moderate for

automated vaccination
None for baths; Moderate for spray;
Severe for dip

None or negligible

Cost Cost-effective for high value speciesa Cost-effective for fish <10 g Moderate
Efficacy/Potency +++ (with adjuvants) ++ Weak (Inferior)
Side-effects Severe with oil-adjuvant None or negligible None or negligible
Duration of

immunity
6–12 months Shorter Shortest

a High value species include Atlantic salmon and Rainbow trout.
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5.3.2. Vaccine delivery methods
The method of vaccine delivery is a major factor to consider in

terms of efficacy, cost and side-effects. Three principal methods of
administration are available: injection, immersion and oral vacci-
nation; each has its advantages and disadvantages (Table 3). Of
these, injection and immersion are the main methods (Bravo and
Midtlyng, 2007); until recently, oral vaccination has been inferior
in terms of efficacy (Ellis, 1997; Vandenberg, 2004; Plant and
LaPatra, 2011).

5.3.2.1. Injection. Injection vaccination is either intraperitoneal
(i.p.), with or without adjuvants and usually without boosters, or
intramuscular (i.m.) for DNA vaccines (Corbeil et al., 2000). Injec-
tion is not the most economical method of vaccine delivery on a
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large scale. Because fish have to be removed from the water and
anesthesized, injections are labor-intensive and stressful. More-
over, injection requires fish to be over a certain size (>15–20 g),
making vaccination of fry difficult (Plant and LaPatra, 2011). While
it is clear that maternal transfer of some components of innate and
adaptive immunity occurs in teleosts, resulting in enhanced pro-
tection of offspring, the mechanistic or pathway contributions
are uncertain (Lillehaug et al., 1996; Tanaka et al., 1999) and func-
tional targeting or boosting in larvae has therefore been limited
(Mulero et al., 2007).

In large-scale vaccination of Atlantic salmon fingerlings, fish are
transported in pipes from the rearing tank to an anesthetic bath,
and are then injected manually by a professional team using air-
powered syringes (Ellis, 2002) or by automated vaccination ma-
chines (Plumb and Hanson, 2010; Sharpe, 2007; Sommerset et al.,
2005). This is commonly associated with serious side-effects,
primarily inflammatory reactions (adhesions between intraperito-
neal organs and melanin deposits on internal organs and on the
abdominal wall) at the injection site (Midtlyng et al., 1996; Mutol-
oki et al., 2004), which may lead to a reduced growth rate (up to 10%
reduction over 18 months) and death (up to 25% mortality). Re-
duced meat quality, carcass down-grading and spinal deformities
(Berg et al., 2006; Midtlyng and Lillehaug, 1998; Sørum and Dams-
gård, 2004; Vandenberg, 2004); granulomatous uveitis (Koppang
et al., 2004), and systemic autoimmunity are also seen (Koppang
et al., 2008). This raises both economical and ethical concerns
regarding current fish vaccination methods (Engelstad, 2005).
Interestingly, vaccination of Atlantic cod results in rapid encapsula-
tion of vaccine, less pronounced adhesions between internal organs
and the abdominal wall and no pigmentation (Maira et al., 2008).
5.3.2.2. Immersion. The second principal method of vaccine deliv-
ery to fish is immersion in a suspension of vaccine (Antipa et al.,
1980; Sommerset et al., 2005). Immersion can be by bath, dip, or
spray. Spray vaccination is used for larger fish (for 2–5 s), where
injection is not possible. Dips are usually for a very short time
(5–60 s) in a concentrated vaccine, whereas baths are of longer
duration (>60 min) in diluted vaccine (Egidius and Anderson,
1979; Ellis, 1988a; Horne and Ellis, 1988; Yanong, 2008). Immer-
sion vaccination can also be by flush (Anderson et al., 1979). Such
methods are cheap and easy (Plant and LaPatra, 2011), and are
effective for several bacterial vaccines. However, they require large
volumes of vaccine (Nakanishi and Ototake, 1997), and there is no
good control for vaccine dose. Moreover, the degree and duration
of immune protection induced by immersion vaccination is vari-
able (Tatner, 1987; Tatner and Horne, 1983).

When fish are injected with vaccines, the protective antigens
can be localized in the spleen and kidney (Tatner et al., 1984),
which are the main organs of phagocytic filtration and the main
sites for protective immunity. However, after immersion in the
vaccine, the antigens are almost exclusively located on the outer
surfaces, skin and gills. In fact, whereas injection induces a sys-
temic immune response in spleen and kidney, it is believed that
immersion induces mainly an integumentary immune response
in the mucous membranes of skin, gills and gut (Ellis, 1988a). This
explains the findings that for all studied vaccines, injection pro-
vides far better immune protection than immersion (Gudding
et al., 1999; Midtlyng et al., 1996; Tatner et al., 1984).

A better strategy is to use immersion vaccination of 5 g fish, to
protect them until they are big enough for injection. A newer version
of immersion vaccination uses ultrasound (Plant and LaPatra, 2011),
a high-frequency sound wave of approximately 20 kHz that enhances
cell permeability. The method was found to be as effective as i.p.
injection at providing protection against challenge (Zhou et al.,
2002a,b). Another novel and equally effective method uses a multi-
ple-puncture instrument to produce small lesions in the sides of fish
while they are immersed in the vaccine (Nakanishi et al., 2002).

5.3.2.3. Oral vaccination. Oral vaccination, in which vaccine is
administered in feed, is the most sought after method of delivery,
since it is suitable for mass administration to fish of all sizes (Ellis,
1988a; Vandenberg, 2004). The exposure time is 1 week or longer
(Horne and Ellis, 1988). The vaccine is mixed or bioencapsulated
into the feed before feeding. When live food (e.g., rotifers or brine
shrimp) is used, it is first added to a concentrated vaccine solution
and allowed to take up the vaccine, then fed to fry or small finger-
lings (Yanong, 2008). Oral vaccination is ideally suited for the sal-
mon industry, particularly during the seawater growth stage in
which injection vaccination is not possible while vaccine-induced
immune responses from the freshwater stage decay (Tobar et al.,
2011).

Despite the initial promise of oral vaccination (i.e., being
completely non-stressful, as it does not interfere with routine
husbandry practices), it was found to confer only a very limited le-
vel of immune protection (Newman, 1993). This mainly reflects the
destruction of antigen in the stomach and upper intestinal tract be-
fore it reaches immune tissues in the lower intestinal tract (Ellis,
1988a; Sommerset et al., 2005; Georgopoulou et al., 1985; Rombout
et al., 1985; Ellis, 1998; Vandenberg, 2004), plus the requirement
for all fish to be feeding. In some cases, oral administration of anti-
gens even resulted in suppression of immune responses (Lillehaug,
1989). Effective oral immunization (Vandenberg, 2004) therefore
requires a delivery system that

� protects antigens from degradation in the acid environment of
the stomach;
� ensures that antigens remain in the intestinal tract long enough

to be taken up by the GALT; and
� controls the antigen dose, to ensure that every fish ingests the

vaccine (Quentel and Vigneulle, 1997; Rombout et al., 2011).

To reduce leaching into the water and/or to provide some pro-
tection against digestion in the fish gut, a coating agent is often
used (Ellis, 1995, 1998; Joosten et al., 1997; Vandenberg, 2004;
Sommerset et al., 2005).

Plant-based vaccines have recently come into prominence, be-
cause they have the potential to be administered as oral vaccines
with minimal expense in downstream processing and application
(Companjen et al., 2005, 2006), while offering better protection
against digestive degradation due to their fibrous tissues (Richter
and Kipp, 1999). Other oral vaccine delivery systems for fish,
including the microalgae Chlamydomonas reinhardtii expressing
foreign antigens (i.e., transgenic microalgae) (Siripornadulsil
et al., 2007) were recently reviewed by Plant and LaPatra (2011).
The acid resistant cell wall of Chlamydomonas allows antigens to
reach the immune tissues in the lower intestinal tract (Siriporn-
adulsil et al., 2007). Vandenberg et al. (2003) have developed an
Oralject™ method which delivers the vaccine with antiproteases
and membrane permeability enhancers, allowing antigen to escape
digestion in the foregut, resulting in enhanced uptake and immu-
nogenicity (Shoemaker et al., 2006). Most recently, an oral delivery
vehicle consisting of a bioadhesive cationic polysaccharide formu-
lation (MicroMatrix™) has been developed (Harel, 2009) that is
capable of inducing a lasting and specific immune response against
viral pathogens such as ISAV (Murias, 2012).

5.3.3. Type and longevity of immune response
Although fish can and do regulate their body temperature, the

immune response is affected by body temperature, which normally
equals their surroundings. Water temperature during immuniza-
tion determines how quickly immunity develops. Thus, fish immu-
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nity is based on ‘‘degree-days’’, determined by multiplying the
water temperature each day with the number of days post-vacci-
nation (CVMP, 2011). A disadvantage of this method of assessing
immune protection is that it does not predict immune memory,
which can only be predicted by demonstration of specific immune
responses (Ellis, 1988a). Another factor that complicates assess-
ment of the potency of fish vaccines is that experimental water-
borne challenge, which because it resembles natural exposure is
more appropriate than injection, very rarely achieves high levels
of morbidity with most fish pathogens (Biering et al., 2005). Thus,
in most cases, it is compelling to assess vaccine effectiveness by
using injection challenge to obtain the required minimum morbid-
ity or mortality of 60% in control fish and <24% in the vaccinated
fish (Ellis, 1988a; Amend, 1981). However, there is quite a lot of
resistance to using injection challenges to assess vaccine perfor-
mance (Nordmo, 1997). Clearly, a better understanding of the
immune system of fish (Lieschke and Trede, 2009) will contribute
to improved evaluation and application of vaccination in finfish
aquaculture. For example, it has been shown that, when pathogen
encounter occurs, fish injected with an optimal vaccine dose
mount an extremely quick IL-22 response in the gill in contrast
to non-immunised fish, and this may be key to mucosal immune
protection from disease (Corripio-Miyar et al., 2009).

Immunocompetence in fish is based on developmental stage,
rather than size, and is often a reflection of degree-days (Horne
and Ellis, 1988). Salmonids therefore do not develop a very effec-
tive level of immunity when vaccinated below 0.5–1 g (Tatner
and Horne, 1983) and do not develop prolonged immune memory
until about 4 g (Johnson et al., 1982; Ellis, 1988b).

While fish lack some of the specialized cellular and tissue com-
ponents of the mammalian GALT, there is considerable evidence
for the ability of enterocytes, especially in the hind gut segment
(Georgopoulou et al., 1985), to take up antigens and translocate
them to macrophages and lymphocytes in the lamina propria
and, under certain circumstances, to systemic lymphoid organs,
i.e., the kidney and spleen (Ellis, 1998; Rombout and Van den Berg,
1989; Eldridge et al., 1990). In carp, studies suggest that oral deliv-
ery of antigens stimulates antibody production in the gut, gill and
skin, but not in the kidney and blood, while parenteral injection
stimulates the systemic compartment, but not the mucosal com-
partment (Hoel et al., 1997; Ellis, 1998). In salmonids, in contrast,
oral immunization appears to stimulate only low responses in the
gill, gut and skin, while injected antigen stimulates both system-
atic and mucosal responses, and stimulates the latter more effec-
tively than oral immunization (Ellis, 1998). However, this finding
may reflect measurement of IgM, rather than IgT per se. If only
IgM was measured, it would show a better response to injection
in all areas, whereas we may expect to see enhanced IgT during
oral immunization, showing it may still be an option. Thus, while
there is evidence of a common mucosal immune system in fish,
there appears to be some species variation in the extent of its com-
partmentalization, and in the nature of antigen uptake by entero-
cytes (Ellis, 1998). For example, in carp, only soluble antigens are
effectively taken up, through pinocytosis, while salmonid entero-
cytes can take up whole bacterial cells as well as soluble antigens
(Ellis, 1998). However, for orally delivered antigens, the site in the
gut where uptake occurs influences immunogenicity.

Longevity of immune protection is a major concern for vaccina-
tion of farmed fish. Only rarely is the duration of protection in-
duced by a single vaccination longer than one year (Horne and
Ellis, 1988; Newman 1993; Mitchell, 1995), while rearing time to
harvest is much longer, commonly two years (Fig. 12). Conse-
quently, many of the available fish vaccines are of limited potency.
Booster vaccinations of large fish, usually by injection, are required
to increase the duration of protection. This involves considerable
labor, handling, and stress to the fish, which may result in mortal-
ity. No delivery systems are currently used in fish to prolong bio-
availability of antigens. In addition, a number of potential adju-
vants that might be used as antigen depots to increase the degree
of immune protection cannot be used in aquaculture because they
cause severe reactions or are toxic (Adams et al., 1988; Gudding
et al., 1999; Midtlyng and Lillehaug, 1998; Evensen et al., 2005).

5.3.4. Vaccination against specific diseases
5.3.4.1. Vaccination against ISAV. Control of ISA by vaccination has
been used in North America since 1999 and in the Faroe Islands
since 2004, with variable results (OIE, 2011). Vaccination for ISA
was allowed in most parts of Norway in 2010 (Johansen et al.,
2011). The unprecedented spread of ISA in the Atlantic salmon
industry in Chile in 2007–2011 has created a high demand for
ISA vaccines, which has resulted in improved vaccine products
being developed and marketed in Chile (Murias, 2012). However,
their efficacy in the presence of wide-spread HPR0 infections is
not known. Most vaccines consist of inactivated whole ISAV emul-
sified with adjuvant, administered by i.p. injection (Kibenge et al.,
2003). It has recently been shown that the level of protection cor-
relates with the amount of ISAV antigen in the vaccine; fish immu-
nized with large amounts of antigen produce ISAV-specific and
neutralizing antibodies and have a relative percent survival (RPS)
as high as 86% (Lauscher et al., 2011). Virus is eliminated more rap-
idly from vaccinated than unvaccinated fish (Christie et al., 2003).

5.3.4.2. Vaccination against IPNV. Vaccine development has been
problematic mainly for economic reasons, because the cost of pro-
ducing inactivated viral vaccines from virus grown in fish cell lines
is very high (Dorson, 1988). Recently, the use of improved culture
methods and recombinant vaccine production has led to more
affordable vaccines. Commercially available IPNV vaccines include
inactivated whole virus and recombinant VP2 protein vaccines,
produced in Escherichia coli or in yeast (Christie, 1997). They are
incorporated into existing commercial vaccines against a variety
of bacterial diseases and delivered by injection some months be-
fore smolts are transferred to sea water (Fig. 12). However, protec-
tion is not complete, and IPN continues to cause significant losses
to the aquaculture industry in some European countries (Brun,
2003) and in Chile (Callejas et al., 2012) where different strains
of virus co-circulate in some regions. The efficacy of IPNV vaccines
in protecting against mortality in post-smolts is still uncertain be-
cause of the lack of reliable challenge models (Biering et al., 2005).
Moreover, salmon broodstock are regularly tested for IPNV by cul-
ture methods, which is expensive and results in the destruction of
eggs from infected parents. Large savings could be made if vaccines
could prevent broodstock from becoming IPNV carriers.

Because vaccination may markedly reduce the number of car-
rier broodstock, but is unlikely to eliminate them completely, the
need to test broodstock may not be eliminated, but the wastage
of eggs from carrier parents would be greatly reduced. One prob-
lem with the efficacy of IPNV vaccines may be related to the prev-
alence of the virus in smolt farms. For example, 30–40% of
hatcheries in Norway experience an outbreak of IPN each year,
and its prevalence increases during the production cycle (Brun,
2003). This means that, in many cases, fish are already infected
with IPN when they are vaccinated; it is not known if this has a
negative impact on vaccine efficacy (Biering et al., 2005).

5.3.4.3. Vaccination against VHSV. Several attempts have been made
to develop a safe and efficacious vaccine against VHSV using inac-
tivated virus, live virus, and sub-unit protein (VHSV G protein), but
with disappointing results (reviewed by De Kinkelin, 1988, and by
Biering et al., 2005). A DNA vaccine expressing the VHSV G glyco-
protein is efficacious in rainbow trout (Lorenzen et al., 1998;
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Lorenzen and LaPatra, 2005). Most recent research has focused on a
reverse-genetics approach (Biacchesi, 2011).

5.3.4.4. Vaccination against IHN. As in the case of VHS, several types
of vaccines are effective experimentally against IHN (reviewed by
Winton, 1997), but they have shown poor efficacy in field testing
(Traxler et al., 1998). A DNA vaccine encoding the G glycoprotein
was efficacious in rainbow trout, Atlantic salmon, chinook salmon
and sockeye salmon (reviewed by Kurath, 2005), and is currently li-
censed for use in British Columbia (Kurath, 2008). An extensive field
vaccination programme of 1.6 million marine-farmed Atlantic sal-
mon undertaken in British Columbia in 2004/2005 in support of
licensure demonstrated an RPS of 64% at 17 months post-vaccina-
tion in laboratory experiments (Salonius et al., 2007), but due to
the absence of natural viral challenge at the testing sites, field effi-
cacy was never confirmed. The recent IHNV outbreak in marine-
farmed Atlantic salmon in British Columbia (Anonymous 4) in-
volved unvaccinated fish. Vaccination against IHN is not allowed
in areas of the European Union that have been declared disease-free.

5.3.5. Major hurdles in vaccine development
Major hurdles in the development of efficacious vaccines for

aquaculture, are the costs, which include the vaccine dose, require-
ments for specialists (for example, labour-intensive, time-consum-
ing handling of fish in injection vaccination), the costs of
equipment and anaesthesia, plus the adverse effects of injection
vaccination resulting in stress, injection site necrosis, adhesions
of tissues, reduced growth rates and even death. Because fish gen-
erally require a larger antigen dose than terrestrial animals, inacti-
vated viral vaccines have proven easy to develop, but they are
difficult to make cost-effective (Sommerset et al., 2005; Biering
et al., 2005). Although injection multivalent vaccines containing a
combination of bacterins and inactivated virus or viral proteins
are cost-effective, they require thorough evaluation to avoid anti-
genic competition, interference between different antigens and
non-specific immunosuppression (Busch, 1997). More research is
also needed to find safer alternatives to the oil-based adjuvants
used in injection vaccines. Thus, vaccines that provide robust
immunity against viral diseases are needed, and alternative meth-
ods for rapid and efficient delivery need to be developed and em-
ployed. Fortunately, the high level of knowledge of the molecular
virology of important fish viruses now allows innovative ap-
proaches for vaccine development, including novel approaches to
attenuation that may lead to a new generation of live, attenuated
vaccines (Biacchesi, 2011; Lauring et al., 2010).

Oral administration of vaccines is by far the most sought-after
method of delivery in the aquaculture industry (Vandenberg,
2004). The major advantage of in-feed (oral) vaccines is that they
enable the farmer to immunize fish en masse from the moment
they become immunocompetent, with a minimum of handling, sig-
nificantly decreasing labour costs and improving fish production.
Oral vaccines also permit multiple vaccinations, inducing inten-
sive, long-term immune protection, and provide the only method
suitable for mass immunization of fish of all sizes. Moreover, oral
booster vaccinations can be performed quickly, for example during
anticipated disease outbreaks. Because they require no change in
husbandry practices, unlike the current i.p. injection method,
stress to the fish is reduced, improving growth and shortening
the production cycle. Oral vaccines would also avoid side-effects
associated with injection. However, a main disadvantage of oral
vaccines, which has never been considered, is the fact that there
is a hierarchy in feeding, in which dominant fish would eat the
majority of vaccine-containing food, while those lower down the
pecking order get a lower than therapeutic dose. To date, little
work has been carried out to assess the value of combining differ-
ent vaccination methods (Ellis, 1988b), for example priming with
injection in the hatchery stage, followed by oral vaccination as a
boosting method in sea cages.

There is an on-going need for new formulations to increase the
efficacy of fish viral vaccines. The inclusion of immunoregulatory
molecules in a vaccine may have value in driving the immune re-
sponse in a particular direction (Secombes, 2011), as has been
demonstrated for terrestrial farm animals and humans (Char-
erntantanakul, 2009; Kayamuro et al., 2009). The use of polymeric
micro- and nanoparticles in delivery systems represents a novel
approach (Ellis, 1998), ‘‘immunobioengineering’’, in the context
of aquaculture (Nielsen et al., 2011). This combined knowledge of
materials sciences and immunology (Hubbell et al., 2009) has al-
ready improved the oral delivery of fish vaccines (Harel, 2009).
The use of low-toxic and biodegradable materials such as poly-
lactide-co-glycolic acids (PLGAs) to make micro- and nano-sized
vaccine antigen carriers can improve antigen availability and/or
presentation over time (Ellis, 1998; Lecaroz et al., 2006; Dobrovols-
kaia and McNeil, 2007; Elamanchili et al., 2007; Schlosser et al.,
2008; Schliehe et al., 2011), increasing the duration of immunity
of fish vaccines. PLGAs may also improve biosafety for salmon
DNA vaccines (Faurez et al., 2010). Nielsen et al. (2011) have re-
viewed the research gaps and regulatory issues that remain to be
addressed to facilitate the development and application of nano-
particle-based salmon vaccines.

6. Therapeutics for farmed fish viral diseases

It is generally accepted that the strict parasitic relationship be-
tween virus and host, which makes most antiviral agents toxic, is
the principal obstacle to effective drug treatment of viral diseases.
The best strategy for developing antiviral drugs is therefore to target
processes unique to virus replication, i.e., those not essential for host-
cell metabolism (Table 4). However, this means that clinically useful
antiviral drugs characteristically have a narrow spectrum of activity,
often against a single virus in a limited number of animal species, as
any broader spectrum of action is normally associated with toxicity.
In humans, antiviral drugs are largely restricted to the treatment of
hepatitis, influenza and herpes- and retroviral infections. Much pro-
gress in antiviral drug therapy has been driven by the development of
antiretroviral drugs (De Clercq, 2010) and increased knowledge of the
biochemistry of viral replication (Murphy et al., 1999).

Although there are several limitations in veterinary medicine
for the use of antiviral drugs, there are also many potential appli-
cations. The principal restriction is that no specific antiviral com-
pounds are currently licensed solely for veterinary use, because
of the high cost of developing and registering a new drug, espe-
cially for livestock (cattle, pigs, sheep, goats and poultry), in which
extensive safety, toxicity and residue data are required. Chemo-
therapy in aquaculture has utility for some parasitic, fungal and
bacterial diseases, but in aquatic animals farmed for human con-
sumption, the risk of residues remaining in the tissues and being
detected by food safety authorities is a major concern (Hill, 2005).

Because virus replication and pathology are usually advanced
by the time clinical signs appear, antiviral compounds against
infections in fish and other animals may be of value only:

� to treat apparently healthy animals that have been in contact
with sick animals;
� as prophylaxis, in anticipation of stress (transport, market, mix-

ing, racing, shows, competitions, etc.) which might reactivate
latent herpesvirus infections or depress the immune system,
and therefore increase susceptibility to viral infection;
� as an adjunct to emergency vaccination against an OIE-listed

viral disease such as foot-and-mouth disease (FMD), to bridge
the ‘‘immunity-gap’’ between vaccination and the development
of an immune response (Goris et al., 2008);



Table 4
Targets for antiviral drugs.a

Virus replication step Probable mechanism of action Examples of drugs

Attachment of virion to cell receptor Receptor analogs, Capsid-binding drugs Pleconaril (ViroPharma VP-63843)
Penetration by Fusion Viral fusion inhibitors T-20 (Fuzeon)
Uncoating Inhibit the uncoating of influenza A viruses by blocking the ion-channel

activity of the viral M2 protein
Amantadine (Symmetrel), Rimantadine
(Flumadine)

Early transcription from viral genome Transcriptase inhibitors Ribavirin, Isoprinosine, oligonucleotides
Reverse transcription Nucleoside inhibitors Azidothymidine (AZT, Zidovudine)

Non-nucleoside inhibitors Nevirapine
Translation of viral RNA into protein Inhibition of translation of early viral mRNA Interferon-a (IFN-a, Intron), IFN-b and

IFN-c
Inhibition of translation of late mRNA of poxviruses by disintegrating
the polyribosomes

Marburan

Posttranslational cleavage of proteins Protease inhibitors Indinavir, Ritonavir, Invirase, Nelfinavir
Replication of viral DNA genome Nucleoside inhibitors Acyclovir (Acycloguanosine)

DNA polymerase inhibitor Foscarnet (Foscovir)
Replication of viral RNA genome Replicase inhibitors
Assembly & Maturation Protease inhibitors Glycosylation inhibitors, Ritonavir
Release Neuraminidase inhibitors Zanamivir (Relenza), Oseltamivir (Tamiflu)

a Reviewed by Field and Laughlin (1999) and Murphy et al. (1999).
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� to treat breeding stock, including artificial insemination and
embryo-transfer animals such as cattle, horse, pigs, and sheep,
against viruses that cause reproductive viral diseases; and
� to treat chronic or recurrent viral diseases in pets.

Although aquaculture drug approvals by the US Food and Drug
Administration occurred as early as 1964, only eight active
ingredients, sold as 18 different drug products, are currently ap-
proved in the USA (Bowker and Gaikowski, 2012). Antiviral drugs
have been studied to identify in vitro activity against viruses of fish,
but have not yet found commercial use in aquaculture.

The antiviral activity of acyclovir (acycloguanosine) on the fish
herpesviruses Oncorhynchus masou virus (OMV) and channel catfish
virus (CCV) was studied in vitro, using rainbow trout gonad (RTG-2)
cells. (Kimura et al., 1983a). Viral replication was completely sup-
pressed by 2.5 lg/ml of acyclovir, whereas the cells were consider-
ably inhibited at 10 times that dose (Kimura et al., 1983a).
However, acyclovir was ineffective when evaluated against OMV
in chum salmon fry in vivo, probably because an effective drug level
could not be maintained in the fish (Kimura et al., 1983b). A number
of other compounds, including 1-b-d-Arabinofuranosyl-E-5-bromo-
vinyluracil (BVaraU), 1-b-d-arabinofuranosyl-E-5-iodovinyluracil
(IVaraU), 1-b-d-arbinofuranosyl-E-5-chlorovinyluracil (CVaraU)
and 1-b-d-arabinofuranosyl-5-vinyluracil (VaraU), were also highly
effective against OMV in vitro, using Yamame (Oncorhynchus masou)
kidney cells (YNK), but in vivo treatment had no effect on the life
span of infected fish (Suzuki et al., 1988).

Hasobe and Saneyoshi (1985) identified 11 compounds that
inhibited replication of IHNV in vitro, but further testing of 5 of
them (6-thioinosine, 5-hydroxyuridine, 9-[S]-(2,3-dihdroxypro-
pyl)adenine, virazole, and chloroquin) in vivo, using steelhead trout
fry did not show significant reductions in mortality (14–34% sur-
vival in treated groups, compared to 8% survival of untreated fish)
(reviewed by Winton, 1991). Hasobe et al. (1986) further showed
enhanced activity of nucleoside antibiotics against IHNV when
combined with guanine-7-N-oxide. Ribavirin, amantadine, methis-
azone and bis-benzimidazole were also shown to be effective
against IHNV in rainbow trout cell cultures (Hudson et al., 1988).
Ribavirin was also effective against IPNV (Hudson et al., 1988).

Several other compounds have also shown in vitro inhibitory
activity against viral diseases of fish. A natural product, 46NW-
04A, extracted from Pseudomonas fluorescens was effective against
enveloped viruses of fish, including IHNV and the salmon herpesvi-
rus OMV (Kimura et al., 1990). The synthetic purine derivative Isop-
rinosine (Methisoprinol�, Imunovir�, Inosiplex�) with both antiviral
(inhibits virus replication by suppressing viral RNA synthesis) and
immunomodulatory properties (Anonymous 2) was shown to
inhibit the replication of SVCV in vitro, but has not been tested under
carp culture conditions (Siwicki et al., 2003).

In humans, recombinant IFN-a is widely used as an antiviral
drug (Field and Laughlin, 1999). IFN-a has also been shown to
protect pigs against FMDV (Chinsangaram et al., 2003). There are
several reports of the antiviral effects of recombinant IFN against
fish viruses in vitro (Robertsen et al., 2003; Long et al., 2004; Kitao
et al., 2009; Wang et al., 2006; Ooi et al., 2008; Zhang et al., 2007).
For example, Wang et al. (2006) reported that purified recombi-
nant IFN expressed in E. coli had antiviral activity against SVCV
and IHNV; the activity was higher on the EPC cell line than on a
grass carp ovary cell line. Recombinant IFN has also been shown
to be effective in vivo against IHNV in rainbow trout (Ooi et al.,
2008), infectious spleen and kidney necrosis virus (ISKNV) infec-
tion in zebrafish (Li et al., 2010), and against red-spotted grouper
nervous necrosis virus (RGNNV) infection in sevenband grouper
‘‘Epinephelus septemfasciatus’’ (Ohta et al., 2011).

The IFN-induced Mx protein is one of the best studied compo-
nents of the antiviral state induced by type I IFN in many verte-
brate species (Haller and Kochs, 2002). The Atlantic salmon Mx1
(ASMx1) protein has been shown to inhibit the replication of IPNV
(Larsen et al., 2004) and ISAV in vitro (Kibenge et al., 2005). In the
latter study, CHSE-214 cells constitutively expressing ASMx1
showed increased resistance to ISAV infection, manifested as de-
layed development and a significant reduction in the severity of
CPE and a 10-fold reduction in virus yield. However, by real-time
RT-PCR, no significant difference was observed in the mean thresh-
old cycle (Ct) values of ISAV RNA levels, suggesting that ASMx1
activity occurs at a post-transcription step of virus replication, pos-
sibly in the cytoplasm (Kibenge et al., 2005).

Most recently, it has been demonstrated that the broad-spec-
trum antiviral drug ribavirin (1-b-D-ribofuranosyl-1,2,4-triazole-
3-carboxamide) (Virazole, Rebetol) is effective in inhibiting ISAV
replication both in vitro and in vivo (Rivas-Aravena et al., 2011).
Ribavirin is a nucleoside analog which, following intracellular
phosphorylation, is a competitive inhibitor of the enzyme ino-
sine-50-monophosphate dehydrogenase (IMPDH), which catalyzes
the conversion of IMP to XMP, an essential step in the de novo bio-
synthesis of guanine nucleotides (Markland et al., 2000). Inhibition
of IMPDH reduces the level of intracellular GTP and dGTP pools (De
Clercq, 1993), inhibiting viral RNA synthesis (Wray et al., 1985).
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When ribavirin is used to treat human viral infections, a side-effect
is anaemia, which results from the accumulation of the triphos-
phate form of the drug in erythrocytes (Markland et al., 2000),
but this does not appear to be an issue when the drug is used to
treat ISAV in fish cell lines and in Atlantic salmon (Rivas-Aravena
et al., 2011). Moreover, the IMPDH-inhibitory activity of ribavirin
is a minor intracellular component (Smee and Huggins, 1999),
and it is possible that other proposed mechanisms of action (Gil-
bert and Knight, 1986; De Clercq, 1993) are more important in
inhibiting ISAV, including inhibition of proinflammatory mediators
induced by viral infection (Ning et al., 1998; Tam et al., 1999); the
induction of lethal mutagenesis after ribavirin is incorporated into
viral RNA (Crotty et al., 2001); the inhibition of guanyl transferase,
reducing mRNA capping; or direct inhibition of the viral RNA poly-
merase (Field and Laughlin, 1999).

Antiviral strategies based on gene silencing (knockdown) by
RNA interference (RNAi) are also being investigated as potential
therapeutic tools against viral infections (Tan and Yin, 2004; Haa-
snoot et al., 2007). RNAi is an evolutionarily conserved process in
plant and animal cells, in which double-stranded, short interfering
RNAs (siRNAs) trigger a sequence-specific posttranscriptional gene
silencing process, by specifically targeting a homologous sequence
for cleavage by cellular ribonucleases (Hannon, 2002). RNAi targets
viral mRNA in a sequence-specific, dose-dependent manner; it has
been used to inhibit the replication of a number of viruses in vitro
and/or in vivo. siRNA approaches against various fish viruses are
being developed, including against iridovirus-tiger frog virus
(Xie et al., 2005), VHSV (Schyth et al., 2006; Ruiz et al., 2009),
red sea bream iridovirus (Dang et al., 2008), and rock bream irido-
virus (Zenke et al., 2010).
7. Concluding remarks

Aquaculture is a millennia-old industry which is practiced at
many levels in the modern world, from sustainable aquaculture
to industrialized salmon farming, where it is significantly limited
by viral diseases. Although several strategies used to control viral
diseases in terrestrial farm animals have been applied to aquacul-
ture, the aquatic environment poses a number of unique chal-
lenges, including the lack of physical barriers to wild fish
populations, which act as an unavoidable pathogen reservoir for
farmed fish. Because pathogen eradication cannot be accomplished
in such an environment, vaccination is the only sustainable meth-
od for controlling viral diseases. However, there are relatively few
efficacious vaccines, and fish vaccinology is still a young and
maturing science, with many vaccines still under experimentation.
Recent advances in immunology, pathogenesis and the biochemis-
try of viral replication and the knowledge gained from sequencing
fish genomes will potentially affect vaccination strategies. Unlike
bacterial diseases, for which there are both efficacious vaccines
and antibiotics, antiviral drugs have not yet found commercial
use in aquaculture. To enhance immunity to viral diseases, there
is a growing use of ‘‘functional feeds’’ in salmonid aquaculture. A
rational combination of vaccines, antiviral drugs and immunostim-
ulant feeds would provide formidable protection against viral dis-
eases of farmed fish.
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