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SUMMARY

Heart and skeletal muscle inflammation (HSMI) is one of the most widespread economically relevant diseases of farmed Atlantic salmon (Salmo salar), and it poses
serious danger to its aquaculture. The disease was first reported in Norway in 1999. In 2006, the Norwegian researchers demonstrated its viral etiology. Heart and
skeletal muscle inflammation is a novel and understudied highly contagious transhoundary disease of Salmonidae characterized by erythrocyte damage, blood
circulation failure, jaundice and aggregated signs of heart and skeletal muscle inflammation. The disease associated economic damage to aquaculture is enormous.
Total cumulative mortality can reach 30% and morbidity can amount to 100%. Loss of quality of the commercial fish products due to melanised fociin the salmons’
muscles further increases the disease-associated economic losses. Aquacultured Atlantic salmon is the most susceptible to HSMI. Rainbow trout, chub salmon and
bull trout are also susceptible species and the list is still being continued. The disease is caused by the virus belonging to genus Orthoreovirus in the family Reoviridae.
Currently Piscine orthoreovirus demonstrates the tendency towards its global spread. The virus-induced disease is reported in Norway, Scotland, Ireland, Iceland,
France, Germany, Italy, Denmark, the Faroe Islands, Chile, Canada, Atlantic coast of the USA and Alaska. The majority of the outhreaks are registered in Central and
Northern parts of Norway, which borders the Murmansk Oblast. The vicinity of the affected areas to Russia, the Gulf Stream passing the Norwegian shore while
moving towards the Murmansk Oblast as well as wild Salmonidae migration to the Barents Sea, White Sea and Pechora Sea through the Norwegian territorial
waters coupled with high stability of the virus compose high threat of Piscine orthoreovirus introduction to the Russian Federation from the adjacent countries.
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PE3IOME

BocnaneHue cepAeuHbIX 1 CKeNETHbIX MbILLL| B HAaCTOALLiee BpeMaA ABNAETCA OAHUM U3 CAMbIX PACMPOCTPaHEHHbIX, SKOHOMUYECK! 3HaUUMbIX 3aboneBaHuii
KynbTUBMPYEMOTO aTNaHTUYECKOro 0COCA 1 NPeACTaBAAeT Cepbe3Hylo Yrpo3y ero akBakynbrype. Bnepsbie 6one3tb BbiaBneHa 8 1999 1. 8 Hopseruu. B 2006 T.
HOPBEXCKME yueHble J0Ka3anu ee BUPYCHYH 3ToNoruio. BocnaneHue cepaeyHbix 1 CKENETHbIX MblLLL, ABAAETCA TPAHCTPAHUYHOI, BbICOKOKOHTAr103HOIA, HOBOIA,
elle He0CTAaTOYHO M3YYeHHOI BUPYCHOI G0Ne3HbI0 N0COCEBbIX Pblb, XapaKTepU3yloLLeica nopaxeHnem SpUTPOLUTOB, CUMATOMOKOMMNEKCOM BOCnaneHus
CepAEYHDIX 1 CKENETHBIX MbILLILL, HapyLLIEHeM KPOBOOOPALLEHNA 1 XKeNTyXoi. JKOHOMIUYECKHIA yiLiep6, HaHOCMbIiA STUM 3a60eBaHINeM aKBaKyNLTYpe, upe3-
BblyaiiHo Benuk. 061Lan KyMynaTMBHaA CMEPTHOCTb MoXeT AocTuratb 30%, a ypoBeHb 3aboneBaemoctut coctanATh 100%. CHUKeHUe KauecTBa TOBapHOIA
PbI6HOI NPOAYKLMY 13-32 MeNaH3POBAHHBIX YYaCTKOB B MbILLLIAX N0COCEBbIX eLLe 60/bLLe MOBbILIAET IKOHOMUYECKIe NoTepi oT 3Toro 3aboneBatus. Hau-
Bonee uyBCTBUTENEH K BOCTIANEHMHO CEPAEUHBIX U CKENETHBIX MbILLIL BbIpALLMBAEMbIii B aKBaKyNbType aTnaHTUYeCKMii N0C0Cb. BocnpuiumumBbIMU BIULAMK TaKKe
ABNAKTCA pajyHad Gopenb, YaBblua 1 KyMXa, 11 3TOT CMUCOK NPOZOMKAET NononHATLCA. Bo3byautenem 3aboneBaHna ABNAETCA BUPYC, OTHOCALLMICA K POLY
Orthoreovirus cemeiicTBa Reoviridae. Ha cerogHAWHWIA AeHb OPTOPEOBMPYC Pbl6 MMeeT TeHAEHLMIO K rNo6anbHOMy pacnpocTpaHeHmio. 3aboneBaHie, Bbl3BaHHoe
3TUM BUpYycoMm, pernctpupytot B Hopseruu, LWotnanauu, Upnangum, Ucnangun, Opanwinm, lepmanim, Uranum, lanun, Ha Oapepckiux octposax, B Yunu, Kanage,
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Ha AtnaHTinyeckom nobepexne CLLA n Ha Anscke. Hanbonbluee KonnuecTso ouaros otmevaiot B Cpepteit n CeBepHoii Hopeeruw, norpaHnyHoil ¢ MypmaHckoii
06nactblo. banzocTb HebnarononyuHbIX TeppuTopuii K Poccun, npoTeKaloLLii MUMO HOpBEXCKIX beperos B cTopoHy MypmaHckoil 06nacTu fonbcTpum, a Takke
MUTPaLMA ANKUX N0COCEBbIX Yepe3 HopBEXCKue TepputopuanbHble Bofbl B bapeHLeso, benoe 1 leyopckoe MopA B COBOKYMHOCTH € BICOKOI CTaBUNBHOCTbIO
BUPYCa CO3/3I0T BbICOKIMIA yPOBEHb Yrpo3bl 3aH0OCa OPTOPEOBUPYCa Pblb C TeppUTOPMY CONPeAeNbHbIX CTPaH Ha TeppuToputo Poccuiickoil Oepepamn.

KntoueBble cnoBa: opTopeoBupychl pbi, BoCaneHme CepAeuHbIX 1 CKENETHbIX MbILLLL, 601e3HI Pbi6, 3MU300THYECKaA CUTYALNA.
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DISEASE BACKGROUND

Heart and skeletal muscle inflammation (HSMI) was first
reported in the Atlantic salmon (Salmo salar) grown on an
aquaculture farm in Norway in 1999 [1]. For a long time the
disease cause remained unknown. The virus etiology was
supposed only in 2004, and later the infectious nature of the
disease was confirmed by the Norwegian researchers [1, 2].
In 2006, the virus was observed during electronic microsco-
py [3].In 2010, the virus was identified as reovirus using mo-
lecular and biological methods [4], and it was later attributed
to genus Piscine orthoreovirus (PRV) [5]. In 2014, O. W. Fins-
tad et al. demonstrated that PRV replicated in erythrocytes
[6]. In 2016, Japanese scientists proved that erythrocytic
inclusion body syndrome (EIBS) known since 1970-s was
caused by PRV genetic variant in a coho salmon in Japan [7],
and the orthoreoviruses were subdivided into three types.
The latest evidence of the orthoreovirus being the HSMI
agent was demonstrated by O. Wessel et al. in 2017 [8].

CLASSIFICATION

Heart and skeletal muscle inflammation is caused
by Piscine orthoreovirus. PRV belongs to genus Ortho-
reovirus. PRV greatly differs from aquareoviruses.
M. J. T. Kibenge et al. performed the phylogenetic analysis
of S1 gene segment of many available virus isolates that
allowed for grouping the Norwegian PRV strains in one
genotype (PRV-1) including subgenotypes la and Ib. The
Canadian PRV strains belonged to genotype la, and the
Chilean PRV strains isolated from the Atlantic salmon be-
longed to subgenotype Ib [5].

Two more PRV genetic variants were described over the
past few years that are adapted not to the Atlantic salmon
but to other salmonids. One of such variants designated as
PRV-2is an EIBS agent on coho salmon aquaculture farms
in Japan [7].

Another genetic variant designated as PRV-3 (also
called Y virus or PRV-Om) induces HSMI-like disease in
rainbow trout [9]. The same genotype includes PRV strains
isolated from coho salmon in Chile [10]. PRV-3 was demon-
strated to be closer related to PRV-1 than to PRV-2 [11].
PRV-3 also replicates in the Atlantic salmon but pathoge-
nicity of this virus genotype for this fish species is lower as
compared to the rainbow trout [12].

VIRUS STABILITY

Orthoreoviruses are stable against disinfecting agents.
The virions are stable at pH 2-9 and up to 55 °C; they are

also stable against fat-dissolving agents and detergents.
UV irradiation reduces the virus infectivity.

EPIDEMIC DATA

Heart and skeletal muscle inflammation is a severe di-
sease characterized by high morbidity and duration. Pro-
gressive increase of the severity of the lesions during the
months before the clinical signs’ onset is indicative of the
fact that the subclinical infection can be present on the
farm for a very long time [2]. In Norway, the HSMI mor-
bidity of the aquacultured Atlantic salmon amounts up to
100% with 20% mortality. In Chile, the mortality rate does
not usually exceed 5% during freshwater culture. During
seawater culture two mortality peaks are reported in fish:
the first one — in two months after transfer from the fresh-
water to the seawater and it amounts to 2-10%; the se-
cond peak starts in six months after the first one. During
the second peak the mortality reaches 30% and it is asso-
ciated with secondary infections. HSMI outbreaks in the
Atlantic salmon are reported both in winter and in sum-
mer. This suggests that seasonality and water temperature
have no impact on the disease development. HSMI was
long considered to occur only in fish in seawater, usually
5-9 months after the Atlantic salmon is transferred to sea-
water cages from the freshwater cages. Over the recent
years (2016-2019) the disease has been also reported on
the freshwater farms [13]. In freshwater pools PRV infects
young fish before smoltification [14]. According to the la-
test data PRV-1 is present in nearly every batch of cultiva-
ted Atlantic salmon during the seawater phase [8]. Adult
fish is more often infected as compared to young fish;
males are more often diseased than females. The disease
outbreaks associated with high mortality last for several
weeks. The amount of the virus detected using real-time
reverse-transcription polymerase chain reaction (PCR) di-
rectly correlates with the disease development [15]. The
virus is isolated from the wild fish, but no clinical signs
are reported. This is due to the fact that in natural envi-
ronment the diseased fish quickly dies or it is captured by
the predators. PRV is preserved in tissues of convalescent
fish for over one year [16]. A. B. Kristoffersen et al. demon-
strated that HSM risk increases with the increase of the
fish lifespan, growth of the virus concentration in the en-
vironment and increase of the fish stocking density [17].

Geographic distribution and susceptible species. In spite
of the vast PRV spread in the cultured Norwegian sal-
mon [18] and in wild Atlantic salmon [4], HSMI is reported
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only in cultured fish. In addition to Norway, PRV is wide-
ly spread in aquacultured Atlantic salmon and coho sal-
mon in Chile [5, 10], Scotland, Ireland, Iceland and on the
Faroe Islands [19], in cultured and wild Atlantic salmon in
Denmark [20], Atlantic salmon, cutthroat trout, steelhead
trout, and chum salmon in Canada [5], cultured chinook
salmon and coho salmon along the US Atlantic coast [21],
aquacultured chinook salmon and wild coho salmon on
Alaska [22]. K. A. Garver et al. experimentally infected coho
salmon, chinook salmon and sockeye salmon with PRV [16],
but they identified no heart lesions or immune response
pathology. Orthoreovirus was also isolated from 3% of an-
dromous sea-trout tested, but it was not detected in Arctic
char[23]. L. Bigarre et al. described increased PRV-induced
mortality in brown trout population in France [24]. The vi-
rus was isolated from a farmed Atlantic salmon escaped
from the cage that was considered as one of the routes
of the disease spread [25]. During PCR-screening of the
samples collected from the marine fish captured along the
Norwegian seacoast, C. R. Wiik-Nielsen et al. detected low
PRV concentrations in Atlantic capelin, European horse
mackerel and great silver smelt . The authors suggested
the interactions to be more complex and involving several
virus carriers and reservoirs as no positive samples were
collected from fish captured near the aquaculture farms,
where HSMI outbreaks were reported [26].

For Norway HSMI is a serious problem due to a great
number of epidemic outbreaks; in 2014 the disease was
reported on 181 farms [27]. Chile reported 44 PRV ca-
ses in the Atlantic salmon in the first half of 2015 [28]. In
British Columbia (Canada) 75% of tested Atlantic salmon
were PRV-positive [29]. Retrospective molecular and ge-
netic tests of archived clinical samples collected in 1974-
2013 on Alaska and in British Columbia demonstrated the
virus presence in the samples collected from different sal-
monid species in 1970-s, i.e. before the establishment of
Atlantic salmon aquaculture.

The anemia-accompanied disease designated as EIBS
was first reported in rainbow trout in 1977 [30] and in
1987 in chinook salmon from the Pacific Northwest of
the USA [31]. In 2016, orthoreovirus was isolated from
EIBS-infected coho salmon in Japan and it was classified
as PRV-2 [7]. Nevertheless, while the cases occurred in
1977 and 1987 precede the evidence of the etiological role
played in EIBS, it is still unknown, what etiological agent
(PRV-1 or PRV-2) is the cause of the above mentioned
erythrocyte lesions. Spread of PRV-2 outside of Japan has
not been evidenced so far.

A new HSMI-like disease of freshwater rainbow trout
was reported in Norway in 2013. Its agent was designated
as PRV-3 [9]. PRV-3 was reported in salmonids with cardiac
signs in Chile [10] and in clinically healthy adult rainbow
trout in Norway [32]. Over the recent years, in several
European countries including Scotland, German, Italy and
Denmark, during the disease outbreaks the virus has been
detected in rainbow trout both with and without clinical
manifestations of the disease [11].In 2017, H. Hauge et al.
published results of the experiments on contact transmis-
sion of PRV-3 and demonstrated that the virus of this geno-
type extensively replicates in the blood of the rainbow
trout and it is easily transmitted to a naive host, while its
replication capacity in the Atlantic salmon is limited [12].
PRV-3 is also supposed to be associated with proliferative
darkening syndrome (PDS) reported in brown trout in the
European pre-alpine countries [33].

Transmission. Horizontal virus transmission was con-
firmed during the laboratory experiment on infected and
contact fish [2]. Based on these experiments the resear-
chers concluded that the virus is excreted and transmit-
ted with water. H. Hauge et al. isolated the virus from the
feces of the experimentally infected fish [34]. The maximal
amount of the virus was excreted two-three weeks after
the experimental infection that agrees with the peak levels
of the virus accumulation in blood [6]. Vertical virus trans-
mission is less studied but, though it is unlikely to be the
basic one, it should be still taken into account until proven
otherwise [26]. The route of the virus introduction into the
susceptible organism is not yet known. The possibility of
the PRV transmission with the marine species cannot be
excluded. In 2012, C. R. Wiik-Nielsen et al. detected PRV
genome in greater argentine (Argentinassilus), capelin (Mal-
lotus villosus), Atlantic horse mackerel (Trachurus trachurus),
and Atlantic herring (Clupea harengus) [26]. Therefore, PRV
poses a potential threat to the survival of the wild Atlantic
salmon.

PATHOGENESIS

PRV target cells include myocytes, erythrocytes and
macrophages. At the early stage of the infection the virus
affects the salmon’s erythrocytes, herewith at the acute
phase of the infection the affection may reach 50% over a
short period of time [6]. Inclusion bodies similar to those
observed at EIBS were detected in the erythrocytes. Unlike
the mammalian erythrocytes the fish ones are nucleated
cells capable of protein production [35], and therefore
they are able to maintain the virus replication. D. Morera
and S. A. MacKenzie demonstrated that fish erythrocytes
are involved in the immune response [36].

PRV infection of the erythrocytes results in their dys-
function, decrease of the hemoglobin levels and anemia.
The fish becomes more sensible to stress factors and hy-
poxic conditions [37]. Cardiac workload increases and in
combination with the virus replication in the cardiac mus-
cle cells it results in the damage and dysfunction of the
organ. Heart failure leads to circulation deficiency (stag-
nation). Post-mortem examination of dead salmon most
often reveals the circulation deficiency. The liver fails to
perform its function that results in its lesions. PRV replica-
tion in the erythrocytes leads to the infectious hemolytic
anemia and subsequent jaundice [10]

According to the published data, PRV is the cause of
black (melanised) foci in red and white skeletal muscles
of cultivated Atlantic salmon in Norway [38]. Poikilother-
mal animals including fish have a population of mela-
nin-producing leukocytes being a strong anti-oxidant.
Focal discoloration of muscles is associated with melanin-
producing macrophages (melanomacrophages), which
are normal for the lymphoid organs of fish [39]. Their
function is protection against oxidative damage. Patho-
genesis of the melanised foci is the following: cytotoxic
immune cells employ oxidation for the inactivation of
pathogens.The virus replication in myocytes (chronic anti-
gen stimulation) results in chronicinflammatory responses.
Melanomacrophages concentrate in those inflammation
sites where chronic inflammation occurs. Therefore, me-
lanised foci in muscle tissue appear to be the result of auto-
immune reactions.

PRV is ubiquitous; however HSMI does not always occur.
This suggests that the key triggers of the disease are stress
and environmental factors.
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CLINICAL SIGNS

HSMI usually occurs in 5-9 months after the Atlantic
salmon is transferred from the freshwater cages to the
seawater ones. By appearance the diseased fish does
not differ from the healthy ones. Ruffled scales, pale gills
and exophthalmos are reported in case of acute disease.
Behavioral changes are also observed. The diseased
fish are lethargic, reduce feed intake and become poor
swimmers. They usually swim near the cage net facing
the water current that is indicative of the lack of oxygen;
mortality also increases [1].

In natural environment HSMI is complicated with
co-infection with other viral pathogens (salmonid alpha-
virus — agent of pancreas disease (PD), infectious hema-
topoietic necrosis virus (IHNV), piscine myocarditis virus
(PMCV) etc.) as well as with bacterial and fungal diseases
(Piscirickettsia salmonis, Flavobacterium psychrophilum,
Saprolegnia sp. etc.) thus making the clinical presenta-
tion unclear [40].
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POST-MORTEM LESIONS

Post-mortem examination of the Atlantic salmon
demonstrates signs of anemia (pale gills and heart, jaun-
dice), hemodynamic abnormalities and cardiac failure (as-
cite, enlarged and deformed heart, hemorrhages in the
pericardium, swim bladder and visceral fat), liver lesions
(hepatomegaly, discoloration and hemorrhages), swol-
len spleen and kidneys (Fig. 1). One of the most frequent
post-mortem lesions is hemopericardium (hemorrhages
in pericardial cavity) that induces cardiac tamponade and
can result in internal bleeding and death [1, 3, 10, 19]. Pan-
creas is not damaged in case of HSMI. HSMI post-mortem
lesions are indicative of circulatory deficiency (stagnation)
due to cardiac failure.

Main post-mortem HSMI-like lesions in Chilean farmed
Atlantic coho salmon include pale gills, hemopericardium,
pale heart and yellow liver [10].

Muscle lesions are often reported at later stages of
the disease. Spread of melanised foci in the rainbow

Photo: ©R. T. Kongtorp
(https://www.int-res.com/articles/dao2004/59/d059p217.pdf)

Fig. 1. Salmo salar. Macroscopic lesions in heart and skeletal muscle inflammation

A —haemopericardium (a), swollen spleen (b);
B - pale heart (c), fibrinous layer on the liver (d).

Puc. 1. Makpockonu4eckue usmeHeHUs hpu 8ocnaneHuu cep0eyHeix U ckenemHoix Mmolwy (HSMI) y amnaHmuyeckozo

snococA
A —2emonepukapo (a), ysenuyeHue ceneseHku (b);
B — 6:1e0H0e cepdye (c), pubpuHo8as nieHKa Ha neyeHu (d).
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Fig. 2. Muscle lesions in case of aggregated signs of heart and skeletal muscle inflammation (HSMI)

Puc. 2. Vi3meHeHuUs 8 MbllWYax Npu CUMNMOMOKOMNJIEKCe 80CNAsIeHUs cepOeyHbIX U cKesiemHbix muiwuy (HSMI)

trout muscles is insignificant in spite of aquaculture
environment similar to the one of the Atlantic salmon
(Fig. 2). There are no reports of similar lesions in wild sal-
monids [38].

One more HSMI sign is jaundice syndrome in chinook
salmon and coho salmon. The jaundice syndrome is asso-
ciated with the infectious hemolytic anemia due to PRV
replication in erythrocytes [10].

HISTOPATHOLOGY

Histopathological HSMI lesions are reported in the
heart and red skeletal muscle (myocarditis and red ske-
letal muscle necrosis), Fig. 3. During the degeneration
and necrosis of cardiac muscle cells both compact and
spongy myocardiums are involved in the extensive in-
flammation. Infiltrates are composed of monocytes. Ex-
tensive epicarditis is reported that is generally closely
related to myocarditis. Myodegeneration and necrosis
are observed at later stages of the disease. Red muscle
inflammation occurs similarly to the one in the heart:

Fig. 3. HSMI histopathological lesions

A - heart inflammation;

B - red muscle degeneration and inflammation (top);
C- liver inflammation.

Puc. 3. lTucmonamonozuyeckue nopaxxeHusa npu BCCM

A - socnaneHue 8 cepoye;

B - OeceHepauyus u 8ocnaneHue KpacHbix MblluY, (88epxy);
C - 8ocnasneHue 8 ne4eHu.

degeneration signs, loss of cross striation, eosinophilia,
vacuolization and karyorrhexis appear in the affected
myocytes. Focal hepatic necrosis, circulatory deficiency,
edema and erythrocyte accumulation are observed in
some organs [1, 2, 3, 6, 27]. Histopathological lesions in
coho salmon with PRV-3-associated disease were diffe-
rent from those reported in orthoreovirus-infected Atlan-
tic salmon and rainbow trout in Norway. In the Chilean
coho salmon the heart inflammation was diffuse and as a
rule involved the spongy myocardium; red muscle lesions
were absent or insignificant [10].

The key histological signs of jaundice include hemor-
rhages in all organs and severe hemosiderosis in combina-
tion with erythrophagocytosis in kidneys and spleen [10].

IMMUNITY

PRV infection activates both cellular and antibody im-
mune responses [41]. As it was mentioned above, cardiac
tissues are the site of the virus replication. The immune
response to the virus replication involves emergence of

s o 3 F
Photo: ©Da
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Photo: ©Havard Bjorgen
(https://veterinaryresearch.biomedcentral.com/track/pdf/10.1186/5s13567-015-0244-6)

vid W. Bruno

(https://link.springer.com/content/pdf/10.1007%2F978-94-007-2010-7.pdf)
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cytotoxic T-lymphocytes (CD8+) in the heart that is in-
dicative of this immune response to be directed to the
virus-infected cells. O.W. Finstad et al. noted that cytotoxic
cellular responses to the infected cells play an important
role in HSMI immunity. However, such responses are di-
rectly accountable for the development of lesions in the
heart and skeletal muscles. Atlantic salmon erythrocytes
are the target cells for PRV replication [6], and they can
play an immediate role in the immune response [36]. The
erythrocytes react to the infection by means of the inter-
feron-mediated immune response [42], which is capable of
further protection against IHNV, salmonid alphavirus and,
probably, other infectious agents [40, 43].

DIAGNOSTICTOOLS

HSMI diagnosis is based on the presence of histolo-
gically recovered signs of myocardium inflammation ex-
tending to epicardium and endocardium, myocardium
necrosis and red skeletal muscle myositis and necrosis
[1] in combination with reverse transcription quantita-
tive PCR (RT-qPCR) results. The target tissue for diagnosis
usually involves the heart as the virus presence is to be
related to the cardiac muscle pathology. HSMI should be
differentiated from pancreas disease and cardiomyopathy
syndrome (CMS) [45].

PREVENTION AND CONTROL

Heart and skeletal muscle inflammation (HSMI) is not
subject to notification to the World Organization for Ani-
mal Health (OIE). This PRV-associated disease was officially
reported only in Norway [4, 46] and Chile [10]. HSMI was
excluded from National List-3 and in Norway it is currently
registered as a non-notifiable disease [27].

In spite of specific antibodies produced after the PRV
infection [41], the virus is ubiquitous in the populations
of the virus-susceptible fish. This is indicative of the im-
mune system’s failure to eliminate the virus complete-
ly, and this poses the challenge of the effective vaccine
development. Some production companies and research
institutions have officially targeted on the development of
HSMI vaccines using various strategies (whole-virion vac-
cines, recombinant subunit vaccines and DNA-vaccines).
No vaccines have been developed so far.

The diseased fish is extremely sensitive to stress factors
and hypoxic conditions. PRV diagnostic testing of the fish
on aquaculture farms is needed. In case of PRV-positive
fish detection and in order to reduce HSMl-associated
losses one should abandon from immunosuppressive and
stressful treatments, limit the fish transportation and take
maximal care of the fish. All these will decrease the cardiac
workload and result in the reduction of mortality.

Use of disinfectants reducing the amount of the viru-
ses and opportunistic bacteria in the environment is ap-
propriate for the disease prevention. Anti-inflammatory
agents also demonstrated benefits during HSMI control.
There are reports on functional feeds having antioxidant
and anti-inflammatory actions that aid to the reduction of
HSMI-associated losses and share of the fish discarded due
to melanised spots in the muscle [47].

One more effective HSMI control tool involves breeding
and culture of the disease-resistant fish.

CONCLUSION

Heart and skeletal muscle inflammation is an infec-
tious fish disease with high morbidity and long disease

REVIEWS | FISH DISEASES 0B30PbI | BONE3HU Pblb

course. During fish farming intensification of the culture
process is inevitable and it involves increased stocking
thus aiding to the spread of the pathogen, increase of
stress and reduction of the disease resistance. Current-
ly, there is a tendency towards the wide spread of the
disease (European countries, North and South Ameri-
cas); new virus variants are detected and the range of
the disease susceptible fish species is expanded. The
PRV-induced disease is the third significant disease of
cultured Atlantic salmon in Norway. Heart and skeletal
muscle inflammation is ubiquitous in cultured and wild
Atlantic salmon in Norway. Since 2010, from 100 to 200
HSMI affected sites have been annually reported in Nor-
way [13]. The highest number of the disease outbreaks
is reported in the middle and northern parts of Norway
that are bordering on the Murmansk Oblast. Up to 20%
of the Atlantic salmon fillet produced at the Norwegian
fish processing plants demonstrate melanised foci [48]
thus impairing the product quality and increasing the
economic losses born by the aquaculture sector due to
the disease. All that is indicative of the fact that PRV-
infection consequences can be graver as it was previ-
ously supposed.

In spite of the above mentioned HSMI data, in 2014
the Norwegian Food Safety Authority delisted the disease
from National List-3 of notifiable diseases. Therefore, the
decrease of the disease-affected sites being reported since
2015 is unlikely to fit the reality. Furthermore, there is no
any national HSMI control program is Norway, and no posi-
tive impact on the situation can be envisaged.

Piscine orthoreovirus is reported in migratory wild
Atlantic salmon [38] that is indicative of natural long-dis-
tance spread of the virus. This fact is supported by high
genetic similarity of the PRV variants isolated on different
continents [10].

The above mentioned data reflect a major threat of PRV
introduction to the Russian Federation from the neighbo-
ring countries.

REFERENCES

1. Kongtorp R. T, Kjerstad A., Taksdal T., Guttvik A., Falk K. Heart and
skeletal muscle inflammation in Atlantic salmon, Salmo salar L: a new
infectious disease. J. Fish Dis. 2004; 27 (6): 351-358. DOI: 10.1111/j.1365-
2761.2004.00549.x.

2. Kongtorp R.T, Taksdal T. Studies with experimental transmission of
heart and skeletal muscle inflammation in Atlantic salmon, Salmo salar L.
J. Fish Dis. 2009; 32 (3): 253-262. DOI: 10.1111/j.1365-2761.2008.00983 x.

3. Watanabe K., Karlsen M., Devold M., Isdal E., Litlabo A., Nylund A.
Virus-like particles associated with heart and skeletal muscle inflammation
(HSMI). Dis. Aquat. Organ. 2006; 70 (3): 183-192. DOI: 10.3354/dao070183.

4. Palacios G., Lovoll M., Tengs T., Hornig M., Hutchison S., Hui J., Kong-
torp R-T,, Savji N., Bussetti A. V., Solovyov A., Kristoffersen A. B., Celone C.,
Street C,, Trifonov V., Hirschberg D. L., Rabadan R., Egholm M., Rimstad E.,
Lipkin W. I. Heart and skeletal muscle inflammation of farmed salmon is
associated with infection with a novel reovirus. PLoS One. 2010; 5(7):e11487.
DOI: 10.1371/journal.pone.0011487.

5. Kibenge M. J. T., Iwamoto T., Wang Y., Morton A., Godoy M. G.,
Kibenge F. S. Whole-genome analysis of piscine reovirus (PRV) shows PRV
represents a new genus in family Reoviridae and its genome segment S1
sequences group it into two separate sub-genotypes. Virol. J. 2013; 10:230.
DOI: 10.1186/1743-422X-10-230.

6. Finstad O.W., Dahle M. K, LindholmT.H., Nyman |. B,, Lovoll M., Wal-
lace C,, Olsen C. M., Storset A. K., Rimstad E. Piscine orthoreovirus (PRV) in-
fects Atlantic salmon erythrocytes. Vet. Res. 2014; 45:35. DOI: 10.1186/1297-
9716-45-35.

7. Takano T, Nawata A., Sakai T., Matsuyama T,, Ito T., Kurita J., Terashi-
ma S., Yasuike M., Nakamura Y., Fujiwara A., Kumagai A., Nakayasu C. Full-ge-
nome sequencing and confirmation of the causative agent of erythrocytic
inclusion body syndrome in coho salmon identifies a new type of Piscine
orthoreovirus. PLoS One. 2016; 11(10):e0165424. DOI: 10.1371/journal.
pone.0165424.

VETERINARY SCIENCE TODAY, MARCH Ne1 (32) 2020 | BETEPUHAPUA CETO[IHA, MAPT Ne1 (32) 2020



REVIEWS | FISH DISEASES 0B30PbI | BONTE3HU Pblb

8. Wessel O, Braaen S., Alarcon M., Haatveit H., Roos N., Markussen T.,
TengsT., Dahle M. K., Rimstad E. Infection with purified Piscine orthoreovirus
demonstrates a causal relationship with heart and skeletal muscle inflam-
mation in Atlantic salmon. PLoS One. 2017; 12(8):e0183781. DOI: 10.1371/
journal.pone.0183781.

9. Olsen A. B., Hjortaas M., Tengs T., Hellberg H., Johansen R. First
description of a new disease in rainbow trout (Oncorhynchus mykiss (Wal-
baum)) similar to heart and skeletal muscle inflammation (HSMI) and de-
tection of a gene sequence related to piscine orthoreovirus (PRV). PLoS One.
2015; 10(7):e0131638. DOI: 10.1371/journal.pone.0131638.

10. Godoy M. G., Kibenge M. J.T.,,Wang., SuarezR., Leiva C,, Vallejos F.,
Kibenge F. S. B. First description of clinical presentation of piscine orthoreo-
virus (PRV) infections in salmonid aquaculture in Chile and identification of
a second genotype (Genotype II) of PRV. Virol. J. 2016; 13:98. DOI: 10.1186/
512985-016-0554-y.

11. Dhamotharan K., Vendramin N., MarkussenT., Wessel O., Cuenca A.,
Nyman I. B., Olsen A. B, Tengs T., Krudtaa D. M., Rimstad E. Molecular and
antigenic characterization of Piscine orthoreovirus (PRV) from rainbow trout
(Oncorhynchus mykiss). Viruses. 2018; 10 (4):170. DOI: 10.3390/v10040170.

12. Hauge H., Vendramin N., Taksdal T., Olsen A. B., Wessel O., Mik-
kelsen S.S., Alencar A. L. F, Olesen N. J,, Dahle M. K. Infection experiments
with novel Piscine orthoreovirus from rainbow trout (Oncorhynchus my-
kiss) in salmonids. PLoS One. 2017; 12 (7):e0180293. DOI: 10.1371/journal.
pone.0180293.

13. Hjeltnes B., Borno G., Jansen M. D., Haukaas A., Walde C. (eds.).
The health situation in Norwegian aquaculture 2016 (Rapport 4b, 2017).
Norwegian Veterinary Institute. 2017. Available at: https://www.vetinst.no/
rapporter-og-publikasjoner/rapporter/2017/fish-health-report-2016 (date
of access: 10.11.2019).

14. Wiik-Nielsen C. R., Ski P-M. R., Aunsmo A., Lovoll M. Prevalence of
viral RNA from piscine reovirus and piscine myocarditis virus in Atlantic sal-
mon, Salmo salar L., broodfish and progeny. J. Fish Dis. 2012; 35 (2): 169-171.
DOI: 10.1111/j.1365-2761.2011.01328.x.

15. Garseth A. H., Biering E., Aunsmo A. Associations between piscine
reovirus infection and life history traits in wild-caught Atlantic salmon Sal-
mosalarL.in Norway. Prev. Vet. Med. 2013; 112 (1-2): 138-146. DOI: 10.1016/j.
prevetmed.2013.06.007.

16. GarverK. A, Johnson S.C., Polinski M. P, Bradshaw J. C., Marty G.D.,
Snyman H. N., Morrison D. B., Richard J. Piscine orthoreovirus from Wes-
tern North America is transmissible to Atlantic Salmon and Sockeye Sal-
mon but fails to cause heart and skeletal muscle inflammation. PLoS One.
2016; 11 (1):e0146229. DOI: 10.1371/journal.pone.0146229.

17. Kristoffersen A. B., Bang J. B, Jansen P. A. Risk mapping of heart
and skeletal muscle inflammation in salmon farming. Prev. Vet. Med. 2013;
109 (1-2): 136-143. DOI: 10.1016/j.prevetmed.2012.08.012.

18. Lovoll M., Alarcén M., Jensen B. B., Taksdal T., Kristoffersen A. B.,
Tengs T. Quantification of piscine reovirus (PRV) at different stages of At-
lantic salmon Salmo salar production. Dis. Aquat. Organ. 2012; 99 (1): 7-12.
DOI: 10.3354/da002451.

19. Ferguson H.W., Kongtorp R. T, Taksdal T., Graham D., Falk K. An
outbreak of disease resembling heart and skeletal muscle inflammation
in Scottish farmed salmon, Salmo salar L., with observations on myocar-
dial regeneration. J. Fish Dis. 2005; 28 (2): 119-123. DOI: 10.1111/j.1365-
2761.2004.00602.x.

20. Mikkelsen S. S., Arno J., Bruun M. S. PMCV and PRV occurrence in
wild and farmed fish in Denmark. European Union Reference Laboratory for
Fish Diseases Report: 18" Annual Workshop of the National Reference Labora-
tories for Fish Diseases, 3-4 June 2014. Frederiksberg, 2014: 38-39. Available
at: URL: https://backend.orbit.dtu.dk/ws/portalfiles/portal/103751339/
Pages_from_Report_18th_AW_2014_1_.pdf (date of access: 10.11.2019).

21. WFRC (Western Fisheries Research Center) Information Sheet, May
2014. Piscine reovirus. — Available at: http://wfrc.usgs.gov/fieldstations/hq/
viruspdf/piscinereovirus05272014.pdf (date of access: 10.11.2019).

22. Marty G. D., Morrison D. B., Bidulka J., Joseph T, Siah A. Piscine reo-
virus in wild and farmed salmonids in British Columbia, Canada: 1974-2013.
J. Fish Dis. 2015; 38 (8): 713-728. DOI: 10.1111/jfd.12285.

23. Garseth A.H,, Fritsvold C.,, Opheim M., Skjerve E., Biering E. Piscine
reovirus (PRV) in wild Atlantic salmon, Salmo salar L., and sea-trout, Salmo
trutta L., in Norway. J. Fish Dis. 2013; 36 (5): 483-493. DOI: 10.1111/j.1365-
2761.2012.01450.x.

24. Bigarre L., Boitard P-M., Labrut S., Jamin M. Short item. Emergence
of HSMI syndrome on salmonids in France. Bull. Epidemiol. Sante animale -
alimentation. July 2018. Available at: URL: https://www.researchgate.net/
publication/334561736 (date of access: 10.11.2019).

25. Madhun A. S,, Karlsbakk E., Isachsen C. H., Omdal L. M., Eide Sor-
vik A. G,, Skaala O., Barlaup B.T., Glover K. A. Potential disease interaction
reinforced: double-virus-infected escaped farmed Atlantic salmon, Sal-
mo salar L., recaptured in a nearby river. J. Fish Dis. 2015; 38 (2): 209-219.
DOI: 10.1111/jfd.12228.

26. Wiik-Nielsen C. R, Lovoll M., Sandlund N, Faller R., Wiik-Nielsen J.,
Bang Jensen B. First detection of piscine reovirus (PRV) in marine fish spe-
cies. Dis. Aquat. Organ. 2012; 97 (3): 255-258. DOI: 10.3354/dao02425.

27. Borng G., Lie Linaker M. (eds) Fiskehelserapporten-2014.
Harstad: Veterinaerinstituttet. 2015: 38. Available at: https://www.vetinst.
no/attachment/download/fish_health_report_2014.pdf (date of access:
11.11.2019).

28. Informe sanitario de la Salmonicultura en Centros Marinos 2014.
Departamento de Salud Animal Subdireccién Nacional de Acuicultura
Servicio Nacional de Pesca y Acuicultura, febrero 2015. Available at: URL:
http://www.sernapesca.cl/sites/default/files/informe_sanitario_2014.pdf
(date of access: 11.11.2019).

29. Feinberg J. Science divided on fish virus found in Cultus Lake trout.
The Chilliwack Progress. July 23, 2012. Available at: https://www.theprogress.
com/news/science-divided-on-fish-virus-found-in-cultus-lake-trout (date
of access: 11.11.2019).

30. Landolt M. L., MacMillan J. R., Patterson M. Detection of an in-
tra-erythrocytic virus in rainbow trout (Salmo gairdneri). Fish Health News.
1977, 6:4-6.

31. LeekS. L. Viral erythrocytic inclusion body syndrome (EIBS) occur-
ring in juvenile spring chinook salmon (Oncorhynchus tshawytscha) reared
in freshwater. Can. J. Fish. Aquat. Sci. 1987; 44: 685-688.

32. Gjevre A. G, Modahl I., Spilsberg B., Lyngstadrt T. M. The surveil-
lance programme for virus associated with disease in rainbow trout (PRV-
Om) in 2016 (Annual report). The Norwegian Veterinary Institute; 2017: 8.
Available at: https://www.vetinst.no/overvaking/Piscine-orthoreovi-
rus-Oncorhynchus-mykiss-PRVom-fisk/_/attachment/download/d6ff874
1-307e-4c30-8456-50b85002b678:1c5088843c6f2c7dd4bc6e8c0c1d8fd-
caad7c921/2017_OK_PRVom_2016.pdf (date of access: 11.11.2019).

33. Kuehn R., Stoeckle B. C., Young M., Popp L., Taeubert J.-E.,
Pfaffl M. W., Geist J. Identification of a piscine reovirus-related pathogen in
proliferative darkening syndrome (PDS) infected brown trout (Salmo trut-
ta fario) using a next-generation technology detection pipeline. PLoS One.
2018; 13(10):e0206164. DOI: 10.1371/journal.pone.0206164.

34. Hauge H., Dahle M., Moldal T., Thoen E., Gjevre A.-G., Weli S.,
Alarcén M., Grove S. Piscine orthoreovirus can infect and shed through the
intestine in experimentally challenged Atlantic salmon (Salmo salar L.). Vet.
Res.2016; 47 (1): 57-69. DOI: 10.1186/513567-016-0343-z.

35. Lund S. G,, Phillips M. C., Moyes C. D., Tufts B. L. The effects of cell
ageing on protein synthesis in rainbow trout (Oncorhynchus mykiss) red
blood cells. J. Exp. Biol. 2000; 203 (14): 2219-2228. PMID: 10862734.

36. Morera D., MacKenzie S. A. Is there a direct role for erythrocytes
in the immune response? Vet. Res. 2011; 42:89. DOI: 10.1186/1297-9716-
42-89.

37. Lund M,, Krudtaa Dahle M., Timmerhaus G., Alarcon M., Powell M.,
Aspehaug V., Rimstad E., Jorgensen S. M. Hypoxia tolerance and responses
to hypoxic stress during heart and skeletal muscle inflammation in Atlantic
salmon (Salmo salar). PLoS One. 2017; 12 (7):e0181109; DOI: 10.1371/journal.
pone.0181109.

38. Bjorgen H.,Wessel O., Fjelldal P. G., Hansen T,, Sveier H., Seebo H. R.,
Enger K. B, Monsen E., Kvellestad A., Rimstad E., Koppang E. O. Piscine or-
thoreovirus (PRV) in red and melanised foci in white muscle of Atlantic
salmon (Salmo salar). Vet. Res. 2015; 46:89. DOI: 10.1186/513567-015-0244-6.

39. Agius C., Roberts R. J. Melano-macrophage centres and their role
in fish pathology. J. Fish. Dis. 2003; 26 (9): 499-509. DOI: 10.1046/j.1365-
2761.2003.00485 x.

40. Rosaeg M.V, Lund M., Nyman I. B, Markussen T., Aspehaug V., Sin-
dre H., Dahle M. K., Rimstad E. Immunological interactions between Piscine
orthoreovirus and Salmonid alphavirus infections in Atlantic salmon. Fish
Shellfish Immunol. 2017; 64: 308-319. DOI: 10.1016/j.fsi.2017.03.036.

41. Teige L. H,, Lund M., Haatveit H. M., Roseeg M. V., Wessel O.,
Dahle M. K., Storset A. K. A bead based multiplex immunoassay detects
Piscine orthoreovirus specific antibodies in Atlantic salmon (Salmo salar).
Fish Shellfish Immunol. 2017; 63: 491-499. DOI: 10.1016/}.fsi.2017.02.043.

42. Dahle M.K., Wessel O, Timmerhaus G., Nyman |. B., Jorgensen S. M.,
Rimstad E., Krasnov A. Transcriptome analyses of Atlantic salmon (Salmo
salar L.) erythrocytes infected with piscine orthoreovirus (PRV). Fish Shellfish
Immunol. 2015; 45 (2): 780-790. DOI: 10.1016/j.fsi.2015.05.049.

43. Vendramin N., Alencar A. L. F, Iburg T. M., Dahle M. K., Wessel O.,
Olsen A.B., Rimstad E., Olesen N. J. Piscine orthoreovirus infection in Atlantic
salmon (Salmo salar) protects against subsequent challenge with infectious
hematopoietic necrosis virus (IHNV). Vet. res. 2018; 49 (1):30. DOI: 10.1186/
513567-018-0524-z.

44. McLoughlin M. F.,, Graham D. A. Alphavirus infections in salmo-
nids — a review. J. Fish Dis. 2007; 30 (9): 511-531. DOI: 10.1111/j.1365-
2761.2007.00848 x.

45. Ferguson H. W., Poppe T,, Speare D. J. Cardiomyopathy in farmed
Norwegian salmon. Dis. Aquat. Org. 1990; 8: 225-231. Available at: https://
www.int-res.com/articles/dao/8/d008p225.pdf (date of access 12.11.2019).

VETERINARY SCIENCE TODAY, MARCH Ne1 (32) 2020 | BETEPUHAPIA CETOIHSA, MAPT Ne1 (32) 2020



10

46. Mikalsen A. B., Haugland O., Rode M., Solbakk I. T., Evensen O. At-
lantic salmon reovirus infection causes a CD8 T Cell myocarditis in Atlantic
salmon (Salmo salar L.). PLoS One. 2012; 7 (6):e37269. DOI: 10.1371/journal.
pone.0037269.

47. Martinez-Rubio L., Morais S., Evensen O., Wadsworth S., Ruo-
honen K., Vecino J. L. G., Bell G., Tocher D. R. Functional feeds reduce heart
inflammation and pathology in Atlantic salmon (Salmo salar L.) following

REVIEWS | FISH DISEASES 0B30PbI | BONE3HU Pblb

experimental challenge with Atlantic salmon reovirus (ASRV). PLoS One.
2012; 7(11):e40266. DOI: 10.1371/journal.pone.0040266.

48. Morkore T., Heia K. Black spots in salmon fillet - extent and me-
thods of measurement. Norsk Fiskeoppdrett. 2012; 3: 50-53.

Submitted on 27.11.2019
Approved for publication on 05.02.2020

INFORMATION ABOUT THE AUTHORS / UHOOPMALLUA 06 ABTOPAX

Vladimir P. Melnikov, Candidate of Science (Veterinary
Medicine), Head of Reference Laboratory for Aquaculture Diseases
FGBI“ARRIAH’, Vladimir, Russia.

Valery V. Pronin, Doctor of Science (Biology), Professor,
Head of the Centre for Preclinical Tests FGBI “ARRIAH", Vladimir,
Russia.

MenbHukos Bnagumup lMeTpoBuy, KaHANMAAT BeTEPUHAPHbBIX
HayK, 3aBepytownii pedpepeHTHON Nnabopatopuein No 6onesHAM
akBaKynbTypbl OrbY «BHUM3X>», r. Bnagummp, Poccua.

MpoHuH Banepuii BacunbeBu4, JOKTOp 6GUonormyeckmnx
HayK, npodeccop, pyKoBOAUTENb LEHTPa AOKJINHUYECKMX
nccneposanuii OIBY «BHUN3XK», r. Bnagnmup, Poccusa.

VETERINARY SCIENCE TODAY, MARCH Ne1 (32) 2020 | BETEPUHAPUA CETO[IHA, MAPT Ne1 (32) 2020



